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Abstract. We consider 1D discrete Schrodinger operators with aperiodic potentials given by a
Sturmian word, which is a natural generalisation of the Fibonacci Hamiltonian. Via a standard
approximation by periodic potentials, we establish Hausdorff convergence of the corresponding
spectra for the Schrodinger operators on the axis as well as for their compressions to the half-
axis.

Based on the half-axis results, we study the finite section method, which is another oper-
ator approximation, now by compressions to finite but growing intervals, that is often used to
solve operator equations approximately. We find that, also for this purpose, the aperiodic case
can be studied via its periodic approximants. Our results on the finite section method of the
aperiodic operator are illustrated by confirming a result on the finite sections of the special case
of the Fibonacci Hamiltonian.

1. Introduction

We study the spectrum and the sequence of so-called finite sections of an ape-
riodic discrete Schrodinger operator via its periodic approximants. With focus on an
expository presentation, we show how to recover results of Siit§ [49], Bellissard [3],
and Kellendonk [26] on the spectral approximation on the axis as well as on the half-
axis by different means. Precisely, we demonstrate an approach via the method of limit
operators and the corresponding toolbox [31, 44], large parts of which are not limited
to normal, let alone self-adjoint operators — see e.g. [21] for extensions of our results
and further details.

Knowledge about the half-axis case for the whole subshift allows us to characterise
the stability of the sequence of compressions to finite but growing intervals — the finite
sections — in both the periodic [20] and the aperiodic case. The consequences of this
analysis generalise results on the finite sections of the Fibonacci Hamiltonian [34] and
are illustrated in this special case.

Our presentation is in large parts self-contained, including detailed discussions
about the situation in ¢” with p € [1,0], a precise derivation of the periodic approxi-
mants and the steps from zero to one and then two boundary points with homogeneous
Dirichlet conditions.
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Discrete Schrodinger operators are used to describe physical systems on lattices
and, therefore, play an important role in theoretical solid-state physics. One mostly
finds two important physically motivated cases here. On the one hand, a periodic po-
tential function describes a periodic system such as a periodic tight-binding model. On
the other hand, disordered solid media correspond to random potentials. A very inter-
esting mathematical model between these two cases is the one that describes so-called
quasicrystals, which is an ordered structure without any periodicity in it. They were
first found by Shechtman in 1982, see [47], who received the Nobel Prize in Chemistry
2011 for this discovery.

Quasicrystals can be modelled by Schrédinger operators with aperiodic poten-
tials. The most famous example of an aperiodic structure for such a two-dimensional
quasicrystal is the so-called Penrose tiling, cf. [48]. Here, we will study a standard one-
dimensional quasicrystal model on the spaces ((Z), p € [1,o0|, where the Fibonacci
Hamiltonian, cf. [28, 40], serves as one well-understood example, see, e.g., [17, 34].

Throughout this work, we consider the discrete one-dimensional Schrédinger op-
erator Hy o g: (P (Z) — (P(Z), p € [1,0], with Sturmian potential, namely,

(H)L7a76x)n = Xp+1+Xp—1+ Ava,e(n)xm ne Za (l)
where
Voc,e(n) = X[1,a71)(n06+ 0 mod 1)

with coupling constant A € R, irrational slope « € [0,1], and 6 € [0,1), cf. [37, 46].
The already mentioned Fibonacci Hamiltonian arises when setting 0@ = %(\/5 —1).

The following picture explains the construction process for the potential vy g(n)
in (1):

n=20

Oand 1

Since o is irrational, this potential is not periodic. In the same way, we also
consider a similar operator,

(ﬁl,a,ex)n = Xp+1+Xn—1 +A{;a,9(n)xn7 nez,

where
Va0 (1) = X(1-a1jufo}(ne+ 6 mod 1).
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Note that, compared to vy g, only the interval boundaries have changed in terms of
switching from [-,-) to (-,-]. Since we identify 0 and 1 here, we will always omit
mentioning the union with {0} from now on.

We will study the following problem in the numerical analysis of aperiodic Schro-
dinger operators: Each discrete Schrodinger operator acts on the space ¢P(Z) via mul-
tiplication with a two-sided infinite tridiagonal matrix A. If A is invertible, in order to
find the unique solution of the system Ax = b, one often uses a truncation technique
which replaces the original (infinite-dimensional) system by a sequence of finite linear
systems: the finite section method (FSM). In a nutshell, with respect to the standard ba-
sis, the operator A and the right-hand side b correspond to a two-sided infinite matrix
(aij)i jez and vector (fB;)icz . respectively. The FSM replaces Ax = b by A,x, = by,
where A, = (aij)};__, and b, = (B;);__,. As natural as this method seems at first
glance, are the projected/truncated equations uniquely solvable (assuming Ax = b is
so) and do the solutions actually approximate the solution x as n — oo ? If the answers
to these questions are positive, we call the FSM for the Schrodinger operator applicable.

The applicability of the FSM is strongly related to Fredholm properties of A and
its one-sided infinite restrictions Ay and A_. In numerous works over the last two
decades, see, e.g., [3, 14, 11, 49], these operators have been studied and interesting
results about their spectra have been found. In this article, we will use the special tool
of limit operators, see e.g., [31, 44], in order to explain and reinterpret some of these
well-known results in a framework tailored for our applicability analysis.

The following classical approximation of aperiodic Schrodinger operators by pe-
riodic operators will form the basis of our approach to the spectrum of Hj ¢ but also
to the applicability of its FSM: Expand the irrational slope o as a continued fraction,

1 .
o = — 1 with ay,a,. .. e N.
ap+ T
u2+a3+,,,

Truncating this infinite expression after m divisions yields a rational number ¢, = 22

that we will refer to as the m-th rational approximant to ¢. Then define the periodic(’!ﬂ)
Schrédinger operators Hj, 4, ¢, again by equation (1). One can see that, as m — oo,
not only goes o, — @ butalso Hy , ¢ — H; 4 ¢ in the strong operator topology for
p=2.

Using our techniques from [21], we first show convergence of the spectra of
Hj, q,,.0 tothatof Hj , ¢ and, secondly, we show that the same holds for the spectra of
their half-axis compressions. Finally, via a study of the FSM of the periodic operators
Hj, ¢,,.6- as prepared in [20], we conclude a test procedure for the applicability of the
FSM of the aperiodic operator, H) , ¢, and easily confirm, as a special case, the main
result of [34] about the FSM of the Fibonacci Hamiltonian.

The paper is organised as follows. In Section 2, we introduce the reader to the finite
section method and prove several auxiliary results that will be needed in the sections
to follow. Next, we give an overview about Sturmian potentials in Section 3 and also
go into detail for continued fraction expansions of irrational numbers, thereby, laying
the groundwork for the spectral and approximation theory of aperiodic Schrédinger
operators to be presented in subsequent sections. Finally, in Section 4 and 5, we analyse
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the spectrum of the aperiodic Schrédinger operator H), , ¢, characterise applicability
of the FSM, and derive a numerical method to verify the applicability.

2. Approximation methods for band operators

In order to motivate the finite section method, let us consider a discrete Schrodinger
operator H: (P(Z) — ¢P(Z) for a fixed parameter p € [1,o| given by

(Hx)n = Xpg1 +Xp—1 + ()X, nez,

where the potential v is a real-valued function defined on Z.

2.1. Motivation of the finite section method

The operator H can analogously be described by a two-sided infinite tridiagonal
matrix A = (a;;); jez, Which is defined by

v(0) 1
A= 1 ow(1) 1

The so-called finite section method (FSM) for H or A considers the sequence of
finite submatrices
Ay = (a,-j)zjz_n, neN, 2)

and asks the following:

Are the matrices A and A, invertible for all sufficiently large n and are
their inverses (after embedding them into a two-sided infinite matrix) strongly
convergent to the inverse of A?

In the case of a positive answer, we call the FSM (for A) applicable. This ap-
proximation of A~! can be used for solving equations Ax = b approximately via the
solutions of growing finite systems A, . First rigorous treatments of this natural ap-
proximation can be found in [1, 22]. In case that the FSM is not applicable in the above
sense, it may still be possible to establish an applicability result by passing to suit-
able modifications A, = (ai./’)?j':z,, with well-chosen sequences [, — —eo and r,, — oo,
see [32, 44, 45].

Neither the FSM nor the following tools and results in Chapter 2 require self-
adjointness (unless we explicitly say so).

Operators like the Schrodinger operator H whose infinite matrix representation
only exhibits finitely many non-zero diagonals are a well-known subject of investigation
regarding the applicability of the FSM. Operators of this type are summarised in the
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class of band operators, which we introduce next. We follow the definitions given
in [31, Section 1.3.6].

For nonempty U,V C 7Z, we define dist(U,V) := min{|u—v|:u € U,v €V} and
the projection Py : ¢ (Z) — (P(Z) by

x, ifneU,
Pyx), =
(Fo) {0 ifndU.

DEFINITION 2.1. (Band-width and band operator) Let A be a bounded operator
on (P(Z) with p € [1,e0]. We say that A has band-width less than w € N if PyAPy =0
forall U,V C Z with dist(U,V) > w, and in this case, A is called a band operator.

Note that the notion band operator also makes sense for unbounded operators on
¢P(Z) but, in this work, all band operators will be bounded.

By definition, a band operator A with band-width less than w is only supported
on the k-th diagonals with |k| < w. In the following, we will identify an operator A on
(P(Z) with its usual matrix representation (a;;); jez With respect to the canonical basis
in ¢P(Z) as we did before.

REMARK 2.2. Whenever necessary, we consider for some index set I C Z the
space ¢P(I) as a subspace of ¢P(Z). Then, the terms in Definition 2.1 naturally carry
over to operators A on £”(I[) by associating A with its restriction AP;: (P (Z) — (P(Z).

Assuming invertibility of A on ¢7(Z), the applicability of the FSM is equivalent to
the uniform boundedness of the inverses A, !, a concept that is also known as stability.

DEFINITION 2.3. (Stability) A sequence of operators (A, ),cn defined on (7 (Z)
for p € [1,00] is called stable if there exists ny € N such that for all n > ng the operators
A, are invertible and their inverses are uniformly bounded.

The basic result connecting the notions of applicability and stability is known as
Polski’s theorem, cf. [23, Theorem 1.4], and it says that (A,) is applicable to A if and
only if it is stable and A is invertible.

Now, stability, and hence, applicability, of the FSM sequence (A4,) in (2) is closely
connected to the following entrywise limits

n—o0 n—o0

(@it je1)5jm0 —— By and  (aiin, jin)fj—— o 3)

of one-sided infinite submatrices of A, where we consider sequences (/,) and (r,) with
lim;, .o l;, = —oo and lim;, . 1, = oo, such that the limits in (3) exist. The following
result summarises the aforementioned connections and is a standard outcome regarding
the applicability of the FSM for band operators.

LEMMA 2.4. ([7, Lemma 1.2]) Let A be a band operator on (P (Z) for p € [1,].
Then the following are equivalent:
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(i) The FSM is applicable.

(ii) The sequence (An) with A, = (aij)} ;__, is stable.

(iii) The operator A and the limits B+ and C_ from (3) are invertible for all suitable
sequences (I,) and (r,).

2.2. Invertibility and limit operators

We now focus on an operator-theoretical tool in order to ensure condition (iii) of
Lemma 2.4: the so-called limit operators, cf. [30, 31, 43, 44].

DEFINITION 2.5. (Limit operators and compressions) Let A be a band operator
on (P(I) for p € [1,o0] and I € {N,Z}. An operator B € ¢?(Z) with matrix represen-
tation (b;;); jez is called a limit operator of A if there is a sequence h = (hy),en C Z
with lim |A,| = e and

n—oo —

iy, j+h, — bij
for all i, j € Z. In this case, we also write A, := B and say that & is the corresponding
sequence to B. We denote the set of all limit operators of A by Lim(A). For A; €
Lim(A), we write A, € Lim;(A) or A; € Lim_(A) if the corresponding sequence h
tends to 4eo or —oo, respectively. Moreover, if I = Z, we call both operators
A+ = (aij);i,':() and A_ = (aij)o

i j=—
(one-sided) compressions of A. Then we have the identities Limy (A) = Lim(Ay).

