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Within a Dirac model in 1+1 dimensions, a prototypical model to describe low-energy physics for a wide
class of lattice models, we propose a field-theoretical version for the representation of Wannier functions, the
Zak-Berry connection, and the geometric tensor. In two natural Abelian gauges we present universal scaling of
the Dirac Wannier functions in terms of four fundamental scaling functions that depend only on the phase y
of the gap parameter and the charge correlation length £ in an insulator. The two gauges allow for a universal
low-energy formulation of the surface charge and surface fluctuation theorem, relating the boundary charge and
its fluctuations to bulk properties. Our analysis describes the universal aspects of Wannier functions for the wide
class of one-dimensional generalized Aubry-André-Harper lattice models. In the low-energy regime of small
gaps we demonstrate universal scaling of all lattice Wannier functions and their moments in the corresponding
Abelian gauges. In particular, for the quadratic spread of the lattice Wannier function, we find the universal
result Za& /8, where Za is the length of the unit cell. This result solves a long-standing problem providing
further evidence that an insulator is only characterized by the two fundamental length scales Za and &. Finally,
we discuss also non-Abelian lattice gauges and find that lattice Wannier functions of maximal localization
show universal scaling and are uniquely related to the Dirac Wannier function of the lower band. In addition,
via the winding number of the determinant of the non-Abelian transformation, we establish a bulk-boundary
correspondence for the number of edge states up to the bottom of a certain band, which requires no symmetry
constraints. Our results present evidence that universal aspects of Wannier functions and of the boundary charge

are uniquely related and can be elegantly described within universal low-energy theories.

DOI: 10.1103/PhysRevResearch.3.033167

I. INTRODUCTION

Wannier functions [1] have matured to an invaluable tool
in various fields of solid-state physics. They provide a useful
basis set of exponentially localized single-particle states [2]
integral to density functional theory [3], are used in the def-
inition of tight-binding models with short-ranged hoppings,
can characterize the topological properties of crystals [4—6],
and are the basis for the modern theory of polarization and
localization [7-9]. However, Wannier functions are gauge de-
pendent, begging the following question: Which gauges are
particularly useful? One of them has been identified as the
gauge of maximally localized Wannier functions [10], which
we call the ML gauge in the following. In this gauge the
quadratic spread (Ax?)!/? of the Wannier function is related
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to the fluctuations of the bulk polarization and to the quasimo-
mentum integral of the geometric tensor [10,11] quantifying
important topological hallmarks of the system. Furthermore,
the first moment of the Wannier function (its average) can
be related to the Zak-Berry phase or the bulk polarization
[9], a quantity widely used to determine Chern numbers in
two-dimensional topological systems.

Complementary to the bulk polarization the macroscopic
boundary (or surface) charge Qp for a half-infinite insulating
system has been studied extensively in a series of recent
works [12-18]. Interestingly, the boundary charge [19] and
its fluctuations [18] can be related to the bulk polarization
and its fluctuations by the so-called surface charge and sur-
face fluctuation theorem. The surface charge theorem has first
been discussed in Ref. [19] relating Qp to the Zak-Berry
phase of all occupied bands, up to an unknown integer, for
noninteracting, nondisordered systems. Recently, this theo-
rem was further analyzed in Ref. [15] for the wide class of
generalized Aubry-André-Harper models [20-26]. Here even
the unknown integer of the surface charge theorem was de-
termined fixing the precise gauge in the Wannier functions
needed to relate its first moment to the Zak-Berry phase. In
the small gap limit a low-energy Dirac model in 141 dimen-
sions [13,17,27] can be used to reveal a universal form of the
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FIG. 1. Universal scaling of the lattice Wannier functions w(ma) and @(ma) for the lower band & = 1 of the Rice-Mele model in (a) AF
gauge and (b) ML gauge, respectively, for different correlation lengths & = ta/A determined by the gap size 2A and the average hopping
t. The gap parameter is given by Ae”” = —§v — 2i8t, where vy, = £8v and t;, =t & 8¢ are the alternating onsite energies and hopping
amplitudes, respectively. The phase of the gap parameter is chosen as y = 0.2 7. Main panels: %lm w(ma)|?> (AF gauge) and %|n”1 w(ma)|?
(ML gauge; with i = m — y,/m and y; = —y + 7w sgny = 0.87 denoting the Zak-Berry phase) as function of ma/& and ma/§ for different
& = 5a, 10a, 50a, 100a. All discrete lattice points fall on top of the fundamental universal scaling functions of the Dirac model, |F4,5(ma /&)
(AF gauge) and |FA/B(ﬁ1a/$)|2 (ML gauge), for m odd (F, and £,) and m even (F3 and Fy) (black solid lines; the even points in the AF
gauge are multiplied by a factor of 5 for visibility). Left inset of (a): the scaling of the first moment C;(Ma)/(2a) = % ZZ: M m|w(ma)|?

as function of Ma/£ for different & = 5a, 10a, 50a, 100a. All lattice points fall on top of a universal scaling function % fﬁ%ié dy[Fy(v)* +

F3(y)*]/y (black solid line). They converge smoothly to the value y,/(27) = C,/(2a) = 0.4. Left inset of (b): scaling of the quadratic spread
(Ax*)(Ma)/(2a&) = 3 M @ li(ma)|? as function of Ma/& for different & = 5a, 10a, 50a, 100a. All lattice points fall on top of the

universal result féw Y% dy[Fy(y)? + Fp(y)?] (black solid line) and converge smoothly to the universal value % Right inset of (b): | (ma)| for
& = 5a, 10a, 50a, 100a shown as function of m, giving rise to the misleading visual impression of a localized state with &£-independent spread

of order a. A similar form appears for |w(ma)|? (not shown).

boundary charge in terms of the phase of the gap parameter
[17]. Complementing the surface charge theorem, recently the
surface fluctuation theorem [18] was established as a relation-
ship between the boundary charge fluctuations and the second
moment of the density-density correlation function or, equiva-
lently, the fluctuations of the bulk polarization. The boundary
charge is of particular interest since it is a measurable ob-
servable, e.g., via density measurements in cold-atom systems
[28,29] or via scanning single-electron transistor techniques
[30-34] in carbon nanotubes [35], graphene nanoribbons [36],
and Rashba nanowires [37,38].

These recent developments raise the important ques-
tion whether Wannier functions themselves exhibit universal
properties beyond their first two moments, in particularly
fundamental gauges. To address this question we cover the
wide class of generalized Aubry-André-Harper models. We
do so by considering a two-band Dirac model, which requires
a field-theoretical generalization of Wannier functions, the
Zak-Berry connection, and the geometric tensor, which we
provide. Any of such field theories must always be comple-
mented by appropriate asymptotic conditions at high energies
to provide a well-defined relation to the lattice models falling
into the universality class of the respective field theory. In
addition to the above-mentioned ML gauge, we define the
asymptotically free (AF) gauge, which is fixed by requiring
that the eigenfunctions turn into conventional plane waves at
large momenta. Here, we show that, for a microscopic lattice
model, this gauge corresponds precisely to the one used in
Ref. [15] to fix the unknown integer in the surface charge
theorem. As aresult, the AF gauge is useful to formulate a uni-
versal field-theoretical version of the surface charge theorem,

relating the boundary charge to the first moment of the Dirac
Wannier function and to the phase y of the gap parameter,
which in turn is related to the field-theoretical version of the
Zak-Berry phase. In contrast, we show that the fundamental
ML gauge is useful for the universal formulation of the field-
theoretical version of the surface fluctuation theorem, relating
the boundary charge fluctuations to the second moment of the
Wannier function or the momentum integral over the field-
theoretical version of the geometric tensor.

Returning to the question of universality of Wannier func-
tions beyond the first and second moments we find that
strikingly the entire line shape of Wannier functions exhibits
universal behavior in the small gap limit. Surprisingly, we
show that for the whole class of generalized Aubry-André-
Harper models all lattice Wannier functions display universal
scaling on the length scale &, which is the fundamental length
scale of insulators on which charge correlations decay expo-
nentially. £ is proportional to the inverse gap and is defined
here by the exponential decay length of the square of the
Wannier functions. We show that all scaling functions can
be related to four fundamental functions of the Dirac model
which are fully characterized by the phase y of the gap pa-
rameter.

In Figs. 1(a) and 1(b) we illustrate these four fundamental
scaling functions, denoted by F4 p and F’A,B in the follow-
ing, for the lower-band Wannier functions in the AF and
ML gauges of the Rice-Mele model, a fundamental one-
dimensional lattice model with a two-site unit cell put forward
in the context of topological insulators [39]. In Fig. 1(a) we
show that for the AF gauge, all Wannier functions multiplied
with the lattice site index m collapse upon scaling m — ma/&
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for different correlation lengths & (here, a denotes the lattice
constant). For the ML gauge, as shown in Fig. 1(b), the same
applies but it turns out to be important to include a shift of
the lattice site index m by the first moment of the Wannier
function. Surprisingly, the universal scaling holds even out-
side the strict range of low-energy theories, i.e., it persists for
rather large gaps [where & ~ O(a)] and also for rather small
length scales |ma| ~ O(a). The inset of Fig. 1(a) and the left
inset of Fig. 1(b) show the universality of the surface charge
and surface fluctuation theorem discussed above, respectively,
which follow from the universality of the Wannier functions.
We find that the first moment converges to the universal result
Ci1/(Za) = y1/(2m), where Za is the length of the unit cell
and y; is the Zak-Berry phase of the lower band, which is
related to the phase of the gap parameter and to the boundary
charge. For the quadratic spread in the ML gauge we find the
universal result (Ax?) /(Za) = & /8, which is in full agreement
with the universal result for the boundary charge fluctuations
[18]. Interestingly, we obtain the scaling (Ax?)/(Za) ~ O(&)
in any gauge and for any band for arbitrary unit-cell length Za.
This shows that the spread is not an independent length scale
but is universally linked to the exponential decay length &. In
the small gap limit this solves a long-standing problem since
in the previous literature only the inequality (Ax?) < Za & has
been stated [8,11], leaving it open whether the so-called lo-
calization length A = (Ax?)!/? defines an independent length
scale [40].

Our analysis shows that universal aspects of Wannier func-
tions and the boundary charge are ultimately related to generic
effects arising at band anticrossing points with a small gap
defining a corresponding universal length scale clearly sep-
arated from the lattice spacing. The reason why universal
scaling was easily overlooked before is at least twofold: On
the one hand, density functional theory calculations for spe-
cific materials are often applied to systems where the lattice
spacing a and the exponential decay length £ are not clearly
separated. On the other hand, even in cases of clearly sepa-
rated £ > a, the visual impression of the square |w(ma)|? of
the Wannier function does not reveal any universal scaling. As
shown in the right inset of Fig. 1(b), the visual impression is
that of a rather boring Lorentzian with broadening ~a. This
form is only important for the correct normalization of the
Wannier function but it does not reveal any universal scaling
on length scale £. Universal scaling is only visible when
multiplying the Wannier function by the spatial coordinate
and plotting the square |m w(ma)|?, such that the asymptotic
(1/m)? behavior of the Lorentzian is canceled. As a conse-
quence, it is roughly the product of a Lorentzian on scale @ and
a universal scaling function on scale & which characterizes the
subtle and universal line shape of Wannier functions revealed
in this work.

Furthermore, we show that the fully universal scaling ex-
emplified for the Rice-Mele model persists for the Wannier
functions of all bands for any size Z of the unit cell. It turns
out that the lattice Wannier functions of a given band with two
gaps at the bottom and top of the band show universal scaling
in terms of two different correlation length scales referring
to these two energetically adjacent gaps. Additionally, we
show that each Wannier function can be naturally split in two
additive contributions, one corresponding to the upper and one

to the lower half of the band, each of them scaling only with a
single length scale. Moreover, we also discuss a non-Abelian
gauge of maximal localization (NA-ML) mixing the Wannier
functions of all bands including and below a given one, which
has been proposed in Ref. [10] to maximally localize the
total sum of the quadratic spreads of a certain set of Wannier
functions. Interestingly, we find that all Wannier functions
in the NA-ML gauge reveal universal scaling on the same
length scale & referring to the band gap between that given
band and the next. Additionally, these Wannier functions can
be uniquely related to the lower band Wannier function of
the Dirac model. Furthermore, we will present an explicit
construction of the NA-ML gauge in terms of the Wilson prop-
agator and show that the winding number associated with the
unitary non-Abelian gauge transformation allows for a formu-
lation of a bulk-boundary correspondence (BBC) determining
the number of edge states up to the band chosen to define the
NA-ML gauge via bulk properties. This form of the BBC is of
particular interest since it is not restricted to zero-energy edge
states or to particular symmetry properties of the system. We
would like to additionally emphasize that this formulation of
the BBC has nothing to do with a relation of the boundary
charge to some winding number. In general case the boundary
charge (as the Zak-Berry phase) can take any value and is
only quantized in the case of special symmetries or filling
factors.

Our work is organized as follows. In Sec. II we start with
the description of the lattice models under consideration and
the relation of their eigenstates to the eigenstates of the Dirac
model. The low-energy theory of the Zak-Berry connection,
the Zak-Berry phase, and the geometric tensor, together with
their relation to the corresponding lattice quantities is the
subject of Sec. III. In this section we will also define the
AF and ML gauges and formulate the low-energy version of
the surface charge and surface fluctuation theorem in terms
of the low-energy version of the Zak-Berry phase and the
momentum integral of the geometric tensor, respectively. The
definition of Wannier functions in Dirac theory and their pre-
cise relation to the lattice Wannier functions will be analyzed
in Sec. IV. Furthermore, we will describe in this section the
relation of all moments of the Wannier functions in Dirac and
lattice theory and explain how the surface charge and surface
fluctuation theorem can be formulated in terms of the mo-
ments of the Dirac Wannier functions. The universal scaling of
the Dirac and lattice Wannier functions is the central subject
of Sec. V. We will calculate the Dirac Wannier functions
together with their moments analytically in the AF and ML
gauges, and state the definitions and properties of the funda-
mental scaling functions. The universal scaling of all lattice
Wannier functions and their moments is then stated via their
relation to the Dirac Wannier functions, and is demonstrated
for two explicit examples Z =2 and 3. Finally, in Sec. VI
we construct explicitly the NA-ML gauge and demonstrate
that all non-Abelian Wannier functions show universal scaling
corresponding to the Dirac theory of the highest gap defining
the set of mixed bands. In addition, we set up an interesting
bulk-boundary correspondence relating the winding number
of the determinant of the non-Abelian gauge transformation
to the number of edge states present in all gaps up to a certain
one. We close with a summary and outlook in Sec. VII. Some
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more involved technical details are presented in a series of
appendices.
We use units e = /i = 1.

II. MODEL AND EIGENSTATES

In this section we will state the class of lattice models under
consideration together with their relation to the Dirac field
theory. In particular, we will show the representation of the
Bloch eigenstates in lattice theory and the eigenfunctions of
the Dirac Hamiltonian, together with their precise relation-
ship. In summary it will turn out that the Dirac field theory
is an elegant way for a formulation of degenerate perturba-
tion theory in terms of slowly varying right and left movers,
applicable to lattice models with arbitrary size of the unit cell.

A. Lattice model

We consider the following class of so-called generalized
Aubry-André-Harper lattice models in one dimension, char-
acterized by nearest-neighbor hopping and a single orbital per
site, together with any periodic onsite and hopping modula-
tion:

H=Hy+H 2.1
Hy=—t Y (Im+ 1)(m| + H.c.), (2.2)
H' =" 8v,lm)(m| — > 8ty(m+ 1)(m| + He). (2.3)

Here, m is the lattice site index, t > 0, and all §v,, = v47,

ot = Ot,,4z are periodic and real (possible phases of the

hoppings can always be gauged away in one dimension). The

number of sites in a unit cell is denoted by Z. We relate

m=Z(n — 1)+ j to the index n labeling the unit cells and

the index j = 1, ..., Z labeling the sites within a unit cell.
We assume the condition

[Bvml, 16ta] K2, 2.4)

such that H’ can be considered as a small perturbation. Due
to the presence of H' there will be Z bands labeled by the
band index o = 1,...,Z (from bottom to top), with Z — 1
gaps in-between labeled by the gap index v=1,...,Z — 1
(see the sketch of the band structure shown in Fig. 2).

In standard solid-state notation of the reduced zone
scheme, the Bloch eigenfunctions on the lattice are written

as
Za tkma
Yia(ma) = || =— ure(ma)e™,
2

where o = 1, ..., Z is the band index (labeled from bottom to
top), ma denotes the lattice space position, and a is the lattice
spacing. The length Za defines the size of the unit cell. The
quasimomentum k is defined within the first Brillouin zone

T
—Z—a<k<z—aand

2.5)

Uy (ma) = ug(ma + Za) 2.6)

is periodic with the unit-cell size. We assume that the gauge
is always chosen such that the total Bloch function is periodic

T=+ .
Q=9
=@
T=+ T=— r=tfa=4
]/7@ 7/:®
3
Slr=— _ T=—
v ot oa=3
=0
T _ a=2
T=+4 T=+
7/:@ ]/:®

FIG. 2. Sketch of the band structure for Z =5. We findZ — 1 =
4 gaps labeled by v=1,...,4 opening up at k =0 for v=2,4
even, and at k = :I:% for v =1, 3 odd. All bands labeled by o =
1,...,5 are then naturally split in two halves, the upper and lower
halves labeled by (v, ) = (@, —) and (v, 7) = (¢ — 1, +), respec-
tively. An exception are the lowest « = 1 and highest « = 5 bands.
They are not split in two halves and labeled by (v, ) = (1, —) and
(v, ) = (4, 4). The Dirac theory for gap v is a good description
for all eigenstates referring to a pair of band parts labeled by (v, £)
(indicated by violet and green color for v even or odd, respectively).
The momentum ¢ in Dirac theory is the difference of k to the point
where the gap opens, i.e., k = ¢ for v even, and k = £7- + ¢ for
v odd and sgng = . The cutoff for |g| is given by A, = 57— for
a=2,3,4and by A, = %fora =1,5.

in k:

Via(ma) = Yy, (ma). 2.7)

Note that this means that u,(ma) is not periodic in k but
fulfills the condition

. —iZm
uk+%,a(ma)—uka(ma)e z", (2.8)

At fixed k in the first Brillouin zone, the states u,(ja) =
(jlure) in unit-cell space j =1, ..., Z are eigenfunctions of
a Hamiltonian /; defined on the periodic continuation of the
unit cell

hiltre) = €xaltika), (2.9)

V4
e =) 8l
j=1

z
=Y 3+ Dle ™+ )G+ e, (2.10)
j=1
where t; =t + 4t;, and we identify |Z + 1) = [1). In con-
trast to s and |u,), the dispersion relation is periodic in
ki€ o = €t
We note the following normalization and completeness
relations:

> Via(ma) Yroa (ma) = Soudk — k'), @.11)
m w/Za
> / dk Yo (M) (m'a)* = 8. (2.12)
« —1/Za
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This corresponds to the following relations for the peri-
odic Bloch part u,(ja) at fixed quasimomentum k and

j=1,...,Z
V4
> tha (@) i (j@) = S (2.13)
j=1

> tha(j@ua(ja)* = 8. (2.14)

Introducing the following scalar product in unit-cell space

z
(ko) =Ytk (j@) Ui (j), (2.15)
j=1
we can write (2.13) and (2.14) in compact form as
(Ur [Ure') = Saars (216)
Z |tk (ttiea| = 17. (2.17)

o

B. Dirac model

For a small perturbation H’ compared to the typical band-
width set by the average hopping ¢, the states in the middle
of the bands are nearly untouched and only close to the gaps
the eigenstates of H, are coupled significantly by H'. We
denote the single-particle eigenstates of Hy in the extended

zone scheme as
a .
mlk) = [ 5= e,
2

with energy €, = —2¢ cos(ka) and —m /a < k < 7 /a. Since
H' is periodic with the size Za of the unit cell, the gap open-
ings will happen in general via higher-order processes close
to the two Fermi points +k_ where

(2.18)

14
k(U) =,
F Za
As outlined in detail in Refs. [13,17,27] the coupling of
the low-energy states close to gap v can be described via
Brillouin-Wigner perturbation theory by the effective Hamil-
tonian

v=1,...,Z -1 (2.19)

1

HY — po (5 + B oW _
eff + Q 61(:\1) _ Q(U)HQ(V)

Q(U)H/) p(l})7
(2.20)

where P") projects on the low-energy space, Q") = 1 — P,
and ) = —2¢ cos(k\"’a) is the Fermi energy where the
gap opens. This coupling leads to a complex gap parameter
AW defined by

(k" + k| HSY AV Sk — k).

