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Abstract

In this thesis we study Pyragas control, a form of time—delayed feedback control that stabilizes unstable
periodic solutions of differential equations. We first give an introduction to the theory of differential delay
equations. We then apply the Pyragas control scheme to the normal form of the Hopf bifurcation and show
for which values of parameters stability can be achieved.
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Introduction

Robustness is one of the fundamental principles in engineering sciences, since it is undesirable that distur-
bances of the system structurally change the state of the system. In the context of the study of motion, this
translates into a wish for the observed motion to be stable: if we add a small disturbance to the system, the
observed motion should after some time converge to the initial motion of the system.

A way to achieve that motion is stable, is by applying time—delayed feedback control. In this thesis, we
study Pyragas control, a form of time—delayed feedback control that is particularly well-suited to stabilize
periodic motion.

Let us study the differential equation

w(t) = f(x(t)), 2(0) =m0 (1)

with f: R” — R™. We assume that an unstable periodic solution u(t) of period 7' is known to exist. The
idea of Pyragas control is to add a control term, such that the system becomes

#(t) = f(2(t) + K [2(t) —x(t = T)] (2)

with K an n x n-matrix. We note that u(t) is still a solution of (2). We can therefore attempt to choose the
matrix K in such a way that u(t) becomes in fact a stable solution of (2). [15]

Stability theory

Since robustness is an important concept in engineering, one needs to be able to tell whether a system is
robust or not. In the context of Pyragas control, we need to decide upon the (in)stability of motion, and
specifically upon the (in)stability of periodic solutions. In this thesis, we will mainly use linearized stability
to do so.

Since equilibria are the simplest form of periodic solutions, we introduce the concept of linearized stabilty
by studying the stability of equilibria. Let A be a n X n-matrix and

#(t) = Az(t), (0) = o (3)

We note that z = 0 is an equilibrium of (3). Using the definition of stability for equilibria, one can prove
that if all the eigenvalue A; satisfy Re A\; < 0, the equilibrium = = 0 is stable. If there exists an eigenvalue
A of A such that Re A > 0, then the solution z = 0 of (3) is unstable (see Appendix A). Therefore, for we
can decide upon the stablity of the equilibrium = = 0 of (3) by looking a the eigenvalues of A.

Now, let T € R™ be a equilibrium of (1), i.e. f(Z) = 0. If f is smooth enough, we can use a Taylor
expansion to write

i(t) = f(a(t)) = f(@) + Df @) (2(t) — 7) + O((a(t) — 7)?)
= Df@)(x(t) - 7) + O((a(t) — 7)*)

Under the assumption that Re A; # 0 for all eigenvalues A; of D f(%), it follows from the Hartman-Grobman
Theorem (see Appendix A) that the stability of the fixed point z = T of

#(t) = Df () (x(t) - 7) (4)



is the same as the stability of the fixed point x = T of (1). Since (4) is the form of (3), we know how to
determine the stability of the fixed point & = Z, that is, by looking at the eigenvalues of D f(Z). Thus, we
now have a criterion to determine the stability of the equilibrium x = Z of (1). Since we arrived at this
criterion by studying the linearized problem, this approach is known as linearized stability.

We can extend this approach to periodic solutions. If we assume that u(t) is a periodic solution of (1),
we can linearize system (1) around u(t); this yields the so-called linear variational equation. From the linear
variational equation we can extract the characteristic multipliers, that play the role that eigenvalues have in
the study of equilibria. We can determine stability of the periodic orbit u(t) of (1) using these characterstic
multipliers. If all the non-trivial characteristic multipliers p satisfy |p| < 1, the periodic solution u(t) of (1)
is stable; if one of the characteristic multipliers satisfies |p| > 1, the periodic solution u(t) of (1) is unstable
(see Section A.5 in the Appendix).

Delay equations

Using the stability theory discussed above, we are able to determine the stability of solutions of the ordinary
differential equation (1). We note, however, that (2) is not an ordinary differential equation, but a differential
delay equation. The mathematical treatment of differential delay equations is different from that of ordinary
differential equations, the main difference being that the state space of a differential delay equation is infinite
dimensional.

We define the state of a differential equation at time 7 as the minimal amount of information needed to
give an unique solution for ¢t > 7. The state space S is defined as the set consisting of all such possible states.
Under the assumption that f € C'(R",R"), it is a well-known result from ordinary differential equations
that the initial-value problem (1) has an unique solution for ¢ in some open neighbourhood around zero.
Thus, given an o € R™, (1) has an unique solution for some ¢ > 0. The state of (1) is therefore given by
zo € R™ and the state space by § = R™.

Now let us study the linear differential delay equation

@(t) = Az(t) + Ba(t—T), t>0 (5)

with A, B n x n-matrices and T" > 0. Using the variation of constants formula, one finds that

t
2(8) = eA2(0) + / A=) Ba(s — T)ds, € [0,T] (6)
0
For the right hand side of (5) to be defined for ¢ € [0,T], one should know at least know the value of x(t)
for all t € [-T,0]. Using (6) we see that this is also sufficient information to give an unique solution of (5)
for ¢ € [0,T]. Therefore, the state space of (5) is given by S = C ([T, 0],R™). We note that this space is
infinite dimensional, whereas the dimension of the state space S = R™ of (1) is finite.
Using functional analysis, one can extend the stability theory for ordinary differential equations to dif-
ferential delay equations. This will be explored in Chapter 1.

Pyragas control

Having discussed the necessary theory to discuss stability of ordinary differential equations and differential
delay equations, we now turn to feedback—control. Specifically, we study Pyragas control in the context of
the concrete model

A(t) = (A +1)2(8) + (L +7) [2(6)] 2(2) (7)
For the controlled system we write

i) = (A +1)z(t) + (1 +iv) |2(0)] 2(t) — K [2(t) — 2(t — T)] (8)



System (7) is related to travelling wave solutions of the complex Ginzberg-Landau equation, that models a
variety of physical phenomena. The model (7) has the nice property that we can find a simple expression
for a periodic solution. This periodic solution is unstable and arises from a subcritical Hopf bifurcation.
We now want to choose the values of K, in (8) in such a way that the periodic orbit emmanates from a
supercritical Hopf bifurcation. If this is the case, it follows that the periodic solution is stable as a solution
of (8). Using this approach, we are able to determine the stability of the periodic solution of (8), although
this periodic orbit has an infinite number of characteristic multipliers.

Organization of the thesis

We start by introducing the main concepts of differential delay equations in Chapter 1. In Chapter 2 we
study Pyragas control of system (7), where we find conditions for the periodic orbit of (7) to be (un)stable
as a solution of (8). In Chapter 3 we study the bifurcation diagram of system (8) in more detail, as to
gain more insight in the overall in the dynamics of the system. In Sections 2.2 and 2.4 and in Chapter 3,
we mostly follow [10]. In Chapter 4 we present a different approach to the analysis discussed in Chapter 2.
Using this, we are able to weaken the conditions found in [10] for the periodic orbit of (7) to be (un)stable
as a solution of (8). We conclude by discussing the methods and results of this thesis in Chapter . An
overview of stability theory for ordinary differential equations and the Hopf bifurcation theorem for ordinary
differential equations can be found in Appendix A.



Chapter 1

Introduction to differential delay
equations

As was mentioned in the Introduction, (2) is a differential delay equation. In order to be able to discuss
Pyragas control, we therefore introduce the main concepts and the basic theory of differential delay equations.

A difference between differential delay equations and ordinary differential equations is that in the first
case the state space is infinite dimensional. Since this is an important concept in the study of differential
delay equations, we explore this more carefully in Section 1.1. In Section 1.2, we study the characteristic
equation and its relation with stability of equilibria. In Section 1.3 we explore the relation between the
flow maps and the characteristic equation; we use this to decompose the state space in subspace where the
stability of a fixed point is better known. In these discussions, we mostly follow [8].

1.1 The state space of a differential delay equation

If we study general differential equations, we usually do not only want to know whether a solution exists, but
also if this solution is unique given some initial data. We formalize this concept in the following definition:

Definition 1.1.1. We define the state at time T of a differential equation to be the minimal information
that is needed to uniquely determine the solution for ¢ > 7. The state space S is a normed space consisting
of all such possible states. [8]

To explore this concept, we start by determining the state space of an ordinary differential equation. If
we study the system

o(t) = f(x(t)) (1.1)

with f € CY(R",R"), we recall from the theory of ordinary differential equations that when the initial
condition z(7) = z, € R™ is given, we can uniquely extend the solution of (1.1) to some open neighbourhood
of 7. [4] In this case, the state space is thus S is given by R™.

We now want to determine the state space of the differential delay equation

#(t) = Ax(t) + Bx(t — ) + f(t) (1.2)

where A, B are constant n x m-matrices, 7 > 0 and f : R — R"™ is continuous. We first explore what the
initial value should be in order to give the initial value problem corresponding to (1.2) an unique solution.
Inspired by ordinary differential equations, we first try a point in R™ as initial value:

z(t) = Ax(t) + Bx(t —r) + f(t), x(0)=x (1.3)



We apply the variation of constants method (see for example [6]) to find that x(¢) should satisfy:

¢

z(t) = eag +/ A=) (Ba(s —r) + f(s))ds, te0,7]
0

From here, we see that for (1.2) to have an unique solution, we should know the value of z(t) for t € [—r,0].

If we write x(t) = ¢(¢) for ¢ € [—r,0] and some ¢ € C ([-r,0],R™), we should therefore look at the initial

value problem

&(t) = Ax(t) + Bx(t —r) + f(t), x(t) = ¢(t) for t € [-r,0] (1.4)

We see by the argument above that for ¢ € [0, 7], its (unique) solution is given by

t
ot) =4'0(0) + [ A (Bo(s — 1)+ 1(s)) ds, t€ 0.1
0

Since this defines a continuous function on [0, 7], we can repeat this argument to find an unique solution on
[r, 2r], etc. This method, also known as the method of steps, ensures that the problem (1.4) has an unique
solution for ¢ € [0, c0).

Denote by z(t, ¢) the solution of (1.2) which agrees with ¢ on [—r,0]. We can then use the above remarks
to see that once z(7 + 0, ¢) is known for all § € [—r,0], we can uniquely extend the solution for all ¢ > 7.
Thus, the state is given by z.(¢), with

i (9)(0) =x(t +6,¢) for 0 € [—r,0]
Since z,(¢) € C ([—r,0],R™), we conclude that the state space of system (1.2) is given by
C:=C([-r0,R")

which we equip with the supremum-norm. With this in mind, we will from now on say that z(t) is a solution
of (1.2) with initial condition ¢ if z(¢) satisfies (1.2) and z(t) = ¢(t) for all ¢ € [—r,0].

We note that the state space S = C ([—r,0],R") of the differential delay equation (1.2) is an infinite—
dimensional space; whereas the state space of the ordinary differential equation (1.1) is given by the finite—
dimensional space & = R". This difference turns out to be an important concept in the study of differential
delay equations. For example, it does not matter with which norm we equip the state space S = R"
of an ordinary differential equation, since all norms on R™ are equivalent. If we study the state space
S =C([-r,0],R™) of (1.2), the choice of norm does matter. We usually choose to equip S = C ([—r, 0], R")
with the supremum-norm |||, since this turns S = C ([—r, 0], R™) into a Banach-space.

We recall from the theory of ordinary differential equations that one can define flow maps ¢(¢, .) from
the state space to itself, such that the flow maps translate a state ‘along the solution’ of the differential
equation (see Definition A.1.1). Mimicking this idea for differential delay equations, we define for all ¢ > 0.

T@®):C—=C, Tt =x(d)
As in the case of ordinary differential equations, we see that

T(0) =1
T(s)T(t) = T(t+ s)

for t,s > 0. In the case of ordinary differential equations, we also have the additional property that
o(—t, .)p(t, .) =1 (see Appendix A). For differential delay equations, however, backward continuation of a
solution is not always possible. If ¢ € C ([—r, 0], R™) and we want to define the solution z(¢, ¢) of Eq. (1.2) for
t € [~2r, —7], it is a necessary condition that ¢ € C* ([~r,0],R™). Thus, for general t > 0, ¢ € C ([~r, 0], R")
the expression T'(t)¢ may not be defined. We conclude that {T'(¢) | ¢ > 0} defines a semi-group, but not a
group.[8] We therefore refer to the maps T'(¢) for t > 0 as the semi-flow. In Section 1.3, we will prove some
more properties of the semi-flow for the case where f =0 in Eq. (1.2)



1.2 The characteristic equation and stability of equilibria
In the following, we will look at the differential delay equation
#(t) = Az(t) + Bz(t — 1) (1.5)

with A, B n x n-matrices and € R™. To find a non-trivial solution, we try the function z(t) = e**

A € C and ¢ € R™. For this function to be a solution of (1.5), we should have that

¢, with

AeMe = AeMe + BeMe e

A

Cancelling the terms e* on both sides, we find that this equation has a non-trivial solution if and only if

the map
c— (M —A—Be )
has a non—trivial kernel, i.e. if and only if det ()\I —A- Be’”) = (. This motivates the following definition:

Definition 1.2.1. The characteristic function of Eq. (1.5) is defined to be A(X\) = A — A — Be™*". The
equation det A(A\) = 0 is referred to as the characteristic equation.

We can use complex analysis to say something about the distribution of the solutions of det A(A) = 0 in
the complex plane, as is summarized in the following lemma:

Lemma 1.2.1. Denote by A(N) the characteristic function of Eq. (1.5). If there exists a sequence ()\;);en
of zero’s of det A(X) such that |A\;| — 00 as j — 00, then Re(\;) = —o0 as j — oo. In this case, there exists
an « € R such that {\ | det A(N\) =0} C {z € C| Re(z) < a}. It always holds that only a finite number of
zero’s of det A(\) can be contained in any compact set or in a vertical strip of the complex plane.

Proof. Let (Aj);jen be a sequence of zero’s det A(X) such that |A;| — oo as j — oco. By definition of det A(\),
we find for each j € N a ¢; € R" such that A\jc; — Ac; — Bcje_”\i = 0. Without loss of generality, we may
assume that ||c;|| = 1. Thus we find that ||\;jc; — Ac;|| = || Be,]| e~Re()r  Since llc;|| = 1, it follows from
the definition of the operator norm that

1
Cj — fACj

1Bl 780D > s — Aesll = 7] fles — -
J

If |Aj| — oo, then |\ ch - )\%ACJ'H — oo (note that |l¢;|| = 1 for all j € N) and thus it follows by the

inequality that || B e~TRe() 5 oo, Since |B|| < oo, it follows that Re (A;) = —oo as j — oco. We can
therefore find an o € R such that {; | j e N} C {2z € C|Rez < a}.

From here, we find that det A(A) can only have finitely many zero’s in any compact subset U C C. If
det A(X) has infintely many zero’s in U, then it follows by the Bolzano-Weierstrass Theorem and the fact
that U is closed that there exists a sequence (\;);en such that det A()\;) =0 and lim;_, A; = j € U. Since
det A()\) is continuous, we have that A(A\) = 0. Since A is an accumulation point of zero’s and det A()\) is
holomorphic on C, it follows that det A(A) on all of C, which is a contradiction.

