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Abstract

Operator preconditioning based on decomposition into subspaces has been developed
in early 90’s in the works of Nepomnyaschikh, Matsokin, Oswald, Griebel, Dah-
men, Kunoth, Riide, Xu, and others, with inspiration from particular applications,
e.g., to fictitious domains, additive Schwarz methods, multilevel methods etc. Our
paper presents a revisited general additive splitting-based preconditioning scheme
which is not connected to any particular preconditioning method. We primarily
work with infinite-dimensional spaces. Motivated by the work of Faber, Manteuf-
fel, and Parter published in 1990, we derive spectral and norm lower and upper
bounds for the resulting preconditioned operator. The bounds depend on three pairs
of constants which can be estimated independently in practice. We subsequently
describe a nontrivial general relationship between the infinite-dimensional results
and their finite-dimensional analogs valid for the Galerkin discretization. The pre-
sented abstract framework is universal and easily applicable to specific approaches,
which is illustrated on several examples.
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1 Introduction

Numerical solution of boundary value problems formulated via partial differential
equations (PDEs) consists of several tightly interconnected steps. First the math-
ematical model is analyzed, which leads to the appropriate concept of solution
of the infinite-dimensional problem, such as the weak solution using the associ-
ated function spaces. Then the problem is discretized, giving the finite-dimensional
matrix-vector representation, and subsequently the approximate solution of the dis-
cretized problem is computed. Although it is of no particular importance in this text,
we emphasize that the discretized problem is not solved exactly, apart from triv-
ial cases. In solving large discretized problems, an approximate solution is typically
computed iteratively. In order to ensure computational efficiency (in the sense of
computing time or energy consumption), the discretized problem is typically trans-
formed into a problem that is easier to solve via the given iterative process, which
can not be generally identified with minimizing some single-number characteristics
such as the condition number. Such transformation is nevertheless historically called
preconditioning.

In the recent book [41], it is argued that formulation of the infinite-dimensional
problem using function spaces, its discretization, preconditioning, and computation
of an approximate solution using appropriate stopping criteria should be considered
as inseparable parts of a single effort. As argued by many authors, it is useful to
link preconditioning considered in algebraic matrix computations with the infinite-
dimensional operator formulation of the problem and with its discretization using the
concept of operator preconditioning.

1.1 Operator preconditioning

The ideas of operator preconditioning were developed in the 90’s independently by
several authors; see, e.g., Klawonn [35, 36] and Arnold, Falk and Winther [1, 2].
They were immediately used and further developed in many works. Even before that,
a seminal paper by Faber, Manteuffel, and Parter [22] analyzed closely related con-
cepts of norm equivalence and spectral equivalence of operators, with references to
the early papers of D’Yakonov [19, 20] and Gunn [29, 30]. Another line of devel-
opment can be represented by the works of Matsokin and Nepomnyaschikh [43,
46-48], Oswald [50-52] and Dahmen and Kunoth [17], which are closely related to
the multilevel methods and multilevel preconditioning; see the summary and the list
of references in the paper by Axelsson and Karatson [7] and in the introduction to
Chapter 2 of the book [56]. Classical related references are, e.g., [9, 12, 13, 23, 28,
34, 42, 60, 61, 63, 65, 66]. This paper will build upon [41] and, motivated by [22],
[56, Chapter 2], [54, Section 3], and [53, Chapter 4], it will revisit an abstract for-
mulation of operator preconditioning based on the idea of decomposition of Hilbert
space into a finite number of infinite-dimensional subspaces.

We will now outline the main ideas, with detailed descriptions (including refer-
ences to the literature) provided further in the text. Using a real (infinite-dimensional)
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Hilbert space V and its dual V# consisting of all linear bounded functionals from V
to R, we will consider the functional equation in V#

Au=b, where A:V > V* beV* ucv. 1
We will assume that A is linear, bounded, coercive, and self-adjoint
(Au,v) = (Av,u) forallu,v e V.

Some statements given throughout the text allow for a more general setting. By the
Lax-Milgram lemma the solution u € V of (1) always exists and it continuously
depends on the right-hand side b € V#. The given setting represents, e.g., the weak
formulation of linear second-order elliptic PDEs that generate self-adjoint operators;
see, e.g., [41, Chapters 1-3]. It is worth noting that although the original differential
operator is in the classical formulation typically unbounded, the representation (1)
using the appropriate Sobolev spaces uses bounded operators A : V — V# and
bounded functionals b € V¥,

Operator preconditioning can, in its general form, be formulated using the Riesz
representation theorem. Considering any inner product

(,)%:VxV->R

on V (that is, in general, different from the inner product (-, -)y related to the defini-
tion of the Hilbert space V) and the associated Riesz map 7, : V¥ — V,itis possible
to write the problem (1) as an equation in the solution space V:

wAu=1b, TA: V>V, tbeV, ucV. 2)

Since 7, is isometry, the operator 7.4 on V is bounded and coercive. It is self-adjoint
with respect to the inner product (-, -)4.

Equivalently, operator preconditioning can be formulated using a linear, bounded,
coercive, and self-adjoint operator B : V — V* that defines the B-inner product

G,)B:VxV->R, (wv)p:=(Bw,v) forallw,veV, 3)

where (-,-) : V¥ x V — R is the duality pairing associated with V and V¥,
Using the Riesz map ti determined by (-, ) and the easily derived equality
g=B"1:V* > V, the problem (2) is written as

BlAu=B"'"9 Bl'A: V>V, Blbev, uev. 4)

The question to be addressed next is which relationship between the operators A
and B can ensure that the transformed (preconditioned) problem (4) can be easily
solved by a particular iterative method. The description in the following subsection
addresses limitations of using single-number characteristics such as the condition
number in evaluation quality of preconditioning. Discussion of such limitations is
typically missing in literature on operator preconditioning and on iterative methods
using space decompositions.

1.2 Norm and spectral equivalence, condition, and spectral number

This question is, in general, very difficult to handle. For stationary iterative meth-
ods (and, more generally, for methods based on contraction) the question can be
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addressed by an appropriate single-number characteristic, such as the condition num-
ber. This is also where the term preconditioning founds its origin. Most of the
numerical PDEs-oriented papers limits the description of iterative methods to lin-
ear iterations, where the simple contraction-based argument is sufficient. For highly
nonlinear iterations such as Krylov subspace methods, any single-number character-
istic is insufficient for describing convergence behavior and its use can be highly
misleading; see, e.g., [41, Chapter 11], [40, Chapter 5], and [27]. In relation to the
abstract Schwarz theory, the point is made very clear in [53, Section 4.1, pp. 83-84].
Nevertheless, single-number characteristics can, even in such cases, be useful as first
indicators and they are sufficient whenever the guaranteed number of the resulting
iterations is very small.

We are well-aware of the limitations of single-number characteristic descriptions,
as can be documented by the front cover of the monograph [40] where the pre-
sented figure symbolizes several serious misconceptions related to condition number
bounds for the conjugate gradient method widespread in literature. For the reasons
mentioned above, we nevertheless use single-number characteristics throughout this
paper. But we strongly point out that this cannot be the end of the story; see, e.g.,
the recent paper [26]. We will use the concepts of norm equivalence and spec-
tral equivalence of operators as presented in [22], and the related condition number
and spectral number characteristics of the preconditioned operators. The presented
abstract framework goes in this sense beyond, e.g., [57, Section 4] and other works
where the investigation boils down to the study of spectral equivalence.

Consider the operators A, 3 given above. The operators A and B are called V*-
norm equivalent on V if there exist constants 0 < o« < B < oo such that

Aw
= [ Aw|ly#
| Bw|y#

and they are called spectrally equivalent on V if there exist constants
0 <y <6 < oo such that

Aw,

y < AW s orall we V,w £ 0, 6)

(Bw, w)
see [22, Section 1.1, relation (1.16) and Section 1.2, relation (1.20)]. If « is close
to B respectively y is close to §, then (5) respectively (6) represent a strong (geo-
metric) relationship between the operators .4 and 3, and we can expect that this will
positively affect properties of the preconditioned operator B! A. Such properties
are in literature on operator preconditioning typically characterized by the condition
number

<pB, forall weV,w##0, (%)

k(B7A) = 1B~ Allzw, v A7 Bllgw,v)- @)

Motivated by algebraic preconditioning of linear algebraic systems with finite

matrices (see also [22, Section 1.1, in particular relations (1.12) and (1.13)]), we will

introduce the spectral number of the pair A, B. With the Riesz map 7 : V¥ — V

defined by the inner product (-, -)y, t.A and t85 are linear, bounded, and coercive

operators on V that are self-adjoint with respect to (-, -)y. Taking the (uniquely
determined) square root (see, e.g., [24, Theorem 6.6.4])

@B v v, (8)
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the preconditioned system (4) can be rewritten as
@B V2t AE@B) TV ?w = (B) "% 1, 9)
where w = (t18)!/?u. Considering the preconditioned operator
Q0 := @B VPt ACB)? v > v,
the spectral number & (A, B) of the pair A, B, is given by

SUpey, |-y =1 (EB) 2T A@B) 1?2, 2),,
infyev, oy=1 (@B "2t AB)~12v,v),

_ SUPzev. 2=t (Qz, Z)V7 (10)
infyey, Ju)y=1 (QV, V)y
_ sup{r e o (B~ A)} (11
inf{A € o(B-1A4)}
Clearly, < (A, B) is determined by the shortest interval that contains the spectrum
o (Q) of Q which is identical to the spectrum o (B! A) of B~ A. We will also prove

that (10) can be rewritten in terms of norms as

SUP.cy |-y =1 1Qzllv
infyev, uv=1 1QVIv’

which does not seem entirely obvious and the proof does not seem to be present in
literature (see Theorem 1 in Section 2 and its proof given in Appendix, in particular
relations (127) and (129)).