— kY + k)~ .21

In standard convention of low-energy theories it is very

useful to split off the strongly oscillating parts eEikima of
the eigenfunctions (2.5) and parametrize the Bloch states
Yo (ma) in terms of slowly varying right and left movers
YW (x) in continuum notation as

qtp
Yia(ma) = Jay Y (ma), (2.22)

Y (x) = pr;;;,(x)e"’k x (2.23)
1
Y@ = Xy =t e, (2.24)

Here, p = = is the index for right and left movers, and r = +
is the index describing the bands above and below the gap v
(see Fig. 2):

a=v+1,
o =v.

r= {+ for (2.25)

— for

Thereby, the band part labeled by (v, T) corresponds to the
lower (upper) half of band ¢ = v + 1 (¢ = v) for T = =+ (see
Fig. 2). An exception are the lowest « = 1 and highest @« = Z
bands which are not split in two halves and labeled by (v, 7) =
(I,—=)or(v,7)=(Z — 1, +), respectively.

The momentum ¢ in Eq. (2.22) corresponds to the dif-
ference of the quasimomentum k in lattice theory to the
quasimomentum defining the band bottom or band top at
which the gap appears. This means that for even v one expands
around k = 0 such that g =k, and for odd v one expands
around k = &7 such that ¢ = k F 7 (see Fig. 2). In both
cases the momentum ¢ has to fulfill the condition

for a=2,...,Z—-1,

2.26
for a=1,7 ( )

T

|6]| < Aa = {2712(1

Za

¥ linearizing the dispersion relation €, of H, around
ik(” , and using (2.21) one can set up an effective Dirac
Hamiltonian H/, ) corresponding to gap v=1,...,Z—1

with gap parameter A®™ e’ which has the vectors 1/’;”{) (x) =

(I//;::_(x) w(”) (x))T as eigenstates

HL()”) —ivy 9.0. + AW cos(y P)oy
— AW sin(y M)o,, (2.27)

where v\ = 2ta sin(k\’a) is the Fermi velocity. The energy
of the Dirac eigenstates is given by

W) — .0 ) — ) 2
W=, e = () + a0,

which provides a very good approximation to the true disper-
sion when |g| K 57-.

In contrast to the dispersion, we note that the Dirac model
provides a very good approximation to the exact eigenstates
for all |g| < Ag. For large |g| ~ 1/(Za) > A /v, the
eigenstates of the Dirac model are (up to a gauge factor) given
by

(2.28)

Xc%) X 8p senigr)- (2.29)

Inserting this form in (2.22)—(2.24), one obtains the correct
eigenfunctions of the lattice model in the absence of a gap
(see Appendix A). This means that for small gaps A" « 1,
the Dirac theory is a useful approximation for the description
of all eigenstates of the lattice model. Therefore, all Wannier
functions can be fully described by Dirac theory on all length
scales. In contrast, dynamical quantities like Green’s and cor-
relation functions can only be described for low energies since
the energy dispersion enters into these quantities.
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When comparing the Bloch eigenstates (2.5) with the
parametrization (2.22)—(2.24) one finds straightforwardly the
following relations between u, (ja) and x ;27 [note that o and
(v, T) are related via (2.25)]:

veven: k=gq
o (ja) = Z X e, (2.30)
T
vodd: k= :I:Z— +gq, sgn(g)=
Uy (ja) = \/_ Z X[% Pz oFiTI (2.31)

We note that both conditions (2.6) and (2.8) are respected
by (2.30) and (2.31). For the special case j = Z we get for
arbitrary v

ue(Za) = (2.32)

L 3 )
JZ Xqrp:
p=%
Using this relation one can easily check whether the two local
gauges of lattice and Dirac theory have been chosen identical.

Since the Dirac theory explicitly exhibits the slowly vary-
ing parts ") (x), one can interpret it as a continuum theory
for all x on the real axis and not only for x = ma, where the
lattice theory is reproduced. Therefore, although the Dirac
theory has only a physical meaning for |g| < A, one takes
all values for the momentum ¢ into account and writes the
normalization and completeness relations as

> / dx Y () Yo) () = 8ewdlg —q),  (233)
P

> [ dg s U () =8ppd(x —x).  (234)

This is equivalent to taking the following relations for the
parts x) at fixed ¢:

qtp
E : my*, 0 _

(Xqip) er )4 - 51"[/7

( ) (v)

Z Xq:p quﬂ

Introducing the following scalar product in right and left space

(2.35)

=8,y (2.36)

() =" (o) x 2, (2.37)
p==
we can write (2.35) and (2.36) in compact form as
(x| x80) = 8w, (2.38)
Z X ] = 1. (2.39)

It can be checked that the relations (2.35) and (2.36) for
X q”) together with (2.30) and (2.31), are consistent with the
normalization condition (2.13) and the completeness relation
(2.14) for uy (ja) (see Appendix A). The normalization con-
dition follows exactly from (2.30) and (2.31), and is a special
case of the useful relation (valid for any integers r, s > 0)

(0] e | B 101} = B0 {0 X203 07)- (2.40)

The completeness relation is more subtle and uses in addition
the fact that the Dirac theory can reproduce all eigenstates
of the original lattice model under the perturbative condition
(2.4).

The fact that the Dirac theory can capture all eigenstates
of the lattice model leads to the following rigorous rule
when considering any k integral over a function f;, depend-
ing on the eigenfunctions of band « of the lattice theory
(like projectors on Bloch states for the completeness relation,
Zak-Berry connection for the Zak-Berry phase, geometric
tensor for boundary charge fluctuations, or Bloch states for
Wannier functions):

/ dk fia ~f dg (' +£97"), 41
|k|<m/Za lgl<A,

where fq(;’) is the corresponding function in Dirac theory ob-
tained by the replacements (2.22), (2.30), or (2.31). Thereby,
for « =1 or Z, we omit implicitly the terms with v =0
or Z on the right-hand side, respectively. The approximate
sign in this relation is meant in a perturbative sense that
all higher-order corrections are of relative order O(A®)/t)
and negligible for A" « t. However, we note that (2.41) is
only valid when the gauges in lattice and Dirac theory have
been chosen identical such that the relation (2.22) between
the eigenfunctions holds globally for all quasimomenta in a
certain band «.

Since a field theory does not know anything about scales
of the order of the lattice spacing, the integrals over g on the
right-hand side of (2.41) are conveniently extended to infinity
in the field-theoretical version and properly regularized in case
of divergences. Since the regime of large momenta refers to
the physics in the absence of a gap their contribution can
be analytically analyzed quite easily. For the various physi-
cal quantities discussed in this work we will show that the
field-theoretical contributions beyond the cutoff either van-
ish for each individual term on the right-hand side of (2.41)
(as for Zak-Berry connection and geometric tensor) or, after
a proper regularization, the contributions of high momenta
cancel between the two terms (as for Wannier functions in
certain gauges). In this way a full equivalence between lattice
and Dirac theory can be set up, provided that the gaps are
small compared to the typical bandwidth. Furthermore, for the
bands @ = 2, ..., Z the two terms on the right-hand side will
be shown to refer to the description of the universal behavior
of the two halves of the bands, the upper one corresponding
to the Dirac theory for v = « and the loweronetov = o — 1.
However, for this interpretation to make sense we will see that
nonuniversal terms arising from cutting the spectrum in the
middle of the band have to be removed by extending the lattice
theory for the two halves to infinity via an asymptotically free
theory far away from the gap.

When eigenfunctions are compared between the lattice and
Dirac theories and identified via (2.22) one always has to guar-
antee that the gauges are chosen in precisely the same way (at
least locally for a certain region in quasimomentum space).
Therefore, it will turn out to be important to state specific
gauges of particular interest. One of them is the so-called
asymptotically free (AF) gauge, which is characterized by a
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real and positive value of u, (Za):

AF gauge: uyy(Za) >0 < Z X(;¥)p > 0.
p

(2.42)
Here we used (2.32) to formulate the equivalent condition in
Dirac theory. This gauge has the particular advantage that it
leads precisely to the asymptotic condition (2.29) without any
further gauge factors. As explained later in Sec. III C 1, the AF
gauge leads to a unique relation between the Zak-Berry phase
and the boundary charge both in lattice and Dirac theories.
Another gauge will be introduced in Secs. Il A and III B
which is called the maximally localized (ML) gauge. In the
ML gauge the Wannier functions in lattice and Dirac theories
have minimal spread which can be related to the boundary
charge fluctuations. It will turn out that the ML gauges in
lattice and Dirac theories are not the same, such that the
relation (2.22) involves additional phase factors depending on
the quasimomentum. Finally, in Sec. VI we will also discuss
non-Abelian lattice gauges where a mixing of the Bloch states
from a set of bands @« = 1, ..., v is involved, such that the
non-Abelian Wannier functions turn out to have maximal
localization. This gauge is called the non-Abelian gauge of
maximal localization (NA-ML). It is a special lattice gauge
which turns out to be constructed in such a way that the
non-Abelian Wannier functions can be directly related to the
Wannier function of the upper half of the highest band v or,
equivalently, to the Wannier function of the lower band of the
Dirac model corresponding to the gap between the highest
band v and band v + 1.

III. ZAK-BERRY CONNECTION, GEOMETRIC TENSOR,
AND BOUNDARY CHARGE

As a prerequisite for the analysis of universal aspects of
Wannier functions, we develop in this section the low-energy
theory for the Zak-Berry connection, the Zak-Berry phase,
and the geometric tensor in Dirac theory, together with the
relation to the corresponding objects in lattice theory. In this
connection, we will also introduce the definition of the ML
gauge in Dirac theory and relate it to the corresponding defi-
nition in lattice theory. Finally, we will show how an important
physical observable, the boundary charge and its fluctuations,
can be related via the surface charge and surface fluctuation
theorem to the Zak-Berry phase and the momentum integral
of the geometric tensor in low energy.

A. Zak-Berry connection and geometric tensor for lattice model

For the lattice the Zak-Berry connection and geometric
tensor are defined by

(Aap = (Ar)py = i{tre | Ourp), 3.1
(L)ap = (Lu)pa (3.2)
= (Ottro | Ottrp)Sup — |tre|Bpurs) > (3.3)
= > otk [Ottia) *(Bup — Se0p) . (3.4)

o'#a
where we made use of the normalization and completeness

relations (2.16) and (2.17) to derive the last equality. We note
that the diagonal component Oy, = (Qx )y Of the geometric

tensor can also be written as

Qo = Y Ntthar |9tti)
o'#ao

(3.5)

= O (tkar| ttier) + (Ul 100 |thker) — (|0 |t}
(3.6)
Taking a gauge transformation
3.7

ﬁka = ' Uka

we find from (3.3) that the geometric tensor is gauge invariant
and from (3.1) that the Zak-Berry connection is gauge invari-
ant for « # B, whereas Ay, = (Ap)ao transforms as

Aka - Aka - 8k<.0ka- (38)
Furthermore,
w/Za
Vo = / dk Ay, (3.9)
—n/Za

denotes the Zak-Berry phase (which should be distinguished
from the notation y ) for the phase of the gap parameter in
Dirac theory). According to (3.8), the Zak-Berry phase trans-
forms under a gauge transformation by the winding number
of the phase @iy :

77& = Yo — Pr/Za,a + P /Za,a- (310)

In the AF gauge defined by (2.42) it is shown in Ref. [15]
that
= Ay =Ar-

U_jg = (Uga)* (3.11)

The ML gauge is defined by a constant Zak-Berry connection

- Za .
Aka: S

Lattice ML gauge : Va-
2

(3.12)

According to (3.8) this can be achieved by the gauge factor
€%« with

k , Za 1
ko = dkApe —k==Yu = 5V, (3.13)
—n/Za 2 2
which fulfils
Pka = Pk+27/Za,as 3.14)
O+7/za,0 =0, (3.15)
O ko = —Phas (3.16)

where we used (3.11) for the last equality. From (3.15) we find
that the winding number is zero leaving the Zak-Berry phase
invariant

Vo = Ya- (3.17)

Since the AF and ML gauges are the relevant gauges used
in this work, we will implicitly indicate the AF gauge by
symbols without a tilde and the ML gauge by a tilde symbol.
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B. Zak-Berry connection and geometric tensor for Dirac model

In the Dirac theory we define the Zak-Berry connection and
the geometric tensor by

(A97) o = ilxg? |0 xg0"): (3.18)
(Q0)0 = (P02 |90 x 28 = |62 |0 x )P (3.19)
= sgn(ee)|(x¥|8, 2, (3.20)

where we defined T = —t and used 8, — 8z, = sgn(r1’) to
get the last equation. This gives the important property

> Q). = Y (e, =0.

=% /=%

(3.21)

Analog to (3.6), the diagonal component Q%) = (Q."),, can
also be written as

QY = 8,(x 3 x ) + (X202 X 2) — (x| Y.

(3.22)
Taking a gauge transformation
~ il v
x = ey (3.23)

we find analog to the lattice that the geometric tensor and
the nondiagonal components of the Zak-Berry connection are
gauge invariant, whereas A" = (A!")), transforms as

AL = AL — 0,0 (3.24)

In the following we allow only for gauges where the Zak-
Berry connection vanishes for |g| — oo,

lim A =0,

lg|—o00

(3.25)

such that the Zak-Berry phase in the Dirac theory, defined by

= /qufﬁ),

is a well-defined quantity. We note that this is fulfilled for
the AF gauge (2.42) where we get from (2.29) for momenta
beyond the cutoff A,

) ~ 81’[) for
8p,—r for

(3.26)

q > A(‘7

Iy (3.27)

leading to a vanishing Zak-Berry connection for |g| > A..

To get the relation for the Zak-Berry connection and the
geometric tensor between the lattice and Dirac definition, we
use the identity (2.40) and find

(Ao = 80 (AL) .. (3.28)
(Qk)owz’ = (va’(QEIV)).U;- (3.29)

Since the geometric tensor is gauge invariant in both the lattice
and Dirac theories, Eq. (3.29) holds independent of the gauge
choice in lattice and Dirac theories (they can be even differ-
ent). The relation (3.28) for the Zak-Berry connection holds
within any choice for the local gauge such that the relations
(2.30) and (2.31) hold between the eigenfunctions.
Concerning the Zak-Berry phase of band o we find from

(3.9), (3.28), and (2.41)

(a—1)

Hiliad

Ya ¥ +y (3.30)

As discussed above, this holds only when the Zak-Berry con-
nection in Dirac theory vanishes beyond the cutoff A, which
is fulfilled for the AF gauge. In the AF gauge we will fur-
thermore show below via the explicit eigenstates of the Dirac
model (see Sec. V A) that " is related to the phase y) of
the gap parameter AMe?"” by

(V)

er = y(V), iv) — —y(V) —|- g Sy(r), (331)
where we abbreviated the sign function by
sy = sgny, (3.32)

and assumed —7 < y") < 7 with periodic continuation to
the other regimes.

In the following, we denote the eigenstates of lattice and
Dirac theories in the AF gauge by 4 (ma) and W;;)(x)’
respectively, which are connected by the relation (2.22). Cor-
respondingly, we use the notation u;, and X;ﬁ?p in this gauge
which are related by (2.30) and (2.31). From (3.11) we note
that we get in the AF gauge

(ORYO!
AL, =AL.

(3.33)

The ML gauge in Dirac theory is defined by a vanishing
Zak-Berry connection

; . AV
Dirac ML gauge : A7 =0, (3.34)

such that the corresponding Zak-Berry phase is also zero
7 =o0. (3.35)

According to (3.24) this corresponds to the choice of a gauge
factor /% with
q
P = / dq AL} + 8¢ (3.36)
0

Note that this is not a contradiction to the corresponding
condition (3.12) for the lattice theory where it is not possible
to remove the Zak-Berry phase via a global gauge transfor-
mation. The Dirac model for a given gap v describes only
those states in k space which belong to the two halves of the
bands separated by gap v. Therefore, a particular global gauge
chosen in Dirac theory corresponds to a certain local gauge in
lattice theory defined for all quasimomenta lying in one-half
of a given band. Such a gauge can not necessarily be extended
to a global gauge for a certain band which is continuous and
periodic in k.

In order to show the explicit difference between the ML
gauges in lattice and Dirac theories we start from the AF
gauge and define a gauge transformation to the ML gauge by
the transformed quantities
Z0 = e ). (3.37)
From the conditions (3.12), (3.13), (3.34), and (3.36), defining
the ML gauge in lattice and Dirac theories, we get

~ i
fige = €Uy,

k , T\ Za
fra = f WA = (k+ =) v (339)
2

—n/Za Za
k z
f a
= f dk Ak’a — k—ya, (339)
0 21
AY) = 8,00, (3.40)
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where we made use of (3.11) in the AF gauge to get the form
(3.39). Using (3.28) we find from the two forms for ¢y, that,
for both the lower and upper halves of band «, we get the
following relation between the ML gauges of lattice and Dirac
theories:
4 Za
P = /O dq'A;)) — 95— Ve
(3.41)

Za
95—V =7 = &7 —

leading to the following relation between the gauge factors:

e = Y gm0 i T Ve (3.42)
The last two factors on the right-hand side define the differ-
ence between the ML gauges in lattice and Dirac theories,
which have to be added to (2.30) and (2.31) to get the precise
relation between the eigenstates of lattice and Dirac theories
in the ML gauge. Furthermore, they show that the ML gauge
in Dirac theory is not smooth when crossing over the middle
of a band « since the indices (vt) and the relation between ¢
and k change.

C. Boundary charge
1. Surface charge theorem

The charge accumulated at the boundary, or the boundary
charge [12-18], is defined by restricting the tight-binding
Hamiltonian (2.1) to the half-infinite space m > 0 and aver-
aging the excess charge with a macroscopic envelope function
Jfm via

o0
5= (08 = pY) fon- (3.43)
m=1

Here, p{" is the average charge at lattice site m for a half-
infinite system if the chemical potential is located in gap v,
including all edge states up to this energy. The average charge
per site in the bulk is denoted by 5"’ = v/Z. The macroscopic
and probe-specific envelope function is denoted by f;,, which
must have certain properties. In particular, it has the value 1 in
the first range of m, which far exceeds the localization length
&, and then it smoothly crosses over to 0 over the second
range of m, which is also >> &. The importance of including
these features into the definition of f,, for the universality of
the boundary charge properties as well as their experimental
relevance has been elucidated in Refs. [12—15]. If only a single
band « is occupied we denote the corresponding boundary
charge by Qg 4, such that the total boundary charge can be
decomposed as

i Z Opo + 0 (3.44)
a=1

= (Qpa+ Qra) (3.45)
a=1

where Q(E") denotes the integer contribution from all occupied
edge states up to the chemical potential, and Qf o denotes the
contribution of an edge state present in gap «. The latter is
either unity or zero and we assume for the validity of (3.45)

that, for the last gap o = v, the chemical potential is located
at the bottom of the conduction band ¢ = v + 1.

As shown in Ref. [15], one finds in the AF gauge of the lat-
tice theory that the Zak-Berry phase is related to the boundary
charge of a single band in the following way:

Vo -1

Opo=—77 2z'

Inserting (3.30) and (3.31) in the expression (3.46) for the
boundary charge we get

(3.46)

(@) (a—1)
Y -y 1
9y

5 t57 — 0™

Noting that an edge state appears in gap v for 0 < y) < 7

(see Ref. [17]), we find that the sum of the boundary charge of

band o and the charge Qf , of the edge state in gap « is given

by

Opo = (3.47)

y(a) — y(a—l) N i
2 2Z°
Assuming that the chemical potential is located at the bottom
of the conduction band, this gives the following result for the
boundary charge Qg“) when the lowest v bands are filled:

QB,a + QE,a - (348)

W _ y(v) N v
B om 277
Here we have used the fact that the lower half of the lowest
band gives a negligible contribution to the Zak-Berry phase
since we can approximate the eigenstates by the free ones in
this regime leading to a vanishing Zak-Berry connection (see
Appendix A). The result (3.49) states the low-energy version
of the surface charge theorem relating the boundary charge
to the phase y) of the gap parameter which is related via
(3.31) to the low-energy version of the Zak-Berry phase. We
note that the result (3.49) is fully consistent with the direct
calculation of the boundary charge for a half-infinite Dirac
model as shown in Ref. [17].

An essential point for the formulation of the surface charge
theorem in low energy is the fact that the sum of the two Zak-
Berry phases y") over T = = gives in the AF gauge

T==%

This gives rise to the effect that all other gaps 1,...,v — 1
contribute only constants to the boundary charge Qg)) and
the final result (including the edge states) can be written in
terms of the Zak-Berry phase ¥ of the top of the valence
band alone. We note that the result Yy = 7 mod(2m)
can be shown on quite general principles without using the
explicit forms of the eigenfunctions of the Dirac model (see
Appendix B).

