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Introduction

In this thesis, we study three different approximation methods. First, we study the pseudospectral approxi-
mation method, where we approximate eigenvalues of delay equations. Moreover, we look at the parametri-
sation method, which we can use to approximate invariant manifolds of both finite and infinite dimensional
dynamical systems. Lastly, we study Trotter-Kato approximation methods, where we approximate flows and
orbits of delay equations.

Delay differential equations

Let X be a Banach space and let A : X — X be a bounded linear operator; on X, let us study the differential
equation

{a'c(t) = Az(t), t>0, Q)

z(0) =uxz0€X.

Associated to this abstract differential equation is a uniformly continuous semigroup of operators, whose
generator is given by A. In fact, the semigroup is given by a shift along the solution and can concretely be
represented as

T(t)xg = eMry, >0, zp € X.

The stability of the zero solution of (1) is determined by the eigenvalues of the generator A: if all the
eigenvalues of A are in the left half of the complex plane, the solution z = 0 of (1) is stable. If one of
the eigenvalues of (1) is in the right half of the complex plane, the solution x = 0 of (1) is unstable.

Now, let us turn towards the (linear) delay differential equation
z(t) = Bx(t)+ Cz(t—7), t>0 (2)

with z(t) € R? and B, C both d x d matrices. The state space of (2) is chosen to be X = C ([—7,0],R?) and
(2) induces a strongly continuous semigroup of operators {T'(t)};>0 on X, which is defined by a shift along
the solution of (2). The generator of this strongly continuous semigroup is an unbounded operator given by

D) = {p € X € C* ([-n,0LR?), $(0) = Bo(0) + Co(-7)}, Ap=. (3)

We note that the action of the generator is differentiation, which reflects that the semigroup {7'(¢)}:>0
describes a shift. The fact that the semigroup shifts according to some prescribed rule (defined by the delay
equation) is reflected in the domain condition.

In fact, the delay equation (2) is equivalent to the abstract ordinary differential equation

@(t) = Az(t), t>0 (4)

on X, with the unbounded operator A given by the generator (3).



The pseudospectral method

Similar to the problem (1), the stability of the zero solution in (4) — and hence in (2) — is determined by
the spectrum of the generator A. The spectrum of A can be characterised as roots of a transcendental
characteristic equation.

In the pseudospectral method, we discretise the unbounded operator A given in (3) to obtain finite di-
mensional linear maps A,, : R(THxd 5 R(r+1)xd whoge eigenvalues can be viewed as an approximation of
the eigenvalues of A. It turns out that the characteristic equation of A, has a natural interpretation as a
discretisation of the characteristic equation associated to the problem (2).

We note that the delay equation (2) and the pseudospectral approximation maps A, : R+ xd _y
R x4 are linear. If we study a nonlinear delay equation, then one can write down a family of non-
linear pseudospectral approximation maps A, : R(»tDxd _y R(»+1)xd  Thege nonlinear pseudospectral
approximation maps have the property that there is a clear correspondence between the nonlinear terms
in the pseudospectral approximation and the nonlinear terms in the original delay equation. Moreover, the
eigenvalues of the original delay equation are well approximated by the eigenvalues of the pseudospectral
approximation. This combination of features hints that the following two properties are approximated in
the pseudospectral method:

e Invariant manifolds;

e Bifurcation behaviour.

The parametrisation method

To study the relation between invariant manifolds of delay equations and of their pseudospectral approxi-
mation, we use the parametrisation method.

In the parametrisation method, we let M be an invariant at the origin of either a delay equation or an
ordinary differential equation. Let y(t¢) be the restricted flow on the invariant manifold and denote by X
the tangent space to M at the origin. In the parametrisation method, we conjugate y(t) to a ‘simpler’ flow
u(t) on Xg via a conjugation map P. We want to choose u(t) in such a way that i) a conjugation between
y(t) and wu(t) is possible, i.e. the conjugation map P exists and ii) the conjugation map P gives a local
description of the invariant manifold near zero. Having chosen u(t) in such a way, we then algorithmically
compute the coefficients of P.

In the field of rigorous computations, where one combines numerical methods with analytical estimates
to give rigorous proofs of existence results, the parametrisation method is much used. This is mainly because
it is very suitable for a posteriori error analysis. In the context of pseudospectral approximation, the method
is attractive because it provides a general framework for the study of invariant manifolds in both delay
equations and ordinary differential equations. This allows us to jump back and forth easily between the
invariant manifolds of delay equations and their pseudospectal approximation.

Trotter-Kato Theorem

In the pseudospectral method, we discretised the generator of delay equations in order to approximate
characteristic properties of the system (2) such as eigenvalues and invariant manifolds. To study the ap-
proximation of actual orbits of delay equations, we look at the Trotter-Kato theorem, in which we discretise
the semigroup associated to a delay equation. We study the functional analytic framework to set up an
approximation of the semigroup, and apply this to the cases of spline approximation and approximation
using Legendre polynomials.



Organisation of the thesis

This thesis is divided in three parts. Part A deals with the pseudospectral method and the parametrisation
method. In Chapter 1, we study the pseudospectral method and the approximation of eigenfunctions. In
Chapter 2, we study the parametrisation method for ordinary differential equations and study its relation
with normal form theory. In Chapter 3, we turn our attention towards the parametrisation method for delay
equations.

In Part B, we combine the methods introduced in part A to study approximation of invariant manifolds in
the pseudospectral method. In Chapter 4, we give a characterisation of the eigenvectors of the pseudospectral
matrices A,,. Using this characterisation, we then study the approximation of center manifolds and unstable
manifolds in Chapter 5.

In Part C, we study the framework of Trotter-Kato approximation and, using different schemes for
function approximation, we then apply this to delay equations.

In the Appendix, we give an overview of various schemes for function approximation used in this the-
sis. Moreover, we provide some background on numerical methods for solving ordinary differential equations.

Part C can be read independently of Part A and Part B. The interdependence of Part A and Part B is
represented in the following diagram:

Chapter 1 Chapter 2
Chapter 4 Chapter 3

\ Chapter 5 /
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Chapter 1

Pseudospectral approximation

1.1 Introduction

In this chapter, we study the pseudospectral approximation method for delay equations. Consider the delay

differential equation

t(t) = Lxy, t>0,

#(t) o (1.1)
Zo = d)v

where X = C ([-7,0],C%) for some 7 > 0 and d € N, L : X — C? is a bounded linear map, ¢ € X and
for t > 0 the function x; € X is defined via x(0) = z(t + 0). Since we are interested in approximating the
spectrum of delay equations, we will work with complex Banach spaces; hence our choice for the state space
as the complex Banach space X = C ([—T, O],(Cd). To the initial value problem (1.1) we can associate a
strongly continuous semigroup {7'(¢)};>o of solution operators. The generator A of this semigroup is given

by
D(A)={pe X |pcC (-7,0,C"), ¢(0) = Lo}, A¢p=¢.

In fact, the initial value problem (1.1) is equivalent to the abstract Cauchy problem

{u(t) = Au(t), t>0 12

u(0) =¢

with ¢ € X [11].

In the pseudospectral approximation method, we approximate the generator A by approximating con-
tinuous functions — which make up the state space X of the problem — by polynomials. In this way, we
obtain finite-dimensional maps A,, : C#*(®+1) — C4*(+1)  The maps A,, in turn induce ODEs on C#*(n+1)|
which approximate the abstract ODE (1.2). Of course, we have to make the meaning of ‘approximate’ in this
last statement more precise. As it turns out, the eigenvalues of A are approximated by the eigenvalues of A,,.

Pseudospectral discretisation is a well-known method in the study of eigenvalues of partial differential
equations, see for example [16]. In [7], Breda et al. introduced the pseudospectral method for linear dif-
ferential delay equations, proving that every eigenvalue of the delay equation is approached by eigenvalues
of the approximating problem. In [5], the pseudospectral discretisation method was extended to nonlinear
differential delay equations and other classes of delay equations, such as renewal equations. It was proven
that linearisation and pseudospectral approximation commute. This makes that it is interesting to compare
the bifurcation behaviour of the approximating ODE with the bifurcation behaviour of the original delay



equation. This topic was further explored for a specific example of a renewal equation in [6].

This chapter is structured as follows: in Section 1.2, we define the pseudospectral approximation maps
A, and give motivation for this definition. Section 1.3 provides an interlude on finite-difference schemes and
rational approximations. This we will then use in Section 1.4 to give a characterisation of the eigenvalues of
A,; and in Section 1.5 to prove results on convergence of eigenvalues in the pseudospectral approximation.
In Section 1.6, we study how we can use pseudospectral approximation in the context of nonlinear delay
equations and bifurcation problems. Throughout Section 1.2, 1.4-1.5, we will follow [7]; Section 1.3 is based
on [2] and in Section 1.6, we will study results from [5] and [6].

1.2 Definition of pseudospectral approximation for delay equa-
tions

In pseudospectral approximation, we approximate elements of the state space of continuous functions X by
(interpolating) polynomials. In this way, we obtain a map A,, : C4*(+1) — C4*("+1) "which can be viewed
as a discretisation of the generator A.

To obtain the map A, for n € N, we let —7 < 6, ,, < ... < 0,0 < 0 be a mesh on the interval [—7,0].
Moreover, we let z = (zg, ..., x,) € C*(™*D and let £, (z) be the interpolating polynomial through z with
respect to the chosen mesh. This means that £, (z) : [-7,0] — C? is the unique polynomial of degree n
satisfying £, (2)(0,,:) = x; for all 0 < i < n; see also Section A.3 in the appendix. We now define the
discretised infinitesimal generator A,, : C#* (1) — Cax(nt1) 5

An . (Cdx(nJrl) N (Cd><(n+1)’

d (1.3)

Ap(z) = (L/ln(x), T

ﬁn(x)(9)> :

0:0.,1,1 ‘9:9n,n

We note that the first component of (1.3) discretises the domain condition of the generator, and the other
component discretises the action of the generator.

Let us now study the case where L : X — C? is of the form Lo = Ap(0) + Bé(—7) with A, B both
d x d-matrices. Using the Lagrange-form of the interpolating polynomial £, (x) (see Section A.3), we find
that the operator A,, as defined in (1.3) has the matrix-representation

A 0o ... ... B

aipp air ... Qin-1) OAin
An = .

ano Qn1  --. GQp(n-1) Onn

with a;; = £}, ;(0n,i)Ia (where £, ; is the Lagrangian base polynomial as in Section A.3) and I, is the identity
operator on C¢.

1.3 Interlude: finite-difference schemes and rational approxima-
tion

In this interlude, we turn our attention to finite-difference schemes and rational approximations, where we
approach semigroups by leaving the generator intact, but approximating the exponential relation between
the semigroup and the generator by a rational function. In particular, we will see that all collocation methods
to numerically solve ODEs can be viewed as rational approximations. Collocation methods will then return
in Section 1.4 and 1.5 in the study of eigenvalues in the pseudospectral approximation scheme.

Throughout this section, we follow [2].



Let X be a Banach space and let A : D(A) — X be the generator of a Co-semigroup {T'(¢)}¢>0. Let us
consider the following abstract Cauchy problem on X:

We make the following definition:

Definition 1.3.1. Let F' : [0,00) — £(X) be such that F'(0) = I and F is strongly continuous.
a) Suppose that D C D(A) is a dense subset of X such that

lim FWT#)z - T+ h)x _ 0
h—0 h

for all x € D, with the limit uniform for ¢ in bounded intervals. Then we say that F' is a consistent
finite different scheme.

b) A consistent finite difference scheme is called stable if, for all ¢ty > 0, there exists a M > 1 such that

[F(h)"|| < M
for all A > 0 and n € N with hn < t,.

c) A consistent finite difference scheme is called convergent if for all ¢t > 0, hy — 0, nxy — oo with
hing € 10,¢] for all n € N and hyng — t, we have that

lim F(hg)™ f=T(t)f
k— o0
for all f € X.

Example 1.3.1. If we set F'(h) = T'(h), then F is a consistent finite difference scheme that is both stable
and convergent.

We have the following theorem relating stability and convergence [2, Theorem 4.6]:

Theorem 1.3.1 (Lax Equivalence Theorem). For a consistent finite difference scheme, stability is equivalent
to convergence.

We now look at finite difference schemes F : [0,00) — £(X) that are of the form F(h) = r(hA), where r
is a rational function.
Definition 1.3.2. Let » : C — C be a rational function, then we call r a rational approzimation (of the
exponential) of order p if there exists a C,d > 0 such that
Ir(z) — | < C 2"
for all z € C with |z] < 4.

Let us now study the ODE

10



for some A, yp € C. We recall that a Runge-Kuta method is defined via the equations (B.4), (B.5). If we
apply the Runge-Kutta method (B.4), (B.5) to the ODE (1.4), we find (by rescaling k, ; by a factor 1) that

ksi=ys+hA Z aijks,j
j=1

- (1.5)
Ysr1 = Ys T hAD bjks

j=1

If we set kg = (ks1,..- ksn)?, 1 =(1,...,1)T, b= (b1,...,b,)T and define the matrix A = (a;;)i j=1,...n
then (1.5) implies that

Ys+1 = Ys + Zkas
ko = (1 —zA) "1y,

where we have set z = Ah. Thus, we find that ys11 is given by
Yst1 = (1 + zb" (1 - zA)fl) Ys

We conclude that all Runge-Kuta methods can in fact be viewed as rational finite difference schemes.

1.4 Characterisation of the eigenvalues

In this section, we give a characterisation of the eigenvalues of A,,.
Let A € 0(A,) and let = (2¢,...,2,) € C>M+tD 4 £ 0, be the associated eigenvector. Using the
definition of A,, as in (1.3), we find that A,z = Az implies that

L(L,(z)) = Axo (1.6)
(Ln(2)) (bni) = Az, 1<i<n. (1.7)

Let us denote by p,, (A, u) the collocation solution of the ODE

{y<9> =(0), 6€[-r0 (18)

with respect to the chosen mesh (see Section 1.2).
We prove the following lemma:

Lemma 1.4.1. Let x = (v, ...,7,) € C"tVUXA Then 2 satisfies (1.6)~(1.7) if and only if
xo = L(pn(\, z0)) (1.9)
and z; = pp(A, 20)(0n,;) for 1 <i<n.

Proof. We first show that (1.7) holds if and only if L,2z = p, (A, z¢). Let us assume that (1.7) holds. Since
(Lyx) (0) = 29 and L,z is a polynomial of degree n, we find by definition of the collocation solution that
Lz is a collocation solution of (1.8).

Now suppose that L,z = p, (A, zg), where p,, (X, zg) is a collocation solution of (1.8). Then we find that

(‘Cnx)/ (0n,i) = pn(A, xO)l(en,i)
= Apn(A, 20) (0,i)
= A(Lnz) (On,i)
= )\CL‘Z‘

11



for all 1 <i<n,ie. (1.7) holds.

Now, let z € C("+1)*4 be such that (1.6)—(1.7) hold, then by (1.7) £L,x = pn (A, x0), 50 T; = pu(\, 20) (On.i)
for 1 <¢ <n and by (1.6) we find that Axg = L(p, (X, xo)). If we now suppose that z; = p, (A, z9)(0y,) for
1 <i<nand A\xg = L(pn()\, x0)), then we find that L£,x = p, (A, z0), so (1.7) holds, and L(p, (), xg)) =
L(L,x) = Azo. This proves the lemma. O

We now make the following definition:

Definition 1.4.1. For n € N, let us define
on = {\ € C | there exists a o € CY, o # 0 such that A\zg = L(pp (X, x0))

We note that o,, C 0(4,): for A € oy, let 29 € C¢, 29 # 0 be such that Axg = L(p,(\, z0)). If we define
;i = (A, 20)(0n,i) for 1 < i < n, then x = (zg,...,2,) # 0 (since zy # 0) and by Lemma 1.4.1, we find
that A,z = A\x.

We recall that A € o(A) if and only if there exist a u € C%, u # 0 such that

Au = Lieyu), (1.10)

where e, € X defined by ey(6) = e*? is the actual solution of (1.8). Therefore, the condition (1.9) can be
viewed as the discretised counterpart of (1.10), where we have replaced the actual solution of (1.8) by the
collocation solution to (1.8).

1.5 Convergence analysis

In this section, we state results from [7] on the convergence of the eigenvalues of A4,, to the eigenvalues of A.

Although we gave a characterisation of eigenvalues of A,, in terms collocation solutions of (1.8), we have
not studied the existence and uniqueness of the collocation polynomial. We now discuss this topic for a
specific choice of mesh points, namely the Chebyshev-nodes on [—7, 0], which are defined as

O = % (cos (ZZ) - 1> , 0<i<n. (1.11)

Lemma 1.5.1. Let \g € C and let pg > 0. Let us choose as mesh on the interval [—7,0] the Chebyshev
nodes (1.11). There erists a Ny € N such that for n > Ny, for X € B(\o, po), and for all u € C¢, we have
that the collocation solution p,(A,0) to (1.8) exists and is unique. Moreover, we obtain the estimate

We have the following result:

Co (C1\"
— M| < =2 (2 1.12
s [pa ) (8) — Ml < T (S (112)

where Cy, C1 are constants that depend on \g and py but not on n. Furthermore, for v € C* and n > Ny,
the map

B(Xo,po) = X, A= pu(Nu)
is holomorphic.

Proof. For A € C, let us define the Volterra operator

Ky: X=X

o
(Kx(6)) (0) = A /0 6(3)ds.