In fact, the operators By and C_ from (3) correspond to the one-sided compres-
sions of the limit operators A, ) and A, ). Evidently, a limit operator A, of a band
operator A is again a band operator with the same bandwidth.

We now reformulate Lemma 2.4 in the language of limit operators and, therefore,
from now on, we will use the index sets Z_,Z. , which both include zero, and the index
set N, which excludes zero.

PROPOSITION 2.6. Let A be a band operator on (P(Z) for p € [1,e0]. Then, the
FSM for A is applicable if and only if

(a) A is invertible on (P(Z),
(b) forall B € Lim, (A) the compressions B_ are invertible on (P (Z_), and
(c) forall C € Lim_(A) the compressions C. are invertible on (P (Z.).

The restriction to a particular choice of p in Proposition 2.6 can be dropped with-
out loss of generality as the following proposition shows. In subsequent parts of this
article, this result will allow us to fall back onto the Hilbert space case p =2 whenever
needed.
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PROPOSITION 2.7. Let B be a band operator on (P (1) for some 1 C Z and p €
[1,0]. If B is invertible, then B is also invertible as an operator on {1(I) for all
q € [1,09].

Proof. First, we identify the Banach space ¢?(Z) with the p-direct sum ¢7(J) @
¢P(I) where J :=Z\ I and the norm is given by

(it ) + 191120 )_ if p <o,

max{[[x[| =z, [Vl =@} if p=co.

lx@yll =

Now, assume that B is invertible on ¢”(I). We extend the operator B to an invertible

operator A on ¢P(Z) via
_ (o
A= (0 B)

with respect to the direct decomposition ¢7(Z) = ¢P(J) @ ¢P(I). Here, 13 denotes the
identity on ¢”(J). Note that, as a band operator, A is an element of the so-called
Wiener algebra %, see [31, Definition 1.43]. Due to [44, Corollary 2.5.4] on the
inverse closedness of # , the inverse A~ ! isin # again and, hence, acts boundedly on
every space (4(Z), q € [1,°0], so that the operator A is invertible on all spaces ¢4(Z),

q € [1,0]. Moreover, we have
1; O
-1 __ J
A= (0 B‘1> '

~! is a bounded operator on ¢4(I) forall g € [1,00]. O

Consequently, B

Recall that a bounded linear operator A: X — Y between Banach spaces X and
Y is called a Fredholm operator if the kernel Ker(T) and the cokernel Y /Ran(T) are
finite-dimensional. Furthermore, we define the essential spectrum of A by

Oess(A) :={E € C: A—E is not a Fredholm operator} .

The next lemma establishes the equivalence of the Fredholmness of a band op-
erator A, the invertibility of its limit operators, see [33, 43], or, alternatively, their
injectivity on the space (*(Z), see [5, 6]. The lemma previously appeared in this form
in [34].

LEMMA 2.8. ([34, Lemma 2.6]) Let I € {Z,Z.,Z_,N} and p € [1,]. For a
band operator A, the following are equivalent:

(i) A is a Fredholm operator on ¢P(I).
(ii) All limit operators of A are invertible on (P(Z).

(iii) All limit operators of A are injective on {7 (Z).
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REMARK 2.9. Actually, it is Lemma 2.8, whose first versions go back to [43] and
somehow finalise in [5, 33], where limit operators naturally enter the scene, and they
only reappear in theorems on applicability and stability of operator sequences because
the latter is equivalent to Fredholmness of an associated operator.

Lemma 2.8 is particularly useful when dealing with a band operator A that addi-
tionally has the property A € Lim(A). All subsequent examples of Schrédinger opera-
tors will have this property, which is sometimes referred to as self-similarity, cf. [2, 5].
The combination of Proposition 2.7 with Lemma 2.8 leads to the following results that
allow us to translate the invertibility problem of an operator into an injectivity problem
of its limit operators.

COROLLARY 2.10. Let A be a band operator with A € Lim(A). Then the follow-
ing are equivalent:

(i) All limit operators of A are injective on (=(Z).
(ii) A is invertible on (P (Z) for all p € [1,).

(iii) A is invertible on (P(Z) for some p € [1,e0].

Proof. The equivalence (ii) <> (iii) is immediately given by Proposition 2.7. Since
A € Lim(A), the implication (i)=>(iii) follows from Lemma 2.8. Using that an invert-
ible operator is a Fredholm operator, we also have (iii)=-(i) by Lemma 2.8. [

Note that Corollary 2.10 only handles operators that are defined on ¢”(Z). How-
ever, Lemma 2.4 also relies on the invertibility of one-sided compressions. The next
corollary gives the corresponding result. For this, we consider only the case p =2 be-
cause, there, we are able to use the Hilbert space adjoint A* for an operator A on the
Hilbert space ¢*(I) with T C Z.

COROLLARY 2.11. Let A be a self-adjoint invertible band operator on *(Z) and
B € Lim(A).

(a) If the compression B_ is injective on {*(Z_), then B_ is invertible on (P(Z_)
forall p €[1,o).

(b) If the compression B is injective on {*(Zy.), then By is invertible on (P(Z.)
forall p €[1,o).

Proof. We only prove (a) since the proof of (b) works completely analogously.
For the proof of (a), we note that, due to Proposition 2.7, it suffices to consider p = 2.
As B_ is injective on £*(Z_), it is also injective on the subset ¢>(Z_) C {=(Z_). We
will show that B_ has a dense and closed range making B_ also surjective.

The range of B_ is dense in (*(Z_): As A is self-adjoint, all limit operators of
A are self-adjoint, see [3 1, Proposition 3.4 e)]. In particular, B and its compression B_
are self-adjoint. Therefore the adjoint (B_)* is also injective on #>(Z_) which implies
that the range of B_ is dense in ¢>(Z_).
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The range of B_ is closed in (*(7_): By assumption, A is also a Fredholm op-
erator on ¢(P(Z). By the implication (i)=-(ii) in Lemma 2.8, with p = 2, all limit
operators of A are invertible on ¢?(Z). In particular, B is invertible on ¢*(Z). As
this implies that B is Fredholm on ¢?(Z), Lemma 2.8 again gives that all operators in
Lim(B) D Lim(B_) are invertible on ¢>(Z). As all limit operators of B_ are invert-
ible on ¢(Z), the implication (ii)= (i) in Lemma 2.8 gives that B_ is Fredholm. In
particular, B_ has a closed range. [

We close this first part of the section about limit operators with an important result
regarding (essential) spectra of band operators and their limit operators, see also [33,
Corollary 12].

PROPOSITION 2.12. Let A be a band operator on ¢ (1) with 1€ {Z,Z,7Z_,N}.
Then

os(A)= |J o(B).

In particular, we have:
(a) If 6(B) = o(B') forall B,B' € Lim(A), then Gess(A) = 0(B).

(b) If A€ (P(Z) and A € Lim(A), then 6(A) = Oess(A).

Proof. By definition, E € Oes(A) if and only if A — E is not Fredholm. By the
equivalence (i)« (ii) in Lemma 2.8, this is equivalent to B — E not being invertible, i.e.
E € 6(B), forsome B € Lim(A). O

2.3. Stability of approximation sequences and invertibility

Now we analyse the stability of an approximation sequence (A,) more closely.
Keeping in mind the introductory example of the FSM for a bounded operator A €
¢P(Z), we now consider more general sequences of approximants (A4,) with A,x — Ax
for all x € £P(Z). We refer to this as strong convergence (or convergence in the strong
operator topology) and simply write A, — A.

A convenient tool to study the norm of A=! or A;! (which we clearly have to,
for stability) is the so-called lower norm. We call it so, by abuse of notation (it’s not a
norm), just like [31, Definition 2.31], [44, Definition 7.1.6], and others do. In Hilbert
space, while ||A|| is the largest singular value of A, V(A) is the smallest.

DEFINITION 2.13. (Lower norm) Let I C Z and A be a bounded operator on
(P(I). We define the lower norm of A by

V(A) = inf{||Ax]| : ||x]| = 1}.
Whenever necessary, we write VP (A) := v(A) to clarify which norms are used.

The connection between v(A) and ||[A~!|| is fairly straightforward:
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LEMMA 2.14. ([25, Lemma 2.10], [31, Lemma 2.35]) Let p € [1,00], 1 C Z and
A be a bounded operator on (P (1). Then it holds that

JA7Y 7! =min{v(4),v(4")}.

In particular, A is invertible if and only if v(A) > 0 and v(A') > 0. In that case,
v(A) = v(A"), so that [|[A~'|~! = v(A).

Above, we use the conventions that ||A~!|| = o if A is not invertible, that 1 := 0, and

that A’ is the dual operator of A. If p < oo, A’ acts on (7' (I) with p’ referring to
the conjugated Hélder exponent of p,ie. L+ L =1. Interpreting A’ for p = oo is
more difficult. We start with a little technical build-up that we will need at some point

anyway:

DEFINITION 2.15. (Support, diameter, finite sequences and null sequences) For a
sequence x € ¢P(Z), we define its support by supp(x) = {k € Z : x; # 0} and, for any
U C Z, we call diam(U) := supy ;cy [k — j| its diameter. Then, for I C Z, the space of
all finite sequences on I is denoted by

coo(I) := {x € £~(I) : diam(supp(x)) < o=}
and its closure, the set of all null sequences on I, is denoted by
co(I) = clos oo (L)

Now, the dual space of ¢£**(I) contains ¢'(I) but also a lot more (that we do not want to
study). Its subspace co(I), though, has exactly ¢'(I) as its dual space. Now, if A is a
band operator and we let it act on £=°(II), it leaves the subspace co(I) invariant, so that
its restriction Ag := Al ) maps co(I) to itself. We will then interpret A’ from Lemma
2.14 as the dual operator (Ag)’ : £'(I) — ¢(I). As it turns out, ((Ag)")’ = A, which is
why (Ag)’ is also called predual operator of A, cf. [31, Section 1.3.2].

Maybe it is interesting in its own right (see [25, Lemma 3.8]) that Ap and A have
the same norm, lower norm, spectrum, and that (Ag) ™! = (A~1)o.

So, thanks to Lemma 2.14, we are down to the lower norms of A and A’. For
self-adjoint operators (and p = 2, or not) this will simplify further.

Recall that a band operator that is bounded on ¢7(I) for some p € [1,e], is also
bounded on ¢ (1) for all p € [1,e]. If the two band operators, A and its dual A, agree
on one £7(I) (say, A=A’ on ¢2(I)), they will agree on all ¢7(I). In this case, we will
say that A is its own dual operator.

For convenience, we formulate the following immediate result:

LEMMA 2.16. Let 1 C Z and p € [1,o0]. Let further A and (A,)nen be band

n—oo

operators on (P(I) that are their own dual operators. Additionally, let V1(A,) ——
Vi(A) for all q € {p,p'}. Then A is invertible if and only if (A,) is stable. In that
case,

A7 = fim 4,
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Proof. The invertibility of A is equivalent to vP(A) > 0 and v/ (A’) > 0 by
Lemma 2.14. By assumption v”(A,) — vP(A) and v” (A}) — vP'(A"). Hence, us-
ing Lemma 2.14 again, we get for sufficiently large n that A, is invertible. The identity
|A=1|~! = v(A) givesthat (A,) is also stable and ||A~!|| =1lim, .. ||A; !|| holds. Sim-
ilarly, the other direction follows. [

For band operators, the following lemma provides a useful tool to analyse the
lower norm via the approximate lower norms.

LEMMA AND DEFINITION 2.17. ([33, Proposition 6]) Let p € [1,e] and 1 C Z.
Furthermore, let € > 0,r >0 and w € N. Then there is a constant D € N such that,
for all band operators A on (P(I) with ||A|| < r and band-width less than w, we have:

where we set for D € N
Vp(A) = inf{HAxH : |lx]l = 1, diam(supp(x)) < D}

and call it the approximate lower norm (for diameter D) of A.

The following result is an improvement of [3 1, Corollary 2.37] for band operators.