(3.49)

(3.50)

2. Surface fluctuation theorem

In lattice theory the k integral over the geometric tensor is
of particular interest since it can be related to the boundary
charge fluctuations [18]

w/Za dk
0y)’ Zf 7 QW

a,p=1 JT/Z(l

(3.51)
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where (AQ;”) )2 are the fluctuations when the chemical poten-
tial lies in gap v (the precise position is unimportant). Here,
I, > & is a length scale on which the charge measurement
probe looses smoothly the contact to the sample (see Ref. [18]
for details). Since the geometric tensor is gauge invariant, this
relation holds in any gauge, in particular in the AF and ML
gauges. Summing the geometric tensor (Qy).p Over a or B
up to some v in the low-energy regime, we find from (3.29)
and (3.21) that all contributions vanish where two bands are
separated by a gap. Therefore, we obtain

) ] Ov.even for k=0,
Zl(Qk)aﬁ =34, Q,— {5u,odd for k~4X (3.52)
and
QW) ] Ov.even for k=0,
Z (Q)ap = { o for k~iz. G

o,p=1

These relations are also independent of the gauge choice in
Dirac theory since the geometric tensor is gauge invariant in
Dirac theory as well. Using (2.41) and the fact that the geo-
metric tensor vanishes in Dirac theory in the asymptotically
free region |g| > A., we obtain in the low-energy regime for
the fluctuations

v 49 ~w Aq | (aov
by ~ [ $2ay = [ Sy,

dg
=/2 {2102 ) = (a8} 3.59)

where we made use of (3.20), (3.22), and (3.25) for the last
two steps.

The result (3.54) is the low-energy form of the surface
Sfluctuation theorem relating the boundary charge fluctuations
to the momentum integral of the geometric tensor. As shown,
only the geometric tensor of the valence band enters. This is
physically intuitive since one expects no fluctuations of the
charge from the low-lying bands. As will be shown below in
Sec. V we obtain explicitly via the eigenfunctions of the Dirac
model

(3.54)

9 40 _ z) W) _ v
/ZQ"—‘E /8 8 =5

showing that the result (3.54) is fully consistent with the
direct calculation of the boundary charge fluctuations within
the Dirac model via the second momentum of the correlation
function [18].

Most importantly, we note that the fluctuations of the total
boundary charge can not be written as the sum over the fluctu-
ations of the individual bands. If only band « is occupied, the
fluctuations are given by

(3.56)

w/Za dk
1,A(Qpq) = / 5= ka-

- (3.57)
—n/Za

When summing this expression over « one does not obtain

the fluctuations l,,(AQ,(B”))2 when all bands ¢« = 1, ..., v are
occupied, as given by Eq. (3.51) involving the summation over
all matrix elements of the geometric tensor. In particular, one
loses the important cancellation property (3.21) which is the
central ingredient that all contributions from gaps between

occupied bands do not contribute to the fluctuations of the
total boundary charge, rendering the fluctuations to depend
only on the low-energy properties of the model.

IV. WANNIER FUNCTIONS

In this section we present the definition of the central
objects of our work, the Wannier functions in Dirac theory
and their corresponding moments, together with their precise
relation to the lattice Wannier functions. In Sec. IVA we
present a short summary of the definition of Wannier functions
in lattice theory. The Dirac Wannier functions are defined in
Sec. IV B and it is shown how their first and second moments
can be related to the Zak-Berry phase and the momentum
integral of the geometric tensor as defined within the Dirac
theory in Sec. III B. At the end of this section we show how
the surface charge and surface fluctuation theorem can be
formulated very elegantly in terms of the moments of the
Dirac Wannier functions. The precise relation of the Dirac
Wannier functions and their moments to the corresponding
lattice quantities is the subject of Secs. IV C 1 and IV C 2
in the AF and ML gauge, respectively.

A. Wannier functions for lattice model

On the lattice the dimensionless Wannier functions for
band « are defined by

[Za [71%a )
WR o(ma) = E/ dk Yo (ma)e R,
—n/Za

where R = Zan, with n integer, denotes a lattice vector. Using
(2.11) and (2.12) one finds that the Wannier functions labeled
by « and R form an orthonormal and complete set of states

D wra(ma) wr o (Ma) = Suwdkr

DO wra(maywg o (m'a)* = Sy

o R

.1

“4.2)

4.3)

Defining by wy(ma) = wo 4(ma) the Wannier function cen-
tered at zero

w/Za
wy(ma) =, / / dk Yy (ma) “4.4)
w/Za
n/Za
=Za / — U (ma)e’™™, 4.5)
—n/Za v

we find with the Bloch form (2.5) and the periodicity prop-
erty (2.6) that the Wannier function wg ,(ma) follows from
shifting w, (ma) by the lattice vector R:

Wg o (Ma) = wy(ma — R). 4.6)

Therefore, all properties of the Wannier functions follow from
studying the properties of w, (ma).

The Wannier functions depend on the gauge in a non-trivial
way. If (4.5) is the Wannier function in the AF gauge, we
obtain in the ML gauge

w/Za
ﬂ)a (ma) =Za / - e"/’ku Uk (ma)etkma (47)

—n/Za
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where the phase ¢y, is given by (3.13). We note that due to
the properties (3.11) and (3.16), both the Wannier functions in
AF and ML gauges are real.

For the bands « = 2,...,Z — 1 we show in Appendix C
that the Wannier functions in the AF or ML gauge can be split
into two contributions corresponding to the upper and lower
halves of the band,

Wy (ma) = Wy« (ma) + wd,a(ma)v (4.8)

Wy/d,o(Ma) = w;/d’a(ma) =+ Swy (ma), (4.9)

where wy 4 ,(ma) denotes the part from the corresponding
integration regions

Wiy (ma) 4.10)
Za ﬁk|<L dk uge(ma)e™®  for o even/odd,
_ - 2Za
o fL <lk|<Z dk uyy (ma)e™™  for a odd/even
2Za Za

@11

and Swy (ma) arises from the extension of the quasimomen-
tum integrations to oo taking the free solutions of u, (ma)
in the gapless case (see Appendix C for details). In the AF and
ML gauges one obtains explicitly

Z 1
Swe (ma) = YZ ] (0~ D\ , (4.12)
Tm Z 2
Sty (ma)
VZ . (= 1 L w1y @
_nmamn{E(a—E)m—FZ(m_ —V_ )},
(4.13)
where we defined the shifted variable
B Z
My =M — — Yy 4.14)
21

Whereas the corrections Sw, (ma) cancel out when consid-
ering the total Wannier function w, (ma) of a band, we will
see in Sec. V that the Wannier functions wyq.(ma) and
Wy/q,0 (ma) show only universal scaling if the corrections
+8w, (ma) and 81, (ma) are taken into account.

For the bands o = 1, Z the splitting in upper and lower
parts makes no sense since the lower and upper halves of the
band @ = 1/Z are already described by a free theory for small
gap. Therefore, we use the convention

wg,1(ma) = wyz(ma) =0, dwyz(ma) =0. 4.15)

The moments of the Wannier functions are defined by

Cra = ()a = )_(ma) wa(ma)®.  (4.16)

A corresponding definition is used for the moments Cy 4, Of
Wy/d,«- Inserting (4.4) and (2.5) we find after some straight-
forward manipulations

Za w/Za

C., = —
“ 27 —n/Za

dk (ke | (00c)" |uka) - (4.17)

For r = 1 and 2 we find with (3.1) and (3.6)

Za (7% Za
Cl(x = dkAka = ~—Ya> (418)
27'[ —n/Za 27T
Za w/Za
Coo = — dk { Qe + (Ara)’}, (4.19)

2 J_n/zq

and for the quadratic spread

(Ax?)g = Gy — (C1)?

/24 gk Za \’
:Z(l/ _{Qka+(Aka__ya) }
—n/Za 2T 2
(4.20)

Since the geometric tensor is gauge invariant, the condition
for maximal localization is given by a constant Zak-Berry
connection corresponding to the ML gauge (3.12). Since,
according to (3.17), the Zak-Berry phase does not change in
this gauge, the first moment stays invariant

~ Za

Cia =Cla = =—Va-

! : 2 v
In the ML gauge we get for the minimal quadratic spread

(AX?) g min from (4.20) and (3.51) the result

4.21)

w/Za dk

(AX)amin = Za /  Qu=Zal,A@p 42
—n/Za

where lpA(QB,D()2 are the fluctuations when only the band «
is occupied.

So, in summary we can formulate the surface charge and
surface fluctuation theorem for a singly occupied band in
terms of the first and second moments of the Wannier function
as

= — —, 4.23
e, Za  2Z (423)
1 -

[,A(Qp.o)* = — Doy, 4.24
pAOB.o) Za D2 (4.24)
where C,,, refers to the AF gauge, and D,, are the moments in
the ML gauge defined relative to the first moment C;, = f—y‘;:
(4.25)

Do = Y (1a) e (ma)l?,

with 7, dE:ﬁned in (4.14). These moments are related to the
moments C'*). For example, for » = 1, 2, one obtains by using
the normalization Zm |ty (ma))*> = 1 and (4.21)

Za

D= - 2y —0,

~ ~ -~ 2
Dyy = Coq — (Cla) .

(4.26)

4.27)

As discussed at the end of Sec. IIIC2 the fluctuations
l pA(QB,a)z of the individual bands are not sufficient to calcu-

late the fluctuations l,,(AQg’))2 when all bands @ =1, ..., v
are occupied. However, as we will see in the next two sections
for the low-energy regime of small gaps, the surface charge
and surface fluctuation theorem for v occupied bands can
be written entirely in terms of the moments of the upper
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components wy, and @,, of the Wannier functions for the
highest valence band as

1 1 v
=Sym + —,

Wy 4.28

QB 7a u,lv + ) 27 ( )
1.

AQY ). 4.29

( Q ) ZCl u,2 ( )

This physically intuitive result reflects the fact that the bound-
ary charge is a low-energy property only which is insensitive
to the properties of low-lying and occupied bands. Alter-
natively, as we will discuss in Sec. VI, it is also possible
to define maximally localized Wannier functions in a non-
Abelian gauge where all occupied bands are mixed. As we
will see, these Wannier functions are closely related to the
Wannier function @, , in the Abelian ML gauge and show
precisely the same universal scaling as the Dirac Wannier
function of the valence band.

B. Wannier functions for Dirac model

Within the Dirac theory we define the Wannier functions
by

wi)(x) = Z wl) (e 6D = e —y) (430)
where
w® dq ) (x)e i1 = ) 431
wy'7,(x) = E Varpe™ P =w i l(x —y)  (4.31)
and
w0 = w6, wh) =w 0, (4.32)
) ) (v) igx
we, (x) = / Vgrp(X) = / —xqi,, . (4.33)

Correspondingly, for the ML gauge, we define @{")(x) by

~ (v dq~v i
ey () = /2 Taipe™

In contrast to the lattice Wannier functions, the Dirac Wannier
functions are complex quantities both in the AF and ML
gauges.

Since the Wannier functions in the Dirac model contain a
continuous shift y their dimension is given by inverse length
and the normalization and completeness relations follow from
(2.33) and (2.34) as

Z[dx w}("f)p(x) w)(f)ffp(x) = 81’1”8()) _y/)7
P

(4.34)

(4.35)

Z f dy w;vgp(x>w§vgp () =8p8(x —x).  (4.36)

The moments C) of the Dirac Wannier functions are de-
fined by

(4.37)

C,(;’) —/dxx Z ’w(")()c)’2

and, correspondingly, we denote the moments in the ML
gauge by C). Note that these moments have dimension
(length)”1 in contrast to the moments C,, defined within the

lattice theory. This is due to the different normalization in
the continuum Dirac theory. Nevertheless, we will see below
that the first and second moments are related to the boundary
charge and the fluctuations, respectively, in a similar way as
in (4.23) and (4.24) but without the denominator Za (see
below). Note that the first moment does not play the role of
the position of the Wannier function in Dirac theory since
it is dimensionless. A finite value of the first moment Cl(i)
indica.ltes an asymmetry of ) S |w§"p) (x)|2 for positive and
negative x.

Using the form (4.33) we find after some straightforward
manipulations

) dq Wlrea \r v
CcY = / 7 e 1G99 xgy).

Using (3.26), (3.20), and (3.22) we can thus write for the first
and second moments

(4.38)

(v)

»_ Y
0 = — (4.39)

v AN dq (o
C§T>=/2n}( o) J? +/2n (AW (4.40)

Since the first term on the right-hand side of (4.40) is gauge
invariant and the second one has a positive integrand it follows
that the gauge of maximally localized Wannier functions is
given by the ML gauge (3.34) where the Zak-Berry connec-
tion vanishes. We note that there is a fundamental difference
to the lattice theory where the quadratic spread is defined
by Cyy — (Cio)?. The analog formula is not possible in low
energy since the dimension of C*) is (length) .

Taking (4.39) and (4.40) together with (3.49), (3.31), and
(3.55), we can formulate the surface charge and surface fluctu-
ation theorem in low energy via the first and second moments
of the Dirac Wannier functions as

, v 1 v
0y ~ —c™ + 3570+ 5 (4.41)
1L,(AQY) ~ C". (4.42)

Here, the moments C'” refer to the AF gauge, whereas C)

are the moments in the ML gauge. Note that, in contrast to
(4.23) and (4.24) (where a single band has been considered),
we consider here the total boundary charge and its fluctuations
when the lowest v bands are filled and the chemical potential
is located at the bottom of the conduction band (which is
only important to calculate the edge-state contribution for the
boundary charge in the last gap). This result shows that the
boundary charge and its fluctuations are quantities probing
only low-energy features and, therefore, can be related in a
universal way to the first and second moments of the Dirac
Wannier functions corresponding to the top of the highest
valence band.

C. Relation between Wannier functions
in lattice and Dirac theories

We now consider the precise relation of the Dirac Wannier
functions to the Wannier function defined within the lattice
theory. We start with the AF gauge where the relation (2.22)
between eigenfunctions of the lattice and the Dirac theories
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hold globally for all quasimomenta in a certain band « since
the gauge is the same. For the ML gauge it is more subtle since
there is difference between the gauges in lattice and Dirac
theories [see Eq. (3.42)]. Therefore, one has to add gauge
factors depending on whether one considers the contribution
of the upper or lower half of the band to the Wannier function.

1. AF gauge

For the AF gauge, we can insert (2.22) in (4.4) and use
(2.41) to get

dq
lgl<Aa V27

x v ma) + v (ma)},

where as usual we omit the terms with 1,0(;3_) and wﬁ) ifa=1
or Z, respectively. As shown in Appendix C the region |g| >
A contributes £8wy,q,q(ma) to the first and second terms
on the right-hand side, i.e., precisely the same contribution
(4.12) we used to extend half of a band fora =2,...,Z — 1
(for « = 1, Z there is no contribution from |g| > 7). There-
fore, after inserting (2.23) and (4.33), we obtain the following
relation between the Wannier functions in lattice and Dirac
theories:

Wy o (Mma) = a«/_z w(“) (ma)e”’k m“

(a—1)
W, (Mma) = a«/_Z w(“ 1)(ma)e”’kf ma
P

wy(ma) = av'Z

(4.43)

(4.44)
(4.45)

Thereby, we will show in Appendix C that the momentum
integral to define the Wannier functions wg‘;,) (x) via (4.33) has
to be regularized in such a way that unphysical contributions
~§(x) are absent (see the explicit calculation in Sec. V).

To understand the relation of the various moments in the
AF gauge, we need to evaluate |w,(ma)|? using the Wannier
function from the sum of (4.44) and (4.45). The simplest cases
are « = 1 or Z, where only one term contributes: w;(ma) =
w{P(ma) and w? (ma) = wi’(ma) [see (4.15)]. For a = 1

we get with k\a = 7 /Z:

lwi (ma)|*> = a2ZZ |w(1) (ma)|2

+d*zZ Z w(l) (ma) (w(l)

* 2wpm/Z
=L pma))e :

(4.46)

and a similar result for o = Z with w(l)p — wfpl) and

e?mPm/Z . e=i2mpm/Z \When inserting this formula into the
definition (4.16) of the moments and neglecting the variation
of the slowly varying function w(_l,)p(ma) over the unit cell,
we find that the strongly oscillating terms of (4.46) can be
neglected when averaging them over a unit cell. This leads to
the result

Cy ~ad’Z Z(ma) Z |w(1) (ma)|2

~ Za / dxx" Z ‘w(_l_)p(x)‘2 =Za C;l_), 4.47)
P

Cz~a ZZ(ma)’Z ’wfrzpl)(ma)’

fdxx2|wfp])(x)| =ZaC%™V.  (4.48)

For the bands @« = 2, ..., Z — 1, both terms (4.44) and (4.45)
contribute to the Wannier function. This leads to more os-
cillating terms occurring for the moments involving also
emPCa=m/Z and e Pm/Z Such terms give again a negligible
contribution to the moments when averaging them over two
unit cells, leading to the general result

Cro ~ ZalC¥ +C47), (4.49)

together with

Core ¥ 2aC®,  Cypy ~ZaC%™". (4.50)

Inserting (4.50) in (4.41) we find (4.28), which states the
surface charge theorem in terms of the upper component w, ,
of the lattice Wannier function for the highest valence band.
As discussed later in all detail in Sec. VE, we note that
the divergence of the Dirac Wannier functions |w(”)(x)|2 ~

1/x? for |x| <« &) is not important for the calculation of the
moments for » > 0 since the contributions from the region
|[m| ~ O(1) can be neglected in the universal limit & > a.
The only exception is r = 0 where the normalization of the
lattice Wannier function is fully determined by the region
|m| ~ O(1).

2. ML gauge

In the ML gauge we have shown via the two last factors on
the right-hand side of (3.42) that there is a difference between
the gauges of maximally localized Wannier functions in lattice
and Dirac theories. The last factor leads to a trivial shift of the
position of the Wannier function w{")(x):

Za
(”)(x) — wg‘;) (x - —ya>.

- 4.51)

Including this shift and the phase factor ¢~ we have to
modify (4.44) and (4.45) in the following way (see Ap-
pendix C for details) to get the correct relationship between
the maximally localized Wannier functions in lattice and
Dirac theories:

. () .7 (a
Dua(ma) = avZ Y e 0 (ga)e? ™ (4.52)
P
. (a—1) _ s e=1)
wd,a(ma)za\/izeﬂ¢s,+ @ D ga)e™ ", (4.53)
P

where 71, is defined in (4.14).
Using (4.52) and (4.53), we obtain analog to (4.49) from
the definition (4.25) for the moments in the ML gauge
Dy & Za{C® +C47"), (4.54)
together with
Dyru ©ZaC®, Dy,q~ZaCO. (4.55)
Inserting (4.55) in (4.42) we find (4.29), which states the
surface fluctuation theorem in terms of the upper component
Wy, of the lattice Wannier function for the highest valence
band.
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As discussed in more detail in Sec. V E, the relations (4.54)
and (4.55) should be used only for even values of r. As
shown in Sec. V C the Dirac moments C*) are exactly zero
for all odd values of r. However, this does not mean that
the lattice moments D,, and Dyq ,, are exactly zero for odd
values of r (except for D; , = 0 which is zero by definition).
The smallness of the odd moments in lattice theory has to be
understood by an order of magnitude analysis compared to
the even moments. The odd moments are of subleading order
O(a*E"?) as compared to the even moments which are of
O(aé =1, Therefore, in the limit of small gaps £ > a, the
odd moments are of no interest in the ML gauge and can be
neglected.

We note that corresponding relations of C.q or C’u/d,m to
the Dirac theory are not possible since the Dirac Wannier
functions have a divergence |@{")(x)|> ~ 1/x* for x — 0 (see
Sec. V A). Therefore, it is important to define the moments of
the Dirac Wannier functions around the reference point x = 0,
otherwise they contain a divergence.

V. UNIVERSALITY OF WANNIER FUNCTIONS

This section is devoted to the most important result of
this work that, in the case of small gaps, all lattice Wannier
functions in AF or ML gauge show universal scaling in terms
of a small set of universal scaling functions determining the
shape of the Dirac Wannier functions in the corresponding
gauges. To obtain this result we first calculate all eigenstates
and the Wannier functions of the Dirac model analytically
in Sec. V A. The fundamental universal scaling functions in
the Dirac theory are then introduced in Sec. V B, together
with a summary of all their symmetry properties and asymp-
totic forms. The moments of the Dirac Wannier functions are
discussed analytically in Sec. V C, both in the AF and ML
gauges. In Sec. VD we derive the universal scaling form of
all lattice Wannier functions and their moments in terms of
the fundamental scaling functions of the Dirac theory. The
universal scaling is demonstrated explicitly for two examples
with unit cells of sizes 2a and 3a in Secs. VD 1 and V D 2, re-
spectively. Finally, Sec. V E contains a qualitative discussion
of the properties of lattice Wannier functions and the scaling
of their moments on all length scales, in particular including
the one at small scales of the order of the lattice spacing.
This analysis shows clearly that the visual impression of the
square of lattice Wannier functions reveals only the trivial
gapless limit, leading to the misleading visual impression of a
localized wave function with spread determined by the lattice
spacing. In contrast, the whole universal scaling properties
on length scale £ are only visible when multiplying the lat-
tice Wannier function with the spatial coordinate and then
squaring it.