12



Moreover, for n € N; let us define the Langrange interpolation operator

L, X—X
Ln(f) = En—l(f(en,l)v sy f(en,n))

The operator L, is linear and bounded, see [27].
By integration, we see that y is a solution of (1.8) if and only if

y=u-+ Ky (1.13)

By definition, we have that p, (A, u) is a collocation solution of (1.8) if and only if p, (A, w)" = AL, p,, which
gives that p, (A, ) is a collocation solution of (1.8) if and only if

Pn =u+ K\Lypn, (1.14)

Let us now write e, = p,, —y and r, = L,y —y. Then e, is the error between the collocation solution and
the actual solution of (1.8) and r, is the error in the polynomial interpolation of . Substracting (1.13) from
(1.14) gives that

€n =Pn —Y = KAann - K/\y
= KALnen + K)\T'n

i.e. we have that
en = K)\Lye, + Kxry, (1.15)
We make the following claim:
Claim 1.5.2. e, is a solution of (1.15) if and only if e,, = Kxé,, where é, satisfies
én = Lo Kyép + 1y (1.16)

We prove the claim at the end of the proof of Lemma 1.5.1.

We know that the Volterra operator K is compact and has no point spectrum; therefore, we have that
o(K») C {0}, which implies that I — K is invertible. Moreover, since KxX C C! ([-7,0],C?%), we have
that lim,, o || Ln K\ — K|| = 0. Using Neumann series, we find that there exists a Ny € N such that for all
n > Ny, the operator I — L,, K is invertible and that

H(I* LnKA)_lu <2||(I - Kx) 7|

Thus, the equation (1.16) has a unique solution é, for n > Ny; and by Claim 1.5.2, we find that (1.15) has
a unique solution e, for n > Ny. Moreover, we obtain the estimate

lenll < KAl lIénll
<2 KA (1 = Kx) 7| Il

Since 7, = L,y — ¥ is the interpolation error in y = e*u, we find by Lemma A.3.2 that

~Re(ry (T|AD™

B

||l < max{1,e

Using the Stirling formula n! > v/27n(n/e)™, the estimate (1.12) follows, up to the proof of Claim 1.5.2.

13



To see that, for fixed u € C% n > Ny, the map
B(Xo,po) = X, A pa(Au)
is holomorphic, we write
Dn =Y +e,=1y+ Kyép.
But since é,, is given by
én=—L,K\) "'rpy=(I—LyKx)"" (L, — D)y
we find that
Pa(Au) =y + Kx(I = Ly K)) "' (Ln — Ty

which yields the analyticity of A — p,, (A, u). This proves the lemma up to the proof of Claim 1.5.2.

Proof. (of Claim 1.5.2)
The claim easily follows in the case A = 0, therefore we restrict ourselves to the case A # 0. First, let é, be
a solution of (1.16), and set e, = K)é,, then
en = KhL,Kyé, + K)r,
= K\Lpe, + Kyr,

Now, suppose that e, solves (1.15), then in particular e, is differentiable.
e!. Because (1.15) implies that e, (0) = 0, we have that K»é, = e,. Moreover,

so e, = K)é, solves (1.15
Therefore, we can set é, =
by (1.15), we have that

)1.
X

1
én = Xe; = Lpe, + 1y
= L,Kyé, +1,
i.e. é, satisfies (1.16). This proves Claim 1.5.2. O

We now state two results from [7] without proof. Using Rouché’s Theorem and Lemma 1.5.1, the following
result is proven in [7]:

Theorem 1.5.3. Let A\g € C be an eigenvalue of A with multiplicity v. Then there exists C1 = C1(\g), Ca =

612(/\0)7 03 = Og()\o) such that fOT
B ﬁ 1/v i g ny\ 1/m
Pn = Cg \/ﬁ n

and n large enough, the set o,, has exactly v elements (counting multiplicities) A1, ..., A, such that

Ao — Ai| < pn.
128, o = Al < o

Moreover, it is proven in [7] that the pseudospectral method cannot produce any ‘ghost solutions’:
Lemma 1.5.4. Forn € N, let \,, € 0,,. Assume that lim, . A, = A for some A € C. Then X € o(A).

We note that Theorem 1.5.3 is a local result: it tells us that when the eigenvalue Ay € o(A) has multiplicity
v, then in a neighbourhood of A\g we find exactly v eigenvalues Ay, 1, ..., Ap 1 of Ay, and that lim,, o An; = Ao
for all 1 < ¢ < v. Together with Lemma 1.5.4, this makes the pseudospectral method very suited to the
numerical approximation of eigenvalues. Theorem 1.5.3 gives us, however, no information on the global
behaviour of the eigenvalues of A,. For example, Theorem 1.5.3 and Lemma 1.5.4 do not rule out the
existence of a sequence (\,)pen with A, € o, such that lim, . A, = 0.
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1.6 Application to nonlinear problems

In this section, we define the pseudsospectral approximation of a nonlinear delay equation, following [5]. We
show that for a nonlinear delay equation, linearisation around an equilibrium and pseudospectral approxi-
mation commute. We then proceed by discussing the possible applications of pseudospectral approximation
to bifurcation analysis and invariant manifolds of delay equations.

Let us study the delay equation:

{j;(t) = Ly + G(zy), t>0 (1.17)

rg =¢
with L : X — C? a linear operator and G € C'(X,C?) a function satisfying G(0) = 0, DG(0) = 0, and

¢ € X. To this equation we can associate a strongly continuous semigroup of (nonlinear) solution operators
{T'(t) }+>0, whose generator is given by

DA)={pe X |pecC ([-7,0,C%), 6(0) = Lo+ G(¢)}, Ap=¢.

For n € N, we define in the spirit of Section 1.2 the discretised infinitesimal generator A,, associated to
the equation (1.17) as:

A, (Cdx(nJrl) N (Cdx(n+1)

(1.18)

Ap(z) = (Lﬁnx + G (L) (L) (0),. .., d%

d
S (Lnz)(0) | -
de 9:9n,1 9:071,77,

We note that the nonlinearity of A, is contained in the first component of the map, which captures the
domain condition of the generator A.
Let us now study the nonlinear ODE

y(0) =wo
with yo € CP*("+1) | We first give a characterisation of the equilibria of (1.19).

Lemma 1.6.1. Let zg € C% be an equilibrium of the delay equation (1.17). ThenT = (xo, . .., xo) € CP*(+1)
is an equilibrium of (1.19). Vice versa, if x = (2¢,...,z,) € C>M*D 4s an equilibrium of (1.19), then
x; =xo for all 0 < i <n and xo is an equilibrium of (1.17).

Proof. Let us first assume that x5 € C? is an equilibrium of the delay equation (1.17). Then we have that
Lzy 4+ G(xo) = 0 (where with Lxg, G(x¢) we mean the operator L, G applied to the constant function ).

If we now set T = (o, ...,x0) € C*("+1) then £,7 = x¢. This gives that
d d
An(z) = | LLu(z) + G(Lyx), — (Lnx)(0),..., — (L,z)(0)
df 9=0,, do 9=0,, ..
= (LxO + G(.’Eo), 0; R 0)
= (0,...,0)

which proves that Z is an equilibrium of (1.19).

Now, assume that 2 € C?("*+1) is an equilibrium of (1.19). Then we have that A, = 0, so in particular
(Ln2) (0ni) = 0 for 1 <4 < n. Since (L,z)" is a polynomial of degree n — 1, the fact that it has n zeros
On1,-.., 05, implies that (L,x)" = 0. Thus, £, is constant and by (£,z) (0) = z¢ we find that L,z = 0.
Since A,z = 0, we also see that

LL,(z)+ G(Ly(x)) = Lxg + G(zp) =0
This shows that zq is an equilibrium of (1.17). O
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In particular, we see that there is a one-to-one correspondence between equilibria of (1.17) and (1.19).
Using this correspondence, we can prove the following:

Theorem 1.6.2. Linearisation around an equilibrium and approximation commute in the sense of Figure
1.1.

Proof. Without loss of generality, let us study the equilibrium = 0 € C?. Then the linearisation of (1.17)
around this equilibrium is given by

z(t) =Lxy, t>0
{Zo =9
The pseudospectral approximation of this system is given by
Anx = (LLux, (Lyz) (On1), .- (Lax) (Bnn))
If we first approximate the system (1.17) using pseudospectral approximation, we obtain the map
Apx = (LL, () + G(Lnx), (Ln) Bn1),- -5 (L) (Bnn))

From Lemma 1.6.1 we know that if 0 € C? is an equilibrium of (1.17), then = (0,...,0) € C4* (1) g the
corresponding equilibrium of (1.19). Let us denote the linearisation of A,, around 0 by B,,, then we have
that

Byx = (LLpz, (Lnz) (0n1),- -, (L) (Onn))
i.e. B, = A,. This proves the lemma. O]

Combining Theorem 1.5.3 and Theorem 1.6.2, we find that we can use the stability of the approximating
ODEs corresponding to (1.17) to obtain information on the (local) stability of the equilibria of the DDE
(1.17).

In general, the bifurcation behaviour of the delay equation (1.17) is determined by

(i) the behaviour of the eigenvalues of the linearisation of (1.17) and
(ii) the nonlinear terms of the equation (1.17).

By Theorem 1.5.3 and Theorem 1.6.2, the eigenvalues of the linearisation of (1.17) are well approximated
by the eigenvalues of the linearisation of the pseudospectral approximation of (1.17). Moreover, we see that
the nonlinear terms of the pseudospectral approximation (1.18) correspond to the nonlinear terms of the
delay equation (1.17). This motivates us to study whether the bifurcation behaviour and invariant manifolds
of the delay equation (1.17) are well approximated by the bifurcation behaviour of the ODEs (1.19). For
a further exploration of the approximation of bifurcation behaviour, see [6], and for a further discussion of
approximations of invariant manifolds, see Chapter 5.
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Linearisation around z, € C¢

Nonlinear DDE Linear DDE
Pseudospectral | Approximation Pseudospectral | Approximation
Nonlinear ODE Linear ODE
Linearisation around (zo, ..., xg) € C4*(n+1)

Figure 1.1: Approximation and linearisation commute.

1.7 Example: Wright’s equation

In this section, we give an numerical example of approximation of eigenvalues by way of the pseudospectral
method.
Consider Wright’s equation

#(t) = az(t — 1) (z(t) + 1), t>0 (1.20)

with 2(t) € R and o € R a parameter. Wright’s equation was introduced in [31] and was one of the first
nonlinear delay differential equations which was intensively studied [11, Page 387].

We note that equation (1.20) has an equilibrium at = 0. The linearisation of (1.20) around this
equilibrium is given by

() =ax(t—1), t>0. (1.21)
The characteristic equation of (1.21) is given by
AN =\ —ae™. (1.22)

For a = — 7, the equation (1.21) has exactly two eigenvalues £i7 on the imaginary axis. Figure 1.2 shows the
error between the eigenvalue ¢35 and the pseudospectral approximation to this eigenvalue. In the computation
of the approximate eigenvalues, the pseudospectral matrices A,, were computed in MATLAB following the
implementation as described in [8, Chapter 7.2]. Figure 1.3 shows the spectrum of (1.21) for o = —% as

2
computed using DDEBiftool [12] and the eigenvalues of the pseudospectral matrix A,, for (1.21) for n = 10.
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Figure 1.2: Error between the eigenvalues i3 of (1.21) for « = —% and the pseudospectral approximation
to this eigenvalue.
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Figure 1.3: Spectrum of (1.21) for o = —% as computed using DDEBiftool (green and red stars) and the
eigenvalues of the pseudospectral matrix A, for (1.21) with a = —F for n = 10 (blue crosses).
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Chapter 2

The parametrisation method and
normal form theory for ordinary
differential equations

The parametrisation method, introduced in [9], provides a method to obtain numerical approximations
for invariant manifolds at the origin of dynamical systems. In the parametrisation method, we make a
conjugation between the dynamics on the invariant manifold and simpler dynamics on the tangent space of
the invariant manifold at the origin. Assuming that the conjugation map is analytic, we obtain equations for
the coefficients of its series expansion; solving those equations up to a certain order then gives an approximate
parametrisation of the invariant manifold.

The set-up of the parametrisation method suits itself to error analysis of the approximation: this approach
was for example taken in [28], where the parametrisation method was discussed in the framework of rigorous
computations. Here, we will turn our attention towards the relation between the parametrisation method
and normal form theory. We see that the two are closely connected, and that normal form theory can tell
us how to choose the flow on the tangent space.

This chapter is structured as follows: we give an introduction to the parametrisation method and normal
form theory in Section 2.1. Throughout Sections 2.2-2.4, we discuss the relation between normal form theory
and the parametrisation method in the context of (un)stable manifolds. In Section 2.5, we turn our attention
towards the center manifold and the Hopf bifurcation.

2.1 Introduction to the parametrisation method and normal form
theory

Let n € N and let us study the ordinary differential equation

i(t) = g(z(t)) (2.1)

where g : C* — C™ is such that g(0) = 0. We discuss the parametrisation method for unstable manifolds;
the parametrisation of the stable manifold can be treated in a similar fashion by sending g — —g.

Let us assume that Dg(0) has d eigenvalues in the right half of the complex plane (counting multiplicities)
and let us write {\1,..., ¢} = o(Dg(0)) N {z € C | Rez > 0}. Denote by &;,1 < i < d the associated
(generalised) eigenvectors. In the parametrisation method, we look for an analytic map that conjugates the
flow on the unstable manifold with a flow on the unstable generalised eigenspace, which we can identify with

ce.
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Let us choose a map h : C¢ — C%, let U C C? be a neighbourhood of the origin and let P : U — C". If
P conjugates the flow associated to

0 = h() (2.2)
to the flow associated to (2.1), then differentiating x = P(6) gives that
g(P(0)) = DP(0)h(8), 6€eU. (2.3)

Conversely, if P satisfies (2.3) then using the uniqueness of the initial value problems associated to (2.2),
(2.1) one can show that the coordinate transformation z = P(6) conjugates the flow associated to (2.2) into
the flow associated to (2.1) (see also the notes). Additionally, we prescribe the constraints

P0)=0, OP(0)=¢&for1<i<d (2.4)

which make sure that we obtain a parametrisation of the local invariant manifold near the origin in all
directions.

Given a map h : C? — C9, it is not clear that a map P satisfying (2.3), (2.4) exists, let alone that it is
analytic. Therefore, one of the challenges of the parametrisation method lies in making the ‘right’ choice of
h, i.e. in choosing h : C? — C in such a way that there exists an analytic P satisfying (2.3), (2.4). It is at
this point that normal form theory can give us an idea of how to choose h.

Suppose that the system (2.1) has a d-dimensional invariant manifold. In normal form theory, we look
for a coordinate transformation that locally transforms the system (2.1) on the invariant manifold into a
system

a'(t) = f(a(t)) (2.5)

on C?, where f is such that it is easier to read of the local dynamics of the system. Based on the eigenvalues of
the linearisation and their resonances (see Definition 2.2.1 below), normal form theory provides an algorithm
to find a formal power series f such that the flow induced by (2.5) is formally conjugate to the flow induced
by (2.1); see [3], [10]. For many classes of resonances of eigenvalues, the actual convergence of the normal
form and conjugating map are classical results, see for example [3].

Thus, normal form theory provides us with an algorithm to find a h such there exists a formal power series
P satisfying (2.3), (2.4); if we choose h as the normal form of (2.1), then we are sure that a formal power
series P satisfying (2.3), (2.4) actually exists and we can compute its coefficients using the parametrisation
method.

If we are in a situation where i) the convergence of the conjugating map is a ‘classical result’ from normal
form theory and ii) the conjugating map between the original flow and its normal form is unique, then we
are sure that the conjugation map we compute in the parametrisation method is actually the conjugating
map from normal form theory, and the power series is convergent.

However, in general, the conjugating map need not be unique, a situation that we will further discuss
in Section 2.3. If the conjugating map is not unique, but the existence of a convergent conjugation map is
a result from normal form theory, we can do the following: suppose that the coefficients of the conjugating
map are unique up to order k, then we can use the parametrisation method to compute those coefficients.
Normal form theory then guarantees the existence of higher order coefficients (that we do not explicitly
compute in the parametrisation method) of a convergent conjugating map. Although limiting ourselves to
computing only the first k coefficients of the conjugating map may sound restrictive, this can already give
us interesting and relevant information, as we will see in Section 2.5.

2.2 Example: the non-resonance case

In this section, we will apply the approach introduced in Section 2.1 to the case where the eigenvalues are
non-resonant (see Definition 2.2.1 below). In this section, we no longer assume that the eigenvalues A1, ..., Ay
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are in the right half of the complex plane and in the following definition, the complex numbers Aq,..., g
are not related to the complex numbers Ay, ..., Ay from the previous section.
We make the following definition:

Definition 2.2.1. Let A1,..., A\, € C and set A = (A1,...,\,). Then we say that the numbers {\1,..., Ay}
are non-resonant if

Aoa# N\

for all 1 <4 <n and all multi-indices a € N with o # e;. If @ € N™ is such that A -« € {\1,..., A\, }, then
we call |a| the order of the resonance.

We state the following lemma from normal form theory:

Lemma 2.2.1. Consider the system (2.1) and assume that Dg(0) is diagonalisable; and that its eigenvalues
are non—resonant. Then for any formal power series f : C* — C" satisfying f(0) = 0,Df(0) = 0, there
exists a formal coordinate transformation x = P(0) that transforms the system

6 = Dg(0)0 + f(0)

into the complexification of the system (2.1) and satisfies 0; P(0) = e; for 1 < i < n, where e; is the i-th
basis vector. Moreover, the coordinate transformation x = P(0) with these properties is unique.

