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Abstract. We investigate spin transport in 2-dimensional insulators, with
the long-term goal of establishing whether any of the transport coefficients
corresponds to the Fu-Kane-Mele index which characterizes 2d time-
reversal-symmetric topological insulators. Inspired by the Kubo theory
of charge transport, and by using a proper definition of the spin current
operator (Shi et al. in Phys Rev Lett 96:076604, 2006), we define the
Kubo-like spin conductance G and spin conductivity o7z . We prove that
for any gapped, periodic, near-sighted discrete Hamiltonian, the above
quantities are mathematically well defined and the equality G = o
holds true. Moreover, we argue that the physically relevant condition to
obtain the equality above is the vanishing of the mesoscopic average of
the spin-torque response, which holds true under our hypotheses on the
Hamiltonian operator. A central role in the proof is played by the trace
per unit volume and by two generalizations of the trace, the principal
value trace and its directional version.
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1. Introduction

The last few decades witnessed an increasing interest, among solid state physi-
cists, for physical phenomena having a topological origin. This interest traces
back to the milestone paper by Thouless, Kohmoto, Nightingale and den Nijs
on the quantum Hall effect (QHE) [49], includes the pioneering work of Haldane
on Chern insulators [23] and the seminal papers by Fu, Kane and Mele concern-
ing the quantum spin Hall effect (QSHE) [18,19,25,26] up to the most recent
developments in the flourishing field of topological insulators [2,25,30,37,44].

As it is well known, in the QHE a topological invariant (Chern number)
is related to an observable quantity, the transverse charge conductance or
Hall conductance. By analogy, in the context of the QSHE for 2-dimensional
time-reversal-symmetric insulators, one would like to connect—if possible—
the relevant topological invariant (Fu—Kane—Mele index) to a macroscopically
observable quantity. The natural candidates are spin conductance and spin
conductivity, whose proper definition has been debated, and whose equivalence
has not been yet established.

The first crucial point is to characterize the operator corresponding to
the spin current density. In the last few years, an intense debate about the
correct expression of the latter took place, but a general consensus was not
reached [1,10,37,44,46,48,51]. Among the candidates, one may include!:

(i) the naive guess
Jnaive = I[H; X] Sza

where H is the Hamiltonian operator of the system, X = (X7, X2) is the
position operator, and S, represents the z-component of the spin;
(ii) its symmetrized version, namely

Jsym = £ (Jnaive + Jnaive) = 3 (i[H, X] S, +1iS; [H,X]),

naive

which has the advantage of providing a self-adjoint operator;
(iii) last but not least, the alternative provided by the “proper” spin current

JPYOP = I[Hv XSZ]7 (11)

proposed by [46], which is also self-adjoint.

1We use Hartree atomic units, so that the reduced Planck constant %, the squared electron
charge e? and the electron mass me are dimensionless and equal to 1. In particular, the

2
quantum of charge conductivity in the QHE is % = %
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Whenever [H,S,] = 0 (spin-commuting case), the three above definitions
agree, while they differ in general. Notice that spin conservation is often vio-
lated in topological insulators, as it happens e.g. in the paradigmatic model
proposed by Kane and Mele [25,26], reviewed in Appendix A. Hence, it is of
prominent importance to understand which choice best models the physics,
aiming at a closer comparison between the theoretical predictions and the
ongoing and challenging experiments on the quantum spin Hall effect [50].

The choice (iii) has the advantage to provide an operator associated to
a sourceless continuity equation for the associated density and to Onsager
relations [46,51]. On the other hand, whenever H is periodic, Jgym provides a
periodic (or covariant, when ergodic randomness is added) operator, while—as
early remarked by Schulz-Baldes—the latter property fails to hold for Jpyop,
which “leads to technical difficulties, but also questions the physical relevance”
of the operator Jpop [44].

In this paper, we are inspired by the following simple but new observa-
tion: even if Jp,;op is not periodic, it satisfies a peculiar commutation relation
with the lattice translations {Tp}pGZd whenever the Hamiltonian operator is
periodic. Namely,

Tp Jorop Ty " = Jprop — Pi[H,S.] Vp € Z°. (1.2)

Hence, whenever the spin torque i[H, S,] averages to zero on the mesoscopic
scale, e.g. because 7 (i[H, S;]p(t)) = 0 where 7(-) is the trace per unit volume
(see Definition 2.6) and p(t) is the density matrix describing the state of the
system, the operator Jy.op is “mesoscopically periodic”, in the sense that its
commutator with the lattice translations vanishes on the mesoscopic scale.

A second crucial question is whether the relevant observable quantity
related to the Fu-Kane-Mele (FKM) index is the spin conductance, or the
spin conductivity, or some other transport coefficient, if any. We recall that
the transverse (resp. direct) spin conductance is defined, experimentally, as
the ratio between the spin current intensity and the electric potential drop
measured in orthogonal (resp. parallel) directions, hence as the ratio of two
extensive observable quantities. On the contrary, the transverse (resp. direct)
spin conductivity is the ratio between the expectation value per unit volume of
spin current and the strength of the electric field measured in orthogonal (resp.
parallel) directions, and as such is the ratio of two intensive quantities. In the
case of charge transport in 2-dimensional systems, the equality of charge con-
ductance and conductivity holds true, as proved in [7] under suitable technical
hypotheses, at least within the linear response approximation (LRA) [3,4,21].
In the case of spin transport, the situation is instead radically different and,
unless [H, S.] = 0, it is not obvious a priori whether the equality between spin
conductance and spin conductivity holds true or not.

Our analysis encompasses several steps. As a first step, we reconsider
the spin transport starting from the first principles of quantum mechanics.
This analysis, performed in two related papers [32,33] by a space- and a
time-adiabatic approach, respectively, shows that spin conductivity and con-
ductance, defined by using the operator J,.op (whose lack of periodicity is



G. Marcelli et al. Ann. Henri Poincaré

harmless on the mesoscopic scale, as remarked above), contain additional terms
with respect to what suggested by the analogy with the Kubo theory of charge
transport. The physical relevance of the additional terms is at the moment
unclear and deserves further investigations by both numerical and analytical
methods.

As a second step, in this paper we investigate the Kubo-like terms. Explic-
itly, they are the following;:

(a) the Kubo-like spin conductivity is defined as
oy :=7(3%) with X% :=iP[[P,X15.],[P, Xo]] P (1.3)

where P is the Fermi projector up to energy p € R, which is supposed to
be in a spectral gap, and 7(-) is the trace per unit volume (TUV). The
fact that 7(X%) is well defined and finite will be part of our results.

(b) the Kubo-like spin conductance is defined as
G;é (Al, A2) = 1—pVTI‘(9;é (Al, AQ))
with 9;;(1\1,/\2) =iP [[P,AlSz], [P7 AQ]] P (14)

where A; is a switch function in direction j € {1,2}, as in Definition 2.3.
The fact that the operator §3(A1,As) is not trace class (see Remark
4.8), forces us to introduce a suitable trace-like linear functional, denoted
by 1-pvTr(-) and baptized directional principal value trace in direction
j =1 in Definition 2.5, which generalizes the trace.