A. Explicit evaluation of Dirac Wannier functions

The eigenfunctions (2.23) of the Dirac model (2.27) in the
AF and ML gauges are given by

" 1 g(v)eiyh)
S\ _ Lo |, )\ _ qt
|er ) = el Kge ) - ) ( o™ ] G.D
2¢, 8qt

where T = —1,

2
€ = (o) + (A0, g =

) (v)
€ + TV g,

5.2)
and the gauge factor is given by
W) piv®™ )
oo — B¢ T8 (5.3)
|g£]vr)gzy(v> + 1_g;vf)
where
g0 4 1gl)| = \/2(6,(,”) +TAMcosy™).  (5.4)
We note the helpful properties
gl = AW, Q) =g (5.5)

As required for the AF gauge by (2.42), we find with (2.32) a
positive Z component for uy, (Za):

® )

T8 >0

‘/ZZG,;V)

We note that the gauge factor (5.3) allows for a unique and
analytic definition of the phase ¢;‘;) since

o ig(qu)ezy

1
o (Z8) = == D Xgep = (5.6)
p==£

sgn{Im(g(q"r)e"yw + tg(q"f))} = S5y0.

5.7

Therefore, the phase ¢;‘;) can be chosen to have the same sign
as ¥ for all ¢ (note that we take —7 < y) < 7). Using

iy (V)
e for

e — 00,
BTN { 1 (5.8)
1 for g — —o0,
o -1 for g — oo,
AN { . (5.9)
e for g — —oo,
we get from
) AO) gig ™)
v AW siny
AL = 9,00 = L (5.10)

2¢)” (e + TAM cos y 1)

the result (3.31) for the Zak-Berry phases.

We note that sin ") = 0 is a special point where the Dirac
Zak-Berry connection is zero. For a half-infinite system with
x > 0 it can be shown [17] that an edge state is present in
the gap for ™ > 0 with energy €’ = —A® cos y*). There-
fore, at this special point, the edge-state energy touches either
the higher (for y") = %) or the lower band (for y ) = 0),
and the Wannier functions of the corresponding bands have
very special properties, they do not decay exponentially [for
w)(x) in AF gauge] or change discontinuously [for @{")(x)
in ML gauge]. Therefore, we exclude the cases y") =0, 7 =
—and y) = 47, 1 = + in the following and discuss them
separately in Appendix G.

For the phase factors e~ %01 occurring in (4.52) and (4.53)
we get from (5.3) the result

iy
—ip® e 41
e T = —————
|e—1y(b) +T|
_ivmn |l for © =+,
= 2 (5.11)
—is,» for T=-—,
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where we used the convention —7 < ¥y < 7.
Using (5.1), (5.3), and (5.4), we find for X;z; the form

€M) + profq + T AW

2\/6,?))(6;\}) + TAM cos y ™)

W) _—
Xq:p_

(5.12)

Inserting the forms (5.1) and (5.12) for 5(;? and Xé? in (4.33),
and introducing the dimensionless variables

)
X €4

G =2:Wg, =20 G=——=JV1+3. (.13

A0

with £V = vfp") /(2A™), we find for the Wannier functions
the integral representation

Wiy () = T / dge % x (), (5.14)
o) (x) = I E® / dge e 30 (g), (5.15)
where
oo &gt pTg+ e
XNG) = ——— -, (5.16)
2/€5\/€;+ Tcosy
5 (v = g_ + pfq_ iy(V) f = )
x0Ng) = —“’_{e or p=+ (5.17)
28; T for p=—.

We have included a convergence factor e~ with 7 ~
a/E™, since the integrals diverge for large |G|. This diver-
gence occurs since a low-energy theory can only describe the
universal regime |x| >> a. As shown in Appendix E, one can
also find a more convenient integral representation by closing
the integration contour for s, = sgn(x) = % in the upper and
lower half, respectively, leading to convergent integrals such
that the limit 7 — O can be performed under the integral. This
regularization is possible for all x # 0 and removes an un-
physical contribution ~&(x) from the Dirac Wannier function
(see Appendices C and D). In this way we obtain the universal
representation

)y — _ IS > —lElk s, ()
W, x) = InE® /0 dk e 8)(,17 (isyk), (5.18)
ﬂ)(u)(x) = in [oodK eilile)’Z(U)(l‘SxK) (519)
i 4™ Jo 23 ’

where we defined s, = sgn(x), and

Sx I isyic) = x ) (iswic + 0T) — xW(ise — 0F),  (5.20)

8x I iseic) = X (isxic +07) — 3 (s — 0F)  (5.21)
describe the jump of the integrands across the branch cut
along the imaginary axis which emerge from the various
square roots. Alternatively, we show in Appendix D how the
Wannier functions can be represented via convergent momen-
tum integrals on the real axis.

The results (5.18) and (5.19) provide the form of the Wan-
nier functions in the universal regime |x|, £) > a. However,
as long as & ™ > g, the lattice Wannier functions at x = ma
can be reproduced for all m (even for m = 0) from the Dirac
Wannier functions via the sum of (4.44) and (4.45) (in the AF
gauge) or the sum of (4.52) and (4.53) (in the ML gauge).

As shown in Appendix C, this arises from the fact that the
high-momentum region |g| > A, does not contribute to the
total Wannier function of a certain band «.

B. Universal scaling functions

It is convenient to express the complex Dirac Wannier
functions w")(x) and @)(x) in terms of real functions

wy - (¥) and ), _(x) by writing

i) (x) = %[wz(;”.i(x) +ipwy ()], (5.22)
() = e %[@é”,l(x) +ipp ) ()], (5.23)
which correspond to the definitions
wy) () = =iy pwl)(x) = wy) (x)", (5.24)
wiy () =pZ w)(x) = wih (x)", (5.25)
D () = —i e pZ pal)(x) = a7, (5.26)
: (5.27)

. (V)
i) (x) = e Y ) (x) = iy ()",
p

The fundamental universal and dimensionless scaling func-
tions are then defined by

Fap (/65 v ™) = xwi)y (0, (5.28)
Fpyp (/€M y ") = x i) (x), (5.29)

in terms of which the moments (4.37) can be expressed as
1
€ =3 [ dyy hL 07 + Fur0). (530)

~ 1 ~ .
€ = 3 [ dyy 0P + FasGP) 531)

The explicit form of the scaling functions in terms of integra-
tions along the real momentum axis are derived in Appendix D
and are explicitly presented in (D7)—-(D12). These useful
forms allow for a direct numerical evaluation.

In Appendix F we have listed a number of properties of the
Dirac Wannier functions w")(x) and @) (x) under inversion

of p, t, or x and certain transformations of y("), together

with corresponding properties of w;"/)B (x) and w;”/B L(x). As

a consequence we note the following useful properties of
the universal scaling functions Fy/p . (y; ) and Fy/p . (y;v)
under inversion of y, T, or ¥ and under the transformation
y — —y + ms, [alternatively, these relations follow directly
from the explicit forms (D7)—(D12) of the scaling functions]
Fao(=y;v) = Fac(y;—y), (5.32)
Fp(=y;y) = —Fp:(0;y) = —Fp..(y; —¥), (5.33)
Fro(=yiy) = Fa:(vi—y) = =18, Fp. (i —y + 7s)
(5.34)
= t{cosy Fy.(y;y) —siny Fp (y;y)},
(5.35)
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Y Y
-0 0 b 0 10 Fp.(0;7) =0, (5.44)
L0.1 . T
o Fa(0;y) = 2—|€” + 7, (5.45)
H0.0 = T
. < ~ S .
, 5 Fpo(0;y) = 5% le” —1]. (5.46)
'{\K,/ P L_01 et 2
-0.64(2) s (b) The asymptotic behavior for large |y| > 1 follows from
E14), (E1
~ oof 00 (E14), (E16), and (E18) as
= o
< : T =sgn(cosy):
. —y=0 § . 3
=021 y=0t =025 ) t(I4s,siny)I(3), 1w
—y =2 Far(yiy) = plied. (547
(©) (d) Y == i 27/Tcos y |
~10 0 10 —10 0 10 I'(2)/cosy] L bl
Y Yy Fg(v;y) — Q)TSyM“e 2, (5.48)
FIG.‘3. The scaling functions Fy_(y;¥) and FA/B.,(y.;y) T = —sen(cosy) :
for various phases y. We show only 7 =— and consider
0 < y < 7 since all other cases follow from the transformation Fo:(v;y) — ;.M_% e—‘s“‘y'%‘
laws  (532)-(541)  as  Fypi(sy) = FEys-0im =), V2m[siny|
FpprOiv) =FFap-(=yv),  Fap(i—y) = £Fyp.(=y: ), [y o+ o
and Fap.:(v; —y) = £Fap.:(=y; 7). According to (5.34), we note + (1 + sy5)),/ Y [y[2e” 150715 (5.49)
the relation Fy _(y; y) = Fa _(—y;w — y). All scaling functions are 2m
exponentially decaying for |y| >> 1, except for F _(y;0) — —2/7 A siny]| L _|siny/l
: _ i Fg:(iy) > ———=———syIyl 2772, (5.50)
and Fz_(y;0) = —/2/(y) [see (5.55) and (5.56)]. The scaling : Y
i 3 ¢ : . 2w | cosy|
functions Fy/p_(y;y) change discontinuously at y =0 by a sign
change [see (5.57) and (5.58)]. The cases y =0,0%, 7/2, w are cosy =0:
indicated by blue, orange, red, and green, respectively. The grid for ) T 1 1y _bl
the values of y is defined by 0.1zn withn = 0, 1, ..., 10 in (b)—(d). Fac3v) — —2ﬁ(|y| D (Lt sysy)lyl2)e 2, (5.51)
In (a) the black curves show y = 0.057 (dashed line), 0.1 (dotted),
0.2 (dashed-dotted), and 0.757 (solid). Fp-(y;y)=0. (5.52)

Fgo(=y;y) = —Fp:(vi—y) = =18, Fa . (y;—y + 7s,)

(5.36)

= —t{siny Fy.(y;y) +cosy Fp.(y:7)}.
(5.37)
Fy—(y;y) = —Fac(y;—y +7sy), (5.38)
Fp—(y;y) = Fp.(y;—y +7sy), (5.39)
Ey < (yiy) = T8y Fg(=yip), (5.40)
Fp(yiy) = =15, Fa (=33 7). (5.41)

For the special case siny = 0 we list all properties in Ap-
pendix G.

The typical forms of the four fundamental scaling func-
tions Fy g _(y;y) and FA/B,,(y; y) are illustrated in Fig. 3.
We show only the lower band T = — and positive values of
the phase y since a sign change of T or y is covered by the
above properties. A special case is cos y = 0, where

Fp.(y;y)=0 forcosy =0. (5.42)

The asymptotic forms for small |y| < 1 and large |y| > 1 can
be analyzed analytically (see Appendix E), where we derive
the corresponding asymptotic behavior of the Dirac Wannier
functions in the AF and ML gauges for small |x| < £ and
large |x| > £€™). For y = 0 we get from (E9) and (E10),

T
FazOiy)=—, (5.43)

We note that the last result (5.52) holds for all y in the special
case cos ¥ = 0 [see (5.42)]. From (E20) we get for all cases

r@

Far(yy) — ﬂlyl%e_%‘r(sysy le” — 1|+ €7 + 1|),
(5.53)
F F(?T) 1-u i i
Fg(y;v) — ?Iylz*e 2 (syle” + 1| — s, €7 — 1]).
(5.54)
As discussed after (5.10), we remind that the cases y =
0,7 = — and y = £, T = + are excluded. At these points

the scaling functions Fy g ; (y; y ) are not exponentially decay-
ing,

2

Fy—(3;0) = —Fy 4 (y;m) — —§, (5.55)
21

F_(3;0)=Fp+(y;m) = —%_ ; (5.56)

and the scaling functions Fj /8,z(y; ¥) change discontinuously
by a sign change (with vanishing value exactly at y = 0, )

Fy—(y:0%) = FFp1(3:0), (5.57)
Fp—(y;0%) = FF4 1.5 0), (5.58)
Fay (s £0%) = FFp_(y;70), (5.59)
Fp (s £07) = FFy () (5.60)
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(see Appendix G for details). Although it might have been
expected that the Wannier functions in the ML gauge change
discontinuously as function of ¥ when an edge state touches
the band edge, it is quite remarkable that the Wannier
functions in the AF gauge stay continuous but show a non-
exponential decay exactly at the touching point although the
gap is still present. Up to our best knowledge this has not been
reported before.

In summary, we find an exponential decay with a preex-
ponential power law for |y| >> 1 (similar power laws for the
preexponential functions have been obtained in Ref. [41] for
a variety of other localized single-particle wave functions)
whereas, for |y| < 1, we obtain the scaling

v S 1= Fap(0;v), Fap(v;y) ~ O).

This scaling together with the exponential behavior at large y
is the essential reason why the moments scale as

(5.61)

CW CW ~ (WY, (5.62)

leading via (4.49) and (4.54) to the universal scaling a& (with
£ ~ @ g@=D) for the quadratic spread of the lattice Wan-
nier functions. This is in contrast to the visual impression of

the lattice Wannier functions leading to the incorrect scaling

a2, as we will discuss in all detail in Sec. VE.

C. Moments of Dirac Wannier functions

The moments in the ML gauge are given by
dq )
> [ e
1+ @
€g

_ ’<zs<v>>f ! f \/
p==£

Noticing that only even moments (r = 2/) are nonzero, we
rewrite this expression in the symmetrized form

~(v)
e

(i 9g)" Xq%

(5.63)

Gy = ) e, (5.64)

2
221—2 =
Z/dq o 1+ 2 S0 (569
2 o €;

In particular, we find that the moments are independent of 7
and depend on v only via the decay length £,

The scaling behavior of C‘;})’)T is given by (5.64), while
Eq. (5.65) provides positive dimensionless coefficients. Mak-
ing the integration variable change § = tan 8, we conveniently
represent them in the form

Cy =

1" 9 g7
oy = — d6|coso| —2 cos®6 sin—| . (5.66)
4 J_, 20 2
In particular, the second moment is recovered from
3 O 9 W
Y = ; f d6 cos?0 sin? & = 5, (5.67)
d J_, 2 8

At large [ the sequence (5.66) is well approximated by (21 @=a!

(see Fig. 4).

41.31 (=2
37.0 1 o
32.6
28.3 1
24.0 1
19.6 1
15.3 1
10.9 1

6.6 1

2.31
—2.14

® exact

In 621

2 3 4 5 6 7 8 9 10 11

FIG. 4. Logarithmic plot of first 10 coefficients ¢,; and of their
asymptotic value @ As one can notice, the sequence is very well
approximated by its asymptotic even for moderate values of /.

In the AF gauge, the moments (4.38) are more complicated
and can be expressed as

Y = Z / 99 (x2)
=% [ Sty

“(i0,) X0,

(v) —ih W) o
eProrfe P g0 ], (5.68)

such that

C(V) (S(V))V L.

r‘t’

cﬁ? i 12/ / PC] ,¢<-)
e L
% ; s!(r—s)!|: o

In contrast to the ML gauge, the dimensionless coefficients
¢”) depend on 7 and v in the AF gauge via the phase factors
involving qb‘gi).

In particular, we find

dq
(v) v
Clr = / E quﬁér)

(5.69)

Y T =+
={2 (") 5.71)
5+ 2Sy<v>, T=-—
which agrees with (4.39) and (3.31), and
e =et+ [ S0t
_EW gr Ly, 4cot2y®e(—1)
=3 + 1 tan®y "’ + cos Sy o)
2 2yWeot2y™ — 1
T(2y"™ cot 2y )} (5.72)
7 cosy™

One finds that C;E) > Cé‘;) =£M/8 as expected and a di-
vergence when the first moment (5.71) jumps (for T = + at
y" =47, and for T = — at y) = 0), compare with the
discussion after (5.10).
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D. Scaling properties of lattice Wannier functions

In this section we reveal the scaling properties of the lattice Wannier functions as given by (4.44), (4.45), (4.52), and (4.53)
via the Dirac Wannier functions. Inserting the decompositions (5.22) and (5.23) of the Dirac Wannier functions in real and
imaginary parts, and using

cos Em = (=1)"™"Dcos 7'[2>, sin <£m = (—=1)"" Dgin JT£>, (5.73)
VA VA VA VA

where m = Z(n — 1) + j, we obtain

%(—1)‘“"—% Woaln, j)=F- ( s =, y“”), (5.74)

ﬁ—m—w—”m Wa.a(n, j) = Fy (% @ y<“‘”>, (5.75)

%(—1)““—% B, ) = F- (% “ y“”), (5.76)

%(_1)@-1)@—1)% Wa.q(n, j) = F+<;Z"‘j) : @, y<a—1>>, (5.77)

wherea =1,...,Z — 1 for wy, and Wy 4, and @ =2, ..., Z for wg and g 4. The scaling functions F; and F, are defined in

the following way in terms of the fundamental scaling functions Fy gz . and Fy /B, introduced in Sec. V B:

F.(y;s,y) = Fp . (y;y)cos(ms) — Fp . (y; ¥)sin(ws),  F(y;s,y) = Fp(y;y)cos(mws) — Fu . (y; ¥) sin(ws). (5.78)

As aresult, for given value j = 1, ..., Z of the site index within a unit cell, the up and down parts of the lattice Wannier functions
reveal universal scaling with a single length scale. By adding the up and down parts we get for the total Wannier function of
band o

1 _ . ma oj _ ma (x—1)j _
. (_1\er—1) _ Lo (@) 1yl S A (223 §)
VAR _F_<$(")’ .y ) +(=1) F*(sw—”’ ), (5.79)
1 A1)~ ~ . ~ (mga aj el & mga (a—1)j o
A ity g (n, j) :F‘<s<a> v >) +(=1 1F+<§(a_,);T, y@ ), (5.80)
where we leave out the second (first) term on the right-hand side for « = 1 (@ = Z). For @« =2, ...,Z — 1 universal scaling

appears with two different length scales corresponding to the gaps at the bottom and the top of the band. Therefore, to reveal
universal scaling, one has to keep the ratio of the two length scales fixed.
For the universal scaling of the moments

M M
CojaraMa) = (ma) [woja.ama),  DyaraMa)= " (iaa) |iya.(ma), (5.81)
m=—M m=—M

we get from the above equations after neglecting the strongly oscillating terms

ST~ / @G0, e ~ fg dyy Gy ), (582)
ZD;—(’;%ﬂ ~ /; dyy G (y;y ), —ZaD(ZZ%;),I ~ / E dyy Gy (s y @), (5.83)
where
G: (1Y) = 3(Fc i + Fpc )P Geiy) = U1Fa: 0 v)I” + 1 Fpc 02 0)P), (5.84)
or explicitly in terms of the right and left moving Dirac Wannier functions
G /"y =22 w0, (5.85)
P
Ge/EMy ) =2y [0 o) (5.86)
P
By using (5.35) and (5.37) we note that G, isa symmetric function
G (=y;7) = G (s y). (5.87)

033167-18



UNIVERSALITY OF ABELIAN AND NON-ABELIAN ...

PHYSICAL REVIEW RESEARCH 3, 033167 (2021)

As a result, the right-hand sides of (5.83) are exactly zero
for odd values of r. As mentioned already at the end of
Sec. IVC2, this does not mean that the lattice moments
Du/d,m (Ma) are zero for odd values of r. It only means that
by dividing them by the leading order a&’~! [with & = £@
for Dy ;o (Ma) and &€ = £~V for Dy ,4(Ma)], one gets zero
in the limit & — oo. This is in contrast to the even moments
in the ML gauge which stay finite in this limit after divided
by this order. Therefore, the odd moments in the ML gauge
are negligible and are not considered in the following. In
the AF gauge the function G (y; y) is asymmetric due to the
asymmetry of the scaling function F . (y; y) [see (5.32) and
Fig. 3], with a significant larger part for either positive or
negative values of y. Therefore, in the AF gauge, all moments
are of order a£"~! and stay finite in the limit £ — oo when
divided by this order.

The total moment for « =2, ...,Z — 1 is obtained from
the sum [neglecting strongly oscillating terms involving

(=1

Crut(Ma) ~ Cu,ra(Ma) + Cd,ra(Ma)v (588)

ra(Ma) urot(Ma) +Dd rot(Ma) (589)

where we leave out the second (first) term on the right-hand
side fora = 1 (¢ = 2).

