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A partition-free approach to transient and steady-state charge currents

Horia D. Corneanﬂ, Céline Gianesello ﬁ, Valentin Zagrebnov ﬁ

Abstract

We construct a non-equilibrium steady state and calculate the corresponding current for a
mesoscopic Fermi system in the partition-free setting. To this end we study a small sample
coupled to a finite number of semi-infinite leads. Initially, the whole system of quasi-free
fermions is in a grand canonical equilibrium state. At ¢ = 0 we turn on a potential bias on the
leads and let the system evolve. We study how the charge current behaves in time and how
it stabilizes itself around a steady state value, which is given by a Landauer-type formula.

1 Introduction

At the present time one can essentially distinguish two different ways of constructing non equilib-
rium steady states (NESS) for composed systems.

The first method consists of preparing a partitioned initial state for the total system containing
several sub-systems, each of which being in a different state of thermal equilibrium, and then put
them into contact with each other at t = 0, and let the coupled total system evolve in time until
it reaches a steady state. In the mathematical physics community this method goes back to D.

Ruelle Bd], [B1]. Tt was seriously promoted during the recent years through numerous papers, see
e.g. [RY [I}, Lo, @, , ﬂ] and references therein. One can allow the carriers to interact in the
sample [[L5], and the theory still works. Note that even if one chooses to turn on the coupling

between the reservoirs in a time dependent way (for example adiabatically), the results remain the
same [[[F.

The second method deals with those situations in which the initial state is an equilibrium state
for the already coupled (i.e. partition-free) total system. The partition-free approach goes back
at least to M.Cini [[J. This means that the initial state is not "partitioned” into a direct sum of
equilibrium sub-states associated to e.g. different leads. The system is taken out of equilibrium
by switching on an electrical bias between subsystems (leads) like for example turning on a d.c.
battery, which in a certain way can be seen as changing the electro-chemical potentials of the
leads coupled via a small sample. In contrast to the first method, there are almost no rigorous
mathematical results on the second method beyond the linear response theory, or at least we are
not aware of the existence of such results.

Although these two methods seem very similar, especially if one suddenly switches on the
parameter bias in the partition-free system at ¢ = 0, their implementations are different. One of
the aims of this paper is to illustrate this observation.

The main result of the present paper is that now we are able to construct a NESS and to study
charge currents in the partition-free setting and for the full response. Let us describe in words
what we do.

For simplicity, in this paper we only consider two semi-infinite leads which are both coupled
with the same small sample when ¢ < 0. The full system is in a Gibbs equilibrium state at a
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given temperature and chemical potential. At ¢ = 0 we turn on a time-dependent potential bias
V(t) between the leads, modeling a transient regime of a d.c. battery. At time ¢; > 0 the bias is
stabilized and remains constant in time afterwards. The statistical density matrix p(t) is found
as the solution of a quantum Liouville equation, with an initial condition given by our global
Gibbs state at t = 0. The time-dependent charge current from one lead to the other is defined
as the mean value of a current operator in the state p(t), see (R.§)-(R-19) for details. A priori the
current depends on time, on the way we switch on the bias, and the point where we make the
measurement.

In Theorem @ we show the existence and compute the ergodic limit of this charge current.
The limit depends neither on the way we switch on the bias, nor on the point where we measure
the current. We also obtain an explicit Landauer-type formula for this limiting charge current
value, involving the transmission coefficients between the leads.

Establishing Landauer-Biittiker type formulas (see e.g. [, fl, B H]) starting from first principles
but in the partition free setting was the original motivation of a number of remarkable physical
papers, see for example [@], , [@] and references therein. Probably the state of the art of
this subject seen from a physical perspective is to be found in two papers by Stefanucci and
collaborators [@, @] in which the partition free approach is combined with the Green-Keldysh
theory and a number of very current interesting formulas are proposed.

A first mathematically sound derivation of the Landauer-Biittiker formula in the partition free
approach under the linear response approximation was obtained in [@] and further investigated in
[@] In we significantly improved the method of proof of , which also allowed us to extend
the results to the continuous case. Another challenging open problem is to extend the formalism
in order to accommodate more efficient numerical current computations in transient regimes (see
B4, B3, Bd, BT and references therein), and locally interacting fermions.