Now, let W be a vertical strip of the complex plane, such that W contains an infinite number of roots
A of det A(X\). Then the set {A € W | det A(A\) = 0} is clearly either bounded or not bounded. If it is
bounded, we can find a compact subset V- C W such that A € V for all A € {A € W | det A(X) = 0}.
This contradicts that any compact set can only contain a finite number of zero’s of det A(X). If the set
{A € W | det A(\) = 0} is unbounded, we can find a sequence (\;)jen € {A € W | det A(A) = 0} such that
|Aj| = o0 as j — oo. But then Re(A;) = —oo as j € oo, which contradicts the fact that A\; € W for all
j € N. Thus, W can only contain a finite number of zero’s of det A(\). [8] O

We state the following result without proof:



Theorem 1.2.2. Let z(t, ¢) be a solution of (1.5) with initial condition ¢ € C([—r,0]). If ap = max{Re(N) |
det A(X) = 0}, then for any o > «, there exists a constant K («) such that

lx(t, @)l < Ke[|¢]]

A proof can be found in [8]. We note that by Lemma 1.2.1, the maximum in max{Re (A) | det A(X) = 0}
is well-defined.

If we choose ¢ € C as ¢ = 0, then z(¢) = 0 is a solution of (1.5) with initial value ¢. The stability
of the equilibrium ¢ = 0 is defined in exactly the same manner as for equilibria of ordinary differential
equations (see also Definition A.2.2 in the Appendix). We have defined the state space of system (1.5) to
be C = C ([-r,0],R™) equipped with the supremum-norm. Since now the state space is infinite-dimensional
and not all norms are equivalent, we stress that the chosen norm is important. If we equip C with another,
non-equivalent norm, stability properties of the equilibrium can be entirely different. As in the case of linear
ordinary differential equations, the distribution of roots of the characteristic equation in the complex plane
can help us to determine the stability of the equilibrium x = 0. This is summarized in the following Corollary,
which resembles the one found for linear ordinary differential equations with constant coefficients.

Corollary 1.2.1. Denote by ag = max{Re()) | det A(\) = 0}, where A is the characteristic function
correpsonding to (1.5). If ag < 0, the equilibrium x = 0 of (1.5) is asympotitcally stable. If ag > 0, then
x =0 is an unstable equilibrium of (1.5).

Proof. Denote by z(t, ¢) the solution of (1.5) with initial condition ¢. If cg < 0, we can choose an g < v < 0.
Using Theorem 1.2.2, we find that there exists a constant K such that

l2(t, @)l < Ke™ [|¢]]

thus, if |¢ — 0| = ||¢]| < &, then |lz(t,¢)| < € for all ¢ > 0. Furthermore, since a <0, [|z(t, ¢)|| — 0 for all
¢ € C. We conclude that « = 0 is asymptotically stable.

If ap > 0, there exists a A such that det A(A\) = 0 and Re(\) > 0. By definition of A, it follows that
there exists a u € R,c € R™ with ||c|| = 1 such that z,(t) = ue*c is a solution of Eq. (1.5). We note that
this solution satisfies the initial condition ¢, (t) = perc for all t € [—r,0]. Since Re(\) > 0, we have that
¢ — 0|l = ldull = |ul le]l = |pe|. For e =1 and & > 0 arbritary, we choose = 3. Then ||¢, [ =p=$ < 4.
However, since Re (A) > 0, we have that ||z, (t)|| — oo as t — oo, hence there exists a time t, such that
|z, (to)]] > 1 = €. Thus we conclude that « = 0 is an unstable equilibrium of Eq. (1.5). O

1.3 The semi—flow and decomposition of the state space

In Section 1.1, the semi-flow maps T'(¢) were introduced. In this Section, we will first prove some properties
of these maps. This will enable us to find a relation between the spectrum of T'(¢) and the roots of det A(\).
Using this, we will work toward a more geometric approach on stability of a fixed point.

We need the following Theorem:

Theorem 1.3.1. Let x(t,¢) be a solution of the initial value problem (1.4). Then there exists constants
a,b >0 such that

[2(t, )] < ae® (|¢>|| + [T ds)

For the proof, we need the following inequality

Lemma 1.3.2 (Gronwall Inequality). Let u,«, 3 € C ([a,b],R), 8 > 0 such that

u(t) < a(t) +/ B(s)u(s)ds, a<t<b



If a is non-decreasing, then it holds that

utt) < attyews | t 55 )

For a proof, see for example [8].

Proof. (of Theorem 1.3.1) Since z(t, ¢) satisfies 1.4, we find by integration that

t
z(t,9) = ¢(0) + / Az(s)+ Bx(s —r) + f(s)ds
0
and thus that

[zt ) < [l +/0 [A[ () + [[1Bl lz(s = )] + [[f(s)]| ds

We also see that

t 0 t 0 t—r
/0 1B| (s — )] ds = / 1B 1x(s)l| ds + / 1B (s — r)ds = / 1Bl ds + / 1B |(s)]] ds

-

t
<r|B| II¢II+/0 1Bl ll(s)ll ds

where the last inequality holds since || B|| [|z(s)|| > 0. Thus we find that

et ) < (L+[1B[r) [l +/0 (Al + HBII)HJU(S)IIdSJr/O £ (s)ll ds

If we choose a(t) = (1+ Br) ||9|| +f0t Il (s)|| ds and S(t) = ||A||+ || B]|, then we have that «, 8 are real-valued
continuous functions, « is non—decreasing and 5 > 0. Applying the Gronwell Inequality, we find that

lz@)] < ((1+ 1Bl ) 14l +/0 |f(8)||d8> exp (([[A[l +[1BI)) t)

= (L+ Bl r) exp (1Al + [[BINE) o]l + (1 + 1Bl ) exp (([|All + IIBII)If)/0 1f(s)l ds

Setting a = 1+ ||B||r and b = ||A|| + || B|| proves the theorem. [8] O
Using this, we can prove the following:

Lemma 1.3.3. Let C = C([-r,0],R™) denote the state space of the differential delay equation &(t) =
Ax(t) + Bx(t — r), where A, B are n x n matrices and r > 0. Denote by T(t) the corresponding semi-flow,
i.e. T(t)p = x(@) for all p € C. Then T(t) : C — C is a bounded linear operator for t > 0 and is compact
fort>r.

Proof. We note that z(t, ¢) +x(t,v) and x(t, ¢+ 1) are solutions of (1.5) with initial condition ¢+ 1. Since
solutions of (1.5) are unique given an initial condition, it follows that x(¢, ¢)+x(t, ) = (¢, ¢+1). Similarly,
we see that (¢, A@) = Az(t, ¢). Using this, we easily see that T'(¢) is a linear operator.

To see that T'(¢) is bounded for T' > 0, we use Theorem 1.3.1 to obtain the estimate:

1Tl = llze(@)] = sup |zt +0,0)| < sup e’ [|g]| = ae” [|¢|
oe[—r,0] oec[—r,0

for some a,b > 0. We conclude that | T'(t)|| < ae® < oo, i.e. T(t) is a bounded operator.



To show that T'(t) is compact for ¢ > r, we denote by x(¢) a solution of (1.5) with initial condition ¢ and
remark that

@I < 1Al =@ + 1Bl (¢ — )l < (IIAII ac” + || B| aeb(t_")) o]l = E@) 14l

for t > r and for some a,b > 0. It now follows that

le@) = ||(0) + / i(s)ds|| < 6(0)]] + / (s ds < (1+ / k(s)ds) 1]l = p(®) ]

where p(t) is a continuous function. Therefore, if € > 0 is given, there exists a § > 0 such that |s — (¢
implies ||p(t) — p(s)|| < e. If we take ||¢]| < 1, we can use the estimate to find that ||z(¢,¢) — (s, 9)| < e.

Using Arzela-Ascoli’s Theorem, it follows that T'(¢) (B (0)) is a compact subset of C (where B{ (0) denotes
the unit ball in C), i.e. the operator T'(¢) is compact for ¢ > r. [§] O

It turns out that the spectrum of T'(¢) is strongly related to the zero’s of the characteristic function
det A(A). In order to show this, we introduce the following operator:

Definition 1.3.1. Denote by T'(t) : C — C the flow map corresponding to Eq. (1.5). The infinitesimal
generator A of T(t) is defined as

D(A4) = {p € | lim - [T(1)6 — 9] exists}

Ag = lim 2 [T()6— 6] if 6 € D(A)

t—0 ¢
where D(A) denotes the domain of A.

It turns out that we are able to compute the domain D(A) and give a more explicit form for the operator
A, as is shown in the following Lemma:

Lemma 1.3.4. Let A be the infinitesimal generator of T(t) as in Definition 1.3.1. Then the following holds:
D(A)={¢peC|peC ([-r,0,R"), $(0) = Ag(0) + Bo(—r)}
Ap=¢ if ¢ € D(A)

Proof. We first prove that if ¢ € D(A), then A¢p = é. By definition of the semi-flow, we have that

lim 2 [T(8)6 — 6] = lim % [20(6) — wo(0)]

t—0 t

We notice that the last expression is a difference quotient; thus, if the limit exists, it should equal

1 d
}ii% n [2:(¢) — wo(8)] = i 2(9)]1=o
Since z(0, ¢) = ¢(0) for 6 € [—r, 0], we conclude that
d )
Ap = — xt(¢)|t:0 =¢

dt
To prove that D(A) = {¢ € C | ¢ € C'([-r,0,R"), ¢(0) = Ap(0) + Bo(—r)}, we first take ¢ €

Cr ([—r,0],R™), $(0) = Ag(0) + Bo(—r). We note that by (1.5), z(t, ¢) is continuously differentiable for
t > 0. Since we have taken, ¢ € C! := C! ([-r,0],R") and x(t, ¢) = ¢(¢) for all t € [, 0], we find that z(¢, ¢)
is continuously differentiable for ¢t € (—r,0). Since z(t, ¢) is a solution of (1.5), we find that its right deriva-

tive at t = 0 equals Ax(0, ¢) + Bx(— ,qb’) = A¢(0) + Bo(—r). The condition that ¢(0) = A¢(—r) + Bo(—r)



thus ensures that the left derivative of z(t, ¢) at t = 0 equals its right derivative. We find that the derivative
of x(t, ¢) at t = 0 exists and, since x(t, @) satisfies (1.5), that this derivative is continuous. We conclude that
x(t, ¢) is continuously differentiable on (—r, 00).

Denoting by |||, the supremum-norm, and by ||.|| a norm on R™, we find that
1 1 d
P00 ol =4| = s ||Flt+0.60)=26,0) ~ g o 9lcy

We note that
1
") x(t/7¢)|t’:9 = }g% ; [:L‘(t + 9=¢) - .’L‘(Q,(b)]

for all @ € [—r,0]. Let € > 0 be glven Then we can find for every § € [—r,0] a § > 0 such that if ||¢|| < J,
then |1 [z(t + 0, ¢) — 2(0, )] — =& x(t',¢)|,_y|| < e. However, since

d

1 /
0 — g [z(t+07¢) —JT(G,QZS)] - @ 1'(t 7¢)|t’:0

is continuous by the remarks made above, and since [—r,0] is compact, we can make such an estimate
independent of 6, i.e. we can find a 6 > 0 such that

d

| bet0+0.0) (0.0 - £ a0 0,

ar <e€

if [[t]l < 6 and 6 € [-r,0]. We conclude that lim;_,o + [T'(t)¢ — ¢] = ¢ in the supremum-norm and in
particular, the limit exists. Thus, we find that ¢ € D(A) and {¢ € C | ¢ € C'([-r,0,R"), $(0) =
46(0) + Bo(—r)} C D(A). |

We now prove that D(A) C {¢ € C | ¢ € C' ([-r,0,R™), ¢(0) = Ap(0) + Bp(—r)}. The fact that
limy_,g % [T(t)p — ¢] exists, implies that both the left- 51ded and right-sided limit exist and equal each other.
Arguing as in the first part of the reverse inclusion, we should have that ¢ € C! and ¢(0) = A¢(0) + Bo(—r).

Thus, we conclude that D(A) C {¢ € C | ¢ € C' ([-r,0],R™), $(0) = A¢p(0) + Bop(—7)}. Combining this
with the reversed inclusion as shown above, we find that D(A) ={peC|¢eC(-r0,R"), ¢0) =
Ap(0) + Bo(—r)}. [8] =

We prove the following lemmata concerning the spectra of T'(t) and A:

Lemma 1.3.5. With A as in Definition 1.3.1, we have that 0(A) = op(A) = {A € C | det A(A\) = 0}, where
opt(A) denotes the point spectrum of A.

Proof. We first prove that o, (A) = {A € C | det A(\) = 0}. We note A\ — A is not injective if and only
if there exists an ¢ # 0 such that Ap = ¢ = A\¢. It follows that #(0) = ce*? for some ¢ € R, ¢ # 0.
But such a ¢ € R™\{0} exists if and only if det A(\) = det(A\] — A — Be™™) # 0. Thus, we find that
op(A) = {A € C | det A(A) = 0},

By definition of the point spectrum, we have that o, (A) C o(A). Thus, if 0(A4) C o (A) = {\ € C |
det A(X) = 0}, the statement of the lemma follows. Take a A € C such that det A(A) # 0. We want to
show that A € p(A), where p(A) denotes the resolvent set of A. We do so by constructing an inverse: take
any 1) € C. We note that (A\] — A)¢ = Ap — ¢ = 1) is equivalent to ¢(6) = A@(0) — () for all § € [—r,0].
Applying the variation of constants formula, we find that a solution is given by:

0
#(0) = eM? (c —/0 e_)‘sg[}(s)d!s) (1.6)
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where ¢ € R™ is a constant which we want to choose in such a way that ¢ € D(A). We note that, independent
of the choice of ¢, we have that ¢ € C* ([—r, 0], R™). Furthermore, we have that

0 0

¢(9) = XM (c — /0 e>‘s1/)(s)ds> - ewe*)‘e?b(ﬂ) = e (c - /6 e)‘sw(s)ds> — ()

$(0) = Ac —1(0)

Ap(0) + Bop(—r) = Ac+ Be *c—e B /7T e Y (s)ds
0
Thus, we find that ¢(0) = A¢(0) + Bé(—r) if and only if
Ae — Ac — Be ¢ =19(0) — e B /—T e~ (s)ds (1.7)
0

Since we chose A such that det A(\) # 0, we find that the map ¢ — Ac — Ac — Be "¢ is surjective. In
particular, there exists a ¢ € R™ that satisfies equality (1.7). For this choice of ¢, we have by construction
that ¢ as defined in Eq. (1.6) satisfies ¢ € D(A) and A\ — A¢ = 1. Since the map ¢ — Ac — Ac — Be "¢
is linear, so is its inverse. Thus, for a fixed A, the choice of ¢ depends continuously on 1. We can combine
this with the expression in (1.6) to see that the map ¢ +— ¢ = (A — A)~14) is continuous, hence bounded.
We conclude that A € p(A) and thus that 0(A) C o, (A) = {A € C| det A(A) = 0}. Combining this with
the inequality {A € C | det A(A) =0} = 0,1(A) C 0(A), the Lemma follows. [§] O

Lemma 1.3.6. Let T(t), A be as above. If u(t) is an eigenvalue of T(t), then there exists a A € C such
that p(t) = e . Furthermore, (e, ¢) is an eigenpair of T(t) if and only if (X, ¢) is an eigenpair of A. For
t > 0 we find that

o(T(#)\{0} = {e* | det A(A) = 0}

Proof. If (X, ¢) is an eigenpair of A, we have that A¢ = ¢ or ¢ = ce™ for some ¢ € R"\{0}. In the previous
Lemma we proved that det A(A\) = 0 if and only if A is an eigenvalue of A; therefore we can use the definition
of A to see that x(t,¢) = ce* = ¢ is an eigenfunction of T'(t). To compute the eigenvalue, we note that
(T(t)p) () = eMerMe = erg(h), i.e. the eigenvalue is given by e. Conversely, we see that if (e}, ) is
an eigenpair of T'(t), then we should have that ¢(#) = e*’c for some ¢ # 0. Thus we find that (), ¢) is an
eigenpair of A.