According to (4.49) and (4.54), we get for the asymptotic
value M — o0

Cura(Ma) — ZaC®™ = Za(E@y =" @, (5.90)
Cara(Ma) — ZaC%™V = Zag@ Dy ™D, (591)
Dyoia(Ma) — ZaCly) = Za(E )™ &y, (5.92)
DapraMa) > ZaCl " = ZaE“" "Y' &y, (5.93)

where we used (5.69) and (5.64). According to (5.71) and
(5.67)we getforr =1,2

Cu, la(Ma) y(a) 1
— % [—

— 8,6, 5.94
Za 2 T2 (5:54)
Ca1a(M (=1
aeMa) y T (5.95)
Za 2
Du Zot(Ma) 1
_— -, 5.96
ZaE@ 8 (5-96)
Dy o (Ma) 1

Using (5.88) and (5.89) together with (3.30) and (3.31), we
find for the asymptotic values of the total moments
Cla (Ma) Vo
_— S — s
Za 2

DuMa) 1, &&=
( @ )

Zag@ 8
In the following two subsections we will demonstrate the
universal scaling of the lattice Wannier functions and their
moments for two examples with Z = 2 and 3. For simplicity,
we assume that the dominant contribution to the gap param-

(5.98)

(5.99)

eter (2.21) is the term H’ of the effective Hamiltonian (2.20).
This means that all Fourier components

zZ
~ 1 —i27 jv
oy = - ;e TIIZSy;, (5.100)
1 Z
= _ 1 —2mjv/Z g,
o = - 2e 5t (5.101)
i

have approximately the same order of magnitude. By conven-
tion we set

(5.102)

By inserting the form (2.3) of H' and using (2.18) for the
eigenstates of Hy, it is then straightforward to show that
A(v)ei}/(") = 5§79,

—2eMVIZ 87, (5.103)

The 2(Z — 1) lattice parameters dv; and §t;, with j=
1,.. .,Zandzj Sv; = Zj 8t; = 0, are then fixed via the Z —
1 complex gap parameters AMe?" withv=1,...,Z — 1,

by using (5.103) and the inverse Fourier transform of (5.100)
and (5.101):

Z—1

5Uj — 2:6527rjv/281~)v7 (5_104)
=1
Z—1

8tj = Zeiz”f”/zafu. (5.105)

v=1

1. Universal scaling for Z=2

For Z = 2 (the so-called Rice-Mele model [39,42] which,
for dvi; =0, turns into the Su-Schrieffer-Heeger model
[43]) we show in Figs. 1(a) and 1(b) the universal scal-
ing of the Wannier functions w(ma) = w;(ma) = wy,1(ma)
and W(ma) = W (ma) = W,,1(ma) of the lowest band o = 1,
together with the scaling of their first and second moment, re-
spectively. The lattice parameters are fixed by the complex gap
parameter Ae”? = ADe?"” The lattice Wannier functions are
calculated numerically from their definitions (4.5) and (4.7)
via the Bloch states uy;(ma) and the gauge phase ¢i;. The
latter follows from (3.13) via the Zak-Berry connection Ay;.
The Bloch states and the Zak-Berry connection are calculated
analytically in Appendix H. The Zak-Berry phase y; of the
lowest band can either be calculated from its definition (3.9)
via numerical integration over the Zak-Berry connection or
from the approximate formulas (3.30) and (3.31) as

M (5.106)

Y1~ yil) =—y +uso.

As shown in Fig. 5 the two ways to calculate the Zak-Berry
phase coincide quite well in the low-energy regime of small
gaps. Therefore, it makes no visible difference in Fig. 1(b)
which choice is taken to calculate the shift variable 71, = m —
n/m.

Withm =2(n — 1)+ j and j = 1, 2, we find from (5.74)
and (5.78) for odd and even values of m (i.e., for j = 1, 2)

m odd,

m even,

|Fa—(y;y)I*  for

(5.107)
|Fp—(v;y)I*  for

1| (ma)|* ~
2mwma ~
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° -""";;;;;;.-.-.-.-.-.-.--0350 quadratic spread D>(Ma)/(2a&) of @w(ma) (with C; = C); =
__0.40104 '.o'° R Cu11 and Dy = Dy; = D, 51) when plotted against Ma/é for
S N L3 47N> different £. As demonstrated, all discrete points fall on top
= 040059 0 S of the universal curves (5.82) (with » = 1) and (5.83) (with
%, r=2),1e.,
0.4000 f====298s¢ >| |o , +0.344
0 50 100 0 50 100 .
(1) ) Ci(Ma T 1
¢ ¢ = )%[M dy G-y G110
FIG. 5. The Zak-Berry phase y,/(27) calculated from (3.9) as _ kM
function of €@ for & = 1, Z = 2 (left panel) and fora =2, Z =3 Dy(Ma) (¢ dyG_(viy) .111)
(right panel). The parameters are the same as in Figs. 1 and 10, re- Za& ~ Ma yG-Giy), )
3

spectively. For all £ used in these figures we find that the deviation
from the approximation y; /(27 ) ~ 0.4 [left panel, see (5.106)] and
V) A zlo = 0.35 [right panel, see (5.115)] is less than =~ 0.02%.

1 Fi_(;v)> for m odd,
L t(ma 2 ~ [1FA-0 y)|2 (5.108)
2 |Fp—(F;y)|° for m even,
where we used the abbreviations
y=ma/§, y=ma/§, (5.109)

with m = my = m — y; /7. As a consequence, the four funda-
mental scaling functions Fy,p _(y;y) and FA/B,_(y; y) show
up naturally in the scaling behavior of the lower band (in
AF or ML gauge, respectively) of the Rice-Mele model for
odd (A) and even (B) sites. Similarly, for the upper band the
corresponding scaling functions with T = + appear, which are
related via (5.38)—(5.41) to the scaling functions with t = —.
For larger values of Z > 2, the same scaling functions appear
but in subtle combinations, as we will demonstrate in the next
subsection for Z = 3.

In the main panels of Figs. 1(a) and 1(b) we reveal the
universal scaling properties by plotting the left-hand side of
Egs. (5.107) and (5.108) for different values of £ as function
of y =ma/§ or y = ma/&, and find that all curves fall on top
of the universal functions [Fy,g —(y; v)|? and |FA/B,,(y; )2
(for m odd or even), respectively [note that we omitted the
subindex T = — and the superindex (1) for all quantities used
in the caption of these figures]. Although (5.107) and (5.108)
are expected to hold only for large |m| > 1 and for small
gaps (where & > a), it is remarkable that the coincidence is
even quite well for |m| ~ O(1) and for large gaps [where
& ~ O(a)]. We will come back to this point in Sec. V E, where
we discuss the behavior for small scales m ~ O(1). All the
universal scalings are in accordance with the symmetries and
asymptotic behaviors discussed for the scaling functions in
Sec. VB (compare with Fig. 3). For even m, the function
|m w(ma)|? scales symmetrically with zero value at m = 0; all
other cases are asymmetric and have a finite value atm = 0 (or
m = 0), in accordance with (5.43)—(5.46). For large |m| > 1
all functions are exponentially decaying with a preexponential
power-law ~|ma/&|" exp(—|ma|/&). Sincey = 0.2r and t =
—, we get T = —sgn(cos y) # 0, leading via (5.49) and (5.50)
to r = %1 for |m w(ma)|* and odd m = 0, and to r = —1 for
|m w(ma)|* and even m. For | w(ma)|* we get r = 0.5 for
both m even or odd [see (5.53) and (5.54)].

In the insets of Figs. 1(a) and 1(b) we show the universal
scaling of the first moment C;(Ma)/(2a) of w(ma) and of the

with G_(y;y) = G_(—y; y) due to (5.87). In accordance with
(5.94) and (5.96) they converge smoothly to the values

G . CMa) n
_——= lm = —,
2a M—-oo  2a 2w
D Dy(M 1
D D2Ma) T (5.113)
2§ M—oo  2a& 8

(5.112)

The last result gives the universal value for the quadratic
spread (Ax?) = D, = 2a£ /8 of the Wannier function @ (ma)
in the ML gauge (for arbitrary size Za of the unit cell it turns
into Zaé& /8 for the lowest band).

2. Universal scaling for Z=3

For Z = 3 the Bloch states and the Zak-Berry connection
are calculated analytically in Appendix H. In contrast to the
case Z = 2, two gap parameters A(”)eiy(v), with v =1, 2, are
needed to fix the lattice parameters. They correspond to the
two gaps and contain different phases y ") and different length
scales £ = v{")/(2A™). For the Zak-Berry phases of the
three bands we obtain approximately from (3.30) and (3.31)

n~y =—yO s, (5.114)
ey +y@ =y —y® f a0, (5.115)
syl =y?, (5.116)

where, as shown in Fig. 5, it makes a negligible difference
for small gaps whether one takes these approximate formulas
to calculate the shift variables 7, = m — %ya or the pre-
cise definition (3.9) by integrating over the lattice Zak-Berry
connection.

According to (5.74) and (5.76), the scaling of the Wan-
nier functions of the first band involves the scaling functions
F_(ma/g"); j/3;y") and F_(ma/sW; j/3;y ™), with j =
1, 2, 3. Similar to the first band for Z = 2, only a single length
scale &1 appears, but the scaling is different since, for j # 3,
linear combinations of the scaling functions F4 _(y; ¥") and
Fp—(v;y ™) [or Fy—(y; V) and F_(y;¥™)] will occur
[see Eqgs. (5.78) and (5.121)-(5.123)]. However, aside from
this no other change of the scaling appears.

Of particular interest is the scaling of the second band o =
2 where two different length scales occur for the up and down
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—— universal result

0 & =5q
O ¢®=10a
A £® =50a
O €@ =100a

T T T T
-10.0 -7.5 —5.0 -2.5 0.0 2.5

ma/g(z)

FIG. 6. Scaling of |mwy(n, j)I* for a =2, Z=3, y' =
0.2, y® = 0.57, and £V = 304a, as function of ma/£? for differ-
ent values of £ and j. According to (5.117) we obtain the universal
curve |F_(ma/E®;2j/3, y®)>. The inset shows the scaling of
the first moment C, 1,(Ma)/(Za) for « =2, Z = 3 as function of
55 = Ma/E@. According to (5.127) we obtain the universal curve

2 dyy 'G_(y; y®) with saturation at th t value —2
LAYy ~(y;¥'?) with saturation at the correct value —%— +

1 _1
2Sy(2) =3

components. From (5.74)—(5.77) we find

%Im w2 (n, j)I ~ 'R(%; %J y<2>) 2, (5.117)
%Im waa(n, j)I° ~ F*(%% y“>> 2, (5.118)
%Wz W (n, j)I” ~ ‘F_(Z%; %J 7/(2)) 2, (5.119)
%|ﬁ12 W (n, HI> ~ E(Z%;é, y“)> 2, (5.120)

i.e., the up and down components scale with £® and £,
respectively, corresponding to the gap at the top and bottom
of the second band. From (5.78) we find that F; involves the
following combinations of the scaling functions F4 ; and Fp ;:

F(yi3.v)=-F(:%7)

= HFp:(iy) —V3FEi:(57)),  (5.121)
F(y:2,y) = —3F.0:0) + V3FE iyl (5.122)
Fyly)=—-F:2,y)=—Fp:(y;7), (5.123)

and similar equations for F;, — F; and Fy/p; — Fap .. The
scaling of the four functions (5.117)—(5.120) is demonstrated
in Fig. 6 (up component in AF gauge), Fig. 7 (down compo-
nent in AF gauge), Fig. 8 (up component in ML gauge), and
Fig. 9 (down component in ML gauge), for all components
j=1,2,3, using the choice ¥V =027 and y® = 7 /2.
Due to the special choice y® = 7 /2 it turns out that

$mwaa(n, 3) ~ |Fg_(y;m/2)P =0 (5.124)

due to (5.117), (5.123), and (5.52), leading to the vanishing
Jj = 3 component in Fig. 6.

universal result

o &W=5q

O &M =10a
A €W =500
¢ €W =100a

T T T T T
-10.0 -7.5 —5.0 -2.5 0.0 2.5 5.0 7.5 10.0

ma,/&W

FIG. 7. Scaling of f|mwaq(n, j)I* for @ =2, Z=3, y' =
0.2, y® = 0.57, and £ = 30a, as function of ma/£" for dif-
ferent values of £ and j. According to (5.118) we obtain the
universal curve |F, (ma/EY; j/3, y(D)|2. The inset shows the scaling
of the first moment Cq 1, (Ma)/(Za) for« = 2, Z = 3 as function of

51 = Ma/ED. According to (5.128) we obtain the universal curve

1

. . [6)]
f’_YL] dyy 'G(y;y'V) with saturation at the correct value ¥— = 1.

In Figs. 10 and 11 we show the scaling of the total Wannier
functions |m wy(ma)|* and |7, @, (ma)|* of the second band,
respectively. Since two different length scales appear, the ratio
£M /€@ has to be kept fixed and universality is demonstrated
for different choices of £®. Furthermore, since the scaling of
the up and down components contains a different sign factor
(—1)*! [see Egs. (5.74)=(5.77)], the total Wannier function
is the sum or difference of the scaling functions of the up

§ universal result

i @ 5

3 0 ™ =5a
00819 = 0 £®=10a

S

= A €® =50a

Bl O £ =100a

la) j =2

5

Ma/e®
2 0041 _ j=3
£ i=1
— |
0.02
0004 comessmaiRuRiiE

-100 =75 =50 =25 0.0 2.5 5.0 7.5 10.0

mga/f(Q)

FIG. 8. Scaling of %lﬁza Wyo(n, HI? fora=2,Z2=3, y» =
0.2, y® = 0.57, and £ = 304q, as function of 7ia/&® for differ-
ent values of £ and j. According to (5.119) we obtain the universal
curve |F_(ipa/E@;2j/3, y®)|?. The inset shows the scaling of the
second moment Dy ,,(Ma)/(Za &) for « =2, Z = 3 as function
of s, = Ma/E®. According to (5.129) we obtain the universal curve

22 dy G_(y; y®) with saturation at the correct value §.
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0.10 1 é—\ = universal result
:%’ o0 &M =5 universal result
0.08 % o &M =10a 0 (@ =5a
~ = A &M =500 ) 0 €¢® =10a
= 3 0 &Y =100a o~ A €@ =500
g 0069 ) ) O €@ =100a
i 0.04 §'
£ :
e g
0.02 - —lon
0.00 '
100 75 50 25 00 25 50 75 100
maa/EW n—odd
0.40 4 8
FIG. 9. Scaling of 1|ty Dga(n, j)I* for a =2, Z=3, y = 095
0.27,y® = 0.57, and £® = 304, as function of sir,a/£V for differ- o osod
ent values of £V and j. According to (5.120) we obtain the universal § ’
curve |F (,a/ED; j/3, y(D)|2. The inset shows the scaling of the g 0% v
second moment Dy 5, (Ma)/(Za£“~V)fora =2, Z = 3 as function \é? 0.20 P (@0) 5 =2
of s; = Ma/&"W. According to (5.130) we obtain the universal curve e IO g
f:,“ dy G, (y; y") with saturation at the correct value . == o101 ;
0.05 1
and down components depending on the parity of n [see 0.00 1

Egs. (5.79)—(5.80)]. For Z = 3 and « = 2 one obtains

1 2 ma 2j
§|mw2(n,])| —‘F(@,?,V

2
n— ma ]
+(=1) ‘F+<W,§,y“)> (5.125)
| . _ (1pa 2j
§|m2 iy (n, > = (E, 3 V(2)>
- . 2
n—lp [M2a J
+(=1) 1F+(§(—i);§,y“>) , (5.126)

leading to different scaling behavior for n even or odd.

In the insets of Figs. 6-9 we show the scaling of the first
moment (for AF gauge) and the second moment (for ML
gauge) of the up and down components of the second band.
According to (5.82) and (5.83), they follow the following scal-
ing laws with asymptotic behavior according to (5.94)—(5.97):

Ma
Co1oM @
M @/S dyy’lG_(y;y(z))

Za —Ma
£2)
- _ﬁ + ls @, (5.127)
2 277
Ma
Cy12(Ma) N y O
S~ dyy 'Gi(y;y") > —,  (5.128)
Za ;(7/\11;1 27_[
Dy (Ma) /!(2“) ~ 5 1
-~ [, W6y~ o 5.129
Zat® o YG-0iyT) = g (5.129)
o Ma
DynMa) (&0 1
Zaz® ), dyG.(iy™) = o (5.130)

(D

The scaling of the total moments of the second band in the
AF and ML gauges are shown in the insets of Figs. 10 and 11,

—-10.0 7.5 —5.0 —2.5 0.0 2.5 5.0 7.5 10.0

FIG. 10. Scaling of i|mwy(n, j)I* for a =2, Z=3, y' =
027, y® =0.57, and €V =2£P as function of ma/€® for
different values of £® and j, with n even (odd) for upper
(lower) panel. According to (5.125) we obtain the universal curve
|F- (&5 2{ y®)+ Fy (s %, yM)|2 for n even or odd. The inset
shows the scaling of the first moment Cy,(Ma)/(Za) fora =2, Z =
3 as function of s = Ma/&®. According to (5.131), we obtain the
universal curve [* dyy'G_(y;y®) + f_r/jz dyy 'G_(y; y V) with

7

saturation at the correct value ;’—fr = 555 where y, has been evaluated

from (5.115).

respectively. According to (5.88) and (5.89) they follow from
the sum of the up and down components as

Cr(Ma) 2 _
— %/ dyy 'G_(y;y?)
a

—5

$2/r2 v
+/ dyy 'Gy(yiy™) — =, (5.131)
. —s2/r2 2r
Dy(Ma) /Sz

Za® dyG_(y;y®)

52

s2/r12 B 1
+r12/ dyG(y;y V) — g(l + r12),
—s52/r12
(5.132)

where we defined s, = Ma/E® and r, = £V /€@ As a re-
sult, the ratio r, of the two length scales has to be kept fixed
to see universal scaling by varying £®.
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universal result
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FIG. 11. Scaling of 1|y, e (n, j)I* for a =2, Z=3, y =
027, y® =0.57, and &P =2£@, as function of rpa/E® for
different values of £® and j, with n even (odd) for upper
(lowe:r) panel. According to (5.126) we obtain the universal curve
|ﬁ,(’é%‘;; Ly + F}(';%l‘)’; L,y for n even or odd. The inset
shows the scaling of the second moment D.,(Ma)/(Za&@) for
a =2, Z =3 as function of s = Ma/&®. According to (5.132), we
obtain the universal curve fjé dyG_(y;y?®)+2 figz dyG_(y;y ")

with saturation at the correct value 1(1 + £ /@) = 2.

E. Properties of lattice Wannier functions on different scales

In this section we exhibit and compare the important prop-
erties of lattice Wannier functions on different scales, always
taking the case of small gaps where a clear separation of

J

z

It is a straightforward exercise to see that these are indeed the
exact results for the Wannier functions in the absence of a gap.
Only due to the special choice of the ML gauge, the phases
of the gap parameters enter in (5.140). In Fig. 12 we show
the square |w, (ma)|?* and |, (ma)|* of the Wannier functions
in the AF and ML gauges as function of m for the special
case Z = 3 and o = 2. As can be seen, the numerical lattice

) —sin (o)
m)—sin{ ——m| 7y,
Z

= mw(na) ~ ~{sin (=
—_ o N — Sin —_
ﬁmw ma = 1 7

| (ma) 1 Ta n [ e w(e—1) n I o
— g Wy(ma) ~ ——1{s,@ cos | —m+ = sin{ ————m + — .
JZ = 27 Z 27

length scales is present £ > a (here, £ denotes some typical
order of all €V, v =1, ..., Z — 1). We distinguish three dif-
ferent regimes, called (F) (for free or gapless case), (S) (for
scaling region where the length scale & appears), and (E) (for
exponentially decaying region):

Regime (F) : |ma| < &, (5.133)
Regime (S):  |ma| < &, (5.134)
Regime (E) :  |ma| > &. (5.135)

Regime (E) is the regime where all Wannier functions decay
exponentially with some universal preexponential power law
[see Egs. (5.47)—(5.54)]. Therefore, in this regime the Wannier
functions have a negligible contribution to the moments and
the normalization. Regime (S) is the most important issue
of our work where the universal scaling on length scale &
is visible. As shown in the previous Sec. VD (see also the
insets of Figs. 6-11) all moments C,,(Ma) (with r > 1) and
D,o(Ma) (with r > 2 even) approach their asymptotic values
on the length scale £. Finally, the region (F) is the regime of
small length scales where the presence of the gap does not
play any role. As a consequence, the Wannier functions are
identical to the zero gap limit in this regime (although the
phases ¥ from the gap parameter occur in the ML gauge
due to the special choice of this gauge). As we will see in
the following, the regime (F) is only important for the correct
normalization of the Wannier function but is of no significance
for the scaling and provides a misleading visual impression of
the Wannier function.