LEMMA 2.18. Let 1 C Z and p € [1,0]. Further let A and (Ay)nen be band
operators on (P (1) with Ayx — Ax and ALy — A’y for all x,y € coo(L). If (A,) has a
stable subsequence, then A is invertible and

I < timinf[|A, "] 4)

In particular, if p="2 and A and (A,)nen are self-adjoint operators on ¢*(I) with
Aux — Ax for all x € coo(I), then the above conclusion remains valid.

Proof. We follow the proof in [31] but also involve Lemma 2.17.
Let (Aj, )ken be a stable subsequence such that

Jim 4, = Timin]4, ']
This gives that, for all x € coo(I) and all k > ko such that Ay is invertible,
el = 1Az Al < AR 1A, ]| — liminf [|A ||| Ax]| - for k — oo.
In particular, we have

-1
(1iminf||A;1H) < vp(A), forallDeN.
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From Lemma 2.17, we deduce that,
L. 1 -1
<hm1nf||A; H) <Vv(A)+e, foralle >0,
n—soo

and, consequently,
—1
(nmianA;l ||> <v(A).

Similarly, we obtain (liminf, _...[|A, " H)_l < v(A"). Now, Lemma 2.14 allows us to
conclude (4) [

3. Basic properties of Sturmian words
In order to study discrete aperiodic Schrodinger operators H : ¢P(Z) — (P (Z) with
(HX)n = Xpt1 +Xp—1 +v(n)Xn, ner,

we start by introducing the class of Sturmian potentials v. For this we leave the operator
theoretic setting and only consider the potential as a two-sided infinite word over the
alphabet £ = {0,1}. The combinatorial properties, proved in this section, will be the
groundwork for our main results.

For o € [0,1] and 6 € [0,1), we consider, as in (1), the two-sided infinite words
ve,o and vy ¢ defined by

va,0(k) = X[1-q.1)(k+ 6 mod 1) (5)
and
Va0 (k) = X(1-q,1](kot+ 6 mod 1) (6)

for ke Z.

For irrational o, the words vy ¢ and vy g are called Sturmian words and 6 is
called the associated offset. Observe that these two words satisfy a symmetry property,
namely, for all £ € Z, we have

Voc,e(k) = X“,a?l)(ka +6 mod 1)
= X(1—o,1)(—kot —0c— 6 mod 1) (7)
- Vm(—a—@ mod 1)(_k) .

If 6 =0, we use the shorthand notation vy := v and Vg i= Vg 0.
For irrational o, we consider its continued fraction expansion, cf. [27],

1 .
06:71:: [al,a27a3,...} with aj,as,... € N.
ay+ T

az+...

ar+

If we terminate this infinite fraction expansion for a given m € N, i.e. we remove the

term +#, we get a rational number o, = % which is called the m-th rational

+
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approximant of o.. Note that the numbers p,, and g, are uniquely defined if we
assume o, to be written in lowest terms. The integers p,, and g,, satisfy the following
recursion

pP-1= 1, pPo = 07 Pm = AmPm—1+ Pm—2»

g-1:=0,q0:=1, gm ‘= amgm—1+ qm—2.
One can show, see [29, Theorem 5] or [27, Theorem 9, Theorem 13], that the approxi-
mation of o with the rational numbers Z—:ﬂ" satisfies

1 1

1 Pm
—_— < ’(X— —‘ < < (8)
‘Im(fIm+l +‘Im) qm dmqm+1 = m(m"' 1)
and also p P » »
q0 q2 q3 q1

The rational approximant o, := % is a best approximation, in the sense that

lgmot|| = |gmot — pm| - and [lgorf| > |[gmer|| for 1 < g < gm,

where ||x|| := inf{|x — k| : k € Z} denotes the distance of x to Z.

EXAMPLE 3.1. For o = (/5 —1)/2, the corresponding sequence of m-th ratio-
nal approximants yields
1 3 8§ 21 34 13 5 2

R S i P S e P S
0<2<5<13<34< << <55<21<8<3<

Let us summarise these notations and assumptions in the following hypothesis:

HYPOTHESIS 3.2. Let o € [0, 1] irrational, 6 € [0,1), and let oy, = Z—”: denote

the m-th rational approximant to o . In addition, let vy 9 and vy g be Sturmian words
as in (5) and (6). Further, the periodic words v, ¢ and vy, ¢ are defined by

Vo0 (K) = X[1-,1) (kO + 6 mod 1) and
V0,6 (k) = X(1—a,1) (kO + 6 mod 1).
In Section 3.1, we use the properties of the rational approximants o, to relate the

words v, ¢ and vy ¢ for particular values of 6. In Section 3.2, we consider subshifts
generated by the word v, and their finite subwords.

3.1. Rational approximations

Given an irrational a € [0, 1] with corresponding continued fraction expansion
[ai,az,a3,...], we define words s, of finite length over the alphabet £ = {0, 1} by the
recursion:

s_1:=1,5:=0, 5 := sgl_ls_l, Sm =Sy Sme2. 9)

Note that, for all m > 0, the length of the word s, is equal to g,,, where % is the
m~-th rational approximant to o.
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PROPOSITION 3.3. ([4, Proposition 4.5]) Ler o € [0,1] be irrational and con-
sider the words s, defined by (9). Then there exist palindromes m,, m > 2, such
that

7,10, meven,
S =
7,01, modd.

For m > 2, the word s, is a prefix of s,,. Therefore the following limit from the left
exists in an obvious sense:

ve = lim sp,.
m—oo

The finite words s, are in particular important, since, for the offset 6 = 0, the
Sturmian word vy, restricted to {1,2,3,...}, coincides with the one-sided infinite
word v, see [3]. Due to this equality and the recursive definition of s,,, Sturmian
words are locally periodic. This, together with a symmetry property, is stated in the fol-
lowing lemma by Bellissard et al. in [3]. Note that the original result is only formulated
for vy, but the proof for vy, is analogous.

LEMMA 3.4. Let o € [0,1] be irrational, m > 2. Then, for v € {vy,Vq}, the
following holds:

(a) Forall 1 <k < gmy1—2, we have v(gm + k) = v(k).
(b) Forall k > 2, we have v(—k) =v(k—1).

Due to the symmetry property (b) in Lemma 3.4, and since one can decompose
the words s,, using a palindrome, we obtain that the Sturmian word v, restricted to

{...,—2,—1,0}, is equal to the one-sided infinite word v_ given by the following limit
from the right
v_ = lim sy,

Note that this limit exists since the word s7,,—> is a suffix of s5,,.
The following result will be useful to prove the remaining lemmata in this section.
Note that here we do not assume ¢ to be irrational unless explicitly stated.

LEMMA 3.5. Let o € [0,1], k € Z, and |6| < §. We have
Va,0(k) = Vot mod 1(k) and Vg (k) =V 1o mod1(k)
if one of the following conditions is fulfilled.:
(@) |k > 16] and ||(k+1)at]| > |6].
(b) ||kall = 16|, ||[(k+1)a|| > |6], and koo + 6 ¢ 7Z.
(c) ||kee|| > 6], |(k+ x| > 16|, and (k+ 1)+ 6 ¢ Z.
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Proof. We only show the result for v, 9 because, for vy g, the proof works com-
pletely analogously. For part (a), let [0] < § and k € Z be such that ||ke| > |6 and
|(k+1)a|| > |0]. Then we have the following equivalences:

komodle([l—a,l)
<— dmeZwithl —a<ka—m<1
<= dmeZwithko <m+1< (k+1)o
< dmeZwithka+t0<m+1<(k+1)aa+t6
< kotOmodle[l—ca,l).

Part (b) and (c) follow from part (a) by using the fact that, from ko + 6 ¢ Z or (k+
1)+ 6 ¢ Z, we conclude ||ket| # +6 or ||(k+ 1)al| # +0, respectively. O

The following lemma shows that the rational approximation of irrational numbers
o € [0, 1] via the sequence (@), gives rise to a periodic approximation of Sturmian
potentials vy o via periodic words v, 0.

LEMMA 3.6. Let o € [0,1] be irrational, m > 2, and o4, = fiﬂ the m-th rational
approximant to o. Then

i1 —2, ,
Vo (k) = Vg (k) for all L qm+1 m even

<gm—2, modd,

and
<gm—2, meven,

_ - —qm+1 k
k) =vq(k 1
Vo, (k) = Vo (k)  fora {_ <Gmi1—2, modd.

Proof. We first show that vg,, (k) = vg (k) for 1 <k < g, — 2. To this end, let us
fix 1 <k < ¢m—2 and set 6; := k(o — ay,) . Using the estimates (8), yields

1 . 1
6] < 5 and min { [|kct|, || (k+ 1) 06| } = ™ > (6]

We now use Lemma 3.5(a) to derive the identity
Voc,,hO(k) = Va6, mod 1(k) = Va.’()(k) forall l <k<gn—2. (10)

By using the recurrence properties of v, we now extend the validity of (10) to a
larger set. Recall that, by Proposition 3.3, there is a palindrome 7, such that s,, = m,, 10
if m is even and s, = m,,01 if m is odd. Since v, (0) = v¢(0) =0 and vy, (—1) =
ve(—1) =1 and since both words coincide for 1 <k < g, — 2, we get that the period of
Va,, 1s equal to 7,,10. Now, using Lemma 3.4 for v, we get for m even the following
diagramme:
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k —1—qpn... -1 0 1l...gm ...  ...Gu+1qm G
v (k) sR 1 0 Sm ... Sm Sm—1
vo (k) 01 =, 1 0 m 10 ... T 10 M1 01

Here, s}; denotes the reversed word of s,,. The bold numbers mark the first positions
where vy does not coincide with the periodic word v, . For m odd, we have s, =
7,01 and the period of v, is now equal to sX . Hence, vg,, (k) = vg (k) for —guy1 —
1 < k< gn—2. This proves the first part of the lemma.

The proof for vy, and v, works similarly. Here, we have to use that v, (k) and
v (k) only differ for k € {—1,0} and that the period of vy, now is equal to m,,01. O

REMARK 3.7. Note that, by the recursion s, = sjq"i 1Sm—2 and the above reason-
ing, we have vy (k) = vy (k— qn) for m evenand all 1 <k < gy -

Combining Lemma 3.5 and Lemma 3.6, we can show the following:

LEMMA 3.8. Assume Hypothesis 3.2 with m > 2.

(a) If 6 =kooe mod 1 for some ko € Z_ choose m sufficiently large such that |ko| <
qm—1- Then for —qm+ 1 < k < g — 2, the following holds:

~ k . ) |
vanhe(k) == {va79( ) Ucm LS even

va0(k) ifmis odd.

(b) If 0 & {kooe mod 1: kg € Z_} then for each D € N there is an mqy such that for
all m > mgy and forall k=0,...,D

vamﬂ (k) = va.’e(k).

Proof. Let ko € Z with g1 > |ko|, and set 0, := koo, mod 1. Then, for all
keZ,

Vaﬁ(k) = Vm()(k-i-ko) and V0,0 (k) = Vam70(k—|— k()),
and, by Lemma 3.6, we conclude
Voc,O(k"‘kO) = Vocm,O(k""kO) for—gm+1<k+ko<gm—2. (11)

As g, 2 n > 2 by assumption, identity (11) implies that the ¢g,,-periodic word v, o
coincides with vy o for at least one full period. This fact and Lemma 3.4 allow us to
extend the region of indices specified in (11) to the left and right by one further period
such that the assumption g,,,—; > |ko| implies

Vo,0(k) =va, 0, (k) for—qn+1<k<gn—2.
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Similar to the proof of Lemma 3.6, we use a perturbation argument to pass from v, g,
0 v, .0 - We consider two cases.

