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Abstract

In this work we study and analyze different methods to numerically solve Lya-
punov equations. We state and prove several structural properties for this equa-
tion, and then we look for numerical methods that exploit these properties and for
which also the numerical solution preserves such properties. For this reason, we
focus our study on the so called projection methods, for which we give a bound of
convergence of the numerical solution found by these methods, for different spaces
of projection. Besides, we apply such methods to a particular case of Lyapunov
equation, which is obtained by using an appropriate finite elements discretization
of the two dimensional Poisson equation. Moreover, we extend and discuss, in
the context of iterative methods for the numerical solution of a matrix equations,
a well known property on the norm of the total error due to the finite element
discretization and the projection method used to obtain the numerical solution.






Sommario

In questo elaborato studiamo metodi risolutivi per equazioni di Lyapunov. In
particolare, per tale equazione introduciamo e proviamo proprieta strutturali, e
cerchiamo metodi numerici che riescano ad utilizzare tali proprieta, e che restituis-
cano soluzioni che mantengano tali proprieta, e siano in questo modo interpretabili.
Per tale motivo, concentreremo il nostro studio sui metodi proiettivi, e daremo una
stima di convergenza della soluzione numerica ottenuta utilizzando tali metodi
per vari spazi di proiezione. Inoltre, applichiamo tali risultati ad una particolare
equazione di Lyapunov, ottenuta discretizzando mediante elementi finiti, fissando
gli appropriati elementi, chiamata equazione di Poisson bidimensionale. Infine, es-
tendiamo e discutiamo nel contesto dei metodi iterativi per la soluzione numerica
delle equazioni matriciali una nota proprieta riguardante la norma dell’errore to-
tale commesso discretizzando il problema e risolvendolo numericamente mediante
metodi proiettivi.
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Introduction

In the first chapter of the thesis we introduce various preliminary results and
concept that turns out to be useful for the rest of the work.

In the second chapter we develop an analytical study of the Poisson equation;
in particular we recover the weak form of the problem, and then we introduce a
new test set in which we study this problem.

In the third chapter we introduce a finite-dimensional test set, and we introduce
the concept of Galerkin solution. Then, we fix a particular basis of the finite-
dimensional test set, and we use this basis to derive a Lyapunov equation related
to the problem.

In the forth chapter we analyze different properties related to the solution of
the Lyapunov equations. Some of properties turns out to be very useful also in the
following of this work, as they suggest that use of certain methods, that catches
these properties.

In the fifth chapter we introduce different methods to numerically solve the
Lyapunov equation. In particular, we introduce the Bartels-Steward algorithm
for the small scale setting, and we focus on projection method for the large scale
setting. For the last method we study different spaces of projection, and for each
of them we estimate the rate of convergence of the approximate solution.

In the sixth chapter we extend in the matrix setting a property related to the
error of the solution the Poisson equation, then we give another point of view of
the result and we numerically validate the result.






Chapter 1

Preliminaries

In this chapter we recall some preliminary results and concepts that we use in
the following chapters. We start with two basic definitions to introduce Sobolev
spaces.

Definition 1.1. Let Q € R", let @ € N” and let ¢ € C§°(§2). We define the a
partial derivative of ¢ as

D%p = —ng

Moreover, we define the weight of « as

n
o] = o
i=1

Definition 1.2. Let 2 € R", and let a € N*. A function v : 2 — R is weakly
differentiable with a-weak partial derivative u = Dv if for all ¢ € C§°(2) it holds

that:
/vDagb dw = (—1) / u¢ dw
Q Q

Definition 1.3 (Sobolev spaces). For any p € Z*, we define the Sobolev spaces
as:

HP(Q) :={v e L*(Q) : D € L*(Q), || < p}
These spaces can be equipped with the following norms:
[l = D ID%ulfe)y,  1D%ulfegq) = /Q\DQUV dw
la|<p

Indeed, the L?-norm is just a semi-norm, as for u = 0 almost everywhere with
respect to the Lebesgue measure it holds that

[ullz2 = 0.

xiii
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As a consequence, we can’t control the behaviour of an L? function in a zero
Lebesgue measure set, such as the boundary. For this reason, we define the com-
pactly supported Sobolev spaces H{ as the closure of C§° with respect to the
Sobolev norms

H(0) = @
Besides, we define H? as the topological dual of Hf,

H7P(Q) = (H(©))"

As a consequence, it is a space of distributions. Moreover, it is crucial to observe
that the spaces H P inherit the topology of HP. We recall from [1] a crucial
property of the Sobolev spaces. This property regards the structure of the spaces
in terms of their geometry.

Proposition 1.4. The normed spaces HP(2), H{ () are Hilbert spaces.

In the work we heavily use the Divergence Theorem, which is the following
classical result.

Definition 1.5 (Divergence). Let Q C R”, let F : Q — R™, F € C(Q). We
define the divergence of F' as:

div(F) =V -F=Y)_

i=1n

OF;
(91:2-

Theorem 1.6 (Divergence Theorem). Let Q C R”, let F : Q — R", F € C'(Q).
It holds that

/Q div(F)(w) dw = / Fa) v dHy (2)

ont

Where Ot is the positively oriented boundary, while v is the outward pointing
unit normal vector to OQT,

We introduce the definitions of convolution ad mollifiers.

Definition 1.7. (Convolution) Let f,g € L'(R™). We define the convolution of f
and ¢ as the function

(f*g)(z) = - fy)g(r —y)dy = . flx—y)gly) dy

Definition 1.8. (Mollifier) We define a mollifier as a function ¢, : R* — R which
satisfies the following properties:

i. ¢ € C®(R"),
ii. supp(pe) C Be(0),



XV
iti. (¢¢) >0,
w. [ ¢(x) dr=1.
Rn

In the following we give a classical example of a mollifier.

FExample 1.1. The following function ¢, : R” — R is a mollifier.
o
qge(l') _ 6“?“ -1 lf Hx“ < 1, Qse — Cque.
0 if ||z|| > 1
Where the constant c. is such that the condition 7v. is satisfied.
We recall a classical result from [10], called Friedrichs’ Lemma.

Lemma 1.9 (Friedrichs). Let ¢, € C§°(R™) be a mollifier, and define the functions
Ue = ux @, fo:=fx¢. Ifue L} (R"), we have that, for all K C R™ compact
set

2
“Au, — f. RGN
e—0

In the following we use the Kronecker product in different contexts.

Definition 1.10 (Kronecker product). Let A € R"*"2 B € R"™*™2. We define
the operator ® : R™*"2 x R™1Xm1 — RMmMXn2m2 aq follows:

al’lB cee alanB
A®B= : : € Rrmaxmnams,
n, 1B - a5, B
In the following, we state some useful properties of the Kronecker product.

Proposition 1.11. Let all the algebraic operations stated in the following proper-
ties be well posed. The followings hold.

i. A (B+C)=A®B+A®C,
ii. A+B)C=A®C+B®C,

. (kA) @B =k(A®B) = A® (kB),
L (A®B)®C=A® (B®C),

v. (A®B)(C®D)=(AC)® (BD),
. (AeB)" = (AT ® BT),

. (A®B)'=(A""@B).

v

vl

VL
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Definition 1.12. Let X = [z1,...,2,,] € R™™. We define the operator vec :
R™™ — R™ as follows:

T
vec(X) = vec[xy, ..., Ty =
Tm
By using these operators, we can transform the matrix-matrix operations AX +

XA, for A, X € R"" and AXB+BXA for A € R, B € R™"™ and X € R™*™
into matrix-vector operations, as follows:

vec(AX + XA) = (I® A + AT ® I)vec(X) (1.1)

vec(AXB + BXA) = (B" ® A + A" ® B)vec(X) (1.2)

In the following theorem, we characterize the spectrum of the matrix (I ® A +
AT ®I).
Theorem 1.13. Let A € R™™, and let {(vi, \i) izt
A. It holds that {()\1 +)\j, V; ®Uj>}i,j=1
Proof. By applying the vector v; ® v; to the matrix A @ I +1® A, we obtain
(ARI+I®A)(v; ®v,))
(ARI)(v; ®vj) + (I® A)(v; ®v;)
(AUZ' & Ivj) + (I’UZ X AUj)
(Ai + A5) (v @ vj)

,,,,,

.....

The next theorem is a crucial result for our work.

Theorem 1.14. Let A € R™"™ be a matrix such that if X is an eigenvalue of A,
then —\ is not an eigenvalue of A. For each C € R"™ ", there exists a unique
matriz X € R™™" satisfying the following equation

AX +XAT =C (1.3)

Proof. By taking the operator vec to equation (1.3), we obtain the equivalent linear
system

(I® A+ A ®@I)vec(X) = vec(C) (1.4)

As a consequence of Theorem, 1.13, if the matrix A satisfies the eigenvalue hypoth-
esis, then the matrix (I® A+ A ®1) is invertible. Hence, for each C € R™" there
exists a unique solution vec(X) of equation (1.4). By taking the unique square
matrix X € R™"™ obtained by inverting the operator vec in dimensions n x n we
obtain the result. O
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A particular case when the eigenvalue hypothesis holds is when the matrix A
is symmetric positive definite.

In the thesis, we also use the concept of spectral interval of a matrix A, whose
eigevalues are real. It is defined as follows.

Definition 1.15 (Spectral interval). Let A € R™*" be a matrix with real eigen-
values. We define the spectral interval of A as the interval [Ain(A), Anaz(A)].

Definition 1.15 can be generalized as follows.

Definition 1.16 (Field of values). Let A € R™*". We define the field of values of
A as the set of all Rayleigh quotients, that is:

W(A) = {z"Az,2 € C", [l2]| = 1}

This generalization leads us to generalize several statements of the thesis when
the involved matrices do not have real eigenvalues, by working with the set W (A)
instead of the set [Amin(A), Aoz (A)].

In the following we use the first Gerschgorin Theorem.

Theorem 1.17 (First Gerschgorin Theorem). Let A € R™*™. The eigenvalues of
A are contained in the set

n n
UKi, Ki={2€C |z —ay| < Z |ai |}
i=1 j=1, i
A fundamental concept we use in the thesis is the so called Krylov space.

Definition 1.18 (Krylov space). Let A € R"*", and ¢ € R". We define the k-th
Krylov space of A and c as

Ki(A,c) := span{c, Ac,..., A" c}.

Definition 1.19 (Block Krylov space). Let A € R™*" and let C € R™*? be a tall
matrix. We define the k-th Block Krylov space of A and C as

KJ(A,C) := blkspan{C, AC, ..., A*'C}.

In the work we need the so called modified Gram-Schmidt algorithm. Given a
matrix Uy € R"" Uy = [uy,...,u], such that the columns of Uy, are linearly
independents, the modified Gram-Schmidt algorithm generates a matrix with or-
thonormal columns Vy, such that Range(Vy) = Range(Uy), as follows.

u1

As first column we take v; = Tl Then we take

N T
Vg = Uz — V1V U2,

and we take vy = 2. Indeed, we have by construction that v is normalized, and

[[o2]]
that

viv) = ui v, — ui vl v, = 0.
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By induction in j, that is, by supposing that V;_; is orthonormal, we take the
j-th column of V} as

A~

vj =u; — V1V juy,

and we take

>

j .
191

vV; =
Hence we have
T T~ . TxS T o
'Uj Vj,1 = Uj V],1 'LL]- V],lVJ;lV],l =0.

In the implementation, to improve the stability of the algorithm, the orthogo-
nalization step is done vector by vector, as follows. For i = 1,...,7 — 1, we set
hij—1 = viTuj; Then, we update the vector v; = 0; — h; j_1v;.

Algorithm 1: Modified Gram-Schmidt

Data: U, € R"**
Result: v, € R"** with orthonormal columns, such that Range(V}) = Range(Uy)
1 Setvlzm;vozﬁ);
For j=2,...,k
2 Set Vj_l = [Vj_27'Uj_1];
Fori=1,...,5 —1,
3 Set h;j—1 = viTuj;
4 Update the vector 0; = 0; — h; j_1v;
End For
5 Set v;
End For
6 Set Vk = [V}Cfl,’vk].

_ 9
lloj1l-

This algorithm can be also extended in block case.
In some results, we use the Frobenius norm of a matrix. It is defined as follows.

Definition 1.20 (Frobenius norm). Let A € R™™. We define the Frobenius
norm of A as the quantity

Al = (Z a?j)
4,3

In the thesis, we use the existence of a Riemann mapping for certain sets, which
is stated in the following theorem.

Theorem 1.21 (Riemann Mapping). Let £ # {p € C} be a compact set, whose
complement K = C — E is simply connected in C. Let D := {w € C: |w| < 1} be
the unit disk. There exists a unique conformal bijection, called Riemann map of

E, ¢:C—E — C— D, with ¢(c0) = 0o and ¢'(c0) > 0.
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Thanks to Theorem 1.21, we are able to define Faber polynomials. We also
introduce Chebychev polynomials, which coincide with Faber polynomials in the
real case.

Definition 1.22 (Chebychev polynomials of the first kind). We define the Cheby-
chev polynomials of the first kind as 7 such that Ti(t) = cos(kcos™!(t)), for
t| <1, and Tx(t) = cosh(k cosh™(t)), for |t| > 1.

It can be proven that 7Ty are real polynomials of degree k.

Definition 1.23 (Faber polynomials). Let £ # {p} be a compact set, whose
complement K = C — FE is simply connected in C, and let ¢ be the Riemann map
of E. The k-th Faber polynomial ®,(z) is defined as the polynomial part of the

Laurent series of ¢(z)* at infinity.

These polynomials are important in error theory, for several reasons. In first
place, we recall the following result, stated in [9], which provides a decomposition
of an analytic function through Faber’s polynomials.

