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We compare the Landauer, Kubo, and microcanonical [J. Phys. Cond. Matter 16, 8025 (2004)] approaches to
quantum transport for the average current, the entanglement entropy and the semiclassical full-counting statistics
(FCS). Our focus is on the applicability of these approaches to isolated quantum systems such as ultra-cold atoms
in engineered optical potentials. For two lattices connected by a junction, we find that the current and particle
number fluctuations from the microcanonical approach compare well with the values predicted by the Landauer
formalism and FCS assuming a binomial distribution. However, we demonstrate that well-defined reservoirs
(i.e., particles in Fermi-Dirac distributions) are not present for a substantial duration of the quasi-steady state.
Thus, on the one hand, the Landauer assumption of reservoirs and/or inelastic effects is not necessary for estab-
lishing a quasi- steady state. Maintaining such a state indefinitely requires an infinite system, and in this limit
well-defined Fermi-Dirac distributions can occur. On the other hand, as we show, the existence of a finite speed
of particle propagation preserves the quasi-steady state irrespective of the existence of well-defined reservoirs.
This indicates that global observables in finite systems may be substantially different from those predicted by
an uncritical application of the Landauer formalism, with its underlying thermodynamic limit. Therefore, the
microcanonical formalism which is designed for closed, finite-size quantum systems seems more suitable for
studying particle dynamics in ultra-cold atoms. Our results highlight both the connection and differences with
more traditional approaches to calculating transport properties in condensed matter systems, and will help guide

the way to their simulations in cold-atom systems.

PACS numbers: 72.10.Bg,67.10.Jn,05.60.Gg

I. INTRODUCTION

Experimental investigations of transport phenomena in
ultra-cold atoms confined in engineered optical potentials of-
fer a test bed for transport theories at the nanoscale. Several
phenomena, such as the sloshing motion of an atomic cloud in
optical lattices [1], directed transport using a quantum ratchet
[2], relaxation of noninteracting and interacting fermions in
optical lattices [3], and others have been demonstrated. Their
applications in atomtronics [4], which aims at simulating elec-
tronics by using controllable atomic systems, are promising
[5-9]. It is thus important to develop proper theoretical and
computational methods to direct future progress in this field.

Due to the quantum nature of atoms, finite particle num-
bers, and small sizes of these systems, the applicability of
semi-classical approaches, such as the Boltzmann equation,
become questionable. The Landauer formalism [10, 11],
which has been widely implemented in mesoscopic physics, is
naturally appealing for studying transport phenomena in ultra-
cold atoms. Those approaches and their generalizations have
been applied to study various problems in cold atoms [12-17].
In addition to steady-state properties, one may want to study
fluctuation effects and correlations using full-counting statis-
tics (FCS) [18]. An examination of the underlying assump-
tions of those well-known formalisms, however, raise ques-
tions on their applicability to ultra-cold atoms.

The Landauer formalism, which is designed for open sys-
tems, assumes the existence of two reservoirs that supply par-
ticles to be transmitted through a junction region. Since the
particle number and energy (when no external time-dependent

fields are present) in ultra-cold atomic experiments are (to a
very good approximation) conserved, the concept of a reser-
voir does not necessarily hold. FCS generally assumes the
transmitted particles behave like billiards with a well-defined
tunneling probability distribution. Whether such an assump-
tion holds true in finite, closed systems will determine whether
the formalism can be applied to cold atom experiments as
well.

An alternative approach for studying transport in quan-
tum systems is within the microcanonical formalism (MCF)
[11, 19, 20]. This formalism is based on using closed quan-
tum systems driven out of equilibrium by a change of param-
eters (e.g., an external bias or a density imbalance) to calcu-
late transport properties. The conservation of particle num-
ber and energy are naturally built into this formalism, and
there is no need to introduce reservoirs and one can fully pre-
serve the wave nature of the particles. This formalism has also
been integrated with density-functional theory for investigat-
ing quantum transport through atomic or molecular junctions
[21, 22]. The microcanonical formalism is particularly suit-
able for ultra-cold atoms, which are accurately modeled as
isolated quantum systems. In this respect, the formalism has
already been developed to study transport phenomena in these
systems [23-28].

The goal of this paper is to compare the microcanonical
approach to the Landauer formalism and determine which as-
sumptions lead to the same observables, such as the average
current and FCS. The MCF is generically applicable to closed
quantum systems, and here we use transport of ultra-cold non-
interacting fermions in one-dimensional (1D) optical lattices
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Figure 1. Schematic of a one dimensional lattice and transport in-
duced by (a) application of a bias at ¢ = 0, where a step-function
bias is applied to the system and a current flows through the middle
link or (b) connecting a link between the two initially disconnected
parts at t = 0.

as a particular example. A possible setup is shown in Figure
1. Unlike electronic systems where the Coulomb interactions
cannot be really switched off, and therefore for which this
comparison would be more academic, cold atoms experiments
allow for a relatively easy tuning of interactions among par-
ticles down to the non-interacting limit. The microcanonical
formalism can, of course, be applied to systems with Coulomb
interactions. However, here we focus only on its applica-
tions to noninteracting cold-atom systems. While electrons
are naturally confined in solid-state systems, a background
harmonic trapping potential is often implemented in addition
to the optical lattice for confining atoms. However, recent ad-
vance in trapping atoms in ring-shape geometries [5, 29] or a
uniform potential [30] makes it possible to consider homoge-
neous cold-atom systems. Moreover, a weak background har-
monic potential does not change the qualitative conclusions
from the MCEF, as illustrated in Ref. [23]. Therefore we focus
here on the dynamics of cold atoms in optical lattices without
a background harmonic trapping potential.

We find that the steady-state current and particle number
fluctuations from the microcanonical formalism approach the
values of the average current and FCS predicted from the Lan-
dauer formalism already at moderate system sizes. However,
we also find — for finite times — that one of the assumptions
of the Landauer formalism is unnecessary: The particle dis-
tributions in the two lattices supplying/absorbing particles do
not need to be populated according to Fermi-Dirac distribu-
tions. In fact, their occupation deviates from the equilibrium
distribution during the whole duration of a quasi-steady state.
Furthermore, the results from the microcanonical formalism
agree with the predictions from the FCS semi-classical for-
mula by assuming a binomial distribution of the transmitted

particles, ruling out alternative semi-classical descriptions. To
connect the different approaches, we also develop a Kubo
formalism based on the microcanonical picture of transport,
which we use to calculate explicit expressions for transport in
closed systems. This gives us an analytical method to inves-
tigate dynamical transport phenomena in nanoscale and ultra-
cold atomic systems.

In addition to the average current and FCS, we also inves-
tigate the dynamical evolution of the entanglement entropy,
which quantifies the correlations between two connected sys-
tems. The entanglement entropy is of broad interest in many
fields, ranging from black hole physics [31] to quantum infor-
mation science [32]. This quantity can be easily evaluated us-
ing the microcanonical formalism. A semi-classical formula
based on FCS of two noninteracting fermionic systems con-
nected by a junction has been derived in Ref. [18] and gen-
eralized to many-body systems [33, 34]. Ref. [18] predicts a
linear growth of the entanglement entropy as time increases.
Again, we find that the results from the microcanonical for-
malism match the prediction from the semi-classical formula
by assuming a binomial distribution of the transmitted parti-
cles. Assuming an alternative distribution results in predic-
tions that are readily distinguishable.