Combining this with the previous lemma, we find that

opt(T(t) = {X [ X € ope(A)} = {e [ det A(N) = 0}

We now recall that for ¢ > r, the operator T'(¢) is compact; hence it follows from the general properties for
the spectrum of compact operators that o(7(¢))\{0} consists of point spectrum only. Thus, for ¢ > r, the
claim follows. For any given 0 < t < r, we note that there exists an n € N such that nt > r. Using the
properties of the semi-flow, we have that o(T'(nt)) = o(T(t)™). We can now use the Polynomial Spectral
Theorem (see, for example, [13]) to see that

o(T(nt)) = o(T()") = (o(T ()" = {\" | A € o(T(1))}
Since nt > r, we have already proven the claim in this case and we can use this to find that
o(T(t)\{0} = {\f)\ | A € o(T(nt)\{0}} = {(e’\"t)l/n | A e C, det A(X) =0} ={e* | A e C, det A(N) =0}

which proves the claim in the case 0 < t < r. [§] O
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We recall from Section 1.2 that if all the zero’s of det A()) satisfy Re (A) < 0, then the fixed point z =0
of (1.5) is asymptotically stable; if there exists a root such that Re (A) > 0, then 2 = 0 is unstable. However,
if there are roots on the imaginary axis and all the other roots are in the left half plane, we are not yet
able to determine the stability of x = 0. To tackle this question, we note by the previous lemma’s that the
spectrum of T'(t) is related to the zero’s of det A(A). We can try to decompose the state space C in two
invariant subsets U and V, such that we ‘remove’ the purely imaginary eigenvalues by restricting 7'(t) to U.
Then the system (1.5) restricted to U is stable. We illustrate this procedure by an example.

Example 1.3.1. We consider the system (1.5) with A+ B = 0 and Ar < 1. One can show that the roots
of det A(X) all satisfy Re (\) < 0, except for a simple root at z = 0.[8] Because this root at z = 0, we cannot
apply Corollary 1.2.1 to analyze the stability of the fixed point z = 0.

We define ey(f) =1 = e for —r < @ < 0. Furthermore we define:

0
Co={¢eCle(0)+B | ¢(0)df =0}

1 0
Ho(¢) = 11 Br P(O) + B B ¢(9)d9} €o

We first note that Il is a projection, i.e. IIZ = IIy. If we introduce the notation

1

a=rp [qs(O) +B _(1 ¢(9)d9}

we find that

1 0 1
M2¢ = T {a—i—B/Taeodﬁ} ey = T [+ Bra)eg = aeg = ¢

If we denote by R(Iy) the range of Iy and by AN (Ily) the kernel, we can write any ¢ € C as ¢ = ¢g + ¢
with ¢ € N (Ilp) and ¢, € R(Ily). Indeed, if we set ¢, = Ip¢ and ¢pg = ¢ — IyP, we have that ¢, € R(Ilp)
and we can use the property of the projection to see that ¢y € N (Ilp). Thus, we find the decomposition
C =N(Ily) ® R(1p).

We now show that Cop = N (Ilp) is invariant under T'(t), i.e.

0
x(t)—i—B/ z(t+0)d0 =0, t>0

-Tr

Let ¢ € Cy and denote by z(t) the solution of (1.5) through ¢. Since z(0) = ¢(0) we have for ¢t = 0 that

2(0)+ B ’ 2(0)d0 = $(0) + B ’ $(0)do = 0

—-Tr T

by the assumption that ¢ € Cy. For ¢t > 0 we have that

i(t) + B /0 #(t+0)d0 = i(t) + B(z(t) —x(t —r)) = Az(t) + Bx(t —r) + B(z(t) —x(t —r)) =(A+B)z(t)=0

r

by the assumption that A + B = 0. This implies that x(¢) + Bfi)rx(t + 0)de is constant, and since

$(0) + B [° ¢(8)df = 0 we find that z(t) + B [° a(t +6)df = 0 for all t > 0. We conclude that T(t)¢ € Cy
if $ € Cp for all t > 0.

Since Cp is invariant under T'(t), we can restrict T'(t) to Cy to obtain the flow map S(¢). Since Ilpey =
eo # 0, we find that ey & Cy. Thus by construction, 1 (corresponding to the root A = 0 of A) is not an
eigenvalue of S(t). Since all the other roots of det A(\) were in the left half plane, the fixed point = 0 is
now a stable equilibrium if we restrict the state space of (1.5) to Cy. [8]
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Chapter 2

Time delayed feedback control

After discussing the basic concepts in the study of differential delay equations, we now turn to Pyragas
control. We study the system

() = A+ 0)2(t) + (1+i7) [2(6)]° 2(¢) (2.1)

where A,y € R are parameters and z : R — C. This system can be used to model a various physical
phenomena. [3] Furthermore, system (2.2) is the normal form of a subcritical Hopf bifurcation. This implies
the existence of an unstable periodic orbit for A < 0. This periodic orbit, that we explicitly compute in
Section 2.1, will be the target state of the control.

For the controlled system, we write

2t) = A+ 9)z(t) + (1 +4y) |Z(t)|2 2(t) — Ke [2(t) — 2(t — 7)] (2.2)

with K € R, § € [0,7] and 7 is an appropriately chosen delay term.

The main idea of the analysis in this chapter is to choose the value of K in such a way that the target
periodic orbit still emmanates from a Hopf bifurcation, but now from a supercritical one. The target periodic
orbit is then stable for parameter values near the bifurcation point. To do so, we do not fix 7 as the period T’
of the target state from the start, but instead we treat 7 as a parameter. For general values of 7, we cannot
expect the periodic orbit of (2.1) to be a solution of (2.2), but by studying these values of 7 as well, we are
able to use the Hopf bifurcation theorem in such a way that it gives us information on the stability of the
periodic solution for 7 = T.

In Section 2.1, we study the uncontrolled system, (2.1), in more detail. In Section 2.2, we study conditions
for the occurence of a Hopf bifurcation of system (2.2); in Section 2.3, we determine whether the Hopf
bifurcation at the bifurcation points is sub— or supercritical. Using this, we give conditions for the target
periodic orbit to be an (un)stable solution of (2.2) in Section 2.3. In Sections 2.2 and 2.4 we will mostly
follow [10].

2.1 Bifurcations of the uncontrolled system

Before turning to the controlled system (2.2), we first study the bifurcation diagram of the uncontrolled
system (2.1) in more detail. We first note that z = 0 is a fixed point of (2.1). Using stability theory for
ordinary differential equations we can determine the stability of this fixed point; the necessary stability
theory — if not yet known to the reader — can be found in Appendix A.

Lemma 2.1.1. The fized point z = 0 of system (2.1) is stable if A < 0 and unstable if A > 0.
Proof. Put z(t) = x(¢t) + iy(t) and rewrite (2.1) as

a(t) +ig(t) = A+ ) (@(t) +iy(t) + (1 +iv) (@) + > (1)) (@(t) + iy(t)
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which is equivalent to the system (i(t),9(t)) = f(x(t),y(t)), with f : R? — R? given by

_ (M —y+ @) — )
f@y) = (x+Ay+ (a +y2)(y+%‘)> (23)

The derivative of (2.3) at the point (z,y) = (0,0) is given by

Df(0,0) = (i ;)

whose eigenvalues are
H+ = AEi

Noting that Re (u+) = A we see that origin is a stable equilibrium if A < 0 and an unstable equilibrium if
A > 0 (see also Corollary A.3.1). O

We note that 4(0) = &i € C\R and -ERe (u(\)) = 9 =1 # 0. Therefore, the Hopf bifurcation theorem,
Theorem A.6.1, guarantees the existence of a periodic solution of (2.1) for A near 0. It turns out that we
can actually compute this periodic orbit of (2.1).

Lemma 2.1.2. A periodic solution of (2.1) is given by

2(t) = V=XV X <0 (2.4)
with period
27
T =
1—~A

Proof. We rewrite (2.1) in polar coordinates:
f(t)ew(t) + ié(t)r(t)eie(t) =(\+ i)T(t)eie(t) + 1+ Z',Y),,ﬁ(t)eie(t)

Cancelling the factor e?® on both sites an taking real and imaginary parts (note that both r and @ are real)

we find the following two equations:

O(t)r(t) = r(t) + ~vr(t) (2.6)

The root 7 = 0 of (2.5) corresponds to the equilibrium at the origin. We note that r(t) = 4++/—\ are roots of
(2.5). Since in polar coordinates we should have that r(t) > 0,we find that for A < 0 there exsits a periodic
orbit satisfying 7(¢t) = v/=\. For r(t) = V=), Eq. (2.6) reduces to 6(t) =1 — A\, i.e. 0(t) = (1 — y\)t + to.
Thus, a periodic solution of (2.1) is given by

2(t) = V=hell 7Vt

with minimal period T = 13’;/\. O

Using the theory of characterstic multipliers (see Appendix A), we are able to determine the stability of
the periodic solution (2.4) of system (2.1).

Lemma 2.1.3. The periodic solution (2.4) of system (2.1) is unstable if YA < 1 and stable if yA > 1.

14



—— Stable equilibrium
————— Unstable equilibrium
—— Stable periodic orbit

----- Unstable periodic orbit

Figure 2.1: Bifurcation diagram of system (2.1) for v > 0 (left) and v < 0 (right)

Proof. We write g(r,0) = (Ar473, 1-4+72) such that the system (2.5), (2.6) for r(t) # 0 becomes (7(t), (t)) =
g(r(t),0(t)). Then in polar coordinates, we find that

A+ 3r(t)? 0>

AW = DyvR (1= = (M 3" 0

_( —2) 0)
r=v—=X,0(t)=(1—vA)t 27y -A 0

Thus, the linear variational equation is given by @(t) = A(t)z(t) with A(t) = Dg(v/ =X, (1 —y\)t) as above.
Since A(t) = A does not depend on time, we see that the fundamental matrix solution is given by X (t) = eA’.
Thus, we find for the monodromy matrix C' (see Definition A.4.2):

C =X(0)"'X(T) = AT
The eigenvalues of A are given by A\; = 0, A = —2\. Since C' = T we find that the eigenvalues 1 o of C
are given by

1 =eMT =1

2.7
-

MoT _ ,—2A1225

M2 =€77" = !
We indeed find the trivial characteristic multiplier, as should be according to the theory of characterstic
multipliers (see Appendix A). Since the periodic orbit of interest only exists for A < 0, we find that for
the non-trivial characteristic multiplier that pus > 1 if YA < 1 and ps < 1 if YA > 1. We conclude that the
periodic orbit (2.4) of (2.1) is unstable if YA < 1 and stable for vA > 1 (see Theorem A.5.1). Specifically,
if we choose v > 0, we have that YA < 0 < 1 for all values of A < 0; thus the periodic orbit is unstable
for all values of A < 0. For v < 0, we find that the periodic orbit is unstable for % < A < 0 and stable for

1
>\<;. O

The behaviour described in Lemmata 2.1.1 — 2.1.3 is summarized in Figure 2.1.
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2.2 Occurence of a Hopf bifurcations in the controlled system

In the previous section, we studied the bifurcation diagram of system (2.1). We found for A < 0 and vA < 1
that (2.4) is an unstable periodic solution of system (2.1). This periodic orbit is the orbit we want to stabilize
via feedback control, see (2.2). We want to choose the parameters K, 8 in such a way that the periodic orbit
(2.4) emmanates from a supercritical Hopf bifurcation, since this implies stability of the periodic orbit (2.4)
near the bifurcation point.

In order to do so, we first determine for which parameter values we find a Hopf bifurcation. We introduce
the Hopf bifurcation theorem for differential delay equations.

Theorem 2.2.1. Let us consider the differential delay equation

#(t) = (1) for =7 <t<0 27

{a’c(t) = A(u)(t) + B(p)e(t —7) +g(ae.p)  fort >0
where xy € C([—7,0],R™) is such that x+(0) = x(¢t + 0). Furthermore, u is a scalar parameter, A(u), B(u)
n x n-matrices, u +— A(p), p = B(p) smooth maps, g : C([—7,0],R") xR — R is a C* mapping for k > 2 and
¢ € C([—1,0],R™). Assume that g(0, ) = D1g(0, ) =0 for all p € R. Denote by A(X, 1) the characterstic
function of the linearized system of (2.7).
Assume that for p = po there exists an wy € R\{0} such that z = Liwy are simple roots of A(X, po) and
no other roots of A(X, o) are of the form z = iwn for some n € Z.
Furthermore, let p,q € C™ be such that

A(iw(h ,LLO)p =0
A(iwo, o) g =0 (2.8)
gDy A(iwo, po)p =1

and assume that
Re (q - Do A(iwg, to)p) < 0 (2.9)
Then for = po a Hopf bifurcation of the origin occurs.
The theorem for more general cases of differential delay equations and a proof can be found in [3].

Remark 2.2.1. The second condition in the Hopf bifurcation theorem ensures that the eigenvalue on the
imaginary axis moves into the right half plane for p > po. If we would have that Re (g - A (iwo, 1o)p) > 0,
i.e. the eigenvalue on the imaginary axis moves into the left half plane for p > g, we can still ensure that the
condition 2.9 is satisfied by studying the system (2.7) with the substitution g — —pu. Instead of the condition
(2.9), we could therefore also require that Re (¢ - As(iwo, po)p) # 0. The formulation as in Theorem (2.2.1),
however, will be more convenient in the study of the direction of the Hopf bifurcation, since it makes the
‘direction of the Hopf bifurcation’ a well-defined notion.

Remark 2.2.2. By the occurence of a Hopf bifurcation at p = pg we mean that there exists a mapping
e — p*(e), such that for all e sufficiently small, system (2.7) has a periodic solution for u = p*(e). This
periodic solution is a unique periodic orbit for u = p*(e) except for a translation in phase.

We have that the origin z = 0 is an equilibrium of system (2.2). Using Theorem 2.2.1, we want to study
the values of the parameters A\, 7 for which we find a Hopf bifurcation of the origin.