Theorem 1.24. Let K be the closure of a simply connected domain G, bounded
by a rectifiable Jordan curve I'. Given an analytic function f in G, it is uniquely
represented by Faber polynomials, that is:

1[0 4

f(z) = j;oajq)j(z)a =55 r GIFL(E)
Moreover, Faber polynomials satisfy the following minimization property, as
proved in [31].

Theorem 1.25. Let {p} # E C C be a compact set. The k-th degree Faber
polynomial ®; is the unique monic polynomial of degree k which satisfies

in |7,
nin [Pl

where Py 1s the set of degree k monic polynomials in E.

As a consequence, Faber polynomials are an extension of Chebychev polynomi-
als. Indeed, by recalling [22], the lasts satisfies the same property for F := [—1, 1];
and since the minimizator is unique, the two polynomials coincide in this case.
Moreover, it can be shown that given a real interval E = [a,b], the minimiza-
tor is the properly scaled and shifted Chebychev polynomial. We highlight that
this property of the Faber polynomials allows us to extend the study of conver-
gences of various numerical methods that involves polynomials, in less constrictive
hypotheses on the matrix A.

We also use a generalization of the Faber polynomials, which is the following.
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Definition 1.26. Let ¢ : C — E — C — D be the Riemann map of E. We
call Takenaka-Malmquist system of rational functions for the cyclic sequence of
parameters o; the following system:

V1= 1[6(0))]
e |
1—¢(o1) w
where the function B is a finite length Blanschke product:

S 80) —w (600 |
BI(U)) = i — , W E C.
g(l_m-lw 5(7;) )

(w) =

Bl(w), leN

In the following proposition we state some useful properties of the Takenaka-
Malmquist system of rational functions, and of the function B;.

Proposition 1.27. The system of rational functions introduced in Definition 1.26
satisfy:

i. Bi(w)™ = B(w1)
ii. |Bi(w)| <1, |w|<1,
iti. Jymy Pn(w) P (w)|dw| = 2700 m, n,m €N,
. MaX,ey Max|y|=1 |Pp(w)] < oo.
We also introduce the Faber-Dzhrbashyan rational function, as follows.

Definition 1.28. Let r > 1, and let ¢ be the inverse of the Riemann map of F.
Let ', := {¥(2) : |z| = r}, and let G, := {¥(2) : |z| < r} be the interior of the
curve I',. We define the k-th Faber-Dzhrbashyan rational function as:

)= o [ 8 g g

The next result makes this family of functions useful for us. A proof of the
statement can be found in [18].

Proposition 1.29. Let ¢ be the Riemann map of E, let ®; be the j—th Takenaka-
Malmaquist rational function, and let M; be the j-th Faber-Dzhrbashyan rational
function. The following holds.

o0

LS (Dasn, o>

gl —
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Here we introduce the concepts of plane condenser, and of the Riemann modulus
of a condenser. We also state some fundamental properties of these objects. All
the proofs can be found in [12].

Definition 1.30. Let F; and F, be disjoint closed subsets of C, each of which has
a connected complement. We call (Fi, Fy) a plane condenser.

Definition 1.31. Let (F}, F;) be a plane condenser, and set G := C — (F} U F}).
The unique generalized solution h of the Dirichlet problem —Ah = 0 in the region
G with boundary data equal to 0 on OF] and 1 on OF; is called Harmonic measure
of the set OF; relative to the region G.

The following Lemma establishes the regularity of the Harmonic measure of
the set OF5 relative to the region G, called H, which is needed in the definition of
Riemann modulus.

Lemma 1.32. Let (F}, Fy) be a plane condenser, and set G := C — (Fy U Fy). Let
h(z) be the harmonic measure of the set OF; relative to the region G at the point

z € G. The function h is harmonic in the region G and at regular (relative to G)
points of the sets OF, and OF,, and it is bounded by 0 and 1.

Definition 1.33. Let (F7, F3) be a condenser, and let 7 be a curve that divides
C into two open sets, one of which contains the set Fj, and the other of which
contains the set F». We define the Riemann modulus of the condenser (F, F3) as:

1 [ 0h
H(F,F) = (FL,F), oF,FR) = g/% ds.
vy

Here the quantity c is called capacity.

The modulus of a condenser (Fy, F3) is strictly related to the so called third
Zolotarev problem, which consists of finding a rational function Ry (z) := ’;:—8 that
is as small as possible on the set F; while being at least one in absolute value on

another set Fy. More precisely, by defining the set Ry := {ry(z) = Z:Eg,pk, qr €

Py}, the solution of the third Zolotarev problem attains the following infimum:

me€Res I0f,ep, [Tk(2)]
In the following theorem we recall the relation stated in [12] between the Riemann

modulus and the solution of the third Zolotarev problem, for a fixed condenser
(F1, Fy).

Theorem 1.34. Let (F, Fy) be a condenser, let H(Fy, Fy) be the Riemann modu-
lus of the condenser; let Ry(Fy, Fy) be the solution of the third Zolotarev problem.
It holds that

H(Fl, FQ) = lim

k—o0

10ng(F1,F2)
k
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Moreover, we use the principal and the complementary elliptic integrals of first
kind of modulus g. They are defined as follows.

Definition 1.35. We call the principal elliptic integral of the first kind of modulus
g the quantity

1
1
K(g) := dt.
2 /0 V1—12/1— g2

We call the complementary elliptic integral of the first kind of modulus g the
quantity
1

K'(g) == /0 ViR T dt.







Chapter 2

Poisson problem in weak form

2.1 Poisson problem
Given a function f € C°([0,1]?), we want to find v € C?([0, 1]?) such that

—Au=f in (0,1)

u=0 in dp|0,1]?,
G~ in dy|[0, 1]%.

Where 9p|0, 1)? is the part of the boundary related to the Dirichlet condition; and
it’s supposed to be a connected set, while dy[0,1]*> = 9|0, 1]* \ 9p[0, 1]? is the part
of the boundary related to the Neumann condition, and v is the outward pointing
unit normal vector to dy. For the sake of simplicity, we will treat the case of
Op[0,1]2 = {0} x [0,1) U [0,1) x {0}. A classical approach to tackle the problem
is to relax it by taking an appropriate set of functions H, called test set, and by
looking for a solution u which satisfies

/ —Au(z,y)®(x,y) de dy = fz,y)®(z,y) de dy, forall ® € H
[0,1]2

[0,1]
(2.1)
The name test set comes from the fact that we test the function u to be solution
with respect to every function in the set H. In our case, we take the set H =
H}([0,1]?). We recall from Definition 1.3 the definition of such a space.

HY(Q) :={v e L*Q): D € L*(Q),|a| < 1}

The space H'(Q) is equipped with the following norm.

[l = D ID%ulfa),  1D%ulZzq) = /QIDQUIde

lal<1
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From this definition we derive:
e | _
Hy(Q) :==C(Q) ™, H Q)= (Hy(Q))

We also emphasize a crucial property of the space H, which gives us an equiv-
alent norm for the space H.

Lemma 2.1 (Poincare Inequality). Given u in H}([0,1]%), there exists a constant
C > 0 which depends only on the domain, such that

[l 720,112y < CIVulZ2 0,172

Proof. Since u € H}([0,1)?), we have that u(z,0) = 0. Thus we have:

[ul2(oys) = / / u(e,y) — u(e, 0)f da dy
[/ /
SuNs
/// u(z,m) gz dn dz dy

aiery< [ [ W [ W [t dn> o dy

=/ / / 1 Vu(z, n)[2 dy dz dy
0 0 0

1 1
1 [ [ Vuen)s de g

0 0

This lemma can be generalized for a Lipschitz domain 2. However, our proof
strongly depends on the fact that the domain is a square. As a corollary of the
Poincare inequality, we can find an equivalent homogeneous norm for H ([0, 1]?).
This fact is crucial in our discussion, since it gives us the coercivity, which is
defined later, of the form a. Indeed we have the following result.

6 (z,1n) dn‘ dx dy
ou
dy

xn dndxdy

O

Corollary 2.2. Given u in H}([0,1]?), there exist two positive constants c; and
Cy, which depend only on the domain, such that

Cl||vu||L2([01 < "u”Hl ([0,1]2) < C2||VU||L2 (j0,1]2)
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Proof. By the Poincare inequality we have:
2 2 1 2 1 2
”u”Hol([O,l]Q) = ”VU||L2([0,1]2) = §HVUHL2([O,1]2) + QHVUHL?([O,I]?)
1 1
= %HU”%%[OJP) + §||VU||%2([0,1]2)

. 11 2
> min {%7 §}HuHH§([0,l}2)

By taking ¢; :=1 and C5 := we obtain the result. O

1

min{%,%} ’

A further relaxation of the problem regards the regularity of the data function f
and of the solution u we are searching for. In particular, by taking H = H;([0,1]?)
as a test space, we notice that the integral problem (2.1) is well posed also for a
data function f € H~*([0,1]?). In the next section, we will discuss problem (2.1),
by searching for a solution u € HZ([0,1]%); in the less restrictive hypotheses for
the data function f to be in H~*(]0,1]?). For this setting, we will provide some
classical results about existence and uniqueness of a weak solution of the problem.

2.2 Weak form of the Poisson problem

Given f € H'([0,1]*), we want to find u € H}([0,1]?), such that, for all
® € Hi([0,1]%), it holds that:

/[01}2 —Au(z,y)®(z,y) de dy = f(z,y)®(z,y) dz dy. (2.2)

[0,1]2

This is called weaker form, since it has weaker hypotheses in terms of regularity
either of the data f and of the searched solution wu.

In order to tackle (2.2), we have to use two important results. The first one
is the Divergence Theorem, and it will provide us with an equivalent variational
form of the problem (2.2), by assuming the existence of solution v € HZ([0, 1]?);
while the second one is an extension of Lax-Milgram variational Lemma, due to
Stampacchia. This is a fundamental tool for proving existence and uniqueness of
the solution of (2.2).

By using the Divergence Theorem and by direct computation, we obtain:

/ Vo(z,y) - Vu(z,y) + Au(z,y)®(z,y) dz dy
[0,1]2
=/ div(®(z,y)Vu(z,y)) dz dy

[0,1]2

=/ O(x,y)Vu(z,y) dH(z,y) =0
9+[0,1]2
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As a consequence, an equivalent form of (2.2) is the following:
/ —Vu(z,y) - Vo(r,y) dv dy = fx,y)®(z,y) de dy  (2.3)
[0,1]2 0,1]2

Since we want to obtain a variational problem, we have to define a linear and
a bilinear form related to the problem. In particular, we define the following
quantities.

Notation 2.3. Given u,v in HJ([0,1]?) and f in H~1([0, 1]?), we define:
a(u,v) = (Vu, Vo) 212y,  £(v) = (f,0) r2(j0,12)-

By substituting these definitions, the problem (2.3) can be restated as: find
w € Hi([0,1]%), such that, for all ® € HJ([0,1]?), it holds that:

alu, &) = () (2.4)

In this variational context, continuity and coercivity are fundamental properties
of the linear and bilinear forms, which can be defined as follows.

Definition 2.4. Given an Hilbert space H and a bilinear form a : H x H — R,
we say that:

i. a is continuous if there exists ¢ > 0 so that |a(u,v)| < c|u|g|v]|q, for all
u,v e H

ii. a is coercive if there exists C' > 0 so that |a(u,u)| > C|u|%, for all u € H

Thanks to these properties, we will be able to prove the existence and the
uniqueness of the weak solution of the problem (2.3).

Proposition 2.5. The form a : H}([0,1]?) x H}([0,1]*) — R is bilinear, coercive
and continuous, while the form € : H}([0,1]?) — R is linear and continuous.

Proof. The proofs of the bilinearity of a and the linearity of ¢ are direct computa-
tions, indeed:

<VQ(U1 + Ug), V’U>L2([0,1]2) = a(Vul, VU>L2([071]2) + a(Vug, V’U>L2([0’1]z),

(Vu, VB(v1 +v2)) r2(j0,112) = B{Vu, Vi) 20172y + B{Vu, Vug) 12(0,12),

<f, Ywi + w2>L2([o,1]2) = ’Y<f7 w1>L2([0,1]2) + <f, w2>L2([0,1]2)-

The coercivity of a follows directly from the right inequality of Corollary 2.2, while
the continuity of a and ¢ follow from the left one. n

Corollary 2.6. The form a : H}([0,1]?) x H}([0,1]*) — R induces a norm, called
energy norm of a, defined as:

|ull, == Va(u,u), ue H;([0,1]%). (2.5)
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We now recall a general result, introduced in [28], that will be crucial in several
points of our discussion. It is an extension of the well known Lax-Milgram Lemma,
and it provides us existence and uniqueness of the weak solution in a certain space.

Theorem 2.7 (Stampacchia). Let H be a Hilbert space, let a : H x H — R be
a bilinear, symmetric, continuous and coercive form, and let K C H be a convex
and closed set. For all L € H' there exists an unique u € K such that:

a(u,v) = l(v), forallve K.

By using this result, as a corollary, we have a unique weak solution u €
H{([0,1]%) of the problem (2.4).

Corollary 2.8. Let f be in H([0,1]%), and let the quantities
a: Hg([0,1]*) x Hi([0,1]?) = R, a(u,v) = (Vu, V) 12(¢0,12),
(2 Hy([0,1]%) = R, £(v) = (f,v)r2(0,112)-
There exists a unique u € H}([0,1]?) so that
a(u,v) = £(v), for allv € Hy([0,1]?)

Proof. This is a direct consequence of Theorem 2.7 , by setting the quantities
K =H=H;([0,1]*),a=a, and [ = /. O

We can notice that for this special case also Lax-Milgram Theorem would have
been sufficient to prove this Corollary. In the future section we will see how to
exploit the Theorem 2.7, by taking K as a proper subspace of H.