The structure of the rest of the paper is the following;:

e In Section f] we introduce the model and define the transient charge current in (R.17). The
main result is formulated in Theorem E

e Section H starts with a list of well-known facts about the spectral and scattering theory of
mesoscopic systems coupled to semi-infinite leads. The second part of the section is dedicated
to the proof of our main theorem. At the end we give a list of open problems.

2 Set up and main results

We work with a discrete model in a one-particle Hilbert space H. Following the physical convention
we define the scalar product to be linear with respect to the second variable.

Our carriers are quasi-free fermions (electrons). A small sample S is modeled by I' C Z?2, chosen
to be a finite subset of Z2. We couple S to two ”one-dimensional” semi-infinite discrete leads
a = 1,2. The sites of a lead (building its standard basis) are indexed by the set N,, := {0,1,2,...}.
Thus, |j.) denotes the basis element at the site with the number j of the lead «, see Fig.1. The
total one-particle Hilbert space is a direct sum of the space modeling the sample I' C Z?, and two
spaces corresponding to the leads {Ng}a=12 :

H:=1*T) @ 1*(Ny) @ I*(Ny) . (2.1)

We denote by {|m,n)}(m nyezz and by {|ja)}j.en, the corresponding orthonormal bases of the
spaces [2(Z?) and [?(N,), where a = 1, 2.

Now we describe our one-particle Hamiltonian. For the sample S we may choose any self-
adjoint bounded operator H®. For example, we can choose H* to be the restriction to [?(I), of
a lattice Harper-type operator with Dirichlet boundary conditions on I', but the concrete model
for HS does not play any role in the proof of our results. Notice that I" is chosen to be finite, but
can be arbitrarily large.
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Figure 1: A sample I' connected to two semi-infinite leads Ny and Ny. Here |j,) denotes a basis
element at the site with the number j of the lead «

On each lead a@ = 1,2 we define the identical one-dimensional discrete Laplacians acting on
the functions from [?(N,) with Dirichlet boundary conditions on N,:

(HEO) () =t {0+ ) + T -1}, n>1 (HEO)0) = t,9(1)
HL — ZHé’ (22)

where t7, > 0 is a hopping constant. In the following, we denote the Hamiltonian corresponding
to these three disconnected subsystems by:

Ho:= H" + H”.
The coupling between the sample and leads is described by the tunneling Hamiltonian (see Fig.1):

HT =7 {|0a)(S™| + [S*)(0a} =: H"*S + H5". (2.3)

a=1

Here 7 > 0 is the hopping parameter between leads and the sample. The interaction () simulates
a quantum point constriction, or a tunneling barrier. Here |0,) is the first site on the lead «, and
|S®) is the corresponding contact site |mq,ne,) on the sample coupled to the lead .

Then the total one-particle Hamiltonian takes the form:

2
H=H+Y H:+H" =0+ H"+ H* + H%" = Hy+ H". (2.4)

a=1



Remark 2.1. As we mentioned before, our results can be extended through verbatim to more
general choices of Hamiltonians H” and HT. The key properties that we need are: the absolutely
continuous spectrum in the leads, and a finite rank operator coupling between a finite sample and
the leads.

2.1 The state and charge current

At ¢t < 0 the total coupled system (@) is at equilibrium for a given temperature 1/ > 0 and a
chemical potential p. Since we work with non-interacting fermions, the corresponding one-particle
Fermi-Dirac equilibrium density matrix is the operator

1

f(H):maMERa (2.5)

defined on the Hilbert space (.1]).