The new result of our paper is that for any gapped, periodic, and near-
sighted Hamiltonian (compare Assumption 2.2), one has the equality

G%(A],Ag) = U}q(z.

In particular, under these assumptions, the spin conductance is independent of
the switch functions A; and As involved in its definition. The precise results,
which for technical reasons are proved in the setting of discrete Hamiltonian
operators, are stated in Theorems 2.8 and 2.9, while the crucial observation
mentioned after (1.2) reflects in Eqs. (2.4), (3.2) and (5.20) in the proofs.
Notice that our results do not assume the smallness of [H,S.]; hence, they
go beyond the regime of spin quasi-conservation considered in previous papers
[40,44].

Moreover, the structure of the proof suggests that, more generally, spin
conductance and conductivity are equal under the more general condition that
7(J5.) = 0, where the spin-torque response operator is defined by

T, :==iP [[P, S.], [P, X2]| P. (1.5)
Physically, 7(7.) represents—within LRA—the response of the system, in

terms of spin torque i[H, S,], to a uniform electric field in direction 2. Indeed,
the term [P, X5| originates from the perturbation by a linear potential, i.e.
a uniform electric field, whereas [P, S.] stands for the spin-torque response,

namely the response in the expectation value of i[H, S.], to this perturbation.
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To prove our results, we need to set up a suitable mathematical machin-

ery, involving some trace-like linear functionals, as the principal value trace
(Definition 2.4) and the j-directional principal value trace (Definition 2.5).
We also prove some relevant properties of the trace per unit volume (Defini-
tion 2.6).
As it is well known, in an infinite-dimensional Hilbert space one has in general
Tr([A, B]) # 0, since the cyclicity of the trace holds true only under special
conditions, e.g. if AB and BA are trace class and both A and B are bounded
operators [47, Corollary 3.8]. Similar subtleties appear when considering the
trace-like functionals mentioned above. It is noteworthy that many physically
relevant quantities appear as the trace or TUV of exact commutators. For
example, as noticed in [7] the Kubo charge conductance o, for a quantum
Hall system can be rewritten as

o5 = ir([PX,P, PX,P))

where P is the spectral projector up to the Fermi energy. Hence, the men-
tioned mathematical subtleties are not an abstract academic issue, but are
deeply intertwined with the physics of quantum transport. For this reason, we
devote two sections to the analysis of the properties of the mentioned trace-like
functionals (Sects. 3, 4), also considering that part of this machinery might be
of independent interest. In this analysis, we greatly benefited by the previous
work on charge transport in quantum Hall systems, including in particular
[3,6-9,14,15]. The mathematical setting and the main results are discussed in
Sect. 2, while Sect. 5 is devoted to the proofs.

Our work provides a mathematical consistent expression for the Kubo-
like terms of spin conductivity and conductance, and some sufficient conditions
which imply their equality. Moreover, our work puts on solid mathematical
grounds the proposal to use Jyrop as the self-adjoint operator corresponding
to spin current density, circumventing the criticism related to its failure to be
periodic. These results pave the way to further developments in the mathe-
matical theory of time-reversal-symmetric topological insulators, a very active
field of research in Solid State Physics and, more recently, in Mathematical
Physics [5,11-13,16,17,20,22,27,34,35,40,41,44,45].

2. Setting and Main Results

We consider independent electrons moving in a discrete set € C R2, which
is supposed to be a periodic crystal, i.e. it is equipped with a free action
of a Bravais lattice I' ~ Z2. In view of the latter action, after a choice of a
periodicity cell, one decomposes C ~ Z? x {v1, ..., vy}, where the second factor
corresponds to the “points inside the chosen periodicity cell” (see Appendix A
for the specific case of the honeycomb structure and the Kane-Mele model).

Taking spin into account, the Hilbert space of the system is Hpnys =
(?(€) ® C? which, in view of the above procedure, is identified with

Haise = (Z*) @ CY & C2. (2.1)
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Any bounded operator A acting on Hgjsc is characterized by a collection
of matrices {Anm}, meze C End(CY @ C?). We denote by |Am | the corre-
sponding matrix norm, while the operator norm on the full Hilbert space Hgjsc
is denoted by || A]l.

Definition 2.1. A bounded operator A acting on Hgisc is called near-sighted?
if and only if there exist constants C,{ > 0 such that

|Amn| < Ce~tlm-nl, Vm,n € Z?,
where ||n||; := 2521 |n;]. The constant ( is called the range of A.

Assumption 2.2. The Hamiltonian operator H is a bounded self-adjoint oper-

ator acting on Hgjsc. Further, we assume that the operator H

(H;) is near-sighted with range (g;

(Hy) is periodic, namely Huyn = Hm-pn—p for all m,n, p € Z?%

(Hs) admits a spectral gap, namely there exist non-empty sets I, > C R and
a,b € R, such that

Spectrum(H) =T, Ul and supl; < a < b < inf .
The interval A = (inf a, sup b) is called the spectral gap.

For € A, we denote the Fermi projection by
P = X(—oc,u)(H)a (22)

where xq is the characteristic function of the set 2. In Appendix A, we show
that the Hamiltonian Hyiy of the Kane—Mele model, which is often consid-
ered the paradigmatic model of time-reversal-symmetric topological insula-
tors, enjoys all the above assumptions, whenever the values of the parame-
ters guarantee the existence of a spectral gap. Moreover, one easily sees that
[Hxm, S2] # 0.

The aim of this paper is to analyze the Kubo-like terms in the spin
conductivity and spin conductance, defined as in (1.3) and (1.4), respectively.
In our context, the position operator X = (X7, X2) acts in Hgjse as

(Xj@)n :=nj0n, je{l,2}, VpeDX;).

The spin operator S, acts on Hgisc as 1 ® 1 ® 1s., where s, is the third
Pauli matrix. In order to keep a light notation, in the following we identify
any operator A which acts only in one sector of Hgjs., with the one acting
in Hgisc with extra identity factors, and we keep the same notation A (e.g.
X; = X; ® Ieny ® Lz, and so on).

The operator G} involves the notion of switch function, which we now
define.

2The term near-sighted was proposed by the Nobel Laureate Walter Kohn [30,39], in a
slightly different context. For electrons in crystals, “it describes the fact that [...] local
electronic properties [...] depend significantly on the effective external potential only at
nearby points.” The term short range operator is often equivalently used in the literature,
as well as local operator. The latter use, however, overlaps with the standard meaning of the
word “local” in the theory of operators, so we avoid it.
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Definition 2.3. Fix j € {1,2}. A switch function in the jth-direction is a
function A;: Z? — [0,1] that depends only on the variable n; and satisfies

As(ng) = 0 ifn; <n_
R B if n; >ny

for arbitrary n_ < n4.