2.3 A new setting for the variational problem

Starting with this section, we want to use the following linear space on which
to find the solution:

S:=Hy([0,1]) ® Hy([0,1]), (6 @%)(z,y) = ¢(2)d(y), ¢@PeS
We also equip S with the following norm:

¢ ® ¥l L20,112) = |0l 20 |¥ | L2(0,17), for @ @b € S.

This setting has both analytical and computational advantages: indeed, this space
is able to catch the important information of the separate direction, and see which
one is more central, in dependence of the initial data. Besides, the problem (2.4)
can be written in a simpler way by substituting the set S, as we are solving a
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problem which is similar to the one-dimensional case. Hence we can write, for
U= u; ® U, and v = v; ® vy:
(V(u1 @ ug), V(v1 @ v2)) £2(j0,112)
=(Duy, Dvy) r2(0,17) (U2, v2) 2(j0,17) + (U1, v1) 20,11y {Du2, Dva) r2(j0,112)

For using this space S we have to verify that it is a closed, convex subset of
H}([0,1]?). We will do it in the following lemma.

Lemma 2.9. S is a closed and convex subset of H3([0,1]?).

Proof. We first show that S C H([0,1]2). Let ®(x,y) = ¢(z)¢(y) € S, and recall
that
[¢ ® Yllz2oar2) = 6l z2qo.p [¥22 o)

By computations, we have that:

16 Ylgoar =( 316 ® ¥)lagoam)

a<ll
=|¢ @ Ylr2(oaj2) + 1D(9) @ Yl 2oy + 16 @ D(¥)]r2(0,12)
<|¢ @ Y| r20,112) + [ D(®) @ | 12(0,112) + | @ D(¥)] 2(10,12)+
+[D(¢) @ D(¥)] L2 (o,112)

- ( Z HDQ¢||L2([0,1})> (Z ||Da¢||L2([o,1])>
a<l a<l

=10l 2 o,y 191 112 0,17 < 00-

Hence, S C H}([0,1]?). The convexity derives from the fact that S is a linear
space, while the closure is a consequence of the structure of the space as a tensor
product of two H}([0,1]). O

As a consequence of Lemma 2.9 and of Theorem 2.7, we can state the following
theorem.

Theorem 2.10. Let f € H'([0,1]?), and let
a: Hy([0,1]%) x Hy([0,1*) = R, a(u,v) = (Vu, Vo) r2(o,112),
0 Hy([0,1]%) = R, £(v) = (f, v)r2(0,172)-
There exists a unique u® € S such that
a(u’®,v) =L(v), forallve S (2.6)

To justify the variational approach (2.6), an interesting question is how “dis-
tant” the weak solution u® € S is from the classical solution u € C?([0,1]*) of
problem (2.1). A possible answer to this question is formalized next.
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Proposition 2.11. Let the data function f € C°([0,1]%), and let u € C*([0,1]?).
It holds that a(u, ®) = (D) for all ® € S if and only if —Au = f.

Proof. Let ®(z,y) = ¢(x)(y) € S. By Fubini’s Theorem, we have
0= [ (=BG fo )Gy da dy
0,1

_ /[ N /[ (U@ y) = fle,)ola) do) vly) dy

G(y)

By applying the Fundamental Lemma in the Calculus of Variations to the integral
over the variable y, we obtain

G(y) = 0.

Explicitly writing the function G, and by applying the Fundamental Lemma in
the Calculus of Variations, we obtain

0= /M(—AU(x,y) — f(z,y))¢(z) dov < —Au(z,y) — f(z,y) =0

]

Indeed, if we suppose to have a regular data f, and a regular solution u, the
problems (2.1) and (2.6) are equivalent.



Chapter 3

On the discrete problem obtained
by Finite Elements

3.1 Introduction to finite elements

We consider a finite-dimensional subset of S, as approximation space for the
solution v®. For this purpose we define the following spaces.

..........

be two sets of linearly independent functions, and let h = #1 We define the
finite-dimensional spaces:

S = span{d(x), ..., dn(x)}, Sy = span{ya(y),. . ¥a(y)}

Moreover, we define the “tensorized” space
Sp=5SF®57.

By applying these definitions, a function u, belonging to S;, can be written as:

un(r,y) = Y Y ajrdi(@)Y(y),  un € Sh.

j=1 k=1

As described in Section 1.3, we aim to apply Stampacchia’s Theorem by taking
K = S),. Besides, in the next lemma we will prove that S, satisfies the hypotheses
of Theorem 2.7, namely that Sy is a closed, convex subset of H = H}([0,1]?). In
particular, we show that S}, is a closed and convex subset of S, which is a subset
of H.

Lemma 3.2. S), is a closed, convex subset of S.

Proof. Let {¢;(x)}j=1..n C SF, and {¢r(y) k=1, C S; be two bases, and let
{®m(z,y)}m € Sp be a sequence of functions that has limit in S. We can write

8
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in a unique each function ®,, € S, in the sequence as a linear combination of the
product of the two bases, and

Pun(t,y) = D D (iu)mds(@)enly) —— b(x,y) € 5.

j=1 k=1

From the limit uniqueness, we have that

O(a,y) =D D djudi(@)er(y), for (aj)m — > Qi

=1 k=1

Thus, the existence of the limit for the function  is equivalent to the existence of
the limit of the coefficients ;. Since R™" is complete, ® € Sj,. The convexity
follows from the fact that S}, is a linear subset of S. O

As a consequence, we can state the well-posedness of the following finite-
dimensional problem.

Theorem 3.3. Let f € H([0,1)?), and let
a: Hy([0,1]*) x Hi([0,1]?) = R, a(u,v) = (Vu, Vo) 2(0,12),
£: HY(0.1) = R, €6) = (£.0)2gour.

There exists a unique u, € Sy, so that

a(uh,vh) = E(Uh), for all v, € Sy, (31)

3.2 Analytical properties of the Galerkin solution

In this section, we first give a different point of view of the finite-dimensional
problem, and then we state an analytical result about the closeness of u® and wy.

Remark. By using the expression (2.4), and by subtracting it in (3.1), the finite-
dimensional problem can be stated as: find u;, € S, so that

a(u® — up,v) =0 for all v, € S, (3.2)

Definition 3.4 (Galerkin solution). The function u, € Sj that satisfies condition
(3.2), called Galerkin condition will be called Galerkin solution of the problem.

Condition (3.2) gives us a new interpretation of the solution wy: indeed, we
want to find a function u;, such that the error u® — uy is orthogonal, under the
operator a, with respect to Sy, or in an equivalent way, we want the residual
r(v) := a(up,v) — l(v) to be zero when v = v, € S;. In other words, the solution
of the problem (3.1) wy, is the projection, under the operator a, of the solution u°
over Sy,
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A direct consequence of (3.2) is stated in the following proposition.

Proposition 3.5 (Céa). The function u, € Sy obtained by the imposing the
Galerkin condition (3.2) satisfies

a(u® — up,u® —up) = min a(u’® — vy, u® — vy)
VR ESY

Proof. Let v, € Sy,. Since a is bilinear, it holds that

a(u® — vy, u’ —vp) = a(u® —up + up — vp, ' — up + up — vy)

= a(u® — up,u® — up) — 2a(u’® — up, vy, — up) + alvy, — up, vy — up)

Since vy, — up, € Sp, we have that a(u® — up, vy, — up) = 0, while by definition of a
we have that a(v, — up, vy — up) > 0. Thus we have that, for all v, € Sy,

a(u® — up, v’ — up) < a(u® — vy, u® — vp).
By taking the infimum we have the result. O]

Thus, the Galerkin solution wy, is the function that minimizes the energy norm
of the error u® — uy, in the space Sj.

We can state the following result on the convergence of the finite-dimensional
solution.

Proposition 3.6. Let a sequence of nested spaces { Sy, }; satisfying U;~, Sn; = S
be given. Consider the respective sequence of functions up; € Sy, satisfying (3.2).
We have that

lim [u® — Uh, ||H3([0,1]2) =0

J—00

Proof. Since {J;, Sp; is dense in S, we have that

lim min Hus =0

2
J—00 vp, €Sy, — Uny HHol([O,l]Q)
From Corollary 2.2, the bilinear form a induces an equivalent norm of Hj, and
thus we have that

. : s 2

lim min Hu — vth =0

J—00 v ; €Sh; a
From Proposition 3.5 have that uj, attains such minimum. Hence we conclude. [

In other words, since the residual has to be zero with respect to the subspace
Sh, we want to take a sequence of nested spaces {5y, }; which saturates the entire
space S. For the respective sequence of solutions {uy, }; to (3.2) we have, at the
limit, a residual which has to be identically zero.

In the following result we state a more precise formulation of convergence of
the method, which is a consequence of Friedrichs’ Lemma.
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Theorem 3.7. Let { Sy, }; be a sequence of nested spaces which satisfies | J,;~, Sn; =
S and let the respective sequence of functions wy, € Sh, satisfying (3.2). Let
u® = lim; o0 up,, and f be in L*([0,1]%). By using the notations of Lemma 1.9, it
holds that: . L)

Ue —> Uu°, —Au, —

e—0

f

This theorem gives us a more precise result of convergence of the solution found
by Galerkin, as we have the convergence of the graph (u,, f.) in the L? norm.

3.3 Numerical Problem

The purpose of this section is to find a more manageable form of the finite-
dimensional problem, and after, to fix a space S;, . In particular, we will derive a
matrix equation which is obtained from the problem (3.1), by taking two general
bases of Sf and S}, and by computing the bilinear form a and the linear form [
for each element of the bases. Then, we fix two particular bases of S and S},
and we explicitly write the matrix equation with respect to these bases. A deeper
discussion about the importance of the choice of the bases of Sf and S} can be
found in [2, chapter 10].

Given {¢;(z) }1<j<n € SF, and {¢x(y) }1<k<n € S} two bases, the problem (3.1)
is equivalent of finding u; € S} such that

a(up, ¢; @ i) = U(¢; @ Py), 1<,k <n. (3.3)

To explicitly write down the left-hand side, it is useful to define the so called
stiffness and mass matrices, while for the right-hand side we define the data matrix.
They will be denoted as K, M and F respectively.

Definition 3.8. Given {¢;(x)}1<j<n C S¥, and {¢x(y) }1<k<n € S} two bases, we
define:

(M$>ZJ = <¢’L7 ¢j>L2([0,1])a (My)kJ = <¢k7 ¢1>L2([071])’ Ma}a My c R7*n
(F)jx = ([, 0; ® Yr)r2(01p2), F €R™"

Notice that the matrices M and K are obtained from an inner product in one
dimension, whereas F is obtained from an inner product in two dimensions. By
these definitions, the following theorem can be stated.

Theorem 3.9. The function uy, € Sy, up(z,y) = >0 > iy ajrdi(x)Pi(y) is the
solution of problem (3.3) if and only if X is the solution of the following matriz

equation.
K. XM, + M, XK, = F (3.4)
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where K, K, M, M, and F are the stiffness, mass and data matrices, while
(X)jk = .

Proof. By using the explicit expression of Vuy, the solution of problem (3.3) is the
function wu; that satisfies:

DY b @iy, ¢ @vr) 2o+ (i@, gL 202 = (f, SOk 12(0,112)

i=1 =1

By applying Fubini-Tonelli’s Theorem, we obtain the following expressions:

DN b ® v, ¢ @ i) 2o

i=1 [=1
=YD il ) o (s i) oy = (K XMy,
i=1 =1

and

Z Z ;{9 ® 1y, & @ Vi) 2(0.112)

=1 [=1
=N i ) 2o (W U 220, = (ML XK,
=1 [=1

By summing the two expressions we obtain:

K, XM, + M, XK, = F

3.4 Choice of the basis of 5},

In this section, we describe and justify our choice for the tensorized basis of the
finite-dimensional set.

Definition 3.10 (Linear finite elements). Set h = %H, x; =ih, for i =0,...,n,
Tpi1 = Ty, and set y; = th, for i = 0,...,n, ypu1 = yn. We define the linear

spaces:

T—Tj_1

Sip = span{d1(x), ..., dn(2)},  b;(2) = {xjﬁ_m’

T € [3,2544]

T € [T5-1,75)
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and

Y=Yk—1

S = span{ts (). )} ) = {0, LS W)
T h Yy e [ykaykJrl]

There are various advantages of choosing these bases: in first place, fixed ¢;, we
have that only ¢;_; and ¢;;1 are not orthogonal, under the operator a, to ¢;, and
thus the matrices M and K are sparse, as they are tridiagonal. Moreover, since the
functions ¢; are piecewise linear, their first derivatives are easy to compute, and
so for the bilinear form a(¢;, ¢), as suggested in [4]. In the following proposition,
which can be found in [4], we fully describe the structure of the two matrices.

Proposition 3.11. Let the functions ¢; and 1y, be as in Definition 3.10. Then
O, O ) o = (W5 Vi ey = -4 J=1...,n—1
¢J7¢>L2(01 :<¢j>¢'>L2 [0,1]) :—; Jj=1...,n—1,
D) r2oa) = (U, V) r2(o,1) = 3
¢]7¢]+1>L2(01 (Y5, Vj1) 2q01]) = % J=1...,n—1,
b5 O 20a)) = (Vi Vidi2qoay = 2, j=1,....n—1,

qu ¢n>L2 ([0,1]) <77Z}n’ ¢n>L2([0:1]) = §

In an equivalent way, we have that the matrices K := K, = K, and M := M, =
M, have the following forms:

{
{
(0,
{
(@
{

SRS

2 -1 o401
1 2

Proof. The proof of this result is done by the explicit computation of the integrals.
O

In the following, we derive some properties of the matrices K and M, that
highlights the dependence of their condition number on the discretization.