At the moment ¢t = 0 we turn on a bias on lead number one in the following way. We fix t; > 0
and choose a real and continuous function ¢ which has the property that ¢(t) = 0 if ¢ < 0 and
#(t) = 1if t > t;. Let v > 0. Denote by P; : H +— [2(Ny) the projection on the lead number one.
Then define the time dependent potential bias as:

V1 (t) = U¢(t)P1 . (26)

Denote by U(t) the unitary evolution associated to H+V; (t) through the time dependent Schrédinger
equation:

0 U(t) = (H+Vi(t)U(t), U0)=T. (2.7)
The density matrix at time ¢ > 0 is a solution of the Liouville equation and be expressed by:
p(t) == U F(H)U ()" . (2.8)

Denote by P2(") :H — 12({n,n+1,...}), the projection on the second lead from which we exclude
the first n sites. If n = 0, then it is just the projection P, on the lead 2. We define the current
operator modeling the measurement of the charge flow at site n by:

o = A[H + Vi(t), V) = i[H, P\™) , jo=i[HT, Py . (2.9)

Remark 2.2. Clearly, the current operator has finite rank, thus it is trace class. This is one
important feature which is only true in the discrete setting. It significantly simplifies the technical
estimates compared to the continuous case.

Remark 2.3. To obtain (@) we used some evident support properties of the projections PQ(n),
which imply:

(P, P =0, PMPMY = pth gS M =0, ¥n>o0, (2.10)
and also:
[HY, P)) =0, [H*, P #£0, [HT,P")=0 vn>1. (2.11)

These properties make the commutators in @) nontrivial, and are important for the study of
the current propagation (see the proof of the point (i) of our main theorem).

The charge current flowing through the second lead at time ¢ > 0 and measured at site n is
the expectation of the operator j,, from @) in the quasi-free state defined by the time dependent
one-particle density matrix p(t):

I(t,n) :=Tr{p(t)jn} (2.12)



2.2 The main theorem
Now we are ready to formulate our main results, collected in one theorem.

Theorem 2.4. (i) The following ergodic limit exists and is independent of n, t1 and ¢:
1 /7
I := lim —/ I(t,n)dt. (2.13)
T Jo

(ii) Fiz t > 0. Then the current vanishes if we measure it infinitely far inside the lead 2:

nh_)ngo I(t,n) = 0. (2.14)

(iil) Assume that the operator H 4+ vPy has only finitely many eigenvalues. If we measure the
current very far inside the second lead (but not infinitely far), the transient/oscillatory effects will
be weaker and weaker and the current defined in ) will slightly fluctuate around the value
). More precisely:

lim limsup |[I(¢t,n) — I| = 0. (2.15)

n—00 ¢t 00
(iv) Denote by Tl(;) ) the transmittance coefficient between the two leads at bias v for the spectral
parameter A (see (| ) for a rigorous definition). Then we establish the following Landauer-type
formula:

Lo =2n / {7 = FA =)} T (N . (2.16)
[72tL+’U,2tL+’U]ﬁ[72tL,2tL]

Remark 2.5. ;From (ii) one concludes that if we fix the time of measurement ¢ and push the
measuring point n to infinity, the current tends to zero. Although this does not imply that the
propagation speed of the current is finite, a property which we cannot expect to hold true because
of the non-relativistic dynamics on the leads. On the other hand, in (iii) we prove that if the
current measuring device is placed further and further away from the sample, after waiting a
very long time the current becomes non-zero and has weaker and weaker fluctuations around its
steady-state mean value. In other words, the limits ¢t — oo and n — oo do not commute.

Conjecture 2.6. As a complement to Remark @, we conjecture that the group-velocity of the
spatial correlations in our model is finite, i.e. if A is any observable supported in a neighborhood
of the sample, then there exist some positive constants C', M and v such that the Lieb-Robinson
type bound @]:

IA,U@) P U @) < Cem M (2.17)

holds true for everyt >0 and n > 0. The exponential bound sounds as a strong one, i.e. one can
not exclude a priori a power-like decay.

Remark 2.7. Our proofs are exclusively based on one-body scattering methods. We do not use
the many-body language, which is unavoidable only if the carriers interact.

Remark 2.8. By the same reasons, one can completely characterize the many-body states w(-)
on the Fermi algebra CAR(H), (algebra of the Canonical Anticommutation Relations) by a one-
particle density-matrix operator p defined on H. If at ¢ = 0 the state w(-) is the grand-canonical
equilibrium state on CAR(H) of a non-interacting Fermi system ) (equilibrium quasi-free
state), then the density-matrix operator is equal to p(t = 0) = f(H) ). The evolution )
preserves this property, i.e. it transforms this state into a non-equilibrium quasi-free state )

3 Proof of the main theorem
We start this section with a list of well known facts about the spectral and scattering theory of

mesoscopic, systems coupled to semi-infinite leads. This will help us to fix notation and streamline
the proof of the theorem.