We point out that the condition number x(B~'A) should not be confused with
the spectral number & (A, B). Since B~! A is not generally self-adjoint, there is
no simple relationship between these two characteristics. Even more important, it
should be emphasized that the concepts of norm and spectral equivalence of infinite-
dimensional operators are not equivalent. For finite matrices norm equivalence deals
with the singular values while the spectral equivalence with the eigenvalues (or, more
generally, with the field of values). For linear compact infinite-dimensional operators
that are positive and self-adjoint the norm equivalence implies spectral equivalence
but not vice versa; see [22]. For more general setting, the relationship between these
two concepts seems unresolved; see [32]. Even within the setting with linear,
bounded, coercive, and self-adjoint operators, it is useful to investigate both con-
cepts'. This allows generalizations that can be used in a wider context.

In this paper, we will not investigate in full the relationship between (5), (6), (7),
and (10). There seem to be much to be done in that direction and therefore such
investigation is beyond the scope of this text; see [32]. We will use (5) and (6) for
stating some basic results about (7) and (10).

12)

k(A B) =

I'Spectral equivalence (6) is in literature called also norm equivalence, which refers to the fact that for
A, B as above it represents estimating the ratio of the energy norms defined by the operators .4 and B.
Without making a distinction from the concept of norm equivalence (5), this ambiguity of notation can
lead to further misunderstandings.
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1.3 Decomposition into subspaces

The outlined setting will be used for the description of preconditioners based on
decomposing the Hilbert spaces V and V¥ into a finite number of infinite-dimensional
subspaces. This enables construction of preconditioners for each individual sub-
spaces with using them subsequently for assembling the global preconditioner.

The bounds derived using the norm and spectral equivalence on the infinite-
dimensional operator level are independent of any discretization (see, e.g., [31]) and,
as shown below, they carry over (in the norm equivalence case with an additional
technical term depending on the discretization basis) to Galerkin discretizations using
finite-dimensional subspaces. This is important because the bounds on convergence
of iterative methods for solving algebraic problems that can be subsequently devel-
oped are automatically independent of discretization (apart from the technicality
mentioned above). In most of the published literature, the investigation proceeds
from particular discretizations and preconditioning, and the bounds have to be proved
for each approach separately. In other words, infinite-dimensional results are essen-
tially identified with their finite-dimensional applications, and the information on
whether the spaces are finite or infinite-dimensional is not used. Infinite-dimensional
results are in such approaches applied directly with the constants associated with
the finite dimensional problems. Therefore, it is difficult to see to which extent
can be the possible ill-conditioning negatively influenced by the inappropriate
discretization.

The presented setting is minimalistic in assumptions yet it covers many traditional
approaches. It can be used beyond the finite element method (FEM) and structures.
While using infinite-dimensional Hilbert spaces is essential, we do not consider
decompositions to infinite many subspaces. The reason is twofold. First, no practi-
cal method used in computations can benefit from such setting. Second, even from
the purely mathematical point of view we consider infinite decompositions artificial
with no substantial mathematical contribution. The difficulties of infinite decompo-
sitions in comparison with finite decompositions are in literature simply resolved
by strong assumptions on unconditional convergence of the associated infinite
series.

In the presented general infinite-dimensional setting we avoid features such as
fictitious spaces, additional mappings, and projections, which helps in simplicity
of the whole exposition and clarity of the statements. The fictitious space lemma
from [43], [48, Lemma 2.3], [46, Lemma 2.2] that is used, e.g., as a base of derivation
in [53, Chapter 4], within our notation states the equivalence of (6) with (see [22, 32])

(f, B~ f) #
y < —— <4, foral feV" f#0, (13)
(f. A7LS)
i.e., the operators A and B given above are spectrally equivalent with the constants
y < 8 if and only if the inverses B! and A~! are spectrally equivalent with the same
constants. As mentioned above, the simplicity of the chosen framework and notation
will help in application to various approaches.
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1.4 Structure of the paper

Section 2 presents the description of the basic setting and notation. Section 3 recalls
the concept of operator preconditioning and gives the bounds on the condition num-
ber and the spectral number of the infinite-dimensional preconditioned operator. It
is pointed out in detail that the condition number of the preconditioned problem
should in general be distinguished from its spectral number. Section 4 gives newly
formulated and proved consequences for the matrix formulations of the discretized
problem when the general Galerkin discretization is used. Abstract splitting-based
preconditioning is described and investigated in Section 5. In addition, this section
presents error bounds based on the residual of the preconditioned problem and on the
locally preconditioned residuals. The link to the well-known context of stable split-
ting is briefly outlined in Section 6. In Section 7, the presented framework is applied
to several examples. The paper closes with conclusions. The appendix presents the
proof of the characterization of the coercivity constant of the operator via the norm
of its inverse, which seems to be absent in literature. We have chosen the proof
that illustrates the difference between the finite-dimensional and infinite-dimensional
setting.

Within the paper, we consider linear operators on real Hilbert spaces (i.e., real
complete inner product spaces). Whenever the results on the infinite-dimensional
operators A and B presented in this paper are linked with the results on their finite-
dimensional analogs (matrices) that arise from discretization, it is understood that
within our setting A and B are bounded operators on infinite-dimensional Hilbert
spaces that have bounded inverses. Therefore, by standard functional analysis results
(see, e.g. [41, p. 63], [3, p. 282], [37], [15, p. 174], [18, p. 486], and [4, p. 98]), A
and B can not be considered as limits of their discretized counterparts in any norm (a
sequence of compact operators can converge in norm only to a compact operator).

For algebraic vectors, we will always denote by || v|| the Euclidean norm of v. The
associated induced (operator) matrix norm equal to the largest singular value of the
matrix A is denoted as ||A||.

2 Basic setting
The following notation is mostly adopted from [41]. Let V be a real Hilbert
space with the inner product (-,-)y : V x V — R and the associated norm
|- llv :== /G, -)v. Let further V¥ denote the dual space of bounded (continuous)
linear functionals on V with the duality pairing

() VExV SR (14)

and the dual norm

Ifllye = sup  (f v).

veV, |vllv=1
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The Riesz representation theorem associated with the inner product (-, -)y pro-
vides an isometric isomorphism between V and V¥ given through the Riesz map
7: V¥ — V.Foreach f € V¥ there exists a unique tf € V such that

(tf,v)y :=(f,v) forallveV, (15)

with
Izfilv = I1fly#. (16)
Throughout this text we will consider the equation (1) or, equivalently, the problem
tofindu € V: (Au,v)=(b,v) forall veV. 17

In terms of an associated symmetric bounded (continuous) bilinear form
a(-,):VxV >R, a(u,v) := (Au,v) forall u,veV (18)
the problem (17) is expressed as
tofindu € V: a(u,v)=(b,v) foral velV. (19)

As mentioned above, A is assumed to be linear, bounded, coercive and self-adjoint,
with the associated boundedness and coercivity constants defined as

Cy:= sup | Av|ly+ < oo, (20)

veV, flvlly=1

and
cA = inf  (Av,v) > 0; (21)
veV, [lufly=1
note that under the given assumptions A represents an isomorfism between V and
V# (by the Lax-Milgram theorem) and therefore A~! exists and represents an
isomorfism between V¥ and V. Obviously

a(v,v) > cA||v||%, forall veV,
la(w, v)| = Callwllvilvlly forall w,veV.

We will further use well-known results from the spectral theory of self-adjoint
operators in Hilbert spaces; see, e.g. [24, Section 6.5]. Because they are formulated
(using our notation) for the operators from V to V, we will use them for the operator
7.A. From the self-adjointness of .4 with respect to the dual map (-, -), we deduce the
self-adjointness of 7.4 with respect to the inner product (-, -)y, and from the fact that
7 is an isometric isomorfism from V* to V, we have

sup It Aully = lltAllzev,vy = 1Al vey = sup [l Aullys. (22)
ueV, ully=1 ueV, lully=1
The coercivity of A allows us to restrict further considerations regarding the spectrum
of 7.4 to the positive part of the real line. The spectrum of t.A lies in the closed
interval [m 4, M 4],

O<my = inf  (Au,u) < (Au,u) = (tAu, u)y
ueV, lully=1
<My = sup  (Au, u). (23)
ueV, lully=1
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Moreover, the lower bound m 4 and the upper bound M 4 belong to the spectrum of
the operator 7.4 but they need not be eigenvalues of 7.4; see [24, Theorem 6.5.9].

It is worth noticing that while the coercivity constant ¢ 4 in (21) is expressed as the
lower extremal point of the spectral interval determined by (23), i.e. c4 = m 4, the
boundedness constant C 4 is expressed in terms of the norms C 4 = ||t Allzv,v) =
Al £(v.v#)- We will therefore complete the description by relating C 4 to the upper
extremal point M 4 in (23) and by relating c 4 to the norm of the inverse opera-
tor [|A~L| £v#,v)- This relationship is used in literature but we have not been able
to locate its proof (it is not difficult but it does not seem to be a one-line observa-
tion). The statement is formulated as the following theorem. Its proof is included in
Appendix.

