Chapter 3
Algebraic Aspects of Saddle Point Problems

The examples of Chap. 1 clearly showed that several formulations typically lead to
linear systems of the general form

(5 06

where A and B are linear differential operators from some functional space to
another (which often is its dual space). The general abstract theory for systems of the
type (3.0.1) in Hilbert spaces will be given in Chap. 4. As we shall see, it involves
from time to time non-trivial results in functional analysis that can be difficult to
understand for readers with a weaker mathematical background.

The purpose of this chapter is to present first the basic results of the general
abstract theory in the much simpler context of finite dimensional spaces, where we
can avoid all the subtleties of functional analysis. We shall therefore study systems
of the form (3.0.1) where A and B are respectively an n X n matrix and an m x n
matrix, while x and f are n x 1 vectors and y and g are m x 1 vectors.

It is clear that the present finite dimensional case will usually be reached after the
discretisation of more general systems in abstract Hilbert spaces, so that we cannot
be afraid of wasting our time in analysing it in detail. Moreover, many results that
will be proved in the next chapter can be seen, formally, as simple extensions of the
present algebraic version (although the proofs in the infinite dimensional case are
often more tricky).

Hence, in a sense, the present chapter is dedicated to the readers that have a
weaker background in mathematics, and in particular in functional analysis. We
hope that, for them, a good grasp of the finite dimensional cases will be sufficient to
understand the results (if not the proofs) that will be discussed in the next chapter.

In the study of linear systems of the type (3.0.1), our first need will be to express
in proper form the conditions for their solvability in terms of the properties of the
matrices A and B. By solvability we mean that, for every right-hand side f and g,
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124 3 Algebraic Aspects of Saddle Point Problems

the system (3.0.1) has a unique solution. It is well known that this property holds if
and only if the (n + m) x (n + m) matrix

(%)
M = (3.0.2)
B 0

is non-singular, i.e. if and only if its determinant is different from zero. We shall
therefore give necessary and sufficient conditions on the sub-matrices A and B for
producing a non-singular M .

In order to have a good numerical method, however, solvability is not enough.
An additional property that we also require is stability. Let us see in more detail what
we mean by that. For a solvable finite-dimensional linear system, we always have
continuous dependence of the solution upon the data. This means that there exists a
constant ¢ such that for every set of vectors x, y, f, g satisfying (3.0.1) we have

IxIl -+ Iyl = cClifl + ligl. (3.0.3)

In turn, this property implies solvability. Indeed, if we assume that (3.0.3) holds for
every set of vectors x, y, f, g satisfying (3.0.1), then, whenever f and g are both zero,
x and y must also be equal to zero. This is another way of saying that the homoge-
neous system has only the trivial solution, which implies that the determinant of the
matrix (3.0.2) is different from zero, and hence the system is solvable.

However, formula (3.0.3) deserves another very important comment. Actually,
we did not specify the norms adopted for x, y, f, g. We had the right to do so since,
in finite dimension, all norms are equivalent. Hence, the change of one norm with
another would only result in a change of the numerical value of the constant c, but it
would not change the basic fact that such a constant exists. However, in dealing with
linear systems resulting from the discretisation of a partial differential equation, we
face a slightly different situation. In fact, if we want to analyse the behaviour of a
given method when the mesh-size becomes smaller and smaller, we must ideally
consider a sequence of linear systems whose dimension increases and approaches
infinity when the mesh-size tends to zero. As it is well known (and it can also be
easily verified), the constants involved in the equivalence of different norms depend
on the dimension of the space. For instance, in R”, the two norms

n n 1/2
=3l and  xh = (Z |xi|2) (3.04)
i=1 i=1

are indeed equivalent, in the sense that there exist two positive constants ¢; and c¢;
such that

cilixllz < [Ixll = callx|l2 (3.0.5)

for all x in R”. However, it can be rather easily checked that the best constants one
can choose in (3.0.5) are

Ix[l2 < [Ix[li < /nllx]l2; (3.0.6)
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in particular, the first inequality becomes an equality, for instance, when x; is equal
to 1 and all the other x;’s are zero, while the second inequality becomes an equality,
for instance, when all the x; are equal to 1.

When considering a discretisation method for a boundary value problem, which
gives rise to a sequence of algebraic problems with increasing dimension, we have
to take into account that n becomes unbounded. It is then most natural to ask the
following question. Is it possible, for a given choice of the sequence of matrices A
and B and norms ||x||, |y, |fll, and ||g||, to find a constant c independent of the
mesh-size that makes (3.0.3) hold true for all mesh-sizes? If this is true (with some
additional relations between the matrices and the norms that will be made precise
later on, in Sect. 3.4), we consider the method to be stable. We point out that, in this
context, stability is a property of methods and not a property of linear systems.

However, in this preliminary chapter, we will not deal directly with boundary
value problems and related methods. We will consider generic sequences of matrices
A and B with the corresponding sequences of norms; then we will require A and
B to satisfy suitable properties expressed in terms of constants (say, & and f) that
will be assumed to be the same constants for all the sequence; finally, we will show
that this gives rise to a constant ¢ in (3.0.3) that depends only on « and S, and is
therefore valid for all the linear systems of the sequence.

To read the present chapter, only a rudimentary background in linear algebra will
be needed, but we hope that the basic ideas will still come out clear enough. The
chapter is therefore mostly recommended for readers with a weak mathematical
background. Some proofs, in particular in the last two sections, although simple,
are somewhat lengthy. The readers with less mathematical inclination might skip
them. On the other hand, the chapter could be considered as useless for people with
a stronger mathematical formation. Indeed, essentially everything will be repeated,
in the more general context of Hilbert spaces, in the next chapter. However, the
examples and the counterexamples of the last two Sections might still have some
interest, and at least a glance at them is recommended for everybody.

We summarise the outline of the chapter: we first (in Sect.3.1) recall some
elementary facts in linear algebra. The main goal for that is to fix the notation,
and to refresh the memory for people with a low mathematical background. Then,
in Sect. 3.2 we consider the unique solvability of problems of the type (3.0.1), and
we describe necessary and sufficient conditions in terms of properties of matrices A
and B. At this level, all norms are considered to be equivalent. Next, in Sect. 3.3 we
extend part of the theory to matrices of the type

(s )
M = , (3.0.7)
B C

which is indeed very generic. However, we shall play the game that (3.0.7) is, in
some sense, a perturbation of (3.0.2). Roughly speaking, we shall assume that A
and B are such that, for C = 0, the matrix (3.0.7) is non-singular, and we look for
conditions on C that would preserve this non-singularity. In that section as well, all
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norms will be considered as equivalent. In the following Sect. 3.4, we start dealing
with big matrices, and for this we introduce different norms, together with the
problem of stability of a sequence of problems for a given choice of the sequences of
norms. As announced, our conditions will involve stability constants (to be precise:
M,, My, o, and B, that will be defined later on), depending on properties of matrices
A and B, respectively. The dependence of the global stability constants upon M,,
My, «, and B (and in particular upon « and f) will be tracked down with care,
and some simple examples will show the optimality of our results. Some additional
results are presented in Sect. 3.5. Finally, the stability conditions for the perturbed
problems of the type (3.0.7) will be considered in Sect. 3.6.

3.1 Notation, and Basic Results in Linear Algebra

3.1.1 Basic Definitions

Let r and s be positive integers, and M : R” — R® an s x r real matrix. We denote
by MT the transposed matrix of M, given by

Ml =M;;  i=1....rj=1.._z:. (3.1.1)

It is clear that M7 is an r x s matrix, and therefore M7 : R® — R’. It is also
immediate to check that

MHT = Mm. (3.1.2)
If we have two matrices M : R” — R® and N : R¥ — R’, the product M N of the
two matrices will be the usual rows times columns one, namely
r
(M N)yn =Y MpiNiy 1<m<s 1<n=<k (3.1.3)
i=1

Vectors in R” will be considered as columns, that is as n x 1 matrices. It is
elementary to check that, in the above assumptions on N and M, we have

MNT =NTMT (3.1.4)

and (since the transposed of a 1 x 1 matrix is the matrix itself)
yMx=x"M"y VxeR, VyeR'. (3.1.5)
Throughout this section, which is very elementary, we shall denote by 0, and 0;

the zero vectors in R” and in R* respectively. This notation will be abandoned in
the sequel, with only a few exceptions. Throughout the first three sections of this



3.1 Notation, and Basic Results in Linear Algebra 127

chapter, unless it is otherwise explicitly specified, the norm in R, for every integer
r > 1, will be the usual Euclidean norm defined by

x| ==Y " x7 =x"x. (3.1.6)

i=1
We define the kernel and the Range (or image) of M and M7 as follows:
(i) KerM := {x € R" such that Mx = 0,},
(i) KerM T := {y € R® such that My = 0,},

3.1.7)
(iii) ImM := {y € R’ such that Mx =y for some x € R"},

(iv) InM T := {x € R" such that M Ty = x for some y € R*}.

3.1.2 Subspaces

As usual, we shall say that Z is a subspace of R" if Z C R”" and Z is itself a linear
space.

Remark 3.1.1. We recall that a subset Z of a linear space R’ is itself a linear space
(and hence is a subspace) if, for any two elements z; and z, in Z, their sum z; + z,
also belongs to Z and moreover, for any z € Z and for any real number A, the
product Az also belongs to Z. O

Remark 3.1.2. According to the previous definition, when, for instance, r = 3,
any subspace Z of R? has to be made of triplets. However, it is quite common to
consider, say, R? as a subspace of R? by considering (x;, x,)7 as identified with the
triplet (x, x2, O)T. This, strictly speaking, is not 100% correct. However, on some
occasion, it might turn out to be convenient, as we are going to see immediately in
the Example 3.1.1 here below. Therefore we will accept it sometimes, while being
very careful with what we do. O

If Z is a linear subspace of R”, the image of the restriction of M to Z will be
denoted by M(Z). Hence,

M(Z) .= {y € R’ such that Mz = y forsome z € Z}. (3.1.8)

It is clear that M(R") = ImM.

Example 3.1.1. Assume that 7 = 5, s = 2, and consider the operator M : R> — R?

defined by
y 1 0 0 0 0 310
“\o 1 0 0 o (3.19
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If Z is the subspace Z := {x3 = x4 = x5 = 0} (that is the space of quintuples of
the type (x1,x2,0,0,0)7), the temptation to identify the restriction of M to Z with

the matrix

is actually quite strong. If, instead of a 2 x 5 matrix, we had a 2 x 500 matrix, then
the temptation would be much stronger (as well as the economy in using the form
(3.1.10)). O

Definition 3.1.1. Let M be an s x r matrix. Let Z be a subspace of R" and S a
subspace of R°*. We say that M restricted to Z is injective if

vz! € Z, V2> € Z we have: {Mz' = M7*} = {z' = 2%}. (3.1.11)
We say that M from Z to S is surjective if
Vwe S 3z € Z suchthat Mz = w. (3.1.12)

It is easy to see that, if for instance Z = R’, then M is injective if and only if
KerM = 0,. More generally, M restricted to Z is injective if and only if KerM N
Z = 0,. On the other hand, if S = R?, then M is surjective if and only if M(Z) =
R’. More generally, M is surjective from Z to S if and only if M(Z) 2 S.

From now on, if we say that an s x » matrix M is injective or surjective, without
specifying the subspaces Z and S, we intend that KerM = 0, or InM = R’
respectively. In other words, by default we intend that Z = R" and S = R’.

The dimension of a linear space will be denoted by dim. Hence, for instance,
dim(R") = r, and if Z is a subspace C R’, then dim(Z) < r. Moreover,

Z subspace of R" anddim(Z) =r = Z=R". (3.1.13)
The rank of M is defined as the dimension of its range:
rank(M) := dim(ImM ). (3.1.14)

Example 3.1.2. In order to become familiar with the notation, it will be convenient
to consider an elementary example, made by the family of matrices

0 0 1 0 0
My=]0 0 0 1 o0f, (3.1.15)
0 0 0 0 «

where « is a real parameter. We have clearly r = 5 and s = 3. For our present
purposes, only the cases « = 0 and @ = 1 will be relevant. The transposed matrix
will be
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0O 0 O
0O 0 O
MaT =11 0 0 (3.1.16)
0 1 0
0 0 «
It is immediate to check that for « = 0 we have:
KerMy = {x e R®>s.t. x3 = x4 = 0} dim(KerM,) = 3,
KerM] = {y e R¥s.t. y; = y» = 0} dim(KerM]) =1,
3.1.17)
ImM, = {y € R*s. t. y3 = 0} dim(ImM,) = 2,
ImM] = {xeR’s.t. x| = x; = x5 = 0} dim(ImM ) =2,
while for o = 1, instead, we have
KerM, = {x e R’s.t. x3 = x4 = x5 = 0} dim(KerM,) = 2,
KerM[ = 03 dim(KerM|') = 0,
(3.1.18)

ImM, =R? dim(ImM;) = 3,
IliT ={x¢€ R s.t.x] = x; = 0} dim(IliT) = 3.

In particular, M, is surjective from R to R?, and M IT is injective from R3 to R°.
The same properties are not true for M, and MOT respectively. These simple cases
might also be useful to check several other properties that will be discussed in the
rest of the section. O

3.1.3 Orthogonal Subspaces

For a given linear subspace Z of R”, we define its orthogonal subspace Z* as
follows

Zt:={xeR suchthatx'z=0Vz e Z}. (3.1.19)
It is not difficult (and quite intuitive) to check that
dim(Z*) +dim(Z) = r, (3.1.20)

and each x of R” can be split in a unigue way in its two components Xz € Z and X

X=Xz +XJ. (3.1.21)
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We also have that
ZNnz+=o,, (3.1.22)
that

(zH*

1
N

(3.1.23)

and that for two subspaces Z; and Z;
Z,CZ, = 7ZFCZi (3.1.24)

Example 3.1.3. For instance, with the notation of the previous example, if Z =
KerM,, we have in R®: fora = 0

(KerMo)* = {x € R® such that x; = x, = x5 = 0}
(3.1.25)
dim((KerMy)t) = 2,

and fora =1

(KerM;)* = {x € R’ such that x; = x, = 0}
(3.1.26)
dim((KerM,)*) = 3.

Always referring to the previous example, we have instead, in R3: fora = 0
(KerM[)* = {y € R? such that y; = 0} dim((KerM{)1) =2,  (3.1.27)
and fora =1
(KerM )t = { the whole R*} dim((KerM[)1) = 3. (3.1.28)

|

Remark 3.1.3. Note that the definition of the orthogonal subspace relies on the
choice of the whole space. For instance, as we have already seen in Remark 3.1.2,
it is quite common to accept that R” C R’*! by identifying (xi,...,x,) with
(x1,...,x,0). In this case, for Z C R" we could consider Z both to be a subspace
of R” and a subspace of R"T!. Clearly, its orthogonal in R” and its orthogonal in
R"+! will be different. We will try to be careful whenever this type of confusion
can occur. O

3.1.4 Orthogonal Projections

The notion of orthogonal projection on a subspace will play an important role in the
next Section. We recall it here, briefly.
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For a given subspace Z, say, of R", we introduce the orthogonal projection
wz: R" — Z as follows. For a given x € R, its orthogonal projection 72X is the
minimiser in Z of the quantity ||x — z||. Hence, we have

nzx € Z and ||x—azx|| <|x—2z|, VzeZ. (3.1.29)
An alternative and equivalent way of writing (3.1.29) is
TzX 1= al‘gIzIéiél lz — x| (3.1.30)
It is easy to see that such a minimiser exists, is unique and is the unique solution of
X € Z and ZTJrZX = sz, Vz e Z. (3.1.31)
An obvious consequence of (3.1.31) is

xezly & {azx=0,}. (3.1.32)

Example 3.1.4. Always referring to the cases of Example 3.1.2, if, for instance,
Z =KerMyandx = (1,2,3,4,5)7, then nzx = (1,2,0,0, S)T. |

It will also be convenient to associate to a subspace Z < R’ the extension
operator £z, defined as the linear operator that to every z € Z associates the
same z, thought as a member of R". At first sight, this appears to be obnoxiously
redundant. However, as we have seen in Remark 3.1.2, it is quite common, for
instance, to identify Z = R? as the subspace of R made by the triplets (x1, x2,0).
Note that, if we consider

Z = {(x1,x2.,0)"}, (3.1.33)
then E7 is just the identity matrix. If however we consider
Z = {(x1,x2)"}, (3.1.34)

then the operator £z would correspond to the matrix

E; = , (3.1.35)

(e
S = O

and its transposed operator would be

1 0 0
El = ( ) = 75. (3.1.36)
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Considering now the general case, we note that if we follow a notation of the
type of (3.1.34), then the equality

EL =ny,, (3.1.37)

in fact, holds for a general Z. Indeed, for every z € Z, we can consider the element
E 7z defined as z + 0,1 and for every y € R", we can split it into its components
on Z and on Z+ and writey =y, + y,., getting

Y Ezz=(yz74+y,)@+0,.)=2+0,) (yz+y,.) =2"nzy. (3.1.38)

On the other hand, following a notation of the type (3.1.33), we would have (also in
general)

E; = E; =7 = ng. (3.1.39)

3.1.5 Basic Results

We start by proving an easy but useful proposition.