In the following, we will identify a function defined on Z? with the correspond-
ing multiplication operator on ¢?(Z?).

As anticipated in the introduction, many subtleties of the quantum theory
of transport arise since some relevant operators appearing in the theory are
not trace class. The operators 37 and GjZ, defined in (1.3) and (1.4), are
not exceptional. To overcome this problem, one needs to define suitable trace-
like linear functionals corresponding to the relevant physical quantities. The
transverse spin conductivity is defined through the well-known trace per unit
volume. However, for the conductance the situation is quite different and we
have to introduce the notions of principal value trace and its directional version.

We make use of the norm

Il := max |n;| Vn e z?,
which conveniently respects the square structure of Z2. For any L € 2N + 1
and ng € Z?, we set

Qr(ng) := {n € 7% ||n — noll, < L/Q}

to denote the square of side L centered at ng. Following [9], we restrict to odd
integers (L € 2N + 1) in order to use the convenient decomposition®

9r(ng) = || Qi(n). (2.3)

neQr (no)

For the sake of better readability, we write Qr, for Qr(0).

We denote by xr1 := xq,, for L € 2N + 1, the characteristic function of the
square Qp, and by x; 1, for j € {1,2} and L € 2N + 1, the characteristic
function of the stripe {m € Z* |m;| < L/2}.

Definition 2.4 (Principal value trace). Let A be an operator acting in Hgisc
such that* y Ay is trace class for every L € 2N+ 1. The principal value trace
of A, is defined, whenever the limit exists, as

pvTr(A4) .= lim Tr(xpAxew)-
LEa

3The symbol | | corresponds to the disjoint union.

4The condition that “xpAxr is trace class for every L € 2N + 17 is automatically sat-
isfied in every discrete model, as those considered in this paper, since the range of xr, is
finite-dimensional. We decided to state this redundant condition anyhow, since we prefer to
consider the same definition for discrete and continuum models (Schrédinger operators), as
we plan to extend the proof to the latter models in the future.
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Notice that the principal value trace was already used in the context of
quantum Hall effect [7, Definition 6.6], but not its directional version that is
used below. As we deal with a two-dimensional system, we can also define
the notion of directional principal value trace depending on the jth-direction,
where j € {1,2} indicates the direction around which one localizes.

Definition 2.5 (Directional principal value trace). Fix an index j € {1,2}. Let
A be an operator acting in Hgise such that x; pAx; r is trace class for every
L € 2N + 1. The j-directional principal value trace of A, is defined, whenever
the limit exists, as

J-pvTe(4) == lim  Tr(x; L AxG,L)-
LE2NF1
We will show in Sect. 3 that both the principal value trace and its direc-
tional version coincide with the usual trace whenever A is a trace class oper-
ator. However, these functionals work also for operators which are not trace
class, in analogy with generalized integrals. Finally, we recall the definition of
trace per unit volume (see [4,9] and references therein).

Definition 2.6 (Trace per unit volume). Let A be an operator acting in Haisc
such that (see footnote 4) xr, Axy, is trace class for every L € 2N+ 1. The trace
per unit volume of A, is defined, whenever the limit exists, as
) 1
7(4) ;== lim Tz Tr(xrAxeL).

L—oo
Le2N+1

The fundamental properties of these three trace-like linear functionals are dis-
cussed in Sect. 3.

We now state an auxiliary lemma and then discuss the main results of
the paper.

Lemma 2.7. Let H be as in Assumption 2.2 and P be the corresponding Fermi
projection, as in (2.2). Then, the spin-torque response operator

T,. =iP [[P,S.], [P, Xo]] P

is periodic and bounded. Moreover, Ts_ has finite trace per unit volume and it

holds

7(Ts.) = Tr(x1Ts, x1)-
7(Js.) is called the mesoscopic average of spin-torque response.

Theorem 2.8 (Vanishing of spin-torque response). Let H be as in Assump-
tion 2.2 and P be the corresponding Fermi projection, as in (2.2). Then,

7(Ts.) = 0.

The physical interpretation of this result is that a uniform electric field
does not induce any particular spin-torque excess in the sample, at least within
LRA, when averaging on a mesoscopic scale (as done by the trace per unit vol-
ume). The proof of it relies on the conditional cyclicity of Tuv which, while
false in general, holds true for a specific class of operators, as proved in Propo-
sition 3.5.
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Theorem 2.9. Let H be as in Assumption 2.2 and P the corresponding Fermi
projection. Then:

(1) Let Ay be a fived switch function in the 2nd-direction. Assume that
G (A1, A2), defined by (1.4), is finite for at least a switch function A;.
Then, G7 (A}, A2) is finite for any switch function A}, and it is indepen-
dent of the choice of Aj.

(2) The operator X3, defined in (1.3), satisfies

%) mn = C¥)mpnp Pl T )mpn_p foralmmpe 7%, (2.4)

where Ts_ is the spin-torque response defined in (1.5). Moreover, the
Kubo-like term in the transverse spin conductivity, defined as o3 :=
T(X%), ts well defined and satisfies

0'?; = TY(XlziéXl)
(3) Finally, the equality
o =G (A1, Ag) (2.5)
holds true. In particular, G3; is finite and independent of the choice of
the switch functions Ay, Ao in both directions.
Remark 2.10. Before proving the above statements, a few comments are in
order.

(i) Notice that the operator X3 is, in general, not periodic; hence, the fact
that its trace per unit volume is well defined and finite, as proved in
Theorem 2.9 (2), is not trivial.

(ii) The simplicity of formula (2.5) might obscure the physics of the problem.
Indeed, during the proof, one shows that it holds true [see Eq. (5.20)]

s S, 1 .
GiE(A,Ao) =03 + B ngrgo E 7(Ts,). (2.6)
LENT1 miez
|m1[<L/2

The second summand is a series of constant terms, which is either zero

if 7(T5.) = 0, or divergent otherwise. As stated in Theorem 2.8, for

a gapped periodic near-sighted Hamiltonian, one has always 7(7_) = 0.

On the other hand, we suspect that Eq. (2.6) is valid in a broader context.
(iii) Whenever

[Ha Sz] = O, (27)

the spin-torque response operator vanishes, see (1.5). In this particular
case, it is straightforward to prove that G (A1,A2) = o3¢, since the
proof boils down to the analogous proof for charge transport (see [7] for
the continuum case, and [31] for a recent overview of the literature).