For a proof in the language of normal forms, see [3, Theorem 2.1]. We can also prove this result using
the parametrisation method:

Proof. (of Lemma 2.2.1). We will prove that for any formal power series f : C* — C™ satisfying f(0) =
0,Df(0) = 0, there exists a formal coordinate transformation = P(6) that transforms the system

A 6,
0= I (2.6)

into the system (2.1) and satisfies (2.4); moreover, we will prove that the coordinate transformation z = P(6)
with these properties is unique. A (unique) linear coordinate transformation then leads to the result.

Let us fix a formal power series f : C"* — C™ with f(0) = 0, Df(0) = 0. Let us assume that the formal
coordinate transformation P : C* — C” is such that it brings (2.6) over into (2.1); then P should formally
satisfy

9(P(0)) = DP(0)h(0)
for all 8 € C™, where h is given by

)\1 91
h(0) = s+ () (2.7)

Let us write the formal series expansion of P as

P6) = f: Pa6°

lor|=0

where we have used multi-index notation.
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We note that

o o A6y f1(0)
DP(O)h(0) = | D> arPab® ..., > anPab® " S I (2.8)
la=0 |af=0 Anbn fn(0)
Let us set A = (A1,...,A\n) and A - = Aoy + ... + Ay, for multi-indices o € N™. Then we can rewrite

(2.8) as
DP(O)h(6) = i (A - )P + i Zn:aipaﬁafeifi(e)
=0 =0 i=1

Because f;(0) satisfies f;(0) = 0, f/(0) =0 for 1 <4 < n (i.e. f has a formal series expansion starting at
second order), we can rewrite this as

Z (A - )P0 + Z Zaipaea*eifi(a) - Z (A - @) P + 140%
la|=0 la|=0 i=1 la|=0
where r, depends on Pg with |8] < |a.
We can expand g(P(0)) as
g(P(0)) = Y (Dg(0)Pa +ga) 6°
|a|=0

where g, depends on Pg with |3| < |al; see [17]. Thus, g(P(8)) = DP(0)h(0) gives that

Z (Dg(0)Py + qo) 0% = Z (A @) Pa® + 1060°
|a|=0 |ar|=0

This implies that
Dg(0)Py+ go = (M- a)Po + 14
for all multi-indices o € N™; this, we can rewrite as
(A a—Dg(0)) Py =74 — qa (2.9)

for all n € N™.

Since for |a| = 0,1, we have that r, = g, = 0, we note that the equation (2.9) does not conflict
with the constraint (2.4). By our assumption that the eigenvalues of Dg(0) are non-resonant, we find that
A-a & 0(Dg(0)) for || > 2, and thus that (2.9) has a unique solution for |«| > 2. This proves the claim. O

2.3 Uniqueness of the conjugating map

In the previous section, we studied a situation where the conjugating map between the original system and its
normal form is unique. In general this is, however, not the case. As in [3], we make the following definitions:

Definition 2.3.1. Let us consider the system (2.1) and let us denote by A = (A1,...,A,) the eigenvalues
of Dg(0). Moreover, let us consider a formal power series f : C* — C", satisfying f(0) = 0,Df(0) =0
and let us write f(z) = Zmﬂ faxz®. Then we say that, corresponding to system (2.1), the coefficient f, is
non-resonant if X - o € o(Dg(0)); we say that the coeflicient f, is resonant if X -« € o(Dg(0)).
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With this terminology, we can state the following lemmas:

Lemma 2.3.1. The complezification of system (2.1) is formally conjugate to a system

#=Dg(0)z+ Y far® (2.10)
|a]=2

where the non-resonant coefficients of f(x) = er\ﬁ fax® can be chosen arbitrarily, but the resonant terms
are uniquely determined given that the non-resonant terms are fixed. If we denote by P the map conjugating
(2.10) to (2.1) and satisfying 0;P(0) = e; for 1 < i < n, the resonant coefficients of P are arbitrary and the
non-resonant terms are uniquely determined provided the resonant terms are fized.

For a proof, see [3, p. 10-11]. Following [3], we also introduce the following terminology:

Definition 2.3.2. System (2.10) where all the non-resonant terms in f are equal to zero is called the normal
form of (2.1).

Using the parametrisation method, we can prove part of Lemma 2.3.1.

Proof. (of part of Lemma 2.3.1). Let the power series f(x) = ZTZ|:2 fax® be such that (2.10) is formally
conjugate to the system (2.1); denote by P(z) = Zm:o P,z the conjugating map transforming (2.10) into
(2.1) and satisfying (2.4). We prove that the resonant terms of P are not unique, but that the non-resonant

terms of P are unique once the resonant ones are fixed.
As in the proof of Lemma 2.2.1, we find that the coefficients P, should satisfy

(A-a) = Dg(0)) Po =70 = qa (2.11)

where 74, ¢o depend on Pg with 3| < |a].

For the resonant terms, it holds that A-« € o(Dg(0)). Thus, we can either have that r, — ¢, does not lie
in the range of (A - «) — Dg(0); or that r, — ¢, lies in the range of (A-a) — Dg(0) but that the system (2.11)
does not have a unique solution (because (- «) — Dg(0) has a non-trivial kernel). If we assume that (2.10)
is formally conjugate to (2.1), we assume that a power series P(x) = ZTS\:O P,x* satisfying (2.11) for all
a € N" exists. Therefore, we cannot have that for resonant terms (2.11) has no solution, i.e. we cannot have
that 7o — ¢o € R((A\ - @) — Dg(0)). By the previous remarks, this then implies that (2.11) does not have a
unique solution. Thus, we see that the resonant terms of P(x) = Zr;)l:O P,x® are not uniquely determined.

For the non-resonant terms, we have that A-a ¢ o0(Dg(0)), thus the equation (2.11) has a unique solution
P,. This gives that the non-resonant terms of P are unique given that the non-resonant terms of P, are
fixed. O

2.4 Normal forms on invariant manifolds

In our discussion of normal form theory so far, we have discussed conjugations between the normal form
on C" and the original flow (2.1) on all of C". In the parametrisation method, we make a conjugation
between an invariant manifold and C?, where d < n is the dimension of the invariant manifold. To study the
connection between this and normal form theory, we turn our attention towards normal forms on invariant
manifolds, where we conjugate the flow on an invariant manifold with a simpler flow on C%, where d is the
dimension of the manifold. We see that the coordinate transform will also give us a (local) description of
the invariant manifold.
We state the following lemma from [10] on normal form theory on invariant manifolds:

Lemma 2.4.1. Let us study the system
x A 0) [z E(x,y))
) = + 2.12
(11) (0 B) <y) (F (z,9) (2.12)
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where x € C¢, y € C" 9, A is a d x d matriz, B is a (n — d) x (n — d) matriz and the maps E, F satisfy
E(0,0) = F(0,0) =0 and DE(0,0) = DF(0,0) = 0. Denote by pn = (p1, ..., ftn) the vector consisting of all

the eigenvalues of A and denote by {v1,...,vn_q} the eigenvalues of B. Let us assume that
poaFv, foralaeN', k=1,...,n—d. (2.13)
Let us set
M1 4!
D, = ;o D2 =
Hd Vn—d

Then there exists

e maps E = E(7,7), F = F(z,7) such that F(Z,0) = 0 and the system T = DT + E(%,0) is in normal
form

e a formal change of variables (z,y) = Q(Z,y) = (T + Q1(Z),y + Q2(T)) with Q1(0) = Q2(0) =
0,DQ1(0) = DQ2(0) =0

such that the coordinate transform (x,y) = Q(Z,y) formally transforms the system
z\ (D1 0) (T E(z,7)
. _ — 2.14
(?) < 0 Dz) <y> i (F(m) 214

We note that since the F(7,0) = 0, the set 7 = 0 is an invariant manifold for the flow (2.14); if we set
P:C?— C", P(@) = (T+Q:1(T),Q2(T)), then the set {P(z) | T € C?} is a invariant set for the flow (2.12).
Thus, the conjugating map gives us a description of the local invariant manifold. See also Figure 2.1.

o 9

Figure 2.1: Invariant plane ¥ = 0 of system (2.14) (left) and corresponding invariant manifold of (2.1) (right).

into the system (2.12).

2.5 Center manifolds

In this section, we apply the discussion from Section 2.4 to a specific situation, namely the situation where
we have exactly two eigenvalues on the imaginary axis.
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Let n > 3 and let us study (2.1) with g : C* — C". Let us assume that Dg(0) has eigenvalues
{A\1 = iw, A2 = —iw, A3, ..., A} where Re); # 0 for ¢ > 3. By a coordinate transformation, we can bring

(2.1) in the following form:
.%"2 (t) 0 B X9 (t) F((,El, (EQ)
where z; € C?,z5 € C*" 2, A has eigenvalues +iw and B has eigenvalues As,...,\, and E, F satisfy

E(0,0) = F(0,0) =0, DE(0,0) = 0= DF(0,0) = 0 for all z; € C2, x5 € C"2. We note that the condition
(2.13) is satisfied. Let us write

A3

An
Lemma 2.4.1 implies that there exist

e maps E = E(T1,%), F = F(T1,T2) such that F(Z1,0) = 0 and the system ; = D17, + E(F1,0) is in
normal form

e a formal change of variables (z,y) = Q(Z,7) = (T + Q1(Z),7 + Q2(T)) with Q1(0) = @Q2(0) =
0,DQ1(0) = DQ2(0) =0
transforming system (2.1) into the system (2.14).

Let us write p = (iw, —iw), then we find that y has non-trivial resonances of the form o, = (n,n — 1)
and «;, = (n —1,n) for n > 2, since

pe ot =niw — (n — 1)iw = iw
wear = (n—1)iw — niw = —iw
Moreover, all non-trivial resonances of p are of this form. Since |a,| = 2n — 1 is always odd, i.e. the

order of the resonances is always odd, an argument similar to Lemma 2.3.1, but then for normal forms on
invariant manifolds, tells us that in the normal form Z; = D% + E(Z1,0) the map E(%1,0) has all even
terms equal to zero (see [3, Theorem 3.1]).

Now let us write P : C2 — C” for the coordinate transform that transforms the system z; = D% +
E(71,0) into the system (2.1) P(0) = 0,9;P(0) = e; for i = 1,2. This map exists as a formal power series
(but is not necessarily unique!) because x — (x + Q1(z), Q2(x)) transforms system z; = D171 + E(Z1,0)
into system (2.1).

To compute the coefficients of the series expansion of P, we note that x = P(9) satisfying (2.4) transforms
the system 6 = D10 + E(,0) into system (2.1) if and only if P(0) = 0,0;,P(0) = e; for i = 1,2 is satisfied
and DP(0)h(0) = g(P(#)), where h(0) = D10 + E(6,0). Let us write P(0) = Zm:o P,0%, then a similar
computation as in the proof of Lemma 2.3.1 gives that

> (n-a)Pab™ + > onPaE1(0,0)0° + > anPaEp(6,0)0%
|a|=0 |a]=0 || =0
= > (Dg(0)Ps + ga) 60
|a|=0

where ¢, depends on Ps with |3| < |a.
Since E(#,0) has a series expansion starting at order three, we find that that up to and including order
2 the equations for P, are given by

(1-a)Po=Dg(0)Pa + qa, o] <2 (2.15)
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In particular, since the non-trivial resonances have order at least three, we see that for || = 2 we have that
w-a & o(Dg(0)), hence the equation (2.15) has a unique solution for |a| = 2 (the coefficients of order 0 and
1 are determined by the constraint P(0) = 0,9, P(0) =¢; for i = 1,2).

Thus, for |a] < 2, we can compute the unique coefficients P, of the coordinate transformation P. For
|| > 2, the existence of coefficients P, such that P transforms system 6 = D16 + F(6,0) into system (2.1)
and such that P is a convergent power series, is guaranteed by normal form theory.

The computation of the coefficients of P up to and including order two is interesting for the following
reason: suppose a Hopf bifurcation occurs in an ordinary differential equation. To determine the direction
of this Hopf bifurcation, we can use a description of the center manifold up to and including second order
combined with the eigenvectors of the adjoint generator of the linearised problem; see [11]. Since P gives
a local parametrisation of the center manifold, we can use the coefficients P,, || < 2, combined with the
eigenvectors of the adjoint problem, to compute the direction of the Hopf bifurcation.
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Chapter 3

The parametrisation method and
normal form theory for delay
differential equations

In this chapter, we study the parametrisation method for delay differential equations. In Chapter 2, we saw
that there is a close connection between the parametrisation method and normal form theory. Therefore, we
start this chapter with a very short introduction to normal form theory for delay equations in Section 3.1.
In Section 3.2, we then discuss the parametrisation method for delay equations.

3.1 Normal form theory for delay equations

Consider the delay equation
z(t) = Lay + G(x), t>0 (3.1)

where L : X — C? is a bounded linear map and G' € C*' (X, C?) satisfies G(0) = 0, DG(0) = 0.

To study the parametrisation method for delay differential equations, we will rewrite the DDE (3.1) as
an abstract ODE on a Banach space, and then try to adapt the methods introduced in Chaper 2 to the case
where the state space is infinite dimensional. A natural abstract ODE to study is the ODE

a(t) = Au(t), t>0 (3.2)

on the state space X, where A is the nonlinear generator associated to (3.1). However, the abstract ODE
(3.2) is not very suitable to the parametrisation method. As we saw in the last chapter, there is a close
connection between the parametrisation method and normal form theory. Therefore, one would like to
consider an abstract ODE that is in some sense suitable to normal form theory. Since in the abstract ODE
(3.2) the dependence on the DDE (3.1) appears in the domain condition, this abstract ODE is not very
suitable for normal form theory — and therefore for the parametrisation method.

The way to circumvent this problem is to enlarge the state space X and to extend the operator A to an
operator on the larger state space in such way that in the extension of A, the dependence on (3.1) appears in
the action of the operator and not in the domain. This approach is taken in sun-star calculus, a functional
analytic framework as described in [11].

In sun-star calculus, we define the space X© C X* as the largest space on which the adjoint semigroup
{T(t)*}+>0 is strongly continuous. Then, we embed the state space X into the space X®* and on X©*
study the unbounded operator A®*, where the dependence of the DDE appears in the action and not in the
domain. For a detailed study of sun-star calculus, see [11]; an overview of the main results can for example
be found in [23] and [4].
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If we restrict the flow of (3.1) to a finite dimensional invariant manifold, the restricted flow satisfies a
(finite dimensional) ordinary differential equation, that we can explicitly write down in the sun-star frame-
work [11, Chapter IX.8]. This allows us to ‘lift’ normal form theory from ODEs to DDEs using the sun-star
framework. For a detailed account of normal form theory for delay equations in light of sun-star calculus,
see [23] and [29].

3.2 Parametrisation method for delay equations

Using the sun-star framework as introduced in the previous section, we now turn our attention towards the
parametrisation method for delay equations.
Let us assume that the following hypothesis holds:

Hypothesis 1. Let {A1,...,An} € o(A4) be m simple and distinct eigenvalues of the generator A; for
1 <i < m, let us denote by & € C¢ the vector such that

A(Xi)&i = Xiki — L(ex, &) = 0 (3-3)

and such that [|&;|| = 1. Let Xy = span{&y,...,&n} and let us write A = (A1, ..., Am).
We assume that there exists a kK € N, k > 2 such that

(i) There exists a locally invariant manifold W,. C X near the origin for (3.1), such that Wj,,. is locally
given by a C**1-graph over Xy (i.e. there exists a ¥ € C*+1(Xy, X) and an open set V C X;,0 € V
such that U(V) = W,.). Moreover, if ¢ € Wi,., then the equation (3.1) with initial condition zo = ¢
has a backward solution for all time.

(ii) For multi-indices o € N™ with 2 < |a| < k, we have that A - o € o(A).
In particular, one should have the following two situations in mind where Hypothesis 1 is satisfied:

Situation 1. In the case where o(A) has exactly two (counting multiplicities) eigenvalues +iwg # 0 on
the imaginary axis, we have that Hypothesis 1 is satisfied with m = 2 and k = 2. In this case, the locally
invariant manifold Wi, is the center manifold (see [11, Corollary IX.7.8]).

Situation 2. In the case where A has exactly m simple eigenvalues Ay, ..., A, in the right half of the
complex plane such that A -« ¢ o(A) for 2 < |a| < k, and the non-linearity G in (3.1) is C**1, Hypothesis
1 is satisfied with W, the local unstable manifold [11, Corollary VIIT.4.11].

We state the following lemma on the parametrisation method for delay equations:

Lemma 3.2.1. Assume that Hypothesis 1 holds. Denote by A : C™ — C™ the operator

A =AO1+ ...+ 0m) =01+ ...+ A0
Then there exists a power series

k
P:Xg— X, P(0)= > Put*+0(6]*") (3.4)
] =0
such that the coordinate transformation uw = P(0) locally brings the system
6 = A0+ O(|g|*+1) (3.5)

into the flow of (3.1) restricted to the invariant manifold Wiee. In particular, for 0 < |a| < k, the coefficients
P, are of the form

Pa = Pa (O)G(A.Q).
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Here, €(y.a) € X is defined as e(y.q)(s) = e for s € [—7,0] and P,(0) satisfies
(A-a)Py(0) = L(Pa(0)e(r.a)) + a-

Here, q,, is such that

k
G(P(0)) = Y a0 +O(|0]*). (3.6)

|er|=0

Proof. Let u(t) be a solution of (3.1) on the invariant manifold Wj,.; since the solution u(t) exists for all
t € R by assumption (i) in Hypothesis 1, u(t) satisfies

a(t) = A%*u(t) + R(u(t)) (3.7)

Here, the unbounded linear operator A®* : D(A®*) C X©* — X©* ~ C% x L* ([0, 7],C) is the sun-star
operator associated to the linear equation #(t) = Ly and R : X — X©* is given by R(¢) = (G(¢),0) [23,
Page 25].