Proposition 3.1.1. Let M be an s xr matrix. Then, the restriction of M to (KerM )+
is a one-to-one mapping between (KerM )* and ImM .

Proof. Let us see first that M, restricted to (KerM )+, is injective: according to the
definition (3.1.11), we have to prove that, if z! and 72 belong to (KerM )J-, and
Mz' = Mz?, then we must have z! = z°. Indeed, setting Z := z' — z> we have
Mz = 0 and hence Z € KerM . On the other hand, the vector z, as the difference
between two elements of (KerM )L, must also be in (KerM ). Hence, Z belongs, at
the same time, to KerM and to (KerM )J-. Due to (3.1.22), this implies Z = 0, that
means z' = 72, as we wanted.

Let us now see that M, as a mapping from (KerM )t to ImM, is surjective.
According to the definition (3.1.12), we have to prove that, for every element w €
ImM , there exists az € (KerM )J- such that Mz = w. For this, let w be an element
of ImM . By definition, there exists an x € R" such that Mx = w. Split this x
into its components along KerM and (KerM ). Let x = xg + z be the splitting,
with xx € KerM and z € (KerM )J-. By definition of kernel, Mxgx = 0, so that
Mz = Mxg + Mz = Mx = w, as we wanted. O

As immediate consequences, we have now the following properties.

Corollary 3.1.1. Let M be an s x r matrix. Then, there exists a lifting Ly, linear
from ImM to (KerM )L, such that

LyMx=x Vxe (KerM)'. (3.1.40)

Moreover, there exists a i > 0 such that
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pILuyll < Iyl VyeImM and plx| < [Mx| Vx e (KerM)*. (3.1.41)

Proof. The existence of L, satisfying (3.1.40) is obvious. Since all linear operators
are continuous in finite dimension, the two inequalities in (3.1.41) (that are actually,
in this context, the same inequality) are also obvious. O

Remark 3.1.4. We point out that (3.1.40) easily implies (applying M to both sides)
that

MLyy =y VyelmM. (3.1.42)

We also point out that exchanging M with M7 in (3.1.41) we have that there exists
a i > 0 such that

wlyl < IMTy| Vye (KerM ™)t (3.1.43)
O

Remark 3.1.5. We used the same letter (1) to denote the two constants that appear
in (3.1.41) and (3.1.43). This was not by chance. Actually, as we shall see in a while
(see e.g. Proposition 3.4.3), the two constants coincide, in the sense that if, for a
certain value of u, (3.1.41) is verified, then (3.1.43) is also verified, and vice-versa.

O
Corollary 3.1.2. Let M be an s x r matrix. Then,
dim((KerM)*) = dim(ImM), (3.1.44)
dim(ImM) + dim(KerM) = r, (3.1.45)
dim((KerM 7)) = dim(ImMT), (3.1.46)
and:
dim(ImM7T) + dim(KerM™) = s. (3.1.47)

Proof. Equation (3.1.44) is an obvious consequence of Proposition 3.1.1. Equa-
tion (3.1.45) follows from (3.1.44) using (3.1.20). Then (3.1.46) and (3.1.47) follow
by exchanging M and M T in (3.1.44) and in (3.1.45).

Remark 3.1.6. Note that (3.1.44) is well in agreement with the previous examples:
for @ = 0, we have from (3.1.17) that dim(ImM,) = 2 and from (3.1.25) that
dim((KerMy)*) = 2, while for & = 1, we have from (3.1.18) that dim(ImM;) = 3
and from (3.1.26) that dim((KerM;)) = 3. The agreement of (3.1.46), (3.1.45)
and (3.1.47) with the previous examples can be checked in a similar way. We leave
it as an exercise. O

Moreover, the following property is very commonly used.

Corollary 3.1.3. A square r x r matrix M is injective if and only if it is surjective.
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Proof. The proof follows immediately from (3.1.45). Indeed,
M is injective < KerM = {0,} < dim(KerM) = 0

(3.1.48)
& dim(ImM) = r < ImM = R" & M is surjective.

Remark 3.1.7. In different words, Corollary 3.1.3 says that, for a square r x r
matrix M, the system
Mx =f (3.1.49)

has a unique solution for every right-hand side f € R" (= surjectivity) if and only if
the homogeneous system Mx = 0, has x = 0, as a unique solution, that is if and
only if

(Mx =0} = {x=0,} (3.1.50)

(= injectivity). It can also be proved (although we are not going to do it here) that
both properties are equivalent to say that the determinant of the matrix M is different
from zero. O

In particular, we recall the following definition.

Definition 3.1.2. A square r x r matrix M is said to be non-singular if it is
injective (or, which is the same, if it is surjective, or, which is again the same, if
its determinant is different from zero).

It is well known that if M is a non-singular » X r matrix, then it has an inverse
matrix, denoted by M ~! such that

M M=MM'=1L (3.1.51)

where [, is the identity matrix in R". It is easy to check that whenever M is non-
singular, then M7 is also non-singular, and its inverse is given by (MT)™! =
(M~YT . With a (quite common) abuse of notation, we will indicate it simply by
M™T thatis

MT=mH"'=wmHT. (3.1.52)
An important property is given by the following proposition.

Proposition 3.1.2. Let M be an s x r matrix. Then,
KerMT = (ImM)*. (3.1.53)
Proof. We start by proving that KerM” € (ImM ). Lety € R* be in KerM T (that
is, MTy = 0,). We want to prove that y € (ImM )=, that is
yI(Mx) =0 VxeR. (3.1.54)
This, however, is immediate since

y/(Mx)=x"MTy = 0. (3.1.55)



3.1 Notation, and Basic Results in Linear Algebra 135

Now, we prove that (ImM )+ € KerM " Let therefore z € R be in (ImM )1 (that is
2" Mx = 0 for all x € R"). Then,

x'(MTz) =0 VxeR, (3.1.56)

implying that M7z = 0,, that is, z € KerM T

We then have the following theorem. ;
Theorem 3.1.1. Let M be an s X r matrix. Then:

KerMT = (ImM)*, (3.1.57)

ImM = (KerM T)t, (3.1.58)

KerM = (ImMT)*, (3.1.59)

ImM” = (KerM)*. (3.1.60)

Proof. Property (3.1.57) has already been seen in (3.1.53). Property (3.1.58) follows
from (3.1.53) and (3.1.23). Properties (3.1.59) and (3.1.60) then follow exchanging
M and MT. O

We note that from Theorem 3.1.1 we can easily deduce some useful properties:
{InM =R*} & {KerMT =0,}, Im{MT =R"} & {KerM =0,}. (3.1.61)

All the above properties can also be easily checked on the example of matrices
M,, in (3.1.15) and their transposed.

Remark 3.1.8. In spite of its immediate proof, Theorem 3.1.1 can be considered as
the finite dimensional version of a very important theorem of functional analysis
(that we shall see in the next chapter) which goes under the name of the Banach
Closed Range Theorem. O

Collecting the results of Proposition 3.1.1, of Corollary 3.1.40 and of Theo-
rem 3.1.1, we now have immediately the following result.

Corollary 3.1.4. Let M be an s x r matrix. Then, setting K := KerM and H :=
KerMT, we have:

M is one-to-one from K+ to ImM = H*, (3.1.62)
M7 is one-to-one from HYtolmM" = KJ‘, (3.1.63)
ALy : HY — K+ such that Lyy(Mx) =x Vx e K+, (3.1.64)
Lyr : K+ — H* suchthat Lyr(MTy)=y Vye H*, (3.1.65)

(Ly)" = Lyr. (3.1.66)
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Example 3.1.5. Assume that the matrix M has the following form

©i 0-0 0000
0 -0 0000

wel | i L6
0 0-4 0000 ( )
00-0 0000
00-0 0000

where k is the dimension of K+ = (KerM)J-, which, due to (3.1.44) and (3.1.58)
coincides with the dimension of H+ = (KerM ). Here we have r = k + 4 and
s = k + 2. We obviously have

ur 0-0 00
OMZ'O 00
0 0-ue 00
M" = , 1.
00-000 (5.1.65)
00-0 00
00-0 00
00-0 00
and
't 0 -0 00
0 uy'- 0 00 p' 0 - 00000
e 0 uy'- 0 0000
0 0 -u7'o0o0 .
Ly = k Lyr = 3.1.69
. 0 0 -0 00 m 0 0 -utoooof G
0 0 -000 0 0 -00000
0 0 -000 0 0 -00000
0 0 -000

Remark 3.1.9. Although the form of the matrix M in Example 3.1.5 might appear
very special, using the so-called singular-value decomposition (see e.g. [228]) for
every s X r matrix B, we can always choose an orthonormal basis in R” and an
orthonormal basis in R* that will transform the matrix B in the form (3.1.67). We
shall come back to this later on. O

3.1.6 Restrictions of Operators

Assume that we have a subspace Z € R’ and an s x r matrix M. To M we can
associate its restriction M, to Z defined as
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Mzz=M(Ez(z)) VzeZ thatis My = M Ez, (3.1.70)

where Ez, here and in all this chapter, is the extension operator as defined in
Sect.3.1.4.

If now S is a subspace of R, we can consider the operator Mg, from Z to S,
defined as

MZS =7'[5ME2. (3171)

Clearly, the transposed operator (Mzs)” will be

(Mzs)" =z M" Es = (M7)s2. (3.1.72)

Remark 3.1.10. We point out that all the results that we have seen in the previous

subsections (and in particular Theorem 3.1.1) still hold for operators like Mg,

but we have to be careful in the interpretation of the orthogonal complement. In
particular, we have

KerM!, = (ImMzs)™*s, (3.1.73)
ImMzs = (KerM©,)*s, (3.1.74)
KerMzs = (ImM[,)*7, (3.1.75)
ImM!I, = (KerMzs5)*7, (3.1.76)

where, for three spaces U € V C W, the notation U 1v stands (rather obviously)
for the elements of V' that are orthogonal to all the elements of U. O

Example 3.1.6. In the same spirit, considering once more the matrix (3.1.15)
(which describes a linear operator from R> to R?), if the subspace Z C R” is defined
by {x; = x4 = 0}, we can indeed either follow the example of (3.1.33) and consider
Z as the set of quintuplets (0, x5, x3, 0, x5)7 and describe the restriction of M to Z
again with the matrix (3.1.15). Otherwise, we can follow the example of (3.1.34),
and consider Z as a set of triples (x3, x3, xs)T, and describe it with the matrix

0 1 0
My;y=ME;,=|0 0 3.1.77)
0 0 «

So far there is no big difference, and the first option seems actually much cleaner.
|

Example 3.1.7. Coming back to the Example 3.1.6 above, if we consider now the
space S C R3, defined by {y, = 0}, and if we want to analyse the behaviour of M
as an operator from Z to S, the first option would lead us to consider the matrix
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0 0 1 0 O
M;¢=10 0 0 0 Of, (3.1.78)
0 0 0 0 «
while the second option would lead to the (simpler) matrix
M o b0 3.1.79
5=\ o0 ol (3.1.79)

Apparently, the advantage of Mzs over M is just simplicity. However, if you
want to apply the general results of the previous subsection (as e.g. (3.1.58)) to the
operator “M from Z to S”, you see that the use of the form (3.1.79) makes life
much easier: for instance, for ¢ # 0, the image of Mg coincides with the whole S
while the kernel of (M. ZS)T is reduced to 0. On the other hand, for « = 0, then the
image of Mz will be made by the pairs (y1,0)7 and the kernel of (Mzs)” is made
by the pairs (0, y2)” so that again ImM s is orthogonal to Ker(Mzs)”, and so on.
Looking carefully, you can also see everything using the form (3.1.78), but with a
bigger effort. O

Remark 3.1.11. We must be careful when discussing the kernel and the image of
operators restricted to subspaces. Indeed, in general, KerM 75 will not be a subspace
of KerM, and ImM 5 will not be a subspace of ImM . Let us see some examples.
Assume that we consider operators R?> — R?. We start with

1 1
M = L1l (3.1.80)

Clearly, the kernel of M is given by KerM = {(x;,x;)7| with x; = —x,} and the
image by ImnM = {(y1, y2)7| with y; = y,}. If we take

Z = {(xl,xz)T| with x; = x,} S = {(yl,yz)T| with y, = 0},

then KerMzs = {(0,0)”} and ImMzs := {(y1,y2)7|with y, = 0} so that
KerMzs € KerM but InMzg & ImM . If we take instead

I -1
M = 0 L] (3.1.81)

then KerM = {(0,0)”} and ImnM := R2. Choosing Z and S as before, we have
now KerM s = {(x;,x2)7| with x; = x,} and ImM g := {(0,0)7} so that now
ImMzg C ImM but KerMzg € KerM. O



3.1 Notation, and Basic Results in Linear Algebra 139
The following result deals with the possible inclusions of kernels and images of
Mzs and M and their transposed operators.

Proposition 3.1.3. Let M be an s x r matrix, let Z be a subspace of R’, let S be
a subspace of R® and let finally Mzs = ws M E 7 be the restriction of M operating
from Z to S. Finally, let MT and MSTZ be the transposed operators of M and M zg,
respectively. Then, the two following inclusions are equivalent

KerMzs C KerM (3.1.82)
Im(rzM") C ImMZ,. (3.1.83)
Moreover, exchanging the operators with their transposed, we obviously also have
KerM{, CKerM” & Im(zsM) C ImMys. (3.1.84)

Proof. We start by noting that (3.1.82) is equivalent to
KerMzs = Z N KerM. (3.1.85)

On the other hand, from (3.1.74) we have that an element of Z belongs to ImM ST 7 if
and only if it is orthogonal to all z € KerM 2. Taking into account that the generic
element of Im(rzM7) is mz My (with y generic in R*), and that obviously (by
transposition) z’ mz; M Ty = yT ME 7z, we deduce that (3.1.83) is equivalent to

yIME;z=0 VyeR*, VzeKerMyg, (3.1.86)

which in turn is clearly equivalent to (3.1.85). O

Remark 3.1.12. An equivalent way of looking at Proposition 3.1.3 is as follows.
Using (3.1.24), we immediately have that (3.1.82) holds if and only if (KerM )L <
(KerM ZS)J-, where both the orthogonals are taken in R". On the other hand, from
(3.1.60) we have that (KerM )L = ImM7 while an elementary argument using
(3.1.76) gives that

(KerMz5)Y* = (KerMzs)*2 U Z1# =1mMI, u Z+. (3.1.87)
Hence, (3.1.82) is equivalent to
ImMT ctmMm!, Uzt (3.1.88)

which is clearly equivalent to (3.1.83). O

Example 3.1.8. Inthe case of the matrix M of Example 3.1.5, we see that the matrix
My 1 would be
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#r 0 -0
Mgy =| 0P 0 |, (3.1.89)
0 0 - puk

showing its nice nature as a k x k non singular matrix. With this notation,
(L) gL 1 would just be the inverse matrix

uit 0 -0
0 uz'- 0

Lug, . =] " 7 (3.1.90)
0 0 -pu'

O

3.2 Existence and Uniqueness of Solutions: The Solvability
Problem

We go back to our general form (3.0.1), which we repeat here for the convenience
of the reader:

Ax+ BTy =, (3.2.1)
Bx =g. (3.2.2)

We assume that f and g are given in R” and R™ respectively (n and m being given
integer numbers > 1), and that x and y are also sought in R” and R™, respectively.
This implies that A must be a square matrix n X n and B a rectangular matrix m X n.

