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Notation

Here we give a list of notations which are used in this thesis:

the domain of the symmetric form h

the closure of the set Q in the topology of the space H

the topological dual of the Hilbert space H

the closure of the set Q in the topology induced

by the positive definite form ¢ (naturally Q C Q(t))

the closure of the operator A

the domain of the operator H

the inverse image of the mapping H

the range of the operator H

the kernel (null space) of the operator H

the spectrum of the operator H

the discrete spectrum of the self adjoint operator H

the essential spectrum of the self adjoint operator H

the minimum of the essential spectrum of the self adjoint operator H
the restriction of the operator H onto the subspace M ND(H)
the spectral decomposition of the self adjoint operator H

the right continuous spectral family associated to the operator H
the projection I — P

the spectral radius of the bounded operator A

the boundary of the set ()

the characteristic function of the set €2

the second order Lebesgue space of functions defined on {2
the p-the order Sobolev space of functions defined on (2

the space of p-times continuously differentiable functions in {2
the divergence operator

the gradient operator

the Laplace operator

the trace

the linear span of the subset X of the space H

the dimension of the Hilbert space X

the maximal canonical angle between the subspaces X and )
the maximal principal angle between the subspaces X and )
the set of nonnegative real numbers

the adjoint on C, the transpose on R

the i-th component of the vector z € R™ (or C")

the largest ¢ € Z such that ¢ <x € R

is represented by (see [21])

is defined by
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Conventions

As a general rule we use bold symmetric capital letters (H, A, V.. .) to denote self adjoint
operators in a Hilbert space. Normal script capital letters (T, B, K, M, ...) will denote
bounded operators and matrices. Calligraphic capital letters will be used to denote the
Hilbert spaces (X,U,H, M,...). The elementary functions will be denoted by normal
script letters (sin, cos, f,...) when appearing in displayed equations and by sanserif letters

(sin, cos, f,...) when they appear as a part of an inline formula.
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Chapter 1

Overview

In recent years the perturbation theory of symmetric (hermitian) matrices has seen a
great advance. Many interesting results were motivated by the needs of developers of
mathematical software. Traditionally, the matrix perturbation estimates were derived by
specializing corresponding (appropriate) operator results. In the matrix case, however, one
has an additional advantage, the ability to perform simple computational experiments. As
a result, the matrix perturbation theory has further developed as a separate field. More
importantly, with the help of the insight of experiment the theory has reached a level of
maturity and elegance.

Our main motivation is to revisit the perturbation theory of positive self adjoint oper-
ators with the techniques and the experience of the modern numerical linear algebra. The
payoff should be twofold. First, the matrix results bring important formal motivation to
operator problems and give rise to interesting results in new (more general) but similar
setting. Second, the operator estimates will in the end be computed by matrix procedures.
Erasing the borders between the operator and matrix theories enables us to better reuse

known results.

Before we proceed with the introduction, a word to the reader. Sometimes the terms
will have to be used in a discussion before they are formally introduced in the text. To
ease the navigation through this thesis, as well as to prevent misunderstandings, we have
provided Index at the end of the text.

One of the oldest methods to study a complex mathematical system is to consider
it as a perturbation of a simpler system, whose properties are explicitly known. Basic
reference in the study of the perturbation theory of linear operators is still the Kato’s
book [41]. Standard methods for the approximation of the eigenvalues of positive self

adjoint matrices (operators) are based on the assumption that the matrix (operator) has

1



2 1. Overview

the following additive structure
H=Hy+ H,. (1.0.1)

Here Hj is assumed to be the matrix on whose spectral properties we have extensive
information and H is the matrix whose spectral properties we would like to investigate, cf.
[10]. Assuming there is a sequence of low(er) rank (finite dimensional) projections such

that P, — I one defines the sequence of matrices (operators)
Hk == HO -+ Pk:HIPk

Since the matrices Hy have a special form we can hope to establish estimates of the
eigenvalues of the matrix Hj from those of the matrix Hy ,e.g. Weinstein—Aronszajn,
Bazley—Fox methods, and then use the fact that H, — H to assess the spectrum of H.
To apply this methods H must have the structure (1.0.1), which is not always the case.
A similar approach, applicable to more general operators, has been formulated by Kahan

in [40]. For a given P, Kahan constructs the operator
H, = PHP, + (1 - P)H(I— P,). (1.0.2)

As opposed to the construction (1.0.1), where the additive structure of the operator H
was assumed, Kahan adaptively constructs the operator H; and applies a perturbation
argument to assess the spectral properties of Hy from those of Hj.

A tradeoff of this adaptability is that the spectrum of Hj, is, in general, only partially

computable, e.g. the eigenvalues of the matrix P,H Py| p,) are the Ritz values of the

ran
matrix H from the subspace ran(P;) and can be computed(by a finite dimensional proce-
dure, whereas the part (I — P;)H (I — Py) is infinite dimensional and in general unknown.
To build a feasible perturbation argument, based on the operator Hj, we have to assume
some “mild” a priori information on the location of the spectrum of (I — Py)H(I — Py).
As opposed to (1.0.1) we have assumed only partial information on Hj is computable,
but the obtained perturbation method is adaptive. Furthermore, it will turn out that the
assumptions on (I — Py)H (I — Py) are not unnatural in the context of a study of H; — H.

Kahan’s rationale has been successfully applied to the problem of estimating the eigen-
values of self adjoint operators in [22] and to the problem of estimating eigenvectors in
[21]. In both cases ran(Py) was required to be somewhat more regular than necessary,
e.g. it was not allowed for ran(Py) to be a projection onto the subspace made up of linear
elements when H is a second order elliptic operator.

Our method to compute subspace approximation estimates is influenced by two recently
published works for finite matrices [26] and [45]. Sharp estimates obtained in these works



Figure 1.1: Modelling the Tacoma bridge disaster: Dangerous vibrations of the bridge,
displayed on the picture, can efficiently be modelled by one of the natural modes of the
network of curved rods. For details see [56, Tambacal.

are based on the maximal angle © between the subspaces spanned by LX and L™*X
where X are (orthonormal) test vectors and H = L*L is the given matrix. The Ritz
values are the eigenvalues of the matrix = = X*H X. The geometric argumentation enters
the eigenvalue estimation through the formulae, cf. [26, 28],

" (H — H')a| _ .
max T =sinO(LX,L7*X), (1.0.3)
lo*(H — H x| sin©(LX, LX)
_ 1.0.4
T o 1—sinO(LX, L *X)’ (1.0-4)

where
H = PHP+P HP =XZX*+P HP,

is the “block diagonal part” of H with respect to the projections P = X X*and P, =1-P.
On the other hand, the standard theory from [21, 22] uses

max |z*(H — H )z| = ||R|| < oo, (1.0.5)
where
R=HX -XE=HX-H'X

is the residual of the test subspace ran(X). We will slightly stretch the terminology and
call both approaches “residual”. The residual measures from (1.0.3) and (1.0.4) will be
colloquially called energy-scaled residual measures.



1. Overview

Hu; = \iw; XC" c D(HY?)
A< A< A< XX =],
= = (HY2X )"HY2 v < ;H:un
0 = det(E — pil) n+1+Hn
gap = JmtL—fn
€08 O = oy (E71/2Q071/2) VAnsifin

There exist n eigenvalues o 1
) ) it sin Z(X, Jug..uy)) < —m———
iy - /\ , A, with (X, [wrun]) < Niprey =y
i. — i P
A, — il <sin® [A; = w4 < lsinQ o
j Hj v

Figure 1.2: A diagrammatic overview of the new perturbation estimates — an interplay
between = = (HY/2X)*HY2X and Q = X*H ' X

Estimates obtained from (1.0.5) are of the “absolute” type, i.e.
A —ul <RI
whereas the estimates obtained from (1.0.3)—(1.0.4) are of the “relative” type

W ’ A T 1-—sin®

The restriction || R|| < oo, necessary for (1.0.5) to give useful information in the unbounded

operator setting, incurs ran(X) C D(H). For (1.0.3) and (1.0.3) to be applicable we only
need to assume

sinO(LX, LX) < 1.



This “residual measure” will give nontrivial information even when ran(X) C D(L) =
D(H'?) is such that ran(X) ¢ D(H).
Notably, both approaches to measure the “residual” share the property:

e sinO(LX, L7*X) =0 if and only if ran(X) is the invariant subspace of H
e ||R|| = 0 if and only if ran(X) is the invariant subspace of H.

An important feature of our theory is that it gives an abstract framework for the
consideration of both the eigenvalue and eigenvector estimates (see Figure 1.2). The case
studies, that will be performed on various model problems from mathematical physics,
will demonstrate that the obtained bounds are sharp, see Section 2.7.

We insist on the use of symmetric forms, rather than to work with unbounded operators

that are defined by them, for the following reasons:

e Symmetric forms simplify the calculations. More importantly, they allow the test
vectors to belong to the form domain of H. This naturally includes linear finite

elements for the second order elliptic differential operators.

e The obtained estimates are of the “relative type” whereas the subspace bound is
based upon the “relative gap” between the relevant groups of eigenvalues (see Figure
1.2 for the definition of the “relative gap”). The relative gap separates well two
close eigenvalues that are themselves small and is therefore particularly suitable for
dealing with the lower part of the spectrum of a positive definite operator (see also

the diagram on Figure 1.2).

e The energy-scaled measure of the residual is tightly connected with the “dual” norm
(or “~1”-norm) of the classical residual r = Hx — |[HY?z|]?x, ||z| = 1. We will

prove that

-1 1 —1/2 1/2
sin@)(H*l/%7 H1/237) < [EdIFz < sin ©(H 2z, HY?x)

~ ||HY2z|| T 1 —sin©®(H-YV2x, H/?x)’
where ||r||g-1 = +/(r, H=1r).

The suggested framework is fairly abstract, so we will present various applications of

(1.0.6)

the new approximation estimates to illustrate our method. As a first application we will

consider spectral asymptotics of the family of operators

H, = H, +n*Hy, n large. (1.0.7)



6 1. Overview

Whenever the family (1.0.7) is considered, ker(H;) is assumed to be a nontrivial subspace

of the environment Hilbert space. As 7 grows large H,~ ! tends to
Hlo = (Pker(Hl)HbPker(Hl))T7

where 1 denotes the generalized inverse. Assume A*> is an eigenvalue of H., it is then
(obviously) a Ritz value of the operator H,. We will apply the new Ritz value approxima-
tion estimates to assess the quality of A* as an approximate eigenvalue of the operator H,,
(for large n). Convergence rate estimates were not studied until recently, see [17] and the
references therein. We have stated our results as an abstract approach to spectral asymp-
totics for the large coupling limit. Our estimates are derived from the local “resolvent”
formula
('Ta Hglx) - (':C7 Hgo'r)

L2 ~1/2 1/2 4\ _
sin® ©(H, /X,Hn/ X) = max (o, 1T, 1) : H. X CX.

The operators we consider as model problems are used in the modelling of media with a
high contrast in the material properties as well as for the analysis of the lower dimensional
models of physical phenomena, see [15, 17, 23] for applications in Quantum Mechanics
and [51, 58] for applications in Theory of Elasticity. We also identify a class of regular
perturbations n?H; and formulate a residual based approach to the spectral asymptotics
of (1.0.7).

As a second application, we will consider the problem of assessing the quality of finite
element approximations to the eigenvalues of nonnegative definite self adjoint operators.
Formula (1.0.6) relates sin@-approach to the known (spectral) residual estimates for posi-
tive definite operators, cf. [24, 48]. In the finite element literature one usually finds results
of the type: Let z, ||z]| = 1 be a test vector, let p = (H'?z, H'*z) be the Ritz value. If
W approzimates the eigenvalue \ then

A\ —
Pt < .

Here, ¢ is a constant of moderate size, T a finite—element approximation and ||r||, is a

measure of the residual » = Hz — pz. In fact, (cf. [42])

[He = p| g2 = /(r, H?r) < cf|rl-

‘—2”-norm of the residual r. The Ritz value bound is accompanied by

¢

is a bound on the

the corresponding subspace error estimate. The subspace error estimate is a function of



c|lr|l- and a subspace stability factor (in the terminology of the paper [42]). The subspace
stability factor implicitly contains some measure of a spectral gap and a constant depend-
ing on the geometry of the domain. Important feature of our analysis of finite element
spectral approximations is a clear separation of the contribution of the perturbation theory
of positive operators (localization of the approximated eigenvalues) from the consideration
of regularity issues (the geometry of the domain). Furthermore, the applicability of our
bounds is not limited to differential operators only.

In these applications we will be measuring residuals to assess the quality of the Rayleigh—
Ritz approximations to a part of the spectrum of a positive definite operator. The differ-
ence is that in the second case the test space is finite dimensional and in the first case it
can be, and usually is, infinite dimensional. However, in both cases we will observe the
decoupling of the energy space in two subspaces. The subspace (containing the Rayleigh—
Ritz test space) which captures all of the important information necessary to measure the

residual and its complement whose influence can be bounded away.






Chapter 2

Perturbation approach to the
Rayleigh—Ritz method

In this section we develop a perturbation approach to the Rayleigh—Ritz approximations.
The idea to represent the eigenvalues (vectors), which we do not know (but want to
approximate), as a perturbation of the Ritz values (vectors) which we have computed,
goes back to Kahan [40]. The perturbation argument enables us to solve two problems
in one go: We determine which part of the spectrum of the operator (infinitely many
eigenvalues) is being approximated by the Ritz values (finitely many) and we obtain the
approximation estimates. This idea was further developed in [21, 22]. However, in both of
these works it was assumed that the test space must belong to the operator domain. We
remove this stringent regularity assumption on the test space. In order to do so, we have
developed a new perturbation theory particularly suited to the eigenvalue problem in the

variational formulation.

2.1 The notation and preliminaries

The environment in this chapter will be a Hilbert space H, with the scalar product (-, -).
The scalar product is antilinear in the first variable and linear in the second. We start

with a closed symmetric form h(-,) which is additionally assumed to be positive
hlu] = h(u,u) > 0, u e 9Q(h). (2.1.1)

In the sequel when we say nonnegative form h, we shall always mean the closed symmetric
form h which satisfies (2.1.1). The form h shall be called positive definite when it is closed,

symmetric and there exists m; > 0 such that
hlu] = h(u,u) > my||ul?, u e Q(h).
9



10 2. Perturbation approach to the Rayleigh—Ritz method

There is also an equivalent operator version of these definitions. The self adjoint operator
H is called positive if
(u, Hu) > 0, u € D(H).

Subsequently, H is called positive definite if there exists myg > 0 such that
(v, Hu) > mullul®, v e D(H).

In this chapter we assume Q"= H, but later we shall also allow Q " to be any nontrivial
subspace of H. For nonnegative self adjoint operators one defines, with the help of the
spectral theorem, the usual functional calculus. We write the spectral representation of

the nonnegative operator H as
H = / A dEg(N),

where Ey () is the spectral measure . When there can be no confusion we write E(\).
The representation theorem for positive forms [41, pp. 331] implies that there exists a
self adjoint operator H such that D(HY?) = Q(h) and

h(u,v) = (HY?u, H/?v), u,v € Q(h).

Following [32] we call D(H) the operator domain of H and Q(H) = D(HY?) the quadratic
form domain of H. We write D and Q when there can be no confusion. With the help of

the spectral theorem we see that
DH) ={uecH: |Hul®= /A2 d(E(\)u,u) < oo},
Q(H) = {u € H : h[u] = |H"?u|* = /)\ d(E(A\)u, u) < oo}

Sometimes we shall write b = [ Ad(Eu()\)-,-) when we want to emphasize the spectral
measure generated by the nonnegative operator defined by the form h.

In general, when dealing with the forms in a Hilbert space, we shall follow the ter-
minology of Kato, cf. [41]. In one point we will depart from the conventions in [41]. A
positive form

h(u,v) = (HY?u, HY?p)

will be called nonnegative definite when \.(H) > 0. Analogously, the positive operator H
such that A.(H) > 0 will be also called nonnegative definite. We will often say nonnega-
tive, meaning the nonnegative definite. Now, we give definitions of some terms that will
frequently be used, cf. [32, 41].
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Definition 2.1.1. Let h be a positive definite form in H. A sesquilinear form a, which
need not be closed, is said to be h-bounded, if Q(h) C Q(a) and there exists n > 0

lafu]| < nhlu]  we Q(h).

Since h is positive definite the space (Q(h),h) can be considered as a Hilbert space.
The form a, which is h-bounded, defines a bounded operator on the space (Q(h), h).

Definition 2.1.2. A bounded operator A : H — U is called degenerate if ran(A) is finite

dimensional.

Definition 2.1.3. If H is a self adjoint operator and P a projection, to say that P
commutes with H means that v € D(H) implies Pu € D(H) and

HPu = PHu, u € D(H).

Definition 2.1.4. Let H and A be nonnegative operators. We define the order relation
< between the nonnegative operators by saying that

A<H
if and only if Q(H) C Q(A) and
|AY2ul| < [HY2ul|,  we Q(H),
or equivalently
alu] < hlul, u € Q(h),
when a and h are nonnegative forms defined by the operators A and H and A < H.
Definition 2.1.5. Let h,, n € N, be a sequence of positive definite forms. We say that

the sequence h,, is uniformly positive definite if there exists a positive definite form s, such
that s < h,,, n € N.

The main principle we shall use to develop the perturbation theory will be the mono-
tonicity of the spectrum with regard to the order relation between nonnegative operators.
This principle can be expressed in many ways. The relevant results, which are scattered
over the monographs [32; 41], are summed up in the following theorem, see also [44,
Corollary A.1].

Theorem 2.1.6. Let A = [\ dEA(N) and H = [ X dEu()\) be nonnegative operators in
Handlet A<H. ByO<p; <ps <+ <A(A) and 0 < Ay < XAy <+ < A (H) denote
the discrete eigenvalues of A and H, then
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1. A(A) < A\ (H)

2. dim Eg(v) <dim Ea(y), for every v € R
3. ,ukg)‘kn k::1727

We close this introductory section with the well known theorem about the perturbation

of the essential spectrum.

Theorem 2.1.7. Let H and A be positive definite operators. If the operator
H'-A

is compact then oess(H) = 0055(A).

2.2 The generalized inverse and angle between the
subspaces

There are many ways to express that u € Q(h) is an eigenvector of the operator H. We
will give a geometric characterization of this property. Assume that ||u|| = 1 and p = hful.

An elementary trigonometric argument yields
|HY 20 — pH 20| = 0 & sin ©(HY?u, HY2y) = 0. (2.2.1)

(2.2.1) implies that u is an eigenvector of H if and only if sin@(H'2u, H~'/2u) = 0. The
ability to assess the size of sin@(HY?u, H™'/?u) will be central to the analysis of the
Rayleigh—Ritz method in this thesis.

In this section we give the background information on the angles between two finite di-
mensional subspaces of a Hilbert space as given in [21, 41, 62]. Basic results on generalized
inverses of (unbounded) operators defined between two Hilbert spaces will be presented
as well. These results will be applied to the problem of computing sin@(HY/2X, H~'/2x)
for the given positive definite H and some finite dimensional X C Q(H).

Closed subspaces of the Hilbert space H can always be represented as images of the
appropriate orthogonal projections. We shall mix the notation for projections and their
images when appropriate. For instance, we shall speak about the dimension of the pro-
jection P meaning the dimension of the range of the projection P. In the case in which
P is finite dimensional, we have another representation for the subspace ran(P). For a

given n-dimensional subspace ran(P) C Q there exists an isometry X : C* — H such that
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ran(P) = ran(X), where P = X X*. Therefore, ran(X) is an alternative representation of
the n-dimensional subspace ran(P). The isometry X will be called the basis of the sub-
space ran(P). We shall freely use both representation of the finite dimensional subspace.
Px = X X* will generically denote the orthogonal projection on the space ran(X) (for
some isometry X : C" — H).

Let ran(P) and ran(Q) be two finite dimensional subspaces of the Hilbert space H.
The function Z that measures the separation of the pair of subspaces ran(P) and ran(Q)

will be called an angle function if it satisfies the following properties

1. Z(P,Q) >0 and
Z(P,Q) = 0 if and only if ran(P) C ran(Q) or ran(Q) C ran(P).

2. Z(P,Q) = 4(Q, P)

3. L(P,Q) < L(P, R) + Z(R,Q) if
dim(ran(P)) < dim(ran(R)) < dim(ran(Q)) or
dim(ran(P)) im(ran(R)) > dim(ran(Q))

4. L(UP,UQ) = Z(P,Q), for any unitary U.

<d
>d

In this thesis we will use the following angle functions, see [62],

O(P,Q) = aresinmax{||P(I - Q)| |Q(T - P)[} (2.2.2)
6,(P. Q) = arcsinmin{|[ P(I - Q). [ QI - P)[}} (2.2.3)

The function O(P, Q) from (2.2.2) will be called the mazimal canonical angle between
the subspaces P and (). The function ©,(P, Q) from (2.2.3) will be called the mazimal
principal angle between the subspaces P and Q).

The following theorem of Kato describes the relation between two finite dimensional
subspaces P and @, cf. [41, Theorem 1-6.34].

Theorem 2.2.1. Let P and Q) be two orthogonal projections such that
IPI-Q)| <1.
Then there are following alternatives. Fither

1. ran(P) and ran(Q) are isomorphic and

IPA-Q) =lQI-P)|=[P-@Q[  or
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2. ran(P) is isomorphic to the true subspace of ran(Q) and
QA= P)ff =P -Qll =1
From this theorem we get an insight in the behavior of the canonical and the principal
angles that were defined by (2.2.2) and (2.2.3).

Corollary 2.2.2. Let P and @ be two orthogonal projections such that dim(ran(P)) <
dim(ran(Q)) and let
IPI—-Q) <1.

Then there are following alternatives. Fither
1. dim(ran(P)) = dim(ran(Q)) and

sin®(P,Q) =sin0,(P,Q)=|P-Q| <1 or

2. dim(ran(P)) < dim(ran(Q@)) and

sin©,(P,Q) = |P(I- Q)| < 1.

For most of our needs, Theorem 2.2.1 describes the relation between the finite dimen-
sional subspaces ran(P) and ran(Q) in sufficient detail. However, sometimes it will be
necessary to analyze the structure of the finite dimensional projections Py = VV* and
Py = UU* in further detail. To this end we define the canonical angles 04, ..., 0, between
the spaces ran(U) and ran(V) as

f; = arccoso;, i=1,...,n, (2.2.4)
where o4, ..., 0, are the singular values of the matrix
VU e C.

The canonical angles are related to the angle function (2.2.2) through the formula
sin O(Py, Py) = maxsin ;.

We also define the acute principal angles 67 < 05 < ... < 67, where k < n, as those
canonical angles ¢; which satisfy the condition 0 < ; < 7/2. Subsequently, we obtain a

connection to the angle function (2.2.3) through the formula

sin ©,(Py, Py) = maxsin 67.
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In dealing with the projections and degenerate operators it is useful to have a notion
of the generalized inverse. We will define the generalized inverse of a bounded operator
on H or of the closed densely defined operator in H following [46], see also [41, Chapter
IV.5].

Definition 2.2.3. Let T : H — U be a closed operator such that D(T) = H. The
operator TT: U — 'H is defined by

D(T") = ran(T) @ ran(T)*
Thu= (T |ker(T)l>71Pran(T)u7 u € D(TY)

and it is called the Moore—Penrose generalized inverse of T

The properties of the generalized inverse' are analyzed in the monograph [46]. In

particular we use the following characterization.

Theorem 2.2.4 (see [46, Theorem 1.5.7]). Let T : H — U be the closed operator and
let D(T) = H, then TT is the unique closed operator such that

TITT! = T, on D(TT)
T
TT' = Pran(T)‘D(TT)
T'T = Ber(m) - ‘D(T)

where Prg is the orthogonal projection on M.

Assume H is a nonnegative operator then H = [ A dE()\) and H' is also nonnegative.
The operator H' has the spectral decomposition

Hi :/% dE()\), DMH)={uecH: /% d(E(\)u,u) < oo},

and the functional calculus implies

H‘I‘l/? — Hl/ZT.

With the following theorem of Kato we close the preliminary discussion of the generalized
inverses, cf. [41, Theorem IV.5.2].

!The generalized inverses can also be defined in more general settings. Their properties are also
analyzed in [46].
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Theorem 2.2.5. The closed operator T : H — U has the closed range if and only if there
exists v > 0 such that

ITull > A~ Preagr)ull . u € D(T).

PROOF. Let T have the closed range, then the operator TT is closed and everywhere
defined, therefore bounded. For a given u € D(T) Theorem 2.2.4 implies

IT Tl = [[(T = Percry)ul

and then .
ITul] = 5 | (X = Perer) Ju|-
1] "
The second part of the statement is obvious. O

Theorems 2.2.4 and 2.2.5 show the relation between the Moore-Penrose generalized
inverses and orthogonal projections in a Hilbert space. This is precisely the reason why
the generalized inverses will be useful in our study.

In the case in which T is also a degenerate operator more is known. Let T" = BC,
where

B:H"— H', injective,
C:H—H' surjective,
and H,H’,H" are any Hilbert spaces. The generalized inverse T is given (cf. [34, Gant-
macher, Ch I, §5]) by
T =Cc*(CcC*) Y (B*B)"'B*. (2.2.5)

The following lemma is a generalization of a result by Drmac [26] for finite matrices.
The proof, which appeared in [37], is a minor modification of the original finite dimensional

proof by Drmac. We give it for the sake of completeness.

Lemma 2.2.6. Let H,H' be Hilbert spaces and R : H — H' a closed, densely defined
linear operator satisfying
IR = ofj=[|, &> 0.

Let X : C" — H be a degenerate isometry with ran(X) C D(R). Let

Y=RX, Z=RH'X, H=R'R

and suppose>

ran(Y) N (ran(Z))* = (ran(Y))* Nran(Z) = {0}. (2.2.6)

2Tt is sometimes said that the subspaces ran(Y) and ran(Z), which satisfy (2.2.6), are in the acute
position, cf. [21].
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Then there is an orthonormal basis in K = ran(Y) + ran(Z) such that in K & K+ the

operator Y Z* s represented by

L
I 1 tané,
Yz = Dz [ 0 0 } 01 (2.2.7)
0
0 0
where 0y, ...,0; are those angles between ran(Y') and ran(Z), which are different from 0

and 3.
PROOF. Note that RH™! is everywhere defined and bounded. We have
R'=H'R* = (RH )",
moreover, [41, Ch. V], we conclude ran(R™) C D(R*). Thus, Y, Z : C* — H’ are bounded
and injective. We will prove the identities
Zv =1  (onC" (2.2.8)
YZ* = (PyPy), (2.2.9)
where Pz, Py are the orthogonal projections onto ran(Z), ran(Y’), respectively. For any
z,y we have R™ Xy € D(R"),
(Yz,Zy) = (RXz,R™Xy)
= (Xz,R'R"Xy) = (Xz, R"RH ' Xy)
= Xz, Xy) = (z,y)

and (2.2.8) follows. Furthermore, since ran(Y") and (ran(Z))* have the zero intersection

the operator
P,Y = ZZ1Y,

is injective, whereas YT is surjective. Thus, we compute

(PyPy)t = (ZZyy™)T

= (YN[(zZ2IY) (22 N ZZTY)*

= Y[ Z'Y)Z Zz(Z'Y) N ZY) 2

= Y(Z'Y) Nz 2) (2 (ZY) Z*

= Y(Z'Y) Yz 2yt 7

= Y(z*ZzZ'y) 'z~
(Z*

- Y )1Z*
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Since both Pz and Py are degenerate — the finite dimensional subspace K = ran(X) +
ran(Y") reduces both of them — Wedin’s theorem [62] guarantees the existence of an

orthonormal basis in K such that in X @ K+ projections P, Py are represented as

I
l
P, — Dt @ (2.2.10)

Py = ;-1 ¥ (6) (2.2.11)

with

sin 0

@:[1}[1 0], m(@):[“’se][mse sind ]

By (2.2.5) we have
cosf; —sinb; cost; 0 f
sinf; cosb; 0 0

~ ([t peose 0])T

cos 0; 1 . | 1 tan6;
—{ 0 :|—C0829-1‘[COS€Z- sm@i}—{o 0 }

Now by (2.2.9) the conclusion (2.2.7) follows. O

Another class of operators for which the generalized inverse can be given by a simple
formula are partial isometries. A bounded operator W : H — U is called partially isometric
if there exists a closed subspace M C 'H such that

Wl = |Ppmull,  we™.

This is equivalent to
W*W = Ppy.

The set M = ran(IWW*) C 'H is called the initial set of the partial isometry W and ran(W) C
U is called the final set. Since ker(W*) @ ran(W) we see

WW* = ran(W)>
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so W* is also the partial isometry with the initial set ran(W). We shall also use the

notation
W*W = Py, WW* = Py.
It is obvious
W =wt
and we have the following lemma.
Lemma 2.2.7. A bounded operator W : H — U is partially isometric if and only if
WW*W =W.
ProoF. The assumption W = WW*W implies
(WWYW*W) = W (WW*W) =W*W,

therefore P = W*W is an orthogonal projection, so W is partially isometric. If the
bounded operator W is partially isometric then W*W = P is an orthogonal projection
and Pu = 0 implies Wu = 0. So,

WPu = Wu, ueH
and WW*W =W follows. O
Lemma 2.2.8. Let V and W be two partial isometries, then

1Py P || = [[VPwl| = VW]
PRroOOF. Using Lemma 2.2.7 we compute
| Pv Py ||*> = spr(Pw Py Py) = spr(WW*VV*WW*)
=spr(W*VV*WW*W) = spr(W*VV*WV) = ||V W||.

Since, for bounded operators A, B, C', the identity

spr(ABC) = spr(CAB)

holds. O
In the preparation for the following chapters, we will state another property of the
partially isometric operators. The following lemma follows directly from [41, Theorem

IV.5.13]
Lemma 2.2.9. Let W : H — H' be partially isometric and let dim(ker(W)) < oo, then
dim(ran(W)*) = dim(ker(W*)).
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2.3 Geometrical properties of the Ritz value pertur-
bation

In this section we will present a perturbation approach to the Rayleigh—Ritz approximation
of the spectrum of a positive definite operator. The nonnegative definite case is technically
more complex and warrants a separate section. Although this section is devoted to the
positive definite case, some of the statements and definitions will be given in full generality
in which they will be later used in the text.

