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On spectral inclusion sets and computing the spectra and
pseudospectra of bounded linear operators

Simon Chandler-Wilde, Ratchanikorn Chonchaiya, and Marko Lindner

Abstract. In this paper, we derive novel families of inclusion sets for the spectra and pseudo-
spectra of large classes of bounded linear operators, and establish convergence of particular
sequences of these inclusion sets to the spectrum or pseudospectrum, as appropriate. Our res-
ults apply, in particular, to bounded linear operators on a separable Hilbert space that, with
respect to some orthonormal basis, have a representation as a bi-infinite matrix that is banded or
band-dominated. More generally, our results apply in cases where the matrix entries themselves
are bounded linear operators on some Banach space. In the scalar matrix entry case, we show
that our methods, given the input information we assume, lead to a sequence of approximations
to the spectrum, each element of which can be computed in finitely many arithmetic operations,
so that, with our assumed inputs, the problem of determining the spectrum of a band-dominated
operator has solvability complexity index one in the sense of Ben-Artzi et al. (2020). As a con-
crete and substantial application, we apply our methods to the determination of the spectra of
non-self-adjoint bi-infinite tridiagonal matrices that are pseudoergodic in the sense of Davies
[Commun. Math. Phys. 216 (2001), 687-704].
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1. Introduction and overview

The determination of the spectra of bounded linear operators is a fundamental prob-
lem in functional analysis with applications across science and engineering (e.g.,
[22, 26,33, 56, 85]). In this paper, we establish novel families of inclusion sets for
the spectrum and pseudospectrum of large classes of bounded linear operators, and
establish convergence of particular sequences of these inclusion sets to the spectrum
or pseudospectrum, as appropriate. Our results apply, in particular, to bounded linear
operators A on a separable Hilbert space Y that, with respect to some orthonormal
basis (¢;);ez for Y, have a matrix representation [a; ;|; jez, where a; ; 1= (Aej, e;)
with (-, -) the inner product on Y, that is banded or band-dominated (as defined in
Section 1.3 below). More generally, our results apply in the case that Y is the Banach
space Y = (*(Z, X), where X is a Banach space, and A : Y — Y is a bounded lin-
ear operator that has the banded or band-dominated matrix representation [a;;];,jez.
where each a; ; € L(X), the space of bounded linear operators on X.

1.1. The main ideas, their provenance and significance

Let us sketch the key ideas of the paper, deferring a more detailed account of the main
results to Section 1.4. To explain these ideas, focusing first on the case that

A =la;jlijez

is a bi-infinite tridiagonal matrix, let A(i : j, k : £) denote the (j+1—i) x ({+1—k)
submatrix (or finite section) of A consisting of the elements in rows i through j and
columns k through £. Abbreviate the n x n principal submatrix A(k+1: k+n,k+1 :
k+n) as Ay k., and the (n+2) x n submatrix A(k : k+n+1,k+1:k+n) as A:{’k (see
Figure 1.1). Further, let A, := Azn41,—n—1 and A} := A;Lnﬂ,_n_l, so that A} con-
tains all the non-zero elements in columns —n through 7. Similarly, for x = (x;);ez,
let x, x denote the (column) vector of length n consisting of entries k + 1 through
k +nof x.

Suppose that we wish to compute an approximation to Spec A, the spectrum of
a bi-infinite tridiagonal matrix A acting as a bounded linear operator on ¢%(Z). It is
well known that if A € Spec A then, for every & > 0, there exists x € £2(Z) such that x
is an e-pseudoeigenvector of A for A, meaning that x # 0 and ||[(A — A1) x| < x|,
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or there exists an e-pseudoeigenvector of A* for A, where A* is the matrix that is the
transpose of A. Our first key observation is the following:

If x is an g-pseudoeigenvector of A for A then, for each n € N, there is a
computable g, > 0, with €, — 0 as n — oo, such that x, j is an (¢ + &,)-
pseudoeigenvector of A,  for A for some k € Z.

This observation implies that, for some k € Z, Spec A C Spec, A, k., the (closed)
g-pseudospectrum of the matrix A, (see Section 1.3 for definitions). Indeed, this
inclusion holds for all € > 0, which we will see implies that

Spec A C X} (A) := U Spec,,, An k (1.1)
keZ

for some positive null sequence (&;,),en. Optimising the above idea (see Section 1.4.1)
leads, concretely, to the conclusion that (1.1) holds with &, = r(A)7,, where

r(A) := 151615 laiiv1] + 151615 |a;i—1| and 2sin (4}17:_ 2) <np <2sin (an:- 4).
(1.2)
In terms of provenance, the above observation and (1.1) are reminiscent of the
classical Gershgorin theorem [45, 86] that provides an enclosure for the eigenvalues
of an arbitrary n x n matrix. Indeed, in the simplest case n = 1, A, x = [ak+1.k+1] IS
the (k+1)th diagonal entry of the matrix A4, the above inequality implies that n, = 1,
and Spec, A,k is just dgy1,k+1 + r(A)D, the closed disc of radius r(A4) centred on
ak+1,k+1- Thus, (1.1) in the case n = 1 is simply

Spec 4 C | J(akx + r(AD), (1.3)
keZ

an enclosure of Spec A by discs centred on the diagonal entries of A that is an imme-
diate consequence of (an infinite matrix version of) the classical Gershgorin theorem'.
So, our enclosures (1.1) can be seen as an extension of Gershgorin’s theorem to create
a whole family of inclusion sets for the spectra of bi-infinite tridiagonal matrices.

An attraction of a sequence (X (A))nen of inclusion sets is that one can think
of taking the limit. We will see significant examples below, including well-studied
examples of tridiagonal pseudoergodic matrices in the sense of Davies [31], for which

H H
3% (A) — Spec A as n — oo (— is the Hausdorff convergence that we recall in

' An infinite matrix version of the Gershgorin theorem that implies (1.3) is proved as [20,
Theorem 2.50]. Alternatively, the inclusion (1.3) follows by applying (2.3) below, with B the
diagonal of A, noting that |4 — B|| < r(A) and Spec,.(4)B = Spec B + r(A)D.
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Section 1.3). But, in general, the sequence (E;’n (A))nen, based on computing spectral
quantities of square matrix finite sections of A, suffers from spectral pollution [34]:
there are limit points of the sequence (X (A)) that are not in Spec A.

The second key idea, dating back to Davies and Plum [34, pp. 423-434] (build-
ing on Davies [29]) for the self-adjoint case, and Hansen [55, Theorem 48] (proved
in [56]) and [56] for the general case (see also [2,25,26,61]), is to avoid spectral pollu-
tion by working with rectangular rather than square finite sections. In our context this
means to replace the n x n matrix A4, x by the (n + 2) x n matrix A:; &> containing all
the non-zero entries of A in columns k + 1 to k + n. It is a standard characterisation
of the pseudospectrum (see (1.10) and (7.2), or [85, Section 1.2]) that

Specen Ap g = {k € C : min(smin((A — /\[)n,k)v Smin((A™ — A])n,k)) = 5n},

where s, denotes the smallest singular value. This implies (with a little work, see
Proposition 3.1) that

2?,7 (A) = {)L eC: klng min(smin((A - Al)n,k): Smin((A* - AI)n,k)) = gn}-
€

Replacing square with rectangular finite sections in the above expression gives an
alternative sequence of approximations to Spec A, viz. (I'}, (4))neN, where
n

", (4):={reC: inf min(sumin (A — A1) ) smin (A* = A1)T ) < e} (1.4)
n < £l ]

Again, Spec A C T, (A) for each n (equation (1.30)), provided &, is large enough.
(We show in Section 5 that if €], := r(A)n) then n,, = 2sin(xr/(2n + 2)) is the smal-
lest choice of 7/, that maintains this inclusion for all tridiagonal A4.) Crucially, and this

is the benefit of replacing square by rectangular finite sections, also " Z,n, (4) i Spec A
as n — oo (Theorem 1.2), for every tridiagonal A.

The third idea is to realise that the entries in the tridiagonal matrix can themselves
be matrices (or indeed operators on some Banach space). This extends the above
results to general banded matrices (see Section 1.4 below). Further, by perturbation
arguments, we can obtain inclusion sets, and a sequence of approximations converging
to the spectrum, also for the band-dominated case (Section 1.4.3).

The final main idea of the paper is that, through a further perturbation argument
(see Section 1.4.4), the union and infimum over all k € Z, in (1.1) and (1.4), can be
replaced by a union and infimum over k € K, where K, C Z is a finite, A- and
n-dependent subset. Thus, provided that one has access through some oracle to the
sets K, for n € N, a sequence of approximations to Spec A4 is obtained that can be
computed in a finite number of arithmetic operations. In the language of the solvab-
ility complexity index (SCI) of [2, 3,22, 23, 25] these results (see Section 1.4.5 and
Section 7) lead to a proof that the computational problem of determining the spectrum
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of a band-dominated operator has SCI equal to one, if one chooses an evaluation set
(in the sense of [2,22,25]) that provides access to appropriately chosen submatrices,
i.e., to A,tk and (A*);r,k, forn € N and k € K,,. To showcase this result we provide a
concrete realisation of the associated algorithm (concrete in the sense that the sets K,
can be constructed) for the class of tridiagonal matrices that are pseudoergodic in the
sense of Davies [31] (see Section 8.4), illustrating this algorithm by numerical results
taken from [14].

To clarify the significance of this combination of ideas, let us make comparison
to the classical idea of approximating the spectrum or pseudospectrum of A by those
of a single large finite section of A. To avoid spectral pollution we take a rectangular
finite section: precisely (cf. (1.4)), consider the approximation

$2(A) := {4 € C : min(smin (A — A1);)), smin (A% — A1);1)) < &}, (1.5)

defined in terms of smallest singular values of 2n+3 x 2n+1 finite sections of A
and A*, which is a particular instance of the approximation sequence proposed by
Hansen [55]. Then, it follows from [55, Theorem 48] (the proof deferred to [56]) that,

H H
for every € > 0, $7(A) — Spec, A as n — oo. Since also Spec, A — Spec 4 as ¢ — 0,
we have that
Spec A = lim lim S](A).
E—>

0 n—>o00

This result trivially implies that there exists a positive null sequence (&;,),eN such
that .
Se (A) — Spec A asn — oo.

But, in contrast to the new approximation families that we introduce in this paper, this
null sequence (&, ) depends on A in an ill-defined, and unquantifiable way. Indeed, the
SCI result arguments of [2], that we discuss in Section 1.4.5 and Section 1.6, imply
that there exists no sequence of universal algorithms, indexed by n € N, operating
on the set of all tridiagonal matrices, such that the nth algorithm takes just finitely
many values of the matrix entries a; ; as input and gives ¢, as output, in such a way

that 7 (A) il Spec A for all tridiagonal A [23]. In the language of [2], the SCI
of computing the spectrum of a tridiagonal operator is two [23] if the evaluation set
is restricted to the mappings A — a; ;, for i, j € Z (i.e., to only local information
about the matrix 4). In contrast, our results in this paper show that the SCI is one if
we expand the evaluation set to include also the mappings A — K, for n € N (in
some sense global information about the matrix A). We are hopeful that changing
the evaluation set in analogous ways, to include global as well as local information,
should lead to reductions in SCI for a broad range of problems, in particular, for the
computation of a range of other spectral quantities (cf. [2,22,25,26]).
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1.2. The structure of the paper

In the next subsection, we briefly recall key notations and definitions necessary to read
our main results. In Section 1.4, we give an overview of these main results. We state
our results on inclusion sets for the spectrum and pseudospectrum in the case that
the matrix representation of A is banded in Section 1.4.1, prove our results on con-
vergence of our inclusion set sequences to the spectrum and pseudospectrum for the
banded case in Section 1.4.2, detail the extension to the band-dominated case in Sec-
tion 1.4.3, and summarise our results on computability and the solvability complexity
index in Section 1.4.4 and Section 1.4.5. In Section 1.5, we give a first example (the
shift operator) that serves to illustrate our inclusions (1.22), (1.25), and (1.30) below
and demonstrate their sharpness, and in Section 1.6, we survey related work, expand-
ing on the discussion above.

In Section 2, we detail further properties of pseudospectra needed for our later
arguments and introduce the so-called Globevnik property. Sections 3-5 prove the
inclusions (1.22), (1.25), and (1.30), respectively. In Section 6, we prove Theorem
1.9 that we state in Section 1.4.4, that justifies replacement of the infinite set of sub-
matrices that are part of the definitions of our inclusion sets with a finite subset. This
result is extended to the general band-dominated case in Theorem 6.1. In Section 7, we
give details of implementation, leading to our solvability complexity index results. We
discuss concrete applications of our general results in Section 8, notably to the case
where A is tridiagonal and pseudoergodic in the sense of Davies [31]. In Section 9,
we indicate open problems and directions for further work.

1.3. Key notations

As usual, we write Z, R, C for the integer, real, and complex numbers, N C Z is
the set of positive integers, D C C the open unit disc, T C C the unit circle, and,
forn € N, T, C T denotes the set of nth roots of unity, T, = {z € C : z" = 1}. §
denotes the closure of a set S C C and Z denotes the complex conjugate of z € C.
Throughout, X will denote some Banach space: at particular points in the text we
will make clear where we are specialising in the case that X is a Hilbert space or is
finite-dimensional. Further,

E :=1%(Z.X) (1.6)

will denote the space of bi-infinite X -valued sequences x = (x;);ez that are square-
summable, a Banach space with the norm | - || defined by [|x| = (3;cz |x; 2)1/2,
We will abbreviate £2(Z, C) as £>(Z).

The spectrum, pseudospectrum and lower norm. Let Y be a Banach space (through-
out the paper our Banach and Hilbert spaces are assumed complex). Given A € L(Y),
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the space of bounded linear operators on Y, we denote the spectrum of A by Spec 4.
With the convention that, for B € L(Y), |B™!| := oo if B is not invertible, and
that 1/00 := 0, and where [ is the identity operator on Y, we define the closed e-
pseudospectrum, Spec, A, by

Spec, A :={AeC:1/[(A=A)"| <&}, &>0. (1.7)
Clearly, Spec A C Spec,A C Spec,/ A, for 0 < ¢ < ¢/, and

Spec A = ﬂ Spec,A. (1.8)

>0

To write certain inclusion statements more compactly, we will define SpecyA :=
Spec A. For & > 0 we define also the open e-pseudospectrum’, spec, A, given by (1.7)
with the < replaced by <; the above inclusions and (1.8) hold also with Spec, A
replaced by spec,A. As a consequence of standard perturbation arguments (e.g., [33,
Theorem 1.2.9]), Spec . A4 is closed, for € > 0, and spec, A4 open, for ¢ > 0.

Given Banach spaces X and Y and B € L(X,Y), the space of bounded linear
operators from X to Y, one can study, as a counterpart to the operator norm || B|| :=
sup =1 [[Bx||, the quantity

v(B) := inf |Bx]|
lIxll=1
that is sometimes (by abuse of notation) called the lower norm (and sometimes, e.g.,
in [78], the injection modulus) of B. In the case that Y is a Hilbert space and A €

L(Y), ||A| is the largest singular value of A and v(A) is the smallest’. For every
Banach space Y and A € L(Y) the equality

/A7 = min(v(A), v(47)) =: u(4), (1.9)

holds, where A* is the Banach space adjoint (see below). In particular, A4 is invertible
if and only if v(A) and v(A*) are both nonzero, i.e., if and only if @ (A4) # 0, in which

2We refer readers unfamiliar with the pseudospectrum, its properties and applications, to
Section 2 below, and to Bottcher and Lindner [9], Davies [33], Trefethen and Embree [85], and
Hagen, Roch, Silbermann [51]. We note that the e-pseudospectrum, as defined in [33, 85] and
most recent literature, is our open e-pseudospectrum, but in part of the literature, including [51],
e-pseudospectrum means our closed e-pseudospectrum. As we recall in Section 2, if the Banach
space X has the so-called Globevnik property, which holds in particular, if X is a Hilbert space
or is finite-dimensional, these two pseudospectra are related simply by Spec,(B) = spec.(B),
fore > 0and B € L(X).

3Recall that the singular values of A € L(Y), defined whenever Y is a Hilbert space, are the
points in the spectrum of (A’A)!/2, where A’ is the Hilbert space adjoint.
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case v(A) = v(A*) = u(A). Further, if A is Fredholm of index zero, in particular, if
Y is finite-dimensional, then v(A4) = 0 if and only if v(A4*) = 0, so that u(A) = v(A).
From the definitions of spec, A4 and Spec, A and (1.9) it follows that

spec,A={AeC:u(A—Al)<e}, &>0,

(1.10)
Spec, A = {)L eC:u(A-Al) < 8}, e>0.

Simple but important properties of the lower norm are that, if A, B € L(X,Y) and Z
is a closed subspace of X, then

v(4lz) zv(4) and [v(4) —v(B)| = |4 - B]: (.11

see, e.g., [64, Lemma 2.38] for the second of these properties. It is easy to see (since
uw(A) = v(A) if u(A) # 0) that also

ln(A4) — w(B)| = |4 - BJ. (1.12)

Hausdorff distance and notions of set convergence. Let CB, CC denote, respect-
ively, the sets of bounded and compact non-empty subsets of C. For a € C and
S € CB letdist(a, S) := infpes |a — b|. For Sy, S, € CP let

dy (81, 82) := max( sup dist(sy, S2), sup dist(sz,S1)>,

s1E€S] $26€82

which is termed the Hausdorff distance between S and S». It is well known (e.g., [51,
60]) that dg (-, -) is a metric on CC, the so-called Hausdorff metric. For §1, S>3 € CBit
is clear that dg (S1, S2) = dg (S1, S2), so that dg (S1, S») = 0 if and only if S; =S5,
and dp (-, ) is a pseudometric on C5. For a sequence (S,) C CB and S € CB we
H H
write S, — S if dg(S,, S) — 0. This limit is in general not unique: if S,, — S and
H — _
T € CB then S, — T ifandonlyif § = T.
Simple results that we will use extensively are that if (S,) € C€ and S; D S, D
H
.-+, in which case § := N3, S, is non-empty, then S, — §, and that if § € CB,
H H
(S»), (T,) C CB,ScT,cS,and S, — S, then T,, — S. (These results can be
seen directly, or via the equivalence of Hausdorff convergence with other notions of
set convergence, see [60, p. 171] or [51, Proposition 3.6].)

Band and band-dominated operators. Let A € L(E), in which case (e.g., [64, Sec-
tion 1.3.5]) A has a matrix representation [A] = [a;, ;], that we will denote again by
A, with each a; ; € L(X), such that, for every x = (xj)jez € E with finitely many
non-zero entries, Ax = y = (y;)iez, where

vi=Y aijxj. i€L. (1.13)
jez
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The main body of our results are for the case where A € BO(E), where BO(E)
denotes the linear subspace of those A € L(E) whose matrix representation is banded
with some band-width w, meaning that a; ; = 0 for |i — j| > w, in which case (1.13)
holds (and is a finite sum) for all x € E. By perturbation arguments we also extend our
results to the case where A € BDO(FE), where BDO(FE), the space of band-dominated
operators, is the closure of BO(E) in L(E) with respect to the operator norm (see,
e.g., [64, Section 1.3.6]).

Adjoints. In many of our arguments, we require the (Banach space) adjoint A* of A
which we think of as an operator on E* := {?(Z, X*), where X * is the dual space of
X. This has the matrix representation [a};], where a}; € L(X™) is the Banach space
adjoint of a;; € L(X). In the case that X = C”, equipped with the £{” norm, with
1 < p < oo, we will identify X* with C" equipped with the £¢ norm, where ¢ is the

usual conjugate index (1/p + 1/q = 1), so that a;; € C™*" is just an n x n matrix
T

with scalar entries, and a;f ; is justa i

the transpose of the matrix a; ;.

1.4. Our main results
Having introduced key notations and definitions, let us now state our main results.

Reduction to the tridiagonal case. A simple but important observation is that, to
construct inclusion sets for the spectrum and pseudospectrum of A € BO(E) it is
enough to consider the case when the matrix representation has band-width one, so
that the matrix is tridiagonal®. For suppose that A is banded with band-width w € N
and, forb € N, let I : E — Ej, := £2(Z, X?) be the mapping

x = (xi)iez = § = (&)iez

with & = (Xpit1,. ... Xp(i+1)) € X?.Then, Ip is an isomorphism, indeed an isometric
isomorphism if we equip the product space X b with the norm

b 1/2
11 &)l = (Z ||s,~||§) (1.14)
j=1

(which we assume hereafter). Thus, A € L(E) and Ay € L(Ep), given by Ap =
I, AI;Y, share the same spectrum and pseudospectra and, provided » > w, the matrix
representation of Ay is tridiagonal.

“In the case X = C, in which case E = £2(Z) is a Hilbert space, and if 4 is self-adjoint,
reduction of computation of Spec A (and the pseudospectra of A) to consideration of the tridi-
agonal case is discussed in another sense in [55, Corollary 26], viz. the sense of reduction to
tridiagonal form by application of a sequence of Householder transformations (which preserve
spectrum and pseudospectra).
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Thus, in the statement of our main results we focus on the case where A € L(FE)
has a matrix representation that is tridiagonal, so that, introducing the abbreviations

@j 1= a1, B = ajjs v = aj-s

B2 y-1
a> B-1 Yo
A= o " : (1.15)
@ Bi1 y2
ay B

where the box encloses 8o = ag,0. As a special case of (1.13), y := Ax € E hasith
entry y; € X given by

Vi =i—1Xi—1 + Bixi + Vit1Xit1, 1 €Z.