We want to study the Hopf bifurcation with parameters in the (A, 7)-plane. Theorem 2.2.1 applies to
scalar parameters and therefore we should choose a curve through the (A, 7) plane. There are, of course,
different ways to do this. In this Chapter, we will vary the parameter A and leave 7 fixed. A different
approach is treated in Chapter 4.
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Lemma 2.2.2. Let us consider the system (2.2) where we leave all parameters but \ fived. Let (A, 7) # (0,0)
be such that

A= K [cos 3 — cos(f — ¢)] (2.10)

. ¢ (2.11)

1—K[sing —sin(8 — ¢)]

for some ¢ € R. Furthermore, assume that

14+ Kre'P=9) £ 0 (2.12)
1+ K7cos(B—¢)>0 (2.13)

Then a Hopf bifurcation of the origin of system (2.2) occurs.
Proof. We note that we can cast system (2.2) in the form of (2.7) by setting
AN =A+i—Ke®, B =Ke?, g, \) = (1+i7y)|2:(0)]* 2.(0)

We see that the maps A — A(M\), A — B()\) are smooth and that g is a smooth map with ¢g(0,\) =
D1g(0,\) = 0.

We note that the linearized system of (2.2) is given by the differential delay equation

2(t) = (N +19)z(t) — Ke' [2(t) — 2(t — 7)]
whose characteristic function A (see Definition 1.2.1) reads
A(pN) =p—A—i+Ke? [1—eh]

We want to find the value of (A, 7) such that we find a non—zero root of the characterstic equation on the
imaginary axis. Writing this root as p = iw € R\{0}, we should have that

iw=A+i—Ke¥ [1—e ]
Splitting in real and imaginary parts, we find that

0=\— K [cos 8 — cos(B — wT)]
w=1-K[sinf — sin(8 — wr)]

Introducing the notation ¢ = wr and rewriting yields (2.10) and (2.11). Thus, for (A, 7) satisfying (2.10)
and (2.11) we find a non—zero root of the characterstic equation on the imaginary axis.
We note that

DiA(iw,\) =1 — Kee™ ™7 (—1) =1 4+ Kre'P=9)

Thus, if (2.12) is satisfied, we find that p = iw is a simple zero of the characteristic equation. By construction,
1 = iw is the only zero of the characterstic equation of the form p = iwn, n € Z.
Set p=1,q = a. If \, 7 satisfies (2.10), (2.11) for ¢ = w7, then we have that A(iw, \)p = A(iw, \)Tq = 0.
Furthermore, we find that
q-D1A(iw,\)p=a (1 - Kewe*i‘”(—T)) =a (1 + KTei(ﬁ7¢)>

Thus, if we choose

1
p=1 g=a= 14 KreilB—9)
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the conditions (2.8) are satisfied. We have that

Re (g- DyAl(iw, \)p) = Re < 1 ) 1+ K7 cos(3 — )

1+ KreiB—9) ) T 1+ Kreie=o) |
Thus, Re (¢ D2A(iw, A)p) < 0 if and only if (2.13) is satisfied. Using Theorem 2.2.1, we conclude that if
the conditions (2.10) - (2.13) are satisfied a Hopf bifurcation of the origin occurs. O

If we fix the value of K, then a given value of ¢ gives us directly a value of A via equation (2.10) and a
value of 7 via (2.11). Thus, we can treat ¢ as a free parameter and we find that the equations (2.10)-(2.11)
parametrize a curve in (A, 7)-space.

Definition 2.2.1. We define the Hopf bifurcation curve as the curve in (A, 7)-parameter space parametrized
by equations (2.10) and (2.11).

Using Lemma 2.2.2; we see that the points on the Hopf bifurcation curve are candidate parameter values
for the occurence of a Hopf bifurcation. If for a point (A, 7) on the Hopf bifurcation curve the conditions
(2.12)-(2.13) are also satisfied, we indeed find a Hopf bifurcation of the origin of system (2.2).

We can also look at the points in (A, 7)-parameter space for which (2.4) is a solution of system (2.2). We
recall from Lemma 2.1.2 that for A < 0, (2.4) is a periodic solution of (2.1) with period T' = 13’;)\. Hence, for

=T = 2%, (2.4) is by construction a periodic solution of (2.2). This motivates the following definition:
v

Definition 2.2.2. We define the Pyragas curve in (A, 7)-parameter space as the graph of

2
1 —AA

r(\) (2.14)

with A in the domain (—o0,0).

For points on the Pyragas curve, we have that the periodic solution (2.4) is a solution of (2.2).

We note that the Pyragas curve ends at the point (A, 7) = (0,27). By applying (2.10) and (2.11) with
¢ = 2w, we find that this point also lies on the Hopf bifurcation curve, i.e. the Pyragas curve ends on
the Hopf bifurcation curve. The Hopf bifurcation at this point can be sub- or supercritical. If the Hopf
bifurcation is subcritical, an unstable periodic orbit occurs to the left hand side of the Hopf bifurcation
curve; for a supercritical Hopf bifurcation, a stable periodic orbit is generated to the right hand side of the
Hopf bifurcation curve. Thus, we can try to determine the orientation of the Hopf bifurcation curve with
respect to the Pyragas curve at (A, 7) = (0,27) and combine this with the direction of the Hopf bifurcation
(i.e. whether the Hopf bifurcation is sub— or supercritical) at (A, 7) = (0,27). This will give us information
on the stability of the periodic solution (2.4) of (2.2) for parameter values near (A, 7) = (0, 27).

To apply this method, we of course need to know the direction of the Hopf bifurcation at (A, 7) = (0, 27).
Determining this direction will be the main topic in the following section.

2.3 Direction of the Hopf bifurcation in the controlled system

In the previous Section, we introduced the Hopf bifurcation curve and the Pyragas curve in the (A, 7)-plane,
see Definitions 2.2.1-2.2.2. Parameter values on the Hopf bifurcation curve are candidates for the occurence
of a Hopf bifurcation of system (2.2); for parameter values on the Pyragas curve, (2.4) is a solution of (2.2).
We saw that the Pyragas curve ends on the Hopf bifurcation curve. Therefore, we can try to choose the
parameters K, 5 in such a way that the periodic solution (2.4) of (2.2) emmanates from a supercritical Hopf
bifurcation; then (2.4) is a stable solution of (2.2) for parameter values near the bifurcation point.

In order to apply this method, we start by determining the direction of the Hopf bifurcation.

Remark 2.3.1. By the ‘direction of the Hopf bifurcation’ at a point we mean whether the Hopf bifurcation
is sub— or supercritical at that point.
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In [10], the direction of the Hopf bifurcation for parameter values on the Pyragas curve is determined by
performing a normal form reduction on the system (2.2). In literature, we can also find closed—form formulas
that determine the direction of the Hopf bifurcation for a general differential delay equation, see for example
[3]. Here, we use this closed—form formula to determine the direction of the Hopf bifurcation of (2.2) for
parameter values on the Hopf bifurcation curve.

Theorem 2.3.1. Let us consider the differential delay equation

{x(t) = A(p)x(t) + B(p)x(t — 1) + g, 1) Jort=>0 (2.15)

z(t) = ¢(1) for —7<t<0

where p s a scalar parameter, and A(p), B(u) and g are as in Theorem 2.2.1. Assume that a Hopf bifurcation
of the equilibrium x = 0 occurs for p = pg, i.e. let the conditions in Theorem 2.2.1 be satisfied. Denote
by A(\ ) the characteristic function of (2.15) and let w € R\{0} be such that det A(iwg, p9) = 0. Let
p,q € C™ satisfy (2.8). If we introduce

B Re(c)
"2 = Re(q - DaA(iwo, to)p) (2.16)
with )
¢ = 50 D3g(0,10)(9,6,9) + 4~ D9 0, po) (& A0, o)~ D3g(0, 10) (6, 3) 6) -
+ 54 DR9(0,10) (€70 A, po) ™ D3g(0, 1) 9, 6),9)

then for po < 0, the Hopf bifurcation is subcritical; for pe > 0, the Hopf bifurcation is supercritical.

A proof of the theorem can be found in [3].
We want to apply Theorem 2.3.1 to the system (2.2). Since the differential delay equation (2.15) in
Theorem 2.3.1 is real-valued, we give a real-valued representation for (2.2) and its characteristic function.

Lemma 2.3.2. System (2.2) can also be represented as a system R? given by
21(t)\ _ (A—Kcosf —1+KsinpB\ [zi(t) x1(t)\ (1 =\ [z1(t)
((tg(t)) - (1 — Ksing A—Kcosf x9(t) + (22(8), z2(1)) zo(t)) \y 1 xo(t)
cosfB —sinp\ [(x1(t —7)
tE (sinﬁ cos 3 ) (mg(t - T))
whose characteristic function A is given by

_ A—Kcosfp —1+ Ksinp _,r [cosB  —sinf
A(M’)\)_MI_<1—KSinB )\—Kcosﬂ>_K€ 8 <sin5 cosﬁ) (2.19)

(2.18)

Proof. Setting z = x1 + izo in (2.2) and taking real and imaginary parts yields (2.18), whose characteristic
function is given by (2.19). O

Define z; € C([—7,0],R?) as 24(§) = z(t + ). Then we can describe the non-linear term in (2.18) by the
function g : C([—7,0],R?) x R — R? given by

g(z4, A) = (24(0), 2,(0)) C24(0) with C = (i 17> (2.20)

where (. ,.) denotes the standard inner product on R2. In order to apply formula (2.16) and (2.17), we begin
by computing D?g(0,\) and D3g(¢, ).
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Lemma 2.3.3. Define g as in (2.20). For all values of A\, D?g(0,\) = 0 holds. Furthermore, we have that

DYg(6, N (f1, f2, f3) = Y (fo1)(0), fo(2)(0)) Cfr3)(0) (2.21)

o€S3
for all ¢, f1, fa, f3 € C ([-7,0],R?). Here S5 denotes the permutation group of three objects.
Proof. We introduce
T:C([-7,0,R*) = R*, T(¢)=¢(0) (2.22)
which is a bounded linear operator. We can now write
9(0,7) = (T(¢),T(¢)) CT(¢)
Denote by
h:C([-7,0LR?) = R, h(¢) =(T(9),T(¢))

Since T is a linear map, DT (¢) = T holds for all ¢ € C ([—’T, 0],R2). By combining the derivative of the
inner product with the chain rule, we find that

Dh(¢) = (T(¢),T(.)) +(T(.),T(¢)) : C ([-7,0],R*) = R
Using Leibniz’ Rule, we find that
Dig(9,A) = (T(9),T(.)) CT(¢) + (T(.), T(¢)) CT () + (T(¢), T(9)) CT(.)

Denote by Lin(X, Y') the space of linear maps from X to Y. We have that D1g(¢, A) € Lin(C ([—7’, 0], Rz) ,R?)
and D?g(¢, A) € Lin(C ([-7,0],R?), Lin(C ([-7,0],R?) ,R?)). Denoting by .. the argument such that

DYg(¢, N)(-) : € ([~7.0},R?) — Lin(C ([~ 0], R?) , R?)
we find by the Leibniz rule that

Dig(¢,\) = (T(..),T()) CT(¢) + (T(¢),T(.)) CT(.) + (T(.), T(..)) CT(¢)
+(T(),T(9) CT(..) +(T(..), T()) CT(.) + (T(¢), T(..)) CT(.)

Since T(0) = 0, we find that D3g(0, ) = 0 for all A € R.
Denote by ... the argument such that

cT
(2.23)
cT

D} (¢, A)(...) : C ([~7,0],R?) = Lin(C ([-7,0],R?) , Lin(C ([-7, 0], R?*) ,R?))
By (2.23) we have that D}g(¢, \) is a linear map in ¢. Therefore, we find that

Dig(¢, A7) = (T(.),T()) CT(...) +(T(...), T(.)) CT(.) + (T(.), T(.)) CT(...)
+(T(.), T(...)) OT(..) + (T(..), T(..)) CT(.) + (T(...), T(..)) CT(.)

By applying this formula, we find that

Dil))g((rba )‘)(flvf%f?)) = Z <T(fo'(1))aT(fU(2))>CT(fa(?))) = Z <f0'(1)(0)?fO'(Q)(O)>CfO'(3)(O)

oc€E€S3 o€S3

for all ¢, f1, fo, f3 € C ([~7,0], R2). O

We can apply Lemma 2.3.3 to calculate the value of ¢ as defined in (2.17).
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Lemma 2.3.4. Let (A\,7) be a point on the Hopf bifurcation curve (see Definition 2.2.1) and let ¢ € R
satisfy (2.10)~(2.11). Then the value of Rec with ¢ as defined in (2.17) is given by

Roe— 21+ K7 (cos(8 — ¢) +ysin(8 — ¢)) (2.24)

|1+ KreiB=0)|?

Proof. We first calculate p, g as defined in (2.8). Set

_ (A~ Kcosf —1+ Ksinf . (cosf —sinp
A_<1Ksinﬂ AK0055>’ B—K(Smﬂ Cosﬁ) (2.25)

We recall from Lemma 2.2.2 that if (A, 7) lies on the Hopf bifurcation curve, we find that there exsists an
w € R such that A(iw, ) = 0. Using Lemma 2.3.2 we can rephrase this condition by saying that iw is an
eigenvalue of the matrix A + Be~ ™. By definition, p € C? satisfies A(iw, \,7)p = 0 (see (2.8)), i.e. p is an
eigenvector of the matrix A + Be™™ corresponding to the eigenvalue iw. Using this, we find for p:

p= (_12> (2.26)

Similarly, we find that

Here, the renormalization factor o € C should be chosen such that
q-D1AGiw,\)p=1 (2.27)

We note that

. _ —iwr (COSB  —sinf) —i¢ (cOsB —sinf
DiA(iw, \) =T+ Kre (Sinﬂ cos 3 > =TI+ Kre (sinﬁ cos 3

Here, we write ¢ = w, as we did in Lemma 2.2.2. Thus we find that

oDt p=a (o (1) +xreewa (S ) (1))
=2 (1 + KTei(ﬁf(b))

Condition (2.27) thus implies that

1

T o1+ KreiF-a)

Applying Lemma 2.3.3 and expression 2.17 we find that

¢ = 50 Dig(0)(6,6,8) +0+0

S0 (206(0),6(0)) C60) +2 (500, 6(0) ) C6(0) + 2 (9(0), 5(0) ) C(0))
4(1 + i)

1+ Krei(B—¢)

=q-((p,p)CPp+ (p.0) Cp+ (B, p) Cp) =

which gives (2.24). O
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We can now apply Lemma 2.3.4 to compute the value of ps for values (A, 7) for which we have a Hopf
bifurcation of system (2.2). We note that, in order to apply Theorem 2.3.1 we should only vary one parameter.
As in Lemma 2.2.2, we leave K, 3,~ and 7 fixed and we only vary .

Lemma 2.3.5. Let (A, 7) be a point on the Hopf bifurcation curve and let ¢ € R satisfy (2.10)-(2.11). Let
us vary A and leave all the other parameters fived. Then the value of pe as defined in 2.16 is given by

41 + K7 (cos(B —¢) +ysin(B — ¢))
1+ K7cos(B — o)

o = (2.28)

Proof. Using Lemma 2.3.2, we find that
DQA(iw(),)\) =1

Using the values of p, ¢ as determined in the proof of Lemma 2.3.4, we find that

1

q- DaA(iwo, \)p = —q-p= —20 = 14 KreilB—9)
which yields

14+ Krcos(B—¢)
|1+ Kreit3-9)|?

Re (g - D2A(iwo, \)p) =

Combining this with Lemma 2.3.4 gives (2.28) O

We are now able to determine the direction of the Hopf bifurcation for parameter values (A, 7) for which
a Hopf bifurcation of the origin of system (2.2) occurs.