Let 0 < h be a nonnegative form and let ran(X) C Q(h) be the n-dimensional test

space. The matrix
Eh,X — (H1/2X)*H1/2X e Cnxn

will be called the Rayleigh quotient associated to the basis X. When there can be no con-
fusion, we shall denote the Rayleigh quotient by = and drop the indexes. The eigenvalues

of the matrix = will be numbered in the ascending order

P < prg < <l (2.3.1)

We call the numbers p; the Ritz values of the operator H (form h) from the subspace
ran(X). This definition is correct since the eigenvalues of the matrix = do not depend on
the choice of the basis X. In the rest of this chapter we will use P = X X* to denote the
projection onto the range of the isometry X : C" — H.

For the given h and ran(X) C Q(h), P = X X*, we define the symmetric forms 0h and
h’ using the formulae

dh(u,v) = h(Pu, (I — P)v) + h((I — P)u, Pv), u,v € Q(h) (2.3.2)
h'(u,v) = h(Pu, Pv) + h((I — P)u, (I— P)v), u,v € Q(h). (2.3.3)

Obviously, (2.3.2) and (2.3.3) imply
h' (u,v) = h(u,v) — dh(u,v), u,v € Q(h). (2.3.4)

In what follows we will describe the properties of the symmetric form A’ and the operator

H’ it generates.

Lemma 2.3.1. Let the nonnegative form h and the subspace ran(X) C Q be given. The

form h' is closed and nonnegative. If h is positive definite, then so is h'.
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PROOF. The operator H'/2(I — P) is closed and so is the form
h(I = P), (- P),) = (H/*(I - P)- H"*(I - P).).

On the other hand h(P-, P-) is a bounded form. Altogether, A’ is a closed nonnegative

symmetric form. If there exists § > 0 such that
Slul? < hlul, ueQ
then also
Sllull* < W[l u € Q. O

Lemma 2.3.1 assures us that the construction (2.3.3) defines a nonnegative operator
H' and
B (u,v) = (HY?u, HY?), u,v € Q(h).
It is little less obvious that the Ritz values p; are among the eigenvalues of the operator H'.
This property, which shall be made precise in the following lemma, is the basic feature
that enables us to establish the perturbation approach to the problem of assessing the
accuracy of the Rayleigh—Ritz approximations of the spectrum.

Lemma 2.3.2. Let the nonnegative definite form h and the subspace ran(X) C Q be given.
Let H be the nonnegative definite operator defined by the form h. Then o.ss(H) = 0ess(H')
and

HX = XZ, (2.3.5)

for 2 = (HY2X)*HY2X € C™". (2.8.5) is equivalent to the statement that P = X X*

commutes with H'.

Proor. We will now show that the subspace ran(X) reduces H'. Indeed, for y € Q,
x € C" we have

W(y, Xz) = (H'?y,H’Xz) - (H'?(1- P)y, H/Xx)
= (HY2XX*y,HY*X2z)
= (EX"y,x).

This is equivalent to

(H'2y H'?X2z) = (y, XZz), yeQ, xeC"
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It implies ran(X) C D(H’) and
(y, H Xz — XZ2) =0
for all y € H, x € C". Hence,
H'X = X= (2.3.6)
which is equivalent to the statement that P commutes with H' (see Definition 2.1.3). We

now prove that oes(H) = 0ess(H'). Assume h is a positive definite form, then Lemma

2.3.1 implies that A’ is a positive definite form, too. From (2.3.4) we obtain
Sh(H 'u, H ') = (H v — H 'u, v), u,v € H.
On the other hand
Sh(H 'u, H ') = (HY?PH 'u, H/?P,H ') + (HY/?P,H 'u, H/?PH ")

defines a compact operator. Theorem 2.1.7 implies 0.4(H) = 0.5s(H’) and the statement
of the theorem is proved for a positive definite h. In the general case, take @ > 0. The
form h(u,v) = h(u,v) + a(u,v) is positive definite. Furthermore, we establish

1 (u,v) = alu,v) + K (u,v)

Sh(u,v) = 6h(u,v),
SO aess(ﬁ) = aess(ﬁ’ ). The conclusion o.ss(H) = 0.5:(H’) follows by the spectral mapping
theorem. ]

Corollary 2.3.3. Let the nonnegative definite form h and the subspace ran(X) C Q be
given. The projections P and Prnmy commute and ker(H') C ker(H).

PROOF. This corollary is a direct consequence of (2.3.3) and the preceding theorem. [

Remark 2.3.4. For positive definite h Lemma 2.3.2 describes the operator H' in suffi-
cient detail. For a general nonnegative h the operator H' has somewhat more complex
structure. Finer properties of the operator H’, constructed in the case in which h is a

general nonnegative form, will be discussed in Section 2.3.1.
We now concentrate on the positive definite case.

Theorem 2.3.5. Let the subspace ran(X) C Q be given and let h be positive definite.
Assume sin@(HY2X, H™1/2X) =sin© < 1, then

(1 —sin©)h'[u] < hlu] < (1 + sin©)h[ul, u € Q(h) (2.3.7)
(1— %)hm < W < (1+ %)h[u], we oh). (2.3.8)
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PROOF. The product H/2H'~'/2 is well defined since Q@ = D(H'?) = D(H'*/?). This
implies that the form
5}7,3(37, y) = (Sh(H/il/QiL” H/71/2y>

defines the bounded operator §H,. After the substitutions v = H' ™2z, v = H'~'/2y we
obtain

Sh
max MO ey (2.3.9)
uw€Q(h) /I [u]h'[v]
We now show [|§H|| = sin©. Set
V =HY2pH /2 (2.3.10)
W =HY?P H"? (2.3.11)

with P, =1 — P. Relation (2.3.4) implies
5h(H/,1/2u’H/,1/2U> _ h(PJ_HLl/QU, PH/,1/2U> + h(PH/il/zu,PJ_Hlfl/%])
= (Wu, Vo) + (Vu, Wo), (2.3.12)

which can be written as
OH, = VW +W*V. (2.3.13)

The equations (2.3.10)—(2.3.13) yield

VW =0 (2.3.14)
WV*=0 (2.3.15)
I6H,|| = |[W*VV*W + V*WW*V| = |[VW]. (2.3.16)

As the next step we establish that V' and W are partial isometries such that

ran(V) = ran(H'/?P) (2.3.17)
ran(W)* = ran(H Y/2P). (2.3.18)

The proof will follow from Lemma 2.3.2. It runs along the same lines in both cases, so

we will only present the proof for W. Take some u,v € H, then

(Wu, Wo) = (H/2P H'~/2u, H/?P H'™"/?v)
— h(PLH'"Y?y, PLHV20) = B/(PLH V20, PLH' Y ?0) = (PLu,v),

so W*W = P, . This proves that W is a partial isometry.
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Relation (2.3.17) is obvious, since
ran(H/2PH ~'/?) = ran(H"/?P)
is guaranteed by the assumption ran(P) C Q(h) and the injectivity of H'~/2.
The proof of (2.3.18) requires a bit more work. One computes

W*H71/2P _ H’71/2PLH1/2H71/2P — O7
which implies
ran(H™Y2P) C ker(W*) = ran(W)*.

On the other hand
W* =P A, (2.3.19)

where A = H'-1/2H'/2 : 'H — 'H is a homeomorphism (of linear topological vector spaces),
SO

dim ker(W*) = dim ker(P,) = dim ran(P) = dim ran(H~/2P)
and (2.3.18) is established. The assumption sin® < 1 and Lemma 2.2.8 guarantee
sin® = [|[V*W||.
Finally, using (2.3.9) we establish
(1 —sin©)h [u] < hlu] < (1 +sin©)h[v],
which is the statement (2.3.7).
It is a well known fact that given some 0 < A\, 4 and 0 < 1 < 1 the implication

A= A= n
< p= < 2.3.2
! =1 A T 1—nm ( 0)

holds. Since h and b’ are positive definite forms, the relation (2.3.8) is proved. O

Take any positive definite form h, then
h(u,v) = (HY?u, HY?) (2.3.21)

is only one of the possible operator representations of the form h. All of the preceding
results are independent of the choice of the representation h(u,v) = (Ru, Rwv), since

sin ©® = max [9h(u, v)

_— 2.3.22
Wl (2:3:22)

and h' depends only on h and ran(P). We will elaborate on this in the following remark.

Before we proceed let us consider an example.
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Example 2.3.6. Let —0,, be considered as the self adjoint operator with
D(—0ys) = {u € H?[0,1] : u(0) = u(1) = 0}.

The partial integration establishes that —0,, is defined by the positive definite form
1
h(u,v) = / O,u O,v dz, u, v € Q(—0yy) = Hy[0,1]. (2.3.23)
0

The operator d,u, u € H}[0,1] is closed, but not self adjoint, therefore (2.3.23) is an
alternative representation (factorization), to the “square root” representation (2.3.21) of

the operator —0,,.

Remark 2.3.7. All of the representations of the form h are in a sense equivalent. Let
R : H — H' be a closed operator such that

h(z,y) = (Rz, Ry) = (Hz, H/?y) (2.3.24)
and Q = D(R) = D(H'?), then by [41, Ch. VL7]
R =UHY?, R*=HYU", (2.3.25)

where U is the isometry from H’ onto ran(R). Independence of the estimate (2.3.7) from
the representation (2.3.24) could have also been proved by the unitary invariance of the

canonical angle and (2.3.25).

Formula (2.3.22) is an important corollary of Theorem 2.3.5. In the next theorem we

prove

sin® o |0h(u, v)|

- =m ) 2.3.26
1—sin® wweQ hlulh|v] ( )

Equations (2.3.22) and (2.3.26) demonstrate that the constants sin® and 2% in (2.3.7)

and (2.3.8) cannot be improved upon.
The following lemma is a generalization of a corresponding result from [26, Drmag]
for finite matrices. The proof will be based on Lemma 2.2.6 and is taken out of the joint

paper [37].

Lemma 2.3.8. Let the form h be positive definite and let the forms h' and 6h be as in

(2.3.4), then
[0h(u,v)]  sin®

max = .

uveQ \/hlulhfv] 1 —sin©
holds. Here sin® = sin@(HY2X , H™/2X), where ran(X) C Q was the subspace used to
define b/ and 6h.

(2.3.27)
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PrRoOF. We will prove the theorem by a direct evaluation of the maximum in (2.3.27).
For, z,y € H we have H /22, H /2y € Q and

Sh(H 2z, H'?y) = (H'Y?(I-XX"H 2z, H?XX"H ?y)
+ (H'2XX*H 22, H2(I - XX*)H/?y)
= (I-YZ2,YZ'y)+ (Y Z*2, 1 =Y Z")y).

By Lemma 2.2.6 we obtain

0
@l 0 —tan6; 0
Sh(H™ V22, H™ V%) = =11 —tanf; —2tan’6; z,yl, (2.3.28)
0
0 0
SO
|Oh(H~/ 2z, H-1/2y)| I 0 — tan 6; H sin ©
m = 1m =
ryen e I —tane, —2tan?e; |2~ T-smo
This can equivalently be written as
|0h(u,v)]| sin ©
max = -
u,vEQ h[u]h[v] 1—sin®
which implies the conclusion of the lemma. O

2.3.1 The nonnegative definite case

In the nonnegative case we have to provide an alternative definition for a subspace that
will play the role of ran(H™*/2X). We have shown W = HY2P, H'~'/2 to be a partial

isometry such that
W = ran(Hl/QPJ_)l = ran(W)J‘ — ran(H71/2X).

The left part of the equality is also well defined in the case in which H'/? is not invertible,

SO we set
W =ran(H/2P))*,

The construction (2.3.4) was performed with the assumption that h is nonnegative
definite and ran(X) C Q. Lemma 2.3.2 says ess(H) = 0,5(H') so H/2 is a bounded
operator and

V =HY2PHT/?, (2.3.29)
W =HY2p H'T/? (2.3.30)
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are everywhere defined. Corollary 2.3.3 enables us to conclude that ran(V) = ran(H/2P)
and ran(W) = ran(HY2P,), so we set

VY =ran(V), W = ran(W)*. (2.3.31)

Lemma 2.3.1 states that given a positive definite H the constructed operator H" must
always be positive definite. In general nonnegative situation we have only the result
of Corollary 2.3.3. It established that H’ is a nonnegative definite operator and that
ker(H') C ker(H). This does not give sufficient information on the structure of H'. For-
mulae like (2.3.7)—(2.3.8) are meaningful in the nonnegative definite case, too. They, how-
ever, invariably imply ker(H) = ker(H’). We, therefore, proceed is two steps. First, we
establish a general (theoretical) condition on the subspace X = ran(P) which guarantees
that ker(H) = ker(H’). As the second step we give a practical computational formula.

The subspaces VW and V need not have the same dimension, so we will have to use the
principal angle to compare them, cf. Theorem 2.2.1. In what follows we show that

sin ©,(V, W)

takes the role of sin@(H2X, H~'/2X) in the nonnegative version of Theorem 2.3.5. In
the case when H'/? is invertible (2.3.18) implies V = ran(HY2X) and W = ran(H~Y/2X).
The subspaces H™/2X and H'/2X have the same dimension, so Corollary 2.2.2 yields
sin ©,(V, W) = sin O(H'2X, H~ /2 X).
We establish the properties of V' and W and give a characterization of the subspace

W in the following lemma.

Lemma 2.3.9. Let X =ran(P), V = H/2PH™/2 and W = H'/2P, H'T'/2. Then

V*V = Panp) (2.3.32)
W*W = Panrp,) (2.3.33)
WV*=0 (2.3.34)
VIV =0 (2.3.35)
and
inv(HY/2)X =W, (2.3.36)

where W is from (2.8.31) and
inv(HY?) X = {z: H 2z € X}

denotes the inverse image of the subspace X under the mapping H'/2.
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PROOF. The relations (2.3.32)—(2.3.35) follow analogously as in the proof of Theorem

2.3.5. It only remains to prove (2.3.36).
We first show that inv(HY2)X C W = ran(W)*. Take any u € inv(HY2)X, then

HY?y=2¢c X.

This implies
0=(z, PLH™?p) = (u, HY2P . H™/?y),  wveH

which proves u € ran(W)+ =W.
The other inclusion follows in two steps. Take u € W, then

(u, H?P H™2y) =0, wveH.
On the other hand, the subspace
ran(P H /%)% = ran( Py Popny) ™ € D(HY?)
is finite dimensional, so we conclude u € D(HY2). Corollary 2.3.3 implies
0 = (HY?u, P, Pon@nv) = (HY?u, Pan@yPLv) = (HY?u, Plv),  veH,

which proves H'/?u € X. With this conclusion we have established (2.3.36). U

As a direct consequence of Corollary 2.2.2 and (2.3.36) we obtain the following result.
Corollary 2.3.10. Let X =ran(P), V = HY2PH'TY/2 and W = H/2P, H™/2. Then

[Py Pye|| < [Py P,

SO

sin ©,(H2X inv(HY?) X)) = | V*W||. (2.3.37)

It would be pleasing to use H'/? in the place of inv(H'/2). This is only possible under
additional restrictions on the subspace ran(P). To get better feeling for the meaning of
sin@, (HY2X inv(HY2)X) consider the following example.

SEAED

, 1o
vl

Example 2.3.11. Take

then
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is, unlike H, a positive definite matrix. Now,

1 1 1 1
U | R
V2 V2 2V2 2V2

and we compute

—_

ran(V) = span{[1 1]*}, ran(W)* = span{[—1 1]*}

which proves that in this case sin@,(ran(V),ran(W)*) = 1 and
ran(W)* = ker(H) # ran(H'/*' P).

Instead of advocating the use of the general formula (2.3.36) we will establish a form of
compatibility condition under which we may use the generalized inverse of H'/? to check
the statement of the theorems.

The next result is a nonnegative analogue of Theorem 2.3.5. It will enable us to,
in effect, “deflate away” the kernel of the nonnegative form h and reduce the problem
to the positive definite case. The only additional restriction we have to impose on the

nonnegative form h is that it satisfies the assumptions of Lemma 2.3.2.

Theorem 2.3.12. Let the subspace X = ran(P) C Q be given and let h be a nonnegative
form. Assume sin®,(HY2X inv(HY?)X) = sin®,, < 1, then

(1 —sin©,)h [u] < hlu] < (1 +sinO,)h [u], u € Q(h), (2.3.38)
(1- %)h[u] <Kl < (1+ %)hm, u e O(h). (2.3.39)

PROOF. The proof is similar to the proof of Theorem 2.3.5. Let A’ and dh be as in (2.3.4).
Set 0 Hy to be the operator defined by the form

Shy(z,y) = ShH T 2x H2y), 2y eH.

The form dhy is closed and everywhere defined, so d H, is a bounded operator. We obviously
have ker(H'T/2) = ker(H') C ker(6H,), 50 Pran(ar) commutes with the operator 6 Hy. With

the use of Corollary 2.3.3 one computes, analogously as in Theorem 2.3.5,

Sh(H'TY22 HTV2y) = n(P HTYV2e, PHTY2y) + h(PH ™22, P H'TV/2y)
= (Wax,Vy) + (Va, Wy),
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SO

OH, = V*W + W*V.
Since H'/2H'11/2 = Pran(ary We obtain

h
max PO s v (2.3.40)

u,veran(H)NQ h' [u] h [U]

Corollary 2.3.10 implies that the assumption sin®, < 1, in fact, reads
sin®, = ||[V*W| < 1.
With this in hand, we have established
(1 —sin©,)h [u] < hlu] < (1 +sinO,)h [u], u € Q(h),

which implies ker(H’) = ker(H). The relation (2.3.39) follows by the same argument as
the one used in Theorem 2.3.5. O
The main insight into the structure of the operator H', gained from Theorem 2.3.12,

is summed up in the following corollary.

Corollary 2.3.13. Take a nonnegative form h and a subspace X = ran(P) C Q. If
sin@, (HY2X inv(HY2)X) < 1 then ran(H') = ran(H).

Corollary 2.3.13 gives precise meaning to the statement “deflate away”. Set R =
ran(H) = ran(H') and N = ker(H) = ker(H'). The projections Py and P commute, so

PNﬂran(P):PNpa ﬁZP_PNﬂran(P)

are both orthogonal projections. A direct calculation shows

X :=ran(P) =ran(P) & (N Nran(P)) = ran(H') Nran(P) = ran(H'P).

The form

h(u,v) = h(Pru, Prv)
is positive definite in R and ran(P) ¢ Q(h) N R. Now, apply the construction (2.3.2)—
(2.3.4) to the form h and the projection P. By H: R — R denote the operator defined
by the form & in R, then ran(P) C R and

h'(u,v) = W' (Pru, Prv).
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We conclude that
sin O(H2X H™/2X) = sin ©,(H/2X ,inv(H?)X) < 1

and h and P satisfy the assumptions of Theorem 2.3.5. If we were to “a priori” assume
ran(H’) = ran(H), then this argument would give an alternative proof of Theorem 2.3.12.

“Deflate away” means that we assume we were given h and P as input.

Remark 2.3.14. Another consequence of Corollary 2.3.13 is that we can invoke Lemma

2.3.8 to conclude that the constant 1i12i?c€)p (in (2.3.39)) cannot be sharpened. Furthermore,

Example 2.3.11 shows that the assumption

sin ©,(H2X inv(H/?)X) < 1

is a necessary requirement to establish the inequalities (2.3.38) and (2.3.39) as well as to
guarantee that ran(H) = ran(H’) (equivalently ker(H) = ker(H')).

Important special case

The assumption that P and Py commute and Corollary 2.3.3 yield ker(H) = ker(H’)
and ran(H) = ran(H’). This implies

inv(H/*)x =Hx. (2.3.41)

The projections P and Pyer(mry certainly commute when ker(H) L ran(P) or when? ker(H) C
ran(P). This discussion is summed up in the following corollary.

Corollary 2.3.15. Assume P = XX* and Py commute and let
sin@, (HY2X, HY? X) < 1, then

(1 —sin©,)h [u] < hlu] < (1 +sinO,)h [u], u € Q(h) (2.3.42)
(1- %)h[u] < W < (1+ %)hm, ue Qh). (2.3.43)

Remark 2.3.16. To assess the restriction that P and Piers) should commute, consider
the definition of the relatively accurate approximation of the number A € R,. p € R, is
relatively accurate approximation of A € R, if

1. A=p, when A =0

3The other situation when P and Pie,(g) commute is when ran(P) C ker(H), this situation is however
trivial and we have tacitly left it out.
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2. ¥<1,When/\7é0.
This implies that we can expect to compute “relatively accurate” Ritz value approximation
of the spectrum of the nonnegative definite operator H only in the case when we have

computed a basis for ker(H), cf. [1].

Remark 2.3.14 implies that we may assume that the condition of Corollary 2.3.15 were
ker(H) L ran(P). To compute the basis of the set inv(H2)X we need to repeatedly solve
the equation

H'Y?u = 2, i=1,..,dim(X).

The vectors x; are assumed to be a basis for X'. The restriction that ker(H) L ran(P)
amounts to nothing more than to impose a compatibility condition on z; (e.g. think of

the Laplacian with Neumann boundary conditions).

2.3.2 A first approximation estimate

Theorem 2.1.6 and Lemma 2.3.2 yield the first eigenvalue estimates. The next theorem
will give an eigenvalue estimate with the minimum of the restrictions on the subspace
ran(X) C Q. Sharper bounds are possible when we impose additional assumptions on
ran(X). Even this (first order) estimate will compare favorably with other higher order

bounds that can be found in the literature, cf. Section 2.7.

Theorem 2.3.17. Let 0 < h and let the n-dimensional subspace ran(P) C Q, P = X X*,
be given. Define
== (H'/2X)"H'?X, =eC™

and assume p, < \.(H). Here, the Ritz values are numbered as in (2.3.1). If ran(P) is
such that sin®,, < 1 then there are n eigenvalues of the operator H, counting the eigenvalues

according to their multiplicities, such that

iy =l S pysin®,,  j=1,...m, (2.3.44)
sin ©
| J ILI/]|— Jl—Sin@p7 j ) 7n7 ( )

where iy : N — N is a permutation.

PRrOOF. Corollary 2.3.13 readily implies the conclusion (2.3.44) for the Ritz values p; = 0,

j=1,...,dim(ker(Z)). Therefore, we may safely assume that h is a positive definite form.
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Lemma 2.3.2 implies 0.ss(H) = 005s(H'), so the assumption p,, < A\.(H) guarantees that
iy is a discrete eigenvalue of H'. Theorem 2.3.12 established

(1 —sin©,)h'[u] < hlu] < (1 +sinO,)h [u], ue Q(h)

sin © sin ©
1 — ———2)hu) < KWu] < (1+-—--"L—)h h).
The conclusion follows directly from Theorem 2.1.6. O

2.4 Localizing the approximated eigenvalues

There is a multitude of ways to match the computed Ritz values to a part of the spectrum
of the operator H of the same multiplicity. These approaches usually differ with regard
to the allowed amount of additional information about the spectrum of the operator H.
Here, we present two possible answers to that problem.

Theorem 2.3.17 can be interpreted as a first localization result. It gives an estimate of
the infimum of

]
J=len g
over all of the permutations i) : N — N. So, we would be correct in stating that the Ritz
values are approximating the eigenvalues of H that are closest to o(Z).

Having only limited additional infirmation we got a limited answer. We know that
there is a collection of eigenvalues of operator H, having the joint multiplicity n, that is
being approximated by the Ritz values from the subspace ran(X). The information we
have on the location of those eigenvalues in the spectrum of H is only that they are the
eigenvalues closest to computed Ritz values.

Only when we have additional information about the location of the part of the spec-
trum we do not want to approrimate, we can guarantee that we are approximating the
part of the spectrum we are interested in. A best known example of such estimates is a
well known Temple-Kato inequality. Let A\; < Ay and let v € D(H) be a unit vector such
that (u, Hu) < v < Ag, then

(Hu, Hu) — (u, Hu)? '

(u, Hu) > A > (u, Hu) — ~ — (u, Hu)

(2.4.1)
For the proof see [50]. The estimate (2.4.1) is valid for a general self adjoint operator H.
As a result, under the appropriate assumptions on the location of the “unwanted” part

of the spectrum, we remove the regularity constraint that test vector u be in D(H) and
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obtain sharp bounds for the matching cluster of eigenvalues. In the last section of this
chapter we will demonstrate that on some examples our bound considerably outperforms
the estimate (2.4.1).

We now give a theorem that determines those eigenvalues of the operator H, given by
a symmetric form h, which are approximated by the Ritz values associated with the test
subspace ran(X) C Q. Before we proceed with the formulation of the theorem we state a
well known fact that given 0 < A, 1 and sin ©, < 1 the relation

A —
"

<sin®, <1

implies the relation

A — ul sin©,
< =: . 2.4.2
A T 1-sin®, e ( )
Note that O
. sin _
sin®, < ng, = ?in%p < 28in0,,.

Theorem 2.4.1. Take a nonnegative form h and the subspace ran(X) C Q. Assume
r = dim(ker(H)) < n, set P = XX* and let ' be as in (2.3.3). By

pr < < g,
denote the eigenvalues of the matriz

== (HYV2X)HY?X, =ZeCm™

If
sin ©,,
= < 1 - 1 , 2.4.3
"oy = T n e, min{~y,, 1} (24.3)
where v, = min ——— 1is supposed to be positive, then
k=loon  Ap+ i
p=n yeeey OO

|Ni — | < pisin®,, i=1,....n. (2.4.4)

PROOF. The assumption (2.4.3) and Theorem 2.3.12 imply ker(H) C ran(X). Also, by
Theorem 2.3.12 we have ker(H) = ker(H'), so we are allowed to “deflate away” the kernel
of H. Therefore, set Py = P,n@p) and proceed as if h were positive definite and P = P;.
Let

0<fin <fio <+ < iy <-vv
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be the eigenvalues of H'. The estimates

Ai
1-sin®, < = <1+sin0,, €N,
Hi
1—ne <M <14 i €N
Ne, > N o Ne,, .

are a consequence of Theorem 2.1.6 . Alternatively we write this assertion as

Ai — [l . .
|~7M <sin®,, ieN, (2.4.5)
i
|>\z — ,l’IZ| sin @p X
< : 2.4.
Ai ~ 1-sin®,’ tel (2:4.6)

The assumption (2.4.3) implies u,, < A.(H’). Lemma 2.3.2 and Theorem 2.3.17 guarantee
that there exists a permutation ¢y : N — N such that

,qu,l:ﬁl-k, kzl,...,m.
Note that k < d implies i), < i4 for k,d < m. Now (2.4.5) and (2.4.6) imply

iy, = fii]

7 < sin ©,, k=1,..,m, (2.4.7)
N —fil _ sin®,

< k=1, ....m. 2.4.8

X, — 1—sin®,’ e 1 ( )

To prove the theorem we show a slightly stronger assertion, namely,

e < [y, p=m+1,...,00 k=1..,m (2.4.9)
Xip, < A, p=m+1,..,00, k=1,.,m (2.4.10)

i

In other words, we show that i, < m,k = 1,...,m which together with (2.4.5) implies

Ai — I . .
M <sin®,, i=1,..,m.

Hi
Let us prove the first statement py, # f1,, p = m +1,...,00. Choosing k € {1, ..., m}, we
have

fip — Pk > )‘p_ﬂk‘_mp_)‘p|
Fe N Fe Fe
> )‘p_ﬂkﬂk+)‘p_‘ﬂp_)‘p|_p
B e e R 1 Ap Ik

A A
> y(1+2L2)—72E=9>0
M Hk
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which proves (2.4.9), whereas (2.4.10) follows from

o N ek ik
> Ap = P s + Ap _
Tkt Ay
A A
> y(1+-2L2)—y=7-2L>0.
H H
O
If we are provided with the information that
sin ©,,
P < 1 T 1 Y
[—simno, - w1
where
_ : )‘p — Mk _ . Mk — )\p
Y=  min_ N T and v = min P
pathy oo P T HE pt gt T
then
1 < S g
approximate the “inner” eigenvalues
)‘q < )‘q+2 e < /\q+n—1-
This statement is made precise in the following theorem.
Theorem 2.4.2. Take a nonnegative form h and a subspace ran(X) C Q. By
1< S i
denote the eigenvalues of the matriz Z = (H'2X)*HY/2X, =2 ¢ C™". If
sin ©,,
———— < mi v 1}, 2.4.11
where 7y, == min Ay = Mk and 7y, :=min g=1,. n i —2p
" k=l,n A+ fig ool Aot
p=q+n,...,00
then ran(P) C ran(H’) and
|)\i+q71 - /M‘

<sin®,, t=1,...,n.
Hi
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PRrROOF. The assumption (2.4.11) and Theorem 2.3.12 and Corollary 2.3.13 imply ran(H') =
ran(H) and
ran(P) C ran(H).

The rest of the proof follows analogously as in the proof of Theorem 2.4.1. O

Remark 2.4.3. Theorems 2.4.1 and 2.4.2 imply that we can divide the spectrum of the
operator H in two disjoint parts: the part that is being approximated by the ¢(Z) and
the rest of the spectrum. To understand this statement assume that the conditions of
Theorem 2.4.1 hold. In this case both of the “block diagonal” forms

h(u, v) = REAn)u, EQn)v) + BEA) Lu, E(A) 1) = [ g A. } !

[1]

h'(u,v) = h(Pu, Pv) + h(PLu, P v) ~ [ = ]

have “diagonal blocks” with disjoint spectra. We have assumed A = diag(Aq,...,A,) and
= = diag(u1, . .., pn) and E. and A, were unbounded operators defined by the forms A’
and h in the spaces ran(P.) and ran(E(\,)1). In fact, we will colloquially call A’ the
block diagonal part of the operator H with respect to the subspace ran(P). We will use the
notation hp to denote A’ in situations when it is not clear with respect to which test space

ran(P) was this construction performed.

2.5 Eigenvector and invariant subspace estimates
For the computed Ritz values
0,0,...,0, thyg1; frt2s -+ s o
Theorem 2.3.17 guarantees the existence of the eigenvalues
Aip S iy S0 < A,
that are being approximated by the Ritz values (provided sin®, < 1) in the sense of
|Ai; — mj] < pysin O, j=1,...,n.

Assume vy, ..., v, are mutually orthogonal eigenvectors that belong to the eigenvalues
Aip < Ay, < --- <\ . If the conditions of Theorems 2.4.1 and 2.4.2 are satisfied Remark

2.4.3 assures us that

span{vy, ..., v, } = ran(E({ i), Aiyy -+, AiL }))-
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Here we have assumed that H = [ A dE(\). To ease the presentation we generically use
E = E({Aiﬂ )‘i27 e 7)\271})

to denote the projection on the subspace that is selected by a result like Theorem 2.4.1.

We will give two answers to the problem of eigenvector estimates. One is in the case
in which we are approximating the contiguous group of eigenvalues (as guaranteed by
Theorems 2.4.1 and 2.4.2) and the other is in the general case of the group of eigenvalues
as delivered by Theorem 2.3.17. In the first case we present the estimates for ||E — P||,
whereas in the second case we give estimates for the individual eigenvectors ||v; — u;]|,
i = 1,...,n. Here Hu; = p;u; and u; are assumed to be of norm one and mutually
orthogonal.

