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Relation among various expressions of the complex admittance for quantum systems in contact with heat
reservoir is studied. Exact expressions of the complex admittance are derived in various types of formulations
of equations of motion under contact with heat reservoir. Namely, the complex admittance is studied in the
relaxation method and the external-field method. In the former method, the admittance is calculated using the
Kubo formula for quantum systems in contact with heat reservoir in no external driving fields, while in the
latter method the admittance is directly calculated from equations of motion with external driving terms. In
each method, two types of equation of motions are considered, i.e., the time-convolution (TC) equation and
time-convolutionless (TCL) equation. That is, the full of the four cases are studied. It is turned out that the
expression of the complex admittance obtained by using the relaxation method with the TC equation exactly
coincides with that obtained by using the external-field method with the TC equation, while other two methods
give different forms. It is also explicitly demonstrated that all the expressions of the complex admittance
coincide with each other in the lowest Born approximation for the system-reservoir interaction. The formulas
necessary for the higher-order expansions in powers of the system-reservoir interaction are derived, and also
the expressions of the admittance in the nth order approximation are given. By transforming inverse-
temperature integrals into time integrals, the admittances are also given in the formulas with time-integrals
alone. To characterize the TC and TCL methods, we study the expressions of the admittances of two exactly
solvable models. Each exact form of admittance is compared with the results of the two methods in the lowest
Born approximation. It is found that depending on the model, either of TC and TCL would be the better

method.
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I. INTRODUCTION

The complex admittance is a fundamental quantity to de-
scribe response of systems to an external field. Since the
magnetic resonance has been discovered [1], experimental
and theoretical studies have been developed simultaneously
[2-4]. For example, the magnetic resonance (MR) has been
one of the most active fields to study the quantum response.
Kubo and Tomita gave a unified view point to express the
response function by the autocorrelation function [5], which
was extended to the general formula of linear response [6].

Although the Kubo formula [6] gives a general form of
the complex admittance, there are several types of formula-
tion to take into account effects of the interaction of a quan-
tum system with its heat reservoir. When we study the time
dependence of a physical quantity A under a time-dependent
external field F' conjugate to a physical quantity B, the re-
sponse function can be expressed in terms of a time-
correlation function of quantities A and B, i.e., (A(7)B). In the
simplest treatment, we give the time evolution by the pure
quantum dynamics given by Hamiltonian Hg of the system.
In this case, the complex admittance x,z(w) is given by an
ensemble of delta function &(E;~E;~%iw), which denotes a
resonance between energy levels E; and E; of the system.

In many-body systems, the energy levels form a continu-
ous spectrum, and also the complex admittance has continu-
ous forms. There, line shape of the spectrum (the imaginary
part of the complex susceptibility) has an intrinsic line width
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which is attributed to the energy structure of the system. In
such systems, effects of interactions on the spectrum line
shape have been developed [7], and various properties have
been clarified. For example, Nagata and Tazuke found the
shift of resonance peak due to dipole-dipole interaction as a
function of relative angle between the external field and the
lattice axis of one-dimensional magnets [8,9]. Recently, stud-
ies to evaluate the susceptibility from microscopic Hamil-
tonian have been proposed, and new aspects of the resonance
have been discussed [10,11].

On the other hand, the width of the line shape also ap-
pears due to the interaction of system with its heat reservoir.
Because of the developments of experimental methods, real
time quantum dynamics has become accessible in micro-
scopic quantum systems, e.g., the magnetization dynamics of
single molecule magnets [12-20] and also microscopic cir-
cuits which manipulate the degree of freedom of qubit [21].
In these systems, it has been pointed out that the dissipation
plays important roles [17,22,23], and also the nature of dis-
sipation has been discussed in detail [24]. It is interesting
problems to study effects of the dissipation on the complex
admittance for those systems.

If we consider the total system which consists of a system
of interest and of its heat reservoir, the formulation of a pure
quantum dynamics works in principle. However, it is diffi-
cult in practice, and we introduce a kind of dissipative dy-
namics instead of the quantum dynamics for the total system.
Usually we introduce the dissipative dynamics by coarse-

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevE.81.031131

SAEKI et al.

graining of the heat reservoir. The dissipative dynamics is
expressed by the so-called quantum master equation [25-32].

In order to take into account the dissipative dynamics, we
need to obtain the time evolution function for dissipative
systems. The phenomenological treatment of the dissipation
effects had been done by using the Bloch equation including
dissipation terms with the relaxation times T, and T, [3]. The
microscopic treatment was proposed using the projection op-
erator techniques by Nakajima [25], Zwanzig [26] and Mori
[33]. They obtained the equations of motion in the non-
Markovian or “time-convolution (TC)” integral forms with
memory. However, in order to treat the memory term in a
compact way, the so-called “time-convolutionless (TCL)”
formalism has been introduced [28,34,35]. Recently, we have
studied a complete expression of the complex admittance in
the dissipative environment in the TC formalism [36,37].
There, we have used a standard equation of the reduced den-
sity operator, but we have pointed out that the initial corre-
lation between the system and the heat reservoir cannot be
ignored in general when we treat the non-Markovian case.

Moreover, one of the authors has proposed the formalism
called the “TCLE method” in which the complex admittance
is directly calculated from time-convolutionless equations of
motion with external driving terms [38—44], by generalizing
the method of Argyres and Kelley in which the admittance is
calculated from time-convolution equations of motion with
external driving terms in the Markovian approximation [45].
Hereafter, we call the method in which the complex admit-
tance is directly calculated from equations of motion with
external driving terms, the “external-field method,” while we
call the method in which the Kubo formula is calculated for
systems with no external driving fields, the “relaxation
method.” Thus, we have the four types of formalism, that is,
the relaxation method or the external-field method with TC
or TCL equation of motion. The external-field method is con-
sidered to give the same results as those obtained using the
relaxation method in principle. They must also give the same
results because the original equation is the same. However,
the treatment of the contact with the heat reservoir can be
simplified in the external-field method. In practical calcula-
tions, we need to approximate perturbatively in order of the
strength of the interaction with the heat reservoir. If we trun-
cate the perturbation, the higher-order corrections may be
different in the four formalisms.

In the present paper, we consider a system interacting
with a heat reservoir in an external driving field, and derive
forms of the complex admittance using the four types of
formalism. Then, we investigate relations among them.
Namely, we examine the forms of admittance obtained by
using the following four methods: (1) the relaxation TC
method (the relaxation method with the TC equation); (2) the
relaxation TCL method (the relaxation method with the TCL
equation); (3) the TCE method (the external-field method
with the TC equation); and (4) the TCLE method (the
external-field method with the TCL equation). We also derive
the formulas necessary for the higher-order expansions in
powers of the system-reservoir interaction, and give the ex-
pressions of the admittance in the nth order approximation.
Moreover, in order to discuss the truncation effect in the four
methods, we study the two exactly solvable models, and
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compare each exact form of admittance with the results ob-
tained by using the above methods in the lowest Born ap-
proximation for the system-reservoir interaction.

In Sec. II, we survey the derivation of the Kubo formula,
and explain the basic difference between the relaxation
method and external-field method. In Sec. III, we derive
forms of the complex admittance obtained by using the
above four methods. In Sec. IV, we investigate relations
among forms of the admittance obtained by using the four
methods in the lowest Born approximation for the system-
reservoir interaction. In Sec. V, we derive the formulas nec-
essary for the higher-order expansions in powers of the
system-reservoir interaction. In Sec. VI, we study the two
exactly solvable models to discuss the truncation effects in
different methods. In Sec. VII, we give a short summary and
some concluding remarks.

II. MODEL

We consider a quantum system interacting with a quan-
tum heat reservoir in an external driving field. We take the
Hamiltonian H(7) of the total system as

Hry(t) = Hs + Hg + Hsg + Hea(?)
=Ho+ Hgr + Hea(?)
=H + Heq(1), (1)

where Hg is the Hamiltonian of the quantum system, Hy is
the Hamiltonian of the heat reservoir, Hgg is the interaction
Hamiltonian between the system and heat reservoir, and
H.q(?) is the interaction Hamiltonian of the quantum system
with the external driving field. Here, we express the Hamil-
tonian of the system and heat reservoir with interaction by
H=Hs+Hr+Hgsgr, and the unperturbed Hamiltonian, i.c.,
the Hamiltonian of the system and heat reservoir without
interaction by Hy=Hg+Hg. The density operator pr(r) of
the total system satisfies the Liouville equation

(dldt) pr(1) = = (iIR)[H(2), pr(1)] = = iLr(t)pr(2),  (2)

which decides the dynamics corresponding to the Hamil-
tonian H(r), where the Liouvillian Ly(¢) corresponds to the
Hamiltonian H (7). Hereafter, a Liouvillian corresponding to
a Hamiltonian, say, H, is denoted as L, i.e., LA=[H ,A]/h.

We assume that the system and heat reservoir are in the
thermal equilibrium state prg at temperature 7 initially, i.e.,
before the external driving field is turned on, where prg is the
thermal equilibrium density operator for the system and res-
ervoir and is given by

pre = exp(= BH)/Tr exp(- BH), (3)

with B=1/(kgT). Here, notation Tr denotes the trace opera-
tions in the system and reservoir spaces, i.e., Tr=tr try,
where notations tr and try denote the trace operations in the
system and reservoir spaces, respectively. If we consider
only the system, the density operator for the system alone is
given by

ps = exp(— BHs)/tr exp(— BHs). (4)

The density operator for the heat reservoir alone is given by
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pr = exp(— BHyr)/trg exp(— BHR). (5)

It should be noted that the equilibrium state of the system is
given by

Po = trg prg = trg exp(= BH)/Tr exp(- BH), (6)

which includes the interaction between the system and res-
ervoir and is different from pg.

For the convenience of expressions, we define the nota-
tion (- --)g=trg(- - -pr), and renormalize the Hamiltonian Hg
of the system and the system-reservoir interaction Hgg as

Hs — Hg + (Hsr)r = Hs. (7a)

Hsr — Hsr — (Hsp)r = Hr- (7b)

Hereafter, we use Hg and Hgy for the Hamiltonians renor-
malized by Egs. (7), and then we have (Hgg)gr=0.

We now take the interaction of the system with the exter-
nal driving field as [6,45]

Heg(t) =~ E AF(1)
=— E > AF[wle™
=2 Hedl wle™, (8)

where A; is the physical quantity conjugate to the force F(z)
which is a c-number function of the time ¢, and the summa-
tion X, is over w and —w for each w.

A. Kubo formula

We first survey the derivation of the Kubo formula briefly
[6]. The time evolution for the density operator of the total
system is given by Eq. (2). The external driving field is as-
sumed to be turned on adiabatically at the initial time =1,
which is infinite past (fy=—) in the Kubo theory [6]. Ex-
panding the density operator pp(r) in powers of the external
driving field as

pr(t) = pro(t) + pri(t) + pra() + -+, 9)

the zeroth-order part pr((7) and first-order part pr;(¢) satisfy
the following equations and initial conditions,

d
—prot) =—iLp1o(1);  prolto) = prE. (10)

dt
d ) .
d_tpTl(t) =—iLpr (1) = iLeg()pro(8);  pri(te) =0. (11)

Equation (10) has, by virtue of the thermal equilibrium den-
sity operator (3), the solution

pro(t) = exp{— iL(t — 19) } p1o(to) = prE. (12)

by which Eq. (11) can be formally solved as
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pri(t) =- iJ d7exp{—iL(t — 7)}L.(7) pr. (13)

0

Then, the first-order part in powers of the external driving
field for the expectation value of a physical quantity A; of the
system, can be described as

. t
l . .
Tr Aipr (1) = %E > f drTr A;e™ A, prelF [ wle™
j oo Jy

i =1y )
= %2 E f drTr Aie_lLT[Aj, PTE]F][‘*’]
j w

0
X eiwf—iwt. (14)
The complex admittance x;(w) is defined in the limit

ty— =, as [6]

Tr Aipr () = 2 > Xif(@F[w]e" (tg——-=) (15)

J w

and takes the expressions [6]

xif(w) = é f O°° dt Tr Ae™ ™A}, prele’ ™ (16a)
= éf; dt Tr Ai[A;{(_ 1),prele ™ (16b)
= éf: dr Tr A?(t)[Aj,pTE]ei“t_Et (16¢)
= ;—i f : dt T A} (1),A;]prge™ ™, (16d)

which are called the Kubo formula, where e— +0. Here,
AM(1) is the Heisenberg operator defined by

AY(r) = exp(iLt)A = exp(iHt/h)A exp(— iHt/h). (17)

In the definition (15) of the complex admittance, the summa-
tion 2, for w is over the same frequencies as those in Eq.
(8). In the Kubo formula, A?(t) and A]H(t) denote the time
evolutions of the physical quantities A; and A;. Suzuki and
Kubo discussed the linear response by deriving the time evo-
lution of the physical quantity A; using the stochastic dynam-
ics [46]. In the Kubo theory [6], the complex admittance is
given by the time-correlation function for the system with no
external driving fields. We call the method that evaluates the
complex admittance for a quantum system in contact with its
heat reservoir using the Kubo formula, the “relaxation
method.” We next mention the basic difference between the
relaxation method and external-field method in the following
subsections.

B. Relaxation method

The relaxation method is the method in which complex
admittances are calculated using the Kubo formula for a
quantum system in contact with its heat reservoir. For a
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quantum system in contact with its heat reservoir, the opera-
tor with a physical quantity A of the quantum system,

;(f) = e_iL’[A,PTE] = e_[Hl/h[AsPTE]emt/ﬁ» (18)

satisfies the equation of motion

(didnA(1) = - (ilh)[H,A(1)] = — iLA(z). (19)

In order to eliminate irrelevant variables associated with the
heat reservoir, we introduce the time-independent projection
operators P and Q, which are taken as

Q=1—P, terR=1, (20)

where pg is the equilibrium density operator (5) of the heat
reservoir alone. Applying the projection operators P and Q
to Eq. (19), we have the coupled equations,

P = pg trg,

(dIdt)PA(f) = — iPLPA(r) — iPLOA(r), (21a)

(d/dt) QA(f) = — iOLPA(1) —iQLOA(r).  (21b)

In the relaxation method, complex admittances are calculated

by deriving the equation of motion for trg A(f) from the
above two Egs. (20) and by substituting its solution into the
Kubo formula (16).