Theorem 1 Let A : V — V* be a linear, bounded, coercive and self-adjoint oper-
ator. Using the standard definition of the operator norm, the boundedness constant
C 4 and the coercivity constant c 4 can be expressed as

C_A = ||A”£(V,V#) = sup (Au, M) = MA, (24)
ueV, llully=1
(Av, v) 1
cA=my= n v, V) = —
veV, flvlv=1 SUP rev, | £l 4=l 1A= fllv
—1
= {14 e} - 25)
Using this result,
LA™ 2y 01 < @@, 0) < 1Al pm ol forall ve V. (26)

Now consider a linear, bounded, coercive, and self-adjoint operator
B:vV - v

that will play within our setting the role of a B-preconditioner for the functional
equation (1), with Cg and cp defined analogously to (20) and (21), respectively.
Using the operator B, we introduce the 5-inner product (3)

G,I)B:VxV >R, (wvg:=(Bw,v) foralw,veV
and the associated Riesz map
VSV, fevisigfev

defined by
(tgf.v)g:= (f,v) forall feV* veV. (27)

Using this and the definition of the B-inner product,
(w5 f. 05 = (B f,v) = (f,0) (= Lo ),
and therefore the Riesz map 75 associated with B is given simply by

wm=B"1:vF > V. (28)
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3 Norm and spectral equivalence in operator preconditioning

Operator preconditioning can be introduced in several ways. We prefer using the
relationship with the Riesz map. Considering any inner product

(,)x: VXV >R
and the associated Riesz map 7, : V¥ — V defined by
(T f0)s ;= (f,v) forallveV,
the formulation (17) of (1)
(Au —b,v) =0 forallveV
(the weak formulation of the PDE problem) can be equivalently written as
(4(Au) — b, v), =0 forallv eV,

and, consequently, as transformation of the equation Au = f in the space V# of
bounded linear functionals on V into the equation in the solution space V,

wAu=1b, TA: V>V, ueV, twbelV. (29)

This transformation is called operator preconditioning. It can motivate or directly
lead to the construction of acceleration techniques used in order to improve the
behavior of iterative methods for solving associated discretized problems.

With the choice of the inner product (., .)x = (., .)g determined via the operator B
as above, the transformed problem (29) can simply be written as

BlAu=8B", B'A: V>V, uev, Blbev, (30)

which resembles the standard algebraic preconditioning of linear algebraic systems.
It is worth recalling in this context the bounds on the condition number (7)?

kK(B'A) == 1B Al vy A Bligv.y)-

Since
-1 -1 o Az
IB= Allzov,yy = sup  IB7 Azlly = sup B I Az y#
eV, lzlly=1 eV, lzllv=1 I Azl v
_ Ca
< sup 1B~ fllv  sup [ Azllys = == (31)
revEifllys=1 zeV, lzllv=1 B
and, analogously,
_ Cs
LA™ Bl vy < =, (32)
cA
we get an upper bound
CypC
k(B A) < =228 = k(A) k(B). (33)
CB CA

2We point out that in the literature motivated by preconditioning, the condition number « (B~' A) is often
confused with the spectral number « (A, B); see the definitions (7) and (10).
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This bound cannot motivate operator preconditioning. In order to prove practically
useful results (in the sense of bounding the condition number), one has to introduce
anotion of “closeness” of the operators .A and B. The following theorem bounds the
condition number under the assumption of the norm equivalence (5) of the operators
A and B.

Theorem 2 (Norm equivalence and condition number) Assuming that the linear,
bounded, coercive and self-adjoint operators A and B are V*-norm equivalent on 'V,
i.e. there exist 0 < o < B < o0 such that

A
M Al all we Vw20, (34)
[ Bw]|y#
then
1B~ Allv.vy < B, (35)
_ 1
IA™ Bl < ot (36)
Consequently,
_ _ _ B
KBA) = 1B Al v AT Bllew,yy < (37)
Proof For the Riesz map t defined by (15) we have, using (34) and (16), that
A
o< ITANY g all we Vw0, (38)
[t Bwllvy
Substituting w = (t.4)"'u and w = (tB) v, we get
llaellv It A@EB) ~vlly
0<——————<f and 0 <—F—— <f, (39)
leB(z A~ ully lvlly
respectively, forall u, v € V,u # 0, v # 0, and thus
_ 1 _
ItBEA ew.y) =~ and TACB  cw.y) < B (40)

Denote by Q* the adjoint operator to Q : V — V; and recall that
19 zev,vy = 1@ v, v)y-
From the self-adjointness of 7.4 and (tl’)’)’1 we have forallu,v e V,

(B 't A u, v)y = (B 't Av, u)y = (zB) " u, tAv)y
= W, tACB) )y = CACB) u, vy,

and thus ((tB)~'t.A)* = t A(xB)~!, which results in
1Bt Allcw.vy = IEB T A zv vy = ITAGCB)  Hewyy. @)

Similarly,
Iz A e Blew.vy = ITBEA e v, (42)
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Considering an arbitrary w € V, w # 0, (41) and (39), we get
1B Awlly 1B 't 't Awlly 1Bt Awlly
lwllv lwllv lwllv
which proves (35). Similarly, for arbitrary w € V, w # 0, using (42) and (39) we get
A Bully _ A e Bully _ I A By _ 1
lwlly lwlly lwlly T a
which proves (36). Relation (37) then trivially follows. O]

< B8, (43)

; (44)

For B close to «, the bound (37) proves that the condition number x (B~! A) is small
irrespectively of the values of the constants c 4, C 4, cg, and Cp.

Corollary 1 Inequalities (35) and (36) in Theorem 2 mean
1B~ Avlly IA~ Buwlly

1
<B, ———<—, forallv,weV,v#0, w#0.
lvllv lwllv o

Substituting v = A~ f and w = B~ g, we get

1B~ fllv A glly 1 s
= L <, =L < forall f,geV* f#£0,g#0
ATy =P BTy So Srethes VL I E0E
or, equivalently
1B~ fllv “
o< ———— <8, forall feV" f#N0. (45)
A= £y

We have just shown that (34) implies (45). Analogously, (45) implies (34). Thus the
V*.norm equivalence of A and B on V with constants a and B in the form (34) is

equivalent to the V -norm equivalence of B~' and A~" on V¥ with the same constants
in the form (45).

Remark 1 The self-adjointness of A and B is used in the proof only for the com-
mutativity argument in (41). Theorem 2 and Corollary 1 therefore hold also for
commuting non-self-adjoint operators A, B : V — V¥ (i.e., within our setting,
satisfying t.A B = 1B t.A) that are bounded and coercive.

The following theorem bounds the spectral number under the assumption of the
spectral equivalence.

Theorem 3 (Spectral equivalence and spectral number) Assuming that
the operators A and B are spectrally equivalent on V, i.e. there exist
0 <y <68 < oo such that

A 9

ySMSS, forall weV,w#0, (46)

(Bw, w)
then
SUPzev, |Izlly=1 ((TB)_I/zfA(TB)_l/zz’ Z)V

(A, B) :=
KA B = el (B AGB) v, v),

(47)

=<

1)
v
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Proof From (46) we have forallw € V, w # 0
< (tAw, w)y - 48)
(tBw, w)y

For B : V — V consider the uniquely determined linear, bounded, coercive, and
self-adjoint square root (tB)1/2 : Vv — V such that (tB)'/2(xB)'/? = tB. Thus,
(tBw, w)yy = ((zB)?w, (tB)/?w)y for w € V. Substituting

w = (rB)_l/zv
in (48), we getforallv e V,v # 0
—-1/2 —1,2
)/<(LA@B) v, (tB)” “v)y <§

- (v, v)y
1/2

and, using the self-adjointness of (t5)~

) < (B Ve A(B) V20, v)y

< <.
(v, v)y
This leads to
sup ((IB)_I/z‘rA(rB)_IﬂZ,Z) <,
zeV, llzlly=1 v
inf (@B PeAGB) 0, 0) =y,
veV, [vllv=1 1%
which yields (47). O
We note that within our setting, we have trivially
, C
C_ASW—ME—A, forallw e V, w # 0, (49)
Cp (Bw, w) B
and C.AC
R(AB) < =285 = (4 k(B), (50)
CcB cA

which, however, does not consider a possible link between A and B, and it can be
therefore impractical.

In the following section, we will examine the condition and the spectral numbers
of the preconditioned discretized system matrix that arises from the general Galerkin
discretization without any reference to a specific construction of the discretization
basis.

4 Condition and spectral numbers of the matrix representations
of discretized operators

In order to perform numerical computations, the problem (1) must first be discretized.
Using an N-dimensional subspace V), C V, the abstract Galerkin discretization looks
for the approximation u, € Vj, up ~ u € V satisfying

(Aup, —b,v) =0 forallveV,. (51
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In other words, the discretized approximation u, gives the residual
b— Auy € v#

that is orthogonal to the subspace V), with respect to the duality pairing (-, -). This
property is called Galerkin orthogonality. The same residual restricted to Vf is iden-
tically zero, which results in the discretized functional equation below. Considering
the restriction Ay, : Vj, — V}f of the operator A such that

(Apw,v) = (Aw,v) forall w,v e Vy, (52)
and the restriction by, : V;, — R of the functional b to Vf , (51) is written as
(Apup, — bp,v) =0 forallv eV (53)
or, in the operator form, as the equation in the N-dimensional functional space
Apup = by, up €V, bpe Vi, Ay:Vy— Vi (54)

Considering further the inner product (., .) and the associated restricted Riesz map
8.5 - V;f — Vj,, we finally get the abstract form of the preconditioned discretized
problem

Ay = t8.0bn, up € Vi, by € V:, Ap V= Vf. (55)

We note that the subscript % is used for convenience of notation in possible mesh-
based implementations (using, e.g., the finite element method, where it characterizes
the size of the mesh elements). The abstract formulation used here is, however, more
general and it is independent of any notion of mesh or mesh-related discretization.

4.1 Matrix representations of the discretized problem

The matrix formulation of the discretized problems is obtained in a standard way.

