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Motivated by the realization of a dissipative quantum point contact in ultracold atomic gases, we investigate a
two-terminal mesoscopic transport system in which a single-particle loss is locally present in a one-dimensional
chain. By means of the Dyson equation approach in the Keldysh formalism that can incorporate dissipative
effects, we reveal analytic structures of the particle and energy currents whose formal expressions correspond to
ones in certain three-terminal systems where particle loss is absent. The obtained formulas are also consistent
with non-Hermitian and three-terminal Landauer-Biittiker analyses. The universality of the current expressions
holds regardless of the quantum statistics, and may be useful for understanding lossy two-terminal transport in

terms of three-terminal transport and vice versa.
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I. INTRODUCTION

Along with the intensive momentum of quantum tech-
nology, research on quantum simulation that extracts the
essential features of complex quantum many-body problems
is developing at a rapid pace [1]. Since Feynman’s proposal
[2], several promising quantum simulators such as ultracold
atomic gases [3], trapped ions [4], photonic systems [5], and
superconducting qubits [6] have been introduced and a broad
spectrum of quantum many-body problems ranging from
condensed matter physics to astrophysics, and high-energy
physics such as particle and nuclear physics [7] have been
investigated.

Among them, ultracold atomic gases have reached a high
level of maturity owing to the controllability and flexibility
of experiments. As is often said, one of the advantages in
ultracold atomic gases is that the systems can normally be
treated as closed ones in that the effects of an uncontrollable
external environment are negligible. In fact, thermalization
and nonthermalization problems occurring in closed quan-
tum many-body systems have successfully been verified with
atomic gases [8]. More recently, controllable atomic gases
enable the exploration of open quantum many-body systems
as well. By applying various schemes to perturb the systems
[9-15], one can engineer one-body, two-body, and three-body
losses and analyze dissipation effects in quantum many-body
systems.

How dissipation affects quantum transport is an important
theme in quantum technology [16,17] and is now diag-
nosed in ultracold atomic gases. The epochal realization is
lossy Josephson junction arrays of Bose-Einstein condensates,
where negative differential conductance [18] and bistability
between superfluid and resistive states [19,20] have been
found. Another striking realization, which is the subject of
this paper, is two-terminal transport via a dissipative quantum
point contact [14], where a local single-particle loss is intro-
duced inside a short one-dimensional (1D) wire and leads to
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a conductance plateau of less than 1/h. Although the dissi-
pation effects discussed in ultracold atomic gases can usually
be explained in terms of the Lindblad master equation [21],
unlike Bose-Finstein condensates where the quantum jump
term being difficult to handle is greatly simplified in the
Gross-Pitaevskii analysis, a proper prescription in a quantum
point contact system has yet to be fully understood. In order
to explain the experimental data of the dissipative quantum
point contact, Ref. [14] introduced the Landauer-Biittiker for-
malism with a complex potential in the belief that the quantum
jump term does not play an essential role in transport. While
an analysis with a complex potential has indeed been uti-
lized in the context of inelastic scattering problems [22,23],
it may also be important to understand dissipative quantum
point contact transport on the basis of the Lindblad formalism
including the quantum jump term.

In this paper, we investigate two-terminal current flows
through the lossy one-dimensional chain that is a model of
a dissipative quantum point contact. We note that a similar
model has recently been addressed in Refs. [24,25]. Compared
to these previous works, here we focus on the analytic struc-
tures of the energy current as well as the particle current, and
a connection to other approaches including the non-Hermitian
Landauer-Biittiker formalism. To this end, we adopt an anal-
ysis based on Dyson equations in the Keldysh functional
integral approach extended to open quantum systems [26],
and reveal a relationship between such a dissipative system
and a similar system in which dissipation is absent but an
additional reservoir is attached. By taking an appropriate limit
shown below, we show that regardless of fermions or bosons,
the particle and energy currents in these two systems coincide
with each other. In addition, the formal expressions of the cur-
rents are found to be consistent with the ones based on the
non-Hermitian analysis obtained in Ref. [14] and in certain
three-terminal Landauer-Biittiker analyses. What is remark-
able is that formal current expressions of lossy two-terminal
systems can be reproduced with three-terminal systems

©2022 American Physical Society
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FIG. 1. Mesoscopic transport systems discussed in this paper.
(a) The lossy two-terminal transport system where the single-particle
loss occurs at the center site in the 1D chain. (b) Three-terminal
transport system where the center site in the 1D chain couples to
the third reservoir. (c) Three-terminal scattering problem where the
sample region in the Landauer-Biittiker formalism is characterized
by an S matrix.

consisting of nonempty reservoirs, which paves the way to
a simulation of lossy two-terminal transport realized in ultra-
cold atomic gases in terms of lossless three-terminal transport
realized in condensed matter systems and vice versa.

The paper is organized as follows. In Sec. II we perform
a formulation for the systems shown in Figs. 1(a) and 1(b).
In Secs. III and IV we apply our formalism to single-site
and multisite cases, respectively. In Sec. V we perform a
three-terminal Landauer-Biittiker analysis for the system of
Fig. 1(c). In Sec. VI we summarize and provide an outlook on
this work. In the Appendix, we give a derivation of the func-
tional integral form of the partition function whose density
matrix obeys the Lindblad master equation.