C. External-field method

The external-field method is the method in which com-
plex admittances are directly calculated by solving the equa-
tion of motion including external driving terms for the total
system, which includes the external driving field. The density
operator pr(z) of the total system satisfies the Liouville equa-
tion (2). We assume that the external driving field is turned
on adiabatically at the initial time #,=0, though the initial
time is infinite past (¢,=—) in the Kubo theory [6]. Expand-
ing the density operator in powers of the external driving
field as in Eq. (9), the zeroth-order part pp((7) and first-order
part pr,(z) satisfy the following equations and initial condi-
tions similar to Egs. (10) and (11):

iPTo(f) =—iLpro(t);  pro(0) = prE. (22)

dt

d
—pr1(t) == iLpr(t) = iLeg(Dpro():  pr1(0)=0. (23)

dt

Applying the projection operators P and Q defined by Eq.
(20) to Eq. (23), we have the coupled equations,

(d/dt)Ppr (1) = = iPLPpr (1) — iPLOpr, (1) — iPLey(t) pr.
(24a)

(d/dt) Qpr(1) == iQLPpr (1) = iQLOpy(1) — iQLey(1) prE,
(24b)

where we have used the solution of Eq. (22),
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pro(t) = exp(—iLt) pro(0) = prE. (25)

In the external-field method, complex admittances are calcu-
lated by deriving the equation of motion for trg pp(#) from
the above two Egs. (24) and by solving it in the limit z— o,
which corresponds to the assumption that the initial time is
infinite past (1y=—=) in the Kubo theory [6].

In the external-field method, it should be noticed that the
time evolution of the external driving force is included in the
projection procedure. Thus, the projection procedure is per-
formed for Eq. (23) of motion including external driving
terms in the external-field method, while the projection pro-
cedure is performed for Eq. (19) of motion including no
external driving terms in relaxation method.

III. COMPLEX ADMITTANCE

In this section, we derive forms of complex admittance
Xij(®) for the two methods mentioned in the previous sec-
tion, i.e., the relaxation method and external-field method,
and for the two types of equation of motion, i.e., the time-
convolution equation and time-convolutionless equation.

A. Relaxation TC method

We first derive the form of complex admittance by the
“relaxation TC method” in which the Kubo formula is cal-
culated by solving the “time-convolution” (TC) equation of
motion for systems with no external driving fields. Equation
(21b) has the formal solution

t

QA(D) =—if drexp{-iQLO(t - I}YOLPA(7)
0

+exp(— iQLQ) QA(0), (26)

which has a form of the time-convolution (TC). By substi-
tuting Eq. (26) into Eq. (21a), the time-convolution equation

of motion for PA(f) can be obtained as

(d/d)PA(1) = — iPLPA(t)

- f d7PL exp{— iQLO(t — )} QLPA(7)
0

— iPL exp(— iQLQ1) QA(0). (27)
By virtue of the projection operators (20), the above equation
is reduced to the TC equation of motion
(didt)a(t) = — iLsa(r) + C(t.4a}) + 1(z), (28)
for the reduced operator a(r) defined by

a(r) = trg A(1) = trg exp(—iL1)[A, prel, (29)

where the collision term C(z,{@}) and the inhomogeneous
term I(z) are, respectively, given by

t

C(tfa}) =- f drtrg Lgg exp{— iQLO(t — 7)}Lsrpra(7),
0

(30)
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I(r) = —i trg Lsg exp(- iQLQ1) Q[A, prg]. (31)

The inhomogeneous term I(7) represents the effects of initial
correlation of the system and reservoir, because if the initial
state prg given by Eq. (3) is approximated to the decoupled

one pypr, 1.6., PTE=PoPr, the term I(r) vanishes since
O[A, prel=QlA, pylpr=0. Performing the Fourier-Laplace
transformation for Eq. (28), we have

- 3(0) - iwal w] = — iLgal w] + Clwlalw] + [[w], (32)

where d[w], C[w], and I[w] are given by

adw]= J“ dr a(t)exp(iot — et)
0

= f dt trg exp(—iL1)[A, prelexp(iot — €f)] .o,
0

(33)

Clw]=- f di{Lgg exp(— iQLQt) Lgg)rexpliot — €f)|. o,
0

(34)
T[Q)] = - lf dt tI‘R LSR eXp(— lQLQt) Q[A’pTE]
0
Xexp(iwt — €t)| ¢ 1o- (35)
Considering that
a(0) = trg A(0) = trg[A, pre] = [A.pol. (36)

Equation (32) can be formally solved as

alw] = (i(Ls - ®) = Clo) {[A,po] + [[w]}.  (37)

Substituting Eq. (37) into the Kubo formula (16), the admit-
tance takes the form

X5 (w) = é f dt Tr A; exp(— iLt)[A;, prelexp(iw?)
0
= éj dttr A; @t)exp(iwt)

0

{é[Aj,pohﬁj[w]},

(38)

i(Ls - o) - Clo]

which is a general form of admittance derived using the re-
laxation TC method under thermal equilibrium initial condi-

tions, where D j[a)] comes from the inhomogeneous term 1(7)
in Eq. (28), represents the effects of initial correlation of the
system and reservoir and is given by
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o

_ i— 1
D][O)] = %Ij[a)] = %JO dt trR LSR

Xexp(-iQLQ1)Q[A, prg]
Xexp(iot — €t)| 0. (39)

Expanding Eq. (28) up to second order in powers of the
system-reservoir interaction Hgg, it reduces to

(dldt)a(r) = — iLsa(r) + CO(t,{@}) + I?(1), (40)

where the collision term C?(z,{a}) and the inhomogeneous
term 1)(¢) are, respectively, given by
13

CP(tfa}) =~ f d7(Lsg exp{— iLo(t — 7)}Lsg)ra(7),
0

(41)

B
()= if dp’ trg Lgg exp(=iLot)[A, pspr Hsr(= ih8")].
0
(42)
Here, Hgg(?) is defined by

Hsr(2) = exp(iLot) Hsg = exp(iHot/h) Hsg exp(— iHt/h).
(43)
Performing the Fourier-Laplace transformation for Eq. (40)
and substituting its formal solution into the Kubo formula
(16), the admittance takes the form
1
i(Ls— o) - CY[w]

XETC((O) =tr Ai

i _
X { SLAps+pg ]+ D;”[w]} . (49

which is a general form of admittance derived using the re-
laxation TC method in the lowest Born approximation for the

system-reservoir interaction, where p?, C®?[w] and 5}2)[w]
are, respectively, given by

B By
P =ps f dp, f dBaftrg prHsr(= ifiB) Hsr(= ifiBo)
0 0

= Tr psprHsr(= ihB)) Hsr(= ih5,)}, (45)

B ] = f AL exp(= iy Logrexplioon)
0

=- f dr(LsgLsr(— 7))rexpli(w — Lg) 7}, (46)
0
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— i
DP[w]= %Ff)[w]

-1 (" B
= _f dTJ d,B, trR LSR eXp(— iLoT)
fi 0 0

X[A},psprHsr(= ihB') Jexp(ivT). (47)

The term 5;2)[w] represents the effects of initial correlation
of the system and reservoir. The above result (44) can be
obtained by expanding Eq. (32) up to second order in powers
of the system-reservoir interaction too. By using this for-
mula, we can make a unified numerical method to treat sys-
tems with large number of spins, and can study relations
between the spin-spin interaction and the noise effects on the
line shape of magnetic resonance [37].

B. Relaxation TCL method

One of the authors has derived the form of complex ad-
mittance by the “relaxation TCL method” in which the Kubo
formula is calculated by solving the “time-convolutionless”
equation of motion for systems with no external driving
fields [43,47]. We here survey the derivation of the form of
complex admittance by the relaxation TCL method for com-
parison. In order to renormalize the time convolution in the
formal solution (26) of Eq. (21b), we write the formal solu-
tion of Eq. (19) in the form

A(t) =exp{—iL(t= D}A(D) or A(7 =exp{iL(t— D}A(r),
(48)
which is substituted into Eq. (26) to give
QA(1) ={6(1) — 1}PA(1) + O(1)exp(- iQLQ1) QA(0),
(49)
where () is defined by

' -1
o(r) = {1 + iJ d7exp(—iQLQOT) QL P exp(iLT)} .
0

(50)

By substituting the expression (49) for QA(r) into Eq. (21a),
the “time convolutionless” equation of motion for Pg(t) can
be obtained as

(d/dt)PA(1) = — iPLPA(t) — iPL{6(r) — 1YPA(¢)
— iPLO(1exp(- iQLQH QA(0).  (51)

By virtue of the projection operators (20), the above equation
is reduced to the TCL equation of motion for the reduced
operator a(r) as

(didrya(r) = - iLgal(r) + C(t)a(r) + I(r), (52)

where the collision operator C(¢) and the inhomogeneous
term I(¢) are, respectively, given by

C(1) == i trg Leg{6(1) — 1}pg = — i{Lsp{0(1) = 1}k,
(53)
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I(I) =—1 trR LSRﬁ(t)eXp(— lQLQ[) Q[A,pTE]. (54)

Equation (52) corresponds to the TCL equation of motion for
the reduced density operator of the system [28]. The inho-
mogeneous term () represents the effects of initial correla-
tion of the system and reservoir, because if the initial state
pre LEq. (3)] is approximated to the decoupled one pypg, the
term I(¢) vanishes. Equation (52) has the formal solution

a(n) = expk{— iLgt + f dTC(T)}E(O)

0

+ fldr epo{— iLs(r—17) + ftdSC(S)}I(T).
0 T

(55)

Substituting Eq. (55) into the Kubo formula (16), the admit-
tance takes the form [43]

i [~ . .
X}}TCL(w) =% fo dt Tr A; exp(— iLt)[A, prglexp(iowt)

= if dt tr Aa;(t)exp(iowt)

i(” !
=—| drrA;exp_yilw—Lg)t+ | drC(7)
hl)y 0

i(C
X[Aj,p0]+_ dt dr
ity 0
1
XtrA; exp_ i(w—LS)(t—T)+f dsC(s)

XI(1)exp(ioT), (56)

which is a general form of admittance derived using the re-
laxation TCL method under thermal equilibrium initial con-
ditions, where /() is equal to /(z) with A; in place of A. The
first term of the above admittance (56) is the admittance
obtained using the conventional relaxation method under the
decoupled initial condition pr(zy)=prr=> popr, and its sec-
ond term comes from the inhomogeneous term [(¢) in Eg.
(52) and represents the effects of initial correlation of the
system and reservoir.

Expanding Eq. (52) up to second order in powers of the
system-reservoir interaction Hgg, it reduces to

(dldna(t) = — iLsa(r) + CP(D)a(r) + 1), (57)

with

t
C(r)=- j dn(Lgg exp(=iLyT)Lsg exp(iLo7))r
0

= f d™LsgLsg(~ 7)g, (58)
0
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1901 =T(r)

B
= if dp' trg Lsg exp(—iLot)[A, pspr Hsr(— iR B')].
0

(59)

Solving Eq. (57) formally and substituting its solution into
the Kubo formula (16), the admittance takes the form [42,43]

0 0

. 0 t
X}}TCL(w)=éj drtrA; epo{i(w—Ls)t+f drC(D(r)}
i
X[Aj,ps+pf)2)]+ —J dtf dr
hlty 0

Xtr A; exp_{i(w -Lg)(t—17)+ Jl dsC(Z)(s)}

T

XIJ(»Z)(T)exp(in) , (60)

which is a general form of the admittance derived using the
relaxation TCL method in the lowest Born approximation for
the system-reservoir interaction, where Ij(-z)(t) is equal to
1?(7) with A ; in place of A. The second term of the above
admittance comes from the inhomogeneous term 1(2)(1‘) in
Eq. (57) and represents the effects of initial correlation of the
system and reservoir.

C. TCE method

We next derive the form of complex admittance by the
“TCE method” in which complex admittances are directly
calculated by solving the time-convolution (TC) equation of
motion including external driving terms. Equation (24b) has
the formal solution

Qpri(t)=- lf drexp{-iQLQO(t- 7)}
0

X{QLPpr(7) + QLco(7)pre}s (61)
which has a form of the time convolution. By substituting the
time-convolution expression (61) for Qpr(¢) into Eq. (24a)

directly, the time-convolution equation of motion for Ppr, ()
can be obtained as

(d/dt)Ppr(t) == iPLPpr (1)

- PLJ d7exp{-iQLO(t - 7)}QLPpr(7)

0
t
- iPLed(t)pTE - PLI dr
0

Xexp{-iQLQ(t - N} QLea(Tpre.  (62)

By virtue of the projection operators (20), Eq. (62) is re-
duced to the TC equation of motion for p,(¢) [=trg p(?)]
[45]5
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(d/dt)p,(t) == iLsp, (1) + C(t.{p\}) — iLea(t)po + D(2).
(63)

On the right-hand side of Eq. (63), the collision term
C(t,{p,}) and the inhomogeneous term D(r) are given by

t

Ct{p}) =~ f drtrg Lgg exp{— iQLQ(t — 7)}Lsrprp:1(7)
0

- J dLsg expl— 1OLQT Lshupr(t— 1), (64)
0

D(t) =~ J drtrg Lgg exp{— iQLQ(t — 7)}Leq(7) Qprg
0

== f drtrg Leg exp(— iQLQOT)Ley(t — 7) Qprg.
0
(65)

The inhomogeneous term D(f) is called the “interference
term” in the TC equation, and represents the effects of initial
correlation of the system and reservoir, because if the initial
state ppg [Eq. (3)] is approximated to the decoupled one
popr. the interference term D(r) vanishes. We now take into
account the interaction of the system with the external driv-
ing field, which is turned on adiabatically at the initial time
t=0, to be given by the Hamiltonian (8). The admittance
Xij(w) for the physical quantities A; and A; of the system is
defined in the limit t— o0, as

Tr Aipri(1) = tr Aipy (1) = 2 2 xi(@)Fwle™ (1 — ),

J w

(66)

which corresponds to Eq. (15). We assume that the correla-
tion times of the heat reservoir are finite, that the integrands
of Egs. (64) and (65) vanish for finite 7 in the limit r— oo,
and that Eq. (63) has a stationary solution of the form

pi(0) =2 pilwle™ (1 — ). (67)

The summations X, for w in Egs. (66) and (67) are over the
same frequencies as those in Eq. (8). Then, p;[w] satisfies
the equation

—iwp[w]=-iLsp[w] + E[w]pl[w] =L w]py + D[],
(68)

which has the formal solution

pilw]=(i(Ls - ) = C[0])"{~ iLc w]po + Dlw]},
(69)

where C[w] is the collision operator given by Eq. (34), and
D[w] is the interference term defined through the relation
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D(1)= 2, D[wle™  (t— ) (70)

and takes the expression
D[w]=- f drtrg Lgg exp(=iQLQOT)L 4 w]
0

X Qprg expliwT). (71)
In the relation (70), the summation 2, for w is over the same
frequencies as those in Eq. (8). By substituting the formal
solution (69) into Eq. (67) and by using the definition (66) of
the admittance, we can obtain

XE,-CE((U) =trA;

{,’—i'[A,,-,po] +5,{w]},

(72)

i(Lg — w) — Clw]

which is a general form of the admittance obtained using the

TCE method, where D [w] is the interference term given by
Eq. (39) and represents the effects of initial correlation of the
system and reservoir. We notice that the admittance (72) ob-
tained using the TCE method has exactly the same form as
the admittance (38) obtained using the relaxation TC
method.