The central role in the analysis of the eigenvector approximations will be played by

the following lemma.

Lemma 2.5.1. Let h be a nonnegative form and let 0 & o.ss(H). Take ran(P) C Q such
that sin ©, < 1 and define

s(z,y) = Sh(HM 2, HT?y), 2y e H.

The form s defines a bounded operator S and

S = HY?H'TV/2 — Hil/2H//? (2.5.1)
sin ©
|(z, Sy)| = |s(z,y)| £ ——=Ilzlllyll, z,yeH. (2.5.2)
1 —sin©®,

ProoF. The closed graph theorem implies that the operator
S — HY?2H'1/2 _ Ht1/2HN1/2

is bounded. Also, ker(H) = ker(H') = ker(S) and Pier(s) commutes with S. It is sufficient
to prove the estimate for z,y € ran(H). The inequality (2.3.40) gives

[Sh(H™ 22, HTV2y)| < sin 0, |ly|| #'[HM22]"/2.

Analogously, (2.3.38) implies
1

\/1—sin®,

Altogether, the estimate (2.5.2) follows. O

|IHY2HTY?)| < (2.5.3)



2.5 Eigenvector and invariant subspace estimates 39

The operator S has the special structure. Assume H'u = pu and Hv = Av, then

(v, Su) = A2 (v, u)p* = X7V (0, u)p'/?
_A—p
VA

The equation (2.5.4) introduces the distance function

(v,u) . (2.5.4)

A—p

i
that measures the distance between the Ritz values and the spectrum of the operator H.
This distance function will feature in the important role in the estimates that follow. More
involved analysis will be necessary to utilize the structure* of the operator S to obtain the
invariant subspace approximation estimates. The next theorem extends the scope, as well
as strengthens the eigenvector estimate from [37, 45] and is even new in the matrix case.

It can be seen as the eigenvector companion result of Theorem 2.3.17.

Theorem 2.5.2. Let h be a nonnegative form, and let ran(P) C Q be such that it satisfies
the assumptions of Theorem 2.3.17. Let uq,...,u, the mutually orthogonal eigenvectors
belonging the eigenvalues jiy,. .., 1, of H' P, then there exist mutually orthogonal eigen-

vectors vy, . ..,v, of H, belonging to the eigenvalues A, ... \;, and

V25in0, o Vi (2.5.5)

v; — Uj]| £ —— max ———.
log = will < A =e, B D, —
The eigenvalues \;;, j = 1,...,r are numbered in the ascending order as gwen by Theorem
2.3.17.
PROOF. Assume p; = -+ = p, = 0. Corollary 2.3.13 implies that u; € ker(H) for
1=1,...,r so we take
V; = Uy, i:1,~~~,r.

Forv;, j = r+1,...n take any orthonormal set of eigenvectors belonging to the eigenvalues
Ai;, j =r+1,...,n. Since both u; and v;, for i = r +1, ..., n are perpendicular to ker(H)
we may assume that H is positive definite and we are only given u;, 1 =r+1,...n as test
vectors. Take s from Lemma 2.5.1 and use (2.5.1) to compute

s(vg, uj;) = 5h(H’1/2vk,Hl’1/2uj)
= (’Uk, Hl/ZHl_l/QUj) — (H/1/2H_1/21)k, Uj)

= =20 ()

i J

“More about the subspace estimates in the next subsection.
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and

2 ) 2
2 w) P < max T s Dl )]

oy oy
i 1
< max —2* _|16%y.||?
k27 (N — 1) 673
< e iy I sin? @,

k27 (A — pj)° 1 —sin©,

Scaling v;, u; so that (v;,u;) > 0, we obtain

lo; —uill = V21— (,u5) =vV2 | 1= 1= | (v, )|

k]

. . 1 2
< V241 —4/1—max At sm‘@p
k#5 (Ni, — p;)% 1 —sin ©,

V2 sin O, AU

< : max ———.
V1 —sin0, ki |y, — ]

This proves the lemma in the case in which o.(H) = (). In the general case we use the

formula
A
)\e _,l;]j (EHl/Q ( [\/)\7@, OO>)U]‘, SU]> Z ’ (EHl/Q ( [\/)\76, OO>)UJ‘, Uj>
and analogous argument. O

2.5.1 The weak Sylvester equation
Let V : C* — 'H be an isometry such that E=VV*and E| := I —VV*. For A = V*HV

we compute

HV =VA.
On the other hand, Lemma 2.3.2 states
HX = XZ,

for = = X*H'X. The expressions HV = VA, HX = XZ and Hv = A, Hu = pu are
suggestively similar.

The subspaces ran(V') and ran(X) have the same dimension so

sin®(V,P) = |E — P|| = ||E.P||.
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To estimate || £, P|| one typically starts from, cf. [11, 21],
G=E,(H-H)P=HE P—E PH. (2.5.6)

In the case in which G and H'P are bounded operators and HE | and H'P|,

ran(HE | )ND(H)

have disjoint spectra the standard theory of [11, 21] establishes
S| ELPI < 1G]]

R and
ran(HE | )NnD(H)

H'P|,. However, G is a bounded operator if and only if ran(P) C D(H), which is an
assumption we have not made. If ran(P) C Q(h), then only

The number 0 is a measure of the separation of the spectra of HE,

Q=H"?E,PH? —H ?E, PH"/? (2.5.7)
— B, (H'?H~'? ~H-1?H2)P = E, SP (2.5.8)

is a bounded operator. From (2.5.7) and (2.5.8) we see that T = E, P satisfies the equation

(HE )Y, T(H'P)"?0) — (HE) 20, THP)Y?u) = (v,Qu) = (v, Su),  (2.5.9)
v eran(HE, ) NDHY?), u € ran(P).

The solution T can be seen as the bounded operator from ran(P) to ran((HE,)Y?) N
D(H''/?). The equation (2.5.9) is a bit confusing, since the coefficients operators are self
adjoint operators that are only nontrivial in some true subspace of the environment Hilbert
space. This has necessitated the use of generalized inverses.

Let us simplify the situation and outline the general picture. We have an unbounded
positive definite operator A and a bounded positive definite operator M. They are defined
in, possibly, different subspaces of the environment Hilbert space H. Thus, H,, = ran(M)
is (of necessity) a closed subspace of H and likewise

D(A12) " = ran(AY?) = Ha.

Let the bounded operator @) : Hjy; — Ha be given, then we are looking for the bounded
operator T : Hy; — Ha such that

(AYV2, TM~YV24) — (AY20, TMY?u) = (v, Qu) , v € DAY?), u e Hy. (2.5.10)
Formally, we say that T" solves the equation

AT —TM = AYV2QM'2. (2.5.11)
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Here AY2QM"? is naturally only a formal expression and does not represent a genuine
operator. In the case in which G = AY2QM'/? be a genuine operator equation (2.5.11)
becomes the rigorous equation

AT -TM =G,

called the Sylvester equation. Relation (2.5.10) represents a weakly formulated Sylvester
equation. The following theorem slightly generalizes the corresponding result from the

joint paper [37] and corrects a technical glitch in one of the proofs.

Theorem 2.5.3. Let A and M be positive definite operators in Ha and Hyy, respectively
and let Q be a bounded operator from Hy; into ran(AY2) = Hu. If M is bounded and

1
M| < —— (2.5.12)
[A=1]
then the weakly formulated Sylvester equation
(Al/zv,TMfl/zu) — (U,Afl/zTMl/zu) = (v, Qu) (2.5.13)

has a unique solution T', given by T(v,u) = (v, Tu) and
1 o0
m(v,u) = —o— / (A0, (A —i¢ —d)'Q(M —i¢ — d) " *M?u)d, (2.5.14)
™ —00
where d is any number satisfying

1
M| <d < ——— . (2.5.15)
A=
PrROOF. The uniqueness means that
(AV20, WM ?u) — (v, A7YPW MY ?4) = 0, (2.5.16)

for u € Hys, v € D(AY?), has the only bounded solution W = 0. Let

o / d Equ2(V),
0
then in particular
(AV20, E,WM20) — (v, A2 E,WMY?u) = 0,

for u € Hyr, v € D(AY2) N E,H. Define the cut—off function

r, D<z<n
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with D = 1/||A7Y||. The operator f,(A'/?) is bicontinuous and
f(AVHE,WMY2 — £ (AVHTTE,WMY? = 0. (2.5.17)

Since f,,(A'/?) and M'/? are bounded and positive definite operators, the standard Sylvester
equation (2.5.17) has the unique solution

E,2W =0, neN. (2.5.18)

This is a consequence of the standard theory of the Sylvester equation with bounded
coefficients, see [11, 21]. The statement (2.5.18) implies W = 0.

Now for the existence. We use the spectral integral A = [ A dE()) to compute
A—i(—d

/oo (A +i¢ — d)*AY20|)? d¢ = /OO (A2, Av) d¢

[e.9] -

LN d(E(V)AY 20, AV2)
- /_oo dC/D o

}—2

_ d>2 + C2
= /OOA d(E(\)AY2, AY2y) /OO __d
D ’ oo A= d)? 47
B /°° 7 d(E(\)AY2y, Al/%)
D A—d
= 1(A(A —d) 'v,v). (2.5.19)
Analogously, one establishes
/ (M —i¢ —d) "M ?u)|? d¢ = n(M(d — M) u,u). (2.5.20)

The convergence of these integrals justifies the following computation. Set

(v, u) = —% /OO (A2 (A —i¢ —d)'Q(M —i¢ — d) ' MY ?u)d¢

and then compute using (2.5.19) and (2.5.20)

2 _ 1 - : —1A1/2 : —1as1/2 2
(0, u) _<2W)2[/_OO((A+1C—d) A2, Q(M i¢ — d) T MM 2u)d|

||62||2 > . —1A1/2 . —1 1/2 2
< BILL ] A ic - &l 10 = i - a) a2l ac]
< JOW A (A — a1, v)(M(d = 1)1, )

4
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This in turn implies that the operator
T(v,u) = (v, Tu)

is a bounded operator and also gives the meaning to the formula (2.5.14).
Now we will prove that this 7" satisfies the equation (2.5.13). Note that

AA—p—d) " =T+ (p+d)(A—p—d)', pga(A)
and then take v € D(A) to compute

(AY20, TM~Y2u) — (A~Y20, TMY?u) =

L [/OO (Av, (A —i —d)'Q(M —i¢ —d) ') d¢

2 .

_ /Z(v, (A~ i~ d) QM i —d)~*Mu) d|
1 v /OO (0, Q(M — i¢ — d)~\u) d¢

2 e

+ /OO (ZC + d)((A —1( — d)_lv,Q(M —i( — d)_lu) d¢
-/ i+ (A — i€ — d) Mo, QUM — i€ — d) M) dC

[e.e]

— V.p. /00 (A —i¢ —d) v, Qu) d¢
= (v, Qu).

By a usual density argument we conclude that the operator T' satisfies (2.5.13). O

Allowing for a more general relation between o(M) and o(A).

An analogue of Theorem 2.5.3 holds, if the assumption (2.5.15) is replaced by a more

general one, namely that the interval
[l 11 ]

be contained in the resolvent set of the operator A. We omit the proof of the following

result.
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A S )\mfl )\m+n S A

—— 1

0 D_ g I K d Dy

Figure 2.1: The spectral gaps

Theorem 2.5.4. Let the operators A, M and ) be as in Theorem 2.5.3, and let their
spectra be arranged as on Figure 2.1, then (in the sense of (2.5.14))

T = —% h AYV2(A —i¢ —d)'Q(M —i¢ — d)"*M2d¢
o [ AHA == g QUM — ¢ - ) ML

where d, g are chosen from the right and left spectral gap, see Figure 2.1, is the solution
of the weak Sylvester equation (2.5.13).

2.5.2 Invariant subspace estimates

To obtain invariant subspace estimates only a portion of the theory from the preceding sec-
tion will be necessary. Let, for now, h be a positive definite form. Take an n—dimensional
subspace ran(P) C Q(h), where P = X X* and let i’ be as given by (2.3.3). In the equa-
tion (2.5.9) we have already seen the connection between the Sylvester equation and the
subspace estimates. The general assumptions of the subspace theorems will correspond to
the matching theorems (Theorems 2.4.1 and 2.4.2). The reason is that we can talk about
the subspace estimates only after we have localized the approximated eigenvalues.

We will use the equation (2.5.9) in somewhat simpler form. We want to compute an

estimate of
sin©(P, E) = [P - E| = |[E.X]],

where ran(E) is the subspace selected by any of the Theorems 2.4.1 or 2.4.2. From (2.5.9)

it follows

(HE)Y*v, E, PXE"2z) — (HE )"0, B, PXZ"22) = (v, SXx), (2.5.21)
v €ran(HE,) N DHY?), z € C".

To simplify the presentation we set

A=HE,

ran(HE  )ND(H!/2)
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and use Theorem 2.5.3 or Corollary 2.5.4 to obtain the estimates.

Theorem 2.5.5. Let X, = A, EL,D,sin@ be as defined above, then

sin © DJ|Z||
V1—=sin®D —||Z]||

PROOF. E, X = T satisfies the equation (2.5.13) where Q = SX. By Lemma 2.5.1 we

can estimate the norm of 7" from (2.5.14):

IE.X|| < (2.5.22)

(Tr) P < gfal)|SXI?

50) = [ (AGA- 0+ )
alz) = /00 (E(E-d)*+ ) 'w,z)dC.

Using the spectral integral A = [ A\ dE()\) we obtain

sw) = [ acf ”E;(QHQ

:/D (EQ) )/oo )+ (2

_ /Dooﬂ)\dE (A(A—d) "y.y) 7

and similarly

Together with Lemma 2.5.1 this gives

(To)| < et VAT =@ Ty ) B2 0,)
< s\ el 2523)
for any ||Z|| < d < D. The optimal d equals % and
1Bx| <m0 VDI -

V1—sin®D —||Z|
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In the case in which A is only nonnegative and sin®, < 1 we have shown that ran(H) =
ran(H'). Formula (2.3.44) allows us to conclude that N' = ran(X) Nker(H) is contained in

~

ran(E). This implies that both
E=E-Py, P=P-Py
are orthogonal projections and

IE =Pl =E - Pl

Since ran(P) C ran(H) and ran(E) C ran(H) we can reduce the problem to the positive

definite case.

Theorem 2.5.6. Let h be a nonnegative form, and let ran(X) C Q, P = X X*, be such
that sin©, < 1 and 0 < min{d;, d, }, then

~ ~ i 1 1
sin ©(ran(X), ran(E)) — || Py — Bl < —2%__ (- + —) . (2.5.24)
V1—sin0, \ 0, &
Here we have taken
0, = min A — f and 0= min e — Ay

[ARS) =1,...

If g =0 then 6% =0 and §; = 1 by the definition.
PROOF. The assumption 0 < min{d;, d,} implies 0 < min{~;, 7, }, so Corollary 2.3.13 gives
ker(H) L ran(X)

for ¢ # 0 and
ker(H) C ran(X)

for ¢ = 0. Theorem 2.3.12 says that we have reduced the problem to the positive definite
case without losing any generality. The same proof as in the Theorem 2.5.3 yields the

estimate

V1—=sin0, \ Dy —[E]  [E7|~" = D

Now, Lemma 2.5.1 and (2.5.25) prove the statement of the theorem. O

~ 1 D_||= =Y -1D_
| P| < — 0O <¢ 2L, VETTDS ) 255
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Remark 2.5.7. Note that for 0 < A, p

A— S A—p
2\ T A+
and
sin ©,, sin ©,,

J/1—sin9, ~ 1 —sin®,

Therefore the assumption
sin ©,, )
—— < 07, 0p, 1
1 —-sin®, — min{dy, !

implies that both Theorem 2.4.2 and Theorem 2.5.6 hold.

2.6 Higher order estimates

The assumptions of Theorem 2.4.2 are graphically displayed on Figure 2.1. It is an es-

tablished rule of thumb, that when the eigenvectors are being approximated linearly, then

the eigenvalues are being approximated quadratically. In this section we demonstrate that

under the assumptions of Theorem 2.4.2 this intuition is correct. Some of our reasoning

has been motivated by the techniques from [24, 48], which deal with finite matrices.

Theorem 2.6.1. Let H be a positive definite operator and let us assume that the eigen-

values are so ordered that

Alg"'g)\m—l<)\m:"':/\m+n—1<)\m+n§)\m+n+1§"' .

Let ran(P) C Q, P = X X* be such a subspace that the inequality’®

sin © H1 — )\m—l )\m—i—n — Hn

Ne < min{vys, 1}, 7 = min{

- 1 —sin®

holds for the Ritz values

Then we have

)\m_ 7 1 .
|)\7M|§_T/éa Z:17"

)\m—l + M1 ’ >\m+n + M

}

LT

(2.6.1)

(2.6.2)

5Obviously, vs = min{~,,7}, where v; and ~, are defined in Theorem 2.4.2. Index s comes from

symmetric.
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PROOF. The assumption (2.6.1) implies that the subspace ran(X) satisfies the require-

ments of Theorem 2.4.2, hence

MSU& i=1,....n.

)\erifl

Take u € ran(X), ||u|| = 1, and set &t = hlu]. The operator H is positive definite, so

= hlu] = /)\ d(E(MNu,w).
Furthermore, the positive definiteness implies ©

e = N min —A) >0, A€ o(H),

SO
1 A+ An — A
- > A H).
AT )\m>\m+n ’ © U( )
Integrating both sides of the equation we obtain
1 ~ ~ )\m + )\m—i—n - ,ZZ
— d(E(\ > . 2.6.
/A (E(Nu,u) > S (2.6.3)

Assume i € [Ap, Amin) and multiply the equation (2.6.3) by 2. Then add —p to both
sides to obtain

~ >\m + )\m n - m ~
72 + B i

>\m)\m+n
ﬁ /7()‘771 + )‘m—i—n) B ﬁQ — )‘m)‘m—i—n

)\m )\m—i—n

~ f(f = M) Amgn — 1)
)\m)\ern .

l
—
VRS

> =
|
—_

N——
=
gl
=
£
3
Vv

6The idea for this line of proof has been taken from [48].
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On the other hand,

i [E -y aEnD - 7 (@D -7 @ H D)

_ ”Hl/Za . ﬁH_l/QﬂHQ

2
= (max ‘(Hl/Qﬁ — nH Y27, y)‘)

lyll=1

= (max |(H"?4,y) — (1 @, Hl/Qy)})2

lyll=1

2
= (max }h(ﬂ, H_1/2y) — h'(u, H_l/Zy)’)

lyll=1

2
= (max |5h(a, Hl/Qy)‘)

llyll=1
(k@)
veQ h[U]

and

[E ) 2077 — g SHEOL (m M) .

Finally, one obtains

)\m n )\m n [
< Dmin 2o Amin T 5 (2.6.4)

)\m _)\ern_/j e_)\ern_,u

Analogously for some @ € (A1, \n], we obtain

< = o < = 6 - (2.6.5)

Now, (2.6.4) and (2.6.5) yield

Am — [ Aman 0 Amo1 + 11 1
Mgmax{ ++'li,~ 1_'_“} ﬁéﬁ_né
)\m )\ern — MK )\mfl Vs
for any u € ran(X) of norm one. Specially, the conclusion of the theorem follows. O

Remark 2.6.2. All of the Ritz values from the subspace ran(X) are the convex combina-
tions of
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It is obvious that there are Ritz values i from the subspace ran(X) that approximate the
eigenvalue A, of multiplicity n better than some of the p; do. The Ritz value

- 1
is a good candidate for such an approximation.

Corollary 2.6.3. Let H be a nonnegative operator such that 0 & o.ss(H) and we assume

that the eigenvalues of the operator H are so ordered that
)\1 <-ee < /\m—l <)\m:"':)\m+n—1 <)\m+n§)\m+n+1 SRR

Let ran(X) C Q be such a subspace that the inequality

. . ,ul - )\m—l )\m—i—n - Mn

< minq{vys, 1}, s = min ) 2.6.6
o, {71}, v SRS w— (2.6.6)
15 satisfied for A, > 0 and for the Ritz values

P S plg S S
then we have A | .
The proof of the corollary follows from the observation that (2.6.6) implies ran(X) L
ker(H) = ker(H’). The proof is the same as the proof of Theorem 2.6.1, since ran(X) C
ran(H) and H is positive definite in ran(H), by assumption.
In Theorem 2.6.1 we have derived an estimate of the error in the eigenvalue approxima-
tion relative to the eigenvalue being approximated. It is preferable to have an estimate of

the error relative to the Ritz value, since the Ritz value is the quantity we have computed.

Theorem 2.6.4. Take a nonnegative definite form h and the n-dimensional subspace
ran(P) C Q, P = X X*. Let the eigenvalues of the operator H be so ordered that

)\1 << )\qu <D_ < )\q == >\q+n71 < D+ < )\qun < )\q+n+1 < (268>
and let also
D_<pu < <pp, <Dy
hold for the eigenvalues of the matriz = = (HY2X)*HY2X < C™". If

Dy — Agin Ago1 — D_
Dy 4+ Agin” Agm1 + D

sin ©,, .
——— < min
1—-sin®, {

b=, (2.6.9)
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then \ .
M < —sin?0,, i=1,..,n.
,uz' fys

PROOF. Assume that the form A is defined as in Theorem 2.3.12. Set X = ran(P) and
€ =ran(E(Agn+1) — £(0))

and then take IC = X +&. Define the matrix—i.e. the finite dimensional operator— H by
compressing the form h[Px-, Pc:] on K. The matrix H is a positive definite matrix, since

according to Theorem 2.3.12 the assumption sin®, < 1 implies
ker(H) L X and ker(H) L €&.

Now, the matrix = can be obtained as the further compression of the form h[Pj-, Pi-]
to the subspace X. In other words, the Ritz values of the operator H from the space X
coincide with the Ritz values of the matrix H from the space X'. Equivalently, by =, we
denote the operator defined by the compression of the form h[Py-, Pc:] to the subspace
X1, where X ® X+ = K. Therefore, we can represent the matrix H, in the appropriately
chosen basis of X @ X+ = K, as

H= [: K } .

K =

Since £ reduces the operator H and £ C K we conclude that the spectrum of the matrix

H is the same as the spectrum of the matrix

Aq+n+1
Al

where Aginy1 = HPg | and Dy I < A.. This also follows from Min-max Theorem, if we
note that uy, ..., Ugini1 € K and \;(H) = h[Pcus), i=1,...,¢+n+1, so

hlz] i h|Px x]

A (H) = min — = = M(H)
se ||z ek ||z|
. hlz] . h[Px ]
H) = T = e
)\2< ) xe%}g}_m ”x” e,z luy H.TH )\2< )

Therefore, the assumption (2.6.9) is the assumption about the matrix H.
By H’ denote the matrix defined by compressing the form h/'[Px-, Pc:] on the subspace
KC. Tt is straight forward to establish (P and P commute) that in the same basis of K

, 2 0
v 1)
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Set Kg = E;/* K="/ then
|lz*(H — H')y| < || Ks||\/z*H'z y*H'y, z,y € K. (2.6.10)
On the other hand, we compute
2" (H — H')y| = |h[Pcz, Pyl — W' [Pez, Pey]|
< sin O,/ I[Pz, Pex]l' [Py, Pey]
=sin O,/ a*H'z y*H'y,
so || Kg|| <sin®,. Now (2.6.8) and (2.6.10) and Theorem 2.4.2 imply
-
1A = il <sin®, <7, i=1,....n (2.6.11)
i
A — i (Ee
wgsin@p<%, j=1,...,q-1
15(Ee)
Nian(H) — pi(Ze , ‘ _
[ n )_u]( )|§sm@p<%, j=4q,...,dim(K) — n.
115(Ee)
Subsequently, see Figure 2.2, it follows
= A Dy = Agin Agmr — Do
min —————— > min ) = s, 2.6.12
peo(Ee)  p {D+ + Agtn Ag—1+ D—} E ( )

so I — \,Z.1 is an invertible matrix.

Aq Dyt Dy S

Figure 2.2: The relative gap function
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Since I—\,=_! is a regular matrix, we can use the so called Wilkinson’s trick” to derive

quadratic estimates. The matrix

— )\ =1 *
Hs@q)=H’-1/2<H—AqI>H"”2:[I AR ]

Ks  I—-)\E1

has the same rank as the matrix I — )\ch_l and

I K&EI—- M\ Ec_l -1
HS()‘q) = |:0 S( Iq ) :|
(I- E_l) — K§(I— )\ch_l)_lKS 0 I 0
0 (I- /\qul) (I- )\qul)fle I

The matrices Hg(),) and

I— N2 = K5I - )2 'Ky 0
0 (I - )‘qEz?l)

are congruent so they have the same rank. This can only take place if
I-\Z'=K;I- )= "Ks.
Finally from (2.6.12) we obtain

Ag— il 1. .
M < —sin?0Q,, i=1,..,n
i Vs

and the theorem is proved. O

2.7 A computational example

Our perturbation reasoning has yielded a host of estimates for spectral elements. To ease
the interpretation of the results we develop a procedure to compute sin®, and compare

our bounds with other competing estimates on a model problem.

2.7.1 Computing the sin© for given h and ran(X)

First, let us consider the problem of computing cosO(ran(B), ran(F')) = cosO(B, F') where
B:C" - H and F : C" — 'H are any bounded operators with the maximal rank.

"See [49, p. 183]. The finite dimensional part of this proof is essentially contained in [28].
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The operators Qp = B(B*B)"Y? and Qr = F(F*F)~'/? are obviously isometric.
According to Section 2.2 (in particular definition (2.2.4)), the cosines of the canonical

angles between ran(B) and ran(F') are equal to the singular values of the matrix
C(B,F) = Q5Qp = (B*B) Y?B*F(F*F)™'/? ¢ C™™. (2.7.1)

For the application to the problem of the Ritz value estimates we are dealing with the
special B and F. Assume h is positive definite, X : C" — H is isometric and P = X X*.
The equation (2.7.1) now reads

CHVIX,H2X) = (HZ2X)HZX)TA(XHTX) ™2 = 272072 (279)

The matrix = = (HY2X)*HY2X is called the Rayleigh quotient of the subspace ran(X).
Analogously the matrix Q = X*H~'X will be called the harmonic Rayleigh quotient.

By ¢;, i = 1,...,n denote the singular values of
C(Hl/ZX, H—I/ZX) — 5_1/29_1/2,
One way to obtain the sines of the canonical angles is to use the formula

s;=1/1—¢? i=1..,n. (2.7.3)

79

However, (2.7.3) is notoriously unstable as the computational procedure to evaluate s;,
cf. [27]. The right way to obtain the computationally robust formulas (in particular with
regard to the computations in the floating point arithmetic) for the canonical sines would
be to develop the procedure that does not require the matrices = and €2, but operators
B and F'. This is highly nontrivial even when we are dealing with large matrices, not
to mention unbounded operators which are our principal concern. The problem of the
robust computation of the sines of the canonical angles between the finite dimensional
subspaces of the infinite dimensional Hilbert space will be not further considered in this
thesis. Formula (2.7.3) will be sufficient for the theoretical case studies we plan to carry
out.

The singular value problem for the matrix C'(H'2X, H™'/2X) can be reformulated as

the generalized eigenvalue problem

——1
=

=0, i=1,..,n. (2.7.4)

2

The squares of the sines s;7, ¢ = 1,...,n are all the eigenvalues of the symmetric matriz
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pencil® (Q — =71, Q) and in particular

#(() — =1 H 1) — H/—l
sin© =  max [2*( )z = max (= r) — (@, 2l : (2.7.5)
2#0, TECP *Qx zeX\{0} (r,H 'z)

The relation (2.7.5) is particularly interesting. It reveals the nature of the estimate
sin@. In (2.7.5) we see that the difference between (the inverses of) the operators is
measured on the test space X only. Let us consider, for the moment, the invariant
subspace estimate ( estimate (2.5.22))

sin © DJ|Z||
Vi—smeD-E]

The projection E in (2.5.22) has been defined with the help of Theorem 2.4.1. This
estimate of |P — E|| has been computed with the help of the compression of the inverse

1P = Ell <

of the operator H on the test space ran(P). An alternative approach would have been to

use the integral representation (for some appropriate I)

P= /(H’ €N tde, E= /(H — &)t de.

r r

To estimate the norm of
P—E= /((H’ — &) = (H-D) Y de (2.7.6)
r
one would need an extensive information on the family of operators (resolvents)
(H/ - 61)_17 (H - fI)_lv 5 el

On the other hand, we require information on the parts of the inverses

== X*H X, O=X"H'X

in the test space, only. Furthermore, any estimate of | P — E||, which can be obtained
from (2.7.6), will contain some form of a measure of the distance between the Ritz values
and the unwanted component of the spectrum. Such information depends on the choice
of the curve I'. As a comparison we offer an optimal choice of the distance function (cf.

Theorem 2.5.5) and provide an estimate
sin © DJ|Z||
V1—sin® D — ||Z]|

which is featuring computable quantities, only.

1P = Ell <

8(A, M) will be used to denote the matrix pencil (4 and M are assumed to be symmetric matrices),
cf. [53].
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2.7.2 A Sturm-Liouville problem with coupled boundaries

We compare our bounds with other explicit estimates (i.e. bounds that are free from
unknown quantities) found in literature. The comparison will be carried out as a case
study on a model problem.

Our subspace theorem is compared with the Davis-Kahan sin® theorem and the
Temple-Kato eigenvector bound, cf. [18, 21]. On the other hand, the Ritz value bound is
compared with the Temple-Lehmann and the Temple-Kato inequalities, cf. [18, 20, 50]
and (2.4.1). The model problem is (cf. [50])

" —az = wz,
e2(0) = z(2n), (2.7.7)
e2(0) = Z(2m),

where 6 € [0, 7] and a € R is a constant fixed so that all the eigenvalues are positive. The

solution to problem (2.7.7) is given by the pairs

0\’ .
Wt = (:l:]i] + 2—) — «, Zik(ﬂ = 6_1<ik+%)t, keN
m

Al (t) = et
w = -— — 2 =€ ™,
0 27 ) 0

On Figure 2.3 we see increasingly ordered eigenvalues of the family of problems (2.7.7)
displayed as functions of . For § = 7m we have an eigenvalue problem that has all the
eigenvalues of multiplicity two. By varying the parameter 6 in a “neighborhood” of 7
we construct eigenvalue problems that have as tightly clustered eigenvalues as we desire.
“Relative” distance functions are not shift invariant. For every 6 € [0, 7] we can choose a
shift o so as to make the two lowermost eigenvalues well separated in a “relative” sense.