3.1 Some spectral and scattering background

First we recall some elements of the stationary scattering problem associated with the pair of
Hamiltonians (H +vPy, Hy +vP;), where H := Hy + H”. In this case the free system consists of
the leads with a bias v localized on the first lead together with the decoupled inner sample, and it
is described by the Hamiltonian Hy + vP;. The perturbed system also contains the coupling H”.

The operator Hy = HY+ H? has as a subspace of absolute continuity H*(Hy) = @i:1 I12(Ng).
Since the operator H — Hy is of finite rank, the trace class scattering theory implies that the Mgller
wave operators

ng) = s-lim etH+vP) —it(HotvP) B (F10 1 Py | (3.1)

t—Foo

exist and are complete, see e.g. (B, [Bf]. Here Eac(Ho+vP;) = Eac(Hp) denotes the projection
on the absolutely continuous subspace H**(Hy +vPy) C H, or H**(Hp) C H of the corresponding
operators. The location and nature of the spectrum of operators like H was extensively studied in
[@]; one can prove under generic conditions that there are only finitely many eigenvalues, while
the singular continuous spectrum is always absent.

It is known that the set of (normalized) generalized eigenfunctions of H% on the semi-infinite
leads o = 1,2 have the form:

sin(k(m + 1))

Va(A) = Z V(A m)|ma),  W(Am) = NCoTTOR (32)
m>0

Here the spectral parameter A = A\, (:= 2t cos(k)) for k € (—m, 7). The generalized Fourier

transformation associated to these eigenvectors is defined by

2

F: @PIP(Na) = @ L2([~2t. 2t.)), (3.3)

=1

[F(®)]a(A) = (Ta(X), ®a)zg, = TAim)®a(m). (3.4)

m>0

Its adjoint is given by

P @ L2 (-2, 2tr) — @ 1P(Na), (3.5)

a=1

2ty

(F*Eatm) = [ Za ¥ m)dr (3.6)
—2tr,

We see that F'is a unitary ogerator, and that FH"F* is just the multiplication by Al on the space

which is a direct integral [, C2dN = @>_, L2([~2t1,2tL)), ie.

7]
FHEF* = / AL dA. (3.7)

[—QtL,QtL]

—2tL,2tL]

If the bias is present on the first lead, the situation is changed. Since H(Hy) = H(HT), the
generalized eigenfunctions of Hy + vP; are chosen to be

\Ilgv)()\; m):=VU(A—wv;m), X€[-2t+v,2tr+v], m>0, (3.8)
\Ilév)()\;m) =U(\;m), A€ [-2tg,2tr], m>0. (3.9)
The corresponding generalized Fourier transformations are:
2
Fy: @ P(Na) — L?([—2tL + v,2tr, +v]) @ L([2t, 2t.]) (3.10)
a=1
[Fy(®)]1(N) = Z TN —ov;m)®i(m), [Fy(P)]2(N) = Z T(A\;m)Da(m) . (3.11)
m>0 m>0



Therefore, we can construct generalized eigenfunctions of H 4+ v P, as solutions of the Lippmann-
Schwinger equation:

W (N ) =T () — (Ho+vPr — A —i0) tHTOW () ) . (3.12)

These generalized eigenfunctions have the following very useful intertwining properties between
the subspaces of absolute continuity of the operators Hop+vP; and H +vP;, which can be formally
written as:

(N = e, (3.13)
T = (e () (3.14)

The scattering operator S : H*(Hy + vPy) — H(Hy + vP;) is a unitary map acting
on H*(Hy 4+ vPy) = H*(Hp) = @2 _, 12(N,), and it is given by S = (W Q(v). Then the
corresponding transition 7- operator is deﬁned by 2miT () :=1—S()_ In the spectral representation
of HY + vP; in the space f 905 201 (C d\, the T-operator is a A-dependent 2 x 2 matrix with

elements denoted by t(v) (M). Using @ ) one gets the representation:

S )= [P — SEYF* () . (3.15)

P 211

Then with the help of the generalized eigenfunctions we can express the T-matrix elements as:

) = (U (), HTOL (A ). (3.16)

Since S is unitary, one gets the relation i(T — T*) = 2aT*T = 2aTT* (Optical Theorem), which
implies:

Im{tgy) (0} = (1855 O + 1185 (V) (3.17)
157 (VI = [£35 (V). (3.18)

The transmittance Ta(g)()\) between the leads o and 3 for a given energy A is defined by:
Tiy O = lay P (3.19)

Note that by definitions (B.§), (.9) and (B.1q) the transmittance 7'1(U)( A) =0if X & [-2t, +
v, 2t + ’U] n [7215[‘, 2tL].

3.2 Proof of (i)

By (£.4) and (.7) the evolution operator U(t) obeys for ¢t > t; the equation:

U(t) = e*i(t*tl)(HJrUPl)U(tl) ) (3.20)

Then by H = HPP(H +vP,)®H*(H +vP;) and by (R.§) we obtain for the current (P.19) measured
at site n the representation:
I(t,n) = Te{e PO (1) F(H)U* (1)t HHvP) 5y
= Tr{e " MEPOY (1)) f(H)U* (t )" HPO B (H 4+ 0Py jn}
+ Te{e™ mWEERIT (1) FH)U™ (t2)e TP By (H + 0Py ju}
=: Ipp(t,n) + Lac(t,n) (3.21)



where E,,(H + vP;) denotes the projection on the pure point subspace HPP(H +vP;). By virtue
of (2.9) one gets the identity:

Gt PO B (4 g Py) e (-t H+0P)
d

== { Bop(H + vPy)et=t)itoR) pm o =iti=m)(i4er | (3.22)

Let us for now assume that H +vP; has a finite number of eigenvalues. This means that Epp(H +
vPy) is trace class. Now if T' > t;, the pure point part of ([B.21) yields:

T t1 T t1
/ Ly (t,n)dt = / Loy (t,n)dt + / Loy (t,m)dt = / Ly (tn)dt
0 0 0

t1

+Te{U(t1)f(H)U*(t1) D(T) Epp(H +vP1)} (3.23)

where the operator D(T') := ei(T—t)(H+vP1) pin)o—i(T—t)(H+vPy) _ p(™ g yniformly bounded in
T. Since the first integral in the right-hand side of () is finite, the pure point spectrum does
not contribute to the ergodic limit ) In the case when E,,(H + vP;) does not have finite
rank, we have to employ an ¢/2 argument based on the fact that E,,(H +vP;)j, can be arbitrarily
well approximated in the trace norm with an operator containing the projection on a sufficiently
large (but finite) number of eigenvalues of H + vP;. This approximation will be independent of
T, so the previous argument can be repeated.

So, it remains to investigate I,.(¢,n) and to show that it actually converges when ¢ — co. To
this end we start with three technical lemmas:

Lemma 3.1. The operators U(ty) — e~iHoti=ivP1 o' (0T g [7*(¢1) — eifotr+ivPr [o' ()dT e
compact.

Proof. Since the following Dyson-type equation:

% {€¢H0t+wpl I ¢>(t)dtU(t>} — _jeiHot+ivPy [f o T (4,

is equivalent to

t1
Ulty) = e—iHoti—ivPy S g(rydr _ Z/ e—iHo(t1—t)—ivPy i ¢(T)dTHTU(t)dt
0

)

we use that H” is a compact (finite-rank) operator in order to finish the proof. O
Lemma 3.2. The operator U(t1) f(H)U*(t1) — f(Ho) is compact.