In view of (2.7), P admits the decomposition induced by the S.-
eigenspaces, namely

P:PTEBPL~

In the above, P; and P| are both projections on ¢*(Z?) @ CV. In this
specific case, if H enjoys Assumption 2.2 and is time-reversal symmetric,
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namely OHO~! = H for © = ¢™v/2K where sy is the second Pauli
matrix and K is the natural complex conjugation on Hgjsc, one has that

o = iT(P[[P, X1], [P, XQ”SZP)

_ %(cl(pg —Cu(P)) = Cu(Py), (2:8)

Ci(Py) = i /Bdk tr (P, (k)[0y Py (k), 92 Ps(K)])  for s € {1, 1},
where Py (k) refers to the fiber operator at fixed crystal momentum, with
respect to the modified Bloch-Floquet transform (see e.g. [34,38]).
Hence, in the spin-commuting case our result agrees with previous contri-
butions [40,44,45], yielding that the Kubo-like spin conductivity, given
by (2.8), agrees with the Spin-Chern number. Moreover, formula (2.8)
agrees with the Fu-Kane-Mele index modulo 2 [18,25,45].

3. Machinery: (Directional) Principal Value Trace and Trace
Per Unit Volume

In this section, we state and prove some fundamental properties of the trace-
like functionals introduced before. First, we recall some facts about the trace
and its conditional cyclicity.

Proposition 3.1 (Conditional cyclicity of the trace [47, Corollary 3.8]). Let 3
be a separable Hilbert space. If A, B € B(H) have the property that both AB
and BA are in the trace class ideal B1(H) then

Tr(AB) = Tr(BA).

Hereafter, the trace on the Hilbert space Hgisc will be denoted by Tr A,
for any trace class operator A, while the (matrix) trace on CV @ C? ~ C2V by
tr(-).

If an operator A is trace class, its trace can be computed through the diag-
onal elements in the position basis of £2(Z?), namely Tr(A) = > 7 tr(Ann),
the latter series being absolutely convergent. We say that Tr(A) is computed
“through the diagonal kernel”. The construction of the trace is somehow anal-
ogous to the construction of the Lebesgue integral [42, Section VI.6]. As well
known, whenever a function is Lebesgue integrable, then its principal value
integral exists and it is equal to the Lebesgue integral. Similarly, the (direc-
tional) principal value trace is a natural extension of the trace.

Lemma 3.2. If A € B1(Haise) then pvIr(A) and j-pvIr(A) are well defined
and

pvTr(4) = Tr(A) = j-pvTIr(A).

Proof. By the diagonal kernel computation
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Tr(A) = Z tr(Ann) = lim Z tr(Ann)

L—o00
nez? LE2N+1  nez?
Inll o <L/2
= Lhﬁm Tr(xrAxr) = pvTr(A). (3.1)
LEQNoil

The absolute convergence of the series also allows us to compute it as a limit of
partial sum in one direction only, leading to j-pvTr(A) by Fubini’s Theorem.
O

In the following, we give two sufficient conditions for the existence of the
trace per unit volume of an operator: the first one (periodicity) is well known
[4,9], while the second one is, to our knowledge, new.

Proposition 3.3 (Existence of TUV, condition I). Let A be a periodic operator
acting in Haise such that (see footnote 4) xpAxyr is trace class for every L €
2N+ 1. Then, 7(A) is well defined and

7(A) = Tr(x14x1).

Proof. The operator xp Axy is trace class for every L € 2N + 1, and its trace
can be computed through the diagonal kernel. In view of periodicity, one has
Apn = Agg for all n € Z2. Therefore, by using decomposition (2.3), one
obtains

Tr(xpAxc) = Y tr(Ann) = L7 tr(Ao).

nez?
[nll <L/2

Hence limy . 75 Tr(xzAxz) = tr(Ao,n) = Tr(x14x1). O

Proposition 3.4 (Existence of TUV, condition II). Let A, B be operators acting
in Haise such that (see footnote 4) xr, Axr and x1Bxr are trace class for every
L € 2N + 1 and satisfy the following equation

Amn=Am-pn-p+9(P)Bm-pn-p foralmmnpe 72, (3.2)

where either® tr(Boo) = 0 or g: Z* — R is an odd function in at least one
variable.5 Then, T(A) is well defined and

7(A) = Tr(x14x1).

Proof. The operator xp Ay is trace class, and we compute its trace through
the diagonal kernel. In view of Eq. (3.2), one has A n = Ag,0 + g(n) Boo.
Therefore, using decomposition (2.3), we obtain

5Notice that if B is periodic then tr(Bg,0) = 7(B) by Proposition 3.3. However, periodicity
is not required here.

6Namely, setting (R1g)(n1,n2) := g(—n1,n2) and (R2g)(n1,n2) := g(ni, —ns2) for all n €
72, one says that g: Z2 — R is an odd function in at least one variable if and only if there
exists an index j € {1,2} such that g(n) = —(R;g)(n) for all n € Z2.
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Tr(xrAxrL) = Z tr(Ann)

nez?
[Inll<L/2

= L’tr(Aoo) + tr(Boo) > g(n). (3.3)

nEZ2
Inll<L/2

If tr(Bo,0) = 0 the second summand on the right-hand side vanishes. Other-
wise, if the function g is odd in at least one variable, there exists an index
j € {1,2} such that g(n) = —(R;g)(n), where R, is the corresponding reflec-
tion (see footnote 6). Denoting by k the index different from j, we have

Yo ogm= > D gm)=o.

necz? nK€Z  n;€EL
Infl<L/2 el <L/2 |n;[<L/2
As tr(Bg,o) = Tr(x1Bx1) is finite by hypothesis, the second summand on the
right-hand side of (3.3) vanishes. O

Proposition 3.5 (Conditional cyclicity of TUV). Let A, B be periodic operators
acting in Haise such that (see footnote f) xpABxr and xpBAxL are trace
class for every L € 2N+ 1. Then,

7(AB) = 7(BA).
Proof. Applying Proposition 3.3 and computing the trace of x1 A By through
the diagonal kernel, we have 7(AB) = > > tr AgnBno. We conclude the

proof by using the periodicity of A and B, the change of variable n — —n and
the cyclicity of tr(-) on a finite-dimensional Hilbert space. O

4. Localization Properties of Near-Sighted Operators

In this section, we consider the peculiar localization properties of operators
which are near-sighted, see Definition 2.1, and their relation with the trace class
condition. Preliminarily, we recall some results which are useful to establish
the trace class property in the discrete case [14].

Remark 4.1 (Holmgren’s estimate). For an operator A acting on Hyjsc

|Al] < max ( sup Z |Amn|, sup Z |Am7n|>-
meZ2 nez?

nez? meZ?

Definition 4.2. A function f:Z? — R is called 1-Lipschitz if and only if it
satisfies

|f(m) — f(n)| < |m —n||, for all m,n € Z2.

Lemma 4.3. If A is a near-sighted operator acting in Haisc with range ¢, then
et AeTM s bounded for every 0 < A\ < 1/C and every 1-Lipschitz function

f.
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Proof. For every m € Z?, we compute
Z ‘(eﬁf Aewf)m’n _ Z ‘eimm) A ne™N®

nez? nez?

= 3 A e =S|

nez?

B P —

nez?

