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We address the dynamics of open quantum systems, when complex finite time initial conditions,
an ensuing rapid nonequilibrium transient, quantum interferences and their attenuation play im-
portant roles. To study all these phenomena in conditions of general non-equilibrium, open systems
are represented by a simple structure of a molecular island between two leads. We treat this model
using the Nonequilibrium Greens Functions (NGF) method for a finite initial condition. We demon-
strate that the non-interacting molecular bridge model captures well many features of general open
quantum systems. Three stages of its nonequilibrium evolution, the first described by the full NGF
description, the second, ruled by the asymptotically exact Generalized master equation (GME) and
the third, governed by a Markovian master equation (ME), are delineated and related to each other.
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I. INTRODUCTION

This study aims to illuminate the role of initial condi-
tions in the nonequilibrium dynamics of electrons in small
(nanoscopic) quantum systems. This is a continuation of
series of papers devoted to this topic [1–8].

Presently we will discuss several general concepts of
quantum transport theory of small systems using a sim-
ple non-interacting molecular bridge model as a testing
ground. This model covers many aspects of the behavior
of many particle systems well, in spite of its simplicity.
After inspecting possibilities how to describe a fast ini-
tial transient process of the system and to incorporate
correlated initial conditions, influencing essentially the
systems behavior at the first stage of their evolution, we
will concentrate on questions related to decay of the ini-
tial correlations and of a simplified description of stages
of systems evolution, after initial conditions cease to be
important. In particular, we will explore the possibility
to describe the nonequilibrium behavior of small systems
using asymptotic transport equations, such as General
Master Equations (GME) or even Master equations (ME)
for single particle distribution functions. These asymp-
totic equations will be obtained from the equations of mo-
tion for Nonequilibrium Green’s functions (NGF) under
special assumptions about time evolution of the system.

Double time Nonequilibrium Green Functions (NGF)
approach is a natural choice for a proper description of
small many body systems out of equilibrium: there are
strong interactions in these systems, and so it is easy
to bring them far from equilibrium and to induce fast
transient processes in them. They are then typically of a
quantum nature because of strong coherence phenomena.

Small systems must be open in order to participate

in a transport process, which means that the complete
system consists of the small system + an extended envi-
ronment (bath, leads etc.). All degrees of freedom can be
divided into two groups: a smaller, often finite group of
”relevant” degrees of freedom, and the rest taking care of
decoherence, life-time effects, transport phenomena etc.

It might appear as natural to formulate quantum
transport theory in terms of reduced density matrix for
relevant degrees of freedom [10]. We may briefly sum-
marize the reasons for preferring the use of the comple-
mentary approach based on the NGF [1, 5, 11 - 21] as
follows:
First, as concerns the one-particle observables, like occu-
pation numbers, currents and current densities, the NGF
technique permits to evaluate their non-equilibrium time
evolution, just as the density matrix techniques.
Second, due to its double time structure, the NGF ap-
proach brings the following advantages: a. it works with
renormalized objects in a natural way. This includes the
dressed propagators (including quasi-particles and their
life-times), on-shell (”E(k)- fixed” ) as well as off- shell
(E and k independent) scattering and renormalized ef-
fective interactions,
b. it is possible to formulate its perturbation structure
in a self-consistent manner, an important feature for the
transport theory,
c. it captures coherences and decoherences in the system
in a natural way.
Third, the full double time Green’s function provides a
complete description of quantum transport wherever it is
necessary to account for the initial correlations or for the
quantum coherence, which is a task difficult to achieve in
the density matrix framework. At the same time, Green’s
functions offer both the criteria and well defined proce-
dures for a controlled transition to the single time quan-



tum transport equations, if this is appropriate.
We may now formulate the subject of this paper more

precisely: an implementation of the NGF technique in
the case of a fast transient process starting at a finite
initial time from an initial condition induced by a non-
stationary variation of boundary conditions (leaving the
less drastic effects of a time-dependent external field
aside). We will first discuss the NGF transport theory
with initial correlations on a general level, then go over
to its implementation for the molecular bridge model.

Several ways of incorporating complex initial condi-
tions in the NGF formalism have been described and
partly used in literature [5, 7, 15, 22–33]. We find it
advantageous to attack the initial conditions problem
for the real time Green’s functions (Keldysh approach).
This permits to employ the so called time partitioning
method introduced in [7] and further developed and used
in [5, 6, 8, 9]). The first topic of this contribution will be
to show how time partitioning works in the case of the
non-interacting molecular bridge model in application to
its dynamics under various, both uncorrelated and cor-
related initial conditions.

The early period of a transient process brought about
by an abrupt change of the boundary conditions is char-
acterized by a complex evolution known under the name
of decay of initial correlations. Later, as soon as the ex-
ternal conditions change but gradually, the system tends
to a kinetic stage as the intermediate and late period
of the process. The evolution during the kinetic stage
is governed by simplified dynamic equations, quantum
transport equations (QTE) for a single-time distribu-
tion function of real particles or quasi-particles, generally
speaking. This is the contents of the famous Bogolyubov
conjecture about the decay of initial correlations [19, 34–
36], which has to be verified for each specific system, like,
in particular, the molecular bridge.

The second broad topic of the paper is a general scheme
of reducing the complete double-time NGF machinery to
a QTE. It is based on the so-called Reconstruction the-
orem [1, 2, 5], according to which the complete parti-
cle correlation function and its contraction to the dis-
tribution function are constructed in a unified cycle, in
which they serve as mutual input in the dynamical equa-
tions. A standard tool for shortcutting this cyclic task
has been one type of approximate decoupling of the parti-
cle correlation function going by name of Kadanoff-Baym
Ansatz [1, 11, 18, 19]. This Ansatz has been modified to
a class of the so-called causal Ansatzes including a par-
ticularly successful Generalized Kadanoff-Baym Ansatz
[1, 5, 7, 18, 19, 37, 38]. We will use these ansatzes to
reduce the full NGF description to kinetic equations of
the GME type.

The third topic of the paper will be an implementa-
tion of these general concepts under the specific condi-
tions of the molecular bridge model. If the bridge is non-
interacting, it can be solved explicitly in full and conse-
quently serve to elucidate the following general features:

• The initial transient dynamics as the reaction to the

sudden or adiabatic changes in the system: This
initial dynamics is described by the full NGF equa-
tions of motion with the finite time initial con-
ditions explicitly included. To demonstrate this
dynamics we calculate the response of molecular
bridge system to changes of the boundary condi-
tions created by switching on /off either of the
leads, which results into uncorrelated or correlated
initial conditions, and their subsequent influence on
the dynamics of many body systems.

• Asymptotics of the bridge evolution at late times
as described by GME: We will investigate the
ways outlined above of a description of the dynam-
ics of the bridge by a GME after the very initial
stage of the transient. At this point we will dis-
cuss and compare various possibilities how to re-
construct correlation function from the single par-
ticle ”distribution” and their effect of the resulting
form of the GME. The simplicity of the molecular
bridge model enables us to discuss important de-
tails of this reduction; we will derive GME for the
molecular bridge model explicitly and discuss their
range of validity.

• From GME to a Master equation (ME): We
will further simplify the GME to describe the final
state of the evolution by ME. This reduction will
be performed on three levels of sophistication. The
lowest level (memory effect neglected, weak scat-
tering) produces the standard Pauli Master equa-
tion, while the other two levels with an increasingly
broad validity range lead to effective Master Equa-
tions with renormalized coefficients.

The non-equilibrium behavior of a system is deter-
mined within the NGF approach by a specific model of
the NE self-energy components. There are several general
properties of the self-energy which must be obeyed, like
the spectral identity, and some other which we assume
and which have to be verified in each specific instance.
These include, in particular, two time scales, the fast one
which relies on the existence of a pair of related character-
istic times, the quasiparticle formation time and the col-
lision duration time, and defines the shortest time struc-
ture, and the relaxation times related to the transport in
the kinetic stage and to the quasi-particle decay. On the
formal side, we keep the universality of the equations by
avoiding any specific representation, so that the Green’s
functions and related quantities appear mostly as having
only time arguments explicit. Otherwise, they should be
viewed as operators acting on one-particle states.

The paper is organized as follows: After this Introduc-
tion, the molecular bridge model and related NGF are
introduced in Sec. II. In the following Sec. III. the NGF
with a finite initial time are defined on the Schwinger-
Keldysh contour, the concept of initial states as states
reached by physical process is discussed, Dyson equa-
tions for NGF with initial conditions are introduced and



given in our notation for the self-energies including the
singular parts of Σ<. Corresponding selfenergies are then
formulated with the time partitioning method. The NGF
are introduced and Dyson equations are formulated for
the molecular bridge model in Sec. IV. In Sec. V the
dynamics of the molecular bridge in the first stage of
its evolution, when initial conditions play an important
role, is discussed. Based on the observation that some
steady state could develop in later stages of the evolu-
tion, the following Sec. VI is devoted to the simplified
single time asymptotic transport equations: it deals with
the problem of quantum transport equations is addressed
from a general point of view. First, the precursor quan-
tum transport equation including the initial correlations
is given and the Bogolyubov conjecture about a fast de-
cay of initial correlations is presented. The precursor
equation is then converted into a true transport equa-
tion of the GME type with the aid of the so-called causal
ansatzes, a representative example of which is the Gen-
eralized Kadanoff-Baym Ansatz. The GME from this
Section are then specified for the molecular bridge model
in Sec. VII. The results of this Section are then used
for further simplification of asymptotic single time trans-
port equations of the GME type to Markovian Master
equations in Sec. VIII, where various versions of ME are
discussed for the molecular bridge model. Conclusions
follow in the last Section of the article.