II. FORMULATION OF THE PROBLEM

We consider a two-terminal mesoscopic transport sys-
tem of noninteracting particles that can be either bosons or
fermions. In this work, we focus on a situation where a
one-dimensional tight-binding chain is attached between two
macroscopic reservoirs. By adopting units of i = kg = 1, the
corresponding Hamiltonian is given by

H =H, +Hg + Hip + HAr, (D
N N-1
Ap =Y addi— Y tdidu+d,,d) (2
i= i=—N
Ay = — Z[tk'(/;z’de_N +afpdvl +He. )
k

A ~ ~ 2
Here, Hyg) = D i (€k — :U*L(R))wZ(R).kWL(R),k, where ¢ = £

with particle mass m, is the Hamiltonian of the left (right)
reservoir measured from the chemical potential (i(ry, Hip is
the Hamiltonian of the one-dimensional chain with nearest-

neighbor hopping #, and Hr is the coupling between the
reservoirs and the one-dimensional chain that is modeled as
the tunneling term with tunneling amplitude #. For a sym-
metric reason, we assume that the on-site potential energy
€; has the property €; = €_;, the hopping amplitude satisfies
t_i=t_yfori=0,1,...,N, and the site number of the 1D
chain L is set to be L = 2N + 1. In addition, &L(R) and d are
respectively the annihilation field operators in the reservoir
L(R) and one-dimensional chain.

For comparative purposes, we also introduce a three-
terminal system described by the following Hamiltonian:

ﬁ:ﬂL+ﬂR+ﬁ1D+ﬁr+H3, “4)
HT = ﬁT — kali};kd,\o + H.c. (5)
k

Here, ﬁ3 is an additional reservoir Hamiltonian that is similar
to H; and Hy and is expressed with the field operator 1/}3,1(. In
addition, we assume that a coupling to the third reservoir with
tunnel amplitude 7, occurs at the center site in the 1D chain.

We now come back to Eq. (1) and introduce dissipation
such that a single-particle loss is present at the center site in
the chain. Inspired by the dissipative quantum point contact
experiment [14], we assume that the system obeys the follow-
ing Lindblad master equation [27],

N
{dodo,p}>’ ©)

2

where p is the density matrix operator and y is the dissipation
rate. For y = 0, this equation is reduced to the von Neumann
equation describing unitary time evolutions. In the presence
of nonzero y, additional terms describing dissipation effects
come out. It is also convenient to introduce the adjoint equa-
tion. For a Heisenberg operator A, the corresponding adjoint
equation is written as [27]

0p =—ilH, pl+ y(ﬁoﬁﬁé -

(7

{d}do, A}
0. A = i[H, Al + v | dfAdy — 22 |

By using the above, the operator of the particle number growth
rate in each reservoir is given by

at]\AJL(R) = iZ tklﬁZ(R)’kC?—N(N) + H.c., (8)
k

where we use
[NLg), do] = [NL(&)s 6?5] =0. 9

Similarly, the operator of the energy absorption rate in each
reservoir is given by

3 Hy(r) + ML) d:Nir) = iZ tkEkIﬁZ(R)C?—N(N) + H.c., (10)
k

where we note that /LL(R)EJTNL(R) is added in order to describe
the energy flow. By using these operators, the particle and
energy current operators flowing between reservoirs are re-
spectively expressed as

s (=N + Ng)

= ——+— —— 11

> (11

. O.(—H, —w N, +H N,

i = o (—Hp — pe Ny + Hg + g R)’ (12)
2

where of course 1t/ (r) is assumed to be a constant in time [28].
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In order to evaluate the averages of the operators defined above, we harness the functional integral formulation of the Keldysh
formalism [29]. There, we can consider the following partition function [26] (see also the Appendix),

— /D[‘f;v v, d, d]eiSL+iSR+iS1D+iST+iSloss’ (13)
where

o0
SL(R) = f dt[lﬁZQR)iarlﬂﬂR) - I/E(R)iarlﬂ[(m - HLJ?R) + H&R)]’ (14)
—00

0 N
Sip = / d‘L’|:Z {d (10, — edt —d (i0: —edi Y+ Y tldfdf, +df,df —drdy, - cii;ld;}}, (15)

o0 i=—N i=—N

St = / dr Z[tkw WAy Hd Ut ady Fdy v — a L doy — KAy — Vg dy — hidy Vg, (16)
R

o difdf +dydy -
Sioss =/ driy[u—do_da’] (17)
S 2
Here, the superscripts + and — represent forward and backward contours, respectively, and HLfR) =3 (e —

[LL(R))I/_IiR),klﬂZiR)’k. Although the expressions above are available regardless of bosons or fermions, we note that the fields
are expressed with complex numbers for bosons and Grassmann numbers for fermions. As can be seen from the expressions
above, an advantage of this formalism is that the seemingly complicated dissipator terms that consist of non-Hermitian and
quantum jump terms can be replaced by the quadratic action term Sj;.

In place of the representation based on the forward and backward counters, we convert to the following rotated representation

[29]:
(5;) - \%G —11> <5t) (i;) = %G _11> (Q (18)
(ﬁ‘» - \%G —11) @t) (ilqu> = %G _11> (?) (19)

Under this transformation, the reservoir action is expressed as

oo e _ _ 0 —1 k, - A
- i gy EORCR),
k —00 —00 ’

gL(R)(k T— [gL(R)(k, T—T1 1pL(R) T

where [g7']R®) and [g~!]X are the retarded (advanced) and Keldysh components in inverse Green’s function, respectively. In

addition, Sy is transformed into
00 B _ 0 _ iy de!
Sloss =/ dr(dst df (,- . 2>< 0 ) (21)
@ ap(y )

Thus, noninfinitesimal imaginary parts appear in the inverse Green’s function at the center site. It is also instructive to note that
the conventional representation for fermions is the so-called Larkin- Ovchlnmkov one where ¥ and d fields transform in the same

way as Eq. (18), while v/ and d fields transform in the following way [29]: (VIZ) = [(1 )(¢ ), and (d )= f(l —11)(d ).