Proof. Tt is an easy consequence of Lemma @, of the fact that Hy commutes with P;, and of the
observation that the difference f(H) — f(Hy) is a compact (even trace-class) operator. O

Lemma 3.3. Let K be a compact operator. Then the following trace-norm tends to zero:

lim ||[Ke!t—tOHPO R (H 4+ 0P))j,|) = 0. (3.24)
t—o0
Proof. Since j, is from the trace-class (finite rank in our case), by standard e¢/2 arguments we
can assume that operator K has a finite rank. Then the proof is a consequence of the Riemann-
Lebesgue lemma. O

Corollary 3.4. Use the identity U(t1) f(H)U*(t1) = (U(t1) f(H)U*(t1) — f(Ho)) + f(Ho) in the
representation of T,.(t,n). Then Lemma and Lemma @ imply the limat:

Jim [ Lo (8, n) — Te{e T £ (Ho) D EPO B, (H 4 0Py)ja}| =0, (3.25)
—00



Now, to prove the ergodic limit () it is enough to check that the trace appearing in (3.29)
converges when t — oo. To this end we use a standard trick of inserting the free evolution and
then to use the identity:

f(HO) — ei(t*tl)(Hng’UPl)f(HO)efi(tftl)(H()Jr’UPl)

in () Using (@) together with the fact that the wave operators are complete thus unitary,
we obtain the existence of the following strong limit:

{QE:)}*EM(H +vP)) =5 — lim e it HoroP) pit—t)(H+oP) B (1 4 4 Py),

t—o00

where the limit operator projects onto H*°(Hy). Finally, because j, is trace class we can conclude
that the limit:

lim Le(t,n) = Tx {Q$’>f(HL){Q§?>}*EaC(H + vPl)jn} , (3.26)
exists and is finite.

Remark 3.5. We were able to replace f(Hy) = f(H®) @ f(HY) by f(H") because the inner
sample is projected out by the wave operator {ng)}* on the right.

Until now we proved that the ergodic limit () is independent of ¢ and t1. The independence
of n follows from the next lemma:

Lemma 3.6. For any n > 1 one can establish the following continuity equation:

Te {0 F(HELQYY Bae(H + 0P} = Te {0 RO} Buc(H + 0Py )jo |
=: I. (3.27)

Proof. Denote by x, := P> — PQ(n) the projection on the first n sites of the second lead. Then
(B-9) and Remark -3 yield jo — jn = i[H + vPy, x»]. Hence, the identity (B-27) is equivalent to

Tr {Qf’f(HL){Q(f)}*EaC(H +oP)[H + vPy, Xn]} —0.

But the operator x,, is trace-class, so we can undo the commutator. The wave operators intertwine
between H+vP; and Hy+vP;, and Hy+v P, commutes with H. Tt follows that H+vP; commutes
with Qf)f(HL){QS:}) }*Eac(H+vPy). Then the trace cyclicity finishes the proof of the lemma. [

3.3 Proof of (ii)

We start by proving that the current at ¢ = 0 (i.e. at equilibrium) is zero for all n. Indeed,
according to (P.9) and (£:13) one has 1(0,n) = Tr(f(H)j,) = iTe(f(H)[H, PQ(")]) for all n > 0.
Now fix n and denote by Hy the Dirichlet restriction of the operator H to the finite leads of

length N < oo, where n < N. Denote by PQ(")’N the finite-rank projection corresponding to the

restriction of PQ(")

limit” result ] :

to the bounded second lead. Then one can prove a certain ”thermodynamic

1(0,n) = lim Tr {f(HN)i[HN, P2<">*N]} . (3.28)

N—o00

To understand why (B:2§) holds true, note that j, = i[Hy, P\"""] = i[H, P{"™] is a finite-rank
operator which is independent of N. Moreover, f(H) and f(Hy) differ significantly from each
other only very far from the support of j,. Details can be found in [[L1].