Case 1: assume that (k+ko)oty ¢ Z and (k+ko+ 1)o4, & Z. We define x :=
ko(ct — 0yy) . Then the approximation rate estimates (8) give that

1 .
x| < - < min { || (ko + k) &tul[, || (ko + k + 1) ot | }-

Now, Lemma 3.5(a) yields

Vam76m (k) = Vamo(k+k0) = V(thx mod 1(k+k0) = Vam76(k)'
This shows
Va79(k) = vanhe(k) for— Qm + l < k < Clm - 2
Note that, for this range of k, we also have v g(k) =V 0(k).
Case 2: assume that (k+ko)0y, € Z or (k+ko+ 1)oy, € Z. We first check the
case k+ko = jgn for j € Z. Then vy, g, =0 and vy, 9, = 1. We get that
Votm.,e(k) = X[l—oc,,,,l)((j‘bn — ko) Ot +koor mod 1)
= X[1-0p,1) (ko(0t — 04y) mod 1)
_ ) Xl-am,0) (ko (0 — 0un)) =1="g,.0,(k) meven,
X[—a,,,,O)U[l—amJ)(kO(a —0y)) =0=vq,s,(k) modd,

holds. For k+ ko + 1 = jgq,, for j € Z, we compute

Vo0 (K) = (1=, 1) ((Jgm — ko — 1) 04 + koot mod 1)
= X[1-0pn,1) (Ko (0 — O4y) — 04y mod 1)
_ X[*(Xm,o) (k()(OC - (Xm) - am) =0= ’vvam:em (k) meven,
A=, 0)U[1— 0, 1) (KO (O = Om) — O) =1 =g, ¢, (k) modd.
This proves the case (a).
Finally, we prove (b), i.e. the case that 6 ¢ {kpaxmod 1: ko€ Z_}. Let D e N
and set € := minp<<p ||ka + 0] > 0. Choose my sufficiently large such that ||(D +
1)(0t— 0tm,)|| < €. Then, for m > mg and 0 <k < D,
Va,0(k) = X1-c.1)(kot+ 6 mod 1)
= Xj1—a,1)(kot+ 6 — (k+1)(a — o4y) mod 1)
= X[l_aﬁl)(kam + 60 — o+ oy, mod l)
= vam79(k). O

3.2. Subwords and limit words

In this subsection, we analyse subshifts of the potential similar to [34] and their
finite subwords. The observations we make will translate to a characterisation of limit
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operators of the Schrodinger operator with Sturmian potential and their spectra, see
Section 4.1.
Let v = (v,0(n))scz be the Sturmian potential. Then we can write

Hygo=S"+S+AM,, xec(’(Z),

where S denotes the right shift operator, i.e. (Sx)(n) =x(n—1), and M, denotes the
multiplication operator by b € ¢*(Z). Let h = (hy,hy,...) be a sequence in Z with
hy — +eo, so that the limit operator (Hj 4 9)n of H) 4 ¢ exists. Then

(Hpo0)n=S""+S+2AM,,

with a new potential
vy = lim S~y

—> 00

where the limit is taken w.r.t. pointwise convergence. The set

T, = { lim 5y -y — ioo}
of all such potentials v, is the so-called subshift generated by the sequence v. The
same can be done for periodic words v = v, ¢ . In that case, the subshift generated by
v is finite.

For Sturmian potentials, the subshift is explicitly known, see, e.g., [13, Theo-
rem 2.14] and the appendix of [12].

PROPOSITION 3.9. Assume Hypothesis 3.2. Then we have the following:

(i) The subshift of vy g is given by

Fvno = {Vay  WE0,1)}U{Vay:yel0,1)}. (12)

In particular, F, , = Fyy g = F5, -

(ii) The subshift of vy, ¢ is given by
Fvamo = Womy - WE[0,1)}U{Vg, y:wel0,1)}.

In particular, Fy, =Py, =%

Vo ,0°

As equation (12) shows, the subshift .7, , does not depend on 6 and also does
not change when switching to the potential v g. Therefore, the shorthand notation
Fo = Fy, e 1s well defined. The same is true for F,, = F,, .

Next, we examine the finite subwords of words in the subshifts .%, and %, .
For a word v over Z, we define v to be the restriction of v onto N and v_ to be the
restriction onto Z '\ N. We write w < v when w is a subword of v, cf. [34, Section 3.1].

LEMMA 3.10. Assume Hypothesis 3.2. Let .F be either Fy or F,, . Then for
vE F and w < v we have that
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(i) w=uforall ue F and w occurs infinitely many times in u,
(ii) w<vy and w occurs infinitely many times in v,

(iii) w <v_ and w occurs infinitely many times in v_.

Proof. Part (i) follows from [38, Proposition 2.1.18]. For part (ii), take w < vy g
and pick /,r € Z such that supp(w) C [I,7]. Choose k, C N such that k,o+ y mod 1
converges to [a+ 6 mod 1 from above. Since J[;_,1) is right-continuous, there is an
no € N such that for all n > ng, j € [0,r —I] we have that

Vay (kn + 7) = Xj1—a,1)((kn + j) 0t + w mod 1)
= X1—o,)((I+j)+ 0 mod 1) =vg g (I + j).

Hence, w < (ve,y)+ . The proof for (iii) is analogous. [J

For an infinite word v, let #p(v) denote the set of all subwords of v that have
length D € N.

LEMMA 3.11. Assume Hypothesis 3.2. Let v € Fy and vy, € Fy,,. Then, for
each D € N, there exists N € N, such that, for all m = N, we have #p(v) = #p(vm).

Proof. We only prove the case v = v, o since the other cases follow by Lemma 3.10.
Let D € N and choose m € N such that g, > 2D and #p(v) C #p(vm). Note that
this is possible since v has precisely D+ 1 subwords of length D, see [4]. Now let
w € #p(vy). Since v,y is periodic, we may assume that

W= (Vi(=gm+ 1), vim(gm—2)) -

Now the claim follows from Lemma 3.6. [

LEMMA 3.12. Assume Hypothesis 3.2. For n € N, let v, € %. Let further 6,
denote the offset of v,.

(i) Then there is a subsequence (vy;) that converges pointwise, i.e. vy, (i) converges
for every i € 7.

(ii) If {6, :n € N} is dense in [0,1], then, for each v € F, there is a subsequence
(vn;) that converges pointwise to v.

Proof. To prove part (i), set v, = v g, OF v, =V, With 6, €[0,1) forall n€ N,
Now, pass to a subsequence vy, such that 6,; converges to some y € [0,1] either from
the left or from the right.

If there is a constant subsequence in Onj then the assertion is immediate. For the
other case, fix k € Z and take jo sufficiently large such that

ko —6,; mod 1 ¢ {0,1 —a} for j> jo.
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If the convergence 6,;, — y is from the right, then, due to the right-continuity of
X[1—a,1)(koe — - mod l) we find that

Vn; (k) = Xj1—a1)(kot — 8, mod 1) — x1_g.1)(koe — ymod 1) = v,y (k).

If the convergence is from the left and y < 1, then we find that vy, (k) — Ve, y (k),
using the left-continuity of y(;_g 1j(kot —- mod 1). If y =1, then vy, (k) — Vg 0(k)
with the same ideas.

For part (ii), let y € [0, 1) be the offset of v. If v =v¢ y,, we choose a subsequence
(6y,) that convergesto y from the right and argue as in the proof of part (i) that v, — v
pointwise. For the case that v = VOW, we do the same with convergence from the left.
If v =0, then we take a subsequence (an) that convergesto 1. 0

4. Spectrum of H; , o

In this section, we further develop the framework to be used in order to charac-
terise the applicability of the FSM. Recall that the generic FSM described in Section 2
is an approximation method resembling the classical strategy of using finite rank oper-
ators to approximate an infinite rank operator Hy , ¢ . In order to tackle the invertibility
problem of limit operators that lies at the core of the FSM, see Proposition 2.6, we will
work with a different approximation method which, nevertheless, also comes natural in
our setting: the approximation of aperiodic Schrodinger operators via periodic opera-
tors of infinite rank. This method resembles the operator theoretic consequence of the
periodic approximation vy, ¢ of Sturmian words v, ¢ from Section 3.1.

There are three types of results in this section: We start by characterising the limit
operators of aperiodic Schrddinger operators Hj 4 ¢ and examine the spectral quan-
tities of them and their one-sided compressions. We follow this up with Section 4.2,
where we give a condition for an energy E to lie in the resolvent set p(H) , ¢) that
can be checked directly. Finally, in Section 4.3, we prove results for the approximation
of the spectrum of aperiodic Schrodinger operators with Sturmian potentials, both one-
and two-sided, via their periodic counterparts.

For the remainder of this section, let us always assume the hypothesis below, which
collects the notations we use.

HYPOTHESIS 4.1. Let p € [1,o], a € [0,1] be irrational, and let 04, = Z—:ﬂ" de-

note the m-th rational approximant to o, from Section 3.1. In addition, let 6 € [0,1),
A €R and Hy ¢ : £ (Z) — LP(Z) be the aperiodic Schridinger operator

(Hl,a,ex)n = Xp+1+Xp—1+ Ava,e(n)xn7 ne Za
with Sturmian potential
Va,o(n) = X[17a,1)(n05+ 6 mod 1).

Moreover, let ITI,L%Q AP (Z) — LP(Z) denote the aperiodic Schridinger operator given
by _
(H)L.,ocﬂx)n = Xn+1 +Xp—1+ A‘f‘;a,e(n)xna ne Z7
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where
’\;’ia.’e(l’l) = X(l_aﬁl](na + 6 mod l) .
The sequence (4,) of m-th rational approximants to 0. gives rise to sequences of
periodic Schrodinger operators (H), o, ) and (Hj, o, 9) which are defined as for ir-
rational o above.

4.1. The (operator) spectrum of aperiodic Schrodinger operators

The results of Section 3.2 can be directly elevated to the level of operators, as the
following result shows. As a consequence of Proposition 3.9, we get a characterisation
for the limit operators of H g .

COROLLARY 4.2. Assume Hypothesis 3.2. Then

Ly = {Hha,u/ tyeo, 1)} U {ﬁlﬂ,u/ ty o, 1)}
= Lim(Hl,a,G) = Lim(Hl,a,G)
and
L}L7Otm = {H7L7O£m~,‘!/ HLAS [07 1)} U {H)L,amw/ ye [07 l)}
= Lim(HLocm,G) = Lim(H)L,am,O)'

In particular, all elements of L, g, i.e. all aperiodic Schrédinger operators, are self-
similar. Moreover, the set L; , s finite.

Note, in particular, that Lim(H; ,¢) and Lim(ITI;LMe) are independent of 6.
Corollary 4.2 says in short that

Lim(H) =L, , forall HeLy,. (13)

In the language of dynamical systems, this fact corresponds to so-called minimality. It
has far-reaching consequences, cf. [35]. Here is a first one:

PROPOSITION 4.3. Assume Hypothesis 3.2. For all H € L, we have
L) o =Lim(H)=Lim_(H) =Lim, (H).
Proof. Let H< L) , and A € Lim, (H). Then, by [5, Lemma 3.3a)], Lim(A) C
Lim, (H), so that by Corollary 4.2
L) o =Lim(A) C Limy (H) CLim(H) =L, ¢,

whence both inclusions must be equalities. In particular, Lim (H) = Lim(H). The
proof of Lim_(H) = Lim(H) is the same. [J

Note that it is straightforward to prove that the statement of Proposition 4.3 also
holds for all H € L;, 4, . We continue with some further consequences of (13):
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PROPOSITION 4.4. Assume Hypothesis 3.2, and let L € {Ly o, L , }. For all
A,B € L, the following statements hold:

(a) A €Lim(B) and B € Lim(A).

(b) [|All = |[BI| and v(A) = v(B)

(c) o(A)=0o(B). Inparticular, A and B are invertible at the same time and B~ €
Lim(A~!) and A~! € Lim(B™!).

Proof. B € Lim(A) implies ||B|| < ||A||, see [43, Proposition 1.a], v(B) > v(A),
see [25, Proposition 3.9] and ¢(B) C Oess(A) C 0(A) by Lemma 2.12. Since B €
Lim(A) forall A,B € L, 4, see (13), the assertion follows. [

Let us turn our attention to the one-sided compressions of elements in L; . The
next result, which is a consequence of the symmetry property (7) of Sturmian words,
will allow us to restrict ourselves to studying only one-sided compressions in ¢7(Z. ).
A similar result also holds for periodic Schrédinger operators, cf. [20, Lemma 3.7].

