Ann. Henri Poincaré 22 (2021), 1069-1111
© 2020 The Author(s)
1424-0637/21/041069-43

published online November 18, 2020 I A les H i Poi .

https://doi.org/10.1007/500023-020-00974-6 nnales Henn Fomncare
Check for
updates

A New Approach to Transport Coeflicients
in the Quantum Spin Hall Effect
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Abstract. We investigate some foundational issues in the quantum theory
of spin transport, in the general case when the unperturbed Hamiltonian
operator Hy does not commute with the spin operator in view of Rashba
interactions, as in the typical models for the quantum spin Hall effect.
A gapped periodic one-particle Hamiltonian Hy is perturbed by adding
a constant electric field of intensity € < 1 in the j-th direction, and the
linear response in terms of a S-current in the i-th direction is computed,
where S is a generalized spin operator. We derive a general formula for
the spin conductivity that covers both the choice of the conventional and
of the proper spin current operator. We investigate the independence of
the spin conductivity from the choice of the fundamental cell (unit cell
consistency), and we isolate a subclass of discrete periodic models where
the conventional and the proper S-conductivity agree, thus showing that
the controversy about the choice of the spin current operator is immaterial
as far as models in this class are concerned. As a consequence of the
general theory, we obtain that whenever the spin is (almost) conserved,
the spin conductivity is (approximately) equal to the spin-Chern number.
The method relies on the characterization of a non-equilibrium almost-
stationary state (NEASS), which well approximates the physical state
of the system (in the sense of space-adiabatic perturbation theory) and
allows moreover to compute the response of the adiabatic S-current as
the trace per unit volume of the S-current operator times the NEASS.
This technique can be applied in a general framework, which includes
both discrete and continuum models.

1. Introduction and Main Results

The aim of this paper is to shed some light on the theory of spin transport in
gapped (non-interacting) fermionic systems, a problem which is highly relevant
to the research on topological insulators (see the end of Sect. 1.2).
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The theory of spin transport, as compared to charge transport, is still in
a preliminary stage. First, despite two decades of scientific debate, no general
consensus has been reached yet about the correct form of the operator repre-
senting the spin current density. Denoting by Hy the unperturbed Hamiltonian
operator, by X = (Xy,..., Xy) the position operator and by S, the operator
representing the z-component of the spin, one may consider!

(i) the “conventional” spin current operator

conv "

35— %(i[HO,X] S. +1S. [Ho, X)) (1.1)

which has been used e.g. in [58,60,64];
(ii) the “proper” spin current operator

J3: = i[Hy, XS,] (1.2)

prop T

proposed in [62,72].

Whenever [Hy, S.] = 0, the two above definitions agree and the theory of
spin transport reduces to the theory of charge transport. However, in general
[Ho, S.] # 0 in topological insulators, as it happens e.g. in the model proposed
by Kane and Mele in view of the so-called Rashba term [26,33]. As we will
explain now (see the related discussion [43]), the lack of commutativity poses
technical and conceptual problems for the theory of spin transport, and the
main objective of our paper is to clarify some of these issues.

As a second issue, whenever [Hyp, S.] = 0 the spin conductivity is given,
in analogy with charge transport, by a double commutator formula, namely

Uff :iT(HOSZ{[Xi,Ho],[Xj,HO]D , (1.3)

where 7 is the trace per unit volume and II; the Fermi projector of the gapped
system. Formula (1.3), equivalently rewritten in terms of Bloch orbitals, has
been considered as the starting point for further analysis of the robustness
of the spin conductivity [60,64], or for a mathematical comparison of spin
conductivity and spin conductance [43].

In this paper, we address two foundational questions in spin transport
theory:

(Q1) is it possible to derive from the first principles of quantum theory, in
the general case [Hy, S.] # 0, a double commutator formula for the spin
conductivity similar to (1.3)?

(Q2) to which extent is such a formula affected by a different choice of the

. S. s JO=
spin current operator, namely Jcz . versus Jpz, 7

Moreover, any formula for spin transport coefficients should satisfy the so-
called unit cell consistency (UCC), namely the requirement that any prediction
on macroscopic transport must be independent of the choice of the fundamental
cell [69].

LAll over the paper we use Hartree units, so that the reduced Planck constant #, the mass
of the electron me and the charge of the positron e are equal to 1. With this choice, both

2
the unit of charge conductivity % and of spin conductivity % reduce to %
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In order to answer these questions, we reconsider the whole approach to
quantum transport theory.

1.1. Two Paradigms for Quantum Transport

The usual paradigm is based on the adiabatic switching-on of the perturbing
electric field. More specifically, one considers the time-dependent Hamiltonian
operator

stitch(t) = HO - f(ﬁt) EXj7 (14)

where f: R — [0,1] is a smooth function such that f(s) =0 for all s < —1 and
f(s) =1 for all s > 0, i.e. the Hamiltonian describes the process where the
perturbation is switched on during the finite time interval [—1/#, 0], for n > 0.
As 7 — 0T, the process becomes adiabatic. One assumes that the system is
prepared, at some time ¢ < —1/7, in the equilibrium state I7; and that the
switching occurs adiabatically. The state p. ,(s) at macroscopic time s = nt is
given by the solution to the time-dependent Schrédinger equation

in %psm(S) = [Hswiten(5), pey(s)]
Pen(—1) = Ho.

The linear response coefficient o4 of an extensive observable A is defined by
comparing the expectation value of A at time ¢, > 0 (when the perturbation
is completely switched on) and in the far past (when the system is in the
unperturbed equilibrium state). By considering the adiabatic limit, one defines
o4 by setting

liIng Re 7(Apey(ti)) —Re 7(AIly) =104 + o(c) as € — 0.
77—)

(1.5)

The real part appears in the formula since one does not know a priori whether
the conditional cyclicity of the trace per unit volume can be invoked.? The
standard approach for obtaining a tractable formula for o4 is to first approx-
imate p. ,(0) by first-order time-dependent perturbation theory, and then to
formally exchange the small field limit and the adiabatic limit, see e.g. [1,28].
Choosing f(nt) = €™ x(—s0,0(t) + X(0,+00)(t), this results in Kubo’s formula
[39] for the linear response coefficients®

0
UEUbO = —1 ller dt e"t T(e_iHOt [X_]a HO] eiHOtA) . (16)
n—0

In the case of charge transport, one considers the response of a charge current
in the i-th direction, i € {1,...,d}, whose corresponding quantum mechanical

2 A similar phenomenon appears in quaternionic quantum mechanics, where the Hilbert space
trace fails to be cyclic [49].

3Note that the specific choice f(nt) = e for t < 0 has the computational advantage that
the integral in (1.6) becomes the inverse Liouvillian, i.e. that the right hand side of (1.6) for
finite 7 > 0 equals, at least formally, 7((L g, —in) ' ([X;, ITo])A). However, in the adiabatic
limit any other integrable and smooth choice for the switching function f leads to the same

value for afﬁubo.
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operator is Jf :=i[Hy, X;|, and from (1.6) one obtains the formula
oo = iT(HO [[Xi,ﬂo], [Xj,HO]D . (1.7)

The importance of the double commutator formula (1.7) (sometimes dubbed
Kubo—-Chern formula) cannot be overstated, as it implies e.g. quantization of
Hall conductivity in two-dimensional systems [5,10,22,37]. When considering
spin transport, we had to face the fact that even the algebra which leads
formally to (1.7) becomes cumbersome for spin currents, whenever [Hy, S.] #
0. Moreover, the fact that the formula is intrinsic (i.e. does not depend on the
choice of the switching function appearing in (1.4) and on the choice of ¢, > 0)
is not obvious as far as spin currents are concerned.

Thus, we propose an alternative way of computing linear response coef-
ficients based on the non-equilibrium almost-stationary states (NEASS) (see
Sect. 4), a concept related to the almost-invariant subspaces in space-adiabatic
perturbation theory [52,53,67]. Assuming, for the moment, that the state of
the system at times when the perturbation has been turned on is approxi-
mately given by the NEASS [7¢, we find a simple prescription for computing
linear (and also higher order) response coefficients: Let I1¢ = ITy +¢eIl; +o(¢),
then from

T(AII®) — 7(AIly) = eT(AIlT) + o(e)
one concludes that
oa =Rer(AIL). (1.8)

In this paper, we will show how to compute formulas for the spin-conductivities
based on formula (1.8) for linear response coefficients, instead of (1.6). The
advantage of this method is that the operator II; is rather explicit, namely
I, = I([Xj, HO]), where the overline denotes the operator closure and Z is the
inverse of the Liouvillian operator B — [Hy, B], with integral representation
(4.2).

Of course one expects, and formally it is also easy to see, that the two
expressions (1.6) and (1.8) agree. However, in the present setting—where
expectations are obtained via a trace per unit volume which is only condi-
tionally cyclic—this is not straightforward to prove. Moreover, both formulas
are somewhat heuristic: For (1.6) we assumed applicability of time-dependent
perturbation theory also for long adiabatic time-scales, while for (1.8) we just
postulated that the perturbed system is in the state I7°.

In order to reconcile and justify both approaches, one needs to prove that
in the adiabatic regime the dynamical switching drives the initial equilibrium
state ITy approximately into the NEASS IT¢, i.e. that the state p. ,(¢) is close
to IT¢. Indeed, it is shown in [41] that for times ¢ > 0 and any n,m € N*

sup [7(Apey(t)) = T(AI%)| = O") (fort>0)  (1.9)
N€LIm, e

uniformly on bounded intervals in (macroscopic) time. Here I,,, . = [¢™,e!/™]
is an interval of admissible time-scales for the switching. Too slow switching
(n < g™ for all m € N*) must be excluded, because due to tunneling the
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NEASS decays on such long times-scales, while too fast switching (1 > n >
el/™ for all m € N*) would merely yield an error o(1) on the right hand
side of (1.9) (see also [28,68]). In other words, the initial equilibrium state
Iy dynamically evolves into the NEASS independently of the shape of the
switching function up to lower order errors.

1.2. Main Results on Spin Transport and Conductivity

By using the NEASS paradigm, we will answer the questions (Q1) and (Q2)
stated before, at least in the periodic setting. Let us shortly summarize the
main results in the paper.

We consider a crystalline system of non-interacting fermions, whose one-
body Hamiltonian Hj is periodic. This operator acts on the Hilbert space
H = L*(X) ® CV, where either X = R? (continuum case) or X C R? is a
discrete set (discrete case), and N is the number of internal degrees of freedom
of the particle, which may include spin; periodicity of Hy is understood with
respect to (magnetic) translations along vectors in a Bravais lattice I" ~ Z%. We
assume that the Hamiltonian Hj has a spectral gap and that the initial state
of the system is given by the spectral projection Il on the bands below this
gap (Fermi projector). The system is driven out of equilibrium by applying
a constant electric field of intensity ¢ < 1 pointing in the j-th direction,
j € {1,...,d}. Hence, the stationary Hamiltonian of the perturbed system is
H® = Hy — €Xj, where X is the j-th component of the position operator.