This paper is organized as follows: Section II reviews
the Landauer formalism and its assumptions. Section III in-
troduces the microcanonical formalism and its applications.
The spatially resolved current from the MCF is discussed in
Section IV. Section V reviews the FCS. Section VI shows
the absence of memory effects in transport of noninteracting
fermions. Section VII compares the results from the MCF
and Landauer formalism. Importantly, the deviation from the
equilibrium Fermi-Dirac distribution is clearly demonstrated.
Section VIII shows the light-cone structure of wave propa-
gation monitored by the MCF. Section IX reviews the Kubo
formalism and how it helps connect the two approaches. Fi-
nally, Section X concludes our study with suggestions of fu-
ture work.

II. LANDAUER FORMALISM

By assuming the existence of a steady-state current be-
tween two reservoirs bridged by a central link, the current
can be estimated from the Landauer formula with the help
of, e.g., Green’s functions [10, 11]. For a detailed descrip-
tion of the physical assumptions behind this formalism we
refer the reader to Ref. [11]. Here, we mention only the
assumptions that will be relevant for our comparison with
the microcanonical formalism: (1) A steady-state current is
assumed to exist. Whether a steady-state current always
emerges from a given nonequilibrium condition is not at all
obvious [11]. (2) Two macroscopic reservoirs — holding non-
interacting fermions populated according to Fermi-Dirac dis-
tributions — are also assumed. The separation of the system
into reservoirs and a region of interest is not always easy to
determine for an actual physical structure. (3) The transport
at the junction does not provide any feedback to the reservoirs.

While one can construct configurations where a steady-
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Figure 2. (Color online) The transmission coefficients T'(E) at up =

0 for (a) the weak-link case (£ / = 1,0.5,0.2 from top to bottom)
and (b) the central-site case (Ec/t = 0,2, 8 from top to bottom).

state current does not exist [35], in the case where two 1-
D chains are connected by a central junction (as considered
in this paper), there is always a steady-state current, as will
be verified in the microcanonical formalism (see Section 1V).
Therefore, we do not focus here on assumption (1), but rather
on (2) and (3). As will be shown in Sec. VII, the distribu-
tions on both sides deviates from the Fermi-Dirac distribution
when the system maintains a steady state so assumption (2) is
not necessary for observing a steady-state current. Moreover,
Section VIII will show that density changes can propagate into
regimes away from the junction so there can be feedback and
assumption (3) is also not necessary.

On the other hand, in this section we calculate the cur-
rent using the Landauer formalism for two configurations of a
junction between two 1D lattices. One can insert a link with a
tunable hopping coefficient ¢’ in the middle of a chain, which
we call the weak-link case, or insert a central site with tun-
able on-site energy E¢, which we call the central-site case.
In cold-atom experiments it has been shown that one can sup-
press the transmission of atoms by introducing an optical bar-
rier [5] or by introducing a constriction in the trapping poten-
tial [6]. Therefore the tunneling coefficient and onsite energy

may be tuned simultaneously. Here we separate the effects
of tuning the two parameters and one will see that there is no
observable difference if the transmission coefficient 1" can be
found and physical quantities are compared at the same T'. We
consider a uniform bias E7, = 5 /2 on the left half and, sim-
ilarly, Er = —u /2 on the right half. By making the two lat-
tices on both sides semi-infinite, they behave as the two reser-
voirs with different electrochemical potentials. The hopping
coefficient is denoted by ¢ and the unit of time is to = h/t.
We set the electric charge e = 1 and & = 1. The length is
measured in units of the lattice constant.

The Green’s function of the left (right) semi-infinite chain
can be derived using recursive relations, which lead to [36]
G (E) = 1/[E — Err) — Zr(r)(E)], where Ep(r) =
(1/2) [E — Er(ry — i\/48% — (E — Ep(r))?|. The retarded
Green’s function of the junction is G(E) = 1/[E — E¢c —
ZC’L - ECRL where ECL(CR) = VCzL(CR)GL(R)(E) and
Ver(cr) 1s the coupling to the left (right) chain [11, 37]. The
current (including both spins) is [11]
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where the reservoirs are taken to be at zero temperature, as we
will throughout this work. The transmission coefficient is

T(E) =T Tr|G(E), 2)

where f7,(r) denotes the density distribution of the left (right)
chain, i.e., the Fermi-Dirac distribution function, and I L(R) =
—2ImX¢crcR)-

For a uniform chain with #' = #, Vo, (cr) = t. After some
algebra, the current is given by
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where g1,(r) = /41> — (E — EL(r))?. To the leading order
of up, BEq. 3) gives I ~ upt/m. Moreover, it can be shown
that T(E = 0) — 1 as up — 0.

For the weak-link case, if we take the last site of the left
chain as the central site, Vo, = t, Vor =, and E¢c = Ej.
The current is

=
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where g = (¥'/t). When g < 1, to the leading order of g and
then to the leading order of yi, one obtains I ~ 4upg?t/m.
For the central-site case, Vo, = Vog = t and E¢ can be
tuned. The current is

kB
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Figure 2 shows T'(E), which is symmetric about £ = 0, for
both cases with selected parameters.



III. MICRO-CANONICAL FORMALISM

In the micro-canonical approach to quantum transport [19],
one considers a finite system (say two electrodes and a junc-
tion) and a finite number of particles with Hamiltonian H.
The system is prepared in an initial state |¥o) which is an
eigenstate of some Hamiltonian Hy # H. From a physical
point of view this initial state may represent, e.g., a charge,
particle, or energy imbalance between the two finite electrodes
that sandwich the junction. The system is then left to evolve
from this initial condition under the dynamics of H, and the
average current across some surface or any other observable
is monitored in time. The dynamics considered here may be
considered as quantum quenches [38, 39]. Note that, even if
we assume the two electrodes biased as in the Landauer for-
malism, in this closed-system approach it is not at all obvious
that the average current establishes any (quasi-)steady state in
the course of time [11, 19, 40].