COROLLARY 4.5. Assume Hypothesis 4.1. Then

G((H7L7a,9)+) = G((ﬁk,m—a—e mod 1)7) .
Moreover,

U ca)= U o). (14)

AEL;L‘(X B€L7L,oc

Proof. Due to (7), we get (Hj g.9)+ =@ (ﬁ)L’o“_a_g mod 1)—@ with the canon-
ical isomorphism @: ¢P(Z) — ¢P(Z_). This immediately yields the first equality.
Now, equality (14) follows from Corollary 4.2. [

For two-sided infinite operators Hj 4 g, we know from Proposition 4.4 that their
spectrum is independent of 6. For the corresponding one-sided compressions, we ob-
tain a similar result for the essential spectra.

PROPOSITION 4.6. Assume Hypothesis4.1 and A,B€L; o, or A,BELy . Then,
Oess (A1) = Oess(A) = Oess(A—) = Oess(B) .
Further,
6(A)Co(AL) and Vv(A4)<V(A).
Proof. From Proposition 4.3 we know that
Lim(A;) = Lim(A) = Lim(A_) = Lim(H), ) -
The equality of the essential spectra then follows from Proposition 2.12. The rest fol-

lows from the fact that A € LimA, and [25, Proposition 3.9]. [

REMARK 4.7. As Example 5.6 will show, the inclusion 6 (Hj, 4.¢) C 0((Hj, ¢.0)+)

[t

is strict. For examples of periodic Schrodinger operators H with o(H) C o(H+
see [20, Example 4.2, Example 4.4].



FSM FOR APERIODIC SCHRODINGER OPERATORS 415

4.2. Trace condition for the spectrum

In this section, we characterise the invertibility of the limit operators of H , ¢ via
traces of products of transfer matrices. A similar condition for the spectrum was first
given by Siit6 [49] for the Fibonacci Hamiltonian and later generalised by Bellissard [3]
to Schrodinger operators with Sturmian potential.

We start with the basic definitions and notation. For an energy £ € R and a vector
x € ker(H), o g — E), we study generalised eigenfunctions, that is, solutions of

0= ((H}l,706,9_E)x>n :xn+1+xn—l+(lva,6(n)_E)xna nex. (15)

The scalar three-term recurrence in (15) can be written as the vector-valued two-term

recursion
Xng1\ _ (E—Avge(n) —1 Xn
( . ) = ( 1 0 1) n e Z. (16)

The 2 x 2-matrix in (16) is called transfer matrix and here denoted by

E—Avypo(n) —1
T).00(nE) = ( 1“79( ) 0 ) ., nez.

It is evident that det(T} ,¢(n,E)) = 1. As a consequence, the eigenvalues of
Ty «.0(n,E) come in reciprocal pairs {4,,4; ' }. Hence, the sequence (x,)nez is deter-
mined by two consecutive values, say xo and xj, and all other values x,, n > 0, are
determined by applying the corresponding monodromy matrix

M?L,Oz79(n7E) = T)L,Ocﬂ(naE) e T)L,Oc79(17E)

to the vector (x1,xp)" . Values x,, n <0, are calculated via M 4 ¢(n,E)~".

The following proposition is a well-known consequence about the resolvent of
periodic Schrodinger operators, which can be described by a trace condition of the
monodromy matrix, cf., e.g., [16, Theorem 2.1] and [42, Section 1].

PROPOSITION 4.8. Assume Hypothesis 4.1, let E € R, and consider o, = %.
Then E € p(Hj, 4, o) if and only if the so-called trace condition

|tr(M)L,am79 (qmaE))} >2
holds.

The following proposition gives a description of the resolvent set of aperiodic
Schrodinger operators in terms of traces of M}, o g(n,E). The criterion in this proposi-
tion was first stated for the special case of the Fibonacci Hamiltonian by Siit6 in [49].
Subsequently, the criterion was extended by Bellisard et al. in [3]. See also[39, Lemma
2] and [15, Proposition 4.9] for advanced versions of the criterion in [3].

Note that, in contrast to Proposition 4.8, it is not sufficient to consider only one
matrix M) 4 ¢(n,E).
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PROPOSITION 4.9. ([3, Proposition 4]) Assume Hypothesis 4.1, and let E € R.
Then E € p(Hj, o,9) if and only if the trace condition

Im=0: }tr (Ml,a,o(qmaE)) } >2and |tr (Ml,a,o(‘Izn-&-l;E)) } >2 (17)

holds, where q,, € N is given by the m-th rational approximant Z—:ﬂ" to o for m € N.
In this case,

|tr (Mj0.0(qx,E)) | > 2
forall k> m.

Note that the trace condition (17) in Proposition 4.9 only considers the monodromy
matrices with 6 = 0 while the conclusion about the resolvent set is for general 6. This
reflects the fact that 6(H}, o) is independent of 6 € [0,1) as shown Proposition 4.4.

REMARK 4.10. In the trace condition (17) in Proposition 4.9, we can also use the
monodromy matrices of the periodic Schrodinger operators Hj, 4, 0 and Hy g, o for
calculating the trace because of the relation

tr(Ml,a,O(‘lrmE)) = tr(Ml,am,O(Cme)) . (18)

Let us verify (18) for m even and m odd separately.

For m = 2 this follows directly from Lemma 3.6. For m >4 even, T)  o(k,E) =
T) o0(k,E) forall k€ {1,...,qm} as a consequence of Lemma 3.6. The equality of
the transfer matrices then directly implies relation (18).

For m > 3 odd, we use the translation of the potential given in Remark 3.7 with k=
gm and n = m — 1 which allows the calculation

M?L.,mO(‘]m;E) = TLa,O(qmaE) T T)L.,mo(l:E)
= TLa,O(qm —qm-1,E) - T)L.,mo(l —qm-1,E)
= Tl,am,O(CIm —qm-1,E) -+ Tl,am,O(l —qm-1,E).

The last equality holds again by Lemma 3.6. Now, taking the trace on both sides and
using the periodicity of v,,, while reordering the product, we arrive also in this case at
the claimed relation (18).

In [3], Proposition 4.9 was only shown for positive coupling constant A . It can,
however, be extended to A € R, where A =0 is just the periodic case. We will postpone
this extension to Remark 4.17

In the following corollary, we connect Proposition 4.9 to the invertibility problem
of all limit operators of a given aperiodic Schrddinger operator.

COROLLARY 4.11. Assume Hypothesis 4.1. All limit operators of Hj o ¢ are
invertible if and only if

Im =0 |tr (My 0.0(qm,0))| > 2 and |tr (M), g.0(gm+1,0))| > 2. (19)



FSM FOR APERIODIC SCHRODINGER OPERATORS 417

Proof. Let A € Lim(H), , ). Due to Corollary 4.2, there exists y € [0,1) such
that either A = H; , or A = I—~I,17a7q,. By Proposition 4.4, we have 0(H) 4¢) =
O(Hy q,y) = G(I-NI;L7Q7W). Consequently, A is invertible if and only if Hj g ¢ is invert-
ible. Since by Proposition 2.7 the spectrum is independent of p € [1,ec], the claim then
follows by Proposition 4.9. [J

We close this section by verifying the trace condition (19) for the Fibonacci Hamil-

tonian with energy £ = 0.

EXAMPLE 4.12. Assume Hypothesis 4.1. Let o = (v/5—1)/2 and A € R. Then,

tr(Mj, 0.0(q6,0)) = A (181 —8),
(M), 4.0(97,0)) = A(—108A* + 8422 — 13).

For A > £(3+V/3) = Ay ~ 0.788675, we have
tr (M}L7a70(CI6,O)) >2 and fr (M;L7a’0(q7,0)) < =2.

Hence, by Corollary 4.11, for A > Ay, all limit operators of the Fibonacci Hamiltonian
Hj o are invertible. The bound Ay may be further improved by considering higher
orders of approximation. Considering the polynomial tr(M}, , ((gs,0)), however, does
not improve the result despite being algebraically solvable as well. Figure 1 visualises
the spectra of the periodic approximations for m = 5,6,7,8 with special emphasis on
the previously derived bound A, see also [14, Section 7.1].

4.3. Approximation of the spectrum

In this section, we introduce the approximation theory for both one- and two-sided
aperiodic Schrodinger operators. As described in Hypothesis 4.1, every irrational num-
ber o with rational approximants (o) gives rise to aperiodic Schrodinger operators
Hj o9, Hj o0 and sequences (H), o, ¢), (H) o, 0) of periodic Schrodinger operators.
The following proposition, which originally appeared in [49], shows in which sense the
aforementioned approximation sequences can be considered a periodic approximation
of aperiodic Schrédinger operators.

PROPOSITION 4.13. ([49, Proposition 4]) Assume Hypothesis 4.1. Then,
Hy 008 = lim Hy g, 0% and  Hj gox= lim H) g, 0x
Sorall x € coo(Z). Furthermore, if p < e, then
Hjo0= lim Hy g0  and  Hyq0= lim H) g,

in the strong operator topology.
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Figure 1: Spectra of the periodic approximations Hy o, 0 for m=15,6,7,8 of the scaled Fi-
bonacci Hamiltonian H), g, o, where o0 = (V5-1)/2and A >0. If A > Ay, then 0 & 6(Hy, q0)
as 6(Hy o) C 6(Hy o, 0)UO(Hy g, ., 0) by Corollary 4.9 and all limit operators of Hj ¢
are invertible by Corollary 4.11.

Proof. We only prove the claim for the sequence (H), 4, o). The proof for (H At 0)
is completely analogous.

Recall that the rational number ¢, induces the periodic two-sided word vy, . Fur-
thermore, by Lemma 3.6, we know that vy (k) = vg,, (k) forall k € Z with |k] < g —2
and m > 2. This shows the first part. The second part then follows from the fact that
coo(Z) is dense in (P (Z) for p <. O
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It is easy to see that the assertion of Proposition 4.13 also holds mutatis mutandis
for the one-sided compressions (Hj o)+ and (Hj 40)- and, for a certain choice of
subsequences (0, ), also for Hy 4 ¢ and (H)L7an7k7g), 0 €[0,1), see Lemma 3.8.

In the following, we analyse how the approximation result of Proposition 4.13
translates into convergence of the respective spectra. We start with a general approxi-
mation result. When stating results concerning one-sided operators, recall that, due to
Corollary 4.5, we only need to treat compressions A .

Similar to Section 3.2, for a Schrodinger operator A with diagonal v, let #p(A),
D € N, denote the list of all subwords of the diagonal of A that have length D,
ie. #p(A) = #p(v). Furthermore, let # (A) = Upen #p(A) denote the list of all
finite subwords of the diagonal of A.

LEMMA 4.14. Let A, A,, m € N, and B be Schridinger operators on (P(Z),
p € [1,00].

(a) If #p(A) C #p(B) for some D € N, then vp(A) > vp(B). In particular, if
W (A) =W (B), then v(A) = v(B).

(b) If #1(A) C #p(A), then
vp(4+) =min {vo.p(A+), vo(a)}, (20)

where Vi_i(A) = inf {||Ax|| : supp(x) C {k,...,I},||x]| = 1}.

(c) Assume that (A,,) is uniformly bounded and, for each D € N, we have #p(A,,) =
#p(A) eventually. Then

lim v(A,) =Vv(A).

(d) If, in addition to (¢), (Am)+x — Asx forall x € coo(Z+), we have

lim v((An)+) =Vv(A4).

m-—oo

Proof. (a): Let x € ¢P(Z) with ||x[| =1 and diam(supp(x)) < D. As #p(A)
#p(B), there exists k € Z such that ||Ax|| = ||BS*x||. This implies vp(A) > vp(B
The second part of the claim follows by a symmetry argument and the fact that v(A)
infpen Vp(A), see Lemma 2.17.

(b): As the approximate lower norm vp considers only sequences with finite sup-
port, the following decomposition is evident:

C
).