<0 Y etimonlAlmonl,

nez?

—CY e (il

nez?

where we have used the near-sightedness of A, the inequality |e?| < el®l for
all @ € R, the fact that f is a 1-Lipschitz function and Z? is invariant under
Z2-translation. The series on the right-hand side of the last inequality is finite
as long as A < 1, so we conclude by invoking Remark 4.1. g

Definition 4.4. Let A € B(Haisc). For j € {1,2} and o > 0, we say that A is
a-confined in jth-direction” if and only if
A el is bounded.

Clearly, if A is a-confined in jth-direction for some o > 0 and j € {1, 2}, then
A is A-confined in jth-direction for every 0 < A < a.

Lemma 4.5. Let A be a near-sighted operator acting in Hgise, with range (,
and let A be a switch function in jth-direction. Then

[Aj, A] is a-confined in jth-direction,
for all « such that 0 < a < 1/¢.
Proof. For 0 < a < %, one notices that
(A, AlecXil = A; A1 — Aj) e Xl — (1 — Aj)AN; e %51, (4.1)

We analyze the first summand on the right-hand side (the second is similarly
bounded)

AjA(L — Aj)eXil = AjemaXi 0@ Xi gm0 Xi . (1 — A )ecXitalXil  (4.9)

The middle term is bounded by Lemma 4.3 since A is near-sighted and the
two other terms are bounded due to the support of the switch function. O

Proposition 4.6. Let j # k € {1,2}. If A is a-confined in the jth-direction, B
is a bounded operator such that B* is (3-confined in the kth-direction and C is
an operator such that

e~ X1l e X1l s bounded or eP1X21Ce=F1 X2l s bounded,

then ACB is trace class.

"In the terminology of [14].
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Proof. Without loss of generality, suppose that j = 1 and k = 2. Assume that
e~ X1lCex X1l is bounded. We have that

ACB = Ae®! Xl . g=alXiloealXal | g—alXi|a—6]Xz] .eﬁlxz\B,

is trace class. Indeed, on the right-hand side the first and the second factors
are bounded by hypotheses. Concerning the fourth factor, in view of T*5* C
(ST)* for any S and T closed, densely defined operators in Hgise, we have

||eB|X2|B|| < H(B*eﬁlXﬂ)* = HB*emX’Z‘H < oo by hypothesis. The third
factor is trace class since it is a positive multiplication operator associated to

a summable function.
On the other hand, assume that eX21Ce=#1X2l is bounded. Writing

ACB = Ae™ X1l . g=alXilg=BIXz| | (BIX2] (0o—BIXz] ~eB|X2|B,

we can argue as before and conclude the proof. 0

Remark 4.7 (Discrete versus continuum models). This strategy to establish
trace class property is based on the fact that e~ Xtle=F1X2l ig trace class for
some «, § > 0, a property which holds true for the discrete models considered
in this paper, but not for continuum models. In other words, this property
is rooted in the underlying ultraviolet cutoff of the discrete models. The gen-
eralization to continuum models would require further assumptions on the
operators such as localization in energy.

Remark 4.8. One might naively think that [P,A1S,] is a-confined in the
Ist-direction for some a > 0, since P is near-sighted (see the forthcoming
Lemma 5.1) and S, acts non-trivially only on the C? sector. This guess is not
true in general. Indeed, we have

[P,A1S.] = [P, S.]A; + S2[P, Ay].

On the right-hand side, the second summand is a-confined in the Ist-direction
for all 0 < a < 1/€p by Lemma 4.5, while the first summand has no reason
to be confined, since [P, S,] is a priori only a bounded operator which does
not have decreasing properties in space. Consequently, G} is not trace class
in general, since it is not confined in the 1st-direction. This is why we had to
introduce the directional principal value trace in the definition of G7;.

5. Proof of the Main Results

Recall that the Hamiltonian operator H satisfies Assumption 2.2. Namely, H is
near-sighted, periodic and with a spectral gap A. For p € A, P = x(_oo,u) (H)
is the corresponding Fermi projection. Under these hypotheses, it is well known
that

Lemma 5.1 [3,4,28]. The Fermi projection P is near-sighted.
We denote the range of P by (p. Note also that P+ = 1 — P is near-sighted.
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Lemma 5.2. If A is a near-sighted operator acting in Haisc, then we have that
[4, X;] is bounded for j € {1,2}.

Proof. For j =1 and fixed m € Z?, we compute

3 ’([A,Xl})mm = 3 = | [ A <€ S eIl iy g

nez? nez? nez?

(5.1)

Clearly, the series on the right-hand side is convergent and its limit is
independent from m by the invariance of Z? under Z2-translations. We con-

clude by using Remark 4.1. g
Lemma 5.3. If A is a periodic operator acting in Haise and S is an operator
acting non-trivially on CN @ C? only, then for j € {1,2} we have the following
(i) the operator [A, X;] is periodic, namely
(1A X Dn = (A XDy p Jor allmyn,p € 2%
(i) the operator [A, XS] satisfies
(4, X5 mn = ([A X3S m_pn_p — Pi([4,5]) for allm,n,p € Z*.

m,n m-—p,n—p

Proof. We use the basis 51(1k) := 0n ® b € Hgyise Wwhere 6§y, is defined as usual
by (6n)m = On,m and {bk}ke{l,i..zN} is an orthonormal basis of CV @ C2. We
denote by T, the translation operator by the vector p € Z2, acting as
(Tpop), = ¢n—p forall ¢ € Hajsc.
(i) By Jacobi identity, we have
[[Av Xj]7 Tp] = _[[TP7 A}? XJ] - [[va Tp]7 A} = _[[Xj7 Tp]7 A} = P [Tp7 A] =0,
(5.2)
where we have used the periodicity of A and the identity
[X;,Tp] = p;Tp for all p € Z2. (5.3)

By the commutation relation (5.2) for every m, n,p € Z2, we obtain

(14, XS0 = (00, 14, X;1007) = (88, T[4, X;]Tp0%) )

m P
= (O (4 X506, ) = (A X DR D
for all i,5 € {1,...,2N}.
(ii) By Leibniz rule, we have
[AaXJS] = [A,X]}S+X][A,S} (5.4)
On the right-hand side of the last equation, the first summand is periodic, as
it is the product of an operator which is periodic by the previous claim (i) and

S, which acts non-trivially only in the sector CV ® C2. Instead, the second
summand is such that, in view of identity (5.3) and the periodicity of [A, 5],

[X5[A, 81, Tp] = [X;, Tp][A, 5] = p;Tp A, S].
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Therefore, using decomposition (5.4), the claim (i), the previous relation and
the periodicity of [4, 5], for every m,n,p € Z? we have