It is easy to see that the mapping A given by this rule is bounded, i.e., A € L(E), if
and only if (¢;), (Bi), and (y;) are bounded sequences in L(X), i.e., are sequences in
£>*(Z, L(X)), a Banach space equipped with the norm || - || defined by ||x|co :=
sup; ez l1xillz(x), in which case

Al = r(A) + [|Blloc.  Where r(A) := [letfoo + [|¥lloo- (1.16)

Conversely, noting that ||a;_;

lLx) < ||A| foreveryi,j € Z,
r(4) = llafloo + 7o < 2[IA]. (1.17)

1.4.1. Our spectral inclusion sets for the tridiagonal case: The 7, &, and 71 meth-
ods. Since to derive spectral inclusion sets for A € BO(E) it is enough to study the
tridiagonal case, we restrict to this case in this subsection (and in much of the rest of
the paper); the action of A is that of multiplication by the tridiagonal matrix (1.15).
In this paper, we derive for this tridiagonal case three different families of spectral
inclusion sets that enclose the spectrum or pseudospectra of the operator A. Each
spectral inclusion set is defined as the union of the pseudospectra (or related sets)
of certain finite matrices. These finite matrices are either principal submatrices of
the infinite matrix (1.15) (we call the corresponding approximation method the “t
method”, where 7 is for truncation), or are circulant-type modifications of these sub-
matrices (the “m method”, m for periodised truncation), or they are connected to
infinite submatrices with finite row- or column number (this is our “z; method”, 71
for one-sided truncation).
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/
ne

ey, for the 7, 7, and 7; methods, respectively, which arises from replacing infinite
matrices by finite matrices. As will be demonstrated by the simple example where A

In each method, as discussed below (1.23), there is a “penalty term”, &,, €, and

is the shift operator in Section 1.5, our values for &, 8;1, and e;; are optimal; there is
at least one tridiagonal A € L(E) such that, if we make any of these values smaller,
the claimed inclusions fail. In this limited sense our inclusion sets are sharp.

To define these methods, for k € Z andn € N, let P,  : E — E be the projection
operator given by

(Ppix); = (1.18)

xj, jelk+1Lk+2,....k+n}
0, otherwise,

and let £, ; := P, x(E) be the range of P, x. In the T and 7 methods, we construct
inclusion sets for the spectrum and pseudospectrum of A from those of the finite
section operators

An,k = Pn,kAPn,k|En.k : En,k - En,k

and their “periodised” versions Aze;c’t : Engx — Ep g, witht € T, so that, forn € N,

k € Z, A, i acts by multiplication by the n x n principal submatrix

Bi+1  Yk+2
Arr1 Bry Vk+3
Ank = (1.19)

Ukin—2 PBktn-1 Vkin
Ok +n—1 ,3k+n

of A and AP;" acts by multiplication by the matrix
per,t t
Ay = Ang + By
where B! , is the n x n matrix whose entry in row i, column j is
81,187tk + 8in 8,11 Vktnt1,
where §;; is the Kronecker delta, so that, for n > 3,

Br+1 Vk+2 tay
+1 Pr+2  Vk+3
Ay = (1.20)

Uk+n—2 ,3k+n—1 Yk+n
!Yk+n+1 Uktn-1 Brk+n

(see Figure 1.1 for visualisations of these finite section matrices).
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TN
L] L]
per.? R
A”’k An,k An,k
NN N
w
the T method the 7 method the 71 method

Figure 1.1. The finite section matrices A x, Aze’r/’{t, and A:,k, given by (1.19), (1.20), and
(1.32), respectively, that arise in the t, r, and t1 methods, respectively.

The v method. Defining’, forn € N,

ol (A):= | Jspec,Apr. £>0 and Z2(4):=|J Spec,dnr. £>0. (1.21)
keZ keZ

the 7-method inclusions sets are the right-hand sides of the following inclusions
(recall that SpecyA := Spec A so that taking ¢ = 0 in the first of these inclusions
provides an inclusion for Spec A4):

Spec,A C ¢, (A), &>=0 and spec,A Cog,, (A), &>0. (1.22)

These inclusions (proved as Theorem 3.6) hold for all » € N, the second inclu-
sion with no constraint on the Banach space X, the first with the constraint that
X satisfies Globevnik’s property (see Section 2), which holds, in particular, if X is
finite-dimensional or a Hilbert space. The term &, defined in Theorem 3.6 (and see
Corollary 3.7 for the special case that A is bidiagonal), enters (1.22) as a “truncation
penalty” when passing from the infinite matrix A to a finite matrix of size n x n.
(Similar comments apply to the terms ¢, and ¢/ in the 7 and 7; methods below.)
Corollary 3.8 provides an upper bound for ¢, that implies that

T
0<¢g, <2(|x + sin —————
e .
< (otlloo + [V llo0) —— '
— o0 o0 n+2'

3Tn the following equation spec, 4, x denotes the open &-pseudospectrum of the operator
An .k Enx — En k., where E,  C E is equipped with the norm of E or, what is the same
thing, the open e-pseudospectrum of the matrix (1.19), where the matrix norm is that induced
by the norm (1.14) on X”. A similar comment holds for the other e-pseudospectra in (1.21) and
(1.24).
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The & method. Similarly, defining, forn € N andz € T,

al(A) = U spec, A°', £>0 and II™(A) := U Spec, AP, £>0,

e ink £ n,k
keZ keZ
(1.24)
we prove in Corollary 4.5, forn € N and ¢ € T, the w-method inclusions
Spec,A C H8+8/ (A), €>0 and spec,AC n8+8/ (4), &>0, (1.25)
where .
en = 2(letlloo + 17 lloo) sin . (1.26)

and the second inclusion in (1.25) holds whatever the Banach space X, while the first
requires that X has the Globevnik property.

Our motivation for the 7 method and the definitions (1.24) comes from consid-
eration of the case when the diagonals of A are constant, i.e., A is a so-called block-
Laurent matrix. If A is tridiagonal and block-Laurent and X is a finite-dimensional
Hilbert space, then Spec, A = U et IT2" (A), for & > 0, and spec, A = U,er 72" (A),
for £ > 0 (see Theorem 8.1).

The 71 method. The r; method modifies these constructions using ideas from [29,
34,55] (see the discussion in Section 1.1). To see the similarities but distinction
between the 7 and 71 methods, for B € L(E) andn € N let

11} (B) := inf 1(Pn x BlE, ) = inf min (v(PyBlE, ) v(PaiB*|E, ). (1.27)
keZ keZ
Then, see Proposition 3.1,

of(A)={reC:puf(A—2Al)<e} and ZTU(A)={reC:pul(A-Al)<e},
(1.28)
for ¢ > 0, the first of these identities holding for every Banach space X, the second
if X has the Globevnik property. The operators P, x B|E,, , are two-sided truncations
of B, each corresponding to an n x n matrix. By contrast, in the 7; method we make
one-sided truncations, dropping the P, x’s in (1.27), and so, replacing ,u;r,(B) by

pn(B) := inf min (v(B|E, ). v(B*|E, ).
keZ
Precisely, forn € N let

YE(A) :={AeC:pus(A—Al) <&}, &>0,

(1.29)
2 (A) := {)& €C:up(A—AI) < e}, > 0.



S. Chandler-Wilde, R. Chonchaiya, and M. Lindner 732

Then, the t; method inclusions are

F;;(A) C Spec, A C FngSZ (4), &=0, (1.30)
vF(A) Cspec,A C Veser (4), e>0,
which hold for all n € N (whatever the Banach space X)), where
: T
gp 1= 2(lafloo + [ [loo) sin 2t D) (1.31)

In contrast to (1.22) and (1.25), (1.30) provides two-sided inclusions, which is signi-
ficant for the convergence of the 7; method inclusion sets in the limit n — oo (see
Theorem 1.2). We will establish the inclusions from the right in Section 5.1 (see
Corollary 5.4), but the inclusions from the left, i.e., that I'} (4) C Spec, A4, for e > 0,
and p/'(A) C spec, A, for ¢ > 0, are immediate consequences of the definitions and
the first inequality in (1.11).

Like the 7 and & method inclusion sets (1.21) and (1.24), also the 7; method
sets (1.29) can be expressed in terms of finite submatrices. For n € N and k € Z,
(A —AI)|E, , corresponds to the oo x n matrix consisting of columns k + 1 to k +n
of A. Let A,’:’ « denote the matrix consisting of the n + 2 rows of this co X n matrix that
are non-zero, by the tridiagonal structure of A, and let 7, denote the corresponding
submatrix of the identity operator, so that A:’ ¢ and I} are the (n 4 2) x n matrices

Ye+e1 O - 0 O
Anﬁk = Ak ,
0 0 -+ 0 Okin
(1.32)
0 --- 0 Iy
InJr = I, ,  where I, :=
0 --- 0

Ix

is an n X n identity matrix, and Iy is the identity operator on X (see Figure 1.1 for
a visualisation of A;quk)' Then, forn e N,k € Z,and A € C, v((A — AD)|g, k) =

v(AIk — ALYy and v((A — AD)*|g, k) = v((A*)Ik — A1), so that
pn(A— A1) = knel; min (v(A4, , = ALD), v(A"),) = ALD)). (1.33)

1.4.2. Our convergence results for the banded case. The inclusions (1.22), (1.25),
and (1.30), for the 7, m, and 71 methods, are main results of the paper. A further key
result, a corollary of the two-sided inclusion (1.30), is the convergence result, stated
as Theorem 1.2 below, that the 7; method inclusion sets, I'} el (A) and Ye. el (A),
converge to the spectral sets that they include as n — oo.
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The one-sided inclusions for the t and 7 methods, (1.22) and (1.25), do not imply
convergence of the corresponding inclusion sets to the spectral sets that they include;
indeed we will exhibit examples where this convergence is absent (see Example 1.11,
Section 8.1, and Section 8.3). But these methods are convergent if they do not suffer
from spectral pollution for the particular A in the sense of the following definition®
(cf. [34]). This is a strong assumption; indeed, to say that the T method does not suffer
from spectral pollution is equivalent to saying that, for some positive null sequence
N, 0g (A) C specgyp, A, for e > 0, and similarly for the = method, in which inclusion
takes the place, for the /7 methods, of the left-hand inclusions in (1.30), for the ;
method. Nevertheless, we will see below, in Section 8.2 and Section 8.4, important
applications where this absence-of-spectral-pollution assumption is satisfied.

Definition 1.1 (Absence of spectral pollution). We say that the ¢ method (the &

method for a particular ¢t € T) does not suffer from spectral pollution for a partic-

ular tridiagonal A € L(FE) if there exists a positive null sequence (7,),eN such that,
r,

for every e > 0, spec, A,k C spec,y, A (spechzekt C specgyp, A) for n € N and
k eZ.

The following three theorems are our main convergence results for the 7y, 7, and
7 methods. These are theorems for the case that A € L(FE) is tridiagonal, but recall
from Section 1.4 that every A € BO(E) can be written in this tridiagonal form. The

. . H
proofs of these results, in which — denotes the standard Hausdorff convergence of
sets introduced in Section 1.3, are so short that we include them here.

Theorem 1.2 (Convergence of the t; method). Suppose that the matrix representa-
tion of A € L(E) is tridiagonal. Then, as n — oo,

H H
F:+€£{ (A) — Spec,A fore >0, inparticular, F:,n, (A) — Spec A. (1.34)
If X has Globevnik’s property (see Section 2) then also

y:ﬂ% (4) A, spec, A fore > 0. (1.35)

The standard notion of spectral pollution, e.g., [34], is that a sequence of linear operators
(A,) approximating A suffers from spectral pollution if there exists a sequence z, € Spec A,
such that z,, — z and z & Spec A. Spectral pollution is said to be absent if this does not hold. One
might, alternatively, require absence of spectral pollution to mean that also every subsequence of
(A,,) does not suffer from spectral pollution. Absence of spectral pollution in this stronger sense
is equivalent to a requirement that, for some positive null sequence (1), Spec A, C spec,, A
for each n. Our notion of absence of spectral pollution is a version of this definition that is
concerned with pseudospectra not just spectra, and is uniform with respect to the parameter
keZ.
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Proof. 1t follows from (1.30) that, for ¢ > 0,

Spec, A C '}, .(A) C Specgy . A. (1.36)

s+,

Since &), — 0 as n — oo, (1.34) follows from (2.8) and the observation at the end of the
Hausdorff convergence discussion in Section 1.3. By (1.30), for & > 0 the inclusions
(1.36) hold also with Spec, replaced by spec, and I'”, ,,(A) replaced by y”, ,(A).

e+ep ety

Further, if X has Globevnik’s property then
H
SpeCy 4. A — spec, A
(see the comment below (2.8)), and (1.35) follows. [ ]

Theorem 1.3 (Convergence of the T method). Suppose that the matrix representation
of A € L(E) is tridiagonal, the T method does not suffer from spectral pollution for
A, and X has Globevnik’s property. Then, as n — oo,

SM.. (A) 2> Spec, A fore >0, inparticular, 3" (A) - Spec A, (1.37)

and .
Ogre,(A) — spec, A fore > 0. (1.38)

Proof. Tt follows from (1.22) and that the T method does not suffer from spectral
pollution for A that, for some positive null sequence (1),

SpeCsA - Eg+sn (4) C Ug+1/n+e,,A C Specs+1/n+an+nn‘4 C Speca+1/n+an+nnA

(1.39)
for ¢ > 0, so that (1.37) follows from (2.8). Similarly, for ¢ > 0,
spec, A C oy, (A) Cspeceyy iy A.
So, (1.38) follows from (2.8). ]

Arguing similarly, but using (1.25) instead of (1.22), we have an analogous result
for the = method.

Theorem 1.4 (Convergence of the = method). Suppose that the matrix representation
of A € L(FE) is tridiagonal, that the w method does not suffer from spectral pollution
for A for some t € T, and that X has Globevnik’s property. Then, as n — 00,

HZ_’;% (4) A Spec, A fore >0, inparticular, T3 (A) A, Spec A4, (1.40)

and u
Moy, (A) — spec, A fore > 0. (1.41)
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Remark 1.5 (Estimation of ¢,, ¢, and ¢/). It is clear, inspecting the proofs, that
Theorems 1.2-1.4 remain valid if &,, €}, and &), are replaced in the statements of the
theorems by upper bounds 7,, 1,,, and 7, as long as these upper bounds tend to zero
as n — oo. In particular, Theorem 1.3 remains true with &,, as defined in Theorem 3.6,
replaced by the explicit upper bounds for &, obtained in Corollaries 3.8 and 3.9.

1.4.3. The band-dominated case. The above results for banded operators can be
extended to the band-dominated case by perturbation arguments, precisely by using
(2.4) below, a simple perturbation inclusion for pseudospectra. Perhaps unexpectedly,
this leads not just to inclusion sets but also to convergent sequences of approxima-
tions, even for the spectrum.

To see how this works, suppose that A € BDO(FE), and let us focus for brevity on
the 7; method and the case that X is finite-dimensional or a Hilbert space (we prove a
closely related result for the general Banach space case in Section 6 as Theorem 6.1).
Then, by definition, there exists a sequence (4™), ey C BO(E) such that §,, := |4 —
A || = 0asn — oo. Let wy, be the bandwidth of A™ and let 4, = IwnA(”)I;nl,
where I} is defined, for b € N, as below (1.14). Then, as discussed in Section 1.4,
the matrix representation of A, is tridiagonal. We will apply the inclusion (1.30) to
Ap. Let us write €], in that inclusion as &), (A4) to indicate explicitly its dependence on
A, so that

en(A) = 2r(A)sin 3 (1.42)

T

(n+1)°
where 7 (A) is defined by (1.2). Then, for ¢ > 0 and n € N, using (1.30) and (2.5), we
see that

Spec, A C Spec, .5, A™) = Spec, 5 An
C T s, rera,(An) C Speceis, 1 oria,)(An)
= Spec, 5, +e ) (A™) C SPecy o5, 1o (4, (A).
Now, &//(Ay) — 0 as n — 0o, since, by (1.17), r (A,) < 2|| A | = 2| A™| < 2(]| 4| +

H
8n). Thus, by (2.8), Spec, 55, + ¢/ (4,)(A) —> Spec, A as n — oo, which gives imme-
diately the following result.

Theorem 1.6. Suppose that A € BDO(E) and X is finite-dimensional or a Hilbert
space, and let (A"™),en C BO(E) be such that §, = ||A — A™W| — 0asn — oo,
and let Ay, := IwnA(”)I;i, where w,, is the band-width of A® | 5o that A, is A™
written in tridiagonal form. Then, for e > 0 andn € N,

Spec, A C F:+8n+8Z(An)(A") c SpeCE+25n+SZ(An)(A),

H H
n ; ; n
so that FE+8"+8%(A’7)(A,,) —> Spec,A as n — 0o, in particular, F8,1+e;{(An)(A”) —

Spec A.
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Remark 1.7 (Construction of banded approximations and estimation of §,,). Itis easy
to see that the statements in the above theorem remain true (cf. Remark 1.5) if §, is
replaced throughout with any upper bound 7, > 8, := |4 — A®™||, as long as 5, — 0

H

.3 3 n n
as n — 00; in particular, Spec,4 C Fe+.nn+8§§.(An)(A”)nand Fs+nn+s§,’(A,1)(A") —
Spec, A as n — oo. But to compute the inclusion set I'] el A,,)(A") one needs

both a concrete banded approximation A®™ to A and the upper bound 7, > §,. Con-
cretely, one can take, for some p > 0, A® € BO(E) to be the matrix with band-width
n and entries [af’nj)] given by

o=y i i<
" = (=) e =]l = (1.43)
’ 0, i = j| > n,

for n € N. Provided p > 0, it holds that §,, = ||A — A®|| — 0 as n — oo (see the proof
that (e)=>(a) in [74, Theorem 2.1.6]). For p = 0, A™ is the obvious approximation
to A with band-width n obtained by simply discarding the matrix entries a;; with
|i — j| > n. In many cases this approximation is adequate, but it does not hold in
this case that |4 — A™| — 0 as n — oo for all A € BDO(E) (see the example in
[64, Remark 1.40]).

One case where the simple choice p = 0 is effective is where A € 'W(E), the
so-called Wiener algebra (e.g., [64, Definition 1.43]). In terms of the matrix repres-
entation [a; ;], A € W(A) precisely when there exists k = (k;);ez € £'(Z,R) such
that ||a; j|lLx) < ki—j, for i, j € Z. In that case it is clear that (see [64, equation
(1.27)]), defining A™ by (1.43) with p = 0,

|A—A®| <ny:= Y s, neN,

|k|>n
with n, — 0 asn — oo.

Remark 1.8 (Proving invertibility of operators). Let us flag one significant applic-
ation of Theorem 1.6 and our other convergence theorems, Theorems 1.2—1.4, when
coupled with the inclusion results (1.22), (1.25), and (1.30). Suppose that A BDO(E)
and that (U, )pen C CCisa sequence of compact sets with the following properties:

(a) Spec A C Uy, forn € N; (b) U, i Spec A as n — oo. Then, it is easy to see that
the following claim holds for any A € C:

Al — Ais invertible <= A € U, forsomen € N. (1.44)

In particular, A is invertible if and only if 0 & U,,, for some n € N.
Of course, by (1.30) and Theorem 1.6, if X is finite-dimensional or a Hilbert
space, a sequence (U, ),en With these properties, for any A € BDO(E), is the sequence
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U,=T ZZ (A), n € N. We will see below in Theorem 7.1 that, in the case that X = C,
another sequence with properties (a) and (b) is the sequence U,, = fgn (A),n € N. The
attraction of this alternative choice for (U, ), e is that one can determine whether A €
U, in only finitely many arithmetic operations (see Theorem 7.1). Thus, if Al — A4 is
invertible, this can be proved in finite time, by checking whether A € U,, successively
forn = 1,2,..., stopping when a U, is found such that A & U,. (The existence of

such a U, is guaranteed by (1.44).)

At the end of Section 8.4.1 we use (1.44), with U, = Egn (A), for an operator
A, the so-called Feinberg—Zee operator, for which this choice of U, satisfies (a) and
(b), to show that a particular A & Spec A, proving that Spec A is a strict subset of the
closure of its numerical range.

1.4.4. Computability of our inclusion sets: Reduction to finitely many matrices.
A criticism of the inclusion sets that we have introduced in Section 1.4.1 from the
perspective of practical computation is that to determine whether or not a particular
A € C is in one of these inclusion sets, one has to make a computation for infinitely
many finite matrices, indexed by k € Z.

In certain cases this infinite collection of finite matrices is in fact a finite collec-
tion. For the inclusion sets with parameter n > 2, this is the case precisely when the
tridiagonal matrix A has only finitely many distinct entries. (If n = 1 it is enough, for
the t method, if the set {8 : k € Z} is finite.)

When A has infinitely many distinct entries, provided the set of matrix entries is
a relatively compact subset of L(X), which is the case, in particular, if X is finite-
dimensional, we can approximate the infinite collection arbitrarily closely by a finite
subset. We spell out the details in the following theorem for the 7; method under
the assumption that X is finite-dimensional or a Hilbert space; similar results hold
for the T and 7w methods. The point of this theorem is that, for every ¢ > 0, it can
be established whether or not A € T'? -fin
norms of finitely many finite matrices are < e. Note that the definition of I'y ofin (A) in
(1.47) is identical to the definition (1.29) of I'} (4), except that ©", defined by taking
an infimum over Z, is replaced by pufi", defined by taking a minimum over the finite
set K,,. Thus, for e > 0,

(A) by determining whether or not the lower

T(4) C I7(A). indeed also I7(4) € T (4), (1.45)

as a consequence of (1.11), if (1.46) holds. This result, indeed an extended version of
this result that applies in the general band-dominated case and for every Banach space
X, is proved in Section 6 as Theorem 6.1. A version of this theorem for the T and 7
methods, under the assumption of absence of spectral pollution (Definition 1.1), is
proved as Theorem 6.3.
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Theorem 1.9. Suppose that X is finite-dimensional or a Hilbert space, that A € L(E)
is tridiagonal, and that {A;j : i, j € Z} C L(X) is relatively compact. Then, for every
n € N there exists a finite set K,, C Z such that

Vk € Z3j € Ky suchthat || A}, — A || < 1/n and |(A"), = (A% ;] < 1/n.

(1.46)
Further, fore > 0 andn € N,
T2 (A) € Spec,A C T, (A),
where
I2(A4) = {1 e C:uf™(A—Al) <&},
(1.47)

pwin(B) := min min (v(BlE, ) v(B*|E, )
kekK;,
for B € L(E), so that

puin(4 —AI) = krggl min (v(4,, — AL, v((A™),5, —ALS)) forAeC.

(1.48)
Further, for e > 0,

i q
F:+sn§{+1/n(A) —> Spec, A4

as n — oo, in particular

H
T, (A) = Spec A.

Of course, a practical issue for computation is how to determine the finite set K.
As a concrete, nontrivial example, we demonstrate how to reduce from an infinite set

to a finite set for the class of tridiagonal operators that are pseudoergodic in the sense
of Davies [31] in Section 8.4.2.