Consider a basis &, = (¢1,...,¢n) of V, and the canonical dual basis del =
@], ....0%) of V3
(¢?, ¢j) =d;j, i,j=1,...,N, or, using matrix notation, (bel)*cbh =1y,

where Iy denotes the N x N identity matrix. We wish to construct a linear algebraic
system

M, 'Apxy = M, by, AR, M, e RVY x, e RV, by e RY, (56)

where A, represents the discretized operator Ay, M;l the discretized preconditioner
13.1, by, the discretized right-hand side functional by, and x; the coordinates of the
approximate solution u, in the basis @y, (recalling that z* means the transpose of the
vector z)

xp = (@}, un), ... (@ un))*.
This algebraic system is obtained using the following equalities

Apup = Ap®pxy, = q)zAhXh,

3Here for simplicity of notation, we omit the subscript / in the individual basis functions.
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where
Ap @), =: ®F Ay, (57)
An = (a6, 4™ = (140, o) ,
n=\a@;". ¢;") LN (Ao, ¢;77) LN
or, using symbolic notation,
Ap = (AD))* Dy, (58)
and
Aty = 18, A uxn = 18, PhALX, = OpM;, ' Ayx),
B.ubn = rB’hCfobh = q>hM;1bh,
where : .
] = oM M= (B 6() (59)

or, using symbolic notation,
M, = (B®,)* @y, (60)

Here, the representation of the restricted Riesz map 75 is based on the equalities
that hold for any N-dimensional vectors v and f, with f = @‘zf, v=>&,v, 18 CD'Z =
&, M; for some M, € RV*N,
Vit = (fiv) = @B f )5 = (B aPhE, Piv)p = (P4M:f, P4v)5
= (B®,M.f, &,v) = v’M; M. f,
and therefore M; = M;l,
B0 = oM, . (61)
Finally, the preconditioned algebraic system can indeed be written in the form (56)
M;lAhxh = M;lbh,

or, using the factorization My, = M;;/ ZM}/ 2, as

(M,,—l/zAhM,j‘/z) (M}/th> =M, b, (62)
or _ ~
A, X, = b, (63)
where
~ - -1/2 1/2 =~ —1/2
Aow =M, 20,M, 2 X =M%, b =M, by
It is worth noticing that the discretized form of the problem (56) allows many dif-
ferent factorizations of My,. Instead of the square root of the operator M, we can

consider an arbitrary decomposition M, = Lj;Lj, which can be more practical
computationally. Then we can write
A Xy, =bj, (64)

having in this case
Ly A L) X)) =L, by, Ay =Ly AR T

r ., r . -1
X, = LZX;,, bh = Lh bh.
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Due to
LMy~ =1 (M2 ™) =1y (65)

we have
Cingl/2\ 7! Ciagl/2\*
(Li'm?) = (L'm?)

ie., L;lM}ll/ % is an orthogonal matrix. For any given Lj, there is therefore an
orthogonal transformation

M2 - M2 (ML) =1,

from M,l/ % to Lj.

The transformed system (64) can moreover be obtained mathematically equiva-
lently (this term is used in order to indicate that mathematical equivalence does not
necessarily mean equivalent computational efficiency or accuracy in practical com-
putations) by first orthogonalizing the discretization basis with respect to the 5-inner
product

Oy = 0L @f, = fLy,
D= (.. By PFy =@, oY)
which indeed gives (using the symbolic notation My, = (B®p)*®y,)
(B, ) @1 = Ly (B @, (L)~ = Ly ' ML)~ =y,

and subsequently forming the matrix of the algebraic system (63) using (57) with the
basis &, replaced by ®; ;; cf. [41, Chapter 8].

In summary, there is a deep connection between discretization of the infinite-
dimensional problem and preconditioning of the discretized algebraic system. In
addition, any algebraic preconditioning can be viewed as orthogonalization of the
discretization basis with respect to the appropriate inner product (for details see [41]).

4.2 Condition and spectral number of the preconditioned system matrix

As mentioned above, the question of the rate of convergence of an iterative method
applied to the preconditioned algebraic system (63) is typically reduced to estimates
of the contraction factor based on the condition number of the preconditioned system
matrix. We will leave aside the question when such an approach leads to descriptive
results and which (more or less restrictive) assumptions must be considered whenever
it is applied to practical problems; for a detailed discussion of these important topics,
we refer to [41, Section 5.2 and Chapter 11] and [40, Section 3.5 and Chapter 5]. In
the rest of this section, we will describe bounds on the concﬁtion and spectral numbers
of the matrices A, j (that include also the special choice A; ;) and M;lAh in terms
of the properties of the operators A and B. The following theorem that generalizes
the results from [22, Section 3, in particular Theorem 3.10] is the finite-dimensional
analog of Theorem 2.

@ Springer



Numerical Algorithms (2020) 83:57-98 73

Theorem 4 (Norm equivalence and condition number) Consider the assumptions of
Theorem 2. Let Sy, be the Gram matrix of the discretization basis ®, = (¢1, ..., dN)
of Vo C V, Spij = (qﬁi, ¢j)v, and Ay, My, be determined by (58) and (60),

respectively. Then the condition number of the matrix M;lAh is bounded as

_ _ - p
(M Ap) = MG Al IAG ML < = K (S). (66)
Proof Forw = ®,y,y € RV, we have
(PFARY, u) (PhARY, Prz)
lAwllys = [PfAyllys = sup —A—-"— = sup A
ueVy, u#0 (17218% ZeRN | 20 |Przlly
Ay Z*Ayy

= p = sup .

2eRN 720 [ PHZIV  4erN | 720 V2*SiZ

Setting z = S;l/zv and using (S;l/z)* = 8;1/2 leads to

—1/2

-1/2
v*S Ahy
lAwlys = sup —L—"% = IS, “Apyll.

VERN  v£0 vl
Analogously,
# —-1/2
[Bwlly+ = |P;Mpylly+ = IS, "Myl
Then,
B
o

[Aw]ly+ [ Bvlly+

> sup
weV, w#0 |Bwlly# veV, v#£0 L Av]ly#

[ Aw]ly+ [ Bvlly+

> sup
weVy, w#0 ”Bw”V# veVy, v£0 “AU”V#

—1/2 —1/2
_ IS, 2 Anwi IS, '*Myv]
= Sup -~ ———  su sy, pa—
weRN, w0 (IS, "My w|| verRN vz0 |IS;, "TA,V||
—-1/2 —1al/2 —1/2 —1al/2
Is;, ' 2AnM; 'S,y IS, '*M,A;tS,

= sup
yeRN | y£0 lyll zeRVN | 240 Izl
—1/2 “1al/2 —-1/2 —1al/2
= IS, P AM; S 2 1is; M A S . (67)

Since for any G € RV XV we have

1/2 . 1/2 1/2
GS,"w Amin (S GS;, "w
”GS}II/ZH _ w IGS, "wil “w (Amin(S)) /IGS,"wl|

WeRN | w0 [Iwl B weRN | w0 Amin (SI)/2 Wl

172
IGS, wl
= Gunin(Sa))'? sup ———

weRN, w0 ”Sh w||

= Oumin(S1)ZIGI, (68)
and, using ||S;1/2G|| = ||G*S;l/2||, we get analogously

1/2

IS, “Gll = (kmax(S; NY2IGH | = Amax(Sn) "2 IG]. (69)
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Finally, applying (68) and (69) to (67) yields

B —12 el/2y na—1/2 )
e A VAl T S T Ve L
)\min(Sh) -1 —1
> ———— |AsM, || IMRA, |l
)\max(sh) h h
)‘min(sh) —1 —1
= —— [IM, " Apll 1A, Myl
)&max(sh) h h
which finishes the proof. U

Using the coordinates in the transformed basis ®, j, for any z € V},, we have the
following useful equality

2 2
lzllg = (z. 2)B = (1,02, @1 p2)B = llz||”.

We will now turn to the spectral number

—-1/2 —-1/2
. SupZGRN’ lzl=1 (M/’l / Ath / Z, Z)
K(Ap, Mp) =

. —1/2 —1/2
lanERN, Ivi=1 (Mh / Ath / v, V)

max (M, ' A
= Lﬁlh) = k(Arp). (70)
)\min(Mh Ap)

Clearly, the spectra of the matrices M;lAh and L;lAh (L;;)_1 are identical, and
therefore the spectral number & (Aj, Mp,) is determined via the extremal eigenvalues
of L;lAh (LZ)’l. While for the symmetric positive definite matrix, the condition
number is given as a ratio of extremal eigenvalues, the same is not in general true for
the nonsymmetric matrix. Analogously to the derivation in [41, Chapter 8],

A max|ju|=1 u*A,,hu
K (Ap, Mp) =

minjy|=1 V*A; pv

maXyev;, ulz=1(Au, u)
minyey,, v s=1{Av, v)
(Aii, it)
= o= 71
(A, D) (71)

where u, ||i||g = 1 gives the maximum and v, ||v||g = 1 the minimum, respectively.
Since

~12 ~ <12
0]z = (Bv, v) < Cpllvlly,

) Py )
lullg = (Bu,u) > cpllully,
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we get

(Au, )

(Av, v)

_ lally (Aa/llally, a/lilv)
lol5, (Ad/lIllv, 3/19llv)

< Cp (Az,2) <%C_A

_— 72
~ g (Aw,w) ~ cg cq’ (72)

KA M) =k(Arp) =

where z = it/ ||ullv, |zllv = 1, w = 0/||v]ly, |w|ly = 1. Summarizing, we get inde-
pendently of the discretization parameter /4, the following analog of the practically
not much interesting estimate (33):

K(Ap, Mp) = k(A ) < k(B) k(A). (73)

For related statements (in a more general setting) we refer, e.g., to [31, Theorem 2.1
and relation (3.2)]. The following theorem is a finite-dimensional analog of Theo-
rem 3 and it provides bounds on the spectral number under the assumption of the
spectral equivalence of the operators .4 and B.