We consider a generalized spin operator in the form S = 1 2(x)®s and—
denoting by JZ, ., = 5(i[Ho, Xi] S + 1S [Ho, X;]) and J5.,,, = i[Ho, XS]
the corresponding conventional and proper S-current operator—we define the
conventional and proper S-conductivity, respectively, as*

Rer(JS 1) — Re7(J3 o) =: €05 e jprop.ij +0(€). (1.10)

conv/prop,i conv/prop,i

In view of the controversy on the choice of the spin current operator discussed
at the beginning of Introduction, we find convenient the decomposition

IS opiIl1 = i[Ho, X; S|, = i[Ho, X;]SII1 + X; (i[Ho, S]) I, = O + X;R
(1.11)
where we have defined the operators
0:= 1[H0,Xl]SH1 and R:= i[[‘fo7 S}Hl (112)

In this decomposition, the S-orbital term O contains the contribution associ-
ated with the conventional S-current operator, while the S-rotation term X;R
contains corrections related to the replacement of the latter with the proper
S-current operator. More precisely, we prove in Theorem 5.6 that splitting
(1.11) leads to

S _ S S
Oprop,ij = Tconv,ij T Orot,ij (1.13)
“Notice that the j-dependence of o5 . is hidden on the left-hand side of the following

conv/prop,ij

definition in IT7, see its definition in Proposition 4.1.2.
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where

od = Re T(i I, [[Xvia I1y] S, [Xj7HO]D

conv,ij (114)
+Re T(i [Ho, XP]SOP T, +i XOP[S, HO]Hl),

with AP (resp. A9P) referring to the diagonal (resp. off-diagonal) part of the
operator A with respect to the orthogonal decomposition induced by IIj, and
the rotation S-conductivity is

05, = Re T(X,R) = Re T(iXi[HO, S]Hl). (1.15)

Notice that the first line of (1.14) is in the form of a current-current correla-
tion at the equilibrium, involving the conventional S-current and the charge
current, while the second line involves IT;. Moreover, the trace per unit volume
in (1.14) and (1.15) can be replaced with the ordinary trace of the operator
restricted to the fundamental cell, up to a volume factor, as in the statement
of Theorem 5.6, even if the operator appearing in (1.15) is not periodic.

In order to analyze the S-rotation contribution aityij, we preliminary
prove in Proposition 5.4.1 that for any bounded periodic observable B, satis-
fying suitable regularity properties, the expectation of the B-torque operator

i[Hy, B] on II; is given by a double commutator formula, namely
7(i[Ho, B] II) = 7 (il [, B, [0, X;]] ),

Tp

where the operator 7g may be dubbed B-torque response in agreement with
[43]. If, in addition, [B, X;] = 0 then 7(i[Ho, B] II;) = 0, as stated in Proposi-
tion 5.4.2. Physically, this result means that even if i[Hp, B] # 0, the fact that
B commutes with the perturbation —eX; implies the mesoscopic conservation
of the observable B, at least within first order approximation in the NEASS.
In particular, when B = S, (or for any generalized spin operator S, see Corol-
lary 5.5), we have that the expectation of the spin-torque on IT; equals the
expectation of the spin-torque response Tg, and that the latter vanishes, in
agreement with [43, Theorem 2.8]. Notice that the vanishing of the expecta-
tion of the spin-torque response is a condition singled out in [43] to obtain
the equality of spin conductivity and spin conductance in two-dimensional
systems.

As a further step, we consider the unit cell consistency (UCC) of both
the contributions to the proper S-conductivity appearing in (1.13). We prove
in Proposition 5.8 that chonv always satisfies UCC, while for the additional
contribution ¢, we can prove UCC only if the model enjoys a discrete rota-
tional symmetry, in agreement with the claim in [62] that the use of J g;op is
“possible for systems where the spin generation in the bulk is absent due to
symmetry reasons’. In Proposition 5.9, we isolate a subclass of discrete mod-
els, enjoying a discrete rotational symmetry and a further property, such that
ooy = ngp. Remarkably, the paradigmatic model proposed by Kane and
Mele is in this class. A crucial consequence is that, for this class of models, the
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choice of the spin current operator (either J5  or J gmp) is immaterial as far
as the S-conductivity is concerned.

While the paper is focused on transport theory, one of our long-term goals

is to clarify the relation between the spin transport coefficients and the topo-
logical invariants associated with quantum spin Hall (QSH) insulators. These
materials, theoretically predicted in [33,34] and soon experimentally realized
[38,65], display dissipationless edge spin currents, which are robust against
continuous deformations of the model and disorder [60]. A crucial issue, both
for fundamental understanding and for potential applications, is whether there
exists a bulk topological invariant “protecting” the QSH effect. Two candidates
have been extensively investigated in the literature. First, the Zs-valued index
proposed by Fu, Kane and Mele [21,34], whose definition and geometric prop-
erties rely on the fermionic time-reversal symmetry of the system [15,20,23].
Second, the (half-)integer-valued spin-Chern number, introduced in [61] via
spin dependent boundary conditions, and later intrinsically redefined by Pro-
dan as a bulk invariant [56], which relies instead on the almost-conservation
of spin, and is associated with robust spin edge currents [36,55,58,59].
Our analysis establishes a direct relation between the bulk spin conductivity
and the spin-Chern number, in agreement with the (recent) discovery that
QSH plateaux may persist under broken time-reversal symmetry [18]. Indeed,
whenever spin is conserved, our results yield that the (bulk) spin conductivity
equals the spin-Chern number (Remark 5.12). Moreover, the result is robust: If
spin is approximately conserved, with errors of order O(\), then the mentioned
equality holds true up to a correction of order O(A) (Proposition 5.13), in
analogy with the persistence of edge spin currents proved in [58].

In summary, our paper contributes to put spin transport theory on a
firm mathematical ground: We derive a new formula for the spin conductivity
which covers both the choice of the conventional and the proper spin current
operator; we isolate conditions under which UCC is satisfied and additional
conditions which guarantee that o2 = afrop; we make connection with the
spin-Chern number. We hope that our mathematical investigations will con-
tribute to clarify some of the controversies in the emerging and promising field
of spintronics, and will stimulate a fruitful exchange of ideas between math-
ematicians and solid state physicists. While, for technical reasons, this paper
focuses on the case of periodic non-interacting systems, we are confident that
our approach can be suitably generalized to random and interacting systems.

1.3. Further References to the Literature

Several different mathematical problems have been labeled “proving Kubo’s
formula” and a short review highlighting the differences appears elsewhere [28].
Here we only mention a few works without going into any detail: A similar
approach to the one we use was employed in [66], where Kubo’s formula for
the Hall conductivity of simple isolated bands is derived using semi-classical
methods. The rigorous derivation of Kubo’s formula for interacting fermionic
systems on the lattice has recently been done in [7,46,68], where [7,46] consider
only situations where the perturbation does not close the spectral gap. A
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similar result for non-interacting fermions in the continuum is in preparation
[42,43], generalizing a previous result [19] which also assumes a non-closing-
gap condition. In many other works, Kubo’s formula for the Hall conductivity
is taken as a starting point and the objective is to prove quantization of the
Hall plateauz also in presence of disorder, assuming the Fermi energy lies in a
mobility gap [1,10,12], or including interaction effects [6,24,27], with the aim
of proving universality of the Hall conductivity. Moreover, the linear response
to a quenched perturbation has been recently analyzed in [14]. Finally, in [13,
17] (and references therein) mathematical frameworks are developed, within
which the applicability of linear response theory in very general random resp.
interacting systems can be established. However, a rigorous justification of
Kubo’s formula for the quantum Hall conductivity in situations with mobility
gap is still a completely open problem, even in the case of non-interacting
systems on the lattice.

Linear response theory can also be considered in the case of heat or charge
fluxes induced by thermodynamical (i.e. non-mechanical) driving forces, such
as deviations of temperature or chemical potential from their equilibrium val-
ues. In this context, the validity of the Green—Kubo formula has been exten-
sively investigated in algebraic quantum statistical mechanics, by relating it
to the structure of non-equilibrium steady states [29-32].

The field of spintronics and of quantum transport of spin is relatively
new, but has already attracted a lot of attention both in the physics and
mathematics communities. Results concerning the quantization and robustness
of spin Hall currents in the presence of disorder [56,58] and of interactions [3,
44] also rely, to some extent, on a Kubo-like formula. We foresee the possibility
of adapting the techniques developed in [46,68] to derive such formulas from
first principles also in the context of interacting fermions on a lattice.

2. Periodic Operators and Trace Per Unit Volume

In condensed matter physics, it is customary to describe crystalline solids by
means of periodic Hamiltonian operators. The appropriate trace-like functional
used to compute thermodynamic expectations of periodic observables is given
by the trace per unit volume. This Section is devoted to recall some generalities
about this framework.

Let X denote the configuration space of a d-dimensional crystal. We will
treat both continuum models, in which X = R? equipped with the Lebesgue
measure, and discrete models, in which X C R¢ is a discrete set of points
arranged in a crystalline structure, equipped with the counting measure (in d =
2 think of the square lattice Z? or of the honeycomb structure, for example).
In general, “crystalline structure” means that we assume the existence of a
Bravais lattice

I' = Spany {ay,...,aq} ~ Z° (2.1)

that acts on X by translations, i.e. Tyx := x + « for v € I' defines a group
action T: I'x X — X
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We consider the one-particle Hilbert space
H=L*X)oCN ~ L*(x,CN)
for a particle moving on X and having N internal degrees of freedom (e.g.
spin). In the following we will write elements of H as C"-valued functions on

X. We assume that there is a unitary representation T of I on H by (magnetic)
translation operators

(Ty)(x) == M(y,z)¢(x —7), forallyel and ¢ € H, (2.2)
where M : I' x X — U(CV) are unitaries satisfying the cocycle condition®
M(y1 +v2,2) = M(y2,2)M (1, —72) forall 1,7 € I'and z € X.
Position operators for j € {1,...,d} are defined via
(X;¥)(z) == x;9(x), forall Y € D(X;). (2.3)

An operator A on H is called periodic or, more specifically, I'-periodic if
[A,T,] = 0 for all ¥ € I'. The following simple observation, whose proof is
omitted, is very useful.

Lemma 2.1. For any periodic operator A, the operator [A, X;] is also periodic.

Notice that, in general, the operator [A4, X ;] might be non-densely defined or
even defined on the trivial subspace {0}, as pointed out in [35, ITI-§5.1]. This
pathology will not appear for the specific operators we will consider in the
following sections.

The analysis of periodic operators is best performed in the so-called (mag-
netic) Bloch-Floquet—Zak representation (see e.g. [40,45,50] and references
therein). The (magnetic) Bloch—-Floquet—Zak transform is initially defined on
compactly supported functions ¢ € Co(&X,CN) c L?(X,CN) as

(Usp)(k,y) = *Y Y " (T ) (y)  keR’ yeX. (2.4)
yel’

By construction, for fixed k € R, the function (Uppt))(k,-) is periodic with
respect to the magnetic translations (2.2); hence, it defines an element in the
Hilbert space

He:={p € LE (X,CN)|Typ=¢p forally € I'} with

loc
Il = [ dylet)P
C1

where the norm refers to a fundamental cell C; for I" (see (2.7)). As functions of
k, elements in the range of Ugp are not periodic with respect to the reciprocal
lattice I'*, but rather p-equivariant, namely

(UsrY)(k +7",y) = o(v")Usr)(k,y) for all v* € '™,

5The case of magnetic translations [71] is included in this framework, and thus, the Bloch—
Landau Hamiltonian can be considered in our setting, assuming a rationality condition on
the magnetic flux per unit cell.
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whereS

o: I = UM, (0(v)p)(y) = e Vop(y), (255)
defines a unitary representation of I'™* on H¢. The map defined by (2.4) extends
to a unitary operator

Z/[BFt H — Hg,

where H, = Lg(Rd,Hf) is the space of locally-L?, H¢-valued, p-equivariant
functions on R?. Denoting by B? a fundamental domain for I'*, the inverse
transformation Z/{]gFlz H, — H, sometimes dubbed Wannier transform, is
explicitly given by

_ 1 .
(Ugpe)(z) = B Js dk ™o (k, ).

At least formally, a periodic operator A on H becomes a covariant fibered
operator on H,. More precisely, taking into account the following inclusion
and natural isomorphism

7]
L2(RY Hy) € L*(RY He) ~ | dkHy, (2.6)
Rd

one has
@
Upp A gg:/ dk A(k),
]Rd

where each A(k) acts on Hy and satisfies the covariance property A(k+~v*) =
o(v*) A(k) o(y*)~! for all k € R? and v* € I'*.

Most relevant extensive observables in crystalline systems are periodic
self-adjoint operators. However, in an infinite system neither these periodic
extensive observables nor translation invariant states are trace class. The
appropriate functional is instead given by the trace per unit volume 7, which
is well suited to take into account invariance or covariance by discrete lat-
tice translations in the setting of periodic or more generally ergodic operators
[2,9,12,54]. The trace per unit volume is defined as follows (compare [12,
Prop. 3.20]). Denote by x the orthogonal projection on H which multiplies
by the characteristic function of 2 C X'. For any L € 2N + 1, we set

d
Co={zeX:x=) oja; with |o;| <L/2Vje{l,....d} p (27)

j=1
and x1 := xc,. The set C; is called a fundamental or primitive (unit) cell.