A. Implementation of the MCF

We adopt the implementation of the micro-canonical for-
malism as discussed in Refs. [23, 24], which is an extension
of the scheme proposed in Ref. [20]. One advantage of this
extended scheme is that the dynamics of particle density fluc-
tuations, entanglement entropy, and density distributions can
be easily monitored. We consider a one-dimensional Hamil-
tonian H = Hp, + Hr + Hc, where Hy, p is a lattice of N/2
sites. The system is filled with N/2 two-component fermions
(with equal number in each species). In the tight-binding ap-
proximation we choose

Hpjp=—t Z cgcj—kEL/R Z clc,-. (6)
(if),L/R i€L/R

Here (ij) denotes nearest-neighbor pairs and we suppress
the spin index, and explicitly state where a summation over
the spin is performed in our results. Here we only consider
quadratic Hamiltonians. In the presence of other interaction
terms, one may need to consider approximate methods [26].
We consider two possible ways to set the system out of
equilibrium. In the first scenario the system is initially pre-
pared in the ground state of the unbiased Hamiltonian H
with £, = Er = 0 and then it evolves according to a bi-
ased Hamiltonian H. All conclusions in this work remain un-
changed if we instead prepare the system in the ground state
of the biased H and then let it evolve according to the unbi-
ased Hy. In other words, there is a correspondence between
a particle imbalance and an energy imbalance for the systems
we consider. In the second scenario two initially disconnected
lattices are connected, where one can not swapped the roles of
H and H,. We remark that the first scenario is closely related
to the studies of Ref. [41] where photons are introduced to ad-
just the onsite energy of atoms in certain parts of the lattice.
The second scenario is relevant to the case where an optical
barrier separating the lattice into two parts is lifted [24].

For the weak-link case Ho = —t_l(CjV/ch/2+1 +

cj\, /241CN, /2), where 0 < ¢' < #, while for the central-site case

t(CjV/2CN/2+1 + C;rV/2+1CN/2) -
t(cjv/2+lcN/2+2 + C;rv/2+2CN/2+1). For time ¢ < 0, EL/R =
0 and the system is in the ground state of Hy. For ¢t > 0
we set £, = pup/2 and Egr = —pp/2 and let the system
evolve. Figure 1 illustrates this process for the weak-link case.
A uniform chain with ' = # in the weak-link case has been
shown to have a quasi steady-state current (QSSC) at a small
bias [20] for a system as small as N = 60. The QSSC is
defined as a plateau in the current as a function of ¢ and it
usually spans the range (N/4)tg < t < (N/2)to. In the
thermodynamic limit with finite filling, the QSSC becomes
a steady current [24]. In contrast, noninteracting bosons in
their ground state do not support a QSSC [23, 24]. The de-
pendence of the magnitude of the QSSC on the initial filling
was discussed in Refs. [23, 24] and here we consider the case
with N,,/N = 1/2, where N,, denotes the number of particles
in the system, unless specified otherwise.

To gain more insight into the dynamics of the system, we
write down the correlation matrix C'(¢) with elements ¢;; (t) =
(GSolel (t)e; (t)|GSo), where |GSy) denotes the ground state
of Hy, and derive the current and entanglement entropy from
it. One can use unitary transformations c; = ), (Up);rax
and ¢; = >, (Ue)rdy to rewrite Hy and H as

Zekakak, H = Ze de @)

Ho = ECC}V/2+1CN/2+1 -

Here € and €, are the energy spectra of Hy and H, re-

spectively. The initial state is then |GSp) = (chv/ fa£)|0>,

where |0) is the vacuum. From the equation of mo-
tion i(de;(t)/dt) = [c;(t),H] it follows ¢;(t) =
> p(Ue)jpdp(0) exp(—iept).  The initial correlation func-
tions are <G50|a£,(0)ak/(0)|GSo) = O(N/2 — k) since
fermions occupy all states below the Fermi energy, where
0(N/2—k)is 1if k < N/2, and 0 otherwise. Then it follows

N
cij(t) = Z (Ug)pi(Ue)jp/Dpp/(O)el(ep_ep/)t3 3

p,p'=1
N/2

-y Y

m,m’=1k=1

(GSoldf,(0)

p m/’ UO m/k'(Uo )km(Ue)mp-

Here D, (0) = dy (0)|GSo).

B. Current, entanglement entropy, and particle fluctuations

The current flowing from left to right for one species is
I = —(dNy(t)/dt), where N, (t) = SN2 cl(t)ei(t). It
can be shown that for the Hamiltonian considered here, I =
4t'Im{c(n/2),(n/2+1)(t) }, where a factor of 2 for the two spin
components is included. This is equivalent to the expecta-

tion value of the current operator I=—it (C}Lv /2CN/241 —
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Figure 3. (Color online) The current from the Landauer formula for
the weak-link case, Eq. (4), (black line) and the currents in the quasi-
steady states of the micro-canonical simulations for the weak-link
case (red circles) and the central-site case (green squares) as a func-
tion of the transmission coefficient 7' = T'(E = 0). Insets: Currents
as a function of time from the micro-canonical simulations (solid
lines; the dashed lines represent the Landauer value). The upper
(lower) one corresponds to the weak-link (central-site) case. From
top to bottom for the upper inset: '/ = 1.0,0.5,0.1 and for the
lower inset: E¢/t = 0,2, 8. Here up = 0.2t and N = 512.

cj\,/zﬂcN/Q). The MCEF can be generalized to include finite-
temperature effects in the initial state [23], but here we focus
on the ground state.

Figure 3 compares the current predicted by the Landauer
formula for the weak-link case, Eq. (4) to the simulations us-
ing the MCEF for the weak-link as well as the central-site cases
with up = 0.2t. In the limit where up — 0, the Landauer
formulas for the central-site case, Eq. (5), produces results that
fully agree with the results from the weak-link case, Eq. (4).
When u p is finite, the two cases differ by a negligible amount
due to the slightly different 7(E). One can see that the cur-
rents from the MCF agree well with that from the Landauer
formula.

The entanglement entropy between the left and right halves,
s, for one species at time ¢ can be evaluated as follows
[18]. We define a (N/2) x (N/2) matrix M = P.C(t)Py,
with elements M;;, where the projection operator P;, =
diag(1x/2,0x/2). Then the entanglement entropy can be ob-
tained from the expression

s=—Tr[Mlog M + (1 — M)log(1 — M)]. )
The Hermitian matrix M;; has eigenvalues v;, i = 1--- N/2.
Then
N/2
s(t) = [~vilog(v;) — (1 —v;)log(1 —v;)].  (10)
i=1
We use log base 2, as is convention. This expression may
be further simplified by using approximations from the semi-

classical FCS [18] and will be discussed later on. The nonin-
teracting fermions studied here may be regarded as a limiting

case of a XXZ spin chain, whose entanglement entropy (due to
the dynamics of magnetization) has been studied in Ref. [42].

Now we derive the full quantum-mechanical expressions
for the equal-time number fluctuations of the left half lattice.
Letn; = c;fci and N L= vaz/f 7;. Then the number of parti-
cles in the left partis N = <NL> = vaz/f ¢;i. We define the
equal-time number fluctuations of the left half as

ANE = (N~ Ny = (N3) - N2 ()

The moments of N 1, can be obtained from

) N/2 N/2
(N2) = a2y +2> (hiny) (12)
i=1 1<J

From Wick’s theorem or exact calculations, (%) = (f;) =
n; for all positive integer o, where n; = c¢;;. The other corre-

lation functions can be obtained from Wick’s theorem so that

(ifs) = ming — |(cle;)|?. (13)

IV. SPATIAL RESOLUTION OF THE CURRENT IN MCF

We stress an important feature of the MCF formalism. One
can see from Eq. (8) and its context that MCF monitors the
dynamics in both energy basis and real space. In contrast, the
Landauer formalism as shown in Eq. (1) only reveals informa-
tion in the energy basis. The ability of the MCF to trace the
dynamics in real space allows us to address a crucial question:
How do particles from different sites contribute to the current?