In this paper, however, we stick to using Eq. (19), which allows us to discuss both bosonic and fermlomc transport in a unified
manner.

We are interested in steady transport in which average currents do not depend on time. In this case, it is convenient to move
onto the frequency space. By taking into account the fact that the origins of the frequencies between reservoirs are shifted by a
chemical potential difference Au = py — g, the reservoir action in the frequency space is given by

do ; 0 [s)e, 0 F A/ (v
Si R = / 1// vy LR K i (22)
Z im Vim) [s ek 0 F Au/2)]" [grfetk, 0 F Au/2)]" ) \Vir)’
Here, the retarded and advanced components are determined as
[g7' (k, )" = w — & £ i0™. (23)

Since we deal with the two-terminal transport system in which two macroscopic reservoirs are in thermal equilibrium where the
fluctuation-dissipation relation holds in each reservoir [29], g% obeys

gk, o)F = (g7 (k, 0)I* — [g7' (k, @)]")[1 £ 2n(w)], 24)
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where n(w) = ﬁ with temperature T is the distribution function and the upper and lower signs are for bosons and fermions,
respectively.
On the other hand, the partition function in the three-terminal system described by Eq. (4) is straightforwardly obtained as
7 — f’D[@ﬁ, v.d, d]eiSL+iSR+iSID+i§T+S3, (25)
where
o0 - -
Sv= [ detiiongs - driocws — HY 4+, 26)
—00
o0
Sr =58+ / dv Y [ dy + idd vy — lsdy — fedy ¥s . 27)
N -

For a calculation of physical quantities, one needs to eval-
uate the Green’s functions. In fact, it is easy to confirm that
the particle and energy currents are respectively expressed as

Y« Re[ £ 1GE (k, 7, 1) F tGEp(k, 7, 7)]

1(‘[) = 5
*® dw . B
= / ym ZRe[:I:thdL(k, o) F teGyp(K, a))],
o -
(23)
Io(0) = S ek Re[ £ 4G, (k, 7, 7) F 0GR (k, 7, 7)]
E =
2
*® dw . i
oo -
(29
Here,
Gk, 7.7') = —illd_y(1). ¥ (T)]s).  (30)
Glir(k, 7, 7) = —i{ldn (), Y5, (T)]a), 31)

and the upper and lower signs are again for bosons and
fermions, respectively. A straightforward way to calculate
GgL(R) is to invert the matrix of the action defined in (13),
which becomes an efficient algorithm for numerical analyses
of the average currents [24,30-33] With this method, how-
ever, it is not so easy to establish analytic structures of the
currents. To overcome this, we therefore adopt an approach
based on Dyson equations [34], where the action is split
into nonperturbative and perturbative parts. For the dissipa-
tive (three-terminal) situation, one can treat Sy ), the on-site
energy term in Sip, and Sjoss(S3) as the former part, and the
hopping term in S;p and S7(S7) as the latter part. Under this
setting, a calculation in the presence of dissipation can be done
similarly with one in the absence of dissipation. We note that
the analysis with Dyson equations becomes exact by treating
the perturbative part at all order levels, in which case the result
corresponds to the one with the matrix inversion of the action.

III. SINGLE-SITE CASE

In order to see the essential structure of the average parti-
cle and energy currents both in dissipative two-terminal and
three-terminal systems, we start to analyze the L = 1 case,

(

i.e., the noninteracting quantum dot system. For the appli-
cation of Dyson equations in the Keldysh formalism in our
system, it is convenient to use the following relation [35],

301Gy k. @) = = > 1P [GR (@) gy (k. @)
k

k
+ Gg (w)gZ(R) (k, 60)] ; (32)

where g is the uncoupled Green’s function that is obtained
from the inverse of the matrix (22), and Gy, is the full Green’s
function of the 1D chain that contains the effects of the per-
turbative part. Notice also that in order to obtain the above,
we applied the Langreth rule in the Keldysh formalism [34].
Owing to this deformation, the remaining task is to calculate
GI/K

A. Dissipative situation

We first look at the dissipative situation corresponding to
the situation of Fig. 1(a). There, the retarded and advanced
Green’s function in the single site obey the following Dyson
equation [34]:

—1 —1
[6iY@)] =[gi" @] -=fw.  ©3)
We note that the retarded or advanced component is decou-
pled and therefore satisfies [G~!]R4) = [GRW]~!. We also

introduce the retarded and advanced components of the self-
energy,

2* D) =) " [V k0 — Apj2)
k

+ iV (k, 0 + Ap/2)]. (34)

By introducing

Rw) =2 Z Itx|* Re[gF (k, 0 — Ap/2)]
k

= 22 I |* Re[gh (k, 0 + Ap/2)], (35)
k

MNw) = -2 Z It |* Im[gR (k, 0 — Ap/2)]
k

=23 " Ial* Im[gh (k. 0+ Ap/2)].  (36)
k

053320-4



COMPARATIVE STUDY FOR TWO-TERMINAL TRANSPORT ...