Vp(A4+) = min {VO..D(A+)7 (}Ielg Vd..d+D(A+)} .
In order to verify identity (20), we need to show that

Vp(A) = [}1611{] Va.da+p(A+). (21)
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To this end, let x € coo(Z) with diam(supp(x)) < D. As by assumption #p(A) C
#p(A+), there exists k € N such that

supp($¥x) CN  and Ax=AS*x = A, S*x.

This gives that
vp(A) = inf vy ayp(As).
deN

The estimate vp(A) < V. 4+p(A4) trivially holds for all d € N. This proves (21).
(c): Let € >0 and take D from Lemma 2.17. By part (a),

V(A) < vp(Apm) < V(An)+€e and Vv(A,) <vp(A)<V(A)+e (22)
eventually. As € > 0 was arbitrary, the first part of (22) gives

v(A) < liminfv(A,,)

n—00

while the second part of (22) gives

limsupv(A,;) < v(A). (23)

m-—oo

(d): From (A,,)+x — A4x for x € coo(Z ), we directly get that
Vo.o((Am)+) = Vo.p(A+)
eventually. Furthermore, by part (a),
vp(An) = Vp(A)

eventually. Now, part (b) gives

Vo ((An)+) = min {vo.o((An)+). VolAn)}
- min{vo._D(AJr), vD(A)} — Vp(Ay)
eventually. Arguing as in the proof of part (c), the claim follows. [J

REMARK 4.15. By inspecting the proof of Lemma 4.14(c), one gets, for the case
in which, for all D € N, only one of the assumptions

WD(Am) C WD(A) or WD(A) C WD(Am)
holds, eventually the estimate

v(A) < liminfv(A,) or limsupv(A,) < V(A4),

m—eo M—soo

respectively. For more details on this observation see [21].
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In the case of Schrodinger operators H), , ¢ and Hj , ¢, Lemma 4.14 gives the
following result.

PROPOSITION 4.16. Assume Hypothesis 4.1. Set A =H; o g and Ay =H) ¢ ¢,
and let E € R. Then,

(i) V(A—E)=1limy, V(A —E),

(ii) (Am — E)pmen is stable if and only if A— E is invertible. In which case,
limy, o || (A — E) | = (A= E) 71|

(iii) o(Am) — 0(A) as m — o in the Hausdorff metric.

Proof. Part (i) follows directly from Lemma 3.11 and Lemma 4.14(c). Part (ii)
follows from part (i) by using Lemma 2.16. Now part (iii) is standard, see also [36]. [J

Recall that the Hausdorff distance of two compact sets S,7 C C is defined by

duy(S,T) := max (supdist(s,T),supdist(t,S))

seS teT

and that dy is a metric on the set of all compact subsets of C.

REMARK 4.17. In [3], Proposition 4.9 was only shown for positive coupling con-
stant A. The extension to A < 0, where A = 0 is just the periodic case, works as
follows. Let A < 0, and observe that T, , g(k,—E) = —T) 4 9(k,E)T . As a conse-
quence of the simplecticity of the monodromy matrices, one gets the identity

}tl‘ (M—)L,a,o(qma_E))| = }tl‘ (M)L,a,o(qmaE))} .

See [20, Lemma 3.7] for details.

Due to Remark 4.10 and Proposition 4.8, we have 6(H), 4, 9) = —0(H_}3 o,,.0)-
With Proposition 4.16, the identity of spectra carries over to the aperiodic operators.
Thus, we also have

_G(Hl,a,e) = O'(fo,a,e)»

i.e. the spectrum for H_) , ¢ is already determined by H_j ¢ which in turn is char-
acterised by Proposition 4.9.

In order to get a result similar to Proposition 4.16 for the one-sided case, we have
to assure that the condition (A,;)+x — A4x for x € coo(Z+) in Lemma 4.14(d) is sat-
isfied. This requires a careful choice of sequences A,, depending on 6. Fortunately,
Lemma 3.8 yields the following sequences:

PROPOSITION 4.18. Assume Hypothesis 4.1. Let A and A,, be defined as in
Table | and E € R. Then

(i) V(AL) = limy e v((An)1),
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A=Hypp | A=H) 40

6=0 H}L,Ocm,() H?L,ocm,O
0 = —koo mod 1 withkg e N | Hj omi1,0 Hl7a2m79
0 # —koo mod 1 for all kg € N Hj o0 Hj, 4.0

Table 1: Given a periodic Schridinger operator A and a condition on the offset 0, the corre-
sponding table entry gives sequence (Ap) used for approximation.

(ii) ((Am —E)+)men is stable if and only if (A — E) 4 is invertible,
(iii) 0((Am)+) — 0(A4) as m — oo in the Hausdor(f metric.
Moreover, if E ¢ 6(A) then

1A= E)ZH| = Jim [|(An —E)]

m-—oo

Proof. Tt follows from Lemma 3.6, Lemma 3.8, and Lemma 3.11 that the condi-
tions in Lemma 4.14(d) are satisfied. Hence, we immediately arrive at (i).
Part (ii) and (iii) follow exactly as in Proposition 4.16. [

The results of Proposition 4.18 allow us to check the invertibility of all opera-
tors (Hj 4¢)+ for 6 € [0,1). The following proposition shows that it is sufficient to
only check this for 6 € {koot mod 1 : ko € Z} if a uniform boundedness condition is
satisfied.

PROPOSITION 4.19. Assume Hypothesis 4.1. Then

5 eillefﬂ V(By) = B‘é}ifa V(B+) = inf v((H,0.9.)+)- 24)

In particular, all operators B for B € L) o are invertible if and only if for all k € Z
the operators (Hj ¢, )+ with 6 = koo mod 1 are invertible and their inverses are
uniformly bounded in k. In that case,

sup ([1B31) = sup | (Hz.0.6)7 |
BELy 4 kEZ

Proof. We only show (24). For the first identity, take a sequence (A,) C L, o such
that lim, ... V((A,)+) = infger,  v(By). By Lemma 3.12(i), there exists C € Ly 4
such that for every x € COO(ZJF)' Aux — Cx as n — o. Together with Lemma 3.10,
we find that the conditions of Lemma 4.14(d) are satisfied and therefore v(C;) =
infger, , v(B4). Hence, the infimum in (24) is indeed a minimum.
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Since {H), 40, : k € Z} is a subset of L, ,, we immediately get

in v(By) <infv((H .
pnin V(B) < Infv((Haa6)+)

For the other inequality, take C € L, o, with v(Cy) = mingeg, v(B4). By Lem-
ma 3.12(ii), we find a subsequence (6;) such that Cix = lim; . (H) oq, )+x for
: 10,0

all x € coo(Z+). As (Hj q,,) is uniformly bounded, by Lemma 4.14(d), we find
V((H, a9, )+) — v(Cy) which proves that
TR

in v(B.) > infv((H . O
pin V(By) > inf v(Hpo0)+)

REMARK 4.20. With the same method as in the proof of Proposition 4.19, one
can also check that (Hj, )+ and (I-~I;L7OC’9)Jr are invertible for every 6 € [0,1) if and
only if, for all k € Z, the operators (ﬁ 1,0,6,)+ are invertible and their inverses are
uniformly bounded in k.

In particular, we have that the operators (H) 4 ¢, )+, k € Z, are all invertible and

their inverses are uniformly bounded in & if and only if the same holds for (H, 4,00+ -

The results of Section 4 have shown that both the spectrum of one- and two-sided
aperiodic Schrodinger operators with Sturmian potential can be approximated via the
spectra of their respective periodic approximations. Since the periodic approximations
are periodic Schrodinger operators, their spectra can be explicitly computed, as shown
in the following result that is based on [24, Theorem 4.42(i)] and [20, Proposition 3.8].

PROPOSITION 4.21. Let H: (P(Z) — (P(Z) be a periodic Schridinger operator
with period K > 2. Then C\ Oess(Hy) contains no bounded connected components
and

G(H.) = 6(H)U {E c G((H,-h,')fj;20> ;| det (((H - EI),-L,')fj_:lO> < 1} .
In particular, H is invertible if H, is invertible.

Now we are in the position to carry over these observations to applicability conditions
for the FSM.

5. Finite section method for H; , ¢

In the previous section, we have used an approximation method with periodic
operators that has been properly tailored for the aperiodic Schrédinger operators. By
using the periodic approximations, we are able to approximate spectra and lower norms
of H) o ¢. However, these approximants are still operators of infinite rank. Therefore,
when it comes to solving a linear system Hj o gx = b for x,b € £P(Z), the FSM is
better suited since it allows to pass to finite-dimensional systems, which are usually
easier to solve.
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5.1. Characterisation of applicability

Recall from Proposition 2.6 that the applicability of the FSM depends on the in-
vertibility of all one-sided limit operators. Therefore, the results of Section 4.1 about
the spectrum of these operators immediately translate to conditions for the applicability
of the FSM.

PROPOSITION 5.1. Let p € [1,)|, o € [0,1] be irrational, 6 €0,1), and A € R.
Then the FSM for Hy ¢ is applicable if and only if the operators (H;Lﬂ.’u,)Jr and
(Hj,q,y)+ are invertible for every y € [0,1). The same equivalence holds for the
applicability of the FSM for ITI;Lﬂﬁ .

Proof. Let us the abbreviation A := H), 4 ¢. From Proposition 2.6, we know that
the FSM is applicable if and only if all the following operators are invertible:

(a) The operator A,
(b) the compressions B_ for all B € Limy(A), and

(c) C4 forall C € Lim_(A).

Recall from Corollary 4.2 and Proposition 4.3 that the limit operators of A, as well as
Lim, (A) and Lim_(A), are given by {H) o y,Hj o,y : ¥ € [0,1)}. Moreover, from
Corollary 4.5 and Proposition 4.3 we know that the invertibility of all operators in (c)
implies the invertibility of all operators in (b). According to Proposition 4.6, the in-
vertibility of C implies the invertibility of all limit operators of A. In particular, this
implies the invertibility of A, since A € Lim(A) by Corollary 4.2. Hence, the invert-
ibility of all operators in (c) is already equivalent to the applicability of the FSM. [J

Now we are able to present a collection of different conditions that guarantee the
applicability of the FSM for the aperiodic Schrédinger operator. Here, in the case that
an operator A is not invertible, we simply define [|A~!|| := o for the operator norm.

THEOREM 5.2. Let p € [1,¢|, o € [0,1] be irrational, 6 € [0,1), L € R, and
H) o0 be the aperiodic Schrodinger operator given by (1). For any k € Z, we set
0 = ko mod 1. Then the following are equivalent:

(i) The finite section method for H), ¢ is applicable.
(ii) The operators (Hy, o)+ and (ﬁl7a7w)+ are invertible for every y € [0,1).

(iii) The operators (H), 4 g,)+ are invertible for all k € 7 and their inverses are uni-
formly bounded.

(iv) The operators (I-19L7a79k)+ are invertible for all k € 7. and their inverses are uni-
Sformly bounded.
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(v) Forall k € Z, the sequence ((H), o, 9,)+)meN is stable and

limsup (max||(Hy,a,,6,)7"[[) <= (25)

Proof. The equivalence (i) <> (ii) is exactly Proposition 5.1. From Proposition 4.19
and the subsequent Remark 4.20, we know that the invertibility of all (Hj o)+ and
(1'-~I;L7W,,)Jr for y € [0,1) can be checked by only looking at 6; for k € Z (paying the
price of having the uniform boundedness condition). Therefore, we have (ii) < (iii)
4 (iv). Recall that for the operators (Hj g, )+ and (ﬁl7a,6k)+’ k € Z we have the
approximation result Proposition 4.18. It gives that (iii) and (iv) together are equivalent
to

sup(limsupH(H;hanhek);lu) < oo,
kel m-—oo

Therefore it only remains to show that
Sup (hm Sup H (Hlvanhek);l H) = limsup (maX H (Hlvanhek);l H) :
k€Z ~ m—oe m—soo keZ

In order to prove this, note that Hj g, is a g -periodic Schrodinger operator and
hence we find that

sup | (B, .00+ || = max|(H.o.0,)+" |-
Moreover, observe that

sup (limsup ||(H)L~,am79k);l |) < limsup (sup ||(H;L’am79k);l -
keZ m—oeo m—oeo keZ

For the other inequality, we use that the inverse of the lower norm is the norm of
the inverse operator. Therefore, we want to show

inf (liminfv(Hy ¢ 0,)+) < 1iminf(in£v(H;L_am_gk)+). (26)
n o

keZ, m—oo m—oo 'k

Let § denote the right-hand side of (26). Then for all N € N there are integers
k(N) and m(N) such that g,,(y)—; > k(N) and

1

V((Hl,am(N),Gk(N) )+) < 6 + ]T/ .