Proposition 3.12. Let the matrices M and K defined as in Proposition 3.11. It
holds that M and K are positive definite, and k(M) = O(1), while x(K) = O(75).

Proof. We start by showing that x(M) = O(1). By definition of the condition
number, we have that (M) = ||[M| |[M™|| > |[I|| > 1. By using the First Ger-

schgoring Theorem, we have that A, (M) < h, and that A, (M) > %. Thus
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we have that k(M) < 6. To show that k(K) = O(53), we recall from [32] the
following result.

1 2(k — 3w
K)=-<2—-2cos —2—, k=1,... )
spec(K) h{ cos —p : ,n}
Hence we have that 5 4
_<>\maasK S_-
h (K) h

By using the Taylor expansion for the cosine function, with Lagrange remainder,
we also have that

T 1 2 N wd c (o T
cos =1——— + coS)——
n+ 1 2(n+ 1) i+t " \Unr1)
And thus we have that

1 2 4 1 2 4
h <(n+ 12 12(n+ 1)4) S Amin(K) < 5 <(n—|— IERETICE 1)4)'

Hence, we have that

96 192
27— ) <« < 2 _ 7=
(n+1) (487TQ+7T4> <k(K)<(n+1) (487r2 —7r4)

Since h = L. we conclude. O]

n?

Proposition 3.12 shows that as the grid is refined, the condition number of K is
proportional to %, and so goes to infinity when A tends to zero. A full discussion
of this topic can be found in [11], and [27].

Thanks to the positive definiteness of M and K stated in Proposition 3.12, the
following operator induces a norm, which is the finite-dimensional counterpart of

the energy norm of a, as defined in Corollary 2.5.

Corollary 3.13. The operator A : R"*" — R™" AX = KXM + MXK induces
a norm defined as:

X[ 4 = \/tmce(XTKXM + XTMXK), X e&R™",

To reduce the generalized Lyapunov equation (3.4) into a standard Lyapunov
equation, we use a standard technique, recalled in the following lemma.

Lemma 3.14. Let the matrices M and K be as defined in Proposition 3.11, and
let L such that M = LL”. Set K = L7'KL™7, X = L”XL, and F = L'FL- 7T,

The matriz equation (3.4) is equivalent to the equation:

KX + XK =F (3.5)
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Proof. The proof is done by properly dividing by L and L7, as follows.
F =L (KXM 4+ MXK)L "
=L YKL 7L"XLL'M + ML "L”XLL'K)L~"
=L YKL 'L"XLL" + LL”XLL'K)L™"
= KX + XK

In the following, the matrix L will be taken as the Cholesky factor of M.



Chapter 4

Properties of the Lyapunov
Equation

Let A € R™"™ be a symmetric positive definite matrix, and let C;, C, € R"*P
be tall matrices. The aim of this chapter is to analyze some properties related to
the solution X of the Lyapunov equation

AX + XA = C,C} (4.1)

We recall that, in our setting, the existence and the uniqueness of such a solution
X are stated in Theorem 1.14.

Some of these properties give us a different perspective of the solution of a Lya-
punov equation, and we use them to prove theorems, while others are structural,
and they help us for computations, for choosing proper methods to solve equation
(3.5). In first place, we will see different ways to express the solution of equation
(4.1), and as a corollary we see the connection between the solution of a Lyapunov
equation and the energy of a Cauchy problem.

Some of the following properties are stated in a general setting, as they only
requires the existence and the uniqueness of a solution X of (4.1), and they do not
exploit the structure of the matrix A.

4.1 Integral forms of the solution of the Lyapunov Equa-
tion
The following results give us a characterization of the solution of a Lyapunov
equation, by using an integral form.

Proposition 4.1. Let A € R™*", et Cl, Cy € R™*? be tall matrices. By defining
the functions x1(t) := e "ACy, and 15(t) := e A Cy, it holds that:

X = /351 )t (t)dt.
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Proof. To prove the result, it is sufficient to show that such X is a solution of the
equation, and then we conclude by uniqueness of the solution. By substitution,
we have that

AX + XA :/ AeAC Cle ™ 1 e AC,Cle ™ Adt
0

_ /0 T (%(e_tAcl))CzTe_tA _etAC, (%(Cge_tA)>dt

* d
= ——(e7"AC,CTe ™M at
/0 dt b

= — e_tAClcge_tA 5280 = Cng
[

The result holds also for nonsymmetric A, for the equation AX+XAT = C,CY.
For the second characterization, we have to use the following lemma.

Lemma 4.2. Set A € R™", and let z € C such that Re(z) < p, for all p €
Donin(A), Amas(A)]. Tt holds that:

(—2I+A) = / e~ (A gy
0

Proposition 4.3. Let A € R™", let Cy,Cy € R™? be tall matrices. Let ' be
a closed contour in C — ([Anin(A), Mnaz(A)] U [Nz (A), =Amin(A)]) which is
homeotopic to the imaginary axis 1R being passed from —ioco to —ioo. It holds
that: .
X =_— /(ZI —A)'CCT (21— A)dz (4.2)
21 Jp
Proof. We notice that, since I" is homeotopic to the imaginary axis iR being passed
from —ioco to —ioco, and since the matrix A is symmetric, equation (4.2) is equiv-
alent to the following equation.

1
X=— [(zI-A)'C,CL(—21-A)'dz (4.3)
211 r
We thus prove equation (4.3). It is sufficient to show that X is equivalent to the
solution obtained in Proposition 4.1, that is X = fooo e "AC,CTe "Adt. To prove
the result, we treat the two exponentials in different ways. For the one to the left,

we use Lemma 4.2, while for the other we use Cauchy’s Integral Formula.
Indeed, we have that:

1
e = _— [ 2D+ A)7Ndz

2mi Jp
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Hence,

X = / e A C Cle A dt
0

1 o
= e_tACng[/eZt(zI—i- A)ldz|dt
211 0 T
1 oo
(I commutes) = —/ [/ e‘(‘Z”A)tdt] C,CI(z:1+A) 'dz
2m Jr L)y

1
— [ (=2l +A)'CCT (I + A) tdz

- 211 T
]

As discussed in [19], for a sufficiently large R, we can take the curve I' := ~; Li~s,
where 7 is the line in the complex plane r(s) = is, s € [-R, R], and 7, is the

semicircle ¢(t) = Re", t € [-Z,Z].

NP

iR

> Re z

—iR

Figure 4.1: Curve I' := v Uy
We have

X = lim (21— A)'C,CI (21T - A)*dz

R—o0 Y12

We split the integral in the two curves 7; and 7,. Then, by direct computations,
it holds that

lim [ (21— A)"'C,CI (21— A)*dz
R—o0 yo

= lim " (Re" — A)'C,CT(Re™T — A)~iReldt = 0
— 00

_
2

Hence we also obtain
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1 100
X = 57 (21— A)'C,CT (21 — A) *dz. (4.4)
i
As a consequence of these results, when C := C; = C,, the solution of (4.1)
is strictly related to the total output energy of the following Cauchy problem, as
shown in [15].

—100

Theorem 4.4. Let A € R™™ be a symmetric positive definite matriz, let C €
R"*P be a tall matriz. Let the Cauchy problem:

dx

dt

The solution X of the Lyapunov equation AX + XA = CCT satisfies
E? = trace(X)

(1) = —Az(t), 2(0)=C

1
Where E = (fooo ||:1:(7f)||2dt)2 represents the total output energy of the Cauchy
system.

Proof. First, we notice that the solution of the Cauchy problem is x(t) = e *AC,
which is defined in ¢ € [0, 00), since A is symmetric positive definite. To prove the
result we use Proposition 4.1. Indeed,

B = [ lato) a
= /0 h trace(z(t) z(t))dt
_ /0 " trace(w()a(t)T)dt
= trace / Oo(x(t):t(t)T)dt = trace(X)
0 O
4.2 Low-rank property of the solution of the Lyapunov

equation

The last class of properties we investigate regards the eigenvalues and rank
decay of the solution of the Lyapunov equation (4.1), under the assumption of
C := C; = C,. In particular, we see two results. The first one is stated in [23].

Theorem 4.5. Let A € R™™ be a symmetric positive definite matriz, let C &€
R"*P be a tall matriz, and let X be the solution of the Lyapunov equation

AX + XA = CC”.
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There exists a matriz Xy of rank at most kp such that
81Cllg —kn?
———exp | ——— |.

Where k(A) is the condition number of the matriz A.

||X - XkHF <

Under the hypothesis of a well-conditioned matrix A, the bound indicates an
exponential decay of the distance between A and a rank kp matrix. Otherwise,
when the matrix A is ill-conditioned, the bound deteriorates. The second result,
introduced in [16], fixes this problem.

Theorem 4.6. Let A € R™"™ be a symmetric positive definite matriz, and take
d > 0 such that spec(A) C (§,00], let C € R™P be a tall matriz, and let X be the
solution of the Lyapunov equation:

AX +XA =CC’
For every k € N there exists a matriz Xy, of rank at most (2k + 1)p such that

CStHCH??

X-X <
e

exp (— V).

Where Cg; 1s independent of k.

Notice that, as a counterpart, the last bound is less efficient in case of well-
conditioned problems. In the following figures we show the comparison of the
bounds for different values of kK(A), by ignoring the constants. Moreover, as stated
in [16], in our setting the quantity Cs; can be numerically estimated as Cg; & 2.75.

Figure 4.2: Comparison between the theoretical bounds of Theorem 4.5 and Theorem 4.6, for
k=1,...,30, and for x(A) = 10%,10%,10'2.

As a consequence of these properties, we are allowed to search for a low rank
approximation of the solution X.



Chapter 5

Numerical solution of the
Lyapunov equation

Let A € R™™ be a symmetric positive definite matrix, and let C € R™*". We
are interested in analyzing numerical procedures for solving the matrix equation

AX +XA=C (5.1)

This equation corresponds to (3.5) for A = K, C = F and X = X. We split the
analysis in two different cases, which are the small scale problem and the large
scale problem.

5.1 The small scale problem

In the small case setting, a robust and efficient method for solving equation (5.1)
is the Bartels—Stewart algorithm, introduced in [3], which computes the solution
X by the following procedure. Firstly, we compute the spectral decomposition of
the matrices A, that is

A = UAU"

where A is diagonal and U is orthonormal, that is U” = U~!. Then, we set
G ;= U'CU and Y = UTXU, and we multiply equation (5.1) by U from the
right and by U7 from the left. Hence, we obtain

G =U'(AX + XA)U (5.2)
= A(UTXU) + (U'XU)A (5.3)
=AY + YA (5.4)

We are left to solve equation (5.4). This is done by exploting the diagonal

21
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structure of A. Indeed, we have

9i,j
= 5.5
y,] >\7, + /\j ( )

In the end, we recover the solution X = UYU?. The full procedure is summarized
in Algorithm 2.

For the sake of completeness, we recall that in case the matrix A is not sym-
metric, instead of working with the spectral decomposition of A, we work with
the Schur decomposition of A, which is A = URU”, where R is upper triangular
and U is unitary, that is U* = UL

Algorithm 2: Bartels-Stewart Algorithm for a symmetric positive definite A
Data: A, C ¢ R"*"
Result: X € R"*™ solution of AX + XA =C

1 Compute the spectral decomposition A = UAUT.

2 Solve y; j = 55—

3 Compute X = UYUT.

5.2 Kronecker formulation for the large scale problem

For the large scale setting, the Schur decomposition may require a prohibitive
amount of computer memory. As a consequence, we have to look for other numer-
ical methods to solve equation (5.1).

The naive approach to numerically solve equation (5.1) in the large scale setting
is by means of the Kronecker product and the vec operator, as defined in Definition
1.10, and in Definition 1.12. This procedure yields the following linear system

I® A+ AT @ I)vec(X) = vec(C). (5.6)

However, this approach has several disadvantages. In the first place, the dimen-
sions of the linear system are the square of the dimension of the problem; as a
consequence, also if the dimensions of the matrices involved in equation (5.1) are
moderate, the dimensions of the linear system (5.6) can be huge. Moreover, by
using this transformation, if we do not determine the solution X with high accu-
racy, the spectral and low rank properties of the solution will be lost. Instead, it
may be advantageous to solve the original matrix equation, instead of the equiva-
lent transformed linear system. We recall that a common way to solve the matrix
equation is by using the so called Alternating-Direction Implicit (ADI) method,
introduced in [29], although we do not treat it in this work.
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5.3 Projection methods for the large scale problem

Under the further assumption for the matrix C to be low rank, that is, there
exists p < n, and there exist two matrices C;, Cy € R™? such that C = C,CY, a
possibility to numerically solve equation (5.1) is by using projection methods. The
main idea of this class of methods is to search a low rank approximate solution Xy,
of the solution X, whose existence is guaranteed by Theorem 4.5, and Theorem
4.6.

In particular, we first consider two sequences of nested linear spaces, namely
{Vihi<k<n and {Wi}1<k<n, each of them has dimension m := m(k,p), and such
that Vi C Vi1 and Wy € Wiy1, and such that there exists k such that V; and
Wi have dimension n. Such spaces exists for a sufficiently general matrices A, C,
and C,. Then, by starting from k£ = 1, we build two matrices with orthonormal
columns V; and Wy, whose columns form a basis of Vj, and Wj respectively.
We remark that since we consider a sequence of nested spaces, we want to avoid
to rebuild the entire bases in each iteration; instead, we want to obtain the new
bases by updating the bases of the previous iteration. We then want to find a
matrix X, in the form X = VkYW;;F, with the matrix Y € R"™*™ gsuch that the
residual of the problem Ry := R(X}) = AX, + XA — C;CY? is orthogonal to
the space W, ® V. In other words, we determine a matrix Y € R™*" such that
the matrix X;, = V, YW satisfies a Galerkin condition for equation (5.1), with
respect to the space Wy ® V. In particular, since the columns of the matrices
V. and Wy, for a basis of V,, and W, an equivalent condition for the Galerkin
condition with respect to the space Wy ® V), is to ask that the vectorized residual
vec(Ry) is orthogonal to the matrix Wy ® V. This leads us to the following
projected problem

(Wi @ Vi) vec(Ry) =0 (5.7)

By taking the unique square matrix Ry obtained by inverting the operator vec in
dimensions n X n, we also obtain

VI (AX, + XA - C,CHW, =0 (5.8)

By rearranging the terms, by explictly writing X; and since the matrices V; and
W} have orthonormal columns, equation (5.8) becomes

(VEAVL)Y + Y (WIAW,) = (V/C;)(C; W) (5.9)

Since Y is the solution of a Lyapunov equation, and since the matrices V; and
V. have orthonormal columns, the following representation holds.