PHYSICAL REVIEW A 106, 053320 (2022)

the full retarded and advanced Green’s functions are obtained
as

1
w—¢€ —R)£i[% +T()]

G w) = (37)

In addition, the Keldysh component obeys the following
Dyson equation:

GX () = [1 + G (@) SR (w)]gh (o)1 + = (0)G)(w)]
+ GR(0)ZX (0) G (w). (38)
|

By using
K@) =) I [ef (k0 — Ap/2) + gh(k, 0 + Ap/2)]
k

= —2iT(@)[1 £ nz(w — Ap/2) % np(w + Ap/2)],

(39)
and
[1+ GB(@)ZF(@)]gh (@)[1 + =4 (0)G)(w)]
= GR ())& )[dh(@)] " Giw)
= —GR()[g; (@)]" Gh(), (40)

the Dyson equation for the Keldysh component can be solved
as

Gl (w) =

In total, the average current is determined as
*® dw L(w)
I = — 7
/_ e |:T(w) + > :|
x[np(w — Ap/2) — np(w + Ap/2)], (42)

where we introduce

2
o — ()] W
[0 — €0 — R(@)? + [% + T(w)]
L(w) = [w)y (44)

[0 — €0 — R@)P + [% +T(@)]

Physically, 7 (w) and L(w) represent the transmittance and
loss probability, respectively. When y = 0, 7 (w) is indeed
reduced to transmittance in the noninteracting quantum dot
system [35,36]. In addition, when y # 0, T (w) is reduced
to one in a phenomenological model with inelastic widths in
which L(w) is absent [37]. On the other hand, the presence of
L(w) is peculiar to the lossy system. The physical meaning
of L(w) becomes clearer by noting that the average of the
particle loss rate is expressed as

—N = =N, — N

oo
= / d—wll(w)[nL(w — Ap/2) +ng(w+ Ap/2)]. (45)
oo 2T
Itis also instructive to point out the relation with Refs. [24,25].
When the frequency dependence of I'(w) is neglected and
R(w) = 0, the particle current obtained in this work is identi-
cal to the one in Refs. [24,25]. The first condition is called the
wide-band approximation and is reasonable for low-energy
transport such that the frequency dependence in I' is negli-
gible is concerned. In addition, the second condition means
that the energy shift due to the couplings with the reservoirs is
negligible, and corresponds to the situation where the Lamb
shift is neglected in the context of quantum optics. For in-
stance, these conditions are simultaneously satisfied if #k is

=2i[% + T'(w)] F 2iT(@)[nL(@ — Ap/2) + np(w + Ap/2)]
[0 — €0 — R@)I* + [£ + T(@)] '

(41)

(

momentum independent such as the point contact tunneling
[38,39] and the constant density-of-states approximation in
the reservoir that is often used in fermionic systems is rea-
sonable. In contrast, our formulation is available even if such
conditions are not valid, which contains superfluid bosonic
systems [40-42].

With the use of the above results, we can also obtain the
energy current. To this end, we note

> InlecIm[gf p(k, 0 F Ap/2)]

k

= > It (@ + wIm[gf (k. 0 F Ap/2)].  (46)
k

where we use Im[g’f rl o< 8w+ — %) with the average
chemical potential between reservoirs pu = % By us-
ing this relation, the average energy current is shown to be

expressed as

Ip =/ d—w(w+u)[T(w)+ M}
oo 2T 2

X[np(w — Ap/2) — ng(w + Ap/2)]. (47)

In order to compare with the result in Ref. [14], we bear
in mind that while » adopted in Ref. [14] corresponds to
the absolute energy, @ = 0 in our formulation corresponds to
the energy at the average chemical potential. By taking into
account this energy shift between two formulations, it turns
out that the formal expressions of Egs. (42), (45), and (47) are
consistent with ones found in the non-Hermitian Landauer-
Biittiker analysis [14].

B. Three-terminal situation

We now consider the situation where atom loss is absent
but instead the noninteracting dot is attached to three terminals
[Fig. 1(b)]. In this case, the retarded and advanced compo-
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nents of the self-energy are given by

20 (@) =Y (I’ k, 0 — Ap/2)
Kk
+HinPge ! (&, 0+ Ap/2)+i 5V (k, 0+V)],
(48)
where V = p — us with the chemical potential of the third

reservoir (3. As in the case of the previous section, we intro-
duce

Ry(w) =2 |l Re[¢5 (k. 0 + V)], (49)
k
M3(w) = =2 Z |fi|* Im[ g5 (k, © + V)]. (50)
k

Then, the full retarded and advanced Green’s functions are
obtained as

1
® — €9 — R(w) — B2 + [P () + D] '51)
(

G w) =

In addition, the Keldysh component of the self-energy is
Ek(a)) = 2il(w)[l £np(w— Aun/2) £ng(w+ Aun/2)]
—il3(w)[1 £ 2n3(w + V)], (52)

where the upper and lower signs are for bosons and fermions,
respectively, and n3 is the distribution function of the third
reservoir. Since [¢g~']¥ = 0 in the absence of single-particle
loss, we obtain

—il3(@)[1 £+ 2n3(w + V)]
[0 —e0 = R(@) + 2] 4+ [22 - T(@)]’
_ 2iT()[1 £np(w — An/2) £ ng(w + Ap/2)]
[0 — e = R@@) = B2 4+ B2 4 T@)]
(53)

GX(w) =

Now that the full Green’s functions are obtained, we turn
to compare Egs. (37) and (41) and Egs. (51) and (53). Then, it
turns out that the full Green’s functions in the three-terminal
system coincide with the ones in the dissipative two-terminal
system when the following conditions are satisfied:

F3(w) = v, (54)
R3(w) =0, (55)
m(w+V)=0. (56)

Equations (54) and (55) represent the wide-band approxi-
mation and the disregard of the Lamb shift, respectively. In
addition, Eq. (56) means that the third reservoir is empty.
The last condition is physically sound, since the dissipator
in Eq. (6) (terms proportional to y) does not contain the
gain effect [27]. In total, when Eqgs. (54)—(56) are satisfied, it
follows that the transport quantities calculated in the previous
section such as the particle and heat current and particle loss
rate also coincide with those in the lossy two-terminal system.