But Tr {f(HN)i[HN, PQ(")’N]} = 0 for all N by trace cyclicity. Thus (B.2§) shows that I(0,n) =
0 for any n > 0.
The next step of the proof is to show that for all ¢ > 0 one has:

lim |I(¢t,n) —I(0,n)]=0. (3.29)
n—oo



Then by 1(0,n) = 0 for all n, the limit in () would imply () First we present the difference
in ) as:

I(t,n) = 1(0,n) = Te{U(t) f(H)[U*(t) — e""]jn} + Te{[U(t) — e~ 7] f(H)e" T jn}. (3.30)
Then we express the propagator U () (@) with the help of its time-ordered Dyson series:

Ut) = e (3.31)
—itH (*i>kvk ! ‘ ! imH —im H it H —ity H
+e Z — dry dro... dr T{p(m)e' ™ Pre™" 7 Lop(r)e' ™ Pre™ Tk}
k>1 k! 0 0 0
whereas its adjoint is given by:
U*(t) = e (3.32)
Z‘kvk t t t . ) . X . .
+ Z o / dmy / dTQ.../ diT{(b(Tl)e”allef”lH...gb(Tk)eWleeﬂT’“H}eZtH ,
1 v Jo 0 0

where T means time-ordering in decreasing order and T means time-ordering in increasing order.
Note that in the formula (B.30) the first term on the right-hand side contains the operator
[U*(t) — e*]3,; we want to show that its trace-norm goes to zero with n. By a simple support

property ) one has Pénil) Jn = Jn and since j, is a finite-rank, it is enough to prove that
[U*(t)—ettH ]P2("71) converges to zero with n in the operator norm. To this end we need a technical
estimate given by the following lemma:

Lemma 3.7. For any fized t > 0 one has:

lim sup HPle”HP;”*” —0. (3.33)

n—o0 |T|§t

Proof. Since the operator H is bounded, for any € > 0 there exists N, such that

Ne -k _kprk
) H
emH N LT <e (3.34)

sup T S

[T]<t

k=0
The support properties (Remark E) and the one-step hopping in the Hamiltonian H” imply that
PlHkPQ("_l) =0if n > N, > k. Hence, by (B.34) we obtain that for n > N,

sup
[T]<t

Ple”HPQ("_l)H <e, (3.35)

which proves the lemma. O

Applying this result to the expansion (B.33), one finds that [U*(t) — e ]Pénil) converges to
zero in norm. This convergence allows to bound from above the limit of the difference (B.30)):

limsup |I(t,n) — I(0,n)| < limsup |[Te{[U(t) — e "*H]f(H)e  j,}|. (3.36)

To estimate the limit (B.36) we use the representation [U(t) — e~®H]f(H)e!H j, = [U(t) —
eitH ) {(1— P2y 4 pi/2DY ¢ (H)eitH . Since again the function f(H)e*? can be approximated
in operator norm by polynomials in H, we can apply to (I — PQ(["/Q]))f(H)e”Hjn the same line of
reasoning as in Lemma B.7 to establish:

lim [|(1— P20y f(H)e™ PV = o, (3.37)

n—roo

since the distance between the supports of I— PQ([n/ 2D and of Pénil) tends to infinity. For the term
[U(t) — e~ H] P £ (H)eitH j, we use the representation (B.3]]) and Lemma B.7, which imply
that the norm of [U(t) — e~ *#]P{["/?) goes to zero with n. Together with (B-37) this proves that
the limit of the right hand side of (B.3d) equals zero, thus (B.2d) follows.
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3.4 Proof of (iii)

By virtue of (B:26) and (B:27) one has lim; o fac(t,n) = I.. Therefore, it only remains to
estimate the current I,,(t,n). This gives by (B.21)):

§1>110)|Ipp(tan)| < ||Epp(H+UP1)jn||1 .

Note the right-hand side of this estimate can be made arbitrarily small by increasing n, since we
assumed that we have finitely many eigenfunctions which are necessarily localized near the sample
S, thus

hm ||Epp(H+UP1) S || =0.

This finishes the proof of (iii). Note that in the exceptional case in which H + vP; could have
infinitely many eigenvalues, this argument fails.