An important role will be played by the kernels of the operators B and
BT . Hence, we set

K :=KerB  H :=KerB”. (3.2.3)

An easy consequence of Theorem 3.1.1 that will be used quite often in the sequel
is: for all x € R" and for ally € R™,

xeKerB = x'Bly=y"Bx=0, (3.2.4)
or equivalently, for K = KerB,

nxkBTy=0 VyeR" (3.2.5)
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3.2.1 A Preliminary Discussion

Our present aim is to give conditions on A and B in order that (3.2.1) and (3.2.2)
have a unique solution.
Let us discuss first some heuristic ideas: according to Remark 3.1.7, the global

matrix
A BT
M = (3.2.6)
B 0

will be non-singular if and only if the corresponding homogeneous system

Ax+ BTy =0, (3.2.7)
Bx =0, (3.2.8)

has the pair x = 0 and y = 0 as a unique solution. Hence, we start our discussion
assuming that f and g are both zero. What do we know about x? From the second
equation (3.2.8), we see that

x € K = KerB. 3.2.9)

Moreover, we can take the projection wx of the first equation (3.2.7). We note that,
using (3.2.5), we have mx BTy = 0 so that the projection of the first equation onto
the kernel K is

g Ax = 0. (3.2.10)
We wonder whether
{xe Kand tx Ax =0} = {x =0} . (3.2.11)

Actually, it depends on the matrix A and on K. Either it does or it doesn’t. For the
moment, we just set, with the notation of (3.1.71),

AKK = HKAEK. (3212)

Coming back to the question (3.2.11), let us analyse the two cases.

o If the answer to (3.2.11) is no, then we surely lose (meaning that the matrix will
indeed be singular). Why do we say that? This is subtle, but not really difficult.
We claim that if the answer is no, then there exists a non-zero solution of the
homogeneous system. Let us see why. If the answer to (3.2.11) is no, it means
that there exists an x* # 0 such that both (3.2.9) and (3.2.10) hold. Now, using
(3.1.32), we note that (3.2.10) implies

Ax* € K+ (3.2.13)
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Moreover, we remember that K = KerB and that, from (3.1.60), (KerB)J- =
ImBT. Hence, from (3.2.13), we have Ax* € ImB7, and therefore there must
exist a y* such that

BTy* = Ax*. (3.2.14)

This is why we lose: indeed, the pair (x*, —y™) satisfies both equations Ax™ +
BT(—y*) = 0 and Bx* = 0, and we have a non-zero solution of the
homogeneous problem (3.2.7) and (3.2.8), since at least x* # 0.

» If instead the answer to (3.2.11) is yes, we can conclude that, for every pair
(x,y) solving the homogeneous system (3.2.7) and (3.2.8), we must have x = 0.
However, we still have to work on y. Once we know that x = 0, the first
equation (3.2.7) becomes

By =0, (3.2.15)
and we face a second dilemma: do we have
{B'y =0} = {y=0}? (3.2.16)

Clearly, the answer depends on the matrix B”. If it is injective, the answer to
(3.2.16) will be yes, otherwise it will be no. Here, however, the situation is
simpler: indeed, if the answer is no, it means that there exists a § # 0 such
that BTy = 0, and we lose again because the pair (0,,¥) will clearly be a
non-zero solution to the homogeneous system (3.2.7) and (3.2.8). If instead the
answer to (3.2.16) is also yes, then we can conclude: every solution (X, y) of the
homogeneous system (3.2.7) and (3.2.8) will necessarily be zero, and the matrix
M will be non-singular.

In conclusion to our heuristic analysis, it seems that, in order to have a non-
singular global matrix M, we need a “yes” for both questions (3.2.11) and (3.2.16).
This indeed is what we are going to prove, in a more precise way, in the next
subsection.

3.2.2 The Necessary and Sufficient Condition

We start with the basic result that provides necessary and sufficient conditions for
solvability.

Theorem 3.2.1. Let n and m be two integers > 1. Let A and B be an n x n matrix
and an m x n matrix, respectively. Let K be the kernel of B as in (3.2.3), and let
Agk be defined as in (3.2.12). Then, the matrix

%)
M = (3.2.17)
B 0
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is non-singular if and only if the following two conditions are both satisfied:

Agk : K — K is surjective (or, equivalently, is injective), (3.2.18)

B : R" — R™ is surjective (o1, equivalently, BT is injective). (3.2.19)

Proof. We start by noting that the equivalence claimed in (3.2.18) has been made
clear in Proposition 3.1.2, while the equivalence claimed in (3.2.19) is an easy
consequence of (3.1.61). We also note that, in some sense, the theorem has been
proved already during the heuristic discussion above. However, here we re-start and
give a more detailed proof.

To this aim, assume first that (3.2.17) is non-singular, that is to say that the
system (3.2.1) has a unique solution for every right-hand side (f,g) € R” x R”.In
particular, looking at (3.2.2) we see that it must have a solution for every g € R™, and
hence ImB = R and (3.2.19) holds. Moreover, for every f = fx € K the system

(5 5)6)-() 22

must have a solution. For every such solution, we clearly have Bx = 0, that is
x € K. We also note that for every y € R”, from (3.2.5) we have that 7x BTy = 0.
Hence, taking the projection x of the first equation of (3.2.20) yields:

K Ax = fK. (3221)

In other words, solving (3.2.20), we have that: for every f = fx € K, there exists an
x € K such that (3.2.21) holds. Hence, Agx is surjective from K to K, and (3.2.18)
holds.

Assume, conversely, that (3.2.18) and (3.2.19) hold. We want to show that the
matrix (3.2.17) is non-singular. This will follow if we show that the homogeneous
system (3.2.7) and (3.2.8) has x = 0, y = 0 as a unique solution. Indeed, from
Bx = 0, we first get that x € K. Taking the projection g of the first equation
(and noting again that mx BTy = 0), we have then mx Ax = 0. This, together with
x € K, implies x = 0 thanks to the injectivity in (3.2.18). Finally, the first equation
now becomes BTy = 0, and this gives y = 0 thanks to the injectivity in (3.2.19).

O

Remark 3.2.1. 1t follows easily from (3.2.19), using for instance (3.1.45), that a
necessary condition for the solvability is n > m. This was pretty obvious from the
very beginning, but it could be a valuable first simple check for users that are truly
illiterate from the mathematical point of view. O

Remark 3.2.2. We point out that a necessary and sufficient condition is somehow
a delicate mathematical item: all possible necessary and sufficient conditions for
a matrix to be non-singular are mathematically equivalent to each other, and all
equivalent to the obvious it is non-singular if and only if the determinant is different
from zero or even to the tautology it is non-singular if and only if it is non-singular.
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It is only the commodity of usage that, in each context, makes a necessary and
sufficient condition a useful instrument or a sterile mathematical exercise. In this
respect, we may say that it is not true, in practice, that all necessary and sufficient
conditions are equivalent. Moreover, it often happens that conditions that are only
necessary or only sufficient are more useful, in practice, than the necessary and
sufficient ones. This is what we shall discuss in the next subsection. O

Remark 3.2.3. We note that the result of Theorem 3.2.1 could have been obtained in
a different, more algebraic way. As the result is particularly important, we report this
alternative way as well, in the hope that two different points of view could provide
a deeper understanding of the whole result.

For this, together with the kernel K of B, we now consider its orthogonal
complement K L in R” that we call J. Let ng be the dimension of K and n; the
dimension of J. From (3.1.20) we have

ng +ny; =n. (3.2.22)

We now take a basis {x/,... ,x,{J} in J and a basis {xX, ... ,fo} in K. It is clear
that

{x{,...,xﬁj,xf,...,xf{(} (3.2.23)

will be a basis for R". With respect to this basis, we can re-write the matrices A, B,
and BT as follows:

A, A BT
A= ( o JK) B=(B, By) B'= ( J). (3.2.24)
BT

Axy Ak K

Now, from the definition (3.1.7) of K, we immediately have that Bx = 0 (that is
the zero m x nx matrix) so that BY = 0 as well. Splitting x and f in their orthogonal
components X; and X, and f; and fx, respectively, we can now write the original
system (3.2.1) as follows

Ay A BTN /x, f;
Ax; Agx O xx | =1t 1. (3.2.25)
B, 0 0]f\y g

With a little additional work we can see that B, is a non-singular square matrix
if and only if B is surjective, and the result of Theorem (3.2.1) follows from the
block-triangular structure of (3.2.25) since Axx = mg A. O

3.2.3 Sufficient Conditions

The problem of checking whether (3.2.18) holds or not could be simplified or even
avoided in some particular cases, as pointed out in the following corollaries to the
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basic Theorem 3.2.1. We recall that, in general, a square r x r matrix M is said to
be positive semi-definite if

xX' Mx>0  VxeR’ (3.2.26)
and it is said to be positive definite if
x' Mx>0 Vx € R" withx # 0. (3.2.27)

More generally, if Z is a subspace of R", we say that M is positive semi-definite
on Z if My is positive semi-definite, that is

vxeZ x Mpx=x' Mx>0, (3.2.28)
and we say that M is positive definite on Z if M, is positive definite, that is
Vxe Zwithx#0  x Mgyx=x’ Mx>0. (3.2.29)

We observe that a positive definite matrix is always non-singular, since (3.2.27)
easily implies (3.1.50). Hence, in particular, if M is positive definite on a subspace
Z, then M7z will be non-singular Z — Z. It is also obvious that if a matrix M is
positive definite (or positive semi definite), then its restriction to every subspace Z
will also be positive definite (resp. semi-definite).

From the above discussion, we have the following useful result.

Corollary 3.2.1. Let A be an n xn matrix, and B an m xn matrix. If B : R"* — R"
is surjective and A is positive definite on the kernel K of B, then the matrix M
in (3.2.17) is non-singular.

The proof follows immediately from Theorem 3.2.1. The following corollary has
more restrictive assumptions, but its use is even simpler.

Corollary 3.2.2. Let A be an n x n positive definite matrix, and B an m X n matrix.
If B : R" — R™ is surjective then the matrix (3.2.17) is non-singular.

Again, the proof is immediate. The advantage of Corollary 3.2.2 (when we can use
it!) is that there is no need to characterise the kernel K, which, in some cases, can
be a non-trivial task.

Among the various sufficient conditions, we could point out that if Agx is an
isomorphism from K to K, then the condition g € ImB will be sufficient to
guarantee the existence of a solution for the system (3.2.1). We have in particular
the following result.

Proposition 3.2.1. Let n and m be two integers > 1. Let A and B be an n xn matrix
and an m xn matrix, respectively. Let K be the kernel of B as in (3.2.3), and let Axx
be defined as in (3.2.12). Assume that Agk is an isomorphism from K to K and that
g € ImB. Then the system (3.2.1) has at least one solution. Moreover, if (X1,¥1)
and (X2, y») are two solutions of (3.2.1), thenx; = X, and (y,—y>) € H = KerBT.
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Proof. Indeed, if g € ImB then, by definition, there exists an X, € R” such that
Bx, = g. Looking for Xy € K, solution of the problem Axxxo = g (f — Ax,),
we can set X := Xo + X, and note that, projecting the first equation on K, we
have mg(f — Ax) = 0, because wxf — AgxXo — mx AX; = 0. In other words,
f— Ax € K1 which, thanks to (3.1.60), implies f— Ax € ImB T Hence, there exists
ay € R" such that BTy = f — Ax. It is immediate to check that (x, y) is a solution
of (3.2.1). Assume now that (x;,y;) and (X3, y2) are two solutions of (3.2.1), and set
x* := x; —xp and y* := y; —y,. Clearly, (x*, y*) is a solution of the homogeneous
system (that is, (3.2.1) with f = 0 and g = 0). In particular we have, from the
second equation, that x* € K, and from the projection on K of the first equation we
have Agxx* = 0 and since Agg is an isomorphism we have x* = 0. This implies
Ax* = 0 and, using again the first equation: B y* = 0 (thatis y* € H). O

Remark 3.2.4. In the framework of Proposition 3.2.1, the solution will never be
unique, unless we have H = 0,, (that however brings us back to Theorem 3.2.1).
On the other hand, we could change the problem and look for y in H . This actually
is the way to recover a well posed problem when B is not surjective. However, it
obviously works only when g € ImB. A particular case in which this would work
systematically is whenever g = 0 (as it is often the case when the second equation
expresses some incompressibility condition, or some sort of conservation property).

0

3.2.4 Examples

Let us see now some examples and exercises. We start by emphasising that the part
of A that must be non-singular is actually Axx, and not A itself. Take for instance,
forn = 2 and m = 1, the matrices

1 1 1
A= B=(1 0 BT = ) 3.2.30

Then, the rank of B is 1 (= m), and (3.2.19) holds true. On the other hand we
have that K = KerB = {x € R?suchthat x; = 0}. Hence, in this case, the
new basis (3.2.23) coincides with the original one, and the matrices are in the
form (3.2.24) already. It is then easy to check that A itself is non-singular, but
Agx = (0) and hence (3.2.18) does not hold. Indeed, the whole matrix is

1 1 1
M=]1 0 0 (3.2.31)
1 0 O

which is clearly singular.
On the other hand, consider the choice



3.2 Existence and Uniqueness of Solutions: The Solvability Problem 147

0 0 1
A= B=(1 0 BT = , 3.2.32

where A is singular. Since K is the same as before, the new coordinates (3.2.23)
coincide again with the old ones, and we have easily that Agx = (1). This is clearly
non-singular, so that (3.2.18) is now satisfied. Indeed, the whole matrix is now
non-singular:

0 0

M=10 1 0]. (3.2.33)
1 0 O

Along the same lines, referring to Corollary 3.2.2 we notice that it would not be

enough to require that A is positive semi-definite (that is x” Ax > 0 for all x € R").
Indeed, for the choice

1 0 1
A= B = (1 BT = , 3.2.34
( 0 0) ( O) (0) ( )

we have that A is positive semi-definite, we have that (3.2.19) is verified, but the
whole matrix

(3.2.35)

|
_— O =
o o O
oS O =

is clearly singular.
In many cases, however, it is not immediate to see, at first glance, what the matrix
Akx 1s. Consider for instance the case

A=<a b) B=(1 -1) BTz(l). (3.2.36)
c d -1

We have in this case

K := {x € R? such that x; — x, = 0}. (3.2.37)

Hence, K can be presented as the one-dimensional subset of R? made of vectors
of the type (a,a)” with « € R. In its turn, J can now be presented as the
one-dimensional subset of R?> made of vectors of the type (8,—B)" with B €
R. In order to reach the form (3.2.24), we now have to express the matrix A
in the new basis {x{.....x7 .x{,....xK} that is now simply {x{,x{} with
x{ = (1,-1)T and xK = (1, 1)7 (and if we want an orthonormal basis, we can
take x{ = (1/42,-1/4/2)T and xK = (1/4/2,1/+/2)T). After some classical
computations, we can see that, in this new basis, the matrix A takes the form
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1 f{a—b-—c+d b—c—d
A:—(a ctd atboc ) (3.2.38)

2\ a—-b+c—d a+b+c+d

From (3.2.38) we have that Agg is the 1 x 1 matrix (%(a 4+ b + ¢ 4+ d)), which is
non-singular if and only ifa + b + ¢ +d # 0.

Indeed, one can check easily (for instance, by computing the determinant) that
the conditiona + b + ¢ + d # 0 is necessary and sufficient for the matrix

a b 1
c d —1 (3.2.39)
1 -1 0

to be non-singular. In cases like this (which are the majority), it would possibly
be simpler to deal directly with the restriction of 7x A to K, which is Agk in the
original variables. This would require to apply the (original) matrix A

a b
3.2.40
(“ ) (3.2.40)
to the general vector (in the original coordinates) Xx = (&, )" in K, obtaining the
vector
ala+b
Axg = ( ) . (3.241)
alc+d)

Then, we have to check whether the component of Axx in K (that is g AX) is
different from zero. As K is one-dimensional, this amounts to take the scalar product

&5 Axg = (1/¥2.  1/V2)Axg = %(a Ybhtc+d), (3242

and see if it is different from zero when « is different from zero. We clearly obtain
again the conditiona + b +c +d # 0.

We point out, however, that if, by chance, a and d are positive and ad > bc,
then A will be positive definite on the whole R?, and we can have the solvability
directly from Corollary 3.2.2 without any additional work.

3.2.5 Composite Matrices

Sometimes, the matrix A itself has a block structure of the type

(%)
A= . (3.2.43)
D 0
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Then again, one has to be careful and require the non-singularity of A just on the
kernel of B. In some cases, together with an A with the structure (3.2.43), we have
a B with the structure B = (E 0) or B = (0 E), so that the whole matrix has
the block structure

c DT ET cC DT o0
M=|D o 0 oo M=|D 0 ET], (3244
E 0 0 0 E 0

respectively. In these cases, it can be a useful exercise to rewrite conditions (3.2.18)
and (3.2.19) in terms of properties of the matrices C, D, and E.

To fix the ideas, let us assume that, in the first case of (3.2.44), C isanr x r
matrix, D is an s X r matrix, and E a k x r matrix. We also assume thatr > s + k,
otherwise, according to Remark 3.2.1, the Matrix M will surely be singular. It is
clear that we can directly use Theorem 3.2.1, with

A:=Cwithn =r andB:= ( g) withm =5 + k. (3.2.45)

With a minor effort, one can recognise that

ImD
K := KerB = KerD N KerE ImB = (3.2.46)
ImE
and that
T __ Os
{KerB = (Ok }
s {{DTy FET2=0,) = {y=0,andz = Ok}} (3.2.47)

& {ImDT NImET = 0,}.
Conditions (3.2.18) and (3.2.19), in terms of the matrices C, D, and E, are then

ImDT NImET =0,,
(3.2.48)
Ckk is non-singular K — K where K = KerD N KerE.