It is not unique since the choice of the spanning vectors {a; }1<;<q for I' (see
(2.1)) is not unique. Notice that, restricting to odd integers L € 2N + 1, one
has the convenient decomposition”

o= || T (2.8)

yeEI'NCL

6We denote by U(H;) the group of the unitary operators on Hs.
"The symbol || denotes the disjoint union up to zero-measure sets.
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We call an operator A acting in H trace class on compact sets if xx Axk
is trace class for all compact sets K ¢ X.%

Definition 2.2 (Trace per unit volume). Let A be an operator acting in H such
that A is trace class on compact sets. The trace per unit volume of A is defined
as

. 1
T(A) = ng%o WTY(XLAXL% (2.9)
réant1 M

whenever the limit exists.

Let us denote
B, := {bounded periodic operators on H} ,
T = {A € Bl such that Al|, . :=7(|A]) < oo} .

We will refer to operators in B] as the operators of trace-per-unit-volume class
or 7-class for simplicity. Moreover, in view of [12, Proposition 3.17] we have
B, - B C B] and B] - B, C B], and

|ABI,., < [[ Al IB] and |BA,, <Al |Bl ¥A€B] BeBL.
(2.10)

The following lemma recalls some useful properties of 7-class operators.

Lemma 2.3. Let A € B]. Then
Tr(Ix1Axal) < 1Al . (2.11)
and
Tr(lxrAxr]) <oo VL e€2N+1. (2.12)

In particular, we have that A is trace class on compact sets.

Proof. Inequality (2.11) is proved in [12, Lemma 3.10] and the proof given
there easily generalizes to obtain also (2.12). O

The next result allows to compute the trace per unit volume of operators
which are periodic and trace class on compact sets.

Proposition 2.4. 1. Let A be periodic and trace class on compact sets’.
Then, T(A) is well defined and

T(A) = ﬁ Tr(x1Ax1)- (2.13)

8This condition is automatically satisfied in the discrete case for any operator A, since the
range of xx is finite-dimensional.

9 The condition that A is trace class on compact sets is satisfied whenever A is in Bi, as
proved in Lemma 2.3.
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2. Let A be a periodic and bounded operator acting on H. Denoting by

[S2]
Upr AlUgp = / dk A(k)
Rd'

its Bloch—Floquet-Zak decomposition, assume that A(k) is trace class and
that Try, (|A(K)|) < C for all k € BY. Then

Tr(u ) = g [ T (4(0), (2.14)

Proof. 1. In view of the decomposition (2.8) and the hypotheses on A, one has

Tr(xpAxp) = », Te(ToaTiATaT;) = > Tr(xaAxa).
yeI'NCL yeEI'NCL

Since |Cr| = L |Cy| = card(I" N Cy) |C1] for every L € 2N + 1, one obtains

. 1 1

lim —— Tr(xzAxz) = — Tr(x14x1)-

s 1Cr] €4

2. This is proved e.g. in [51, Lemma 3]. O
In the following result, we introduce a class of operators which are not

necessarily in B7, but have finite trace per unit volume.

Proposition 2.5. Let A be periodic and trace class on compact sets'?). Then
1. the operator X;A for j € {1,...,d} has finite trace per unit volume and

T(X;A) = == Tr (1 X; Ax1) - (2.15)

\C |

2. If, in addition T(A) = 0, then 7(X,;A) does not depend on the exhaus-
tion'® C;, /* X set in Definition 2.2 and on the choice of the origin, in
the sense that

T((X; +0)A) =7(X;A) VaeR
Proof. 1. Since x1,X;xr is bounded for every L € 2N + 1 and A is trace class

on compact sets by hypothesis, we have that xr X;Axr = xrX;xrAxr is
trace class. Therefore, in view of the decomposition (2.8), one has that

Tr(xoX;AxL) = Y. T (ToaTiXATxaTh) = > Tr(aTiX;AT, ) -
~ernc, ~ernc,
Using that A is periodic, that [T, X;] = —v,T, and the result from Proposi-

tion 2.41, we obtain that
Tr (XlT:X]AT,yxl) =Tr (Xl (X] + ’}/J)Axl) =Tr (XlXjAX1) + i |Cl| T(A)
Consequently, we get that

T(A
Tr(x1X;Ax1) + éd) S |- (216
~YEI'NCL

1 1
Tr(xrX;AxL) = =5
LA|Gy| i
10Notice that this particular choice of the exhaustion C;, X is such that Cp N I is
symmetric with respect to the involution x +— —x.
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Since both v and —v are in I'NCy, for all L € 2N + 1, the sum in brackets on
the right-hand side of the above vanishes, and the thesis follows immediately.
2. The statement follows from (2.16) and the hypothesis 7(4) =0. O

A property which will be fundamental for all the following analysis is the
conditional cyclicity of the trace per unit volume. We state it in the following
lemma, whose proof can be found in [12, Lemma 3.22].

Lemma 2.6 (Conditional cyclicity of the trace per unit volume). If A € B]
and B € BL, then T(AB) = 7(BA).

The trace per unit volume is defined in (2.9) through a specific choice
of the cell Cp, which in turn depends via (2.7) on the choice of a particular
linear basis {ay,...,aq} for I'. The term wunit cell consistency refers to the
requirement that physically relevant quantities are independent of the latter
choice. Precisely, one considers a different linear basis {ai, ..., a4} for I' and
the corresponding cell, defined by

d
Coi=QreX :x=) a;d; with ja;| <L/2Vje{l,....d} ¢, (2.17)
j=1
and sets X1 := xg, . Denoting by 7(+) and 7(-), respectively, the trace per
unit volume induced by the choice of the primitive cells C; and 51, we prove
in Proposition A.2.1 that for any periodic operator A, which is trace class on
compact sets, one has that
T(A) =T(A).

When a contribution to the transport coefficient is in the form 7(X;A) for a
periodic operator A, as in formula (1.15), a more careful analysis is needed, as
discussed at the end of Sect. 5.1 and in Appendix A.

3. The Unperturbed Model

Our goal is to study the linear response of a crystalline system to the appli-
cation of an external electric field of small intensity. Before considering the
perturbed system, we state our assumptions on the unperturbed one.

Assumption 3.1. We assume the following:

(H;) the Hamiltonian Hy of the unperturbed system is a self-adjoint peri-
odic operator on H, bounded from below, such that in Bloch—Floquet—Zak
representation its fibration

Hy :RY — L(Dy, Hy), k— Hy(k),

is a smooth equivariant map taking values in the self-adjoint operators
with dense domain Dy C Hy, such that o(v*): Dy — Dy for every v* €
I'* (compare (2.5)). Here L£(Df, H¢) denotes the space of bounded linear
operators from Dy, equipped with the graph norm of Hy(0) denoted by
Il ||Df11 , to He ~ LQ(C1) ®CN;

M From now on, Dy is understood to be equipped with the norm || - ||Df.
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(Hy) let o € R (Fermi energy) be in a spectral gap'? of Hy. We denote
by Iy = X(—o0,u)(Ho) the corresponding spectral projector (Fermi pro-
jector). We assume that its fibration k& +— IIy(k) takes values in the
finite-rank projections on H;.'3

<

We shortly discuss sufficient conditions implying that Assumption (Hj)
holds true. As far as discrete models are concerned, H; is finite dimensional
and Hy(k) are self-adjoint matrices. The smoothness of the map k — Hy(k)
follows from the fact that the hopping amplitudes in the model {t'y}v o decay
sufficiently fast as |y| — oo. In all the most popular discrete models of topolog-
ical insulators [25,33] the hopping amplitudes have finite range, namely ¢, = 0
if |y] > R for some R, hence assumption (H;) is automatically satisfied.

As for the continuum case X = R¢, we first consider a Bloch-Landau
operator in the form

2

acting in L2(R?), where A and V- are the magnetic and electrostatic potentials,
respectively (the charge q of the particle is reabsorbed in A and in V). For
the sake of simplicity, we consider only d < 3 and we ignore the “spin space”
CY, but similar results holds true if, for example, V is matrix-valued and
acts non-trivially on these degrees of freedom. With the help of Kato’s theory
[35], and arguing as in [45] on the basis [11], it is not difficult to prove that,
if A= Ap is ['-periodic, and C; denotes the fundamental cell of the lattice,
then for the validity of (H;) it is sufficient to assume either of the following
two sets of hypotheses:
(A) A € L*®(C1,R?) when d = 2 or A € L*;,R3) when d = 3, and
div A, Vr € L2 (RY) when d € {2,3};
(B) A € L"(C;,R?) with r > 2 and Vr € LP(C;) with p > 1 when d = 2, or
A€ L3(Cy,R?) and Vr € L3/2(C;) when d = 3.
If instead A = A is a linear potential inducing a constant uniform magnetic
field, it is enough to assume that Vp is infinitesimally form bounded with
respect to —A on Hg, and that the magnetic flux per unit cell is a rational
multiple of the magnetic flux quantum. As a further example, we consider the
Hamiltonian

1 1 \?
Hy= - (—iV — CA> +Vr, (31)

1
Hy = §p2 ®@ L2 + (Eipz — Eop1) ® 5. + E3(p1 ® sy — p2 @ 52),

acting on L?(R?) ® C2. In the above, p = (p1, p2) = —iV denotes the momen-
tum operator, E = (E, Es, F3) is a constant vector (which we interpret as a
constant electric field), and s = (s,, sy, s,) denotes the vector of spin matrices

12In the following, when we refer to “the” spectral gap of Hg, we will refer to this specific
gap.

3From the smoothness assumption (Hyp), it follows that Rank(ITo(k)) = m € NU {+oo}
is independent of k. Therefore, in view of the fact that IIp is an orthogonal projection,
m < 400 is equivalent to the assumption Ilp € BJ.
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(half of the Pauli matrices). Thus, the first term in Hy represents the kinetic
energy, the second one a spin-orbit coupling, and the third one is a Rashba
term: This Hamiltonian represents a continuum analogue of the Kane—Mele
Hamiltonian proposed in [33]. One can argue that the above operator can be
fibered via Bloch-Floquet—Zak transform leading to a family of fiber Hamil-
tonians Hy(k) as in Assumption (H;). Moreover, since

[H07S] = [H(%{’S] =E3 (pl ® [59782] —p2® [830752]) =1iFE; (pl @ Sz + P2 ®8y)’

and since the momentum operator is relatively bounded with respect to the
Laplacian, one can see that [Hp, S] is relatively bounded with respect to Hyp,
and hence the assumptions on S (compare Definition 5.1) are satisfied as well.

The following spaces of operators and functions turn out to be useful for
our analysis.

Definition 3.2. Let Hy,H2 € {Ds, Hs}. We denote by L(Hi, Hs) the space
of bounded linear operators from H; to Ho and by L(H1) := L(H1, H1). We
define

P(H1,Hsa) := {I" — periodic A with smooth fibration R? — L(H1, Hz), k — A(k)}

equipped with the norm [|A[[p 3, 3,y = maxyepa [A(K)| £ (3¢, 2,)- We also set
P(Hl) = P(Hl,Hl).

Since the Fréchet derivative follows the usual rules of the differential
calculus, we have that P(Hi, Hz) is a linear space, P(Hs), P(Ds) and P(Hg, Dy)
are normed algebras, and e.g. for A € P(H;,D¢) and B € P(Hz) we have

AB € P(Hy, D) with HABHP(Hf,Df) < ||A||7>(Hf,7>f) ||B||7D(Hf) :

Definition 3.3. Let Hy € {Dr, Hr}. We set
C;’O(Rd,Hl) := {p € H, such that ¢: R? — H; is smooth}.

Notice that C5°(R?, Hy) D Cg°(R?, Dy), C3°(R?, Hy) is dense in H, with
respect to || -[5, , and C°(R?, D) is dense in L2(R?, Df) with respect to the
norm on H, induced by the graph norm || ||, .