Lemma 5.1. Let A € R™", let Cy,Cy € R™ P be tall matrices. By defining the
functions xy1(t) := Ve "W VIC,, x4 5(t) := Wie "T*WT'Cy, it holds that:

X, = / T ()T o (t)dt.
0
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Proof. Let Y be the solution of equation (5.9). From Proposition 4.1, it holds that
Y = / h e MevIC,CIW e ThdL.
0
Hence we have
X, =V, YWL =V, < / h etHkvgclcgwkemdt> Wi = / h T () o (t)dt.
0 0

Where the last equality holds since the matrices V; and W, do not depend on
t. m

Moreover, if we set the matrices Hy := VI AV and T}, := W] AW, it holds
that the set [Anin(Hg), Adnae (Hi)] U [=Anaz(Tk), —Amin(Tx)] is contained in the
set [Amin(A), Mgz (A)] U [=Aaz (A), —Amin(A)], and so we obtain the analogous
representation of Proposition 4.3 for the projected solution Xy, for all curves I"
which satisfy the hypotheses of Proposition 4.3. In the following lemma we state
the result.

Ler_nma 5.2. Let A € R™" et C,Cy € R™P, Let I'" be a closed contour
in C\ ([Muin(A), Mgz (A)] U [=Amaz(A), =Amin(A)]) which is homeotopic to the

mmaginary axis iR being passed from —ioo to —ioco. It holds that:

1

X, —
T o

/ V(21 — Hy) 'VIC CIW, (21 — T)) *Widz (5.10)
r
Proof. Let Y be the solution of equation (5.9). From Proposition 4.3, it holds that

1
Y=— [ (zI-H,) 'VIC,CIW,(2I - T}) *dz.

2w Jr
Hence we have

1
X =V, YWL = 5 Vi(2I — Hy) 'VIC,CI W (21 — T}) *Whdz
i Jp
Where the last equality holds since the matrices Vi and W do not depend on ¢.
It is sufficient to apply Proposition 4.3 to equation (5.9). m

We also notice that the matrices involved in equation (5.9) have dimensions
m X m, instead of n x n. As a consequence, we are left to solve a smaller problem,
for instance by Algorithm 2. The last step is to iterate the process in k, until the
norm of the error E; := X — X, is less than a fixed tolerance. The effectiveness
of the method thus depends on the number of iterations, which is associated with
the approximation space dimension, and the computational cost of each iteration.
The complete procedure is outlined in Algorithm 3.



5.4. ARNOLDI ALGORITHM 25

Algorithm 3: Galerkin Projection Methods

Data: A € R"*" C1,Cy € R™*P
Result: X; € R"*" low rank approximation of the solution X of AX + XA = C;C}
1 Choose two nested sequences of linear spaces {Vi }x, and {Wj }i,
For k =1,..., convergence,
2 Compute two matrices Vi and Wy, whose columns are orthonormal and form a basis
of Vi, and W,
3 Solve the equation (VI AV)Y + Y (WL AW,) = (VFCy)(CITW,),
4 Estimate || X — Xj||
End For

We highlight two key points of Algorithm 3. The first one is item 1, where we
have to choose the spaces in which we project equation (5.1). We propose three
different choices for the spaces. In particular, we investigate the Krylov space,
introduced in Definition 1.19, and two generalizations of the Krylov space. The
second point is item 2, where the expansion of the Krylov space at each iteration is
performed by a generalization of the Gram-Schmidt process, called in this context
the Arnoldi algorithm, which we describe in the next section.

5.4 Arnoldi algorithm

Given a matrix A € R™"™ and ¢ € R"”, in this section we treat the modified
Gram-Schmidt algorithm in the case where the basis comes from a Krylov space,
which we recall

Ki(A,c) := span{c, Ac, ..., A¥'c}.
In this case, the procedure is called Arnoldi algorithm, and it creates a matrix with
orthonormal columns Vy, = [vy, ..., v, whose columns form a basis of ICx(A, c¢),
as follows.

As first column we take v; = ﬁ We compute p; := Avy, and then we orthog-
onalize py with respect to vy, as

Uy = woy — Ulhl,la h1,1 = UlTPQ-
We then orthonormalize 0o, by setting vy = h{;—Ql, where hy = ||0s]|. By repeating
the iteration in j, we obtain the following recurrence. First, we compute p; :=
Awv;_; and then we orthogonalize p; with respect to V,_y = [vy,...,v,_4], as
follows
hij—1
A~ _ . R T - .
(% —pj_Vj—l : s hi,j—l = U; Py, 1= 1,7]—1 (511)
hj—15-1

A . by T .
We then orthonormalize 0;, by setting v; = == where h;; 1 := |0;]. To improve

the stability of the algorithm, the orthogonalization step is done vector by vector,
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in a for loop, as explained in the modified Gram-Schmidt algorithm. By a simple
computation, it is possible to verify that the computational cost of the Arnoldi
algorithm is O(nk?).

Notation 5.3. We denote the matrix of the orthogonalization coefficients

H, }

H, = (hij)i=1,..kr1, H,= h r
4 k+1,k€k

Jj=1,...,k

In the following we analyze the structure of the matrix Hy determined by the
Arnoldi iteration (5.11), and we state some important properties of the algorithm.

Remark. The matrix Hy, is upper Hessenberg.

Theorem 5.4 (Arnoldi relation). Let A € R™", and ¢ € R™. The matrices Vy,
and Hy, determined by the Arnoldi iteration (5.11) satisfy:

AV, =V, H; + Uk+1hk+1,k€£
Proof. From the Arnoldi iteration (5.11), we have that
hl,]
Av; =vji1hji; +V;
hj-1;
By taking j = 1,...,k, we obtain the result. O

As a corollary of this formula, we can state the following consequences.
Remark. Since the columns of V,, are n independent vectors in R™ and w1, is
orthogonal to V,,, we have that v,.; = 0. As a consequence, it holds that:

AV, =V, H,.

Remark. Since Vi has orthonormal columns, and since vg, is orthogonal to Vi,
it holds that:
VfAVk = H,.

In the following we comment the symmetric case, studied by Lanczos in [20].

Lemma 5.5. Let A € R™" be a symmetric matriz. The matriz H, € RF*F
determined by the Arnoldi iteration is tridiagonal.

Proof. We recall that VI AV, = Hy. As a consequence, Hy, is symmetric. The only
possibility for Hy to be symmetric and upper Hessenberg is to be tridiagonal. [

As an important consequence, it is possible so simplify the inner loop of the
algorithm. Indeed, it holds that h; ;-1 = 0 for ¢ = 1,...,7 — 2, and thus the
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Algorithm 4: Arnoldi Iteration

Data: A € R"*" ¢ e R"

Result: V; € R"** whose columns are orthonormal and form a basis for K (A, c)
1 Setvlz”—gﬂ;Voz(Z);

For j=2,...,k

2 Set Vj,1 = [ijg,’l)jfl];

3 Compute p; = Avj_q;

4 Obtain h; ;1 and v; from p; with the modified Gram-Schmidt algorithm.

End For
5 Set Vi = [Vi_1, v

orthogonalization procedure involves just the last two terms. We set p; = Av;_,
and we orthogonalize p; as

0 = pj = hj110j-1 = g j1vj0.

Moreover, this simplification makes the computational cost of the algorithm lower,
as it is O(nk).

Given C € R"*P_ the previous algorithm can be generalized to the case of Block
Krylov space K;(A,C), by setting P, = AV,_; € R™P? and the block H;; =
VIP;. Differently from the vector case, the tall matrix V; is obtained by the tall
matrix P; by using the reduced QR factorization, and by taking the block H;; ;
as the reduced triangular matrix resulting from the reduced QR factorization. In
this setting, the matrix H;, is no longer Hessenberg, but block tridiagonals, with
p x p blocks. We also remark that a discussion about the loss of orthogonality of
the method can be found in [21], where some modifications are implemented in
special cases.

5.5 Convergence Analysis of the Galerkin method with
Krylov space

In this section we analyze the convergence of Algorithm 3 when the approxima-
tion space is the polynomial Krylov subspace; which we recall, for a given matrix
A e R and c € R™

Ki(A,c) = spanic, Ac, ..., A" c}.

In our notation, we consider C := c;cl, and we set the spaces of projection V :=
Ki(A, ), and Wy, := Ki(A, co); moreover we set Hy := VI AV, T}, := WLAW,,
and X := Vkag, where V;, and W), are matrices with orthonormal columns,
whose columns form a basis for V, and W, and are obtained by the Arnoldi
algorithm. For this choice, we study the convergence rate of the approximate
solution, which can be found in [26], and we provide a numerical example in
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our setting. In order to tackle the proof of the convergence statement, we have
to introduce some preliminary results. By using Proposition 4.1, we write the
solution of the Lyapunov equation (4.1) as follows:

X = / Acicle ™t

We also recall Lemma 5.1, which gives us the following representation for the
approximated solution Xj.

Xk:/ T () Th o (t)dL.
0

As a consequence of these representations for X and Xy, if we consider ¢; and
¢o having unit norm, we have that:

X — X < / HflfﬂzT - wk,lx%” dt
0
- / 21 (22 — r2)" — (20 — 21) || dt
0

o
S/ 1]l 22 = zholl + ey = 21l loro] dt
0

o0
S/ 6_t>\min(A) ||a72
0

Where the final bound derives from the definitions of 2y and zj 2, and from the fact
that [Anin(Tk), )\maz(Tk)] C [)\mm(A) Amaz(A)]. By defining the matrices A =
A+ \in(A), H, = VTAVk, T, = WTAWk and the quantities 7; := e tAcl,
By 1= e tAc, T o= Vke_tHka 1, Tpo i= Wke_tTkWTcg, i.e, as the quantities
T1, %2, Ty 1, T2 related to the matrix A, we are able to write the previous error as
the error in the approximation of the exponential of the shifted matrix with the
Krylov subspace solution, as follows:

_t)\min(A) ||mk‘,1 — fL‘l” dt

_tAmi'rL(A _t)\rn'in(A

e Maks — 2| = |Fes — &, e s — zoll = | T2 — Enoll -

In the end, we obtain:

X =Xl < / IZka = 21l + 122 — Ze2]))dt. (5.12)
0

For deriving a final bound on the norm of the error, we recall Faber polynomials,
introduced in Definition 1.23, and their properties, stated in Theorem 1.24 and in
Theorem 1.25. Moreover, we need to state the following technical lemma.
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Lemma 5.6. Let @ be the Faber polynomial of degree k, and let f be an analytic
function, with f(z) = > a,Pn(2) as a series expansion. If the expansion of
f(A), f(Hg) and f(Ty) are well defined, we have that:

| f(A)er = Vi f(Hy) Vi < Z || ([|2; (A + [ @5 (Hy)])

and

[F(A)es = Wi f(Ti)Wical| < Jas|([|@5(A)]| + [|2;(Tw)|)

j=k

Proof. To prove the result it is sufficient to show one of the two inequalities. We
have that:

f(A)er = Vi f(Hy) Ve, = Z a;(® — Vi.®;(Hy)Vier)
By splitting the sum, we have that
> ai(®5(A)er — Vi (Hy) Ve
= a;(®;(A)e; — Vid;(Hy) Vi) Zaj — Vi@, (H,) Vi)

We are left to prove that Z] 0 aj(®;(A)er— Vi@, (Hy)VFer) = 0. This fact follows

from Arnoldi relation and from the structure of Hy. Indeed, for j =0,...,k — 1,
we have that Afc; = Vi H]V/c¢; as a consequence, @j(A)cl = VkCD(Hk)V;fcl,
for j=0,...,k—1. O

In the lemma above, the role of Faber polynomials is to guarantee the well
posedness of a polynomial expansion for an analytic f, but the same proof can be
done for other polynomials, if we know that the expansion of the function f via
these polynomials is convergent. For our case, we highlight that Faber polynomials
coincide with Chebychev ones.

We are now able to state the main theorem about the rate of convergence of
the method for the Block Krylov subspace as projection space.