Corollary 2.3.1. Let (A, 7) be such that a Hopf bifurcation of the origin of system (2.2) occurs, i.e. let the
conditions in Lemma 2.2.2 be satisfied.

14 K7 [cos(f — ¢) +ysin(B —¢)] >0 (2.29)
then the Hopf bifurcation at (A, ) is subcritical. If
1+ K7 [cos(8 — ¢) + ysin(8 — ¢)] <0 (2.30)
the Hopf bifurcation at (Ao, 7o) is supercritical.
Proof. If the conditions in Lemma 2.2.2 are satisfied, we have in particular that (2.13) holds, i.e.
1+ K7cos(f—¢) >0

Combining this with Lemma 2.3.5, we find that us < 0 if (2.29) holds. Applying Theorem 2.3.1, we conclude
that the Hopf bifurcation is subcritical. If (2.30) holds, we have that ps > 0 and by Theorem 2.3.1 the Hopf
bifurcation is supercritical. O

Corollary 2.3.1 gives us a criterion to decide upon the direction of the Hopf bifurcation. In the next
Section, we determine the orientation of the Pyragas curve with respect to the Hopf bifurcation curve.
Combining this with Corollary 2.3.1, we can determine for which parameter values the periodic solution
(2.4) of (2.2) is (un)stable.
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2.4 Stability of the periodic solution

In Section 2.2, we introduced the Hopf bifurcation curve in the (), 7) parameter plane (see Definition 2.2.1);
points (A, 7) on the Hopf bifurcation curve are candidate parameter values for the occurence of a Hopf
bifurcation. Furthermore, we introduced the Pyragas curve in the (), 7)-plane (see Definition 2.2.2); for
(A, 7) on the Pyragas curve, (2.4) is by construction a periodic solution of (2.2). We saw that the Pyragas
curve ended on the Hopf bifurcation curve at (A,7) = (0,27). This motivates us to try to choose the
parameter values K, 8 in such a way that the periodic solution (2.4) emmanates from a supercritical Hopf
bifurcation. If this is the case, it follows that (2.4) is a stable solution of (2.2) for parameter values near the
bifurcation point.

In Section 2.2, we studied the conditions for the occurence of a Hopf bifurcation; in Section 2.3, we
determined the direction of the Hopf bifurcation. In this Section, we are interested in the orientation of the
Pyragas curve with respect to the Hopf bifurcation curve. In particular, we determine the parameter values
for which the Pyragas curve is locally to the right of the Hopf bifurcation curve and for which the Hopf
bifurcation at (A, 7) = (0, 27) is supercritical. We will see that for these parameter values, the solution (2.4)
of (2.2) is stable for small A.

We introduce the following terminology:

Definition 2.4.1. We define the critical value K. to be the value of K such that the slope of the Hopf
bifurcation curve and the slope of the Pyragas curve coincide. We refer to (K., 7. = 2m,A. = 0) as the
critical point.

Lemma 2.4.1. For § € (0,7), the critical value is given by

1

K, =—
27 (cos B + 7y sin 8)

(2.31)

Proof. Denote by Ap, 7p the values of A\, 7 on the Pyragas curve as given in Definition 2.2.2 and denote by

drp _ drp
dip  d\p

(Ap=0,7p=2m)

the slope of the Pyragas curve at (0, 27). Similarly, denote by A g, 77 the values of A, 7 on the Hopf bifurcation
curve as given by (2.10) and (2.11) and denote by

dTH L dTH
d\g = d\g

()\H :O,TH :271‘)

the slope of the Hopf bifurcation curve at (0, 27).

We can straightforwardly compute fg—’;:
B 2w

drp _ d (27
dp  dA\1—W)|, =2’

On the Hopf bifurcation curve, we use (2.10) and (2.11) to find that

= 27y (2.32)
A=0

dA g
d(b ¢=2m

L - ! - ¢ —K cos(f8 —
4% lp=2n (1 “Kbwp—sm(B -] (1-Kpmg—sm@—o ¢))>

1+ 27K cosf

= K sin(f — 6|y, = K sin

d=2m
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We note that for 8 € (0,7), (2.10) is invertible for ¢ in a neighbourhood of ¢ = 27. Combining this with
expression (2.11), we find that we can locally write 7 as a function over A around (A, 7) = (0,27). By the
chain rule, we have that

dTH d)\H _ dTH
d)\H (A =0,7g=2m) d¢ ¢=27 d¢ ¢=27
If dj‘f . # 0, we can divide both sides by d)‘H to obtain
=27 ¢=27
d d dA 1 2
H T8 s I R ] (2.33)
d\m (Asr=0,71=27) Ao |4or ' Ao |yoy Ksinf tanp
as the slope of the Hopf bifurcation curve at (0,2m).
By Definition 2.4.1, we now find that the critical value K, satisfies
9 27 1
= — ————
K tang  K.sinp
(note that tan 8 # 0,sin 8 # 0 for 8 € (0, 7)), which gives the expression
1
K, =—
¢ 27 (cos 8 4 ~ysin j3)
O
By looking at the values of dT—H and Z;P , we can determine whether the Pyragas curve is locally left

or right to the Hopf bifurcation curve If dTH < 0, then the Pyragas curve is locally to the left of the Hopf

bifurcation curve if and only if it is locally below it. For dT—H > 0 the Pyragas curve is locally to the left if

and only if it locally above the Hopf bifurcation curve (see Flgures 2.2 and 2.3). Since the Pyragas curve is
only defined for A < 0, the inequality dTP < dTH implies that the Pyragas curve is locally above the Hopf

bifurcation curve. Similarly, § dTP > dTH 1mphes that the Pyragas curve is locally below the Hopf bifurcation

curve. We can thus dlstlngmsh between several cases, as summarized in Table 2.1.

dr dr

oy <0 o >0
fg—i < 3;1:1 Pyragas curve right to Hopf curve g%; < g;g Pyragas curve left to Hopf curve
3;—’; > gi Pyragas curve left to Hopf curve i\% > g—g Pyragas curve right to Hopf curve

Table 2.1: Orientation of the Pyragas curve with respect to the Hopf bifurcation curve

s

As an example, we apply Lemma 2.4.1 and 2.1 to the case v = —10, 8 = 7.

Proposition 2.4.2. Let v = —10, 8 = 7 and denote by Ko the value of K such that dTH = 0. Then
for K > K. and K < Ky, the Pyragas curve is locally to the right of the Hopf bzfurcatwn curve. For

Ko < K < K., the Pyragas curve is locally to the left of the Hopf bifurcation curve.

Proof. For v = —10, 8 = 7, we have that cos § + ysin 3 < 0. Using the expressions (2.32), (2.33), we find
for K > K, that g)\% < j;” As seen in Figure 2.4, we have that dT’ZI < 0 for K > K.. Using Table 2.1, we
find that the Pyragas curve is locally to the right of the Hopf bifurcation curve.

A similar analysis shows that the Pyragas curve is to the left of the Hopf bifurcation curve for Ky < K <
K.. For K < Ky, we find that the Pyragas curve is locally to the right of the Hopf bifurcation curve at the
point (0, 27) (see also Figure 2.3). O
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K <K, K=K, K> K,

-0.6 -0.4 -0.2 -04 -03 -0.2 -0.1 -0.15 -0.10 -0.05 0.05

—— Hopf Bifurcation Curve
—— Tangent to the Hopf Bifurcation Curve

----- Pyragas curve

Figure 2.2: Pyragas curve and Hopf Bifurcation curve in (), 7)-plane with K. < 0 (in particular, v = ﬁ, 8=
%) for K < K. (left), K = K. (middle) and K > K. (right)

K <K, K=K, K> K,

A N N N N
-0.002 0.002 0004 0006 0008 0010 0012 -0.02 0.02 0.04 0.06 -0.05 0.05 0.10 0.15 0.20

—— Hopf Bifurcation Curve
—— Tangent to the Hopf Bifurcation Curve

----- Pyragas curve

Figure 2.3: Pyragas curve and Hopf Bifurcation curve in (A, 7)-plane with K, > 0 (in particular, v =
—10,8 = %) for K < K, (left), K = K. (middle) and K > K, (right)
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Having determined the orientation of the Pyragas curve with respect to the Hopf bifurcation curve, we
can now combine this knowledge with the direction of Hopf bifurcation at (0,27) to determine parameter
values K, 8 for which the periodic solution (2.4) of (2.2) is stable for small A.

Corollary 2.4.1. Let the conditions in Lemma 2.2.2 be satisfied for ¢ = 27 and let 1427w K [cos f + 7 sin 8] <
0. Furthermore, assume that the Pyragas curve is locally to the right of the Hopf bifurcation curve. Then
the periodic solution (2.4) of (2.2) is stable for small \.

Proof. By (2.10) and (2.11), we have that (A,7) = (0,27) is a point on the Hopf bifurcation curve with
¢ = 2m. If we assume that

1+ 27K [cos B+ ysinf] =14 27K [cos(8 — 2m) + ysin(f — 27)] < 0

we find by continuity of the map ¢ — 1+7(¢) K [cos(8 — ¢) + vsin(S — ¢)] that there exist a neighbourhood
U of 27 such that

14 7(¢)K [cos(B — ¢) + ysin(8 — )] <0

for all ¢ € U. By choosing this neighbourhood small enough, we can ensure that (2.12) and (2.13) are also
satisfied for all ¢ € U. By applying Corollary 2.3.1, we find a supercritical Hopf bifurcation for all ¢ € U.
This means that we find a stable periodic solution for A in a small neighbourhood to the right of the point
A(¢) on the Hopf bifurcation curve for all ¢ € U. By Remark 2.2.2, these periodic solutions are unique. Since
by assumption the Pyragas curve is locally to the right of the Hopf bifurcation curve, we find for small A
that (2.4) is in fact the periodic orbit coming from the Hopf bifurcation. Therefore, for small A, the periodic
orbit (2.4) of (2.2) is stable. O

Corollary 2.4.2. Let us assume that the conditions in Lemma 2.2.2 are for ¢ = 2, satisfied 1427 K [cos B + ysin 5] >

0 and the Pyragas curve is locally to the right of the Hopf bifurcation curve. Then the periodic solution (2.4)
of (2.2) is unstable for small X.

Proof. A similar argument as in the proof of Corollary 2.4.1 yields the result. O

Remark 2.4.1. By combining Lemma 2.4.1 with Corollary 2.3.1, we find that the critical value K = K,
marks the transition from sub— to supercritical behaviour at the point (A, 7) = (0, 27).

To conclude this Chapter, we combine the Corollary 2.4.1-2.4.2 with Proposition 2.4.2 to study the case

v = —10, 8 = 7 in more detail. The behaviour for general parameter values is discussed in Section 3.3.

Proposition 2.4.3. Let us assume that (2.12), (2.13) hold for ¢ = 2m and denote by Kq the value of K
such that T = 0. For Ko < K < K., the solution (2.4) of (2.2) is unstable for small X. For K > K., the
the solutwn (2 4) of (2.2) is stable for small .

Proof. By Remark 2.4.1 we have that
1+ 27K, [cos B+ vsinf] =0

If we choose v = —10, 8 = 7, we have that cos 8 + vsin 8 < 0. This implies that

14 27K, [cosB+vysinf] <0 for K > K,
1+ 27K [cosf+vsinf] >0 for K< K,

Combining this with Corollary 2.3.1, we find that the Hopf bifurcation at the poin (0, 27) is subcritical for
K < K. and supercritical for K > K..

As shown in Proposition 2.4.2, we have for K < K| that the Pyragas curve is locally to the right of the
Hopf bifurcation curve at (A, 7) = (0,27). The fact that the Hopf bifurcation is subcritical for these values
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of K, i.e. an unstable periodic orbit appears for parameter values to the left of the Hopf bifurcation curve,
gives us thus no information about the stability of the Pyragas curve for K < Kj.

For Ky < K < K, we recall from Proposition 2.4.2 that the Pyragas curve is locally to the left of the
Hopf bifurcation curve at (A, 7) = (0,2r). Since for Ky < K < K. the Hopf bifurcation at the point (0, 27)
is subcritical, we can apply Corollary 2.4.2 to see that the solution (2.4) of (2.2) is unstable for small A.

For K > K, it was shown in 2.4.2 that the Pyragas curve is locally to the right of the Hopf bifurcation
curve at (A, 7) = (0, 27). Since the Hopf bifurcation at(\, 7) = (0, 27) is subcritical for K > K. by Corollary

2.3.1, we find by Corollary 2.4.1 that for K > K, the solution (2.4) of (2.2) is stable small \. O
100 F7 :
s0f 1
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Figure 2.4: Plot of ZAL}; = 27y and gg—’;’l = _ﬁnﬂ — tj;rﬁ for v =-10, B
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Chapter 3

Dynamics of the controlled system

In Chapter 2, we studied the Pyragas control scheme applied to system (2.1). Using the Hopf bifurcation,
we were able to find values of K, 3 such that the Pyragas control scheme is succesfull for small A, i.e. the
periodic solution (2.4) of (2.2) is stable for small A\. As an example, we applied this method to a specific
choice of parameters, see Proposition 2.4.3.

In this Chapter, we study the dynamics of the controlled system (2.2) in more detail. This analysis will
give us more insight in the mechanisms by which the stabilization of the periodic orbit (2.4) is achieved. In
Section 3.3 we combine these results to give a complete overview of the bifurcation diagram and we extend
the result from Proposition 2.4.3 to general parameter values. In Sections 3.1 and 3.2 we mostly follow [10].

3.1 Stability on the Pyragas curve

In Chapter 2, we determined the stability of the periodic solution (2.4) of (2.2) by using the Hopf bifurcation
theorem. In principle, the stability of periodic solutions can also be determined by looking at the characterstic
multipliers (see Section A.5 for a discussion of characteristic multipliers for ordinary differential equations).
In this Section, we have a closer look at the characterstic multipliers of the periodic solution (2.4) of (2.2).
We find that an infinite number of characterstic multipliers exists. Although we cannot determine all these
multipliers analytically, we will study the real multipliers. This gives us an interesting insight in the dynamics
of system (2.2).