II. MOLECULAR BRIDGE MODEL

The prototype model of a nanoscopic structure is a
single level molecular bridge between two current leads:

left lead bridge island right lead
j
L

j
R

The two leads are connected to the central island each
by its own independent tunneling junction, left and right.
This model has been studied extensively, as reviewed in
[39]. The model sophistication has been gradually im-
proved. For a fully systematic account of many-electron
interactions based on the modern time-dependent den-
sity functional theory see [40]). For inclusion of phonon
reservoirs see e.g. [41]. Less attention has been paid to
the fast transient currents [6, 32, 42]. Most of the work
on the molecular bridge model, including ours, has been
based quite naturally on the the use of non-equilibrium
Green’s functions (NGF). Two fundamental references
are [43] for stationary currents and, in particular, Ref.
[44] for time-dependent phenomena.

The one-electron Hamiltonian for the bridge model is
taken in its simplest possible form [6], specializing further
the Hamiltonian in [44]:

H(t) = H0 + H′(t)
H0 = H0L + H0B + H0R

(1)

H′(t) = α
L
(t)V

L
+ α

R
(t)V

R (2)

The specific choice of various parts of the Hamiltonian
is as follows. The three parts of the structure, taken as
separate, have no time dependence. The leads, labeled
by L and R, couple only to the bridge B, but not one
to another. The coupling is specified by time indepen-
dent operator amplitudes V

L, R
coupling the leads to the

central island orbital. All time dependence in the model
is concentrated into two scalar functions α

L, R
(t). These

functions may be arbitrary, but to describe the switch-
ing processes, the useful choice is to let them to jump
suddenly between 0 and 1, describing a disconnected and
connected junction respectively.

We further assume a single-level bridge. For all com-
ponents of the Hamiltonian we have the following explicit
expressions:

H0L =
∑
�

|�〉ε�〈�|, ε� = ε̂� + ΔL,

H0R =
∑
r
|r〉εr〈r|, εr = ε̂r + ΔR,

H0B = |b〉εb〈b|
(3)

Here, |b〉 is the single electron orbital at the island,
the decay states {|a〉} are further divided between two
complementing orthogonal subspaces of the two leads:
{|a〉} = {|�〉}⊕{|r〉}, ε̂� and ε̂r are the ’bare’ one-electron
level in unbiased leads and the level shifts ΔL, ΔR, cor-
respond to the independently floating grounding of both
leads considered as extended electron reservoirs.

Finally, expressions

VL =
∑
�

|�〉v�〈b| + H. c.

VR =
∑
r
|r〉vr〈b| + H. c. (4)

introduce the coupling constants v� and vr. It may be
said that the detailed structure of the leads is respon-
sible for the behavior of the system, because much of
its physics is contained in the band energies ε̂� and ε̂r,
and in the coupling constants v� and vr. In particular,
if these functions are flat around the resonant energy εb,
the so-called wide band limit (WBL) is achieved. We will
be more interested in situations for which the bands are
not ”wide”, because deviations from WBL give rise to
specific behavior of the system at very early stages of a
transient.

Due to the links of the central island to the leads,
physics of this simple model well simulate behavior of
the many body systems (for details see the discussion in
[6]) and so, it is reasonable to treat the nonequilibrium
dynamics of this model by the NGF technique, which is
natural for the description of many body systems.

III. NGF AND INITIAL CONDITIONS

A. NGF - basic definitions

The dynamics of the system is defined by the full Hamil-
tonian H + U(t) consisting of the system Hamiltonian



H and an additive external disturbance U(t). A dy-
namical process is described by the statistical operator
P(t) which is fully specified by its initial many-body
state P I at t = tI (an arbitrary equilibrium or out-of-
equilibrium state).

The Non-equilibrium Green’s Function is defined in the
usual manner [1, 2, 18, 19],

G(1, 2) = −iTr
(
P ITTc{ψ(1|tI)ψ†(2|tI)}

)
(5)

with the Heisenberg field operators ψ, ψ† anchored at tI
and the time-ordering operator TTc acting along the closed
time path C|} extending from tI to +∞ and back.

We represent the contour-ordered NGF, following
Keldysh [12, 14, 16], by a 2× 2 matrix GF of real time,
employing the Langreth-Wilkins matrix [1, 2, 5, 13, 18,
45] having three components, the less-correlation func-
tion G< and two (equivalent) propagators, GA(1, 2) =
[GR(2, 1)]†.

B. Initial conditions

In general, the initial condition for the NGF is given by
an arbitrary initial many body state P I at t = tI. Its time
tI determines the beginning of the Schwinger trajectory
on which the NGF is defined, see Fig. 1 a.

a �t
�→ C|} I

tI ≡ tP

�
�
�
�
�
�

>
∨

<

b �t
�→C|} −∞

tPtI→ -∞

�
�
�
�

> >
∨

<<

FIG. 1: The NGF time contour and its extensions.
The process under study evolves along the Schwinger-Keldysh
trajectory starting and ending at tI.
a. Schwinger trajectory C|} I of the process under study. The
initial time tI is put to tP, selected as the onset of the relevant
non-equilibrium process.
b. Keldysh trajectory C|} −∞ for a ”host” process starting at
tI → −∞. The tP point marks again the onset of non-
equilibrium.

The natural question is how to reach such an initial
state. To answer this question, it is reasonable to assume
that it is prepared by a previous physical process. To this
end, we can start to evolve the measured system from an
equilibrium non-perturbed state at an initial time tI →
−∞ by a slow, adiabatic, switching on of the interactions,
as is well known from the perturbation theory of many
body systems - this corresponds to an extension of the
Schwinger trajectory to tI → −∞, see the Fig. 1 b. The

original trajectory is a part of the extended trajectory
and its starting point is renamed to tP.

In this case, tP coincides with t0, the end point of a well
defined physical process, the Keldysh prelude, by which
we gain a dressed (correlated) equilibrium state right at
the onset of the real non-equilibrium dynamics. We will
call the extended process the switch-on state, and the
corresponding trajectory, on which the NGF is defined,
the Keldysh trajectory, see Fig. 1 b.

Fig. 1 b is redrawn in a slightly different format in Fig.
2a. The whole switch-on process consists of the Keldysh
prelude and of the relevant process starting at tP. We
can now generalize this Keldysh method to the case of
the correlated initial state out of equilibrium, provided it
has been obtained as an outcome of the previous evolu-
tion of the system. This can be achieved, if the Keldysh
prelude serving as a reference is followed by a prepara-
tory non-equilibrium process lasting from t0 to tM. The
state reached by the system at tM then serves as the ini-
tial state for the ensuing evolution of the system during
the measurement period. In other words, from the whole
host process, we single out a relevant sub-process whose
initial time tP coincides now with tM. This division of the
whole switch-on process is defined on purely operational
grounds, and its usefulness depends on the existence of
a suitable way of constructing the NGF within the mea-
surement stage. It is thus productive to think of the
entire switch-on state as of a host process consisting of
the three stages, and of the measurement stage as of the
embedded sub-process. This sequential division of the
host process is illustrated in Fig.2b.

It is clear that the initial states in our approach form
a restricted set of those states which can be achieved
by physical means, that is by a dynamical distortion
of an equilibrium state. In other words, we are lim-
ited to the natural initial conditions, while artificial ini-
tial states, say overcorrelated, are excluded. This dis-
tinguishes the present approach from other techniques
admitting also initial states which cannot be generated
by natural means.

C. Dyson equation with initial conditions

Let us return to the basic Schwinger contour start-
ing at tI = tP, see Fig1a. As already mentioned in the
Introduction there are several formulations of the per-
turbation theory for the NGF with the initial conditions
[1, 5–7, 15, 25], but all of them provide us the same struc-
ture of Dyson equations, which will be now described.

It is convenient to write the Dyson equation first by
components. For the propagators, it will have the form

GR,A = GR,A
0 +GR,A

0 ΣR,AGR,A, etc. (6)

in which the self-energies are ”regular” two-time func-
tions. The mean-field ”singular” parts of the self-
energy are included into the free propagators. The less-



FIG. 2: Selection of the relevant process
The ”interactions” simulated by the coupling to the leads are
turned on adiabatically prior to t0. Both leads, one or none
may be connected, and this defines the initial condition for
the non-equilibrium stage.
a. In accordance with Fig.1b, the whole non-equilibrium
process is considered relevant. The alternating heavy and
light stretches symbolize the switching processes we want to
study specifically;
b. The case when only a part of the process is relevant,
that is subject to measurement. The preceding time segment
is the period of preparation followed by the relevant process
which is embedded in the whole host process as its terminal
part. The outcome of the preparation history is distilled into
the initial condition at tM, the starting time of the embedded
process.

component of the Dyson equation has the form [2, 15]

G<
tI (t, t

′) =

t∫
tI

dt

t′∫
tI

dtGRΞ <GA t ≥ tI, t
′ ≥ tI (7)

where

Ξ < = ◦Σ
<
◦ + ◦Σ

<
• + •Σ

<
◦ + •Σ

<
• (8)

Note that the integrations in (7) start at t0 = tI when
the system is perturbed. Before this time just unper-
turbed Green’s functions describe the system considered.
The four terms have a varying degree of singularity at
the initial time. The open circles indicate a time vari-
able fixed at tI, the filled ones a time variable continuous
in (tI,∞). The regular term •Σ

<
• corresponds to the

Dyson equation as it is usually written for tI → −∞,
namely G< = GRΣ<GA. The other terms play each a
specific role. In particular, ◦Σ<• and •Σ<◦ (Σ c, Σc of
[15]) are related to the initial correlations. They have
the form

•Σ
<
◦ (t, t′)=Λ<

o (t, tI)δ(t′−t+I ),

◦Σ
<
• (t, t′)= oΛ<(tI, t′)δ(t+t+I ) t−I = tI + 0

(9)

and are thus equivalent to single-time continuous func-
tions Λ<

o (t, tI), oΛ<(tI, t′) dependent on tI as on a pa-
rameter. For the correlated initial conditions, these two
functions must be determined in addition to the regular
less self-energy.