Expanding Eq. (68) up to second order in powers of the
system-reservoir interaction Hgg, it reduces to

— iop)[w] = - iLspi[w] + CP[w]p (] - iL.[](ps + p{)
+DY[w], (73)
where the collision operator C?[w] is given by Eq. (46) and
the interference term D[ w] is given by

—_— * B
DY[w]= f de df’ trg Lsg exp(—iLy7) Leg[ @]pspr
0 0

XHgr(=ihB"explioT), (74)

which is shown in Appendix A to coincide with
DY[w]= if d’Tf ds trg Lgg exp(—iLys)Leg[ ]
0 0

Xexp{iLo(s — 7)}Lsgpspr expliws). (75)
Substituting the formal solution of Eq. (73),
pil] = (i(Ls - ©) - CPw])”!
X{=iLe](ps + ) + D[]} (76)

into Eq. (67) and using the definition (66) of the admittance,
the admittance takes the form

1
i(Ls— ») - C¥[w]

XiTjCE(w) =1trA;

i _
X { ALAps+ o]+ Dj-”[w]}, (77)

which has the same form as the admittance (44) obtained
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using the relaxation TC method in the lowest Born approxi-
mation for the system-reservoir interaction. Here, the inter-
ference term 5}2)[(1)] is given by Eq. (47), is shown in Ap-
pendix A to coincide with

5}2)[(»] =- éj de ds trg Lgg exp(—iLys)
0 0

X[A;,exp{iLy(s — 7)}Lsrpsprlexpliws), (78)

and represents the effects of initial correlation of the system
and reservoir. The above result (77) can be obtained by ex-
panding the TC Eq. (63) up to second order in powers of the
system-reservoir interaction too. In the TCE method, the ad-
mittance (77) is obtained by the lowest Born approximation
of Egs. (63) or (68) including external driving terms, while
in the relaxation TC method, the admittance (44) is obtained
by the lowest Born approximation of Egs. (28) or (32) in-
cluding no external driving terms. It should be noticed that
although the equations in which the perturbation is truncated
are different from each other in the two methods, the expres-
sions of the obtained admittances coincides with each other.

D. TCLE method

One of the authors has proposed and has studied the
“TCLE method” in which the complex admittance is directly
calculated by solving the time-convolutionless (TCL) equa-
tions of motion including external driving terms [38—44].
However, the exact expression of complex admittance ob-
tained using the TCLE method has not been derived. We here
derive the exact form of complex admittance by the TCLE
method and survey that method. In order to renormalize the
time convolution in Eq. (61), we write the formal solution of
Eq. (23) in the form

pr1(7) = exp{iL(t — 7)}pr (1)
+ iJ ds exp{iL(s = 7)}Lea(s) prE, (79)

where we have used the solution (25) of Eq. (22). Substitut-
ing Eq. (79) into Eq. (61) and solving it for Qpr,(7), we have

Qpri(t) ={6(2) = 1}Ppr, (1) - i6(1) J dr
0

Xexp{-iQLQ(t — 1}Q0'(7)Leg(7) pre,

(80)
where 6(7) is given by Eq. (50). By substituting the above
expression for Qpr(f) into Eq. (24a), the time-
convolutionless equation of motion for Ppr,(f) can be ob-
tained as

(dldt)Ppr (1) = = iPLPpr (1) = iPL{6(t) = 1}Ppr (1)

t

- iPLed(t)pTE - f dr PL@(Z‘)
0

Xexp{—iQLO(t - 1}QI (7 Loy(7) pr.
(81)
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By virtue of the projection operators (20), Eq. (81) is re-

duced to the TCL equation of motion for p,(r) [=trg pr(?)]

[38,39,43],
(dldt)py (1) = -

iLgp;(1) + C(t)py (1) — iLeg(t)py + D(2).

(82)

On the right-hand side of Eq. (82), C(¢) is the collision op-
erator given by Eq. (53), and D(¢) describes the effects of
interference between the external driving field and heat res-
ervoir, is called the “interference term” and take the form

D(1) :—f dr trRLSR exp(— iQLOT)Ly(r— 7) Qprg
0 2( )

+f drtrg LSR exp( iQLOT)(t—7)
0 2(
X Leg(t = 7) pr, (83)

with 2(¢) defined by

S(=1-6)=- iJ d1exp(—iQLQOT)QLP exp(iL7).
0
(84)

The first term of D(r) given by Eq. (83) is called the “first
interference term” and represents the effects of initial corre-
lation of the system and reservoir, because if the initial state
pre [Eq. (3)] is approximated to the decoupled one pypg, this
term vanishes. But, the first term of D(r) [Eq. (83)] includes

the memory effects and is different from D(r) given by Eq.
(65). The second term of D(¢) is called the “second interfer-
ence term” and represents the memory effects, which are the
effects of collision of the system with the heat reservoir,
because this term is derived by renormalizing the time con-
volution in Eq. (61). We assume that the correlation times of
the heat reservoir are finite and that Eq. (82) has a stationary
solution of the form (67). Then, p;[ w] satisfies the equation

iLeg[w]po + D[ w].
(85)

—iwp[w] =-iLspi[w]+ Cpi[w] -

On the right-hand side of Eq. (85), C is the collision operator
given by

C=C(0) =i trg Lsg2(1 = 3) ' pr = = ilLsg2(1 = ) )i,

(86)

and D[w] is the interference term defined through the rela-
tion

D(r)= 2, Dlw]e™™ (1 — =) (87)

and is shown in Appendix B to take the expression

PHYSICAL REVIEW E 81, 031131 (2010)

* 1
D[a)] =- thrR LSRl
0

exp(— iQLQT) Loy w]Qprg

L) T 1
X(')—'fdfdtL—
CeXpllwT, 1 . T . § g SRI_E
Xexp(—iQLQO7)QLgxP
Xexp{iL(7~ $)}eo @]prg expliws), (88)
where X is given by
S =3(0)=1-6"()
=- if d7exp(—iQLQOT)QLgP exp(iLT).
0
(89)

The summation >, in Eq. (87) is over the same frequencies
as those in Eq. (8). By substituting the formal solution of Eq.
(85),

pil]=(i(Ls - ©) = O)H{~ iL.[w]po + D[w]}  (90)

into Eq. (67) and by using the definition (66) of the admit-
tance for the interaction (8) of the system with the external
driving field, which is turned on adiabatically at initial time
t=0, we can obtain

1 i
XUCLE(w) =trA ﬁ{ ﬁ[Aj’pO:l +Dj[w]},
1)

which is a general form of the admittance obtained using the
TCLE method, where the interference term D [ w] is given by

| (=
Dlow]= —f drirg Leg T exp(— iQLQT)Q[A;, prE]

Xexp(iwT)
+ éjo dTJO ds trRLSRﬁexp(— iQLOT)
X QLggP exp{iL(7— s)}A;, prplexp(iws).  (92)

The first term of Dj[w] represents the effects of initial corre-
lation of the system and reservoir, and its second term rep-
resents the memory effects.

Expanding Eq. (85) up to second order in powers of the
system-reservoir interaction Hgg, it reduces to

—iopi[w] =~ iLspi[w] + CPp (@] - L w](ps + pf)

+ D[ w], (93)

where the collision operator C® and the interference term
D[ w] are given by
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c?® = C(Z)(w)

=- J d{Lsg exp(—iLy7)Lgg exp(iLo7))r
0

= f d(LsgLsg(— 7)r. (94)

0

D(z)[w] = 5(2)[(1)] - lf de ds trR LSR eXp(— iLOT)LSR
0 0

Xexp{iLy(T— $)}Led @]pspr exp(iws), (95)

with D®[w] given by Egs. (74) or (75). The first term of
D®[w], which is called the “first interference term,” is equal
to the interference term D®[w] in the TC equation and rep-
resents the effects of initial correlation of the system and
reservoir. Its second term, which is called the “second inter-
ference term,” represents the memory effects. Substituting
the formal solution of Eq. (93),

pilw] = (i(Ls - ®) = C?) Y= iL Jw](ps + p) + D[ w]}
(96)

into Eq. (67) and using the definition (66) of the admittance,
the admittance takes the form [41,43]

1 i
TCLE _ I (2) (2)
Xi (w) = trAii(LS —w) - C(z){ h[Aj,PS +py 1+ D; [a)]},
97)

which is a general form of the admittance obtained using the
TCLE method in the lowest Born approximation for the
system-reservoir interaction. Here, the interference term
D;z)[co] is given by

PHYSICAL REVIEW E 81, 031131 (2010)

_ i (7 T
D;z)[w] = D;z)[a)] + %J de ds trR LSR eXp(— iLOT)LSR
0 0

Xexp{iLy(7~ S)}[Aj,Ps]PR exp(iws), (98)

with 5}2)[@ given by Egs. (47) or (78). The first term of
Dj-z)[w] is equal to 55”[(»] and represents the effects of ini-
tial correlation of the system and reservoir. Its second term
represents the memory effects. The above result (97) can be
obtained by expanding the TCL equation (82) up to second

order in powers of the system-reservoir interaction too
[41,43].

IV. RELATIONS AMONG ADMITTANCES

In this section, we examine the relations among the forms
of admittance derived in Secs. II and III analytically. As
found in the previous section, the admittance (38) obtained
using the relaxation TC method has the same form as the
admittance (72) obtained using the TCE method, i.e.,

X5 () = i (). (99)
We examine analytically the relations among the admittances
(44) [or (77)], (60) and (97), which are obtained using the
relaxation TC method (or the TCE method), the relaxation
TCL method and the TCLE method, respectively, in the low-
est Born approximation for the system-reservoir interaction.
One of the authors has investigated the relation between
the admittance (60) obtained using the relaxation TCL
method and the admittance (97) obtained using the TCLE
method [41-43]. We first survey the relation between the
admittances (60) and (97) in a compact way. The first term of
the admittance X}}TCL(w) [Eq. (60)] can be rewritten as

. 0 t
(first term of x5 “(w) [(60)]):% fo drtr A, exph{i(w—Ls)t+ CPt+ fo dT(c@(T)-c<2>)}[Aj,pS+ng>]

i~ !
= gfo dt tr A,»U(a),t)exp(_{ fo drU (0, N(CO(7) - CP)U(w, T)}[Aj,ps + pgz)],
(100)
with U(w,1) defined by
U(w,t) = expli(w— Lg)t + CPt}, (101)
and can be expanded in powers of the system-reservoir interaction as
l. 3] l e} t [
(first term of XS-TCL(w) [(60)]) = %f drtr A,U(w,1)[A},ps + péz)] + %f dtJ de ds tr A;U(w,t — 7)trg Lgg
’ 0 ' 0 0 T
Xexp( iLos)Lsg exp(iLos)prU(w, DA ps +pi 1+ - (102)
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where Eqs. (58) and (94) have been substituted into C?(¢) and C?), respectively. The first term of Eq. (102) can be integrated

to give

l. [ee]
. J drtrA,»U<w,r>[A,,ps+po>]——trA<z(Ls ) = CO) A ps + 1.
0

Considering that in the second term of Eq. (102),

(103)

© t © © 0 ©
f dtJ drf ds trA,-U(w,t—T)zf drf dtf ds tr A;U(w,t—7)
0 0 T 0 T T

= f dr f dstr Ai(Ls — w) — C?P)' = f ds f drir A(i(Lg — w) - C?)7', (104)
0 T 0 0

the first term of the admittance X}}TCL(w) [Eq. (60)] can be expressed as

(first term of )(UTCL(w) [(60)]) =tr A;(i(Ls — w) - C?)~ l{(z/ﬁ)[A],pS+p0 1+ (second term of D;z)[w])}

+ (higher order terms (HOT)),

(105)

where D;z)[w] is given by Eq. (98). The second term of the admittance (60) can be rewritten by substituting Eq. (59), as

T

(second term of XRTCL(w) [(60)]) =— %Jw dtf drtrA; exph{ ((w=Ls) + C)(t -7 + ftds(C(z)(s) - C(z))}
0 0

B
X f dp' trg Lgg exp(=iLy7)[A}, pspr Hsr (= i B') Jexp(iwT),
0

(106)

and can be expanded in powers of the system-reservoir interaction as

® (e (B
(second term of X}}TCL(w) [(60)]) =- %f d’TJ dtf dB' tr A; exp{(i(w— Lg) + C?)(t - 7}
0 T 0

Xtrg Lsg exp(=iLy7)[A;, pspr Hsr(= ifi B')Jexp(ioT) + -+,

which can be expressed by integrating with respect to ¢, as

(second term of X}}TCL(w) [(60)]) =tr A;(i(Lg — w)—C(z))_l([_)](-z)[w] or first term of D;Z)[w])+HOT,

where D(Z)[w] 1s given by Eq. (47) and coincides with the
first term of D w]. Expansions (105) and (108) show that
the admlttance obtained using the relaxation TCL method,
coincides with the admittance obtained using the TCLE
method in the lowest Born approximation for the system-
reservoir interaction [42,43], i.e.,

Xy @) [(60)]= ;" H(w) [(97)]+HOT.  (109)

We next examine the relation between the admittance (60)
obtained using the relaxation TCL method and the
admittance (44) obtained using the relaxation TC method
[or the admittance (77) obtained using the TCE method].

The collision operator C®[w] given by Eq. (46) can be
rewritten as

(107)

(108)

Cw]=- J drtrg Lgg exp(— iLy7)Lsrpr exp(ioT)
0

=C?+ AC[w], (110)

with C® given by Eq. (94), where AC?[w] is defined by

AC(Z)[(U] =- J dr trR LSR eXp(— iLOT)LSR
0

X{exp(iwT) — exp(iLy7)}pgr. (111)

Then, the first term of the admittance y; JTCL(w) given by Eq.
(60) can be rewritten as

031131-11



SAEKI et al. PHYSICAL REVIEW E 81, 031131 (2010)

o0

(first term of X}}TCL(w) [(60)]) = éJ drtr A, epo{i(w —Ly)t+CP[w]t+ fo dr(C?(7) - 6‘(2)[w])}[Aj,ps + pgz)]

0

. o t
= éJ dr tr A,U(w, t)epo{J’ dr U N w,N(CP(7) = C? - ACP[w])U(w, T)}[Aj,ps
0 0
+ p(()Z)]’ (112)
with U(w,?) defined by
U(w,1) = expli(w— Lg)t + CP[w]1}, (113)

and can be expanded in powers of the system-reservoir interaction as

(first term of X}-}TCL(O)) [(60)])

~.