Although the conditions of (54)—(56) are necessary for
exact correspondence including the frequency dependences of

T and L, one can relax them as far as a formal correspondence
is concerned. In particular, it is straightforward to confirm that
without (54)—(56), the average particle and energy currents
from left to right are expressed as

1:[ gw[f(a)wﬁ(w)}

o 2T 2
x [np(w — Au/2) — np(w + A /2)], (57
Iy = f d—w(w + /L)|:7'(w) + M]
oo 2T 2

X [n(@ — Ap/2) — ng(w + Ap/2)],  (58)

where
2
Tw) = G :
(00— R = B2+ [ 4 Tw)
(59)
Flw) = F(w)'3(w) . (60)

(0= 0= R(@) = 22)" + [ 4+ T ()]

We note that Eqgs. (57) and (58) are formally equivalent to
Egs. (42) and (47) in that the currents are expressed with
transmittance and loss probability in a similar manner. The
only difference from the dissipative situation is that the addi-
tional frequency dependences originating from the frequency
dependence of g3 and momentum dependence of 7, come
out in 7 and £. What is especially remarkable is that the
average currents do not depend on the distribution of the third
Ieservoir.

It should also be noted that all the average quantities in
the three-terminal situation are not independent of ns. In fact,
the average particle loss rate in the three-terminal situation,
which is merely the particle gain rate of the third terminal, is
expressed as

. X do -
_N = / ﬁ[ﬁ(a)){m(a) — Apn/2)+ng(w + Aun/2)}
—2L(0)ns3(w + V). (61)

The expression above is not formally consistent with Eq. (45)
due to the presence of the last term proportional to n3. Thus,
for generic £, the condition (56) is essential to the consistency
of the particle loss rate between the dissipative and three-
terminal situations. At the same time, notice that

/ dol(wnz(w+V)=0 (62)

can also be achieved for a nonempty third reservoir. Indeed,
the above equality is satisfied, if £(w) = 0 for w’s such that
n3(w + V) # 0. Moreover, us < ur, ig is also necessary to
obtain nontrivial effects of £ in transport. In this case, the
gain effect from the third reservoir is neglected and lossy two-
terminal transport corresponds to the lossless three-terminal
one.
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IV. MULTISITE CASE

Although the essential structure of the correspondence be-
tween lossy two-terminal and lossless three-terminal systems
already appears in the single-site problem, in order to con-
vince ourselves of it, we now look at the multisite case.

To this end, we point out the following relations,

D oaGh (k w) ==Y R[Gh () (ko — Ap/2)
k k

+G (@)l (ko — Ap/2)],

= R[Gh L (@)gk(k, 0 + Au/2)
k

(63)

> 0Glipk, ) =
k

in the 1D chain:

Ginn Gun G
G, = Ga{,Zl Ga» : (65)
Gd.,Ll Gy Gd-,LL
For example, Gs,ll(LL)(T’ ') = —if(t — T){[d_nw(T),

diN(N)(t’)]i). As in the case of the single site, what we
need to do for the determination of the current formulas is to
evaluate the retarded, advanced, and Keldysh components of
Gy.

A. Dissipative situation

In the multisite case, the Dyson equation for retarded and

K
+ Gd,LL(“))g/IA?(k’ o+ Ap/ 2)]’ (64) advanced components is expressed as
R/A -1 r R/A -1 R/A
which is the multisite generalization of Eq. (32). Here, we (6 (@] =g (@] -z (w). (66)
introduce the following L x L matrix of a Green’s function Since
J
w— ey £i0T 0 cee 0
0 ®—ey_1 £i0T 0
- 0
Wl 67
[g,"] . oo it : 67)
0 w — €N + 10+
and
R(w)q;il"(w) iy 0 0
—tn—1 0 —tn—2
0 —tN— 0
SRA _ N2 : (68)
0 —IN-1
0 ity R(w);zzr(w)
we obtain
-1
CO—EN—I%Q)):l:l% IN—1 0 0
IN—1 w—€ey_1 E i0* )
0
GRA ()=
d ( ) : w — € + i%
IN—1
0 IN—1 w—eN—¥1i¥
(69)

Thus, it turns out that the inverse of the retarded or advanced Green’s function is expressed with the so-called tridiagonal matrix.

In general, a nonsingular tridiagonal matrix,

ag b]
T — (S )
o -
0 0
is known to be inverted as [43—46]
(=1)*ip; - bj_

7}31 =1{6i-19;11/0L,

(=D ejcii10j_1¢is1/0L,

0 0
0. (70)
br—1
CrL—1 ar,
10i1¢j11/0L, i<,
i=], 71)
i>].
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Here, 6; and ¢; satisfy the following recurrence relations,

0 = aifi—1 — bi_1ci10i—2, i=2,3,...,L, (72)

¢i = aipiy1 — bicipiyo, i=L—1,...,1, (73)

with initial conditions 6y = 1, 6; = a;, ¢r+1 = 1, and ¢ = ar. Thus, by applying the above formula, Gg/A can be exactly
obtained.
On the other hand, since

0 0
[e,']" = iy , (74)