In regime (F) of small scales |y| ~ |ma|/§ < 1, we can
use the y =0 limit of the universal scaling functions, as
given by Egs. (5.43)~(5.46). Using |¢” — 1| = 2s, sin(y/2)
and |e"” 4 1| = 2 cos(y/2) we find for the scaling functions
(5.78) the free result at zero gap

Fo(yis.y) ~ —— sin(rs), (5.136)
T
- 1
Fuyis,y) ~ ——sin(ws +7/2) (5.137)
- 1
F_(y;s,y)~ ——s, cos(mws +y/2). (5.138)
T

Inserting these scaling functions in (5.79) and (5.80) we get
for the lattice Wannier functions on small scales |ma| < &:

(5.139)

(5.140)

(

result agrees perfectly with the analytical low-energy result
(5.79) and (5.80) for large £ > a, as well as with the gapless
result (5.139) and (5.140) in the small-scale regime |ma| < &.
The scaling region (S) is not visible at all in this figure since
the Wannier functions are of order 1/m? ~ (a/£)*> < 1 in this
regime. Therefore, the visible impression of the square of the
Wannier functions is approximately the result in the absence
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FIG. 12. Comparison between |w,(ma)|*> (upper panel) and
|ibg (ma)|* (lower panel) as function of m for Z = 3 and « = 2 with
ED =26@ D =027, and y® = 0.57 with their Dirac coun-
terpart for a variety of £®. The results for large £® > a are in
perfect agreement with the analytical results (5.139) and (5.140) at
zero gap. In the two insets we show the scaling of the normalization
Cou(Ma) =Y 0__, lwo(ma)]* and Cou(Ma) = Y m__,, |iby(ma)[?
for « = 2. As can be seen, the normalization reaches unity already
on very small scales M ~ Z for large £® > a.

of the gap. As shown in the left insets of Fig. 12 the region
(F) covers almost completely the correct normalization of the
Wannier functions, such that the scaling of the normalizations

M
Coe(Ma) =) |wy(ma)l’,
m=—M
M

(5.141)

COa (Ma) =

m=—.

| (ma)|? (5.142)
M

approaches unity already on scales M ~ O(Z). In con-
trast, the region (S) contributes only the negligible order
~(&/a)(a/E)? ~ a/& <« 1 to the normalization.

We note that even the value at m = 0 is perfectly repro-
duced by the free results (5.139) and (5.140) and gives an
important contribution to the correct normalization. We obtain
[note that the right-hand side of (5.139) has to be expanded up
to linear order in m to get the correct result for m = 0]

1
«(0) = —, 5.143
we (0) 7z ( )
() (a=1)
l])a(O):yaL\/Z{sy(u) COS(V2 )—l—Sil’l(y > )}
(5.144)

With y, = y©@ D —y@ 4 s, one finds a perfect agree-
ment with the results in Fig. 12 for £@=D £@ > q.

In contrast to the normalization, all the interesting scaling
behavior on the length scale £ shows up in the regime (S) and
are only visible when multiplying the Wannier function with
m in the AF gauge or 771, in the ML gauge. In a nutshell, one
can express the subtle dependence of the Wannier functions
on the two length scales a and & roughly as follows (in AF
or ML gauge for any band). Replacing ma by the continuous
variable x and rescaling the Wannier function via

w(x) = Lw(ma), (5.145)

Ja

the qualitative form can be stated as follows (omitting strongly
oscillating terms on scale Za which contribute a negligible
amount to the moments):

lwE)[* ~ 8,(x) f(x/&) e M5,

where §,(x) is a Lorentzian delta function on scale a, and f(y)
is a dimensionless function of order O(1):

X = ma,

(5.146)

1

8,(x) = ——5—, ~ 0(1). 5.147
W=——5m [0~ (5.147)
The most important fact is that the delta function covers the

complete normalization on scales x ~ a,

le(ma)lz~/dxlw(x)l2~f(0)~0(1), (5.148)

m

whereas, due to the Lorentzian form of the delta function, the
scaling of all moments is determined from the region |x| < &
as

Cr ~ Y _(maY |w(ma)* ~ / dxx’ Jw(x)l’

~a / dxx"72 f(x/€) e MIE

~ag [ a1
ISt

for all » > 1. Note that the region |x| ~ a contributes only
the negligible amount a” <« a&'~! to the moment for r > 2.
Strictly speaking, this argument is only rigorous for even
values of r since in this case all terms of the integrand are
positive. For odd values of r it can happen that the prefactor
in front of the leading term is zero. This happens for the
scaling of the odd moments Dy, o(Ma) and Cyy1o(Ma)
in the ML gauge, which do not show universality but are of
no importance since their asymptotic value is of negligible
order ~a®>£%~! for [ > 0 [see the detailed discussion after
Eq. (5.87)]. In contrast, in the AF gauge the odd moments
scale according to the estimate (5.149) for all » > 1 and their
order of magnitude is fully determined by the scaling region
(S) (even for r = 1). They can be written as

Couy1~a / dy ') = f(=p)) ~ a, (5.150)
0<y<1

such that convergence is guaranteed at y = 0 even for [ = 0.
Importantly, in the AF gauge, the function f(y) =~ f(—y) is
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nearly symmetric for |y| < 1 [see (5.139)]. Therefore, the re-
gion of small scales does not contribute and the odd moments
show universal scaling from the regime (S) due to a significant
asymmetry of the scaling function f(y) for |y| ~ O(1) [see the
discussion after Eq. (5.87)]. For example, it is quite remark-
able that the first moment in the AF gauge is fully determined
by the nearly invisible asymmetry of the Wannier function on
large scales |ma| ~ & >> a, whereas the visible impression of
a symmetric shape on small scales |ma| ~ O(a) would predict
an incorrect vanishing first moment.

The scaling behavior of the moments is demonstrated nu-
merically in the insets of Figs. 1(a), 1(b), 10, and 11, where
it is shown that the first moments C,(Ma) in the AF gauge
and the second moments D,,(Ma) in the ML gauge scale
indeed smoothly to their universal asymptotic values on the
scale Ma ~ £ and obtain a negligible contribution from the
small-scale regime (F). Similar numerical evidence can be
shown for all the other higher moments C,,(Ma) with r > 1
and [)y,a(Ma) with [ > 1.

VI. NON-ABELIAN WANNIER FUNCTIONS

In this final section we analyze another class of lattice Wan-
nier functions which arise from a special non-Abelian gauge
transformation which mixes the Bloch states from all bands
a =1, ..., vbelow a given one labeled by v. In particular, the
non-Abelian gauge of maximally localized Wannier functions
has been proposed in the literature and the connection of
their spread to the polarization fluctuations has been put for-
ward. Here we analyze the universal scaling properties of the
non-Abelian lattice Wannier functions and find the interesting
result that they scale up to a surprisingly high precision ac-
cording to the Dirac Wannier function of the lower band of the
Dirac model corresponding to gap v or, equivalently, similar
to the upper part of the Wannier function of band v as shown
in Fig. 8. In Sec. VIA we summarize the general definition
of the non-Abelian gauge of maximal localization and show
our central result of its universal scaling. The technical part
of the construction of this non-Abelian gauge is outlined in
Sec. VI B, supplemented by three Appendices I, J, and K. We
show this construction in the main part of this work since it
provides a very efficient way to analyze non-Abelian gauges
analytically via the Wilson propagator which, up to our best
knowledge, has not been reported before.

A. Non-Abelian lattice gauge and summary of results

So far we have discussed Abelian gauge transformations
for a fixed band index « by allowing for a phase factor e'# to
transform the Bloch state as

e} = liiga) = € |tta). ©6.1)
where ¢y = ¢y 22 , is a periodic phase variable. In multi-
band systems, more general non-Abelian gauge transfor-
mations have been discussed (see Ref. [10] or reviews in
Refs. [3,9]). These gauge transformations mix the Bloch states

of all band indices @ = 1, ..., v up to a certain value v (defin-
ing the valence band if a chemical potential is present in gap

V) via a k-dependent unitary transformation as

Z |”ka’>(Uk(U))a’oz~

a’'=1

) =

6.2)
Here, U ™) s a unitary v x v matrix which is periodic under

k—>k+é’;

0 (O) =1, 0

7 (V)
k+3E =Uc

(6.3)

From the normalization (2.13) of the Bloch states and the
unitarity of Uk(”) we note the properties

(00|20 = Suu-

U Uiy
v
§ : A(U)
uka
a=1

6.4)

(6.5)

(l;) = kaa ) (ke |-

Although the Bloch states |A(”)) are no longer eigenstates
of the Bloch Hamiltonian /; as deﬁned in (2.10), the corre-
sponding non-Abelian Wannier functions

7 Za .
wy)(ma):z_“ f dk i) (jaye™™  (6.6)
T
Za

have interesting properties [10] which we summarize in the
following.

Defining the Zak-Berry connection and the geometric ten-
sor in the non-Abelian case analog to (3.1) and (3.3) as

(), = @A), = ) ).
Q). = (@),
= (o i) — [ 0. 69

and introducing the following definition for the non-Abelian
Zak-Berry phase matrix

o= [ i,

Za

6.7)
6.8)

(6.10)

together with 7"’ = ${) for the diagonal components, one
finds the following useful transformation properties:

AP = O AOD 00 A0 6

Z Hv) — Z Yo — 21 wn[det[jk(v)], (6.12)
a=1

Y (s Z (Qi)aps (6.13)

o,p=1 «o,p=1

where Wn[detUk(")] denotes the winding number of the de-
terminant of Uk("). Here, A,((”) is a v x v matrix with matrix
elements (A,((”))a,g = (Ax)op given by the Zak-Berry connec-
tion (3.1) from all band indices , B =1, ..., v

Furthermore, defining the moments of the Wannier func-
tions in the non-Abelian case analog to (4.16) as

CW = (Y =3 (may |0 (ma)|® (6.14)
Za A v
=5 dk (a) | i) |a), (6.15)
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and introducing the following definitions for the sum over the
positions and the quadratic spreads

WM =>"C, (6.16)
a=1
(A =3 (EW — (EW)), 6.17)

a=1

we find from (6.15) and the above definitions after some
straightforward algebra
WO A ey Za
= oY==, 6.18
Za Z 2 e T o Ve (6.18)

a=1

Z
(A2 =22 E:/ dk{ (9).,
Za
o Za
) _ ~ (V)
+ |:(Ak )aﬂ 27T yatﬂi|

+ (1 - (Saﬁ)<_j);;;)> }

Since the first term on the right-hand side of (6.19) is gauge in-
variant according to (6.13), and the last two terms are positive,
the quadratic spread (Ax*)(*) is minimal in the non-Abelian
gauge of maximal localization (NA-ML), defined by a k-
independent and band-diagonal Zak-Berry connection

A Za | Za
(A)ap = 35708 = 37

(6.19)

b =5 P84 (6.20)
As a consequence, using the surface fluctuation theorem
(3.51), we find that the minimal quadratic spread in the NA-
ML gauge is related to the boundary charge fluctuations as

v

V)2 1 v AV
B(AQY)" = (A = Dy, (6.21)
a=1
where we defined the moments
AV A (v | A (v 2
DY) =" () a) | (ma)| (6.22)
relative to the shift by the first moment, i.e., with
5 (V) A(V) Za )
my) =m—-C,/ =m—-—p,"”. (6.23)

2w

Most importantly, the surface fluctuation theorem (6.21) for-
mulated in terms of the non-Abelian quadratic spread shows
that the NA-ML gauge is unique in the sense that the bound-
ary charge fluctuations can be written as the sum over the
second moments of the Wannier functions of the individual
bands. Within the Abelian ML gauge this is not possible, as
already discussed after (3.57). For the boundary charge itself
it seems to be similar at first sight to the Abelian AF and ML
gauges, where it is also related to the sum over the Zak-Berry
phases of the individual bands. However, as we have seen in
Sec. III C 1, a subtle cancellation procedure happens such that
the sum over the Zak-Berry phases of the individual bands
a =1,...,vis related to the phase y ") of the gap parameter
of gap v [see the central equation (3.50)]. As we will see in the
following, this is not needed in the non-Abelian gauge where

all Zak-Berry phases 7" are equally spaced and related to
v in the following universal way:

1
p0) = —
)
Ty —2u0+1 for v even,
+ N {v —20+1+s,0» for vodd (6.24)
such that — < P < 7.

Consistent with the way the fluctuations are distributed
among the bands in the non-Abelian case, we will find that all
Wannier functions %" in the NA-ML gauge scale in the same
way according to the upper component @, , of the Wannier
function in the Abelian ML gauge for band v. The central
result shown in the next Sec. VI B is the precise relation

19( v) \/_ (V) (u) ipk(")mu
a E W a)e'Ptr e
f

" (ma) ~ — (6.25)

where ¢ is some unimportant phase factor. Up to this phase

factor, we find in comparison to (4.52) the central result that
all Wannier functions " (ma) in the NA-ML gauge scale
precisely as [ Wy, (ma) in the Abelian ML gauge, provided

one replaces y, — 7" in the shift variable such that 7, —
M. Using the scaling property (5.76) of the upper compo-
nent of the Wannier function in the ML gauge, this gives the
following scaling for all non-Abelian Wannier functions:

A( ) .
o w,y(”)
EW
As a consequence, defining the following scaling functions for
the non-Abelian moments

2

|ﬁ1(v) A(v)(n J)’ l
1%

(6.26)

M
DY)(Ma) = Z (ma)" | (6.27)
m=—M
we find from (5.83) and (5.96) the universal scaling
DW(Ma) 1 [
L dyy 2G_(y;y™ 6.28
Za(g)y—1 U/J yy sy, (6.28)

()

with the following asymptotic value for the second moment:

DY) (Ma) 1

S 7onind v (6.29)

The universal relation (6.25) of all non-Abelian Wannier
functions @« = 1, ..., v to the Dirac Wannier function of the
lower band of the Dirac theory corresponding to gap v is one
of the most important results of this work. It shows that all
non-Abelian Wannier functions scale independent of the band
index in the same way and depend only on the low-energy
properties of the model, provided that the condition of small
gaps is fulfilled. Up to our best knowledge, the non-Abelian
Wannier functions have not been studied analytically in the
literature and their universal scaling behavior for all general-
ized AAH models in terms of a single length scale £ has not
been reported before.
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FIG. 13. Scaling of £m{’ @{”(n, j)|* for @ = 1,2 (upper and
lower panels), v=2,Z =3, y» =02n, y® =057, and £V =
30a, as function of M{Va/E" for different values of £? and
j=1,2,3. According to (6.26) we obtain the universal curve
|[E_(mPa/g@;2j/3, yP)|?, ie., the same scaling for both o =
1,2 as for 1|y iy(ma)|* as function of /mya/§@ (see Fig. 8).
The two insets show the scaling of the corresponding second mo-
ments vDY)(Ma)/(Zag™) as function of s, = Ma/&®. According
to (6.28) and (6.29) we obtain the universal curve f_Yiz dyG_(y;y@)
with saturation at the correct value % The scaling is indep~endent of
o = 1, 2 and identical to the scaling of the second moment D, »,(Ma)
as shown in the inset of Fig. 8.

For the special case Z = 3 and v = 2 we demonstrate in
Fig. 13 the universal scaling (6.26) of the Wannier functions
®{(ma) in NA-ML gauge and the corresponding scaling
(6.28) of the second moments ﬁgx) (Ma). Indeed, we find that
the scaling is independent of @ = 1, 2 and follows the scaling
of the upper part @, ,(ma) of the Wannier function and its
second moment in ML gauge for band o« = v (compare with
Fig. 8).

We note that also the winding number of the determi-
nant detﬁk(”) contains interesting information about the total

number of edge states Né”) present in all gaps v/ =1,...,v.
According to (6.12), the winding number controls the change
of the sum over all Zak-Berry phases from the bands o =
1, ..., v in the gauge transformation. On the other hand, we

can calculate the sum over the Zak-Berry phases in the AF and
NA-ML gauge separately by using (3.30), (3.31), and (6.24):

v v
D va=—r"+m ) s, (6.30)
a=1 v'=1
v

Z )7051}) = _V(V) +m (Su,oddsy(v)- (631)
a=1

Since an edge state is present in gap V' if 5,., > 0, we getin
addition for the total number of edge states the expression

v 1 - 1 y
N =23 (U +s,0) =5 <v + Zw)- 632)
V=1

V=1
Comparing these equations we find the following relation
between the number of edge states and the winding number
of detUk(“) ,

Né") = wn[detf]k(”)] + %(U + 8u,0ddSy® ), (6.33)

which is obviously an integer number for both v even or
odd. This relation can be viewed as a bulk-boundary corre-
spondence relating the total number of edge states up to a
certain gap v to a winding number defined in terms of the
bulk states. In contrast to other topological invariants defined
in one-dimensional systems, this relation holds independent
of any symmetry constraints and includes all edge states,
independent of whether they are at zero energy or not.

Using (3.46) and (3.49), we finally find for the total bound-
ary charge without or with including the edge states

s 1 < 1 v
ZQB‘O[=_EZVO[—§‘)+§’ (634)
a=1 a=1
W) _ i);(w + 15 4aSyw - Y (6.35)
B 2 = T2 oddty 27

The last result states the surface charge theorem in terms of
the non-Abelian Zak-Berry phases 7" or the first moments

ClY) = Z29™ of the non-Abelian Wannier functions.

B. Explicit construction of the NA-ML gauge

We proceed in this section with the explicit construction
of the NA-ML gauge and the analytical proof of the central
identity (6.25) relating all non-Abelian Wannier functions
o =1,...,v to the upper part of the Wannier function in the
Abelian ML gauge for the highest band v. The NA-ML gauge
can be constructed explicitly via the unitary transformation

O = Uk, ko)V Ve k57", (6.36)

where

. rk v
Uk, ky) = Pet i 44 (6.37)

denotes the Wilson propagator along the path from k; — k
(here, P denotes the k-ordering operator analog to the time-
ordering operator), ko is an arbitrary reference point, and V ()
is the unitary transformation which diagonalizes the Wilson
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loop operator

lV“ (V(V))1 U(V) V(V) (6.38)
U = UY (ko + = ko). 6.39
L (ko + Z ko) (6.39)
Indeed, using the differential equation
000 = —AP0Y + 0020 (6.40)

271

and multiplying it from the left with (Uk(”))*, one obtains
directly the condition (6.20) defining the NA-ML gauge. Fur-
thermore, using the group property of the Wilson propagator
together with its periodicity (following from the periodicity of
the Zak-Berry connection A,((”) = Al(clﬁz—”)
Za
U ki, ky) = UM ki, k) U™ (s, k), (6.41)

2
U (k. ky) = U<“><k + kot —”) (6.42)

we find periodicity of the non-Abelian gauge transformation

Z

Za ()

_ U(V)(k ko )V(v) —ik5Ty

U(V) .
+E T

=0". (6.43)

Here we used in the first step the group property (6.41), and
in the second step the periodicity (6.42) together with the
definition (6.38) of the transformation V.

We note that the non-Abelian Zak-Berry phases 7" are
independent of the choice kj of the reference point since the
Wilson loop operator (U]f”))/ for another reference point & is

related to UIE") via a unitary transformation
)y’
(u")

where we used the group property (6.41) and the periodicity
(6.42). This means that the unitary operator (V) with re-
spect to the reference point k) is related to V) by

(V(U))/ — U(U)(k(/), ko)V(v).

= U (ko ki) UM U™ (ko k)T, (6.44)

(6.45)

As a consequence, up to trivial phase factors to define the
unitary transformation V"), we find that the unitary transfor-
mation Uk(") is unique and independent of k.
For convenience, we will choose in the following ko =
—m /(2Za) as reference point and discuss the two intervals (I)
—1m/(2Za), w/(2Za) and (II) k € [7/(2Za), 37w /(2Za)]
separately since they are related to two different Dirac theories
(see Fig. 14). Using (2.8), (2.30), and (2.31), we get for the
relation between the Bloch and Dirac states in this convention

M: veven, k=g
ltgo (ma) = Z X&) ek ma, (6.46)
D) : v odd, k=Z—a+q
U (ma) = e7' 7" — Z X;?;, eiPkima, (6.47)
where in both cases |g| < 57-. By convention we have added

two trivial Dirac theories, one for o = 1 in subinterval (I) with

I
= Ot

€ka

FIG. 14. Sketch of the typical band structure for the interval

-7 <k< forZ = 5. The two subintervals (I) with — 7~ < k <

35, and (1) 2€Vlth = <k< E are indicated in violet and green
color, respectively. The lowest (highest) bands in subinterval (I) [(I])]
(corresponding to v = 0 and Z, respectively) are characterized by
k-independent Bloch states u,. Four different k values are shown,
indicating the block structures (6.61) and (6.62) of the lattice Wil-
son propagator for v even or odd in the two subintervals. Here, k;
corresponds to U™ (k;, —57) for v = 4 even in subinterval (I) [see
the first equation of (6.61)], k, to U (k, —5%) for v =13 odd in
subinterval (I) [see the first equation of (6.62)], ks to U™ (ks, 5%-) for
v = 4 even in subinterval (I) [see the second equation of (6.61)], and
ky to U (ky, 5%-) for v = 3 odd in subinterval (II) [see the second

equation of (6.62)].

v =0 and t = +, and another for « = Z in subinterval (II)
with v =Z and t = —. In these two cases the Bloch states
are given by the gapless ones and are independent of &, such
that the Zak-Berry connection is zero.