) . © t
=—f dt trA,»l_](w,t)[Aj,pS+pgz)]+LJ dtf drtr AU(w,t—7)
h 0 h 0 0

X {f ds tI’R LSR eXp(— iLos)LSR exp(iLOS)pR + J ds trR LSR eXp(— iLOS)LSR{eXp(iws) - eXp(iLOS)}pR}
T 0

XU(w, DA} ps+pP1+ -, (114)
where Eqs. (58), (94), and (46) have been substituted into C?(¢), C® and C®[w], respectively. The first term of Eq. (114) can
be integrated to give
i dt tr A;U(w,0[A;,ps + pP] = itrA»(i(L —w) - CO[w]) A, ps+ pP] (115)
A 0 i > /’pS Po _h i S j’pS Po -
The second term of Eq. (114) becomes, by integrating in the same procedure as in Eq. (104), as follows:

éj drtr Al(l(LS - (X)) - 5(2)[0)])_1{f ds trR LSR eXp(— iLOT)LSR eXp(iLoT) l_](w,s)pR
0 0

+ f ds trg Lsg exp(= iLo7)Lsp{exp(ioT) — CXP(iLoT)}l_](w,S)PR}[Aj,Ps + ]
0

= éj drir A(i(Lg — w) — 5(2)[w])'1trR Lgg exp(— iLy7)Lgg{exp(iLym)exp{i(w — Lg) 7+ CY[w]7} - exp(iLy7)
0

— (expl(iT) — exp(iLyD)}Hi(w - Lg) + C?[w]) ™ A ps + piP], (116)

which is the higher-order term in powers of the system-reservoir interaction. Thus, the first term of the admittance XSTCL(w)

[Eq. (60)] can be expressed as

(first term of x5 ““(w) [(60)]) =tr A(i(Ls — @) - C?[w]) ™ (i/h)[A}.ps + pi’] + HOT. (117)
The second term of the admittance XETCL(w) given by Eq. (60) can be rewritten by substituting Eq. (59), as

(second term of X}}TCL(w) [(60)])
_ £ t B '
:%f dtf de dB’ tr A, epo{(i(a)—Ls)+6(2)[0)])(1— T)+f dS(C(Z)(S)—E(z)[w])}
o Jo Jo T

Xtrg Lgg exp(=iLyT)[A}, psprHsr(= ifiB') Jexp(iwT), (118)
and can be expanded in powers of the system-reservoir interaction as

031131-12



COMPARISON AMONG VARIOUS EXPRESSIONS OF ... PHYSICAL REVIEW E 81, 031131 (2010)

® e (B
(second term of XS-TCL(w) [(60)]) =- %f de dtJ dB' tr A, exp{(i(w - Ls) + CP[w])(t - D}
0 T 0

Xtrg Lgg exp(—iLo7)[A;, psprHsr(= ihB") Jexp(ior) + -+, (119)

which can be expressed by integrating with respect to ¢, as
(second term of X}}TCL(w) [(60)]) =tr A;(i(Lg — w) — 6‘(2)[(;)])‘15;2)(@ +HOT, (120)

with 5}2)[(1)] given by Eq. (47). Expansions (117) and (120) show that the admittance obtained using the relaxation TCL
method, coincides with the admittance obtained using the relaxation TC method (or the admittance obtained using the TCE
method) in the lowest Born approximation for the system-reservoir interaction, i.e.,

X5 M) [(60)]= x5 () [(44)] (or x;"(w) [(77)]) + HOT. (121)

We also examine the relation between the admittance (44) obtained using the relaxation TC method [or the admittance (77)
obtained using the TCE method] and the admittance (97) obtained using the TCLE method. The operator

(i(Lsg—w)—CP[w])~" can be rewritten by using AC?[w] given by Eq. (111), as
(i(Ls — w) = CPLw)) ™ ={i(Ls - w) - C? = ACP[w]}™
={(i(Ls - @) = C){1 + (i(Ls - 0) - C?) (- ACP[w])}} !
={1+ (i(Ls - @) - CO) (= ACP[w])} ! (i(Ls - @) - C?) 7", (122)

and can be expanded in powers of the system-reservoir interaction as

(i(Ls - @) = CP[w]) ™" = (i(Ls = @) = C*) {1 + ACP[w](i(Ls — @) = CP) "} + -+ (123)
Substituting the above expansion into X}}TC(w) given by Eq. (44) [or X[TjCE(w) given by Eq. (77)], we have
X (@) = tr Adi(Ls = ) = CO){()[A;,ps + pi 1+ D[]}

+1r A(i(Ls - ©) = C)TACP[w]((Ls - 0) - CP) N (ih)[A ), ps + pi’] + HOT, (124)

where 5;2)[(1)] is given by Egs. (47) or (78), and is equal to the first term of the interference term D;2)[w] given by Eq. (98).
Substituting Eq. (111) into the second term of the above expansion and considering that

ACO[w](i(Ls - ®) = C) (k) A, ps + pP]

. i
=- J dr trg Lgg exp(— iLy7) Lgg{exp(ior) — exp(iLy7)}pg(i(Ls — w) — C?))™! SAps+ pi]
0

= ;—lf drf ds trg Lsg exp(= iLy7)Lgg exp{iLo(7~ s)}pgr[A;, pslexp(iws) + HOT
0 0

= (second term of D'?[w]) + HOT, (125)
j

we find that the admittance obtained using the relaxation TC method (or the admittance obtained using the TCE method),
coincides with the admittance obtained using the TCLE method in the lowest Born approximation for the system-reservoir
interaction, i.e.,

X (@) [@4)]=x; ) [(7D]= x; " Hw) [(97)]+HOT. (126)

According to the relations (99), (109), (121), and (126), the admittance obtained using the relaxation TC method (or the
TCE method), the admittance obtained using the relaxation TCL method and the admittance obtained using the TCLE method,
coincide with each other in the lowest Born approximation for the system-reservoir interaction Hgg, i.€.,

Xij (@) = x5 (@) = x5 o) = 3 H0) (up o O(Hig) (127)

though the exact admittances (38) [or (72)], (56) and (91), which are obtained using the relaxation TC method (or the TCE
method), the relaxation TCL method and the TCLE method, respectively, take the forms different from each other. The
admittances that are obtained using the relaxation TC method (or the TCE method), the relaxation TCL method and the TCLE
method, respectively, in the lowest Born approximation for the system-reservoir interaction, have the same second-order term
and the higher-order terms different from each other.
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V. HIGHER-ORDER EXPANSIONS

In this section, we derive the formulas necessary for the higher-order expansions in powers of the system-reservoir
interaction Hgg, and give the forms of the admittances in the nth order approximation for Hgg.

A. Expansions of the collision operators C(¢), C, and E’[w]

The collision operator C(¢) given by Eq. (53) can be rewritten as

C(1) = = LS ({1 = 20} == i 2 (LseS(1)")x (128)
n=1
with 3(z7) defined by Eq. (84). Defining the unperturbed evolution operator Uy (1) as
Uy(t) = exp(— iLyt) = exp{— i(Lg + L)1}, (129)
we have
Leg(= 1) = Up()LsgUp (1), Hsr(t) = (Uy () Hsg) = exp(iHot/h) Hsg exp(= iHot/h), (130)
and
exp(iLt) = Ual(t)epo{i f dr Leg(- T)}, (131)
0
exp(—iQLQONQ = expﬁ{— if dt QLgr(—7) Q} Uy(1)Q. (132)
0

Then, 2(7) defined by Eq. (84) can be rewritten as

0

E(I) =—- lJ dTeXp*}{— ideSIQLSR(_Sl)Q}QLSR(_ T)P CXPH{iJ’TdSZLSR(— 52)}, (133)
0 0

which can be expanded in powers of the system-reservoir interaction Hgr as
(=30 + 2P0+ + -+, (134)

where 3)(¢) is the nth order part in powers of Hgg. The first-order, second-order, and third-order parts of 3(r) take the forms,
respectively,

SO =—i f dr QLgR(- 1P, (135)
0
2(2)0) =(- i)ZJ dTlf 1 de{QLSR(— ) QLgg(= 1)P - QLSR(— TI)PLSR(_ )}, (136)
0 0

2(3)@ =(- l')3f dTlf def d7'3{QLSR(— 7'3) QLSR(— ) QLgR(= )P+ QLSR(— TI)PLSR(_ 7y)Lgr(— 73)
0 0 0

— QLgr(— ) QLgr(— 7)) PLsr(— 73) — QLsr(— 73) QLsg(— 71) PLsR(— 7)}. (137)

In the derivation of 2()(¢), the following integral transformation has been used

71 7 71 ] 71 71 O 7—2 1 73
f def dT3=f def dT3+f def d7'3=f d7'2f d7'3+f d7'3f de. (138)
0 0 0 0 0 T 0 0 0 0

Expanding the operator C(#) in powers of the system-reservoir interaction Hgg as
C)=C?) +C¥0)+ CP(0) + -, (139)

where C(¢) is the nth order part in powers of Hgg, the second-order part of C(¢) is given by Eq. (58) and the third-order and
fourth-order parts can be obtained as
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)= (- i)3f dTlf ldTZ<LSRLSR(_ 7o) Lsr(= T1)) (140)
0 0

() =(- i)4J dTlf | def 2 d7{(LsgLsr(— 73)Lsg (= 75) Lsr(— 71))r — {LsrLsr(— 73))r{Lsr (= 7)Lsr(— 71))r
0 0 0

- <LSRLSR(— Tz)>R<LSR(— 73)Lsr (= TR — <LSRLSR(_ Tl)>R<LSR(— 73)Lsr (= )R} (141)

where the following integral transformation has been performed:

t T t t T k) 7| t
jdﬂf dTZJ d7=f dTIJ dmn, f d7+f dT+J dr
0 0 0 0 0 0 ) 7
t 7] ) 13 7] T t T 7]
=J drlf drzf dT+J drlf drf d7'2+J drf drlf dr,. (142)
0 0 0 0 0 0 0 0 0

In the derivations of Egs. (140) and (141), we have considered that (Hggr(—2))g =0 by virtue of the renormalization (7). The nth
order part C"(z) in the expansion of the collision operator C(f) has the following structure:

TVl
0

()= (- i)"f dﬁf ldef 2d7'3 o f N dT,_{Lsr(0)Lsr(= 7,,—1)Lsg(= 7,-2) * ** Lsg(= 7o) Lsr(= 71))ocs (143)
0 0 0

for n=2, where (--+).. denotes the “ordered cumulants” [48-50].
The expansion formulas of the collision operator C can be obtained by expanding C[=C(%)] in powers of Hgg as

C=C(®)=CP+c®+c®4 ... [Cc"W=C"(0)]. (144)

The collision operator C[w] given by Eq. (34) can be rewritten by considering that (Hgg)r=0, as

o] 1
Clw]=- f dt<LSR exp_,{— iJ dTQLgr(— T)Q} UO(Z)LSR> exp(iowr). (145)
0 0 R
Expanding the collision operator C[w] in powers of the system-reservoir interaction Hgg as

(lw]l=C%w]+ Cw]+ CY[w] + -, (146)

where C"[w] is the nth order part in powers of Hgg, the second-order part of C[w] is given by Eq. (46) and the third-order
and fourth-order parts can be obtained as

CYw]=(- i)3J dTlJ l d7y(LsgLsr(— 7)Lsg(— 71))rexpli(w — Lg) 71}, (147)
0 0

CYw]=(- i)4f dﬂf 1 def 2 d7{(LsgLsr(— 73)Lsg (= 7)) Lsr(— 71))r — (LsrLsr(— 73))r{Lsr(— 72)Lsr(= 71))r}
0 0 0

Xexpli(w—Lg)7}. (148)
The nth order part C"[w] in the expansion of the collision operator C[w] has the following structure:
_ t 7| Lp) Th-2
C"w]=(- l')"f d7'1f def dry--- f dt,_{Lsr(0)Lgr(= T,_)Lsr(= T—2) - ** Lsr(= 7o) Lsr(= 7y))peexpli(w — Lg) 71},
0 0 0 0

(149)

for n=2, where (--+),,. denotes the “partial cumulants” [48-50].

B. Expansions of the inhomogeneous terms and interference terms

We first expand the thermal equilibrium state ppp given by Eq. (3) in powers of the system-reservoir interaction Hgg.
Writing the expansion of exp(—B8H)=exp{—B(Ho+Hgsr)} in powers of Hgg as
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n=1

B oo
exp(— BH) = exp(- BHO)eXPH{— f dp’ exp(B"Ho)Hsr exp(- ,3’7‘(0)} =exp(- ﬂHo){ 1+ En}’ (150)
0

with E,, defined by
B By B
E,=(- )”f dBlJ dpy - f dB,Hsr(= ihB)Hsr(= ihBs) - - Hsr(= ihB,), (151)
0 0 0
we have
Tr exp(— BH) ={Trexp(— BHy)} - (1+§), é=&+E+ &+ -, (152)
where we have defined

gn = Tr{exp(— BHO)EH}/(Tr eXP(— BHO)) =Tr pSpREn’

B Bl :Bn—l
=(- )"f d,B1J dﬁz"‘f dB,(Hsr(= ihB) Hsr(= ihBs) - - Hsr(= ifiB,))sr>
0 0

0
(153)

with the notation (- - -)qg defined by (- -*)sg=Tr pspr’ - -, Where pg and pg are given by Egs. (4) and (5), respectively. Here, we
have considered that (Hgg(—i78))r=0. Then, pg can be expanded as

pre = exp(= BHo)(1 + E; + By + Ez+ - )A(Tr exp(= BHy)) - (1 + §}
=pspr(1+ 2+ Byt s+ ) (1 =€+ 8= +--). (154)
Expanding prg in powers of the system-reservoir interaction Hgg as

pre= PR+ oL+ PR+ P+ (155)

where p%f‘]% is the nth order part in powers of Hgr, we have

B
PR =psprs  PYE=psprE) =~ PsPRf dBHsg(=ihB)), (156)
0
2 B By
P = pspr(E2— &) = PSPRJ d131f dBy{Hsr(= ihB)) Hsr(= ihBs) — (Hsr(— i B1) Hsr(= ih35))sr} (157)
0 0

p’(l?]% = pSPR(E3 -&- Elfz)

B By B
=- PSPRJ dﬁlf dﬂzf dB{Hsr(= ihB) Hsr(— ihBr) Hsr(— ifiB3) — (Hsr(— ih B1) Hsr (= ihBr) Hsr(— if:B3) sk}
0 0 0
B B Bi
+PsPRf dB' Hsp(= iﬁﬂ')j d,31f dBy(Hsr(= i B1) Hsr(= ifiB5))sr, (158)
0 0 0
P(T‘g = PSPR{E4 -&- (Ez -&)é& - E1§3}

B Bi B> B
=psPr f g, f dp, f dps f dB{Hsr(= ihB)) Hsr(= i Br) Hsr (= ifi B3) Hsr(— ifi Bs)
0 0 0

0
— (Hsg(= ihB) Hsg(= i Br) Hsr (= it B3) Hsr(— it B4) )i}

B By
_pSpr dBlf dB{Hsr(= ihB) Hsr(= ihB,) — (Hsr(= i B1) Hsr(= if132))sr}
0 0
B B
Xf dﬁ'f dB"(Hsr(= i B )Y Hsr(= ihB"))sr
0 0
B B Bi B
—PSPRJ dB' Hsr(- iﬁﬁ')f dﬁlf dﬂzf dBs(Hsr(= ihB)) Hsr(= ift B2) Hsr (= iiB3) )sg - (159)
0 0 0 0
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The inhomogeneous terms I(¢) and I() which are given by Eqgs. (31) and (54), can be rewritten using Eq. (132) as