0 0

and
—il(w)[1 £ 2n.(w — Au/2)] 0 0
p 0 0
K = ; ) , (75)
0 cee —il(w)[1 £ 2ng(w + Ap/2)]

the Keldysh component is expressed as

G (0) = —GE(0)[g]" (@)]" GA(@) + GE(@)ZF ()Gl (w)

—iC()[1 £2n(w —Ap/2)] 0 .- 0
0 0
= G;() iy Gj(w). (76)
0 . —il(w)[1 £ 2ng(w + Ap/2)]

Based on the results obtained above, we obtain the average particle current and particle loss rate. By using symmetries such
as GS{? = Gﬂi and GS{ fL = Gs/fl, the particle current is expressed as

x F(a)) GR (w) 2 . GR (w) b
I = /40 %F(a))[—lm[Gg“(w)] _ {1G5 1) |2 |GE |, ()] }}
X [ne@ = Ap/2) = n(w + Ap/2)) 77)

In addition, the particle loss rate is expressed as

. ® d
_NZ/ oL r@f21m[G )] + D@ [ 1 [*+ (G5, ]+ 7[6E @)

2 2
+T(@){ = T(@){|Gh 11"+ G5 1|} = 2Im[G] 1, ()]} (@ — Ap/2) + np(w + Ap/2)]]. (78)
In order to obtain convenient forms, we consider the following identity:
-1 -1
Gi -Gy =64{(Ga) - (6)) }Gq. (79)
This leads to
2 2 2
21m[Gy (@] = —T@){[Gn|" +|Ga |} = v|Gg, p @] (80)
Thus, the particle current and particle loss rate are obtained as
* dw Lk
I = f —[TL(w) + (w)}[nL(w — Ap/2) —ng(w+ Ap/2)], 81)
oo 2TC 2
. ®dw
—N = Eﬁ (@)[np(w — Ap/2) + np(w + Ap/2)], (82)
—00
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where

T @) = [T(@)|G] 1 (@), (83)

L) = T(@) = T@){|GE | + |G L[} = 2m[GE |, (@)]], (84)

are the transmittance and loss probability, respectively. It is also straightforward to show that the energy current is obtained as

[e%s) d EL
Is = / P+ u)[TL(w) 4 éw)}[nL(w — Aw/2) - ng(w+ Ap/2)l. (85)

Equations (81), (82), and (85) are multisite generalization of Egs. (42), (45), and (47).

In the case of L = 1, it is easy to check that the transmittance [Eq. (83)] and loss probability [Eq. (84)] coincide with those
that appeared in the single-site case. For multisites, explicit forms of Eqgs. (83) and (84) in a generic 1D chain are lengthy. If
e=¢ =€ =--eyandt =1ty =1t =---ty—1, and R(w) = 0, however, one can obtain simpler expressions. For the L = 3
case, we obtain

7—L=3(w) _ [F(w)]2t4 &)
(= €+ [T(@)P/Hl(w—)* + (0 — )2([T(@)]2/4 — 42 + y2/4) + 212 + Ty /4)?]
s, o C(w)’y
) = e ¥ (0= P(T @R /d— 47 + 28 L 22 + T(@)y 4T 7
and for the L = 5 case, we obtain
T () = [T(@)P13/[(0 — €)*[T(@))* /4 + [(w — €)* — 1*]*]

x[(@—€)° +t'[[(w) + v /21" + (@ — )*([T(@)1*/4 — 61> + y*/4) + (0 — )* 1> (9> — y*/2)

+ (=4t + y? /DT ()] /411, (88)
L (@) =T(@)t'y /[(0 — €)° + 1* [T (@) + y /21 + (0 — ) ([T(@)]* /4 — 6> + y*/4)

+( — )21 — y?/2) + (=41 + ¥ /DT (w)]*/4}]. (89)

In this way, one can obtain the explicit forms of 7% (w) and LX(w), provided that the number of the sites is fixed and the
corresponding G4 || and G% |, are determined.

B. Three-terminal situation

In the case of three terminals, the retarded or advanced component of the self-energy is given by

R(a)):gil“(w) iy 0 o 0
—In_1 0 —IiN—2
0
R/A _
¥ = : Ry(@)Fil3(w) ’ (90)
2
. IN—1
R(w)Fil(w)
0 - —tN_1 ===
and we obtain
w— ey — K@) 4 jIo) I 0 0 -
IN—1 w—¢€y_1 £ 0t IN—2
GRA — 0
‘ : w— g — B 4 B
IN—1
0 IN—1 (U—GN—%M)ZEl%w)
On
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In addition, the absence of particle loss means [g(;1 (w)]¥ = 0, and therefore the Keldysh component of the self-energy is given
by

—il(w)[1 £2n(w — Apn/2)] 0 - 0
0 0
K= :
—il3(w)[1 £ 2n3(w 4+ V)]
0 —il(w)[1 £ 2ng(w + Ap/2)]
92)
Thus, the Keldysh component of the full Green’s function is obtained as
Gj () = —fo(w)[g;l(w)]KGf}(w) + G (@) ZF ()G ()
—il(w)[1 £2n (0 — Ap/2)] 0 - 0
0 0
_GF '
= Ga@) —iT3()[1 £ 2n3(0 + V)]
0 e —iT(w)[1 £ 2ng(w + Ap/2)]
X Gg(a)). 3)

By comparing Egs. (91) and (93) with Egs. (69) and (76), the full Green’s functions in the three-terminal system correspond to
the ones in the lossy two-terminal system when Eqgs. (54)—(56) are satisfied. In this case, it follows that the current formulas of
the three-terminal system obey Eqgs. (81), (82), and (85).