The non-Abelian Wannier functions are then split as

O (ma) = w;")(ma) + v}, (ma), (6.48)
Za (% ,
o) (ma) = == / dk i) (ma) "™, (6.49)
’ 27 ,2%1
Za Fa .
), (ma) = == / dk ) (ma) "™, (6.50)
JT .

where the transformed Bloch states follow from (6.2) and
(6.36) as

N ik
u,({‘;)(ma) e ma

— zkm“)a 74 _L v
S mfpro-g]

=1
6.51)

It turns out to be useful to define the propagators when cross-
ing the two subintervals as

U =u (2, -2, 6.52

I <2Za 2Za> (6.52)
3

v = (2L 2 (6.53)
ZZa ZZa
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and use

T T

vk —5-) =0 (k - ) U (6.54)
2Za 2Za

for the representation of the propagator within subinterval (II).

The Wilson loop operator defining the transformation V) via

(6.38) can be expressed as

vl =U U, (6.55)

As outlined in detail in Appendix I one can extend the
integration limits in (6.49) and (6.50) to 0o by using the
k-independent values of the Bloch states and the propagator
at the edges of the two subintervals. This means that the
propagators for the two subintervals are extended as

(v) .
) :U<”><k, -z ) - {UI fork> o7 (6:56)
2Za 1 fork < —57-,
U™ fork > 2Z,
() :U<“><k, %) - { I Tz (657
a 1 fork < 373"

The additional contributions are shown to cancel each other
when taking the sum (6.48) up to trivial delta functions which
are subtracted as usual both in lattice and Dirac theories.

v even :
)
U,”
Uq(v—2)
ok - T\ = U
" 2Za)
(2)
U,
v odd :
—1
ey
Uq(v—S)
U<”)<k _T ): .
9 Zza . 9
2)
U,
1

where Uq(ﬂ) is the Abelian Dirac propagator for the upper part
of the last band v, which can be expressed with the help of
(5.10) and (5.9) as

, A e W
Uq(i) = AL i) i (6.63)
The 2 x 2 matrix U/" of the Wilson propagator in Dirac
theory is calculated in Appendix J. Most importantly, it is
shown that this propagator transforms the Dirac states as

A=Y A U =8 s, (6.64)

i.e., leads to a g-independent contribution. This has the ef-
fect that, after inserting (6.46), (6.47), (6.51), (6.54), (6.61),
and (6.62) in (6.49) and (6.50) (with k = g and k = 7~ + ¢,
respectively, and the ¢ integrals extending to £00), all prop-

Since the Zak-Berry connection has the block structure
(3.28) in terms of the Dirac Zak-Berry connection, we obtain
a corresponding block structure for the propagator

T

(I):U<”><k,——> = 800, (UM )y, (6.58)
2Za) e

ORAR <k, l) = 80 (U )y (6.59)
2Za et

where Uq(") denotes the Wilson propagator in Dirac theory
with respect to reference point g = —oo:

. 1A (V)
Ul = pe sty (6.60)

Here, A" denotes the 2 x 2 matrix of the Dirac Zak-Berry
connection (3.18). According to Fig. 14 we then get the fol-
lowing block structure of the two propagators for v even and
odd in the corresponding subintervals [where we use k = ¢
for subinterval (I) and k = 7~ + ¢ for subinterval (I)]

yv-b
q
U(v) k 4 _ Uq(U_S)
’ "2Za) ’
(€3]
Uq
1
(6.61)
U(K)
4 Uq(ufz)
v (k. %) - yy— ,
a
(n
Uq
(6.62)

(

agators Uq(‘” give rise to integrands where the g dependence
of the Dirac states disappears and only a purely oscillating
exponential remains in the integrand. This leads to unphysical
delta function contributions which can be disregarded (see
Appendix I). The only remaining terms are those from the
Abelian propagators U, 22 leading to the following result for
the two subintervals:

N Za W)
D00 ~ Buen 3 [ A€y, 0na) U (V)

(6.65)
A~ (V) ~ Za RESpY
Wiy o (Ma) = 8y,0dd T dg e zat
g U GOV (666)
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Inserting (6.46), (6.47), (6.63), and using the definition (4.34)
of the Dirac Wannier function in ML gauge, we find

A —jy
W) (ma) ~ 8y even e (V)

x avZ Z 0, () M (6.67)
Wy s (ma) ~ 8,44 e_”’( Ve (U v
x av'Z Z o™ (") ePkE'ma - (6.68)

In Appendix K we analyze the unitary transformations V)
and U") V), with the result that all matrix elements consist
of phase factors multiplied with 1/,/v (from the normaliza-
tion). As a result, we find the central result (6.25), relating
all Wannier functions in NA-ML gauge to the Dirac Wannier
function corresponding to the upper part of the highest band
in ML gauge. In addition, we will analyze in Appendix K the
spectrum of the Wilson loop operator (6.55) and find indeed
that all non-Abelian Zak-Berry phases are equidistantly dis-
tributed according to (6.24).

VII. SUMMARY AND OUTLOOK

The universal scaling properties of Wannier functions
found in this work are fundamental in several respects. Of
particular interest is the high-precision value of the univer-
sal scaling even for rather large gaps, as it appears most
prominently in the non-Abelian gauge of maximal localiza-
tion (NA-ML) (see Fig. 13). The NA-ML gauge has been
put forward in the literature [3,9,10] since in this gauge the
total quadratic spread probes the fluctuations of the bulk po-
larization which, according to the surface fluctuation theorem
[18], is related to the fluctuations of a directly measurable
observable, the boundary charge QY. Importantly, Q) is the
total boundary charge corresponding to a chemical potential
located in gap v, in contrast to the boundary charge QOp o
of a single band « which is not measurable. The observable

(”) probes essentially low-energy properties of the system
smce the low-lying states are occupied and contribute a fixed
amount to the boundary charge which can not fluctuate. This
characteristic feature of the boundary charge is directly linked
to our result that the Wannier functions in the NA-ML gauge
are probing low-energy properties and reveal universal scaling
to high precision. This motivates further investigations of the
NA-ML gauge in other multichannel or higher-dimensional
systems to find similar universal scaling assuming the small
gap limit.

Our proposal of how to define Wannier functions for
field-theoretical Dirac models opens up pathways to de-
scribe universal scaling properties of Wannier functions for
a whole class of multiband lattice models very efficiently
via a simplified continuum model with a low number of
bands only. We have exemplified this here for a two-band
Dirac model in 1+1 dimensions, covering the whole class of
one-dimensional tight-binding models with nearest-neighbor
hopping, one orbital per site, and generic periodic onsite
potential and hopping modulation. These are special mod-
els in the sense that the gap opens up at a single point in
quasimomentum space [in our case either at k = 0 or at k =

+m/(Za)]. This gives rise to a field-theoretical low-energy
model consisting of one pair of a slowly varying right and left
movers. In other more general multichannel cases or models
with longer-ranged hopping, several anticrossings can appear
in quasimomentum space, each of them characterized by the
presence of several channels. The same will apply to higher-
dimensional systems. However, also for these more general
cases, the boundary charge and the Wannier functions in the
NA-ML gauge are expected to probe only the low-energy
properties of the system provided that all gap openings close
to the Fermi level remain small. Therefore, based on our pro-
posal of how to define Wannier functions within continuum
field theories, it will be of high interest to study the Wannier
functions of more general field-theoretical models, consisting
of multichannel Dirac models or several Dirac models which
are coupled to each other (each of them corresponding to one
anticrossing point).

It is a quite remarkable result of our work that field-
theoretical models also allow for the definition of the
Zak-Berry connection and the geometric tensor, although
these are quantities which are used in lattice models to
characterize global topological properties of the whole band
structure in a nonlocal way. In contrast, a field theory can
only characterize the physics close to the Fermi level where
the gap opens, i.e., it probes essentially local aspects of the
band structure. However, this does not mean that a field theory
is per se not capable of characterizing topological properties
of lattice models. If the gaps at the bottom and the top of a
given band are both small, it is possible to set up two inde-
pendent field theories around the two gaps and supplement
them by appropriate asymptotic conditions to connect them in
a unique way. This allows to obtain full control over the whole
Zak-Berry connection in the lattice theory via the Zak-Berry
connection defined in the field-theoretical models. For the
lattice models studied in this work the band structure in the
middle of the bands is characterized by free plane waves,
leading naturally to the choice of asymptotically free plane
waves in the corresponding field-theoretical models. For more
general multichannel models, as well as in the presence of
spin-orbit interaction and Zeeman fields, generalizations have
to be studied for small gaps by expanding around a different
reference system [called Hy in our work, see Eq. (2.2)]. This
reference system will again prescribe certain asymptotic con-
ditions for the field theory far away from the gap, which can
be used to set up unique correlations between gaps opening
up at different energies. Therefore, we expect that our way
to describe universal properties of Wannier functions and the
boundary charge via low-energy models will be also of inter-
est for the description of global topological aspects in more
general models.
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APPENDIX A: GAPLESS CASE, NORMALIZATION,
AND COMPLETENESS RELATION

Here we show that the normalization and completeness re-
lations (2.13) and (2.14) are consistent with the corresponding
ones in the low-energy region, given by (2.35) and (2.36). To
achieve this we first discuss the gapless case and show that
(2.29) reproduces the correct result for the eigenstates of Hy.

For the gapless case §v,, = &t,, = 0 the Hamiltonian /;
given by (2.10) has the form

V4
he ==t (1 + D(ile ™ + 1) + 1le*).
Jj=1

(AD)

One obtains straightforwardly for the dispersion and the
eigenfunctions

2w
€ra = —2t cos | ka + 7111“1 , (A2)
(ja) = — e ¥ (A3)
U (Ja) = —=e€ ol
NiA

where ny, are Z integers in some interval of size Z. To
achieve the ordering e(l) < e,ﬁ J << e,ﬁ ) in the reduced
zone scheme —7- < k < 7=, we choose ni =0, mp =
—sgn(k), ngz = sgn(k), na = —2sgn(k), ngs = 2sgn(k),
etc., which gives

1 —a for o even,
Niq = Esgn(k){a —1 for a odd (A4)
leading to
. 1 e—isen(k)Zaj for o even,
Uy (ja) = ﬁ {eisgn(k)ﬁ(a—l)j for « odd. (43)

According to (2.30) and (2.31) it is straightforward to show
that this corresponds precisely to the choice X;ﬁ; = 8 sen(gr)
in Dirac theory, as stated in (2.29).

To check the normalization (2.13) we prove (2.40) rigor-
ously for any integers r, s > 0 via the relations (2.30) and
(2.31). Except for the lower half of the lowest band (i.e., for
k| < 57 and a = 1) or the upper half of the highest band
(i.e., for |k| > 57— and @ = Z), the gaps with even v describe
the region |k| < 57-, whereas the gaps with odd v correspond

. Therefore, in almost all cases, the parity of v and

to [k| > 57~
V' must be the same for given k. In this case we get

(0 uker| O usar)

1 L
— (v) s, () —im (pv—p'v')j/Z
= 2 % (un) %x quzze
p.r'=%

= Z 9, (X;:;) asxqr)(spw’w
p.p=%

= S0 33 (6)

where we used §,,, ;v = 8,8, in the last step (since v, V' >
0) and the fact that pv — p’v’ is always an even number (since
v and v’ have the same parity). The special case v = 1 and v’
even is only possible for T = —, p = sgn(k) = —sgn(q), and
|k] < 57 Itleads to

<3[Mk1 |0 k)

— Y o)

p.p'=+

1 N
s (v) —im (p+sgn(q)—p'v')j/Z
aq qr ”Z Z € ’

This expression must be zero since, by using p 4 sgn(qg) =0
and v’ even, we conclude that p'v’ must be zero which is not
possible. Finally, the special case v = Z — 1 and v’ having a
different parity than Z — 1 can be treated in a similar way and
leads also to a contradiction.

To prove the completeness relationship (2.14) for given k

we note that, for each given gap v, one has to sum over both
band indices T = =+ of Dirac theory, except forv =1orv =
Z — 1 when |k| < 57— or |k| > 57—, respectively. In the latter
case only the Dirac bands t = — (for v =1 and |k| < 57.)
or T =+ (for v=2Z—1 and |k| > 57-) have to be taken,
respectively. This means that only the eigenstates far away
from the gap v = 1 or v = Z — 1 are involved for the lowest
or highest lattice band, where we can take approximately the
free solution (AS). The same happens for the contribution
from the pairs T = =+ since one finds from (2.30) and (2.31)
that the expression ) ua(ja)ure(j'a)* involves always the
combination

v (u)
Z Xagep(Xgry) = 8o (AT)

where we used the completeness relationship (2.36) of the
Dirac states. Since the same result arises for the free Dirac
states x (;T;) = 8 sen(gr)> WE ﬁnc} that the completeness relation-
ship in the presence of a gap is not changed compared to the

one for the free Bloch states (A5).

APPENDIX B: CANCELLATION OF ZAK-BERRY PHASES

Here we show on quite general grounds that the sum of the
Zak-Berry phases in the AF gauge of the two bands of the
Dirac model is quantized in odd units of . We first need that
one can write (with x4 = |x4r) defining column vectors in
p=%

" = Z/qu(”’ = Z/dq () iy

= / dqTr(M®) ia M = i / Tr(M®) am®

=i / d In (detM"), (B1)
where we defined the unitary matrix
V) _ v) v)
M = (! %) (B2)
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This means that (up to multiples of 2) the sum of the Zak-
Berry phases of the two Dirac bands can be written as minus
the phase difference of the determinant of M, f]") between the
asymptotic values at ¢ = oo and —oo:

Z v _ _ Z((pflv)oor (pfl"j_oor) mod 27), (B3)

r=1,2
where e"‘ﬂffr‘), with r = 1, 2, denote the two eigenvalues of the
unitary matrix M{". In the AF gauge the asymptotic values of

X q”) are given by p,sen(qr) according to (2.29), leading to

1 0
I

: ) _
lim Mq =

q— 00

0 1
W) _
quOOM (1 O>' (BS)
This gives
Z gl)C(IU:)OO»r = Z (pt(lli)—oo P =7, (B6)
and we get from (B3) the final result
Z vy =7 mod(27), (B7)

consistent with (3.50).

APPENDIX C: SPLITTING OF WANNIER FUNCTION

Here we show how to split the lattice Wannier function for
band ¢ = 2,...,Z — 1 into the contributions corresponding
to the upper and lower halves of the band and how to extend
the momentum integration to infinity [see Egs. (4.8), (4.9),
(4.12), and (4.13)]. Since the eigenfunctions of the lattice and
the Dirac model are related via (2.22), (2.23), (2.24), (2.30),
and (2.31), we can perform this analysis directly within the
Dirac model by calculating the contributions from the region
lg| > A, of the Dirac Wannier functions occurring on the
right-hand sides of (4.44), (4.45), (4.52), and (4.53). Denoting
the contribution of the various Wannier functions from this
region by dwy/q .« (ma) we get

(Swu,a(ma) = aﬁz 5w(70fy)p(ma)eipk(;)ma’ (1)

p
8wy o (ma) = aﬁz Sw(ﬁ;l)(ma)eipk(ﬁ*”ma’ ©2)
(Sﬂ)’aa)(ma) = a\/zze*l% 8{1’)(0!) (m a)etpk ma’ (C3)

P
a—1) (o— )
SIIJ;Q)(ma) = a\/zz 7’¢0+ 8ﬂ)(a l)(m a)elpk s

(C4)
where

dq

Sw) (x) :/ —Z ) el gldl, (C5)
g lgl> A 277 TP

d
(”)(x) / 4q X;:)peque—nlq\ (C6)

lal> Ao 270

with ) = Pt X(") We have introduced a convenient reg-
ularization of the integrals via the convergence factor e~"l4!.

For |g| > A, we can take the free form X(EL A2 Ssen(q),pr Lcf.
(2.29)], and get with (3.36), (3.26), and (3.33) the following
value for the phase ¢ in the asymptotic high-momentum
region

¢(V) ¢(V) — 1 /q dq/A(U)

~—sgn(q> f dq'Al)) = —sgn<q>y<”>. (C7)

Using these relations we obtain for (C5) and (C6)

i eiper,x
Sw(x) = ——— (C8)
2 Tpx +in’
Pt (Aax+37")
IS B (x) = ’ (C9)

21 Tpx+in
Leaving out the contribution proportional to the delta function
8(x) (this is the regularization we use in Sec. V to define
the Dirac Wannier function), we obtain after inserting these
expressions into Eqs. (C1)-(C4)

VA
8wy o (ma) = vz sin { (k) — Ag)mal, (C10)
Tm
Z
Swa,o(ma) = Y2 {27 + Ag)ma},  (Cl11)
Tm
8™ (ma)
Z 1
= «/j sin {k(“)ma—A g — —y(“)} (C12)
T Wiy 2
8w (ma)
VA 1
= vz —sin {k(a Yima + Agiiga + - (“ 1)}. (C13)
Ty 2
For ¢ =2,...,Z—1 we can insert Ay = 57— and y, =

y&V 4+ ¢, and get with k) = o Z and i, = m — £y,
the final result

Swy g (ma) = —8wqy 4 (ma) = Sw,(ma), (C14)
8 (ma) = —8w (ma) = 8w, (ma), (C15)

where dw, (ma) and i, (ma) are given by (4.12) and (4.13),
respectively.
In contrast, fora = 1, Z, we canuse Az = Za, Y = )/9),

(Z-1)

and yz =y with the result

dwy,1(ma) = Swy z(ma) =0 (C16)

iy, 1(ma) = 8 z(ma) = 0, (C17)

in accordance with (4.15).

APPENDIX D: REAL MOMENTUM INTEGRAL
REPRESENTATIONS OF DIRAC WANNIER
FUNCTIONS AND SCALING FUNCTIONS

In this Appendix we present the representation of the
Dirac Wannier functions w((x) and @ (x) together with
the scaling functions Fy/p - (y;y) and FA/B,r(y,y) via con-
vergent momentum integrals on the real axis. Starting from
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(5.14)—(5.17), we first subtract the large |g| > 1 behavior of
the integrands to get convergent integrals and to explicitly
exhibit the part which remains for 7 — 0. Using (2.29) and

(C7) together with (C8) and (C9) (with A, = 0) we find
1
M) —
wep () = 27 prx + in

1 ~ igx V)~
+ 375 [ A€ @ = b, D

i el¢()re 2P"-'Vm

1 ;
B 4 T 7 W)
) = 4n$(v)f g [x%:,)@

S W | (D2)
The first term on the right-hand side of the Dirac Wannier
functions contains an unphysical contribution ~§(x) which
arises from large momenta and has to be subtracted in the
regularization procedure. In the scaling functions this part
does anyhow not appear since one multiplies with x. In con-
trast, the principal part N}( of the first term is an important
contribution to the scaling functions. It should be contrasted
to the contributions (C8) and (C9) which arise from extend-
ing the momentum integration to infinity and cancel in the
lattice Wannier function of a certain band when adding the

J

T *dg
Fo:(s7y)=—+71y -
b4 0 27

2

* dg T COS Y
Fp(iy)=y | F-cos—| [I4+———1|,
0o 2m 2 &;

_ syl .y
Fu_(viy)=—L{sinZ + ——
a-(:7) n{ 2+2

4 Y

. 1 .
Fp(yiy)=——sin> +
T

contributions from the upper and lower parts of the band to
the Wannier function (see Appendix C).
Using (5.11) and (3.31) we note the identities

Gt [T forp =
T forp = —,
SAPTHY _ itpy® {l . fort = +, (D4)
—ips,» fort = —.

Multiplying (D1) and (D2) with x, we obtain with (D3) in the
limit » — O the useful representations

~y

xwi‘;,)(x) l——‘r /—e 2 (D5)

;)(Q) - 85gnq,pr]s

l¢01xw(‘})(x)—€2pry(‘/){i£+X ﬂ

2r 2 ) 2m
il Je€i + ptq
x e'12 |:—q 2Ep asgnq,pr:| }1 (D6)
Vv “tq

where we inserted the form (5.17) for j¥; 1’)(q;) and used the
definition y = x/£) = 2. Inserting (5.16) and using (D4)
one can calculate the scaling functions from (5.24)—(5.29) and
finds after some straightforward manipulations the compact
forms

cjsin%—i—sinycos‘?2 —snﬂ] D7)
V€& + T cosy) 2
qy (D8)
-2 cosqy_y—i— l—gcosqy+y , (D9)
q 2 Eq 2
(D10)
4_f)sin PV L g Y| (D11)
6(] 2 6(; 2
oo q 7 7 7 J—
Y J / dqg 1—1—_2—«/5 cosqy+y+ l—gcosqy Y , (D12)
2 2]‘[\/5 Gq 2 Eq 2

- 1 o
Fyi(sy) = ;COSE‘anﬁ/ d6?|:

with €; = /1 + @*> and s, = sgny. These formulas can be
straightforwardly evaluated numerically and have been used
to produce the results shown in Fig. 3.