To clearly demonstrate the importance of the information
from the dynamics in real space, we consider a simplified ini-
tial condition where IV lattice sites are divided into the left
N/2 sites and the right N/2 sites with each left site occu-
pied by one fermion and each right site empty. We con-
sider a uniform lattice here with a tunneling coefficient £.
The corresponding correlation matrix is ¢;;(t = 0) = d;; if
1 <i,57 < (N/2) and zero otherwise. Eq. (8) becomes

N/2 N
i) =3 N (Ui (U) i (UD) g (Ue) e’ 550"
m=1p,p'=1

(14)
One important insight from this expression is that the index
m traces the contribution from the initially filled m-th site on
the left. Therefore in the current I = —2tIm(cn 2 n/2+41) it
is meaningful to discuss where does the current come from as
time evolves.

This simplified case, despite its compactness and clarity, is
relevant to several situations realizable in experiments. Two
potential examples are: (1) initially a large step-function bias
is applied to a nanowire with a small energy bandwidth so
that all mobile particles are driven to the left half and then the
bias is removed to allow a current to flow, and (2) ultra-cold
atoms are loaded in an optical lattice so that there is one atom
per lattice site. Then a focus laser beam excites the atoms on
the right half lattice so that they leave the lattice and create
a vacuum region. The atoms on the filled left part will then
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Figure 4. (Color online) Spatial decomposition of the contribution
to the current. The black line labeled I;,; shows the current from an
N = 512 lattice with the left half initially filled with one fermion
per site. We plot the contributions from sections of 32 sites each
to the left of the middle of the whole lattice and the corresponding
currents show up in bursts. The bursts, from left to right on the plot,
correspond to the current from the first, second, ..., sixth sections of
32 sites to the left away from the middle (the 256-th site).

flow to the right and build a current. Thus the physics of this
simplified case is relevant to both our deeper understanding of
transport phenomena and advances in experiments.

Figure 4 shows the total current of this case with N = 512
and clearly there is a quasi steady-state current. When we de-
termine the contributions from each section of 32 lattices sites
to the left of the middle (256-th site), each contribution comes
in a burst following the previous burst from the section to its
right. Thus the burst from the section of the 225-th site to
the 256-th site crosses the middle first, followed by the burst
from the section of the 193-th site to the 224-th sites, and so
on, with each burst having a decaying tail. This succession
of bursts gives a physical justification of the reason the semi-
classical distribution assumed in FCS is binomial, and why
other distributions can be excluded (see below). Each burst
peak plus all the tails from previous bursts add up to maintain
the observed quasi steady-state current. The MCF formalism
thus provides more insights into how a quasi steady-state cur-
rent forms and this is certainly beyond the scope of the Lan-
dauer’s formalism. Since some spin chain problems can be
mapped to fermions in 1D, our study is relevant to the dynam-
ics of magnetization in these cases as well [43].

V. SEMI-CLASSICAL FCS FORMALISM

For two 1D non-interacting fermionic systems connected
by a central barrier, it has been proposed [18] that an expres-
sion for the entanglement entropy can be derived from FCS
assuming a binomial distribution of the transmitted particle

number. In linear response, it has the form

AS——QM—B
At h

[TlogT + (1 —T)log(1—T)].  (15)

Here, T is the transmission coefficient at the Fermi energy.
The second moment of transmitted particle numbers, Co, is
important because it may be inferred from shot-noise mea-
surements. Moreover, the spectrum of current fluctuations
through the barrier, Ps,, is related to Co by Py, = Ca/t.
Refs. [18] gives the prediction for Pg,,:

_G B ), (16)

PS’!L
t h

We will briefly review the derivations for these expressions.

In a semi-classical description, the second moment of trans-
mitted particle numbers, Cs, is equivalent to the number fluc-
tuations of the left half of the system if the number of parti-
cles are conserved. This can be understood as follows. Let
us assume that at time ¢ there are Ny particles on the left.
At time t + At, if there are Np particles passing through
the barrier, the total number of particles on the left becomes
Np, = Nrg — Np. When Np is treated as a number, one has
Cy = (NZ) — (Ng)? = (NZ) — (Np)? = ANZ.

In a fully quantum-mechanical description, however, Ny
is an operator and the cross-correlation (N LONT) #*
(Np1o)(N7) may introduce corrections to the expression. In
the micro-canonical formalism, the fully quantum-mechanical
equal-time number fluctuations, ANE, can be monitored. We
will compare this with the prediction of Cy from the semi-
classical formula Eq. (16) and see how important the quantum
corrections are.

We summarize how the moments and entanglement entropy
can be evaluated from semi-classical FSC [18]. The character-
istic function (CF) of transmission of fermions of one species
is x(\) =307 P,e™", where P, is the probability of n
fermions being transmitted. In terms of cumulants of FCS,

o0 -A m
log x(\) = Z (lm)' Con. (17)
m=1 '

Importantly, the generating function is shown to be [18]
x(\) = det (1 — M + Me™)e X)) (18)

where X = exp(iHt)C(0)Pr, exp(—iHt) and Py, is the pro-
jection operator into the left-half lattice. Using det(AB) =
det(A) det(B) and log det(A) = T'rlog(A) one obtains

log X(\) = —idx + log[det(1 — M + Me™)], (19)

where © = Tr(X) and Tr denotes the trace. The matrix
M can be diagonalized as M = SDy ST, where Dy =
diag(vi,--- ,vn/2) and S is a unitary matrix. Then we get
the final expression

N/2
log x(A) = —idz + log H(l —v; 4+ vje). (20)

j=1



The second cumulant can be obtained from

~ 9%log x(\) B N/2 )
CQ_W‘HO—;(%—%% @1

The entanglement entropy defined in Eq. (9) can be calcu-
lated as

§=— /1 dzu(z)[zlogz 4+ (1 — z)log(1 — 2)].  (22)

0
Here z = 1/(1—¢*") and the spectral weight y(2) is given by
wu(z) = %Imaz log x(z —i0™). (23)
The CF of a binomial distribution with a transmitted prob-
ability T'is x(A) = (1 = T 4 Te'N = (1 — T/2)", where

N = 2upAt/his the flux of incoming particles. The spectral
weight is then

w(z) = %Im@z log(1 — )

z — 10t
= N%é(z -1T)
= N§(z - T). (24)

In this derivation we have used 1/(x — i0") = P(1/x) +
imd(x),d(z(z—T)) = (1/2)0(z—=T),and (T'/2)0(z —T) =
0(z — T'), where P denotes the Cauchy principal value. Then
the entanglement entropy of Eq. (22) leads to the expression
of Eq. (15). A similar calculation using Eq. (21) gives the
expression of Eq. (16).