Theorem 5 (Spectral equivalence and spectral number) Consider the assumptions
of Theorem 3. Let Ay, My, be given by (58) and (60), respectively. Then the spectral
number k (A, My,), which is equal to the condition number of the symmetric matrix
Aip= L;lAh (L;:)_1 for any Ly, such that M, = LhLZ, is bounded as

8
K(Ap, Mp) = k(Ap) < v (74)

Proof From (71) and (65), considering ||u||g = 1, ||[v]lg = 1,

(Au, u) (BY,v) -
(Bu,u) (Av,v) ~
yielding the assertion. O

kK(An, M) = k(A p) =

, (75)

R | >

This can give a much stronger bound than (73). For related early results that can
further illustrate the difference between (73) and (74) we refer, e.g., to [22] and [61,
Sections 4.1 and 4.2].

5 Abstract description of the splitting-based preconditioning

Following the ideas in [53, Section 4.1], [56, Section 2.1], [28, 54], [65, Section 8],
and the motivation described in Section 1.3, the goal is to present as simple as pos-
sible abstract framework that will underline the common basic principles behind a
variety of different approaches related to the splitting-based preconditioning. We will
use the setting of the problem (1) and (17)—(19), i.e.,

Au =b (76)
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in the functional space V¥ or, using the bilinear form,
a(u,v) = (b,v) forall veV, (Au,v)=a(u,v).
We are now going to transform (76) into the form (cf. (30))
M Au=M"b, MT'A: V>V, uev, Mlbev, a7

where the preconditioning M is constructed using a decomposition (splitting) of
the space V into a finite* collection of (nontrivial) subspaces {V} ey that are not
necessarily nested, V; C V, each complete with respect to its own inner product
(-,)j : V; x V; — R and the associated norm || - || ;, such that

V=>)"V; e, v=) vj,v;eV; forallveV. (78)
= jeJ
For each V;, we can consider its dual VJ# with the duality pairing identical to (14)

and the norm || - ||¥ induced by || - || j- We will assume the continuous embedding
Vi < V, see, e.g., [14, Section 6.6]

ey lully < llul3 forallueV;, 0<cy,, jel. (79)

For V; finite-dimensional, (79) always holds true (all norms on finite-dimensional
V; are trivially fopologically equivalent). Thus, (79) is nontrivial only in the case of
V; (and thus V) infinite-dimensional. Then the assumption (79) avoids a possible
pathological situation when a converging sequence of elements from V; C V may
diverge in V. Moreover, the assumption (79) guarantees that any functional from V#
restricted to V; belongs to V/# Indeed, let f € V#, then

LIt = (fou) _ (fsu) llullv
T ueviiuzo ull; wevuzo llully lull;
1 , 1
< sup L Ly, (80)
Vi uev,uzo lullv = /e

The necessity of (79) for V¥ V]# is an open question.

The splitting-based preconditioning M will be composed of the individual pre-
conditionings at the subspaces V;, j € J. Let B; be a linear, bounded, coercive, and
self-adjoint operator

Bj:V;— VI, (Bju,v)=(Bjv,u) forall u,veV, (81)
with the associated bilinear form 3; : V; x V; - R

Bj(u,v) ;== (Bju,v), forallu,veV;.

4Since this text is motivated by numerical methods and, in particular, by the construction of precondi-
tioning, with no loss of generality, it is sufficient to consider splitting of the Hilbert space V into a finite
number of subspaces that can be infinite-dimensional. This setting is convenient since it simplifies the
exposition of the abstract splitting-based preconditioning. As mentioned in Section 1.3, we also consider
a finite number of subspaces, which is the choice fully justified, in our opinion, also from the purely
mathematical reason.
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Analogously to (20), (21) and Theorem 1, for j € J

Cp, == sup [Bjv]% < oo, (82)
’ veVj, vfj=1
1
R, = inf (Biv,v) = > 0, (83)
7T ey dvl=1" Y sup ey pyimt 185 11
J’ J
and
e lull? < Bj(u,u) < Cg, |lul3. (84)

In other words, B; is coercive and bounded on V;, j € J. The operator B; (the
bilinear form ;) defines on V; the inner product?

(-, ')B.,v Vix V=R, (w, U)B_, =B;(w,v) =(Bjw,v) forallw,veV;,

(85)
with the corresponding Riesz map
rBj:Vf—> Vi, ferHrijer
defined by
(xg, f.v)B, = (f.v) forall feVF veV, (86)
Clearly, analogously to the construction presented in Section 2,
('L’ij, v)gj = (Bjrgjf, v) =(f,v), forall f e vi ve V;
and therefore
B, =8"":VI>V, (87)

We will now construct a splitting-based preconditioning M~ in (77). For any
ueVandje J, wehave

(Au, v) = (B;lAu, v)g; forallv eV,
and
(b, v) = (B;‘b, v)p, forallve Vj;
under the assumption (79), we have v# c V;-*t and therefore B]._I.Au and Bj_lb are
well-defined. Combining the last two equations gives
(Au—b,v) = (B, Au— B;'b,v)p, forallv eV,

and therefore on each subspace V;, j € J, we can formulate the preconditioned
equation

B]._lAu = Bj‘lb, (88)
that must be satisfied by the solution u € V of Au = b. Consequently, from Au = b
we get

ZB]T‘ Au = ZB;I b,

jeJ jelJ

SHere, we do not need the form B; (-, -). We introduce this notation for convenience. Part of the literature
uses the bilinear form formulation instead of the operator formulation; see, e.g., [63, Section 2].
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or, equivalently,
M Au=M"b, M=) "B (89)
JjeJ

Using the properties of the operator A, of the particular decomposition
V=> jes Vi, and of the particular preconditioning operators Bj, j € J, the goal is
to prove the equivalence of (89) and (76) and, in addition, prove results on the condi-
tioning and on possibly other relevant properties of the preconditioned problem (89)
and of its matrix representations obtained by discretization.

We start with proving the equivalence of (89) and (76). By construction, the unique
solution u = A~ of (76) solves also (89). It remains to prove that u = A~ b is the
only solution of (89).

Theorem 6 Let the splitting of the Hilbert space V satisfy (78) and (79), and let
the splitting-based preconditioning M~ be defined by (81)~(89). Then (89) has the
unique solution u = A~'b, and for M~ we have

1
-1
M~ Fllv sZCB —

jeJ ¢V

| fllys  forall feV*

Proof Let (89) have two different solutions, i.e., there exists g € v, g # 0, such
that M~!g = 0. Then

0=(g. M g)= <g, ZB,-“g> =Y (e.B;"s) = Z(B}lgﬁf'g)gj

jeJ jeJ jeJ
_ —1_2
= D 1B gl
jeJ
ie.,

17 gl =0 forall j e J. (90)

Since g # 0, there exists a z € V such that (g, z) # 0. Consider a decomposition
= ng]Zj,Zj € V;,je€J. Then

0 # <g,ZZf> =2 (e.2)= Z(’gf_lg’zf')s,-’

jeJ jeJ jeJ
and thus at least one term in the last sum, say (Bk_lg, Zk)B , must be non-zero. This
k

contradicts (90) and completes the proof of the first statement. Using (83) and (79)
(and thus (80)), we have
1 1
1B; = fllj = —IfI% < ———=IIflly+.
! P e T T e ey

OThis text does not deal with particular matrix representations that are in practice based on further specific
assumptions.
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and thus,

1
jel v ged Vi ey BiCV;

1
-1 _ -1 —1 4.
M fllv = Y B;'f sZFnBj f||,sZCBC 1f1ly#,
which completes the proof. O

Theorem 6 proves that M ™! is bounded with

IM ey = sup M fllv < Cppor =
eV IIfllye=1 e BiCv;

<o0o. (91

We will now show that M~! is also coercive and define its bounded and coercive
inversion

M= (/\/rl)_1 TV (92)

(see the analogy with the operator B in Sections 2 and 3). In order to accomplish this,
we will assume there exists a Cg < oo such that’

ull3 == inf > lujlip < Csluly forallueV. — (93)
uj€Visu=2jestj | ey

Remark 2 Let (93) be replaced by a stronger assumption that there exists a positive
constant C such that

Z||u.,~||2. < Clul?, forallu= Zu,, uj eV, jel. (94)
jeJ jeJ
Then for any u € V the decomposition u = Zje]uj’ uj € Vi, j € J,is unique.

Indeed, letu =} ; juj = Y ;o vj, uj,vj € V;, and let there exist at least one
m € J such that i, # vy. ThenO =}, ,(u; — v;), and one has

2 2
2
0< > luj—vilF <C|D wj—vp| =C|> uj=> v;| =0,
jeJ jeJ v jelJ jeJ v

which contradicts u,, # v,. The assumption (94) is, however, too strong and in the
consequence too restrictive. Therefore, it is not further considered.

Theorem 7 Let the splitting of the Hilbert space V satisfy (78), (79) and (93), and
let the splitting-based preconditioning M ™" be defined by (81)~(89). Then

2
1113 = Cs Y (IFIR) forall f e V™,

jeJ

n, e.g., [56, Definition 2.1.1], [28, 54] the norm ||u||s defined in (93) is called the additive Schwarz norm
in V with respect to the splitting (78); see Section 6 below.
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and for M~" we have

_ 1
(f M) 2 o flye forall f € VY
smaxjes Cp;

Proof In order to prove the first statement, we consider for u € V its arbitrary fixed
decompositionu =Y juj,uj € Vj, j € J. Then,

2 2 2
<f,u>2=<f,Zuj> = (D (ruw)| =D 1A ui)
jeJ jeJ jedJ
2
# # 2 2
= | DS urnesn; | =0 (1) Y s
jeJ keJ jeJ

This must hold for any decomposition of u, therefore, also for those with ) jeJ flu ||§
arbitrarily close to ||u||§. Consequently, forallu € V,

(o = s 2 (11E) el
keJ

and

IBe= s (rw?=cs (1)

uev, ully=1 Py

For proving the second statement, we use the inequality
-1 1 #\? #
<f,B- f>2—(||f||~) ., forall fe V™. (95)
J Cs, J
It follows from

UIh) (11t

sup ——>— = sup
fer’,f;éO(f,Bj_lf> ueViuzo (Bju, u)

1 (Bju, v)?
= sup ey Sup  ——o—
uevyuzo \(Bjusu) vevivzo  Ivl3
Biu, u)(B;v, Biv,
< sup sup LIl LI S

eV uz0veV;, v20 (Bju, u) ||v||§ VeV, v£0 ||U||5

=Cg;»
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where we used the Cauchy-Schwarz inequality (B;u, v)2 = (u, v)%g/ < ||u||%i ||v||%3/.
With (95) ' ' '

_ _ _ 1 2
(M f) = <f, 3 B; ‘f> =X (r57'r)= Yo (1r1%)
jelJ jeJ jelJ J
2
> ———— 3 (I1) 2 o 11,
max ey CBj ; J Csmax ey CB]- y#
which finishes the proof. O
Theorem 7 proves that M~ is coercive with
1
inf (fMfy>cpyot i=———— > 0. (96)
FevhIfllys=1 M Csmaxjey Cp;

We note the little ambiguity in notation. Here, the definition of C -1 (see (91))
and c -1 (see (96)) anticipate the particular construction of M~ and they are not
defined as the boundedness and coercivity constants for a general operator M~ !, For
simplicity of notation, we use this and do not introduce another symbols.