T(t) =—1- tI‘R LSR eXpH{— lf dT QLSR(_ T)Q} Uo(t)Q[A,pTE], (160)
0

I(1) =—i - trgLgg{1 —E(Z)}_ICXPH{— l'f dr QLgr(— T)Q}UO(I)Q[A,PTE], (161)
0

which can be expanded in powers of the system-reservoir interaction Hgg, respectively, as
1O =T20) + T30 +T9(0) + -+, 1) =1P0) + 1¥0) + 19(0) + -+, (162)

because I'V(1)=11(r)=0 according to Qp\}=Qpspr=0, where I"’(z) and I"(¢) are the nth order parts in powers of Hsg. The
second-order parts are given by Egs. (42) and (59), and the third-order and fourth-order parts can be obtained as

t B
¥ =1%0) =f de dp trg LsgLsr(— 1) Un(D[A, pspr Hsr(— ihB))]
o Jo

B B
- lf dﬁlf d, trg LspUo(1)[A, pspr Hsr(= ihB)) Hsr(= i 35) ] (163)

0 0
t 7 B
(1) =~ lf dTlf deJ dpy trg LsgLsr(— 7)) QLsr(— 1) Uy(1)[A, pspr Hsr(— if1 1) ]
0 0 0
t B By
—f de dﬂlf d, trg LsgLsp(—= N U(0)[A, pspriHsr(= ihB1) Hsr (= ihBy) — (Hsr(— i B1) Hsr(— i1 82))r}]
o Jo 0
B Bi B
+ lj dﬁlf dﬁzf d; trg LsgUo(D[A, psprHsr(= i B1) Hsr (= if ) Hsr (= i1 33) ]
0 0 0

B B Bi
- lj dﬁ’f d,31f dp, trg LsgUg(D[A, psprHsr(— ihB") KHsg(= i B1) Hsr (= i1 35))sr (164)
0 0 0

t T B
1900 =1(1) + iJ dﬂf def dp, trg LsgLsr(— 7)) PLsr(— m) Uo(1)[ A, pspr Hsr(— i 81) ], (165)
0 0 0

where we have considered that (Hsg(—1))g=(Hsr(=i7i8))r=(Hsr)r=0 and Qp=p) The second term of Eq. (165) comes
from 3(t)=1-6¢"'(t) which produces by renormalizing the time convolution and represents the memory effect. Thus, the
fourth-order part I*)(r) of I(z) includes the memory effect.

The interference terms D[ w] and D[ w] which are given by Egs. (71) and (88), can be rewritten using Eqs. (131) and (132)
as

D[w]=- f drtrg Lgg expﬂ{— if ds QLgp(- ) Q} Uy(7)Log 0] Qpre™™”, (166)
0

0
o0

Dlw]=- J drtrg LSR<2 E”)expﬂ{— if ds QLgr(— s)Q} Uy(7) Loy ] Qpre™T
0

0 n=0

® T ® 7
—lf dTlf de trR LSR(E En)eXpH{—lf dleLSR(_ Sl)Q}UO(TI)QLSR
0 0 n=0 0

TI—T2

X PU (7 - Tz)expg{if ds,Lggr(- 52)}Led[w]PTE exp(ioT,), (167)
0

which can be expanded in powers of the system-reservoir interaction Hgg, respectively, as
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D[w]=D%[w]+D¥[w]+DY[w]+ -+, Dlw]=D%[w]+D[w]+D¥[w]+ -, (168)

because D[ w]=DV[w]=0 according to Qp( )—QpSpR=O, where D"[w] and D" [w] are the nth order parts in powers of
Hggr. Here, 3 is given by Eq. (89) and can be expanded in powers of Hgg as 2=3(0)=314+32 3G 4. with 3®
=3 (). The second-order parts are given by Eqs. (74) [or (75)] and (95), and the third-order and fourth-order parts can be
obtained as

_ b gl B
DYw]=- lf dle def dp, trg LsgLsr(= 7) U(7y) Legl @]pspr Hsr (= i B1)expliovT)
0 0 0

B By
—f de dﬁlf d; trg LsrUo(7)Ledl @]psprHsr(= i B1) Hsr (= ifi By)expliw), (169)
0 0 0

_ e 7| ]
DY w]=Dw] - f dTlf def dry trg Lep{Lsg(— 73)Lsr(—= 71) Up(72) Legl @]pspr expliowT)
0 0 0

+ Lsg(= 1) Lsp(—= 1) Up(73) Legl @]pspr expl(iowT)}, (170)
_ o i ) B
DW[w] =~ J dTlf def d7'3f dp trg LsgLsg(= 73) QLsr(— 72) Ug( 7)) Legl @]pspr Hsr (= if By )exp(iowT)
0 0 0 0

© al B By

+ lf dTIJ def dﬁlf dp, trg LsgLsr(= ) Up(71)Legl @]pspr expliowT)
0 0 0 0

X{Hsr(= ihB) Hsr(= i By) — (Hsr(— ih B) Hsr (= i B2))r}

ks B Bi B
+ f dTJ d,BLJ dﬂzf d; trg LsgUo(7)Legl @]psprHsr(— ihB1) Hsr(— if B2) Hsg (= i B5)exp(iwT)
0 0 0 0

o B B By
—f dTJ d,B'f dﬁlf dp, trg LsgUo(7) Leg @]pspr Hsr(— ihB"){(Hsr(— ih B1) Hsr (= ifBy))srexpliwT),
0 0 0 0

(171)

_ @ *® B
D[ w]=DY[w] + f de dTlf def dpy trg LsgLsr(— 71)PLsg(= 72) Uo(7) Legl @]pspr Hsr(— i B1)exp(iwT)
0 0 0 0

% ul ul
dTlf d’Tzf dslf
0 0 0

+ lf ds, trg LsgLsr(— 52) QLsg(= 51)Lsg(= 71) Up(72) Legl @]pspr exp(iw,)
0

+ lf dTlf def d7'3f d7 trg LsgUo(1))Lsg PUy' () = T5) Lg (= 73) Lsr(= 73) L[ @]psprexplioT,)
0 0 0

o ul
—i dTlf def ds,
0 0 0

ds2 trg LsgLsr(— 51)PLsg(= $2)Lsg(= 71) Up(75) Legl @]pspr explio,)

—f dTlf def d7'3f dp, trg LsgUo(7y)Lsg PU;' (71 = 7)) Lsg(= 73) Legl @]psprHsr (= i3 )explio )
0 0 0

@ m B By
- iJ dﬁf def dﬁ1f dpB, trg LsgLsr(— 1) PUo(72) Legl @]pspr explio,)
0 0 0 0

X{Hsr(= ihB) Hsr (= ihBy) — (Hsr(— i B1) Hsr(— i B2))sk} s (172)

where we have considered that (Hgg(=1))r =(Hsg(—ii8))g=(Hsr)r =0 and Qp{=p'!). The interference term D[w] consists of

the interference term D[ w] in the TC equation, which represents the effects of initial correlation of the system and reservoir,
and of the terms that represent the memory effects.
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C. Admittance in the nth order approximation for Hgr

In this subsection, we give the forms of the admittances in the nth order approximation for the system-reservoir interaction
Hsr. The admittance obtained using the relaxation TCL method by expanding Eq. (52) up to nth order in powers of Hgr and
by proceeding in the same way as in Sec. III B, takes the form

l. o . t n n
X:;TCL(w)=gf drtrA; exp_ z(a)—LS)t+f0 dTE_:z Cc"(7) Aj,ps+ 2 pgn)

0 m=2

t
n n

+ éjw dtf drtrA;exp_Yi(w—Lg)(t— 1)+ f dSE cmis) > Ij(»m)(f)exp(iwq-), (173)
0 0

m=2 m=2
r

with pg”>=trR p(T"g where Iﬁ-")(t) is equal to I"(r) with A ; in place of A. The admittance obtained using the relaxation TC
method by expanding Egs. (28) or (32) up to nth order in powers of Hgg and by proceeding in the same way as in Sec. IIT A,
is equal to that obtained using the TCE method by expanding Egs. (63) or (68) up to nth order in powers of Hgg and by
proceeding in the same way as in Sec. III C, and takes the form

m=2 m=2

n -1 . n n
. ~(m l m ~(m
X (@) = x (o) =trAi(z<Ls —0)- X ¢ >[w]> 5[Aj,ps+ 2 pf i + 2 Dol |- (174)
m=2
The second-order part 5;2)[w] of Ej[w] is given by Egs. (47) or (78), and the third-order and fourth-order parts are given by

_ i [~ 7| B
D‘§3)[w] = gf dTlf def dp trg LsgLsr(= 7) UO(TI)[Aj’pSPRHSR(_ ifiBy)Jexp(iw)
0 0 0

1(* B B
+ %f de dﬁlf dp, trg LSRUO(T)[Aj,pSPRHSR(_ ihB)) Hsr(= ifiB,) JexpliwT), (175)
0 0 0

_ 10~ 7l ™ B
D}‘”[w] = %f dﬁf def dTaf dBi{trg LsgLsr(= 73)Lsr(= 75) = (LsrLsr(= 73))rtrr Lsr(= 72)}
0 0 0 0
XUo(m)[A}, pspr Hsr(= i By) Jexp(iwT)
s Ty B By
- éJ dTlf def dlglf dp, trg LsgLsr(~— m)Up(7))exp(iowT)
0 0 0 0
X[Aj’pSpR{HSR(_ ihB))Hsr(= i By) — (Hsr(= i B1) Hsr (= ifi B))r}]

1 B B B
- Ef de d,31f dﬁzf ds trg LsrUo(T)[A ), pspr Hsr(= i B1) Hsr (= ifi B2) Hsr (= ifi B3) Jexp(iwT)
0 0 0 0

1 B B B
+ Ef de dﬁ'f d,31J d, trg LsgUo(T)[A;, psprHsr(= it B') KHsr(= i 8)) Hsr (= i 35) )srexpliowT).
0 0 0 0
(176)

The admittance obtained using the TCLE method by expanding Egs. (82) or (85) up to nth order in powers of Hgr and by
proceeding in the same way as in Sec. III D, takes the form

n -1 . n n
l
xXi () = trAi(i(Ls —0)- X C““)) —[Aj,ps +2 p&’”] + 2 D[] (. (177)
m=2

m=2 ﬁ m=2

The second-order part D;z)[w] of D[w] is given by Eq. (98), and the third-order and fourth-order parts are given by

_ 1(” Tl 2
D§3)[w] = D](»3)[w] + %f dTlf def d7s{{LsrLsr(~ 73)Lsr(~ 7'1)>R[Aj(— ), pslexp(ioT,)
0 0 0

+(LsgLsg(= 7)) Lsg (= 71))r[A;(= 73), pslexp(ioT)}, (178)
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[w] = D(4 [w] - J dTJ dTlf def dBi{LsrLsr(~ m))r trg Lsr(= 1) Uo(7)[A}, psprHsr (= ifi 8)) Jexp(iwT)
0

- é f dm f dm f drs f d1{(LsgLsr(~ 74)Lsg(= 73)Lsr(= 7)))r
0 0 0 0

— (LsrLsr(— 74))r{Lsr(— 73)Lsr(~— Tl)>R}[Aj(_ 7). pslexpiwm,)

o f an f ' dr, f ar, f dndLseLsg(- T)Lse(— 7)Lsg(= mRlA,(= 7). pslexplion)
0 0 0 0

i~ 1 T2 L]
- %f dTlf def d7'3f dry{LsgLsr(= 71))rUo(m)(Lsg(= 73)Lsg (= 74))r[A;, pslexp(iowT,)
0 0 0

1 )
hf dTlf def Tsf dB(LsgLsg(= m))rUo(m)trg Ler(= 73)[A}, psprHsr(= ifi31) Jexp(iwT)

. o) 7 :Bl
+ éf dTlf def dﬂlJ dBy{LsgLsr(= T))rUo(T)[A;, ps{(Hsr (= ifi B1) Hsr (= ifi B2) )k
0 0 0 0

— (Hsg(= ih B Hsr(= i 3,))sp} lexpliw,), (179)
where A(z) is defined by
A(t) = exp(iLgt)A = exp(iHst/h)A exp(— iHgt/h). (180)

As expressed using time integrals alone for the second-order interference terms 5(2)[w] and D(Z)[w] in Egs. (78) and (98),

the inhomogeneous term /(¢) and the interference terms D [w] and D[w] can be expressed using time-integrals alone. By
virtue of the results of Appendlxes A, C, and D, the second- order third- order and fourth-order parts I(”)(t) (n=2,3,4) of I)(1)
take the forms using time integrals alone,

1P(r) =~ f drtrg Lsg[A (= 1), Lsg(= 7)pspr] (181)

® t
11(-3)0) = lf dTlf dr, trg LsgLsp(= m)[A (= 1), Lsg(= 71)pspr]
t 0

+ lf dTrj dry trg Lsgl[A;(= 1), Lsp(= 75) Lsr (= 71) pspr], (182)
t t

19() = f Can fo dr, jo * drying LgLsgl= 7 Ln(~ )[A;(~ 1), Lsg(= 1) pspx]
— (LsrLsp(~ 73))rtrg Lsg(= m2)[A;(= 1), Lsg(— 7)) psprl}
+ f Can f ", fo d7{trg LsrLsr(~ 7)[A(= 1), Lsg(= ) Lsp(= 7)pspr]
— (LsgLsg(— 73))rtrr[A (= ). Lsg(= 72) Lsg (= 7)pspl}

* 7l L)
+ f dTlf def drs trg LSR[Aj(_ 1),Lsg(= 73)Lsp(= ) Lsr(= 71) pspr]
1 t t
2 t ™
- f dTlf deJ d7s(LsrLsr(= 72))rtrr Lsr(= 7'3)[Aj(— 1),Lsr(= 71)pspr]. (183)
t 0 0

The second-order interference terms 5}”[(0] and D}z)[w] given by Egs. (78) and (98) can be, respectively, expressed in the
compact forms
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_ i~ n
D}z)[w] =- %f drlj dr trg Lsg[Aj(— ), Lsr(= 1) psprlexplioT,), (184)
0 0

DP[w]=DP[w] + fiif dTlf 1 dy(LsrLsg(— T)R[A (= 7). pslexplioT). (185)
0 0

By virtue of the results of Appendixes A and C, the third-order interference term 5;3)[(»] given by Eq. (175) takes the form
using time integrals alone,

_ 1~ 71 )
D;S)[w] == gJ d7'1f def dra{trg LsgLsg(= 73)[A;(= 7),Lsg(= 71)psprlexp(ioT,)
0 0 0

+ trg Lsp[A (= 73), Lsp(— 72) Lsr(— 7)) psprlexp(ios)}. (186)

The third-order interference term D}3)[w] is given by Eq. (178) with the above 135-3)[(»]. By virtue of the results of Appendixes

A, C, and D, the fourth-order interference terms 5;4)[(9] and D;4)[w] given by Egs. (171) and (172) take the forms using time
integrals alone,