The coordinate transformation z = P(6) transforms the system (3.5) into the system (3.7) if P satisfies

FDP(0)Az(0) + O (|2[*T1) = A®*P(0) + R(P(9)). (3.8)
Here,
JiX = X% (o) = (6(0), )
denotes the canonical embedding operator. Expanding (3.8) as its power series gives that

k k
> (A-)j(Pa)0® + O (10]F1) = Y A G(Pa)0” + (g0, 0)0% + O (16]*1)
|a|=0 |a|=0

where ¢,,0 < |a| < k, is such that
k
G(P(0)) = > qaf®+ 0O (10"").
|a]=0

We note that, since G(0) = 0, DG(0) = 0, we have that g, depends only on Ps with |8| < |a|.
If jP, € D(A®*), then A®*jP, = (LP,, P.). Thus, for 0 < |a| < k, the coefficients P, should satisfy

(A @)(Pa(0), Pa) = (LPa, Py) + (ga; 0). (3.9)

The second component of (3.9), P, = \- Py, implies that Py (s) = P, (0)e*®* s € [—7,0]. With this choice
of P,, the condition P, € D(A®*) is also satisfied.
The first component of (3.9) now implies that

A(X- )Py (0) = (A - a)Pa(0) = L(e(r.a)Pa(0)) = qa (3.10)

We note that for |o| = 0,1, we have that g, = 0. Thus, for |a| = 0, equation (3.10) is satisfied for P, = 0.

For |a| =0, i.e. @ =e; for some 1 <14 < m, (3.10) is satisfied with P,,(0) = ¢&;. For 2 < |a| < k, we have by
Hypothesis 1 that A - a & o(A), i.e. the equation (3.10) has a unique solution. O
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Chapter 4

Convergence of eigenvectors in the
pseudospectral method

In this chapter, we study the eigenvectors of the pseudospectral approximation. The result obtained in
Lemma 4.0.2 will be useful in Chapter 5 when studying the approximation of invariant manifolds in the
pseudospectral method.

Let us consider the linear delay equation
i(t) = Ly, t>0 (4.1)

with L : X — C? a bounded linear map. Denote by A,, the pseudospectral approximation to the generator
A that is associated to (4.1). Moreover, for A € C, 3o € C%, let us denote by p,(),3o) the n-th order
collocation solution to the initial value problem

gt) = My(t), t € [-7,0], (4.2)
y(0) = wo.

We recall from Lemma 1.4.1 that A\ € o, C o(A4,) if and only if there exists a 9 € C% 2y # 0 such
that zo = L(p,(\,20)). Moreover, if z € C+1*? is an eigenvector of A, to the eigenvalue \, then the
components of z; € C? of z are given by

i = pn(A,20)(On), 0<i<n.
To study the convergence of the eigenvectors of A,,, we first prove the following technical result:

Lemma 4.0.1. Let (\y)nen € C be such that lim, soo A\, = A € C; let (un)nen S C¢ be such that
limy, 00 Un, = u € C*. Then

nli)ngo lPn (An, tn) — e>\u||oo =0

where ||.||, denotes the supremum-norm on X = C([-7,0],C%) and ey € X is defined as ex(0) = e ? for
0 € [-1,0].

Proof. we let p = sup,,cy | A — A, p = sup, ey ||tn — u||ca. Then by Lemma 1.5.1, we can find a N € N such
that

pn(j\,ﬁ) —pm(S\,Q)H < g, forall n,m > N, \ € B(\, p), @€ B(u,p).
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Moreover, for this NV € N we also have that

€
o (A ) - exadl < 5.

Thus, we find for n > N that
20 (Ans tn) — e>\u||oo < llown (s un) — eAuHOO + llpn (An, un) *pn()‘naun)”oo
S HPN(/\mUn) - pN(Aau)Hoo + ||pN()\,U) - ekuHoo + ||pN()\na un) _pn()\n; un)Hoo

€ €
< HpN()\n’u”) _pN(A,’LL)HOO + 3 + 3

For fixed v € C?, we find by Lemma 1.5.1 that the map
B\, p) = X, p—pn(p,v)
is holomorphic, so in particular continuous. For fixed p € B(A, p), the map
C! = X, v py(p,v)

is linear, hence continuous. Thus, we find that lim, . [|[pn(An,un) — PN (A )| = 0. This proves the
lemma. O

Using Lemma 4.0.1, we now find the following result on the convergence of eigenvectors in the pseu-
dospectral method:

Lemma 4.0.2. Forn € N, let \,, € 0,, and let X\ € o(A) be a simple eigenvalue such that lim, .o A, = A.
Let x, € CTO*d pe such that

Anxn = A\Zn
and ||(zn)ol|ca = 1. Let x € C? be such that
ANz =z — L(e*z) =0
and ||z||ca = 1. Then

lim ||[Lnz, —exz| =0, (4.3)

n—roo

where ey € X is defined as ex(0) = e? for 6 € [—,0].
Proof. Let us define u,, = (z,,)o € C? for n € N. We first prove that
lim u, = z. (4.4)

n—oo

By Lemma 1.4.1 and Definition 1.4.1 we have that A\,u, = L(pn(An,un)). Since (up)nen is a bounded
sequence in C%, we can extract a converging subsequence (uy, )xen With limit Z, for which we have that

Antng = LD, (A s Uny,))- (4.5)
Taking the limit on both sides in (4.5) and using Lemma 4.0.1, we find that A = L(e*T), i.e. T is an
eigenvector associated to the eigenvalue A € o(A). But since \ is a simple eigenvalue, and since ||Z|| = ||z| =

1, we conclude that z = 7.

Thus, we find that the limit of any converging subsequence of (uy)nen is given by z. By Urysohn’s
Lemma, this implies that (4.4) holds.

To prove the lemma, we recall that by Lemma 1.4.1

Enx = pn(Anz (-Tn)O)

Since limy, 00 A = A, limy, o0 (2 )0 = , the identity (4.3) follows using Lemma 4.0.1. O
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Chapter 5

Approximation of invariant manifolds
using the pseudospectral method

In this chapter, we study the approximation of invariant manifolds in the pseudospectral method, using
the parametrisation method as introduced in Chapters 2—3. The strength of the parametrisation method is
that the conjugation map whose coefficients we compute in the parametrisation method, at once describes
both the invariant manifold and the dynamics restricted to this manifold. This property we will exploit in
studying approximation of invariant manifolds in the pseudospectral method: in fact, we will not study the
‘approximate manifold’ directly, but rather study the approximate conjugation map.

Our approach to constructing the approximate conjugation map is the following: in the parametrisation
method, we make a conjugation between the flow in the invariant manifold and a ‘simpler’ flow on the tangent
space to the invariant manifold at the origin (which we will denote by Xg). The ‘simpler’ flow is chosen in such
a way that the conjugation map locally parametrises the invariant manifold. To construct the approximate
conjugation map, we approximate the flow on the invariant manifold in the original delay equation using the
pseudospectral method. The ‘simpler’ flow on Xy we approximate using the approximation of eigenvalues in
the pseudospectral method. We then show that we can make a conjugation between the ‘approximate flow on
the invariant manifold’ and the ‘approximate simpler flow’ on Xj; resulting in the approximate conjugation
map. See Figure 5.1.

This chapter is structured as follows: In Section 5.1, we define the approximate conjugation map and
show that (for n large enough), this map exists. In Section 5.2, we prove that approximate conjugation
map is actually the right terminology, in the sense that the coefficients of the approximate conjugation map
converge to the coefficients of the original parametrisation map in the delay equation. Throughout this
chapter, we assume that Hypothesis 1 from Chapter 3 holds.

5.1 Definition of approximate conjugation map

Consider the delay equation
z(t) = Lay + G(x), t>0 (5.1)

with X = C ([-7,0],C?%), L : X — C% a bounded linear operator and G € C*(X,C?) satisfying G(0) = 0
and DG(0) = 0. Let us assume that Hypothesis 1 holds. For n € N, let A,Ll be the nonlinear pseudospectral
approximation associated to (5.1) as defined in equation (1.18). Let us write AL = DAZL(0) (with the
superscript ‘L’ for ‘linear’) and AY = A, — AL (with the superscript ‘N’ for ‘nonlinear’). For n € N and
1 <i < m (with m as in Hypothesis 1), denote by A, the element of o, (as in Definition 1.4.1) closest to
;. Moreover, let us write

A= (AL 0™
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Figure 5.1: Schematic representation of definition of approximate conjugation map.

and
)\}L 0 0
0 )\721 0
A, = .
0 0 A\

We make the following definition:

Definition 5.1.1. Let Wy, be as in Hypothesis 1. Then P, : C™ — C(®*+1*4 j5 an approximate conjugation
map to the invariant manifold W, if

e P,(0)=0,
e DP,(0)e; = £, where & € C"t1)*4 is such that
A6 =N (1€ ollea = 1. (52)
e For z in a neighbourhood of 0 € C™, we have that the coordinate transform « = P, (z) transforms the
system
0(t) = A O(t) + O (|9|k+1) (5.3)
on C™ into the system
i(t) = ALa(t) + AN (x(t)). (5.4)

on (C(n+1)><d_

To prove the existence of the approximate conjugation map, we first prove the following lemma concerning
resonances in the approximate system:

Lemma 5.1.1. Let us assume that Hypothesis 1 holds. Let & € N™ be a multi-index such that - a & o(A).
Then there exists a N = N(«a) € N such that for allm € N, n > N, we have that A\, - « & 0(Ay).

Proof. Suppose the statement of the lemma is not true. Then there exists a sequence (A, )ren satisfying
An,, c € 0(Ap,) for all k € N. Because for all k € N, the sequence (A, )xen is bounded, Lemma 9.0.1 implies
that for each k € N there exists a [ = I(k) > k such that A, ) € o). We note that, using Theorem 1.5.3
and the definition of A, 1 <4 < m, that lim, o A;, = A;, and thus we have that limg_,oc Ap,(r) @ = A - a.
By Lemma 1.5.4 (the pseudospectral approximation scheme for eigenvalues has no ‘ghost solutions’), this
implies that A -« € 0(A), which gives a contradiction with the assumption that A - a ¢ o(A). This proves
the lemma. O
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We can now prove the following;:

Lemma 5.1.2. Assume that Hypothesis 1 holds. Then there exists a N € N such that for alln > N, there
exists a Taylor series

k
Py :Cm — C X pg) = Y P+ 0(l0]" ) (5.5)
|a|=0

that satisfies Definition 5.1.1 up to and including order k.

Proof. The coordinate transformation x = P(6) transforms system (5.3) into system (5.4) if
DP,(6) (A,L& + 0(|e|’“+1)) — A, P(0) = ALP,(0) + AN (P, (8)). (5.6)

If P, satisfies (5.5), then we can expand (5.6) as
k k
> Qe a)PR0% +0(0]) = 37 (ALPO* +7;60% + O(0]™).

|a|=0 |a|=0

Here, g%, 0 < |a| < k is such that

Z 7°60% + O(|6]F). (5.7)

|ee|=0

Since AN (0) =0, DAY (0) = 0, we find that g% only depends on P? with |5| < |a/.
Thus, for 0 < |a| < k the coefficients P¢ should satisfy

(A - )P — ALpo = g2, (5.8)

Since for |a| = 0,1 it holds that g% = 0, we have that for |a] = 0 equation (5.8) is satisfied for P¥ = 0; for
la] =1, ie. a =e¢; for some 1 < i < k, equation (5.8) is satisfied if we choose PS¢ = ¢ as in (5.2). We
note that with this choice of P& for |a| = 0,1, the first two criteria of Definition 5.1.1 are satisfied. For
2 < |a] < k, we have by assumption that A -« & o(A). Thus, by Lemma 5.1.1, we can find a N € N such
that for n > N, A\, - a & o(4,) for 2 < |a| < k. Thus, for n > N and 2 < |a| < k, the equation (5.8) has a
unique solution P O

5.2 Convergence of approximate conjugation map

In this section, we show that the coefficients of the approximate conjugation map converge — when rightly
embedded in the state space X — to the coefficients of the conjugation map of the original invariant manifold
of the delay equation (5.1). More formally, we state the following lemma:

Lemma 5.2.1. Let us assume that Hypothesis 1 holds. Let

k
P:Xo— X, PO)= Y P60 +0(0]"")
|ae]=0
be as in Lemma 3.2.1. Let
k
P :CF s CtOxd pg) = Y Pooe + 09
|a]=0
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be the approximate conjugation map to the invariant manifold Wi,. as in Definition 5.1.1. Then for 0 <
la| < k, we have that

lim [[£,(P) = Pallo =0, (5.9)

where ||.||, denotes the supremum-norm on X.

Proof. We recall from the proof of Lemma 5.1.2 that the coefficients P, 0 < |a| < k satisfy (5.8), where
7%, 0 < |a| <k is such that (5.7) holds. Since

AN (z) = (G(L,x),0,...,0),
we see that g, is of the form
@y = (4n,0,.-.,0),
with ¢ € C*. In fact, for g, as in (3.6) we can write

4o = ha ({Ps}1<|al)

for some function h,; and ¢& is given by

45 = ha ({£a(PD)}51<1a1)

for 0 < |o| < k.

Using the definition of the matrix AL, we can rewrite (5.8) as

{L(cn(P;;)) = (An - a)(Pg)o + a5 (5.10)

Lo(B) (Oni) = An - ) (PR)i; 1 <i<n.

As in Lemma 1.4.1, we see that the second equation of (5.10) holds if and only if £,,(P%) = pn(An-a, (PY)o).
Thus, we see that (5.10) holds if and only if

()‘n ’ a)(Pr?)O + qg = L(pn()‘n s, (Pna)o)) (511)

and z; = pn(An - @, (P3)0)(0n,) for 1 < i <n.
We recall that the coefficients P, of P : Xo — X satisfy (3.10); we note that (5.11) can be viewed as a
discretised version of (3.10).
Let us introduce the operators
T:C*—=C? T(z)=A\ a)z—Llep.ar),
T,:C* = C? T,(z)= (- a)r— L(pn(An - o, 1)).
We note that if A -« & o(A), then the operator T is invertible. Moreover, if A -« € o(A), then by Lemma

5.1.1 and the characterisation of the eigenvalues of A% as in Lemma 1.4.1, the operators T, are invertible
for n large enough. We make the following claim:

Claim 5.2.2. Let a € C? be such that - o € o(A), then we have that
lim 7' =771,

n— oo

where the convergence is in operator norm.
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We prove the claim after proving the rest of the lemma.

We now prove the result of the lemma by induction. For |a| = 0, we have that P?(0) = P,(0) = 0, so
we directly see that (5.9) holds. For |a| =1, i.e. a =¢; for 1 <i < m, we have that PS¢ = ¢! with ¢! as in
(5.2). The statement (5.9) then follows by Lemma 4.0.2.

Now, let us assume that (5.9) holds for all multi-indices with norm smaller or equal than ! for some
I <k —1; let a be such that |o| =1+ 1. Since h,, is continuous and the fact that (5.9) holds for |a| <, we
have that lim, . ¢¢ = qo for |a| = [ + 1. We note that P,(0) = T1(q,) and (P2)(0) = T, 1(¢%). Thus,
we find that

1P (0) = (P)oll < 1T (g = go) | + [T = T7H)aal -
Using Claim 5.2.2, we then find that lim, .« [|[Pa(0) = (P),ll = 0, ie. limy, oo (Py)o = Pa(0). Then, since
L, (PY) = pn(An -, (P2)o), we find that

lim [|£(P) = Pa(0)eqra)| o, =0,

n—oo

i.e. (5.9) also holds for |a] =1+ 1. This proves the lemma up to the proof of Claim 5.2.2.

To prove Claim 5.2.2, we recall that if A-a € o(A), the operator T is invertible and the operators T, are
invertible for n large enough. Moreover, we see that lim,_ .., T, = T in operator norm.

As already remarked, we know that T;, is invertible for n large enough; by the Neumann series, we then
know that

[
L= [T - Tl T

‘—1

171 < (5.12)

where the norms denote the operator norm. Moreover, we note that
T -1 = -1 YT, -T)T*
SO
|7 =T < T = T = 7

By (5.12), the sequence (||T},!|)nen is bounded. Since also ||T,, — T| — 0 as n — oo, this gives that
lim,, oo HTn’l —7-1 H7 which proves the claim. O

5.3 Example: Wright’s equation

As a numerical example, let us consider Wright’s equation
() =ax(t—1)(z@t)+1), t>0 (5.13)

with z(t) € R and o € R a parameter. We recall from Section 1.7 that for o = —7 the linearisation of
(5.13) around x = 0 has two eigenvalues 775 on the imaginary axis. Thus, system (5.13) has a local center
manifold [11, Corollary IX.7.8] and Hypothesis 1 is satisfied with & = 2 (in particular, we are in Situation 1
from page 28).

Let P: C? — X be as in Lemma 3.2.1 and let P, : C> — C(®*1)*4 he as in Lemma 5.1.2. In Figure 5.2,
we plotted the coefficients P, and the approximate coefficients £, P% for 1 < |a| < 2 and n = 5.