Corollary 2 Let the splitting of the Hilbert space V satisfy (78), (79) and (93),
and let the splitting-based preconditioning M~ be defined by (81)—(89). Then the
operator

-1
M= (M‘l) Vo vt 97)
is bounded and coercive with

1

Cpm o= sup Mollys < ——, (98)
veV, |vlly=1 C A1

1
= inf (Mo, v) > . 99
M vev, HvHV:l( vy} z C -1 ©%)

Proof The existence of the bounded operator M follows from the Lax-Milgram
lemma applied to M~!. The bound (98) follows from (96) using the substitution
[ =Mv/|Mv]lys,

. Muv, v
Cp-1 = inf (f7 Milf) = 1n %
FeVhIfllya=1 veV. v#0 | Mull],
[Mullyslivlly . lvllv
T veV,v£0 ||/\/lv||%/# veV, v£0 || Mu]|y+

1 1

IMole — M :
SUPy e, y£0 HU”VV IMll v, vy

The bound (99) is a consequence of (25) used for M, and of (91); see also Theorem 6.
]
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Up to now, we have studied the properties of M ™! and of M that plays the role
of the preconditioning operator B from Sections 2 and 3. In the following, our aim is
to prove the norm and spectral equivalence, and some two-sided error bounds using
the properties of M~!.A. We will use the norms of M~ A and A~ M defined in
the standard way

IMT Allgvyy = sup M7 Aully,

ueV, llully=1

sup AT Mully.

ueV, llully=1

A~ Ml zv.vy

Obviously,
IM Al vy < HWVIMW#WNMMWVW
A~ M”E(V,V) < A" ||L(V#,V)||M||L(v,v#)~

Corollary 1 shows that within our setting the lower and upper bounds on
lAwlly#/ | Mwllys for w € V, w # 0, and on [M~L flly /A~ v for f € VH,
f # 0, hold simultaneously. In other words, the V#_-norm equivalence of .4 and
M on V and the V-norm equivalence of M~! and A~! on V¥ represent equivalent
properties of the pair of operators A and M. In the case of the splitting-based precon-
ditioning, the form using M ~! seems more appropriate, because M ™! is constructed
as the primary object using the operators Bj_l, Jj € J;see (89).

Theorems 8-10 below do not consider any specific relationship between A and
M. The results therefore essentially reduce to (33) and (49) in Section 3. Let us
emphasize, however, that appropriate choices of the subspaces V;, the inner prod-
ucts (-, -); and the operators B; can lead to close lower and upper bounds (see, e.g.,
Section 7.3 below).

Theorem 8 (Norm equivalence) Let the linear operator A satisfy (20) and (21). Let
the splitting of the Hilbert space V satisfy (78), (719) and (93), and let the splitting-
based preconditioning M~ be defined by (81)~(89). Then A~' and M~ are V-
norm equivalent on V¥,

_ IM™LE C
M Al vy = WM 7lv a4 (100)
FeVHt, ££0 1A=L fllv M
A1 C
A Mgy = sp oL v (101)
feV#, f£0 M~ fllv cA
C4C
kM4 < ZAZM () k(M) (102)
CM CA
and
7] 1
- C C
CAZ M _ —”A v < M < —SmaxCB (103)

Gesevi | T Ca T IMT flly T oea T eaed

forall f e V¥ f 0.
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Proof The statement follows from the previous considerations; see also Theorem 2.
O

The two-sided error bounds introduced in the next theorem hold for an arbitrary
approximate solution v € V of (76), (89); see also [56, Theorem 2.6.1] that uses the
finite-dimensional setting.

Theorem 9 Let the splitting of the Hilbert space V satisfy (78), (79) and (93), and
let the splitting-based preconditioning M~ be defined by (81)~(89). Let u be the
solution of (76), (89). Then for any v € V we have

-1

D B A =B"D)| < lv—ully

jeJ v

C
< =5 max Cs; Z(Bj_lAU — Bj_lb)

cA jeJ -
jedJ %

Proof The statement follows from
IM ™ (Av=b)lly = IM T Aw-w)lly < IM ' Alizw.v) lv—ully, forallveV
and

v —ully = [ATMWM T A@ —u)llv < A Ml zev vy lMTH(Av = b)) Ly,

which give
1
—— > B A -B7'D)| <Ilv—uly
IM=Allzv,v) 2; / /
J€ v
-1 —1 -1
<A™ Mligv.vy | DB Av — B 'b)
jed v

Using (100), (101), and (103) finishes the proof. O

Theorem 10 (Spectral equivalence) Let the linear self-adjoint operator A sat-
isfy (20) and (21). Let the splitting of the Hilbert space V satisfy (78), (79) and (93),
and let the splitting-based preconditioning M ™" be defined by (81)~(89). Then A
and M are spectrally equivalent and

CA - (Az, z) <CAZ 1
Cs maxX ey CBj - (MZ, Z) - jeJ CB/'CV]'

forallz eV, z#0. (104)
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Proof The statement follows from (49) using (91), (96), (98), and (99). ]

Let u be the solution of (76), (89). Motivated by [56, Chapter 2], we consider the
locally preconditioned residual associated with v € V

=Bl A =B b =B"Aw—u) eV, jel. (105)
Clearly, for all v; € Vj,
(Fj.v)B; = (AW —u). vj) =a —u,v;) = a(,v;) — (b,vj).  (106)

As a consequence of splitting the problem (76) into the set of problems (88)—(89),
we have an (a posteriori) error estimate based on the norms of the locally precondi-
tioned residuals (in the generally infinite-dimensional subspaces), which is motivated
by [56, Theorem 2.6.2]. Before introducing the theorem, we prove a useful lemma.

Lemma 1 Let the linear self-adjoint operator A satisfy (20) and (21). Let the split-
ting of the Hilbert space V satisfy (78), (79) and (93), and let the splitting-based
preconditioning M~ be defined by (81)—~(89). Then

aM Az M7 A < Ca Yy a(M™' Az, 2), (107)
keJ CBLCVy
and
cA )
ma(z, Z) < a(M AZ, Z)- (108)
Proof We have
2
a (MflAz,MflAz> < CAIM T Az} =Cy ZBJ-_IAZ
jelJ v
2 2
1
<C B:'A <C ——|B7'4
(S, ) sea( b,
2
—1 1 -1
= | Z g Il ) = ea e Ty e o,
1
=C Az, B7'Az) = C Az, ' B7A
Agcmcvk jze;( z, B Az) A];C Cvk< Z,Ze; ; z>
—1 —1
_CA,;CBk " <AZ,M Az> CAZ p—— a(z, M~ Az),
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which yields (107). For proving (108) we consider an arbitrary decomposition of
zZ € V,Z = ZjEJZj’Zj S V],J € J. Then

aiz,0) =alz Yy zi| =) a(zz) =) (A z)) =) By Az z))5
jeJ jeJ jed jet
12 1/2
< Z(BIIAZ,BIIAZ)BJ. Z(Zj»zj)Bj
jeJ jed
1/2 1/2
<[>z 574z > cs, izl
jeJ jelJ
1/2
- C 1 40172
< rjneax /CB; (Az, M7 Az) jGZ]HZ]”

Considering jer llz; ||§ arbitrarily close to its infimum over all possible decompo-
sitions of z,

a(z,2) = max [Cp; a(z, M~ A P|zlls
je
-1 1/2
VCs r}lg}(,/CBja(z,M Az) lizllv

+/Cs max ey /CBj 1 12
a(z, M~ Az)
NG
which yields (108). ]

IA

12,

a(z, z)

Theorem 11 Let the splitting of the Hilbert space V satisfy (78), (79) and (93). Let
the linear self-adjoint operator A satisfy (20) and (21), and let the splitting-based
preconditioning M1 be defined by (81)—(89). Let u be the solution of (76), (89).