For the parameters # and o we choose

9999
0=—— =0.24 2.7.
oo @ = 0-2499 (2.7.8)
and compute
i 115.459, M =Xl 566

;11% \/T)\p A2
and
min [A; — A = 1.9998, A — Ao = 107

p#1,2
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w72(9)

Figure 2.3: Increasingly ordered eigenvalues of the family of problems (2.7.7) as functions

of 6.

The eigenvalue problem (2.7.7) with this choice of parameters o and 6 will demonstrate
why in some situations it is preferable to have bounds that are functions of the “relative”
gaps rather than the “absolute” ones.

We will rewrite the problem (2.7.10) in abstract form. With o and 6 as in (2.7.8) the

form

2 2
(HY?2, H?0) = h(z,v) = / 2 — oz/ Zv (2.7.9)
0 0

is positive definite with the domain
Q(h) ={f: f.f € L?[0,27], " f(0) = f(27)}.
In a weak formulation (2.7.7) reads
h(z,v) = A(z,v), z,v € Q(h). (2.7.10)

Obviously, the eigenvalues and eigenvectors of Problem 2.7.7 are the same as the eigen-
values and eigenvectors of the operator H. Assuming the usual ordering of eigenvalues of
H, we get A\; = wp(0), A2 = w_1(0), A3 = w1(#) (and so on). Similarly, in the notation we

have employed so far, we have v; = zy, v9 = z_1, v3 = 2. For the equidistant subdivision

1
n-+1

O=a0 <21 < - <Tp <Tpy1 =2T, Tjy1 — T; =

)
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we introduce the finite dimensional function space
Vi = {f:feC"0,2n],e"f(0) = f(2n),
fis cubic on (xj_1,2;),j=1,...,n+1} C D(H).
By II? denote the interpolation operator

I . co,2x] — V2.

n

Let the matrices
X, =[], Y, = [ T 0]

be understood as operators. For the test subspaces we take X,,C, Y,,C?, n € N. Obviously,
lim(IBv;) =v;, j=1,2,

so we analyze the error bounds as functions of n.

Green function of the operator Hu = —u” — au, defined by the form (2.7.10), is

G(tl, tg) -

(2.7.11)

(eimtlml P el ) .

—1 4 e—2imva—i6 + —1 4 e—2ima+io

i
NG

In this case we can use the formula

(H 'u,v) = /027r dt, /027? G(t1, t2)u(tz)v(ty) dis (2.7.12)

to compute the elements of ().

The results of the numerical experiments are presented on Figure 2.4 where:

Graph (a): (x) denotes our lower bound for the A\; obtained from the subspace X,,C
using Theorem 2.3.8

A1 > (1-sin®©) (H2X,, H'/?X,)
and (4) denotes a lower bound for the A; obtained from the Temple—Kato inequality

(HX,,HX,) — (H/2X,, H'/2X,)’
N — (H'2X, HI2X,)

A > (HY2X, HY2X,) —

The dashed line represents the value of A\;. Our desire not to get negative lower
estimates for the eigenvalues of positive definite operators can be clearly seen on the

picture.
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0.0001 D—p
x A >p(l—sin®)
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20 40 60 B0 100

-0.00005

-0.0001

Figure 2.4: The eigenvalue and the eigenvector estimates from the space X,C C V3 as
functions of n.

Graph (b): (O) denotes the logarithm of the true error, (l) denotes the logarithm of the
quadratic estimate from Theorem 2.6.4 and (%) denotes the logarithm of the bound
from Theorem 2.3.8. An uncanny accuracy of the quadratic estimate can easily be
spotted on the graph.

Graph (c): (M) denotes the logarithm of the subspace bound from Theorem 2.5.5

| sin © \/(H1/2Xn H2X,) )\,
E(\), X,) < :
sin ©(E£(\r), Xp) < V1—sin® X\ — (HY2X, H/2X,)’

(x) denotes the logarithm of the Davis-Kahan bound

. 7.,
sin©O(E(\), X,,) < Yo — (H2X,, HIZX,)

whereas the Temple—Kato eigenvector bound

2 Ay — 0
HY2X, HY/2X,) — 2

sin O(F (A1), X,) <
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turns out to be larger than 1 and it is not graphically represented. The residual

vector ry, € H was defined as
rx, = HX, — (H'2X, H'?X,) X,.
The logarithm of the true error
sin©O(E(\), X,)

is denoted by (). The inherent lack of stability of the formula (2.7.3) to floating
point perturbations can be observed in the lower right corner of the graph. The
evaluation of (2.7.3) was done in double precision and (2.7.3) begins to wobble as
V1 — 52 approaches 1078, This is an expected behavior, since we cannot evaluate
1 — 52, in double precision, more accurately than the machine precision 10716,

Remark 2.7.1. In both the Temple-Kato and the Davis—Kahan bounds
Ao — (H'?X,, H'?X,)
should be understood as the best possible estimate of the spectral gap

min |(H'?X,, H'?X,) — )|
A€o (H)\M1
All measures of the spectral gap, that appear in the subspace theorems, are estimated in

the same fashion.

The right matching

The subspace approximation theorem will be tested on the subspaces Y, C?. Specifically,
we want to investigate the moment in which we can establish that there are exactly two
eigenvalues of H that are being approximated by the two Ritz values from the space Y,,C2.
For the operator H, defined by (2.7.9) and a and 6 as in (2.7.8), there exists a D € R
such that
Ao < D < As.

By uf < ub denote the Ritz values of H from the subspace Y, C?. Assuming 0 <
sin©O(Y,,) < 1, we obtain

sin O(Y;,) - sin O(Y,,)

1-sin®Y,) = /I—-smO(Y,)
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Assume further that n € N is such that 1Sin. egn) D § < 1, then we can conclude that
—sin©(Yyn) D—puf

sin©(Y,) /Duj < sin©O(Y,) D+ ub
V1—=sinO(,)D —py — 1 —sinO(Y,) D — puy
Provided n € N is such that

sin®(Y,) D+ uy
1 —sinO(Y,) D — uy

<1, (2.7.13)

Theorems 2.4.1 and 2.5.5 guarantee that we have both a good approximation of the desired
eigenspace and a good approximation of the accompanying eigenvalues.

On Figure 2.5 we have displayed the comparison of the true error in the Rayleigh-Ritz
approximation from the subspace Y,,C? C V3 with our bound. The error in approximation
of Ay is denoted as (x), while the error in the approximation of \; is denoted as (#).
The bound, denoted as (M), follows the error in A;, since Theorem 2.3.8 guarantees the
existence of the matching between the Ritz values and the part of the spectrum of the
same multiplicity.

Figure 2.6 is even more instructive, it illustrates the real strength of our bounds. For

the same example it displays

¢ the error between i, = min o(Z) and A; (the expected matching),
% the error between fi,i, and Ay (the wrong matching),

B our bound.

We can observe that

snO(v,) < =2l
M1

immediately implies the correct matching of u; to A;. The connection between sin ©(Y},)
and % is not surprising when one has (2.6.12) in mind. Note also that regardless of
the fact that Y, = [[I3v;IT2vy], the Ritz value py is closer to Ao than to \; for n < 5.
As sin©(Y,,) “enters” the spectral gap i veers away from Ay and never comes close to it
again. This considerations show that—at least on the model example—our bound is quite

sharp and that “matching condition” detects the multiplicity of the eigenvalue well.

Remark 2.7.2. Theorem 2.4.1 is the reason why we have opted for Temple-Kato inequal-
ity rather than the Residual theorem of Davis, Kahan and Weinberger [22]. The residual

theorem of Davis, Kahan and Weinberger can also be employed for the subspaces X,,C
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n sin ©
4,
A —
3 sl . |1 M1|
H1
g M2
2.5 7/@
2,
1.5}

Figure 2.5: The true error and the Ritz value estimate for the approximation from the
subspace Y,C* C V2 as a function of n.

u sin ©
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Figure 2.6: Right and wrong matching

and Y,,C?. However, we would need to compare Davis, Kahan and Weinberger’s residual
to the “absolute” gap if we were to guarantee that the Ritz values match the lowermost
eigenvalues. This conclusion is necessary in order to produce the plots analogous to Figure
2.4. On the other hand, Temple-Kato inequality is a quadratic estimate which utilizes
the same residual as the result of Davis, Kahan and Weinberger (cf. [22]). Furthermore,
using the additional information contained in the “absolute” gap it provides the bound of

the lowermost eigenvalue.
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2.7.3 A case study: The linear finite elements for the Sturm-—
Liouville problem with coupled boundaries

We will now construct a finite element procedure to compute the two lowermost eigenvalues
of the Sturm—Liouville problem (2.7.7) where 6 € [0, 7] and « € R is a constant fixed so
that all the eigenvalues are positive. We will chose the same parameters « and 6 as in
(2.7.8). The matrix Q2 from

* Q _ E—l
sin?©® =  max |27 )zl
2#£0, z€Cn z*Qx

will be computed with the help of Green function (2.7.11) and Formula (2.7.12).
We take

Vy = {f:feCo,2x],e"f(0) = f(2m),
fis linear in (z;_1,2;),j=1,..., N} C Q

as a finite element space. The space V} is an N—dimensional subspace of Q with the basis

( (.’L‘ N (/€—1)27r)7 (k—]\l{)27r <z< k‘QTﬂ'

N
N
’l/}k(gj> = % (k+]\1/v)27r . SC), IQTW <z< (k+]\1[)27r ’ 1 < k < N — 1’
L 0, otherwise
. ( efie(:ﬂ— (Nf]\})%r)’ (N—]\})%r < <om
Un(z) = ooy (F—2) 0<z<%
0, otherwise

\

The subspace V), will be represented as the space CV with the scalar product given by

the matrix
(SN)kp = (Vr, Vp) = ity (2.7.14)

By writing (v, 1,) = ¥4, in (2.7.14) we emphasize the finite dimensional character of
V1. This notation will be further used in this context. It can be justified by noting that
if f € L** = L?, then ¢}1), denotes the value of the functional ¢} on the vector v,. The

matrix
(HN)kp = h(tr, ¥p)

represents the form % in the basis (1), of the subspace V). Let the matrix

Uy = [t - Uy]
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be understood as an operator from C¥ into H, then Uy¥y = Sy. Given the vectors
21, ..., € CY, define the matrix X = [:1:1 e xr] € CN*". The eigenvalues of

E = (X"SnX) VPXTHy X (X" Sy X) /2

are the Ritz values of the operator H associated with the subspace ran(VnyX) C H. It is

important to note that if we were to define the isometry”
X = Uy X(X*SyX) 12, (2.7.15)
then we would have
= = (HY2X)*H'?X. (2.7.16)
Let
pi S pg S Sy

be the eigenvalues, counting the multiplicities, of the matrix = and uq, ..., u, the corre-
sponding eigenvectors. The vectors Xuy, ..., Xu, are the Ritz vectors of the operator H
belonging to the subspace ran(X). We also note that the Ritz values are the solution of

the generalized eigenvalue problem

X*HyX u=p X*SyX u. (2.7.17)

Computing sin® for Problem (2.7.7)

Let us assume we are given the finite dimensional subspace ran(X) C Q, represented by
the isometry X : C" — Q. We already know that = = (HY2X)*(H'2X) and now we
introduce the matrix Q = X*H"1X to compute

* Q _ Efl
sin?©® =  max Eal )z| .
z#£0, zECn z*Qx

For f,g € CV we have
XoHOXg) = [ [ Gl XDl dy o
= Y [ [ G- 0 i) dy do

= > (TWwde =3 T/, (2.7.18)

.k

9Bold script has been used to denote the isometry X : C™ — H, so that it can be distinguished from
the matrix X € CV*" (its representation in the space V} ~ C¥). This is a small departure from the
convention to reserve the bold script symbols for unbounded operators.
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Here (X (X*SyX)"Y2f), = f, and (X(X*SyX)"2g), = G, so
G = (X*SyX) V2X* Ty X (X*SyX) V2
The matrix Ty, introduced in the relation (2.7.18), is defined by the relation
Ty = U H "Wy,

Its elements have the property

T = [ [ 6= i) dy do
_ // (r—yt 2 "‘7> P BT ()i () dy da. (2.7.19)

So, Ty is a symmetric Toeplitz matrix by a definition and, furthermore, using (2.7.19)
we derive a closed formula for the elements of the matrix Ty. Namely, we were able to
explicitly express all of the (T )y, as functions of @ and . The formulas were computed
symbolically with the use of MATHEMATICA® and are to cumbersome to be displayed here.

Let pd¥ <. < ul be the eigenvalues of the matrix S;,UzHNSX,I/Q and ud’, ..., ul} the

corresponding eigenvectors. Define the isometry X as
X =y (ul ud) ((ud ud) Sy (ud ud))~12

According to the Rayleigh-Ritz procedure ' and pb are taken as the Rayleigh-Ritz
approximations to the A\; and Ao, the two smallest eigenvalues of the operator H, from the

finite element space V.
Remark 2.7.3. It is important to note that
= = (H'/*X)*H'/*X

is well defined for any XC? C Q, not just for the XC? defined by the Ritz vectors from
V1. In order to apply Theorem 2.4.1 we only need the estimate of the “relative” gap

Here p1 and po are the eigenvalues of =.
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sin® and the correct matching

141
— unit
x. Sin®
A =my Iy
121 * |)\2—pl|/pl
0 Mgl |,
>

0 sk I I I I I |
40 50 60 70 80 90 100

Figure 2.7: The matching of the Ritz values for the finite element approximations.

In this case we can solve the matrix problem (2.7.17) directly. The Ritz values and the

Ritz vectors (assuming « = 0) are given by the formula

5]~ %) (2.7.20)

N21—cos[2§(

k| k
(N k) = 6-— i ;
724 cos | Z ((—10L5) - 2 )]
ungy =1 el rEDBIR L Gl DM (2.7.21)
for k=1,...,N. In the usual notation we have
gy = poen —a, o uy = um).

The appearance of matching can be observed again. The accuracy of the quadratic esti-
mates on this example, which cannot be handled by other estimates that were displayed

on Figure 2.4, is even more striking. We investigate the inequality

A — N
A1 NM1| < _sin20,
/’Ll ‘)‘37;“'2 |

Az+pd
where we have taken § = 7 and o = 0.2499 in order that we formally satisfy the assump-

tions of Theorem 2.6.4. It is also possible to derive a similar result that would hold in
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N [\ _N,U{V‘ ﬁ sin?©
H1 A3 +py
40 5.624338644959740e-001 5.625623859061157e-001
50 4.513258011710761e-001 4.514080600129017e-001
60 3.635477753543245e-001 3.636049274679543e-001
70 2.956031150163320e-001 2.956451329092697e-001
80 2.431654227984744e-001 2.431975758884184e-001
90 2.024616236466049e-001 2.024869983332471e-001
100 1.705536747027966e-001 1.705742750519106e-001

Figure 2.8: The quadratic estimates for finite element approximations

the case 6 = 99997 /10000, cf. Theorem 3.3.8. We will not further pursue the problem of
quadratic estimates for finite element spectral approximation in the presence of eigenvalue

clusters.

2.8 Conclusion

A method to compute an estimate of the accuracy of the subspace approximation method
is presented. It can also be used to obtain accurate lower estimates of the desired group
of eigenvalues. The bounds have to be viewed as a combination of the Ritz value bound,
which gives an existence of the matching of the Ritz values and eigenvalues, and the
subspace bound, which describes the nature of that matching. The main features of our

theory are:
e We allow any subspace ran(X) C D(h) to be taken as a test space.
e Our bounds contain computable quantities only.

e Our estimate of a subspace error is a function of the computable quantity sin©®
and a relative gap between the Ritz values and the “unwanted” component of the

spectrum.

e The key quantity in our estimates is a “local resolvent” formula (2.7.5), which is

valid for a general positive definite form h.
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Our theory also applies to operators which are not represented in a differential form.

The contributions in this chapter

This chapter forms the theoretical backbone of this thesis. Some of the proofs have been

influenced by the results from the joint paper [37]. We will now highlight the main con-

tributions independently:

The perturbation approach to eigenvalue estimates from [21, 22, 26, 28] has been
generalized to enable the analysis of the (practical) Rayleigh-Ritz method for un-

bounded operators in a weak form, see Section 2.3.

The problem of the localization of the approximated eigenvalues is solved from the

viewpoint of the perturbation theory, see Section 2.4.

Both individual eigenvector and invariant subspace estimates have been derived. The
new results generalize and extend the matrix results from [45] as well as operator

results from [21], see Section 2.5.

The weakly formulated Sylvester equation was introduced in a joint paper [37]. The
results from [37] are slightly improved so that now we can consider weakly formulated
Sylvester equations with more general operator coefficients, see Section 2.5.1.

The higher order eigenvalue estimates for finite matrices from [28] and [48] have been
extended to apply to unbounded nonnegative definite operators in a Hilbert space,

see Section 2.6.

On an example of a Sturm-Liouville eigenvalue problem with coupled boundaries we
compare the new eigenvalue estimates with the Temple-Kato inequality (see [50])
and the eigenvector estimates with the Davis—Kahan sin© theorem (see [21]). This

demonstrates the sharpness of our estimates on a nontrivial example, see Section
2.7.






Chapter 3

Spectral asymptotics for large
coupling limits

In this chapter we will present applications of the perturbation estimates to problems in
Mathematical Physics. In general, these problems will be reduced to a study of the family

of positive definite operators, formally written as,
H, = H, + n’H..

We will also identify a class of regular perturbations n*H,, which allow sharp residual
based analysis. Before we proceed with the presentation of our results, we will make
precise the applications that motivated this study.

The applications of the abstract theory from Chapter 2 to the eigenvalue problems in
the Theory of Elasticity were a joint work with Josip Tambaca, Zagreb — see [36, 59] and
Section 3.4.

3.1 Introduction

We will establish convergence estimates for the spectral problems for a class of positive
definite forms

hy(u,v) = hy(u,v) + n*he(u,v), n large . (3.1.1)
Here we take H to be the environment Hilbert space and hj + h, to be a positive definite
form in ‘H. Family (3.1.1) can always be considered as a perturbation of hj, + h. (after
an obvious change of variable 1) rather than as a perturbation of h,. Therefore, we may

assume hy, is positive definite and Q(hy) C Q(he) without affecting the level of generality.

There in another additional assumption. In all that follows ker(h.) is a nontrivial subspace
of H.

71
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From [52, 64] we conclude that the forms h, converge (in the strong resolvent sense')

to the closed form
hoo(u,v) = hy(u,v) wu,v € Qu = ker(he) N Q(hy)
and we also have, cf. [51, 52, 64],

Qn=1{f¢€ ﬂ Q(hy) : s%phn[f] < 00}

Since we will be considering the whole family of operators H,,, additional notation will be
introduced to ease the understanding. By

A?S"'S>\Z§"'<>\6(Hn)
we denote the increasingly ordered eigenvalues of the operator H, and by

AT S ST

IN

- < Ae(Hoo)

the eigenvalues of the operator Ho,. The corresponding spectral families will be E, (-) and
E(").

In the subsequent theory we will consider the form h., as a well known object. As
a consequence, the estimates will be formulated in terms of objects defined by the form
hoo. When we say “convergence rate estimates” for the spectral problems (3.1.1), we mean

estimates for the rate of convergence of
A = A
ﬁ
A
|Ey(D) — Ex(D)|| — 0. (3.1.3)

0, (3.1.2)

The fact the convergence in (3.1.2) and (3.1.3) was established in [51, 64]. In particular,
results of [64] give a complete theory of the behavior of eigenvalues and spectral families
under the strong resolvent convergence. However, convergence rate estimates were not
provided in any of the mentioned works.

The driving motivation in [36] was to provide the convergence rate estimates for eigen-
values (and spectral families) of 1D approximations in the Theory of Elasticity, and thus
complement the convergence results from [51, 58]. The energy norm estimates for various

1D models from [58, 59] were the main tools needed to complete this task.

!The notion of the strong resolvent convergence for forms was introduced in [52, Simon]. This notion
of the convergence of forms will be considered in the next section.
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One of the contributions in this chapter will be an “algebraization” of the main theorem
from [59] — i.e. we will introduce a notion of a residuum vector to the analysis from [59].
This will allow us to better assess the sharpness of the obtained estimates.

Assuming H;, and H, are the operators defined by the forms h;, and h., we show (see
Section 3.4) that if

I(HY?H, )| < oo, (3.1.4)
then ,
||H;1 — HLO|| = O(ﬁ)' (3.1.5)

Since H,, are uniformly positive definite this implies that H,, — H, converges in the norm
resolvent sense® .
Condition (3.1.4) is an additional regularity requirement on the perturbation n?h.. It

is equivalent to the Babuska—Brezzi inf-sup condition

(¢, Hv)| 1

(@ Vs 2 Posdll. g™,
vego(hy) ||H, “v|

but more appropriate to our form approach. Furthermore, it simplifies the computation of

the constants appearing in our convergence estimates. Also, note the following equivalence
. < 00 & ran . is closed in :
H!/2H, /%)t H!/?H, '/ losed in  H

The analysis of the family (3.1.1), when (3.1.4) is not satisfied, is inherently more
difficult. Even in the case in which H, = P, where P is a projection on a closed subspace
of H, estimating the rate of convergence of H,’ ! — HI_ is a complex problem, cf. [54].

Assume now O C R" is bounded and connected set with sufficiently smooth boundary.
If we consider H = L*(R"), H, = —A and H, = Pj2(p), then advanced probabilistic
techniques, heavily dependent on the properties of these particular H, and H., yield
convergence rate estimates for H ' — HI_, see [23].

Let now A C O be a connected set with sufficiently smooth boundary which is com-
pactly contained in 0. We take H = L*(0), H, = —/\ with Dirichlet boundary conditions
and H, = Pr2(4). In this special case boundary layer techniques yield convergence rate
estimates for H, ' — HI_, see [17].

Further analysis of the behavior of the family (3.1.1), when the condition (3.1.4) is not
satisfied, falls outside the scope of this thesis. Instead, we will concentrate on an abstract

framework for obtaining spectral estimates in a situation when we are given a result like

(3.1.5).

2For the definition of the norm resolvent convergence see [41, 52, 64]. In the case of uniformly positive
definite families the norm resolvent convergence is equivalent to |[H, ' — HI || — 0.
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Simple model problems

Problem 3.1. Consider the family of positive definite forms
o (u,v) = hy(u, v) + n°he(u, v) = / u'v' dx + 772/ wo dr, u,v € Hy(Ry). (3.1.6)
0 1

By H, denote the positive definite operator defined by the form h, in (3.1.6). We are
interested in the eigenvalues of the operator H, for large . Here, Hj(R,) denotes the
subspace of the first order Sobolev space H'(R,) consisting of functions with zero trace
on the boundary.

Problem 3.1 is also called the problem for the Schrodinger operator with a square-well
potential, cf. [41, Example VII1.3.3]. This is only an academic example of a typical problem
from that class, see [23]. When considered on the finite domain, as it was done in [17], it
also has an important application in engineering. We will further discuss the results from
[17] at the end of the chapter.

Problem 3.2. Consider the family of positive definite forms
2 2
hy(u,v) = hy(u, v) + n°he(u, v) = / u'v' dr + 772/ u'v' dv, w,v € H0,2]. (3.1.7)
0 1

By H,, denote the positive definite operator defined by the form A, from (3.1.7). We are
interested in the eigenvalues of the operator H, for large . Here, H}[0,2] denotes the
first order Sobolev space with zero trace on the boundary.

Problem 3.2 is the eigenvalue problem for the vibration of a highly inhomogeneous
string. Again, we are only considering an academic example where we can efficiently
compute all information we need.

If we identify the functions from H}[0, ], a > 0, with their extension by zero to the

whole of R, , then we can write
H}[0,a] C HJ[0,5] C HY(R,), 0<a<f. (3.1.8)

Let xpo,1) be the characteristic function of the interval [0,1] and let X1 = 1 — Xjo1-
Keeping (3.1.8) in mind, we conclude that

H, = —0w +n"xpae,  D(H,) = H*(Ry) N Hy(Ry)
is the operator in Problem 3.1 and in Problem 3.2 we are considering

H, = —0,(1 +n°X[0,1¢) 0, D(H,) = H?[0,2] N H,[0,2].
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It is known ([38, 47, 64]) that the forms h, converge—in both cases—to the form
1
hoo(u,v) = / u'v' dv, w,v € Hj0,1]
0

in the norm resolvent sense. Apparently the first result of this type was obtained in
[47], where the norm-convergence of the resolvent was established as a consequence of
the pointwise positivity of the Green functions. The results for the convergence of more
general families h, were obtained in [52, 64].

The first eigenpair of the operator Hy, is (72, v/2sin(mz)). The function

(3.1.9)

\/§sin(7m:), 0<z<1
ul®) =1, 1<z

is in H}(R,) and also in H}[0,2]. Therefore, it can be used as a test function for an
approximation of the lowest eigenvalue of both operators H, ( for large n). In both cases

we compute the Ritz value

hn(ul, ul) = 7T2.
According to (2.7.5) we obtain

(u1, Hglul) — (u1, Hi uy)
(Ul, H;lul) .

sin? 0, = sin @(H;l/Qul, H}/zm) =

When sin ©,, < 1, Theorem 2.3.17 guarantees existence of an eigenvalue A} such that

Al — AT
—L———— <sin®O, .
Af° K
A direct computation shows that

(ul,H;1u1 — Hloul)

:/01 [/02 <y AtnU-2) (1_9[;)) sin(ry) sin(r z) dy

I+n
—l—/x 2 (x g iz_(; —v)) —z (1 —y)) sin(7 y) sin(m x) dy} dx
__ 2 O™ (3.1.10)
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XJ0,1]¢

Figure 3.1: Various test functions for H., and H,, n large.

in the case of (3.1.6) and in the case of (3.1.7) we compute

(ul,Hglul — Hloul)

_ /01 Uoz <y A++r) A-2) —x)) sin(my) sin(r z) dy

2+n?
Lz A+ +n) A —y) . .
+/m 2 ( 2 —x (1—y)) sin(m y) sin(7 x) dy} dx
2 2
= Gy =00 (3.1.11)

This establishes that in both cases sin©, — 0, so Theorem 2.3.17 will be applicable for

1 > 1 such that
(uh Hvylul) - (ulv Hioul) . 2

(w1, Hytug) 140
in Problem 3.1 and for n > 1 such that

<1

(ug, B M) — (ug, HEw) 2 <1
(u1, H; uy) 242

in Problem 3.2 .
The difference between Problems 3.1 and 3.2 is in the nature of the behavior at infinity

of the function )
(Ul, H; (S Hioul)

(Ul, H;lul)

’I’]I—)

(3.1.12)
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In the second case the perturbation H, satisfies (3.1.4) and consequently we get a O(n~?)
estimate (3.1.12) at infinity. On the other hand, the family H,,, from Problem 3.1, does
not satisfy (3.1.4) and we have a lower order convergence of H, I S HI, as n — oo.

The case study that was just performed can be described as leading to a “pseudo

spectral” method. We have used the operator
1
(HY?u, HY?0) = hoo(u,v) = / u'v' dr, wu,v € Hyl0,1],
0

defined on the finite interval, to analyze the operator H, that is defined on the unbounded
interval R, = [0, 00). The eigenvalue problem for the operator H,, was completely solv-
able, so we have used the eigenfunctions of the operator H,, to define a test space for
the operator H,. Analogously, we could have used other test functions from H;[0,1] to
analyze the operator H,,. For instance, assume we have used the linear finite elements to
compute an approximation u; of the function wuy, see Figure 3.1. Theorem 2.3.17 can be
invoked if we find a way to estimate sin@(H,;l/Zﬁl, H}/Qﬁl), cf. Section 4.2.4.

To establish eigenvector estimates (and higher order eigenvalue estimates) we will need
to do a bit more work. Establishing such estimates will be the main contribution of this
chapter. Among other things, this will give us estimates of the error between the used
Ritz vectors, that have bounded supports, and the approximated eigenvectors, that have
unbounded supports. This is to say that within this framework we can analyze a use of
finite elements from a bounded domain to compute spectral approximations of an operator
H,,, that lives on an unbounded domain. Investigating the efficiency of a numerical method
that is build on these considerations remains a task for the future3. In general, applicability
of a numerical method for the operator H, (for large n), that is based on good properties
of the operator Hy,, will essentially depend on the rate of the convergence of H, I - HI.
To this end we identify a regular class of positive definite forms (3.1.1) where we can
guarantee a higher order convergence of H, 1 — HI_. This is another contribution in this

chapter.

3.2 The convergence of nondensely defined positive
definite forms

In order to be able to handle the problems of the type (3.1.1), we shall need to work
with operators that are not densely defined, cf. Problems 3.1 and 3.2. We use the notion

3For a discussions of some finite element approximation procedures see Chapter 4.
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of the pseudo inverse of the operator H that is assumed to be self adjoint in the space
D(H) C 'H. A definition from [64] will be used. The pseudo inverse of the operator H is
the self adjoint operator H' defined by

D(H') = ran(H) © D(H)™,
Hi(u +v) =H u, u € ran(H), v € D(H)*.

It follows that H' = H™! in ran(H). Note that we did not assume H' to be bounded. The
operator H' will be bounded if an only if ran(H) is closed in H. The operator H' could
have also been defined by the spectral calculus, since

0, A=0
H' = f(H), f)\:{l’ ’
H),  S0=11 \ 40

In [64] Weidmann has given a short survey of the properties of the pseudo inverse of the
nondensely defined operator H. In particular, let H; and Hy be two nonnegative operators
in D(H;) and D(H,) respectively, then

1/2 1/2 1/2 1/2
IH %) < |Hy*u|| < By ] < [Hul. (3.2.1)

Analogously, let h; and hs be two closed, not necessarily densely defined, positive definite

forms and let H; and Hy be the self adjoint operators defined by h; and hs in Q(h;) and

Q(hy). We say hy < hy when Q(hy) C Q(hy) and
Ifu] = [HY*ul]” < hofu] = [[Hy u|?,  w e Qhs). (3.2.2)
Equivalently, we write H; < Hy when hy < hy. Now, we can write the fact (3.2.1) as
H, <H, — H <HI. (3.2.3)
An important feature of the family (3.1.1) is that the limiting form A, is closed and

hoo(u, v) = lim h, (u, v), U, v € Qu,
0

Hf = slim, H:f7 .

In fact, according to [52] the form h,,, obtained as the limit of the monotone increasing
family of positive definite forms, is always closed and defines a self adjoint operator in
Q(heo), cf. [64].

The general framework for the description of families of converging positive definite

forms will be the following theorem from [64, Weidmann].
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Theorem 3.2.1. Let s,, hy,, u, and hs be closed symmetric forms in H such that they

are all uniformly positive definite.