Lemma 3.1.1. Suppose there exists a point (A, 7¢) on the Pyragas curve satisfying

1
~ K(cos B+ 7sin )

(3.1)

Tt =

then for the parameter values (K, A\, 7¢), the periodic solution (2.4) of (2.2) has a non-trivial characteristic
multiplier on the unit circle.
If we furthermore assume that

’1 + KTteiﬁ‘2 + M1 >0
and that there exist a neighbourhood U of (A, T¢) satisfying
14+ K7(cos B+ ysinpg) >0

for all (A\,7) € U, then for points (A\,7) € U on the Pyragas curve, the periodic solution (2.4) of system (2.2)
is unstable.
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Proof. To find the linear variational equation, we look at small deviations around the periodic solution (2.4).
We write the small deviations as:

2(t) = Rpe™»" [1 +7(t) +ig(t)]

with r(¢), ¢(t) € R and where R, w, denote the radius and the angular frequency of (2.4). We expand (2.2)
for z(t) to linear order.
Denote by 7, the period of (2.4), i.e. 7, = 2Z. For z(t) to be a solution of the system (2.2) with 7 = 7,,

its equation of motion should read

i(t) = Rye'rt (iwp (L +r(t)+ipt)) +7(t) + m's(t))
= (A+D)Rpe™?" (1 +r(t) +id(t) + (1 + i) Roe™»" |1+ r(t) + ip(H)|* (1 +r(t) +ip(t)) (3.2)
— KePRye™»" [1 4+ 1(t) +ig(t) — Re™“r™ (L+71(t — 1) + id(t — 7]

which we can simplify by cancelling the terms R,e™»! on both sides. Using that we have chosen r(t), ¢(t) € R,
we find that:

14 7(t) + i) (1+r(t) +ig(t) = (1 +7()* + ¢(£)) (1 + r(t) +id(t))
=143r(t)? +3r(t) + o(t)® + r(t) + r(t)p(t)? +ip(t) + ip(t)r(t)? + 2ip(t)r(t) + ig(t)>

Up to order 2, (3.2) reduces to
iwp(1+7r(t) +io(t)) + r(t) + Z¢(t) =A+Mr(t) —p(t) +i (1 +7() + Ap(t)) + (1 + Z"}/)RI% (14 3r(t) +i9(t))
— Ke" [14+7r(t) +ig(t) — Re™r™ (1 +1(t — 1) +id(t — 7p)]
From the fact that u(t) = Rpe'r! satisfies (2.2) with 7 = 7,, it follows that
iwp=A+i+ (1+iv)R;— Ke' (1 —e™rm)
Using this, in combination with the fact that R2 = —\ (see (2.4)) and e“r™ = 1, we find that
iwp(r(t) + ig(t)) + (1) +id(t) = Ar(t) — d(t) + (r(t) + &(t) + A(t)) — AL+ i7)(3r(t) + ig(t))
LG [r(t) +ig(t) — r(t — ) — id(t — 7p)]

Taking real and imaginary parts and using that w, = 1 — v\ (see (2.4)) results in the linear variational

equation:
(r(t)) B ( —2\ O) (r(t)) K (cosﬂ sinﬂ) (r(t) —r(t— Tp)> (3.3)
o)) \ =2\ 0) \ (1) sinf3  cosf (t) — ot — 1) ’
We note that the linear variational equation is autonomous.

Suppose that for the ordinary differential equation @(t) = f(x(t)) with periodic solution u(t) the linear
variational equation is autonomous, i.e. given by

i(t) = Ax(t)

with A a constant matrix. Then the monodromy matrix C' (see also Definition A.4.2 in the Appendix)
is given by C' = 4T and we can choose the characterstic multipliers as the eigenvalues of A. Extending
this idea to differential delay equations, the characteristic exponents of (3.3) are given by the roots of the
characteristic equation corresponding to (3.3). This characteristic equation is given by

(42X + Kcos (1 — e ) (u+cos B(1 — Ke ")) + (2Ay + Ksin f(1 — e #™)) KsinB(1 — e #*) =0
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which we can rewrite as
0= (u+KeP(1—e)) (p+ Ke(1—e7"™)) +2X (u+ K (cos f + ysin §) [1 — e77])

We note that this is a transcedental equation which, for general parameter values, has an infinite number of
solutions. We cannot expect to find all the solutions analytically. To gain more insight in the behaviour of
the solutions, we expand the right hand side up to second order terms:

- 1 . 1
0= (/,L—i-Kezﬂ(,uT — 5/1272 + .. )> (u—l—Ke’ﬂ(/n — 5/127'2 + .. )>
1
+ 2\ + K (cos B+ ysin B) (ur — —p?7% +...)

2
= 12(14 Ker)(1 4+ Ke 1) + 22 u(1 + K(cos B + vsin 8))7) — p> 2 K X(cos 8 + ysin ) + O(u?)

=2\ (1 4+ K7(cos f + ysin ) + p? (‘1 + Keiﬁ‘2 — AK7%(cos —l—vsinﬁ)) +0(p?)

We note that p = 0 is always a solution, corresponding to the trivial characteristic multiplier. For (A, 7¢)
satisfying (3.1), the coefficient of the first order term vanishes and the characteristic equation reduces further
to

0= p (|1 + Kef)? +)\m) + O3 (3.4)

Thus, for (A, 7¢) on the Pyragas curve satisfying (3.1), we find that p = 0 is a zero of multiplicity 2, i.e.
there is also a non-trivial characteristic multiplier located on the unit circle.
We note that 3.1 implies that

|1 +Kelﬂ|2 — )\tKTtZ(cosﬂJr'ysin,B) = ‘1 +K7't6iﬁ|2 + ATy

Thus, if we assume that ’1 + KTtem’Q + \¢7¢ > 0, then ’1 + Kew’2 — AK72(cos B+ ysin8) > 0 in a small
enough neighbourhood of the transcritical point. If we now vary the parameters in this neighbourhood
in such a way that 1+ K7(cosf8 + vsin8) > 0, then (3.4) implies that the non-trivial solution becomes
positive (note that A < 0 on the Pyragas curve). Thus, in a neighbourhood of the transcritical point with
1+ K7(cosfS + vsinB) > 0, one of the characteristic multipliers lies outside the unit circle, and for these
parameter values the periodic solution (2.4) of system (2.2) is unstable. O

Definition 3.1.1. We define the transcritical point to be the point (A, 7) on the Pyragas curve satisfying
(3.1).

Remark 3.1.1. For the critical value K = K., we find the transcritical point at (A, 7) = (0, 27).

Remark 3.1.2. We can choose the values of the parameters (K, v, 7) in such a way that there does not exists
a point on the Pyragas curve satisfying (3.1), i.e. the transcritical point does not exist. This is explored in
more detail in Section 3.3.

Remark 3.1.3. We note that in Lemma 3.1.1 we have only adressed real characteristic multipliers. The
condition for instability given in Lemma 3.1.1 is therefore not a necesary condition; instability can also be
caused by non-real multipliers outside the unit circle.

As an example, we apply Lemma 3.1.1 to the case v = —10, = 7.

Proposition 3.1.2. Lety = —10, 8 = 7. For K < K., the transcritical point exists. Under the assumptions

that K < K. and |1 + KTtew|2+)\tTt > 0 the periodic solution (2.4) of system (2.2) is unstable for parameter
values (A, T) on the Pyragas curve in a neighbourhood to the right of the transcritical point.
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Proof. Since we have chosen v < 0 and all points on the Pyragas curve satisfy A < 0, we have that

Ty
= T
4 1—9A

on the Pyragas curve and for all real numbers > 27 we can find a point on the Pyragas curve satisfying
T =r. As stated in Remark 3.1.1, we have for K = K. that 7, = 27. For the parameters v = —10, 8 = 7,
cos S+ sin 8 < 0 holds. Applying (3.1), we find that for K < K, a transcritical point exists on the Pyragas
curve, satisfying 7, > 2m.

Since v < 0, we have that 7 < 7 for points on the Pyragas curve to the right of the transcritical
point. Since the transcritical point satisfies (3.1) by definition and cos§ + ysin 8 < 0, we find that 1 +
Kr(cosfB + vsinf) > 0 for points on the Pyragas curve to the right of the transcritical point. Thus, if
’1 + KTteZﬂ’Q + A7 > 0 is satisfied, we apply Lemma 3.1.1 to find that for paramter values (A, 7) on the
Pyragas curve in a neighbourhood to the right of the transcritical point, the periodic orbit (2.4) has at least
one positive multiplier and is thus unstable. O

3.2 Saddle — Node Bifurcations

In Chapter 2, we extensively used the Hopf bifurcations of the fixed point z = 0 of system (2.2). For a
complete understanding of the bifurcation diagram, we now study the saddle—node bifurcations of system
(2.2).

Lemma 3.2.1. If there exists a ¢ € R such that the parameters (K, A\, T) satisfy
1

= B = 9+ (3= 9) (39
T(1—=9A) =¢ — K7 [ycos B —sinf — ycos(f — ¢) + sin(5 — ¢)] (3.6)
A < K [cos f — cos(f — ¢)] (3.7)

then a saddle—node bifurcation of system (2.2) occurs.

Proof. Since the periodic solution (2.4) of (2.2) is of the form z(t) = Re™! with R,w € R, we are interested
in knowing whether other solutions of this form exist. We insert z(t) = Re™? in (2.2) to obtain:

£(t) = iwRe™" = (A + i) Re™" + (1 + iy)R%™" — Ke'® [Re™' — Re™e™ ]

Cancelling the factors Re’? on both sides and taking real and imaginary parts yields the conditions

R* = —\+ K [cos B — cos(3 — ¢)] (3.8)
o=7(1—XAy)+ K7[ycos —sinf — ycos(f — ¢) + sin(8 — )] (3.9)

with ¢ = wr. We note that if the diagonal touches the graph generated by the RHS of (3.9) for a certain
value of K, changing the value of K will result in either the appearance or disappearance of a solution of
(3.9), as is illustrated in Figure 3.1. Thus, if the diagonal touches the graph, a saddle — node bifurcation
takes place. Since for a general function f the diagonal touches the graph of f if there exists a ¢ satisfying
¢ = f(¢) and Z—i =1= %, we find that a saddle-node bifurcation occurs if there exists a ¢ satisfying
(3.5
RQ

~~

, (3.6). The inequality (3.7) comes from (3.8) in combination with the assumption that R € R, i.e.
0. O

For a fixed value of K, a given value of ¢ gives us a value of 7 via (3.5). The pair (7,¢) gives us a
value of A via (3.6). In combination with the constaint (3.7), we find that the equations (3.5), (3.6), (3.7)
parametrize curves in (A, 7)-parameter space. In analogy to Definition 2.2.1, we now define the following;:
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----- Pyragas curve (right of transcritical point)

—— Saddle Node curve

Figure 3.2: Pyragas curve and saddle-node curve around the transcritical point in distorted coordinates for
v = —10, 8 = 7 and different values of K.

Definition 3.2.1. We define the saddle — node curves as the curves in (\, 7)-parameter space parametrized
by equations (3.5), (3.6), (3.7).

In Section 2.4, we studied the orientation of the Pyragas curve with respect to the Hopf bifurcation curve.
We now turn towards the position of the saddle-node curve with respect to Pyragas curve and the Hopf
bifurcation curve.

Lemma 3.2.2. Let (\,7) be a point on the Hopf bifurcation curve where a transition from sub— to super-
critical behaviour occurs. Then (A, 7) also lies on a saddle-node curve.

Proof. By definition of the Hopf curve, there exists a ¢ € R such that (2.10) and (2.11) are satisfied.
Rewriting the latter, we find for point on the Hopf bifurcation curve that

¢ — K7 [ycos 8 —sinf —ycos(f — ¢) +sin(3 — §)]
= —K7v[cos B —cos(8 — ¢)] + ¢ + K7 [sin 8 — sin( — ¢)]
=Ty A+ 7=7(1-79X)

i.e. (3.6) is satisfied. Trivially, (2.10) implies (3.7). Thus, all points on the Hopf bifurcation curve satisfy
(3.6) and (3.7). We recall from Corollary 2.3.1 that a transition from sub- to supercritical behaviour on
the Hopf bifurcation curve occurs when 1 + K7 [cos(S — ¢) + vsin(8 — ¢)] = 0 which is equivalent to (3.5).
Using Definition 3.1.1, we conclude that the sub—supercritical Hopf transition points lie on the saddle-node
curve. O

Lemma 3.2.3. A saddle—node curve intersects the Pyragas curve at the transcritical point.
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—— Hopf Bifurcation Curve (Subcritical)
] =——— Hopf Bifurcation curve (Supercritical)

Pyragas Curve

—— Saddle Node curve

Lo L L
-0.06 -0.04 -0.02 0.00 0.02
A

Figure 3.3: Bifurcation diagram in (A, 7)-plane for K = 0.019, g = %, v = —10.

Proof. We recall that for all points on the Pyragas curve satisfy (2.14) with A < 0. Thus, they satisfy (3.6)
and (3.7) for ¢ = 2m. The transcritical point on the Pyragas curve satisfies (3.1), which is equivalent to
(3.5) for ¢ = 2m. We conclude that a saddle-node curve intersects the Pyragas curve at the transcritical
point. O

The behaviour described in Lemmata 3.2.2, 3.2.3 is summarized in Figure 3.3: the saddle—node curves
emmanate from the Hopf bifurcation curve at points where the direction of the Hopf bifurcation transitions
from sub- to supercritical. Furthermore, the transcritical point on the Pyragas curve lies also on the saddle-
node curve (see Figure 3.2a).

3.3 Varying parameter values

In the previous Sections, we developed methods to study the bifurcation diagram of system (2.2). In this
section, we combine the results from Sections 2.2-3.2 to obtain a complete view of the bifurcation diagram
of system (2.2). In Example 3.3.1, we give an overview of the bifurcation diagram with parameter values
v = —10, 8 = 7. Thereupon, we study how the bifurcation diagram changes when we vary the parameters.

Example 3.3.1 (Overview of the bifurcation diagram for v = —10, g = §). For 0 < K < K., where K.
denotes the critical value, there exists a transcritical point on the Pyragas curve satisfying (3.1). Let us
assume that 2.13 holds. For parameter values (A, 7) on the Pyragas curve in a neighbourhood to the right of
the transcritical point, the solution (2.4) of (2.2) is then unstable (see Proposition 3.1.2). For 0 < K < K,
the Pyragas curve is locally to the left of the Hopf bifurcation curve (see Proposition 2.4.2). Furthermore,
the Hopf bifurcation at the point (A, 7) = (0, 27) is subcritical, i.e. a unstable periodic orbit is generated to
the left of the Hopf bifurcation curve. These remarks imply that the periodic solution (2.4) of (2.2) is also
unstable for parameter values (A, 7) on the Pyragas curve in a neighbourhood to the left of (A, 7) = (0, 27)
(see Proposition 2.4.3).

As K — K, the transcritical point moves towards the point (A, 7) = (0,27). For K = K, the transcriti-
cal point coincides with the critical point (0,27) (see Remark 3.1.1) and this point also marks the transition
between sub- and supercritical behaviour on the Hopf bifurcation curve (see Remark 2.4.1).

If we increase the value of K further, i.e. K > K., the saddle-node curve detaches from the Pyragas
curve (see Figure 3.2) and no transcritical point exists on the Pyragas curve. At the point (A, 7) = (0, 27),
the Pyragas curve is locally to the right of the Hopf bifurcation curve (Proposition 2.4.2). The point
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Pyragas curve (transcritical unstable)
Pyragas curve (transcritical unstable)
1 — Hopf bifurcation (subcritical)
Hopf bifurcation (supercritical)

| —— Saddle Node bifurcation

L L L L L 1
-0.10 -0.05 0.00 0.05 0.10 0.15 0.20
K

Figure 3.4: Bifurcation diagram of (2.2) in (K, 7) parameter plane for v = —10, = §, A = —0.02.

(A, 7) = (0, 27) on the Hopf bifurcation curve is now supercritical, i.e. a stable periodic orbit emmanates to
the right of the Hopf bifurcation curve. This geometry indicates that the Pyragas curve is now stable near
the Hopf bifurcation curve (see Proposition 2.4.3).