1.4.5. An algorithm for computing the spectrum in the case X = C? and its
solvability complexity index. In the finite-dimensional case that X = C?, for some
p € N, equipped with the usual Euclidean norm, a sequence of approximations con-
verging to Spec A, in the case when A is band-dominated, can be realised with each
member of the sequence computed in finitely many operations, provided we have
available as inputs to the computation sufficient information about A. We will demon-
strate this for the general band-dominated case in Section 7. For the tridiagonal case,
with A given by (1.15) and X = C? (recall that we noted in Section 1.4 that every
A € BO(FE) with X = C can be written in this form), the t; version of the algorithm
proceeds as follows. We use in this definition the notation (cf. (1.58))

1
Grid(n,r) .= —(Z +iZ)NrD, neN, r>0. (1.49)
n
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Let Q’T’ denote the set of all tridiagonal matrices (1.15), with «, 8,y € £*°(Z, X)
and X = C?, for some p € N. Where, as usual, P(S) denotes the power set of a set
S, the inputs we need are the following.

(1) A mapping A, : Qéﬁ XN — P(Z), (A,n) — K, where K, C Z is a finite

set such that (1.46) holds.

(2) A mapplng e(Bp . Q; — R37 A (amaxv ﬂmaxv ymax)a such that Omax = ”a“OO’
Brax = |Bllocs Ymax = [V [loo-

(3) Amapping €, : QF x Z x N — (X@+2xm)2 (4 n k) > (A, (4%) ).
It is not clear to us how to construct a map #, such that #4,(A, n) can be expli-
citly computed for general A € Q7. Indeed, establishing existence of a map A, :
Q% x N — P(Z) with the required properties may require an application of the
axiom of choice. But, as a non-trivial example, we will construct in Section 8.4.2
a version of the mapping #,, for the important subset Qg C Q} of operators that are
pseudoergodic in the sense of Davies [31].

The sequence of approximations to Spec A, each element of which can be com-
puted in finitely many arithmetical operations, given finitely many evaluations of the
above input maps, is the sequence (I'f, (4)),en, defined using the notation (1.47) by

7 (A) := rj;;ﬁ;g (A NGrid(n, R), n €N, (1.50)

with (cf. (1.31))

N 22 . T "
En = (amax + Vmax) 7(n—+1) > 2(Olmax + Vmax) sm m = gna (1-51)

(@maxs Bmaxs Ymax) := Bp(A4), R := ¥max + Pmax + VYmax (so that R is an upper bound
for || A]|), and K, in the definition (1.47) and (1.48), given by K, := #,(4, n).

Proposition 1.10. For A € QIT’ andn € N, I'fl (A) can be computed in finitely many
arithmetic operations, given finitely many evaluations of the functions A,, 8,, and
€,, namely, the evaluations: K, := A,(A, n); (A;:'k, (A*);:'k) = C€,(A, k,n), for

H
k € Ky; and (0tmax, Bmaxs Ymax) 1= Bp(A). Further, I'fl (A) — Spec A as n — oo,
and also
~ 2— H
If,(A) :=Tg,(A) + =D — Spec A
n

asn — oo, with Spec A C f‘gn(A)for eachn € N.

We give the proof of the above result, and a version for A € BDO(E) in Section 7.

The above result can be interpreted as a result relating to the solvability complex-
ity index (SCI) of [2,25]. Let us abbreviate Q1., Ay, 81, and €; as Qr, A, B, and
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€, respectively, so that Q7 is the set of tridiagonal matrices with complex number
entries. With the evaluation set (in the sense of [2,25])’

A = {A(.n), B, €(.k,n): ke Z,neN}, (1.52)

where we equip C€, the set of compact subsets of C, with the Hausdorff metric (see
Section 1.3), the mappings

Qr - C¢, A TL(A), A T2 (A),

are general algorithms in the sense of [2,25] for each n € N. Further, f‘g‘n(A) can
be computed in finitely many arithmetic operations and specified using finitely many
complex numbers (the elements of I'f’, (4) and the value of ). Thus, where & : Q7 —
CC is the mapping given by E(A) := Spec A, for A € Qr, the computational problem
{E,Qr, C€, A} has arithmetic SCI, in the sense of [2,25], equal to one; more pre-
cisely, since also Spec A C r i (A), foreachn € N and 4 € Qr, this computational
problem is in the class 14, as defined in [2,25].

The same observations on SCI classification hold true for the corresponding com-
putational problem with Q7 replaced by  := BDO(FE), that we consider in Sec-
tion 7; again this has arithmetic SCI equal to one. In contrast, as we recall in Sec-
tion 1.6, the computational problem of determining the spectrum of a band-dominated
operator, indeed even the restricted problem of determining the spectrum of a tridiag-
onal matrix, has been shown in [23], adapting the arguments of [2], to have an SCI of
two when the evaluation set, the set of allowed inputs to the computation, is restricted
to the mappings Q7 — C, A — a; j, fori, j € Z, providing evaluation of the matrix
elements.

1.5. A first example demonstrating the sharpness of our inclusion sets

We will explore the utility and properties of these new families of inclusion sets in
a range of examples in Section 8. But, to aid comprehension of the 7, 7, and 7;
inclusion sets introduced in Section 1.4.1, and demonstrate their sharpness, let us
pause to illustrate them as applied to one of the simplest scalar examples, an example
with X = C so that the matrix entries are just complex numbers. We will return to
this example in Section 8.1.

7Strictly, to fit with the definition in [25, Section 2.1], each element of the evaluation set A
should be a complex-valued function on 27 . But it is easy to express our evaluation set in this
form, expressing each of our functions in terms of a finite number of complex-valued functions.
In particular, where M := |K,|, the set of integers K, = {k1,...,kp}, withk; <kp <--- <
kg, which is the output of the mapping (-, n) applied to A, might be encoded as the complex

M i—ki

number x + iy, with x := ky and y := T1;Z | pf , where p; is the ith prime number.
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Example 1.11 (The shift operator). Let V denote the shift operator on £2(Z), taking
x=(xj)jez €L3(Z) 0y = (yj)jez € L*(Z) with x; = yj 41 forall j € Z. Its matrix
is of the form (1.15) witha; =1, 8; = 0and y; = Oforall j € Z. For A :=V, the
matrices (1.19) and (1.20) are given by

nxn (1.53)

A = v =
1 0
nxn
for all n € N, independent of k € Z. The circulant matrix VP! is normal and has
spectrum spec VP! =T, = {z € C : z" = 1} (e.g., [85, Theorem 7.1]). For¢ € T,

1/n

where o = t!/7 denotes any one of the nth roots of ¢, and D,, := diag(a!, ..., a"), it

holds that
Dn—l(Vnper,t _ /\In)Dn — a(Vnper,l _ Ao‘cln)

so that V,"*"! is also normal and
Spec VPt = t1/"Spec Vperl = 1/, (1.54)

(Note that the set 1/ "T, is independent of which nth root of ¢ we select.) Thus, for
eacht € T, the spectrum of V, SpecV =T = {z € C : |z| = 1}, is well approximated
as n — oo by Spec V,"*"', but clearly not by Spec V,, = {0}.

The T method and 7 method inclusion sets for Spec V' = Spec, V, given by (1.22)
and (1.25), respectively, reduce in this case to the sets

E;‘n(V) = Spec,, (Vn)

and
H;’;’ZZ(V) = Spec (V,7"), teT.

Since ||¢t||oo = | and ||y ||eo = O for this example, we have by Corollary 3.7 and (1.26)

that
. b/ , e
&p = 2sin and &), =2sin| — ).
4n +2 2n

Spec,, (V,) and Spec,; (V;P*"") are neighbourhoods of SpecV;, ={0} and SpecV P! =
tnT,, respectively. By (1.22) and (1.25) these neighbourhoods must be large enough
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rmethod | [ \), TR 1 VT \}

7 method, - e
oot o \,\
witht =1 1l L)
.
71 method

Figure 1.2. The 7, 7, and 71 inclusion sets, 37 (V), HZ,’I(V), and I‘Z,,(V), respectively, for

n = 4,8, 16, and 32, each an inclusion set for Spec V = T.

to cover Spec V' = T. As we will see in Section 8.1, for each n € N, X (V) is pre-
cisely the closed unit disc, while (we recall this and other properties of pseudospectra
below in Section 2), since V,>*"' is normal, Specsgl(Vnper’t) = HZ;(V) is the closed
&, neighbourhood of tY/"T,,. Further, as we will see in Section 8.1, FZ’,{(V)’ the 1;
method inclusion set given by (1.25), is the closed annulus with outer radius 1, inner

T
" = 2sin [ —— ).
Sn Sin (2(n+1))

Of course any intersection of these inclusion sets is also an inclusion set. In par-

radius 1 — (£)/)?, where

ticular, see Section 8.1,

(') = (@' Ty + &, D)

teT teT

is also a closed annulus, with outer radius 1, inner radius 1 — (8;1)2. The 7, 7, and 71
inclusion sets for spec V' = T are shown for a range of values of n, selecting t = 1
for the = method, in Figure 1.2.

This simple example illustrates the sharpness of the inclusions (1.22), (1.25), and
(1.30). As we will see in Section 8.1, the inclusion sets, which are the closed disc D
for the T method, the union /" T,, + &/, D of closed discs around shifted roots of unity
for the 7 method, and a closed annulus for the t; method, do not cover spec V =T
if e, €,, and ], are any smaller than the values given above.
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This example also illustrates Theorem 1.2 on convergence of the t; method, that

FZZ(V) i spec V' as n — oo. Since also, for each t € T, HZ;f(V) i spec V' as
n — 00, this example also illustrates that the 7 method can be convergent. (General-
ising this example, we will show in Section 8.4, by application of Theorem 1.4, that
the 7 method is convergent for all tridiagonal A € L(E) with scalar entries that are
pseudoergodic in the sense of Davies [31], this class including all tridiagonal Laurent
matrices, where the diagonals «, B, and y are constant.) Of course, this is also an
example illustrating that the T method need not be convergent, an example where the
7 method suffers from spectral pollution (see Definition 1.1), so that the conditions of
Theorem 1.3 are not satisfied.

1.6. Related work

Let us give more details about previous work related to this paper, on inclusions sets
and approximation algorithms for the spectrum and pseudospectrum of bounded lin-
ear operators. See also the recent, overlapping review in [25].

Given a Banach space Y, and A € L(Y), a trivial but important inclusion set for
Spec A is the ball || A|D = {z € C : |z| < || A||}. In the case that Y is a Hilbert space,
a well-known, sharper inclusion set is Num A, the closure of Num A, the numerical

range of A. Important generalisations of these respective inclusion sets are the higher
order hull and (in the case that Y is Hilbert space) the higher order numerical range,
denoted by Hull,; A and Num, A4, respectively, and defined by (e.g., [33, Section 9.4])

Hull, 4 := ﬂ {z Cp(@)] < ||P(A)||},
deg(p)=<n

Num,A:= (1) {z:p(2) € Num(p(4))}
deg(p)=n

for n € N. Note that Num; 4 = Num A and, rather surprisingly (see [33, Theorem
9.4.5] and [12]), Hull, A = Num, A, for each n, in the case that Y is a Hilbert space.
Clearly, the higher order hulls and numerical ranges form decreasing sequences, i.e.,
Hull,,+1A C Hull, A and Num, 1A C Num, A, for n € N, so that

Hull, A 2> Hull A := () Hull, 4 and Num, 4 A, Numgod := (M) Num, 4
neN neN

as n — oo. (Of course, Numy, A is defined only in the Hilbert space case, in which
case Hulloo A = Numg, A, since Hull, A = Num,, A for each n.)

These inclusion sets may be sharp or asymptotically sharp as n — oo. In particu-
lar, [33, Lemma 9.4.4], Hull;(A) = Num,(A4) = Spec(A) in the Hilbert space if A is
self-adjoint. Further [71, Theorem 2.10.3] Hullooc 4 = @A, the complement of the
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unbounded component of C \ Spec A4, so that Hull, A LR Spec A as n — oo if and
only if C \ Spec A has only one component. But, while these sequences of inclusion
sets are of significant theoretical interest and converge in many cases to Spec A4, it is
unclear, for general operators A and particularly for larger n, how to realise these sets
computationally. (However, see the related work of Frommer et al. [43] on compu-
tation of inclusion sets for pseudospectra via approximate computation of numerical
ranges of resolvents of the operator, and work of Bogli and Marletta [6] on inclusion
sets for spectra via numerical ranges of related operator pencils.)

For finite matrices, as we have noted already in Section 1.1, a standard inclusion
set for the spectrum (the set of eigenvalues) is provided by Gershgorin’s theorem [45,
86]. This result has been generalised, independently in Ostrowski [72], Feingold and
Varga [41], and Fiedler and Ptak [42] (and see [86, Chapter 6]) to cases where the
entries of the N x N matrix A = [a; ;] are themselves submatrices®. A further exten-
sion to the case where each entry a; ; is an operator between Banach spaces has been
made by Salas [76]. To make clear the connection with this paper, consider the case
where each entry a; ; € L(X), for some Banach space X. The main result of [76] in
that case, expressed in the language of pseudospectra, is that

N N
Spec A C U Spec,,ai,i, wherer; := Z llai,jllLcxy (1.55)
i=1 J=1,j#i

which is close to (1.1) in the case n = 1, when ¢, = r(A) and r(A) is an upper
bound for sup;cy ;. Of course, (1.55) is for finite rather than infinite matrices. Sev-
eral authors have generalised the Gershgorin theorem to infinite matrices with scalar
entries, but the focus has been on cases where the infinite matrix A is an unbounded
operator with a discrete spectrum; see [37,38,83] and the references therein. A simple
generalisation of the Gershgorin theorem to the case where A is a tridiagonal matrix
of the form (1.15), with scalar entries, that is a bounded operator on £2(Z) is proved
as [20, Theorem 2.50]. This has (1.1) for n = 1 as an immediate corollary.

Probably the most natural idea to approximate spec,A, where A € BO(E) or
BDO(E), with E = ¢£2(N) or £2(Z), is to use the pseudospectra, spec, A, of the finite

n
i,j=—n’
including Toeplitz operators [10,75] and semi-infinite random Jacobi operators [19],

sections of 4, i.e., Ap 1= [ai,;]} ;= or Ay :=lai ;] respectively. In some cases,

8These papers are arguably the earliest occurrence of pseudospectra in the literature (cf. [85,
Section 1.6]). The Gershgorin-type enclosure for the spectrum obtained in each of these papers
(e.g., [41, equation (3.1)]), which is essentially the right-hand side of (1.55), is thought of in [41]
as the union of N so-called Gershgorin sets G;, j = 1,..., N. The jth set G; (though this
language is not used), is precisely a (closed) pseudospectrum of a;, ;, the jth matrix on the
diagonal.
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spec,An A, spec,A as n — oo. (In some instances where the finite section method
is not effective, the pseudospectra of periodised finite sections (cf. our 7 method)
can converge to spec,A; see [21] and Remark 8.5.) But in general, as noted already
in Section 1.1, the sequence spec, A, does not converge to spec,A4; its cluster points
typically contain spec, A but also contain points outside Spec A (see, e.g., [79]).

Even in the self-adjoint case one observes this effect of so-called spectral pol-
lution; see, e.g., [34]. As we noted in Section 1.1, Davies and Plum [34], building
on Davies [29], proposed, as a method to locate eigenvalues of self-adjoint operators
in spectral gaps while avoiding spectral pollution, to compute v(Py,(A — Al)|Eg,),
with m > n, as an approximation to v(4 — Al) (which coincides with u(A4 — A1),
defined by (1.9), in this self-adjoint setting). Here, (P )xen is any sequence of ortho-
gonal projections onto finite-dimensional subspaces that is strongly convergent to the
identity, and E, := P,(FE) is the range of P,. The significance of this proposal is
that, in this self-adjoint setting: (a) Spec A = {A € R : v(A — AI) = 0} (see (1.9)); (b)
V(P4 = AD)|g,) = V(A= AD)|E,) as m — 00; (©) v((A = AD)|5,) — v(A — AT
as n — oo, uniformly for A € R; indeed [34, Lemma 5],

v(A—=AD)|E, =v(A—Al) =v((A—AD[E,) + (1.56)

for A € R, where 1,, — 0 as n — oo. To relate this to our results above, suppose that
E =(*(Z,X) and P, := Pay41,-n—1, for n € N, where P,  is defined by (1.18).
Then, if A € L(E) is tridiagonal, and using the notations of Section 1.1,

V(Pm(A=AD)|E,) = v((A=AD)|g,) = v((A=AD);)

for m > n + 1, so that the second inequality of (1.56) bears a resemblance to Propos-
ition 5.1 (except that, importantly, (1.56) can give no information on the dependence
of n, on A).

These ideas are moved to the non-self-adjoint case in Hansen [55,56] (see also [2,
25,26,61]), where an approximation 8, (A), for n,m € N, m > n, to Spec, A is
proposed. This approximation, written in terms of lower norms using (7.1), to match
the work of Davies and Plum [34], is given by

S (A) i= {A € € : min(W(Pu(A — A1)|£,). v(Pw(A — AD)*|E,)) < €}, (1.57)

where E, = P,(FE), E is some separable Hilbert space, and (P,),eN is a sequence
of projection operators converging strongly to the identity. Using (7.1), in the case we
consider where E = (?(Z, X), and if we define P, := Prpt1,—n—1, forn € N, and
if A € L(E) is tridiagonal, then, if m > n + 1, 87" (A) is the specific approximation
(1.5), which we have already contrasted with the new approximations in this paper
in Section 1.1. Key features of the approximation (1.57) from the perspectives of the
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current work are: (i) that one can determine whether A € $;°™ (A) in finitely many
arithmetic operations (via the characterisations (7.3) and (7.4) in terms of positive
definiteness and singular values of rectangular matrices, see [56]); and that: (ii) if A

band-dominated and m = 2n, then §;"" (A) i spec,A as n — oo (see [2]).

Hansen [55,56] extends (1.57) to provide, in the Hilbert space context, a sequence
of approximations, based on computations with finite rectangular matrices, also to the
so-called (N, )-pseudospectra, specy . A, defined in [56, Definition 1.2]. These gen-
eralise the pseudospectrum (note that spec, A = spec,A), and are another sequence
of inclusions sets: one has that Spec A + ¢D C specy (A, fore > 0and N € Ng :=
N U {0}; further, for every § > ¢, specy , C Spec A + DD, for all sufficiently large
N. These approximation ideas are extended to the general Banach space case in
Seidel [78].

The Solvability Complexity Index (SCI), that we discuss in Section 1.4.5, Sec-
tion 7, and Section 8.4.2, is introduced in a specific context in Hansen [56], and in
the general form that we use it in this paper in [2, 3]. Building on the work in [56],
Ben-Artzi et al. [2] consider the computation of Spec, A4, and hence, via (1.8), Spec 4,
in the case when A € L(E) and E is a separable Hilbert space. Via an orthonormal
basis (e;)ien for E, we may identify E with £2(N) and A with its matrix representa-
tion A = [a; j]i,jen, Where a; j := (Aej, e;). On the assumption that only the values
aj,j are available as data, Ben-Artzi et al. [2], building on [56], discuss the existence
or otherwise of algorithms for computing Spec, A. In particular, the authors construct
in [2] for each & > 0 the sequence of mappings (T »)nen from L(E) to C€ given by

1
T, (A) := 87%"(A) N Grid(n), where Grid(n) := —(Z + iZ). (1.58)
n

It is clear, from the above discussion, that I'; , (4) can be computed for each n from
finitely many of the entries a; ; in finitely many operations, and it is not difficult, as a
consequence of the properties of S, »2n (A) noted above, to see (cf. Proposition 1.10)

that I'; , (4) i Spec, A as n — oo whenever the matrix A is band-dominated. Thus,
where (¢,,)meN is any positive null sequence, Spec A can be computed as the iterated
limit
Spec A = lim Spec, A= lim lim I, ,(A). (1.59)
m—>00

m—00 n—>00

In the same paper [2] (and see [23]) they show moreover, that this double limit is
optimal; it cannot be replaced by a single limit. Precisely, they show that there exists

no sequence of algorithms (y,)nen, from L(E) to C€, such that y,(A4) i Spec(A4)
for every band-dominated matrix A4 and y, (A) can be computed, for each n, with only
finitely many of the matrix entries a; ; as input. In the language introduced in [2], the
SCI of computing the spectrum of a band-dominated operator from its matrix entries
is two.
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2. Pseudospectra and Globevnik’s property

We have introduced in Section 1.3 definitions of the open and closed e-pseudospectra
of B € L(Y), for a Banach space Y. A natural question is: what is the relationship
between these two definitions? Clearly, for every ¢ > 0, spec, B C Spec, B, so that
also spec, B C Spec, B (since Spec, B is closed). It is known [46,47,80] that equality
holds, i.e., Spec,B = W, if Y has Globevnik’s property, that is: Y is finite-
dimensional or Y or its dual Y * is a complex uniformly convex Banach space (see [80,
Definition 2.4 (ii)]). Hilbert spaces have Globevnik’s property but also E = {2(Z, X)
has Globevnik’s property if X has it [36]. On the other hand, Banach spaces ¥ and
operators B € L(Y') are known [80-82] such that spec, B < Spec, B.

Let us note a few further properties of pseudospectra that we will utilise. For a
Banach space Y, B € L(Y), and ¢ > 0, let

spec?(B) := {A € C: thereexists x € Y with [|[(4 — ADx|| <e|x]|}, (2.1

and let Spech denote the right-hand side of the above equation with the < replaced
by <. Then (this is [85, p. 31] plus (1.9)), we have the following useful characterisa-
tions of spec, B:

spec, B = U Spec (B + T)=Spec B U spech =specg(B) U specg(B*), e>0.
ITl<e
2.2)

For Spec, B we have (see [81] and (1.9)) the weaker statement that

Spec,BD U Spec(B +T) D SpecBU Spech :Specg(B) U Specg(B*), e>0.
ITl<e
(2.3)

It follows from (2.2) and (2.3) that, for ¢ > 0, Spec B 4 ¢D C spec, B and Spec B +
eD C Spec, B. We note that equality holds in these inclusions (see, e.g., [33, p. 247])
if Y is a Hilbert space and B is normal. Further, it follows from the first equality in
(2.2) that, for B,T € L(Y) and ¢, 6 > 0,

spec,(B + T) C spec, sB if |T|| <34. (2.4)

If Y is finite-dimensional or is a Hilbert space the first D in (2.3) can be replaced
by = (see [51, Theorem 3.27] and [81]), so that we have also that

Spec,(B + T) C Spec,,sB if |T| <36. (2.5)

But the first D in (2.3) cannot be replaced by = for every Banach space Y and every
B € L(Y), even if Y has Globevnik’s property, as shown by examples of Shargorod-
sky [81]. The second D in (2.3) can be replaced by equality if ¥ is finite-dimensional,
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but not, in general, otherwise. As an example relevant to this paper let A € L(E)
have the matrix representation (1.15) with « = y = 0 and B; = tanh(k), k € Z.
Then, E = {?(Z) is a Hilbert space so that the first D in (2.3) is equality. How-
ever, Spec A = {B; : k € Z}, so that 1 € Spec A C [—1, 1], which implies that
A =1+ e € Spec, A\ Spec A. But this A & Spec? 4, for if x € E with x # 0 then

I(A=ADx|*> = (1 + &= B)* x> > € x]. (2.6)
keZ

since B < 1forall k € Z.