VI. ABSENCE OF MEMORY EFFECTS FOR
NON-INTERACTING SYSTEMS

Before presenting a comparison of the MCF results with
those of the Landauer formalism, we first investigate how
sensitive the MCF results are to the time-dependence of the
switch-on of the bias. This is important because in the Lan-
dauer formalism a steady state is assumed from the outset,
while in the MCF a quasi-steady state develops in time and
therefore its magnitude can be dependent on initial conditions
and transient behavior of the bias.

So far we only considered a sudden quench so that pp is
abruptly switched to its full value. The MCF can be applied
to other scenarios beyond a sudden quench. Here we consider
situations where pp is switched on at a finite rate and reaches
its full value at time ¢,,,. Here, we focus on the weak-link case
and one has to monitor the dynamics of the correlation matrix
by solving the equations of motion

0 CIC- B B
G <atj> =X- %@IQ%GL + %<Cjcj>j€L +
B B
%@CMGR - %<Cjcj>j€1?~ (25)

Here, X = [t'6; njo +1(1 — 6i,N/2)]<Cl'L+lcj> + [t'0;, 241 +
t(1—5i,N/2+1)]<C;r—1Cj>— [t'0;,n/2 +t(1—5j,N/2)]<CICj+1>—
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Figure 5. (Color online) (a) Current and (b) entanglement entropy for
different time dependence of the bias up = (t/tm)t for t < tm.
Here t,, = 10to, %'/t = 0.5, N = 256 and N,, = 128. We show the
results for « = 0.1, 1, 10 labeled next to each curve along with the
results from a sudden quench (dashed lines) and from a multi-step
switching-on (dot-dash line).

[t'0; nj241 + (1 — 5]»7N/2+1)]<czcj_1>. The equations of
<[CI H ] Gj > +
(c![¢;, H]), where [-, -] denotes the commutator of the corre-
sponding operators. We assume that the dynamics of the two
spins are identical and the initial condition is the same as that
in the sudden-quench case.

motion are derived from i(@(ch) /ot) =

Figure 5 shows the current and entanglement entropy from
different cases with up(t) = (t/ty,)*t fort < t,, and up =t
for t > t,,. One can see that despite different transient be-
haviors, the currents reach the same magnitude when QSSCs
emerge. Moreover, the slopes of the entanglement entropy are
also the same in the regime where QSSCs emerge. We find
the same conclusion when ¢,, is varied. Importantly, one may
over-excite the system by tuning the bias above its final con-
stant value, and yet this spike does not affect the height of the
QSSC or the slope of the entanglement entropy as shown by
the dot-dash lines in Fig. 5.

Our observations then suggest that there is no observable
memory effect in the QSSC and entanglement entropy of non-
interacting fermions driven by a step-function bias because
those observables are not sensitive to the details of how the
bias is turned on. However, the robustness of the QSSC
against different time dependencies of the switch-on of the
bias may not hold in the presence of interactions, and we leave
this study for future work.
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Figure 6. (Color online) (a) Averaged current (Eq. (26)) and (b) slope
of the entanglement entropy for different time dependence of the bias
B (t/tm)t for t < tn,. Here tm = 10to, '/t = 0.5 (black) and
t'/t = 1 (red), N = 256 and N, = 128. We show the results
for « = 0.01,0.1,1,10, 100 along with the results from a sudden
quench (dashed lines).

Figure 6 shows the averaged current
1 100to

(I) 5000 Jsor, dtl(t) (26)
and the slope of s in the region 50ty < ¢t < 100ty for
a = 0.01,0.1,1,10, 100 along with the results from a sud-
den quench. The results from those cases where the bias is
turned on in a finite time ¢,,, exhibit no observable deviation
from the results from the case of a sudden quench. We choose
tm = 10tg and N = 256 with IV, = 128, but the conclusion
holds for other parameters. Thus in the following we focus
on the sudden-quench case when we compare the MCF and

analytical formulas.

VII. COMPARISONS

Figure 7 shows the current, entanglement entropy, and
number fluctuations of the weak-link case for selected values
of t'/t. The currents clearly exhibit a quasi-steady state after
a short transient time. We emphasize again that the steady-
state current results from the quantum dynamics of the system
and is not assumed a priori. The corresponding steady-state
currents calculated from the Landauer formula, Eq. (1), are
plotted on the same figure. The results from our simulations
agree well with the predictions from Landauer formula. This
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Figure 7. (Color online) (a) Current, (b) entanglement entropy, and
(c) particle number fluctuations of the weak-link case with ¢’/ =
1,0.5,0.1 (labeled next to the corresponding curve). The dashed
lines in (a) show the current predicted by Landauer formula, Eq. (1),
with the corresponding parameters. The arrows point to the transient
regime where the current fluctuates in (a) and the entropy deviates
from the linear dependence in (b) for the case with '/ = 0.5. The
inset shows [ for N = 256,512,1024 (from the largest oscillation
amplitude to the smallest one) and the current predicted by Eq. (1)
(dashed line) for £’ /t = 0.5. Here up = 0.2t and N = 512.

agreement is in line with the observation that as the system
approaches thermodynamic limit (N — oo with finite filling),
the microcanonical setup becomes indistinguishable from that
in the Landauer formalism. For the case ¥ = ¢, we recover
the quantized conductance, Go = I/pup = 2€?/h (spin in-
cluded). As expected, in the presence of a barrier (£ < ?),
the conductance is smaller than the quantized conductance.
The suppression of the current by a weak central link was also



shown in Ref. [44]. We also test finite-size effects by compar-
ing the currents from N = 256, 512, 1024 with the prediction
from Landauer formula in the inset of Fig. 7. One can see that
while the oscillation amplitude decreases with increasing sys-
tem size, the average currents of the three different sizes all
agree well with the analytical result. For the central-site case
we found similar results.

When the link strength ¢’ or the central-site energy Ec¢ is
tuned, the transmission coefficient T'( E') changes accordingly.
Figure 3 compares the quasi steady-state currents from Lan-
dauer formula (black line) and from micro-canonical simula-
tions of the weak-link case (red circles) and the central-site
case (green squares) as a function of the transmission coeffi-
cient T = T(E = 0). The three results agree well and this
supports the expectation that the Landauer formalism provides
reasonable predictions. However, we will see that the agree-
ment does not hold when we study the distributions on the two
sides of the junction.

The entanglement entropy is expected to be linear in time
and our results support this claim. We found that the slope of
As = s — s(up = 0) is proportional to pp as predicted in
Eq. (15). For different values of ¢’ /T, we test the predictions
from the two formulas. From Fig. 2 we find that in the range
—pup/2 < E < pp/2 the variation of T'(E) is within 3% for
all cases we studied so we take T'(E = 0) as the transmission
coefficient in our evaluation of Eq. (15).