The last term,

◦Σ<◦ (t, t′) = iρ(tI)δ(t− t+I )δ(t′ − t+I )

ρ(t) = −iG<(t, t)
(10)

represents the uncorrelated part of the initial conditions.
This is the only part of Ξ < which enters the free particle
correlation function

G<
0 = GR

0 ◦Σ
<
◦ G

A
0 (11)

D. Time partitioning

In this section, we introduce the perturbation scheme
which enables us to write closed equations for the NGF
describing time evolution of the system during the non-
equilibrium process with inclusion of the initial condi-
tions at tP, as expressed in terms of the history of the
system between tI → −∞ and tP. This is sketched in
Fig. 1b. We aim at applying this approach to the ini-
tial conditions for the non-equilibrium dynamics of the
molecular bridge model.

This perturbation scheme is based on the time parti-
tioning method, see [5–7]. We will not go to details of its
derivation here, see [7]. To present the partitioned form
of G<, it is convenient to combine the Dyson equation
(7) with the decomposition (8) and write it in an explicit
form:

G<
tP(t, t′) = iGR(t, tP)ρ(tP)GA(tP, t′)

+GR(t, tP) ×
t′∫

tP

du oΛ<(tP, u)GA(u, t′)

+
t∫

tP

dvGR(t, v) Λ<
o (v, tP) ×GA(tP, t′)

+
t∫

tP

dv
t′∫

tP

duGR(t, v)•Σ<• (v, u)GA(u, t′)

t > tP, t
′ > tP

(12)

Note the change in the name of the lower integration
limit. Now it tP, while tI has been shifted to the remote
past at the onset of the Keldysh prelude. The whole
host (switch-on) process is partitioned into the past prior
to tP and into the future after tP. This partitioning is
reflected in the form of the components of the less self-



energy entering Eq. (12),

oΛ<(tP, u) = i
tP∫
tI

dt {GRΣ< +G<ΣA}

Λ<
o (v, tP) = −i

tP∫
tI

dt {Σ<GA + ΣRG<}

•Σ
<
• (v, u) = Σ<(v, u)

+
tP∫
tI

dt̄
tP∫
tI

dt{ΣRGRΣ< + ΣRG<ΣA + Σ<GAΣA}

ΣRGRΣ< �→ ΣR(u, t)GR(t, t)Σ<(t, v), etc.

(13)

By these relations, the self-energy of the relevant pro-
cess is expressed by integrals involving time blocks of the
Green’s functions and the self-energies of the host pro-
cess. The external arguments u, v refer to the process
in the future and are always greater than tP , while the
integration variables,denoted by t, t for clarity, belong
entirely to the past and are less than tP . The propaga-
tion takes place entirely in the past. The history and
the future are interconnected by the off-diagonal blocks
of the self-energies. The singular components of the self-
energy have no analogue in the host process, while the
regular term •Σ

<
• has two parts

•Σ
<
• = Σ<(t, t′) +

�

ΣtP
< (t, t′) (14)

The first term comes from the host process without
change (where it would enter the Dyson equation in the
usual form, G< = GRΣ<GA). It is supplemented by

the second term,
�

ΣtP
< (t, t′), which takes the finite time

initial condition into account.

1. Properties of host selfenergies and initial conditions

To identify the functions oΛ<, Λ<
o , •Σ<• as describing

finite time initial conditions, which are expected to decay
after some characteristic time τb, it is necessary to make
an assumption about the time behavior of the host self-
energies ΣR,A, Σ<, which determine behavior of these
functions.

For many systems it has been found that self-energies
are basically negligible, if their two time arguments are
more apart from each other than some characteristic time
τ�. This is in correspondence with the Bogolyubov prin-
ciple, which postulates that all temporal correlations in
the system (including, of course, the initial correlations)
decay within a period with a characteristic ”Bogolyubov”
time τb. This time typically turns out to be comparable
with the τ� time. The Bogolyubov principle is thus trans-
lated into the assumption about the behavior of the sys-
tem expressed in terms of selfenergies: All components
of the host self-energy should be concentrated to a strip

|t− t′| < O(τ�) τ� = O(τc, τQ) (15)

The two times appearing at the r.h.s. are: τc, often called
the collision duration time in transport theory, relevant
for Σ<(t, t′), and τQ, usually called the quasiparticle for-
mation time, characteristic for ΣR,A(t, t′).

With the above assumption about the restricted time
range of self-energies, all integrals in (13) have a cor-
respondingly restricted integration region given by the
condition (15). Neither the self-energies nor the Green’s
functions have to be known deeper into the past than to
tP − O(τ

Q
, τ

C
). This is a much reduced information ac-

tually required, rather than the knowledge of the prepa-
ration process over the whole endlessly extended past.
Consequently, the self-energy corrections (13) become a
manageable and convenient means for incorporating the
correlated initial conditions into the finite time NGF for-
malism. We have thus achieved a practicable implemen-
tation of the diachronous approach to the initial condi-
tion problem: the initial condition is captured through
the history of the system as reflected in single particle
correlation functions. The actually required depth of the
memory into the past is finite, comparable with the decay
time of the correlations into the future. This diachronous
picture should be compared with the synchronous alter-
native of describing the initial conditions by higher order
correlations, all at the initial time tP.

Looking into the future, we can see that for the same
reason, all integral terms in (13) will be vanishingly small
for their external arguments greater than tP + O(τ

Q
, τ

C
).

Beyond this time characterizing the decay of correlations
in the system, only Σ< of the host process will survive.
By this, we may conclude that the initial transient in the
Green’s function G<, Eq. (12), will vane out over a time
equal to the correlations decay time plus the propagator
relaxation time beyond tP. After that, the common form
G< = GRΣ<GA will prevail.

2. Notes to the time partitioning method

So far, we have considered the time splitting of the
whole host process at tP, as illustrated by Fig. 2a. It
is clear that the time partitioning is universal and does
not depend on any assumptions, like equilibrium, about
the ”past”. We may thus shift the splitting time to any
other convenient instant. In particular, it will be advan-
tageous to choose tM, as illustrated in Fig. 2b. In other
words, the future will coincide with the relevant period
of measurement on the system. The preparatory stage
will then be probed by the partitioning integrals again
not deeper than by about τ�, but with respect to tM. It
is enough to wait with tM for a time ∼ 2τ� past tP and
this dividing time between the Keldysh prelude and the
active preparation will not be included. For a shorter
time separation of both instants, an interference of both
transients may play role.



IV. NGF FOR THE BRIDGE MODEL

In this chapter, before we use the partitioning in time
method to calculate and discuss the non-equilibrium dy-
namics of the molecular bridge in detail, we will explore
the simplicity of the molecular bridge model to shed some
light on the standard NGF approach and the role of ini-
tial conditions. Before proceeding with the standard con-
struction of the NGF for the dynamics of the molecular
island, we will first write the NGF for the whole system
directly, making use of the circumstance that for non-
interacting electrons, the NGF of the whole nanoscopic
structure can be quite generally reduced to an unitary
evolution within the space of one-electron states. Then
we will create the NGF for the island by the projection on
the island state. The dynamics of the island will be then
determined by the selfenergy, which is created by this
projection procedure (partitioning in the Hilbert space).
This dynamics thus parallels the behavior known from
many-body system, where interactions are described by
corresponding self-energies.

To indicate the global nature of the one-electron quan-
tities for the whole system, we will use calligraphic let-
ters:

GR(t, t′) = −iS(t, t′)θ(t− t′),
GA(t, t′) = iS(t, t′)θ(t′ − t) (16)

G<(t, t′) = iS(t, tI)�I
S(tI , t′) (17)

Here, S denotes the one-electron evolution operator.
Density matrix

�(t) = S(t, tI)�I
S†(t, tI) (18)

i∂tS(t, t′) = H(t)S(t, t′), S(t, t) = 1op (19)

represents a formal solution of the time development
of the bridge specified by the one-electron Hamiltonian
H(t), and by the initial one-electron density matrix �

I

(initial OEDM at tI).
Introducing the projection operators

P = |b〉〈b| (20)
Q =

∑
a
|a〉〈a| (21)

1op = P + Q, PQ = 0 (22)

we can define the ”true” NGF for the bridge by the P-
projection of the GF defined in Eqs. (16),(17)

G� → PG�P
= |b〉〈b|G�|b〉〈b| ≡ PG�

G� = 〈b|G�|b〉, � = R, A, <
(23)

Now, to follow the common procedure known from the
many-body systems, we have to write equation of motion
for the NGF of the island, i.e. we have to formulate
the perturbation scheme and the corresponding Dyson
equations. We will start with propagators.

A. Dyson equation for propagators

To obtain the Dyson equations for the propagatorsGR,A,
we start from the purely unitary Dyson equations for
their global counterparts

GR,A = GR,A
0

+ GR,A
0

H′GR,A

GR,A = GR,A
0

+ GR,AH′GR,A
0

(24)

Here, the unperturbed NGF are associated with H0. The
time integrations extend over the natural limits, like

GR = · · · + GR
0
H′GR →

GR(t, t′) = · · · + ∫
dtGR

0
(t, t)H′(t)GR(t, t′)

The GR,A
0

GF are block diagonal together with H0, while
the coupling H′ is block off-diagonal. This permits the
standard partitioning procedure [47] leading at the end
to four genuine Dyson equations as counterparts to Eqs.
(24). For example, the first of these equations reads

GR = GR
0 +GR

0 ΣRGR

ΣR = 〈b|H′QGR
0 QH′|b〉 (25)

The self-energy ΣR has a clear interpretation: an elec-
tron in the bridge state is virtually scattered to the lead
states and back.
We can interpret this selfenergy as the description of a
fictive interaction which is presented in the model, so we
can clearly see that the existence of this selfenergy en-
able us to formulate the analogy between the behavior
of the molecular bridge model and real many body sys-
tems: the transitions between the island state and the
decays states of the leads are caused by the island-leads
couplings, while the transitions between the single parti-
cle excitations (single quasiparticle states) and the decay
(multi-particle) states in many body systems are caused
by multi-particle interactions, for details see [6].