It is not difficult to verify that conditions (3.2.48) are necessary and sufficient for
the non-singularity of the whole matrix M.

To deal with the second case of (3.2.44), we assume instead that C isan r X r
matrix, D is an s X r matrix, and E a k x s matrix. We also assume, this time, that
r +k > s > k, otherwise, according to Remark 3.2.1, the Matrix M will surely
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be singular. Possibly the easiest way to apply Theorem 3.2.1 consists in performing
first an exchange of rows and columns to reach the form

c o DT
o o E|. (3.2.49)
D ET 0

Then, we can take n = r + k and m = s with

A= (C O) B=(p ET) B = (DT). (3.2.50)

0 0 E
It is now immediate to see that
KerB” = KerDT N KerE

so that condition (3.2.19) (that now becomes: KerB” = 0, = 0,,) requires in this
case that KerDT NKerE = 0. Then, we have to look at the kernel of B and require
the non-singularity of A on it. It is clear that the kernel of B, in this case, is given by

K = {(x,z) € R" x R¥ such that Dx + ETz = 0,}. (3.2.51)

This includes all pairs of the form (0,,Z), with Z € KerE”. When we apply the
matrix A to one of these vectors, we obviously obtain the zero vector. Hence, if
we want the restriction of A to K to be non-singular, we must first require that
these pairs are reduced to (0,, 0x), that is, we must require first that Ker £ T = (.
However, K might also contain pairs (x,z) with x # 0,, provided Dx € ImE T,
This subset of R” can be characterised, using also (3.1.60), as

K = {x € R” such that Dx = E”z for some z € R¥}
(3.2.52)
={xeR suchthatz’ Dx =0 VZe KerE}.

Hence, the conditions for the second case can be summarised in terms of the
matrices C, D and E as:

KerDT N KerE = 0,
KerET = 0, (3.2.53)

Cig 1s non-singular K — K where K is given in (3.2.52).

Again, it is not difficult to verify that conditions (3.2.53) are necessary and sufficient
for the non-singularity of the whole matrix.
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There are obviously other equivalent ways to apply Theorem 3.2.1. For instance,
we can, in both cases, consider directly n = r + s, m = k and

c DT
A= B=(E 0)orB=(0 E). (3.2.54)
D 0

As we are dealing with necessary and sufficient conditions, we would find exactly
the same conditions as before, possibly with a longer argument.

In a similar way, one could treat the case when the space R™ x R”" is split into
a bigger number of subspaces (four, five, etc.). We do not insist too much on these
exercises.

3.3 The Solvability Problem for Perturbed Matrices

A different, more interesting variant arises when we consider the case of systems of

the type
(A BT) (X) (f)
= , (3.3.1)
B —-CJ\y g

where again A and B are n x n and m x n matrices, respectively, and C is an m x m
matrix. The name of the game here is to see C as a perturbation of the original
problem (3.2.1). We shall therefore assume that matrices A and B satisfy (3.2.18)
and (3.2.19), plus, possibly, some minor additional requirement, and we look for
conditions on C in order to have the unique solvability of (3.3.1).

The minus sign in front of the matrix C is due to the fact that, in what follows,
we are going to assume the perturbation, in some sense, to be negative (and hence
C to be positive), in order to have existence and uniqueness results.

3.3.1 Preliminary Results

A first sufficient condition for solvability is quite obvious.

Proposition 3.3.1. Assume that A and C are positive definite. Then problem (3.3.1)
is uniquely solvable. O

Indeed, it is easy to check that in this case the matrix

A BT
(_B C) (3.3.2)

is positive definite.
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Another more or less obvious sufficient condition is given in the following
proposition.

Proposition 3.3.2. Assume that (3.2.18) and (3.2.19) are satisfied. Then there exists
an ¢ > 0 such that, for every m x m matrix C satisfying

ICyll <elyll. VyeR", (3.3.3)

problem (3.3.1) is uniquely solvable. O

The proof is based on the following obvious fact: if the determinant of a matrix is
different from zero, and if we perturb the matrix by a small enough quantity, the
determinant will still be different from zero. We omit the mathematical details.

In the next subsection, we shall provide a theorem that is more interesting, and
more relevant for the applications. In order to prove it, however, we are going to
need the following elementary (and classical) lemma, that will also be useful in
other occasions.

Lemma 3.3.1. Assume that A is a symmetric n X n matrix satisfying
x'Ax >0, VxeR" (3.3.4)

(that is: A is positive semi-definite). Then, for every x € R" and for every z € R",
we have

(2" Ax)? < (xT Ax) (2" Az), (3.3.5)
and consequently, always for every x € R",
xX'Ax=0 = Ax=0. (3.3.6)
Proof. Using (3.3.4), we easily have that, for any z € R” and for any real number A,
(x+Az)T A(x 4 Az) > 0. (3.3.7)
Expanding (3.3.7) in powers of A and using the symmetry of A, we have
x! Ax + 2Az" Ax + A%z" Az > 0, (3.3.8)

implying that the equation (in the unknown 1) x” Ax + 2Az” Ax + A%z" Az = 0
cannot have distinct real roots, and therefore

A = (22" Ax)* — 4(x" Ax) (2" Az) <0, (3.3.9)

which, divided by four, gives exactly (3.3.5). From this we see that x” Ax = 0
implies that 2T Ax = 0 for all z € R", and therefore Ax = 0. This is what is
claimed in (3.3.6). ]
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3.3.2 Main Results

We are now ready to present the main theorem of this section.

Theorem 3.3.1. Let A be an n x n matrix, B an m x n matrix and let C be an
m x m matrix. Assume (as in the basic Theorem 3.2.1) that BT is injective and Agx
is non-singular from K to K, where K = KerB. Assume further that A and C are
positive semi-definite and that, moreover, A is symmetric. Then, problem (3.3.1) is
uniquely solvable for every right-hand side f, g.

Proof. The proof can be easily done by showing that the homogeneous version
of (3.3.1) (that is when f and g are both equal to zero) has x = 0,y = 0 as the unique
solution. For this, let (x,y) be the solution of the homogeneous system. Taking the
scalar product of the first equation of (3.3.1) times x, we get

x'Ax +x'BTy = 0, (3.3.10)
while, taking the scalar product of the second equation of (3.3.1) times y, we obtain
y'Bx—yT'Cy=0. (3.3.11)
Subtracting (3.3.11) from (3.3.10), and using (3.1.5), we therefore have
x'Ax+y'Cy =0. (3.3.12)
Using the fact that A and C are positive semi-definite in (3.3.12), we then have
x'Ax =y’ Cy =0. (3.3.13)

We can now use (3.3.13) and Lemma 3.3.1 to deduce that Ax = 0. Using this in the
first equation, we obtain now BTy = 0 which, as BT is injective, implies y = 0.
This, in turn, gives Cy = 0, so that, from the second equation, Bx = 0. Hence, x
belongs to KerB. Having already Ax = 0, we deduce Axxx = 0, and since Agg is
non-singular K — K, we conclude that x is also equal to zero. O

Remark 3.3.1. Looking at the proof of Theorem 3.3.1, we also see that we can
trade the symmetry assumption on A with the condition that A4 is positive definite
on the whole R". Indeed, the symmetry was only used in Lemma 3.3.1 to show that
x” Ax = 0 implies Ax = 0. If A is supposed to be positive definite, from x” Ax = 0
we have immediately x = 0 and then y = 0 as before. O

Theorem 3.3.1 has a counterpart, in which the symmetry assumption is shifted
from A to C.

Theorem 3.3.2. Let A be an n x n matrix, B an m x n matrix and let C be an
m x m matrix. Assume (as in the basic Theorem 3.2.1) that BT is injective and Agx
is non-singular from K to K, where K = KerB. Assume further that A and C are
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positive semi-definite and moreover that C is symmetric. Then, problem (3.3.1) is
uniquely solvable for every right-hand side f, g.

Proof. We proceed exactly as in the proof of Theorem 3.3.1. Let (x, y) be a solution
of the homogeneous system. Taking the scalar products of the first equation times x,
the scalar product of the second equation times y, and finally taking the difference,
we reach again (3.3.12) and (3.3.13). This time, we apply Lemma 3.3.1 to the matrix
C, obtaining Cy = 0. Then we can go back to Theorem 3.2.1 and, using (3.2.18)
and (3.2.19), we obtain x = O and y = 0. O

Remark 3.3.2. The above results could be summarised as follows. Assume that A
and B verify the assumptions of the basic Theorem 3.2.1, that is: B is surjective
(or, equivalently, BT is injective) and Ak is non-singular from K to K, where K
is the kernel of B. Then, problem (3.3.1) is uniquely solvable under the following
assumptions:

* Aand C are positive semi-definite and A is symmetric;
* A is positive definite and C is positive semi-definite;
* Aand C are positive semi-definite and C is symmetric. O

3.3.3 Examples

In the following Examples, we shall discuss the necessity of the conditions that
we have used so far. The form (3.3.1) is clearly too general to allow non-trivial
necessary and sufficient conditions. We shall therefore discuss the possibility of
finding more general, but still easy, sufficient conditions.

In the first example, we shall see that the symmetry assumptions in Theo-
rem 3.3.1 or in Theorem 3.3.2 cannot be easily reduced. Indeed, if we consider
the case

0 1 O 0 -1
A=]10 1 -1 B = C = , (3.3.14)
0 0 1 1 1
0 1 0

we see that 4 and C are positive semi-definite, B is surjective and A is non-singular
when restricted to the KerB which in this case is {x € R? such that x, = x3 = 0}.
Hence, all the assumptions of Theorem 3.3.1 are satisfied but the symmetry assump-
tion (since neither A nor C is symmetric). It is easy to see that the whole matrix

0
—1
(3.3.15)

Il
S o o o =
O = = = O
o o = O
—_— = O O
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is singular, since the third and fourth rows are equal. Note that A is symmetric when
restricted to Ker B, but this is not enough.

On the other hand, it is obvious that we cannot give up the assumption that A and
C have, in some weak sense, the same sign, because the elementary choice

A=) B=1) C=(-1) (3.3.16)

M = bl (3.3.17)
=\, ) 3.

Similarly, we cannot even accept that one of the two matrices, A or C, is
indefinite: for instance, the choice

gives rise to the singular matrix

0 1
A:(1 J B=(1 00 C=() (3.3.18)

with C symmetric and positive definite and A symmetric but indefinite, produces
the singular matrix

0 1
M=1]11 1 0]. (3.3.19)
1 0 -1

Hence, although the conditions discussed in Theorems 3.3.1 and 3.3.2 are clearly
only sufficient and by no way necessary, it does not seem easy to write down more
convenient ones.

3.4 Stability

We saw at the beginning of this Chapter that solvability will not be sufficient to
provide a good method to discretise partial differential equations, and some stability
(in a sense to be made precise) is actually needed.

Here, we suppose that we are actually given a sequence of problems with
increasing dimensions. It is clear that this will be the case when we are going to
consider discretisations of a given, say, partial differential equation, with a sequence
of finer and finer meshes. Consider therefore for k = 1,2, ... the problems

T
B, 0 Yk g/’ o
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where Ay is an n; X nj matrix, By an m; X nj; matrix, and the dimensions n; and
my, tend to infinity when k goes to infinity. Roughly speaking, we can imagine that
each value of k will correspond to a different decomposition, and when we will say
that some constant is independent of the decomposition, we will actually mean that
it does not depend on the index k in (3.4.1).

We are therefore interested in conditions that ensure not only the unique
solvability of each problem (3.4.1), but also a stability estimate of the type (3.0.3):

il + lyell < cClifill + g ). (3.42)

where the constant ¢ does not depend on k. This requirement is obviously meaning-
less, unless we specify the norms that we intend to use. As anticipated at the begin-
ning of this chapter, the choice of the norms, in this case, is not irrelevant: although
they are all equivalent, the constants involved in the equivalence may (and, in gen-
eral, do) depend on the dimensions, which we are assuming to be going to infinity.

On the other hand, if we want to use these abstract results in order to provide a
priori error bounds for some realistic discretisation of a differential problem, we
are not totally free in the choice of the norms.

In general, in the finite element context, the norms to be used will be the norms
in some functional space, where the differential problem itself is set. Hence, in
practice, we are going to have little choice.

For instance (anticipating some ideas from the following chapters), our unknown
vector x could represent the nodal values of a piecewise linear continuous function
defined on a domain £2 that has been decomposed into triangles 7. This means
that we have a one-to-one mapping from R” to the space L] of piecewise linear
continuous functions on £2, that associates to a vector v in R” the function ¢y such
that, at every node N; of the decomposition (j = 1,2...n), we have ¢y(N;) = v;.
In this case, a very natural choice of norm for v would be

1/2
Ivllo := (/Qwidﬂ) , (3.4.3)

or, alternatively,
1/2
W= ( [ 1vera2)” (44
Q

representing, respectively, the L2-norm and the H{-norm of the corresponding
function ¢, (if this function vanishes on boundary nodes). At the present level,
however, we have no functional spaces yet (nor, for what matters, a differential
problem). Hence, we are going to consider norms, or, rather, families of norms, that
are defined independently of functional spaces and discretisation schemes. However,
having that target in mind, we shall make assumptions that are somehow tailored for
it. In the present section, we shall then reconsider several aspects that were discussed
in Sect. 3.2 but, this time, introducing norms, and analysing the behaviour of the
various constants in dependence of the chosen norms.
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For the sake of simplicity, from now on we shall drop the index k unless it will
really be necessary, and we will just remember that m, n, A, and B depend on k.

Remark 3.4.1. We point out that, as we have already seen, stability is not a concept
that can be applied to a single discretised problem, but only to a sequence of
discretised problems, or to a discretisation method (that in turn gives rise to
sequences of discretised problems). O

Remark 3.4.2. Important warning In what follows, we will often consider the
infimum or the supremum of quotients of the type

w o e
H el

where £(&) is a real number depending linearly on &. It is clear that the quotients in
(3.4.5) make no sense for & = 0, so that the value & = 0 should be discarded when
taking the infimum or the supremum. On the other hand, due to the linearity of ¢, it
is clear that for every &, # 0 the quotients in (3.4.5) take the same value over the
ray & = k&, when « ranges over the positive real numbers. Hence, the limit of the
quotients (3.4.5) for & — 0, in general, will not exist (we would have a different
limit on every ray coming out of the origin), but the meaning of, say,

0e)
—2= 3.4.6
P el G40

(3.4.5)

will not be “seriously ambiguous”. Hence, for the sake of brevity, we shall write in
these cases

sup @ instead of  sup @ 3.4.7)

¢ &l g#0 €1

|

3.4.1 Assumptions on the Norms

We denote by X, Y, F, G, respectively, the spaces of vectors X, y, f, g. Hence, we
have

X=R' Y=R", F=R' G=R". (3.4.8)
Then, we assume that:

1. The spaces X and Y are equipped with norms || - |x and | - ||y. For the sake of
simplicity, we will assume that there exist two symmetric and positive definite
matrices Sy (an n x n matrix) and Sy (an m x m matrix) such that

I = (Sy )7 (Sx %) = x" ST Syx Vx e X,

(3.4.9)
Iyl} = (Syy)"(Syy) =y"Sf Syy VyeY.
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2. the spaces F and G are equipped with norms || - || r and || - || ¢ defined as the dual
norms of || - ||y and || - ||y, i.e.

x'f r
IfllF := sup —— and gl := sup y 8 . (3.4.10)
xex [x[x vey [I¥lly
It is not difficult to check that
I3 = (Sx' O (Sx' ) =7 S;"Sy't VEeF,
(3.4.11)

lglz = (Sy' 2" (S;y'g) =¢"S, 7Sy 'g YgeG.

3. Given the norms in X, Y, F and G, we can define the induced norms of the
matrices A and B as follows

I Ax|[¢ I1Bxlc
IA]l := sup IBIl :=

. (3.4.12)
xex [Ix[lx xex  [IXlx

4. The norms of the transposed matrices A7 and B are obviously defined in the
same way as in (3.4.12). Moreover, we have the following immediate result.

Proposition 3.4.1. In the above assumptions, we have

T z” Ax

Al = |A" | = supsup ———— (3.4.13)

xeX zeX |1Z[Ix [1x]|x

and
TR

IB|| =[BT = supsup —— > (3.4.14)

x€X yeY lylly Ixllx
O

The proof follows immediately from (3.1.5), which implies that z” Ax = x” A7z
and y” Bx = x” BTy.