The slope of the entanglement entropy from micro-
canonical formalism and the predictions from Eq. (15) are
shown in Figure 8 for up/t = 0.1 and 0.2. One can see that
our results agree well with Eq. (15) for all values of 7" and
this implies that the distribution of tunneling particles may be
approximated by a binomial form as assumed in Ref. [18]. In
the derivation of Eq. (15) and in our simulation, fermions of
different spins tunnel independently and do not generate spin-
entangled states. The entanglement entropy comes from the
correlation of partially tunneled and partially reflected wave-
functions of particles.

We notice that the transient time, which is defined as the
initial time interval during which the system has not reached
a quasi-steady state, seems to differ in I(¢) and s(t) (as illus-
trated in Fig. 7). During the transient time, the currents fluctu-
ate violently while the entropy exhibit a downward bending.
From our simulations we found that the transient time for s()
is three times larger than that for I(¢) and this relation seems
to be insensitive to the system size.

To investigate how FCS depends on the underlying proba-
bility distribution, we study the behavior of Eq. (15) when a
Gaussian (continuous) distribution is implemented. To make
connections with the original binomial distribution, we choose
the mean m = N'T and the variance 0> = NT(1 — T) to
match those of the binomial distribution. The CF is x(\) =
exp(imA — 30%\?). A change of variable z = 1/(e"* — 1)
gives x(z) = exp(ulog(1—21)+102[log(1—1)]?). One then
finds Imd, log x(2) = Im[ - + -2 log(1—1)]. When one
changes z to z — 0" and uses the formula 1/(z — i0") =
P(1/x) + imd(z), the imaginary part of 1/(2% — 2) does
not contribute to the integral of s because the delta function
§(2% — z) can only be satisfied at z = 0, 1 but those points do
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Figure 8.
Eq. (15) (red) and simulations (symbols). Here the results for
g/t = 0.1 are represented by the dashed line, circles (weak-link),
and diamonds (central-site) while those for up/t = 0.2 are repre-
sented by the solid line, triangles (weak-link), and squares (central-
site). We choose N = 512 and T = T(E = 0). The thin red
solid and dashed lines shows the results for a Gaussian distribution,
Eq. (27), for up/t = 0.2 and 0.1. Inset: The slopes (in units of to_l)
from different system sizes N = 256,512, 1024, 2048 showing the
convergence to the semi-classical value for £ /T = 0.5 (solid line).

(Color online) Comparison of the slope of s(t) from

not have finite s. The only contribution in the spectral weight
is thus z1(z) = £ -2 TIm[log(1 — —5+)]. One can show that

T 222
Im[log(1 — )] = arg((z — 1)/z) = — (the choice of
the sign will be clear in a moment) for 0 < z < 1. Thus the

weight is p(z) = —zg—iz which is positive for 0 < z < 1.
From s = — fol dzp(z)[zlog z 4+ (1 — 2) log(1 — 2)] [18] one
gets s = ao? = a(2up/h)T(1 — T)At. Thus

As 2B

Al —a< h >T(1 T), (27)
where o =~ 3.3 is a numerical factor. In Figure 8 we show
(in thin red lines) its values. It is clear that the data from
the micro-canonical simulations can distinguish these distri-
butions.

As the system size increases, the small oscillation on top of
the linear increase of the entanglement entropy decreases. We
found that this reduces the difference between the slope from
fitting the results from the MCF and the slope predicted by the
semi-classical FCS formalism. In the inset of Fig. 8 we show
the slope from the MCF for N = 256,512, 1024, 2048 with
half-filling. One can see that as IV increases the agreement
improves. However, optical lattices in real experiments are of
limited sizes so one may expect observable finite-size effects
in experimental results.

Next we extract the slopes of AN? and compare the re-
sults with the slopes predicted from the semi-classical formula
of the second cumulant, Eq. (16), in Figure 9. The slopes
agree reasonably well, which implies that quantum correc-
tions to the semi-classical formula are insignificant. More-
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Figure 9. Comparison of the slopes (in units of ¢, 1y of AN? (sym-
bols) and C2 from Eq. (16) (curves). The circles (weak-link), di-
amonds (central-site), and dashed line correspond to pug/t = 0.1
while the triangles (weak-link), squares (central-site), and solid line
correspond to pp/t = 0.2. Here N = 512 with half filling. Inset:
The slope (in units of t; ') of ANZ for N = 256,512, 1024, 2048
at half filling with ¢/t = 0.5. The dashed line shows the result from
Eq. (16).

over, we have compared the third and fourth moments with
the quantum-mechanical fluctuations of the corresponding or-
der. The results from micro-canonical simulations show ob-
servable deviations from those from semi-classical FCS in the
fourth order but not in the third order. The slight difference
between our results and the results from semiclassical FCS in
Fig. 9 is due to finite-size effects. We have checked our re-
sults for larger system sizes and the result converges to the
FCS prediction, as shown in the inset of Fig. 9.

So far the MCF agree reasonably with Landauer formal-
ism and FCS. Now we will show several interesting phe-
nomena associated with the finite size and conservation laws
of isolated systems such as cold atoms. We first study the
particle distribution functions on the left and the right sides.
This can be done by first projecting the correlation matrix
to the left (right) half uniform lattice and obtaining M; =
PpCP;, and M = PrCPg. Next we find the eigenval-
ues and the corresponding unitary transformations of H;, and
Hp (with the biases on) so that Hy,/r = UL/RDL/RUz

/R
where Dy, r = diag(er/r,1, " ;€L Rr,N/2)- Then we con-
struct the correlation matrix in energy space and get lN)qu/,R =

Zi}jeL/R(Uz/R)qi(UL/R)jq/ (Mp,/Rr)ij. For each eigenvalue
€L/R,q> the occupation number is given by nr/g(er/r,q) =
ZN)qu/ " In Fig. 10 we show the particle distributions for the
weak-link case with ¥ = 0.5t and ¢’ = t at t = ty, 100¢g, and
200ty for N = 512 with the system initially half-filled and
1p = 0.2¢. The particle distributions for the central-site case
with similar parameters are shown in Fig. 11.

Clearly, the particle distributions on both sides vary dynam-
ically but they evolve in a coordinated fashion so that the cur-
rent across the junction remains constant for a long period
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Figure 10. (Coor online) The distribution function of the weak-link
case with up = 0.2¢ and ¥ = 0.5¢ (left column) and % (right
column). From top to bottom, ¢ = to, 100to, and 200to. Here,
N = 512 (with the lattice initially half-filled) and the quasi-steady
state current persists to 240to.

of time. This is different from the picture behind the Lan-
dauer formula. In Landauer formula the distributions on the
left (right) half lattice are fixed at f1, (fr) and a constant tun-
neling constant 7" determines the rate at which particles move
across the junction. On the other hand, for a finite system,
the particle distributions must evolve with time. If Eq. (1)
is naively used in this case, one may expect that the current
decays with time because the difference between the distribu-
tions, fr,(E) — fr(E), should be a decreasing function when
particles are flowing from the left to the right. In contrast,
a plateau in the current emerges in the full quantum dynam-
ics. Even more surprisingly, there exists a time interval when
a QSSC still flows from left to right, yet the right lattice has
more particles, as shown in the bottom right panels of both
Figs. 10 and 11 (for t = 200¢() [45]. This highlights that this
a highly correlated state that allows the QSSC to persist. We
will see in the next section this is due to causality and the finite
speed of propagation of information, and thus is analogous to
the light cone in special relativity.