B. Dyson equation for G<

The same elementary procedure permits to obtain ex-
plicit expressions for the self-energy Ξ < entering the
Dyson equation (7) for the particle correlation function
G<. To derive expressions for these quantities, we first
rewrite Eq. (17) for G< using the definitions (16)

G<(t, t′) = iS(t, tI)�I
S(tI , t

′)
G<(t, t′) = iGR(t, tI)�I

GA(tI , t
′) (26)

Then we introduce P + Q = 1op (22) into the definition
(23) of G<:

G<(t, t′) = 〈b|G<(t, t′)|b〉
= i〈b|GR(t, tI)(P + Q)�

I
(P + Q)GA(tI , t

′)|b〉

(27)



The four term structure of Ξ < of (7) results immediately
by multiplying through the 2× 2 parentheses in Eq. (27)
and introducing the equations (24) into each of the terms.
The final result is

ρI = 〈b|�
I
|b〉

oΛ<(tI , t
′) = i〈b|�

I
QGA

0 (tI , t
′)QH′(t′)|b〉

Λ<
o (t, tI) = i〈b|H′(t)QGR

0 (t, tI)Q�
I
|b〉

•Σ
<
• (t, t′) =
i〈b|H′(t)QGR

0 (t, tI)Q�
I
QGA

0 (tI , t
′)QH′(t′)|b〉

(28)
Here, the two symmetrically formed oΛ<, Λ<

o enter the
”mixed” terms •Σ

<
◦ , ◦Σ

<
• of the Dyson equation (7)

These both terms involve the off-diagonal components
of the initial density matrix �

I
(commonly denoted as

coherent terms) and vanish together with them. These
off-diagonals of �

I
are a signature of ”correlated initial

conditions”, just like the interactions are modeled by the
off-diagonal P − Q mixing. The two remaining terms,
ρI and •Σ

<
• , correspond roughly to the self-energy for

uncorrelated initial conditions. They depend on the di-
agonal blocks of �

I
and do not vanish even if �

I
is block-

diagonal.
Looking at the above expressions for the correlation

function of the selfenergy we can see immediately two
important features of the model. First, the present
construction of the selfenergy witnesses the analogy be-
tween the dynamical behavior of non-interacting molecu-
lar bridge model and of the many body systems extended
also to the statistical features now.

Second, regarding initial conditions, this approach is
an instructive example of the synchronous method, in
which all correlations at the initial time are included in
full, that is exactly.

We can now compare this result gained by the syn-
chronous method with the result obtained by the time
partitioning which represents the diachronous treatment
of the initial condition. As is shown in [6], in the case
of the molecular bridge model, it is possible to transform
these results onto each other explicitly. This provides a
unique insight into the details of the equivalence between
the diachronous approach coached in the field theoretic
veil and the more transparent synchronous description of
the model.

C. The host NGF

Our next aim is to explore the dynamics of the bridge
starting from a well defined initial state, be it uncorre-
lated or correlated. As explained in Sec. III, to this
end we first need the characteristics of the host process,
specifically we have to construct its self-energies.

In the case of structures similar to the molecular
bridge, such self-energies were introduced in the article
of Jauho, Wingreen and Meir [44] for the first time, so
we will call these functions the JWM self-energies.

The JWM results are easily reproduced within our ap-
proach based on the partitioning in Hilbert space; it
is straightforward to obtain the JWM functions from
the definitions (7), (8), (9), and the general solution
(28). These equations are adjusted to the host (switch-
on) process by simply shifting the initial time to in-
finity, tI ≡ t−∞ → −∞. The usual assumption of a
time-independent unperturbed Hamiltonian is general-
ized somewhat to

P�−∞Q = Q�−∞P = 0 (29)
[Q�−∞Q,H0(t)] = 0 (30)

The initial state is uncorrelated by the first line, but an
additional enhanced condition (30) is needed to bring G<

to the JWM form

G< = GRΣ<GA

ΣR = 〈b|H′QGR
0 QH′|b〉

ΣA = 〈b|H′QGA
0 QH′|b〉

Σ< = 〈b|H′QG<
0 QH′|b〉

(31)

where

G<
0 (t, t′) = iGR

0 (t, t−∞)�−∞GA
0 (t−∞, t′) (32)

The remarkable feature of the JWM self-energy is that,
contrary to the appearance, it contains in fact only the
external times, as follows by Eqs. (29) and (30). The
expressions (31) can then be rewritten in terms of the
spectral density A0(t, t′) = i{GR

0 (t, t′) − GA
0 (t, t′)} with

the result:

ΣR(t, t′) = −i〈b|H′(t)QA0(t, t′)QH′(t′)|b〉ϑ((t − t′))
ΣA(t, t′) = +i〈b|H′(t)QA0(t, t′)QH′(t′)|b〉ϑ(t′ − t)
Σ<(t, t′) = i〈b|H′(t)QA0(t, t′)Q�−∞QH′(t′)|b〉

(33)
Using the decomposition introduced in Eqs. (1) and

(2), an explicit integral representation for the above self-
energies is obtained:

Σ �(t, t′) = Σ �
L
(t, t′) + Σ �

R
(t, t′)

Σ �
Y
(t, t′) = α

Y
(t)σ�

Y
(τ)α

Y
(t′)

σR,A
Y

(τ) = ∓i
∫

dE
2π ΔY (E)e−iEτϑ(±τ)

σ<
Y

(τ) = i
∫

dE
2π ΔY (E)fY (E)e−iEτ

τ = t− t′, � = R, A, < Y = L, R

(34)

In this way, all components of the JWM self-energy for
the bridge model have the form reflecting the presence of
two leads. Each fully connected junction is thus associ-
ated with a spectral function Δ

Y
, which, together with

the quasi-equilibrium Fermi function fY , specifies the Y
self-energy triplet.



V. QUANTUM TRANSPORT AND INITIAL
CONDITIONS

The question we will deal with in this section is, how
a system, in this case the molecular bridge, will react to
nonequilibrium conditions in dependence on its intrinsic
times.

In principle, any time-dependent process at the bridge
is solved by the set (34) of expressions for the self-
energies. Our goal, however, is to explore the dynam-
ics of the bridge model during the measurement process
starting from a correlated initial condition at a finite time
tM. This process will be viewed, following the sketch in
Fig. 2b, as embedded into the complete Keldysh ”host”
process as discussed in previous sections, see also [6].

This embedding does not affect the propagators, but
the Dyson equation (12) for the island less function
becomes more involved, because it contains terms de-
scribing the initial correlations. Technically, the embed-
ding means to construct these corrections from the self-
energies of the host process (34) with the help of the time
partitioning formulas (13).

We have now formalism ready to calculate the response
and transport characteristics of the molecular bridge to
the changes in its boundary conditions: switching the
leads on and off, and we can calculate the response to
either the uncorrelated or the correlated no-equilibrium
initial conditions. Before we show some results, it will be
profitable to discuss in a more detail the physics involved
in these calculations.

A. Models used for transport calculations

We will investigate the molecular bridge model in
which the left and right leads have a different bias with re-
spect to the island level, but both leads represent equilib-
rium reservoirs having their Fermi Dirac distribution (in
general, they might have different not only their chemi-
cal potential, but also the temperatures). The spectral
functions ΔY float together with the respective chemical
potentials, whose difference is ΔV , see Fig. 3.

The molecular island has only one level, consequently
no own dynamics; all dynamical behavior is controlled
by the junctions, and depends on the properties of the
reservoirs. This dynamics and the intrinsic times of the
model are thus contained in the host process retarded
JWM selfenergy specified in turn by , Eq. (34). These
spectral functions is in fact physically very close to the
adsorption function of Grimley or Newns [46] and may
have a pronounced spectral structure which is transferred
onto the short time behavior of the self-energy [6]. When
we model the true spectral function by a sharp peak, see
Fig. 3, its width is inversely proportional to a charac-
teristic time which we can identify as the quasiparticle
formation time τQ entering Eq. (15).

The magnitude of τQ influences the dynamical behav-
ior of the system significantly. In the limit of small τ∗, the

FIG. 3: Electronic structure of the bridge model – narrow
band limit. The peaked spectral density is shown as the light
gray profile and partly overlapped by the lead FD distribution
function.

propagators have a negligible formation period and all of
the short time transient behavior depends on τc given by
the relative position and the width of the statistical dis-
tributions entering Σ< in (34). This limit corresponds
to a flat spectral function and is commonly know as the
Wide band limit (WBL), see Fig. 4. Calculations of
the transport properties of the molecular bridge models
in the literature are mostly done using this convenient
limit. The opposite case, the narrow band limit (NBL)
sketched in Fig. 3 brings about a more complex short
time dynamical behavior, reflecting the interplay of both
energy dependent structures, the statistical distributions
and the spectral functions. Most of our calculations will
be performed in this limit.

B. Response to switching the junctions on and off

For actual calculations, the two metallic leads were
taken as identical. The spectral function Δ

Y
(E) com-

bined a broad background with a resonant structure
(FWHM 0.3 eV). This, together with the step-like distri-
bution function f

Y
(E) gave rise to τc in the 10 fs range.

The sharp switching, assumed in our model, may thus
simulate events with femtosecond switching times. The
leads had a constant bias ± 0.5eV with respect to the
island level, such that the charge flowed from the L lead
to the R one on the whole. During the ”prelude” up
to the initial time t0 = 0 of the transient, the level was
empty and disconnected from both leads. For t > t0,
the currents through both junctions were calculated us-
ing the JWM selfenergies (34), and the time partitioning
technique discussed in Sec.III, for details see [5–7].