APPENDIX E: INTEGRAL REPRESENTATION ON THE
IMAGINARY MOMENTUM AXIS AND ASYMPTOTICS
OF WANNIER FUNCTIONS IN DIRAC THEORY

Here we show how to obtain the integral representations
(5.18) and (5.19) for the Wannier functions wg‘;,)(x) and

@{")(x) in the universal regime |x| 3> a of Dirac theory, to-

gether with their asymptotics at |x| <« £ and |x| > £V, as
given by (E9), (E10), (E14)~(E18), and (E20).

To obtain (5.18) and (5.19), we use (5.14) and (5.15), and
close the integration contour in the upper or lower half of the
complex plane for s, = sgn(x) = =, respectively. Choosing
the branch cuts of the various square roots and of e~ on the
imaginary axis, we can close the integration contour around
the branch cut, and obtain with § = is,x and 0 < ¥ < oo the
form

(”)(x) / dic eI {e_i‘Y*i’K Xr(;)(isx’f +0M)

4715(“)

- e"“”'(xt(;)(isxlc - O*)}, (ED)

and an analog equation for ®{)(x) with x») — 7). Due to
the exponentially decaying factor e~¥* these integrals are
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convergent in the limit 7 — 0, and we obtain the results (5.18)
and (5.19) in this limit.

To evaluate the integrands §x.")(is,k) and 8)((">(st;() of
(5.18) and (5.19), we note the followmg values of the various
square roots for § = is,c £07:

_ 1 +is,07 for « <1,
& =I1—x?p? {j:zs)C for « > 1, (E2)
— 201 for « <1,
\/;"_ I1—x lh‘{ei"“‘/Z for « > 1, (E3)
_ _ 11— k2|2 + ipTsk for « <1,
€t prg= ]
\/:tisx|1 — k2|2 +ipts,c for k> 1.
(E4)
Furthermore, for T cos ) > 0, we get
/€ + 1 cosy™
1 — 2|2 4 |cos y™ for k <1,
Ji—e cos 7 )
\/:I:isx|1—/<2|i+|cosy(”)| for k> 1,

and for T cos y™ < 0

\J& + T cosy®
\/|1 — k2|7 — | cos y )|
= :i:isx\/—|l — k2|2 +|cosy™| for|siny™| <k < 1,
\/:tisxll — k2|7 — | cos y W]

fork < |siny ™|,

fork > 1.
(E6)

For |x| <« 1, the integrals are dominated by the regime
k > 1, where we get

84y isek) = pr, (E7)
iy (")
S W) ys e for p=+,
8Xzp (isakc) — pr{r for p=—. (E8)

J

Inserting these forms in (5.18) and (5.19), we find straightfor-
wardly the following result for small |x| << £™:

ipt

wi) = >—, (E9)
2w x
o
~(v) ipt [ for p=+, El
p = 27X { for p=—. (E10)
For |x| ~ O(1), the integrals are of O(1), leading to the

universal scaling of the Wannier functions in the regime
x| ~ &™),

e w® )| ~ [x ®%@)| ~ o). (E11)

Due to the results (E9) and (E10), this scaling holds also for
x| <« £W).

For |x| > 1, the integrals are dominated by the regime
around that branching point of the various square roots which
has the smallest imaginary part. We start with wg‘;,)(x). For
7 cos y") > 0, there is only a single branching pointatx = 1,
and close to this branching point we get for small 0 < «’' =
k—1k1

. iny ™)
T(ipsy + e’ l ) P 1

Sx(isy(1+ k"))~ —————(')"5. (EI2)
isy23/ cos y ]
Inserting this form in (5.18) and using
*© 2 ra+
/ dK/e*|X|K (K,/)V — Q’ (E13)
0 |x|l+r

we find the following result for |x| > £™):

T = sgn(cos ") :

3
T(ipsy + P’ M\ _
(ip ) ( )(‘i: ) e 2§|(v). (E14)
4w/ cosyM| M\ [x]

In contrast, for t cos y") < 0, the branching point with
smallest imaginary part is located at k = | sin y"|. Excluding
the case sin y ") = 0 (which is treated in detail in Appendix G)
we obtain close to this branching point for small 0 < «’ =
kK —|siny™] « 1

iy () =

ipt|siny™|[s, +s,0] + (—|tany | + ipTs, )k’

8x ) is (| siny | + 1)) ~

2pt+/|siny® ()3 for
N

~
~

isy/] siny M|k’

Inserting this form in (5.18) and using (E13), we find for |x| > &) the asymptotic behavior

= —sgn(cosy ™) :

ipts, — [tany )| <§(")> ~siny ]
e

22 /| siny ™[ EM \ |x]

wi‘;,)(x) —

Sy = Sy(v),
M( )z for s, = =Sy 0. (E15)
+ 1 + sxsy(w) l.pTSx\/ | sin '}/(V)| (E(U)) —|Smy(L)\ M (E16)
r— e .
2 S Em Il

For the special case cos y”) = 0, the two branching points fall together and start at ¥ = 1. Close to this branching point we

getforsmall0 < k' =k — 1 K 1

Sx ) (isc(1+ k")) ~ pr

1+ 55,0 4+«

E17
Nere E17
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Inserting this form in (5.18) we find the following result for
x| > &0

cosy™ =0:

wi‘;,)(x) —

(SIS

g(v) é(“)
(1+sxsy(,>)< ) +< ) . (E18)
|x] x|
Finally, for the Wannier function ﬂ)g‘;} (x), we obtain a sin-
gle branching point at « = 1, and get close to this branching
point for small0 < ¥’ =« — 1 K 1:

Sx) (ise(1+«"))

ipTs, T . iy™
er e _{e for (E19)

S enl CORE
15,24

p=-+
T for p=—.

Inserting this form in (5.18) and using (E13), we find the
following asymptotic behavior for [x| > £ in all cases:

T 3
erir(y) (ﬂ) /50

227Em  \ x|
e for

X
T for

APPENDIX F: PROPERTIES OF DIRAC
WANNIER FUNCTIONS

ﬁ)g‘;,) (x) =

p=+

E20
r-r (E20)

From (5.14)—(5.17) one can straightforwardly derive the
following useful properties for w(")(x) and &) (x):

wi ,(6) = w(x)", (F1)
w(x) = w (=)0 yo, (F2)
Zw(”)( x) = ngj)(x) (F3)
pr“( x) = Z pwl)lyosyo,  (F4)
w") (x) = w<“>(x) lyorms —y ot (F5)
@) () = e p) ()", (F6)
D)) = Do, e (F7)

=P wg;)( —x)" YW= —yOtms ) (F8)

@) (—x) = e D) (x), (F9)

@) ,(x) = p'h)(—x). (F10)

Correspondingly, we find for the real functions w/(f/;’t(x)

and @), (x), as defined by (5.24)—(5.27), the properties

A/B.t
wi’) (—x) = w(”i(x)|w+y(,,), (F11)
iy (—3) = Wy (0) = wi W] 0 e (F12)
wy (0) = —wy) () (F13)

yW——y 04y 5,07

wy () = W) (F14)
D7 (=x) = =y O] (F15)
— ~ (V)
= rs},<u)w3ft(x) YO —yOtrs, ) (F16)
=1[—cosy™ 17)/(4"1 (x) + siny™ ﬂ)g’)t @],
(F17)
w7 (=x) = wi O], (F18)
= rswa)yz(x)|y(v>+y<.,)+myw (F19)
= 7[sin y» 11)/(4 )(x) +cosy™ ﬂ)gj)r(x)],
(F20)
DY () = —T 5,0 Wy (—X), (F21)
Wy () = T sy0 WY1 (—x). (F22)

APPENDIX G: SCALING FUNCTIONS FOR siny =0

In this Appendix we discuss the properties of the scaling
functions Fy/p - (y;y) and FA/B,T(y;y) for the special case
sin y = (. Based on the relations (5.32)—(5.41) for y = o*
andy =7 + O" = — £ 0™, one finds that the scaling func-
tions Fy,p - (y; ) are continuous in y at y = 0, 7 and have the
following properties:

Fp o (=y;0) = Fy - (; 0), (GD)
Fp(=y;mm) = Fa . (y; ), (G2)
Fp (=y;0) = —Fp (5 0), (G3)
Fgo(=y;m) = Fp - (y; ), (G4)
Fy—c(y;0) = —Fy - (y; ), (G5)

Fg—(y;0) = Fp - (y; ). (G6)

For the scaling functions Fy /8, (y; ¥) it turns out that they are
continuous at y =0, for rcosy > 0 (i.e., fory =m, 7 =
— or for y =0, 7 = +) but discontinuous for T cosy < 0
(i.e., for y =0,t = — or for y = &, v = ), with the prop-
erties

Fy 1 (=y;0) = Fa 1 (3, 0), (G7)

Ey (=y;m) = Fy_(y;m), (G8)
Fp i (=y;0) = —F 4 (;0), (G9)
Fp_(—y;m) = —Fp _(y;7), (G10)
Fy_(y;0%) = FF4.(3;0), (G11)
Frq (i £0%) = FFp _(y;7), (G12)
Fp—(y;0%) = FF4 1 (3, 0), (G13)
Fp (s £07) = FFy (s 7). (G14)
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For |y| <« 1 and |y| > 1, the values can be obtained
straightforwardly from (5.43)—(5.54). A special case are the
scaling functions Fy,p _(y;0) and F4,p 4 (y; ) which are not
exponentially decaying since the branch cuts in the complex
plane start at the origin. For y = 0 and T = — we obtain from
(5.16)

(G15)

Expanding around § = 0 with § = isyk & n, we obtain

> px U Gisye £ ) & FV2, (G16)
P
3 AW Gisye £ )~ il (G17)
> —prY ﬁ s
leading to
> psx ) (isy) ~ —24/2, (G18)
p
> 8x W (isye) = iv2syk. (G19)
P

Inserting in (5.18) we obtain for the asymptotic behavior

V2

wy (0)=—iy_ pw” (x) > -—, (G20)
P
0 (ON
wz(g‘f),(x) = Z w(,”;(x) — —ﬂ?;) (%) , (G21)
p

which gives for the scaling functions the results (5.55) and
(5.56):

2

Foo(v:0) = —Fpy(yim) — —% (G22)
21

Fy—(v;0) = Fps(y:7) — —% L@

APPENDIX H: BLOCH STATES FORZ = 2,3

The states uy (ja) = (j|ure) follow from diagonalizing the
Hamiltonian /; given by (2.10). For the particular cases Z = 2
and 3 we obtain the matrices

81)] _tleika _ lze_ika
hk = -t e*ika _ tze”‘” (sz ’ (Hl)
with §v; = —8v, and %(tl +1)=t,and
81)1 _tleika _tSefika
h = | —tje ke vy —petka |, (H2)
—t3€ika —tze_ik” 8113
with 8vy + 8v, + 8v3 =0and §(1 + 1, +13) = 1.
It is convenient to write
(_1)a+1 4 5
lho) = o=k Moo = D Ikl (H3)
ko j=1

where x,, denotes a Z-dimensional vector.

For Z = 2 this gives the explicit formulas

X = <t1ei;<f; t tezkeaika) &b
Nig = 2€pa(€kq — 8V), (H5)
€12 = T A2 + 411, cos?(ka), (H6)
A = /82 + 4812, (H7)

where §v = dv; = —dvs, and t, =1t £ 5t. Using (5.103),
(5.100), (5.101), and v}l) = 2ta, we obtain for the gap param-
eter and the correlation length ¢ = v{"/(2AM)

Ae = AW = sy —2ist, (HS)
_eo_@ Ho
§=§ A (H9)
For Z = 3 we get the following explicit formulas:

8{)2[367%“ =+ l‘]l‘2€2ika

Xy = | 50112 + 11132724 (H10)
80180, — 1}
Niw = (2‘12 — 51_)181_)2)(1‘12 + 122 + t32
— 80,80, — 801803 — 8V,873), (H11)
2t1trt3 cos(3ka)
= 801802803 — 80113 — 8otd — S0st7, (H12)
where we defined

8V = 6V — €kq- (H13)

We do not indicate the dependence of §7; = §vji, on k and
« since it is clear which band index has to be taken for the
Abelian case.

The two gap parameters A®™e" | with v = 1, 2, follow
via (5.103) from the Fourier components §; and §7;. The
latter can be determined from (5.100) and (5.101) as

57; = 803
1 i
= —5(301 + 6vp) — ﬁ((Sv] —8vy), (H14)
57, = oF;
1 i
= ——(t; +8t)) — —=(6t; — &1r). H15
2( 1+ dt) 2¢§( 1 2) (H15)

Inserting this result in (5.103) we find after some algebra
. 1
AW — 51 — 5 Bv1 +8v)

— 1281, + 481, + Svy — Svy),

o7 (H16)
4 1
ADer® = _sp — 5(51)1 + 8vy)
— L (281 + 48t — Suy + 8vy).  (HIT)

243
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v)
The correlation lengths for v = 1, 2 follow from &) = 5%

2A0
With vy = 2ta sin(k{’a) and k"’ = 2= we obtain

V3 at
1/2
e/ = - X (H18)
We note that we have included a sign factor (—1)**! to
|ure ), such that, according to Ref. [15], our convention that
ure(Za) > 0 is positive [see Eq. (5.6)] is fulfilled.

The Zak-Berry connection can be calculated most ele-
gantly from

1
Ape = N—Re()_cko,)T Xy, - (H19)

ka

Inserting the forms for x,;, from (H4) and (H10), one finds for
Z=2

a(t? —t?
tio =210, (H20)
Nkot
and forZ =3
a
Are = —{267 (53 — 13) — 80113 + 60313
Nka
+(8v; — 80p)t115t3 cos(3ka)}. (H21)

For the non-Abelian case we also need the nondiagonal
elements of the Zak-Berry connection which can be calculated
from

(—Det+p)

———— (Xka 1Ok Xsp)
NiaNig ¢

For the special case Z = 3 we obtain the expression

a# B (A = (H22)

. Cem om de
(xx1 |i0kxk2) = i(80118021 — t7)(€x1 + 2€k2)d—£2

+ a(éf)z]tgeik“ + lll‘zé'_ziku)
X (8Upmtze* — 2111,€%*)
+ a(80y12e™* 4 111367*)
X (—8T1atr e 4 2t 1372k, (H23)

where we used the notation §v;, = v; — €q.
For the derivative of the dispersion we use the results
obtained in Ref. [15], which give for Z = 2

dépgy svp
;]]; :4at1t2]% sin(2ka)

. 2at 1t sin(2ka)

- (H24)
€ka
and forZ =3
deéry 80,80, — 13
;Z = 6am2t3% sin(3ka)

. 6at 213 sin(3ka)
- l12+t22+l32—51_)151_)2—81_)151_)3—51_)251_)3'
(H25)

APPENDIX I: SPLITTING OF NON-ABELIAN
WANNIER FUNCTIONS

In this Appendix we show that extending the momentum
integrations in the representations (6.49) and (6.50) of the
Wannier functions in NA-ML gauge for the two subintervals
gives only rise to delta function contributions in the total sum
(6.48) which can be disregarded. After inserting (6.51) we
replace the propagators beyond the subintervals via (6.56),
(6.57), and (6.54) as

(v) T
o (k-2 ) o U k=g
2Za 1 fork < —57-,
v fork > X,
(II):U(")<k,—L> U )
2Za U fork < o

and the Bloch states are replaced with the help of (AS) and
(2.8) by the k-independent values

for(m)  fork > 52—,
D :upy “ 13
(1) g (ma) > {fa,(m)* ok < o @
x —iZm 3
/ z fork > ==
A1)ty (ma) — 172" € Ot =0za (s
T
for(m) fork < 57~
where we defined
1 [e-iZzom for o’ even,
Ja(m) = ﬁ{eig(“'—”m for o’ odd. ()
Obviously, the two contributions k > zg—a from the exten-

sion of subinterval (I) and k < zg—a from the extension of
subinterval (II) lead to the same integrand, such that the
sum contains [ dk e*™’* = 27 8(/ " a). These are unphysi-
cal delta function contributions which we always disregard.
Similar delta function contributions are generated from the
high-momentum integrals in Dirac theory which cancel these
terms.

For the two remaining contributions we first shift k —
k+ é—’; for the contribution k > 232—”a from the extension of
subinterval (I) to get the same starting point — é—’; for the k in-
tegration as the end point for the contribution k < —57- from
the extension of subinterval (I). This shift gives an additional
¢! 7 factor from the exponential e in the integrand.
The integrands for the two contributions are then again the
same since

o s )
lkm‘(; a

(2 2 —ip W
ez e T = e {16)

5 ()

(W V) = Ve 7, a7

o'a
such that only (V) remains for the product of (I6) and
(I7). Here, we have used the definition (") = m — £ (") for
the derivation of (I6), and the definition (6.38) of the transfor-
mation V) for the derivation of (I7). As a result, we get again
a delta function from the two remaining contributions which
we can disregard.

APPENDIX J: WILSON PROPAGATOR IN DIRAC THEORY

In this Appendix we calculate the Wilson propagator (6.60)
in Dirac theory and prove the central property (6.64). We first

033167-37



KIRYL PIASOTSKI et al.

PHYSICAL REVIEW RESEARCH 3, 033167 (2021)

transform the propagator via the Abelian ML gauge to
OINOFOFINORY
UM = AP T (AY) an
where
i s dd Ay ’

oM =p d2)

AV = (AP AD AD +i(AM) 8, (3)

(AP, = (75094 75%)), (J4)
i¢(\))
v e it 0
A =< 0 eid’y))’ Js)

Using A~(q‘;) = (A(q”))fr = 0 [which defines the Abelian ML
gauge via (3.34)], we need in addition the nondiagonal matrix
elements. They follow from the form (5.1) of |%.’) and (J4)
in dimensionless units as

Ag=—an=1_1 16
(@) = 26 z qu Oy, (J6)
where § = 26™q. With
U(q) (U) _ Pelf/ aq A(f{) a7
we find the differential equation
d Cr
—qU(q) AU (), (J3)
which has the solution
17(6]) _ ezza\ arctan g eiay% , (J9)
|
—e— i
o
v even : UI(”) = o
Ox
GX
v odd : UI(”) =
Oy
1
where we used
Jim U2 = —e7r", (K3)
qlingo U» =o,, (K4)

which follows from (J1), (J5), (J10), and (J13), together
with (5.8) and (5.9). Thereby, only o, are 2 x 2 submatrices,
whereas —e~"’ and 1 denote 1 x 1 numbers.

From (K1) and (K2) one can see directly that the Wilson
loop operator U™ = U U is a unitary matrix which con-
tains only one nonzero phase factor in each row and column.
Therefore, all eigenvectors consist only of phase factors with
a normalization factor 1/,/v. We conclude that the matrix

such that the boundary condition U (—o0) = 1 is fulfilled. A
straightforward analysis leads to the explicit result
1 G—d JaTa
—( Va4 ‘{), (I110)
V2 \—Vé&+qd Jé&—q
with &; = /1 4+ ¢°.
To prove (6.64), we use (J1) and find
5 _ ~ R v) \T
2@ = 3" @U@ (A%%),
where we defined the 2 x 2 matrices [{"(§)],. = £{*), and

Xgtp
[X“UD],e = %) Using (5.1), J5), (5.8), and (5.8), we find

U@ =

a1

qTp’
= = iy = = iy
X(v)(q):L<\/eq+qey «/Eq_qey )7 (J12)
V2Ea\ Ja—=g IR

) 10
A<go:<0 eff”)'

Multiplying (J12) with the product of (J10) and (J13), we get
J14)

(J13)

29 = o,
which proves (6.64).

APPENDIX K: SPECTRUM OF WILSON LOOP OPERATOR

The Wilson loop operator defining the unitary transfor-
mation V) can be calculated from (6.55) as the product
UM = U U™ of the propagators for the two subintervals.

The propagators U\” and U\ follow from the limit g — oo
of (6.61) and (6.62) as

LUy = . : (K1)

—e—ir®
Ul = oy , (K2)

Ox

elements (V®),, and (UI(”)V(”))W occurring in (6.67) and
(6.68) are given by 1/,/v times a phase factor.

Furthermore, by using the special structure of the Wilson
loop matrix U, ™) “one can easily find the eigenvalues A. A
straightforward analysis gives

det(U") — A1) = (=A)" + (=1)'e " =0, (K5)
such that for both v even or odd we get
A= —e ", (K6)

This equation has v solutions for 4 = %", with y(*) given by

(6.24).
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