Since we are interested in computing [A, X,;| where A is in one of the
above spaces of operators, the following proposition will be relevant. It states
their invariance under the derivation [-, X;], where the overline denotes the
operator closure.

Proposition 3.4. Let H1,Hs € {Ds, Hs¢}, and A € P(H1,Ha). Then, [A, Xj]
is in P(Hi, Ha), and

[A> Xj]

= ] A - )
L{BTP}CSO(RdJ_[l)(k) 10k, A(k) in L(H1, H2)

Proof. Notice that

Z/{BFX-L{‘l‘ — 0,
TTBE Coe (Rd,1y) oz (R M)
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thus for every ¢ € C5°(R%,H;) one has that

€3] €3]
R4 R4

Since Ugr AUy C°(RY, Hy) C C(R?, Hy) (see [35, 111-§3.1, Problem (3.11)]),
the commutator appearing on the right-hand side of the first equality is densely
defined on C3° (R?,’H;) and so by unitary conjugation the commutator on the
left-hand side is densely defined as well. Thus, Lemma 2.1 implies that [A, X]
acting on Z/l]gFlC‘f(Rd, H1) is periodic.

Observe that

HakJA(k)f(kv ')||H2 Hak AH’P(Hl Ha) Hf( )”7—(1 (34)
for every f(k,-) € Hi. By (3.3) and (3.4), one obtains
IEA, X51(R) (ks Mg, < 100, Al pag, 740y 19 g,

for all ¢ € CQ"C(Rd7H1). Therefore, as Ho is a Banach space, the extension
principle implies the thesis. U

Lemma 3.5. Under Assumption 3.1 we have that (Hy — 21)~ € P(Hy, Dy) for
every z € p(Hy), and that Iy € P(Hs, Ds).

Proof. The first claim is evident because of (Ho — 1)~ (k) = (Ho(k) —21)~*
Since D¢ is a Banach space, the second one follows from Riesz’s formula

f (Ho(k) — #1)~" dz, (3.5)

i

Io(k) = o

where C' is a positively-oriented complex contour intersecting the real axis at
the Fermi energy (so, in the gap) and below the bottom of the spectrum of
Hy. O

Corollary 3.6. Under Assumption 3.1 we have that

1. [y, X; € P(Hs, Dy),
(o, X;] U O (R ) (M, Ds)
2. [y, X, X, € P(H;, D),
(110, X;] ]Z/{gFng"(]Rd,Hf) (¢, Dx)
3. [Hy, X; € P(D¢, Hs).
[Ho. ;] Upi O30 (R4, Dy) (Dr, Ha)

Proof. 1. By Lemma 3.5, one has that ITy € P(Hs, Dt). Proposition 3.4 implies
the statement.

2. In view of Lemma 3.5, one has that [Ty € P(Hs, Ds). Using an argument
similar to the one presented in the proof of Proposition 3.4 one deduces the
thesis.

3. Since by hypothesis Hy € P(Df, Hr), Proposition 3.4 concludes the
proof. O
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For the sake of readability, we introduce the concise notation

(o, X;] := [Io, X;]

Upi Co (R, Hy)

([, X;], X;] == [[Io, X;], Xi]

Up O (R, Hy) (3:6)

and [Ho,Xj} = [Ho,Xj]

Upp C° (RY,Dy)

4. Non-equilibrium Almost-Stationary States

Now that we have established the model for the unperturbed system, we con-
sider the perturbed Hamiltonian

H® = H0—€Xj, (41)

where £ € [0,1] is the strength of the external electric field pointing in the
j-direction.

As discussed in Introduction, we are interested in the linear response
of the system to such a perturbation when it starts initially in the zero-
temperature equilibrium state I7;. While it is clear that the perturbation given
by the linear electric potential has the effect of driving the system out of equi-
librium, the perturbation is slowly varying and thus acts locally merely as
a shift in energy. Hence it is expected that the initial equilibrium state ITj
changes continuously into a nearby non-equilibrium almost-stationary state
(NEASS). A detailed discussion and justification of the concepts of NEASS
can be found in [41,68].

For the following construction of the NEASS in the present setting we
only need to know that the operator I7¢, representing the NEASS, is deter-
mined uniquely (up to terms of order O(e**1)) by the following two proper-
ties:

(SA,) IT¢ = e 5" [y ¢'*S™ for some bounded, periodic and self-adjoint

operator S¢;

(SAg) II¢ almost-commutes with the Hamiltonian H¢, namely [H¢, [I€] =

O(eM+1),

Here O(eM+1) is understood in the sense of the operator norm.

Proposition 4.1. Consider the Hamiltonian H® = Hy—eX; with Hy satisfying
Assumption 3.1.

1. Let S := iI([[Xj,Ho],HO]), where
7(4) = i}{cdz (Ho — 1)"* [A, ITo] (Ho — 21)~, (4.2)

with C' a positively-oriented contour in the complex energy plane enclosing
the part of the spectrum of Hy below the gap. Then S is in P(Hs, Ds) and
1s self-adjoint.
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2. Let II¢ = e ¢S [Iye€S. Then, II° = IIy + cIl; + e2I1g, where both
I, = I([X;, o)) and II: are in P(Hs, Dy), and the map [0,1] 5 &
IIs € P(Hy, Dx) is bounded. Moreover, [He, II¢] = € R®, where R® is in
P(H;) and the map [0,1] > e — R® € P(Hs) is bounded.

We postpone the proof of the above proposition to Sect. 6.3. It is already
clear from the statement that the map Z(-) plays a crucial role: Its properties
are summarized in Sect. 6.2, where we recall in particular the well-known fact
from perturbation theory that Z(A) is the unique solution to the equation
[Hy,Z(A)] = A whenever A is off-diagonal in the orthogonal decomposition
induced by I1j.

5. Results on the S-conductivity

As stated in the previous sections, we want to investigate quantum S-currents
induced by the perturbation given by an external electric field and compute
their S-conductivities as linear response coefficients. To fix the ideas, the reader
can think of the case S = 14 (which corresponds physically to the charge
current, in appropriate units, e.g. in quantum Hall systems) or to S' = T 2(x)®
$., where s, = 0,/2 is half of the third Pauli matrix (which corresponds to
the spin current e.g. in quantum spin Hall systems).

Definition 5.1 (S-current and S-conductivity). Let S = lr2(x) @ s be a self-
adjoint operator on H = L?(X)®CY. Furthermore, assume that S is periodic!*
and its fibration 172(¢,) ® s is in L(Dy).

The conventional and the proper S-current operator are defined, respec-
tively, as

1
Jg)nv i § (1 [HOv Xz] S + is [H07 Xz] )
Jgropi =1 [HOa ]S+1X [H()aS]
where Hj satisfies Assumption 3.1. The conventional and proper S-conductivity
are defined, respectively, as

ReT(‘] ReT(Jconv/prop i HO) =€ Ofonv/prop,ij + 0(5)' (51)

conv /prop,i )

o
Since I1¢ = Iy + eII; + €2IIZ by Proposition 4.1.2, we have that
Re7(J5opi 1I°) = Re7(J5op i Ilo) = eRe (IS, IT1) + & Re7(J5 0, 117).
(5.2)
In order to prove that Re(J5,, ; I11) = Jlfrop’ij according to (5.1), it suffices

to show that all the traces per unit volume above are well defined and finite,

4 Notice that this assumption is not automatically satisfied since the (magnetic) translation
operators (see (2.2)) may act non-trivially on the factor C. Obviously, for either the stan-
dard magnetic translations [71] or translation operators with a trivial action on the factor
CN the periodicity of S is ensured.
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and that the term carrying a prefactor 2 is uniformly bounded in . While

the control of the remainder term will be done in Sect. 6.4, we focus now on

the linear response coefficient, namely Re T(Jliop,i ).

5.1. The Linear Response Coefficient

In order to compute the linear response coefficient, we employ directly Defini-
tion 2.2 for T(Jiop)i I1,), and start by localizing this operator on the cell Cy,,
defined in (2.7), through the projection x; which multiplies by the character-

istic function of Cy,. It is convenient to notice at this point the following

Remark 5.2. The range of Ugrxr, is contained in Cg° (R?,H¢) (compare Defi-
nition 3.3) for every L > 0. Indeed, for all f € H = L?(X)®C" and all r € N,
the function (X)"xzf is still in H, where ((X)¥)(z) := (1 + |z]?)Y24(z)
for ¢ € D({X)). By standard Bloch-Floquet theory [45, Appendix A], this is
equivalent to requiring that Upr (X f) is in the space H, (R?, Hy) of o-covariant
maps ¢: R? — H; with Sobolev regularity r: It is a classical result that the
intersection of all these Sobolev spaces is contained in C3° (RY, Hy). o

Notice that, since II; € P(Hg, Dy), it maps L{g;Cgo (R, Hy) to Ugp
Cye (R4, D¢). Thus, we have that
J{)grop,i HlXL = 1[H07SX7,}H1XL (53)
and this allows for the following simple manipulations. Using the Leibniz rule,
we obtain the following chain of equalities on Ran(xyz,):

i[Ho, SXi]1Ty = i[Ho, X;S]II} = i[Ho, X;]SIIy +1X;[Ho, S]II; = O + X;R,
(5.4)

where the operators O and R have been defined in (1.12). We call O the S-
orbital part and X;R the S-rotation part of the operator related to linear
response of the proper S-current Jgrop,i' The latter terminology is due to the
fact that, when S is the spin operator and [Hy, S] # 0, the spin transport is
the result of two contributions, that is, the S-orbital part coming from the
center-of-mass drift and the S-rotation part due to the spin non-conservation.
Notice that both O and R are periodic, instead obviously X;R is not periodic
and thus a more careful analysis of its trace per unit volume is required.
We begin by handling the S-orbital part O. In view of the defining relation

II, = Z([X;, IIy]) (compare Propositions 4.1 and 6.3), we obtain on Ran(xr):
O = i[Hy, XP)SII, +i[Ho, X°P)S1I,
=E, +i[Hy, X°PSII,| —iXPP[Hy, SII]
=E; + Ey —iXPP[Hy, S|, —iXPPS[X;, 11y
3
= E¢—i[[X, o), HoS[X;, o) | + illo[[ X, o), S[X;, Io]]
{=1

4
“YE G (5.5)
(=1
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where we have defined the operators
Ei :=i[Ho, XP)SII), Eg:=i[Hy, XPPSII], Es:=iXPP[S, Ho)lIy,
E4 I:i“Xi,Ho],H()S[Ho,Xj]:I and C:= IHO HX“H()],S[X],H()H
(5.6)

We call C the Chern-like term and E; the ¢-th extra or beyond-Chern-like term
for ¢ € {1,...,4}. This terminology is motivated by the fact that whenever
the spin is conserved, for d = 2, ¢ = 1 and j = 2 in quantum (spin) Hall
systems the Chern-like term C corresponds to the (spin-)Chern number (see
Remark 5.12). In general, whenever [Hy, S] = 0, all extra terms have trace per
unit volume zero (see Sect. 5.2) and obviously the S-rotation part vanishes.

In the following proposition, we analyze the trace per unit volume of the
operators resulting from the previous algebraic manipulations.

Proposition 5.3. Under Assumption 3.1 and hypotheses on S in Definition 5.1,
we have that the Chern-like term C, the extra terms E; for any € € {1,...,4}
and X;R, defined in (1.12) and (5.6) have finite traces per unit volume. More-
over, one has

1
T(A) = WTr(XlAXl),forAe {CE, X;R:0e{l,....4},i € {1,...,d}},

(5.7)

and
7(C) = it(Io [[X;, IS, [ X, o] ]), (5.8)
7(Ex) =ir([Ho, XPJSOPIL),  7(Es) = ir(XPP[S, Holll),  (5.9)
7(Eg) =0 = 7(Ey), (5.10)

where the diagonal and off-diagonal parts of the above operators refer to the
orthogonal decomposition induced by the Fermi projection Il.