FIG. 4: Electronic structure of the bridge model – wide band
limit. The broad spectral density is shown as the light gray
profile and partly overlapped by the lead FD distribution
function.

1. Island suddenly connected to the leads: uncorrelated
initial condition

As the first case, we show the transient induced by
switching both junctions on at t1 = 0. This is the sim-
ple case of uncorrelated initial conditions studied previ-
ously in the wide band limit in [42]. Fig. 5, left panel,
shows transient oscillations of the currents J

L
, J

R
through

both junctions, followed by balanced steady currents af-
ter elapsing about 20 fs. The occupancy rate of the is-
land level, shown in the right panel, first oscillates and
saturates to zero correspondingly. A deeper insight is
provided by Fig. 6 showing G< as a double time func-
tion. The crest line of the plot along the diagonal t = t′

is the occupation number ρ(t) = iG<(t, t). It exhibits
three stages: initial oscillatory transient, gradual satu-
ration controlled by the transport relaxation time, and
finally the steady state. The time derivative of this line
reproduces the occupancy rate of Fig. 5. Perpendicular
to the time diagonal, the plot exhibits slowly evanescent
coherent oscillations. Along the time diagonal, they per-
sist, however.
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2. Multiple switching: correlated initial condition

The next simplest case is specified by the sequence of
two switching events: � t ≥ t0 = 0 fs : L on, R off,
� t ≥ t1 = 40 fs : L on, R on.

In Fig. 7, the left panel, the currents through both
junctions are shown again. As before, each of the two
switchings gives rise to a transient – the transitory cur-
rent oscillations, which die out gradually. The first event
opens only the left junction, only one JL current is non-
zero and the level gradually fills up. The second switch-
on is a novel feature, as it starts from a correlated initial
condition, generated by the ”history”, that is the previ-
ous evolution initiated by the first switching event. The
principal effect is the opening of the second, R, junction
which starts to abduct the electrons from the island. The
sign of the initial oscillation is reverted, therefore. The
R junction ”overreacts” at first and this is compensated
later by the continued transient. It should be noted that
the L junction invariably responds, with a slight delay,
to the state of the R junction. Because the two junc-
tions act differently having a mutually opposite bias, the
L junction contributes to the compensation of the initial
transient at the R junction. This is neatly demonstrated
at the total occupancy rate in the right panel of Fig. 7.
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3. Summary of results

We can observe at least two clear stages in the evolu-
tion: first, the ”wild” period when values of the observ-
ables fluctuate and are strongly dependent on the initial
conditions. This stage is followed by a milder time de-
velopment. We can clearly see the time asymptotics in
all figures shown: some time after the last changes of the
boundary conditions, time evolution of the observables
slows down and even tends to stabilize. The natural
question emerges, if these stages of evolution would be
possible to describe by a time asymptotic evolution, i.e.
to use the GME or even the ME for the description of
these evolution stages of the molecular bridge dynamics.
To explore this possibility, we start by considering the as-
sumptions under which the NGF double-time transport
equations can be approximated by a single time transport
equation of the GME type in general.

VI. LONG TIME ASYMPTOTIC: TOWARDS
QUANTUM TRANSPORT EQUATIONS

The aim of this chapter is to discuss conditions under
which it is possible to simplify the structure of NGF to
obtain a single time quantum transport equation by a
well defined reduction procedure.

A. Precursor quantum transport equation

The well known starting point on the way from the
double time NGF to single time transport equations is
the so-called a Generalized Kadanoff-Baym Equation.
It is a differential equation obtained from Eq. (7), and
Eq. (6) written as [GR,A]−1 = [GR,A

0 ]−1 − ΣR,A.

G−1
0 G< −G<G−1

0 = ΣRG< −G<ΣA

−GRΞ < + Ξ <GA (35)

This (exact)equation has already a structure closely
related to transport equations. The four terms on the
r.h.s. represent the generalized collision terms. It still
has the double time structure, and, in contrast to com-
mon transport equations, it also incorporates the initial
conditions through the correlation function of the self-
energy Ξ <. Using Eq. (7) and splitting the selfenergy
Ξ < into the self-energy Σ< of the host process (for the
bridge model this is just the JWM selfenergy) and the
remainder Θ< including all contributions from the initial
correlations:

Θ<
t0 = ◦Σ

<
◦ + ◦Σ

<
• + •Σ

<
◦ + ( •Σ

<
• − Σ<),

we can rewrite Eq. (35) into the following form:

G−1
0 G< −G<G−1

0 = ΣRG< −G<ΣA

+Σ<GA −GRΣ<

+Θ<
t0G

A −GRΘ<
t0 . (36)

Next, we go to the limit t = t′ in order to obtain a
single time transport equation – the precursor quantum
transport equation. At equal external times, t = t′, the
one particle density matrix ρ is given by

G<(t, t) = iρ(t) (37)

Using then the explicit expression for G−1
0

G−1
0 (t, t′) = {i∂t −H0}δ(t− t′) = {−i∂t′ −H0}δ(t− t′)

(38)
the l.h.s. of the last equation then is transformed to an
unrenormalized drift of the one-particle density matrix
ρ:

l.h.s. of (35) t=t′−→ ∂ρ

∂t
+ i [ H0, ρ ]− (39)

This already has the form of a QTE, in whichH0(t) is the
mean field one-particle Hamiltonian, and the whole equa-
tion Eq. (36) becomes the precursor of quantum trans-
port equations:

∂ρ

∂t
+ i [ H0, ρ ]− = −(ΣRG< −G<ΣA)

+(GRΣ< − Σ<GA)
+Θ<

t0G
A −GRΘ<

t0 . (40)

The ”generalized collision” terms on the r.h.s. still in-
volve double time less quantities. The related integrals
extend only to the past because of the presence of the
propagator factors.

We want to use this equation for times of steady ex-
ternal conditions. More precisely, for times which are
sufficiently separated from the time tLast of the last per-
turbation of the system. To understand how this can
simplify the precursor equation, we have to return to the
time structure of the self-energies.

B. Assumptions about the time structure of the
self-energy

Again, as in Sec.III, the assumption we make is that
there exists a time τ�, such that

Σ �(t, t′) ≈ 0 for |t− t′| > τ� (41)

This condition should not be taken too literally, as, e.g.,
the band edges lead to weak power law tails. It captures
in a simple manner the essential feature of a typical self-
energy, to be concentrated along the time diagonal, how-
ever, and is in agreement with the notion of the decay
of correlations, as explained above. We will use (41) for
convenience and simplicity. The finite range of the IC
corrections is just a corollary.

To see, how the condition (41) works, we first of all note
that the last two generalized collision terms of Eq. (40),
which take the initial conditions into account explicitly,
become zero as the running time t exceeds tLast + 2τ�.



This is in accord with the Bogolyubov conjecture. Thus,
it is enough to wait for just 2τ� past tLast, and the pre-
cursor QTE is free of any IC terms:

∂ρ

∂t
+ i [ H0, ρ ]− = −(ΣRG< −G<ΣA)

+(GRΣ< − Σ<GA)
(42)

In the remaining collision terms, the time integration
range is restricted by the condition (41) to a finite inter-
val (t − τ�, t). This is the memory depth of the system.
For a typical term in Eq. (42), ΣRG<, this means

{ΣRG<}(t, t) =

t∫
t−∞

dtΣR(t, t)G<(t, t)

τ�

→
t∫

t−τ�

dtΣR(t, t)G<(t, t) (43)

For t > tLast+3τ�, the self-energy in (43) extends already
over the steady time span, and while the turbulent past
may be reflected in the values of G<, it will in no case
show in the form of the EOM (42). And this is all the
Bogolyubov conjecture says.

C. Reconstruction theorem

To achieve the quantum transport equation proper, an-
other standard step is needed, in which all double-time
less quantities entering the ”generalized collision” terms
of the precursor quantum equation (42) will be replaced
by expressions involving only the single time distribution
of particles ρ. In general, such expressions cannot be
given explicitly, but there exist the so-called reconstruc-
tion equations with ρ an an input and G< as the output.
This gives rise to the cycle [1, 2, 5]

reconstruction eq. � precursor transport eq. (44)

constituting the transport equation alternative for gen-
erating the full G< correlation function. The reconstruc-
tion equations are thus not stand-alone equations, but
one part of a linked twin process whose other constitutive
part is a transport equation obtained in the indicated so-
lution cycle from the precursor transport equation: G< is
substituted from the reconstruction equations, the trans-
port equation is solved for the density matrix ρ(t) and
this in turn enters the reconstruction equation as an in-
put.

D. GME

The {RE�precursor TE} procedure, exact in princi-
ple, can be shortcutted by using the zeroth order approx-
imation for the solution of the reconstruction equations.

This simplifies the problem greatly and leads directly to
the GME for the density matrix. This approximation
is known under the name of the Generalized Kadanoff-
Baym Ansatz (GKBA) [1, 5, 18, 19, 37, 38] or its variants.

We first summarize the general method of generating
a quantum transport equation from the precursor trans-
port equation standard for the Keldysh initial conditions
at t0 → tI [1, 2, 18, 19]:
� The double-time G<(t, t′) is replaced by an approxi-
mate ’Ansatz’ expression involving only its time diagonal
ρ(t) = −iG<(t, t) and propagators.
� This expression is also introduced into the self-energy,
for which a self-consistent approximation specifying the
self-energy in terms of the Green’s function is assumed.
� As a parallel input the knowledge of the propagator
components of the Green’s function in necessary. In
general, the components of the NGF are interconnected,
but often this is of a lesser importance and the propaga-
tors can be found beforehand once for ever.