There are recent proposals for designing batteries for atom-
tronic devices [8]. However, an important message from our
study is that an isolated quantum system can maintain a quasi
steady-state current in many cases. The quasi-steady state, as
we demonstrated, is maintained by internal dynamics so a bat-
tery may not be the only way for generating a steady current in
atomtronic devices, one could instead engineer an appropriate
initial state that will induce a QSSC.
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Figure 11. (Color online) The distribution function of the central-
site case with up = 0.2t and E. = 2t (left column) and O (right
column). From top to bottom, t = to, 100¢o, and 200¢o. Here,
N = 512 and the quasi-steady state current persists to ¢ = 240to.

VIII. LIGHT-CONE OF WAVE PROPAGATION

In the last section, we saw that a QSSC can continue to flow
even when the particle imbalance would indicate otherwise.
This effect is due to the finite speed of information. Recent
experimental studies [3, 46] have shown that the density pro-
file exhibits a “light cone” as an atomic cloud expands, and
there are ongoing theoretical studies to support this fact [47].
We can see this effect within the MCF (one of the many advan-
tages of this formalism). We monitor the real-time dynamics
of the density and current profiles for noninteracting fermions
in a uniform lattice driven out of equilibrium by (1) a step-
function potential as shown in Fig. 1, and (2) a sudden removal
of atoms on the right-half lattice as discussed in Ref. [23].
The time evolution of the first case is shown in Figure 12 and
that of the second case is shown in Fig. 13. In both cases
one can see clearly a “light cone” within which the motion of
atoms are confined. The propagation speed is limited by the
Fermi velocity, which for filling f is vp = 2sin(fn)/tg. For
N = 512 at half filling (N, = 256), it takes about 128t for
the wave front to reach the boundary and reflect back. Around
256t the two wave fronts propagating in the opposite direc-
tions meet again in the middle. That is when the current stops
showing the quasi steady-state behavior. This applies to both
cases, as shown in Fig. 12(c) and (d) and Fig. 13(c) and (d).
This explains the paradoxical behavior of the QSSC flowing
counter to the particle imbalance. This happens because the
information regarding the population imbalance still has not
been carried to the junction region where the current is being
monitored.

For the quarter filling (IV,, = 128), if the wave front propa-
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gates at the speed of the corresponding Fermi velocity v/2 /%,
it takes about 181ty for the wave front to reach the bound-
ary and the two wave fronts meet again at around 362¢,. Al-
though the main body of the wave propagates at this speed,
there are ”leaks” of the wave which propagate at speed higher
than \/2/to but they are limited by the maximal Fermi ve-
locity 2/to, as shown in Figs. 12 and 13. This “leaking” be-
havior is more prominent for the case of a sudden removal of
half of the particles at higher filling. As shown in Fig. 13(e)
and (f), for initial (3/4) filling there is significant fraction of
the wave propagation at 2/¢(. For the step-function bias case
(Fig. 12(e) and (f)), the main wave propagates at \/5/ to and
again the leak propagates at higher speed (limited by 2/%¢).
We also found that adding a weak central link or a central site
with different onsite energy only decreases the magnitude of
the current, but the speed of wave-front propagation remains
the same for the same initial filling.

IX. KUBO FORMALISM

In order to connect the microcanonical and Landauer ap-
proaches, we apply leading order perturbation theory on finite
systems by way of the Kubo formula [11, 48, 49]

(A1) = (A)o —1 / at([aw. @)y @)

for the observable A. Here, O = e!HotQe—Hot indicates an
operator in the interaction picture, H' is the perturbing Hamil-
tonian, and (O), indicates an average with respect to the ini-
tial state. For all practical purposes, here we use the wave-
functions of finite-size systems without taking the thermody-
namic limit commonly employed in solid-sate systems. We
will consider a one-dimensional lattice set out of equilibrium
by connecting two initially disconnected halves with a weak
link or by the application of a bias to an initially connected
system, as shown in Fig. 1.

A. Connecting the L and R lattices

The initial Hamiltonian is

Hy = Hp, + Hpg, (29)
where
Hp=-> tcle;+pr ) cle (30)
(i) i
and
Hp=- tdld;—pur»_ dld;. (31)
(i-4) i

The left and the right lattices are both finite lattices of length
N with non-periodic (“open”) boundary conditions. We con-
sider the ground state of H; and Hg fixed at half filling —
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Figure 12. (Color online) The density profiles (top row) and current profiles (bottom row) for a uniform chain driven out of equilibrium by a

step-function bias pp = 0.2¢. Here N = 512 with N,, = 128 ((a) and (d)), N,, = 256 ((b) and (e)), and N,, = 384 ((c) and (f)). The Fermi
velocity for half filling is (2/t) and that for (1/4) or (3/4) filling is (v/2/to).
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Figure 13. (Color online) The density profiles (top row) and current profiles (bottom row) for a uniform chain driven out of equilibrium by

suddenly blowing away particles on the right half. Here N = 512 with initial particle number N, = 128 for (a) and (d), N, = 256 for (b)
and (e), and N, = 384 for (c) and (f).

the bias can be thought of as added simultaneously with the ~ Hp = >, efbl by and el = —2Fcos (kn/ (N + 1)) + pg.
connection of the two lattices. The diagonalization of the At t = 0, the lattices are connected by the perturbing

left lattice is performed by ¢; = >, Ujrar with Uj;, =  Hamiltonian
V2/ (N +1)sin(jkr/(N+1))and k = 1, ..., N, yield- .
- ) ) N t +
ing Hy, = 3, ekalay and €& = —2fcos (kn/ (N +1)) + H =gt (Cldl + d101> ' (32)

. Similarly for the right lattice, using d; = U, by gives _ o
pr Y g gdj =2y Usbre where g = t’/t. Note that the numbering of the sites in both



lattices starts from the interface sites. The current is the quan-
tity of interest, hence we will take

A= gtcldl, (33)

where A gives the hopping between the two halves of the lat-
tice, i.e., ¢1 acts on the interface site on the left lattice and
d; on the interface site of the right lattice. This will give the
current through I (¢) = —2Im(A (¢)).

The interaction picture operators are

A(t) = gy U Uneet(5

kK

Wialby (34

and
o) = C&@q-%AT@q). (35)

Putting these into Eq. (28) and using that (A)y = 0 for two
initially disconnected lattices, we obtain

_ 27 2\ 2T (] ()
(A®) =gty |Un[* [Urw] R (1 ek % )

k.7k>/ k) k,
(36)
The current is then

I(t) = —2Im(A (1))

= 20?2 |Upa? Ui |* =% sin [(ek — €f2) 1] -
k._’k./ Ek‘ - Gk’/
(37)

When the L and R lattices are half filled, this double sum
will be nonzero when either k¥ < N/2, k' > N/2or k >
N/2, k' < N/2.