The proof of the above proposition is postponed to Sect. 6.5.

We are going to prove that trace per unit volume of the operator X;R is
well defined and finite. In view of Proposition 2.5.2; it suffices to show that
7(R) is zero. The latter result is an immediate consequence of the following

Proposition 5.4. If Hy satisfies Assumption 3.1, and B is in P(Hg) N P(Dy)
(in particular, B is a bounded periodic operator) the following holds:

1.
T(I[Ho,B]Hl) = T(iHO [[B,Ho], [XJ,Ho]])
2. If, in addition, [B, X;] = 0 then
T(i[H(], B]Hl) - 0

The above proposition, whose proof is deferred to Sect. 6.5, immediately
implies the following
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Corollary 5.5. Under Assumption 3.1 and hypotheses on S in Definition 5.1,
we have that

7(R) = 7(i[Ho, S]II1) = 0
We are now in position to state one of our main results.

Theorem 5.6. (General formula for the S-conductivity) Let H® = Hy —eX;
be acting in L?(X) @ CN, with Hy and IIy as in Assumption 3.1. Let II¢
be the NEASS defined in Sect. 4. Consider the conventional (resp. proper) S-
conductivity oconv,ij (T€SP. Tprop,ij) @s in Definition 5.1. Then

Ugrop,ij = chonv,z‘j + Ursot,ija (5.11)
where
Ui)nv,z] - ReTr (Xl 1IYO [[Xu H0]57 [Xj7 HOH Xl)
|C | (5.12)

|(31| ReTr ( (i[Ho, XP1SOP 1T, +1XOP[S, Ho)IT) Xl)

and the rotation contribution to the proper S-conductivity is defined as

o5 . =Rer(iX;[Ho, S|IT;) =

rot,ij

ReT X;[Ho, S|IT . (5.13
\c1| e Tr (x1iXi[Ho, SITx1 ). (5.13)

Moreover, the trace per unit volume appearing in (5.13) does not depend on the
particular exhaustion*®) Cp, /X chosen in Definition 2.2 and on the choice
of the origin, in the sense that 7(X;R) = 7((X; + a)R) for every a € R.

The proof of the above theorem is postponed to Sect. 6.

Remark 5.7. Some comments about the above result.

(i) Notice that one can rewrite the above formula for the proper S-

. . . S
conductivity o3 summing the two contributions o, ;; and oS i
as follows:

1
UpSrop,ij = 1] ReTr (Xl (1Mo [[Xs, ITo) S, (X, ITo]] + i[Ho, X)SOPII7) X1)
(5.14)

prop,ij>

to ‘ReTr( 11XP[HO,S]U1X1). (5.15)

1
While (5.11) emphasizes the splitting between the drift contribution com-
ing from the center-of-mass momentum and the one resulting from the
spin rotation, the latter decomposition isolates the contribution coming
from a periodic operator, in (5.14), and the one deriving from a non-
periodic operator, in (5.15).

(ii) The real part is needed in both (5.12) and (5.13), even if on Ran(y1) one

has that mem (Jlfmpz) IT¢. On the other hand, if [Hy,S] = 0
then 7(J5,p; 1I°) is automatically real. Moreover, for systems with a
fermionic time-reversal symmetry © such that ©SO~! = —§, the number

7(J5op.i I1) is real, so the real part is redundant.
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It is worth to investigate how the contributions to the proper S-
conductivity, appearing in (5.11), behave under a change of primitive cell.

Proposition 5.8 (Unit Cell Consistency of the S-conductivity). Under the
hypotheses of Theorem 5.6, we have that

1. of satisfies UCC.

conv,%j
2. If, in addition, the model enjoys a discrete rotational symmetry satisfying

the hypotheses of Proposition A.3, then o2 satisfies UCC.

rot,ij

Proof. 1. Since all operators involved in the trace per unit volume comput-
ing afonv’ij are periodic, Proposition A.2.1 implies the thesis. 2. By applying
Proposition A.3.1 along with Proposition A.2.2; the conclusion follows. O

The next proposition shows that in some discrete models with discrete
rotational symmetry, one has that arsom ; = 0, and hence the choice between
Jlfmp,i and Jcsonv,i becomes immaterial. Remarkably, the Kane-Mele model is

in this class.

Proposition 5.9 (Equality of conventional and proper S-conductivity). Let Hy
be a discrete Hamiltonian with finite range hopping amplitudes and S be as
in Definition 5.1. Assume that the model satisfies the hypotheses of Proposi-
tion A.3 and Rankxp, = 1, where {P,y},yel C X is the family of subsets defined
in (A.1). Then

s

0. . =0 or equivalently o conv,ij-

rot,ij prop,%j =0

Proof. By direct computation, since there exists A; , € R such that X;xp, =
AiyXP,, we have that

C1| 02, . = ReTr (XliX,; [Ho, S]Hle) =" ReTr(xp, Xii[Ho, S| xp,)
yel
= XiyReTr(xp, i[Ho, S| xp,) =0,

yel

because by Proposition A.3.1 Tr(xp, i[Ho, S]/11 xp,) = 0 for every y € I. [

5.2. When S is (Approximately) Conserved
The computation of the linear response coefficient afj simplifies considerably

if we assume that S is a conserved quantity of the system, namely that
[Hy, S] = 0. (5.16)

Under this assumption, then [ITy, S] = 0 as well, since Iy is a spectral projec-
tion associated with Hy, and thus S is diagonal in the decomposition induced
by Ho.

If (5.16) holds, then J5 :=JS5 ;= JS . =i[Ho, X;]S is in P(Dx, Hy)
by Corollary 3.6.3 and the hypothesis S € P(Dy). Hence, since I1¢ € P(Hs, Ds)
by Proposition 4.1.2, we have that J2II¢ € P(H;) and furthermore applying

Proposition 6.6.1, we deduce that JiSHE is 7-class. Thus, the trace per unit
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volume of JZIT¢ is well defined and only the Chern-like term contributes to it.
Indeed, by Proposition 5.3 the extra term E, does not contribute for ¢ € {2,4}
and the next Lemma shows that 7(E;) = 0. Obviously, E; = 0 = R whenever
(5.16) holds.

Lemma 5.10. Under Assumption 3.1 and the hypotheses on S in Definition 5.1,
assume further that [Ho, S| = 0. Then,

’T(El):O and E3:0:R
where E1, Eg and R are defined in (5.6) and (1.12).

The proof of Lemma 5.10 is also deferred to Sect. 6.5, but it is easily seen
to imply the following

Theorem 5.11. (S-conductivity in the S conserved case) Let H® = Hy —eX;
be acting in L?(X)@CN, with Hy and Iy as in Assumption 3.1. Let II¢ be the
NEASS defined in Sect. 4 and JZ be as in Definition 5.1. Assume moreover
that [Ho, S] = 0. Then, the S-conductivity is

i
75 = o ™ (ST [ X6, o), X5, o] xa )
i
= ﬁ/ dk Try, (1 ® s) Ho(k) [0k, 1o (k), Oy, 1o (K)]) -
(277) B4
Proof. In view of Lemma 5.10, the extra terms E; and Eg3, and the S-rotation
part crrsom ; do not contribute to the trace per unit volume of J? II,. Therefore,
using Proposition 2.4.2 we are going to compute the k-space representation of
the trace of Cy; = iSII, [[Xi, IIy], [X;, Ho}]xl. To this end, it suffices to notice
that the fiber operator associated with [X;,IIy] in the Bloch-Floquet-Zak
representation is given by iy, ITo(k) (Proposition 3.4) and that [Cy||BY| =

(2m). O

This theorem applies in particular to the transverse charge current in
quantum Hall systems (S = 1), and to the transverse spin current in quan-
tum spin Hall systems (S = 172(x) ® s.) whenever the z-component of the
spin is conserved. In particular, in the latter case we recover the formula for
the spin conductivity proposed in [16,63], which was derived assuming that
the unperturbed Hamiltonian Hy has an identically degenerate Bloch band,
where the degeneracy comes from the spin degrees of freedom. So in that model
effectively (I1oHollo)(k) = Eo(k)l2(x) @ ¢z, and (5.16) is in particular sat-
isfied after projection to the relevant spectral subspace. Our argument used
only (5.16) and no spectral assumption (other than the gap condition) on the
Hamiltonian.

Remark 5.12 (Spin conductivity and spin-Chern number). Let S = 112(x)®s.
with s, a spin operator for non-integer spin r, i.e. with spectrum {—r, —r +
1,...,7 — 1,7}, acting on CV with N = 2r + 1 (e.g. half the third Pauli
matrix o, for r = £ and N = 2). Denote by s, = Z?;O(ﬁ — 7)py its spectral
decomposition.
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Then, the commutation relation [II,S] = 0 implies that Il admits a
splitting in the decomposition induced by S:

I, = ZH“ ZHO 1®py).

=0

The formula for the S-conductivity aij in Theorem 5.11 simplifies then to

of = \Cl\ Z )T (o 1 [, 1107, 1%, 7§07 )
1
= W S—Chern(ﬂo)ij. (517)

This spin-Chern number S-Chern(Ily);;, proposed in [61] and intrinsically
defined in [56], is in general a half integer.'® It becomes an integer if the system
enjoys time-reversal symmetry. Even in time-reversal invariant systems it can
be different from zero while the Chern number

i(2m)d-t
Chern(1ly) := Tl Tr (Xl o [[Xi, o], [X;, 1To] | Xl)
1
necessarily vanishes. Our approach to spin transport shows then that for d =
2 the bulk spin Hall conductivity (measured in units of 3= = =) equals

the spin-Chern number, as long as [Hp,S] = 0. On the other hand, when
S = lp2x) ® Ieny and d = 2 the integral in Theorem 5.11 computes, up
to a factor 1/27, the Chern number Chern(Ily) of the family of projections
{IIo(k)},cpe, implying the quantization of the Hall conductivity measured in

units of £ —2 = L (see [22] and references therein). o

Abstracting from the previous remark, we consider now any operator in
the form S = 172(x) ® s, with s as in Definition 5.1. If S is approximately
conserved, i.e. if A\ := ||[Ho,S]||p(p, n,) is sufficiently small, then one can
still define a spin-Chern number related to Iy [56,58] and the S-conductivity
is still approximately given by the spin-Chern number. To see this, let s =
Zif:l sepe be the spectral representation of s (we need no assumptions on
the spectrum of s here), Hy := Zif:l(]l ® po)Ho(1 ® p) and V := (Hy—
Hy) = 221#2(]1 ® pe, ) Ho(1 ® pg,) . Then, Hy = Hy + V', where [Hy, S] =0
and |[Vllpo, ) = || S, 26, (1@ pes)[Ho, (1@ pes ) < A\C., with a

P(Ds, Hr)
constant Cy that depends only on S.

The spin-conserving Hamiltonian HO is Hp-bounded with relative bound
AC,. For \ < C%’ PNIO is thus self-adjoint on the domain of Hy, and for A small
enough, by standard perturbation theory, the Fermi energy u lies also in a gap
of PNIO. Thus we can define the gapped Fermi projection ]~70 = X(—o0,u] (I;TO)

15 The normalization we use here agrees with [56] and with the most recent physics literature,
but differs by a factor 2 from the original formula in [61].
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of I:fo and, in analogy with Remark 5.12, its associated spin-Chern number.
More precisely, let

k
oy =yl ®p;)  and thus Y117 = IIy. (5.18)
=1

It is straightforward to see that'6 ﬁéé) € P(Hs, Dg) N BT and thus the Chern
numbers

~ i(2m)d-1 ~ ~ ~
Chern(11{");; := (|c)1| T (v 7287 | [, 37, %5, 1157)] ) €2
are well defined and integer. The S-Chern number of Iy is finally defined as
k
S — Chern(Ily);; = Z Se - Chern(ﬁée))ij . (5.19)
=1

We now show that the S-conductivity is given at leading order in A by
S — Chern(Ily), a result which coherently complements the robustness of edge
spin currents proved by Schulz-Baldes [58].