5. We will assume that there exist two constants M, and M), independent of the
mesh-size, such that

lAl = 14T < Mo Bl =BTl < M. (3.4.15)

Sometimes, for K a subspace of X, we will also use the norm

T

[fll & := sup (3.4.16)

xeK ”X”X'

The following very useful properties are immediate consequences of the above
assumptions.
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Proposition 3.4.2. Assume that the properties (3.4.8)—(3.4.15) hold true. Then, for
every X and f in R" and for every y and g in R™, we have

x'f < |x||x [Ifll yig < Iyl lglc. (3.4.17)

IAX]| F < Mal|x]|x. IATx|F < Ma|x|x. (3.4.18)

IBx|lc < Mj|x]|x. IBTyllr < Mylylly, (3.4.19)

x" Az < M,||x||x |lz] x, x" BTy < My||x[|x Ilylly. (3.4.20)
and

Ifllx < (€]l F- (3.4.21)

If moreover A is symmetric and positive semi-definite, then (3.4.18) can be
improved to

[Ax|F < M} (x" Ax)'/%, (3.4.22)

Proof. The proof of (3.4.17) is immediate. For instance, the first inequality follows
from the fact that for every fixed X € X \ {0} we obviously have

X't g
X <sup—— = ||, (3.4.23)
Er=AT

which multiplied by ||X||x gives X" f < ||X||x |||l 7. The second one can be proven
in exactly the same way. The proof of (3.4.18) and (3.4.19) is also immediate, as
is the proof of (3.4.21) (in the right-hand side we take the supremum over a bigger
set). Let us see for instance the proof of (3.4.18) (as the proofs of the other two are
identical): using first (3.4.12) and then (3.4.15), we have:

[Ax][F < [|All [Ix]x < Mq [x]Ix- (3.4.24)

Property (3.4.20) will then follow immediately from (3.4.18) and (3.4.19), and the
proof of (3.4.21) is immediate. Finally, for the proof of (3.4.22), we can first use
Lemma 3.3.1, which, for every x, z € X, gives

|z Ax| < (27 Az)'/?(xT Ax)'/%. (3.4.25)

Then, we use (3.4.10), (3.4.25), and (3.4.20) to get

2z’ Ax 2" Az)V/2 (xT Ax)!/?
x| p = sup Z2X < up AP 0 AV

zeX |zllx — zex Izl x
Mo llzI2)2(xT Ax)!/2
< X( ol ”X|)|z”; 2 = M, (x"4x)'/. (3.4.26)
VAS

O
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From now on, in this chapter, the Euclidean norm will be denoted by || - || g, that is
||z||% =17z (3.4.27)

The following proposition is an elementary consequence of Corollary 3.1.4.

Proposition 3.4.3. Let B be an m x n matrix, and set K := KerB (as usual) and
H := KerBT. Then, there exists a positive constant B such that

. XTBTy X yTBx -
inf sup ———— = inf sup —— =f4>0. (3.4.28)
vertxext IXIx ¥l xextyenmt IXlx llylly

Moreover, with the notation of Proposition 3.1.1, we have exactly

1
= =Ll = |Lpr|. (3.4.29)

Proof. Corollary (3.1.4) implies that B is one-to-one from K Lto H+ and BT is
one-to-one from K+ to HL. It is not difficult to see that B in (3.4.28) is exactly
the value of the norms of L and Lgr (that are equal to each other). See also
Examples 3.1.5 and 3.1.8.

We are now ready to introduce a precise definition of stability.

Definition of stability. Given a numerical method that produces a sequence of
matrices A and B when applied to a given sequence of meshes (with the mesh-
size h going to zero), we choose norms || - ||x and || - ||y that satisfy the continuity
condition (3.4.20), and dual norms || - ||r and || - |¢ according to (3.4.10). Then,
we say that the method is stable if there exists a constant c, independent of the
mesh size, such that for all vectors X,y,f, g satisfying the general system (3.2.1)
and (3.2.2), it holds

Ixllx + lIylly < c(lflz + lglo)- (3.4.30)

Remark 3.4.3. We recall (as we have also seen in Remark 3.1.7) that for a square
matrix, we have unique solvability for every right-hand side if and only if the only
solution of the homogeneous system is the zero solution. We note here that (3.4.30)
implies that, whenever f and g are zero, the only possible solution of (3.2.1) and
(3.22)isx = 0 and y = 0. Hence, we deduce that (3.4.30) implies the unique
solvability of (3.2.1) and (3.2.2). This is the reason why, on several occasions in this
section, we will state theorems that ensure the stability (3.4.30) without mentioning
explicitly that we have unique solvability for every right-hand side f and g. O

Having now a precise definition of stability, we can look for suitable assumptions
on the matrices A and B that may provide the stability result (3.4.30). In Sect. 3.2,
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we started with the basic Theorem 3.2.1, giving the necessary and sufficient
conditions for solvability, and then we discussed possible variants with stronger
assumptions which gave only sufficient conditions but were easier to deal with. In
the present section, we shall follow somehow the opposite path: we shall start with
stronger assumptions (allowing an easier proof) and move progressively towards
weaker assumptions.

In particular, as we did in the previous sections, we will consider essentially three
possible situations, with three different levels of generality. In all three cases, we
shall assume an inf-sup condition on the matrix B. On the other hand, for the matrix
A, we shall consider the three cases: ellipticity on the whole space V/, ellipticity only
on the kernel K, and a non-singularity condition on Agg of the type of (3.2.18).

Different assumptions on the symmetry of A will often affect the dependence of
the final stability constants on the inf-sup and ellipticity constants.

As a first step, however, we shall discuss the basic assumption to be made on the
matrix B (the inf-sup condition) that will be used in all the theorems of the Section.
In several applications, checking whether the inf-sup condition holds or not will be
the main difficulty. It is therefore necessary to try to have a good understanding of it.

3.4.2 The inf-sup Condition for the Matrix B: An Elementary
Discussion

As we are going to see at the end of this subsection, with the definitions and the
notation that we introduced in the previous part of this chapter, the so-called inf-sup
condition can be expressed rather quickly.

However, as it is often one of the main difficulties (to check or to enforce) in
many applications, we expect a certain number of readers to pick up the book and
start reading this subsection first.

This, clearly, is not recommended, and, frankly speaking, cannot be done.
Nevertheless, we tried, in the beginning of this subsection, to be softer than usual,
rephrasing many concepts that were seen before, and (if not really restarting from
scratch, that would be a total nonsense) to recover some concepts in a more heuristic
way.

Let us start from one of its most common formulations.

Inf-sup condition on B. There exists a positive constant B, independent of the
mesh-size h, such that:

VyeY 3xe X\ {0}suchthatx” BTy > B|x|x|yly- (3.4.31)

In order to understand it better, we start by rewriting condition (3.4.31) in
different equivalent forms, which will also clarify the reason why it is called
inf-sup condition.
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Since, by assumption, x is different from zero, condition (3.4.31) can equiva-
lently be written as:

x' BTy

Xl x

VyeY 3IxeX\{0} such that > Bllylly. (3.4.32)

Given y € Y, the most suitable x € X (for making the inequality in (3.4.32) hold)
is clearly the one that makes the left-hand side of the inequality as big as possible.
Hence, the best we can do is to take the supremum of the left-hand side when x
varies among all possible x € X different from 0. Hence, recalling also the notation
in (3.4.7), we may equivalently require that

TRpT

x' B'y

VyeY sup

> Bllylly- (3.4.33)
xex  [Ix|lx

In a sense, we got rid of the task of choosing x. We observe that, making use of the
notation of (3.4.10) for dual norms, we immediately have

x" BTy
sup

= B"ylr. (3.4.34)
xex  [Ix|lx

so that condition (3.4.33) could easily be rewritten as
VyeY  [BTylr = Blylyr. (3.4.35)

We recall now that the usual condition required in the previous section for the
matrix B (see (3.2.19)) was: B is surjective or, equivalently, BT is injective. We
also recall that the injectivity (3.1.11) could be written as

BTyl =0} = {lyl =0} (3.4.36)

Looking back at the basic algebraic property (3.1.41) (that, in finite dimension, is
always true), with M = BT we see that here we are first asking that the inequality
holds for every y € Y (and not, as in (3.1.41), for every y € (KerB”)1). Hence, we
require that, for every k in our sequence, (KerBT)1 = {0}. Moreover, we require
that the constant u that appears in (3.1.41) is uniformly bounded from below by a
uniform constant §.

We also easily recognise that the inf-sup condition, in its equivalent form
(3.4.35), easily implies (3.4.36). Hence, it can be seen as a stronger form of the
plain injectivity (3.4.36), depending on the choice of the norms, and requiring a
uniform bound, B, independent of the mesh-sizes.

However: why is it called inf-sup condition? We note that condition (3.4.35) still
depends on y. We also note that it clearly always holds for y = 0, and therefore
we can concentrate on the y’s that are different from 0; in particular, for y # 0,
condition (3.4.35) can be also written as
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1Byl

YeA® e

> B. (3.4.37)
The worst possible y is therefore the one that makes the left-hand side of (3.4.37)
as small as possible. If we want (3.4.37) to hold for everyy € Y \ {0}, we might
as well consider the worst case, looking directly at the infimum of the left-hand side
of (3.4.37) among all possible y’s, requiring that

BT
BTy

> B, (3.4.38)
vey |lylly

(still following the notation (3.4.7)) that is, recalling (3.4.34),

. x"B'y
inf sup ——— > B, (3.4.39)
vevxex [IX[[x [[¥lly

which is possibly the most used equivalent presentation of the assumption, and
which gave it its name. The advantage of formulation (3.4.39) over the original
formulation (3.4.31), if any, is that we got rid of the dependence on y and x. Indeed,
condition (3.4.39) is now clearly a condition on the matrix B, on the spaces X and
Y (together with their norms), as well as on the crucial constant f.

Remark 3.4.4. We point out once more that the inf-sup condition is stronger than
the simple injectivity (3.4.36). Considering for simplicity the matrix

(1 0 0
By ._( 0 6 o) (3.4.40)

and taking the Euclidean norm for all the spaces, we easily see that, for 0 < 6 < 1,

BTyl R4 (0D
inf = inf 5 NV R
ver2 |yl yerr  (yi+yHY

In a sequence of problems, sub-matrices as By can appear, in crucial places, with
smaller and smaller 0’s. In these cases, for every single problem of the sequence,
we shall have a positive infimum in (3.4.38), but there will not be a positive uniform
B bounding them all from below. O

We collect the previous discussion in the following proposition.

Proposition 3.4.4. Given a sequence of spaces X, Y, a sequence of matrices A
and B and a single positive constant B, then the inf-sup condition (3.4.31) is
equivalent to

Blyly <IB"ylr. VyeY. (3.4.41)
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Moreover, recalling Proposition 3.4.3, we have that the inf-sup condition (3.4.31) is
also equivalent to

3Lz : G — X suchthat BLzg =gVge G (3.4.42)
with
BlLggllx < lgllc VgeG. (3.4.43)

Therefore, in particular, the inf-sup condition (3.4.31) implies that all the matrices
B in the sequence are surjective and all the matrices BT are injective. O

3.4.3 The inf-sup Condition and the Singular Values

Now we shall see that, using the definitions and the notation of the previous part of
this chapter, the discussion of the previous subsection could be drastically shortened.
However, first we recall some basic notion on the singular value decomposition (see
e.g. [228]). Given an m x n matrix M, it is always possible to find an n X n unitary
matrix U and an m x m unitary matrix V' such that

M=VXU (3.4.44)

where X' is an m X n non-negative diagonal matrix. We recall that a rectangular
matrix X is said to be a non-negative diagonal matrix if all its entries are non-
negative and for all i # j we have 0;; = 0. On the other hand, an r X r matrix A
is said to be a unitary matrix when the product A7 A is equal to the identity r x r
matrix . Note that this implies that (Az)” Az = 2"z for all z € R”, so that A does
not change the Euclidean norm.

In (3.4.44), the diagonal entries of X are known as the singular values of M.
It can be shown that the non-zero singular values of M are the square roots of the
non-zero eigenvalues of M7 M.

We now focus our attention on a fundamental example already considered in
Sect.3.1.

Example 3.4.1. Let us go back to the Example 3.1.5, and consider the matrix (that
we now denote by X') given by

u 0-0 0000
0 -0 0000

s | 144S
0 0-u 0000 ( )
00-00000
00-0 0000
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where again k is the dimension of (KerX)+, which coincides with the dimension of
(KerXT)L. Here we have n = k + 4 and m = k + 2. Assuming that the singular
values p; have been ordered in decreasing order, that is

P1 > o > 0> et > ks (3.4.46)
we clearly have (referring to Corollary 3.1.4)

b L
IZ80e _ 0 na sup ME2ME _ (3.4.47)

£€R! 1€l e ne€lmy nll &

which, using Proposition 3.4.3, gives immediately

TE B
inf sp T2 B = (3.4.48)
ne®ersT)L gekers)L 1€ 11E 1nlle

Now, we remark that in (3.4.48) there would be no gain and no loss in taking the
supremum for £ € R” rather than for £ € (KerY)- C R”. In general, taking
the supremum on a bigger set will provide a bigger (or equal) supremum. Here,
for £ € KerX, the numerator in (3.4.48) (that is 7 X&) will always be zero and
therefore the supremum will not change. Hence,

T
X
inf sup —1 28 (3.4.49)
ne(KerxT)L E€R” ”E ”E ”’7”E
O
Now, given an m X n matrix B, we set (recalling assumption (3.4.9))
M := Sy BSy, sothat B=S,'M Sy (3.4.50)

Taking the singular value decomposition (3.4.44) for M will correspond to writing
B as

B=SyV XU Syk. (3.4.51)
It is not difficult to check that writing x = Sy'UT§ andy = S; 'V yields

y'Bx ' VTS'SyVIUSxySy'U™s  g'X&
xllx lylly ISx S'UTE|e ISy Sy Valle &£ lInlle

(3.4.52)

where, in the last step, we used the definition of the norms (3.4.9) and the fact that
U and V are unitary.

Noting that, as it can be easily checked, fory = S;'Vy and B given by (3.4.51)
(sothat BT = Sy UT XT VT Sy), we have
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y € KerBT iff neKerXT,

we conclude that

i y' Bx . n XE
inf  sup —— = inf sup ——— = k. (3.4.53)
veers™y L xek [Xlx 1Yy yegerzryr gerr 1ElE Inlle

We collect the result in the following proposition.

Proposition 3.4.5. Let B be an m x n matrix, let the norms in X and Y be defined
as in (3.4.9) through the matrices Sx and Sy, respectively, and let § be defined as

TBT TBT _
inf sup —— Y = inf sup—— 3 —: §, (3.4.54)
verdtxex L IXIx lI¥lly  yems xex [Xlx [lylly

where, as usual, K ‘= KerB and H := KerBT. Then, ,3 coincides with the
smallest positive singular value of the matrix Sy B Sx. In particular, the inf-sup
condition (3.4.31) is equivalent to say that “all the singular values of Sy B Sx are
positive, and the smallest singular value ,3 is bounded from below by a fixed positive
constant B, independent of the decomposition”. O

3.4.4 The Case of A Elliptic on the Whole Space

As we have seen when discussing solvability, the inf-sup condition alone cannot be
sufficient for having stability for problems of the general form (3.2.1) and (3.2.2).
In order to have sufficient conditions, we now introduce a further assumption on
the matrix A. As discussed at the end of Sect.3.4.1, we start considering a strong
condition. More precisely, we make the following assumption.

Ellipticity condition. There exists a positive constant o, independent of the mesh-
size h, such that

alx|} <x"4x  VxeX. (3.4.55)
We immediately note that, from (3.4.20) and (3.4.55), we easily deduce that
o< M,. (3.4.56)

We now have the following Theorem.

Theorem 3.4.1. Let the assumptions (3.4.8)—(3.4.15) on spaces, norms and matri-
ces be satisfied. Let X,y,f, g satisfy the general system of equations (3.2.1) and
(3.2.2). Assume moreover that the inf-sup condition (3.4.31) and the elliptic-
ity (3.4.55) are satisfied. Then, we have
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1 M,
Il < Sl + 22 )glo. (3.4.57)
o of
vl = Mo ey, 4 Moy (3.4.58)
Yir = oz,B F oc,BZ gllG- 4.

Proof. 'We shall prove the result by splitting x = xs +xg, andy = y s +y,, defined
as the solutions of

Axs + Bly, =f,
! ! (3.4.59)
BXf = 0,
and
Ax, + BTy =0,
¢ ¢ (3.4.60)
Bx, = g.

We proceed in several steps.