3.5 Proof of (iv)
To calculate the steady charge current ) we use our main formula () in the form:

Lo = T { Q) F(HOQY Y Bao(H + vPr)jo ) = Tr { FHEHOY Y Buc(H + 0P1)jo0 }
Now using the spectral representation for HY + vP; one can evaluate the trace on [?(N;) @

12(Ny) with the help of its generalized eigenfunctions (see (B.g) and (B.)). Then we obtain the
representation:

I = /mﬂ X\ f(\ — )<\p<”)(A A Y Bae (H + vPy) o200 (; )>

—2tr,+v
oo ) @) () g (v)

b [ an 0 (9806 (9) BT + 0P o087 (1) (3.38)
—2tr,

By () for the scalar product in the first integral we get:

(W0 AQL VT, PIOY () = 20m (0 (), BHTE (1))

—2Tm <P2{\I/1”)()\; ) = (Ho +vPy — X —i04) " HTO (A )}, HTa () )> , (3.39)
where in the second line we used the Lippmann-Schwinger equation () Notice that the vector
Py(Hy + vPr — X — i0.) " HT®{V (\;) € 12(N,) for almost every A. By Remark . one has:
[Ho, PQ] =0and PP, = 0, which implies PQ(H0+’UP1 — )\77:0+>71HT = PQ(HO — )\7’L.0+>71HT.
Taking this and the identity: PQ\IJY})(A; -) = 0 into account, we can use the spectral representa-

tion of Hy and decomposition the vector Py(Hy — A — i0+)_1HT<I>§U)()\; -) over the generalised
eigenvectors {\Ilév)()\’; J}vel-2t, 2t to obtain

20m (Po{ WY () = (Ho + 0P = A= i0,) BT 0 ()}, HT {7 (0 1)) =

2 () 7. N T (0) 2
- —21m/2tL T 7Aﬂo+ ’<\1/2 (N5 ) HT 3! (A;-)>‘
= _2777-21 () X[—2tL,2tL]()\) . (3.40)

For the last equality we used the Sokhotskii-Plemelj formula, and definitions (B.16), (B.19)).
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By the same line of reasoning one gets for the second integrand in (B.3§):
(W) () AQY Y Bae (H + 0P)o 208 () ) = 2Tm (087 (), PHT @8 (X;) )
—2Im <P2{\1/§”>(A; )= (Ho+vPy — A —i0)  HTO (A )}, HTL (A -)>
= 2Im{t\Y (\)} — 2Im <P2(H0 =0 HT (), HT B () -)>
= 2Im{t5y ()} — 27t (V) = 2775 (V) (3.41)

where for the last identity we used (B.16) and (B.17). Note that here X € [—2ty,2¢;]. Taking into
account the symmetry (B.1g) and plugging (B.40), (B.41)) into (B.38), we obtain (R.16).
Recall that T, (A) = 0, if A & [~2t1,2t1] N [—2t, + v, 21 + v). O

4 Concluding remarks

In the present paper, we established a Landauer-type formula for the stationary current running
through a discrete system with a (small) sample coupled to one-dimensional infinite leads. We
give a rigorous proof of the existence of the ergodic limit of the charge current and then its explicit
expression. Our strategy is based on the partition-free approach, it is quite general and demands
a minimal information about the sample.

There are several open problems which deserve to be mentioned.

1. One of them is our Conjecture @ about the Lieb-Robinson type correlation group velocity
bound, which up to our knowledge it has not been studied before in this context.

2. If V(t) is a time dependent bias between which after t = ¢; becomes a perfect monochromatic
signal like Vp+ V] cos(wt), then the ergodic limit exists and is independent of ¢; and of the site
where one measures the current. Furthermore, the ergodic limit is given by a Landauer-like
formula [Lg).

3. A computation of the current I(¢,0) (see (B.1d)), by expressing the evolution unitaries
through the functional calculus associated to the resolvents, and the resolvents with the
help of the Feshbach formula as in [}, [F. Can one obtain an ”easy” formula for I(t,n) at

a given n? Can one study numerically the transient effects and check point (ii) in Theorem
B4

4. Study the resonant transport in the case of small coupling (0 < 7 << 1 and v a variable
parameter).

5. What happens with point (%) of our theorem if there are infinitely many eigenvalues?
Study the ”wide band limit”, or t;, — oco.

Compute the first few corrections in v of the conductivity tensor.

® N>

Introduce a Kohn-Sham interaction in the sample, as in Stefanucci’s papers [@] How can
one properly formulate the mathematical problem in this non-linear case? Can one still
prove the existence of a steady state? Is it unique?
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