To formulate such a perturbative statement precisely, we slightly change
perspective and notation and introduce a A-dependent family of Hamiltonians:
Let Hy satisfy Assumption 3.1 and [Hy,S] = 0 and assume V' € P(Dy, Hy).
Then, for A\g > 0 sufficiently small, it holds that Hy := Hy+ AV is self-adjoint
on the domain of Hy and has a spectral gap at p for each A € [0, ). As
before we consider the gapped Fermi projection ITy := X(_oo,u(Hx) of Hy,

put Hél) := IIH(1 ® py) and the associated Chern numbers Chern(ﬂéz))lj. The
A-independent S-Chern number associated with IT is again S-Chern(IIy);; :=

Zif:l Se- Chern(Héé))ij = S-Chern(Ily),; -

Proposition 5.13. Let Hy = Hy + AV, be a perturbation of a spin-commuting
Hamiltonian Hy as defined above. Then, the S-conductivity crlsj’/\ of Hy satis-
fies

J;SM =S — Chern(Ily)i; + O(N) .
Proof. By standard perturbation theory we obtain
I\ = Hollp ;00 = O) I\ — o, Xilllpre, ) = O(A)
I, S|P (re,pe) = O(N) -
Observe that |15, . = |[[lo]l, , using the smallness argument in (16) | Hence,

starting from (5.14) and (5.15), we find

1 , .
7 = e Re T (1 A1, 1], SRIX, I+ ilH, XDSOP T ) 1)

164 By choosing A small enough, one has that Hﬁo(k) — Ho(k)H < 1 and thus the two
projections have the same rank for every k. Then, by the argument in the proof of Lemma
6.5, it follows that ITp € B] and hence H(()Z) € B as well.
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+ @RQTI‘ (XIIX [H)\,S]H17,\X1).

@ ReTr (X1U0 [[Xi, Io), S[X;, Ho]])ﬁ) +O(})

= > (eutzs? 15, 1671, 15, 1153 ) + O(N)

=5- Chern(ﬂo)ij +0(N).

In the second to last equality we used that 1 ® p, commutes with X; and
11y. O

6. Proofs
6.1. Diagonal and Off-Diagonal Operators

The Fermi projection I1y of the unperturbed Hamiltonian Hy clearly induces
a decomposition of L?(X) ® CV into Ran Iy & (Ran I15)*. Correspondingly,
operators acting in L?(X) ® CV will admit a block decomposition. We review
in this section some properties of this decomposition, heading toward the proof
of a well-known formula from asymptotic perturbation theory which allows to
invert the Liouvillian [Hy, -] acting on operators which only have off-diagonal
blocks.

Definition 6.1 (Diagonal and off-diagonal parts). Given an operator A and
an orthogonal projection IT, i.e. IT = II* = II?, such that A Il is densely
defined!”, one defines its diagonal and off-diagonal parts as

AP = [TAIT 4 (1 — )AL — II),
AP = ITA(1 — IT) + (1 — IT) AT,

respectively. The operator A is called diagonal (resp. off-diagonal) if A = AP
(resp. A = AOD),

We collect in the following lemma two simple properties of diagonal and
off-diagonal operators in a general Hilbert space H, whose proof is elementary.

Lemma 6.2. Let A be an operator acting in H and II an orthogonal projection
on H such that AIl is densely defined.

1. A is diagonal if and only if [A,II] = 0. A is off-diagonal if and only if
A=AIl +ITA.
2. A°P = [[A, ], I].

17The operator A may be unbounded and thus a careful analysis is required. In particular,
we want to avoid pathological examples and have A D AP + A9P on a dense domain. Later,
we will, for example, apply the block decomposition with respect to the Fermi projection
Iy to the operator X; for ¢ € {1,...,d} (see Sect. 5.1), and X; Iy is densely defined under
Assumption 3.1 on the unperturbed Hamiltonian (compare Corollary 3.6).
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6.2. Inverse Liouvillian

We study here the Liouvillian (super-)operator B — [Hy, B] associated with
the unperturbed Hamiltonian, and in particular the possibility to invert it
away from its kernel. We look in other words for the solution B to the equation
[Ho, B] = A, where A € P(H;) is off-diagonal with respect to the decomposi-
tion H = IIoyH @ (1 — IIp)H. We state in the following proposition the solution
to this problem, which traces back at least to [47,48].

Proposition 6.3. Under Assumption 3.1, let A € P(Hz) be such that A = A°P
with respect to Ily. Then, the operator Z(A), defined in (4.2), is the unique
off-diagonal solution in P(Hg, Dy) to the equation

[Ho,Z(A))=A  on UgpL2(R%,Dy). (6.1)

Proof. From the very definition (4.2) and our hypotheses on A, we have that
Z(A) is off-diagonal and is in P(Hs, Dg) by Lemma 3.5.

Thus, we need only to prove (6.1). Since Ho(k) € L(Dg,Hy) and
Ran(Hy(k) — 21)~t C Dy for any z € p(Hy), applying [70, §V.5 Corollary
2] we have that on Dy

[Ho (k) Z(A) (k)]
7{ dz [Ho(k), (Ho(k) — =1)~1 [A(k), o (k)] (Ho(k) — #1)1].
Hence, we obtain that on the domain Ugy L2(R?, Dy)

[Ho,Z(A)] = i ?fc dz [Hy — 21, (Hy — 21) "' [A, ITy] (Hy — 21) 7]

dZ [[A, Io], (Ho — 21) '] = [[A, IIy], ITy] = A°P = A,

271'

using the Riesz formula (compare (3.5)) and Lemma 6.2.2.

Finally, notice that Z(A) is the unique off-diagonal solution in P(Hs, Ds)
to equation (6.1) for any off-diagonal operator A € P(Hs). Indeed, if B €
P(Hs, Dy) is another solution to (6.1), then Z(A) — B commutes with Hp, and
hence with ITy. By Lemma 6.2.1, Z(A) — B is diagonal, and hence B = B°P =
Z(A)°P = Z(A). O

6.3. NEASS

This section is devoted to the proof of Proposition 4.1 and thus to the explicit
construction of the NEASS I7¢ satisfying (SA;) and (SAsz). In order to give
this proof, we first need the following preparatory lemma.

Lemma 6.4. If A € P(Hy,Dy), then both (4 — 1) and [es4, X;] are in
P(H¢, Dr) and their norms in this space are bounded uniformly in e € [0,1].

Proof. Clearly, (e4 — 1) is periodic as A is periodic. Since L£(Hg, Dy) is a
Banach space,

— e" A" (k
eaA(k)_]l:eeA(k)_]l:ZE '( )
n.
n=1
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converges in L(Hg,D¢) uniformly in k& € K for any compact set K C R?
and € € [0,1], as the sequence {Zg M}NGN C L(Hs, Dr) converges
absolutely in L(Hs, D) uniformly in k£ € K and ¢ € [0,1]. Moreover, observe
that each summand is such that

R? 5k A ( ) € L(Hy, Dy) is smooth ¥n > 1
and
[e’e) c ak n n—1
D TR =3 DS 4w (01, AGh) 470
n=1 n= 1" ! h=0

converges in L£(Hg, Dr) uniformly in € € [0,1] and in & € K for any compact
set K C R? due to the assumption that A € P(Hy, Dt). Therefore, we are
allowed to interchange the derivation in k£ and the series in n. Iterating this
argument implies that (e*4 —1) is in P(Hs, Dr) and that its norm in this space
is uniformly bounded with respect to € € [0, 1]. Thus, by Proposition 3.4 we
deduce that [es4, X;] = [es4 — 1, X;] € P(Hs, D) again with uniform bounds
on its norm for e € [0, 1]. O

We are now ready to tackle the

Proof of Proposition 4.1. In this proof, we will abbreviate the expression “the
map [0,1] 3 ¢ — A® € P is uniformly bounded” for some space of operators P
by just saying that “A® is in P uniformly in € € [0,1].”

1, By Corollary 3.6.1 one has that [[X;, Io], ITo] is in P(Hy, D) C P(Hs)
and is off-diagonal with respect to Ily; hence, Proposition 6.3 implies that
S € P(Hs¢, Dy). Self-adjointness of S is evident.

2, By Taylor’s formula, we find that for any € > 0

7155 [T &S = [1y + ic[Ily, ] — 575 [S, [S, IT]] €5
for some € € (0,¢). Thus, in view of Lemma 6.2.2 and of the fact that
OD
[X;,IIo] = [X;, o], one has

11, = (M, §) = — 110, 7([%, ], 1))
= T([[[X}, o], o], ITo]) = Z([X;, ITo))-

Moreover,
It = 1e7 99 11}, S] €%, (6.2)

In view of Corollary 3.6.1 and of Proposition 6.3, we have II; € P(H¢, Dy).
Notice now that [/I1,S] is in P(He, Dr) (because 111, S € P(H¢, Dy)), and
(e71¥S — 1) € P(Hs, Dt) uniformly in & € (0,¢) C [0, 1] by Lemma 6.4. There-
fore, we conclude that

I = $(e7% — 1) [, 8] €% + i[II1,S] €% € P(Hs, Dy) (6.3)

rT 2
uniformly in & € (0,¢) C [0,1]. Finally, on the domain UgpCS®(R?, D) we
have that

[H®,II*] = e ([Ho, II] — [X;, ITo]) + > ([H®, II}] — [X;, IT]) .
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On the right-hand side, the first term vanishes in view of equation (6.1):
[Ho, IT;] = [HO,I([X HO])} = [X;, ITo] on Ut C2°(RY, D).
As for the second term, we recognize that

[HE’Hﬂ - [Xjﬁnl]

) (6.4)
Up C5° (R, Dy)

extends to a bounded operator in P(H;) uniformly in € € [0,1]. Indeed, the

second summand [Xj, ;]| | in (6.4) extends to an operator in
Up O (R4, Dy)

P(H¢, D) C P(He) by Proposition 3.4. We split instead the first summand

in (6.4) as

Hy, II7] — e[ X, II: .
[ 0 r] 5[ J r] u];leCgc(Rd,Df)

The first of the terms above satisfies, in view of (6.3),

o, T < 21 Hollp oy ) 1T gy ) for € € [0,1],

P(Hr)

while [X;, IT¢] extends to an operator in P(Hy) applying again

Upp C° (R4, D)
Proposition 3.4. By using Leibniz’s rule, Lemma 6.4 and Proposition 3.4 one
concludes that H (X, IIg]

: is bounded uniformly in € € [0, 1]. O
P(Hs

6.4. Well-Posedness of the Proper S-conductivity

By using (5.2) and combining the following results, here we prove that
Re T(J Hl)

S
prop,t Oprop,ij-

Lemma 6.5. Under Assumption 3.1 we have that Iy, 111, IIZ € B].

Proof. By Assumption 3.1 IIj(k) is a finite-rank projection on H¢ with rank
m (independent of k). Thus, in view of Proposition 2.4, we get

1 1 m
7(|o]) = 7(Ilp) = ] Tr(x1llox1) = C1 1B Ja dk Try, (IIo(k)) = il
(6.5)

hence 11y € B]. In view of Propositions 4.1 and 6.3, we have that IT; = ITPP is
off-diagonal with respect to the orthogonal decomposition induced by IIj, and
hence Lemma 6.2.1 implies that 1Ty = II1 I+ IIoI1;. Since IT; € P(H¢) C BL,
and ITy € B] by (6.5), we deduce that the right-hand side of the above is in
Bi as B, - B] - BL, C Bf.

Finally, recall from (6.2) that II5 = 1e~¢ [T}, 8] €!*S for some & € (0, ).
As we just proved I1; € BT, and the other operators which appear on the right-
hand side of the above are in P(Hs) C BL,, we conclude that II¢ € B7. O

Proposition 6.6. Under Assumption 3.1 and the hypotheses on S in Defini-
tion 5.1, for IIy € {IIy, I, II:} we have that

1. the operators [Ho, X;|STI; and [Hy, S| are in BY,
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2. the operators X;[Hy, S| and [Ho, X;] J|SIIy have finite trace per unit vol-
ume.