1. If s, > Spy1 > heo and

Q) = Qlsa) .

neN

hoo(u,v) = lim s, (u,v), u,v € U Q(sn)

n—o0
neN
then HI = s-lim,, S} .

2. If up < upyy < hy and

Q(heo) = {f S ﬂ Q(hy) : supuy[f] < 00}7

neN
heo(u,v) = lim u,(u,v), u,v € Qt)

then HI = s-lim,, U} .
3. If u, and s, are as before and u,, < h, < s, also holds, then

hoo(u,v) = lim h,(u,v), u,v € Q(t),

n—oo

H! =s—lim HI.

—0

In [63] it has been proved that for any family of sesquilinear forms h,, which satisfies

the conditions of Theorem 3.2.1, we have
|E,(D) — Es(D)|| — 0, D ¢ o(Hy) and D < A(S) (3.2.4)

and the eigenvalues of the operators H, (assuming S < H,) converge to the eigenvalues
of the operator H,, together with their multiplicities. To be more precise, we provide the

following theorem.

Theorem 3.2.2. Let h, be a sequence of positive definite forms that satisfies any of the
assumptions of Theorem 3.2.1. Let there also be the positive definite form s such that
hp > s and A\(S) > 0. Then

IE,(D) — Ex(D)|| — 0, D < A(S),D ¢ o(Hy). (3.2.5)
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The main part of the proof is contained in the following lemma that is implicit in [63].

Lemma 3.2.3. Let h,, ho and s be closed, positive definite forms. Assume that the
operator S, defined by the form s, has all of its essential spectrum in [A.(S),00). Assume
h, > s for all n and assume that Hl = s-lim, H;, then

dim E,(D) < dim Ex(D), D < A(S), D & o(Hy,). (3.2.6)

In the case in which h, is a monotone increasing family of forms we do not need to suppose

the existence of the form s. The statement (3.2.6) is now
dim E,(D) < dim Ex(D), D <A(Hy),D ¢ o(Hx).

To identify the problems that have to be tackled we will outline the proof of Theorem
3.2.2 from [63]:

An outline of the Weidmann's proof of Theorem 3.2.2
The assumption h, > s and (3.2.3) imply that H! are bounded and A.(HI) =
1/Ae(Ho) < 1/Ac(S). Since Hf, = s-lim, Hf we have, see [29, 52],

Ew(D) =s — lim E,(D), (3.2.7)

n—00

for D < A\(S) and D not an eigenvalue of H.,. There is a theorem of Kato (see [41])
which states that (3.2.7), together with

dim E,(D) < dim Ew(D), (3.2.8)
implies
I1E;(D) — Ex(D)|| — 0.
Since Lemma 3.2.3 implies (3.2.8) the statement (3.2.5) is proved. O

We are primarily interested in the perturbation families (3.1.1). However, everything
proved will, with minor modifications, hold for any family of positive definite forms that
satisfies the assumptions of Theorem 3.2.1. We will state the results in the most general
form when that does not induce additional notational overhead. It is our aim to prove
Theorem 3.2.2 by a use of theorems from Section 2.5.2 and Lemma 3.2.3 alone. The main
gain will be the rigorous estimate of the rate of convergence

[1Ey(D) = Ex(D)[| — 0.
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Remark 3.2.4. Simon has developed a notion of the pseudo resolvent, parallel to the
notion of the pseudo inverse, for a given closed, nondensely defined form h, see [52].
Based on this resolvent there is a functional calculus for the real functions which vanish at
infinity. Due to the convergence result of [63], we could use the integral representation of
the spectral projection to compute the estimates of the rate of convergence of || E,(D) —
Ew(D)|| — 0. However, that would require extensive information on the resolvents of h,,
and h.,. We show that it is sufficient to study the pseudo inverse only on the test space

from Q.,, which we are given as input (see Section 2.7).

Since H,,, from Theorem 3.2.1, is a family of uniformly positive definite operators the
conclusion
H =s—lim Hf (3.2.9)

n—00

is equivalent to the strong resolvent convergence from Remark 3.2.4. All of the families
that will be considered in the rest of this thesis have this property. Therefore, when we
want to prove that uniformly positive definite family converges in the strong resolvent

sense, we will be proving (3.2.9).

3.3 Convergence rate estimates for the perturbation
family hy + n?h.

The perturbation argument that stood behind the reasoning in Chapter 2 will be partic-
ularly suitable to analyze the family (3.1.1). We will review the main line of argument to
ease the transition from the Ritz value estimates to the consideration of spectral asymp-
totics for large coupling limits.

Let h, be a sequence of positive definite forms that satisfies the assumptions of Theorem
3.2.1. For the given n-dimensional space ran(P) C Q. = Q(hw), P = X X*, we construct
the forms

h, (u,v) = hy(Pu, Pv) + hy(Pyu, P1v), u,v€ Q (3.3.1)

and
6hy = hy — Iy (3.3.2)
Let Hj be the operator defined by the positive definite form h;, then

_ 1/2
sin ©,(X) := max ohy(w vl _ max (u, H, o — Hiou) (3.3.3)
K u,v€Q,u,v#0 h! [u] h! [U] u€ran(X) (u, H;lu)
n n
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In theorems that follow we will use a matrix formulation of (3.3.3)

() — E—l 1/2
Sin2 @77<X) — |.T ( n ).T‘

n
* b
x*,x

max
x#0,2€Cn

where

——1

*p1’ —1
= = XTHLX,

Q,=X"H X
Relations (3.3.1), (3.3.2) and (3.3.3) imply

X))h!. (3.3.4)

The eigenvalues of the matrices =, are among the eigenvalues of the operators H; , counting

(1 — sin @n(X))h;7 < h, < (1+4sin0,(X))

them according to their multiplicities.

To ease the presentation of the results we introduce additional notation and conver-
gence rate measures. The Ritz values, the eigenvalues of the matrix =,,, will be

py <eee <)

— n*

Theorem 3.2.1 implies

Q, = O,

[1
3
!

—
—0o0

SO wWe call use

(3.3.5)

o (Z, -2 )z “(Q, - Q
Ozn:max| <"H ) |, ﬁn:max|x( n = S )]
zeCn = zeCn T* Qoo

to measure the speed of the convergence in (3.3.5).

It was assumed that h., be a well known object, so o, and f,, unlike

sin®,,, measure
the speed of convergence relative to the known objects Q. and Z!

Assume now that h, = hy, + n*h, and hy, he are as in (3.1.1), then for every n

The following lemma and Theorem 2.5.5 will enable us to bypass an invocation of the
theorem of Kato (statements (3.2.7) and (3.2.8)) in the proof of Theorem 3.2.2. Thus,

we will obtain a (new) proof of the convergence theorem directly from the monotonicity
principle. As a byproduct we will get the convergence rate estimates, too.
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Lemma 3.3.1. Let hy(u,v) = [ A d (E;(A)u,v) be the monotone increasing sequence * of

positive definite forms such that

lim A, (u,v) = hoo(u,v) = /)\ d (Ex(Nu,v), U, v € Qo

n—00

then
dimEn(D) > dimE (D)

for D < A(Hy,) and D not an eigenvalue of H.

Proor. Without reducing the level of generality, we can assume that there exist n € N
and D € R such that
A<D <A (3.3.6)

Now, take an isometry® X such that ran(X) = ran(E, (D)) and define the matrices
2, = (H?X)H/”’X,  Q,=X"H'X

We now set

(27— =2 Q. —Q
, = max ‘ ( n*ﬁ_l 00 ) " ﬁn — max |$ ( Z w)x|
zeCn 2w zeCn ¥

Q

We can chose the isometry X, ran(X) = ran(E (D)), such that the matrix Q., = 22! has
a diagonal form with 1/A{° > --- > 1/A>° on the diagonal. Also, sin O, (X) = 0 must
hold since ran(X) is an invariant subspace of H,. Theorem 3.2.1 implies that c,, — 0 and

B, — 0, so we may assume «, < 1, 5, < 1. Based on [61, Theorem 2.1] we obtain

sin©,(X) < , [ Lt

0.

The relations (3.3.4) and (3.3.5), together with Theorem 2.3.17 complete the proof. [
Several spinoffs are a consequence of the method of the proof of this lemma.

4In fact any sequence from Theorem 3.2.1, will be just as good. In such a case, in the formulation of
the theorems, one needs an additional assumptions of Lemma 3.2.3. We leave out the details.

°To a certain extent one can say that we shall also investigate a use of the constructions (3.3.1)
and (3.3.2) when measuring the “spectral error” for approximations from infinite dimensional subspaces
ran(X), cf. Section 3.4. However, when the limit operator Hoo, D(Hs) C Qoo, possesses only discrete
eigenvalues we may and shall, without reducing the level of generality, only consider finite dimensional
ran(X). It is just an idea to have in mind when reading the rest of this chapter. We shall not go into a
messy business of rigorously defining an infinite dimensional Rayleigh quotient.
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Corollary 3.3.2. Let h,, ho be the positive definite forms that satisfy the assumptions of
Lemma 3.2.3. Take the n-dimensional subspace ran(X) C [,y @(hn), then

. o, + 0
sin©,(X) < ”117—1—75:’

. 2T “(Q, - Q
@, = max — =) ‘, ﬁn:max|$( n = $oo)]
zeCn r*Elx zeCn r* Qoo

where
*

z* (2

The proof is obvious if we note that Theorem 3.2.1 implies that the space (7, oy Q(hn) "
will not be a trivial subspace of H. A more special result is possible in the case of the

perturbation family (3.1.1). Most importantly, in this case

—_— —_—
—n0 T —

n

and the eigenvalues of =, are the Ritz values of H,,.

Corollary 3.3.3. Let hy, be a positive definite form and let h, be such that Q(hy) C Q(he).
By
o,0) = I, ) + 1P he(u,0), 0,0 € Q(h)

we define the monotone increasing family of positive definite forms. Take the subspace

ran(X) C Q(hs) = Q(hy) N ker(h,),

. | By
sin ©,(X) < 115,

PR (R ST

zeCn l‘*Qool‘

then =, = 2« and

for

Since Q, = Z}, (3, is suspiciously similar to sin®,. However, we reiterate that in
B3y, unlike in sin®,,, we are measuring the convergence relative to the known quantity €
(rather than relative to ).

We now state and prove an extended version of Theorem 3.2.2.

Theorem 3.3.4. Let h,(u,v) = [ X d (E,(A)u,v) be the monotone increasing sequence of

positive definite forms such that

lim A, (u,v) = hoo(u,v) = /)\ d (Ex(Nu,v), U,V € Quo.

n—00
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Take D € R such that \;° < D < A%, then

AT
=l nﬂj‘ <sin©,(X), j=1,....n, (3.3.7)
Hj
Dy, sin ©, (X
|E,(D) — Ew(D)] < - (%) (3.3.8)

|D — pi] /1 =sin ©,(X)

for n large enough.

PROOF. (The proof of an extended version of Theorem 3.2.2.) Take D € R such that
A< D<A

and set ran(X) = ran(E(D)). Lemmata 3.2.3 and 3.3.1 imply that there exists 79 such
that
dim E,(D) = dim Ex(D), 1> 0.

An alternative way to say this is to state that
A<D <AL, n > 1. (3.3.9)

Since Zp — Doy WE have
) )\

N RV

Corollary 3.3.2 implies sin©,,(X) — 0, so we can find 7y > 1o such that

sin ©,,(X) D —

< , > 1.
JT_sme,x) Jup ™

Theorem 2.5.5 yields

|E,(D) — E(D)|| < VD sin©,(X)

D —pn /T —sin9,(X)

The proof of (3.3.7) follows analogously. O

Theorem 3.3.4 is an extension of Theorem 3.2.2 since, as a direct consequence of (3.3.7)
and (3.3.8), we have established

1Ey(D) = Ex(D)[| — 0.

The estimate for the eigenvalue rate of convergence from Theorem 3.3.4 will be sharpened
at the end of this section. Theorem 3.3.4 takes on a special form when applied to the

family of forms (3.1.1).
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Corollary 3.3.5. Let h, = hy + nhe be the family of forms as in Corollary 3.3.3. Take
A < D < A5, the subspace ran(X) = ran(E (D)), then

7|A?_A?O|<'@X =1 3.3.10
)\c?o > sl 77( )7 j_ I [ ( . )
J
VDX® s X
|1£,(D) — Exs(D)| < o Sin0,(X) (3.3.11)

D —Ax /1 —sin0,(X)

for n large enough.

In practice, we suggest a use of 3, in the estimates (3.3.10) and (3.3.11). Such inequal-
ities follow directly from Corollary 3.3.3.

Remark 3.3.6. In the proof of Theorem 3.3.4, and in particular in the proof of Lemma
3.3.1, it is apparent that the right convergence requirement for our technique would have
been the weak convergence of resolvents at zero. For the sequence of uniformly posi-
tive definite forms this would imply the weak convergence of resolvents. However, it is
well known, cf. [50], that the weak convergence of resolvents is equivalent to the strong

convergence of resolvents.

3.3.1 The quadratic convergence of eigenvalues

Theorem 2.6.4 has established that the assumption like (3.3.9) implies the higher order
approximation estimates. Establishing this result for the families (3.1.1) will involve some
technical overhead. In what follows it is important that h, has the structure as in (3.1.1).

We assume that the operator H, is a well known object. Let A\2Y be an eigenvalue of
multiplicity n € N. Take D_ and D, such that

M1 < D_ < AF <Dy <Ay (3.3.12)
To be able to apply Theorem 2.6.4 one should establish that there exists 1y > 0 such that

AN <o <N <D< N == )]

m—+n—

1 <Dy <A S A <0, (3313)

for n > ny. However, if n > 1 it is not plausible to expect that (3.3.13) will hold in
general. Instead, we will get a tight cluster of n eigenvalues (counting the eigenvalues
according to their multiplicity) that converge to A>°. In the case of multiple eigenvalue
A2 the quadratic convergence of the cluster of eigenvalues will be proved in a general-
ized sense. To be more precise, we will prove that the mean value of the cluster of n
eigenvalues converges quadratically to A>°. In this section we assume (3.3.12) and set
sin®,, :=sin®, (Ex[D_, D.]). As a first step, we will establish the result in the case n = 1.
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Theorem 3.3.7. Let the eigenvalues of the operator Hy, be so ordered that

A1 < D_ < A7 <Dy < AP

oo _ o fAx-D. Di-ax
Define vs(D_, \o°, D) = min {)\%OJFDJ D }, then

M-l 1
)‘% N VS(D—v)‘%vD-F)

sin® O, (3.3.14)

for n large enough.

PROOF. Applying Lemmata 3.2.3 and 3.3.1 twice (once for D_ and once for D.), we
establish
D_ <\ <Dy

for n large enough. The conclusion (3.3.14) is a direct consequence of Theorem 2.6.4. [
When n > 1 we will no longer measure the convergence of individual eigenvalues

Movic1s 0 =1,...,n to A%, Instead, assuming that there exists 7 such that

A< S A <Do< AL <0 < >\nm+an <D, < )‘?n-i-n < )\Z+n+1 <.+ (33.19)

for all n > ny. Assuming 1 > 1y, we define

~

1
A = —tr(Hy By [D_, D.])
n

m

and estimate R
A = Al
Ao
The proof will follow from the analytic perturbation theory of Kato, cf. [41]. Yet another
interesting feature of the perturbation dh, will be revealed in the course of the proof. It

will shed new light on the quadratic estimates from Section 2.6.

Theorem 3.3.8. Let the eigenvalues of the operator Hy, be so ordered that

Al <Ay == A0 <Ay

m+n’
Define the measure of the relative separation of \oY from the rest of the spectrum of Hy

— A A T A
+ AT 0 A0 [

as the number \oo
o )\oo — . m—+n
7s(An) = min { S

m-+n

There exists ng > 0 such that for n > ng

~ 3sin ©

A — > %)
m B Ys (A7)
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PROOF. Since sin®, — 0, an argument analogous to the argument that led to Lemma
3.3.1 together with (3.3.4) implies that we can pick 7y > 0 such that for n > nq

1
sin@®,, < g%(/\;o) (3.3.17)
1
A= Ae| < gfys()\ﬁ))\ﬁ, k=m,m+1,..m+n—1, (3.3.18)
1
¢ — X\e(H)| > gys(Aﬁ)/\k(H;), kg{mm-+1,. . m+n—1} (3.3.19)

where ¢ is such that [ =A% | = $7,(A)A%. Assume 7 > 1 is fixed, then define the family
a(k) = hy, + Koy, k€ C. (3.3.20)

This is a holomorphic family of type (B) (for the definition see [41, Chapter VII]). We
know that
|07y [u]| < sin ©,h; [u], u€ Q, (3.3.21)

so [41, Theorem VII-4.9 and (VII-4.45)] imply that the resolvent
R(k,¢) = (A(r) — (D)™

is a convergent power series in k for ( € I'. Here I' is a circle in the complex plane with

the radius £7,(As2) A% and the center A2, The power series for R(x, ¢) converges for every

1 _ N—¢ 1 1
<rg=-——— f = —vs(A2). 3.3.22
K] <o sin ©,, CGF,)I\Iela(H’n) A sin ©,, 37 (A) ( )

In particular, assumption (3.3.17) implies that the series converges for k = 1.
Define

pYA T p—— (A(m) / R(r,€) dc),

2min

then /)\\’77”(/{) is a holomorphic function and due to the assumptions we have made
~ 1
W)~ %1 < 3N Il <

Cauchy’s integral inequality® for the coefficients of the Taylor expansion implies

AT
rn ’

0

N (n) —
|)‘m,n| n=1,2,

6For further details see [8, Section 8.1.4] and [41, Section II-3].
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where
N _ \® ) 27(2) 3%(3)
() = A+ KA + KA+ REAL e
This yields

s OVRAR KPP 5 AT |k
To ro — |K| T 3 1 _ Il
T0

AT (k) = A — wAD) | <

for |k| < ro and in particular for k =1

1 — ~ 3sin © 1
_ E n _ Yoo _ () : 0o n

If it were not for /):,(}L?n, the theorem would have been proved. And now comes the trick! It
was established, in [41, (VII-4.44)], that

where u;, j =1, ..,n form a basis for ran(P) = ran(E.[D_D,]). Since
dhy[u] = hy(Pru, Pu) + hy(Pu, Pu) =0, u € ran(P),

we obtain X%)n = 0 and the desired result follows. O

The fact that X,(})n = 0, for this particular perturbation, was first noticed by Drma¢ and
used (by him) to compute eigenvalue and eigenvector estimates in an unpublished note
on Jacobi-Davidson method. Subsequently (on his incentive), it was also used in [35] as a
starting point of a further analysis of Jacobi-Davidson iterative scheme for the solution of
a partial eigenvalue problem. The proof of Theorem 3.3.8, as well as the obtained estimate,

is a generalization and improvement of these matrix results.

Remark 3.3.9. Theorem 3.3.8 sheds a new light on the study of the quadratic estimates
from Section 2.6. Let us emphasize that in Theorem 3.3.8 the perturbation error is mea-
sured both by the measure of the size of the first nontrivial term in the perturbation
expansion and the size of the region in which such expansion is valid. This illustrates the

role which is played by the relative gap in our estimates.
3.3.2 A model problem: Schrodinger operator with a square-
well potential

The eigenvalue problem for the Schrodinger operator with s square-well potential will

illustrate the theory we have built so far.
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Figure 3.2: First eigenvector of the Schrodinger operator with the square-well potential
and with n? = 9 + 9 cot?(3).

Let us reconsider Problem 3.1 in detail. For the family of operators
hy(u,v) = (H}?u, H)u) = / u'v' dx + 772/ wo dv, u,v € H'(R,)
0 1

we will be able to give a formula for both sin©®,, and 3,. Furthermore, the function
AP — A
AP
can be—in this case—expanded in the Taylor series ( as n — o0), see [47]. Therefore,
we will be able to assess the sharpness of the estimate from Theorem 3.3.8 on this model

problem.
The operator H*, defined by the form

1
hoo(u,v) = / u'v' dv, w,v € Hy0,1],
0

is the standard negative Laplace operator with zero boundary conditions on [0, 1]. All of
its eigenvalues are of multiplicity one, so Theorem 3.3.7 applies. The eigenvalues of H,
are given by the formula
N\ = i2n.
The accompanying eigenfunctions are u;(x) = v/2 sin(v/A; ), € [0,1]. We extend the
functions u; from [0, 1], as it was done for u; in (3.1.9), by zero to the whole of R,.
The situation is a bit more complex for H,. The eigenvalues of the operator H,, have

to be described implicitly. Let

H,v" = X",
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then v € CY(R,) is

"a) = {sin(x/ﬁx), 0<z<1

sin VA7 e*\/an)\” x 1<
e**/n27>\” 9 =

and A" is a solution of the equation
VN2 = X1 = =V X1 cot(VAD). (3.3.23)

In [47] it was shown that, 2 /\ can be represented (for n — oo) by a convergent Taylor

series

A — N7 1 1 11 ,\1 1 4 ,\ 1
197 3 48— —1 — — . 3.3.24
e . 3?72+ (2!+4, e 0 4'7r ?74+ ( )

However, the method used to compute this expansion does not say anything about the
radius of convergence. In what follows we will illustrate the role played by the inequalities
(3.3.17)—(3.3.19) and (3.3.22) when assessing the sharpness of the estimates that can be
obtained by “sin©,-method”.

To apply Theorem 3.3.7 we need to compute 3,. In the case in which we are approxi-

mating only the lowest eigenvalue we have

|(ur, H uy) — (ug, Hy )|

(3.3.25)
(Ula Hlo“l)

n prm—
We compute (uy, H 'uy) — (uy, HI juy) with the help of the Green functions. From (3.1.10)
it follows
g =2 <2 (3.3.26)
Tlen T .

which is a reasonable estimate for  — oo. Theorem 3.3.7 implies
AT Ys(A) 1+ 8, ~ 3n
Here v5(A°) is as defined in Theorem 3.3.8.

Since all of the eigenvalues \; are simple, the estimates for \;, ¢ > 1, follow in the same
fashion. Let

(3.3.27)

i = | (i, H i) — (ug, H )|
K (Ui, Hloul) ’

then

B = , i€N.
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Analogously as in (3.3.27) we establish that

A AR o 14+2i42¢% 3.2
AR~ 1420 (1+n)

since

7s(A°) = min { (3.3.28)

(14 1)*n* —i?n? P2 — (0= 102 1424

(i + 1272 + 22" (1 — 1272 + 272 | 14204242
We can now concentrate on the role of the relative gap v5(A°). Roughly, it tells us that
for sufficiently large 7, the eigenvalues of H, for which

1+2i+2i* 2 <1
142i (1+4n) "~

are the ones that are being approximated by the eigenvalues of H,,, cf. Theorem 2.4.2,
Theorem 2.6.4 and Theorem 3.3.8.
The reason that we were using the “wiggly” sign < is that only for sufficiently large n

we can pick D4 such that
Aot S D_< A\ <Dy <A

and v,(D-, A%, D) = 75(Af°)-

If we are to be rigorous, we have to resort to a somewhat conservative reasoning from
Theorem 3.3.8. The argument will be presented in several steps. Assume we have chosen to
approximate A]. Thanks to (3.3.23) we can establish that every A% is a simple eigenvalue.

Let 19 > 0 be such that

1+2i+2i% 2

1
. @ <_ SAw .
sin 6, Vs(A) ~ 1420 (1+mn)

3

<z 3.3.29
37 ( )
then Lemma 3.3.1 1mphes

1 1
From (3.3.23) and (3.3.28) we conclude that, indeed,
1 1
dim E, (7 (1 + g%(A;”))) = dim B, (®m(1 + gMA;’O))), no < 1. (3.3.30)

This illustrates the way in which the external information, obtained from (3.3.23), steps

in to play the role of Weidmann’s lemma (Lemma 3.2.3). Now we may conclude that

|)\;7—>\;?°|<(1+2i+2i2) 3

, <.
Ao T (1424 <1+,/1+_77) < /H_n_2(1+2i+3z‘2>> o=
2 2 14214

(3.3.31)
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Without such external information, we have to resort to Lemma 3.2.3. Subsequently, in
such a case we can only conclude there exists 179 > 0 such that the estimate is rigorous for
all n > np.

To get a better feeling for the formula (3.3.31) we consider the case i = 1. Condition
(3.3.29) implies that (3.3.31) holds for n > 9. Estimate (3.3.31) can be sharpened and
simplified if we put further restrictions on 7. Let us further assume that

8.1-107° ~ ny = 246.
Ty 10

With this in hand we obtain

=R 15
AS° ~1+n

n > 246. (3.3.32)

This is obviously a conservative estimate. Furthermore, it was forged by imposing a
pessimistic choice of 7y. This should be kept in mind when comparing (3.3.32) with the
expansion (3.3.24), which comes without convergence radius estimate.

If we assume 1 > 246 and squeeze the maximum amount of information out of (3.3.23)
we can obtain a good estimate of the spectral gap. A direct application of Theorems 2.6.4
and 2.5.2 yields the estimates (for i = 1)

X - Ax| _ 3348
AS° -1

1.343 , /ﬁ

—X 7> 246, (3.3.34)
11—, /-2

n—1

We reiterate that Theorem 3.3.8, as well as assumptions that led to (3.3.31), represent a

n > 246, (3.3.33)

lur — o] <

plausible requirements on the outside information. We have assumed:

1. A result on the distribution of eigenvalues which assures us that for > 1y conclusion

(3.3.30) holds, cf. [44, 65].

2. Operator H, is a well known object, so we can use the gaps in the spectrum of H

to estimate the gaps in the spectrum of H,,.

Estimate (3.3.33)—(3.3.34) show that a direct application of the theorems from Section 2

yields better estimates, when possible.
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The H](R") case—perturbations by a deep square-well potential

When considering higher dimensional Schrodinger operators perturbed by a square-well

potential, we can apply the theory of [9, 23].

Definition 3.3.10. Let H be a nonnegative definite operator in ‘H and let P an orthogonal
projection in H. The operator H is called local with respect to a projection P if ran(P) N
D(H) is dense in ran(P) and if

Hv = PHuo, v € ran(P) N D(H)
holds.

Assume that Hj is local with respect to the projection H, = P. The restriction of the
operator H to the space ran(P, ) is the symmetric operator A defined by

Af=H,f, fe D(Hb) N ran(Pl).

Define H, as the Friedrichs extension” of the symmetric nonnegative operator A in P, H.
Baumgirtel and Demuth (see [9]) have shown that H, — H., (in the sense of strong
resolvent convergence). We will show the way to utilize the theory of [23] to obtain the
convergence rates for the eigenvalues.

Take H = L*(R") and let H, = —A and Q(h;) = HJ(R"). Define

(P. (@) = xzral2)o(z), ©€R’

where A C R" is a bounded connected region and xgrr 4 is the characteristic function
of its complement. Other, more general operators H, and regions A C R" are possible,
cf. [23]. TImportant is that the Friedrichs extension of the operator Hy, f = H, f,
f € ran(P4) N D(H) should be positive definite.

Assume A C R" is (additionally) convex with the Lipschitz boundary ® and define

hy(u,v) = (Hi/zu,Hiﬁv) +n* (P, u, P, v), u,v € Q(hy) = Hy(R"),
oo (1,0) = (H, 0, H*0), w0 € Qlhc) = H(A).

"Friedrichs extension of a nonnegative symmetric operator A in Ha is a minimal self adjoint extension
of A in Ha.

8For a definition of the Lipschitz boundary see [23] and the references therein. The theory of [23] allows
for more general H; than —A. Everything said is also valid for those Hy, provided the forms h, satisfy
the assumptions of our convergence theorems.
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The theory of [23] (see also [9]) guarantees the existence of a constant C'4 such that

_ Cy
IH, —H, ' < vl (3.3.35)
From (3.3.35) we see that the convergence rate deteriorates for dimension r > 1. The
convergence properties deteriorate even further if we drop the requirement for A to be

convex, see [23].

Remark 3.3.11. After we have finished the research that led to this thesis, we became
aware of Reference [15]. Unfortunately, it was to late to incorporate those results in this
work. The approach of [15] should enable us to directly obtain estimates of (3.3.25). This
should yield sharper eigenvalue bounds than those which can be obtained through a use
of (3.3.35).

Let us now see what kind of information on the behavior of the spectrum follows from

an estimate on

IH, " —H||. (3.3.36)

Assume that we have found D_ and D, such that
AX < Do< Ay <Dy <Ay, (3.3.37)
M 4g<D_< XN, =--=X_ <D<\, (3.3.38)

For such D_ and D, set S = [D_, Dy]. The min-max characterization of the discrete
spectrum of a bounded self adjoint operator and (3.3.36) imply

1 1 A — AT il

— - =it < H -HL |, i=1,..m,

)‘% AZH’TL*Z' )‘% )‘?nJrnfi K
which yields the “relative” estimate

Ao = Al n ~1 t -1 f »
\o© < )\m—f—n—i”Hn - Hoo” < DJr”Hn - Hoo”7 1= 17 ooy T (3339)
For a comparison, Theorem 3.3.8 gives
PN 3 1
- 0o == <sin 677 ) 3sin©,, ’
)\m ’YC()\m) 1- "/S(A%,)r)]

where, using Corollary 3.3.3,
.9 .9 (van ZL‘) (vamx)
0, = 0,(Ex(S)) =
sin® ©,, := sin® 0, (E«(S)) xemlnr(lgz(s)) («, H, o)
g, _ IH; - HLD,
1+ 8, T 14 = - HL Dy
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14

T T
ce A =l
—*= Uniform estimate

12+ Local estimate

Figure 3.3: Comparing the uniform and the local estimates. Uniform estimate depicts the
bound (3.3.44), whereas Local estimate depicts the bound (3.3.43). We can observe the
influence of the gap for n > 1.

This shows that rather than ||[H,' — H ||, a better target for the analysis would have

been the “relative” quantity
('Ta Hglx) - (27, Hio'r)

(z,H, 1)

(3.3.40)

for x € ran(Ey). The measure sin2@77 is a local quantity, since it measures the discrepancy
between H, 1 and HI_ on the subspace ran(E(S)), only. It can, and usually will be,
considerably smaller than the global measure |H,* — HI ||, cf. Example 3.3.12. On top
of that, we have — through a combination of Theorem 3.3.4 and Theorem 2.5.6— the

eigenvector estimate

\/)\OOD, \/DJr A0 sin ©
E,(S)—-E < = = . 341
I15,(8) ~ Bx(S)] _max{m_D,m_m s @ad

Example 3.3.12. To get a feeling for the preceding discussion consider the following 2 x 2
example. We study the family

2 -1
H":[—1 2+n2}



3.3 Convergence rate estimates for the perturbation family hy, + n2h, 97
O
7/

Figure 3.4: High contrast media: The bounded domain €2 is decomposed as 2 = AU O.
The limit lives in O.

for n large. One computes, as n — oo,
2 -1 . 2 01 _ "
-1 2472 00 o0

1
s 2 —-1/2 1/2 *
sin® O(H, "%e;, H}%e;) = Trzp  4- [1 0. (3.3.42)

Now, A] = 2(4+n? — /4 —n*), \{® = 2 and Theorem 3.3.7 states

and

AT =A% @+ +A—-nh)+2 1
= < 5 (3.3.43)
A9 2A+n2+/4A—nh) —2[4+2n
We also establish .
H'-H ||=
which gives; based on (3.3.39),
AL —AF 1 2 5
— <-4 — V4 —nt)—. 3.3.44
e =gt "3BT 2P (3.344)

The comparison between (3.3.43) and (3.3.44) is displayed on Figure 3.3. We see the
superior performance of the local estimate based on sin2@77 (and coupled with the relative

gap).