We have noted in Section 1.3 the simple identity (1.8), and the same identity
with Spec, replaced by spec,. Similarly, immediately from the definitions, for every
Banach space Y and B € L(Y), generalising (1.8), we have that

Spec, B = ﬂ Spec, B = m specyB, ¢>0. 2.7)

&/>e &'>¢

Recalling the results on Hausdorff convergence of Section 1.3, this implies, for every
positive null sequence (7,) and every ¢ > 0, that

H H
Specg4p, B — Spec, B and  spec,,, B — Spec,B. (2.8)

Recalling the discussion of Hausdorff convergence in Section 1.3, if Y has Globevnik’s
property, so that spec, B = Spec, B, then we can, if we prefer, write (2.8) with Spec, B
replaced by spec, B.

3. The t method: Principal submatrices

In this section, we prove the inclusion (1.22) and compute the optimal value of the
“penalty” term &,. The proof of (1.22) is so central to this paper that we want to
sketch its main idea, captured in Proposition 3.3 below, beforehand.

Recalling (2.2), suppose that A € spec, A \ Spec A = spec?4 and x = (x;)jez € E
is a corresponding pseudomode, i.e.,

[(A—=AD)x| < elx]. (3.1)
Consider all finite subvectors of x, of some fixed length n € N, namely,
Xng = (Xk+1,---  Xk4n) € X", k €Z, (3.2)

and consider the corresponding principal submatrices A, x of A introduced in (1.19).
We claim that, for at least one k € Z, it holds, for some &, > 0 to be specified, that

| (An,k - Aln)xn,k

and hence, A € spec, ;. Ank.

| < (e +&n) [xnuill. (3.3)
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One way to show this is to suppose that, conversely, for all k € Z, the opposite
of (3.3) holds, and then to take all these (opposite) inequalities and add their squares
up over k € Z, which, after some computation, contradicts (3.1). Although (3.3) need
not hold for every k € Z, it does hold “in the quadratic mean” over all k € Z, and
therefore for at least one k € Z.

This computation reveals that (3.3) holds with &, = O(n_l/ 2) as n — 00; see
(3.18). However, one can do better: instead of the “sharp cutoff” (3.2), we can intro-
duce weights wy, ..., w, > 0 and put

Xng = (WiXkt1. ..., WnXkyn) € X", k €Z.

With this modification (3.3) holds for some k € Z but now with g, dependent on
the choice of wq, ..., w,. By varying the weight vector w = (wy, ..., w,) we can
minimise &, ; the minimal

en=0m"") asn— oco.

We structure these arguments as follows. In Section 3.1 we prove, as Theorem 3.5,
a version of (1.22) with a formula for &, dependent on the choice of wy, ..., wy,. The
main idea of the proof, outlined above, is captured in Proposition 3.3. In Section 3.2
we minimise &, over the choice of the weights wy, ..., wy,; the full proof of (1.22),
establishing the minimal formula for ¢,, is given as Theorem 3.6. This formula for
&n, while amenable to numerical computation, is complex, requiring minimisation of
a function of one variable on a finite interval, which function is defined implicitly
through the solution of a nonlinear equation. Corollary 3.7 states an explicit formula
for &, in the case that A is bidiagonal, and Corollaries 3.8 and 3.9 provide more
explicit upper bounds for ¢, in the general tridiagonal case. These are of value as
discussed in Remark 1.5.

Before continuing with the above plan, let us note properties of the sets o/ (4)
and X7(A), defined by (1.21), that appear in (1.22). Clearly, for all n € N (and all
tridiagonal A € L(E)), o} (A) is open, for ¢ > 0, and X7 (A) is closed, for ¢ > 0. We
have further that

o(A) C ="(A), &> 0. (3.4)

The following proposition is a characterisation of 0}’ (4) and X7 (A) that is key to the
proof of (1.22). This uses the notations

6M(A):={AeC:pul(A—Al) <&}, >0, 55)
S1A) = {AeCipl(A—Al) <&}, e>0, '
for n € N, where pj, is defined by (1.27). Note that (1.12) and (1.27) imply that

lui(A) — uf(B)| < 114 - B,
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so that 67 (A) is open and f);’ (A) is closed. Note also that

S2(4) = [)68(4). e=0. (3.6)
&/>¢
Proposition 3.1. For every tridiagonal A € L(E) andn € N, it holds that o' (A) =
Gl (A), for ¢ > 0. If X has the Globevnik property, then also o'(A) = X?(A) =
$7(A), fore > 0.

Proof. The fact that o] (4) = 6] (A), for ¢ > 0, follows easily from (1.10), recalling
that, for every ¢ € R, the infimum of a set of real numbers is < ¢ if and only if one of
the numbers in the set is < €.

Suppose that A € X7 (A). Then, there exists a sequence (A;) C C and a sequence
(kj) C Z suchthat A\; — A and A; € Spec,(Ap k; ), so that 4 (An k; — AjIn) < &. By
(1.12) it follows that

A= AD) = inf 1(An i = Aln) < (A gy = ) <&+ A= 45,
for each j, so that /L,E (A—Al)<eand A € fJZ(A) Thus, 27 (A4) C flg‘(A)
Define D € L(E) by D := Diag{A, x : k € Z}, and note that, forall A € C,
(D = AI) = inf j1(Ap i = Aln) = (A= AI), 3.7)
€
so that, by (1.10), 67 (A) = spec,D and f)g (A) = Spec,D. Noting also (3.4), we

have shown that spec,D = 07 (A) C Z7(A4) C f);‘ (A) = Spec,D. But if X has the
Globevnik property, then spec, D = Spec, D, completing the proof. |

3.1. Proof of the inclusion (1.22)
We start our proof of (1.22) with a very simple lemma that proves helpful throughout.

Lemma 3.2. Fora,b € R and 0 > 0 we have (a + b)?> <a?*(1 4+ 0) + b%>(1 + 671,
with equality if and only if ad = b.

Proof. Clearly, (a + b)? < (a +b)? + (af% —b0~2)2 = a?(1 + 0) + b2(1 + 07)

with equality if and only if aft —bo=3 = 0,ie.,a6 = b. ]
The following results lead to Theorem 3.5 that provides justification of (1.22),

initially with a formula for ¢, that depends on general weights wy, ..., wy.

Proposition 3.3. Let ¢ > 0 and n € N, suppose that w; € R, for j = 1,...,n, with

at least one wj non-zero, and that A € L(E) is tridiagonal and | Ax| < e, for some
x € E with |x|| = 1. Then, for some k € Z it holds that

V(Ay k) < €+ en,
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T- T,"
&n = ||oz||oo,/s—’; + 17 lloo S”n , (3.8)
where

n n n

2 - 2 2

Sp 1= E wy, T, := E (wj—1 —w;)*, T, := E (wjy1 —wj)~,
Jj=1 Jj=1 j=1

with

with wg := 0 and wy+1 := 0.

Proof. Lety = Ax,so ||y|| <e.Forj =0,...,n,let

Ej = |w‘,-+1 — wj|. 3.9)
Note that
n n
Y E}=T} and Y E},=T,. (3.10)
j=1 =1
For k € Z, let ay := || Ap jcXn k||, where %k = (W1 Xk41, WaXkt2s - s WnXkgn) !,

and let b := || X, k ||. We will prove that ax < (¢ + €,)by for some k € Z with by # 0,
which will show that v(A4, %) < & + &5.
Note first that, using the notation (3.9),

n
2 2
ap =Y | wj1ejr—1X1k—1 + Wi Bk Xjrk + Wis1Yj4kr1X k41 lk G1D)
Jj=1

n
2
=) 1 wj—1 —w))t 4k —1 X 4k—1 F W) Y ke + (W1 — W) Vjpka1 %) k1 llx
i=1

n
<Y willyjsklx + Eji-tllelloollxjri—1llx + EillylloollXj+x+11lx)? (3.12)
j=1

So, for all # > 0 and ¢ > 0, by Lemma 3.2,

n
af = Y[+ 0wy el
j=1
_ 2
+ (14 07 (Ejmt ool it llx + Ej 1Y llooll34x411x) 7]

n

= Y[+ 0wyl + 1 +67)
j=1
A+ B EL et I + (1 + 7D EFIY Il a1 1) |
(3.13)
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Thus, and recalling (3.10) and that ||x|| = 1,

Saz =Y [a+0lyIPuw+ 1 +67
keZ j=1

A+ G EL el + (1 + 97 ED Iy %) ]
= (1 + O IPSs + (1 + 07O + )@l T, + (1 + 67 Iy I,

Similarly, Y ez b7 = Sallx[|> = S,. Now, by Lemma 3.2 and recalling (3.8),
nfl(1 + Pl Ty + 1+ ¢ HIVIST, < &5

Thus,
doap < (U+O)yI>+ 1 +67"e2) > bz, (3.14)

keZ keZ
for all 8 > 0. Applying Lemma 3.2 again, we see that

inf (14 O)IyI*+ (1 +07Den) = (vl +en)? < (e +en)?  (B15)

so that

Zai < (e+&,)? Z b,%.

keZ keZ
Thus, either ar > (& + &,)by, for some k € Z, in which case also a; < (¢ + &,)by,
for some k € Z, which implies that b > 0, or ax < (¢ + &,)bg, for all k € Z, so for

some k with by # 0. ]

Corollary 3.4. Let n € N, suppose that w; € R, for j = 1,...,n, with at least one
w; non-zero, and that A € L(E) is tridiagonal. Then,

inf v(A4,x) < V(A4) + &x, (3.16)
keZ

where g, is given by (3.8).

Proof. Let n > 0. By definition of v(A) there exists x € E with ||x|| = 1 such that
|Ax|| < v(A) + n. By Proposition 3.3, v(A4, ) < v(A) + &, + 7, for some k € Z.
Since this holds for all > 0 the result follows. |

It is not true, for all tridiagonal A € L(E), that v(4, ) < v(A) + &, for some
k € Z (a strengthened version of (3.16)). For consider B = A — AI, where A is as
defined below (2.5), so that X = C, and choose A = 1 + ¢, for some & > 0. For
x = (Xp)kez € E =12(Z), (Bx)r = (B — 1 — &)xy, k € Z, with B = tanh(k), so
that v(B) <1+ ¢e— B, forallk € Z,i.e., v(B) < . But (cf. (2.6)), foreach k € Z,
V(Byx) =14+ ¢&— Bkqn > € =&+ &y, since g, = 0 as B is diagonal.
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Theorem 3.5. Suppose thatn € N and w; € R, for j = 1,...,n, with at least one
w; non-zero. Then,

Spec,A C leJran (A) >0 and spec,A Co.y, (A), &>0, 3.17)

with &, given by (3.8), in particular, the second inclusion of (1.22) holds with &, given
by (3.8). If X has Globevnik’s property, then also the first inclusion of (1.22) holds
with &, given by (3.8).

Proof. To see that the second inclusion in (3.17)/(1.22) holds, suppose A € spec,A.
Then, by (1.10) and the definition (1.9), either v(A — AI) < € or v(A* — Al) <
€. By Corollary 3.4 it follows that either v(A4, x — Al;) < & + &,, for some k €
Z, or v(AZ’k — Al,) < € + &, for some k € Z. Thus, recalling the notation (1.9),
W(Anx — Aly) < & + &y, for some k € Z, so that A € spec, . Apx by (1.10), so
that A € o/, (A). The first inclusion in (3.17) follows from the second inclusion by
taking intersections, noting (2.7), the first sentence of Proposition 3.1, and (3.6). This
implies, by the second sentence of Proposition 3.1, that the first inclusion of (1.22)
holds if X has the Globevnik property. |

If we evaluate (3.8) in the case when all weights wy, . .., w, are equal to 1, we get
that
Sp=n and T, =T, =1,

n
so that

1
n = ﬁ(”a”oo + 7 lloo) (3.18)

and hence, ¢, — 0 as n — oo. In the next subsection we will see that we can achieve
much smaller values for &, smaller by a factor < 27/ /n for large n (Corollary 3.8),
by minimising &, as a function of the weight vector w.

3.2. Minimising ¢, via variation of the weight vector

We will now minimise the “penalty term” &, as a function, (3.8), of the weight vector

w = (wy,...,w,)T € R™. That is, we will compute
inf g, = inf En,
weR”, w#0 weR”, |w|=1

the equality of these two expressions following easily from (3.8). It follows from the
compactness of the set {w € R” : ||w|| = 1} that this infimum is achieved by some
weight vector w = (wyq, ..., wn)T € R”, so that the infimum is a minimum. This is
important because it implies that Theorem 3.5 applies with this minimal weight vector
and &, taking its minimal value.
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Let us abbreviate ||c||co =: ¥ and ||y ||co =: $, so that

T- T, \> . T, I
a= (o 5) = (ro g era e E) o

by (3.8) and Lemma 3.2. (This step (3.19) may appear to be introducing additional
complexity, but we shall see that it helpfully reduces a large part of the minimisation
to an eigenvalue computation.) Now, put

1
-1 1
B, = € R™",
-1 1
-1 1
Then,
I, = ”an”2 = (an)T(an) = wTBZan,
while
T =BT w|* = (Bl w)" (B w) = w” B,B]w
and S, = ||w||?> = wTw. So,
T- T+ TD
P+ 421 ) = (3.20)
Sn Sn w*w

with Dy, := r2(1 + t1)BI B, + s2(1 + t=1) B, BT . Tt is easy to see that D, is sym-
metric, real and positive definite. In fact, w” D,w > [r2(1 + ) 4+ s2(1 + t~H]A4,
where A1 > 0 is the smallest eigenvalue of B B, and B, B . Our aim is to compute
the sharpest lower bound on (3.20), i.e., the smallest eigenvalue of D,,, since
T
w’ Dyw
inf e =inf inf ——"—. (3.21)
weR”, w#0 >0 weR?, w#0 W' W
To compute the infimum (3.21), define E, (¢), for 0 < ¢ < 1, to be the real, sym-
metric, positive definite matrix E,(¢) := ¢BI B, + (1 —¢)B, Bl , sothat E{(¢) = 1
while, forn = 2,3, ...,

1+¢ —1
-1 2 -1

En(¢) = e R™.

—1 2—¢
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Noting that

Dy = (P21 4 1) +52(1 + z—l))En( r*(+ ) )

r2(1+1)+s2(1+171h)

and where 0, (¢) := Amin(En(¢)) > 0 denotes the smallest eigenvalue of E,(¢), it
follows from (3.21) that

inf ;= inf ((r2(1 + 1) + 521+ t_l))gn( rP(+o) ))

weR™ w#£0 r2A+1)+s20+tD

(3.22)
. 2 ) 2
Further, if ¢ := r2(1+:)i§(rl)+r_l), it follows that T = #fw and that {¢ : 7 > 0} =
(0,1). Thus, (3.22) can be rewritten as
X 2 2

inf = inf —_— 4 — . 3.23
we]Rl’?,w;éOEn 0<12<1 |:(¢ * 1 _¢)Qn(¢):| ( :

The right-hand side of equation (3.23) already solves our minimisation problem. But
we calculate now a more explicit expression for o, (¢), which will make (3.23) more
easily computable.

Clearly, 01(¢) = 1. If A is an eigenvalue of E,(¢) for n > 2 then, since E,(¢) is
positive definite, and applying the Gershgorin circle theorem, we see that 0 < A < 4.
It is rather straightforward to show that 4 is not an eigenvalue so that 0 < A < 4.
But, in any case, for n > 2, A < 4 is an eigenvalue of E,(¢), with eigenvector v =
(Vs eens vl)T € R”, if and only if

0
A =2-—2cosf = 4sin? 5 for some 8 € (0, ), (3.24)
and
[(1+ @) —Alvy — va—1 =0, (3.25)
Vi1 + 2=y, —vj_1 =0 forj=2,....,n—1, (3.26)
—vy + [2—¢) — AJv; = 0. (3.27)

Equation (3.26) holds if and only if v; is a linear combination of cos((j — 1)8) and
sin((j — 1)6). To within multiplication by a constant, the linear combination that also
satisfies (3.27) is

vj = sinf cos[(j — 1)8] + (cos 8 — ¢) sin[(j — 1)0]
=sin(j0) —¢sin((j —1)0), j=1,...,n. (3.28)

Substituting in (3.25), we see that A < 4 is an eigenvalue of E, (¢) for n > 2 if and
only if (3.24) holds and F(8) = 0, where

F(t) := (2cost — 1)sin(nt) — sin((n — 1)t) + ¢(1 — ¢p)sin((n — 1)t), ¢ >0.
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Now, forn € N,
F(t) = —sin(nt) 4 sin((n + 1)t) + ¢(1 — @) sin((n — 1)¢) (3.29)

= 2sin % cos ((n + %)I) + ¢ (1 — ¢)sin((n — 1)t). (3.30)

Thus, noting that ¢ (1 — ¢) < 1/4 and setting 0 := n/(n + 2) < /3, so that 1/2 <
coso < 1, we see from (3.29) that

1 1
F(0) < —sin20 + sino + Zsin3a = Zsina(3 +4cos’0 —8coso) < 0.

Moreover from (3.30), while F(0) =0, F(t) > ¢(1 — ¢) sin((n — 1)¢) > 0, for 0 <
t < 555 Let 0,(¢) denote the smallest positive solution of the equation F(7) = 0.
Then, we have shown that 0, (¢) € [3;57 735] C (0, ), and hence that the smallest
eigenvalue of E,(¢) is in (0, 4); precisely,

0n(@) = A (En(@)) = 4sin’ (@) (3.31)

(We have shown this equation for n > 2, and it holds also for n = 1 since g1 (¢p) = 1
and 6, (¢) = 7/3.) Further, 6,(¢) is the unique solution of F(1) = 0in [5,7, ;7551
To see this in the case n > 2, note that, defining n := ¢ (1 — ¢) € [0, 1/4], it follows

from (3.30) that

) — aos ! 1 ot Tyein L 1
(t)—cosicos ((n+§)t)—( n+ )smism ((n-i—i)t)

+ n(n —1)cos((n — 1)t)

= cos ((n + %)I)An(t) — sin ((n + %)I)Q‘Bn(t),

where A, (1) := cos Z4+nn— l)cos and B, (t):=(2n+1) sm —n(n— l)sm
Now, forn > 2 andt € (5757 nya)- itholds that cos((n + 2)t) < 0, sin((n + 2)l‘) >
0, A,(t) > 0, and B, (t) > O (the last inequality holding since n(n — 1) sin % <

3n(n—1)sink < %(n —1)sin ). Thus, F'(1) <0 fort € (T 7F

723 )> which implies

that F has at most one zero in 5,55, 7551
So, we have shown that 6, (¢) is the unique solution of F(7) = 0in 5,55, 753 ]-
Combining this with (3.23) and (3.31), we see that we have completed our aim of

minimising s , proving the following corollary of Theorem 3.5.

Theorem 3.6. For all n € N the second inclusion in (1.22) holds with

&n =2 inf

( otz | Iyl 9n(¢))’ (3.32)
0<¢p<l1

S
) 1—¢ 2
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where O, (¢) is the unique solution in the range [5," , 7751 of the equation F (1) =

ie., of

n+2

2 sin % cos ((n + %)t) 4+ ¢(1 —¢)sin((n — 1)t) = 0. (3.33)

If X has the Globevnik property, then also the first inclusion in (1.22) holds with &,
given by (3.32).

The following properties of 6, in Theorem 3.6 are worth noting:
bi(p)= 3. 0=¢=L: (3.34)
On(@) = Oa(1—¢), 0<dp=<1neN; (333

1
5T = 00 = 6a(1) < 6,(9) < 9,1(5), 0<p<l.neN. (336
These properties are evident from the definition of 6,, except for the bound 6,,(¢) <
60, (%). One way to see this bound is via (3.31), as it follows from Ej, (%) = %(En () +
En(1 — ¢)) that

1 1
on(3) = 5 min @w” En(@)w +w” En(l ~ $)u)

| \/

E[Qn (@) + 0n((1 = @))] = 0n (@),

since 0,(¢) = 0, (1 — ¢) as a consequence of (3.35) and (3.31).
We remark also that 6, (%) is the unique solution of the equation

G(t) := 2 cos ((#)z) — cos ((" ; 1)z) —0 (3.37)

o B Jr2] To see this claim it is enough to check that (3.37) and
(3.33) have the same solutions in (0, ;5] when ¢ = 2, and to show that 9n(2) >
745+ To see the first statement multiply both sides of (3.37) by the positive term

("J;l)t — sin ("_zl)t, giving

in the interval (-2

2 sin
2sin((n + 1)t) — 2sin(nt) + %sin((n —Dt)=0.

This is equivalent to (3.37) with ¢ = —, so that 9,;(%) is the unique solution of
G(t) =0in (0, ;73] To see the second statement, observe that G(;75) = 2sin ;75 n+3

G(cr) =2sin < —sin 3¢ = sm"(4sm 5 -

sin =% > 0, whereas, where 0 = 5 >

+3 +2’

1) <0,since 0 < § < Z. Thus, 6, ( ) > 25
In general, it appears not possible to explicitly compute the value of ¢ for which
the bracket in (3.32) is minimised. But it follows easily from the bound (3.36) that, in

the case r = ||a||oo = O the infimum is attained by setting ¢ = 0, and this infimum
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is &n = 2||y|loo sin ;55 Likewise, when s = |y [lcc = 0 we see that the infimum
is attained by setting ¢ = 1, and this infimum is &, = 2|[|co Sin 75,755

have computed the mimimal value of &, completely explicitly in the case when 4 is

Thus, we

bidiagonal, giving the following corollary.