When it comes to the formal correspondence between lossy and lossless transport, we can relax those conditions as in the
case of the single site. Indeed, the average particle and energy currents are generally shown to be reduced to Egs. (81) and (85),
respectively. In addition, by using the following relation,

2 2
2Im[Gg 1y (@)] = ~T(@){|G 1 (@)|" + |Gy (@)} = T3(0)|G} O
the particle loss rate is obtained as
—N = / —EL(w) [ (@ — Ap/2) + ng(w + Au/2) — 2n3(w + V)], 95)
which is consistent with the single-site case.
[
V. THREE-TERMINAL LANDAUER-BUTTIKER ANALYSIS  following symmetric S matrix:
So far, we have examined the correspondence between the br r ot ar,
lossy two-terminal and lossless three-terminal systems. When brl=1t ¥ ar |. Cn)
this correspondence holds, the current formulas are given by b3 f th 13 as

Egs. (81), (82), and (85) whose formal expressions are consis-
tent with the non-Hermitian Landauer-Biittiker analysis. Such
a coincidence anticipates that a similar result may be obtained

In the Landauer-Biittiker, it is assumed that the incoming
operators (a; and &;) obey

with the threg—terminal .Landauer—Bl'i.ttiker analysis [Fig: '1(.0)]. ( &I (@)L (@) = 8(w — o (@ — Ap)2), (98)
To see this, we point out that in the Landauer-Biittiker At ,
formalism, the particle current operator in each reservoir is (ag(@)ag(@w)) = 8(w — @)np(w + Ap/2),  (99)
given by (@ ()a3 (@) = §(w — & Inz(@ + V), (100)
(@ (@aj@)) =0, i#j. (101)
fj(r) = / 622 / daw' e @=*" [&j. (w)aj(w') — l;j (w)b ()], In addition, the S matrix obeys the unitary condition
b4
T
(96) SSt=1, (102)
which leads to
where j = L, R, 3, and a and b are annihilation operators for P+ 1t + > = 1, (103)
the incoming and outgoing states, respectively. We note that R 1+ el = 1 (104)
the positive current direction is from each reservoir to the d RE=5
channel. The operators a and b are connected through the |r3|2 + |z‘£|2 + |z‘,’3|2 =1. (105)
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Thus, each average current is obtained as

©d
h=/ ﬁWmemhAwm—ww+Awm

+ It (@)P[np(w — Ap/2) — ny(w + V)11, (106)

*® dw / 2
mZ[ 7 I @@ + A /2) = n(@ = Ap/2)]

o]

+1tr(@)*[ng(@ + Ap/2) — n3(@ + V)], 107)

“dow_, 2
b=[ @ Pl + V) = (e — Ap/2)

00 T

+ g (@)’ [n3(@ + V) = np(w + Ap/2)]]. - (108)

Up to now, we were dedicated to the generic three-terminal
Landauer-Biittiker analysis. In order to obtain a connection to
the dissipative two-terminal system discussed in the previous
sections, we consider

lt]* = |12, (109)

> = ltr]*. (110)

The first condition above represents the symmetry of the con-
duction channel such that the transmittance from the left to
right reservoirs is identical to the one from the right to left
reservoirs. In addition, the second condition means that the
transmittance into the third reservoir is common between the
left and right reservoirs. For example, an S-matrix introduced
in Ref. [47] satisfies these conditions.

When the above conditions hold, the average particle cur-
rent from left to right is reduced to

-k [T de 2 | (@)
1= 5 _f_oo2ﬂ|:|t(w)| + > i|
x[np(w — Ap/2) — ng(w + Ap/2)].

In addition, the particle loss rate is

(111)

—N=1I+1Ix
* dw )
= /m EVL(CUN [np(w — Ap/2) + ng(w + Ap/2)
—2n3(w + V). (112)
Thus, by treating
lt.(0)]* = L(w), (113)
lt(@)]* = T (), (114)

the expressions above are consistent with the ones obtained in
the previous sections, and

fda)ﬁ(a))ng(a)) =0 (115)

is necessary to neglect the gain effect from the third reservoir.
Moreover, we can obtain the following relation,
T (@) + R(w) + L(w) =1, (116)

with reflectance R = |r|?> = |r/|*>. The relation above is ex-
actly the one obtained in Refs. [14,48,49]. We also note that

by using the following energy current operator,

. dw ) o] @ F
IE,j(r)=/§/dwe< ) [T+“]

x [l (@)a; (@) — bi(w)b;(w)], (117)

it is straightforward to see that a similar correspondence oc-
curs in the energy current [50].

Although one may think that the non-Hermitian Landauer-
Biittiker analysis may contain a deficiency on the treatment
of the quantum jump term, it is indeed consistent with the
three-terminal analysis that does not drop any term. The
reason is interpreted as follows. In the Landauer-Biittiker
formalism, the scattering region and leads (reservoirs) play
separate roles and especially what happens in the scattering
region is assumed not to affect the thermodynamics of the
leads. A modification of the distribution in a system occurs
by the quantum jump term, yet it is irrelevant to the present
Landauer-Biittiker analysis, since the dissipation takes place
in the scattering region and the distribution function appearing
in the Landauer-Biittiker formula is entirely determined by the
leads.

VI. SUMMARY AND OUTLOOK

In this work, we have investigated the analytic structure
of the two-terminal flows through the lossy one-dimensional
chain. By using the analysis in the basis of the Dyson equa-
tions, we have succeeded in obtaining the generic expressions
for the particle current (81), the loss rate (82), and the energy
current (85), which are identical to the ones in a certain three-
terminal system without particle loss. Although the theoretical
backgrounds are not exactly the same between analyses with
and without the Lindblad formulation, the formal correspon-
dence occurs if the gain effect of the third reservoir is
negligible.