Proof. 1. We have that IIy € P(H¢, Ds) by Proposition 4.1, S € P(Dy) by
hypothesis, and [Hy, X;] € P(Dg, H¢) by Corollary 3.6.3; thus, we deduce that

[HO, ]Sﬂﬁ € P(Ds, Hs) - P(D¢) - P(Hs, Ds) C P(Hs) C BL.. (6.6)
On the other hand, since

[Ho, S] = HOS — SHO S P(Df,Hf) 'P(Df) + P(Hf) -P('Dfﬂ'{f) (- P(Df,Hf),
(6.7)

we get that
[HO, S]Hﬁ S P(Df,Hf) . P(Hf,Df) C P(Hf) - B;o (6.8)

Now we are going to show that the operators in (6.6) and (6.8) are in B7, using
the previous results.

First we analyze the case IIy = Ily. In view of Lemma 6.5 we have
Iy € Bj, thus we deduce that [Ho, X;]STIy = [Ho, X;]SIIy- 1Ty € BL,-B] C B
and similarly [Ho, S]I1y = [Ho, S|IIy - IIp € BL, - B] C B].

We proceed with the case IIy = II;. By virtue of Lemma 6.5, of the
construction in Proposition 4.1, and of Lemma 6.2.1, we have that B] > II; =
11111y + Iy II1; hence, we obtain that

[Ho, X;SII, = [Ho, X;)SII, - Iy + [Ho, X;SI, - IT, € BT, - B] € BY.
(6.9)

One can argue in an analogous way to conclude that [Hy, S|II; € B] using
(6.7).
Finally, we analyze the case II; = IIS = 175 [IT}, 8] €!*S. Notice that

[HO, ]SHE ms(e—iss_ ) 158H$+ [H07 ]Sﬂlseles 6.10)
- *[Ho, ]SSU ei€ ’

Observe that on the right-hand side of the last equality each summand is in
B7. Indeed, since (¢S — 1) € P(Hs, D) by Lemma 6.4 and e*SII¢ € B] by
Lemma 6.5, we deduce that [Ho, X;]S(e™S — 1) - 5 115 € P(Hy) - B] C BY.
Using (6.9) and Se'*S € P(H;) by Proposition 4.1.1, we infer that [Ho, X;]STT; -
Sel*S ¢ BT - B, C B]. As for the third summand in (6.10), observe that
S € P(Hs, Dt) by Proposition 4.1.1 and IT,e!¥S ¢ Bi by Lemma 6.5, therefore
we get that [Ho, X;]SS - [1,e'*S € P(H;) - B] C B]. From a similar argument,
it follows that [Hy, S]IIS € B] owing to (6.7).

2. The conclusion follows by applying part 1 of the statement (which we
just proved), Lemma 2.3, Proposition 2.4.1, and Proposition 2.5.1. U

In the following lemma, we prove that some expectation values of Jconv i

which are relevant to transport theory, reduce to the real part of the expecta—
tion value of J :=1i[Hp, X;]S.

nalve 7
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Lemma 6.7. Under Assumption 3.1 and the hypotheses on S in Definition 5.1,
let ITy € {IIy, ITy, IIZ, II°}. Then

(IS nes IIy) = ReT(i[Ho, X;]S IIy). (6.11)

Proof. We first prove the claim for IIy € {Ily, II°}, exploiting the fact that
I} = Iy = II} in this case. Using in addition that [Ty € B by Lemma
6. 5 T2 e A1y € BY, by Proposition 6.6.1, the cyclicity of the trace per unit

volume, Tr(A) = Tr(A*), one has that
ReT( [Ho, ]Sﬂﬁ) ReT(Hﬁ [Ho, ]Sﬂﬁ)

;( (Hﬂ JnalveLH ) +T(Hﬂ(‘]nnve z) Hﬁ))
= Ty i 1Iy) = T( Ty 1)

conv, 7 conv, 7
The case IIy = II; is subtler, and we crucially use the fact that II; =
Iy Iy + IIpI1y, and IIf = II;. Indeed, by using Lemma 2.6, Lemma 6.5, and
Proposition 6.6 we obtain that

ReT(Jr;gaive 7 1) = ReT(‘]nalve % HlHO) + ReT(Jnalve 7 HOHl)
1
2 ( (HOJnalve i I ) + 7—(]]1Jna1ve i HO))
l
2 < (HOJnalve i H ) + 7—(]Yl‘]nalve i HO))
1
( [HOa }Sﬂl)—‘r T(SI[HO? ]Hl) _T(Jconvzﬂl)

Finally, it remains to prove the clalm for Ily = II:. The latter follows by
R-linearity from the previous cases, as IIZ = II° — Iy — el;. O

Proposition 6.8. (Bounds on the remainder terms) Under Assumption 3.1,
there exist C1,Cy € R such that

)| <0 and (IS, O5)| < Co Vee0,1].

|T prop,i

conv,

Proof. We begin by showing the first inequality. In view of Lemma 6.7 and the
triangle inequality, we obtain that

L IT9) <‘ i[Ho, X,]SII?)

< ) [Ho, X:]S(e 55 — 1)e'*S IT¥)

|7 (TS
41 ]([HO, ]SHSelES)‘ ‘([Ho, ]SSHelES)‘
(6.12)

By using the inequalities in (2.10) and Lemma 6.4, the first summand on the
right-hand side can be bounded uniformly in € as

7([Ho, X;]S(e7€% — 1) 112)| < C'||[Ho, Xi]

S m,,S 7
oy 13 1P@o 1S,

where C' is a constant independent of e. Applying again the inequalities
n (2.10), we get for the second and third summand in (6.12), respectively

([Ho, X]SI,8¢%) | < |[[Hy, XIS || |s|
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using Proposition 6.6.1 and

|7([Ho, Xi]8SIeS)| < | Ho, X]

S S 17
oionres 18120 [Slpr4, 0y 1011

in view of Lemma 6.5.
Now, to obtain the second inequality of the thesis, notice that

115)| < |r([Ho, XiJST)| + 17 (XilHo, SIT)| . (6.13)

’T prop,i

The first summand on the right-hand side is bounded uniformly in €, as it is
shown before, while for the second one we proceed as follows. Since [Hy, S|IIZ
is 7-class by Proposition 6.6.1, Proposition 2.5.1 implies that

|7(Xi[Ho, SUIT)| = | Tr (xa Xi[Ho, SHT7x1)] -

\C
Applying the inequality |Tr(AB)| < ||A|| Tr(|B]) for a bounded operator A

and a trace class operator B, estimate (2.11) and Proposition 2.4.1, we have
that

|'Tr (x1X;[Ho, S| x1)] < 1 Xaxa |l Tre(x 1 [Ho, ST x1])

L
IC4] X
< I Xoxa | [|[Ho, SJTZ], ..

Finally, since [Hy, S] € P(Ds, H¢) as shown in (6.7), one can reason as in (6.12)
to conclude that [|[Ho, SIS ||, . < D, for a constant D independent of &, which
yields the second inequality in the thesis. O

L
|C4

6.5. Chern-Like and Extra Contributions to the S-conductivity

In this subsection, we prove Proposition 5.3, Proposition 5.4, Theorem 5.6 and
Lemma 5.10.

Proof of Proposition 5.3. We are going to show that C and E, are in B] for
any ¢ € {1,...,4} and then equality (5.7) follows from Proposition 2.41. We
begin by looking at the Chern-like term C. We can write on Ran(xr) that
C = o[ [X;, ITo], S[X;, IIo] |, by using Remark 5.2 and (3.6). In view of Corol-
lary 3.6.1 and Lemma 6.5, we have that ITy- [ [X;, IIo], S[X;, IIo] | € B - P(Hs).
Therefore, the above operators are 7-class as P(H;) - B] C B]. In view of the
cyclicity of the trace per unit volume and the off-diagonality of [X;, IIy], one
can rewrite 7(C) as
T(HO “X“ Ho], S[Xj, Ho]]) = T(Ho[Xi, Ho]S[Xj, Ho]) — T(H()S[Xj, HQMX“ H()])
= T(IIo[ X5, I10] S[X;, Io]) — 7(11o[X;, Io][ X5, 110]S)
= 7(Iy [[Xl, I1o)S, [ X5, HOH).

We now analyze the first extra term E;. Similarly to the previ-
ous computation, we have on Ran(xr) that Ey = illo[Ho, X;]I[IoSI1 +
iI15-[Ho, X;]II-SIT;. In view of Corollary 3.6.3, Lemma 3.5, Lemma 6.5
and Proposition 6.6.1, we get that IIo[Ho, X;]11oS - IIy € P(Hs) - B] and
Hd‘[H@,XAHd‘SHl = H&'[Ho,Xl]Sﬂl - Hd_[Hsz]HOSHl € BI Then,
noticing that IT; = IIPP by construction (see Propositions 4.1.2 and 6.3)
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and applying Lemma 2.6, we obtain the final expression for 7(E;) in (5.9).
The proof concerning the statement that Es, Es and E4 are in B] is obtained
by similar estimates. By applying Proposition 6.6.2, we infer that X;R has
finite trace per unit volume for any i € {1,...,d} and equality (5.7) is implied
by Proposition 2.5.1.

Finally, Lemma 2.6 implies that 7(Ey) = 0 = 7(E4). Indeed, for the first
identity observe that 7(XPPSII Hy) = 7(II;HoXPPS) = 7(HoXPPSIL),
and for the second one just notices that E4 is the commutator of [X;, ITo] € BT,
and H()S[Ho, ] S BT
Proof of Proposition 5.4. 1. First of all, notice that [Hy, B]II; € B] since IT; =
II 11y + IoII;, and, for II; € {Ily,II,}, one has [Ho,B] - IIy € P(Dy, Hy) -
P(H¢, Dr) C P(He) and II; € P(Hs, Dr) N BT. Since

I, = %f dz (Ho — 21) 7" [[X;, o], [Ty | (Ho — 21)*

by construction (see Propositions 4.1.2 and 6.3), we have that

ir([Ho, B|IT1) = f% fcdm ((HO — 21)~[Ho, B)(Ho — 21)~* [ [X;, Mo, HO])

_ 7$7{Cdz7<[3,(Ho — 21) [, o], o ]

= ir (1B, ITo) [ [X;, ITo], TTo ] ) (6.14)

where in the first equality we have used the cyclicity of the trace per unit
volume, based on the fact that [Hy, B](Hy — z1)~! € BT, by Lemma 3.5, and
that [[X Iy}, Iy | € BY by Corollary 3.6.1 and Lemma 6.5.

Finally, in virtue of [B, ITo|[X;, ITo| Ty = II[B, IIy][X;, ITy] and by using
again the cyclicity of the trace per unit volume since Il [X IIy] € Bf and
[B, IIy] € BL,, we conclude that

~ (ilB, 1) [[X;, o], 1o ) ) = 7 (i11o B, 1o][X;, Tho] ) —  (ilTo[ X, TIo] B, o))
=r (ino[[B,Ho], [Xj,no]]) .
2. In view of intermediate formula (6.14), the claim is equivalent to show that
T ([B, 1) [ [X;, o], 1o ]) = 0. By algebraic manipulations, exploiting the fact
that Il is a projection, we obtain that on Ran(x1)
[B, IIo) [ [X;, IIo], Iy ] = 15 BIIo[Ily, X;] + o BIIy Iy, X;].