Remark 3.3.13. Spectral estimates that are based on a study of a localized quantity like
(3.3.40) are not new. Bruneau and Carbou have recently studied (in [17])) the spectral
asymptotics for the Helmholtz operator

A, =N +n*xa (3.3.45)
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where D(A,) = H*(Q) N Hy(Q). The structure of (3.3.45) is such that it is additionally
assumed that Q and A are two bounded, connected and smooth domains in R? and that
A is compactly contained® in . This model is used in the study of electromagnetic wave
guide ) x R, where A x R is a supra-conductor material with very large conductivity, see
[17, 33] and the references therein.

Assume that (3.3.37) and (3.3.38) hold and define the operator A, by requiring that
Al = s— lim, A, ! Using the boundary layer techniques, Bruneau and Carbou have

provided an asymptotic expansion (in 7 — oo) of the difference(s)

Ero(S)(Ay = §) T Es(S) = Ex(S)(Ase — £) T Ex(S), (3.3.46)
|€ = A = min{D_, D, }.

The asymptotic expansion of (3.3.46) was then used, in connection with the finite dimen-
sional perturbation theory from [41], to establish eigenvalue asymptotics. The first order
asymptotic expansion for the chosen eigenvalue (e.g. A%), as well as the higher order
expansions were computed in [17]. The obtained results were fine-tuned to the structure
of the operator (3.3.45). Thus, it is not obvious how to separate an abstract framework
from the considerations of the special case.

Our estimates are, admittedly, only of the first order. However, we explicitly state
an abstract theory which is applicable to a broad class of singularly perturbed problems,
cf. Theorem 3.3.4 and Theorem 3.3.8. The technique used to compute the asymptotic
expansion of (3.3.46) can be used to compute an estimate of (3.3.40). In addition to that,
we offer an explicit eigenvector estimate (3.3.41).

Based on the references that were available to us, as well as based on the references
from [17], it appears that ours is a first abstract theory for computing spectral asymptotics
(3.1.2)—(3.1.3) in the large coupling limit.

Further discussion of the results like (3.3.35) and (3.3.46) is well beyond the scope of
this thesis. Our aim was only to inaugurate a (new) abstract framework for establishing
asymptotic eigenvalue and eigenvector estimates when we are provided with a (local)

resolvent estimate.

3.4 Spectral asymptotics in the regular case

We will now investigate the family

hy(u,v) = hy(u, v) + n°he(u,v), u,v € QCH (3.4.1)

9For a definition see [17]. Also, see Figure 3.4.
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with an additional regularity assumption (3.1.4) on the form h.. The gist of the analysis
are the energy norm convergence estimates that were presented in [36, 59]. The main
contribution in this section is an algebraic version of the proof of the main result from
[59] and the subsequent (new) corollary that will enable us to assess the sharpness of the
technique from [59]. As an important byproduct we introduce a notion of the residual in
the analysis. Furthermore, a new criterion for the norm resolvent convergence of families
(3.4.1) will be established. The condition is equivalent to the Babuska—Brezzi inf-sup
condition used in [36, 59] to obtain energy norm convergence estimates. This condition is
also easier to check in the examples we plan on presenting.

The results were originally proved in [36, 59] in the variational setting with the help of
the theory of Lagrange multipliers from [16]. A reformulation of the proofs in the quadratic
form context required some extra work (to find correct analogies). Since the generalized
convergence in the resolvent sense was not considered in [36, 59|, the new theorems will
also enhance the applicability of the obtained convergence rate estimates.

Under the additional assumptions (to the one already made) about the forms h, and
he, we prove that |[HI — Hf | — 0 and show that the convergence is of the order 7.

More importantly, we will establish

(SL’,HT;I.T) - (‘raHlo'x) < Cx
(z, H, 1) -

where constant C,, depends only on the vector x.

Let us write down the assumptions on the forms A, and h, we have made so far. We
have assumed that h, and h. are closed, nonnegative and densely defined forms in ‘H and
that

Q(hb) C Q(he)

The minimal, further, requirement would have been that h, 4+ h. be positive definite.
However, it was already noted that we may assume h,, is positive definite, without effecting
the generality of the result. We also require that W is a nontrivial subspace of H.
Note that Q(hy) C Q(h.) implies that the operator Hi/zH;l/2 is a bounded operator on

‘H. Now we shall additionally assume that

H
ran(HY?H, /%) = ran(H’H, /%) . (3.4.2)
This is equivalent to || (Hé/ 2H;1/ )| < co. The pseudo inverse of bounded operators with

the closed range can easily be constructed, cf. [46] and Theorem 2.2.4.
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Definition 3.4.1. Let W be a closed subspace of H and f € H. We say that w € W is a
Galerkin approzimation (from the subspace W) to the vector H™! f if

h(w,v) = (Pwf,v), veW. (3.4.3)

We call (3.4.3) the Galerkin condition and the problem of the existence of such w € W
the Galerkin problem.

The assumption Q(hy) C Q(h.) also implies that Q., = ker(h.) N Q(he) is a subspace
of the Hilbert space (Q(hs), hy). Since H;/ ? is the Hilbert space isomorphism of the spaces
(Q(hy), hy) and H, the statement: “Q., is the subspace of (Q(hy), hy),” is equivalent to
the statement: “Hé/z Q. is a subspace of H”. In fact we see that HI_f, for some f € H,

satisfies the Galerkin condition
h(HL f,v) = (Po f,v), v € Qx, (3.4.4)

since

hy(u,v) = hoo(u, v), u, v € Qu.

Parallel to the notion of the Galerkin condition for the form hy, the subspace Q,,, and
the vector f € H, there is the notion of the residual of the Galerkin approximation H{_f.
Instead of working with the Gelfand triple Q(hy) — H — Q(hy)*, and thinking about the
residual as a functional (an element of Q(hy)*), we define the residual as an element of H
and note that (Hi/ 2)* is a Hilbert space isomorphism between the spaces H and Q(hy)*.
For f € 'H, we define the middle space residual

rp=H,'?f —H)/*HI_f. (3.4.5)
The middle space residual is the vector such that r; € 'H and
H,'?f-H/"Hl f =r; L H/° Q.. (3.4.6)
To check (3.4.5) observe that HI_f € Q. for every f € H, and that
(H;/zu, H;/Zv) = (Hclfu, Hclfv), u,v € Qu,
so finally

H, 7 f, H)*0) — @"HL f,H,*v) = (f,v) — HL2HL f H20) =0, ve Q..
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The relation (3.4.6) is the perpendicularity of the residual to the test space written in

the geometry of space H instead of it being written in the equivalent space Q(hy)*, as is

usually done. Note that
ker(H/*HL, %) = H,/” (ker (/%) 1 Q(hy)) = H,* O,

SO
H = ran((H/’H, ")) @ H,”* Q..

and
ry € ran((HY2H, /)%).

Given (3.4.2) and (3.4.7), we define ¢f € H as
ar = (HPH, %) Ty,
Relation (3.4.2) implies that H(Hé/QH;l/Q)*TH < 00, 80 we have the estimate
lagll < CELZHG ) [l ).
We can now rewrite (3.4.4) as
ho(HEf,0) + (a7, HP0) = (fr0), v € Qhy),
since for every v € Q(hy)

hy(HEf,0) + (qp, HY?0) = (H,°HI_f, H)*0) + (HY?H, 7?7, HY %)

(3.4.7)

(3.4.8)

(3.4.9)

(3.4.10)

= (B, =L f,H,*0) + (r;, (HY?H, *)1(HY?H, *)H, %)

(
(

— (H,H!_f +rp, H)?0)
(

— (H,*H f + H, "2 — H,"H f H o) = (f,0).

Now we are ready to give the proof of the main result'® from [59)].

Lemma 3.4.2 (Tambaca). Take f € H, then

b H f —HIf] < %(f, 5

with
~1/2 ~1/2
Cy = ||(HY2H, V)Y ([, )]+ =),

10This result appeared subsequently in [36].
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PROOF. (New proof of Lemma 3.4.2.)
For any f € 'H, we have

hb(Hiofv U) + (qf> Hi/QU) = (f7 U)v IS Q(hb)a
hy(H, ' f,0) + n°he(H, ' fL0) = (f,0), v e Q(hy).

Now, it follows

hy(H, ' f = HE f,0) = hy(H'f = HE fo0) +0Phe () f,0) = (g7, HY )

<l l[IIE?0]]
and in particular
he[H, f] < lgp|lhe[H, V2.

This yields
I?

_ 4q
it - H ) < 1
which together with (3.4.9) gives

2
1/247—1/2\% —-1/2 1/2
B2 2E, 2y, 2+ T

" (f, ),

hy[Hf —HLf] <

which is the desired estimate.

Remark 3.4.3. A cruder, but simpler estimate of the constant C' is

—1/2 —1/2
C <2\ Y, IH, ).

(3.4.11)

So, in order for Lemma 3.4.2 to be useful in obtaining the exactly computable estimates

we need to assume that h, be a known object. This is to say that we assume that we have

additional information on the geometry of the space (Q(hs), hy). Since we are from the

start assuming that h. is the known object, this is a reasonable assumption.

In the next lemma we shall establish the connection between Lemma 3.4.2 and the

estimates of the difference between the harmonic Rayleigh quotients, that are needed in

Lemma 3.3.1.

Lemma 3.4.4. Take f € O, then

ho[H f = HEf] = (FHf) = (FHES) = g1
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PROOF. The proof is a straight forward computation. Take f € O, then

hoHL f] = (f, HLf)
and we have
ho[B N f —HE ] = (f, B f) = hy (B £ ) — hy(HE £ HF) + (F, HES)
= (f,H,'f)— (/2 f H)*HL f) — (H)*HL £, H ' f)

+ (£, HLf)
= (f, H,'f) = (f, HL).

The other equality follows analogously from (3.4.5). O
Lemma 3.4.4 also implies the known fact

(LH) = (FHL),  fe Q.
Since (f,HI_f) =0, for f € QL we have established
H,'—H >o0.
This in turn implies the norm resolvent convergence.

Theorem 3.4.5. Assume ||(Hi/2Hb_1/2)T|| < o0, then H, — Hy, in the norm resolvent

sense and V/2ar1/2

I (HL"H, )2
n?

[FL, - HL |

IH,' —HI || <

and more specifically
2 1/247—1/2
I71° e H, )
[l ell* Uk

~1/2 1/2
for vt =Hy, / f—Hn/ HI_f.
PROOF. The operator H, I — HI_ is a nonnegative operator, hence

IFL! —HL| = sup (£, (H,' ~HL)), 020,
=1

Combining Lemma 3.4.4 with (3.4.8) and (3.4.11) yields

(SH) = (FHES) - by —HEf flrll® I(H*H, %)1)2
(FLH) = (FHK ) B —HE S gl Uk '

(3.4.12)
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This proves both estimates. Now, H, was assumed to be a positive definite operator and

obviously
H, <H,.

Hence, the convergence in norm of the resolvent at zero implies the norm resolvent con-
vergence of H,, cf. [41]. O

To assess the accuracy of Corollary 3.4.5 consider the following example. We will show
that the estimate (3.4.12) is quite sharp. This also shows that the core of the analysis in
Lemma 3.4.4, up to the estimate (3.4.11), is quite sharp.

Example 3.4.6. We will present this example as an abstract variation on Problem 3.2.

Let H be a positive definite operator and let P be a projection. Consider
(i, 0) = (L4 2 PYHY 20, HY20) = hy(u,0) + n*he(u, v),

then
—1/2
I(HY2H, 2| <1

and Corollary 3.4.5 gives

2l (e Hy'e) = (@ V2P HT ) (o H ) — (o, HOPPVH ) 1
Irell>  (x,H 'z) — (2, H- 2P, H-2z) (H-/2, PH-V7) ~
(3.4.13)
We compute
Hfl _ H71/2 P J2 H,1/2
n ( L + 1 + 772 )
to establish
(¢, H,'2) — (2, H2P H™?0) = W(H—U%, PH ). (3.4.14)
Formulae (3.4.13) and (3.4.14) give
gl 1 1

AR

which is very favorable estimate for n large.

3.4.1 A model problem from 1D theory of elasticity

As an illustration of the applicability of Lemma 3.4.2, we consider the small frequency
problem for the circular arch as described in [19, Chapter 8.8:3] and [51], cf. Figure 3.5.
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Usg

Figure 3.5: The Curved rod model

Let ¢ : [0,1] — R? be the middle curve of the arch. We take ¢ to be the upper part of the
circle with the radius R. The arch (the model problem we are considering) will be a thin
homogeneous, elastic body of the constant cross-section A, whose area is A > 0. The arch
will be clamped at one end and free at the other, cf. [36]. The strain energy of the arch
is given!! by the positive definite form

_ l / ur\’ ( vy’ : / U2 / V2
a(u,v) = EI/O <u2 + E) (v2 + E) ds + EA/O (ul - E) <v1 - E) ds, (3.4.15)
u,v € Qa) = {ue H'0,1] x H*[0,1] : v(0) = 0,v5(0) = 0}.

Here u = (uy,us) and v = (vy,vy) are the functions of the curvilinear abscissa s € [0, ],
the constant E is the Young modulus of elasticity, the constant A is the area of the
cross-section A and the constant I is the moment of inertia of the cross-section A .

Let us assume we have the referent arch with the cross-section area A and the cross-
section moment I. We consider the family of rods whose cross-section and the moment of

inertia of the cross-section behave like

1
A,y = —A=¢%A

n

1 4
pe , I, = F[ =e"l.
We want to study the spectral properties of this family of arches as ¢ — 0. More general

arch models have been examined in [36, 59], cf. [58].

HSee also [36, 59, 58].
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For some given n > 0, n := 1/e, we write

(A}/Qu, A}/ZV) = a,(u,v)
1 : U\’ v\’ 1 ! u v
:EFI/O (u'2+§1> (v§+§1) ds+EﬁA/0 (u'l—ﬁ) (vi—ﬁ) ds

and the eigenvalues of the thus defined self adjoint operator will be A\;(A,), i = 1,2,.. .,

since the operator A, has only the discrete spectrum. After rescaling

we see that A} are the eigenvalues of the operator H,, which is defined by

(H?u, HY?v) = hy(u, v) + n?h.(u, v)
l I
up\’ v\’ U v
= (e ) (e g) e (- R) (1)

for u,v € Q(as) = Q(h,). Since A! enable us to describe only the eigenvalues of A, for

which
1

00 774 ( 7])
we see where the name “low frequency problem”, for the eigenvalue problem for H, , comes
from. The low frequency problem satisfies the conditions of Theorem 3.2.1, so we conclude

that the limiting form is

: ur\’ vy’ fo

hoo(u, v) = E[/ (u; v —) (v; v —) ds, w,ve{fe Q) fl—22=0}. (3.4.16)
. R R R

In [58] Tambaca has shown that (3.4.16) is the strain energy of the Curved rod model and

that h, is positive definite with
Q(h,) ={ue H'0,]] x H*[0,1] : v(0) = 0,v5(0) = 0}.

In [36] the estimates of the convergence rate of the “low frequency arch model” eigenvalues
to the curved rod eigenvalues have been proved for general middle curves. We shall present
the calculation in this specific case only as an illustration of the general theory. However,
we refer an interested reader to [36] for more details on Arch Model and Curved Rod
Model.
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Remark 3.4.7. From (3.4.16) we can see the significance of the condition

gt

Assume the rod is locally straight. That is to say, assume R — oo, then (3.4.17) turns

— 0. (3.4.17)

into

a condition of the inextensibility of the middle curve of the straight rod. The fact that
f1— f—}% = 0 is an inextensibility condition for the middle curve of the curved rod can
be established by a rigorous differential geometric argument, see [58]. Continuing this
heuristic reasoning, we conclude that Curved rod model describes the transversal vibra-
tions (perpendicular to the middle curve) of the curved rod (as does Straight rod model
for the straight rod). Arch model “couples” the longitudinal vibrations of the rod with
the transversal vibrations. The asymptotic analysis will show (yet again) a surprising
fact, with the sharp growth of the coupling constant it is the decoupling that happens.
Longitudinal vibrations correspond to the “middle frequency problem”, which will not be

further considered here.

Based on (3.4.15) and (3.4.16) one concludes that the sequence h, satisfies the as-
sumptions of Lemma 3.4.2 and Theorem 3.3.4. Here is a word of additional explanation
in order. We have formulated all of our results about the forms h, and h, based on the

representations

hy(u,v) = (Hi/zu, Hi/zv)H,
he(u,v) = (HY2u, HY?0)4.
However, we can represent, as is done in (3.4.16), the forms h;, and h, with the help of the
operators Ry : Q(hy) — Hp and R, : Q(h.) — H.. The only assumptions on the operators
R, (and R.) is that they have a closed range in the auxiliary Hilbert spaces H, (and H,),
cf. [37]. The representation theorem for the nonnegative definite forms implies
hy(u,v) = (Hy *u, Hy*0)3 = (Ryu, Ryv)y,, (3.4.18)
he(u,v) = (HY?u, HY*0)3 = (Ret, Rev)y, . (3.4.19)

The relations (3.4.18) and (3.4.19) imply that there exist isometric isomorphisms @, :
‘Hy, — H and Q. : H. — 'H such that

H;/Q - QbRb7 Hi/Q = QeRe
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and in particular

(Hi/zu, Hi/zv)ﬂ = (QeRyu, QuRy0)3 = (Rou, Ryv)sy,,
(HY?u, H?0)y = (QcReu, QeRev)y = (Reu, Rev)ye,

We also have for u € Q(hy)

!/
Q;'H,’u = Ryu = (ué + %) ,
Q.'HY/?u=R.u = (u'l - %)
R
and Ry : Q(hy) — Hy = L?[0,1] and R, : Q(h.) — H. = L?[0,1].
Note that Hj is not positive definite but Hy, which is defined by the form hy; = hy+ h.,
is. For the details see [36, 39, 57]. If we were to change the notation we would have to set

7Lb := hy. Since this would unnecessarily complicate the exposition we opt not to do so.
We show that

_ V1+ R?

JreE ) <

for our model problem. We adapt the procedure from [36, 59] to the new notation. The

(3.4.20)

statement
—1/2
|(HL2H )T < &

is equivalent to the statement

1/2
120 l(gr, H!"v)| _ 1
IHYH, ) g = sup B2 > 2 | Po gy,

veQ(hy) HH}/QvH

since

ker ((HLY/2H, /%)) = ker( Hy /°HY? ) = ker (HI%) = O
For Q.'q; € L?[0,1] we define’? v = (fo(')(leqf)(s)ds,O) (an element of Q(h,)). For

general v we have

Iy = (/Ol ([v; + %]/)2 ds + /Ol (v; - %)2 ds>1/2.

Now, set v = vy and compute

1/9 V14 R?2
I vol| = =5 layll

12The idea to use this construction to compute the estimates from Lemma 3.4.2 is taken from [59].
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This establishes

1/2 1/2 _
wp L@ B 0 B0 RIQ: ag Revo)ie]
veQ(hy) ||H1/2v||

R
> ol
[ H v VIE Rl vIrET

which completes the proof of (3.4.20).

We are now in a position to derive eigenvalue (eigenvector) estimates. Assume

m—+n?

set sin©, :=sinO, (L. ({\x})) and then apply Theorem 3.3.8. One obtains

PN 3 1
= ) 7= <sin 677 00 3sin®, °
)\m fYC<)\m) ]- - Vs(}\%r)]

Corollary 3.4.5 and (3.4.20) yield

_ 1/2¢y—1/2
[ 5 P B 5 LSO N 1 i < P M o 240+ R

I3l (o Hy ') — (o, Hhoa) n L

for any € ran(E{\’}) of norm one and ¢ < 1/2. Corollary 3.3.3 can be used to

compute
llral?
max & —
sn?@, < D _ A0t rene(DEp M K(1+ R
"S155, 0 B8R jiom oo WP ST R o

3R% B ({roo)) hHLa]

The constant K, is a “local” quantity defined on the referent rod.

Remark 3.4.7 has established that the Curved rod model describes the transversal vi-

brations of a thin elastic body. The Arch model allows the coupling of transversal and

longitudinal movements. However, this analysis has shown that as the diameter ¢ dimin-

ishes, the Arch model converges to the Curved rod model with the speed of convergence

that is controlled by 2. The conclusion is that, provided we are interested in the transver-

sal vibrations of the rod, we can ignore the Arch model for ¢ — 0. The advantage of the

Curved rod model is that it is better behaved, with respect to the finite element approx-

imations, cf. Remark 3.3.9. For more on the lower dimensional models in the theory of

elasticity see [19, 36, 39, 51, 57, 58, 59].
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3.5 Conclusion

We have presented a new abstract framework for an asymptotic analysis of the families
of positive definite forms that satisfy the assumptions of Theorem 3.2.1. A couple of
applications in Mathematical physics were presented to illustrate the abstract convergence
results.

A new regularity criterion for the perturbation h., equivalent to the Babuska—Brezzi
inf-sup condition, was derived. It was established by rewriting the proof of the variational
estimates from [59] in the environment Hilbert space. The new criterion appears to be
yielding estimates whose components (constants) have sound physical interpretations, cf.
(3.4.20). The introduction of the middle space residual, that was facilitated by the new
proof, enabled us to discuss the sharpness of the energy norm estimates from [59] in a new
light.

It should also be emphasized that our asymptotic estimates, unlike the asymptotic
estimates from [17], are directly dependent on relative quantities like (3.3.21). This makes

the constants that are appearing in the asymptotic estimates well scaled.

Contributions in this chapter

The results of this chapter represent one of the applications of the theory from Chapter
2. The study of the spectral asymptotics in the regular case has been influenced by the
results from the joint work with Josip Tambaca, Zagreb, see [36, 59]. We now list the

main contributions in this chapter:

e We provide an explicit invariant subspace estimates for the families h, that satisfy

the assumptions of Theorem 3.2.1, see Section 3.3.

e The new “quadratic” relative estimates for eigenvalues have been interpreted (and
derived) in the context of the relative perturbation theory for symmetric forms (in
a Hilbert space) from [41], see Theorem 3.3.8 and Section 3.3.1.

e We have introduced a notion of the middle space residual into the analysis of [36, 59]

and thus reinterpreted and complemented it, see Section 3.4.

e We have reformulated a Babuska—Brezzi inf-sup condition in terms of generalized
inverses. This has enabled us to characterize a class of regular perturbations n2h,—
the so called regular case—which allow sharp residual based convergence estimates,
cf. Theorem 3.4.5 and Example 3.4.6.



Chapter 4

Finite element spectral
approximations

The title of this chapter could have been: “Finite dimensional approximations of eigen-
values of nonnegative operators”. This would have been consistent with the abstract
framework we have been using so far. For most of the results of this chapter to hold, h
need not generate a differential operator. All of our theory can be expressed in terms of
an abstract form h.

However, we feel that such abstract presentation of approximation results would not
be particularly illustrative. Instead, we will concentrate on an analysis of finite element
methods for the approximation of eigenvalues of nonnegative definite operators in diver-
gence form. This will enable us to better place our theory in the context of other available

results. To be precise, we will consider operators H defined by nonnegative forms
h(u,v) = / (A(-)Vu)* Vo dx+/ b()u v dz = (HY?u, HY?p), u,v € Q(h) C L*(R).
R R

Here R C R", r = 1,2 is assumed to be bounded, polygonal region' and Q(h) is assumed
to be dense in L*(R). The precise definition of Q(h) is deliberately left vague. This should
emphasize that any Q(h) (any set of boundary conditions) such that A is a nonnegative
definite form is admissible. The discussion of the computational details will be concen-
trated on a (re)consideration of several case studies. The conclusions remain unchanged

in a general case, but the discussion is (unnecessarily) more technically involved.

LAll of the results will also hold in the case when 7 = 3. Then we would speak about the polyhedral
regions, see [14]. The model problems that will be analyzed in detail are all for » = 1,2, so in order to
avoid a possible misunderstandings we have not stressed the case » = 3 in text. Our results will be derived
under the abstract assumptions from [14], so they hold at least in the generality considered there.

111
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A word about notation. The Sobolev seminorm of order k € N is defined by

ule = [ > /|Dau|2 dz |

o=k

where for multi index o = (au, ..., ;)

denotes the standard weak derivative. By

H*R) ={uc L*(R):

we denote the standard Sobolev spaces. The space Hj(R) is the subspace of the Sobolev
space H'(R) consisting of all the functions that vanish on R (this is meant in the sense
of the trace operator ). The space Hj(R) is assumed to be equipped with the norm
[ull g = lul12.

Assume now that A is positive definite. The general nonnegative case can be reduced
to the positive definite case thanks to Theorems 2.3.12 and 2.4.2. To reduce the notational
overhead take A(-) =1, b(z) = b € R (of course, b must be such that h remains positive
definite) and

Q(h) = Hy(R).
Since R is a polygonal (polyhedral) region R = | xer, I, where 7 is the set of closed

triangles (tetrahedrons) and

d = max diam(K) = max dg.
KeTy KeTy

The set 7 is called a triangulation of the polygonal domain R if it consists of the triangles
such that union of these triangles is R and such that the intersection of two such triangles
either consists of a common side or of a common vertex of both triangles or is empty. For

a given triangulation 7; we define the finite dimensional function spaces:

Vi ={ue€ Q: vl is alinear function, K € Ty, u€ C(R )},
V%d ={u € Q: v|, is a quadratic function, K € 7y, u€ C(R)}.
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4.1 Estimates of sinO for single vector approximations

Given the form h we will consider two problems.
Problem 4.1. The stationary problem: For f € L*(R) find u € D(H) such that
h(u,v) = (f,v), ve Q(h).
Problem 4.2. The eigenvalue problem: Find (u, \), where v # 0 and A € R, such that
h(u,v) = Nu,v), ve Q(h).
Obviously, the vector
u=H"'f
is the solution of Problem 4.1. On the other hand, (u, A) solves Problem 4.2 if and only if
Hu = \u.

Although our prime concern lies with the eigenvalue estimates, Lemma 3.4.4 suggests
that Problems 4.1 and 4.2 are intimately connected— through the use of sin® we reduce
the study of the eigenvalue problem to the study of an auxiliary stationary problem with
a special right hand side. Let us explore this statement further.

Assume Y = ran(P) C Q(h) is a finite dimensional subspace. In this chapter we
shall have to simultaneously consider the main perturbation construction of Chapter 2 for
several different subspaces ) = ran(P) C Q(h). To ease the understanding we write

hy(u,v) = h(Pu, Pv) + h(P u, P, v),

for P, =1 — P and Y = ran(P), cf. Remark 2.4.3. Also, by Hy we denote the positive
definite operator defined by hy.
As a first step, we reformulate Lemma 3.4.4 and introduce the middle space residual
(cf. (3.4.5))
ry.em =H2f - HPHG!,

for the finite dimensional space Y C Q(h) and f € V.
Lemma 4.1.1. Assume Y = ran(P) C Q(h) is finite dimensional. Take f € ), then
Hj_,lf €Y and
hHTf —Hy f] = (f, H ' f) = (f Hy' f) = ry.em I
Furthermore
h(Hy' f,0) = (f,v), veD,
S0 Hl_,lf € YV is a Galerkin approximation to the solution of Problem 4.1.
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PrROOF. The proof is a straight forward reformulation of the proof of Lemma 3.4.4. Since

the context is new, we repeat the argument.
Take f € Y, then Hj_,lf €)Y and

h[HY' f] = hy[Hy' ] = (£, Hy'f).
The rest of the proof follows as in Lemma 3.4.4 :
hHf —Hy fl=hHf,Hf) - H(H ' f,H}'f)
— h(Hy' f H™'f) + h(Hy' [ Hy ' f)

= (faHilf) - (f?Hj_)lf) - (Hj_)lfa f) +hy(H;)_Jlf7H)_Jlf)
= (L H )= (fHy'f) .

The other equality follows by an analogous computation. The property H;,l fey,

which is a consequence of Lemma 2.3.2, implies

h(H;,lf,v) = hy(H§1f, v) = (f,v), vEY,

ie. Hl_il f is a Galerkin approximation from the subspace ) to the H™!f. O
It will become obvious that Lemma 4.1.1 is an alternative way to state that the residual
of the Galerkin approximation is perpendicular to the test space (cf. Lemma 4.2.7).

Any positive definite form h defines the norm
lulle = vhlul,  we Qh).

Traditionally || - || g is called the energy norm on Q(h) and the expression

[Ef —H fllp = \/REf — B ) = [lryom)| (4.1.1)

constitutes the energy norm of the error of the Galerkin approximation H;,l f tothe Hf.
We will show that estimates of h[H™!f — HJ_,1 f] can be used to establish eigenvalue
estimates. To see this assume = € ) is of norm one and Hyx = pux. Insert f = x in (4.1.1)

to obtain
(z,H'z) — p~(z,2) = h[H 'z — Hj'a].

Lemma 4.1.1 implies (z, H 'z)™" < (z,Hj;'z)~! which together with some elementary

trigonometry yields

' ~1/2,. fyl/2 (z, H 'z) —p'(z,2) _ —1
sin @(H V22, H/?2) = (v H-17) < \/h[H Ly — Hy w]h[z] .
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From Theorem 2.3.17 we conclude: If x € Q, ||z|| = 1, is such that
hH 'z — Hy'2]hlz] < 1,

then there exists an eigenvalue \ of the operator H such that

A — hlz]]

S sin©(H 22, H'r) < \[h[H1z — Hy a]hle] (4.1.2)

For finer results we need additional assumptions, see Figure 1.2. For instance, assume

sin O(H~ Y2z, H'/%x) D — hlx]

D <
h[x] <D < )\, 1 sin@(Hfl/Ql’, H1/2x) < D+ h[x]v

(4.1.3)

then
A — hlz]| < D + hlzx]

hlx] = D — h[z]

There is a vast amount of literature that addresses the problem of estimating the energy

hH ™'z — Hy']h[z]. (4.1.4)

norm of the error of the Galerkin approximation to the solution of the stationary problem
for the form h, see [14, 60]. With the help of (4.1.2) and (4.1.4) we intend to tap into this
knowledge base to establish estimates for eigenvalue approximations.