Instead of studying invariant manifolds of the system (5.13), one can also consider the delay equation

z(t) =a(@)z(t—1)(1+z(t)),
{d(t) o (5.14)
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Figure 5.2: For the center manifold of (5.13) for a« = —7%, this plot shows the coefficients P, (lines) and the
approximate coefficients £,, P% (crosses) for 1 < |a| < 2 and n = 5.

where the second equation reflects the fact that a € R is a constant parameter. Since for any oy € R, the
second equation in (5.14) results in a zero eigenvalue for the linearisation of (5.14) around (z,«) = (0, ap),
the equation (5.14) will have an invariant center manifold, which results in a parameter dependent invariant
manifold in the system (5.13) [23]. The (approximation of) this parameter dependent center manifold can
give us much insight into the (approximation of) the bifurcation behaviour of the system (5.13); see also [4]
for a discussion of parameter dependent manifolds and bifurcation behaviour for delay equations.
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Part C



Chapter 6

Trotter-Kato approximation of linear
delay equations

In Part A and Part B of this thesis, we used the pseudospectral method and the parametrisation method to
study approximation of eigenvalues and invariant manifolds of delay equations. In Part C, we now turn our
attention towards the approximation of orbits of delay equations using the Trotter-Kato theorem.

Suppose we have a Banach space X with a strongly continuous semigroup {7'(¢) };>¢ of linear operators;
moreover, suppose we have a family of strongly continuous semigroup of linear operators {T},(t) }+>o on finite
dimensional subspaces X,, C X. The Trotter-Kato Theorem (see Appendix C) gives necessary and sufficient
conditions for pointwise convergence of the semigroups {7}, (¢) }+>0 towards the semigroup {T'(¢)}¢>0.

When we apply the Trotter-Kato theorem to approximation of semigroups associated to linear delay
equations, there is a wide range of possibilities to define the approximating semigroups {7, (t)};>0 and in
this chapter, we specifically focus on a systematic approach to the definition of the approaching semigroups
{T’,(t) }+>0. This approach is based upon using embedding and projection operators associated approximation
schemes for the functions in the state space. In this way, we can replace the condition the conditions in the
Trotter-Kato theorem by conditions on the function approximation scheme used.

The rest of this chapter is structured as follows. In Section 6.1 and 6.2 we follow [1]; we introduce a
systematic approach to the definition of the approximating generator in Section 6.1 and apply this to the case
of spline approximation in Section 6.2. In Section 6.3, we then apply the approximation scheme introduced
in Section 6.1 to the case of Legendre approximation.

6.1 Definition and convergence of approximating semigroups

Whereas in Part A and B of this thesis, we used X = C ([—’T, 0], Rd) as state space, we now choose for the
state space Z = R? x L? ([—7’, 0],Rd), mainly for technical reasons: if we equip Z with the inner product
(.,.) given by

<(777 (b)’ (C7 w)) = <777 C>]Rd X <¢’ 1p>L2([7‘r,0],]Rd) ’ (777 ¢>7 (Cv 1/J> € Z.

then Z has the advantage of being a Hilbert space. We denote the induced norm by ||.||.
On Z we study the initial value problem

z(t) = L(¢) fort >0,

z(0) =, (6.1)
z(0) = ¢(f) a.e. on [—7,0].

with (n,¢) € Z and L : D(L) C Z — R? a linear, but possibly unbounded, operator.
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The delay equation (6.1) generates a strongly continuous semigroup on the Banach space (Z, ||.||), which
we will denote by {T(¢)}+>0. The generator A of this semigroup is given by

D(A)={(n¢) e Z|peH" ([-7,0,R?), n=0(0)},

. 6.2
A ) = (£6.6). o2
In fact, one has that the abstract ODE
d
%v(t) =Av(t), t>0 (6.3)
v(0) = (n,9)

is equivalent to the delay equation (6.1).
Throughout the rest of this chapter, we will use the following notation: we write (¢, %), . as shorthand
notation for (¢, ¥) 12 (_, o) re) and we write [|@]| . as shorthand for ||| ;2(_, o ga)- Moreover, for k € N, we

write C* for C* ([—7,0],R?), which is the space of k times continuously differentiable functions from [—7,0]
to R?. Furthermore, we will write

C* = {(#(0),¢) | 6 € C*}.

If ¢ € C*, then we denote by ¢ the element in C* such that ¢ = (¢(0), ¢). Conversely, for ¢ € C*, we denote
by ¢ the element (¢(0), ¢) € C*.
With this notation, we state the following theorem.

Theorem 6.1.1. Forn € N, let Z,, C D(A) be a linear subspace. Let E, : Z, — Z be the embedding
operator and define P, : Z — Z, such that E,P, is the orthogonal projection onto the subspace E,Z, of
Z. Let us equip Zy with the inner product (z,y), = (Enx, Epy) for all x,y € Z,. Denote by {T(t)}+>0 the
semigroup associated to the delay equation (6.1). Furthermore, define A, : Z,, — Z, as A, = P,AE, and
suppose that the two following conditions are satisfied:

(i) limy, oo E, Pz =z for all z € Z.
(i) For some k > 1, we have that
a) lim,, o Db, = Dy in L%((—7,0),R%),
b) limy, oo L(Wn) = L(¥) in R4
for all ¢ € C*, where ¥y, is such that Pytp = (1,,(0),4y) and D is the differential operator-.
Then each Ay, generates a strongly continuous semigroup {T,(t)}t>0 on Z, such that

ILm E,T,t)P,z =T(t)z

for all z € Z, uniformly on t-bounded intervals.

In Section 6.2 and Section 6.3, we will choose the spaces Z,, C Z as subspaces associated to approximations
of functions in the function space Z. Then Theorem 6.1.1 tells us i) how to build an approximating semigroup
using the function approximation scheme and ii) what sufficient conditions on the function approximation
scheme are for the semigroups {T;,(t)};>0 to converge to the original semigroup {7T'(¢)}>o-

We will prove this theorem on page 42. To prove the theorem, we need the following lemmata:

Lemma 6.1.2. For k=1,2,... the sets
D* = {¢ € C*| $(0) = L(9)}
and (A — A)D* for X € R sufficiently large are dense in Z.
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Proof. In order to prove the statement, we first prove that for k¥ = 1,2,..., C*~! is dense in Z. We note
that D(A¥) C C*1: if (n, ¢) € D(A*), then n = ¢(0) since (1, ¢) € D(A), and ¢ € H* ([-7,0],R?). By the
Sobolev inequality (see [13, Thm. 5.6.6]), this implies that ¢ € C*~1. Thus, we find that (1, ¢) = (¢(0), ¢) €
CF~1. Because D(AF) C C¥~1 and D(AF) is dense in Z, we conclude that C¥~! is dense in Z.

We note that for A € R large enough the operator (A — A)~! exists and is bounded. We prove that
(M — A)~1ck=1 C D*. Indeed, let us take ¢ € C¥~1 and let ¢ denote the unique solution to (AI — A)p = ).
Note that ¢ is of the form ¢ = (¢(0), ¢) since ¢ € D(A). The equality (A] — A)¢ = ¢ implies that

L(¢) = A6(0) = %(0) (6:4)
o= =1

Since ¢ € C*~1, the equality (6.5) implies that ¢ € C*. Furthermore, (6.5) also implies that zj)(()) —X¢(0) =
¥(0); together with (6.4) this implies that L(¢) = ¢(0). So we see that ¢ € DF. This implies that
(M — A)~Ick=1 C D*.

The statement of the lemma now follows from the identity (Al — A)~1C*~1 C D*. Since we have already
proven that C*~1 is dense, and since (A\] — A)~! is a bounded linear operator, it follows that (A] — A)~1C*~!
is dense; therefore (A — A)~1C*~! C DF implies that D* is dense. Furthermore, (Al — A)~1CF~1 C Dk
implies that Ck=1 C (M — A)DF¥; since C*~! is dense, it follows that (A — A)D* is dense. This proves the

claim. O

Since {T'(t)}+>0 is a strongly continuous semigroup on Z, we know by theory of semigroups (see for
example [11, Appendix II, Prop. 1.3]) that there exists a M > 1,w € R such that

T ()] < Me** for all t > 0. (6.6)

We state the following lemma [1, Lemma 2.3]:

Lemma 6.1.3. Let w € R be such that (6.6) holds for some M > 1. Then A — wl is dissipative on Z, i.e.
(Az,z) <wl|z|* for all z € D(A).
Using Lemma 6.1.2 and Lemma 6.1.3, we can now prove Theorem 6.1.1.

Proof. (of Theorem 6.1.1) We prove Theorem 6.1.1 by an application of the Trotter-Kato theorem (Theorem
C.0.1). With notation as in Theorem C.0.1, we choose X = Z, X,, = Z,, C Z for all n € N, where we equip
Zy with the inner product (z,y), = (Enx, E,y) for all z,y € Z,; we remark that with this inner product,
Z,, is a Hilbert space. We note that we have || E,|| <1 for all n € N. Since E,, P, is the orthogonal projection
onto E, Z,,, we furthermore have that || P,|| <1 for all n € N and P, F,, is the identity mapping on Z,,.

Since P, : Z — Z,, and E, Z,, C D(A), we have that AE,, is defined on all of Z,,. Because P, AE, is the
composition of one closed and two bounded operator, we see that it is closed. Thus, by the Closed Graph
Theorem, we find that A,, : Z,, — Z,, is bounded. Therefore, it is the generator a Cy—semigroup T}, (t) = e/t
on Z,.

Let w € R be as in (6.6). To prove that T, (¢),T(t) € G(M,w) for some M > 1, we first prove that
A, Z — Z, is w-dissipative. Let z € Z,; then since E, P, : Z — Z is an orthogonal projection, we find
that

<Anza Z>n = <EnPnAEnZa Enz> = <AE’YL27 EnPnEnZ> .
Since P, FE, is the identity operator on Z,,, we see that
(AEnz, EnPyEn2) = (AEn2, Epz) < w || Enz|? = w||2|2

where the inequality follows from Lemma 6.1.3. Since this holds for all z € Z,, we conclude that A, is
w-dissipative. This implies that T},(¢) € G(M,w) for all n € N and some M > 1.
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To prove consistency of the approximation, we use Theorem C.0.2. Let k > 1 be as in assumption (ii)
of Theorem 6.1.1 and set D = D*  then by Lemma 6.1.2 we find that D is dense in Z and (A — A)D
is dense in Z for A € R large enough. Now, let us fix 1& € D and define ¢,, = P,¢p € D(A4,,). Then by
Assumption (i), we have that lim, o E,¢n = ¢. In order to apply Theorem C.0.2, it remains to prove that
limy, oo EpAnd, = A. Indeed, we have that

[EnAndn — AY|| = || En P AE, Py — AY|
We note that || E, P, Ay — Ay|| — 0 as N — oo by Assumption (i) in Theorem 6.1.1. To estimate the first
term, we note that (with notation as in the statement of Theorem 6.1.1)
| Ep Py AE, Potp — En Py A < ||AE, Pyyp — A
= [|L(tn) = L) |3 + 1 D(thn) = D) 12 = 0 as n — oo
where the last step follows form assumption (ii) of Theorem 6.1.1. We are now in a position to apply Theorem

C.0.2 and to conclude that the approximation is consistent. Thus, we can apply Theorem C.0.1 to complete
the proof of Theorem 6.1.1. O

For future reference, we state the following remark:

Remark 6.1.1. If we want to show that Assumption (i) in Theorem 6.1.1 holds, it suffices to proof that
lim,,—y00 EpPnz = z for all z € C* for some k > 1. Indeed, let us assume that lim,,_,.c E, Pz = z for all
z € C* for some k > 1 and let us take an arbitrary z € Z. Because C¥ is dense in Z (see Lemma 6.1.2), we
can find a x € C* such that ||z — z|| < §; furthermore, there exists a N € N such that [|E, P,z — z|| < § for
all n > N. Thus, we find for n > N that

[ EnPrz = z|| < | EnPrz — EnPox|| + || EnPrz — x| + ||z — 2|

<z = 2l + | En Pz — f| + ||z — 2|

<e+e+e
Sy S 4 - —
-3 3 3

which proves that lim,, . E, P,z = z.

6.2 Approximation using splines

In this section, we apply Theorem 6.1.1 in the case where the function approximation scheme as introduced
in Section 6.1 is the spline approximation scheme (see Section A.1). To avoid our discussion being (too)
notationally cumbersome, we study the scalar case, i.e. the case d = 1.

Throughout this section, we follow [1].

For n € N,n > 1, let us define

i
tj,n:f—j for 0 < j <n.
n

and let us define the first order spline functions e;,, 0 < j < n as in Section A.1. For n € N, then we define
the following finite dimensional subspace of Z:

Z; = (R x span{eqn, ... enn}) ND(A)

= span ((€9,,(0),€0,n); - - -, (€nn(0),€enn)). (6.7)

We state the following lemma regarding the convergence of the approximation of the semigroup associated
to (6.1).
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Lemma 6.2.1. Let us define Z5 as in (6.7), ES : Z5 — Z the embedding operator and P : Z — ZF such
that ESPS © Z — Z is the orthogonal projection onto ESZ:. Moreover, let us define A5 : Z2 — Z7 by
A = PSAES. Then A is the infinitesimal generator of a strongly continuous semigroup {T(t)}1>0 on Z7
such that

lim E;T(O)Pz=T(t)z

n—oo

for all z € Z,t > 0 with convergence uniform on t-bounded intervals.

Proof. We show that Conditions (i) and (ii) in the statement of Theorem 6.1.1 are satisfied; the claim then
follows by an application of Theorem 6.1.1.
Proof of Condition (i) We recall that by Remark 6.1.1 it suffices to prove that lim,,_,., E5 PS5z = z for all
z € CL. For ¢ = (1(0),v) € CL, let us define Qfﬂ[} as the first order spline satisfying (Qfﬁ)(tm) = (tin)
for 0 <i < n. Since E; P; : Z — Z is an orthogonal projection onto E;Z?, we have that
e R L 08

Since ((Q%1))(0), Q%) € ES Z5, we find that

n=n’

|0 = Expy|| < |4 - (@)(0). Qi)
= (oo - @0 + o~z
o

2

5\ 1/2
)

where in the last step we used that (Q2)(0) = ¢ (0). Since lim, H¢ - Qfﬂﬁ”m =0 (see Lemma A.1.1),
this gives that lim,_,. ES PS¢ = 1) for ¢ € C*. Thus, using Remark 6.1.1, we conclude that Condition (i)

in Theorem 6.1.1 is satisfied. .
Proof of Condition (iia) Let v = (1(0),%) € C%; we want to prove that || D, — Dt — 0 as n — oo
(with notation as in the statement of Theorem 6.1.1). We note that

1D%n = DYl < | D = DQ3| | + | Dv - D@3 (6.9)

L2’
By Lemma A.1.1, we find that HDw — DQle&HL2 —0asn — oo.

If we let a,b € R, then a quick computation shows that there exists a constant k£ > 0 such that for all
p: [a,b] = R polynomials of degree 1, we have that

b b
/a (p/(m))deSkﬁ/a p?(z)dx

for all p : [a,b] — R polynomials of degree 1. Since v, Qfﬂ@ are polynomials of order 1 on the segments
[ifkm7 tk+1,n]a we find that
112 0 R 2
|pv. - pa@zd . = [ (Do) - (DQH@) do
n—1 thn ) 2
=S [ (De@ - (0@:d)@) s
k=07 tk+1,n

Sk (L) [ (b - @) e
k=0 tetin

=k ()| wnta) — @)

L2’
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We have that

|@ae) = @0 |, < ||E2P2d - (@ub)0), @) | < | Eapid = i + |9 - (@z)0), @)

where the last step follows from (6.8). Because (Q3¢)(0) = 1(0), we find that Hz[) — ((Q4)(0), (QZ’L[J))H =
Hw — Q;&HLQ. Since H¢ — QfL@/AJ‘ o= @) (#) if 1p € C? (see Lemma A.1.1), we conclude that

< 2| — (D)), (@)

|pvn - D@3 < Vi [w-@u| , >0 asneo
L2 T L2
Thus, using (6.9) we conclude that
lim ||Dy,, — Dy[| =0
n—oo
if ¢ € C2. A
Proof of Condition (iib) Let us again take v € C?, we now want to prove that L(v,) — L(¢) as

n — oo. We note that L : C([—7,0],R) — R is a bounded linear operator; therefore, it suffices to prove that
SUPge(—r,0] [¥n(0) — ()] — 0 as n — oo. To prove this, we note that

0
Un(6) = 6,(0) + / Dij(s)ds,

0
¥(0) = $(0) + /O D (s)ds.

Since 1, (0) = ¢(0), we find that

0
9(6) =0 O)| < [ |Dun(s) = Do)l ds < V7D, - D
0
where in the last step we have used Holders inequality. But since we have already proven that
lim [| D¢y, — D[z =0
n—oo

we conclude that supge(_, o) [¥n(0) —¥(0)] — 0 as n — oo and thus that L(¢,) — L(¢)) as n — oo. This
proves that Assumption (ii) in Theorem 6.1.1 is also satisfied. An application of Theorem 6.1.1 now proves
the claim. O

6.3 Approximation using Legendre polynomials

In this section, we give another example of an application of Theorem 6.1.1, now by using Legendre approx-
imation (see Section A.2) on the state space Z. We study the scalar case, i.e. the case d = 1.

Let us denote by {p;}ien the set of Legendre polynomials on [—7,0], normalized such that (p;,p;) ;. = d;;
for all i,j € N. For n € N,;n > 1, let us define

Z! = (R x span{py, ...,p,}) N D(A)

= span{(po(0),p0), - - -, (Pn(0), pn)}. (6.10)

Lemma 6.3.1. Let us define Z!, as in (6.10), E. : Z! — Z the embedding operator and P. : Z — Z!
such that E' PL : Z — Z is the orthogonal projection onto E.Z!. Moreover, let us define Al, : Z!, — Z! by
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Al = PLAE!. Then Al is the infinitesimal generator of a strongly continuous semigroup {T'(t)}+>0 on Z,
such that

lim ELTL(t)Plz = T(t)z

n—oo
for all z € Z t > 0 with convergence uniform on t-bounded intervals.
To prove the lemma, we need the following result:

Lemma 6.3.2. Let a,b € R with a < b. Then there exists a constant C € R such that

b

/ab (D (x))? da < Cn4ﬁ/a q2(x)dx
for all qp, : [a,b] = R polynomials of degree n € N.
Proof. We first consider the case a = —1,b = 1. For n € N, let us define
M, = max{||anHiQ | ¢ : [-1,1] = R polynomial of degree n with |gy|/;. = 1}.