Then
a (v o M A — u)) =3 U7l
jelJ
and
in; i -1 Csmaxjc; C>
mmé—g’“”(Z CBICV> I < o —ulfy = ———= YO IF 12,
A keg PkTVk jed A jed

Proof We haveforv e V,7; = B]-_I.A(v —u),
171, = . 7By = (A =), 7j) = a@ —u, B LA — )

and thus
S 1FiIE, =a (v —u, MA@ —w).

jelJ
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Then, using (108),

1 Csmaxcy Cg,
lv —u||%, < —alw—u,v—u) < %a(v —u,MﬁlA(v —u))
cA <
Csmaxjej CB Csmax]ej CB
= Yo IFlE, < > Cr; 715
A jel jeJ

CSmaXJGJ CB

< ————L > IF I

.A jeJ

which gives the upper bound. A straightforward calculation gives

. —1
minjej CB3; 1 _ 2
=7¢ ’(Z ) N1

key BrEVi jed
. -1
< PEE(Y ) Y i
- Cc? CB.CV, cg, B
A keg ~PkTVk jeJ =i
-1
1 1 .
= a |\l > IFIE,
A \kes BV jed
1 o\
=—(> a —u, M~V A — u)).
Ca \icy “BYe
eJ

Using
a(v —u, MA@ — u))2 < a(/\/l_l.A(v —u), M AW - u))alv—u,v—u)
and (107) gives

aw—u, MA@ —u) <Ca )
keJ

a(v—u,v—u)
CBkCVk

and finally

L<—aw—u,v—u)<|lv—u 2,
= a ( ) =l Iy

which completes the proof. O

6 Stable splitting

The splitting of V defined by (78) is in literature called stable providing that there are

constants ¢cs > 0 and Cs > 0 such that the additive Schwarz norm (93) is bounded as
esllulld < llulld < Csllull}, forallu e V. (109)

As pointed out in [56, Remark 2.1.3], for V finite-dimensional all its splittings are
trivially stable. The issue is then not the existence but the value of the constants cg
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and Cs. The stable splitting assumption (109) can be easily linked with the assump-
tions (79) and (93) above (the last one coincides with the right inequality in (109)).
This gives unique solvability of (89)® and it will allow to apply results formulated in
the previous sections.

Lemma 2 The left inequality of (109) is fulfilled if and only if (79) holds.

Proof Assuming cs|lull3, < ||u|3 foru € V, we have foru; € V;, j € J,

1 1
12 < N2 < w2, 110
Iy = s 13 = 1 (110)
Thus setting cy; = cs, j € J,we get (79). Here (110) shows that if

2 2
csllully < llulls

for all u € V, then (79) is satisfied with the same universal constant cg valid for all
j € J, which does not exclude the option that (79) is also satisfied for some constants
cy; larger than cs. On the other hand, assuming (79), we get for any u € V and for
any decomposition u = uj,uj €V, jel,

jelJ
2 2 2
o} < lujllv | < L
ully = | ui| <D hwilv] <[> ujll;
i<l ly jed jer Vi
1 2
=D D i (111)
jes Vi kes

Since (111) holds for any decomposition of u, we get by considering » ", ||uk||£
arbitrarily close to its infimum

1 1
ul} <y — inf luglf = —llul3. (112)
v Z Zukz k Z cy, 'S

Cy; eVi,u= X
jeg Vi MKEVR U= 2 Uk e jes Vi

—1
Thus setting cs := (Z jeJ c‘_,jl) yields the first inequality of (109). It is worth
noting that if for some constant ¢ we have cy, =c¢,j€J in (79), then the value of cg
derived for (112) is ¢/|J|, and we are unable to deduce (79) from the left inequality

of (109) with the same constant ¢ but with the much weaker ¢/|J|. Here, we denote
by |J| the size of the index set J. O]

Using (109) instead of (79) and (93), the statements of Theorems 6, 8, 10, and 11 can
be easily modified.

8Using our notation, the operator equation (2.18) from [56, Theorem 2.1.1] is identical to the transformed
system (89) from Section 5.
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Proposition 1 Using the assumptions (83) and (109), we have

1
IM ' flly < ———Ifllys forall feV*

csminjey cp;

Proof From (83), we have

—1 2 2
18" f15 el 1
u J j o2

s —L = sup ——— .
revi p20 {fi B ) uev;,uzo (Bju,u) = cp;

Then from (109),
2
_ _ 1 _ 1 1 _
M = |8 | = =B = = B )
jeJ v jeJ ¢s jeJ CB;
1 _ —
< —— Y ULB )= ———— (L M)
csminjey CB_/- el csminjey CBj
1 _
< ————fIV IM fllv,
Ccs mlnjej CB/.
which concludes the proof. O

Proposition 2 (Norm equivalence) Using the assumptions (20), (21), (82), (83), and
(109) we have

s IA=' fllv _ Cs #
— < < — Cs. i Ve, 0. (113
Ca T E My = e B B Joralt eV S A0

Proof The statement follows from (103) where the lower bound to ¢, is defined
and bounded by (99). The upper bound to C s (-1 is obtained from Proposition 1. [J

Proposition 3 (Spectral equivalence) Using the assumptions (20), (21), (82), (83),
and (109) we have

cA _ (Mg Ca
Csmax ey CB_,. T (Mz,z) T cs minje] CB;

forallzeV,z#0. (114)

Proof The statement follows from (104) using (99), (91) and Proposition 1. O

Remark 3 In some published works the setting corresponds to that used above, and
the subspaces Vi, j € J, are not required to be nested. In most of the hierarchical
approaches, however, it is additionally assumed that the splitting is based on nested
subspaces

VicVaC-—-CVieiCVe=V, J={1,2,... k). (115)

In addition to that, some works define also the subspaces W;, j € J such that (with
Vo :={0})
Vi@ Wji=V;, jed, j#0, (116)
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giving an equivalent splitting representation

v=>Vv,=pw, (117)

jelJ jeJ

The individual preconditioners can then be constructed by the subtraction of pro-
jectors onto the individual hierarchical levels; see, e.g. [58, Section 13.2.2] and the
references given there.

7 Examples

The presented framework can be applied in most of the additive preconditioning
schemes, such as in using hierarchical bases [62, 64] or Bramble-Pasciak-Xu precon-
ditioning [58, 62]. We can also use this scheme for preconditioning of non-standard
problems, such as the stochastic Galerkin method [10, 55]. We present three examples
of different nature.

7.1 Domain decomposition with overlapping subdomains

This example deals with the additive Schwarz method in the form of the two-level
domain decomposition method with overlapping subdomains; see, e.g., [25]. Con-
sider for simplicity of the exposition the two-dimensional domain 2 = (0, 1) x (0, 1)
and V = HO1 (2) equipped with the inner product

(u,v)yy = f Vu-Vvdx forallu,veV.
Q
Let the operator A : V — V* be defined by
(Au, v) := / Vv (@Vu)dx forallu,v eV, (118)
Q

where @ is bounded measurable, i.e., a € L*°(), and uniformly positive with
c4 = essinfycqa(x) and C 4 = esssup, g @(x). Then, obviously, (20) and (21) are
valid with ¢4 = €4 and C4 = C 4. The decomposition of V into subspaces V;,
j=1,..., N,is described in detail in [25]; here, we just recall the main ideas. Let
the domains 2, j = 1,..., N, of the characteristic diameter H > 0 provide an
overlapping decomposition of €2 with the characteristic width of the overlap § > O.
Wesetfor j=1,...,N

Vi ={ve Hy(RQ); vlg, € Hj(Q)), v(x) =0forx € Q\ Q;} C V,

Let the space V) be the span of continuous piece-wise linear functions over some
triangular grid of the mesh-size H which are zero on the boundary of 2, with each Q;
containing exactly one node of the coarse grid. The inner product in V; is given by

(u,v)jz(u,v)V:/ Vu-Vvdx forallu,veV;, j=0,1,..., N,

Q2;
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where we set ¢ = . The operators B; in V; are defined as
(Bju,v) = (u,v);, forallu,veV;, j=0,1,...,N.

Thus, cg; = 1'and C; = 1. Note that for the decomposition, we use N+ 1 subspaces
of V where Vj is a finite-dimensional FE space over the whole domain Q2 and Vi,
..., Vn are infinite-dimensional over the individual subdomains 2, ..., Qy. The
main result of the paper [25] states that for every u € V there existu; € Vj, j =

0,1,...,N,suchthatu = Z;V:o u;j and

N

2 2
> lujl? < Collul,
.=O

where C; depends only on the ratio of the characteristic diameter and the charac-
teristic width of the overlap H/§, on the minimum angle of the coarse triangulation
and on the maximum number of neighbors a node can have. For details see [25, The-
orem 5.12]. In order to prove the bound from below, we use [25, Theorem 2.5]
referring to [59, Theorem 2.7]. There exist C; such that

N N
Cillully, <Y llujl3 forallueV, u=Y uj, uj €V, j=0.1,....N,
j=0 j=0

where C; depends only on the maximum number of the neighboring subdomains
a subdomain can have. Thus, in the stable splitting assumption (109), we may set
¢s = Cy and Cs = C». Finally, defining M by (89) and applying (114) yields
cA (Au, u) Caq
— < ——-< =, forallueV,u#0, 119
Cy, = (Mu,u) = Cy a (119)
and the results of Sections 5 and 6 of our paper can be used as appropriate.
We point out that unlike [25], most of the literature use in a similar context only a
finite-dimensional FE space V; see, e.g., [59], in particular Chapter 3.

7.2 Separate displacement preconditioning in linear elasticity
The separate displacement preconditioning was introduced in [6]. Here, we follow

its description in [11]. The formulation of the elasticity theory can be found in, e.g.,
[45]. Consider a bounded domain 2 C R4, d = 2 or 3, the Hilbert space

V={ueH Q) ukx) =0on i} (120)
and the subspaces V1, ..., Vg C V such that
Vi={u=@i,...,uq) € V; up =0fork # j}.
Thus, Vand V;, j =1, ..., d, are infinite-dimensional. We consider a general linear
elasticity problem which is a boundary value problem
Au =g,
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where the vector functions u € V and g € (LZ(Q))d represent the displacement and
the load, respectively, and

(Au); = — Z Z z]kl i=1,...,d

Y =1
Let
d
Tij= Y cijuex(u) (121)
i,j=1
be the components of the Cauchy stress tensor with

( ) i 1 8u,‘ + auj
eijiit) = 2 3)6/' 3)(,' '
We assume that the coefficients c¢;jx; in (121) are bounded measurable functions in
Q, ¢ijii € L= (), fulfilling the symmetry conditions
Cijkl = Cjikl = Cklij>» L j,k,l=1,...,d,

and that there exists a positive constant y; such that

d
Y1 Z S,-zj < Z Cijki(x)&;j&k  for all symmetric tensors & € RdXd, x € Q.
i,j=1 ijki=1

The tensor & = (Sij)?jzl is called symmetricif §;; = &;;,1, j = 1, ..., d. We define
the inner product in V as

d

ouy 0
(u,v)y = (Au, v) ::/ Z c,jkl Hk v, dx, foru,veV.
i,j.k, =1

Thus ¢ 4 = 1 and C 4 = 1. The inner products on V; are defined as
(w,v); =w,v)y, foru,veV; j=1,...,d.