To simplify the expressions and show the correspondence
with Landauer, we take the semi-infinite limit for the left and
right lattices obtaining

dk dk’ sin? k sin? &/
ng — nk/
——— sin[t(ex — € + B
e o)),
where €, = —2tcosk and pup = puy, — pg. At this point, we

have made no assumption about the strength of the bias, the
filling, or the temperature. We will now restrict ourselves to
the case of half filling and zero temperature.

The two contributions to this expression give the forward
and backward currents, integrating over energy instead of

wave vector,
292t 2 6/2 1/2
= de' (1- S 1-—
/ fw ()0
sm
X

(e — € + ) /to]
€—€ +
and
292t/ de/ de’ ( )1/2 <16/2>1/2
4
><sm (e—¢ Jr,ub)/tg}
e—€ 4
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Figure 14. (Color online) Current versus time for connection-

induced transport. The Kubo result (blue crosses) compares very
well with the exact microcanonical method (red, dashed line), with
both approaching the steady-state current (green, dashed line) for
long times. Here, the lattice is of length 1600 sites, the bias is
wp/t = 1/10, and the strength of the weak link is ¢ = 1/100.

Here, pip, = pup/t. Ast — oo, the fast oscillating function
sin (tz) /mx enforces €’ = € + . This latter equality can not
be satisfied in the backward current as € is positive and p, is
also positive, but €’ is negative. Thus, only the forward current
remains, giving

B g2 B /2

I degrLgr (38)

T J—p/2

in the steady state and including the factor of two for spin.

Here, grr) = \/4—(eF 11p/2)° and the bias is applied
symmetrically. The result is insensitive, though, to how the
bias is applied — the left lattice can be shifted by p g and right
lattice by 0, or the left by p5 /2 and the right by —p5/2. This
expression is valid for arbitrary bias and agrees with the Lan-
dauer expression, Eq. (4), to leading order in g. For small bias,
one obtains

4%t
I~ ig LB (39)

Figure 14 shows the agreement of this expression with the
exact microcanonical expression for finite-size systems.

This Kubo approach is firmly rooted in the microcanonical
picture — we have a finite, closed system (the semi-infinite
limit is taken only for convenience) set out of equilibrium.
The resulting expressions separate out the short time behavior
—due to forward and backward fluctuations at all energy scales
— and the long time behavior — the QSSC — that emerges from
just the forward current.



B. Applied bias across the L and R lattices

Let us now consider an initial Hamiltonian for a connected,
homogeneous lattice of length 2NV

Hy=— ZECIC]‘. (40
(3,9
We consider the ground state of Hy fixed at half fill-

ing. The diagonalization is the same as above except
with a lattice of length 2N, ¢; = >, Ujrar with
Uir = +/2/@2N+1)sin(jkr/(2N+1)) and k =
1,..., 2N, yielding Hy = ZkekaZak and ¢, =
—2tcos (km/ (2N + 1)).

At t = 0, the lattices are perturbed by the Hamiltonian

KB
4 cle; — 724% (1)
i€l i€ER

H = FB
2

which applies the step potential bias as shown in Fig. 1. The
strength of the perturbation is the bias pp. The current be-
tween the two halves is of interest, and therefore we choose

A=tcheny. (42)
The interaction picture operator is

A (t) = Z U]INUN+1]€/€1(€]“_ek/)tt_altak/. 43)
k,E’

After some work, one finds that the current is
I(t) =—2Im(A (¢))

2upt N — N
= kBt Z Fow ——F sin[t (e, — )],

2N + 1) € — €
( +1) k Even, ¥ ¥
k' Odd
where
4¢° — /
Fo = 20 + Gk (44)
€ — €L/

As t — oo, one can compute the steady state current, | ~
upt/m, which includes a factor of two for spins. This agrees
with the Landauer expression, Eq. (3), expanded to the leading
order of i p. Figure 15 shows the agreement of this expression
with the exact microcanonical expression for finite-size sys-
tems. One may build connections between the Landauer for-
malism and the MCF via the use of non-equilibrium Green’s
functions [50]. The Kubo approach here, however, gives ex-
plicit expressions for the effect of the reservoirs for discrete
systems and thus explicitly connects closed, finite systems and
their thermodynamic limit.

X. CONCLUSION

In summary, we have discussed different theoretical view-
points for quantum transport phenomena that may be stud-
ied in ultra-cold atoms. In particular, we have compared the
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Figure 15. (Color online) Current versus time for bias-induced trans-
port. The Kubo result (blue crosses) compares very well with the
exact microcanonical method (red, dashed line), with both approach-
ing the steady state current (green, dashed line) for long times. Here,
the lattice is of length 1600 sites, the bias is up/t = 1/100.

current, entanglement entropy, and number fluctuations from
the Landauer approach, semi-classical FCS, and the micro-
canonical formalism. In our study of two finite 1D lattices
bridged by a junction, we found a quasi steady-state current
from the quantum dynamics in the micro-canonical simula-
tions. The magnitude of this quasi steady-state current agrees
quantitatively with the value predicted by the Landauer ap-
proach. The underlying mechanisms, nevertheless, have been
shown to be very different when the distributions of the two
sides are analyzed. The distributions evolve in time and
steadily deviate from Fermi-Dirac distributions even while the
quasi steady-state current is maintained.

Our work points out several key issues when applying dif-
ferent formalisms to closed quantum systems such as ultra-
cold atoms in optical lattices. Of particular importance is
the confirmation, using the micro-canonical approach, that a
quasi-steady state fermionic current can be established in a 1-
D closed system for a finite period of time without the need of
inelastic effects or interaction effects beyond mean field [20].
The magnitude of this non-interacting quasi-steady state cur-
rent is independent of the way the bias is switched on. This
also hints at the fact that the Landauer formalism may not be
the best suited for the study of transport properties of these
finite closed systems, even though the average current that it
predicts is correct for long times. This is because, in the case
of elastic scattering, the current is dominated by local prop-
erties at the junction. On the other hand, other quantities of
interest, such as the occupation of particles — whether at a
quasi-steady state or not — are very sensitive to the full spatial
extent of the wavefunctions.

The entanglement entropy from our simulations of the full

quantum dynamics agrees with the formula derived from
semi-classical FCS with a binomial distribution, which raises



the question of how the wave nature of the transmitted par-
ticles can be well approximated by such a distribution. We
also found that quantum corrections are not significant in the
equal-time number fluctuations of these noninteracting sys-
tems. On the one hand, this supports the use of a semi-
classical approach in studying certain transport phenomena.
On the other hand, finding transport coefficients that are sen-
sitive to quantum corrections is an interesting future direction.

Extending those comparisons to higher dimensions or in the
presence of interactions beyond mean field approximations
could be very challenging, but they could lead to a deeper
understanding of transport phenomena in closed quantum sys-
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tems. We emphasize that these issues, such as the dynamics
and feedback of reservoirs, quantum correlations, and matter-
wave propagation, should be carefully investigated in more
complex situations as we did here for non-interacting systems.
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