If now ¢, : [-1,1] = R is a polynomial of degree n, then we have that

1 1
/ (an(m))deSMg/ qn(x)*d. (6.11)
1 1
In [26] it is proven that
. M2 1
noe A g2

Thus, there exists a C' > 0 such that M2 < Cn* for all n € N; together with (6.11) this implies that
1 1
/ (Dgn(z))?dz < Cn4/ po(z)?dz (6.12)

-1 -1

for all functions ¢y, : [—1, 1] — R that are polynomials of degree n.
If now a,b € R with a < b and ¢y, : [a,b] = R is a polynomial of degree n and we define

in(z) = 2 vt —a—1b

an ={qn b—a b—a
then g, : [-1,1] — R is a polynomial of degree n. Then, by (6.12) and the chain rule the statement of the
lemma follows. O

We can now prove Lemma 6.3.1.

Proof. (of Lemma 6.5.1) We prove that Condition (i) and (ii) in the statement of Theorem 6.1.1 are satisfied.
Proof of Condition (i) We recall that by Remark 6.1.1 it suffices to prove that lim,, ., E.P'¢ = 1 for
all 1 € C2. Let ¢ = (¢(0),1) € C? and let us define

n

QL) =D (k) 2 P

k=0

then ((QL(¥)(0), QL (¥)) € ZL. Since E. P! : Z — Z is the orthogonal projection onto the subspace EL Z!,
we have that

Hz[} — ELP}LQZJ‘ = min
z€Z}

b -2 < @ - (@), QL) (6.13)
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and

|4 - (@@ o). @. @) = |00 - @O +||lv -],

By Lemma A.2.3, we find that lim,, Hw( —(QL(x ( H = 0; since {pk }ren is an orthonormal basis of

L?([-7,0],R), we find that Hw - an(zzJ)HLz — 0 asn — oo. This proves that assumption (i) in the statement

of Theorem 6.1.1 is satisfied. .
Proof of Condition (iia) We choose k = 3 and let ¢ = (1(0), 1)) € C*; we want to prove that || Dy, — Di||; . —
0 as n — oo (with notation as in the statement of Theorem 6.1.1). We note that

1D = D2 < [ QL) — D

L ||p@) -

(6.14)

We note that HD(QMZJ) -

< HQ%’([J — wHHl. For ¢ € O3, we have that HQfﬂ[) — z/)HHl —0asn— o0

by Lemma A.2.2. We conclude that HD(Q%’(ZJ) - Dz/JH , 2 0asn— oo
L
Since Q! v, 1, are both polynomials of degree n, we find by Lemma 6.3.2 that

|Dvn = D@, < Cn? [ -
for some C' > 0. We remark that
| L Sl
2 — || + @), @) - i)

< 2/ (@(0). Q") —
where the last step follows from (6.13). Thus, we find that

|Pen = D@, <2002 |[(@"5(0), QL) —

5 N\ 1/2
LZ)

= O(ng) if v € C3
(Lemma A.2.1), we find that HD’(/Jn - D Qfl HL2 —0asn — oo ify € C3. Slnce we had already proven

=200 (|| @1 (o)~ v + @t -

Since H(Qﬁliﬂ)(O) - z/J(O)HR = O (%) if ¥ € C? (see Lemma A.2.3) and HQl

that HD(Q%@) - DwHL2 — 0 as n — oo for 1 € C!, we conclude by (6.14) that
Jim [ Dy, = 9|2 = 0

if ¢ € C3.
Proof of Condition (iib) Again, let ¢p € C3; to prove that L(v,) — L(¢)) as n — oo, we show that
SUPge(—r,0) [¥n(0) —¥(0)] — 0 as n — oo; by continuity of L : C([-7,0],R) — R it then follows that
We note that

0
Un(0) = 1 (0) + / (DY) (s)ds



which gives that
6
[ (0) = $(O)] < [ (0) — (0] + /O |(Dipn)(5) — (D) (s)| ds
6
<||Epti =i+ [ 1w - Do as
< |[BLPLd = || + V7 1D — DYl

where in the last step we have used Holders inequality. We note that HE%P,&& —1/3” — 0 and that
lim,, o0 | D, — DY|| ;2 = 0 if ¢ € C3. Therefore, we conclude that

lim  sup [, (0) — (0) = 0

n=00 ge[—7,0]

and thus that lim,,_, o L(¢y) = L(¢).
Since we have now proven that Conditions (i) and (ii) hold, the statement of the lemma follows by
Theorem 6.1.1. O
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Chapter 7

Trotter-Kato approximation on a
subspace

In Section 6.1, we followed [1] and studied Trotter-Kato approximation of the delay equation (6.1) using a
systematic definition of the approximating semigroups, where the approximation scheme was based on the
approximation of functions in the state space. There is a wide variety of possible approximation schemes
to the semigroup associated to (6.1), other than the schemes discussed in Chapter 6. In this chapter, we
study an approximation scheme from [22] that is also based upon approximation by Legendre polynomials,
but is different form the scheme in Section 6.3. In Section 7.1, we define the approximating semigroups.
First, we view the approximating problem as a discretisation of an abstract partial differential equation
associated to (6.1), as was done in [22]. Then, we show that the approximating system can also be viewed
as a discretisation of the abstract ODE associated to system (6.1), in the spirit of Chapter 6. In Section 7.2,
we then prove convergence of the approximating scheme on a dense subspace of the state space.

7.1 Definition of the approximation

We define an approximation scheme, based on Legendre polynomials, as introduced in [22]. First, we
introduce the approximation scheme as a discretisation of an abstract PDE associated to (6.1), as was also
done in [22]. Then, we show that the approximating scheme can also be viewed as a discretisation of the
abstract ODE associated to (6.1), in the spirit of Chapter 6.

The abstract PDE approach

In the following lemma, we show that the delay equation (6.1) can also be reformulated as an abstract PDE
on Z.

Lemma 7.1.1. Let (n,¢) € D(A) and denote by x : [—7,00) — RY the solution of the initial value problem
(6.1). Define z(t,0) = z(t+0) fort > 0,0 € [-7,0]. Then z is a solution of the following partial differential
equation:

%(t,@) = %(tﬂ) fort>0, 0 € [-1,0], (7.1)
%(t,O) = L(0 — 2(t,0)). (7.2)

Proof. We note that x(t + 0) = (T'(t)(n, ¢)), (0), where (T'(t)(n, $)), denotes the second component of the
couple T'(t)(n,¢) € R? x L? ([-7,0],R?). Since (1, ¢) € D(A) and the domain D(A) is invariant under the
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semigroup T'(t), we find that x is weakly differentiable on [—7, 00). Moreover, since z(t,0) = z(t + 6) we see
that (7.1) holds.
To prove that (7.2) holds, we note that
d d d
9200 = @m0, 0 = (S10)0,.9) ©)

2

But since {T'(t)}+>0 is a strongly continuous semigroup, we know that %T(t)(n, @) = AT (t)(n,¢) € D(A).
Combining this with the definition of D(A), we find that

G200 = (FT00.0)) 0)=ATOm.6), O
= (AT ), = LT (D). 6)2) = LB > =(2.6)
which proves the claim. O

Using the reformulation of delay equation (6.1) as an abstract PDE on Z, we now define an approximation
of the semigroup associated to (6.1), as was done in [22]. In particular, we see that the boundary condition
of the abstract PDE plays an important role.

Let us fix n € N and let us consider the following Legendre polynomial of degree n:

zn(t,0) = Zak(t)pk(e) (7.3)
k=0

with ag(t) € R for all 0 < k < n. We recall that

S axn(0) = 3 belt)p
k=0 k=0

with by, as defined in (A.3). Thus, if we substitute (7.3) in (7.1), we find that

S (o) = 3 bi(pr(0) (7.4)
k=0 k=0

Using that the set functions {py }ren are orthogonal, this implies that
dk(t):bk(t) Vnggnfl

We remark that we (7.4) also implies that a,,(t) = 0. However, if we would choose this as our last equation
of the n-dimensional system of ODEs, i.e. if we choose as the approximating system

an(t) =bp(t) YO<k<n-—1,

an(t) =0 (7:5)

then the system is independent of the choice of L. Therefore, we do not expect that, given an L, the solutions
of the system (7.5) approach the solutions of the intial value problem (6.1).

Instead, we use the boundary condition (7.2) to derive an equation for a,. Substituting (7.3) into (7.2)
implies that

an(t) =L (Z ak(t)pk> - z_: ar(t)
k=0 k=0

=S L) — 3 b,
k=0 k=0
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Thus, we find as the approximating system of ODEs:
ap(t) =bx(t) VO<k<n-1,

in®) = 3 an() LK) — 3 belt).
k=0 k=0

The abstract ODE approach

We show that the approximating problem (7.6) can also be viewed as a discretisation of the abstract ODE
(6.3), in the spirit of Chapter 6.
For n € N, let us define the spaces

Z, = (R* x span(po, . .., pn)) N D(A)

and the operators

n—1 n—1
k=0 k=0

where ¢ = (¢, pr.).
Using this, we now define the approximating generator A, : Z, — Z, as A, = L,AFE,. Using this
operator A,, we can now define the following abstract ODE on Z,,:
d
—v
dt
We now show that this abstract ODE gives rise to the system (7.6) on R¥ ™1 Let z,(t) be solution of
(7.7). We note that, since v(t) € Z,,, we can write

zn(t) = (Z ax(t),y ak(ﬂﬁk)
k=1

k=1

(t) = Ano(t). (7.7)

with ax(t) € R for 0 < k <n and ¢t > 0. We note that A,z,(t) is given by

Anz'rb(t) = (L (Z ak(t)pk> 72_: bk(t)pk + (L (Z ak(t)pk:) - z_: bk) pn)
k=1 k=0 k=1 k=0

where by, is defined as in (A.3). Thus, that z,(¢) is a solution of (7.7) implies that

n

Z ar(t)px = "z‘: br(t)pr + (F (Zn: ak(t)pk> - ”z‘: bk) Dn.-
=1 k=0

k=0 k=0

Using that the functions {px }ren are orthogonal, we find the equations (7.6) hold.

7.2 Convergence on a subspace

In this section, we show that the approximating scheme introduced in Section 7.1 converges on D(A), the
domain of the generator. This serves as a proof of principle to show that the Trotter-Kato theorem can also
be used to prove convergence on a subspace.

Let us write X = H! ([77’, 0], ]R{d) and equip this space with the inner product

0

(6:6), = OO+ [ (900).560)) a0

-7
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and denote by ||.||; the induced norm. Moreover, let us define the operator E : D(A) — X by E(¢(0), ¢) = ¢.
We easily see that E is a bijection, and in fact we have that (X, ||.||;) is equivalent to the Banach space
(A, ]|l 4), where |.||, denotes the graph norm (note that (A4, ||.||,) is a Banach space since A is a closed
operator).

We recall from semigroup theory that D(A) is invariant under the flow T'(¢) and that the restricted
semigroup (T(t)\D( A))tZO is again a semigroup. To see that this restricted semigroup is actually strongly
continuous with respect to the graph norm, we note that for x € D(A) we have that

IT(t)e — 2l = |IT () - 2|* + |AT(H)z — Ax|”
= |T(t)a - a||* + | T(t) Az — Az

where the first step follows from the definition of the graph norm and the second step holds true because
2 € D(A). But since limy o | T(t)z — z||* = limyyo | T(t) Az — Az||*> = 0, we find that lim,,q || T(t)z — xHi =0
and thus that the semigroup (7'()|p4))e>o0 is in fact strongly continuous. We denote the generator of the
semigroup (7'(t)|p(a))e=0 on (D(A),[l.]|4) by A. With some abuse of notation, we also write A for the

unbounded operator EAE~" on X. Furthermore, we write T'(t)|y for the semigroup E T(t)|D(A) E~lon X.
To set up a Trotter-Kato framework on the space X (or equivalently on the space (D(A), ||.|| 4)), we write
X, = EZ, for n € N. Suppressing the operators FE, for the rest of this section, we introduce the operators

A, X, = X, A,=EA,E™",

Q,: X = X,, Q,(¢) is such that (Q,¢)(0) = ¢(0) and d%gnqs =Qn10

where Q,,_1 is as in Section A.2.

Since A,, is a closed operator (because it is a composition of closed and bounded operators) and defined
on all of X,,, we find by the Closed Graph Theorem that A,, is bounded. Thus, it generates a Co—semigroup
(Tr(t))s>0 on X,,. With some abuse of notation, we also write T,,(t) for the semigroup ET,,(t)E~" on Z,.

To prove that the approximating semigroup converges pointwise to the original semigroup on the domain
of the generator, we proceed in two steps: first, we prove that we have convergence in the graph norm. This
can be done using the Trotter-Kato theorem, since the graph norm turns the domain D(A) into a Banach
space. Then, we proceed by proving that we have pointwise convergence on D(A) in the original norm on Z.

The pointwise convergence of the approximating scheme in the graph norm is summarised in the following
theorem:

Theorem 7.2.1. For all ¢ € X, we have that

T(t)Qus — T(1)|x 0] =0

lim ‘
n—oo

uniformly for t in bounded intervals.
In [22], the following two lemmata are proven:

Lemma 7.2.2. There exists a w € R such that

(Aup0) <wldll
forall p € X.
Lemma 7.2.3. For k > 1,k € N let us define

Dy ={pe X |¢ecH"([-7,0,,R?) and $(0) = L(¢)}.

Then for k > 2 and X € R sufficiently large, the spaces D* and (A — A)D* are dense in X. For k > 5, it
holds that

lim A,Qn¢ = A¢
n—o0

for all ¢ € DF.
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Using the above lemmata, we can prove Theorem 7.2.1.

Proof of Theorem 7.2.1. We first note that for all ¢ € X we have that

d .
1906 = o} = 1(,6)(0) ~ SO0)3u + | 5000~ &

L2

= 6(0) = $(0)/3a + | @n-16— 6|

L2’

By the properties of the Legendre polynomials we have that HQn,lgﬁ — ¢H , 0 as n — oo; therefore, we
L

find that lim, o [[Qn¢ — ¢[|; = 0 for all ¢ € X. Using the Uniform Boundedness Theorem, we see that
there exists a C' > 0 such that ||@Q,|| < C for all n € N.

Lemma 7.2.2 implies that there exists a @ € R, M > 1 such that T(t)|y , T,.(t) € G(M, ) for all n € N.
Using Lemma 7.2.3 and the fact that lim, o [|Qn¢ — ¢[|; = 0 for all ¢ € X, we can apply Theorem C.0.2
to find that the approximation scheme is consistent. An application of the Trotter-Kato theorem now proves
the claim. [

We now proceed by showing that we have also pointwise convergence on D(A) in the original norm on
the state space. Since E : (D(A), ||.||4) — (X,].]|;) is an isomorphism, Theorem 7.2.1 also implies that

lim
n— 00

Tu(t) B QuE(6(0),8) = T(t)lpa) (6(0),9)|| =0

A

for all (¢(0), ¢) € D(A). Using Hoélders inequality, we find that there exists a C' > 0 such that

1((0), )] < ClI((0), ¥l 4

for all (1(0),%) € D(A). Since also T'(t)|p4) (#(0), ¢) = T(t)(4(0), ¢) for (¢(0),$) € D(A), we obtain the
following corollary:

Corollary 1. For all (¢(0),$) € D(A) it holds that

lim
n— oo

Tu(t) B QuE(6(0),6) = T(!)lpa) (6(0), 0)| = 0

uniformly for t in bounded intervals.

We conclude that for (¢(0), ¢) € D(A) the approximation scheme also converges in the original norm on
the state space Z.
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Chapter 8

Outlook

In the introduction of this thesis, we mentioned approximation of invariant manifolds and approximation
of bifurcation behaviour by way of the pseudospectral method to be interesting topics of study. The ap-
proximation of bifurcation behaviour by way of the pseudospectral method is the subject of this outlook.
In particular, we look at the approximation of the (direction of) the Hopf bifurcation in the pseudospectral
method.

Let us study the parameter-dependent delay equation

(1) = F(ze,\) (8.1)

with F: X xR — C? satisfying F(0,A) = 0 for all A = 0 and X = C ([-7,0],C?). Let us assume that a Hopf
bifurcation (see [11, Theorem X.2.7]) in the system (8.1) occurs at the parameter value A = 0, i.e. at A =0
we have a pair of eigenvalues +iwg # 0 of DF(0,0) crossing the imaginary axis transversely. Using Theorem
1.5.3 and the intermediate value theorem, we see that for n € N large enough the nonlinear pseudospectral
approximation A,, will also have a Hopf bifurcation for a parameter value near A = 0.

A Hopf bifurcation has a direction in the sense that the bifurcation can generically either be subcritical
or supercritical (see [11, Chapter X.3]). A natural question to ask is the following: suppose that the Hopf
bifurcation in the equation (8.1) is subcritical (supercritical), can we then find a N € N such that for all
n > N, the Hopf bifurcation in A,, is also subcritical (supercritical)?