» Step 1 — Estimate of Xy and AX ¢
We multiply the first equation of (3.4.59) to the left by XJT, and we note that

x| BTy, =y Bx; = 0 (by the second equation). Hence,
Xy Axy =x"f (3.4.61)

and, using the ellipticity condition (3.4.55), relation (3.4.61) and the first of the
dual norm estimates (3.4.17), we have

alxsly < x5 Ax; =x"t < |Ix/llx [f] £ (3.4.62)

giving immediately

1
sl < —lifll . (3.4.63)
and using (3.4.18),
M,
lAxrllr < —=IflF. (3.4.64)

» Step 2 — Estimate of y ¢
Using the equivalent form of the inf-sup condition (3.4.41), we have

Bllyslly <IB ysllr = |If — Axy]|F. (3.4.65)

Then, using (3.4.65), (3.4.64) and (3.4.56), we obtain

1 1 M, 2M,
Iyby < glt=axle < g (1422 e < 22000l Ga60)
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* Step 3 — Estimate of ||x||% by |lyelly
We use the ellipticity (3.4.55), then the first equation of (3.4.60), then (3.1.5),
then the second equation of (3.4.60), and finally the second of the dual norm
estimates (3.4.17):

allXg [y < XgAxe = =X BTy, = =¥, Bx, = —y;8 < [¥elrligl. (3.4.67)
» Step 4 — Estimate of ||yelly by |IXq|lx

Using again the inf-sup condition in the from (3.4.41), the first equation
of (3.4.60) and the continuity property (3.4.18), we have

Blyelly < IBTygllr = Al F < Ma|Ixgllx- (3.4.68)

» Step 5 — Estimate of ||Xg||x and ||yg|ly
We combine (3.4.67) and (3.4.68) to obtain

M,
alxgll} < fllgllcllxgllx, (3.4.69)
which immediately implies
M,
=— . 3.4.70
Ixgllx < op Iglle ( )
Using this in (3.4.68), we therefore have
MZ
a
Iyellx = a—ﬁzllglls- (3.4.71)

The final estimate then follows by simply collecting the separate esti-
mates (3.4.63), (3.4.66), (3.4.70) and (3.4.71).
O

Remark 3.4.5. In some applications (and in particular for the Stokes problem), the
matrix A will always be symmetric and positive definite, essentially for all possible
types of finite element discretisations, with an « easily bounded away from 0. In
these cases, the only condition that we must check will be the inf-sup condition on
B. This led some people to believe that the inf-sup condition for B is the assumption
to be made for getting a good method when dealing with mixed formulations. This,
however, is a superstition, based (as all superstitions) on a narrow horizon. We
will see in Chap.5, Sect.5.2.4, some examples of discretisations of simple one-
dimensional problems that illustrate this point. O
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Remark 3.4.6. In some applications it might happen that the constants « and S
either depend on 4 (and tend to zero as h tends to zero) or have a fixed value
that is however very small. It is therefore important to keep track of the possible
degeneracy of the constants in our estimates when « and/or B are very small. In
particular, it is relevant to know whether our stability constants degenerate and tend
to infinity, for example, as 1/8 or 1/8? or other powers of 1/ (and, similarly,
of 1/@). In this respect, we point out that the behaviour indicated in (3.4.57)
and (3.4.58) is optimal. This means that we cannot hope to find a better proof giving
a better behaviour of the constants in terms of powers of 1/« and 1/, as shown by
the following example. Considering the system

1 =1 b\ (x fi
1 a Ollx]l=1]r 0<a,b <1, (3.4.72)

b 0 0 y g

one easily obtains
g fHoog Si L (Q+ag

=2, JL_ 5 = 4 2= _ 2 7o 3.4.73
NEy =TT w YT T T aw (34.73)
Since « = a and B = b, from (3.4.73) we deduce that the bounds of Theorem 3.4.1
cannot be improved. O

The dependence of the stability constants on « and 8 can however be improved
if we add as a further assumption the symmetry of the matrix 4. We have indeed the
following result.

Theorem 3.4.2. Let the assumptions (3.4.8)—(3.4.15) on spaces, norms and matri-
ces be satisfied. Let X,y,f, g satisfy the general system of equations (3.2.1) and
(3.2.2). Assume moreover that the inf-sup condition (3.4.31) and the elliptic-
ity (3.4.55) are satisfied, and assume moreover that A is symmetric. Then, we have

1 1/2

Ixllx < —lifllr + ~75 1/2/3 lglle. (3.4.74)
1/2

lylly < 1/2’3 €]l 7 4 Mo 52 =llglle. (3.4.75)

Proof. The following proof mimics rather closely the path of the previous one. In
particular, it is done again analysing separately the two problems: (3.4.59), for g =
0, and (3.4.60) for f = 0. However, instead of just indicating the differences between
the two proofs, we prefer to report also the second one in detail.

» Step 1 — Estimate of Xy and AX ¢
We multiply the first equation of (3.4.59) to the left by x? and we note that
x?BTy f= yTBxf = 0 (by the second equation). Hence,
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xjAx; =x'f (3.4.76)

and, using the ellipticity condition (3.4.55), relation (3.4.76) and the first of the
dual norm estimates (3.4.17), we have

allx/ i = xjAx; =x"f < |x/[lx [f]7.
giving immediately
1
Ixsllx < a||f||F (3.4.77)
as well as

X§Axf

IA

1
a||f||fp. (3.4.78)

Therefore, using (3.4.22), we also get

M,
[AxsllF < TN €]l 7 (3.4.79)

which improves estimate (3.4.64).

» Step 2 — Estimate of y ¢
We now use the equivalent form of the inf-sup condition (3.4.41) withy = y.
We have

Bllyslly <IB ysllr = Ilf— Axy||#. (3.4.80)
Then, using (3.4.80), (3.4.79) and (3.4.56), we obtain
1 MI/Z 2M1/2
Iyl = 5= Axlr < (E + l/zﬁ) Il = Jag il 348D

e Step 3 — Estimate ofxg Axg by |lyelly
We multiply the first equation of (3.4.60) by xg. Using the second equation
of (3.4.60) and the second of the dual norm estimates (3.4.17), we have

XgAXg = _XgBTYg = _Y§Bxg = _Y;g < llyellvliglo- (3.4.82)
» Step 4 — Estimate of ||yg|ly by (XZ;AXg)l/Z
Using now the inf-sup condition in the form (3.4.31) with y = y,, we get that
there exists an X # 0 such that X’ BTy, > B||X||x|ly,|ly - This relation, the first
equation of (3.4.60) and the continuity property (3.4.25), yield
BlIEIlxllyelly < %" By, = —%"Ax, < M |%|lx (xg Axp)'2, (3.4.83)

giving (as X # 0):
1/2

Iyelly < (xI Axy)'/2. (3.4.84)
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» Step 5 — Estimate of ||Xg|lx and ||yelly
We first combine (3.4.82) and (3.4.84) to obtain

M,
Ivelly = 27 ligle- (3.4.85)

Moreover, using the ellipticity assumption (3.4.55), then (3.4.82) and finally
(3.4.85), we have

A

M,
2 T 2
afxglly < x, Ax, < [Iycllyligle < ﬂ—fllgllc,

which can be rewritten as

M2
I llx < =5z llgle- (3.4.86)
g al2p

The final estimate follows then by simply collecting the separate esti-
mates (3.4.77), (3.4.81), (3.4.86) and (3.4.85). ]

Remark 3.4.7. We point out that the behaviour indicated in (3.4.74) and (3.4.75)
is also optimal, in the sense that, as in the previous case, we cannot hope to find a
better proof giving a better behaviour of the constants in terms of powers of 1/« and
1/B. Indeed, consider the system

2 Ja b X1 fi
Ja a 0llxl=]r 0O<a bk,
b 0 0 y 4

whose solution is

g _ g A S g
E» XZ—;_my y—?—m—ﬁ. (3.4.87)

Since the constants & and § are given by

X1 =

24+a—+a*+4 4a
o=

2 2(2+a+ Va1 4)

TR

and

p =0,

we see from (3.4.87) that there are cases in which the actual stability constants
behave exactly as predicted by the theory. O
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3.4.5 The Case of A Elliptic on the Kernel of B

We now consider, together with the inf-sup condition on B, a condition on A that is
weaker than the full ellipticity (3.4.55). In particular, we require the ellipticity of A4
to hold only in the kernel K of B.

More precisely, we make the following requirement.

Elker condition. There exists a positive constant o, independent of the mesh-size
h, such that

allx||} <x"Ax  VxeK, (3.4.88)

where K is the kernel of B.

The above condition is often called elker since it requires the ellipticity on the
kernel.

We remark, for future use, that from (3.4.20) and (3.4.88) we get

o < M,. (3.4.89)

The following Theorem generalises Theorem 3.4.1.

Theorem 3.4.3. Let the assumptions (3.4.8)-(3.4.15) on spaces, norms and matri-
ces be satisfied. Let X,y,f, g satisfy the general system of equations (3.2.1) and
(3.2.2). Assume moreover that the inf-sup (3.4.31) and the elker condition (3.4.88)
are satisfied. Then, we have

2M,
oo

2

1
Ix]lx < a_OHfHF + lellc. (3.4.90)

2M,
Iylly < ” Ifll 7 + lgle- (3.4.91)

a
p aop?
Proof. We first set x, := Lg where L is the lifting operator defined by Proposi-

tion 3.4.4. We also point out the following estimates on X,: from the continuity of
the lifting L. (3.4.43) we have

Blixgllx < lgllc (3.4.92)
and using (3.4.18) and (3.4.92) we obtain

a

M,
B lglle- (3.4.93)

| Axg||F < Ma”Xg”X =<

Then we set

Xk :=x—X, =x—Lg (3.4.94)
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and we note that xx € K. Moreover, (Xg,y) solves the linear system

Axg + BTy = f— Ax,,
BXK =0.

(3.4.95)

We can now proceed as in Steps I and 2 of the proof of Theorem 3.4.1. We note
that our weaker assumption elker (3.4.88) is sufficient for allowing the first step
in (3.4.62). Proceeding as in the first part of Step 1, and using (3.4.93) at the end,
we get

1 1 M,
Ixkllx = —IIf — Ax,llr < — (”f”F + —IIgIIG) (3.4.96)
Qg Qo B

This allows to reconstruct the estimate on X:

1 M,
X[lx = [Ixx + Xgllx < —|If +( )
Ixllx = lIxx + xgllx ” £l 7 W; ﬂ Iglle

2M, (3.4.97)

where we have used (3.4.89) in the last inequality. Combining (3.4.18) and (3.4.97),
we also have

M, (3.4.98)
aop o
Then, we proceed as in Step 2 to obtain, as in (3.4.81),
Bllylly < [If — Ax]|r (3.4.99)
and, using the above estimate (3.4.98) on Ax in (3.4.99), we obtain
ol = (54 M)y 4 2 g < 2oy, 4 2Me oy 3100
YY_’B «op F 'Bng_ «op ﬂng’ 4
and the proof is concluded. O

Remark 3.4.8. In the spirit of Remark 3.4.6, we note that the dependence of the
stability constants on ¢ and 8 is optimal. Indeed, the dependence is the same as
the one proved in Theorem 3.4.1 under stronger assumptions. Hence, the optimality
is again shown by example (3.4.72), for which we have o9 = a and § = b. It
is interesting to note that, contrary to the result of Theorem (3.4.2), adding the
assumption that A is symmetric would not improve the bounds (!). Indeed,
considering the system
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1 1 b X1 fl
1 a Of]lx]=], 0<ab <1, (3.4.101)
b 00 y g
one easily obtains
g foog S o (I—a)g
=2, =1 _ 2> =L L4 o 3.4.102
ey T Tw YT Tt T ae (3.4.102)

Since &g = @ and B = b, system (3.4.101) shows the same behaviour as the bounds
of Theorem 3.4.3 (and not better), even though A is symmetric. O

In order to recover the better bounds found in Theorem 3.4.2, we have to assume
that A, on top of satisfying the ellipticity in the kernel (3.4.88), is symmetric and
positive semi-definite in the whole R” (a property that the matrix A in (3.4.101)
does not have for a < 1). This is because, in order to improve the bounds, one has
to use (3.4.22) that requires A to be symmetric and positive semi-definite. We have
indeed the following result, that we state without proof: indeed, we shall see in the
next section that this result can be obtained as a particular case of a more general
estimate (see Remark 3.6.4).

Theorem 3.4.4. Let the assumptions (3.4.8)—(3.4.15) on spaces, norms and matri-
ces be satisfied. Let X,y,f, g satisfy the general system of equations (3.2.1) and
(3.2.2). Assume that the inf-sup (3.4.31) and the elker condition (3.4.88) are
satisfied, and assume moreover that A is symmetric and positive semi-definite on
the whole space X. Then, we have

1 2M,)?
Ixllx = —Iflr + —75—lgllc. (3.4.103)
(e %)) ao :3
oM, M,
Iyly < =5=lIfl7 + — lgllc- (3.4.104)
/ B
a) P

3.4.6 The Case of A Satisfying an inf-sup on the Kernel of B

As we have seen in the previous sections, the ellipticity in the kernel for the matrix
A is not the weakest condition we can use. Indeed, in order to get necessary and
sufficient conditions for solvability, we used the surjectivity of B (here replaced
with the inf-sup condition on B) and the non-singularity of Agx on the kernel K of
B. Hence, it is clear that we still have room to improve the result of Theorem 3.4.3
by assuming on A some property weaker than (3.4.88). In particular we can assume

Inf-sup condition on Agg: There exists a positive constant ay, independent of the
mesh-size h, such that
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. 27 Ax
inf sup ——— > ;. (3.4.105)
xek zek [|12[lx [IX[lx

We note that (3.4.105) can be equivalently written as

27 Ax
ap||X||x < sup—— VxeK, (3.4.106)
z€K ”Z“X
or
ai|xllx < |Axxx]|lk VxeKk, (3.4.107)

where we used the notation of (3.4.16).
We have then the following result.

Theorem 3.4.5. Let the assumptions (3.4.8)—(3.4.15) on spaces, norms and matri-
ces be satisfied. Let X,y,f, g satisfy the general system of equations (3.2.1) and
(3.2.2). Assume, moreover, that the inf-sup condition (3.4.31) on B and the bounding
condition (3.4.107) on Akk are satisfied. Then, we have

1 2M,

IxlIx < —Iflr + =gl (3.4.108)
o ap
2M, 2M?

Iylly < = Ifllr + =—% gl (3.4.109)
aip a1 p

Proof. The proof is identical to that of Theorem 3.4.3. The only change is in the
first inequality in (3.4.96). Using this time (3.4.107), and noting once more that
from (3.2.5), we easily obtain

arlxxllx < Axxxkllxr < IIf — AxxXgllxr < IfllF + [|AX¢ | F, (3.4.110)

so that the first inequality of (3.4.96) still holds if we replace oy by «. The rest of
the proof goes on unchanged. O

So far, for every type of bounding conditions on the matrix A (global ellipticity
and ellipticity on K), we considered separately the special cases in which A had
some additional property. In particular, after Theorem 3.4.1 (where A was assumed
to be elliptic on the whole X), we considered in Theorem 3.4.2 the case where
A was also symmetric. Similarly, after Theorem 3.4.3 (where A was assumed to
be elliptic on K), we considered in Theorem 3.4.4 the case where A was also
symmetric and positive semi-definite on the whole X. Now, after Theorem 3.4.5
(where A is supposed to satisfy the bounding condition (3.4.107) on K), we could
ask ourselves what happens if we assume further that A is also symmetric and
positive semi-definite on the whole X. This, however, would bring us back to the
case of Theorem 3.4.4, thanks to the following proposition.
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Proposition 3.4.6. Let A be an n x n matrix, and K a subspace of R". Assume
that A is symmetric, positive semi-definite, and verifies (3.4.107) on K. Then, A is
elliptic on K. O

Proof. Indeed, for x € K, using (3.4.106) and then (3.3.1), we have

TA 2 TA TA
2x|2 < sup & f) < sup 2 2 < pxT Ax, (3.4.111)
ek |z} zeK lzll%
and the result follows with o = a% /M,. O

3.5 Additional Results

In this section, we present some additional results concerning necessary conditions,
modified problems and special cases.

3.5.1 Some Necessary Conditions

We see in this subsection that the above sufficient conditions for having exis-
tence and uniqueness of the solution, together with stability estimates, are indeed
necessary.

Theorem 3.5.1. Assume that there exists a constant C such that, for any quadruple
(x,y,f,g)in X xY x F x G solution of (3.2.1) and (3.2.2), we have

Ixllx + llylly = C(fllF + [lglle)- (3.5.1)

Then, (3.4.107) and (3.4.31) are verified witho; = = 1/C.