Then Lempla 3.8 yields vo, 6, ) (1) = Va,fn) (1) for ~Gm(v) + 1<I< Im(N) ~ 2.
Arguing as in the proof of Proposition 4.19, we obtain a B € L; ,, with

1 o
6+ N; 2 V((H)L,ocm(,\,j),ek(lvj))+) —V(By)).
Hence, v(B+) < 6. Now Proposition 4.18 and Proposition 4.19 give

1:22 (lgnjgfv((Hl7an7,ek)+)) <6,

which proves (26). U
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REMARK 5.3. The applicability of the FSM for H}L.’a’g is equivalent to the appli-
cability of the FSM for Hj 4 ¢, and therefore to any of the conditions (i)—(v). Further-

more, in part (v), the operators (H), 4 ¢, )+ can be replaced by (ﬁl7a79k)+

REMARK 5.4. Let A, denote the finite submatrices that are obtained by applying
the FSM to H, , g. Combining [25, Theorem 6.6] with the above proof, one obtains

I, Il < sup (1imsupl|(Hy.o,.,)" )
if the FSM is applicable.

COROLLARY 5. 5. Let p € [l,], A €R, a €0,1] be irrational with rational
approximants Oy, = q , 0€0,1), and H; 4 ¢ be the aperiodic Schridinger operator
given by (1). Then, the ﬁmte section method for Hj, ¢ is applicable if and only if there
exists mg > 0 such that

|t (Mg, 00(qmy))| > 2 and  |tr (M g.0(qmy+1))| > 2 27)
and
1imi2fdist(07 Gn) #0 (28)
with
qm
Gn=J {E € 0(((Am),-j);{']'?i:*2> : ’det<((Am>"f_Esif);{,?ifv’ < 1}
k=1

where Ay, denotes the two-sided infinite matrix representing Hj o ¢ -

Proof. We start by proving the statement for p = 2. By Theorem 5.2 part (v), the
finite section method for Hj ¢ is applicable if and only if for all k € Z the sequence
((H3, 64,6, )+ Jmen is stable and (25) holds.

From (27) it follows there is an € > 0 such that for all E with |E| < &€ we have

tr(Ml,ocmOﬂ(qmmE))’ >2 and ’tr(M7L7OCm0+179(qlﬂo+laE>) > 27

Due to Proposition 4.8 and Remark 4.10 we have that (27) is equivalent to E ¢ 6 (H}, ¢, 0)
for m > my. By Proposition 4.4 and the fact that v(A) = dist(0, 5(A)) for a self-adjoint
operator A, this is equivalent to

0 & limsup U G(Hlﬂm.,ek)'
meN ez,
Further, by Proposition 4.21, E € 6((Hj}, q,.6,)+) if and only if E € 6(H) 4, ¢,) OF
m—2 m—1
both E € 6(((Hj q,.0.)i./){—0) and |[det(((Hz q,.0,)1; — Edij){%y)| < 1. Now let
the set G/, be defined by

U {E € 0(((Hpa,0)10120) : | det(Hp 0,015 — ES)0)] < 1}
keN
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Observe that, for all k € Z, the operators H g, g, are g, -periodic Schrodinger oper-
ators over the same alphabet. Even more is true: their corresponding Sturmian words
Vve,g, only differ by a circular shift. Hence in fact G}, = G,. Consequently, (27)
and (28) together are equivalent to

0 ¢ limsup | J 6((Hj, a,.0,)+)- (29)
meN ez,

Now, we use that [|[A~!|| = dist(0,0(A)) for an invertible self-adjoint operator A and
obtain that (29) is equivalent to (v) in Theorem 5.2.

Having shown this, the statement indeed holds for all p € [1,e] because, by
Proposition 2.7, both the set G, and the applicability of the FSM are independent
of pe[l,eo]. O

EXAMPLE 5.6. In Figure 2, the spectra of the periodic approximations are dis-
played for the case A =1, a = (v/5—1)/2 and 6 = 0. As the applicability of the
finite section method is concerned about excluding the spectral value 0, the visualisa-
tion is restricted to parts of the spectrum that reside in the interval [—1,1]. The grey
bars display the spectra of Hj 4, which coincide with their essential spectra due to
Proposition 2.12.

= =
(=

=N W e Ot 0o

-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

Figure 2: Approximation of the spectrum of the one-sided Fibonacci Hamiltonian and its limit
operators restricted to energies E € [—1,1]. The band spectrum of the two-sided periodic
Schrédinger operators Hi g, g is represented by the colour grey. The point spectrum of the
one-sided periodic Schrodinger operators, given by G, in Corollary 5.5, is represented by the
colour green.

Furthermore, recall from Proposition 4.4 that 6(Hj g, ¢) = 0(Hj, 4, 0) for all
offsets 6 € [0,1). The green points represent the sets G,, which contain the discrete
spectra of the one-sided periodic operators (H), 4, )+ according to Proposition 4.21.
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Consequently, the whole spectrum of (H), 4, ¢)+ for fixed m is given by the union of
the grey bands and the green points.

The figure allows to draw conclusions for the spectrum of the two-sided aperiodic
case in the sense of Proposition 4.9: If an energy E € R is not contained in a grey
band for two consecutive values of m, then it will not be contained in any grey band
for larger m, and also not in the spectrum of Hj , ¢ . For instance from observing the
bands for m =4 and m = 5, one can already deduce that 0  6(H} 4 ¢) and hence (27)
is satisfied. For the spectrum of (Hj )+, however, the results of Section 4 do not
guarantee that no green points approach O for larger m. This observation will be further
pursued and resolved in Section 5.2.

5.2. Checking the applicability of the FSM numerically

In order to examine the applicability of the FSM for aperiodic Schrodinger opera-
tors, we have to check the invertibility of all one-sided Schrodinger operators with the
same slope o, see Theorem 5.2 above. In this section, we describe a method to verify
the invertibility of all these operators, see Algorithm 1 and the code in [19] for an imple-
mentation. Again, we investigate the invertibility via the lower norm. Recall from (20)
that the approximate lower norm of a one-sided Schrodinger operator A is attained
either with an element supported at O or it is also attained by the two-sided operator A.
We will see that, for the applicability of the FSM, we only need to look at elements
with support at 0. Hence, for D € N, we write [A]p: CP+! — CP+2 for the restriction
A Xj0,p) With the natural embeddings. As in Section 4, we set 6 := kot mod 1 for
keZ.

As the following results will show, a key tool to investigate the applicability of
the FSM for Hj ¢ is the set Tp := {[H} o.9,]p : k € Z} C CP+2XP+D " Since vg g
has only D+ 2 different subwords of length D+ 1, see [4], we find that [T'| =D +2.
See [41] for an efficient algorithm to generate these subwords.

The foundation of our methods is a quantified version of Lemma 2.17. While
explicit bounds for the truncation error can be found for all p € [1,o0] in [33], the
sharpest results are known for the case p =2, see [8, 9, 10]. Thus, in all what follows,
weset p=2.

LEMMA 5.7. Let a € [0,1] be irrational, 6 € [0,1), and 2 € R. For D € N and
ep > 0 satisfying

&p > 4sin 30)

T
2D+2’
we have that

inf v((H > min V(B) — €p.
inf (( Loc.,(-)k)Jr)/égIll) (B) —ep

Proof. For k € Z, let us write Ay := H) 4 g, . Using the bounds obtained in [10,
Corollary 4.4], we get the lower norm estimate V((Ax)+) = Vp((Ax)+) — &p. Now we
take the infimum over k € Z and apply Lemma 4.14(b):

gggv((z‘\kﬁ) p Iigmin{v([Ak]D), vp(Ar)} —€p.
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It is easy to verify that, for all j € Z,

Lo o
vo(4;) > inf v([Adlp) = min v(B)

holds. [

Let us put the previous result into the context of the FSM.

THEOREM 5.8. Let o € [0, 1] be irrational, 6 €[0,1), and A € R. Then the FSM
is applicable to H), o ¢ if and only if there are D € N and ¢ep satisfying (30) such that

i B . 1
érenrrll)v( ) > €p (31)

In that case, we have that

1

in v(B)—¢p
lgglg})() D

timsup || ((Hz..0)7j—0) || < (32)

Proof. We use Theorem 5.2, namely the equivalence (i)<> (iii). Hence, the FSM
is applicable to H) ¢ if and only if infiez V((Hj o,6,)+) > 0. Here we replaced the
norms of the inverses by the lower norms.

Now we can apply Lemma 5.7 and obtain

inf V([H),0.0]0) — &» < inf V((Hya.0,)+) < inf V([H3 0.0]0)-

On the one hand, this shows that the FSM is applicable if v([H) 4,]p) > €p. On
the other hand, if the FSM is applicable, then inficz V([H} ¢, ]p) is bounded from
below by infiez V((Hy o,)+) > 0. Then, for sufficiently large D, the corresponding
€p becomes smaller than this bound. Hence, V([H} 46,]p) > €p. This concludes the
proof of the first statement.

To prove (32), it can be found in [25, Theorem 6.6] that the bound on the inverses
of the finite sections for an operator A is equal to the supremum of the norms of the
inverses of the following operators:

(a) A, (b) B_ for all B € Limy(A), (c) C4 for all C € Lim_(A).
Again, we use that the norms of the inverses are the inverses of the lower norms. The
identity (32) then follows from the above considerations. [

As a consequence of the above, Algorithm 1 can be used to check the applicability
of the FSM.

In the following example, we use Algorithm | to recover and extend the results
of [34] where a different approach was used. In particular, we show that the FSM for
the Fibonacci Hamiltonian is applicable.

EXAMPLE 5.9. We consider the case A =1 and set D = 100 With e&p :=4sin ﬁ =

0.062, we check whether V((Hy q.6,)7—) = || (H2.0.6,)7j=0) “HI™" > ep holds for
every k € Z. Take any o with a continued fraction expansion

Oc:[al,az,...] with a=a=...=a;;=1. (33)



430 F. GABEL, D. GALLAUN, J. GROSSMANN, M. LINDNER AND R. UKENA

Algorithm 1 Algorithm to check the applicability of the FSM for Hj o ¢ based on Theo-
rem 5.8. For an efficient way of implementing generatedllWords, see [41]. The function
constructMatriz returns the (D+2) x (D+ 1) matrix with w on its main diagonal and 1 on
the first sub- and superdiagonal and minSVD returns the smallest singular value.

1: procedure CHECKAPPLICABILITY(A, o, D)

2: ep = 4sin ﬁ

3: words = generateAllWords(A, o, D) > generates all subwords of length D
4. N=0

5: for w € words do

6: H = constructMatrix (w)
7: v =minSVD(H)

8: N = NU {V}

9: if min(N) < gp then

10: return false

11: else

12: return true

Using these digits in the recursion formula (9), we obtain a word s;; of length 144.
Since we are only interested in subwords of length D+1 = 101, all other a; for j > 11
yield the same result. Computing the smallest singular values, i.e. the lower norms for
all 102 subwords of v o of length 101, we find that

i B) >0.126 .
gg{_r})v( ) > €p

Therefore, (31) holds and we can use Lemma 5.7 to conclude that

inf v((Hj ¢.6,)+) = 0.126 —gp > 0.063 > 0.
keZ Y

By Theorem 5.2 we find that (H), ) is invertible for every 6 € [0,1). Now
Theorem 5.8 implies that the FSM is applicable to Hj , ¢ for all a of the form (33)
and all 6 € [0,1). Moreover, due to (23),

1
: n —1 ~
IILILSEPH((HJL,OC,G)L/&O) | < 0063~ 87

The above computations also reveal that there is a k € Z (in fact, this is the case
for most k) such that v([H} 4 ¢ ]p) =~ 0.127. However, is clear from Proposition 4.9
and Figure 2 that dist(0, Oess((H) .9,))+) = 0.2. Since

V((Hy00,)+) < V([Hp 0.0,]0) < dist(0, Oess((Hz .0,)+))

we find that (Hy ¢ g, )+ has to have an eigenvalue Ey in the gap around 0 with 0.127 —
ep < |Ep| < 0.127. Note how Figure 2 also shows positive eigenvalues in this range for
the periodic approximants.