(14, X;8) D9 = (14, x,)8) )

m-—p,n—p

<5§;,Tpx A, S]T, 5ﬂ>> -<5<i> A, 9] 553')>
= ([A,X; S]) i),(4) p;([A, S])() (4)

m-p,n—p m—p,n—p’

for all i,5 € {1,...,2N}. O

5.1. Proof of Lemma 2.7

The operator T;_ is periodic, since [P, X5] is so by Lemma 5.3.(i) and the other
operators involved in its definition are periodic. It is also bounded as [P, X]
is so by Lemmas 5.1 and 5.2, and the other operators are bounded. As T_ is
periodic and bounded, one concludes by Proposition 3.3. 0

5.2. Proof of Theorem 2.8

In view of Lemma 2.7, one has that 7(J;_ ) is well defined. By algebraic manip-
ulations and Proposition 3.5, one obtains

7(Ts.) = ir(PS. P[P, X3]) + it (P[P, X5] P+ S.P)

=i7(S. P[P, X3P + S. P[P, X5 P1) = ir(S.[P, X3]) = ir([S. P, X2]).
As mentioned above, S.[P, Xs] = [S.P, X5] is a periodic bounded operator.
Hence, in view of Propositions 3.1 and 3.3, the commutation relation [Xa, x1] =

0 and the identity x? = x1, we rewrite the term on the right-hand side of the
last equality as

ir([S.P, X2]) =1Tr(x15:Px1X2x1) — 1 Tr(x1Xox15:-Px1)
=iTr(x15.Px1Xax1) — iTr(x19. Px1X2x1) = 0.

5.3. Proof of Theorem 2.9

Part (1) Assume that G5 (A1, A2) (exists and) is finite for a particular switch
function A;. Given another switch function A}, we set AA; = Aj—Af.
By algebraic manipulations, using P?> = P and P+ = 1 — P, we have

Gi{ (AAl, Az) = 1—pVT1‘ (iPHP, AAlsz], [P, AQHP)
= 1pvTr (1[P, AA1 S P[P, As] — [P, Ao P[P, AAlsz})
= 1-pvTr (1PAA15,ZPL [P, As] + adj> , (5.5)

where adj means that the adjoint of the sum of all operators to the
left is added. Notice that iPAA;S, P[P, Ay] = iPAAS, [P, As]P
is trace class by Proposition 4.6, and so is its adjoint. Indeed, AA;
is compactly supported; thus in particular, it is confined in the 1st-
direction and [P, Ag] is confined in the 2nd-direction by Lemma 4.5.
So the 1-pvTr(-) can be replaced by Tr(-). Moreover, each term is
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separately trace class so we split the trace and use cyclicity on each
term. We end up with
G5 (AAL, Ao) =iTr (AN S.PAoPH) —iTr (AA1S.PTALP)

=iTr (AAlSz [P, Ag])

=i Y tr (AN (m1)S:As(m2) P

meZ?
- AAl(ml)Ssz,mAZ(mZ))
=0.
Part (2) Equation (2.4) is implied by Lemma 5.3.(ii). Once established (2.4),

Proposition 3.4 yields the proof of Part (2).
Part (3) We introduce the function

0 if ny < —1/2,
E(ni) =< ny+1/2  if—1/2<ny <1/2 (5.6)
1 if ny >1/2,

which interpolates linearly in the interval |n;| < 1/2 and, for [ > 0
we define the functions Z()(n;) := Z(%L) which have slope 1/ in
the interval |ni| < I/2. Now, we define the approzimate position
functions in the 1st-direction as

1
X1(l) =1 (E(“ - 2) such that

—1/2 ifny < —1)2,
XPm) =4 ny i -1/2<n <12 (5.7)
/2 if ng >1/2.
Notice that for every I > 0 the functions =) are particular switch
functions in the 1st-direction.
We now compute G52 (=), Ay) and show that it is finite. In view of

Part (1), this fact will imply that G5 (A1, A2) is finite for every switch
function Ay, and independent of the choice of the latter. Notice that

1 1
G5z (20, Ay) = 7G;g (X Ag) + 5@;; (1,As), (5.8)

provided the two summands separately exist and are finite (which is
what we are going to prove).

We focus attention on the first summand on the right-hand side of the
last equation. Recall that, by definition (1.4), one has

Gz (X A,) = 1pvTr(S5: (X, As))
where

9;{2 (Xl(l)7A2) = 1P[[P7 Xy)sz]? [P7 AQHP
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We analyze G52 (Xl(l), Ag). By algebraic manipulations, we obtain
i[P, X{"S.] PP Ao] —i[P, Ao] PH[P, XS]
=[P, X158, PP, Ag) + X VI[P, S.] PP, Ag] +adj.  (5.9)

_.cS _.cs
7'91(2,11 7'9Kz,b

9% (X{l)’AQ)

By Proposition 4.6 and Lemma 4.5, [P, X{l)]Sz [P, As] is trace class, and
since P is bounded §3 , (X 1l ,Ag) is trace class, as well as its adjoint. Thus
by Lemma 3.2, 1- pVTI(S ( o Ag) + adJ) (9 ( Ag) + adj)

As explained in “Appendlx B,” for periodic operators the trace of an
expression involving switch functions may become a trace on the unit cell where
position operators replace commutators with switch functions. In particular,
by Lemma B.3 we obtain

1
7T (950 (X1 M) + adi) = § T (I[P, X[V]S. PP, Asg] + ad))
=Tr (I[P, 2V]S. P[P, As] + adj)
= Tr(_Xll-PXlSzPLX2PX1 + adj)

= Tr(XliPHP> Xlsz]7 [Pa XQ]]PX1)'

Finally, by Part (2) and by the last equation we obtain that®

%Tr (9% . (X1, As) + adj) = 7(iP[[P, X1 8., [P, X2]|P) = o3.  (5.10)

Now, we compute 1—var(9§§7b + adj), whose argument is defined in
Eq. (5.9). Notice that x1,09% ,X1,1, as well as its adjoint, is trace class by
Proposition 4.6 since [P, As] is confined in the 2nd-direction and x; g, is triv-
ially confined in the 1lst-one.