Theorem 5.7. Let A € R™™ be a symmetric positive definite matrix, let k :=
Amaz (A) FAmin(A) o d Jot o1, co € R™. Tt holds that

Domin (A)
Vitrl (va-1)'
)\min(A)\/E VE+1

X — Xl £2
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Proof. By using (5.12), we are left to estimate the quantities [ [|Zy, — 1| dt,
and [ ||Z2 — @,|| dt. We estimate the first one, the second can be done in the
same way. By using Theorem 1.24, it holds that both z;, x;; can be written as
Faber expansions, which here coincides with the Chebyshev expansion. Thanks

to [8, Formula (4.2)], and by defining the quantities A := i:zzg:;fi:z:gi;l —

2 & . >\7naa:(A)+/\min(A) 2 I
Amax(A)—)\min(A)Av and Hk T Amam(A)_)\min(A)I o )\maac(A)_Amin(A) Hk’ we Obtaln'

maz (A) min(A) > )\max A— - )\mm A‘ A
by = gt § (Mooe () =i BV
=0
~ _p2dmaz (M) 43N (A) - )\max A _)\mm A 2
R e DU (B AL A )
§=0

where [; is the Bessel function of an imaginary argument, and the prime over the
sum indicates that the first term is divided by two. By the definitions of A and
H,, it holds that ‘ T:(A) 7;(I:Ik)H < 1. By using Lemma 5.6, we have that

)

. Amas(A)+ A (A) oo Aaa(A) = A (A
[E8, — &l < de” > ij(t ( )2 ( ))

J=k

By taking the integral, and by setting the quantities ¢q := %, p=q+\¢—1,
thanks to [14, Formula (6.611.4)], we obtain:

[ee]
/ e — 1]l dt
0

S/ 46—1&M Z Ij (t/\max(A) - )\mm(A)>dt
0 =k

2
4 ok
\/(SAmin(A)‘i’)\maz(A)))? . (Amam(A)*)\min(A))2 j=k ,0-]

(6.611.4) =

2 2
2 — 1 2 p 1
Ain (AR Z P N AR — 19
ViE+1 (x/E—1>k

Vi+1

Where we used the facts that:

)\max(A) + BAmzn(A> ~
= 1
M (A) fth
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and

Pl AR 4+ 1+2VE (VE+1)? Vi +1
p: —= —= =

F—1 (R — 1) R—1 WE-1)(WVE+1) VE-1

By repeating the same computations on the second term, we obtain the result. [

_ We remark that the bound involves the condition number of the shifted matrix
A = A+ )\,in(A), instead of the the condition number of the matrix A. Besides,
if we call k the condition number of A, we have that the condition number of A
satisfies %m < Kk < k. As a consequence, the bound has a faster convergence to
zero than the same bound relative to A. As a counterpart, the rate of conver-
gence strongly depends on the condition number &, and we might expect a slow

convergence if the problem is not well-conditioned.

Ezample 5.1. We consider the matrix A = K € R™", as defined in Lemma 3.14,

forn =2' and l =4,...,10, where 2!° = 1024. In Table 5.1, we show the quantity

\/E: as the dimensions of the problem grows.

n k(A) g;i
24 1.6115e+03  9.3131e-01
25  6.3773e4+03  9.6482¢-01
26 2.5343e+04  9.8218e-01
27 1.0101e4+05 9.9103e-01
28 4.0328¢4+05  9.9550e-01
29 1.6116e+06  9.9775e-01

210 6.4433e+06  9.9887e-01

Table 5.1: Rate of convergence from Theorem 5.7 for Example 5.1.

Ezample 5.2. We consider the matrix A = K € R™", as defined in Lemma
3.14, of dimension n = 25 = 64, and we take as data the normalized matrix of
C = L LT, where v is the vector of all ones. The following figure shows the
behaviour of the error norm compared with the rate of convergence (%)]C as k
increases.
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Error Bound of Polynomial Krylov space
10 ——— T T

ARl
Wf(vﬂ)‘

Vitl

Figure 5.1: Comparison between the true error norm and the theoretical rate of convergence for
Example 5.2.

By ignoring the constants, the bound catches well the initial behaviour of the
iterates until superlinear convergence takes place, and so it is sharp.

We emphasize that the rank of the data matrix C := C;CY can be greater than
one. For this scenario, we use as approximation space the Block Krylov space,
which we recall from Definition 1.19 that for a given A € R™" and C € R™*P we

set
Ki(A,C) = blkspan{C, AC, ..., A*'C}.

In particular, for this scenario we set the spaces of projection V;, := K(A, Cy),
and W, := KP(A, Cy). Unfortunately, the convergence analysis for the block case
is fare more involved than for the vector case, because it requires the use of matrix
polynomials. We thus limit ourselves to working with the case when C is a rank
one matrix, so that we can dwell with vector Krylov subspaces. A convergence
analysis for this scenario can be found on [5].

5.6 Arnoldi algorithm for the Extended Krylov space

Given A € R™" and ¢ € R", we want to enrich the previously studied Krylov
space, and catch more important spectral information of the matrix A. For this
reason we introduce the so called Extended Krylov space, which is defined as
follows.

Definition 5.8 (Extended Krylov space). Let A € R™" and ¢ € R". We define
the k-th Extended Krylov space of A and c as

EKL(A, ¢) = Ki(A, ¢) + Ku(A™, A"Le). (5.13)
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Indeed, it is well known that the Krylov space catches well the behaviour of
the largest eigenvalues of the matrix A, see e.g. [20]. Hence, we want to use this
extension to catch also the behaviour of the smallest eigenvalues of A. In this
section we describe the procedure to obtain a matrix with orthonormal columns
Vi = [v1,...,v], whose columns form a basis of EXC,(A, ).

As first pair of columns we take p; = [¢, A~ !c|. Then we take v; as the orthonor-
mal pair of vectors obtained by applying the block Gram-Schmidt procedure to p;.

We then compute py := [Av%l), A-%P], where v%l) is the first column of v; and

u§2) is the second column of v;; and we orthonormalize p, with respect to vy, by

applying the block Gram-Schmidt procedure. By repeating the iteration in j, we
obtain the following recurrence. First, we compute p; := [Avj(-l_)l, A‘lvj(.2_)1]; then
we orthonormalize p; with respect to V,_y := [v1,...,v;_1] by applying the block
Gram-Schmidt procedure. Also for this space, it can be shown that the matrix
H; := VFAV,, H;, € R?**?! is upper Hessenberg, see e.g. [25], and thus Hj, is
block tridiagonal when the matrix A is symmetric.

Algorithm 5: Arnoldi Iteration for the Extended Krylov space

Data: A € R"*", c e R"
Result: V;, € R"*2F whose columns are orthonormal and form a basis for K, (A0
1 Set p1 = [c, A" ], Vo = 0;
2 Obtain vy from p; with the modified block Gram-Schmidt algorithm;
For j=2,...,k
3 Set Vj,1 = [ijg,vjfl];
4 Compute p; = [Avlgl_)l, Aflvj(?_)l];
5 Obtain v; from p; with the modified block Gram-Schmidt algorithm.
End For
6 Set Vk = [Vk_l,vk].

As for Algorithm 4, Algorithm 5 can be generalized in case of tall matrices C,
instead of vectors c.

5.7 Convergence Analysis of the Galerkin method with Ex-
tended Krylov space

In this section we analyze the convergence of Algorithm 3 when the approx-
imation space is the Extended Krylov subspace; introduced in Definition 5.8.
In our notation, we consider C := cicl, and we set the spaces of projection
Vi == EKp(A, 1), and Wy, = EKk(A,cz); moreover we set Hy := V]IAV,,
Ty := WIAW, and X; := V, YW/ where V; and W are matrices with or-
thonormal columns, whose columns form a basis for V;, and W, and are obtained
by the Arnoldi algorithm. In particular, in this section we derive the convergence
rate of the solution that can be found in [17]. In order to derive the final bound,
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we have to introduce some preliminary results. By using Proposition 4.3, we write
the solution of the Lyapunov equation (4.1) as follows:

1
X = 50 F(ZI —A) ek (21 - A)rdz

Or equivalently:

1 100 - .
X = 5 /ioo(zI —A) ek (21— A)dz

We also recall Lemma 5.2 for the following representation of the approximate
solution Xj,.

1

X, =
F 211

/ Vi(2I — Hy) 'Vieicd Wi (21 — Ty.) *W/dz.
r
We now want to express the quantity (2I — A)~! in a way so that we are
able to replicate Lemma 5.6 in the case of Extended Krylov. For this reason,
we use a generalization of the previously defined Faber polynomials, which are
called Takenaka-Malmquist rational functions, introduced in Definition 1.26, and
Faber-Dzhrbashyan rational function, introduced in Definition 1.28.

Moreover, we notice that in our case, Definition 1.26 can be reduced to a simpler
form. Indeed, we have gy = 00, and o097 = 0. By definition, we have that
¢(00) = 00, and ¢(0) < 0, and thus we find out that:

- (3)(-25522)

As a consequence, we obtain the following system of functions:

balw) = Bl Bwaw) =Y ubw) 1eN G0
where the function B is:
_[1=9¢(0)w
B(w) = w{—¢(0) — ], w e C.

By applying Proposition 1.29, we are able to express the quantity (z2I — A)~!

in a more manageable way.

Lemma 5.9. Let A, let 2 & E := [Anin(A), Anaz(A)]. Let ¢ be the Riemann map
of E, let ®; be the j—th Takenaka-Malmaquist rational function, and let M; be the
J-th Faber-Dzhrbashyan rational function. The followings hold:

-1 ! B A TIM, .
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Proof. Set u := A and w := ¢(z). Since ¢ = ¢!, the result follows by direct
substitution. ]

The same computation can be done for (21— A)~*, (2I—-Hy)! and (21—T4) ™,
and as a consequence, by substituting the quantities found in Proposition 5.9 in
(4.3), and in (5.10), we obtain the following expressions for the matrices X and

Xk-

1 oo o
X = % ajyle (A)Clchl(A), (515)
j=0 1=0
and
1 oo [e.e]
5 Vi Z; IZO: a; M;(H)VEe, eI W M (T, )WT, (5.16)
J= =

where the coefficients a;; are defined as follows.

@lw( 9
/ o wf o= (o=2) (5.17)

Thanks to the uniform boundedness of Mj on the set [Amin(A), Anaz(A)] and to
[6, Theorem 2], we have that

max max{ | M; (A)] [M;(He) [ [M;(Ti)[} < oo.

By having the quantities (21 — A)~! and (2I — A)™ written in this form, we are
able to use the property of the exactness of Extended Block Krylov subspace for
M;, when j < 2k — 1, proven in [17], and thus we obtain the following bound.

X =Xl S > Jazal < DD lagal + YD lagl (5.18)

41N, max{j,l}>2k j=2k 1=0 §=0 =2k

In the following lemma we estimate the coefficients a; .

Lemma 5.10. Set p := \/max.c;r |B(6(2)~1)| < 1. The coefficients a;; defined
in equation (5.17) satisfy:

aj; S 't
Proof. From (4.4), we can take the curve I' := {R. From the definition of the
Takenaka-Malmquist functions, and by the properties of the Riemann mapping,
we have that

a |2;(¢(2) ) Pu(p(—2) )] . ]B(d)(z)—l)‘j%l . il
03 Tt e S, ey 1S

]
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In the following we define the quantity p, which turns out to be the rate of
convergence of the approximate solution for this space of projection.

Definition 5.11. We define the function h(w) := B(qﬁ( - w(w_l)yl), and we

set
p = lmlax |h(w)].
w|=1
In the following lemma we explicitly compute the quantity p by exploiting the
assumption that the matrix A is a symmetric positive definite matrix.

Lemma 5.12. Let A € R™*" be a symmetric positive definite matrix and let p be
the quantity introduced in Definition 5.11. It holds that

. 2
[ WVE—1
P VEA+1
Proof. Let the quantities ¢ := /\m”(A);)‘"”'"(A), and r := Am”(A);A"”"(A). Since A is
symmetric and positive definite, we have that the compact set given by the spectral
interval of A, E := [Apnin(A), Anaz(A)], is a segment in the real axis, and thus we

have the explicit expression of the Riemann map of E, ¢ and for the inverse of the
Riemann map of E, ¢, which are respectively

¢(2) = (Z_C+ M)l, 2eC-E

r 72

and
w? + 1

Y(w)=c+r 5w weC—D.

Hence, by defining I} := ¢(—Apin(A))™! € R, and Iy := ¢(—Mnaz(A)) 7P € R, we
have that:

B(o( - v(w) )

Hence, we have to look for the behaviour of the function B on a real segment.
By definition of B, we have that B(u) € R for u € [l1,l5]. Moreover, we have
that B(u) > 0 for u € [¢(0)~*, 0], and since the Riemann map ¢ is monotonically
increasing in R, it holds that ¢(0)~! < I;. Thus, we have that

max
|w|=1

= max (A)]‘B(gzﬁ(—A)_l)’ = max |B(u)|

)\E[Amin(A)aAmaz 'UIE[IIJQ}

max |B(u)| = max B(u).
ue[hf;z]\ (u)] nax (u)

To find the maximum in the segment of the function B, we search for its critical
points. By deriving the function B, we have that

$(0) — u — 2¢(0)*u + 2¢(0)u” + u — $(0)u?
(6(0) —u)?

u? = 2¢(0)u+1

DB(u) = (0(0) — u)?

= ¢(0)
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Therefore, the two critical points of B are ug := ¢(0) £ 1/#(0)2 — 1. By a sign
analysis, we find out that u, is a local maximum. By explicit computation, we
obtain that

CVAmae(A) + VAin(A) - VE+L
\/Amax(A) - \/)\mm(A) \/E - 1 .

¢(0) =

And
_ 9(0) +v/6(0)> — 1 — $(0)(26(0)* + 2¢(0)/¢(0)> — 1 — 1)
B(uy) =
—v9(0)? -1
_ —26(0)(v/¢(0)* — 1)* + (—26(0)* + 1)1/(0)> — 1
—V9(0)* -1
=2¢(0)* — 1 —2¢(0)y/p(0)2 — 1 = u?.
By writing u, in terms of k, we have that
—‘/E+1+ 2k WE-1
VE=1 VE—=1  {k+1
By monotonicity of the Riemann map ¢, we have that _)‘%M)_C < ¢(0) <

_Amii(A)_c. Hence uy € [l1, 5], and so we conclude.

Uy =

O
We are now able to state the main theorem about the rate of convergence of

the approximate solution for this projection space.