Therefore, since each summand on the right-hand side above is in B], using
again the cyclicity of the trace per unit volume and the off-diagonality of
[IIo, X;], we get that

7([B, o) [ [X;, o), HO]) = 1(BIo[Ily, X;]113") + 7(BII [y, X;]1T)

= 7(B[Io, X,]) = Tr (x1[B1lo, X;]x1)

ICI

1
= @{Tf (x1BHox1X;x1) — Tr (XlXjXIBHOXI)} =0,
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where we have used that [B,X;] = 0 and the conditional cyclicity of the
trace, since x1BIlyx1 is trace class in view of the fact that BIl, € B] and of
Lemma 2.3. O

Proof of Theorem 5.6. First of all, Proposition 6.6.2 implies that Jpsrop,z'Hﬁ has

a finite trace per unit volume for Iy € {Ily, IT,, II:}, thus all the terms appear-

ing in (5.2) are finite. By virtue of Proposition 6.8, we obtain that U;?rop)ij =

Re7(JS, ,IT;). Now, notice that Re(i[Ho, X;]SIT,) = 7(J3 ., ;1) by

prop,? conv,?
Lemma 6.7. Therefore, by previous computation in (5.3) and (5.4), we get

that
Re7(JS,, ;1) = Rer(i[Ho, X;]S II1) + Re 7(X;R) = 7(J3 , ; IT}) + Re 7(X;R).

prop,i conv,i
Observe that Proposition 6.8 implies that o3, = Rer(J5,, ) =
7(J2 . II1). From equation (5.5) and Proposition 5.3 we derive formula

conv,i

(5.12). Corollary 5.5 along with Proposition 2.5.2 implies the well-posedness

of the rotation S-conductivity, as it appears in (5.13). O
Proof of Lemma 5.10. Obviously, E3 = 0 and R = 0 by using (5.16). Proposi-
tion 5.3 implies that 7(E;) = ir([Ho, XP]SOPII;) = 0, since S°P = 0. O
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Appendix A. Unit Cell Consistency and Vanishing of Persistent
S-currents

A.1. Results on the Unit Cell Consistency

As a preliminary step, we prove that the trace per unit volume, acting on a
suitable class of operators, is independent of the choice of the fundamental
cell Cy. First, notice that chosen any two primitive cells of arbitrary shape,
it is possible to cut the first up into pieces, which, when translated through
suitable lattice vectors, can be reassembled to give the second. This fact, well-
known to solid state physicists [4], can be reformulated in the following lemma,
whose proof is elementary. Recall that Cy, is defined in (2.7) with reference to

a linear basis {a1,...,aq} of I, while Cr, in (2.17) refers to another linear basis
{&1,...,dd} of I'.

Lemma A.1. Let C; and Cy be two primitive cells. Then there exist a finite set
I C I and a family of subsets {P’Y}’yel C X such that"

Ci=||TP, and Ci=|]|P,. (A1)
yel yel
In particular, one may choose

P’Y = T_7C1 N 51 C 51. (AQ)

Denoting by 7(-) and 7(-), respectively, the trace per unit volume
induced by the choice of the primitive cells C; and C;, we have the follow-
ing result.

Proposition A.2. Consider an operator A which is periodic and trace class on
compact sets.
1. Then, 7(A) =7(A).
2. If, in addition, Tr(xp,Axp,) = 0 for all v € I, where {P'Y}'yGI are the
sets defined in (A.2), then 7(X;A) = 7(X;A).

Proof. 1. In view of Proposition 2.4.1, it suffices to prove
1 1 o~
It Axa) = = Tr(x1 AXx1).
IC:| |Cy|
Obviously, from decompositions (A.1) and the translation invariance of

the Lebesgue measure, it follows that [C1| = |C1|. The first identity in (A.1),
conditional cyclicity of the trace and identity x%v p, = XT,P, imply that

Tr(x1 Ax1) = Z Tr(xt,p, AXT,P,) = Z Te(Tyxp, T3 AT xp,T5).
yel yel

(A.3)

Now, by the invariance of trace under unitary conjugation and the periodicity
of A, one has that

Tr(x1 Ax1) = ZTr(va Axp,) =Tr(X1 AXx1),
vel
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where in the last equality we used the second decomposition in (A.1).
2. After arguing as in the steps leading to (A.3), one notices that
Tr(T.YvaT,’; XiAT.YXpr,;‘) = Tr(xva;‘ XiAT,xp,) = TI'(XP,YT: XiTyAxp,)
=7 Tr(xp, Axp,) + Tr(xp, X;A xP,)
where we have used [Tnj, Xi] =y T5. Therefore, in view of the decompositions
(A.1), we conclude that

Tr(xa Xidx1) = > _ % Tr(xp, Axp,) + Tr(xa XiAX1) = Tr(X1 XA X).
yel
which yields the claim. O
For any v € I, consider the operator 1ir, 7 p .nery = ly7,p, nery,
which is periodic by its very definition (here 1, is an alternative notation for
the characteristic function of the set §2). By applying (2.13), one has

ICilT(Lyz, P, . neryA) = Tr(xalqr, P, .neryAxi) = Tr(xp, Axp,), (A4)
for every operator A which is periodic and trace class on compact sets. Using
the previous rewriting, we are in position to prove that xp, Rxp,, defined in
(1.12), has vanishing trace whenever the model enjoys a discrete rotational
symmetry.

A.2. Models with Discrete Rotational Symmetries

Let us fix indices i # j € {1,...,d}, and denote by Ry (;;) the counterclockwise
rotation of angle ¥ € [0,27) in the plane (z;,z;):

Rﬁ,(ij)(xla N I PR R ) P ,:L’d)
= (x1,...,(cosV)z; — (sin)zy, ..., (sind)z; + (cosV)z;,. .., zq).
Rotation operators in the plane (x;,x;) on H are defined via
(Ro,ij)¥) (@) == Pﬂ,(ij)¢(R5,l(ij)$)» for ¢ € H,

where py,(;;) is a unitary matrix acting on CV .8

Suppose that the d-dimensional crystal under consideration is invariant
under a rotation of angle ¥ = 2r/n, for some n € N*, in the plane (z;,z;),
namely v € I" if and only if Ry ;;)y € I" (then it trivially follows that z € X
if and only if Ry, i)z € &). A periodic Hamiltonian Hy is said to be itself
rotationally symmetric or invariant under rotation of angle ¥ in the plane
(@i, ;) if and only if R;}l(ij) Hy Ry i;y = Ho. For example, several models on
the honeycomb structure, including e.g. the Kane-Mele model (see [33] or [43,
Appendix A]), are invariant under the rotation Ry /3 (12)-

Proposition A.3. Let ¥ = 2w /n for some n € N*. Let the Bravais lattice I" be
invariant under the rotation Ry i;), i.e. v € I' if and only if Ry iy € I,
and

-7“3;’1(17-)]1{%13v neryRo iy = L1, P, -nery vy el (A.5)

181n two-level systems one defines P, (12) = e~ 198z to encode the rotation of angle # around
the z-axis on C2.
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Let the operator Hy, as in Assumption 3.1, be rotationally symmetric of angle
¥ in the plane (x;,1;). Let S = l2x) ® s, as in Definition 5.1, be such that
p;}(ij)sp&(ij) = 5. Then
1. Tr(xp, Rxp,) =0 Vv € I, where R = i[Ho, S|IIy and {Py} ., are the
sets defined in (A.2).

2. the persistent conventional S-current vanishes, namely T(ngv’i

I1,) = 0.

The vanishing of persistent S-currents is not expected to hold true in general,
i.e. for systems without a discrete symmetry. However, it has been argued that
such persistent currents do not contribute to transport [57].

Proof. 1.In view of Proposition 6.6.1 R € B] and thus applying (A.4) the thesis

is equivalent to show that 7(1¢r, p. .neryR) = it(I¢1, P, :nery[Ho, S]II1) = 0.

Using the invariance of the trace under unitary conjugation and the identities
-1 ~ -1

Rﬁ’(ij)XIRﬁ)(ij) = X1, R,&’(i])HOR,& (ijy = Ho and R (”)Sng,(ij) = S and

(Ab),and ITy =7 ([Xj,ﬂo]) by Proposition 4.1.2, we obtain that

|C1|7 (Ir, P, :nery[Ho, SIZ([X;, o)) = Tr (x1l¢r, p, : nery[Ho, SIZ([X;, Io]) x1)
=Tr (5('1]1{TT,P.,:71€F}[H07 SIZ([Ry l(ijRa,(ijp Uo]))?l)
=7 (ll{TnP,Y -nery[Ho, SJZ([R; <IJ>XJ‘R19,(U)7H0]))
= [Co|7 (Liz, p, :nery [Ho, SIT([Ry ) X Ro, i), Tol) )

where we have used Proposition 2.4.1 and Proposition A.2.1. Therefore, by
iterating the previous computation we have that

7(Liz, e, cnery[Ho, SIZ(1X;, ITo]))

.
=~ > (Lry, cnery Ho SIZ(IRT S XGRS . o)) . (A6)
k=0

Now we are going to compute Zk 0 R; (”)X R§ (i) The rotation of angle

¥ acts non-trivially only in the plane (z;,2;), which we parametrize with the
complex coordinate z := x; +iz;. In this parametrization, the rotation of angle

¥ is implemented as Ryz := e’z Introducing the complex position operator
Z := X; +1iX;, one has then that Rﬁ ) iX; R§ (i) = Im (eikﬂZ) and thus

n—1
D—k . Hk _ i2nk/n
Z Ry Y, 1X; R (i) = Tm (Z ei27k/ Z) .

k=0 k=0

As Y P2, e?™/m = 0, we deduce that the term in (A.6) vanishes. This con-
cludes the proof.
2. In view of decomposition (A.1), it suffices to show that

Tr (xp, i[Ho, X;]SIy xp,) =0 Vyel,

whose proof is analogous to the previous one since [Hy, X;]S11y € BY. O
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Remark A.4. In general, even exploiting the peculiar discrete rotational sym-
metries in the hypotheses of Proposition A.3, it is not obvious that the per-

sistent proper S-current vanishes, i.e. T(mep ;o) = 0, since the argument we
used relies on the periodicity of the operators involved and J}iop ; 1s not peri-

odic. Nevertheless, in the Kane-Mele model this property holds true thanks
to the specific structure of the model.

A.3. Vanishing of Persistent S-current When S is Conserved

When S is a conserved quantity, namely when [Hy, S] = 0, the vanishing of the
persistent S-current J© = J, Sro i = JCSOHV ; holds true without any symmetry
assumption on Hy (compare [10 12], where similar results are deduced in the
case S = 1, and [8], which offers a proof in the context of many-body quantum
spin systems).

To show this, notice first that [IIy,S] = 0 as well and that J7 =
[Ho7 ;] S is a periodic operator in view of Lemma 2.1. Moreover, J:° I =
[HO7 i] SIIy is T-class in view of Proposition 6.6.1. Consequently, by the iden-

tity I13 = Iy, Lemma 2.6 and Proposition 2.4.1, we have that

7([Ho, Xi|S11o) = 7(Ilo[Ho, X;]SHo) = 5 Tr(x1lo[Ho, Xi] SIox).

IC |
By Remark 5.2, after some algebra, we get that

x11Io[Ho, X;]STox1 = x11Io[Ho, X;)STox1 = x1[I1o HoS Iy, ITo X, ITo)x1
= x1[oHoSIo, Xilx1 — xa[oHoSIo, X;:°Px1.
(A.7)
Notice that the trace of the first summand above vanishes:

Tr(x1[HoHoSHy, Xilx1) = Tr(x1doHoSHox1 Xix1 — x1 Xix1IloHoSIIox1),

where both summands inside the trace are trace class. Indeed, Ilpy; is
an Hilbert—Schmidt operator, since Tr((Iox1)*Hox1) = Tr(xilloxi) =
|C1|7(IIp) < oo by Lemma 6.5. This implies that the adjoint x;11y is Hilbert—
Schmidt as well. Since S, ITgHyIly and x1X;x1 are all bounded operators, the
desired claim follows in view of the conditional cyclicity of the trace Tr(-).
Finally, we have that the trace of the second summand in (A.7) vanishes as
well. Indeed, by Remark 5.2, Lemma 6.2.2 and definition (3.6) we obtain that

x1[ITo HoS Ty, X;°Plx1 = x1[ITo Ho STy, [ [Xi, ITo] , ITo]]xa

and thus, using Proposition 2.41, we deduce

1 .
il Tr(x1 [IloHoSTlo, X;°P)x1) = 7 (HOHOSUOHXuH(ﬂ ,Ho}) +

-7 ([ [Xi7 Ho] 7HO]HOH()SH()) .
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The conditional cyclicity of 7 implies the conclusion, since I1oHoSIIy € B,

and [[X;, Io], ITy) € B7.
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