Corollary 3.7. Ifn € N andy = 0 or o = 0, then (3.32) reduces to

. T
tn = 2lals + Iyl sin (-7 ). 339

The example of the shift operator (see Example 1.11 and Section 8.1 below) shows
that the value of ¢, in Corollary 3.7 is the best possible, in the sense that, for every
n € N, there exists a bidiagonal A € L(E) for which (1.22) is not true for any smaller
value for g,,.

In the case that r = ||&|loo 7% 0 and s = ||y ||co F O it is not clear what the infimum
in (3.32) is explicitly when n > 2. However, since 6, (¢) depends continuously on ¢
and is bounded as a function of ¢ on (0, 1), it is clear that the infimum is attained
at some ¢ € (0, 1). Further, as a consequence of (3.35), it is easy to see that the
infimum is attained for some ¢ in the range (0, %) if r < s, for some ¢ in the range
(%, 1) if r > 5. A simple choice of ¢ which has these properties and which reduces
to the optimal values of ¢, ¢ = 0 and ¢ = 1, respectively, when r = 0 and s = 0,
is¢ =15 = m This choice is further motivated by the fact that this is
the unique ¢ that attains the infimum in (3.32) in the case n = 1 (which is an easy
calculation in view of (3.34)). If we evaluate the bracket in (3.32) for this choice we
obtain the following corollary which includes Corollary 3.7 as a special case.

Corollary 3.8. Foralln € N, g, given by (3.32) satisfies
.0
en < M = 2(l|atfloo + 1V [lo0) SIHE,

where 0 is the unique solution in the range of the equation

T T
[2n+1’ m]

2 sin (%) cos ((n + %)t) + (”a||”0;|)|o:_|||1|/)|/||c|>ooo)2 sin((n — 1)¢) = 0.

In particular, 11 = &1 = [|aloc + [|Voollco-

The following even more explicit result is obtained if we evaluate the bracket in
(3.32) for ¢ = %, noting the equivalent characterisation of 6, (%) above, that it is the

unique solution in ( of (3.37).

Z_ =z ]
n+3’ n+2
Corollary 3.9. Foralln € N, g, given by (3.32) satisfies

. 0
n = 1y = 22 Il + Iy 2o sin .

where 0 is the unique solution in the range ( of (3.37).

T JLJ
n+3’ n+42
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Note that Corollaries 3.8 and 3.9 give the same upper bound for &, when ||&|| oo =
17l 00> but when ||&]loo # ||¥ lloo» as a consequence of (3.36), Corollary 3.8 is sharper

(Mn < 1p).

4. The & method: Periodised principal submatrices

In this section, we prove the inclusion (1.25) that is the equivalent of (1.22) but with
periodised submatrices (1.20) instead of (1.19). We start with Proposition 4.1, the
equivalent of Proposition 3.3 for the # method. The matrix referenced in this pro-
position is a generalisation of the w-method matrix AZf;ét of (1.20), defined, for any
a,c € £°(Z,L(X)), by

A% = Ay + B keZ. neN,

where B;; is the n x n matrix whose entry in row i and column j is §; 16, nax +
8i.nbj,1ck. Thus, forn > 3, A7 takes the form (1.20), but with the top right entry 7o
replaced by ay, and the bottom left entry 7y 4,41 replaced by ¢x. Importantly,

AP = AT ifag i=tag and ok = Ykpntr, k€Z.  (41)
(Of course, also A7, = Ay i, ifa=c=0.)

Proposition 4.1. Let ¢ > 0 and n € N, suppose that w; € R, for j = 1,...,n, with
at least one w; non-zero, that a, ¢ € {*°(Z, L(X)), with ||a|lcc < ||t]lco and ||¢|lco <
|7 loos and that A € L(E) is tridiagonal and || Ax || < ¢, for some x € E with || x| = 1.
Then, for some k € Z it holds that

V(Azfc) <e+é),

with
/ Tn
&y 1= (llalloo + 17 [loo) R 4.2)
n
where
n n—1
Sp = ijz and T, = (wy + wn)2 + Z(wj—l—l - wj)zy
=1 Jj=1
with

Wo = 0 and Wp+1 = 0.

Proof. Let y = Ax, so ||y|| < e. We use the notation E;, for j = 0,...,n, defined

. ~ a,c ~
in (3.9) and where X, x := (W1 Xk41, W2Xk42,. ... WnXk4n) T, putag := ||An,kx,,,k
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and by := || X, k||, for k € Z. As in the proof of Proposition 3.3, we have that
> bi =S,
keZ

Further, forn > 2 and k € 7Z, using (3.9) and the Kronecker delta notation,

ap = w1 yks1 + WXt — Wi Xg + (W2 — w1)Yes2Xk 4213
n—1
2
+ Z lwjyi+; + (Wj—1 — W)t j—1Xk+j—-1 + (Wjt1 — W) Vit j+1%k+j+1lx
j=2

2
+‘”wnYk+n‘+(uM—l—‘uM)ak+n—1xk+n—l4‘uhckxk+l_‘ank+n+1xk+n+1”X

n
<Y Wik illx + lelloocss + 117 lloods)?
j=1

(cf. (3.12)) where, for j = 1,...,nand k € Z,

Cik =8 1WnllXksnllx + Ej—1llXk+j-1llx.
“4.3)

djx = Sjpwr || xXks1llx + Ejllxe+j+1llx-

After applying Lemma 3.2 twice, we get (cf. (3.13)) that, for all § > 0 and ¢ > 0,

n
af = 3 [+ 0w lyeslf + (1 +67)
j=1

A+ DllalZocy + 1+ D yIZd?) |
Now, recalling that ||x|| = 1,
2= Wallxesnllx + wilxelx)?

keZ keZ

< w?+2wiwy Y [xeenXilx +wi < (wi + w2,
keZ

so that
n n
2D e = witwn)?+ ) Y ER eyl =T
j=1kez Jj=2keZ

Similarly,
n

Zdnz,k < (w; + wy,)? so that Z de%k < Ty.

keZ j=1kez
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Thus, applying Lemma 3.2 (cf. (3.14) and (3.15)),

Y a? < inf [(1 +O)Sally|2+ (1 +67HT,
kez 0.6>0

[+ @llalZ + 1 +¢7HlyIZ]] (44)

= Inf[(1 + OIYIZSy + 1+ 67 Tu(lalloo + 17 l00)]

2
inf [(1 L 0) 4 (1 + 9—1>((||a||oo 1y lloo) \/Z) ]Sn
0>0 Sn

= inf [((1 +0)2+ (1 + 0—1)8;,2)]5,,

IA

= (e+e,)° ) b} (4.5)
keZ

Arguing as at the end of Proposition 3.3 we deduce that ax < (¢ + &),)b, for some
k € 7Z with by # 0. We reach the same conclusion, via the same bounds (4.4) and
(4.5), also in the case n = 1 when S, = w?, T, = 4w?, and

2 2 2
ay = willyes1 + QpXpg1 — QpXp + i Xpp1 — V2 Xk2lly. k€ Z.

Thus,
V(AT < e+ &, n

This is the 7 version of Corollary 3.4, which has an identical proof.

Corollary 4.2. Let n € N, suppose that w; € R, for j = 1,...,n, with at least one
w; non-zero, that a, ¢ € {>°(Z, L(X)), with |allec < ||¢|loo and ||¢|loc < ||V |loo, and
that A € L(E) is tridiagonal. Then,

. a,c
nf v(4,7p) < v(4) + ey,

where €, is given by (4.2).

To state the main theorem of this section we introduce a generalisation of the
notation (1.24). Forn € N and a, ¢ € £*°(Z, L (X)), let
e (A) = U spec, AT, £>0 and TIP%(A):= U Spec, A%, &>0.

& n,k’ & n,k’
keZ keZ
4.6)

Clearly, forn €e Nandt € T,

aH(A) = 7P%(4), e>0 and TP (A) = TI"%C(4), >0, (47)
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if a and c are given by (4.1). Clearly, foralln € N and a, ¢ € £°(Z, L(X)), n;""(A)
is open and IT;°*“(A) is closed. Further, defining

py©(B) i= inf p(A75) = inf min ((A7E). v((ATD").  @48)

it holds, for n € N and a, ¢ € £*°(Z, L(X)), by arguing as in the proof of Proposi-
tion 3.1, that

i (A) ={AeCuy(A—Al) <ef, >0, 4.9)
and that, if X has the Globevnik property, also
TP A) = T (A) = {A € C: uS(A—Al) <&}, &>0. (4.10)
Thus, if X has the Globevnik property, then

2% (A) = () 70 ™(4), &> 0. (4.11)

8/
&'>e

In relation to the definition (4.8), note that
(Az’jc)* = (A*);’f]‘c. 4.12)

Theorem 4.3. Letn € N, and suppose that w; > 0, for j = 1,...,n, with at least one
w; non-zero, and that a, ¢ € £>°(Z, L(X)), with ||allcc < |let|l 0o and ||clloo < [V ]lcos

Then, where ¢, is given by (4.2),

spec, A C JTZ_;_C:;(A), e > 0. Moreover, Spec,A C HZfs;: (A), &>0,
4.13)

provided X has the Globevnik property.

Proof. To see that the first inclusion in (4.13) holds, suppose that A € spec,A. Then,
by (2.2), either v(A — AI) < g or v(A* — AI) < &. By applications of Corollary 4.2,
it follows, in the case V(A4 — AI) < &, that v(AZ”Z —A,) < &+ &, for some k € Z,
and, in the case v(A* — AI) < ¢, recalling (4.12), that

(AT = ALy) = v((AN)SS = M) < & + e

for some k € Z. Thus, recalling the notation (1.9), ;L(AZ;{ —Al,) < &+ g, for some
k € Z,sothat A € spec, . Ay’ by (1.10), sothat A € 7% (A). The second inclusion
in (4.13) follows from the first inclusion by taking intersections, noting (2.7) and

“4.11). .

In particular, Theorem 4.3 holds with a and ¢ given by (4.1), giving the following
corollary.
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Corollary 4.4. Let n € N, and suppose that w; > 0, for j = 1,...,n, with at least
one wj non-zero, and that t € T. Then, the second inclusion of (1.25) holds with &),
given by (4.2). If X has the Globevnik property, then also the first inclusion of (1.25)
holds with €, given by (4.2).

As we did above for the  method, we will now minimise the penalty term ¢/, as a
function, (4.2), of the weight vector w = (wy, ..., w,)’. In the cases n = 1 and 2 it
is easy to see that g, is minimised by taking w; = -+ = w, = 1, giving

1= 2(llalloo + [[¥llo0)

and

82 = V2([[etlloo + [[¥lo0)-

For n > 3, from the definitions of S, and 7}, in Theorem 4.4, we know that S, = ||w/||3
and T, = || Bow||3, where

so that

Let us seek

T, B 2
N L
weR”, w#0 Sn weR”, w#0 ||w||§
TBTB w /
min mln(B B ) (4 14)
wER” Jlwl=1 w w

noting that a vector w achieves this minimum if and only if it is an eigenvector of
BnT B, corresponding to the eigenvalue )&min(BnT By,). It is clear that this minimum is

strictly positive and that (taking w; = w, = --- = wy,) it is no larger than 2//n.
Further, A € (0, 4) is an eigenvalue of B B, with eigenvector v = (vy,...,v,)7 if
and only if

0
A =2(1 —cosf) = 4sin® 5 for some 8 € (0, ), (4.15)
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and
vy + (2—A)vy —vy =0, (4.16)
—Vi+1 +2—Av; —vji—1 =0 fori =2,...,n—1, 4.17)
—Vp—1+ 2 —A)v, + v, =0. (4.18)

Note that if (A, v) satisfies (4.16)—(4.18) then so does (A, v), where ¥ := (vy,...,v1).
i

n+1—j°
compute A and a corresponding eigenvector v from (4.16)—(4.18), we may assume

that

Further, (A, vT), where vt := v + 7 satisfies v;-r =v j =1,...,n. Thus, to

Vj = Upt1—j, ] = 1,...,n. (419)

As discussed around (3.26), (4.17) holds if and only if v; is a linear combination of
cos((j — 1)0) and sin((j — 1)6). To within multiplication by a constant, the linear
combination that satisfies (4.19) is

vj =sin((j — 1)0) +sin((n — j)0), j=12,...,n, (4.20)
and this satisfies (4.16) and (4.18) if and only if F;(0) = 0 where, for ¢ € R,
Fr(t) :=sin((n — 1)t) + 2 cos(?) sin((n — 1)t) — sin(¢) — sin((n — 2)¢)
= sin((n — 1)t) + sin(nt) — sin(z) = 2sin((n — 2)t/2) cos(nt/2) + sin(nt).

From this last expression for Fy(¢) it is clear that F,(;v/n) = 0 and that F, (¢) >
0 for 0 < ¢ < /n. Thus, Amin(BI B,) is given by (4.15) with 6 = = Since the
corresponding eigenvector given by (4.20) satisfies v; > 0, j = 1,...,n, the following
corollary follows from Theorem 4.4 and (4.14) and the observations above about the
casesn = 1 and 2.

Corollary 4.5. The conclusions of Theorem 4.3 hold with
.o
£r 1= 2(1low + ¥ loo) sin 5 @21)

In particular, for n € N, the second inclusion of (1.25) holds with €}, given by (4.21),
as does the first inclusion of (1.25) if X has Globevnik’s property.

Again, as in Corollary 3.7, the example of the shift operator (see Example 1.11
and Section 8.1 below) shows that this value of ¢/, is the best possible.

5. The 71 method: One-sided truncations

5.1. Proof of the inclusions (1.30)

In this section, which follows the patterns of Section 3 and Section 4, we establish the
inclusions (1.30).
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Proposition 5.1. Let ¢ > 0 and n € N, suppose that w; € R, for j = 1,...,n, with
at least one wj non-zero, and that A € L(E) is tridiagonal and | Ax| < e, for some
x € E with |x|| = 1. Then, for some k € Z, where A:k is defined by (1.32), it holds
that

V(AT ) <e+ep, (5.1)
where
i Tn
& = (lelloo + IIVIIOO),/S— (5.2)
n
with
n n—1
S, = Zw]z and T, = wf + w,% + Z(wiﬂ —w;)>.
Jj=1 j=1

Proof. Let y = Ax, so ||y|| < e. We argue as in the proof of Proposition 3.3, using
the notation £, defined in (3.9), for j = —1,0,...,n,n + 1, with w_; := wp :=
Wpt1 i= Wpyo := 0. Where X, x := (W1 Xk41, WaXk42, ..., wnxk+n)T, put ay =
||A;’,k5cn,k | and by := || X, k||, for k € Z. As in the proof of Proposition 3.3, we have
that ) ez b2 = Sy. Further, cf. (3.11) and (3.12),

611% = |lw1Vk+1%k+11x + 1Wn0ktnXktn

n
2
+ Z o) +k—1Wj—1Xj +k—1 + BjkWiXj+k + Vjthk+1Wj+1Xj+k+1lx
Jj=1
n+1

2
<Y Wjllyjsllx + EjalleloollXjva—t1lx + Ejl17loollxjis1lx)?.
j=0

So, for all # > 0 and ¢ > 0, using Lemma 3.2 twice,

n+1
=) [(1 +0)(wy lyj+llx)® + (1 + 671

j=0
A+ D)oima [ (B ltlloolxj -1 l1x)
+ 1+ ™) (E I ool 1x)7) |

Thus, for all 8, ¢ > 0,

Y ap <A+ O)SulyIIP+ 1+ 67D+ ) Tullel + (1 + ™D Tully 2.
keZ
Arguing as in the proof of Proposition 3.3 (cf. (3.14) and (3.15)) it follows that

Za,% <(e+&))? Zb,%

keZ keZ
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so that ay < (e + €)))bx, for some k € Z with by # 0, which implies that v(A:[k) <
e+e. u

The above result has the following straightforward corollary (cf. Corollary 3.4).

Corollary 5.2. Let n € N, suppose that w; € R, for j = 1,...,n, with at least one
w; non-zero, and that A € L(E) is tridiagonal. Then,

inf (A7) = v(d) +e, (5.3)

where €, is given by (5.2).

The proof of the following main theorem is very similar to those of Theorems 3.5
and 4.3.

Theorem 5.3. Suppose thatn € N and w; € R, for j = 1,...,n, with at least one
w; non-zero. Then, (1.30) holds with €], given by (5.2).

Proof. We have justified already, below (1.31), the inclusions from the left in (1.30).
To see that the second inclusion from the right in (1.30) holds, let A € spec,(A). Then,
either

v(A—Al)<e or v(A*—Al) <e.

By Corollary 5.2 it follows that either v(A:lr’k — )L],?_) < e+ ¢y, for some k € Z, or
V((A*):,k — M) < e+ ¢, for some k € Z. Thus, by (1.33), un (A —AI) <&+ &),
so that A € y” el (A). The first inclusion from the right in (1.30) follows by taking
intersections, recalling (2.7). ]

Following the pattern of Section 3.2 and Section 4, we now minimise &), as a
function of the weight vector w = (wy,...,w,)T € R" over R \ {0}, or equivalently
over {w € R” : |w| = 1}. In order to minimise ¢,, given by (5.2), we need to minimise
T,/Sn, where

Sp = ”w”2

and
T, = w% + (w2 — w1)2 + oo+ (wy — wn—l)2 + w,% = ”BUJHZ,

with

_1) (n+1)xn
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so that
2 -1
1 2 -1
BTB =
-1 2 -1
-1 2
nxn
Clearly,
Ty | Bw]|? . wI'BTBw r
inf  — = in = inf ——— = An(B" B),
lwi#0 Sy lwl#0 [w]?  jwizo wlw e

the smallest eigenvalue of BT B. One could now compute the eigenvalues of BT B as
in the previous sections Section 3.2 and Section 4. In this simple case (—B7 B is the
discrete Laplacian), this is a standard result (e.g., [7]). We have that

j -2 .]
BTB =14, =2—2cos—2" _ —4 _Jr
spec ( ) { ] cos D sin 0+ 0)

so that Ain(BT B) = A;. Hence, the minimal value for enis

Tn
= (llerfl oo + ||V||oo)\/7 = (lellos + Y loo) VA1 = 2(llloo + Iy lloo) sin 5———

:je{l,...,n}}, (5.4)

2(n +1)

jm

T J , for the weight vector

This minimum is realised [7] by the choice w = (sin
in Theorem 5.3.

Corollary 5.4. Foralln € N, the inclusions (1.30) hold with

/" . 7
=2 —_—. 5.5
€n (lelloo + 117 lloo) sin 2+ 1) (5.5)
The example of the shift operator (Example 1.11 and Section 8.1) shows that the

above formula is sharp; (1.30) does not hold for all tridiagonal A € L(E) if ¢, is any
smaller than the above value.

5.2. Does an analogue of Proposition 3.1 hold for the 7; method?

For operators B € L(X) (in particular, when X = C” and B is a finite square matrix),
the resolvent norm
A= |[(B=aD7!|

on p(B) := C \ Spec B is a subharmonic function, subject to a maximum principle;
it cannot have a local maximum in p(B). Likewise, its reciprocal, which (recall (1.9)
and (1.12)) is the Lipschitz continuous function

fB: A= uw(B—Al),
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cannot have a local minimum on p(B), indeed cannot have a local minimum on C,
except that it takes the minimum value zero on Spec B.
The proof of the identity

or (A) = 1(A4) = £2(4)

for the T method in Proposition 3.1 rests indirectly on this property, and the stronger
result that fp cannot be locally constant on any open subset of p(B), which holds
if X has the Globevnik property. The same is true for the proof of the correspond-
ing property (4.10) for the & method. But the corresponding relationship for the t;
method, relating the two 7; sets defined in (1.29), that W = I'}(A), does not hold
forevery n € N, ¢ > 0, and every tridiagonal A, as the example we give below shows.
The issue is that the appropriate version of the mapping fp can have local (non-
zero) minima, in the case that B is a finite rectangular matrix, as discussed in [85,
Section X.46] and in [77]. An example that illustrates this is the 4 x 2 matrix

with § € (0, é)

S = O >
S = OO

The relevant version of the mapping fg, namely, fg(A) := v(B — AIL,"), where I,/
is as defined above (1.33) (with X = C), has global minima (over all A € C) at 0 and
1 (see the calculations in Lemma 5.5 below), with the values

() = f(1) =v(B) =6é>0.

To obtain our counterexample to y? (A4) = I'? (A) we build a tridiagonal bi-infinite
matrix around B, given by’

— O oo

(5.6)

b
I
—_ O &>

(SO
—_

This is an example of a so-called paired Laurent operator, a class for which the spectrum
can be computed explicitly. See, e.g., [51, Section 4.4.1], [64, Section 3.7.3].
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The sets y(A) and I'? (A) are defined by (1.29) in terms of u, (A — AI), which in
turn is expressed in terms of lower norms of rectangular matrices in (1.33). For the
case n = 2 there are only three distinct matrices A: & s k ranges over Z, namely,

and only five different matrices (4*) "

n,

¢ Withn = 2 and k € Z,namely,

1 1 1
0 1 0 1 0 1
G=1s ol =15 o] &= |0 1|
8 0 0
1 8
1 6 1§
CG=lo 1" =10 1
0 0

Putting, for j € {1,2,3}and k € {1,...,5},
fiA) :=v(B; —AL) and gr(A) :=v(Cx —ALS), AeC,
we have
Un(A—Al) = min {fj(l),gk(k) 1 e{l,2,3ke{l,.. .,5}} =:h(A). (5.7
Lemma 5.5. Let § € (0, %). Then, the following statements hold.

@) fo(A) =6 forall A €C.

(b) 0<8= f2(0) <3 < f3(0) = g5(0) < g2(0) = g3(0) = g4(0) = 1 < f1(0) =
£1(0).
As a consequence, the function f», and so, also the function h(A) = pu,(A — Al),
have positive local minima at zero, namely, p,(A) = h(0) = f,(0) = 6.

Proof. (a)Forall x = (i;) € C?, we have

5)61 5)61
_ —)Lxl 0 _
IB2=anxl = G = e [] =00
8)62 5)(2

so that f(A) = v(By —Al) >4 forall A € C.
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(b) We start with the computation of f;(0) for j € {1, 2, 3}. Firstly, f1(0) =
v(B1) = 1+ 682 > 1, since || B1x]||*> = (1 + §2)|x]||* for all x € C2. Secondly,
f2(0) = v(B3) > § holds by (a). To see equality, observe that || Box|| = §||x|| for x =
('})- Thirdly, £3(0) = v(B3) € [I — 8, 1), since || B3x — §(0,0,x1,x2) || = [|x]|, so
that | B3x|| > ||x|| — §||x|| forall x = (;C;) € C?, whence v(B3) > 1 — 8. Computation
of || Bsx| with x = (—18) shows that v(B3) < 1.