E. From an Ansatz to the GME

The resulting transport equation depends on the ap-
proximate replacement of G<. The historically first one
is the famous Kadanoff-Baym Ansatz [11, 18], schemati-
cally G< = 1

2 [ρ,GA −GR]+. This choice was connected
with the subsequent quasi-classical expansion made by
Kadanoff and Baym. This is irrelevant for systems with
discrete levels. We will concentrate on the so-called XKB
Ansatzes, belonging to the general class of the causal
Ansatzes, and exemplified by the original Generalized
Kadanoff-Baym Ansatz – GKBA [18, 37, 38]

G< = −GRρ+ ρGA (45)

This ansatz is exact for independent particles governed
by a one-particle Schrödinger equation. In general, it is
an approximation and other XKBA variants have been
considered [1, 2, 5]:

G<
X

= −GR
X
ρ+ ρGA

X
(46)

Some more important examples are summarized in the
table:

Abbr. Ansatz

GKBA G<
G = −GR

G ρ+ ρGA
G (47)

QKBA G<
Q

= −GR
Q
ρ+ ρGA

Q
(48)

FKBA G<
0

= −GR
0
ρ+ ρGA

0
(49)

Each Ansatz is specified by a particular choice for the
form of the propagators. This is indicated by the label.



Here GR,A
G denotes the true, fully renormalized propa-

gators, GR,A
Q the quasiparticle GF [1, 5] and GR,A

0 the
free particle propagators. When using the Ansatz, all
participating GF have to be labeled. Thus, although the
GKBA given by (47) is clearly identical with (45), we
use the label ’G’, so that GR

G ≡ GR, etc. It may be
asked which use one can expect from approximating the
true propagators by another choice. This goes beyond
the present discussion, but reasons have been given for
using the Quasiparticle Kadanoff-Baym ansatz (QKBA)
in particular, in which the propagators are represented
by the unrenormalized pole part of the true propagators.
FKBA has been used inadvertently in derivations of the
Boltzmann equation or the master equation in the sec-
ond order weak coupling theory equivalent with the use
of the plain Fermi Golden Rule.

Returning to our main task, it is enough to approxi-
mate the exact generalized scattering terms in the pre-
cursor Quantum Transport Equation(42) by a properly
selected Ansatz approximate expression, and the GME
for the true particle distribution ρ results:

∂ρ

∂t
+ i [ H0, ρ ]− = −(ΣR

X G
<
X −G<

X ΣA
X )

+(GR
X Σ<

X − Σ<
X G

A
X )

(50)

VII. TRANSPORT EQUATIONS FOR
NON-INTERACTING MOLECULAR BRIDGE

Now, we will adopt the structure of the GME derived
in the last section for the molecular bridge model and
will discuss its suitability for description of dynamics of
this model after the first, ”wild” period of time evolution,
when the initial conditions still matter.

A. GME for the bridge

First of all, let us point out specifications of the molec-
ular bridge model, we will use for to adopt the GME for
this model:
First, the system has only one level. This has two con-
sequences: a) the commutator on the l.h.s of the GME
vanishes, b) all GF and self-energies are numerical func-
tions of two time arguments, not operators or matrices.
The symmetries of the GF components with respect to
hermitian conjugation reduce to

GA(t1, t2) =
{
GR(t2, t1)

}∗
(51)

G<(t1, t2) = −{
G<(t2, t1)

}∗ (52)

and analogous relations hold for the self-energies.
Second, the molecular bridge model is a non-
selfconsistent model, so that the self-energies including
Σ< do not depend on ρ and are not approximated by

the Ansatz, as explicitly seen from Eqs. (31), by which
the self-energies are given by the lead properties. To sum
up,

Σ �
X = Σ � (53)

These properties are enough to obtain the specific GME
for the island from Eq. (50) with the use of the Ansatz
(46):

∂ρ

∂t
= −

t∫
−∞

dtΣR(t, t)GA
X
(t, t) · ρ(t)

+

t∫
−∞

dtGR
X (t, t)ΣA(t, t) · ρ(t) (54)

−
t∫

−∞
dtΣ<(t, t)GA(t, t) −

t∫
−∞

dtGR(t, t)Σ<(t, t)

The lower integration limit is symbolically set to −∞,
which stands for something like tLast. The effective lower
integration limit saturates much earlier, as it is floating
together with t, cf. (43). Using the symmetries (52), we
bring this to the ”final” GME form

∂ρ

∂t
= −

t∫
−∞

dt 2Re
[
ΣR(t, t)GA

X
(t, t)

] · ρ(t)

−
t∫

−∞
dt 2Re

[
Σ<(t, t)GA(t, t)

]
(55)

We use the quotation marks, because this equation has
several unusual features and cannot be considered as fi-
nal. The memory function in the first term is entirely
ρ-independent as a consequence of the non-interacting
model. Thus, the GME is linear in ρ. The second, ’back-
scattering’, term does not depend on ρ at all. This is
a specific feature of the molecular bridge model caused
by its non-selfconsistency, (53). There are no approxi-
mations made in this term, as the propagators are not
affected by the Ansatz. As a consequence, the propaga-
tors in both scattering terms are different: The propa-
gator entering the backscattering is the true one, while
the Ansatz related propagator GA

X appears in the direct
scattering term. This second feature has to modified as
will be demonstrated now.

Since the Molecular bridge model represents a
Fermionic quantum system, it is required that the GME
could be rewritten in a form expressing the Pauli blocking
in scattering integrals explicitly. In the backscattering
term, we can write

1 = ρ(t) + (1 − ρ(t)) (56)



and the whole Eq. (55) can be rearranged to

∂ρ

∂t
= (57)

−
t∫

−∞
dt 2Re

[
(ΣR(t, t)GA

X (t, t) +(Σ<(t, t)GA(t, t)
] · ρ(t)

−
t∫

−∞
dt 2Re

[
Σ<(t, t)GA(t, t)

] · (1 − ρ(t))

As it stands, this equation is not consistent, as the two
scattering terms contain different propagators and this
leads to a violation of the spectral identity

GR
X
−GA

X
= G>

X
−G<

X
(58)

which, combined with the Ansatz, yields the expected
Ansatz expression for G>:

G>
X = GR

X (1 − ρ) − (1 − ρ)GA
X (59)

This can be mended in two ways: either by restricting the
Ansatz solely to the original GKBA, or by making the ad-
ditional Ansatz-like approximation in the back-scattering
term in order to give the GME a consistent form,

∂ρ

∂t
= −

t∫
−∞

dt 2Re[(

Σ>(t, t)︷ ︸︸ ︷
ΣR(t, t) + Σ<(t, t))GA

X (t, t)] · ρ(t)

−
t∫

−∞
dt 2Re

[
Σ<(t, t)GA

X
(t, t)

] · (1 − ρ(t)).‘ (60)

By the spectral identity, ΣR(t, t) + Σ<(t, t) = Σ>(t, t) +
ΣA(t, t), but the integration limits take care of the
ΣA(t, t) term. We accept the more general second al-
ternative: it incorporates the GKBA in a trivial fashion,
but it permits to apply another Ansatz as well. Retracing
the steps leading to Eq. (60), we arrive at the correspond-
ingly modified bridge GME, as it will be used henceforth
as final:

∂ρ

∂t
= −

t∫
−∞

dt

μX(t, t)︷ ︸︸ ︷
2Re

[
ΣR(t, t)GA

X
(t, t)

] · ρ(t)

−
t∫

−∞
dt 2Re

[
Σ<(t, t)

↙
GA

X (t, t)
]

︸ ︷︷ ︸
λX(t, t)

(61)

The additional modification leading from Eq. (55) to the
GME (61) is indicated by an arrow. For the future work
with the GME, two correlation functions are defined, as
indicated. All physics of the GME is condensed in them.

VIII. FROM GME TO ME

We have seen that the molecular bridge shows a clear
tendency to a simpler dynamical structure at times far
enough from the last disturbance of the system, when
the quantum coherences tend to play lesser role. This
leads to the asymptotic non-Markovian dynamical equa-
tion (61) of the GME type, which we rewrite here in a
convenient form:

∂ρ

∂t
= −

t∫
−∞

dt μX(t, t) · ρ(t) −
t∫

−∞
dt λX(t, t) (62)

where

μX(t, t) = 2Re
[
ΣR(t, t)GA

X (t, t)
]

λX(t, t) = 2Re
[
Σ<(t, t)GA

X
(t, t)

]
(63)

The natural question arises, if a time interval exists, in
which we can proceed further and reduce this GME to a
Markovian equation of the general form

∂ρ

∂t
= IIN[ρ(t)] − IOUT(t) (64)

Here, IIN is a function, not a functional, so that the
equation is time-local, in other words memory-less. The
linearity of the GME suggests that the actual form of
Eq. (64) will be that of an effective Master Equation
(ME). Note that the independence of the backscattering
term on the distribution function in (62) is transferred
also to Eq. (64).

The GME constructs the present state at each instant
t from the memory of the past. An equivalent trans-
port equation local in time must somehow contract this
past into the present. In other words, we meet here the
well known problem of moving in the anticausal direction.
The feasibility of a derivation and justification of the de-
sired Markovian approximation hinges then again on the
assumed property (41) of the self-energies, by which they
are confined to a strip of the width � τ� in the double-
time plane. The same property is then true for the cor-
relation functions (63), and the integrations in (62) thus
extend no deeper into the past than t− τ� (cf. Eq. (43)).
This suggests approximations of a varying sophistication
leading to the reduction of the GME to a time-local form.