Figure 3 compares mingcr, v(B) and &p for D =1,...,100. We can see that the
crucial condition (31), i.e. minger,, v(B) > €p holds for D > 49.
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Figure 3: Comparison of the quantites involved in condition (31) with o0 and A from Exam-
ple5.6and D € {1,...,100}. It can be seen that the conditions of Theorem 5.8 hold for D > 49.

Acknowledgement. The authors would like to thank Alexander Haupt for providing

stimulating discussions about Sturmian words. We would also like to thank the referee
for his or her very helpful comments.

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]

REFERENCES

G. BAXTER, A norm inequality for a ‘finite-section’ Wiener-Hopf equation, Illinois J. Math. 7 (1963),
97-103.

S. BECKUS, D. LENZ, M. LINDNER, AND C. SEIFERT, Note on spectra of non-selfadjoint operators
over dynamical systems, Proc. Edinburgh Math. Soc. 61 (2018), 371-386.

J. BELLISSARD, B. IoCHUM, E. SCOPPOLA, AND D. TESTARD, Spectral Properties of One Dimen-
sional Quasi-Crystals, Commun. Math. Phys. 125, (1989), 527-543.

J. BERSTEL, Recent results in Sturmian words, in J. Dassow and A. Salomaa, eds., Developments in
Language Theory, vol. 2, Singapore: World Scientific, 1996, pp. 13-24.

S. N. CHANDLER-WILDE AND M. LINDNER, Sufficiency of Favard’s condition for a class of band-
dominated operators on the axis, J. Funct. Anal. 254 (2008), 1146-1159.

S. N. CHANDLER-WILDE AND M. LINDNER, Limit Operators, Collective Compactness, and the
Spectral Theory of Infinite Matrices, American Mathematical Society, 2011.

S. N. CHANDLER-WILDE AND M. LINDNER, Coburn’s lemma and the finite section method for
random Jacobi operators, J. Funct. Anal. 270 (2016), 802-841.

S. N. CHANDLER-WILDE, R. CHONCHAIYA, AND M. LINDNER, On Spectral Inclusion Sets and
Computing the Spectra and Pseudospectra of Bounded Linear Operators, in preparation.

S. N. CHANDLER-WILDE AND M. LINDNER, Convergent spectral inclusions for finite and infinite
banded matrices, in preparation.

R. CHONCHAIYA, Computing the Spectra and Pseudospectra of Non-Self-Adjoint Random Operators
Arising in Mathematical Physics, Ph.D. thesis, University of Reading, 2010.



432

[11]
[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]
[23]
[24]
[25]
[26]

[27]
[28]

[29]
[30]

[31]

[32]
[33]

[34]
[35]
[36]

[37]

F. GABEL, D. GALLAUN, J. GROSSMANN, M. LINDNER AND R. UKENA

D. DAMANIK AND D. LENZ, Uniform spectral properties of one-dimensional quasicrystals, 1. Ab-
sence of eigenvalues, Commun. Math. Phys. 207 (1999), 687-696.

D. DAMANIK, D. LENZ, Half-line eigenfunction estimates and purely singular continuous spectrum
of zero Lebesgue measure, Forum Math. 16 (2004), 109-128.

D. DAMANIK, Strictly ergodic subshifts and associated operators, in F. Gesztesy, P. Deift, C. Galvez,
P. Perry, and W. Schlag, eds., Proceedings of Symposia in Pure Mathematics, vol. 76, AMS, 2007, pp.
505-538.

D. DAMANIK, M. EMBREE, AND A. GORODETSKI, Spectral properties of Schrodinger operators
arising in the study of quasicrystals, in J. Kellendonk, D. Lenz, and J. Savinien, eds., Mathematics of
Aperiodic Order, Progress in Mathematics, vol. 309, Birkhduser, 2015, pp. 307-370.

D. DAMANIK, A. GORODETSKI, Q-H. L1U, Y. H. QU, Transport exponents of Sturmian Hamiltoni-
ans, J. Funct. Anal. 269 (2015), 1404-1440.

D. DAMANIK, J. FILLMAN, Spectral properties of limit-periodic operators, in M. Keller, D. Lenz,
and R. Wojciechowski (Eds.), eds., Analysis and Geometry on Graphs and Manifolds, London Math.
Soc. Lecture Note Ser., vol. 461, Cambridge Univ. Press, 2020, pp. 382-444.

D. DAMANIK, A. GORODETSKI, AND W. YESSEN, The Fibonacci Hamiltonian, Invent. math. 206
(2016), 629-692.

M. EMBREE AND J. FILLMAN, Spectra of discrete two-dimensional periodic Schridinger operators
with small potentials, J. Spectr. Theory 9 (2019), 1063-1087.

F. GABEL, D. GALLAUN, J. GROSSMANN, M. LINDNER, AND R. UKENA, Spectral Anal-
ysis Code for Aperiodic Schrodinger Operators, Data and code, Zenodo, 2023, available at
https://doi.org/10.5281/zenodo.7657268.

F. GABEL, D. GALLAUN, J. GROSSMANN, M. LINDNER, AND R. UKENA, Finite Sections of Peri-
odic Schrodinger Operators, preprint, 2021, available at https://arxiv.org/abs/2110.09339.
F. GABEL, D. GALLAUN, J. GROSSMANN, M. LINDNER, AND R. UKENA, Spectral Approximation
of Generalized Schrodinger Operators via Approximation of Subwords, preprint, 2022, available at
https://arxiv.org/abs/2209.11613.

1. GOHBERG AND I. A. FELDMAN, Convolution Equations and Projection Methods for Their Solu-
tion, American Mathematical Society, 1974.

R. HAGEN, S. ROCH, AND B. SILBERMANN, C*-Algebras and Numerical Analysis, CRC Press,
2000.

R. HAGGER, Fredholm Theory with Applications to Random Operators, Ph.D. thesis, Technische
Universitit Hamburg, 2016, available at https://doi.org/10.15480/882.1272.

R. HAGGER, M. LINDNER, AND M. SEIDEL, Essential pseudospectra and essential norms of band-
dominated operators, J. Math. Anal. Appl. 437 (2016), 255-291.

J. KELLENDONK, E. PRODAN, Bulk-Boundary Correspondence for Sturmian Kohmoto-Like Models,
Ann. Henri Poincaré 20 (2019), 2039-2070.

A. KHINCHIN, Continued Fractions, University of Chicago Press, 1964.

M. KoHMOTO, L. P. KADANOFF, C. TANG, Localization problem in one dimension: Mapping and
escape, Phys. Rev. Lett. 50 (1983), 1870-1876.

M. LANG, Introduction to Diophantine Approximations — New Expanded Edition, Springer, 1995.

Y. LAST, B. SIMON, The essential spectrum of Schridinger, Jacobi, and CMV operators, J. Anal.
Math. 98 (2006), 183-220.

M. LINDNER, Infinite Matrices and their Finite Sections: An Introduction to the Limit Operator
Method, Birkhiuser, 2006.

M. LINDNER, The finite section method and stable subsequences, J. Anal. Appl. 7 (2010), 269-278.
M. LINDNER AND M. SEIDEL, An affirmative answer to a core issue on limit operators, J. Funct.
Anal. 267 (2014), 901-917.

M. LINDNER AND H. SODING, Finite sections of the Fibonacci Hamiltonian, in A. Béttcher, D. Potts,
P. Stollmann, and D. Wenzel, eds., The Diversity and Beauty of Applied Operator Theory, Operator
Theory: Advances and Applications, vol. 268, Birkhduser, 2018, pp. 381-396.

M. LINDNER, Minimal Families of Limit Operators, Oper. Matrices 16 (2022), 529-543.

M. LINDNER AND D. SCHMECKPEPER, A note on Hausdorf{f convergence of pseudospectra, Opuscula
Math. 43 (2023), 101-108.

J. LUCK AND D. PETRITIS, Phonon spectra in one-dimensional quasicrystals, J. Stat. Phys. 42 (1986)
289-310.


https://doi.org/10.5281/zenodo.7657268
https://arxiv.org/abs/2110.09339
https://arxiv.org/abs/2209.11613
https://doi.org/10.15480/882.1272

[38]
[39]

[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

[49]

FSM FOR APERIODIC SCHRODINGER OPERATORS 433

M. LOTHAIRE, Algebraic Combinatorics on Words, Cambridge University Press, 2002.

L. MARIN, Dynamical bounds for Sturmian Schrodinger operators, Rev. Math. Phys. 22 (2010), 859—
879.

S. OSTLUND, R. PANDIT, D. RAND, H. SCHELLNHUBER, AND E. SIGGIA, One-dimensional
Schrodinger equation with an almost periodic potential, Phys. Rev. Lett. 50 (1983), 1873-1877.

D. PERRIN AND A. RESTIVO, A Note On Sturmian Words, Theoret. Comput. Sci. 429 (2012), 265—
272.

C. PUELZ, M. EMBREE, AND J. FILLMAN, Spectral approximation for quasiperiodic Jacobi opera-
tors, Integr. Equ. Oper. Theory 82, (2015), 533-554.

V. S. RABINOVICH, S. ROCH, AND B. SILBERMANN, Fredholm theory and finite section method for
band-dominated operators, Integr. Equ. Oper. Theory 30 (1998) 452-495.

V. S. RABINOVICH, S. ROCH, AND B. SILBERMANN, Limit operators and their applications in
operator theory, Birkhiuser, 2004.

V. S. RABINOVICH, S. ROCH, AND B. SILBERMANN, On finite sections of band-dominated opera-
tors, in M. Bastos, A. Lebre, F. Speck, and I. Gohberg, eds., Operator Algebras, Operator Theory and
Applications, Operator Theory: Advances and Applications, vol. 181, Birkhduser, 2008, pp. 303-344.
M. SENECHAL, Quasicrystals and Geometry, Cambridge University Press, 1995.

D. SHECHTMAN, I. BLECH, D. GRATIAS, AND J. CAHN, Metallic phase with long-range orienta-
tional order and no translational symmetry, Phys. Rev. Lett. 53 (1984), 1951-1953.

P. STEINHARDT, New perspectives on forbidden symmetries, quasicrystals, and Penrose tilings, Proc.
Natl. Acad. Sci. USA 93 (1996), 14267-14270.

A. SUTO, The spectrum of a quasiperiodic Schridinger operator, Commun. Math. Phys. 111 (1987),
409-415.

(Received February 20, 2023) Fabian Gabel

Hamburg University of Technology

Institute of Mathematics

Am Schwarzenberg-Campus 3, D-21073 Hamburg, Germany
e-mail: fabian.gabel@tuhh.de

Dennis Gallaun

Hamburg University of Technology

Institute of Mathematics

Am Schwarzenberg-Campus 3, D-21073 Hamburg, Germany
e-mail: dennis.gallaun@tuhh.de

Julian Grofimann

Hamburg University of Technology

Institute of Mathematics

Am Schwarzenberg-Campus 3, D-21073 Hamburg, Germany
e-mail: julian.grossmann@jp-g.de

Marko Lindner

Hamburg University of Technology

Institute of Mathematics

Am Schwarzenberg-Campus 3, D-21073 Hamburg, Germany
e-mail: 1indner@tuhh.de

Riko Ukena

Hamburg University of Technology

Institute of Mathematics

Am Schwarzenberg-Campus 3, D-21073 Hamburg, Germany
e-mail: riko.ukena@tuhh.de

Operators and Matrices
www.ele-math.com

oam@ele-math.com