Carrying on to the g; (0) with k € {1,...,5}, again writing x € C? as x = (2)
we get g2(0) = v(C,) = 1, since ||Cax|| = ||(x1,x2,0,0)T| = ||x| for all x € C2,
with equality for x = (}); g3(0) = v(C3) = 1, since [|C3x| > [|(x1,x2,0,0) 7| =
[l x|| for all x € C2, with equality for x = ({); g4(0) = v(C4) = 1, since [|Cax| >

l(x1,0,x2,0)" || = ||x]|| for all x € C2, with equality for x = (_81). Finally, denoting
the flip isometry (x1,...,Xn) = (Xm,...,x1) on C™ by J,,, we have C; = J4B1J>
and C5 = J4B3J,, showing that g;(0) = f1(0) and g5(0) = f3(0). ]

By Lemma 5.5, the tridiagonal matrix (5.6) has the properties that, for n = 2
and 0 <d <1/2,0eT§(4) ={A €C:u(A—-Al) <8} buty{(4) ={L e C:
pn(A —AI) < 8} does not intersect eD, for some & > 0. Thus, 0 ¢ y5 (A4), and

yE(A) S T} (A). (58)

6. Proof of Theorem 1.9 and a band-dominated generalisation

The following result is a generalisation of Theorem 1.9 to the band-dominated case.
It reduces to Theorem 1.9 if A is tridiagonal (in which case A®™ = A, for each n, so
that w, = 1 and also A, = A and §, = 0), provided also X is finite-dimensional or
a Hilbert space (in which case 1, = 0). Note that the requirement that {4;; : i, j €
Z} C L(X) be relatively compact is satisfied automatically if X is finite-dimensional.

Theorem 6.1. Suppose that A € BDO(E) and that {a; ; : i, j € Z} C L(X) is rel-
atively compact. Let A™ e BO(E) be defined, for n € N, by A™ := A if A if
tridiagonal, otherwise by (1.43) for some p > 0 such that 8, = |[A — A®| — 0
asn — oo, and let A, 1= IwnA(")I;’:, where w,, is the band-width of A® and Ip
is defined as above (1.14). In the case that X is finite-dimensional or a Hilbert space
set 0, 1= 0, forn € N, otherwise let (,)neN denote any positive null sequence. Then,
for everyn € N there exists a finite set K, C Z such that

Yk € Z 3j € K,, such that

6.1)
1 Aa)} e = (A < 1/n and (A, — (A1 < 1n.
Further, for e > 0 and n € N, using the notations (1.47) and (1.42),
n Lfin
[ (An) C Speceys, yn, A and Spec;A C TN o0, (An). (62)
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where
TE(4,) = {4 € C 1 Ay — A1) < &) ©

with

w4, — A1) =1 in min (VA = AL (A = ALD)),  ford eC.
JEKp ’ ’
(6.4)

: H . .
n,fin (A,) — Spec,A as n — oo, in partic-

&+28,+2nn +€% (An)+1/n

n,fin H
ular, T'oirq,y 128, +2n, +1/n (An) — Spec 4.

Moreover, for e > 0, I’

Proof. Fix n € N. To see (6.1) note first that the relative compactness of the matrix
entries of A implies, by the definition of A,, relative compactness also of the entries
of A,. Further, since the set of matrix entries of A, is relatively compact, so that every
sequence has a convergent subsequence, the same is true for

Su = {((An)} . (A5 sk € Z) € (X)) (6.5)

Thus, there exists K, C Z such that (6.1) holds since relatively compact sets are
totally bounded.

To see (6.2), note that it follows from (1.45), (1.30), and (2.4) (if n, > 0) or (2.5)
(if n, = 0) that rjf’ﬁ“(A,,) C Spec,An C Spec, 5, 4y, A- Again, applying (2.4)/(2.5),

n,fin
Spec, A C Speceg, 49, An C Tpis 1y teria,y(An) C D st mm el (Amy+1/n (An)-

by (1.30) and (1.45). Thus, forn € N and ¢ > 0,

n,fin
Spec, 4 C F8+8n+ﬂn+€Z(An)+1/n(An) C SPeCet 25, +2n,+e)(An)+1/nA-

Arguing as above Theorem 1.6, we have that ¢/, (4,) — 0 as n — oo. This implies

i H
that FZ+;8n+2nn+eZ(An)+l/n (A,) — Spec,A as n — oo, by (2.8). ]

Remark 6.2. In the theorem above we note that there exists a finite set K, C Z such
that (6.1) holds. An equivalent statement is to say that there exists a finite set S, C Sy,
where §,, is defined by (6.5), such that

Vk € Z 3(B1. B2) € Sy such that [|(4,,);} , — B1]| < 1/nand [|((An)*);} , — Bzl < 1/n.

(6.6)

The above theorem thus remains true if we replace (6.1) with (6.6) and replace (6.4)
with the formula

UM Ap —AI)= min _ min (v(By — ALS),v(B2 — AI)), ford e C. (6.7)

(B1,B2)€Sy
Importantly, with these changes, the proof still holds if, instead of requiring S, C $,,
we make the weaker requirement that S, C S,,, the closure of S, in ((X¥n)n+2)xn)2.
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the elements of S, need not be in S, only in S, This observation is helpful because
there are instances where it is much easier to identify §, than §,,.

Theorem 1.9 and the above result are both based on the 7; method. Versions of
these results hold also for the T and 7 methods, at least in the case that A is tridiagonal,
provided (this is a substantial assumption) these methods do not suffer from spectral
pollution for the particular operator A. Here is a version (cf. Theorem 1.9) for the case
that A is tridiagonal (recall from Section 1.4 that every banded A can be written in
tridiagonal form), written in the way suggested by the above remark. We use in this
theorem the notation that, for tridiagonal B € L(E),

Bux itM=rt.
M ._ I (6.8)
n.k per,t .

BY' i M =,

where 7 in (6.8) is some fixed value with 7 € T, and By, x and Bse,rc’t are as defined in
(1.19) and (1.20).

Theorem 6.3. Suppose that X satisfies Globevnik’s property, that A € L(E) is tridi-
agonal, and that {a; j 1 i, j € Z} C L(X) is relatively compact, and, where M = t
or 1, suppose that the M method does not suffer from spectral pollution for A in the
sense of Definition 1.1. Let (;)neN be the null sequence from that definition, and
(1, nen be any other positive null sequence. Then, for every n € N there exists a

finite set S,, C S,EM), where

SM) = (AM) ke z) c X", (6.9)
such that
Vk € Z 3B € S, such that | A" — B|| < 1/n. (6.10)

Further, fore > 0 andn € N,

AZmM () C specyyy e A and Spec,A C AT (4), 6.11)

e+ e+eM 1/n

where SS,M) i=¢p for M =1, 1= ¢, for M = m, with ¢, and ¢, defined as in (3.6)
and (1.26), and

APM(4) = {4 € C: min w(B —Aly) < ¢}, (6.12)
€dn

n,fin,M

H
A) — Spec,A as n — oo, in particular,
e+e£lM)+1/n( ) PeCe p

Moreover, for e > 0, A

fing M H
A:(fﬂﬂ/n(/l) —> Spec A.
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Proof. The fact that (6.10) holds follows from the relative compactness of {a; ; : i, j €
Z} C L(X), arguing as in the proof of Theorem 1.9 (and see Remark 6.2). Now, by
(1.21) and (1.10),

S (A) = {A eC: inf u(B—AlL) < g} - {)L eC: inf wu(B—AlL) < s},
BeS® BeS(™
by (1.12), so that AZ™F(4) C £"(A). Similarly, A?""™7 (4)  TIZ* (A) by (1.24),
(1.10), and (1.12). Since X7 (A) C 0;’_’_";’ (A) and IT?(A) C ﬂsn+n,’1 (A), the first inclu-
sion in (6.11) follows from the assumption of the absence of spectral pollution. Note
that (cf. (1.45)), if (6.10) holds, then, for ¢ > 0,

TM(A) C Agf;fn(A) and T1"(4) C A;’f;*;;(A),

as a consequence of (1.12) and since
o, (A) = {k eC: inf u(B-AlL,) < 8},
BeS®
and the same representation holds for 7} (A), with S replaced by S. These

inclusions and (1.22) and (1.25) imply the second inclusion in (6.11). Thus, forn € N
and ¢ > 0,

n,fin,M
Spec, A C A8+8,(1M)+1/n (A) C specg+8l<1M)+nn+n’/1+1/nA,
so that .
n,fin, M
g+s,(,M’+1/n(A) —> Spec,A asn — 0o,
by (2.8). "

7. The scalar case: Computational aspects and the solvability
complexity index

In this section we focus on the case that, for some p € N, X = C?, which we equip
with the Euclidean norm (the 2-norm), so that X and E = {*(Z, X) = {*(Z,CP)
are Hilbert spaces, and the entries of the matrix representation [a; ;] of A € L(E)
are p X p complex matrices, i.e., L(X) = C?*?. This includes the special case that
p = 1, s0 that E = {*(Z) and the entries a;,; are just complex numbers'’.

19This is a special case, but recall, as noted at the top of the paper, that, given a separable
Hilbert space Y, our results for this special case apply to any A € L(Y) that, with respect to
some orthonormal basis (e;);cz C Y, has a matrix representation a; ; = (Ae;,e;) € C thatis
banded or band-dominated.
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Our goals in this section are to provide computational details regarding the deter-
mination of membership of our 7, &, and 7; inclusion sets in this case, to prove
Proposition 1.10 and an extension of this result to the band-dominated case, and to
note implications regarding the solvability complex index. In particular, a key conclu-
sion in this section is that the computational problem of determining the spectrum of a
band-dominated operator, given the inputs that we assume, has solvability complexity
index SCI4 = 1, indeed is in the class H‘fl (our notations are those of [2,25]).

In the above set up, in which X and E are Hilbert spaces, standard formulae are
available for computing the lower norms that our methods require. For any Hilbert
spaces Y and Z and any B € L(Y, Z) we have (see, e.g., [63, Section 1.3] or [64,
Section 2.4])

(v(B))*> = v(B’B) = minSpec (B'B) = (smin(B))>, (7.1)

where B’ € L(Z,Y) denotes the Hilbert space adjoint of B and its smallest singular
value is denoted by smin(B) := (min Spec (B’ B))'/2, so that (recall our notation (1.9))

1£(B) = (min(v(B'B), v(BB")))"/* = min(smin(B), smin(B"))- (7.2)

In particular, the above holds when Y = CM and Z = CV, for some M, N € N, in
which case B isan N x M matrix and B’ is the conjugate transpose of B. In particular
(see the discussion below (1.9)), if M = N, sothat Y = Z and B is a square matrix,
then

j(B) = v(B) = smin(B) = (minSpec (B'B))"/> = (v(B'B))"/>. (7.3)

To decide whether a particular A € C is contained in one of our inclusion sets it is
not necessary to actually compute any lower norms, it is enough to decide whether or
not v(B) > ¢ or is > &, for some non-negative threshold ¢, and for B € B, where B
is some set of N x M matrices, depending on which inclusion set method we choose
(z, m, or t1). By (7.1), this is equivalent to deciding whether the M x M Hermitian
matrix B’ B — &2 1) is positive semi-definite or positive definite, in particular,

V(B) > & <= B’'B — &Iy is positive semi-definite. (7.4)

This can be tested (cf., [26, Supplementary materials]) by Gaussian elimination or by
attempting an LDLT version of the Cholesky decomposition [2, Proposition 10.1].
These algorithms only require finitely many arithmetic operations. Precisely, O (M 3)
operations are sufficient, indeed O(w?M) operations suffice if B’B has band-width
w (see, e.g., [50, Algorithm 4.3.5]).

Let us emphasise in this case we are considering where X is a finite-dimensional
Hilbert space, X (and so, also E) satisfy Globevnik’s property (see Section 2), so that
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all the inclusions (1.22), (1.25), and (1.30) apply. In this finite-dimensional case the
expressions for the key inclusion sets for the v and & methods simplify somewhat: we
have by Proposition 3.1 that 6 (4) and X7 (A) are given by (1.28) and, noting (7.3),
the expression (1.27) for juf (4 — AT) simplifies to

w4 =1 = inf V(A —ALy), neN, AeC. (7.5)
€

Similarly, recalling from (4.7) that 77" (A) = 7°®(A) and T2 (4) = T13°(A),
when a and ¢ are given by (4.1), and letting ,un’t denote the function py,’¢ defined by
(4.8) in the case that a and ¢ are given by (4.1), we have by (4.9), (4.10), and (7.3)
that, foralln e Nandr € T,

(A ={AeC:uff(A—Al) <e}, e>0,

7.6
7' A) ={AeC:ul"(A—Al) <&}, &=0, (7.6)

where

pE (A=Al = kin%v(Aze;c’t —Al,), neN, LeC,teT. (1.7
. ,

The corresponding representations for the tr; method inclusion sets are (1.29) and
(1.33).

The above representations, and the discussion around (7.4), make clear that, in the
case that {4, x : k € Z} is finite, which, as we have noted in Section 1.4.4, holds if and
only if the matrix representation of A has only finitely many distinct entries, we can
determine whether a given A € C is in one of the r-method-related sets, 0 (A4) and
X7(A), in only finitely many arithmetic operations (assuming that we have already
determined the finite set {4, x : kK € Z}, or at least its cardinality). Similar remarks
apply to the 7 and 71 methods. In the remainder of this section we consider questions
of computation in finitely many operations in cases where A may have infinitely many
distinct entries, proving Proposition 1.10 and an extension to band-dominated case.

Proof of Proposition 1.10. Suppose n € N. Given the inputs specified in the theorem,
to compute the finite set I'f (4), given by (1.50), one only needs to calculate R :=
Omax + Pmax + Ymax and check whether or not each of the finitely many points in
Grid(n, R), given by (1.49), are in F:’,;’Tz/n(A), where I'7"(4) is given by (1.47)
and (1.48). But this is just a question of deciding whether or not v(B) < ¢ + 2/n for
finitely many matrices B, where ¢}, is given by (1.51), and, as noted above, this can
be done in finitely many arithmetic operations.

Recall that K, = 4, (A, n) so that (1.46) holds. To see that Spec A C f‘g’n(A) it

is enough, by Theorem 1.9, and since Spec A C ||A||D, to show that F:,;f_i:l/n(A) N

|A|D c f‘gn(A). So, suppose that A’ € F:,;Tl/n(A) and |A'| < ||A|l. Then, since
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R > | A|,itis easy to see that there exists A € Grid(n, R) with |A — 1’| < +/2/n. Since
Me F:,;Tl /n (A) and recalling (1.11), we see that there exists k € K, such that either
V(AS = ALF) < gl 4+ (1+ V2)/n or v((A*)F = ALT) <& + (1 + V2)/n <

&y +3/n, so that A € T (4) C T, (A), ie., A € T, (A). This implies,
since |A — 4| < «/i/n <2/n,that A’ € fgn(A)‘ Thus, Spec A C f‘f'i’n(A), but also,
by the definition (1.50) and Theorem 1.9, T7 (4) c 2™ (4) C Specg 43/, (A),

en+3/n
so that

~ 2 _
Spec A C I'g, (A) C Spec, 43, (A) + ;ID).

It follows from (2.8) that Spec,x 5/, (A4) + %]ﬁ) i Spec A as n — o0, so that also
f‘f’i’n(A) — Spec A. Since dy (I'f, (A), fgn(A)) < 2/n, we have also that I'} (4) —
Spec A. ]

Let us, as promised, extend Proposition 1.10 and the discussion of Section 1.4.5
to the band-dominated case. Let Q = BDO(E), with X = C, so that E = (*>(Z)
and the matrix entries of A € Q are complex numbers. The mappings we will need, to
provide us with the inputs needed to compute a sequence of approximations to Spec A,
for A € Q, are A, B,, Cp, for p € N, as defined in Section 1.4.5, plus the mapping
D=(D1,D2): QxN - QL xR, (A,n) > (A, M), Where 4, := I, AW I,
I, is defined below (1.14), A™ is defined by (1.43) with p = 1, and 71, > 0 is such
thatn, > |A — A®| and n, — 0 as n — oo.

The sequence of approximations to Spec A is (I'f' (4))nenN, given by

7 (A) := rgﬁfggn) 3/nan, (An) N Grid(n, Ry), n €N, (7.8)
where (An’ 7711) = ‘:D(A, I’l), (amax» ,Bmax: )/max) = °(Bn(An)’ Ry = omax + ,Brnax +
Ymax + 1 (s0 that R, is an upper bound for ||A|)), K, C Z, in the definition (1.47)
and (1.48), is given by K, := A, (A,,n), and (cf. (1.42) and (1.51))

22 ) b4
8: (An) = (amax + Vmax)m > 2(O(max + Vmax) S m = 8;; (An)a (79)
where ¢//(A,) is defined by (1.42). As we note in the following theorem, each ele-
ment of this sequence can be computed in finitely many arithmetical operations, given
finitely many evaluations of the input maps 4, 8,, €,, and D.

Theorem 7.1. For A € Q andn € N, T'f'. (A), as defined in (7.8), can be computed in
finitely many arithmetic operations, given n, := D2(A,n), K, := A, (A,,n), where
Ap = D1(A,n), (Omax> Pmaxs Ymax) := Bn(Ap) and for k € K,

((An),tka ((An)A*),tk) = Cn(An, k,n).



On spectral inclusion sets and computing spectra and pseudospectra 777

Further, I'f (A) ﬁ) Spec A as n — oo, and also
Hn n 2= H
I'f (4) =T, (4) + ;]D) — Spec A

as n — oo, with Spec A C f‘g‘n(A) for eachn € N.

We will prove Theorem 7.1 shortly, but let us interpret this theorem as a result
relating to the solvability complexity index (SCI) of [2, 3, 25], as we did for Pro-
position 1.10 in Section 1.4.5. Inspecting the definition of I'f (A4), note that it is not
necessary to explicitly compute the action of both components of D, it is enough to
evaluate 9,, the second component of D, to obtain 1, = D, (A4, n), and then to eval-
uate compositions of £ with 4, B, and €,, to obtain K, := (A,(-,n) o D1)(A4),
(Ctmax. ﬂmaxv Vmax) = (B o D1)(A), ((An),::kv ((An)*):’k) = (Cn(,k,n) o D1)(A).
Equipping C€ with the Hausdorff metric as in Section 1.3, the mappings

Q—>CC A-TEA), A-TIA)

are, for each n € N, general algorithms in the sense of [2,25], with evaluation set (in
the sense of [2,25])

A = {An(’}’[) OJ)17£n O@l,'en(',k,n)oi)l,ﬂz . k € Z, n e N},

each function in A has domain €2, and each can be expressed in terms of finitely
many complex-valued functions; see the footnote below (1.52). Further, ffg’n (A) can
be computed in finitely many arithmetic operations and specified using finitely many
complex numbers (the elements of I'f’ (A) and the value of ). Thus, where & : Q& —
C€ is the mapping given by E(A4) := Spec 4, for A € Q, the computational problem
{E,Q,C c, A} has arithmetic SCI, in the sense of [2,25], equal to one; more precisely,
since also Spec A C fg’n (A), foreachn € N and A € €, this computational problem
is in the class H‘l“, as defined in [2,25].

Proof of Theorem 7.1. Suppose n € N. Note first that R := sup{R, : n € N} < 00
as (cf. (1.17)) Ry < 3||Anll + nn. (nn) is a null sequence, and |4, = |[A®| <
| All + 1. Thus, arguing as in the proof of Proposition 1.10, I'f’ (4) can be computed
in finitely many arithmetic operations.

Since K, = A, (A, n), (1.46) holds with A replaced by A,,. To see that Spec A C
fgn(A), note that, by the first inclusion in (2.3), Spec A C Spec ,, A™ = Spec ,,, Ap.

Further, by Theorem 1.9, Spec ,, A, C F;’;TE;;(A}T)H/”. Since also Spec A C ||A||D,
it follows that Spec A C prfin N ||A||D. Since R, > || A||, it follows by

nn+en(An)+1/n N
arguing as in the proof of Proposition 1.10 that Spec A C I'{ (4,). Also, by definition
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and Theorem 1.9,
r{?n(An) - F:}f?;n)_,_yn_}_nn (An) C SpecsZ(An)-i-S/n-‘rr}n (An)’

and Specx (4,)+3/n+n, (An) C SPECsx (4,)+3/n+2n, (A), By (2.5). Thus,
~ 2
Spec A C T (A) C SPeces (4,)+3/n+2n, (A) + ;]D),

so that, by (2.8), fg’n(A) — Spec A. Since dy (I'f} (A), fg’n(A)) < 2/n, we have also
that I'f, (A) — Spec A. [

8. Pseudoergodic operators and other examples

In this section, as in the previous section, our focus is the case that, for some p € N,
X = CP, which we equip with the Euclidean norm, so that X and E = (*(Z, X) =
(?(Z, CP) are Hilbert spaces, and the matrix entries a;,; are p x p complex matrices.
This includes the special case p = 1, so that E = ¢?(Z) and the entries a;, jeC.
Our aim is to illustrate various of the results in earlier sections in the case that A
is the tridiagonal matrix (1.15). We focus particularly on the study and computation
of ¢ (V), HZ;(V), and F;‘%(V), defined in (1.21), (1.24), and (1.29), respectively,
that, by (1.22), (1.25), and (1.30), are inclusion sets for Spec 4, and the convergence
of these sequences of inclusion sets as n — co.