A. Simplest approximation - Fermi Golden rule

The limited integration region in the integrals of the
GME offers, as the crudest approximation, to neglect the
memory effect altogether and to take the density matrix
out of the scattering integral, arriving at the following
simple linear form of Eq. (64):

∂tρ(t) = −ǎXρ(t) + čX (65)



with

ǎX = +

t∫
−∞

dt μX(t, t), čX = −
t∫

−∞
dt λX(t, t) (66)

Since the Hamiltonian is time-independent presently, we
may express the quantities entering the definition (63) of
the integrands μX and λX by their spectral representation.
It follows from Eq. (34) immediately:

GA
X (t′ − t) = +i

∫
dE
2π ÃX(E)e+iEsϑ(s) ≡ +iAX(−s)ϑ(s)

ΣR(t− t′) = −i
∫

dE
2π Δ(E)e−iEsϑ(s) ≡ −iΓ (+s)ϑ(s)

Σ<(t− t′) = +i
∫

dE
2π Δ<(E)e−iEs, s= t− t′

(67)
This is obvious for propagators and their self-energies,
but in this particular case, also the less self-energy is a
single time quantity, because it is controlled by the leads,
which are assumed to be stationary. The particle correla-
tion function, by contrast, is time dependent through the
time dependent quantity ρ(t) entering the XKB Ansatz.

Using the spectral representation (67) we arrive at the
following expressions for the coefficients of the ME (65):

ăX =
∫
dE

2π
Δ(E)ÃX(E) (68)

c̆X =
∫
dE

2π
Δ<(E)ÃX(E) (69)

To illuminate the meaning of this crude Markovian ap-
proximation to the GME, we specialize to the simplest
possible Ansatz, the FKBA employing the free propaga-
tors. We have:

∂tρ(t) = −ǎ0ρ(t) + č0 (70)

with the FKBA coefficients (68) and (69) given by

Ã0(E) = 2πδ(E − Eb) (71)

ǎ0 =
∫
dE

2π
Δ(E)Ã0(E) = Δ(Eb) (72)

č0 =
∫
dE

2π
Δ<(E)Ã0(E) = Δ<(Eb) (73)

Comparing ΣR as given by Eq. (67) and by the explicit
partitioning expression quoted in (33), we obtain

Δ(E) = 2π〈b|H′Qδ(E −H0)QH′|b〉 (74)

so that Eq. (72) for ǎ0 can be rephrased in words as

ǎ0 = Golden Rule transition rate (75)

exactly as expected in the standard theory of the (Pauli)
ME.

To analyze similarly the č0 coefficient, and to interpret
properly the roles of the scattering in and backscatter-
ing terms, we have to be more explicit and to write the
spectral functions Δ(E) and Δ<(E) in a form reflecting
the role of both leads. The coupling factors α

Y
are now

constant. Comparing (67) with Eq. (34), we may identify

Δ<(E) = α2
L
Δ

L
(E)f

L
(E) + α2

R
Δ

R
(E)f

R
(E) (76)

Eq. (74) may be similarly rearranged to

Δ(E) = α2
L
ΔL(E) + α2

R
ΔR(E) (77)

Using Eqs. (76) and (77) we get

č0 = α2
L
Δ

L
(Eb)fL(Eb) + α2

R
Δ

R
(Eb)fR(Eb) (78)

ǎ0 = α2
L
Δ

L
(Eb) + α2

R
Δ

R
(Eb) (79)

For ǎ0, this is just a decomposition of (74)–(75) into two
separate transition rates to both leads, while for č0, these
transition rates for ’backscattering’, i.e. feeding of par-
ticles from the lead to the island, are shown to depend
substantially on the quasi-equilibrium distribution func-
tions of the carriers in each of the leads.

To complete this discussion, we rearrange the ME (65)
to a symmetrized form which reflects the Pauli blocking
properly and is related to the symmetrized GME (60):

∂tρ(t) = −ď0ρ(t) + b̌0(1 − ρ(t)) (80)
ď0 = ǎ0 − č0, b̌0 ≡ č0

ď0 = α2
L
Δ

L
(Eb)(1 − f

L
(Eb)) (81)

+α2
R
Δ

R
(Eb)(1 − f

R
(Eb))

Clearly, ď0 = Δ>(Eb) is the direct transition rate from
the island to the leads incorporating the Pauli blocking,
while b̌0 = Δ<(Eb) keeps the meaning of the reverse tran-
sition rate back from the leads to the island.

The result of this subsection may be summarized by
stating that the true Pauli Master equation is derived
from the Generalized Master Equation under two approx-
imate assumptions: first, the memory effect is suppressed
completely. The direct transition rate is then given by
the integral (72). Second, the propagators are assumed
to correspond to free propagation. These two assump-
tions jointly lead to the transition rate having the form
of the Fermi Golden Rule. This result has a parallel
in the quantum transport theory, where the Boltzmann
limit also requires two combined assumptions: the com-
pleted collision approximation (on-shell scattering) and
the weak scattering limit.

B. Linear renormalization

In order to develop a Master Equation going beyond
the Fermi Golden Rule, we have to take the memory
effect in the GME into account. Using once more the
limited integration range of the scattering-in integral, we



extrapolate ρ(t) in the GME (62) back into the past by
a linear approximation:

ρ(t) = ρ(t) + ∂tρ(t)(t− t), t > t > t− τ� (82)

The GME (62) then reduces to the ME

∂tρ(t) = −aXρ(t) + cX (83)

where

aX =
ăX

1 − ă′
X

, cX =
c̆X

1 − ă′
X

, (84)

ăX and b̆X are given by (66) and (63), while

ă′X = −
t∫

−∞
dt (t− t)2Re

[
ΣR(t, t)GA

X (t, t)
]
. (85)

In the spectral representation we obtain:

ăX =
∫

dE
2π Δ(E)ÃX(E)

ă′
X

= 2
∫
dĒ

2π
d

dĒ
ReΣ(Ē + i0)(Ē)ÃX(Ē)

c̆X =
∫

dE
2π Δ<(E)ÃX(E)

(86)

Proceeding similarly as in deriving (80) from (70), we
transform Eq. (83) to

∂tρ(t) = −dXρ(t) + bX(1 − ρ(t)) (87)
dX = aX − cX, bX ≡ cX

Structurally, this linearized approximation builds upon
the simplest approximation of the GME discussed in the
previous section, but modifies it substantially, because
the coefficients in the ME are renormalized. The actual
role of the renormalization may be seen by inspection of
the solution of the ME (83),

ρ(t) = (ρ(ti) − ρ∞) e−aX(t−ti) + ρ∞, ρ∞ =
cX

aX

=
c̆X

ăX

(88)
As indicated, the saturation value ρ∞ of the level occu-

pancy does not change by renormalization, as the denom-
inators defined in (84) mutually cancel. The logarithmic
decrement aX of the transition of ρ to steady state is
renormalized, however.

The approximation (82) is compatible with any XKB
Ansatz. Let us follow the sequence X = F → Q → G. The
spectral densities all satisfy the sum rule

∫
dE
2π ÃX(E) = 1.

Various ăX and c̆X thus represent weighted averages of
the respective spectral densities Δ(E), Δ<(E) with the
weight function centered near the island resonant level
and evolving as δ(E −EB) → normalized Lorentzian →
true Ã(E)/2π. This different sampling is important, if

the spectral densities have pronounced structures.

There is thus a qualitative difference between two lim-
iting spectral profiles, the WBL and the NBL. Clearly ăX

will be insensitive to the Ansatz in the WBL. The same
is true for ă′

X
, but on top of that, this quantity will be

close to zero except at isolated singular points for WBL.
The resulting aX is then expected to be basically given by
the simplest ă0. By contrast, in the NBL, both ăX and ă′X
are equally important for the decay rate aX and both are
sensitive to the Ansatz dependent spectral sampling in
their defining expressions. This contrast WBL vs. NBL
is less pronounced for c̆X and d̆X, where the spectral in-
homogeneity caused by the lead distribution functions
makes the integral sensitive to the choice of the Ansatz
in both limits.

The gross features of the renormalized decay rate
emerge already for FKBA, however, precisely because
they are not not obscured by the Ã-broadening. The
first equation of (84) may be written as

aX =
2|ImΣ(Ēb + i0)|

1 − 2Re ∂
∂z Σ(Ēb + i0)

(89)

This is reminiscent of the expression for a quasiparticle
energy (presently – renormalized resonant island level).
There is a substantial difference, however. The self-
energy is doubled at both places. That |ImΣ | is doubled
to 2|ImΣ | is understandable, because we are dealing with
the decay of probabilities, not probability amplitudes.
But this explanation does not work for the real part
2| ∂

∂z ReΣ |. It should be noted that this problem appeared
long time ago in [48]. There it was tentatively interpreted
as another artifact of the KB-like quasi-classical expan-
sion, but here we see it emerging independently of this
treatment.

C. Selfconsistent approximation

We will now try to avoid arbitrary assumptions of the
two previous approximations by introducing the formal
solution of the expected ME into the GME and require
its self-consistency.

Let us assume that the GME (55) can be reasonably
approximated by a ME with unspecified coefficients,

∂tρ(t) = −atrialρ(t) + ctrial (90)

starting from some ti. For t > ti, the solution of this ME
has the form

ρ(t) = (ρ(ti) − ρ∞) e−atrial(t−ti) + ρ∞, ρ∞ =
ctrial

atrial

(91)

We introduce this explicit solution into the GME (63)
and try to adjust the coefficients of the ME (90). By
(91), it holds

ρ(t) = (ρ(t) − ρ∞) e−atrial(t−t) + ρ∞ (92)



for any pair of times t, t > ti. Inserting this into the
GME (63) yields:

∂ρ

∂t
= −

t∫
−∞

dt μX(t− t)e−atrial(t−t) × (ρ(t) − ρ∞)

−
t∫

−∞
dt μX(t− t) × ρ∞ −

t∫
−∞

dt λX(t− t) (93)

Using (66) and introducing for atrial an assumption that
this is a root of the equation

atrial =

t∫
−∞

dt μX(t− t)e−atrial(t−t) (94)

we can rewrite (93) to

∂ρ

∂t
= −atrial × (ρ(t) − ρ∞)

−ăX × ρ∞ + c̆X (95)

Comparing (90) with (95), we obtain an identity for ctrial

ctrial ≡ atrialρ∞ − ăXρ∞ + c̆X (96)

Combining this identity with ρ∞ = ctrial

atrial
from (91), we

get two relations

ρ∞ =
c̆X

ăX

, ctrial =
c̆X

ăX

· atrial (97)

The second equation can be rewritten in two ways to
demonstrate that both coefficients in the ME are renor-
malized in the same fashion:

atrial =
ăX

1 − atrial − ăX

atrial

ctrial =
c̆X

1 − atrial − ăX

atrial

(98)

This is reminiscent of (84), and indeed, expanding the
exponential in (94) to terms linear in time, we recover it:

atrial − ăX

atrial

=
1
atrial

t∫
−∞

dt μX(t− t)
[
e−atrial(t−t) − 1

]
(99)

≈ 1
atrial

t∫
−∞

dt μX(t− t)(−atrial(t− t)) = ă′
X
(100)

From here, a direct way leads to the prototypal relation
(89) exactly as before; it is rederived, however, without
possibly spurious assumptions now.