4.2 Estimates by discrete residuals measures
The problem of estimating
hH ™2 — Hy'a] = [Ire.y,.om | (4.2.1)

is a challenging problem in the analysis of Q(h) = HJ(R). We intend to point out a
plausible assumption which will enable us to substitute (4.2.1) by an equivalent problem
in a (“carefully” constructed) finite dimensional (function) subspace V C Q(h) = H}(R).
In order to be definite we can safely assume that ) = V%d and V = V%d, where 7; is
triangulation of the polygonal domain R. According to [60, Verfiirth| the basic ingredients
to establish error estimates for the stationary problem are:

1. The measure of the stability of the infinite dimensional variational problem.
2. An error representation formula.

3. Error estimates for an interpolation operator under minimal regularity assumptions.
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An analysis of eigenvalue approximations will be performed according to this agenda. The
main tool will be the theory of Chapter 2 and the conclusions will be estimates like (4.1.4).
A quick and rough answer to the problem of how to adapt the agenda from [60, Verfiirth]

to tackle eigenvalue estimates would be (assuming we are approximating Aq!):

1 D+hlzx]

- Dohly] Measures the stability of the problem of the approximation of A;.

2. (4.1.2) and (4.1.4) are the error representation formulas.

3. The analysis of the Galerkin approximations to the stationary problem for h with the

test vector x as the right hand side should take care of all of the remaining details.

This answer does not literally correspond to the given paradigm. This is due to the fact
that the eigenvalue problem has more complex structure than the stationary problem.
The stationary problem is better understood than the eigenvalue problem. Therefore, our
aim is to reduce the analysis of the eigenvalue problem to the analysis of special auxiliary
stationary problems. Those auxiliary problems will then be analyzed by known techniques
from the literature. The subspace approximation estimates will also be considered.

We will present the analysis for a general positive definite h, attempting at the same
time to keep the notational burden to the minimum. To compensate for this abstractness
a detailed discussion of the estimates will be performed on several model problems. In
Section 4.3.1 we will concentrate on differential operators on regular domains? and the
numerical results will be presented in full detail.

In the discussion that follows we have, in particular, been influenced by [14, 48, 67].
Let Y C Q(h) and Z C Q(h) be finite dimensional spaces. Consider the subspace

V=Y+2Z
as an enlargement of ) and consider the operators Hy and Hy,. Take x € ), then
(Hy)y' v =Hy' z
and Lemma 4.1.1 implies
hy[Hy'e — Hy'a] = hy[Hy 'z — (Hy)y 2] = (2, Hy'z) — (2, Hy'2). (4.2.2)

This is an identity in which only the objects that “live” on V feature. Inspired by this
observation we define the discrete residual of the vector z € ) as

T@y,v) = H;l/QZE — H%,/QHg,lx.

2The regular domain is the one which is additionally assumed to be convex, or to have a smooth
boundary (in the sense of Miranda-Talenti Theorem from [7]).
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Hy ohy Hy  hy
~ |6hy Hyo| T |6hy Hyo

=

po 0 (@Y, V+2)

0 =. *

H = ¢
@,y y+z) * Hyeoy

I ¢ ' H,. |

Figure 4.1: Measuring the accuracy of by a discrete residual.

Lemma 4.1.1 is applicable to the discrete residual r(, y ), so we obtain
hy[Hy e — Hy 2] = eyl (4.2.3)
Since Hy'z, Hy'z € V, (4.2.3) can be written as
IHy e — Hy'ef = A[Hy e — Hy'a] = [[reym|* (4.2.4)

We aim to use (4.2.4) to derive an upper bound on |[H 'z — Hy;'z|| .

Not every enlargement V = Y+ Z will lead to the desired estimate. We need to quantify
the situation in which the space Z “captures” enough information, so that ||r.y,g)l? is
bounded in terms of the “finite dimensional” quantity ||r y y+z)||?, cf. Figure 4.1. To get
the estimate we need we have to utilize the saturation assumption.

Assumption 4.2.1. Take the finite dimensional subspaces V C Q(h) and Y C V. We say
that the subspaces ) and V satisfy the saturation assumption with regard to z € ) and
H when there exists 0 < 5, < 1 such that

HHflsL’ — H;leE < ﬁMHH*Ix — H)jleE

Assumption 4.2.1 states that the larger space V D ) leads to a better approximation
H;lx #* H;,lx of H™'z. According to [14, Theorem 2.1], Assumption 4.2.1 is equivalent
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to any of the following

JE e — E e < (1— 32,)V2I|Hy e — Hy e s, (4.2.5)
I — fllp < (1= B2) P IHy e — flls, [e. (4.2.6)

On the other hand, [14, Proposition 2.1] gives
HH;IJ: — H)jleE < |H 'z - H)jleE (4.2.7)
Inequalities (4.2.7) and (4.2.5) jointly imply
[He — Hobalp < [ — Hylels < (1 62,) V2 Hyte — Hylals  (428)

and this property is, according to [14, Theorem 2.1], equivalent to the saturation assump-
tion.

More on the makeup of 3, as well as on how to chose the spaces V = Y + Z, can
be found in [14, 25, 60]. The analysis so far can be summed up in a lemma whose proof
follows from (4.2.2) and [14, Theorem 2.1].

Lemma 4.2.2. Let Y and V be the subspaces which satisfy the Assumption 4.2.1 with
regard to x € Y and H, then

hy[Hy'e — Hy'z] < h[H 'z — Hy'2] < (1 - 62,) 'hy[Hy e — Hy'a) (4.2.9)
(z,Hy's — Hy'z) < (z, H 'z — Hy'z) < (1 - ﬁix)_l(x, Hy'z — Hy'z) (4.2.10)
1Ty ” < Ir@y.oll® < (1= 62) " reymll* (4.2.11)

Furthermore, each of (4.2.9), (4.2.10) and (4.2.11) are equivalent to the saturation as-
sumption.

This lemma, in particular statement (4.2.11), says that we can use the discrete residual
T(s,y,v) to measure the middle space residual r(sy oy if and only if ) and V satisfy the
saturation assumption with regard to f and H. Assumption 4.2.1 is the minimal regularity
assumption need to establish the estimate (4.2.8) or (4.2.11). We will now formulate an

appropriate equivalent of this lemma in the case of eigenvalue estimates.

Theorem 4.2.3. Let x € Y be of norm one and let Y C V be such that they satisfy
Assumption 4.2.1 for x € Y and H. Assume Hy x = p x, then

sin’ O(H,/* 2, Hy/* o) < sin” O(H 2, H' ) < (1 2,) ' sin® O(HL, " o, HY? ) .
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PROOF. Lemma 4.2.2 and (4.2.2) yield

_ _ B . B
sin? O(H Y2z, HY?z) < hH e — Hyl z] < (1=82,) "hy[Hy r — Hy'a]

(x,H;lx) - (x,H;lx)
0327 (@ Hy') — (2 H )
N (z, Hy," )

<(1- ﬁix)_l sin? @(H;l/2 ac,H]l,/2 x).

On the other hand,

Hfl Hfl
(z, gjlx) > (z, ylx)’ e,
z,Hy'z) ~ (z,H o)
SO . .
- (z,H) ) - (z,H) )
(x, H 1z) — (z,H;,'x)
and the other inequality is proved. O

We will now formulate a sort of a converse to this result.

Proposition 4.2.4. Assume Hy © = p x and set

o — sin? O(H ™2z, HY2x)
sin? @(H;l/QZE, H;/Qx) '

S

Then Assumption 4.2.1 holds with

B (x, H;lx)
ﬁs,m - \/1 - m

PROOF.
Let Cs > 1 be such that

sin? ©(H,'* o, Hy/? #) < sin® O(H "2, H'?2) < Cysin® O(H,, ' 2, H? 1),
then
hH™z — Hj' ] - hy[Hy e — Hi ']
(z, H 1z) -7 (z,Hy'w)

This is to say that

and
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Subsequently, there exists 0 < 5, < 1 such that

r, H 'z _
Cs% = (1 - /652,1‘) 1'
(z, Hy, )
The rest of the proof follows from Lemma 4.2.2. O

The eigenvalue estimates, under the minimal regularity assumptions, can now be ob-
tained as a consequence of Theorem 4.2.3 and the results of Chapter 2.

Corollary 4.2.5. Let x € Y be of norm one and let Y and V be such that Y CV and that
they satisfy Assumption 4.2.1 for x € Y and H. Also, let Hyxr = ux.

1. Assume (1 — 32,)"'/*sin©(H,, N Hll,/2 x) < 1, then there exists an eigenvalue \
of the operator H such that

A—nl
p <(1-082.)" Y2 sin ©(H,, Si2 ac,H]l,/2 x).

2. Assume \; < D < )y and

(1—p52,)?sinO(H S e Y x) D—u
2 \—1/2 —1/2 1/2 < D+
1—(1 —557 )Y2sin©O(H,, " x, Hy/" z) H
then \ 5
ot < jLu(l— 2.) 'sin®O(H 1/23: H}/Q x)
Jz D —p
and
(1— Sm) 1/25in ©(H,, S H]l;/2 x) D hlh]
sin ©(F

\/1— )~1/2sin©(H 1/2:1:H11,/2 x)D+h[h]

Y

Similar estimates can be formulated for other eigenvalues \ of multiplicity one.

In order for Theorem 4.2.3 to make a basis to develop a computational procedure, we
require a computationally inexpensive way to estimate
x*Hglx — :E*H§1:E
B T*H,; z

sin® O(H,, S x,Hﬂl,/2 x)

Here we use
Hy = Hy|,,, Hy = Hyl|,,

and write :E*Hglx and x*H;lx, for x € X, as we did in Section 2.7.3.



4.2 Estimates by discrete residuals measures 121

There are many ways to tackle this problem, see [14, 48, 60]. We follow [48] in so
much as we will also explore the possibility to use (hierarchical basis) preconditioners in

the context of efficient evaluation of
" Hy'e — x*Hy'e = h[H'e — Hy'z] = hy[H 'z — Hj'a).

So far we have established a method to compute an estimate to the eigenvalue that is
approximated by x € Y. What remains is to show that Lemmata 4.1.1 and 4.2.2 can also

be modified to obtain the subspace approximation estimates for some X C ).

4.2.1 Bounding sin®© for subspace approximations

In the last section we have analyzed the eigenvalue approximations by the Ritz value

associated with the vector

re)Yy CV.

Here it was assumed that the subspaces V and ) satisfy the saturation assumption (As-
sumption 4.2.1). The saturation assumption (Assumption 4.2.1) is dependent upon the
vector x € Y. To emphasize this fact we use (3, , to denote the saturation constant in
(4.2.1).
The new setting is
Xcycyvy (4.2.12)

and we will modify the notation from Chapter 2 accordingly. Let P = X X* and ran(P) =
X be the usual representation of some n-dimensional subspace X. We are using the
Rayleigh quotient?

E=X"HyX(~ Hy|y : X = &)

to compute the Ritz values. We want to assess the quality of these Ritz values, when

considered as approximate eigenvalues. We will be using the formula

H(Q—=71 H12) - (z, H!
sin? @(Hl/ZX, H_l/QX) _ max|x ( )z| _ max(x’ z) — (v, Hy 1’)7
zeRm\{0} *Qx zeX\{0} (x, H 1)
(4.2.13)
where Q = X*H X (~ PH™'P|,). Set Qy = X*H;,' X, then
_ *(Qy—=71 H)'z) — (z, H!
sin2@(HV1/2X,H)1,/2X): max‘x< 4 )2 = max<x’ v 2) 71(:6’ Xx). (4.2.14)
zeRM\{0}  =*Qpx 2€X\{0} (z, H," 2)

3In this Chapter we are deliberately vague about wether 2 € C**" or Z: X — X.
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As in the stationary and single vector case, we aim to relate sin@(H;l/QX, H;/QX) and
sin@ = sinO(H~Y2X, H/2X) and thus reduce the problem of estimating sin® to the
matrix problem. In the structure of these estimates the subspaces V and ) will feature
only through the saturation property that will enable us to perform the reduction. In this

case, however, we will need a subspace saturation property.

Assumption 4.2.6. Take the finite dimensional subspaces V C Q(h) and Y C V. We
say that the subspaces ) and V satisfy the subspace saturation assumption with regard to
X C Y and H when there exists 0 < s » < 1 such that

H™2 —Hylz|p < fox|H e — Hy'zlls, zed.

Let the subspace X satisfy the Assumption 4.2.6, then each of the vectors x € X
satisfies the Assumption 4.2.1 with the saturation constant (s, = [sx. Now we will

modify Lemma 4.1.1 for subspace approximations.

Lemma 4.2.7. Let X := ran(P) C Q(h) be any n-dimensional subspace. Take v € X,
then
h(H 'z — Hy'z,v) =0, veX.

Also, let z,y € X, then
(z, H™y) — (2, Hy'y) = h(H 'z — Hy's, H 'y — Hyly).
Proor. Take z,y € X, then
h(H e — Hy'z,y) = M(H 'z, y) — h(Hy'z,y)
= (z,y) — ha(Hy'z,y) = (z,y) — (z,y) = 0. (4.2.15)

This is also known as the orthogonality property of the Galerkin approximation. With
the help of (4.2.15) we prove

hH 'z - Hy'z, H'y —Hyly) = h(H 'z — Hy'z, H ly)
= (H 'z — Hy'z,y).

O

Lemma 4.2.7 and (4.2.14) can now be used to obtain an approximation theorem for sin©.

Theorem 4.2.8. Take X :=ran(X) C Y, P=XX* and let Y and V be such that Y C V
and that they satisfy Assumption 4.2.6 for X and H. If HyX = X= then

sin® ©(Hy,/* X, Hy/2X) <sin?© < (1 32,) " sin® O(H,, "X, Hy/*X).
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PROOF. The proof is based on Lemma 4.2.7, (4.2.13) and (4.2.14). We compute

(z, H '2) — (v, H! 2)

sin? O(H Y2X, H/2X) = max

2eX\{0} (x, H 1)
(z,H 'z) — (z,Hj' )
= max
2eX\{0} (x, H 1)
< (1 - sQ,X)_l((va]le) - (ZE7H5)15L‘))
- (z, H),' x)

< (1— ) si® O(H,* X, HY® X).
As before we have used the fact €2 > €y,. This can be proved from
(z,H 'z) — (2,Hy,' 2) = h[H 'z — Hy'2] > 0, reX.

Lemma 4.2.7 reveals the structure of the matrix 2—, in full detail. An argument similar
to the one that led to the proof of Theorem 4.2.3, implies the other inequality. O

Analogously as before we establish that Assumption 4.2.6 was the minimal regularity
requirement necessary to perform the analysis we wanted to perform. Since (s, = (s x,
can be used as the single vector saturation constant for every x € X, the following result
can be established.

Proposition 4.2.9. Assume Hy X = XZ= and define

o sin? O(H™1/2X, HY/2X)

s = —1/2 1/2
sin? O(H,,"> X, H/> X)
Then Assumption 4.2.6 holds with

1 (z,H,'7)
=4/l — = min —— Y=
b \/ Cs ex (x, H 1x)

The proof follows by an analogous argument as was used to prove Theorem 4.2.4 and
will, therefore, be omitted.

The subspace approximation theorem has a similar form as Corollary 4.2.5. For sim-
plicity we assume we are given X := ran(X) C ) C V and we want to approximate the
n-lowest eigenvalues of operator H.

Theorem 4.2.10. Takeran(X) = X C Y such that Hy X = X=Z and let ) andV be such
that Y C V and that they satisfy Assumption 4.2.6 for X C Y and H. By p1 < -+ < iy,

denote the eigenvalues of the matrix =.
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1. Assume (1 — 5327/,\4)*1/2sin@(H;1/2 X, H%,/Q X) < 1, then there exist eigenvalues \;,,
7 =1,....,n of the operator H such that
Nio — [
Mg(l—ﬁix) 125inO(H 1/2XH1/2 X), j=1,..,n
My ’

2. Assume N\, < D < \,11 and

(1—-p52,)"?sinO(H 1/2XH1/2 X) D — pip
2 ~1/2 172 <D
1—(1-p32,)"12sinO(H,, "~ X, H)" X) + fin

then

(1—52 )~12sin ©(H 1/255 Hll,/2 z) /D [

sin©O(E(\,), X) < D :
\/1— 1—(2,)"Y2sin©(H,, SH2 H)lj/2 x) *

Similar estimates can be formulated for the approrimation of other contiguous groups
of eigenvalues, cf. Theorem 2.4.2 and Theorem 2.5.6.

3. If/\lzz)\n<D§)\n+1 and

(1—-p52,)"?sinO(H 1/2XH1/2 X) D — pi,
2 ~1/2 172 <D
1—(1-p32,)"12sin0(H,, "~ X, H)" X) + fin

<D, (1- 82 sin? O(H, 2 X, Hy? X), j=1,..,n
J n

Similar estimates can be formulated for other eigenvalues A of multiplicity n.

The proof is a direct combination of the theory from Chapter 2 and the lemmata from
this section.

4.2.2 Saturation assumptions

The term “saturation assumption” is borrowed from the approximation theory, see [25].
Assume 7; is a triangulation of the bounded polygonal domain R and take ) = V%d ,
V = V7 . For a given function u € Hj(R), let the functions u; and uy be such that
IV(u—uy)]| = min |[V(u—v)]|
veVr,

IV (u = us)[| = min [[V(u—v)]|.
VeV,

T4
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We say that the triangulation 7; satisfies the saturation assumption with regard to u €
H}(R) if
Nl
IV (1w = us)|
Let f € L*(R) be given. We consider v € H}(R) which is defined as the solution of the
problem

—Au = f.

Let N7, = {&,... ,§an} be the set of all the vertices of the triangles from 7;. The
functions from V%d are uniquely defined by their values on the elements of the finite set
N7,. The canonical basis functions ¢¢, € V%d , 1 <4 < ng, are defined by requiring that
¢e, (&) = 65, 1 < j < ng,, where §; ; is the Kronecker o-function.

Dorfler and Nochetto have proved in [25] that there exists a constant C'z, > 1, solely
depending on the shape regularity of 7, such that if

osc(f, 7o) 1
Ve = <
TV —w)| Oy

e IV ) 1
U — Uy 2
2o T - — 2

IV (= us)|f? Cr

osc(f,7;) measures the oscillation of the function f on 7, and is defined by

J Xsupp(oe ) .f
os(f,T) =Y Y. B~ feldagry, S =T

&ieNy Tesupp(qﬁgi) f XSUPP(‘bgi)

Let us now go back to Assumption 4.2.1. Set H = —A and take x € Vz, € H'(R)
such that Hyz = pz. Setting u = H™ 'z, one obtains u; = H;,lx and uy = H;lx, SO

h[H 'z — Hy'z] HV(u—ul)|P<1_i+y2

2 =
e = T By V- w)lE S e,

where

osc(z, 7y)
hH 'z — Hy'2]1/?
It was also proved in [25] that x € H'(R) implies

v, = (4.2.16)
osc(r, ;) < Cd>.

Therefore, small enough v, can be obtained— for our special x € H'(R)— with realistic

triangulations.
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Remark 4.2.11. Doérfler and Nochetto also showed that (4.2.16) can be substituted by a
similar measure which only involves quantities —estimates of so called jump residuals—

that are directly computable from the vector x, cf. [25, Remark 3.4] and Theorem 4.3.2.

Remark 4.2.12. There are other ways to formulate a saturation assumption. The satu-
ration assumption in terms of eigenvalues has been used in [48, Neymeyr] to compute the

eigenvalue estimates. The saturation assumption in terms of eigenvalues can be stated as
Ai(Hyly,) = Ai(H) < Be(Ai(Hyly) — Ai(H)), i=1,...,dim(}).
Here 3, < 1 is responsible to control two things:
1. It ensures that we are approximating the correct eigenvalues.
2. It measures the quality of the extension V =) + Z.

About [, one can say that it is bounded away from one, cf. [48]. In our analysis (s v
only measures the quality of the space X with respect to the extension ¥V = )Y + Z. The
localization of the approximated eigenvalues is left to (4.1.3) and Theorem 2.4.1. The
behavior of f x is better understood, see [14, 25, 60] and Theorem 2.5.5 gives eigenvector
approximation error estimates as a bonus. Due to the influence of large eigenvalues .
should always be a bit more “pessimistic” than [ v.

4.2.3 A case for the use of sin©,

To illustrate the advantages of the use of sin®,, as a measure of the quality of Ritz
approximations, we go back to Theorem 2.4.2 and Corollary 2.3.15. Theorem 2.4.2 traces
the path to a successful approximation method for the approximation of nonnegative
eigenvalue problems. Let us remind ourselves what does relatively accurate approximation
of an eigenvalue mean in the context of nonnegative operators. It means that the zero
eigenvalues are approximated exactly and that we have relative error estimates for nonzero
eigenvalues bounded away from one. Subsequently, in order to obtain relatively accurate
approximations of the eigenvalues we must chose a test space such that either ker(H) C X
or ker(H) L X. We assume, without affecting the level of generality, that ker(H) L X.
Now we see in which way to generalize Assumption 4.2.1. Let ) and V be two subspaces
such that X C Y, Y C V and Y L ker(H) and V L ker(H). If there exists 0 < s, < 1
such that
hHz — Hi 2] < B, .h[Hz - H;,x],
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then the subspaces ) and V satisfy the saturation assumption with regard to the vector
x € Y and the operator H. The equivalence of the saturation assumption and the ability
to use the discrete residual can be established by a modification of the arguments used in
the positive definite case.

This approach in dealing with the kernel of the nonnegative operator is consistent
with the discussion from [1]. The ability to consider nonnegative operators in the same
framework with the positive definite operators is one of the main advantages brought
in by the use of estimates based on sin®,. The examples, which will be present in the
sequel, only concern positive definite operators. Therefore, we will not further pursue the
discussion of the general nonnegative definite case.

In the standard analysis one starts off with a residual of the test vector. Such residual
is a functional on Q(h), and we require positive definite i in order to be able to measure
it. Theorem 2.4.2 spells that if we are to expect relative accuracy from our approximation
method, then we can safely assume that we are working with the restriction of the form h
to the space ran(H) only—-cf. Corollary 2.3.13. Naturally, the form A is positive definite
on ran(H), but our estimates are based on the quantity sin®, which is independent of
ran(H) (we do not have to explicitly reduce the form h on ran(H) in order to analyze error
estimates). Also, we get the eigenvector estimates in the same go. Let us describe some
of the alternative methods for obtaining eigenvalue estimates.

For now let h be a positive definite form in H and let Q be its domain. By O* we
denote the space of continuous functionals on Q. Since Q is continuously imbedded in H,
we have

QCH=HCQ" (4.2.17)

Let (-,-) : @* x Q@ — C denote the usual dual product, antilinear in the first argument
and linear in the second. By
h(uv U) = <HQU7 'U>

we introduce, as in [32], the operator
HQ Q- QF
as an extension of H to Q. Here we consider Q as the Hilbert space with the scalar product
(u,v)g = (H?u, H*v), wu,v e Q.

By R : Q — H we denote the restriction of the operator H'/? to its natural domain. It is

obvious that R : @ — H is an isometric isomorphism such that

Ho = R'R.
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The space Q@ can be organized as a Hilbert space with the help of the scalar product
(u,v)g-r = R7u, R™™), wu,ve Q" (4.2.18)

We write the scalar product (4.2.18) as (see [32])
(u, ) = (u,Hg'v), w,ve€ Q" (4.2.19)

The norm || - ||g-1, induced by the scalar product (-,-)g-1, has the property

- 1 >‘ *
il = /(o G e = /(0 G 0) = max e we @

If we assume this Hilbert space structures on Q and Q*, then Hy is an isometry from Q
into Q*. Note that for f € H we have H™' f = Hélf.
Let u € Q(H) and b € H, then the residual

2 =Hou—b (4.2.20)

is an element of Q* and its H~'-norm measures the error with which % approximates the
solution of the problem
Hu=0b, ueD. (4.2.21)

To demonstrate this statement we rewrite the definition of the residual as
(r¥,v) = h(@,v) — (bv), veEQ

and then proceed

b G (H'?3,y) — (Hu, Hy)|
|IrZ|lg-1 = ma = max
s V(HY 2y HY2y)  yeH [yl
(Y y) - (Huy)
ye 1]l

= hlia —u]'? = |[i - ul g,

i.e. the dual norm of the residual equals the energy norm of the error. Assume now the

finite dimensional subspace V C Q is given, then
Hri’{glblln—l = h[H'D—H,'0"? = |[rpv.0l

illustrates the connection between the middle space residual 7,0y € H and the residual

7’;1_1 , € Q" as well as the motivation for the terminology.
v



4.2 Estimates by discrete residuals measures 129

Let ||| = 1 and g = h[u], by
rg = Hou — piu € Q° (4.2.22)
we define the residual for the eigenvalue problem
Hu = A\u, u €D, (4.2.23)

with respect to the Ritz vector u. As in the case of the stationary problem we prove, cf.

(3.4.5) and (3.4.6),

s — B0 O] ) — (o)
ullH vEQ \/(H1/2v7 H1/2v> vEQ \/<I—Il/2v7 H1/2v>
— max |(H1/2a7 y) — Z’Z(a7 H71/2y)| — max |(H1/2’QZ, y) — Z’Z(Hil/Qaa y)|
yen [yl yen [yl
= | B2 — pH Y2 (4.2.24)

The norm of the residual is tightly connected to sin@(H~'/2%, H'/2%), namely we will show
125 ~yp-1/27 : 12 Fy-1/27
sinA(Hl/zﬂ, H71/2fd) < [H u MEI ull < sm'Z(H Uafl U)~ .
|H /24| 1 —sin Z(HY?u, H-1/27%)
Theorem 4.2.13. Letu € Q be of norm one. Let ry and the forms h and hy be as before,
we have

(4.2.25)

|HY20 — gH~/2q|| - sin Z(HY?u, H™/2q)

in Z(H"?u, H'/?7) < . (42.26
sin Z(H'7, i) < [H27 S sm @ a2
PROOF. Theorem 2.3.5 gives the right-hand estimate
~ o Jh(w) —ha(u, )] |0h(u, v))]
HHQ'LL — ,U/LLHH—I = mf}lX ”Hl/Q'UH = mf}ixm
< IHq sin Z(HY?u, H™Y/2%)
- 1 — sin Z(HY?u, H-1/20)
The left-hand side of the inequality follows from (4.2.24),
lralla-r = |[H"?0 — /24|
_ 1 ~ o r—1/2~
_ HH1/2UH HmHlﬂu _ HHl/Zu” H 1/2uH
> /i sin Z(HY?%, H~/%7).
O

In the case in which the dimension of the test space is larger than one we have the

following generalization of Theorem 4.2.13.
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Theorem 4.2.14. Let XC" C Q. Take u € X = XC" of norm one and let rz and the
forms h and hy be as before. Then

H'Y2u — pH '/ sin Z(H'/2X, H™1/2X)
in/ H1/2~ H—1/2~ < || < ; .
IT%% sin £ (H'7, HEP) < %??{ [H27 =1 sin Z(H2X, H-12X)

- (4.2.27)

PROOF. As in the proof of Theorem 4.2.13, we have

N Wi, 0) = ha(ii,v) 16h(, )
||HQU—MU/||H71 :mS%X ||H1/22}|| :mSlJXW
< | sin Z(HY2X, H™Y/2X)
= 1 —sin Z(H2X, H-1/2X)’
for every uw € Q, ||ul| = 1. Hence, we have established

|HY?% — pH~/?a)| _ sin Z(HY2X, H™Y/2X)
max )
E5x) [ H2a]| ~ 1—sinZ(HY2X, H-1/2X)

Theorem 4.2.13 gives
HY2u — gH=/273)|| sin Z(HY2 X, H™Y/2X)
in/ H1/2~ H—1/2~ < H < )
FAE N T )

=1

as was required. O

The measure “HUTEEEAW&” from (4.2.25) is sometimes called the norm of the scaled

residual. It appears in the matrix Temple-Kato inequality from [48]. This inequality was

generalized to the operator setting in Theorem 2.6.1. In the original form, implicit in the

proof of Theorem 2.6.1, it reads

~ ~ ~rr_ ~ 2
>\m - < )‘m—i—n <||H1/2u B MH 1/2u||)

v A — i (D]

(4.2.28)

The modification in the Theorem 2.6.1 was made in order to be able to use the symmetric

function to measure the relative gap, i.e.

~ ~ ~ ~ ~rr_ ~ 2
Ao =gl o [ Amin B A+ |IHY2g — gH-V/27)|
A Nvin — B F— A R
max { >\m+n + ZZ )‘m—l + ZZ} Sin2 O

Aman — 1 L — A1 J (1 —sin®)%

<
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The main problem with the estimate (4.2.28) is that it measures the approximation error

relative to the unknown quantity A,,. The estimate we prefer is

)\m — [ )\m n [ )\mf i .
A = i1} < max{ ot/ L ,u} sin? O, (4.2.29)

~ -~ ~y ~

% Amtn — H P — Am—1

from Theorem 2.6.4. Comparing the estimates (4.2.28) and (4.2.29) is not easy. The
sharpness gained on the measure of the scaled residual is lost in the slack allowed in the
measure of the relative gap. Furthermore, we are not measuring the error relative to
the same quantity. Important feature to note is that the composition of both estimates
is the same. Namely, error is bounded by the product of a measure of the gap and

a measure of the scaled residual. The computational procedure that is being used to
[H/?a—pH /2]
|[H/2 ]|
To illustrate this statement, as well as to justify our announcement from the intro-

estimate applies equally well in both settings, c¢f. Theorem 4.2.13 and [48].
duction to Section 4.2, we bring forward the following theorem which is a mixture of the
considerations from Section 4.2.2, Corollary 4.2.5 and Reference [48]. We will concentrate
on single vector approximation, but we note that generalization to subspace approxima-

tions presents primarily technical difficulties, c¢f. Theorem 4.2.10.

Theorem 4.2.15. Let H = —A be defined in the bounded polygonal domain R by imposing
the Dirichlet boundary condition. Let the triangulation Ty and the spaces Y = V%—d and
V= V%d be as in Section 4.2.2. Let x € Y be as in Corollary 4.2.5-2. Then there exists a
constant Cr, > 1, solely depending on the shape regqularity of 1, such that

A1 — < D +M<071 eyt | Hyx — M$||fq;1
N T

(Here we have freely used the notation from Section 4.2.2 and Corollary 4.2.5.)