8.1. The shift operator

As a first example, we consider the shift operator V' from Example 1.11 in more detail.
As we noted in Example 1.11, Spec V' is the unit circle T for this operator. Moreover,
we can obtain exact analytical descriptions for the inclusion sets for Spec V' provided
by the 7, 7, and 71 methods in (1.22), (1.25), and (1.30). These are E;’n V), H:;’:(V),
and I';Z,(V), respectively, defined in (1.21), (1.24), and (1.29). In this case, as we
noted in Example 1.11, ||a]lcc = 1 and ||y|lcc = O so that, by Corollary 3.7, (1.26),
and (1.31), &, = 2sin ﬁ, e, = 2sin 5.7» and ey = 2sin ﬁ

In general, computation of these inclusion sets for an operator A requires con-
sideration of infinitely many submatrices of A, indexed by k € Z. But, as we have
noted already in Example 1.11, in the case A = V the relevant n x n submatrices
for the T and 7= methods are all the same: we have (see (1.53)) that 4, x = V,, and
Af:;c’t = VP! fork € Z, where V,, and V,?*"" are defined in (1.53), so that, forn € N,

57 (V) =Spec,, (Vy) and M%7 (V) = Spec,, (V') t€T. (8.1

&n
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Similarly, recalling the definitions (1.21) and (1.24),
ol (V) = spec,, (V,) and nZ/’t(V) = specy (VP"), reT.

For the 7; method the relevant submatrices for computing ye",, (A) and F;’,,(A),

given by (1.29), are A:{k and (A*):k, for k € Z, this notation is defined in (1.32). In
the case A = V we have, forn € N and k € Z, that

0O 0 --- 0 0
A:,k =V, = | Va l
00 --- 0 1/
and
1 0 -- 0 0
(A*),tk = V5= VI
0 0 -0 0

Thus, by (1.29), (1.33), and (7.1), we have
e (V) = {AeC:v(}) <ég),} and Iy (V) = {AeC:v() <€)}, (B2
where
v(A) i= min((V," = AL, v((V*); = ALD)
= min(smin(V," = A2, Smin (V) — A1),

With D and T, as defined in Section 1.3, it follows from (8.1) and (8.2) that

sr (V) =D, (8.3)
H:;;I(V) =1Y/"T, +¢D forteT, (8.4)
and that
D\ (1—(g)*D, n =3,
n(V) =1 _ ! (8.5)
n=1,2.

’

We have shown (8.4) already in Example 1.11, and we will show the other identities
above in a moment. Clearly, as predicted by (1.22), (1.25) and (1.30), these identities
show that

SpecV C =7 (V)N HZ;;’(V) nryv), teT,

but, as we will see in the calculations below, forn € N andt € T,

SpecV ¢ a7 (V), SpecV & n,'(V), SpecV & yl(V), (8.6)
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since
ol (Vy=D, z'(V)=1t""T, +¢,D,

(V) = D\ (- (H>D, n=>2, (8.7
e D, n=1

This makes clear that &,, &, and &/, are just as large as necessary for (1.22), (1.25),

and (1.30) to hold. Observe also that the above expressions imply that

and  dp (Spec V. TIZ, (V) = 2sin -

dp (Spec V,T'%, (V) = 4sin? 5
n n

T

2(n+1)

so that "
;’Z(V) — Spec V' asn — o0,

H
as predicted by Theorem 1.2, and also IT7, (V') — Spec V' (this is a special case of
Theorem 8.1 below). However, dg (Spec V,T'[,(V)) = 1 foralln € N.

Proof of formulas (8.3)—(8.6). Fixn € N and put R,(A) := ||(V, — AL,) 7| for A € C
(with R, (0) := 00), where V}, is as in (1.53). Firstly, R, is invariant under rotation
around 0. Indeed, let ¢ € [0,27) and put D,, := diag(e'?, ¢'?%, ..., e"%). Then, D,
is an isometry and V;, D, = e % D,V,, so that

Ru(€“) = |(Vy — €AL,) 1| = e (e V, — AL) |
= |[(D;; " VaDn — ML) ' = |ID;; (Vo — M) "' Dl = Ra(R).

Secondly, R is strictly monotonously decreasing on the half-axis (0, +00). Indeed,
suppose 0 < A; < Ap < oo and R, (A1) < R, (A3). Since limy o R, (A) = 0, there
isa Az > Ay with R, (A3) = R, (A1). Thus, R, attains its supremum

M = R, (A R,(A2) > R,(A1) = R,(A
Aeﬁ?ﬁﬂ (A) = Ry(A2) = Rp(Ay) (A3)

in the open disc
_ Mt As n Az =Xy
2 2

which contradicts the maximum principle of [46], noted in [80, Theorem 2.2]. Finally,
recalling (7.1) and the notations By, E,(¢), and g,(¢) of Section 3.2, R,(1) =
|B; [l and 1/]| By |2 = (v(By)) = minSpec (B By) = minSpec (Ey (1)) = u(1).
Further, by (3.31) and (3.36), 0,(1) = &2. Thus, R,(1) = 1/e,. Taking all of this
together, we get that

U: D,

2 (V)={AeC:Ry(A)>1/e,} =D

and
o, (V) =D.
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We have shown in Example 1.11 that V7"’ is normal and Spec V;)*"" = /T,
so that

17 (V) = Spec, VP! = Spec VP! + 6D = tY/"T, + eD, &>0. (8.8)

Clearly, for each r € T, TT¢"* (V) covers Spec V = T if and only if it covers £1/"T5,.
The latter is the case if and only if ¢ is greater than or equal to the Euclidean distance

of two adjacent points of T,,, which is 2sin 5. = &,. Thus, Spec V' C HZ,’t(V),

but Spec V ¢ n:;:t(V) = t'/"T, + e, D, since the points t'/"@,, where &, :=
T2, \ Ty, which are points of intersection of the discs of radius &/, centred on T}, are
not contained in JT:,y:t(V). Nor does n;’;:t( /) contain the other points of intersection
of these discs, the points r¢/"&,, with r = 1 — (¢/,)2, or any of the points rt1/"&,,
with0<r <1-— (8;1)2 or with 7 > 1. On the other hand, by elementary geometry,
JT:;:[(V) contains the annulus D \ (1 — (&/,)2)D. Thus,

(V7' V) = (V@' Ty +6,D) =D\ (1 = (£,)*)D.
teT teT

and, by (4.10), also (,ep 1% (V) =D\ (1 — (¢,)?)D.
To see that (8.5) holds, note that, for n € N, recalling (7.1), and where D,, := I,
if A =0, D, :=diag(w', ..., w") withw := |A|/Aif A # 0,

W(V,"=AL)? = (V= A, 0))? =min Spec(Pno(V —AI)' (V=A1)|E, ,)
= min Spec((1 + |A|*) ], — AV,] — AV,)
= min Spec(D, ' (1 + [A*) 1o — AI(V,] + Vi) Dy)
= minSpec((1 + [A[*) 1, — [A|(V,[ + V2)
=1+ [A]> = 2|Aca.

by (5.4), where ¢, := cos ;25 = 1 — 3(¢j)?. Similarly,

W((V*);f = A1,5))? = minSpec(Pyo(V' — A1) (V' = A)|E, )
= min Spec((1 + A1, — AV, — AV,T)
= min Spec((1 + [A]*) I, — |A|(V,] + Vi)
=1+ [A]> —2|Alcn,
so that
v(d) = (1 +|A> =2[Alen)'/? A eC.

Now, A € F:Z(V) if and only if v(4) < &/, so if and only if

(1= 12D* = (> (1 = [A]). (8.9)
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If &) > 1, which is the case for n = 1 and 2, then (8.9) holds if and only if [A| < 1. If
&/ < 1, which is the case for n > 3, then (8.9) holds if and only if 1 — (¢//)? < |A| < 1.
Similarly, A € J/S”Z(V) if and only if v(4) < &/;, which holds if and only if |A| < 1 for
n = 1,if and only if 1 — (8;{)2 < |A| < 1, forn > 2 (note that &5 = 1). n

8.2. Block-Laurent operators

Suppose now, generalising the shift operator example of Section 8.1, that X = C?,
for some p € N, and that A is given by (1.15) with each diagonal constant, so that,
for some &, ,3 ye L(X)=CP*? o =a, fj —,8 and y; = p, for j € Z, ie.,

A is a block-Laurent operator (a Laurent operator in the case p = 1). Generalising
the notation of Section 8.1, let V' € L(E) denote the forward shift operator, so that
(Vx); = xjt+1,forx € E =4€*(Z,X) and j € Z. Then'!,

A=avi+BVo + vt =a(V),

where a is the Laurent polynomial

a(z) :=az' + 320 +9z7Y, zeT.

It is well known that A is unitarily equivalent to multiplication by a, the symbol of
A. Precisely (see, e.g., Theorem 4.4.9 and its proof in [33]), the Fourier operator
F :E=(*Z,X)— L*(T, X), defined by

(Fx)(z) = \/_ij J, zeT,

JEZ
is unitary, and
A=F""M,¥F,
where M, : L?>(T,X) — L?(T, X) is operation of multiplication by a € C(T, L(X)),
ie., (My¢)(z) = a(z)¢(z), for ¢ € L*(T, X), z € T. Thus, [33, Theorem 4.4.9]
Spec A = Spec M, = U Specal(z), (8.10)
zeT
and, similarly,

spec,A = spec,M, = U spec,a(z),

zeT

Spec,A = Spec, M, = U Spec.a(z), &> 0.

zeT

(8.11)

Tn the following and similar expressions @, S, and $ are to be understood as operating
pointwise on the elements of a given x = (x;);ecz € E, so that, e.g., (@x); := dx;, fori € Z.
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In this block-Laurent case similar spectral computations hold for the matrices
AP, given by (1.20), that arise in the 7 method. Forn € N, 7 € T, and all k € Z,

AZf;ét = &an,t + BVnO,t + JQVn_,tl = a(Vn,t),

where
0 tlx

IX 0 nxn
A simple computation shows that, for any s € T with s” = ¢ (cf. the calculation in

Example 1.11),
Voi = 8D, WVo 1D, with D, := diag(s'Ix,sIx, ..., s" Ix),
so that
A = a(Vny) = a(sD; Vo1 Dy) = D 'a(sVa ) Dy (812)
so that Af:;c’t is unitarily equivalent to a(sV,,1). Moreover (see, e.g., [35] and [85,

Section I1.7]), V},,1 can be diagonalised as V;,,; = ?n_an Fn, where ¥, : X" — X"
is the discrete Fourier transform

1 .
Fn = —(a)’klx);’,kzl and M, = diag(w'Iy,0?Ix, ..., 0" Ix)

NG

with @ := exp(27i/n). Combining this observation with (8.12), we see that

Azelrc,z =D ' a(sM,) F,D, with a(sM,) = diag(a(s w"),...,a(sw")),

n

(8.13)
in particular that AP*;" is unitarily equivalent to a(sM,). Since {0, w?,... 0"} =
{zeC:z" =1} =T,, we see, similarly to (8.10) and (8.11), that

Spec AP = Speca(sM,) = U Speca(z), (8.14)

zesTy,

and that for ¢ > 0,

spec, AP = U spec,a(z) and Spec, AP = U Spec.a(z).  (8.15)

zesTy, zesTy,

Note that the set sT,, is independent of which root s we choose as the solution of
s"=t.

The above observations lead, applying Theorem 1.4, to the following result about
convergence of the 7 method in the case that A is block-Laurent. Of course, we
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already have, as a consequence of Theorem 1.2, that the 7; method is convergent
(recall that X has Globevnik’s property as it is finite-dimensional), and we know,
from the example in Section 8.1, that the T method is not convergent for tridiagonal
block-Laurent operators in general, even in the special case that X = C.

Theorem 8.1. If X = C?, equipped with the Euclidean norm, and A € L(E) is a
tridiagonal block-Laurent operator, then, for everyk € Z,n € N, andt € T, Aze,rc’t =

Aper,t

n,0 >

M7 (A) = Spec, A™C"  fore>0 and ="' (A)= specsA’:le,Bt fore>0. (8.16)

£ n,0

Further, the m method does not suffer from spectral pollution for A for all t € T;
indeed, for alln € N and ¢ > 0,

Spec A = U Spec Angt, spec, A = U spechEe,E,’t,
teT teT
Spec, A = U Spec, AP

£“'n,0
teT

(8.17)

so that, as n — 00,

i H
HZig, (A) = Spec,,  APG" = Spec, A fore >0,

n

H
in particular, HZ,’t(A) = Specs;lAffB’t —> Spec A, and

ns"j:s;? (4) = specg o AXG A, spec, A fore > 0.

Proof. The fact that AZT;{J = Af:[)’t, for k € Z, and the representations (8.16), are clear
from the definitions (1.20) and (1.24) of A,';‘j,g’, [12*(A), and 7" (A). The fact that
(8.17) holds follows by comparing (8.10) and (8.11) with (8.14) and (8.15), noting that
UseT (sT,) = T. The second of the equalities in (8.17) implies, by Definition 1.1,
that, for every t € T, the = method does not suffer from spectral pollution for A.
The remaining results follow from (8.16) and Theorem 1.4, noting that X satisfies

Globevnik’s property (see Section 2) since X is finite-dimensional. ]

8.3. Periodic tridiagonal matrices

Suppose A is given by (1.15) with X = C so that E = {?(Z), with all three diagonals
p-periodic for some p € N. Then, 4 can be understood as a block-Laurent operator, so
as to make use of the results from the previous section. Precisely, as in our discussion
around (1.14), define E,, := ¢?(Z, X ?), equipping X ? = C? with the Euclidean norm
(1.14), and let A := I;l VkAV_kIp, for some k € Z, where V is the shift operator
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as defined in Section 8.1. Then, A, € L(E}) is a tridiagonal block-Laurent operator
with constant entries on the diagonals, &, 8, 7 € L(X) = CP*?, where

Apik | Brok Vatk
A A Ak Park
@|B17) = .

Yp+k

Uptk—1 Pp+k | Vi+k px3p

Noting that the n x n matrix (4 p),‘;‘j{)” with entries in C?*? is identical to the (np) x

(np) matrix A;"g’;(, we have the following corollary of Theorem 8.1. The first equation
of (8.18) is well known (see [10,11,33]). In the case n = 1 it expresses Spec A as the

. . . per,t
union over ¢ of the eigenvalues of the p x p matrix Spec A ik

Corollary 8.2. Suppose that X = C and A € L(E) is tridiagonal with, for some
PeEN ojyp =0, Bjvp =Bj, Vi+p =V, for j € L. Then, foreveryk € Z,n € N,
and ¢ > 0,

Spec A = U Spec AP | spec, A = U spec, A"

pn.k’ pn.k’
teT . teT (8.18)
Spec, A = U Spece A, k-
teT

Further, asn — oo, ifk € Z andt € T, then

per,t

H H
. . per,t
ok Spec, A fore =0, inparticular Spec, Apn,k — Spec A,

Spec, . A

and

H
,
SPeCeey Ab 'y —> spec, A fore > 0.

The above result implies that, fore > 0andt € T,
P H
Hfi;; (A) = U Spec,yer A;‘::;{ — Spec, A,
k=1

pn,t

H
e (A) — spec, A, for ¢ > 0. A natural question

as n — oo, and similarly that &

is: does HZis,n (A) i Spec,A, as n — oo, for ¢ > 07 Le., does the whole sequence
converge and not just the subsequence Hf isz (A)? The answer is not necessarily!

As an example where the whole sequence does not converge, suppose that A has
p-periodic diagonals with p = 2, and that the entries of A are chosen so that the
block-Laurent operator A, = I;IAI phasd =9 =0and

~ [0 1
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n=16 n=232 n=~64 n =128

I AN .
7 method | - & O:‘ O o O

i — N / / n

L \ IR
m method | - e O) ' 6 /‘

. - T 1 Py
71 method | = /=~ TR ey 5 T R o\
1 1 (O O] 1 © ) : <f\.‘)

P /’/ T T 1 Nt

Figure 8.1. The 7, 7, and 7| inclusion sets, zgn (A), HZ;I(A), and F;’/,(A), respectively, for
n = 16,32, 64, and 128, in the case that« = (--- ,0,0,0,---), B = (--- ,—%, 1,1,---) and
y=1(--,1,2,1,--) are 3-periodic. These are each inclusion sets for Spec A, given by the first

equation of (8.18) with n = 1, and shown in each figure as the red curve.

so that A, is block diagonal and A, and A are self-adjoint. Then, Spec A = Spec A, =
Spec ,g = {—1, 1}; indeed, since A is normal, we have further that Spec, A = Spec 4 +
D = {-1,1} + ¢D, for ¢ > 0. But, if n is odd, then, for z € T, the last column of
A’,)le’[)’t is zero, so that 0 € Spec A,’f[)’t, so that (see Section 2) ¢éD C SpecsAff[)’t, for
£ > 0. Thus, (¢ + &,)D C HZis}, (A), for & > 0, in particular, (¢ + €,)i € H:is; (A).
Thus, for ¢ > 0,

du (", (A), Spec, A) > dist((e + €,)i, Spec, A)

e+ep
=1+ (+e)?—e > VI+e2—eg,

SO H:ie, (A) does not converge to Spec, A as n — 00.
On the other hand, the numerical results in Figures 8.1 and 8.2, both examples with
p = 3, suggest that there are periodic operators for which the whole sequence does

H
converge. It appears in both figures that H:,’t (A) — Spec A as n — oo (note that the
values of n we choose are not multiples of 3). Note also, as predicted by Theorem 1.2,

H . .
that F;‘,, —> Spec A as n — oo. Further, it appears in these two examples (and also
n

in Example 1.11) that £7 (A), the T method inclusion set, converges to S/p;A, as

n — oo, where ﬁA denotes the complement of the unbounded component of C \
Spec A.
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7 method

7 method

71 method

Figure 8.2. The 7, 7, and 71 inclusion sets, X7 (A), HZ,’I (A), and '/}, (4), respectively, for
n = 4,8,16, and 32, in the case thatow = (---,0,0,0,---), 8 = (--- ,—%, 1,1,---)and y =
(---,1,1,1,---) are 3-periodic. These are each inclusion sets for Spec A, given by the first

equation of (8.18) with n = 1, and shown in each figure as the red curve.

Figures 8.1 and 8.2 are plotted in Matlab, using Matlab’s inbuilt contouring routine.
In particular, the plots of i (A) are produced by noting that the boundary of X (A4)
is, by Proposition 3.1 and (3.5), and recalling (7.5), the contour on which

.....

1/2 (8.19)
= (k min min Spec((Ap x — Aln) (Anx — /\In)))

=1,..., D
has the value &;,. This contour is determined by Matlab’s contouring routine, inter-
polating values of the right-hand side of (8.19) plotted on a fine grid of values of A
covering the respective regions shown in Figures 8.1 and 8.2. HZ,’I(A) and T/, (A4)

are plotted similarly, starting from the representations (7.6) and (7.7) for HZ,’l(A),
and (1.29) and (1.33) for F;’,, (A).

8.4. Pseudoergodic and random operators

Let X4, X and X, be nonempty compact subsets of C and let A be of the form
(1.15) with aj € Xq, B; € Zg and y; € X, for all j € Z. Following Davies [31]
(and see [19] or [21, Definition 1.1]) we say that A is pseudoergodic with respect to
Y«, Zg, and X, if, forall e > 0, n € N and all tridiagonal matrices B, € C™**" with
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subdiagonal entries in X4, main diagonal entries in X g, and superdiagonal entries in
X, , there exists a k € Z such that |4, x — B, || < . We say that A is pseudoergodic
if, for some non-empty compact Xy, g, and X, C C, A is pseudoergodic with
respect to Xy, X g, and X,,. Pseudoergodicity was introduced by Davies [31] to study
spectral properties of random operators while eliminating probabilistic arguments.
Indeed (see [31, Section 5]), if the matrix entries in (1.15) are independent (or at least
not fully correlated) random variables with probability measures whose supports are
XYy, Xg, and X, then by the usual probabilistic arguments (sometimes termed the
infinite monkey theorem) the operator A is pseudoergodic almost surely.

The study of random and pseudoergodic operators, even restricting attention to the
tridiagonal case that we consider here, has a large literature, both in the self-adjoint
and, more recently, in the non-self-adjoint case. A readable, short introduction is [85,
Sections 36 and 37], and see [19] and the references therein; see also [64, Section
3.4.10] or [14] for pseudoergodicity interpreted in the language of limit operators.
Falling within the scope of the results of this section are the following.

(1) Random (self-adjoint, bi-infinite) Jacobi operators, including discrete ver-
sions of Schrodinger operators with random bounded potentials (so X, =
Y, = {1} and ¥g C R), including cases exhibiting Anderson localisation
(see, e.g., [73] and the references therein).

(2) The (bi-infinite) non-self-adjoint version of the Anderson model, with applic-
ations to superconductors and biological growth problems [1,57-59,70], intro-
duced by Hatano and Nelson [57-59]. In this case X, and X, are real singleton
sets (the o and y diagonals are constant) and Xg C R. For this model the
behaviour of Spec Af:;c’l as n — oo has been described by Goldsheid and
Khoruzhenko [48, 49], Spec A in this case has been studied by a variety of
methods in Davies [30-32] and Martinez [68, 69]. Moreover, approximations
to Spec,A have been computed by Colbrook [21], via the representation he
establishes that Spec, 4 = limy—o0 Spec, A5ty ;.

(3) The so-called Feinberg—Zee random hopping matrix, the case X, = {—1, 1},
Y g = {0}, ¥, = {1}, which has been studied in [1,13,14,16,17,24,39,40,52,
53,62], and which we will return to below; also, its generalisation to the case
3¢ = {£o}, for some o € (0, 1], in Chandler-Wilde and Davies [16] (and
see [1,24]).
(4) The special case when A is bidiagonal, meaning that ¥, = {0} or X, = {0};
see [65, 84].
Given non-empty compact sets Xy, Xg, X, C C, let M(Xq, Xg, Zy) denote
the set of operators A of the form (1.15) such that a; € Xy, B, € Xg, y; € X, for
Jj € Z. The key result in the theory of pseudoergodic operators is the following: if A
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is pseudoergodic with respect to ¥4, X g, and X, then

Spec, A = U Spec, B, &=>0,
BeM(Za,54,5y)
© o (8.20)
spec, A = U spec,B, &> 0.

BeM(Xy,28,Zy)

The first of these equalities in the case ¢ = 0 dates back to [31]; the second is shown
analogously as [19, Corollary 4.12]; the first for € > 0 then follows by taking closures
in the second identity'”.

Clearly, (8.20) implies that if B € M(Zy, Xg, X ) then

Spec, B C Spec A,

for ¢ > 0, and spec, B C spec A, for € > 0. In particular, this is true if B is a Laurent

operator, i.e., if, for some @ € ¥4, p € g, andy € X, 05 =, B; =B, y; =7,
for j € Z, in which case, by (8.17) withn =1,

Spec B = 8(&,,3, P) = {Zé?+;§+z_1)9 :z €T},

which is an ellipse in the complex plane (degenerating to a line if |@| = |p]). It will
be key to the proof that the w method does not suffer from spectral pollution, in
Theorem 8.3 below, that also spec, B C spec A, if B € M(Xy, Xg, X ) and the coef-
ficients «, B, and y of B are periodic, so that Corollary 8.2 applies.