By Lemma B.2, we obtain

Tr (1,095 px1.2 + adj) = Tr (= x1, L X\ H[P, S.]PE X Pxa XL + adj)
=Tr (XLLX1 i[P, S.]P*[P, Xa]x2,1x1,L) +

— Tr (x1,0X2.1 [P, Xo] P[P, S Xy 1),
(5.11)

The two operators in the argument of the trace are trace class by similar
argument as above. Thus, as x2,1 squares to itself, by using Proposition 3.1
we obtain

Tr (XLLX{Di[P’ S.]PHIP, Xo)X2,1X1,1)
=Tr (Xl,LX2,1X1(l)i[P7 S:JPH[P, Xa]x21x1,1)- (5.12)

8Notice that we do not need to consider the limit | — 400, as one might expect.
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Similarly, using also that multiplicative operators by position functions com-
mute, we obtain
Tr (x1.£x21 [P, X2 PH[P, 520X v 1)
=Tr (X1,LX2,1XEI) [P, X5]PHi[P, S.]x21X1,L)- (5.13)
Therefore, plugging (5.12) and (5.13) into equation (5.11), we have

Tr (Xl,LS;é}bXLL + adj) = Tr (Xl,LX2,1X1(l)iP[[P, S.), [P, Xa]lPx2,1x1,1)
="Tr (Xl,LX2,1X1(l)TSZX271X17L)~

Observe that for every fixed L € 2N+ 1, the operator XLLXQJX{”(.TSZXQJXLL
is trace class, as x1,n.X2,1 is trace class for the previous analysis and T, is
bounded by Lemma 2.7. We compute its trace through the diagonal kernel,
using Lemma 2.7,

Tr (Xl,LX2,1X§l)‘TszXQ,le,L) = Z Xfl)(ml)tr ((Tsz)(ml,O),(ml,o))

mi1EL
|m1|<L/2

— Z Xfl)(ml)tr((Tsz)o,o)

miEL
Ima|<L/2

=77 Y X{P(m) =0,
m1EL
Ima[<L/2
(5.14)
as the function Xfl)(ml) is odd and the interval |m;| < L/2 is symmetric with

respect to 0. (We could also invoke the fact that 7(Ts,) = 0 by Theorem 2.8).
Thus,

1-var(9§§7b + adj) =0. (5.15)
Using Egs. (5.10) and (5.15), we obtain
1
TLlpvIr(Si (X A9)) =0 +0=0%. (5.16)

Now, we focus attention on the second summand on the right-hand side
of (5.8). We have

1. 1 .
§GKZ (1,As) = 3 Lhm Tr(x1,LiP[[P, Sz], [P, A2]]Px1,L)- (5.17)
LéanT1

Notice that x1,iP[[P, S.], [P, A2]|Px1,L is trace class, as one proves by apply-
ing Proposition 4.6 and arguing as in the previous cases.
By Lemma B.2, the identity X%,l = X2,1 and Proposition 3.1, we obtain

Tr(x1,LiP[[P, S.], [P, A2]]Px1,0) = — Tr(x1,2i[P, S2] P+ XoPxa,1x1,0)+
— Tr(x1,X2.1 PXo P[P, S ]x1.1)

= Tr(x1,2X2,1Ts. X2,1X1,L)-
(5.18)
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As x1,2x2,17Ts.Xx2,1x1,1 1s trace class, computing its trace via diagonal kernel
and using Lemma 2.7, we get

Tr(Xl,LXQ,lTSzXQJXLL) = Z tr((Tsz)(nL17O),(77L17O))

m1E7ZL
|m1|<L/2
= Z tr((Tsz)o,o): Z 7(Ts.)-
miEZL m1€Z
[m1|<L/2 |m1|<L/2

Thus, plugging the last equality and Eq. (5.18) in (5.17), we obtain

1 1 .
5GR(LA) =5 Tm 37 7(T.)=0 (5.19)
LE2NT1 mi€Z
|m1|<L/2
in view of Theorem 2.8. O

It is worthwhile to notice that, without using Theorem 2.8, by plugging
equalities (5.16) and (5.19) into (5.8), one would obtain

1 1
G (EY, Ay) = 7G5 (X1, Aa) + 5G3 (1, As)

1
=08+ 5 Jm > 7T (5.20)
Le2N+1 mi€Z

|m1|<L/2
As remarked in Sect. 2, the second summand on the right-hand side is either
zero, if 7(T5.) = 0, or diverging to +o00. Hence, the equality of (the Kubo-like
terms of) the spin conductance and spin conductivity is rooted in the fact that
the spin-torque response 7(7Ts_) vanishes on the mesoscopic scale. We expect
that such a physically relevant condition will play a role also in a more general
setting.
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Appendix A: The Kane—Mele Model in First Quantization
Formalism

In this appendix, we review an explicit model that satisfies Assumption 2.2
and where spin is not conserved. This model was first introduced by Kane and
Mele [25,26]. Here, we propose a first quantized formulation of it, but first we
discuss the dimerization method mentioned at the beginning of Sect. 2.

A.1. The Honeycomb Structure

The model describes independent electrons on a honeycomb structure €, illus-
trated in Fig. 1. The structure is characterized by the displacement vectors

d, :d<% _§), d2=d(% @) dy =d(~10) = —d, — dy,
where d is the smallest distance between two points of C, which generate the
periodicity vectors

aj ng—dg, agzdg—dl, agzdl—dgz—al—ag. (Al)

The vectors a; generate a Bravais lattice I' := Spany{a, ap, a3} = Z2
where one a; is redundant as it is integer linear combination of the two others.
Then, any site of the crystal can be reached by a Bravais lattice vector and
the use of one of the d; vectors. It is then sufficient to pick two a;-vectors and
one d;-vector to generate the whole crystal. This choice, which is often called
a dimerization of C, is not unique, as illustrated in Fig. 2.

The above procedure is equivalent to the choice of a periodicity cell that
contains two non-equivalent sites A and B (black and white dots in Fig. 1),
described as internal degrees of freedom besides the Bravais lattice. Hence,
each choice of unit cell provides an isomorphism ¢2(€) = ¢?(Z?) @ C2, leading
to the Hilbert space Hgise (for N = 2) discussed in Sect. 2, when the spin is
taken into account.

F1GURE 1. The honeycomb structure
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FIGURE 2. Three possible dimerizations of the honeycomb structure

A.2. The Hamiltonian
The Kane-Mele model is defined, in a first quantization formalism, by the
Hamiltonian Hyy, acting on £2(€) @ C? as
Hyxm = tHNN + Ao Hy + AsoHso + ArHr
where t, Ay, Aso and Ar are real parameters corresponding to various physical
effects. The first term is a nearest-neighbor hopping term:
3

Hyx =) (T, +T-a) ®1c2

=1

where Ty, is a translation operator along vector u, namely

(Tuw)x = {

The second term is a sublattice potential that distinguishes sites A and B,
namely

Vx—u ifx—uel

for all ¢ € £2(C) ® C2.
0 otherwise or all ¢ ©)e

H, =(xa—xB)®lc

for x4 (resp. xp) the characteristic function on the sublattice A (resp. sub-
lattice B) of €. The third term is a spin-orbit term, corresponding to an effec-
tive and spin-dependent magnetic field due to an electric field inside the two-
dimensional crystal. This is a next-to-nearest-neighbor term given by
3
Hso = —i(xa —x8) Y (Ta, = T-a,) ®s..

i=1
Finally, the last term is called a Rashba term. This is also a spin-orbit effect
but due to an electric field orthogonal to the sample (for example in a het-
erostructure). This is a nearest-neighbor term given by

_\/gsgc —l—sy)

Hg = i(le _T—dl) ® < 5

+i(Td2 - T7d2) ® <\/§5a:2_5y> + i(Tds - T*dS) @ sy
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Notice that this last term satisfies [Hg, S| # 0 so that S, and Hky do
not commute whenever A # 0. Moreover, note that Hky; is [-periodic, since
[Tu,, Tu,] = 0 for any vectors u; and usy, and x4 and x p are I'-periodic. Thus,
Hygy commutes with all the translation of the Bravais lattice 77, for v € I
It has been shown in [25] that Hky has a spectral gap for a wide region in
parameter space, including Ar # 0 (Figure 1 in [25]).