To clarify the physical meaning of the self-consistent
approximation we have to discuss now the integral equa-
tion (94). An existence of its root is the basic requirement
for validity of the whole approach.

We start our discussion by requiring that the root be
positive, x → atrial > 0, because otherwise the density

matrix would diverge for t→ ∞ by (90). Then, however,
the exponential in (94) diverges for t → −∞. It is then
not clear, whether μX(t− t)e−x(t−t) converges to zero and
the integral is well defined. It is true that μX(t− t) itself
always tends to zero in that limit. In the favorable case,
μX(t− t) will be negligible beyond the characteristic time
τ� coinciding in practice with the collision duration time
introduced in Eq. (41). In that case, we may estimate
that the exponential in (94) grows from unity for t = t
to a maximum value exp(atrialτ

�) for t = t− τ�. The ba-
sic estimate for the relaxation rate is atrial ≈ Δ(Eb), cf.
(72). The expression in the exponent can thus be rewrit-
ten by introducing the relaxation time 1/atrial ≈ 1/Δ(Eb)
as atrialτ

� = τ�/τ . The solubility condition for Eq. (94)
assumes the form

τ�

τ
<∼1 (101)

This inequality is not an additional requirement, but a
cornerstone of the whole NGF based theory of quantum
transport equations. As discussed at length in [3, 5], the
basic prerequisite for using the XKB Ansatz approxima-
tion is that a ”quasi-particle” picture is valid, in other
words the decay time of the current carrying resonant
states (∼= τ) is sufficiently long. In particular, it is re-
quired that the formation time (∼= τ�) of the resonant
states is shorter (ideally — much shorter) than the de-
cay time. This is, of course, precisely the condition (101).
It may be concluded that the GME and an effective ME
are governed by the same regime and that the transport
controlled by a ME is always achieved as a long time
asymptotics of the GME.

This analysis indicates that the self-consistent method
C is fully general within the whole Causal Ansatz scheme.
It remains to identify the position of the two other ap-
proximate methods, B and A. Case B turns out to be
specified by the sharper condition τ�/τ � 1. This is
neatly seen from the (99) →(100) transition to the linear
approximation, for which this strong condition provides a
justification and a quantitative criterion. Finally, case A
can be obtained from B as a weak scattering limit, that
is on a quantitative basis supplementing the hierarchy of
characteristic times. The weak scattering enters at two
places. First, the propagators in the Ansatz are taken
as free. Second, the renormalization denominator in
Eq. (89) is set to 1, which means 2|Re ∂

∂z Σ(Ēb +i0)| � 1,
a weak scattering condition. The resulting decay rate
then becomes, according to Eq. (74), the Fermi Golden
Rule transition probability rate. As pointed out already,
only in this double limit, combining the well pronounced
quasi-particle behavior with the weak scattering, can the
true Pauli Master Equation be recovered.

IX. CONCLUSIONS

This concluding section attempts to take a point of view
complementary to the main text. There, the model of



a non-interacting molecular bridge was used to explore
dynamical behavior of electrons in nanoscopic systems
under various regimes with the emphasis on time hier-
archies governing transient response of the system and
on testing the validity of various approximate concepts
in describing the time evolution of the system. Here, we
touch upon two general questions. First, we ask about
the role of the specific properties of the model, in partic-
ular of the complete omission of the interactions. Second,
we sum up our view of the finite time initial conditions
for a transient process.

Specific properties of the model
1. It is not an accident that we can formu-
late dynamics of the molecular bridge via NGF
approach since a non-interacting molecular bridge
mimicks pretty well many body systems [6]: a sim-
ple excitation ‖ island level is coupled to a contin-
uum of double excitations ‖ lead states, . . . .
2. The simplicity of the molecular bridge model
is based on its non-selfconsistent nature. Namely,
while the higher order excitations of a true many
body system are built up from the simple excita-
tions, here the decay continuum does not involve
the island states and is of a completely different
nature. This makes the model soluble to the end,
because the self-energies are exact already in the
second order of the perturbation expansion. It
should be noted that this is a generic feature of
a whole class of models which can be mapped on
the Anderson impurity: the Anderson model itself,
Newns-Grimley adsorbate model, Bardeen tunnel-
ing Hamiltonian, weak coupling polaron treated in
the Tamm-Dankoff model, etc.
3. These two properties of the model are mutu-
ally linked and jointly lead to important explicit
results. First, the retarded self-energy is entirely
specified by the spectral densities ΔL, ΔR, which,
in fact play the role of the tunneling functions for
both junctions. These two functions are specified
beforehand and do not depend on the processes tak-
ing place at the island. Their form is decisive for the
temporal structure of these processes, however. In
particular, the distinction between the wide band
limit and the narrow band limit defines the short
time behavior of the system and permits to make
the Bogolyubov conjecture about the correlations
decay quantitatively tested.

In addition, also the Σ< self-energy is given in
terms of the ΔL,R spectral densities and the quasi-
particle distribution functions in the leads. Thus,
the environment of the island is decisive for the
physics of the whole molecular bridge system (as
is ostensible already from the Meir-Wingreen for-
mula). This lack of inner dissipative structure
of the island is reflected in the violation of a lo-
cal fluctuation-dissipation relationship between ΣR

and Σ< (which precludes any use of the Kadanoff-

Baym Ansatz).

Treatment of the initial conditions
4. The issue of complex (∼ correlated) initial con-
ditions at a finite initial time is important both
conceptually and practically. They can be accom-
modated into the general NGF scheme in the two
different ways, using either the synchronous, or the
diachronous technique. While the diachronous ap-
proach is general, the synchronous method depends
on the system studied and the approximations used
[26, 28]. For the present model, the synchronous
solution is exact, and we took the advantage and
compared the results, and their meaning, with the
diachronous solution. This we develop within the
Keldysh real time method: the initial time serves
as a joining point between the relevant process and
processes preceding it in the past which are ex-
tended to a complete Keldysh switch-on process.
This has all the advantages of the widespread di-
achronous method employing an extension to imag-
inary times [15, 25], while the physical contents is
much clearer.
5. The non-interacting molecular bridge model
is completely described by its one-particle density
matrix. Thus, the full initial condition at any spec-
ified time is given in its terms. Because the diago-
nal blocks are prescribed both in the leads and at
the island, the essential information is contained in
the off-diagonal island-leads blocks. The transient
correction terms in the self-energy of the island
state are expressed by means of these off-diagonal
blocks – the main qualitative conclusion of the syn-
chronous approach. For the diachronous solution,
we employ the time-partitioning method, in which
the processes prior to the initial time are linked
with the relevant process by the past-future blocks
of the self-energy. The efficiency of the method
is based on the time structure of the self-energy,
whose components are expected to be essentially
non-zero only in a restricted strip along the time
diagonal (the Bogolyubov principle again). For the
present bridge model, the synchronous expressions
are fully equivalent with these time-partitioning re-
sults [6] and this is the main qualitative conclusion
serving for possible generalizations to interacting
systems.
6. The construction of the initial states by time
partitioning of Keldysh switch-on states has the ad-
vantage that all admissible states are ”physical”,
that is can be attained by a real process completed
before the relevant process commences. In fact the
variety of possible initial states is immense: the
initial time may be chosen arbitrarily in the course
of a preparatory process. This procedure may be
iterated, in particular, if the system undergoes a
sequence of abrupt changes separated by compar-
atively quiescent stages. It is then productive to
view the evolution as a series of nested transients



and to capture the reconstruction of the state of
the system by iterating the time partitioning pro-
cedure until the final instant of discontinuity which
acts to form the stage for the subsequent transition
to the kinetic stage and the final equilibration.
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154, ibid 175, ibid 196.

[2] B. Velický, A. Kalvová and V. Špička, J.Phys: Confer-
ence Series 35, 1, (2006).
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6933 (1986).
[38] A.V. Vinogradov, Trudy Fiz. Inst. Im. P.N. Lebedeva

187, 117 (1988).
[39] M. Galperin, M. A. Ratner, and A. Nitzan, J. Phys.:

Cond. Matt. 19, 103201 (2007).
[40] G. Stefanucci, Phys. Rev. B 75, 195115 (2007).
[41] D.F. Urban, R. Avriller, and A. Levy Yeyati, Phys. Rev.

B 82, 121414(R) (2010).
[42] T.L. Schmidt, P. Werner, L. Muhlbacher, and A. Kom-

nik, Phys. Rev. B 78, 235110 (2008).
[43] Y. Meir, N.S. Wingreen, Phys. Rev. Lett. 68, 2512

(1992).
[44] A. P. Jauho, N.S. Wingreen and Y. Meir, Phys. Rev. B

50, 5528 (1994).
[45] D. C. Langreth and G. Wilkins, Phys. Rev. B 6, 3189

(1972).
[46] D.M. Newns, Phys. Rev. 178, 1123 (1969) , T.B. Grim-

ley, J. Vac. Sci. Technol. 8, 31 (1971).



[47] A. Messiah, Quantum Mechanics, Dover, 1999.
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