Let &~ denote the set of z € C which are in the interior of & (&, 3 ,7), for every
@ €34, B €Tp,and ) € Ty, and let

i * L _ i * L

RS ng:rtlx lz], o« = erel%); lz], yx:= ng:r:/ lz|, y* = znel%)f, lz].  (8.21)
The main theoretical result of this section is the following. Recall, as is the case for
any tridiagonal A € L(E) (irrespective of pseudoergodicity), that, in addition to the
results shown in this theorem, the inclusions (1.22), (1.25), and (1.30) apply to A.

Theorem 8.3. Suppose that X = C, so that E = (*(Z), that 2, g, Xy C Care
non-empty and compact, and that A is pseudoergodic with respect to Xy, g, and

2In more detail, taking closures in the second identity, since spec, B = Spec, B, for any
tridiagonal B with scalar entries, we see that

Spec.B C U spec, B = Spec_ A.
BEM(Zq.55.5y) BEM(Zq.55.5y)

Since A € M(Sq. g, Zy), also Spec, A C Upem(s,.54.5,) SPece B.
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Yy. Then, the w method does not suffer from spectral pollution for A for any t € T.
Further, the T method does not suffer from spectral pollution for A if either: (a) y« <
a* and o < y*; or (b) En is empty. Moreover, as n — oo,

H H
F;’Jrag (A) — Spec, A, e>0 and y;’ﬂ;{ (A) — spec, A, &>0; (8.22)
ift €T, also
o™, (4 A S A >0 d 7', (A) A, A >0. (8.23)
8+8;1( ) pec,A, &> an n8+8;?( spec, A, ¢ . .
Further, if (a) or (b) holds, also
n H n H
Yete,(A) — Spec,A, >0 and o), (A) — spec,A, &>0. (8.24)

Proof. Fork € Z,n e N, t € T, and ¢ > 0, applying Corollary 8.2, we see that
spechZf;c’l C spec, B for the unique B € M(Z,, X, £,) with n-periodic coefficients
that has Br'f;c’t = Afle;ct But spec, B C spec, 4 by (8.20). Thus, the 7 method does not
suffer from spectral pollution for A forany ¢t € T. Let £ := £,(N, C) and suppose
that A, € L(Ey) is tridiagonal and pseudoergodic, i.e., A4 € WE,(Zq, Xg, X)),
in the notation of [19, Section 1]. Then, for k € Z, n € N, and ¢ > 0, spec, 4, x C
spec, A4, by [19, Corollary 4.14 (b)]. Moreoever, spec, A4+ = spec,A4, by [19, Pro-
position 4.13 (c)], if (a) or (b) hold. Thus, if (a) or (b) hold, the ¢ method does not
suffer from spectral pollution for A.

Noting that X = C trivially has the Globevnik property, (8.22) follows from The-
orem 1.2, (8.23) follows from Theorem 1.4, and, provided that (a) or (b) holds, (8.24)
follows from Theorem 1.3. ]

Remark 8.4. In the case of the Feinberg—Zee random hopping matrix, i.e., the case

that X = {—1,1}, Xg = {0}, X, = {1}, we have that oy = a® = yx = y* =1, 50
H

that () holds in the above theorem and X7, (A4) — Spec, A, for & > 0. This result,

for the specific Feinberg—Zee random hopping case, was shown previously, starting
from (1.22), in [ 14, Theorem 4.9].

Remark 8.5. We note that Colbrook in [21] has proved results similar to the results
in the above theorem for the = method, by similar arguments. He shows in [21], for
very general classes of pseudoergodic operators A, including tridiagonal pseudoer-
godic operators as defined here, that the pseudospectra of periodised finite section
approximations converge to those of A, precisely that

. H
Spec, A5y, — Spec,A asn — oo, (8.25)

for every ¢ > 0.



On spectral inclusion sets and computing spectra and pseudospectra 791

8.4.1. The case that X, Xg, and X, are finite sets. When ¥, Xg, and ¥, are
finite sets, as holds, for example, in the Feinberg—Zee case, then the infinite collections
of finite matrices, indexed by k € Z, in the definitions (1.21), (1.24), and (1.29)/(1.33)
of the inclusion sets

EZ'FEn(A)’ Og-i-sn(A)’ H:-ieh(A)’ ﬂg+e§1(A)’ rg+8Z(A)’ yg+8Z(A)a

are in fact (large) finite sets of matrices. Let M, (Xy, Xg, X,) denote the set of all
n x n tridiagonal matrices with subdiagonal entries in X, diagonal entries in X g, and
superdiagonal entries in X, . This set has cardinality N/~!N gN;’_l, where Ny 1=
|Z¢l, Ng :=|Zg|, and N,, := |Z,|. Further, recalling the notation (6.9), it is easy to
see that if A is pseudoergodic with respect to Xy, Xg, and X, then

SO = (A, p ik €Z} = My(Za. 25, Z)). (8.26)

Similarly, where B,’,(Ea, X,), for some fixed ¢+ € T, denotes the set of all n x n
matrices B with entries b; j = 8;,18; nt& + 8; n8j117,1,j =1,...,n,forsome @ € Z,
and y € X, it holds that

ST = {AXY k€ Ly = My(Za. 2. Zy) + Bh(Za. ), (8.27)

which set has cardinality no larger than Nj Ng NJ/, indeed exactly this cardinality for
n>3.

In the Feinberg—Zee case these sets have cardinalities |$”| = 2"~! and |${™| =

n
etepn

the computation of determining whether A € I17, (A). Since both these inclusion
sets converge to Spec, A, for ¢ > 0, by Theorem 8.3 and Remark 8.4, this suggests

2", respectively. Thus, given A € C, determining whether A € ¥ (A) requires half

computing X7, . (A) rather than I1¢, . (A), as an approximation to Spec, A.
In Figure 8.3, taken from [14], we plot X{ (A4) D Spec A for n = 6, 12, and 18.
Concretely, by (1.28), (7.5), and (8.26), we have

S (A) = {A eC: min V(B — AlLy) < gn}
n BeM, ((£1},{01{1)

and, cf. (7.4),
V(B — Al,) > &, <= (B — AI,) (B — Al,) — &21, is positive definite.

Thus, to decide whether A € X% (A) one has to decide whether or not 2"~1 Hermitian
matrices of size n x n are positive definite. For n = 18 this requires consideration of
the positive definiteness of 131,072 matrices of size 18 x 18 for each A on some grid
covering the domain of interest.

In Figure 8.3 we also plot Num A, the closure of the numerical range of A,
computed in [14] to be the square S = conv{%2, 4-2i}. Disappointingly, Num A
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Figure 8.3. Plots in black of X (A), forn = 6, 12, and 18, in the Feinberg—Zee case that 4 is
pseudoergodic with respect to X = {—1,1}, £g = {0}, and &), = {1}. X7 (A) is an inclusion

set for Spec A for each n, by (1.22), and X7 (4) i Spec A as n — oo, by Theorem 8.3 and
Remark 8.4. Shown in red in each plot is the closure of the numerical range of A, which (see
[14, Lemma 3.1]) is the square with corners at +2 and =£2i. This is also an inclusion set for
Spec A (see Section 1.6). Overlaid in blue in each plot is the set w309 U D, where m;; (which can
be computed by Corollary 8.2) is the union of Spec B over all B € M({—1, 1}, {0}, {1}) that
are periodic with period p < n. For each n € N, w,; C Spec A by (8.20), and D C Spec A by
[13, Theorem 2.3].

is a sharper inclusion set than E’g’n (A), at least for these modest values of n, i.e.,
%, (A) O § =Num A D Spec A4, for n = 6, 12, 18. If the inclusion X (A4) D Num A4

held for all n € N it would follow, since Spec A C Num A4 and X2 (A) A Spec A
as n — oo, that Spec A = Num A = S. To show that this is not the case we carried
out calculations in [14] to demonstrate that A ¢ X7 (A) forn =34 and A = % + %i,
a point on the boundary of the square S. This calculation is a matter of checking that
233 x 8.6 x 10° matrices of size 34 x 34 are positive definite. This is a large calcula-
tion, but one suited to a massively parallel computer architecture, with each processor
assigned a subset of the nearly 9 billion matrices to check their positive definiteness.
We note also that this calculation is an example of using our inclusion sets to show
that a particular operator is invertible (see Remark 1.8). These calculations, showing
that, for this particular choice of A, A ¢ ¥7 (A) for n = 34, prove that A & Spec 4, i.e.,
Al — A is invertible. For more information about these calculations and those in Fig-
ure 8.3, see [14]. For a review of what is known about Spec A for this Feinberg—Zee
case, and a list of challenging open problems, see [17].

8.4.2. The case that X, X g, and X, are infinite sets, and the SCI. Consider now
the case that the sets X, Xg, and X, are not necessarily finite. (We have in mind
applications where one or more of these sets is infinite, or all the sets are finite but the
cardinality of M, (X4, X g, Zy) is unfeasibly large for computation as in the previous
subsection.) It is easy to see that, if A is pseudoergodic with respect to Xy, X g, and
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X, , then, where S and $ @ are defined by (8.26) and (8.27),
88 = Mg Kk € Z} = My(Sa. S5, 5y) (8.28)
and, for the chosen fixedt € T,
5 = (A% k € Z) = My(Sa. S5, 5y) + BL(Za. Ty). (8.29)

(These equations are equivalent to (8.26) and (8.27) in the case that X, X g, and X,
are all finite.)

This is a case where it is relatively clear how to select a finite set S, C S,(,M), for
M = t or m, such that (6.10) holds, so that the approximations to Spec, A proposed
in Theorem 6.3 can be computed. Indeed, suppose that we can find sequences of finite
sets (Z3)neN C o, (Xf)nen C Xg, and (Z))nen C Zy such that

1
dr (X6, 24) < F forn € Nand G € {a, 8, y}. (8.30)
n

Then, S, = S,EM), as defined in the following lemma, is finite and satisfies (6.10).

Lemma 8.6. Suppose that A is pseudoergodic with respect to Ly, X g, and X, and
set, forn € N,

GO . {Mn(zg, =1, 51) ifM =,
n * .
M, (S, =4, 5%) + BL(ZL. S%) if M = 7.

Then, Sn(M) is a finite subset ofS,(,M) and (6.10) holds with S, = S,gM).

Proof. Let M = tor and let S, := S,SM). Itis clear that S, is finite, since X7, Eg,
and E; are finite. Further, for G = «, B, or y, and every n € N and z € X, there
exists z, € Xf, such that |z — z,| < 1/(3n). But this implies, for every B € S,EM) =
{A;{VIIC) 1k € Z}, where A;{VIIC) is defined by (6.8), that there exists B" € S, such that
|bi,j —b; ;| = 1/(3n),fori, j =1,...,n, where b; j and b}’ ; denote the elements in
row i and column j of B and B", respectively. But this implies that

n
Z|bi,j _b?,j| <1/n
=1

and
n

> bij — b < 1/n,
i=1

which imply that | B — B"|| < 1/n. ]
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Combining the above lemma with Theorem 6.3 and with the results on absence of
spectral pollution in Theorem 8.3, we have immediately the following result, noting
that the definition (8.31) coincides with (6.12) by (7.3).

Corollary 8.7. Suppose that A is pseudoergodic with respect to Lo, X g, and %, and
that S,gM),forn € Nand M = t or , is defined as in Lemma 8.6, where (X),eN C
pIP (EZ)nEN C Xp, and (E))nen C Xy, are finite sets satisfying (8.30). Further, let

APIM 4y = (A e C: min v(B—Al,) <&}, (8.31)
Bes{M™

forn e N, M =t orn,and e > 0. Then, fore > 0andn € N,

Spec, A C ATILT | (A), (8.32)

H H
and A'E'f:;frl/n(A) —> Spec, A as n — oo, in particular, Ag;f:‘j’f;n(A) —> Spec A. If,

moreover, conditions (a) or (b) in Theorem 8.3 are satisfied, than also

Spec, A C ALY (A) (8.33)

H
for e >0 and n € N, and A™™7 , (A) = Spec,A as n — oo, in particular,

e+en+1/n
fin, H
Aznflr/n(A) —> Spec A.

As we did in Section 1.4.5 and Section 7, we can go beyond the above corollary
and define a sequence of approximations (IT{ (A)),en to Spec A, when A is pseudo-
ergodic, such that each TIf (A) is a finite set that can be computed in finitely many

H
arithmetic operations, and IT§ (4) — Spec A as n — oo.

Let Qg denote the set of all tridiagonal matrices (1.15), with o, 8,y € £*°(Z, C),
that are pseudoergodic. For a given A € Qy, with coefficients o, 8,y € £*°(Z,C), let

Yo:={aj:jel), Zpg:={Bj:j €L}y, X,:={y;:] €L}

Note that, with these definitions, A is pseudoergodic with respect to 4, X g, and X,.
As in Section 1.4.5, let P(S) denote the power set of a set S. The inputs we need
to compute II{ (A), for n € N, are provided by the following mappings (cf. Sec-
tion 1.4.5).
(1) A maPng B Q\I/ - R3s A (amaXv ﬂmax» Vmax)» such that Omax = ”a“om
Brax = [|BllocsVmax = (|7 ]| co-
(2) Amapping & : Qg x N — (P(C))3, (4,n) > (22, Y%, X}), such that T C
)P E'é C Xg,and Eﬁ C X, are finite sets satisfying (8.30).
Note that B is the mapping 8; of Section 1.4.5, restricted to Qy C QIT
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Given A € Qy, forn € N let (cf. (4.21))
22 1
5:; = (@max + Ymax) % > 2(0tmax + Vmax) Sin % = 5;7 (8.34)

where (Omax» Bmax» Ymax) := B(A). Recalling the definition (1.49), define the sequence
(1§, (A))nen by

n . an.fin,m .
in(4) = AT (4) 0 Grid(n, R), n €N, (8.35)

where R := omax + Bmax + Ymax (S0 that R is an upper bound for || A]|), and where
AT (4) forn € N and & > 0, is defined by equation (8.31), with S,E”) defined as
in Lemma 8.6, for some ¢ € T, with (X7, Eg, Z’;) = &(A,n).

Proposition 8.8. For A € Qg andn € N, T1{ (A) can be computed in finitely many

arithmetic operations, given (Ctmax, Bmax» Ymax) := B (A) and (X}, Z’é ,20):=&(A,n).

Further, TI{ (A) A, Spec A as n — oo, and also
P n 2- H
g, (A) == II§, (A) + r_zD —> Spec A

asn — oo, with Spec A C ﬁ’gn(A) C Specgz+3/n (A) + %ﬁfor eachn € N,

We omit the proof of the above result which is a minor variant of the proof of
Proposition 1.10 in Section 7. But let us interpret this proposition as a result relat-
ing to the solvability complexity index (SCI) of [2,25], as we did for Proposition
1.10 in Section 1.4.5. Equipping C€ with the Hausdorff metric as in Section 1.3, the
mappings

Qu — CC, AN (4), A I7(A),

are, for each n € N, general algorithms in the sense of [2,25], with evaluation set (in
the sense of [2,25])
A :={8B,8(,n):n e N} (8.36)

each function in A has domain €2, and each can be expressed in terms of finitely
many complex-valued functions; cf. the footnote below (1.52). Further, ﬁg‘n(A) can
be computed in finitely many arithmetic operations and specified using finitely many
complex numbers (the elements of I1f (A) and the value of n). Thus, where & :
Qg — CC is the mapping given by

E(A) := Spec A

for A € Qy, the computational problem {E, Qu, C¢, A} has arithmetic SCI, in the
sense of [2,25], equal to one; more precisely, since Spec A C I1{, (A4), foreachn € N
and A € Qy, this computational problem is in the class 14, as defined in [2,25].
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Remark 8.9 (Rate of convergence). It follows from the last inclusions in Proposi-
tion 8.8 that, if A € Qy, i.e., if A is pseudoergodic with respect to some non-empty
compact sets Xy, Xg, and X, then

dy (Spec A, ﬁgn(A)) <&, := dy(Spec A, Specg++3/n(A)) +2/n—0,

as n — oo by (2.8). Further note, by (8.20), that §,, depends only on n and the sets
Yy, X g, and X,,. Thus, the convergence

~ H
1§ (A) — Spec A

is uniform in A, for all A that are pseudoergodic with respect to Xy, Xg, and X,.
By contrast, the rate of convergence of the approximation (8.25) to Spec, A (note that
Spec, A is given in terms of Xy, Xg, and X, by (8.20)) depends on the particular
realisation of A.

To make this concrete (see the related discussions in [14, Section 4.3] and [44]),
consider the Feinberg—Zee case that X, = {—1, 1}, ¥g = {0}, and X, = {1}, and
suppose A, taking the form (1.15), is a random Feinberg—Zee matrix, with 8; = 0
and y; = 1, for j € Z, and with the entries ; € {—1, 1} i.i.d. random variables, with
p :=Pr(aj = —1) € (0, 1). Then, almost surely, 4 is pseudoergodic with respect to

Yq, Xg, and X, and, by the above result, the convergence IIf (A) i Spec A4 is
(almost surely) independent of the particular realisation of A and independent of p.
But the rate of convergence of (8.25) depends on p. In particular, given any n € N, it
holds, with arbitrarily high probability if p is sufficiently small, that o; = 1, for | j | <
n, so that A5, _, | is symmetric, Spec A5l _,_; C R, and Spec A5y, _,_, C
R + D. But this implies that

dp (Spec, A, Spec Agenril,—n—l) > 2,

since 2i € Spec A by [17, Theorem 2.5 and Lemma 2.6], so that (2 4 ¢)i € Spec,A.

9. Open problems and directions for further work

We see a number of open problems and possible directions for future work. Firstly, in
our own work in preparation we are considering two extensions to the work reported
above, both of which are announced, in part, in the recent conference paper [15]. The
first is that our inclusion results (1.22), (1.25), and (1.30), for tridiagonal bi-infinite
matrices of the form (1.15), have natural extensions to semi-infinite matrices and,
indeed, finite matrices. (The inclusion sets for finite matrices can be viewed as a gen-
eralisation of the Gershgorin theorem, which (see Section 1.1) was a key inspiration
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for the work we report here.) The second extension, announced in part in [15], is that

it is possible, building on the results in this paper for the case of the spectrum, to write

down a sequence of approximations, defined in terms of spectral properties of finite

matrices, that is convergent to the essential spectrum, with each approximation also

an inclusion set for the essential spectrum.

In addition to the above, we see the following open questions/possible directions

for future work.

&)

2

3)

How can the algorithms, implicit in the definitions of our sequences of approx-
imations, be implemented so as to optimise convergence as a function of
computation time? Progress towards efficient implementation of something
close to the approximation on the right-hand side of (6.2), building on the
work in (a draft of) this paper, has been made in the work by Lindner and
Schmidt [66, 77].

Can the algorithms in this paper be used or adapted to resolve open questions
regarding the spectra of bounded linear operators arising in applications? We
have indicated one application of this sort in Section 8.4.1, an example which
is a pseudoergodic operator where the set of T-method matrices,

S = {Anp 1k € 2},

has cardinality |S,§T)| that is finite but grows exponentially with n. There are
interesting potential applications, notably the Fibonacci Hamiltonian and non-
self-adjoint variants [27, 28, 44], where |S,§r)| grows only linearly with n,
allowing exploration of spectral properties with much larger values of n. At
the other extreme, where §, (and the corresponding 7 and t; method sets)
are uncountable and so must be approximated as in Theorems 6.3 and 7.1,
one might seek to use or adapt our methods to study the spectra of (bounded)
integral operators + on L?(R), for example those that arise in problems of
wave scattering by unbounded rough surfaces (e.g., [§7]). Via a standard dis-
cretisation (see, e.g., [64, Section 1.2.3] or [18, Chapter 8]) the operator #A
on L2(R) is unitarily equivalent to an operator A on E = {?(Z, X) with
X = L?[0, 1]. Thus, concretely, one might use the inclusion sets in this paper,
in the manner indicated in Remark 1.8, to study invertibility of A/ — A on
L?(R), for some specific A € C of relevance to applications.

Can our inclusion set analysis for E = (*(Z, X) be extended to EP :=
LP(Z, X), for | < p < 00? Although the spectrum of an operator of the form
(1.15) does not change if we regard A as acting on E?, with p € [1, co], rather
than on E [74, Corollary 2.5.4], the pseudospectrum does depend on p. We
note that many results on approximation of pseudospectra of operators on £



S. Chandler-Wilde, R. Chonchaiya, and M. Lindner 798

extend to operators on E? (see, e.g., [8, 14,19,21]), and that Proposition 6 in
Lindner and Seidel [67], derived for other purposes, can be seen as a key step
in this direction.

(4) Can our inclusion sets and convergence results for E = (*(Z, X) be exten-
ded to £*(ZV , X) for arbitrary N € N ? We see no reason why this extension
should not be possible. Indeed, Proposition 6 in Lindner and Seidel [67] can
be seen as a first version (a version without the weights w;) of an exten-
sion of our key Proposition 5.1 to this more general case, indeed to the case
E =(P(ZN,X), for p € [1,00]. (Note that the proof of Proposition 6 provided
in [67, pp. 909-910] takes inspiration from the proof of Proposition 5.1 in
this paper and in [20].) This extension would be attractive so as to tackle
a wider range of applications (see, e.g., the multidimensional applications
tackled in [21]).

(5) Can our results, which are all for bounded linear operators on E = (*(Z, X),
be extended to (unbounded) closed, densely defined operators? Such an exten-
sion would be attractive for many applications. We note that other recent
works on approximation of spectra and/or pseudospectra (e.g., [4,5,22,25,34])
extend to this setting.

Disclosure. This paper, which has been a long time in preparation, is based in large
part on Chapters 3 and 4 of the 2010 PhD thesis of the second author [20], carried
out under the supervision of the first and third authors. The title of earlier drafts of
this paper was “Upper bounds on the spectra and pseudospectra of Jacobi and related
operators”. With this title this paper is referenced from other work, that derives in
part from the results and ideas in this paper, by one or more of the three of us with
collaborators Hagger, Seidel, and Schmidt [14,54,66,67]. An announcement of some
of the results of this paper has appeared in the conference proceedings [15].
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