55‘4)[0)] = fl_if dTlf | def 2 d7'3f \ dry{trg LsgLsg(= 74)Lsr(= 73)[Aj(= 7). Lsg(= 7)) pspr]
0 0 0 0
—(LsrLsg(= T4))rtrr Lsg(= 73)[A (= 7,), Lsr(= T1) psprItexp(iw,)
+ éf dTlf | def d7'3f dryftrg LegLg(~ T)[A (= 73),Lsp (= 75)Lsr (= 71) pspr]
0 0 0 0
— (LspLgsr(= T4))r[A (= 73),{Lsr(= T) Lsr(= T)))rpsllexplioTs)

i~ 7| L) 73
+ %f dTlf def d7'3f dry trg Lsg[A (= 74),Lsg(= 73)Lsr(= 7) Lsr(= 7)) psprlexplioTy), (187)
0 0 0 0

_ i o 7| 0 3
D§-4)[0)] = D§4)[w] - %f dTlf def def d1(LsgLsr(= 73))rtrr Lsg(= 74)[A (= 75),Lsg(= 71)psprlexp(iow)
0 0 0 0

_ éf dTlf ! def ! d7'3J ’ d7{{LsgLsg(— 74) Lsg(— 73)Lsg(— 71))r
0 0 0 0
— (LsrLsr(— 74))r{Lsr (= 73)Lsr(= 7))r}[A;(= 7). pslexp(iwT)

+ éf d7'1f ldef def 3 d1(LsgLsr(= 73))r(Lsr(= 74)Lsr(= 7))r[A (= ), ps]explioT,)
0 0 0 0

1

- Ef d7'1f ldef 2d7’3f 3 d1(LsgLsr(= 71))r{Lsr(= 2)Lsr(= 73))r[A (= 74), ps]explioT,)
0 0 0 0

+ %f d7'1f def def d7y{LsgLsg(= 71))rtrr Lsg(= 7)[A (= 73), Lsp(= 74) psprlexp(ioTs)
0 0 0 7
i o0 7| S 3
- %f d7'1f def dfsf d1{LsrLsr(= T1))r[A (= 75) (Lsr(= 74)Lsr (= 73))rpslexplior,), (188)
0 0 o) T

where we have performed some integral transformations as Eq. (A4). By virtue of the results of Appendixes C-E,
p8”[=trR p%%] (n=2,3,4) can be expressed using time integrals as

0 7
p(()z) == f dTlf d, trg Lsp(— 75)Lsg(— 1) pspr exp(— €71)|c_ 10, (189)
0 0
* 71 7
P(()3) = if dTlf def drs trg Lsp(— 73)Lsr(— ) Lsg(— 71) pspr exp(— 67])|5—>+0’ (190)
0 0 0
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* il ) 3
o = J dTlf deJ deJ dy trg Lsp(— 74)Lsr(— 73)Lsp(— 72) Lsg (= 71) pspr exp(— €71)|c 40,
0 0 0 0

where we have considered that (Hgg(—i%8))g=0. Thus, the
admittances have been expressed using the time integrals
alone in the fourth-order approximation for the system-
reservoir interaction. In the higher-order approximation, the
admittances can be expressed using the time integrals alone
by the same way. This facilitates the calculations of the ad-
mittances, because when the time-correlation functions of
the heat reservoir are given, the admittances can be calcu-
lated.

VI. COMPARISON WITH ANALYTICALLY SOLVABLE
MODELS

In the previous sections, we have studied expressions of
the susceptibility in various methods. We may think some of
them is better than others. There have been discussed com-
parative merits and demerits of the TC and TCL methods.
Both of them are correct expression, and thus, if we take all
the terms in expansion, they must be the same. When we
truncate the perturbation at a finite term, they are different
with each other. Then, one of them gives the better results
than the other. In this section, we consider the two exactly
solvable models, and compare each exact form of admittance
with the results obtained by using the methods derived in
Sec. III in the lowest Born approximation.

A. Quantum oscillator model

We first consider the model of a system of quantum os-
cillator interacting with a heat reservoir composed of many
quantum oscillators. We study the susceptibility of the sys-
tem for an external driving field which is a periodic function
of the frequency w. We adopt the following Hamiltonians:

Hy=hwoh'b, Hy=2 hoblb, (192)

Heg = hbR' + hb'R (R =3 gaba), (193)
a

where b is the boson operator of the quantum oscillator sys-
tem, b, represents the boson operator of the mode « which
composes the heat reservoir, w, and w,, are the characteristic
frequencies of the oscillators, and g, is the coupling constant
between the boson system and the boson of the mode «. The
interaction of the quantum oscillator system with the external
driving field is given by

Hog(t) = — AbF ' — hibTFe ', (194)

where F is the magnitude of the external driving force. Then,
Hgsr(?) defined by the interaction representation (43) takes
the form
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(191)

Hep(t) =12, {g5bb!, exp{- i(wy— w,)1}

+g,b'b, expli(wy — w,)1}}. (195)

The admittance x, (w) can be written as [6]

Yopi(@) = é f dt Tr fibe L[ hb", prglei =<
0

o0 t
=ihf dt Tr be™'ko! epo{— if dTLSR(T)}
0 0

X [b7, prple’, (196)

with e—+0. As shown in Appendix F, the above admittance
can be exactly calculated as

ifh
(w)=—"—"T""—, 197
Xoii (@) i(wy— @) + H@) (197)
with w=w+ie (e—+0), where ¢(w) is defined by
(@) =f dr{[R(7).R )ge'" (198a)
0
(198b)

=i |g,/(@ - ).

Applying the relaxation TC method (or the TCE method)
for the Hamiltonians (192)—(194), we obtain

tr bCY[w]ayw] =— ¢(@) tr bay[w]+HOT, (199)

tr biﬁ)[w] =- fm deTdsKR(T)RT)R tr[:b",bps]
0 0

~(R'R(7)g tilAib", psbl}e’ om0 = 0,
(200)
with w=w+ie (e—+0), where HOT denotes the higher-

order terms in powers of Hgg. In the lowest Born approxi-
mation for the boson-reservoir interaction Hgg, we have

{i(wy— @) + p(@)}tr bay | w] =tr ba,(0),  (201)
which leads to the admittance
RTC i _ ih
=—tr hbd,i{w]=———, (202
X (@)= ibay (el =2 o (202)

with ®=w+ie (e—+0). This is equal to the exact admittance
(197). Therefore, for the quantum oscillator model under
consideration, the admittance (202) obtained by using the
relaxation TC method (or the TCE method) in the lowest
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Born approximation for the boson-reservoir interaction, co-
incides with the exact one.

Applying the relaxation TCL method for the Hamiltonians
(192)—(194), we obtain

tr bCP(1) @y (1) = — P(wy, 1)tr bay(t), (203)
tr bI (1) = - f ’ dT{(R(T)R g t{Aib",bps]
—(R'R(7)g t[hb", psb]}e™0 ™ =0,
(204)
where ¢(w,1) is defined by
Hlw,1) = f dr{[R(7),R ge” (205a)
0
1 —expi(w - wa)t}' (205b)

=i lgal® .
a o

In the lowest Born approximation for the boson-reservoir
interaction Hgg, we have the TCL equation

(didt)tr bay: (1) = — iwq tr bay(t) — P(wg,1)tr bay:(r),

(206)

which leads to the admittance [41]

XbRbTTCL(w) = éj dt tr hba:(t)e'™
0

=iﬁfcc dt exp{i((ﬁ— wo)t—f dt P, T)}7
0 0

(207)

with @=w+ie (e—+0).

By using the TCLE method in the lowest Born approxi-
mation for the boson-reservoir interaction, the admittance
was obtained by one of the authors as [41]

i+®d(w)
i(wy— @) + pwy)”

with @=w+ie (e—+0), where ®(w) comes from the inter-
ference term and is given by

D(@) = (P(@) — P(@))/ (D — wy). (209)

Now, we have found that the admittance (202) obtained
by using the relaxation TC method (or the TCE method) in
the lowest Born approximation for the boson-reservoir inter-
action is equal to the exact one [Eq. (197)]. On the other
hand, the admittance (207) obtained by using the relaxation
TCL method and the admittance (208) obtained by using the
TCLE method take the forms different from the exact one
[Eq. (197)].

Let us compare these admittances analytically. The
second-order terms of these admittances in powers of the
boson-reservoir interaction coincide and are equal to

TCLE( ) =

XbbT (208)
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_ﬁ|ga|2
« (B w)(B-w,)’

W w) = PO (210)

Xpbt (&— )
with @=w+i€ (e— +0). The fourth-order terms of those ad-

mittances are obtained, by expanding Egs. (197) [or (202)],
(207) and (208) in powers of ¢, as

Xoh(@) = X M)
(e
(wp— @)’
ﬁ|ga|2|ga’|2
= s 211
E (@0- P (a-wog@-ag)
TCLE(4 () = ¢(5’)¢(wo)
(wo - @)’}
ﬁ|ga|2|ga’|2
= 212
E, (wo— @) (@ — w,)(wy — w,) (212
ﬁ|ga|2|ga’|2
RTCL(4)
Aot ()= E/ (0 — ©) (W)~ ) (W) — @)

a,a

1 _1( Lo )
(wo—@)? 2\(@-0,)* (@-wy)?

1 2(,()()— W, — Wy
=
2 (wg— 0) (@ + Wy — 0, = @)
1 1
X( - += ) . (213)
w— W, W — Wy
with @=w+ie (e—+0). The fourth-order term XbCLE<4)( )

takes a form similar to the exact one XbbT(w) The fourth-

order term x,, TCL(4)(a)) takes a form different from the exact

+one. It should be noted that XZbCLE “ (w) and )(bRbT CL(4( )

coincide with the exact one Xbm(“’) in the limit @ — w,. Thus
for the quantum oscillator model (192)—(194), the relaxation
TC method (or the TCE method) in the lowest Born approxi-
mation for the boson-reservoir interaction gives the exact
admittance, and in that approximation the TCLE method
gives the form similar to the exact one, while the relaxation
TCL method gives the form different from the exact one in
the higher-order terms.

B. Quantum spin model

We next consider the model of a quantum spin system of
magnitude S=1/2 under an external static magnetic field I:IO
in the z direction, interacting with a heat reservoir which is
composed of many quantum oscillators. We study the sus-
ceptibility of the system for an external driving magnetic
field. We adopt the following Hamiltonians of the quantum
spin system and heat reservoir:

Hr= 2 hwblbe.
a

Hg=—Hhw,S,, (214)

031131-23



SAEKI et al.

Hep =—HS.(R+R") (R: D gaba>, (215)

where b, represents the boson operator of the mode a which
composes the heat reservoir, w, is the characteristic fre-
quency of each oscillator, and g, is the coupling constant
between the spin system and the boson of the mode «. Here,
wy is the Zeeman frequency wy=7yH, with the magnetome-
chanical ratio y. The interaction of the quantum spin system
with the external driving magnetic field is given by

H . H .
Hea(t) =— ﬁS+75€lwt - ﬁS_yEe_“‘”, (216)
where H is the magnitude of the driving magnetic field.
Then, Hqg(f) defined by the interaction representation (43)
takes the form

Her(t) = — 1S, (gubae e + giblei®a) . (217)

In the study of this spin model, we neglect the effect of
initial correlation between the spin and reservoir for brevity,
and adopt the initial state pyg in the decoupled form

PTE = PoPR> (218)

with p, given by Eq. (6).
Applying the relaxation TCL method to the above spin
model, we obtain

tr S,CP(0a_(1) =— p0,0tr S,a (1), (219)
where ¢(0,1) is defined by
1 t
¥(0,1) = Ef dr{([R(7),R ] )r + ([R(7),R])p) (220a)
0
%2 lgol* i, + 1) J l dr(e'®a™ + e7®a™), (220b)
@ 0
with 71, defined by
n,=1{exp(Bhw,) — 1}. (221)

Here, we have used the relations §.5,=S,/2 and S,S.=
—S,/2 for spin S=1/2. In the lowest Born approximation for
the spin-reservoir interaction Hgg, we have the TCL equation

dittr S,a_(n)=—iwytr S,a_(r) — p(0,0)tr S,a_(z), (222)

which leads the admittance

XN (w) = é f dt tr hS,a_(1)e'
0

[

= 2iﬁ<SZ)0f dt exp{i(i)— a)o)t—f dr Lﬂ(O,T)},
0 0
(223)

with @w=w+ie (e—+0), where (S,), is given by
(S)o=tr S.py. It should be noted that in the present spin
model, the sum of the higher-order ordered cumulants van-
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ishes, as shown in Appendix G. Therefore, the admittance
obtained by using the relaxation TCL method in the lowest
Born approximation for the spin-reservoir interaction, is
equal to the exact one except for the term of initial correla-
tion between the spin and reservoir, i.e.,

X (@) = X\ N(w).

Applying the relaxation TC method (or the TCE method)
for the present spin model, we obtain

(224)

tr $,CY[wla [w]=—- & —- wytr S,d_[w] + HOT, (225)

with w=w+ie (e—+0), where (w) is defined by

am=§f dr({([R(7),R"] ) + ([R"(7),R])p)e™™  (226a)

0
1
w0, 0-0,

1
- +
+

=§ESIgJ%2ﬁa+1){ (226b)

In the lowest Born approximation for the spin-reservoir in-
teraction, we have the admittance

2if(S.)o
i(wy— @) + Y@ - wg)

which takes the form different from Eq. (223).
Applying the TCLE method to the spin model under con-
sideration, we obtain

X w) = é tr#S,a [w]= (227)

tr $,C%p [w] = Y(O)tr S,p [ w], (228)

tr S,DPw] = 2(S)o (U — wp) — (0))/(& - wy),
(229)

with @=w+ie (e—+0), where (0) is given by

W0) = 72 8o 27, + 1) Sw,). (230)

Here, 8(w) is the delta funciton. In the lowest Born approxi-
mation for the spin-reservoir interaction, we have the admit-
tance

i+V(w-wp)
i(wy— @) + (0)

which is different from Eq. (223), where ®(w—w,) comes
from the interference term and is given by

V(& - wy) = [ - wp) = Pf0) (@ - wp).  (232)

Thus for the quantum spin model (214)—(216), the admit-
tance (223) obtained by using the relaxation TCL method in
the lowest Born approximation for the spin-reservoir
interaction, is equal to the exact one except for the term of
initial correlation between the spin and reservoir. On the
other hand, in the lowest Born approximation the admittance
(227) obtained by using the relaxation TC method (or the
TCE method) and the admittance (231) obtained by using
the TCLE method have the forms different from the exact
one.

XTE(w) = 24(S.), (231)
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Let us compare these admittances analytically. The
second-order terms of these admittances in powers of the
spin-reservoir interaction coincide and are equal to

X2(w) = 2i(S.) gl & — wo) /(& — )
21(S)o|g* (211, + 1)

=— . 233
2 el ay—ed Y

The fourth-order terms of those admittances are obtained, by
expanding (223), (227), and (231) in powers of i, as

XM 0)

© t t
= lh(S)of dtf dTlf de
0 0 0

X yA0, 7)) (0, )expli(® — wo)t}
.y — 1800l gl - |gar[* (2T + 1) (201, + 1)

i (@= 0pH{(&— w)? - WL H(® - ) - )y }

6(@ — wp)* = 3(@ — wp) (@ + w) + (02— w,)?