Proof. For every y € Y, it is easy to see that (0,y, BTy, 0) satisfies (3.2.1) and
(3.2.2). Hence, (3.5.1) shows that the inf-sup condition (3.4.31) is satisfied in the
equivalent form (3.4.41), with 8 = 1/C. Then, for every x € K = KerB, set
f := mgAx = Aggx. Note that mg (f — Ax) = 0, and hence f — Ax belongs to
K+. From (3.1.60) we have that there exists ay € Y such that BTy = f — Ax,
and since x € K, we have that (x,y, Ax, 0) satisfies (3.2.1) and (3.2.2). Hence,
inequality (3.5.1) gives now (3.4.107) with oy = 1/C. O

Remark 3.5.1. Note that an inequality like (3.5.1) implies that the problem (3.2.1)
and (3.2.2) has been adimensionalised. This is not the case for the results of the
previous section. See also Remark 3.6.6 at the end of this chapter. O

Theorem 3.5.1 dealt with the necessity of the assumptions in Theorem 3.4.5.
The following result deals with the necessity of the assumptions in Theorem 3.4.4.
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Theorem 3.5.2. Let A be symmetric and positive semi-definite. Assume that there
exists a constant C such that for any quadruple (x,y,f,g) in X xY x F x G
solution of (3.2.1) and (3.2.2) we have that the bound (3.5.1) holds. Then, (3.4.88)
and (3.4.31) are verified with oy = 1/(C>M,) (where M, is the continuity constant
of A defined in (3.4.18)) and B = 1/C, respectively.

Proof. The result is an immediate consequence of Theorem 3.5.1 and Proposi-
tion 3.4.6 O
Remark 3.5.2. As we have seen in Theorem 3.2.1, the estimate (3.5.1) implies the
inf-sup condition (3.2.19) and the non singularity of Agx on the kernel K (3.2.18).
The purpose of Theorems 3.5.1 and 3.5.2 is mainly to show that a uniform bound
for C implies uniform bounds for the constants & (or «p) and . O

3.5.2 The Case of B Not Surjective. Modification
of the Problem

Here, we come back, somehow, to the case of Remark 3.2.1. To start with, we
observe that, proceeding as in Remark 3.2.1 we, immediately have the following
result.

Proposition 3.5.1. Assume that Agg satisfies (3.4.105), and g € ImB. Then,
problem (3.2.1) and (3.2.2) has at least one solution (X,y). Moreover, X is uniquely
determined and

1 M
Ixl[x < OTI(IIfIIF + fllgllc) (3.52)

where ,5 is defined in (3.4.28). O

We note that (3.5.2) does not provide any estimate for the variable y. This should
be expected since in Proposition 3.5.1 we did not assume that the inf-sup condition
(3.4.31) holds true. However, (3.4.28) will always hold so that for g € ImB we
might consider the problem (3.2.1) and (3.2.2) in X x H+ instead of X x Y, keeping
in H the same norm that we had in Y. Hence, we can apply any of the previous
theorems of this section (that is, one of the Theorems 3.4.1-3.4.5) and have an
estimate in X x HL as a functiog of the norms of f and g, of the constant «
(or o, or «1) and of the constant B appearing in (3.4.28). For instance, applying
Theorem 3.4.2, we have the following result.

Theorem 3.5.3. Assume that the assumptions (3.4.8)—(3.4.15) on spaces,
norms and matrices are satisfied. Let X,y,f, g satisfy the general system of
equations (3.2.1) and (3.2.2), with y € H*. Assume moreover that A is symmetric
and satisfies (3.4.55) and that the constant B is defined by (3.4.28). Then, we
have:
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1/2

1 M,

< |t _llells. 353

Il = Sl + < el (3.53)
om)? M,

e L L L (35.4)

3.5.3 Some Special Cases

In some applications, we shall encounter situations where the right-hand side has the
special form (f, 0) or (0, g). In fact, the proofs of the previous Theorems often used
explicitly those special cases. We now consider them in more detail. For the sake
of simplicity, we will restrict our attention to the case of A symmetric and positive
semi-definite.

3.5.3.1 The case (f, 0)

From Proposition 3.5.1, we have immediately the following particular case.

Proposition 3.5.2. Assume that A satisfies (3.4.105) and g¢ = 0. Then, prob-
lem (3.2.1) and (3.2.2) has at least one solution (X,y). Moreover, X is uniquely
determined by f and

f
il < [l (3.5.5)
23]

Finally, y is unique up to an element in H = KerB" and

M. |/fl|F

o]

llmgeylly < (3.5.6)

O
Conversely, we have that Theorem 3.5.2 has two correspondents in the (f, 0) case.

Proposition 3.5.3. Assume that A is symmetric and positive semi-definite, and
assume that there exists a constant C > 0 such that, for every quadruple
(x,y,f,0) € X xY X F x G satisfying (3.2.1) and (3.2.2), one has

1x]|x < C||f]|F. (3.5.7)

Then, the discrete ellipticity on the kernel (3.4.88) holds with ay = 1/(C>M,,), M,
being the continuity constant of A defined in (3.4.18). O
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Proof. The proof is identical to the first part of the proof of Theorem 3.5.1, using
Proposition 3.4.6. O

Proposition 3.5.4. Assume that A is symmetric and positive semi-definite, and
assume that there exists a constant C > 0 such that, for every quadruple
(x,y,f,0) € X XY X F x G satisfying (3.2.1) and (3.2.2), one has

llylly < ClIfllF. (3.5.8)

Then, the inf-sup condition (3.4.41) holds with B = 1/C. O

Proof. The proof is identical to the second part of the proof of Theorem 3.5.2. O

3.5.3.2 The case (0, g)

We begin with a simple lemma.

Lemma 3.5.1. Assume that A is symmetric and positive semi-definite, and let Z be
a subspace of X. Then, Ker(Azz) C Ker A.

Proof. 1f z is in the kernel of Az, we immediately have that
2T Az =0, (3.5.9)

which, using (3.4.22), implies Az = 0. O
We can now prove the following result.

Proposition 3.5.5. Assume that A is symmetric and positive semi-definite and
that the inf-sup condition (3.4.31) holds. Then, for every g € G and f = 0,
problem (3.2.1) and (3.2.2) has at least one solution (X,y). Moreover, y is uniquely
determined by g and we have the bound

M,
Ivlly = 25 llgll- (3.5.10)

|

Proof. Using Proposition 3.4.4, we have that, for every g € G, there exists at least
one X, € X such that Bx, = g and

1
Ixell = < ligllc- (3.5.11)
p
Using Lemma 3.5.1 with Z = K, we see that KerAxx < KerA. Then, using

Proposition 3.1.3 with r = s and § = Z = K, we have that 7xgImA C ImAgg.
Hence, the problem: find xx € K such that
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AKKXK = —ﬂKAXg (3512)

has at least one solution. Using (3.4.22), then using (3.5.12) (multiplied to the left
by Xx), and finally using the symmetry of A, one gets

[ Axk|% < M xkAxg = M,x5% Ax, < M, ||xg | x | AXk | £, (3.5.13)

which, using (3.5.11), gives immediately
M,
[AXk[lF < #Hgllc- (3.5.14)

Note that (3.5.12) implies that A(xx + X,) € K, so that by (3.1.60) there exists a
y € Y such that BTy = —(Axg + AX,), and by (3.4.41), (3.5.11), and (3.5.14) we
have

1 M,
Iylly = E“A(XK +x)F =< ﬂ—fllgllc- (3.5.15)

Finally, observe that (x, + Xk, y) solves (3.2.1) and (3.2.2) with (0, g) as right-hand

side.

To see the uniqueness, assume that (x’ , yi) (i = 1,2) are two solutions. Clearly,
g AKx' —x*) = 7x BT (y*> —y') = 0 and hence x' — x? is in the kernel of Agg.
Using Lemma 3.5.1, we see that A(x1 — xz) = 0 so that, from the first equations,

BT (y?> —y') = 0 and the inf-sup condition (3.4.31) implies y' = y>. O

Proposition 3.5.6. Assume that A is symmetric and positive semi-definite, and that
there exists a constant C > 0 such that, for every quadruple (x,y,0,g8) € X xY x
F x G satisfying (3.2.1) and (3.2.2), one has

llylly < Cllglle- (3.5.16)

Then, the inf-sup condition (3.4.31) holds. However, we cannot bound  in terms of
the constant C appearing in (3.5.16). O

Proof. Let us first remark that assumption (3.5.16) implies that B” is injective, and
this implies (3.4.31). In order to see that the value of B cannot be deduced in general,
consider the case when A = 0, X = Y and B is y times the identity. Then, the inf-
sup condition holds with 8 = |y| and (3.5.16) holds with C = 0. O

Proposition 3.5.7. Assume that A is symmetric and positive semi-definite, and that
there exists a constant C > 0 such that for every quadruple (x,y,0,g) € X xY X
F x G satisfying (3.2.1) and (3.2.2) one has,

[Ix||x + [lylly < Cllgllc, (3.5.17)

then (3.2.1) and (3.2.2) has a solution for any f € F and g € G, and (3.4.31) holds
with B =1/C. O
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Proof. Clearly, (3.5.17) implies that (3.2.1) and (3.2.2) for f = 0 and g = 0 has
only the zero solution. Hence, Corollary 3.1.3 implies the solvability of (3.2.1) and
(3.2.2) for general f and g, and then Theorem 3.2.1 gives us (3.2.18) and (3.2.19).
Hence, we just have to deal with the estimate of 8. Note that, now (as we already
have the unique solvability), (3.5.17) ensures the existence of a lifting operator that
associates to every g € G the first component x of the unique solution of (3.2.1) and
(3.2.2) with right-hand side (0, g). Hence, the result follows from Proposition 3.4.4.

0

3.5.4 Composite Matrices

In the previous section, we considered the case in which the matrix A has a block

structure of the type
c DT
A = , (3.5.18)
D 0

and B has the structure B = (E 0) or B = (0 E), so that the whole matrix has
the block structure

c DT ET
M=|D 0 0 (3.5.19)
E 0 0
or
c DT 0
M=|D o ET|, (3.5.20)
0 E 0

respectively. We were also able to find necessary and sufficient conditions for the
solvability, simply using in a reasonable way the conditions dictated by the basic
Theorem 3.2.1.

Here, we would like to consider the associated stability properties. These again
can be deduced from the general case. It is clear that we would need three sequences
of spaces X, Y and Z, with norms that ensure the continuity of the quadratic forms
associated with the matrices

- C (on X x X),
- D (on X xY),
— E (on X x Z for (3.5.19) and Y x Z for (3.5.20)),

as we did in (3.4.20), together with dual norms as in (3.4.10). Then, we just have to
change the non-singularity conditions into their corresponding uniform bounds.
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For instance, in the case (3.5.19), we easily obtained the algebraic condi-
tions (3.2.48), that we recall for convenience of the reader:

ImDT NImET =0,,
(3.5.21)
g C is non-singular K — K  where K = KerD N KerE.

It is not difficult to verify that the corresponding stability conditions are:
x' DTy +xTETz

inf  sup >4 >0,
waevxzxex [IX[x (lylly + llzllz)

(3.5.22)
x'Cx

inf sup ——— > o >0, where K = KerD NKerE.
sek xek |[X[x X[y

Clearly, we could simplify the condition on C by requiring ellipticity on K, or
ellipticity on the whole X.

For (3.5.20), we performed first an exchange of rows and columns, to reach
the form

C 0 DT
M=120 0 E |,
D ET 0

and we found the following solvability conditions:
KerDT N KerE = 0,
KerET =0, (3.5.23)
mzC is non-singular K — K,
where K (cfr. (3.2.52)) is given by
K = {x € X such that Dx € (Ker E)"}. (3.5.24)
Again, it is not difficult to verify that the corresponding stability conditions are:

TDx +y"ETz
inf  sup y +y >§>0,
veY xaexxz) (IXlx + llzllz) Iylly

, y ' E'z
infsup —— > > 0, (3.5.25)
zezyey [¥ly llzllz

. x'Cx
inf sup —— > a > 0.
%eK xeK Ixlx lIxly

Here too, the third condition could possibly by replaced by an ellipticity condition.
Moreover, it is easy to see that, in order to get the first condition, it would be
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sufficient to assume that one of the two matrices D or ET satisfies an inf-sup
condition by itself. However, this would often be an assumption too strong and
difficult to obtain in practice. As we did in the previous section, we do not insist
on these matters, and we shall not analyse the optimal dependence of the stability
constants from §, 7 and « appearing in (3.5.22) and (3.5.25).

3.6 Stability of Perturbed Matrices

We shall now discuss the case of problems of the type (3.3.1) where an additional
matrix C is present. We assume that we are given, for each k € N, an m (k) x m(k)
matrix Ci. Together with the matrices Ax and By, this will give us a sequence of

perturbed problems
A BT f,
P (M) = () (3.6.1)
B —Ci) \yk gk

As we did for the unperturbed case (3.4.1), we drop the index k, and we just
remember that we are actually dealing with a sequence of problems instead of a
single one.

As a first step, we have to extend our assumptions (3.4.20) on the continuity of
matrices A and B, requiring the continuity of C as well. Hence, we assume that
there exists a constant M., independent of k, such that

VzeY,VyeY z/Cy <M, |z|y |lylly. (3.6.2)

We note that, as in (3.4.18) and (3.4.19), we now have forevery y € Y:

T

z Ly
ICyllc = sup < Mc|lylly. (3.6.3)
ek ||Z]ly

We would like to extend the results of the previous subsection to the perturbed
problem (3.6.1).

3.6.1 The Basic Estimate

Following Theorem 3.3.1 we are going to assume that A is symmetric and non-
singular on K = Ker B. It will therefore be useful, in order to reach optimal
estimates in an easier way, to use directly (3.4.88), that we repeat for the conve-
nience of the reader

alx||3 <x"4x  VxeK, (3.6.4)
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instead of (3.4.105). For technical reasons, it will also be easier to deal separately
with the case f = 0 and the case g = 0, as we did, for instance, in the proofs of
Theorems 3.4.1 and 3.4.2. This time, however, it will be more convenient to split the
results in two different lemmata, and join them afterwards. We start therefore with
the following lemma.

Lemma 3.6.1. Let the assumptions (3.4.8)—(3.4.15) and (3.6.2) on spaces, norms
and matrices be satisfied. Assume that the inf-sup condition (3.4.31) and the ellip-
ticity requirement (3.6.4) are satisfied, and assume moreover that A is symmetric,
and A and C are positive semi-definite. Then, if X, 'y, and g satisfy

Ax+ BTy =0
(3.6.5)

Bx—-Cy=g,

we have the estimate
oM, (B> + M. M,)
Ity < 2He Pt MMy (3.66)
o, "B
M,

Ivlly = > llgle- (3.6.7)

Proof. Using the inf-sup condition in the form (3.4.41) together with the first
equation of (3.6.5), we obtain

Blylly = IB"yllr = lIAxI|F. (3.6.8)

Now, we take the scalar product of the first equation of (3.6.5) times x, we take the
scalar product of the second equation of (3.6.5) times y, and we take the difference,
obtaining

x'Ax+y'Cy=—y'g. (3.6.9)

Using (3.4.22), then Eq. (3.6.9) with the assumption that C is positive semi-definite,
and finally (3.4.17), we have

IAx[} < Mux"Ax < —M,y"g < Mullylly Iglic. (3.6.10)
which, combined with (3.6.8), yields
M,
[Ax|F < 3 lelc. (3.6.11)
so that, using again (3.6.8),
M,
Ivlly = 25 llgll. (3.6.12)

which proves (3.6.7). The proof now becomes similar to that of Theorem 3.4.2.
Using Proposition 3.4.4, we set
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x:=L(g+ Cy) (3.6.13)
so that, from (3.4.43),
Bx =g+ Cy, (3.6.14)

together with

Blxlx < llg+Cylle =1+ )IIgIIG, (3.6.15)

132
where, in the last step, we used (3.6.3) and (3.6.12). From (3.6.15), we have then
immediately

2
i +M.M
Iy < Pt MeMayoy (3.6.16)
B3
Setting now
XK'= X — X, (3.6.17)

we have from (3.6.14) and the second equation of (3.6.5) that xx € K (the kernel
of B). We then note that, from the first equation of (3.6.1):

xkAx = —xk BTy = —y" Bxx = 0. (3.6.18)
Moreover, using (3.6.17), (3.6.18), and then (3.3.5), we have
Xk Axg = —xk A% < (xk Axg)' 2 (&" A%)1/2, (3.6.19)
which easily gives
X Axg < X" A% (3.6.20)
Hence, we can use (3.6.4) and (3.6.20) to obtain
aolxk |y < xgxAxg < X" A%, (3.6.21)
and finally from (3.6.21) and (3.4.20)

M\1/2
Ixkllx < (a—o) X[l x - (3.6.22)

Finally, we can collect (3.6.17), (3.6.22) and (3.6.16) and have an estimate for x:

Ixllx < lIxxllx + IXllx <

(3.6.23)
< (M “)'1) “#n .