To compute the direction of a Hopf bifurcation, one needs a description of the center manifold up to
and including order two, combined with the eigenvectors of the adjoint generator A* (see [11, Section X.3]).
Therefore, to study the approximation of the direction of bifurcation, one should study i) the approximation
of the center manifold up to and including order two (as we did in Chapter 5) and ii) the convergence of the
eigenvectors of AZ.

To study this last problem, one would like to show that the eigenvectors of AT converge, when rightly
embedded, to the eigenvectors of the dual problem associated to the linearisation of (8.1). This is, however,
not obvious: the convergence of eigenvalues and eigenvectors in Chapters 1 and 4 relied heavily on the
interpretation of the characteristic equation det(A — A,) = in terms of collocation solutions. But when we
study the eigenvalues- and -vectors of the transposed problem A" we loose this ‘natural interpretation’ in
terms of collocation polynomials.

Therefore, as an intermediate step, we propose to discretise the operator A* separately and to study its
eigenvectors. This is also an interesting problem in itself, because the operator A* is also associated to a
dynamical system where the state space consists of forcing functions of a renewal equation. The dynamics is
defined in the following manner: denote by NBV := NBV ([0, 7],C%) the normalised functions of bounded
variation on [0, 7], that take the value 0 at 0 (see [11, Appendix I]). Let f € NBV and let us extend f to
[h, o) by setting f(t) = f(h) for all t > h. Let us study the renewal equation

r=f+(*xx
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In this renewal equation, we call f the forcing function. Let us denote by S(t)f the forcing function for the
renewal equation that is satisfied by the translate z; of z, i.e.

As it turns out, the semigroup S(t) satisfies S(¢) = T*(t), where for ¢ > 0 the operator T*(t) is the dual
of the shift operator T'(t) associated to the delay equation (8.3). The weak-star generator of the semigroup
{T*(t)}+>0 is then given by A* [11].

8.1 Definition of discretised adjoint generator

Let us study the linearised equation of (8.1) at the bifurcation parameter value A = 0, i.e. let us study the
problem

i(t) = DF(0,0)x¢, t>0. (8.2)
By Riesz Representation Theorem, we can make the identification X* ~ NBV. Since DF(0,0) : X — C% is

a bounded linear map, we can find a { € NBV such that we can write (8.2) as

() = /0 T d@at—0), t>0 (8.3)

with ¢ € NBV([0, 7], R?). Associated to the equation (8.3) is a strongly continuous semigroup {T'(t)};>0 of
bounded linear operators, whose generator is given by

D(4) = {¢ e X[ o€ (ol et), 40)= [ dC(9)¢(9)} , Ap=d.

0

The dual space X* can be identified with the space of normalised functions of bounded variation, i.e.
X* ~ NBV. The dual operator is given by

D(A™) = {f € NBV | f(t) :/0 g(s)ds for t >0, g € NBV, g(h) :0}7 A f =+ fF(0).

We have the following theorem concerning the eigenvalues of the operator A* [11, Theorem IV.5.9]:
Theorem 8.1.1. We have that
o(A) =0c(A") ={A e C|det A(N) =0},

where the characteristic function A : C — C"*"™ is given by
A\ = )J—/ d¢(6)e?.
0

As in [7], we want to construct finite dimensional maps B, : C(*t1)xd _ Cn+1)xd that ‘approximate’
A* in the sense that the eigenvalues- and vectors of B,, approximate the eigenvalues- and vectors of A*.
We define the finite dimensional approximations B, in the following manner:

Definition 8.1.1. Forn e N, let 0 =0, < ... <6, , =7 be a mesh on [0, 7] and for z € C+Dxddenote
by L,z the interpolating polynomial through  with respect to the chosen mesh. Then the pseudospectral
approximation of the adjoint generator A*, called B,, is defined as follows:

B, : C(n+1)><d N C(n+1)><d

an = ((ﬂnx)l(a’ﬂ,o) + CT(0+)$05 (Enx)/(en,l) + CT(9n,1)$07 sy (ﬁnx)/(anmfl) + CT(en,nfl)a CT(en,n):EO)
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This definition can be motivated in the following manner: for f : [0,7] — C? a function, let us denote by
Xof : [0,7] = C? the following function:

0 iff=0,

(Xof)(0) = {f(g) if 0 € (0,7].

Now, if we let z € C(**t1)xd then X,L,x € NBV. The action of the adjoint generator A* on the element
XoL,x is given by (L,z)" +¢T(.)xo. This we can then project back onto C(**1*4 by evaluating at the mesh
points, to obtain the vector

(Lnz) (On0) + (020, (L) (0n,1) + T (On1)T0, - - -, (Ln) (Onn) + T (Onn)z0) -

To incorporate the domain condition in the definition of the approximation, we set (£,x) (6,.,) = 0, thus
obtain the map B,, : C("tDxd _ C(»+1)xd a5 in Definition 8.1.1. See also Figure 8.1.

x € Clnt)xd

Embed in X*

Xo(Lrx)

Action of the generator A*

(Lnz)' +¢T ()70

Back to C(n+1)xd

(L) (0n,0) + CH(0M)z0, (Lnz) (On1) + T (On1)Z0s - - -, (L) (Onn) + ¢ (0n,0)20)
Domain condition of the generator A*

(([’nx)/(en,O) + CT(O+)$07 (‘Cn-r)/(en,l) + CT(en,l)an RS (‘Cnx)/(en,n—l) + CT(en,n—1)7 CT(Hn,n)-xO)

Figure 8.1: Schematic representation of definition of B,,.

As a numerical example, let us consider Wright’s equation
(t)=azx(t—1)(z(t)+1), t>0 (8.4)
with z(t) € R and a € R a parameter. The linearisation of system (8.4) around z = 0 is given by
z(t) =ax(t—1), t>0. (8.5)

Let us denote by A the generator associated to (8.5). For a = —7, figure 8.2 shows the eigenvalues
o(A) = o(A*) as computed using DDEBIftool together with the eigenvalues of the pseudospectral adjoint
approximation B, to (8.5) for n = 10. Moreover, let us denote by A, the eigenvalue of the pseudospectral
adjoint approximation B,, to (8.5) such that

Ap — f‘: min )\,if .
2 Xeo(Bn) 2

Then Figure 8.3 shows the error between A, and i3 for 1 <n <10.
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0.7
.
0.6 - -
0.5 - 4
041 ]
0.3 4
0.2 4
01f * 1
0 I E ] * * * * * *
1 2 3 4 5 6 7 8 9 10
n
Figure 8.3: Error between eigenvalue i5 of (8.5) for & = —m/2 and the eigenvalue of the pseudospectral

adjoint approximation B, closest to i3 for 1 <n < 10.
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Chapter 9

Notes

General remarks

e Since in Part A and Part B we are interested in eigenvalues and normal forms, we will work in Part A
and Part B of this thesis with complex Banach space. In particular, we will use as the state space the
complex vector space X = C ([—7', 0], Cd). In the case one starts with a real state space C ([—T, 0], (Cd),
one can reduce to the situation of complex Banach spaces by complexifying the space C ([—T, 0], (Cd);
see Section IIL.7 in [11].

Notes on Chapter 1

e In the main text, we have introduced the pseudospectral matrices A,, : R(tDxd _, R(n+1)xd g550ciated
to the delay equation (1.1) as a discretisation of the unbounded (nonlinear) operator A : D(A) C X —
X.

We can, however, interpret A,, also as a discretisation of the unbounded operator A®* : D(A®*) C
X©* — X©* associated to the delay equation (1.1). We recall that

D(AY) = {(a,¢) € X" | ¢ € Lip(a)}, A (a,¢) = (Lo, )

where Lip(a) C L*®([—,0],R?) exists of all equivalence classes in L containing a function that is
Lipschitz continuous and takes the value « in 0.

For n € N, denote by P, C L>¥([—7,0],R%) the set of equivalence classes in L containing a function
that is a polynomial of degree n; moreover, let us define the spaces

X" ={(a,¢) |a €eRY ¢ € P},
D, = X2* N D(A®*).

Moreover, for n € N, let us define the embedding operator E,, : R*+*1)x4 _ D and the projection
operator P, : XO* — R(n+1)xd a9

En(z) = (0, Lnw)
Pn(057 QS) = (a, ¢(0n,1)a ceey ¢(0n,vz))

Let us now discretise A®* by P, A®*E,,. Then we note that
PnAQ*En(x) = PnAQ*('TOa Enz) = Pn(L(Enx)v (‘C'nx)/) = (L(ﬁnx)a (Enx)l(en,l)v cey (Enx)/(an,n)
ie. PLAY*E, = A,.
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e As also mentioned in the introduction, the pseudospectral method has the properties that i) it approxi-
mates the eigenvalues of the original DDE and ii) the non-linear terms of the approximation correspond
to the non-linear terms of the original DDE. This motivates us to think about approximation of i) in-
variant manifolds and ii) bifurcation behaviour.

e We note that in the proof of Lemma 1.5.1, we have explicitly used that the eigenfunctions are smooth,
and that therefore the polynomial interpolation of an eigenfunction converges to that eigenfunction in
the supremum-norm. We recall that we can find ¢ € X such that

lim ||£n(¢(9n0; ey ¢(0n,n)) - ¢||oo 7é O;

n—oo

see Section A.3. Therefore, we expect that the semigroup
T, (t) = et

on C?* (1) will, when rightly embedded into the state space X, not converge pointwise to the original
semigroup {7T'(t)}+>0 associated to the delay equation.

e We note that we restrict our convergence analysis to a subset o,, C o(A,,) of the eigenvalues of the
pseudospectral method (as was implicitly also done in [7]). This has the following motivation: in
general a delay equation has an infinite number of eigenvalues, but we can write down delay equations
that have a finite number of eigenvalues. For example, let us study the ordinary differential equation

#(t) = Bz(t), t>0, (9.1)

with B a d X d-matrix, and let us view this ODE as a delay equation on the state space X =
C([-7,0],R?). Denote by A, the pseudospectral approximation to (9.1). Then A € o(A,) if and
only if there exists a 2 € C*T1D*4 2 -£ () such that

Bz = A\xo
(Lrnx) (Ons) =z, 1<i<n

We see that o, = o(B) for all n € N. The eigenvalues o(A,,)\o, are given by eigenvalues of the
differentiation matrix

0 0o ... 0 0
aip ai1 ... Gi(p-1) Qin
ano Qn1 ... GQp(n-1) OAnn

The fact that we only study a subset of the eigenvalues of A, does not cause too much trouble
numerically, because of the following lemma;:

Lemma 9.0.1. Let (A, )nen be a sequence with A\, € o(A,)\o, for allm € N. Then the sequence
(An)nen cannot be bounded.

Proof. Suppose that the sequence (A\,)nen is bounded; let us write p = sup,,cy [An| < 00. Then by
Lemma 1.5.1, there exists a N € N such that for all n > N, the collocation problem (1.8) has a unique
solution.

Now, let z,, € C®*t1xd he an eigenvector associated to \,, i.e. ApT, = Anz, and x, # 0. Since
A\n € 0(A,)\on, we have that (z,,)o = 0 € C%; moreover, it holds that £,2 = p, (A, (7,)0) = pn(An,0).
Now, since for n > N the collocation problem (1.8) has a unique solution for A = A,,, and p,,(A,,0) =0
is a solution, we find that L,z, =0, i.e. z, =0 € C*tD*4 But this contradicts the fact that z is an
eigenvector. We conclude that the sequence (A, )nen cannot be bounded. O
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Notes on Chapter 2

e Suppose {T1(t)}i>0, T1(t) : C™ — C™ is the flow associated to the equation (2.1); denote by
{To(t)}i>0, To(t) : C¢ — C? the flow associated to (2.2). Suppose that (2.3) holds. We claim that the
the coordinate transformation = P(6) conjugates the flow associated to (2.2) into the flow associated
to (2.1), i.e. T1(t)P(0) = P(Ty(t)#). To see this, we define let § € C? and define u(t) = P(T»(t)0),
then u(0) = P(#) and u(t) satisfies

u'(t) = DP(To(t)0)T5(t)0 = DP(T(t)0)h(T2()0) = g(P(Ta(t)0)) = g(u(t))

By definition, @(t) = T (t)P(6) also satisfies @'(t) = g(a(t)), @(0) = P(6). Thus, by uniqueness of the
solution of the initial value problem associated to (2.1), we find that T3 (¢)P(0) = P(T3(t)6), which
proves the claim.

e In the main text, we study the formal conjugation between the equations (2.1) and (2.5), and mention
that the existence of an analytic conjugation map is in various cases a classical result. However, it is
all so possible to study conjugation between the equations (2.1) and (2.5) up to a certain order. To
do this, much less regularity of the functions g, f is required. This approach we will also pursue in
Chapter 3. See also [24].

e In the main text of this chapter, we study the relation between normal form theory and parametrisation
method. Using results from normal form theory, we can choose the flow on the tangent space in such a
way that the conjugation map (the object of study in the parametrisation method) actually exists, also
in the case of resonances. However, this knowledge is not directly applicable in the context of rigorous
computations. In the case of resonances, we have for the resonant coefficients of our conjugation map
a ‘line’ of possible solutions (see Section 3). In the framework of rigorous computations, one usually
uses the contraction mapping principle, and thus one should have a unique solution in a ball with a
certain radius — which is not the case for the conjugation map if we have resonances. See also [28].

e In Definition 2.3.1, we define resonant and non-resonant terms for the power series f starting from order
2, since the coefficients of order 1, both of the normal form and the conjugating map, are determined
by the relations (2.4).

e We remark that Lemma 2.2.1 is a special case of Lemma 2.3.1: if the eigenvalues of system (2.1) do
not have any nontrivial resonances, then Lemma 2.3.1 tells us that system (2.1) is formally conjugate
to (2.10) for any choice of power series f(z) = ZEIZZ fax®; for a fixed power series er\:o faz® the
conjugating map is unique.

e In Section 2.3, we discussed that the non-resonant orders in the normal form are zero. A similar result
holds for normal forms on invariant manifolds, resulting in the fact that the normal form on the center
manifold for a Hopf bifurcation as used in Section 2.5; see [3, Theorem 3.1].

e To compute the direction of the Hopf bifurcation, one needs a description of the center manifold up
to and including order two, combined with the eigenvectors of the adjoint map; see [11, Section X.3].
In Chapter 5, we discuss the approximation of the center manifold up to and including second order
in the pseudospectral method. For the approximation of the adjoint problem in the pseudospectral
method, see the outlook.

Notes on Chapter 3

e In Section 3.1, we mention that in order to do normal form theory for delay equations, one should
extend the nonlinear generator A given by

D(A)={¢p€ X |$pcC"and ¢(0) = Lo+ G(8)}, Ad = ¢,
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in such a way that the DDE (3.1) appears in the action of the extension, and not in the domain
condition. In the main text, we used sun-star calculus for this.

Another possibility is to embed the state space X in the larger space BC, which consists of all functions
f : [=7,0] = R? that are uniformly continuous on [—7,0) but have a possible jump at 0. This approach
was for example taken in [15] and [14] to study normal form theory for DDEs and in [17] to study the
parametrisation method for DDEs. In this approach, the space BC = X x R? is equipped with the
norm |(¢, )| g = |0l x + [|@]|[ga- On BC, we then define the unbounded operator

D(A) = €' C BC, A(¢) = b+ Xo (Lo +G(6) - 4(0)) .
Here, for x € R?, the function Xoz € NBYV is defined via

0if 6 € [-7,0)

(Xoz)(6) = {x i =0,

In the case of a linear delay equation, i.e. where we have G =0 in (3.1), we can use the theory from
[19] to ‘split’ the abstract ODE (t) = Az(t) on BC' according to the spectrum of A, so that we arrive
in a situation similar to (2.12). From here, [15] and [14] proceed by giving an algorithm — based on
the eigenvalues of A — to transform the splitted abstract ODE on BC' into its normal form.

When we work on the state space BC, the delay equation (3.1) does not induce a semigroup on the
state space: because the jump discontinuity at 0 ‘moves along’ as we shift along the solution of (3.1),
the shifted initial function will in general not be in BC. Since this thesis is written in the language of
semigroups, we have chosen to pursue in Chapter 3 an approach that is also formulated in semigroup
language, and to work in the sun-star framework rather than in the BC-framework.

Notes on Chapter 5

e On page 5.1, we defined A* as the element of o, closest to diwy. By Theorem 1.5.3, we know that
the eigenvalues A\ are well-defined (i.e. there is a unique closest eigenvalue) for n large enough. For
n small, the eigenvalue that is closest to iwg or —iwg, respectively, may not be uniquely defined, but
this does not matter since we are interested in the limit problem.

e In Chapter 1, we saw that the ‘special structure’ of the pseudospectral approximation (the first compo-
nent incorporates the domain condition, the other components represent the action of the generator)
allowed us to view the characteristic equation of the pseudospectral approximation as a discretised
version of the characteristic equation of the original delay equation (Lemma 1.4.1). In the proof of
Lemma 5.2.1, we used the ‘special structure’ of the pseudospectral approximation to find conditions for
(P%)o (equation (5.11)) that can be viewed as a discretised version of the condition for P, (equation
(3.10)).