It is also remarkable that the formal expressions on the cur-
rents are consistent with the non-Hermitian Landauer-Biittiker
analysis [14] and with a certain three-terminal Landauer-
Biittiker analysis. In the context of mesoscopic transport, the
incoherent scattering of electrons has been explained with
the introduction of additional reservoirs [51]. Our analyses
gave a prescription and a theoretical basis of lossy meso-
scopic systems with the Landauer-Biittiker formalism, and
paves the way to simulate lossy two-terminal transport with
three-terminal transport and vice versa.

The universality discussed in this work may be applied
to other mesoscopic systems. In particular, applications both
for bosonic [40-42] and fermionic [32,33,52] superfluid
reservoirs are relevant to cold-atom experiments. It is also
interesting to look into the dissipation effects of mesoscopic
spin transport in which interactions neglected in this work
may play important roles [53—59]. In addition, a microscopic
understanding of the dissipation effects for internal meso-
scopic transport systems [60] could also be an interesting
future work.
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APPENDIX: DERIVATION OF THE PARTITION
FUNCTION

In order to make this paper self-contained, here we give
a derivation of the functional integral form of the partition
function whose density matrix obeys the Lindblad master
equation. Our derivation relies on Ref. [26]. where the bosonic
action has explicitly been derived.

For this purpose, it is useful to consider the coherent state
obeying

V) = yly), (A1)
Wy = (v, (A2)

where ¥ and /T are the field annihilation and creation op-
erators, respectively, and i and v are complex numbers for
bosons and Grassmann numbers for fermions. The coherent
state satisfies the following overcomplete relation,

given by
(Wly'y = eV (A4)

By means of the coherent state, the partition function Z =
Tr p(7) can be expressed as

Z= f AL, wle P (£ I, (AS)

Here, the upper and lower signs are respectively for bosons
and fermions, and especially the minus sign for fermions
originates from the anticommutation property of Grassmann
numbers [29].

We next look at the density matrix operator whose dynam-
ics obeys the following Lindblad master equation,

0:0 = £ﬁ

(L'L.p)
S we

= —ilH, p]+ y[ipli* -

where £ and L are Liouvillian and Lindblad operators, re-
spectively. The solution of the above equation is formally
expressed as

plrp) = ™7™ p(no)
= Nlim (1 + 8. L)V p(xp). (A7)

We now decompose the time evolution from 7o to 7 into a
sequence of small steps of duration §; = (ty — 19)/N, and

i_ / drv. 1//]6_‘/;‘/’ . (A3) (tijrft(i :lhsyd;’rllsi:tybr(ntjt)r'ixw Zlilelrez;t(;lraizter the nth step at 7, =
where d[Vr, Y] = d'/_'nﬂ for bosons and d[V, ] = d¥d for Puv = (14 8:L)Dy + 0(32). (A8)
fermions. In addition, the overlap of two coherent states is

By using the coherent state, the density matrix operator is ‘expressed as
pu= [Ny b I ) e ) 0, (A9)

Pat1 = / Al Wb Vs Y e PV =l eyt W 1D W ) (W | (A10)
Since
(VeI W ) = (U Pal ¥ )) + 8 (U 1LDY ), (A11)
we have
(YY) = / AUy, vy e = VOV G =V (e, g ), (A12)
L . A <o~ ALTL PaY\ .
(EV L) = =iy A, Bl + y(imm(Lan* — =5 W)
:/th’ G e )
LIt 4+IoL-
X [—iH,f +iH, + y(L:Ln - %)}wmwﬂ). (A13)

_ T (=
Here, H, ) = H(£9,7),.

Yy =

12

:I:w;,(;r)l)) consists of fields on the +(—) contour only, and the same holds true for LE. By using

+ _wn

n+1

» Al4
5 (Al4)
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we obtain

A AL A o el B LS AR A S

In addition, we note
_ g
1 +8t[—iH,j +iH, + y(L,,*L; - ;L

Therefore, we obtain

(Vi Pu1 V) = /d[lﬁ, U U 1 Y Yy,

where

55, = 5. [tﬁ;iar ity — B+ H- — iy (L;;;

Thus, the partition function is obtained as

Z = Tre WL p(1y)

- / DL+ Y 5 ¥ 16 (£ (20)p ()Y~ ().
(A19)

When we are interested in a steady state, we take 7 — —00
and 7y — oo. There, we can make an assumption that the ini-
tial state in the infinite past does not affect the steady state, and
we can ignore the boundary term, (£ (19)|0(to)|¥ ™ (10)).

(A15)

~I- i - f-_Liti+lity
B ﬂ e [ ity (1T - )| (A16)
(A17)

LfLr+L L~
_ n n + n n )}' (AIS)
2
[
In this case, the partition function is reduced to

z= / DIy e, (A20)

Finally, we apply the above formula into our system, where
L = dj. There, we should be aware of the sign of the quantum
jump term in the action —iyL*L~. Especially, for fermions
where the antiperiodic boundary condition is adopted (AS),
the jump term is expressed as iy dydy, which has the opposite
sign to bosons. This is in contrast to systems with two-particle
loss where the sign difference between fermions and bosons
does not matter, since the Lindblad operator is bosonic [61].
By using the anticommutation relation for Grassmann num-
bers, however, we obtain the partition function (13) whose
formal expression is independent of quantum statistics.
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