Theorem 5.13. Let A € R™™ be a symmetric positive definite matrix and let

c1,co € R™. It holds that
i1 2%
l{/ —_—
HX - XkH 5 k 1
VE+1
Proof. We prove the result by showing that || X — X|| < kp*, where p is the
quantity defined in Definition 5.11. Then we apply Lemma 5.12 to conclude.

Set E = [Apin(A), Anaz(A)], let 1 be the inverse of the Riemann map of E.
Set I' = ¥(0D), and set z := w(i) By differentiating z, it holds that dz =
—D@D(%)# dw. By substituting z in (5.17), we have that
i (p(—(3,)) )
a»,l:/ D (w) — dw
’ wiet o we(W (SN (= (L))

-/ B 5] ) aw

— / ®;(w)h(w) 4] gi(w)ie ) |duw

=1
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Where:

g(w) : D b (1)) s even,
(w) = a0 ‘
qulp(u 1 1¢ ﬁ)g | —o(-u(2))’ [ is odd.

Moreover, we notice that g; is a smooth function in the unit circumference, and
thus it is limited. By substituting p, by taking the maximum in the circumference
of |h| in the integral, and by Parseval Theorem for an orthogonal decomposition,

we have that .

Z @il S Pl-

j=0

And for the same reasoning,
o0 o
2 2%k
2D GiSe
=0 =2k

By repeating the computations for E = [—Apna(A), —Amin(A)], for ¢ as the
inverse of the Riemann map of E and I' = ¢(0D), we obtain that
a;, S p*
j=2k 1=0

Z %2',1 S P%

G1€N, max{3,1}>2k

Thus we have that:

To conclude the proof, we set the quantity j, = [k:iggz }, where p is the quantity
found in Lemma 5.10, and we split the set {j,] € N, max{j, [} > 2k} into the sets
{j,l € N, max{j,l} >2k,j+1<jo}and {j,l € N, max{j, I} > 2k,j+1> jo}.

For the first set, we have that

> |aja| < Jo > |ajl?

5HLEN, max{j,i}>2k,j+1<jo 7,leN, max{j,l}>2k

< kp".

~Y

While for the second set, by using the geometric series we have that
> laja| < jop® S ko
JleN, max{j,l}>2k,j+1>jo
Where we substitute jy in the last inequality. By summing the two pieces we find

the result:
> laju| < k.

5LEN, max{j,l}>2k
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Remark. The bound is particularly useful when the condition number & is big.
Indeed we have:

() = (- 5m) =) ~ (550)

As a consequence, the convergence of the method mildly depends on the condition
number of the matrix A, and this allows us to have good convergence properties
also for ill-conditioned problems.

Ezample 5.3. We consider the matrix A = K € R™" as defined in Lemma 3.14,
for n = 2!, and | = 4,...,10, where 2!° = 1024. In the next table, we show the

quantity (%_1)2 as the dimensions of the problem grow.

Vel
4 —
n s(A) ngi)Q

24 1.6115e4+03  5.2906e-01
25  6.3773e4+03  6.3795e-01
26 2.5343e4+04  7.2783e-01
27 1.0101le4+05 7.9883e-01
28 4.0328¢+05  8.5316e-01
29 1.6116e+06  8.9378e-01
210 6.4433e+06  9.2367e-01

Table 5.2: Rate of convergence from Theorem 5.13 for Example 5.3.

Ezample 5.4. We consider the matrix A = K € R™" as defined in Lemma 3.14
of dimension n = 2° = 64, and we take as data the normalized matrix of C =
L~'vv?L~T, where v is the vector of all ones. The following figure shows the

behaviour of the error norm compared with the rate of convergence ( zﬁﬂ)% as k

increases.
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Error Bound of Extended Krylov space
T T T

XX
L (fEy

=l

Figure 5.2: Comparison between the true error norm and the theoretical rate of convergence for
Example 5.4.

The method performs better than expected by the rate. Indeed, we see that
after few iterations the convergence has a faster decay than the rate. This phe-
nomenon is called superlinear convergence to the exact solution.

Also for this space, it is useful for our application to introduce the block version
of this space, when the data matrix C := C;CY has rank greater than one.

Definition 5.14 (Extended Block Krylov space). Let A € R™*" and let C € R™*P
be a tall matrix. We define the Extended Block Krylov space as:

EKY(A,C) = KY(A,C) + KZ(A™, AC).

In particular, for this scenario we set the spaces of projection V;, := EKP(A, Cy),
and W, := EKP(A, Cy). A convergence analysis for this setting can be found on

5).

5.8 Arnoldi algorithm for the Rational Krylov space

Given A € R™™ and ¢ € R", we want to improve the previously studied
Extended Krylov space. Here we introduce the so called Rational Krylov space,
which is defined as follows.

Definition 5.15 (Rational Krylov space). Let A € R™" ¢ € R™ and let 0 € R”.
We define the k-th Rational Krylov space of A, ¢ and o as

RKL(A, c,0) = span{c, (A — o) ¢, ..., H(A —o0;) e} (5.19)
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Indeed, the matrices involved to create the Extended Krylov space are only A
and A~!, while here we consider matrices of the form (A — o;)~!, for some shifts
0;.

In this section, we describe the procedure to obtain a matrix with orthonormal
columns Vi = [vq, ..., vg], whose columns form a basis of RKi(A, ¢, o).

As first column we take v; = ﬁ We then compute py = (A — o) toy,
and we orthonormalize wy with respect to vy, by applying the Gram-Schmidt
procedure. By repeating the iteration in j, we obtain the following recurrence.
First, we compute p; := (A — ;) 'v;_1; then we orthonormalize p; with respect
to V,_1 :=[v1,...,vj_1] by applying the Gram-Schmidt procedure.

Algorithm 6: Arnoldi Iteration for the Rational Krylov space

Data: A € R"*" ¢ e R", o € R*

Result: V; € R"** whose columns are orthonormal and form a basis for RK (A, ¢, o)
1 Setvlzn—in,voz(/);

For j=2,...,k

2 Set Vj,1 = [Vj,27’l)j,1];

3 Compute p; = (A — o) tvj_1;

4 Obtain v; from p; with the modified Gram-Schmidt algorithm.

End For

5 Set Vk = [kal,’uk].

Also Algorithm 6 can be generalized in case of tall matrices C € R™*?_ instead
of vectors ¢ € R".

5.9 Convergence Analysis of the Galerkin method with
Rational Krylov space

In this section we analyze the convergence of Algorithm 3 when the approxi-

mation space is the Rational Krylov subspace; which we recall, for a given matrix
A e R for c € R" and o € RF,

k—1
RKk(A,c,0) = span{c, (A —oy) e, .. ., H(A —o0;) e}
j=1
In our notation, we consider C := c;cl we set the spaces of projection Vj :=

REL(A,c1), and Wy = RKi(A, ca); moreover we set Hy = V{IAV, T, =
WIAW, and X;, := V, YW/ where V; and W}, are matrices with orthonormal
columns, whose columns form a basis for V; and W, and are obtained by the
Arnoldi algorithm. We follow [7] for the analysis of the convergence rate of the
approximate solution, where an optimal choice of the parameters o, with respect
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to the equilibrium measure for the set £ := ¢([—Apmaz(A), —Amin(A)]) 7!, is con-
sidered. In particular, we ask the parameters to be uniformly distributed in the
equilibrium measure.

Definition 5.16. Let ¢ : C — D — C — E be the inverse of the Riemann map of
a set /. We define the equilibrium measure of E as the push-forward under v of

the uniform measure % on 0D.

The techniques used in this section are similar to the ones used for the con-
vergence rate result for the Extended Block Krylov space; indeed, the role of the
parameters o; in the latter is to have an explicit and easy to treat form of the
Blaschke product B, while the preliminary results are stated for both Takenaka-
Malmquist and Faber-Dzhrbashyan rational function defined for general parame-
ters. Moreover, we derive asymptotical error bounds so we at once account for the
whole sequence of shifts o;.

With the previous definitions, we recall that:

IX=Xdls D> laul,

J,LlEN, max{j,l}>k

e [ DUCIIBECTY

e ()Y (8(2)o(—2) Y (¢(—2))

The goal of this frame is to estimate before the quantities a; ; with the norm of the
Blaschke product Bj for an admissible choice of parameters, and after estimate
the norm By for an optimal choice of parameters. For this reason, we introduce
the following lemma, which estimates the values of Blaschke products near the set
E. A proof of the statement can be found in [7].

Lemma 5.17. Let C(E) be the set of continuous functions of the compact set E.
Uniformly in k and w, it holds that:

1Be(w)| < | Bl [L+ o], as dist(w, DE) — 0

where

As a consequence of this technical lemma, we give a first result for the conver-
gence of the error.

Proposition 5.18. Let the parameters o; be uniformly separated from the set
[Amin(A), Amaz(A)]. The following estimate holds.

1
lim sup [ X — Xel|* < imsup | Bullfp < 1 (5.20)
k—o0 k—o00
Proof. The right inequality follows from the uniform separation of the parameters
and from property . of Proposition 1.27. Moreover, by property . the bound
can be obtained for every B® := Bj(-;05), and thus we have that

q = sup || B®||o(p) < 1.
seN
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As a consequence, it holds that

1Billcs) < ¢, leN,
1Busillogs) < 4 1Bullogg»  hile €N
For the left inequality, we want to use Lemma 5.17. For this purpose, we define

p:=1+¢ for e € (0,1), and we set I' := I',, as defined in Definition 1.28. We
now want to estimate the coefficients a;;, as done in Lemma 5.10:

|a‘l| < ’(I)](QS( ) ) ( (_Z)_1)| |dZ|
T, 18(2)0(6(2))d(—2) (6(—2))]

(
|Bj(6(2) ) Bu(d(—2) 1) |d2]

Lo
S IBill e,y 1Billeo-r,)-—
By using the quantity ¢, we obtain
|aja| < 7q" HBl”c(qs(_rp)fl) S HBlHC((ﬁ(—I‘p)*l)
=0 I=k J=0 I=k
And, by taking I' := —I',, we also obtain
ZZ |aji| S qu] b ”BZHC -1y S HBch(¢(—Fp)—1)

j=k 1

Il
=)

j=k 1=0

As a consequence, we have that

Z \aj,l’ 5 HBZHC(¢(7FP)—1)'

J1€EN, max{jl}>k

By taking € — 0, we have that dist(u,0E) — 0 for u € ¢(—I',)~!, so that we
satisfy the hypotheses of Lemma 5.17. Hence,

X = Xl S >, lajal S IBelleqsr,y-1y S I1Brllo) (1+ o(1).

J,leN, max{j,l}>k
By extracting the k-th root, and taking the lim sup, we conclude the proof. [

To conclude the estimate, it remains to study the quantity on the right-hand
side, for an optimal choice of parameters. For this reason, we recall the concepts
of condenser (Fi, Fy) and of Riemann modulus of a condenser (Fy, F,) introduced
in Definition 1.30 and in Definition 1.33.



5.9. CONVERGENCE ANALYSIS OF THE GALERKIN METHOD WITH RATIONAL KRYLOV SPACE44

A plane condenser consists in a pair of disjoint closed subset of C, F} and F5,
cach of which has a connected complement. It is denoted as (Fi, Fb).
The Riemann modulus of the condenser (Fy, F) is defined as:

1 oh
H(FlﬂFQ) = C_l(F17F2)7 C(Fl,FQ) ::% %ds
y

Here G := C — (Fy U F3), and h is the Harmonic measure of the set F; relative to
the region G, introduced in Definition 1.31, while v is a curve that divides C into
two open sets, one of which contains the set Fi, and the other of which contains
the set F, .

In our setting, we take Fy := FE, and Fy := F = ¢([—Mpaz(A), = Anin(A)]).
The reason for such F; belongs to the structure of the Blaschke product B and
the property ¢. of Proposition 1.27. Indeed, we have that:

||BkHc(E) - ||B/€_1HC(F) (5.21)

In the following statement we give a first bound of the quantity in the right of
the inequality of the Theorem 5.20.

Lemma 5.19. Let H(E, F) be the Riemann modulus of the condenser (E,F).

Let the parameters o; be chosen so that the sequence ¢(o;) € OE is uniformly
distributed with respect to the equilibrium measure of E. Then the following error
estimate holds. ) )

limsup [|X — Xy||* S H(E, F) 2

k—o0

Proof. From Theorem 5.20, we are left to show that lim sup ||Bk||g(E) < H(E,F) 2.
k—o0

Since ¢(0;) € OF, it is uniformly distributed with respect to the equilibrium mea-
sure of I, work [30] gives us

1 1
H(E,F)™" = limsup 1Bkl ey HB,;ng(F)
k—oo

1 1 . 2
(5.21) = liiris;}p ||Bk||g(E)”Bk“g(E) = limsup ||Bk||g(E)

k—o0

]

We now want to give a second bound of the quantity in the right of the inequality
of the Theorem 5.20, by exploiting the assumption that the matrix A is symmetric
and positive definite. Without loss of generality, by taking as matrix A the matrix
mA, we consider [Apin(A), Amaz(A)] C [0,1]. The following result gives us
the rate of convergence of the method, for an optimal choice of parameters.
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Theorem 5.20. Let A € R™" be a symmetric positive definite matrix, with
[Amin(A), Amaz(A)] = [6,1]. Let the parameters o; be chosen so that the sequence

¢(0j)7 € OF is uniformly distributed with respect to the equilibrium measure of
E, and let ¢1,co € R™. It holds that

) 1 —WK(Q))
limsup [| X — X l|* < exp | ———==

where K and K' are respectively the principal and the complementary elliptic in-
tegral of first kind of modulus g, for the following quantity g:

_ [(d=a)(c—1D)
”‘¢u—m@—@

346 3+46)\° 1
=TT (m) —Loa=2

1+ 36 1+30\? 1
b= — — -1, c=-.
1—90 1—90 b
Proof. We recall the explicit expression for the Riemann map for the set E :=

[Amin(A), Anaz(A)], which is

6(2) = (Z‘C+ (2_0)2"”2)1, 2eT-(5.1),

where:

r r?
where ¢ := 12i5, and r = 12;‘5. By direct substitution, we obtain that F' = [a, b]
and E = [¢,d]. From Lemma 5.19 and [13], the result follows. O

Ezample 5.5. We consider the matrix A = K € R"*", as defined in Lemma 3.14,
for n = 2, and [ = 4,...,10, where 2'° = 1024. In the next table, we show the

. —mK . .
quantity exp (;T(i]g))) as the dimensions of the problem grow.
—7K(g)

n K(A)  exp (Srrgy)
24 1.6115e+03 2.4957e-01
25 6.3773e+03 2.8721e-01
26 2.5343e404 3.2078e-01
27 1.0101e+05 3.5103e-01
28 4.0328e+05 3.7852¢-01
29 1.6116e+06 4.0367e-01
210 6.4433e+06 4.2682e-01

Table 5.3: Rate of convergence from Theorem 5.20 for Example 5.5.