So far, we studied the behaviour in the five-dimensional (\, 8, K, v, 7)-parameter space by looking at the
behaviour in (), 7)-parameter space for fixed values of (v, 8, K); see Figure 3.3. We can also study different
two-dimensional sections of the five-dimensional parameter space, for example by looking at (K, 7)-parameter
space. This is done in Figure 3.4 and summarizes the behaviour described in Example 3.3.1.

In the following Proposition, we extend the results obtained in Proposition 2.4.3 to general parameter
values.

Proposition 3.3.1. As indicated in Figure 3.5, we can distinguish between siz different cases if we want to
study the stability of the solution (2.4) of (2.2) for parameter values (A, 7) near (0,2m).

Proof. We recall from Table 2.1 that the orientation of the Pyragas curve with respect to the Hopf bifurcation

curve is determine by the sign of g;g and the sign of g;f{ — 472 We note that the asymptote of gﬁ’:{ (K) =

dp
— tfr’fﬂ — t;’:ﬁ. We are therefore able to distinguish between several cases in the (v, 8)-

plane. Below the curve 27y — (— t;f:/a) = 0, we have that j/\% =27y > j;;’( = —t,ifﬁ,
dry

the Pyragas curve is above the asymptote of g;” . Since both g% and the asymptote of J7 can be either
H P H
negative or positive, we can distinguish between six cases. These different cases are summarized in Figure

3.5, with typical examples of %(K ), L‘X—Z(K ). For a given value of K, we can use Table 2.1 to determine in

each case whether the Pyragas curve is locally left or right to the Hopf bifurcation curve, as is also indicated
in Figure 3.5.
Since by asumption we have § € (0,7), we have that sing8 > 0 for all values of 5. We can thus

multiply the expression 27y < tfgﬂ by sin § and rearrange terms to find that 27y < t;’fﬁ if and only if

cos B+ ~ysin 8 < 0. We now apply Corollary 2.3.1 to find that below the curve 27y + tfrfﬁ = 0 in the (v, 8)-

plane, we have cos S+ sin 8 > 0 and thus that the Hopf bifurcation at (0, 27) is subcritical for K > K, and
supercritical for K < K.. Similarly, above the curve 27y + tf{’:ﬁ = 0 we have cos § + ysin § < 0. Therefore,
the Hopf bifurcation is supercritical for K > K. and subcritical for K < K. by Corollary 2.3.1.

Using the Corollary 2.4.1-2.4.2, we are able to determine upon the stability of 2.4 for parameter values

(A, 7) on te Pyragas curve near (0,27), see Figure 3.5. O

m is given by —

i.e. the tangent to

We note that the results found in Proposition 3.3.1 indeed do depend on the parameters: in some cases,
we are not able to determine by the methods used here to determine whether the periodic solution (2.4) of
(2.2) is stable for any value of K (see for example Figure 3.5¢), whereas in other cases we are. Furthermore,
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(a) Case 1: v >0, > Z,
cosfB+ysinf >0

=-my=-5

(d) Case 4: v<0, <3,
cosfB+ysinf <0

Figure 3.5: Distinction between different cases in (v, 8)-plane with generic examples of these cases. We note
is non-dashed, we are able to determine the stability of the Pyragas

curve near (0, 27) by studying the direction of the Hopf bifurcation at that point. Red/blue non-dashed lines
correspond to stability /instability, respectively. For the dashed regions, we have to resort to other techniques

that for values of K where the

to determine the stability.
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-
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we note that for cos 8 + ysin 8 < 0, i.e. above the line cos 8 + «ysin 8 = 0, stability is achieved for K > K.
However, for cos 8 4+ ysin 8 > 0, i.e. below the line cos 8 4+ ysin 8 = 0, stablity is achieved for K < K,.

In Proposition 3.1.2 we were able to achieve additional inside in the stabilisation of the Pyragas curve
by looking at the characteristic multipliers of (2.2).

As mentioned in Remark 3.1.2, for general values of K the transcritical point need not always to exist.
This is studied in more detail in the following Proposition:

Proposition 3.3.2. Let v > 0 and cos B+ ysin 8 > 0. Then the transcritical point only exists for K < K..

Proof. Since v > 0 and all points on the Pyragas curve satisfy A < 0, we have that

O<71= < 21

T
1—9A
for all points (A, 7) on the Pyragas curve. Furthermore, for all real numbers 0 < r < 27, there exist a point
(A, 7) on the Pyragas curve such that 7 =r.

As stated in Remark 3.1.1, we have that 7, = 27 for K = K,.. Since we have by assumption that
cos 8 + ysin 5, we find that

1
K [cos 3 + vy sinf]

for K. < K < 0. Thus, if a transcritical point would exists for K. < K < 0, it should satisfy 7 > 27. Since
T < 27 on the Pyragas curve, we conclude that the transcritical point does not exist for K. < K < 0.

Similarly, we see that if a transcritical point exists for K > 0, it should satisfy 7 < 0. Since 7 > 0 for all
points on the Pyragas curve, we conclude that the transcritical point does not exist for K > 0.

For K < K, we find that fm < 2m. Since for all real numbers 0 < r < 27 there exists a
point (A, 7) on the Pyragas curve such that 7 = r, we find that for all K < K. there exists a point (A, 7) on
the Pyragas curve satisfying (3.1). For K = K., we find the transcritical point at (A, 7) = (0, 27), i.e. at the
end of the Pyragas curve. We conlude that for all K < K. the transcritical point exists. O

> 27

By doing a similar analysis, we can distinguish between the cases indicated in Figure 3.6.

For v = —10 8 = 7, we found in Proposition 3.1.2 that a transcritical point existed for K < K.. Under
the assumption that (2.12), (2.13) hold, we found that for parameter values (A, 7) on the Pyragas curve in a
neighbourhood to the right of the transcritical point, the solution (2.4) of (2.2) is unstable. This fits nicely
with the earlier observation in Proposition 2.4.3 that for K < K, the solution (2.4) of (2.2) is unstable for
parameter values (A, 7) on the Pyragas curve near (0,27). By comparing Figures 3.5 and 3.6 we find the
existence of parameter values v, 8 such that a transcritical point lies on the Pyragas curve, while for (X, 7)
near (0,27) the solution (2.4) of (2.2) is stable.

Proposition 3.3.3. Let 3,7 be such that 3 > T, v > 0 and cos § +ysinf > 0 and assume that (2.12),
(2.13) hold for ¢ = 2m. Then for K < K., the solution (2.4) of (2.2) is stable for parameter values on the
Pyragas curve near (0,2w). For K < K., a transcritical point exists. For K in a small enough neighbourhood
of K. with K < K. and for parameter values (\,7) on the Pyragas curve in a neighbourhood to the right of

the transcritical point, the solution (2.4) of system (2.2) is unstable.

Proof. Since the choice of parameter values is an example of Case 1 of Figure 3.5, we find that the solution
(2.4) of (2.2) is stable for parameter values on the Pyragas curve near (0, 27).

By Figure 3.6, we find that the transcritical point exists for K < K.. As mentioned in Remark 3.1.1, we
have for K = K. that (A, 7¢) = (0,27). Thus we find that
|2

}1 + Kce’ﬂ‘2 - )\tKCTtQ(cosB +vsinf) = |1 + K.e?Pl" =0

Thus, for K in a small enough neighbourhood of K. with K < K., we have that

1+ Ket|* = A K72(cos B + vsin 8) > 0 (3.10)
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Figure 3.6: The values of the control parameter K for which the transcritical point exists depend on the
values of the parameters v, (3, as indicated above.

Let us now fix K in this small enough neighbourhood of K with K < K.. Since v > 0, we have that
T > 73 to the right of the transcritical point. By assumption we have that cos 8 + ysin 8 > 0 and thus that
1+ K7 [cos B+ vsinf] > 0 for 7 to the right of 7. By choosing 7 in a small enough neighbourhood of 7,
(3.10) implies that

11+ Ke | = AKr(cos B+ ysinB) > 0

Thus, for K < K, in a small enough neighbourhood of K. and by choosing 7 in a small enough neighbourhood
of 7y we can apply Lemma 3.1.1. We conclude that for K < K. in a small enough neighbourhood of K. and
(A, 7) on the Pyragas curve in a small enough neighbourhood to the right of 7, the solution (2.4) of (2.2) is
unstable. O

Remark 3.3.1. We note that Proposition 3.3.3 implies the existence of a point (A, 7) on the Pyragas curve
between the transcritical point and the point (0, 27), such that the solution (2.4) of (2.2) changes stability.
In particular, we find that at this point the multiplier studied in Lemma 3.1.1 moves back into the unit circle,
since near (A, 7) = (0, 27) the solution (2.4) of (2.2) is stable and therefore all the non-trivial multipliers lie
inside the unit circle.
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Chapter 4

Weaker conditions for stability of the
periodic solution

In Section 2.2, we determined parameter values (A, 7) for which a Hopf bifurcation of the origin of (2.2) occurs.
In Section 2.3, we determined the direction of the Hopf bifurcation (i.e. whether the Hopf bifurcation is sub—
or supercritical) at the Hopf bifurcation points. Here, we used Theorem 2.3.1. Since this Theorem applies
to scalar parameters and we are interested in Hopf bifurcation points in the two—dimensional (A, 7) plane,
we had to choose a curve over which to approach the Hopf bifurcation points. In Section 2.3, we approached
the bifurcation points parallel to the A-axis, i.e. we only varied the parameter A, as was done in [10].

We note that there are many possible ways to approach the point (A, 7) = (0, 27) in the (A, 7)-parameter
plane. In general, the value of us as defined in Theorem 2.3.1 depends on the chosen path of approach. In
this Chapter, we approach the bifurcation point (A, 7) over a different curve than was done in Section 2.3. It
turns out that by doing so, we can can considerably weaken the conditions for (2.4) to be a stable solution
of (2.2) for small .

We recall from Definition 2.2.2 that the Pyragas curve in (A, 7)-parameter space is given by the graph of

M) = 13’,;/\ for A < 0. We introduce the following terminology:

Definition 4.0.1. We define the extended Pyragas curve as the curve in (), 7)-space given by the graph of

_ 2
C1—AA

T(A)

with A in the domain R\{%}

We note that the extended Pyragas curve intersects the Hopf bifurcation curve (see Definition 2.2.1) at
(A, 7) = (0,27). The main idea is now to approach the Hopf bifurcation point (A, 7) = (0,2m) over the
extended Pyragas curve. In doing so, we treat the delay 7 as a parameter. In the statement of Theorems
2.2.1 and 2.3.1, the delay is left fixed. To show that we can apply Theorem 2.3.1 if the delay 7 is treated as
a parameter, we prove the following Lemma:

Lemma 4.0.1. For 7 # 0, system (2.2) is equivalent to the system
50 =7 [+ D200 + (L4 i) [0 2(t) = Ke' [=(8) — 2(t = )] (4.1)

Proof. Let t = 7t. Using the chain rule, we find

dz(t) _ dz(r) di _ 1dz(rh)

dt —  df dt T df

— A+ 0)2(7E) + (1 +i7) |2(7D)|* 2(rh) — Kei® [2(r) — 2(7( — 1))]
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Multiplying both sides by 7 # 0 and setting z(7t) = () gives

da(t . 2 . .
d(f) =7 [(A +1)2(8) + (1+ i) || 5(F) — Ke'® [5(8) — 4(F — 1)}}
Dropping the hats gives (4.1). Since all transforms are invertible for 7 # 0, we see that system (4.1) is in
fact equivalent to system (2.2) for 7 # 0. O

We note that in (4.1), 7 is no longer the delay but has the role of a ‘normal’ parameter. The equivalence
between (4.1) and (2.2) implies in particular that we can apply Theorems 2.2.1 and 2.3.1 to (2.2) with 7 as
a parameter.

Lemma 4.0.2. Let
1+ 2nKe®® #£0 (4.2)
If
1+ 27K [cos B+ ysinf] >0 (4.3)

then we find a Hopf bifurcation at (A, 7) = (0,27) if we approach the point (A, 7) = (0,27) over the extended
Pyrags curve from the left.

If
1+ 27K [cos B+ ysin 8] < 0 (4.4)

then we find a Hopf bifurcation at (A, 7) = (0,27) if we approach the point (A, 7) = (0,27) over the extended
Pyragas curve from the right.

Proof. We only have to check 2.9 in Theorem 2.2.1. That all the other conditions are satisfied if (4.2) holds,
follows from the proof of Lemma 2.2.2.

We note that the choice of p, ¢ as in (2.8) is independent of the curve of approach; thus, the values of p, ¢
are as in the proof of Lemma 2.2.2.

If we approach the point (A, 7) = (0, 27) over the extended Pyragas curve from the left, we can parametrize

the path as
27 1

Using (2.19), we find that for parameter values on this curve the characteristic function is given by

_ 0 —KcosB —1+ Ksing _ur(o) (cosB —sinf3
A(’u’e)_u[_(l—Ksinﬁ 9—Kcos/3>_Ke sinf cosf

We are interested in the Hopf bifurcation at (A, 7) = (0,27). We note that the path parametrized by (4.5)
reaches this point for § = 0. We recall from (2.10), (2.11) that for (A, 7) = (0,27), we find a root of the
characteristic equation given by p = iw with w = 1. We find that

)

.. d (6—Kcosp -1+ Ksinf —ir(0) (cOs B —sinf3 . dr
DQA(Z’O)__LZH(IKsin,B QKCOSﬂ)_Ke sinf  cospf _Z@

— I+ 2miK~y (COSB e ﬂ)

sinf  cosf3

We note that

cosB —sinf\ L [cosfB —sinf 1y . [cos B +isin
q <sin5 cosf3 )p =a(l,9) (Sinﬁ cos f3 ) (—z) =a(l,9) (Sinﬁ — 1coS B)

= 2a(cos 4 isin B) = 2™
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Using that « is as in the proof of Lemma 2.2.2 with 7 = 27, we find that

. . . —1 + 2mivyKe'?
_ B _
q-D2A(i,0)p = —2a + dmi Kyae'” = [T Krcif

which gives

1+ 27K (cos f + ysin 3)
11+ K2meif|”

Re (¢ D2A(4,0)p) =

If we approach the point (A, 7) = (0,27) over the extended Pyragas curve from the right, we can
parametrize the path by (4.5) with the replacement ¢ — —¢. Denote by A the characteristic function
of system (2.2) for parameter values (A, 7) on this path. A similar argument then shows that

_ 1 +27K(cos B+ ysin )

Re (q- DAs(i,0)p) L+ Kane)

If (4.3) holds, we find that Re (¢ - D2A(4,0)p) < 0 and thus that we find a Hopf bifurcation if we approach
the point (A, 7) = (0,27) over the extended Pyragas curve from left. If (4.4) holds, we find that Re (q -
DgA(i, 0)p) < 0 and thus that we find a Hopf bifurcation if we approach the point (A, 7) = (0,27) over the
extended Pyragas curve from right. O

Having determined conditions for the occurence of a Hopf bifurcation, we can now compute the direction
of the Hopf bifurcation at (A, 7) = (0, 2m).

Lemma 4.0.3. Let us approach the Hopf bifurcation point (A, 7) = (0,27) over the extended Pyragas curve
from the left. Then the value of uo as defined in Theorem 2.3.1 is given by
po = —4

Proof. If we approach the point (A, 7) = (0, 27) over the extended Pyragas curve from the left, we find as in
the proof of Lemma 4.0.2 that

1+ 2nK(cos B + ysin 3)

Re(q- Ay(i,0)p) = L+ Kane]

Since the value of Rec is independent of the curve of approach and we are interested in the bifurcation at
(A, 7) = (0,27), we find that Rec is given as in Lemma 2.3.4 with ¢ = 7 = 2, i.e.