Using (3.4.89) in (3.6.23), we obtain (3.6.6) and the proof is completed. ]
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Remark 3.6.1. The dependence of the constants in (3.6.6) and (3.6.7) on oy and
B cannot be improved. Indeed, considering for instance (for 0 < a,b < 1) the
problem

2a Ja —a 0 0 X
Ja 2 1 b 0 X2
—Ja 1 2 0 b xsl=1 01, (3.6.24)
0 b 0 0 1 Y1 -1
0 0 b -1 0 Y2 -1
we easily have, as unique solution,
3 3+ b2 3-b?
X1 = b3(,1—1/2’ Xy = —T, X3 = T, (3625)
3 3
1= 5E Y2 = - (3.6.26)

We can easily check that we have oy = 2a and 8 = b, and we verify the optimality
of (3.6.12) and (3.6.23). O

We now consider the case where g is equal to zero and f is not.

Lemma 3.6.2. Let the assumptions (3.4.8)—(3.4.15) and (3.6.2) on spaces, norms
and matrices be satisfied. Assume that the inf-sup condition (3.4.31) and the ellip-
ticity requirement (3.6.4) are satisfied, and assume moreover that A is symmetric,
and A and C are positive semi-definite. Then, if X, y, and f satisfy

Ax+ BTy =f
Bx— Oy — 0 (3.6.27)
x—Cy=0,
we have the estimates
2 2 2
+2M M,)” + 4(M:M,)
Ixllx =< # Olo),34 €1l (3.6.28)
oMP oM M, + B?
Iyly < M CHM DD gy, (3.629)
o, B3

Proof. As in the previous lemma, we take the scalar product of the first equation
of (3.6.27) with x, then we take the scalar product of the second equation of (3.6.27)
with y, and we take the difference, obtaining

x'Ax +y'Cy =x't. (3.6.30)
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Using then (3.4.22), Eq.(3.6.30) with the assumption that C is positive semi-
definite, and finally (3.4.17), we have

I|Ax]% < M,x" Ax < M,x"f < M, ||x||x |If] £ (3.6.31)

Next, we use the inf-sup condition in the form (3.4.41) to obtain, from the first
equation of (3.6.27),

Blyly < 1B ylr = |If— Ax||F
< | Ax||F + |Ifl| F-

(3.6.32)

We now consider, as we did before, the lifting operator L as defined in Proposi-
tion 3.4.4 and we set

x := L(Cy) (3.6.33)
so that
Bx—-Cy=0. (3.6.34)
Then, using (3.4.43) and (3.6.3),
Blxllx < ICylle = M lylly- (3.6.35)
We now set
Xg ‘= X—X (3.6.36)

and we note that, clearly, Bxx = 0, so that xx € K = Ker B. Our next (and most
delicate) step will be to estimate Xk in terms of X. We first note that, using (3.6.4),

aollxk ||} < Xi Axk, (3.6.37)
which implies that
xD Axg\ 1/2
Ixkllx = (FE2E) (3.6.38)
o
Then, we estimate XQAXK. We remember again that x17;B Ty = 0 (since xgx €

Ker B), so that, using (3.6.36) and the first equation of (3.6.27),
Xk Axg = xp Ax — xE A% = x4 f — x§ A%, (3.6.39)
We now use (3.6.39) with (3.4.17) and (3.3.5), and then (3.6.38) to obtain

xkAxg < |fllF Ixkllx + (xkAxg) 2 & A%)"/?

T
Xy AXg

1/2 5 5
) + (XIY;AXK)I/z(XTAX)l/z (3640)

1
/2

S

< (xgAxg) (5 [l + &7 4%)72),
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implying

(xgAxg)'/? < Ifl 7 + & A%)"/>. (3.6.41)

1/2

Inserting (3.6.41) into (3.6.38), and then using (3.4.20), we now have

1 X7 A%\ 1/2 M,'?
Ixillx < el + (S2) —Mh+ IKlx.  (3.642)
(o)) (o)) 1/2

We can now collect (3.6.36), (3.6.42) and (3.6.35) to obtain an estimate for x

(MCM;/2 M.

Il < ekl + 181 < ool + (S + 5 ) vl
(3.6.43)
1/2
< ol + 2o

Now, we take the square of both sides of (3.6.32), we use (a + b)?> < 2(a® + b?),
we insert (3.6.31) and finally (3.6.43):
BlIyly < 204xI1% + 21f1% < 2MaIxx £l + 2[If]%

372 M, (3.6.44)
1/2ﬁ Iylly + _”f”F) + 2|£]1%-

We now use the fact that, for positive real numbers ¢, a, and b, if t2 < at + b, then
t < a + v/b. Applied to (3.6.44), this gives

2
<20flr(—73a

AM.M."? (M, + 2a9)'/?
Iylly < Tﬂ?,”f”F + ‘;OITIB [I£ll 7 (3.6.45)

Using again the fact that oy < M,, we can rewrite (3.6.45) as

2M, > QMM + B?)
Iylly = PRIETE £l £ (3.6.46)

Inserting (3.6.46) into (3.6.43), we obtain the corresponding estimate for x:

8(M.M,)* + 4M.M, >

L e
_ (B +2M Mo)* + 4(MM,)?
B aof!

which concludes the proof. O

IflF.  (3.6.47)
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Remark 3.6.2. The result (3.6.28) and (3.6.29) cannot be improved in its depen-
dence from the constants «g and §. Indeed, if we consider, for 0 < a,b < 1, the
system

2a  Ja —Ja 0 0 Xy 2

Ja 2 1 b 0 X2 0
—Ja 1 2 0 b x3|l=1]0], (3.6.48)

0 b 0 0 1 Y1 0

0 0 b -1 0 Y2 0

we easily have, as unique solution,
3+ b* —3—b? 3-b2
-xl = —a b4 B _x2 = —al/z b4 B _X3 = —al/z b4 y (3.6.49)
3-b? 3+ b2

+ (3.6.50)

V=i 2T g

It is not difficult to check that &y = 2a and B = b. Hence, (3.6.49) and (3.6.50)
shows the optimality of (3.6.28) and (3.6.29). O

We can now collect the results of the previous two lemmata.

Theorem 3.6.1. Let the assumptions (3.4.8)—(3.4.15) and (3.6.2) on spaces, norms
and matrices be satisfied. Assume that the inf-sup condition (3.4.31) and the ellip-
ticity requirement (3.6.4) are satisfied, and assume moreover that A is symmetric
and that A and C are positive semi-definite. Then, if X, y, f, and g satisfy

(3.6.51)
BX — Cy = g’
we have the estimates
(B + 2M M,)* + 4(M: M)
”X”X =< O{OIB4 ”f”F
oM, (B + M. M,)

+ 172 23 —llglle. (3.6.52)

oy B

2M1/2(2MCMa +:32) M,

I¥lly < == Il F + —5ligllo- (3.6.53)

oy B B

The proof easily follows by linearity.
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3.6.2 The Symmetric Case for Perturbed Matrices

The dependence of the constants in (3.6.52) and (3.6.53) on ¢ and B improves
noticeably if we assume that C is symmetric as well. As an example, we can
consider the particular case (relevant in applications) of systems still having the
structure (3.6.1), where C is a symmetric and positive definite matrix verifying

vlIvlly <y'Cy < Mlyl|} VyeY. (3.6.54)

We note that our assumption (3.6.54) easily implies that

1 2 T ~—1 Lo
—|z||ls <z CT 'z < —||z VzeY. (3.6.55)
o el el

From (3.6.54), we easily obtain as well that
1
Iylly < ;IICyIIG Vyey (3.6.56)

and from (3.6.55)
Izl < M. |C7'z|ly VzeY. (3.6.57)

We are now ready to prove our improved estimates.

Remark 3.6.3. We shall prove in the next chapter, Sect.4.3, additional related
results (in the infinite dimensional case) which may be considered as more elegant,
but for which we have no example showing optimality. O

Theorem 3.6.2. Let the assumptions (3.4.8)—(3.4.15) and (3.6.2) on spaces, norms
and matrices be satisfied. Assume that the inf-sup condition (3.4.31) and the ellip-
ticity requirement (3.6.4) are satisfied, and assume moreover that A is symmetric
and positive semi-definite and that C is symmetric and satisfies (3.6.54). Then, if X,
y, £, and g satisfy (3.6.51), we have the estimate

B2+ 4M.M, 2M,*M,
Ixllx < —————Ifllr + T”g”G (3.6.58)
aof o vB
and
ol < MM 2MMety) (3.6.59)
e T M M+ )2 o

Proof. As we are already used to, we shall split the two cases f = 0 and g = 0, and
then combine the estimates by linearity.
Let us consider first the case f = 0, and assume that x, y, and g satisfy (3.6.5).
Following the notation of Lemma 3.6.1, we still have (3.6.11), (3.6.12)
and (3.6.22). Our target is to improve (3.6.16), which is suboptimal in our (stronger)



3.6 Stability of Perturbed Matrices 191

assumptions. For this we restart by taking once more the scalar product of the first
equation of (3.6.5) times X, getting

x'Ax +x"BTy =0 (3.6.60)

and we substitute y = C ! (Bx — g). Recalling that 4 is positive semi-definite, we
obtain

x'BTC'Bx <x"BTC'g =g C'Bx. (3.6.61)

Using (3.6.55) with z = BX, then (3.6.61), then (3.4.17), and finally (3.6.56) with
y = C7!'Bx, we have

IBx|z < M.(x" B"C™'Bx) < M.(g" C™'Bx)
i M,
< Mcligl €™ Bxlly < == lgllcl1Bxlc. (3.6.62)

which easily gives

M,
| Bx|l¢ < TIIgIIG- (3.6.63)

Asin Lemma 3.6.1, we set again (see (3.6.13) and (3.6.14)) x := L(g+CYy), getting
Bx = g 4+ Cy = Bx. Using (3.4.43), we have therefore

Blxllx = lIBxllc = [IBx|c (3.6.64)

and combining (3.6.63) and (3.6.64), we obtain

- M
IXlx < —lglle. (3.6.65)
vB
which is the required improvement of (3.6.16). We can now use this improved
estimate in (3.6.22), and we obtain

1/2

< (M) 151y < MeMa 3.6.66
il = () IRl = 2 el (3.6.66)

We note at this point that we have another way to obtain an estimate for y, apart
from (3.6.12) that we keep from the previous analysis; actually, from (3.6.56) and
the second equation of (3.6.5), and then (3.6.63):

1 1 M. Y + M,
Iyly = CIBx—glo < (+ 7 )lgle = = lgle- (667

With some manipulations, we see that (3.6.12) and (3.6.67) can be combined into

yly < ——Ma(Me )
T Muyr+ (M. +y)p?

lgllc- (3.6.68)
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We collect the results for f = 0:

- Mo \1/2 M,
Iy < el + 180 < ((5) 7 +1) 5 lelo (3.6.69)
2 My (M. +y)
< . 3.6.70
Iylly < Mo+ (M. 1 )p? lglle ( )

We also note that, using oyg < M, the estimate (3.6.69) becomes

2M,*M
Ixlx = —7—lels. (3.6.71)
a) "vB

We consider now the case in which g = 0 and assume that x, y, and f satisfy
(3.6.27). As before, we can keep part of the previous analysis, but we can improve
it in several places. From the proof of Lemma 3.6.2, we keep the definition of X and
X, and the estimates (3.6.41) and (3.6.42). We now take the scalar product of the
first equation of (3.6.27) times X, and substitute y = C ! Bx:

" Ax+x"BTC7!'Bx =%'t. (3.6.72)
We now recall that BX = BX, and rewrite (3.6.72) as follows
x'BTC7'Bx = "t — %" Ax. (3.6.73)

We now apply (3.6.55) with z = Bx and we use (3.6.73) to obtain:
1
M.

We then use (3.4.17) and the estimate B||X|l¢ < ||BX|l¢ = ||Bx||¢ as in (3.6.64)
and we reach

|Bx|2 <x"BTC7'Bx =%"f— %" Ax.

1
M.

1 -
I1Bxlg < E”f”F IBx[|g — X" Ax. (3.6.74)

We leave (3.6.74) for a while, and we estimate —X” Ax. Using the fact that x =
X + Xg, then (3.3.5), then (3.6.41), and finally some little algebra, we have

—xTAx = —x" Ax — %" Axg
< X7 A% + &7 A%) /2 (x% Axg)"/?

1
/2

< &A% + (iTAi)l/Z( I + (iTAi)l/Z)

1 ~ ~
NE Ifll - (X" A%)'/2, (3.6.75)
o
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which inserted in (3.6.74) gives

1 1
& < =5 IflF X" A%)'2 + —|If]| £ || Bx] . (3.6.76)
172 B
%y

Using the continuity of A (3.4.18) and once more f|X||x < ||Bx|¢g, inequality
(3.6.76) gives:

1/2

Ifll 7 1l Bxllc + E”f”F I1BxllG (3.6.77)

12
M, /,3

%
so that we can divide both sides by || Bx||, obtaining

1/2 M1/2 n é/z

1 M, 1
EHBXHG < 1/2/3 I£llF + E”f”F < Ol(l)/—zﬂ €]l 7 (3.6.78)

which is the basis of our improved estimates. From (3.6.78), we first derive

) . M, (Mal/z_’_al/z)
IXllx < <IIBx[l¢ < T Iflr. (3.6.79)
p oy B?
and then we use it in (3.6.42)
1/2
1 FU
Ixkllx = —IfllF + —7 lIXllx
(o)) 0‘0
1 M M (M o))
<o+ 1L
L) oy p
1 MM, + M.(Myo)'/?
< (a—o e )Iflr. (3680

From the second equation of (3.6.27), (3.6.56) and (3.6.78), we also derive our
improved estimate for y

- 1 M. MY? +al/?
Iylly = |C7"'Bx|ly < —|Bx|l¢ < — 1/—20||f||F- (3.6.81)
Y Y oy "B

We collect the results for g = 0, using the fact that « < M. From (3.6.79) and
(3.6.80), we have the estimate on x
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Ixllx = IIXllx + lIxxllx

MM a1 MM, + Mo(Maoo)'?
= ( tw Tt

) Il

o) B2 o opp?
2
+4M. M
< Pt AM My Ifll7, (3.6.82)
C((),B

while, from (3.6.81), we have the estimate on y

oM. M)?
Iylly < =—7—IflF. (3.6.83)

vy B

The final results can then be obtained collecting (3.6.70), (3.6.71), (3.6.82) and
(3.6.83). O

Remark 3.6.4. We remark that in several applications we have C = eldentity, so
that M, = y = ¢. In this case, the estimates (3.6.58) and (3.6.59) become

B2 + 4eM, oM,
lIxllx < g [ — Py gl (3.6.84)
and
12 4M,
lylly < 1/2’3 ——fllr + M—‘FZ,BZHgHG (3.6.85)

We also note that in the limit for ¢ — 0 we recover the result of Theorem 3.4.4. 0O

Remark 3.6.5. We also point out that (3.6.84) and (3.6.85) are optimal, with respect
to the dependency of the stability constants on the parameters «, 8 and . To see
that, consider for 0 < a,b < 1 the problem

2 Ja —Ja 0 0 X1 2f
Ja 2 1 b 0 X2 0
—Ja 1 2 b x| = , (3.6.86)
0 b 0 - 0 i 0
0 0 b 0 -—¢ Y2 2g

whose solution is given by
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x_f(b2+8)+ g o fe  3ge
T a2 ball?’ 2T 422 (e + b2)
fe 2(3e +2b?%)
= , 3.6.87
BT a0 T bGe 1 b?) (.0.87)
f 3g f 3g
__ _ 8 - J 5 3.6.88
NZ702 36+ b2 2T T 3 + b2 (3:689)

Indeed, it is easy to recognise that &y = 2a and 8 = b, and hence the optimality of
estimates (3.6.84) and (3.6.85). O

Remark 3.6.6. 1t is of some interest to check that all our estimates are “dimension-
ally correct”. Indeed, denoting by [a], [b], [c], [x], [v], [ f] and [g], respectively, the
physical dimensions of A, B, C, X, y, f and g, we have that M, and « have the
same dimensions as A (and hence, in particular, M, /« is a pure number). Similarly,
M, and y have the same dimension as [c]. Moreover, from the two equations of our
system, we have

[P L S 0 D ) -3 1} (3.6.89)

[a]  [b] TS T

from which we easily deduce that [a][c] equals to [b?], so that for instance
M, M. /B? is also a pure number. Taking this into account, we can verify that, in

every stability inequality, an [x] is bounded by a ﬁ [f] times a pure number or by a
a

1 1
m [g] times a pure number, while a [y] is bounded by a m [f] times a pure number
or by a la]

3]

[¢] times a pure number. O
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