{(& = 0p)* = (0 + 0o) H(@ = ) = (0o = @ar)*}

(234)

XE_TCM)((D) =20(S )o@ — wo) (@ — wy)?
= 2048 Dol8ul” - e (270 + 1) (i, + 1)

o (= 03— 00 - (@ 0)* - @}

(235)

X+ S (@) = 284S )0 (@ — wo) (0)/ (& — wp)?
_ E 2i77ﬁ<Sz>0|ga|2 : |ga’|2(2ﬁa+ 1)(2ﬁa’ + 1)

(@ w)X{(® - w)* - w}}
X 5(&)&!),

(236)

with @=w+ie (e—+0). These fourth-order terms of admit-
tances take the forms different from each other. They do not
coincide even in the limit w— w,. For this quantum spin
model, the relaxation TC method (or the TCE method) and
the TCLE method in the lowest Born approximation for the
spin-reservoir interaction give the forms of admittance dif-
ferent from the exact one in the higher-order terms.

For the quantum oscillator model (192)—(194), the relax-
ation TC method (or the TCE method) in the lowest Born
approximation for the boson-reservoir interaction gives the
exact admittance, and in that approximation the relaxation
TCL method and the TCLE method give the forms of admit-
tance different from the exact one in the higher-order terms.
On the other hand, for the quantum spin model (214)—(216),
the relaxation TCL method in the lowest Born approximation
for the spin-reservoir interaction gives the exact admittance
except for the term of initial correlation between the spin and
reservoir, and in that approximation the relaxation TC
method (or the TCE method) and the TCLE method give the
forms of admittance different from the exact one in the
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higher-order terms. This means that accuracy of the admit-
tances obtained by using the relaxation TC method (or the
TCE method), the relaxation TCL method and the TCLE
method in the lowest Born approximation for the system-
reservoir interaction, depends on the model of physical sys-
tem under consideration.

VII. SUMMARY AND CONCLUDING REMARKS

We have derived the exact expressions (38), (56), (72),
and (91) of the complex admittance for quantum system in
contact with heat reservoir using the relaxation method and
the external-field method, respectively, for the two types of
equation of motion, which are the time-convolution (TC)
equation and time-convolutionless (TCL) equation. We have
shown that the expression of the complex admittance ob-
tained using the relaxation method with the TC equation (the
relaxation TC method), coincides exactly with that obtained
using the external-field method with the TC equation (the
TCE method), i.e., Eq. (99). We have also shown that the
three expressions of the complex admittance coincide with
each other in the lowest Born approximation for the system-
reservoir interaction, i.e., Eq. (127), though the three expres-
sions of the exact admittances are different from each other.
We have besides given the expressions of the admittance in
the nth order approximation for the system-reservoir interac-
tion, and have expressed the admittance in the fourth-order
approximation using time-integrals alone by transforming
inverse-temperature integrals into time integrals. Further-
more, we have compared the admittances for the two exactly
solvable models analytically and have found that for the
quantum oscillator model (192)-(194), the relaxation TC
method (or the TCE method) in the lowest Born approxima-
tion for the boson-reservoir interaction gives the exact admit-
tance, that for the quantum spin model (214)—(216), the re-
laxation TCL method in the lowest Born approximation for
the spin-reservoir interaction gives the exact admittance ex-
cept for the term of initial correlation between the spin and
reservoir, and thus that accuracy of the admittances depends
on the model of physical system under consideration.

We here compare the admittances (44) [or (77)], (60) and
(97), which are, respectively, obtained using the relaxation
TC method (or the TCE method), the relaxation TCL method
and the TCLE method in the lowest Born approximation for
the system-reservoir interaction, with the results in the con-
ventional Markovian approximation [27,29-32] or in the van
Hove limit [51]. In the conventional Markovian approxima-
tion, the motion of the system is determined in the van Hove
limit [51] or in the narrowing limit [27,29] in which the heat
reservoir is damped very rapidly, i.e., the reservoir correla-
tion time 7.— 0. In this limit, the second-order TC equation
(40) and the second-order TCL equation (57) become
[27,29,30,41,43]

(didnal(r) = — iLsa(t) + CPa(r), (237)

where C? is given by Eq. (94). Substituting the formal so-
lution of the above equation,
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a(r) = exp{— iLst + CP1}a(0) (238)

into the Kubo formula (16), the admittance takes the form
[41-43]

Xi{w) = (ih)r Adi(Ls — w) - CPY'[A.ps + pi], (239)

which is valid only in the van Hove limit [51] or in the
narrowing limit [27,29-32], where p®’ is given by Egs. (45)
or (189). Comparing the above admittance (239) with the
admittance (97) obtained using the TCLE method in the low-
est Born approximation for the system-reservoir interaction,
the latter admittance includes the interference term D;z)[w]
which is not included in the former admittance and repre-
sents the effects of the initial correlation and memory for the
system and reservoir. The effects of the initial correlation and
memory are the effects of the deviation from the van Hove
limit [51] or the narrowing limit, because the effects of initial
correlation can be neglected in that limit as shown in Ref.
[42] and the memory effects are the effects of collision of the
system with the heat reservoir. These effects are neglected in
the conventional Markovian approximation [27,29-32]. As
examined in Sec. IV, the admittance obtained using the re-
laxation TC method (or the TCE method), the admittance
obtained using the relaxation TCL method and the admit-
tance obtained using the TCLE method, coincide with each
other in the lowest Born approximation for the system-
reservoir interaction. Therefore, the admittances (44) [or
(77)], (60) and (97) include the effects of the initial correla-
tion and memory for the system and reservoir.

The relaxation method, in which the Kubo formula is cal-
culated for systems with no external driving fields, is essen-
tially equal with the external-field method in which the ad-
mittance is directly calculated from equations of motion with
external driving terms. Because, when the TC equation of
motion is used to calculate the admittance, the expression of
the complex admittance obtained using the relaxation TC
method, coincides exactly with that obtained using the TCE
method (the external-field method with the TC equation).
When the TCL equation of motion is used to calculate the
admittance, the two expressions of the complex admittance
obtained using the relaxation TCL method and TCLE method
(the external-field method with the TCL equation) are differ-
ent to each other, and also they are different from the expres-
sion of the admittance obtained using the relaxation TC
method (or the TCE method). The difference of the expres-
sions occurs by renormalizing the memory terms in the pro-
cess of derivation of the TCL equations.

In Sec. IV, we have examined analytically the relations
among the admittances (44) [or (77)], (60) and (97), which
are obtained using the relaxation TC method (or the TCE
method), the relaxation TCL method and the TCLE method,
respectively, in the lowest Born approximation for the
system-reservoir interaction. The fact that the three expres-
sions (44) [or (77)], (60) and (97) of the complex admittance
coincide with each other in the lowest Born approximation
for the system-reservoir interaction, means that the three ex-
pressions of the admittance are, respectively, valid in that
approximation. The differences among the three expressions
come from the fact that the high-order terms differ from each
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other. These three expressions include the high-order terms
that are dominant in the resonance region. Even if the ex-
pression of the complex admittance obtained in the lowest
Born approximation for the system-reservoir interaction in-
cludes many more high-order terms, it is not always the more
exact expression. Because, that expression of the complex
admittance does not include part of the third-order, fourth-
order, and high-order terms in powers of the system-reservoir
interaction. It is also possible to derive the admittance (60)
obtained using the relaxation TCL method from the admit-
tance (97) obtained using the TCLE method by proceeding in
the same way as in Sec. IV. Moreover, it should be noticed
that as mentioned in Sec. III, the admittance (44) obtained
using the relaxation TC method by the lowest Born approxi-
mation of Eq. (28) including no external driving terms, co-
incides with the admittance (77) obtained using the TCE
method by the lowest Born approximation of Egs. (63) or
(68) including external driving terms. Thus in the relaxation
TC method and TCE method, although the equations in
which the perturbation is truncated are different from each
other, the expressions of the obtained admittances coincides
with each other.

The three expressions (44) [or (77)], (60) and (97) of the
complex admittance are, respectively, valid in the lowest
Born approximation for the system-reservoir interaction as
mentioned in the above paragraph, but the usability is differ-
ent from each other. The expression (60), which is obtained
using the relaxation TCL method, takes the form that is not
easy to use, because it is difficult in general to calculate the
time integral of the ordered exponential for many-body sys-
tems or for complicated systems. The expression (97), which
is obtained using the TCLE method, has been formulated in
terms of thermofield dynamics (TFD) using the method of
nonequilibrium thermofield dynamics proposed by Arimitsu
and Umezawa [52] in order to study the linear response of
many-body systems interacting with heat reservoir
[43,44,47]. 1t has been applied to an weakly interacting bo-
son system [53] and to a ferromagnetic system interacting
with a phonon reservoir in the spin-wave approximation
[54], by using the generalized thermofield dynamics
[43,44,47]. Recently, fluctuation-dissipation theorem for the
TCLE method has been examined in the lowest Born ap-
proximation for the system-reservoir interaction [47,53]. The
TCLE method is a method for improving the difficulty of the
relaxation TCL method. The expression (44) [or (77)], which
is obtained using the relaxation TC method (or the TCE
method), can be applied to a interacting spin system by mak-
ing a unfied numerical method [37]. In practical applications,
the relaxation TC method, the TCE method and the TCLE
method may be the useful methods to study the linear re-
sponse of many-body systems interacting with heat reservoir.

We have derived the formulas necessary for the higher-
order expansions in powers of the system-reservoir interac-
tion in Sec. V. When we proceed to the high order in powers
of the system-reservoir interaction, the formulas derived in
Sec. V will be useful. We have there given the expressions of
the admittance in the nth order approximation, and have also
given the forms of the admittances in the fourth-order ap-
proximation in the expression using time-integrals alone by
transforming inverse-temperature integrals into time inte-
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grals. This facilitates the calculations of the admittances, be-
cause when the time-correlation functions of the heat reser-
voir are given, the admittances can be calculated.

As examined in Sec. VI for the two exactly solvable mod-
els analytically, the relaxation TC method (or the TCE
method) in the lowest Born approximation in powers of the
system-reservoir interaction gives the exact admittance for
the quantum oscillator model (192)—(194), and the relaxation
TCL method in the lowest Born approximation in powers of
the system-reservoir interaction gives the exact admittance
for the quantum spin model (214)—(216) except for the term
of initial correlation between the spin and reservoir. This
means that accuracy of the admittances obtained using the
relaxation TC method (or the TCE method), the relaxation
TCL method and the TCLE method in the lowest Born ap-
proximation for the system-reservoir interaction, depends on
the model of physical system under consideration. For the
case of a nonadiabatic interaction as Eq. (193), in which the
Hamiltonian Hg of the quantum system is noncommutable to
the system-reservoir interaction Hgr, the relaxation TC
method (or the TCE method) may give a better result. For the
case of an adiabatic interaction as Eq. (215), in which the

B
f dB’" exp(—iLy7)Leg w]psprHsr(— iﬁﬁ')elm=f
0 0

which can be expressed using a time integrals as

B e}
f dB' e L[ w]pspr Hsr(= ifiB)e'"= lim i f ds e 0L yg[ @]e™0 ) Lo pspre ™.

Using the integral transformation

PHYSICAL REVIEW E 81, 031131 (2010)

Hamiltonian Hg of the quantum system is commutable to the
system-reservoir interaction Hgg, the relaxation TCL method
may give a better result. Accuracy of the three admittances is
an interesting subject of future study.

ACKNOWLEDGMENTS

The authors are very grateful to the Miyashita research
group for stimulating and valuable discussions. The present
work was supported by Grant-in-Aid for Scientific Research
on Priority Areas, and also the Next Generation Super Com-
puter Project, Nanoscience Program from MEXT of Japan.

APPENDIX A: TRANSFORMATION OF THE
B'-INTEGRAL INTO A TIME INTEGRAL

We show that the expression (74) for the interference term

D[ w] in the TC equation, which is equal to the first term of
the interference term D@[w] given by Eq. (95), coincides
with the expression (75). The inverse-temperature integral
(B’ integral) in the expression (74) can be integrated and can
be rewritten as follows:

B
dp' exp(=iLyT)Leg @]pspr exp(B'ALy) Hsge' " (A1)
. exp(ﬁﬁL )_ 1 ioT
=exp(- lLOT)Led[w]pSPRTOHSRe
0
1 .
=exp(—iLyT )Led[w]L_LSRPSpRe e (A2)
0
(A3)
e—+0
(A4)

def ds:J dsf dT=J dTJ ds (t&5),
0 T 0 0 0 0

the expression (74) for D[ w] coincides with the expression (75). Similarly, the expression (47) for D(2 [w], which is equal
to the first term of D I w] given by Eq. (98), can be shown to coincide with the expression (78).

APPENDIX B: DERIVATION OF THE INTERFERENCE TERM D|[w]

The interference term D(z) given by Eq. (83), in the limit z— o, becomes

! 1
D(t) = f() thrR LSRI _E(t)

e OO~ Log(t — 1) Qprg + 2(t — T Leg(t — T)PTE o0

(B1)
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t
1 . .
- Jo dT% trg LSR1 S0 e L [ w]Qprpe™ ) ..
! ! 1 ) ) ) .
- lf de dSE trR LSRl 2([) e—lQLQTe—lQLQ(S—T) QLSRPeZL(‘Y_T)Led[w]pTEe_’“’(t_T)|,Hoo, (B2)
0 %) -
where we have substituted Eq. (8) and 2.(¢—7), which is given by
1
S(t—-1)=- if ds exp{— iQLQO(s — 1)} QLggP exp{iL(s — 7)}. (B3)

Then, the interference term D[ w] takes, according to the definition (87), the form

* 1
D[w]= J drtrg LSR1 exp(=iQLQOT) L.y w]Qprg expliwT)

3
f de ds trg LSR 2exp(— iQLQs) QLGP exp{iL(s — 7)}L.q w]prs explioT), (B4)

which becomes equal the expression (88) by the integral transformation (A4), where %, is given by Eq. (89).