Notes on Chapter 6

e Since the Trotter-Kato theorem deals with approximation of semigroups of linear operators, we restrict
ourselves to linear delay equations in Part C (whereas in Part A and B we also looked at nonlinear
delay equations).

e We note that in the definition of D(A) in (6.2), the expression ¢(0) is well-defined, because for
¢ € H'([-7,0],R?), we have by the Sobolev inequality (see [13, Thm. 5.6.6]) that actually ¢ €
C([_Ta O]aRd)

e We stress that throughout Chapter 6, we explicitly write the embedding operators E,, : Z,, — Z. This
is motivated by the thought that the explicit notation of the embedding operators E,, in the definition
of A,, can be useful when one wants to study the adjoint operator A .
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Notes on Chapter 7

e In the construction of the approximating scheme (7.6) as viewed as a discretisation of the abstract
PDE (7.1)-(7.2), the choice of the last component of the scheme (7.6) was inspired by the boundary
condition of the PDE. This approach is similar to the one in Chapter 1: there, in the definition of A,
viewed as discretisation of the generator A : D(A) — X, the choice of the first component of A4,, was
inspired by the domain conditions of the generator A.

We also note that in both cases, the (maybe somewhat ad hoc) use of the boundary condition can
also be circumvented by viewing the approximating problem as a (maybe somewhat more systematic)
discretisation of a different problem. The pseudospectral scheme in Chapter 1 can also be viewed as
a discretisation of the operator A®* : D(A®*) — X©*; the scheme (7.6) introduced in Chapter 7 can
also be viewed as a discretisation of the abstract ODE (7.7).

e In the construction of the approximating problem (7.6) as a discretisation of the abstract ODE (7.7),
we clearly see that the approximating problem is an ODE on the space Z,, C D(A). This makes that
the approximating scheme is suited to a convergence analysis on D(A).

e The discussion in Section 7.2 serves as a proof of principle for studying pointwise convergence of
approximating semigroups on a subspace of the entire state space. This can be of interest when
studying an approximation scheme where convergence of the semigroups on the entire state space is
not feasible (as is for example the case in the pseudospectral approximation scheme, see also the remark
on page 59).

e In the spirit of the pseudospectral approximation scheme as introduced in Chapter 1, we can also define
a pseudospectral approximation scheme to the generator A : D(A) C Z — Z. This can be done in
the following manner: let us choose nodes —8,, < ... < 0,09 = 0. For x € R("“)Xd, let us write
r = (xg,...,r,) with z; € R? for 0 <4 < n. Let us define

ln @ Rdx(n+1) — Zn, Ln(x) = (mo,ﬁn(ﬂf),

Po RO HY([=7, 0L, RY) = RCHD (), 6) = (1, 6(0n,1), -+ (On.n)-
We now define the operator An s Réx(ntl) _y Rax(n+1) 49 fln = pnAt,. This gives that
A () = (L(Ln(2)), L1, () (On1), - - L7,(2)(0nn)) -

We note that the resulting approximating generator A, : R(vtDxd _y Rnt1)xd g exactly the same
map as the pseudospectral map as introduced in Chapter 1.

We note that, since Z is a Hilbert space, the spaces Z, Z* = Z© and Z®* = Z** are all isomorphic.
Therefore, we can define the pseudospectral approximation in terms of embedding and projection oper-
ators directly on the Hilbert space Z, whereas when we worked on the state space X = C ([—7‘, O],Rd)
in Chapter 1, we had to work on the space X®* to define the pseudospectral approximation in terms
of embedding and projection operators.
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Appendix A

Approximation Methods

In this Appendix, we give some background approximation of functions via spline approximation, Legendre
polynomials and interpolating polynomials. Throughout this chapter, we will write ||.||, . as shorthand for
-l 2 7,00,ray and ||.[ ;= as shorthand for [|.|| ;7«((_; o) ga), where d € N.

A.1 Splines

Definition

Let us fix 7 > 0. For n € N;n > 1, let us define

o
tin=—2 for0<j<n.
n
Furthermore, set ¢,41,, = —7 and t_; , = 0. We now define the first order spline functions as
(0 —trrin) if 0 € [tk 1,n, thonl,
€kn = % (tk—l,n - 9) if 0 € [tkmztk—l,n]a
0 else.
for 0 < k <n [21]. See Figure A.1.
1.0r
0.8¢
0.6+
&
0.4+
0.2¢
O.O*I : . . : :
-1.0 -0.8 -0.6 -04 -0.2 0.0

X

Figure A.1: Plot of eg 4 for 7 = 1.
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Convergence properties

For n € N and ¢ € H' ([-7,0],R?), let us define ©,(¢) = >;_ €xnd(tr,n). For i € N, let us denote by
C* ([-7,0],R?) the set of i-times continuously differentiable functions from [—,0] to R?. Furthermore, let

us denote by D the differential operator.
For t € Nand 1 < p < oo, let us define PCP:! ([—7’7 O],Rd) as

pcrt ([—T, 0],Rd) ={¢:[-7,0] = R | pc C*? ([—T, 0],Rd) , D' piecewise C'!' and HthbHLp < oo}

With this notation, we can state the following lemma from [25]; the proof can be found in [25, pp.7-8].
Lemma A.1.1. Let ¢ € PC%?([—T,0]), then

1
1D6 — D©ud)llz> < —= [ D%

and

1 72
¢ —©ndll2 < 55—

D% ..

A.2 Legendre polynomials

Definition

Let us fix 7 > 0. The set of R-valued polynomials on [—7,0] lies dense in L?*([—7,0],R). Thus, if we
define ¢p € L?([—7,0],R) by ¢p(x) = 2, the set {¢y}ren forms a basis of the Hilbert space L?([—7,0],R).
This base is not orthogonal, but we can apply a Gram-Schmidt procedure to obtain a set of orthogonal
functions {py, }nen, where P, is a polynomial of degree n. In fact, if we normalize the functions p, such that
(P Pm) = 5nmﬁ, then one can show that p,, is a solution of the initial value problem

T (1= Fe=12) ) e+ vt 0

i 11
Pn = 7= = Pn
1Pall 22— r.00) 2

we obtain a collection of functions {p, },en that forms a basis of L?([—7, 0], R) and satisfies (p;, pj>L2([_7__’0] R) =

d;j. The functions {p, }nen are called the Legendre polynomials. Using Parseval’s identity, we find that every
¢ € L?([-7,0],R) can be written as

and p,(0) = 1. By setting

b= ipr (A1)
k=0
where
0
be= (60)ye = | oleIpu(a)de. (A2

Using this, we find for d € N and ¢ € L?([~7,0],R?) that (A.1) also holds, but where the integral (A.2) is
now an R?-valued integral. [22]
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Differentiation

Let f be a finite Legendre polynomial, i.e.

N
f= Z AkPk
k=0

with aj, € R for 0 < k < N. Since f is smooth, we have for its derivative f that f € L?([-7,0],R") and
therefore has again an expansion in terms of Legendre polynomials. In fact, it holds that

. N1
f= Z brpr
k=0
where

b = (2k + 1) > n. (A.3)
n=k+1,n+k Odd

See also [22].

Convergence properties

For future reference, we cite (without proof) the following lemmata from [22] concerning the convergence
properties of approximation by Legendre polynomials.

For ¢ € L? ([-7,0,R?) and n € N, let us define Q¢ = > _; (&, Pk) 2 Pi, i.6. Qy is the n-th order
Legendre approximation of ¢.

Lemma A.2.1. Let s € R,s > 1. Then there exists a K = K(s) € R such that
16— Quoll L < Kn™" ¢l g
for all p € H? ([77', O],Rd).
Lemma A.2.2. Let s,0 € R be such that 1 < s < o. Then there exists a K = K(s,0) such that
16 = Quéll . < K772 @]l o
for all o € H° ([—7', 0],Rd).
Lemma A.2.3. Let m € N, then there exists a K = K(m) such that
6(2) = (Qnod)(@)] < Kn™" 8| g2

for all $ € H*™ ([-7,0],R?) and all x € [-7,0].

A.3 Polynomial interpolation

Definition

Let us fix 7 > 0 and d € N. For each n € N, let us choose mesh points —7 < 0,,,, < ... < 0,0 < 0 on the
interval [—T,0].

Lemma A.3.1. Let x = (2¢,...,2,) € CtUX4 Then there exists a unique polynomial f, : [—,0] — R?
of degree n such that f,(0,.;) = z; € R for all 0 <i < n.
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Proof. We first prove existence. For 0 < i < n, let us define the functions

o 06,
gn,i . [77_, O] — R, gn,l(e) = H ﬁ
. n,i n,j

j=
J#i

= O

We note that £, ;(6,,;) = 6;; for 0 <i,j < n and that £, ; is a polynomial of degree n. Thus, if we define

n

fo i =m0 2 RE £(0) =Y wiln,

=0

then f, is a polynomial of degree n satisfying f,, (0, ;) = x;. This proves existence f,.

To prove uniqueness, let us suppose that f,,, g, : [-7, 0] — R are both polynomials of degree n such that
fu(0ni) = gn(0n,i) = z; for all 0 < ¢ < n. Then we have that f, — g, is a polynomial of degree n satisfying
(fn — 9gn)(0ni) = 0 for all 0 < i < n. We conclude that f, — g, is a polynomial of degree n having n + 1
zeros, which implies that f, — g, = 0. We see that f,, = g,,, which proves uniqueness [27]. O

We call the unique polynomial of Lemma A.3.1 the interpolating polynomial through « and denote it by
L, z. We also make the following definition:

Definition A.3.1. Let f : [~7,0] — R? be a function. The interpolating polynomial of f of order n, denoted
by L, (f), is the unique polynomial of order n satisfying (L, (f)) (6n,;) = f(0n) for all 0 <i < n.

(Note that we write £, f for an interpolating polynomial through a function and £,z for the interpolating
polynomial through a vector.)

Convergence properties

We state the following lemma from [27] concerning the pointwise convergence of the sequence of interpolating
polynomials.

Lemma A.3.2. Let n € N and assume that f : [-7,0] — R? is n + 1 times differentiable. Then for each
0 € [—7,0] there exists a ¢ € (—7,0) such that

F(Q)

)| Tn+41 (9)

f(0) = (Lnf)(O) = ICESI

where m,11 is defined as
Tnt1 0 [-7,0] = R, mpp1(0) = (0 — 0np)... (0 —0p ).

A proof of the lemma can be found in [27].
We note that Lemma A.3.2 gives us also estimates on the supremum-norm of f — £, f. If we denote by
I|.|| . the supremum-norm on the interval [—7, 0], then we find by Lemma A.3.2 that

[E

”f _Eanoo S W

sl - (A4)

We note that the value of ||7,41]|,, depends on the choice of mesh points. We can now ask ourselves if we
can make a choice of mesh points such that the value of ||, 41|, is minimized. This is indeed the case: if
we define the Cheybshev nodes on [—7,0] as



then it holds that

sup |(0 —055)...(0— Hfm)’ = min sup (0 —0no)... (0 —0pnpn)|| —T<Onn<...<8,0<0
6e[—7,0] ’ ’ 0e[—7,0]

7_’ﬂ

= 22n+1 :

For a proof, see [30].

It is natural to ask whether, for a certain sequence of mesh points {6, ; | 0 < ¢ < n}, the interpolating
polynomial converges in the supremum-norm to the original function. It turns out that for every choice of
sequence of mesh points {6, ; | 0 < i < n} we can find a continuous function f : [-7,0] — R? such that

limy, o0 || f — Lofllo #0 [30].
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Appendix B

Numerical Methods for solving
Ordinary Differential Equations

In this appendix, we review two methods to numerically approximate the solution to ordinary differential
equations. In Sections B.1-B.2, we review the collocation method; in Section B.3, we introduce the Runge-
Kutta method. Throughout this chapter, we follow [2].

B.1 Collocation

Fix d € N and let us study the initial value problem
7 (T = t
y(0) =wo

with f: R? — R? and yo € R%. For n € N, let us choose a mesh 0 < On1 < ... <0,, <1 on the interval
[0,1]. We say that u is a collocation solution of order n of the initial value problem (B.1) on the interval
[0,1] if u is a polynomial of degree n + 1 that satisfies the equation (B.1) at the mesh points, i.e.

W (Oni) = fu(br,), 0<i<n
U(O) = Yo-

To construct the collocation solution, we write
ki = u’(@n’i), 0 S ) é n.

Furthermore, we write

n 0 _ 9 .
£i(0) = d
’ ( ) H anz - gnj
j=0 ’
J#i
Then «' can be written as
n
u’ = k'ign,j- (BZ)
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For 0 < ¢ < n, integrating from 0 to 6,, ; now gives that
9n,i
/ u'(0)d = u(bn;) — yo
0
n 977,,1'
= ij/ 0 ;(0)d0
=0 70
=D kjai
§=0
where we have set a;; = foe"‘i ¢y, ;(0)dO. This gives that
n
u(Bn,i) = yo + Z kjai;
§=0

Since k; = w(0y,i) = f(u(0n;)), this implies that

ki=f{wo+> kjay|, 0<i<n (B.3)
3=0
Solving the system (B.3) for ko,...,k, and substituting into (B.2) gives us the collocation solution «' and

then by integration the collocation solution w.

B.2 Iterative collocation

In the previous section, we have described the one-step collocation method, where we have approximated
the solution of the initial value problem (B.1) on [0,1] by one single polynomial. Now suppose we have
some fixed ¢ty > 0 and we want to find an approximate solution to (B.1) on the interval [0,%y]. We can
of course proceed by rescaling the one-step collocation method to the interval [0,¢g], but we can also split
the interval [0, ¢o] in different s different subintervals and iteratively apply the one-step collocation method
to each of these subintervals, using as an initial condition the result from the collocation method on the
previous interval.

Indeed, let us fix m e Nand 0 =t < ... <t,, =tpandlet 0 < 0,; < ... <0y, <1 beasin the
Section B.1. For simplicity, we assume that the points t1,...,t,, are equally spaced with |ts41 — ts| = h for
all 1 <s<m-—1.

For s = 1, we want the function u; : [t1, 2] — R? to satisfy:

ull(hen,i) = f(ul(han,i))7 0<i<n
ui(ty) = wo

Having solved this collocation problem, we define the update y; = u;(¢2). Repeating this procedure itera-
tively, we want for 1 < s < m — 1 the solution uy : [ts,ts11] — R? to satisfy

ul(ts +hbn:) = flus(ts +hb,:), 0<i<n
us(ts) = Ys—1

and define the update ys = ys(ts+1). In this way, we find a family of polynomials us, each of which
approximates the solution to (B.3) on the subinterval [t,ts11].
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To compute the polynomial us, we proceed as in the one-step collocation method and write

n

ul(ts + ho) = Z ks iln. i
i=1

A similar computation to the one in Section B.1 then gives that ks ; is defined by
n
ks,i = f (ys +h Z aijk(‘,»’j
j=1
with a;; = fOQ""" £y, ;(0)dO. The value of ys1 = ys(ts41) is then given by
n
Yor1 =Ys +h Y _bjke;
j=1

with b; = [ £;(6)dé.

B.3 Runge-Kutta methods

In the previous section, we studied the multistep collocation method, which could be summarised as

ksi=[vs+ hzaijks,j (B.4)
j=1
Ys+1 = Ys + hz biks.,; (B.5)
j=1

with a;; = [V" £, ;(0)d6 and b; = [ ¢;(0)d6.

All methods of the form (B.4) — (B.5), for arbritrary coefficients a;;, b;, are called Runge-Kutta methods.
If a;; = 0 for i < j, the method is called explicit, because in this case the formula (B.4) gives an explicit
formula for kg ; in terms of a;; and f. If a;; # 0 for all ¢ < j, then the equation is called implicit, because
in this case we have to solve the equations (B.4) for ks ;.
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Appendix C

The Trotter-Kato Theorem

We recall that a semigroup (T'(t))¢>0 on a Banach space (X, ||.||) is in G(M,w) for M > 1,w € R if
|T(t) < Me** for all t > 0.

In this case, we write T'(t) € G(M,w).
With this terminology, we can now state the following theorem:

Theorem C.0.1 (Trotter-Kato). Let (X, |.||), (Xx,||.|l,,) be Banach spaces for n € N. Let (T'(t))i>0 be a
Cy—semigroup of linear operators on X with infinitesimal generator A. Forn € N, let P, : X — X,,, E, :
X, — X be linear maps and let My, My be positive constants such that

[Enll < My, ||[Po|l < My for all n € N, (A1)

and
P.,E,=1, forallnéeN (A2)

where I, is the identity operator on X,.

Now let (T,,(t))i>0 be a Co—semigroup of linear operators on X,, for n € N; denote the infinitesimal
generator of (T,,(t))i>0 by A,. Assume that there exists a M > 1,w € R such that T,(t),T(t) € G(M,w) for
all n € N. Then the following statements are equivalent:

(a) There exists a Ao € p(A)(,,en P(An) such that, for all x € X,

i 1B ol — 42)" P — (ol — )] =0,

(b) For every x € X and t >0,

lim || E,T,(t)Poz — T(t)z] = 0

n—oo

uniformly for t in bounded intervals.
Furthermore, if either (a) or (b) holds, then (a) holds for all \g € C with Re Xy > w.

The condition that there exists a M > 1,w € R such that T,,, T € G(M,w) for all n € N, is often called the
stability condition. The condition (a) from Theorem C.0.1 is often called consistency of the approximation.
To prove this condition, we can use the following theorem:

Theorem C.0.2. Let (Al), (A2) be satisfied and assume that there exist M > 1,w € R such that T, (t) €
G(M,w) for all n € N. Then the condition (a) in Theorem C.0.1 holds if and only if

ILm |EnPrx —z|| =0, foralzeX (C.1)

and the following two conditions are satisfied:
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(i) There exists a subset D C D(A) such that D = X and
I~ DD = X
for a Ao > w.
(i) For all x € D there exists a sequence (Tp)nen with T, € D(A,) such that

lim E,T, =2 and lim E,A,T, = Ax.
n—oo n—oo

A proof of Theorem C.0.1 and Theorem C.0.2 can be found in [20].
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