PROOF. The proof is a combination of Corollary 4.2.5-2 and equations (4.2.16) and
(4.2.26). It follows the agenda from the introduction to Section 4.2 to the letter. O

Remark 4.2.16. Analogous theorems accompany the subspace approximation results
from Theorem 4.2.10, as well as other variants of Corollary 4.2.5. We leave out the details.

We emphasize, again, that in this case

osc(z, 7y)
H-1x — p=txfy 2

Ve =
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essentially depends on an estimate of the “jump residual”, cf. Remark 4.2.11 and Theorem
4.3.2. Since this is a computable quantity it can be used to define a refinement procedure

for the triangulation 7;. In [43, 48] it has been shown how to reduce

2
-1
HV

[Hya — |

1/2
|y |2

by a refinement of the triangulation 73, see [43, Section 4] and [48, Section 5.]. We now
have two target functions which, according to Theorem 4.2.15, should (could) be reduced
by a refinement of the mesh 7;. It remains an interesting task for the future to determine
what additional information is brought into the general picture by v,.

Notably, both v, and ||Hyz — ux|\§{;1/|\H)1,/2x]\2 essentially depend on a measure of
the “jump residual”. This, to some extent, corroborates the numerical evidence from [48,

Figure 4.], which showed that ||Hyxz — ux|\§{_1/|]H]1,/2:c]\2 captures most of the error.
4

Experiment: Estimating sin© with a use of preconditioners

Assume that we have finite dimensional spaces ) and V such that
xXcycy, (4.2.30)

where dim X = n. Let the matrices © = Hy|,, @ = PyH 'Py|y, Oy = PXHglPX}X
and Hy = Hy|,, be as before. The saturation assumption (Assumption 4.2.6) enabled us
to show that

_ (Qy — =71
sin” Oy = sin® @(Hvl/z‘)(v H11//2X> s = ;*va =

can be used to estimate

* Q _ E—l
sin? © = sin? O(H 2X, H/2X) = max Q== )
rEX *Qx

However, even estimating—yet alone computing—<2y, will often be a computationally ex-
pensive task.

Assumption 4.2.6 effectively quantified the equivalence of norms h[-]'/? and hy[]/? for
the task of computing sin®. Also, we have seen that a “better behaved” quantity

5)/ — max |.I’ (QV - Q)$|

4.2.31
reEX r*Qpx ( )

can be used as a measure of this equivalence in the place of the saturation constant [ x.
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Assume now we are given a positive definite matrix H, : VV — V, such that

4, = max ‘x*<Hp_1 — )
b=

4.2.32
TEX :L‘*Hp_lfL‘ ( )

is sufficiently small. If we could define what sufficiently small means, assuming that
forming the matrix ©, = PH 1P} » Is computationally cheaper than the evaluation of the

matrix 2y, then

PR e
p zeX SL’*Qp.’L‘

should be a good substitute for sin?©y, and thus also for sin?0. Let us state the result

first, and then we shall comment on the possible origin of such H,,.

Proposition 4.2.17. Let the matrices Z, €2, Qy, Q, be as before. If k =, + 16—‘3,0 <1
then

PROOF. As in the proof of (4.2.46) we compute

|27 (Q — D] _ |27(Dp — Qv)z] N lz*(Qy — Q)|
x*Qpx - x*Qpx x*Qpx
(Qp — Qy)z| n 1|2 (Qy — Q)
Qe 1—06, aQpx

|2
<

The conclusion is a consequence of the right hand inequality from Lemma 4.2.19 O

Let us now return to equation (4.2.30). The subspace V can be written as
V=YV+2Z
Assume there exist subspaces Vi, K =0,2,--- 7, such that
Y=VWwCViCVoC---CV;=V. (4.2.33)

Let Iy, be the interpolation (or some other “projection”) operators on Vj. According to
[12]

J
1/2 _
L = IEy2Lul? + 3 478(hy, — by ul?, weV, (4.2.34)
k=1

is a norm equivalent to the energy norm h[-]'/2 on V, cf. [43].
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Energy norms on finite dimensional spaces are represented by positive definite matrices.
Let H, be the matrix of the “properly scaled” norm || - ||y. This means that there exist

1/2

0 <, < 1, such that the equivalence of the norms || - ||y and hy[-]"/# can be expressed as

(1—ry,)z*"Hyr <a*Hyx < (147,) v*Hyx, z€V

or equivalently

* 711‘

1—7v, < —2— <147, x €.
Tp = x*H,; Ly = T
The matrix H, can be used as a preconditioner for the iterative methods to compute the
solution of the equation Hyx = b, since Hyx = b is equivalent to the equation

H'YPHyH Py = H V2, y=H)?z,

which has a well conditioned coefficient matrix Hy />HyHy '*— cf. [2, 13, 66]. We will
consistently use the term preconditioner when we refer to H,,.

In the view of Corollary 4.2.17 we might get overly pessimistic eigenvalue estimates
based on the global bound 7,, since it is the quality of the preconditioner on the much
smaller space X, that matters in the computation of the eigenvalue estimate sin©.

Looking at the formula (4.2.34) one might suspect that J, < 7, would not be an
implausible expectation. This is the reason why we have presented Proposition 4.2.17.
Further consideration of the optimal use of preconditioners will be subject of the future

research.

Remark 4.2.18. Let us illustrate this reasoning on Problem (2.7.7). In what follows we
will freely use the notation from Section 2.7.3. The finite element approximation Si"@vjN

of sin® is very accurate since 5Vi1v is of the order 1073, see Figure 4.2. Note that
Sy, = (X" H g X) V(1 = X* Ty X) (X H 3 X)) <4-107%, N =80,...,120
is small without H ]\1, being a good approximation of Ty on the whole of V,y, since
1T 2(I — Hin)Tw?|| > 1, N =280,...,120. (4.2.35)

Here Hyy = (HY/?V)*H'Y2V and we compute Tyy = V*H;,'V using the formula (2.7.19).
This suggest that we could use, if available, a nearby matrix Hy, and compute z* X*H X
instead of computing X *H,, 1X x, see Corollary 4.2.17. We only need to have available

H; ! that is a good approximation of T on the subspace X and that is cheaper to invert
than H.



4.2 Estimates by discrete residuals measures 135

2.81

2,61

2.4%

2.2r

2+

181

1.61

1.4r

1.2r

1+

0.8 Il Il Il Il Il J
50 55 60 65 70 75 80

Figure 4.2: An experiment with preconditioning:
The true § computed using the formula (2.7.18).

Such behavior of Hyy is not surprising, since only the low frequency eigenmodes are well
approximated by the finite element methods. This example is brought out to corroborate
the conclusion of the Corollary 4.2.17. Results of experiments with realistic preconditioners
will be reported elsewhere. Precisely (4.2.35) is the reason why the analysis based on
Assumption 4.2.1 (or Assumption 4.2.6) should be preferred to the analysis based on the
assumption from Remark 4.2.12.

4.2.4 Example: Laplace eigenvalue problem in the square [—1, 1]

The saturation assumption (4.2.6) has enabled us to reduce the problem of estimating the
|H 'z — Hy'2|| to the problem of bounding the discrete residual

IHy' 2 — Hy'2|p = hy[Hy'e — HY 2] = [[rapw |-

To be definite, let us assume that we have subspaces X = XR", ) and V satisfying (4.2.12).
The subspace saturation constant 3 », which measures the quality of the estimates by the
discrete residual, can be evaluated from

(z,H 'z — H,'z)

= , 4.2.36
Bs.x xgz"lf%?{io} (x, H 'z — H;,lx) ( )
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Equivalently, in matrix formulation (4.2.36) is written as

(2 — Qy)x
= — 4.2.37
ﬁ 7 :1:611}57?\)?0} l‘*(Q — Qy)l‘ ( )
Although the matrices 2 — 2y, and €2 — 2y, are both positive definite matrices, computing
Bs,x from (4.2.37) is at best a difficult problem. In what follows, the saturation measure

Bs,x will be substituted by (asymptotically) weaker quantity

Q- Qy)x
dy = max ——————.
zeRM\{0}  *Qpx

The nonappearance of ) is only superficial, since

*(Q—Q *(Q—Q ~
dy = max T2 = Q) < max T2 =) = Jy.
zeRM\{0} =¥y zeRr\{0}  =*Qyx

In comparison with (s » the measure dy is not optimally scaled, but will be easier to

compute. Our aim in this section is to compute an estimate of sin® for a 2D model

problem to complement the study performed on the 1D model problem in Section 2.7.3.
The main technical result will be Lemma 4.2.7 and the following inequality (which will

be formulated as a lemma to ease the reference). It is based upon the estimate from [3].

Lemma 4.2.19. Let Ay, Ay, M € R™™ be positive definite matrices and let Ay < Ay,

B |z* (A — M)z B |z*(Ay — M)z| B |z*(A; — Ag)x|
$1 = max , S = max , 0= max
x#0 .’L‘*Alaj‘ r#£0 SL’*AQI‘ r#£0 SL’*AQ.T
then s
S92
< <
==

To compute 9y, one has to carefully consider the relation between the subspaces V,Y C
Q(h) = Hy(R). Let R = [-1,1]* and V = V1, =V, where T, is the standard triangula-
tion of R. In this case we can directly estimate

|H 'z — Hy'z||p, z€X CVj,

by the norm of the vector z, see [7]. Therefore, we may take X = ), which identifies this
example as a special case of the theory from the previous chapter.

These estimates are based on the special regularity property of the space Hj}(R). Let
H = —A and D(H) = HZ([-1,1]?), then

|v]2,2 _
veD(H) [[Hul|
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Figure 4.3: The standard triangulation on R with N = 20.

This is customarily written as |v|s2 < ||Hv|l. Tt implies that H 'z € H?*(R) when
x € L*(R). This procedure can be adapted for a region for which

[v]2.2
Sy = max d
veD(H) |[Hu||
In particular, when R is convex then Sy = 1, see [7]. A variant of Miranda-Talenti

theorem from [7] describes a class of regions for which Sy < 0o. Although such energy
norm estimates can be established for a broader class of regions ( cf. [31, 42] and Section
4.3.1) the sharpness the bound is heavily dependent upon the regularity properties of the
space H*(R).

Rather than to pursue the most abstract case, we opt to concentrate on a model
problem where we can compute all the relevant constants exactly. We will also show that
the assumption HJ_,1 x = p x was of technical nature, only. Allowing x that is not an
eigenvector of Hy is important when one has finite precision computations in mind.

Now, let us concentrate on the problem of estimating the accuracy of the Rayleigh-Ritz

approximations to the solutions of the eigenvalue problem

—Au = wu, IinR

ulye = 0. (4.2.38)

Here, R is a square [—1, 1] x [-1,1] C R?. The eigenvalues of Problem (4.2.38) are known

to be
2Ry,
Wk’l_<Z+Z)7T’ /{Z,ZEN.
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We take H = L*(R) and H to be the positive definite operator defined by the form
h(u,v) = /(Vu)*Vv dr, wu,v€ Q= H}(R). (4.2.39)

In the ordering assumed in Chapter 2 we have

1 5
)\1 — 57-(-27 )\2 - )\3 — Z71'27 )\4 = 27‘(2. (4240)

We aim to compute the relative estimates of the error of the Rayleigh-Ritz approximations
to A1, Ao, A3. The problem (4.2.38) is discretized on the space VJ, the space of piecewise
linear functions on the standard triangulation of R with step size d being %, see Figure
4.3. We take XR? C V] to be the space spanned by the Ritz vectors constructed by the
SPTARN procedure from MATLABE®.

Note that any space XR?* C V) will do as the test space, so all the errors incurred in
the construction of XR? as the Ritz space from V) are not important. We only need an

estimate
sin © 212 — g

<
1—sin® 272+ g

) {:u171u27:u3} = 0(5)7 (4241)

in order to be able to apply Theorem 2.4.1. The estimate (4.2.41) is to be interpreted so
that us3 is taken as the best possible upper estimate of o(Z) and 272 is the best possible
lower estimate of 4. Naturally, less sharp estimates, e.g. computed from the error analysis
of a finite precision procedure, will deliver just as rigorous a conclusion. Given (4.2.41),
Theorem 2.4.1 guarantees that pq, po, 3 approximate Aj, Ay, A3. We will now be able to
apply Theorem 4.2.10 directly (assuming XR? = X = ))).

We have used the subspace V) to generate the test space XR3. Let now dy > d be
such that V; C V) . Take z € XR?, then Lemma 4.2.7 applied to the vector z and the
subspaces V; and XR* C V; yields

(SL’, Q.I‘) - (‘ra QV%I‘) = HT(JB,V12,H(%(R))|’2 = h[Hilx - H;{ixL
(x, QVéQx) —(z,2712) = ”T(:v,X]RS,Vé)HQ = h[H;ix — Hps . (4.2.42)

An a priori estimate (dependent only on the vector = € V;Q) of the energy norm of the
-1

error in the Galerkin approximation Hy,, = € VéQ to the solution of the Poisson’s equation
do

—Au = x, inR,
ulyre = 0, (4.2.43)
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was derived in [4, section 4.]. We have

\/h[Hflx —H;! 2] < 1.207 d; |«
do
or equivalently
(2, 0) = (&, Dy ) = ey, gy I < (120728 2. (4.2.44)

We will now briefly illustrate what happened here. Let 7y, : H> N Q — VC}Q be the
interpolation operator and let H;ll 2 be the Galerkin approximation to H™ 'z, then
do

hH 'z —H ) 2]? = min h[H 'z — v]Y2 < h[H 'z — my
do

UEL§2

H'2]V/2,

2

By a lengthy but straightforward computation, which can be found in [55], one establishes
h[Hflx — 7Td2H71.§U]1/2 S 2 d2 ‘Hilxbz.

With the help of the advanced techniques (the Sard kernel theory) this estimate can been
improved, see [4], to obtain

hH 'z — mH '2])V? < 1.207 dy |[H 'z|50.
The convexity of R implies |[H™'z]5o < [[HH 'z|| = ||z]], so

hH 'z —H | 2]V? < h[H 'z — m,H '2]Y? < 1.207 dy |||
do

Now, (4.2.42) and (4.2.44) give an estimate

‘(ZL’,Q.T) - (x7QV;2x>|

A
Vi, T ek ¥y
2
‘(ZC,Q.T) - (x7QVé SL’)|
< max — 2
€ XR3 z* =1 g
]|

< (1.207)*d* max

max — =T = Oy (4.2.45)

2

Lemma 4.2.7 implies 2 < Q1 and

, Ty & — =71z ,
sin® ©y1 = max 2 : sin® © = max
d2  zeR3 ey x z€R3 x*Qx
2

QO — ="y
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Figure 4.4: The error in the approximation of Ay = A3 (sin*Qpgy = sinZGFEM(VéM)).

Lemma 4.2.19 yields

Sin2 @Vl —|— (Svl
do do

sin? Oy < sin? © < =: sin® Oppn(Vy,). (4.2.46)

]- + S\Vé2

The quantity sin©y,1 measures the defect of the space X R3 when considered as an invariant
2
subspace of the matrix Hv; (or of the operator Hv; , cf. Lemma 2.3.2). Not surprisingly,
2 2
one obtains sin @V; = 0, since XIR? is spanned by the Ritz vectors of the operator H from

the subspace VJ.

Remark 4.2.20. Since XR" = X = ), this shows a way to use dy to (retroactively)
remove the assumption Hyz = p,x from Theorem 4.2.8. In the theoretical considerations
we can always assume sin®y = 0. Theorem 4.2.10 now reveals the nature of the approx-
imation to the eigenvalues of the operator H by the Ritz values from the finite element

space V). For instance we have

,Ltl—)\l i 2 L
= = 0(d?) = Ol3)
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Figure 4.5: Testing the “sandwich” estimate (4.2.46)— sinZGFEM(VéM) —sinZGVé/4 ~ 1073

The role of sinQG)Vé in (4.2.46) is to control the influence of the method that was
2
used to generate the test subspace XR3. Here it can be used to absorb the influence of
SPTARN procedure. In the next section we will compare sin@vé with another measure of
2

the “approximation defect”.

4.3 Alternative measures of the residual—direct es-
timates

So far we have used the H !-norm of the residual

| {ra, v) | —1/2~  ~yr—1/2~

rzllg-1 = max ——= L1 = |H Y?u — gH 4

[rallm— ved |[H/20|| | K |
to measure the defect of the vector u € Q when considered as the solution to the eigen-
value problem (4.2.23). In this section we introduce several alternative measures of the
residual, cf. [42]. We will firstly decouple the analysis of the residual measures from the
problem of obtaining eigenvalue estimates. The reason is that the problem of how to

estimate the residual is a problem in the theory of Sobolev spaces, and the problem of



142 4. Finite element spectral approximations

obtaining the eigenvalue estimates given a measure of the residual is a problem in the
perturbation theory. We firmly believe in separating these two features of finite element

spectral estimates.

Theorem 4.3.1. Let H be a positive definite operator. Take u € Q of norm one. If

_ N — 11
g} _ A7
TS

(4.3.1)

7]l g2 = max

fhen A —nl | (ra: v) |
min < ||rzllg-2 = max .
Aeog(H) A T I7allea- veDH) ||Hol|

PROOF. Let ﬂ € Q’ ||/[7|| = ]_’ we Compute
Irallfe—- = (Hu — fiw, H* (Hi — i u))
= |[a— 7 B

The assumptions of the theorem assure us that the minimum is achieved on the point in

the discrete spectrum of the operator. Finally, we obtain
min 2= < |Jrall -2,
A€oy (H)

U
There are a lot of examples where one can efficiently estimate ||rg||g-2 by a direct
analysis, see [42]. Under the assumption (2.6.9) Theorems 2.6.4 and 4.3.1 imply that for

every u € ran(X) we have
|)‘m B M|
Am

We can now use a technique from [42] to estimate

_ | (r, v) |
HTUHI‘I_2 - UIEI%;%?I) HH'UH )

< [lralle—-

for & generated by finite element procedures. The eigenvalue estimate from [42] can be
seen as a consequence of our Theorem 4.3.1, but our result is sharper and more general.
The technique of obtaining the direct estimates of ||rz|/g-2 is taken completely from [42].
In order to be able to compare the estimates based on ||rg||g-2 with estimates based on
sin® (on several model problems), we compute all the approximation constants explicitly
(see Section 4.3.1).
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4.3.1 Finite element residual estimates in the regular case

In this section we will demonstrate how to obtain a computational procedure from the the-
oretical results of the preceding sections. We will present the discussion on two illustrative
examples in 1D and 2D.

Assuming the region R be more regular (e.g. convex) the dual norm of the residual
|rallm-2 can be analyzed directly. The following direct analysis of the residual in the
finite element procedures is taken from [31, 42]. It will be applied to estimate ||73||g-2 in
Theorem 4.3.1. The estimates will be based upon the computed approximate eigenvector.

We consider various means to compute eigenvalue estimates for a given triangulation
(mesh) regardless of how it was constructed. With this task in mind, we compare various
eigenvalue estimates on a set of case studies.

Let R C R", r = 1,2 be a bounded polygonal region? and let H be a self-adjoint
positive definite differential operator defined by the form

h(u,v) = /R(Vu)* Vv der/Rb(-)u vdr = (HYu, H*), wu,v€ Q= HLR)C L*(R).

(4.3.2)
Other boundary condition that lead to the positive definite form A are also possible. We
pick the Dirichlet boundary condition to ease the technical side of the presentation. This,
as before, does not lower the level of generality.
For definiteness, we use the finite element space

V; ={ue R ) 1 V| is a linear function} C Q

and remark that other more general finite element spaces could have also been considered,
see [42].

An unfortunate restriction on the region R is that it must be such that

Sy = max [Vl

4.3.3
veD(H) [[Hu| ( )

Note that estimates from Section 4.2 did not suffer from this deficit.
A class of efficient a posteriori and a priori estimates for eigenvalue problem proposed
in [31, 42] is based on this Stability property, customarily written as

|’U‘272 < SQ”HUH7 NS D(H) (434)

4The procedure we are about to describe can be applied on higher dimensional problems, too (See
[42]).
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In the case of the boundary value problem Hu = f, (4.3.4) amounts to
|ul2.2 < Sof| f]- (4.3.5)

For boundary value problems (4.2.21)

D
S = vénga(%) M (4.3.6)
is used instead. Error estimates based on Stability property can deliver overly pessimistic
estimates if Sy turns out to be too large.
A posteriori estimates are also known in the literature as local residual estimates, see
[31, 42, 60]. For a priori estimates see [4, 5, 6].
To derive local residual estimates for @ € V} we need:

A trace inequality
lull o) < Cr(di " full 2 + di”|| Dull ), w € HY(R) N Q
and approrimation estimates
|u — mqul| < Cy d ?|ulas, u € H*(R)NQ, (4.3.7)
lu—mqull gy < Cy dlulz2, u€ H*(R)N Q.
Here, we have taken 74 : H2NQ — V! to be the interpolation operator. A similar analysis

can be performed for the residual of a boundary value problem.

We use several results from [31, 42] which are summed up in the following theorem.

Theorem 4.3.2. Let H be the operator of the type (4.53.2). We assume that R is a
polygonal domain and that the Dirichlet boundary condition is imposed. Let rz and r2 be
the residuals for Problems (4.2.23) and (4.2.21) and © € V), then we have the estimates

| (ra, v) | < Cr,l|d ®Ral||v]22, veE H*NQ (4.3.9)
| (ra, ) | < CL||d Ral|[v]12, ve H'NQ (4.3.10)
| (r2,v)| < CL|ld RY||vha veH'NQ. (4.3.11)

The functions 71, Ry, Rk € L*(R) are defined element vise by the formulas
cﬂ = di = diam(K),
K
RY| . = [HU — bl + i 0ol(K)[7V2 || [(AV@)*n]|| 12 oxc),
Ryl = [HU — it i + dig* ool K)|~V2 | [(AVE)* 1) | 12 ox¢) -

Here, [(AVu)*n] denotes the jump across OK (K € 1,) of the exterior normal derivative
(AVu)*n
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In general situations assumptions (4.3.7) and (4.3.8) are too restrictive. To prove
(4.3.10) and (4.3.11) we need interpolation error estimates that are valid for allv € H'NQ,
but functions in H'(R) need not be continuous. To establish estimates like (4.3.7) and
(4.3.8), we need a notion of a more general interpolation operator. We do not go into more
details here, but point the reader to [31].

Theorem 4.3.2 and (4.3.5) imply

| {rz: v) | 2
illa-2 = <L 4.3.12
HT ”H Ieril)a(“ﬁ) ”HUH SQ CTde R ” ( 3 )
max 2O g oz (4.3.13)
veQ(H) [H/ 20| = a
1721 = ax s, 0)| UM < S, Of||d Ry (4.3.14)
o(m) |[H2v| ~ T

The local residual estimates of this type deliver realistic estimates when we have a small
stability constant S;. Note that in a convex polygonal region R C R? we have (for the
proof see [7])

[ul22 < [|Aull,  u € Hy(R).

Remark 4.3.3. An estimate of the type (4.3.14) is envisaged to be used, in conjunction
with the estimate from Theorem 4.2.14, to deliver rigorous eigenvalue estimates for a wide
class of eigenvalue problems. In what follows we have a good a priori estimate available,

so we use those instead.

4.3.2 The finite element case studies — revisited

Theorem 4.3.1 is temptingly simple. In order to make use of it one is prepared to ignore the
additional regularity constraints. However, as the case studies will show, succumbing to
this temptation, without further consideration, does more than just restrict the generality
of the method. The most important feature of numerical analysis is to correctly identify
the measures of the stability of the problem. Our suggestion, based on the paradigm from
(60, Verfiirth], is to keep the stability analysis of the eigenvalue problem fully separate
from the regularity requirements necessary to measure the residual. Furthermore, it is to
be attempted to measure the residual under the minimal regularity constraints. The use
of the more regular residual measure |[rz|/g-2 can force the appearance of unpleasantly
large “regularity” constants in (4.3.7).

As an illustration we take an eigenvalue bound from Theorem 4.3.1 and compare it to
the bound obtained from the “sandwich” inequality (4.2.46) and Theorem 2.6.1. In order

to get a fair comparison we will limit ourselves to the case sin@vé = 0.
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Let H be the operator defined by the form (4.2.39). For a regular triangulation and
the interpolation operator g : H? N Q — VJ we have the following approximation result,
see [4, 30]

846 8+v/6
o —mal] < YO Y 21a), (43.15)

Plolgy < —————
vre—var =
o — mavll g < 1.207dJu]5, < 1.207d]| Aol (4.3.16)

Trace inequality takes the form of

0]l 2 om0y < /8 + 4V2 (2|0 p2(xg) + A2 D[ 12 (k)

for any v € H' N Q and K € 7.

The bound from Theorem 4.3.2 reads, assuming ||u| = 1,

P PR g BV \/Z (T2 a2 ol

8v/6 .
Va2 - vap "

P gy B \/Z (Tl a2 )

~> PFEM ‘= [

On Figure 4.6 we see a comparison of the bounds from Theorems 2.6.1 and 4.3.1. The gap
v is roughly 0.2 so Theorem 2.4.1 guarantees that g matches A; in all of the theorems.
A bound based on Theorem 4.3.1 and on local residual estimate for ||7||g-2 yields an
estimate of the error that is superlinear in d. Yet, it underperforms, even when compared
with the bound based on sin® = O(d) ( see Section 4.2.4), due to the large size of the
approximation constant in (4.3.15).

To see that this is not the fault of Theorem 4.3.1, but rather of our inability to accu-
rately estimate the “—2"-norm of the residual, we will reconsider Problem (2.7.7). The-
orem 4.3.1 yields strikingly accurate estimates when applied to the operator in Problem
(2.7.7), even in the presence of the large stability constant So. In 1D we have D*u = 9, u,
so (4.3.3) reads

[|Orzua| _ [|Orzu| _ 0°
weDH) ||[Hul|  wep@) || — Oppu — au||  —472a + 62

SQ(Oz) =
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Figure 4.6: Direct estimates for the 2D-model problem.

As a — 0%/(2m)? the stability constant Sy(«) goes to infinity. For this example the Ritz
values and the Ritz vectors (assuming a = 0) are given by the formula

1 — cos(d(—0(2m) " + k))

= 6d2 4.3.17
k) 2 1 cos(d(=0(27) T+ k)’ (43.17)
wap = [1 (N (D)) (V) (4.3.18)
for k=0,..., N — 1. In the usual notation we have
M1 = H(d,0) — &, U1 = U(d,0)-

The residual estimates in Theorem 4.3.2 are extremely simple in 1D since the boundary
terms in (4.3.9) disappear. More importantly, the interpolation estimates (4.3.7) and
(4.3.8) can be computed with optimal constants, see [31],

1 1
v = mav|| < — d2|v\272 == d?|| 00| (4.3.19)
1 1
‘U — 7TdU|172 S —d‘U|272 = — dHamvH (4320)
T T

The estimate for the eigenvalue problem reads

1

2

‘)\1_#1‘

Al Sy(a)d?. (4.3.21)

1
<la+ M1|;52(04)d2 = H(d,0)
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Figure 4.7: Direct estimates for the 1D-model problem

Now, observe that
62 d? o d* g°

= O(d®
tao) = 175+ 1gaa  msoaome T O
and our bound allows us to conclude that ‘)‘1)\;1“1' = O(d?). On the other hand,
M1 — )\1 i 94 d2 96 d4

+0(d)°

A 48w (—A7ra+62) 5760 (476 o — 74 62)

and we see that estimate (4.3.21) is of the optimal order. We have established that
sin® = O(d), so we cannot expect (at least asymptotically) to have an estimate that is of
higher order than quadratic in sin®. The large value of Sy(«) does not hurt the estimate
(4.3.21) since d? decays fast enough. We plot all of the bounds on Figure 4.7.

For this example we compute all the estimates exactly using formulas (2.7.19), (4.3.18)
and (4.3.21), as well as using the formula (4.3.17) to compute the actual errors.

A deficiency of a result like Theorem 4.3.1 lies in a difficulty to incorporate a mechanism
to localize the approximated eigenvalues. Some natural set of a priori assumptions has to
be specified to tell us when we are approximating only the desired eigenvalues with the
measured accuracy. The character of Theorem 4.3.1 is that it gives an estimate of the
distance to the nearest eigenvalue regardless of how many other eigenvalues are clustered

together in its neighborhood. On the other hand, the a priori assumptions on the relation
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between the spectral gap and the sin® appear to be a natural requirement. This can best

be observed in the proof of Theorem 3.3.8.

4.4 Conclusion

We have shown that the ability to compute relative eigenvalue approximation estimates,
by an application of a theorem from Section 2, is equivalent to the assumption that we
can construct a subspace V such that )} and V satisfy a saturation assumption for the
computed Ritz vector x. An efficient method for obtaining eigenvalue estimates should be
based on the construction of equivalent finite dimensional energy norms. Such norms can
be constructed under very weak regularity assumptions on the domain R. Estimating the
residual directly often leads to estimate that can suffer from unnecessarily high regularity
requirements. Furthermore, successful application of the higher order estimates requires
a careful localization of the approximated (unknown) eigenvalues. From the discussion
of the splitting methods of approximating the solution of the stationary problem (from
2, 14, 66]) we see that an approach through the construction of alternative energy norms
leads to the construction of efficient and asymptotically sharp eigenvalue estimates under

minimal regularity constraints.

Contributions in this chapter

Here we have presented an application of the results from Chapter 2 to the problem of
estimating the quality of the finite element spectral approximations. We now list the main
contributions in this chapter:

e We have reduced the analysis of the spectral problem to the analysis of the auxiliary
stationary problem (Problem 4.1) with the computed Ritz vector x as the right hand
side. Furthermore, an abstract condition (the saturation assumption) necessary
to define a finite dimensional procedure to assess the residual measures has been

introduced, see Section 4.2.

e We have provided a joint abstract framework to obtain eigenvalue, eigenvector and
invariant subspace estimates for finite element spectral approximations, according
to Corollary 4.2.5, Theorem 2.5.2 and Theorem 4.2.10.

e A “sandwich” inequality, relating the H™'-norm of the Ritz vector residual and sin®
has been established, see Section 4.2.3 and Theorem 4.2.13.
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e We have introduced a new target function, based on the measure of the oscillation
of the computed Ritz vector, which can be used as an indicator for mesh refinement.
This is envisaged as a companion to the residual refinement techniques of [48], see
Section 4.2.2 and Theorem 4.2.15.

e A method to derive computable estimates for the eigenvalues and the eigenvectors
of operators defined on the regular domains, as well as detailed comparison with the

direct residual measures, has been provided, see Section 4.2.4 and Section 4.3.

For other minor contributions we refer the reader to local references.
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