We define the local preconditioners as

d
ou; dv; .
(Biu, v) /Zc,,,; ! xl x, foru,veV, j=1,...,d.

Note that (Bju, v) = (u,v); and thus Cp, =1 and cg; = 1. Anyu € V can be

decomposed as u = u® + ... + 4@ where u) ¢ Vi, j = 1,...,d. For such
decompositions of u, v, we defme the global preconditioner M as

d
(Mu, v) =Y (Biu®, 00).

i=1
Then

ou; dv
(Mu, v) / Z c,]ll ul—ldx foru,v eV,
i,j,l=1
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According to [11], the following inequality holds (even for more general boundary
conditions than the homogeneous boundary conditions used in (120))

allul < ul} <A+ @ -1 —a)|ul|} forallucV, (122)

where @ = KcoC 1_1 where the Korn’s inequality constant K, cg, and C| are given
for all u, v € V by (for the proofs we refer to [11])

au, v; /
FPTa d
/ Z Bx] Bx] ,]ZI el](u)etj(v) X,
d

du; dv
CO/Zez,(u)eu(v)dx / > Cijki 5 — ’ kd

ljl t/kll

ou; o ou; ov;
/ Z Ct]zl o U: X =< Cl/ Z ﬂid)ﬂ
axz e, 52 0x;j 0x;

i,j,l=1

IA

Thus due to (122), we can set cgl =(1+(d-1)({1—a))and Cgl = « and obtain

- (Au, u)

%= Mu, u) <(1+Wd-1)(1-0a) forallueV, u##0. (123)

For the special case of isotropic elasticity with Lamé moduli A and pu,
Ciiii = A+ 21, ciijj = A, cijij=cijji=mn, fori,j=1,....d, i#]

we have co = 2u and C; = A + 2u. For the homogeneous Dirichlet boundary
condition (used in (120)), the Korn’s constant is K = % Then the spectral equiv-
alence (123) for the isotropic elasticity and homogeneous Dirichlet conditions is
formulated as

woo_ (Aww) di+ (0 +dp
A+2u T (Mu,u) — A+2u

forallu € V, u # 0.

7.3 Additive algebraic multilevel preconditioning

Algebraic multilevel (AML) preconditioning methods are described in detail, e.g.,
in [21] and [5, Sections 9.1 and 9.2]. Let a domain €2, and the operator .4 be defined
by (118) in Section 7.1. Let V be a finite-dimensional space of FE functions defined
on 2 equipped with the inner product (1, v)y = (Au, v). Consider a splitting of V
into two hierarchical subspaces (coarse and fine) Vi C U C V C HO1 (£2), with the
subspace V; defined by U, = Vi @ V», and the inner products (-, -); on V; being
identical to the inner product (-, -)y on V. The local preconditioners B; are defined
by

(Bju,v) := (u,v); forallu,veV;, j=1,2.
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Then trivially cy =1, Cy =1, cB; = 1, CBj = 1. We assume that there
exists the strengthened Cauchy-Bunyakowski-Schwarz constant y € (0, 1) such that

, v)} = (Au, v)* < y*(Biu, u)(Bav, v) = y2ullfvll3 forallu € Vi, v e Va.

Note that for @ in (118) piece-wise constant on the coarse elements, sharp upper
bounds on the constant y can be easily obtained for many specific positive definite
operators A and for many hierarchical splittings of V, and such upper bounds are
independent of the mesh-size; see e.g. [16, 39] and the references therein. Given the
value of y, we can write for all u = uy +us, u1 € Vi,up € ¥

2 2 2 2 2
lully < llulls = llutlly + lluzllz < llaelly -

1+y 1—vy

Thus setting
1 i C 1
s = —— an = —
ST +y STI- y
and defining the global preconditioner as M~! = Bf] +B; ! we obtain from (114)
the spectral equivalence of A and M,
Joy < AW frallue V. £0
_ u ,u .
= Muwy =Y
According to [8], omitting certain off-diagonal elements from the matrix represen-
tation of the (finer space) operator B, results in a matrix representation of another
operator, say By, which is tridiagonal and for which we can write

cg, VI3 < (Bjv.v) < C vl forall v € V2.

Defining Ml = Bl_l + Ez_l , from (114) it follows
1—vy - (Az, z) - 14y

Cg (Mz, 7) g,

forallz e V, z # 0.

8 Conclusions

The presented construction of the splitting-based preconditioning M does not use
any specific information about the operator .4 except of being bounded, coercive, and
self-adjoint. As in the variety of approaches, methods, and theoretical results pub-
lished in literature, we therefore cannot expect to prove, in general, that the condition
number k (M1 A) of the operator M~! A in the operator (89) (see Theorem 8) is
small. Similarly, we cannot expect to prove that the constants determining the spec-
tral equivalence of the operators A and M are close to each other (see Theorem 10),
with implications to the discretized problem, cf. Section 4.2. Apart from the condi-
tion number of the Gram matrix Sy, in (66), Theorems 4 and 5 give the bounds for the
condition number and the spectral number of the discretized preconditioned operator,
respectively, that are independent of the discretization, but not more.

We believe however, that the presented generally formulated results can serve as
a basis for an easier comparison of existing approaches that can be put into the given
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framework. Incorporating an appropriate information about the operator A into the
construction of the preconditioning M can lead to stronger results on the condi-
tion number and/or the spectral number of the preconditioned operators and of their
discretizations; for recent examples see, e.g. [33, 38, 44, 49, 57].

Within the given framework, we concentrate on the condition number
K(M;]Ah) and on the spectral number & (A, My,) defined by (66) and (70), respec-
tively; see also (74). As emphasized in the introduction and on several places
throughout the text, one should always be aware that, in general, these single-
number characteristics are (as any other single-number characteristics) insufficient
for describing convergence behavior of Krylov subspace methods. In this context, we
note that an arbitrary decomposition M;, = L;,L;, leads to the uniquely determined
spectral number k (A, My,), and different choices of Ly, which are all related via
orthogonal transformations, see Section 4.1, result in the same convergence behav-
ior of the preconditioned conjugate gradient method despite the fact that they can
be associated with different transformations of the discretization bases. It is worth
noticing that here the same convergence behavior does not necessarily mean the
same computational cost as the computational cost per iteration can be different for
different choices of Ly,.

Results on the inner structure of the spectrum of the preconditioned operator in
relation to the particular problem and its preconditioning can be found in [26]. Works
in this direction will extend much needed understanding of the efficiency of operator
preconditioning beyond single-number characteristics.
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Appendix
In the Appendix, we give the proof of the following theorem.
Theorem 1 Let A : V. — V*# be a linear, bounded, coercive, and self-adjoint ope-

rator. Using the standard definition of the operator norm, the boundedness constant
C 4 and the coercivity constant c 4 can be expressed as

CA = ”A”,C(V,V#) = sup (Au, M) = MA, (124)
ueV, |lully=1
it (A, -
cA=my= in v, V) = —
veV, [vlly=1 SUP revt | £l 4=l IA= fllv
—1
= {14 1w} (125)
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Proof The equality (124) is well known. It follows from the following sequence of
equalities
Ca = IAlgw vty =IlItAlcev,vy = sup  (TAu,u)y
ueV, jlully=1
= sup  (Au,u) = My4. (126)

ueV, lully=1

Here, we used the fact that for any self-adjoint operator S in a Hilbert space V

1/2
ISlzovwy =  sup [ISzlly = sup  (Sz, S2)y/
zeV, llzllv=1 zeV, llzllv=1
= sup  [(Sz.2)v; (127)

zeV, |izllv=1

see [14, Theorem 4.10.1, p. 220], [24, Theorem 6.5.1]. The second statement (125)
was published without proof in [41, Section 3.3]. Since ¢ 4 = m 4, it remains to prove

that
1

= = inf
SUp revt, | £ p=t AT fllv weviluly=1

ma =

| A+, (128)

where the second equality results from the substitution f = Au/||Au|ly#, u € V.
Equivalently, it remains to prove that

my = inf  (tAu,u)y = inf It Aully. (129)

ueV, ully=1 ueV, |lully=1
Clearly (t Au, u)y < ||t Auly|lully, therefore the inequality

ma< _inf [cAully
ueV, |ully=1

is trivial. In order to prove the opposite inequality

mag > inf [t Aully,
ueV, flully=1

we use the fact that m 4 belongs to the spectrum of 7.4 and therefore there exists a
sequence {Vi}k=1.2,...in V, |[vklly = 1, such that

lim ||[tAvy —mqvi|ly = 0; (130)
k— 00

see [24, Corollary 6.5.6]. We will finish the proof by contradiction. Assume that

my < inf ltAully — A
ueV, ully=1

for some A > 0. Using the Cauchy-Schwarz inequality,
It Ave = mavilly, = It Avlly +m% = 2ma(z Avg, vy
> [lrAvelly +mZ = 2m Al Ally = (It Avelly —ma)*.

Then
It Avg — mquelly = A% forallk=1,2,...,

which gives the contradiction with (130) and completes the proof. O
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