5.9. CONVERGENCE ANALYSIS OF THE GALERKIN METHOD WITH RATIONAL KRYLOV SPACE46

Ezample 5.6. We consider the matrix A = K € R™", as defined in Lemma 3.14,
of dimension n = 2 = 64, and we take as right-hand side the normalized matrix of
C = L ' LT, where v is the vector of all ones. The following figure shows the

—nK(g) ) k
2K'(g)

behaviour of the error norm compared with the rate of convergence exp (
as k increases.

Error Bound of Rational Krylov space
T T

—o— 1 X - Xl
k

N —rk(g)
102k . P\t ) |

Figure 5.3: Comparison between the true error norm and the theoretical rate of convergence,
related to Example 5.6.

The theoretical rate has a good behaviour also when the problem is ill-conditioned.
As a consequence, when a preconditioning technique is not possible or a good pre-
conditioner is not available, the Rational Krylov space is a possible substitute;
since few more iterations are necessary when the dimensions of the problem grow.

We emphasize that also for this space, it is useful to introduce its block version,
when the data matrix C := C;CI has rank greater than one.

Definition 5.21 (Rational Block Krylov space). Let A € R™ " and let C € R"*?
be a tall matrix. We define the Rational Krylov space as:

k—1
RK{(A,C,0) = blkspan{C, (A — 01)'C,... . ][(A = 0;)"'C}

j=1

In this scenario, we set the spaces of projection V := RKZ(A, Cy), and Wy, :=
RKY(A, Cy). For this block version, we refer to [5] for a convergence analysis.



Chapter 6

Analysis for the energy norm of
the error

In this chapter, we prove and discuss an extension of [24, property (2.7)], which
is the following. Let u;, be the function satisfying Galerkin condition (3.2), let
i, € R™ be the approximate solution of the linear system (5.6) formed in the
k—th iteration of the Conjugate Gradients method, and let X, € R™ " be the
square matrix obtained from x by inverting the operator vec in dimensions n x n,
and let X = L_Tf(kL_l, where L is the Cholesky factor of the matrix M of
equation (3.4). The following holds.

|

The aim of this extension is to fill the gap between the convergence of the finite-
dimensional solution u; to the solution u®, which is known for every dimension
of the domain, and the convergence of the numerical solution uf, which is formed
in the k—th iteration of a projection method, to the finite-dimensional solution
up. Typically, this type of convergence is studied for the solution of the linear
system obtained by using the Conjugate Gradients methods on the linear sistem
associated with the Kronecker formulation of the matrix equation.

2
wt =l = = X - Xl (6.1)

Theorem 6.1. Let the function u, be the function satisfying Galerkin condition
(3.2), and let the matriz (X);; := a;;, X € R™" be the solution of the matric
equation (3.4). Let L be the Cholesky factor of the matriz M of equation (3.4).
Let X;. be the approzimated solution formed in the k—th iteration of (3.5), by
using a projection method, and set (Xz);; = (L~TX L1, = aéﬁ). Set also
ugk) =) i ag})gpj ® y,. The following equality holds.

2
wt =) = et =l + 1 — X (6:2)
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Proof. Firstly, we observe that u, —uf € Sy, since the coefficients afk) are projected
on a linear subspace of R". Since uy, is the Galerkin solution, from (3.2) we have
that a(u® — up, up, — ui) = 0. Thus:

us—uh+uh—ulfb,us—uh+uh—uﬁ)

u® — up,u’ —up) + 2a(u’ — up, up — ulfL) + a(up — ufl, up — ulfL)

B =
a(u® — uﬁ, u® — ) a(
= a(

= a(u® — up, u® —up) + alup —uf, up — up).
By applying Fubini’s Theorem we have that,

alup, — uﬁ, up, — uﬁ)
n

3D S s s — k)

i=1 j=1 m=1 [=1

({5 D) 22 0.1y (Vs Yu) L2(0,11) + (Dis D) L2(10.17) (W 1) 2 0.17))
= |IX = Xx%

]

We highlight some important implications of Theorem 6.1. In first place, we
notice that the terms of the result have different nature. In the left-hand side, we
have the total error, while in the right-hand side we have separated the analytical
error, which only depends on the chosen space Sy, from the numerical error, which
only depends on the method used to solve the matrix equation. Moreover, we
observe that the result is not a bound, but an equality. This fact implies that
we have the exact control of the energy norm of the total error, in terms of the
discretization error and the algebraic ones. As a consequence, it is useless to solve
well the matrix equation if we choose a space S} that cannot approximate well the
real solution, and as a counterpart it is useless to take a well-refined space .5}, if
we are not able to solve well the matrix equation.

Lastly, we derive a minimization property of the numerical solution as a conse-
quence of this result.

Corollary 6.2. Let the function uy be the function which satisfy Galerkin con-
dition (3.2), and let the matriz (X);; = «a;j;, X € R™™ be the solution of the
matriz equation (3.4). Let L be the Cholesky factor of the matriz M of equation
(8.4). Let Xy, be the approzimated solution formed in the k—th iteration of (3.5),
by usmg a pmjection method and set (Xp);; = (LTX, L), = ozj(.ﬁ). Set also

= o1 i ozjl ©; @ y,. The following minimization property holds.
lut —ub]} = min Ju' = v+ min X -2Z|
hlla ™ vESH a A

ScRm*xm
Z:=L- TV, SW,L"!
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Proof. From Theorem 6.1, we derive the error equality. From Lemma 3.5, we
derive the first minimum. The second follows from the same computations, since
we are imposing a Galerkin condition over the space Vi ® W;. O

This result emphasizes the quality and the optimality of both approaches, as
we minimize both the discretization and the algebraic error, with respect to the
same norm.

6.1 Validation of the result for the Conjugate Gradients
method

In the following we illustrate Property 6.1 by taking a general example. In
particular, we show the behaviours of the two terms involved in the total error,
and we measure the mismatch of the equality, as &, == ||u — uﬁHZ — (|Ju — un )+

2
1X = X[[%)-
Example 6.1. We want to find u € C?([0, 1]?) such that:

—Au = —2[(2* — 2z) + (y* — 2y)] in (0,1)2

u=0 in dpl0, 1]2,
Gu =0 in Oy[0, 1]2.

The analytical expression of the solution u is given by u(z,y) = (2% —2z)(y* — 2y).

In the next tables we show the numerical illustration of property 6.1, and the
behaviour of the different components of the errors in terms of the iteration k, and
the dimension of the space S, n?. In Table 6.1, we fix the dimension of the space
Sh, and we look for the history of the errors, as k increases.

koo fu—akl? el 1X Xl Sk

5 1.0511e4+00  2.1702e-05 1.0511e4-00 6.8012e-13
10 7.7364e-01  2.1702e-05 7.7362e-01 5.0671e-13
15 5.8822e-01  2.1702e-05 5.8820e-01 3.7281e-13
20 4.5610e-01  2.1702e-05 4.5608e-01  -1.1380e-13

110 7.5352e-04  2.1702e-05 7.3181e-04  -1.3737e-13
115 3.0781e-04  2.1702e-05 2.8611e-04  -1.9085e-13
120 1.0227e-04  2.1702e-05 8.0570e-05 -1.5303e-13
125 3.9651e-05  2.1702e-05 1.7950e-05 -3.7528e-13

495; 2.17026—05 2.17026-05; 1.81136-25 -2.59796-13.
Table 6.1: Term in (6.1) and mismatch of the equality for Example 6.1.
We remark that for Example 6.1, after £ ~ 125, the most relevant term of the

total error is the discretization one. Hence, we can fix the maximum iteration
k ~ 125 for the computation of the approximate solution.
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In Table 6.2 we show a good matching between the chosen dimension of the
space S;, and the relative iteration of the Conjugate Gradients method, k.

w2k flu—uf 2 -l X - X% Sk

24 22 4.6549e¢-02  2.2326e-02 2.4224e-02  3.9552e-16
26 23 7.9905e-03  5.5620e-03 2.4285e-03  -5.7766e-15
28 24 1.8384e-03  1.3893e-03 4.4914e-04  -1.1191e-14
210 925 4.4272e-04  3.4725e-04 9.5473e-05 -2.0125e-14
212 26 1.1507e-04  8.6808e-05 2.8266e-05  -4.2560e-14
214 27 3.3890e-05 2.1702e-05 1.2188e-05  1.3039e-13
216 928 1.2791e-05 5.4258¢-06 7.3655e-06  4.2277e-14

Table 6.2: Term in (6.1) and mismatch of the equality for Example 6.1, for different values of n
and k.

6.2 Validation of the result for projection methods

In the following we illustrate Theorem 6.1 by taking a general example. In
particular, we show the behaviours of the two terms involved in the total error,

. . 2
and we measure the mismatch of the equality, as &, = ||u — uﬁHa — (Jlu — up|> +

|1X — X ||?4) In particular, we solve the following example via projection methods,
by testing different spaces of projection.

Ezample 6.2. We want to find u € C?([0,1]?) such that:

—Au = —[27? cos(2mz) sin(my)? + 2% sin(wx)? cos(2my)]  in (0,1)2,

u=0 in dpl0, 1]2,
Gu—-0 in dy[0, 1]2.

The analytical expression of the solution u is given by u(z,y) = sin(mwx)? sin(mry)?.
Moreover, we numerically see the data matrix for this example has rank 2.

In Table 6.3 we show the history of the errors, for the Block Krylov space, in
terms of n?, the dimension of the space Sj.

n? ko fu—uf |2 el X - Xkl Sk
26 3 1.8870e-01 1.8867e-01 2.3632¢-05 -1.9984e-15
28 3 4.7463e-02  4.7462e-02 1.4326e-06  4.6352e-15
2103 1.1885¢-02  1.1885e-02 5.2213e-07  1.0644e-14
212 3 29725¢-03  2.9724¢-03 6.7752¢-08  9.5909e-14
214 3 7.4329¢-04  7.4328¢-04 5.9683e-09  -9.0883e-14

Table 6.3: Term in 6.1 and mismatch of the equality for Example 6.2, for different n and k.

In Table 6.4 we show the history of the errors, for the Extended Block Krylov
space, in terms of the dimension of the space Sj,, n%.
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n? ko flu—wp]? e 21X - Xl Sk
26 3 1.8867e-01  1.8867e-01 1.5083e-06  -9.4369¢-16
28 3 4.7462e-02  4.7462e-02 4.7613e-11  3.2058e-15
210 3 1.1885e-02  1.1885e-02 5.1414e-10  7.4107e-15
2123 2.9724e-03  2.9724e-03 2.4011e-11 1.6229¢-13
214 3 7.4328e-04  7.4328e-04 2.5645e-12  -5.7584e-13

Table 6.4: Term in 6.1 and mismatch of the equality for Example 6.1, for different n and k.

In the next table we show the history of the errors, for the Rational Block
Krylov space, in terms of the dimension of the space Sy, n?.

n? ko flu—up)? u—wnl? X - XelA Sk
26 3 1.8868e-01 1.8867e-01 2.0028e-06 -1.9151e-15
28 3 4.7462e-02  4.7462e-02 5.1961e-09 -8.0699e-15
210 3 1.1885e-02 1.1885e-02 1.4452e-08 -5.1764e-15
212 3 2.9724e-03  2.9724e-03 1.8183e-09 1.7350e-13
214 3 7.4328e-04  7.4328e-04 1.6668e-10  -6.5870e-13

Table 6.5: Term in 6.1 and mismatch of the equality for Example 6.1, for different n and k.

For each space, with a few number of iterations, we obtain an algebraic error
which is under the discretization one. Hence, it is sufficient to solve a matrix
equation of small dimension.






Conclusions and perspectives

In this work we studied a finite element discretization of a two dimensional
Poisson problem, for a fixed space of elements, and we derived a matrix equa-
tion, in the form of a Lyapunov equation, related to the discretization. Then,
we introduced several properties of the Lyapunov equation, which help us have a
deeper knowledge of the structure of the equation. Then, we discussed different
methods to numerically solve the Lyapunov equation, in the small and the large
scale scenarios. For the large scale case, we focused on projection methods, which
give us a good intepretation of the numerical solution, and we analyzed the rate
of convergence of the method by taking different spaces of projection. Besides, we
generalized to the matrix case an elegant result stated in [24] about the norm of
the total error, which is due to the finite element discretization and the projection
method used to obtain a numerical solution. We also explained the importance of
this result, and we gave a second perspective of this, in term of two minimization
problems. We analyzed only the Poisson problem, while it is possible to extend the
study to different equations. Besides, in the work we only treat two dimensional
case of the equation, while it could be possible to extend the study for higher
dimensional cases.
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