APPENDIX C: TRANSFORMATION OF THE g; AND B, INTEGRALS INTO TWO TIME INTEGRALS

The B; and 3, integrals in Sec. V C can be integrated and can be rewritten as follows:

B By )
f dﬂlf dB,e ™A, pspr Hsr(— it B1) Hsr(— ifi35)] (C1)
0 0
B Bi .
:J ap, f dBre™MTA, pspr(eP ™ 0H gp) (P 0 H g )] (C2)
0 0
b —iLyT BihL ! BihiL 1
= . dpe"07 A, pspr) e OHSRﬁ_LOHSR_(e ! OHSR)ﬁ_LOHSR (C3)
. ePito— 1 ePtho— 1
TN A psPRT hiy HSRh_LOHSR—PSPR ﬁ—LOHSR hLOHSR (C4)
=€_iL°{ |:HSR 1 HSR’pSPR:| ( [HSRJ)SPR]) HSR:|’ (C5)
hLol SRAL, AL, AL,

which can be expressed using the two time integrals as

B By )
f dg, f dBare™MTA, psprHsr(— ifi 1) Hsr(— if135)]
0 0
2 * . . .
~ 2 f dm f dry e TTA, e M= Hgpe T g popr]]
T Tl

—f dTlf dr, e_iLOT[A,(e_iLO(Tl_T)[HSR,PSPR])E_iLO(TZ_T)HSR]}eXP(— €T — €7))| 40 (Co)

=;i_{f dTlf dr[A(= 7).[Hsp(= 1) Hsr(= 7). psprl]
- f dﬁf dmlA(= 7),[Hsr(= 7). pspr]Hsr(- Tz)]}exp(— €T — €T)|eoro (C7)
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2 [ 7
=#J dTlJ de[A(— 7), Hsr (= Tz)[HSR(— 71)’pSPR] - [HSR(_ Tl)’pSpR]HSR(_ Tz)]exp(— 67—1)|EH+0

1

ﬁ_f dTlJ dr[A(= 7),[Hsg(= 7).[Hsr(= 7). pspr]1]exp(— 67'1)|e—>+0 (C8)

=i2f dTlf dm[A(= 7),Lsg(— ) Lsg(— ) psprlexp(— €71)|_ 1. (C9)

APPENDIX D: TRANSFORMATION OF THE g;, 8, AND ; INTEGRALS INTO THREE TIME-INTEGRALS

The B, B, and B; integrals in Sec. V C can be integrated and can be rewritten as follows:

B B B )
f dﬁlf dﬁzf dﬂse_lLOTA,PsPRHSR(— iﬁﬁl)HSR(— iﬁBZ)HSR(_ ih,33)] (D1)
0 0 0
A . i ePrlilo _ 1 ePlilo _ 1
=f0 dpe™07| A, pspr(eP" 0 Hg) h—LOHSRh_LOHSR_ h—LOHSR ﬁ_LOHSR (D2)

. 1 1 1 1 1 1
—e kol A, —(ePho— 1) Hsg—Hsg—H —(— Filo — 1)H )—H —H
€ [ PsPR{ Lo(e JHsr L SR L SR™\ (e JHsr L SRLO SR

1 1 1 1
- (L_()(eﬁhLO - 1)HSRL_0HSR> LOHSR + <_(€ﬁﬁL° - 1)H5R><L_OHSR> L_OHSR}:| (D3)

I, I I 1
=3¢ o [A _|:HSR HSRL_OHSR».DSPR] - (L_O[HSR’pSpR]>L_OHSRL_OHSR

1 1 1 1 1
Lo HSR HSR,pSpR L_OHSR"' L_O[HSR’pSpR] L_OHSR L_OHSR ) (D4)

which can be expressed using the three time integrals, by performing some integral transformations as Eqs. (A4), (138), and
(142), as

f: dﬁlfﬁl dﬂzfﬁz dBse™ ™A, psprHsr(= i 1) Hsg(= ifi B) Hsr (= if1B3) ]

= ;—{f dTlJ dTZJ dre MTA, e [ H e Mo 2 T H pe T D H o popr]]
- fx dr fm defoc dr3e”M0TA, (e 0 [ Hgp, psprl)e 00 M H e Rl gy ]
- f an f an, f e A (e e O g pp e ]

+ f dTlf def d73e_iLOT[A7(e_iLO(Tl_T)[HSR»pSpR])(e_iLO(TZ_T)HSR)e_iLO(T3_T)HSR]}exp(_ €T — €Ty — €T3)| .40

(DS)
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f dﬂf dej drs[A(= 7),[Hsr(= ) Hsr(= ) Hsr(= 73), pspr]]

T 1 2

—f dT]f def drs[A(= 7),[Hsr(= 71), psprIHsr (= ) Hsr(= 73)]

T 2

—J dTlf deJ drs[A(= 7),[Hsr(= ) Hsr(= 7). pspr]Hsr(= 73)]

+ J dTlf def dri[A(= 7),[Hsr(= 71), psprIHsr (= 7) Hgr (= 7'3)]}8_57‘_572_”3 e—+0 (D6)

l.3 0 7y )
=ﬁf dle drzf dn[A(= 7),[Hsg(= 73),[Hsr(= 7). [Hsr(= 7). pspr]l]]lexp(= €7))]c_1o (D7)
=i3f dTlJ l dTZJ 2d7'3[A(— 7),Lsr(= 73)Lsr(= 75)Lsg(= 71)psprlexp(= €7)| 0. (D8)

APPENDIX E: TRANSFORMATION OF THE B, 85, B3, AND g, INTEGRALS INTO FOUR TIME INTEGRALS

The B;, B>, B3, and B, integrals in the expression (159) of p({g can be integrated and can be expressed using the four
time-integrals by proceeding in the same way as in Appendixes C and D as follows:

B B By B
f d,31f dﬁzf dﬁ3f dBypsprHsr(— ihB)) Hsr (= i B2) Hsr(— it B3) Hsr(— ih1B4) (E1)
0 0 0

0

1 (P 1 1 1 1 1 1
== d PitLoH gp)) —(ePrlo — 1) Hgg—Hsg—H —(— Pitko — 1)H )—H —H
73 Jo Bipspr(e sR) LO(E ) SRLO SRLO SR Lo(e JHsr L SRLO SR

1 1 1 1 1 1
- (L—o(eBIﬁLO - I)HSRL_OHSR> L_OHSR + (L_O(eﬁlﬂo - 1)HSR) (ITOHSR) L_OHSR} (E2)

1 1 1 1 1 1 1 1 1
== —(ePho— 1)Hsg—Hsg—Hsr—H —(— Ahko — 1YH )—H —HsrH
ﬁ4PsPR{ L0(€ ) SRLO SRLO SRLO SR Lo(e ) SR L SR L SR L SR

1 1 1 1 1 1 1 1

- <L—0(e'8h1‘0 - I)HSRL_OHSR) L_OHSRL_OHSR + (Z)(eﬁﬂo - 1)HSR> (L_OHSR> L_OHSRL_OHSR
1 1 1 1 1 1 1 1

- <L_O(€’6M‘° - I)HSRL_OHSRL_OHSR) L_OHSR + (Z)(eﬁﬂo - I)HSR> (lTOHSRlTOHSR> L_OHSR

1 1 1 1 1 1 1 1
+ <L_0(eﬁhL0 - I)HSRL_OHSR) (ITOHSR> L_OHSR - (ITO(eBﬁLO - 1)H5R> (L_OHSR) (L_OHSR> L_OHSR} (E3)

l.4 oo o0 oo o0
=ﬁ{f dTlf def d7'3f dry[Hsr(= 1) Hsr(= 7)) Hsr(= 73) Hsr(= 74). pspr]
0 7 T T3

J\0 0
—f dTlf
0 7

+J dTlf dr, d7'3f dT4[HSR(_ Tl)vapR]HSR(_ 7)) Hsr(= 73)Hsr(= 74)
0 0 T

0 3

dTlJ deJ d7'3f d7y[Hsg(= 71), psprHsr(= 7)) Hsr(= 73) Hsr(= 74)
) 3

dr, f drs f dry[Hsr(= ) Hsr(= 7). psprIHsr (= 73) Hsr(— 74)
0 73
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- J: dTlfw deJw d7'3f: dT4[HSR(_ ) Hsr(= 7)) Hsr(= 73)’pSpR]HSR(_ 7y)
7'| )
+ f: dr f: deJw dT.%f: dry[Hsr(= 71),psprIHsr(= ) Hsg (= 73) Hsr(= 74)
)
+ f: dr Jj def: d7'3f: dr[Hsg(= 1) Hsr(= 72), psprIHsr(= 73) Hsr(= 74)

- f dr 1j dr, f drs f dry[Hsg(= 71), psprHsr(= 72) Hsr(= 73) Hsr(- 7'4)}6_57‘_572_“3_“4 €40 (E4)
0 0 0

i4 © o] © o]
=%{f dTlJ def d7'3f d7y[Hsr(= ) Hsr(= 7)) Hsr(= 73) Hsr(= 74), pspr]
0 T T 73

—f dTlf deJ d7'3f dry[Hsr(= ) Hsr(= 7)) Hsr(= 73), psprIHsr(— 74)
0 1 ko) 0
=] 0 =] 3

+J dTlf deJ d7'3f dT4[HSR(— 7)) Hsr(= 7'2)’pSPR]HSR(_ 73)Hsr(= 74)
0 0 0

o] o0 7'2 7'3
- J dTlf deJ dTaJ dT4[HSR(_ T])spSpR]HSR(_ TZ)HSR(_ TS)HSR(_ 7'4)}
0 0 0 0

Xexp{— er) — €1, — €73 — €T4}| 10, (E5)

which can be expressed, by performing some integral transformations as Egs. (A4), (138), and (142), in the following compact
form:

B Bi B Bs
f dp, f dp, f dps f dBapsprHsr(= ihB)) Hsr(= ift B2) Hsg (= ih B3) Hsr (= ifi By)
0 0 0

0

4 o 7 ) 73
= #J dTlf def d73f dry[Hsg(= 74).[ Hsr(= 73).[Hsr(= 72).[ Hsr(= 7). psprI1]]e™ |0 (E6)
0 0 0 0

© | k) 73
=i4J' dTlf def d7'3f dT4 LSR(_ T4)LSR(_ T3)LSR(_ TZ)LSR(_ Tl)pSpR exp(_ 67—1)|E~>+0' (E7)
0 0 0

APPENDIX F: CALCULATION OF ADMITTANCE x;;i(w) [EQ. (196)]

The admittance y;,#(w) given by Eq. (196) can be rewritten as

Xopi(©) = iﬁf dt Trb()) 1+ E (- l)"f dTlJ dry: j d7,Lsp(7))Lsp(7) - - Lsg(7,) ([b7, prelexp(ior — €t)| ..o

(F1)

=lﬁ f dt Tr b + E ( l)nf dT f 1" f dTIJ d[ TI'[' . '[[b’HSR(Tl)]’HSR(TZ)l ’HSR(Tn)]/ﬁn
0 T 7

X[b", prelexpli(w — wo)t - €t]| .0 (F2)
which can be calculated using Eq. (195) as

E(—z)z'"f drzmj ATy f dr, f dn 2 - 2 ga, P lga,
Tom 3 ™ a @y

XTr b[b", prelexpli(@ — wo) 7y + i@y — W, ) T = i(@g = @ )Ty + + -+ + i)~ @, ) Toy = (W)~ W, ) To} (F3)

Xowi (@) =
Wy — w gy —
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) _ (= 1)"lgq " lga
- 1 m F4
o R % C,Em (00— &)@ ) (= g, ) (F4)
h lgal? - ih
- 1 - , F5
wo—a{ 2 (wo—(r))(a—wa)} i(wo— @) + H3) )

with @=w+ie (e— +0), where ¢(m) is given by Eq. (198). Thus, the exact form (197) of y,,:(w) can be obtained.

APPENDIX G: THE ORDERED CUMULANTS FOR THE SPIN MODEL (214)-(216)

We calculate the ordered cumulants for the quantum spin model (214)—(216). For the second-order ordered cumulant
(LsgLsr(—=7))g (7=0), we can obtain, by using the relations S,S,=S,/2 and S.S,=-S,/2,

tr S (LspLsr(= 7)ra_(1) = (122){[R(7,R] g + ([R'(7),R])e}tr S,a_(1). (G1)

We can calculate the fourth-order ordered cumulant (LggLggr(—73)Lsr(—72)Lsr(—71))r (71 = 7= 73=0) as follows:

tr S,{LsgLsr(— 73)Lsr(~ 7)Lsr(= 71))ra_(t)
= — S, S (R + R") Lsg (= 73) Lsp (= 72) Lsr (= 7))ra@_(1)
= - Tr{S,S,(R+ R (R(- 73) + R(= 73)) = S,S,(R(= 73) + R"(= 73)) (R + R")}Lsg(~ 72) Lsg(— 71) pra_(r)
= (1/2)Tr S,[R + R",R(= 73) + R'(= 73) ], Lsg(— ) Lsr(— 71) pra@_(2),
= (1/2°)Tr S,[[R+R".R(= 73) + R'(= 75) [,R(= 1) + R'(= 1) ], Lsg(~ 7,) pai_(0),
= (U2)[IIR + R",R(= 73) + R'(= 7)1 ,R(= 1) + R'(= ) ,R(= 7)) + R'(= 7) L )etr S,a_(1), (G2)
which can be rewritten using the second-order ordered cumulants by the Wick’s theorem for finite temperature, as
tr S {LsgLgr(~ 73)Lsr(= 7)Lsg(= 71))ra_(?)
= (2[R + R".R(= 73) + R'(= 75) L ){[R(= 7) + R'(= 7).R(= 7)) + R'(= 7)) ] )x
+{[R+R".R(- 1) + R'(= ) | )r{[R(= 73) + R"(= 73).R(— 71) + R"(= 7) ], )&
+{[R+R".R(- 7) + R'(= )| )r{[R(= 73) + R"(= 73).R(= 1) + R"(= m) | )x}tr S,a_(1). (G3)
We can also calculate the product of the second-order ordered cumulants as
tr §y(LsrLsr(= 73))r{Lsr(~ T2) Lsr(— 71))ra_(t)

= (112){[R+R",R(= 73) + R*(= 73) ], )xtr Sy{Lsg(~ 72)Lsr(~ 7))ra_(1)
= (1/2°)([R+ R",R(- 73) + R'(= 1) 1)r{[R(= 7) + R'(= 7),R(= 7y) + R'(= 7) ], )tr S,a@_(1), (G4)

tr S,(LsrLsr(— 7))r{Lsr(= 73)Lsg(— 71))ra_(7)
= (1/2°)([R+R",R(- 7) + R'(= 1) 1)r{[R(= 73) + R'(= 73),R(= 7)) + R'(— 7) ], )tr S,a_(1), (G5)

tr S,{LsrLsr(= T1))r{Lsr (= 73)Lsr(= 7,))ra_(t)
= (1/2°){[R + R",R(= 7)) + R(—= 7)])r{[R(= 73) + R(= 73).R(= 7,) + RT(= 7)],)tr S,a_(). (G6)
Therefore, the sum of the fourth-order ordered cumulants vanishes, i.e.,
tr S,{{LsrLsr(= 73)Lsr(= 72)Lsr(= 71))r = {LsrLsr(= 73))r{Lsr(= T2)Lsr(= 71))r = {LsrLsr(= ™) )r{Lsr (= 73)Lsr(= 71))r
— (LsgLsr(= 71))r{Lsr(= 73)Lsg(— m))r}a_(t) = 0. (G7)

In the same way, it can be shown that the sum of the higher-order ordered cumulants vanishes.
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