In summary, Hgky is made of on-site (H,), nearest-neighbor (Hyn and
Hpg) and next-to-nearest-neighbor (Hgo) terms. Note that after the dimer-
ization procedure a nearest-neighbor term acts on internal degree of freedom,
whereas next-to-nearest-neighbor exchange becomes simply nearest-neighbor.
Thus, whatever the dimerization, one has

(HkM)mpn =0 for [m—mnl; >1

so that Hyy is trivially near-sighted.

Appendix B: From Switch Functions to Position Operators

In this appendix, we re-elaborate some ideas and techniques which originally

appeared in [7] in the continuum case (R?-covariant Schrédinger operators on

the plane). We adapt their proof to the discrete case considered in this paper.
The crucial property of any switch function is the following one.

Lemma B.1. Let A; be a switch function in the jth-direction for j € {1,2}.
Then, for every n € Z one has

S (A (m +n) = Ay(m)) = .
meZ

Proof. For n = 0, the claim is trivial. Consider n > 1. Notice that the sum-
mand Aj;(m +n) — Aj(m) is nonzero only for finitely many m € Z. Hence,

Y (Aj(mtn) = Aj(m) =Y i (Aj(m+ (n—p)) = Aj(m + (n—p—1)))

mEeEZ meZ p=0

= i Z (Aj(m) — Aj(m —1)).

p=0 meZ
(B.1)

Notice that Y, .5 (A;(m) — Aj(m — 1)) = 1, since there is one and only one
point m € Z where the summand is not zero. This proves the statement for
n > 1. The proof for n < —1 is analogous. O

For the sake of clarity, we recall that x2; and x; are characteristic func-
tions, respectively, of the line {m €Z%my = 0} and of the point {0}.

Lemma B.2. Let A, B and C be operators in B(Haisc) which are periodic
in the 2nd-direction, and let Ao be a switch function in the 2nd-direction. If
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A[B, A3]C is trace class, A is a-confined in the 1st-direction, C* is 3-confined
in the 1st-direction and B satisfies

Mp —max<sup Z’B n10m2| sup Z |B n10m2’><oo (B.2)

mez? ey, 1€% mez2
then
Tr(A[B, A2]C) = — Tr(AX2Bx2,10).

Proof. Since A[B, A2]C' is trace class, its trace can be computed through the
diagonal kernel, and in view of the boundedness of A, [B, A3] and C, one has

Tr(A[B, As)C Z Z Z tr Am nDBnp(Aa(p2) — AQ("2))Cp,m)~

meZ2 neZ? peZ?
(B.3)
We will show that the function
(ZZ) > (m,n,p) — tr (Am,an’p<A2(p2) — Ag(ng))Cp,m) is in 61((22) )
(B.4)
Thus, we can apply Fubini’s Theorem and implement the change of variables
m =m — (0,p2), n’ = n— (0,p2). By Lemma B.1 and periodicity in the
2nd-direction, we get that the right-hand side term of (B.3) reads

Z Z Z tr (Am’,n'Bn,7(p170)(_nIQ)C(phO)vm,)

p1EZ m’€Z? n' €72
= — Z tr ((A.XQBXQ_’lC)m,’m,).
m/ezz
Observe that by hypothesis (B.2) and Remark 4.1, X3Bx2,1 is bounded and

thus AX2Bx2,1C is trace class, as x21C € Bi(Haise) by Proposition 4.6.
Therefore, one concludes that

Tr(A[B,A]C) = — Y tr ((AX2Bx2.1C)
m’ €72
= — TI'(AXQBXQJC).
It remains to check (B.4). In view of the equivalence of norms on finite-

dimensional vector spaces, one has |tr(M)| < D;|M]| for every matrix M and
some D; > 0. Then by the periodicity in the 2nd-direction, one notices that

Z Z Z ’tI‘ (Am’an’p(AQ(p2) — AQ(WQ))Cp,m)}

meZ? nGZ2 pEZ?

Z > Bapl [(A2(p2) = A2(n2))] (|Amnl* + [Cpoml*)

meZ2 neZ? peZ?

m’,m/)

\ /\

(P +12) — Aa (n2))] [ st oy 00|

nez2 m’€Z? p’ €72

Z Z Z | Bar (51,0 | [(A2(p2) — A2(ns + p2))| |Cipy .00

PEZ2 m’€Z? n’ €72

2
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By using Lemma B.1 and exploiting hypotheses on A, B and C one concludes
that the above series converge; hence, (B.4) is proven. O

Lemma B.3. Let A, B and C be periodic operators in B(Haisc). Let Aq,
Ao be two switch functions, respectively, in the 1st and 2nd-direction. If
[A, A1]B[C, As] is trace class, and A and C satisfy

> [Aonni| <o, > |Cmomal| < oo, (B.5)

nez? meZ2

then
Tr([A, Al]B[C, AQ]) = — Tr(XlAXlBX2CX1)

Proof. Since [A, A1]B[C, As] is trace class, its trace can be computed through
the diagonal kernel, and in view of boundedness of [A4, A;], B and [C, As], one
has

ﬁUAMBWAm
= > > > tr (Amn(A1(n1) = A1(m1)) Bo pCpm(Aa(ma) — Ax(p2))).-

meZ? neZ? peZ?

Performing the change of variables n’ = n —m, p’ = p — m and using the
periodicity, one can rewrite the right-hand side term of the last equation as

Z Z Z tr (Am,n/4m(AL(n) +m1) — Ai(ma))

meZ? n’ €72 p’ €72
* Butm,p+m Cp/rm,m (A2 (mz2) — A1 (ph + m2)))
- Z Z Z tr (Ag,n (A1(n] +m1) — Ay (mq))
meZ? n' €72 p' €72
- Bur pr Cpr 0(Aa(ma) — Ay (ph + my))). (B.6)

By applying Fubini’s Theorem and Lemma B.1, one can rewrite the right-hand
side

Z Z tr (Ao,n/n’an/,p/(—p'z)Cp/,o) = — Z tr ((XIAXIBXQCXI)m’m)

H'EZZ p/€ZQ m622

Observe that by hypothesis (B.5) and Remark 4.1, x1AX; and X»Cx; are
bounded, and thus, x1 AX;BX>Cy; is trace class. Therefore, one concludes
that

Tr ([A7A1]B[C’, A2]> =- %2 tr (x1AX1 BX20X1)  m)

= — Tr(XlelBXQCXI)
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