4(1 + 27K (cos 8 + ~ysin f)

Rec = —
[1+ 27 Keih|

The claim now follows. O

Lemma 4.0.4. Let us approach the Hopf bifurcation point (A, 7) = (0,27) over the extended Pyragas curve
from the right. Then the value of us as defined in Theorem 2.3.1 is given by
w2 =4

Proof. If we approach the point (A, 7) = (0, 27) over the extended Pyragas curve from the right, we find as
in the proof of Lemma 4.0.2 that

_ 1+ 27K(cos B+ ysin )

Re (q - Az2(i,0)p) I+ K27rei5|2

Combining this with the result of Lemma 2.3.4, the claim follows. O
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Corollary 4.0.1. Let 1+ 2rnKe'® #0. If

1+ 27K [cosf+vsinf] >0 (4.6)
then for small X\, (2.4) is an unstable periodic solution of (2.2). Furthermore, if

1+ 27K [cos B+ ysin 8] < 0 (4.7
then for small X\, (2.4) is a stable periodic solution of (2.2).

Proof. If (4.6) is satisfied, we have by Lemma 4.0.2 that we find a Hopf bifurcation at the point (A, 7) = (0, 27)
if we approach this point over the extended Pyragas curve from the left. Combining Lemma 4.0.3 with
Theorem 2.3.1, we find that this Hopf bifurcation is subcritical. Thus, there exists an unstable periodic
solution for parameter values (A, 7) on the (extended) Pyragas curve to the left of the point (0,27). By the
Hopf bifurcation theorem, the periodic solution for these parameter values is unique (see Remark 2.2.2). By
definition of the Pyragas curve, (2.4) is a periodic solution of (2.2) for (A, 7) near (0,2w), i.e. this is the
periodic solution generated by the Hopf bifurcation. We conclude that for (A, 7) on the Pyragas curve near
(0,27), (2.4) is an unstable periodic solution of (2.2), i.e. (2.4) is an unstable periodic solution of (2.2) for
small A.

If (4.7) is satisfied, we have by Lemma 4.0.2 that we find a Hopf bifurcation at the point (A, 7) = (0, 27)
if we approach this point over the extended Pyragas curve from the right. Combining Lemma 4.0.3 with
Theorem 2.3.1, we find that this Hopf bifurcation is supercritical. Therefore, we find an unique, stable
periodic solution of (2.2) for (A, 7) on the Pyragas curve near (0,27). Since (2.4) is a periodic solution of
(2.2) for (A, 7) on the Pyragas curve, we conclude that for (A, 7) on the Pyragas curve near (0,27), this
solution is in fact stable. O

In Chapter 2, we approached the points on the Hopf bifurcation curve by varying the parameter A
and leaving all the other parameters fixed. In Corollary 2.4.1 we saw that if (2.12), (2.13) are satisfied,
14 27K [cos B8 + sin 5] < 0 and the Pyragas curve is locally to the right of the Hopf bifurcation curve, that
then the periodic solution (2.4) of (2.2) is stable for small A. In Corollary 2.4.2 we saw that if (2.12), (2.13)
are satisfied, 1+ 27K [cos 8 + 7 sin 8] > 0 and the Pyragas curve is locally to the left of the Hopf bifurcation
curve, that then the periodic solution (2.4) of (2.2) is unstable for small .

By approaching the Hopf bifurcation point (A, 7) = (0,27) over the extended Pyragas curve, we are able
to weaken the conditions for (2.4) to be a (un)stable solution of (2.2) for small A. Comparing Corollary
2.4.1 and Corollary 2.4.2 with Corollary 4.0.1, we see in particular that we can drop the condition (2.13).
Furthermore, we no longer have to study the orientation of the Pyragas curve with respect to the Hopf
bifurcation curve to determine the stability of the periodic solution (2.4) of (2.2), which simplifies the
analysis considerably.
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Discussion

To conclude, we discuss some of the aspects of the analysis presented in this thesis. Furthermore, we look
at possible extensions and questions related to the topic of Pyragas control.

Local information and the calculation of characteristic multipliers

We note that the Hopf bifurcation theorem gives us local information on the stability of the arising periodic
solution, i.e. it only tells whether the periodic solution is (un)stable for parameter values near the bifurcation
point. Since we use the Hopf bifurcation theorem to determine the stability of the periodic solution (2.4)
of (2.2), we can only determine the stability for parameter values near the bifurcation point, as we saw in
Section 2.4.

We could try to circumvent this problem by calculating the characteristic multipliers of (2.2) for general
values of A\. In Section 3.1 we were able to give information on a real characteristic multiplier; see Lemma
3.1.1. In order to deterine the stability by looking at the characterstic multipliers, all the characteristic
multipliers (including non-real ones) have to be taken into account and we have not determined all those
characteristic multipliers. It is virtually impossible to do so by analytical means, since the characteristic
multipliers are defined as roots of a transcedental equation (see Section 3.1). Therefore, if we do not want to
use numerical methods but stick to analytic means, an analysis in terms of bifurcation theory as discussed
here presents a good possibility to give information on the stability of (2.4) for small A.

Direction of the Hopf bifurcation and weaker conditions for the stability of the
periodic orbit

The direction of the Hopf bifurcation at (A, 7) = (0, 2) is a crucial element in the analysis presented in this
thesis. In [10], a normal form reduction is used to determine the direction of the Hopf bifurcation that occurs
when we only vary A and leave all the other parameters fixed. In Section 2.3, we reproduce the result from
[10], not by performing a normal form reduction, but by using a closed—form formula from [3] that enables
us to determine the direction of the Hopf bifurcation. Since we are also able to determine the orientation
of the Pyragas curve with respect to the Hopf bifurcation curve, we can combine this with the direction of
the Hopf bifurcation at (A, 7) = (0, 27) to determine the stability of the periodic solution (2.4) of (2.2) (see
Corollary 2.4.1, 2.4.2).

We stress that varying A and leaving all the other parameters fixed is one of the many possible ways to
approach the Hopf bifurcation point (A,7) = (0,27). In Chapter 4, we approach the point (A, 7) = (0, 27)
over the extended Pyragas curve (see Definition 4.0.1) and determine the direction of the Hopf bifurcation.
The result is that we can weaken the conditions for the periodic solution (2.4) of (2.2) to be (un)stable.
In particular, we do not longer have to take into account the orientation of the Pyragas curve with respect
to the Hopf bifurcation curve. This considerably simplifies the analysis of the (in)stability of the periodic
solution (2.4).
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Variations in the control term

Let us return to the general problem of Pyragas control as formulated in the Introduction, i.e. let us study
the system

#(t) = f(x(t), 2(0) =z (4.8)

with f: R™ — R™. Let us assume that a periodic solution u(t) of this system exists; denote its period by T
For the Pyragas control scheme, we write

w(t) = f(x(t) + K [x(t) — =(t = T)] (4.9)

There are several variations to this control scheme possible. If g : R® — R™ satisfies ¢(0) = 0, then u(t) is
also a periodic solution of the system

#(t) = f(x(t)) + Kg (2(t) - z(t = T)) (4.10)
Furthermore, for A : R" — R", we have that u(t) is a solution of the system
#(t) = f(z(t) + K [a(x(t)) = h(z(t = T))] (4.11)

We can explore for which values of K the solution u(t) of (4.8) is stable as a solution of (4.10) and (4.11),
respectively. In particular, we can ask ourselves whether there exist values of K for which w(t) is unstable
as a solution of (4.9) but stable as a solution of (4.10) or (4.11). Furthermore, it is interesting to study
the overall dynamics of (4.9), (4.10) and (4.11). For example, if we can find a value of K such that u(t) is
stable as a solution of both (4.9) and (4.10), the basin of attraction of u(t) can still be different in the two
sytems. By adressing such questions, we gain more insight in the possibilities for succesfull feedback—control
mechanisms.
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Appendices



Appendix A

Stability theory for ordinary
differential equations

Suppose we study a system described by the ordinary differential equation

w(t) = f(x(t)), 2(0) =mo (A1)

with f € C* (R",R") and x(t) € R™. In this chapter, we will study the stability of two classes of solutions of
this differential equation: equilibria and periodic solutions.

We call xg an equilibrium of (A.1) if f(xg) = 0. It turns out that we can often determine the stability
of the equilibrium by studying the differential equation @(t) = D f(xo)x(t). Since this is a linear differential
equation with constant coefficients, we will first look at this class of differential equations in Section A.2.
From there, we will move on to the study of equilibria of general ordinary differential equations in Section
A3.

We call a solution u(t) of (A.1) periodic if there exists a T > 0 such that u(t +T') = u(t) for all t. In the
same way as we study the stability of the fixed point z¢ by looking at the linearization &(t) = D f(xo)xz(t),
there exists a relation between the stability of the periodic orbit w(t) of (A.1) and the stability of #(t) =
D f(u(t))x(t). Since this is a linear differential equation with periodic coefficients, we will study this class of
differential equations in Section A.4. In Section A.5 we will then turn to stability of periodic orbits.

We start by making some introductory remarks on ordinary differential equations that will be helpful
throughout the rest of the discussion.

A.1 The state space and flow maps

In Section 1.1, we introduced the state space of a differential equation; see Definition 1.1.1. If the state space
of a system is given, we can try to define a map that maps a state to another state ‘along the solution’ of
the differential equation. Thus, we can define a family of maps from the state space to itself. In the case of
ordinary differential equations, we can use this idea to define the so-called flow maps:

Definition A.1.1. If z(¢) is a solution of (A.1) with initial condition 2(0) = xo, we define the flow map for
system (A.1) as

¢ :RxR" > R" @t zg) = z(t)
We note that for fixed ¢t € R, the map

#(t, ) :R" = R"
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is a map from the state space to itself. Thus we can construct a family of maps from the state space to itself:

{o@t, ) [teR}

We note that the map ¢(¢, .) translates along the solution of (A.1). If we assume that for all x5 € R™ the
solution of (A.1) is defined for all ¢ € R, we find that the following properties hold for all ¢,s € R:

o0, )=1
¢(t7 )¢(57 ) = ¢(t + s, )
where I : R™ — R" denotes the identity map. In particular, we find that

o(t, Jo(=t, ) =o(—t, Jé(t, .)=1

Combining these three properties, we find that the set {¢(¢, .) | t € R} is in fact a group under composition
of functions.

A.2 Equilibria of linear differential equations with constant coef-
ficients

We now turn to the system
x(t) = Ax(t) (A.2)

where A is a n X n-matrix (with respect to the standard basis of R™). Defining the exponent of a matrix via

its power series expansion, the solution of Eq. (A.2) with initial condition x(0) = g is given by x(t) = eAtxy.

[9] To be able to say more about the properties of this solution, we recall the following definition and lemma
from linear algebra:

Definition A.2.1. Let A be a n X n-matrix and A be one of its eigenvalues. Denote by r(A) the least
integer k such that that N((A — AI)*) = N((A — M )¥*1), where N denotes the null-space. The generalized
eigenspace My(A) of A for the eigenvalue \ is defined to be the set N((A — AI)™™),

Lemma A.2.1. Let A be a n X n-matriz and A1, ..., s be its distinct eigenvalues. Then the generalized
eigenspaces My, (A), ..., Mx_(A) are linearly independent, invariant under the matriz A and any zo € R”
can be represented uniquely as:

S
To = ZZ‘OJ for To,; € M)\j (A)
j=1

For a proof of the lemma, see for example [9]. Using this lemma, we can prove the following:

Proposition A.2.2. With notation as defined above, the solution of Eq. (A.2) with initial condition x(0) =
o 18 given by:

s r(A;)—1 1k
x(t) = Z (A=) n" Pl eMitzg
j=1 \ k=1

Proof. Using the general properties of exponents of matrices, we note that for zo ; € My, (A) we have that

— 1
eAth()?j :e(A—ij)t AJt(EO (Zk A— )\ I ) )\th(),j

Using that the solution of (A.2) can also be written as x(t) = ez, that (4 — X\;1)* =0 for k > r();) and
that zo = >7_, wo,;, the statement follows. [6] O
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We can now use this property to study stability of equilibria. Intuitively speaking, an equilibrium solution
is stable if all solutions that start nearby xg, stay nearby xy. This is made more precise in the following
definition (which is stated for autonomous differential equations).

Definition A.2.2. Let 2y € R™ be an equilibrium point of the differential equation #(t) = f(z(t)) with
f:R™ 5 R™ ie. f(xo) = 0. Denote by S its state space of the system and by ¢(¢, x) its flow. The equilibrium
xg € R™ = S is said to be stable if for every € > 0 there exists a 6 > 0 such that z € B(zg,0) CR" = §
implies that ¢(t, xg) € B(xg,€) CR™ = S for all t > 0. The equilibrium xq is said to be asymptotically stable
if it is stable and there exists a b > 0 such that z € By(xo) C R™ = S implies that lim;_, o ¢(¢,z) = z9. The
equilibrium point xy is said to be unstable if it is not stable.

This definition formalizes the intuitive understanding of the concept of stability, but is often not very
useful in concrete situations. For linear differential equations with constant coefficients, the following propo-
sitions give a computational tool for determining stability of the equilibrium zo = 0 of Eq. (A.2).

Proposition A.2.3. If Re(\) < 0 for all eigenvalues A of A, then the equilibrium xo = 0 is asymptotically
stable. Furthermore, there exist constants K, o > 0 such that ||eAtxH < K=o ||z]|.

Proof. We denote by A1,. .., \s the distinct eigenvalues of A and write z = >"°_, z;, z; € My, (A). We can

define the following norm: =
s
IR = R, 2] =) llay]
j=1
where ||.|| denotes the standard Euclidean norm on R™. Using that the decomposition of x in generalized
eigenvectors is unique, and that ||.|| is a norm, we can readily see that the map z + ||z||" is well-defined and

in fact a norm. Since all norms on R™ are equivalent, it follows that there exists a constant C' > 0 such that
lz||" < C|z]|| for all z € R™.

Since Re(A;) < 0 for all j, we have that %e)‘ft

— 0 as t — oo. By definition, there exists a d;, > 0

i

o e)\jt

such that < 1 for all t > ;. We define

t* s
a; ) = max ({ ‘k'e)‘ft |t e [O,(Sj,k]} U {1})

Furthermore, we have that ||(A — \;I1)*x;|| < [|(A — A\ 1)F|| |||, where ||(A — X;1)|| denotes the operator
norm of (A — \;I)*. Introducing the notation

r(Aj)—1
A:JE?X,S ,; [(A=XD)"]
a= max Qg

Using Proposition A.2.2, we make the following estiame:

S ’l“()\j)*l k s 7”()\]‘)71
t
lotal <> H(A—Amkn\k,e“ sl <3l 0 (A= A1) s
=1 k=1 ’ j=1 k=1

<aA) |zl = aAz| < aAC |jz|
j=1

Choosing § = — shows that 2o = 0 is stable. Since Re();) < 0 for all j, it follows that (A4 —
N D)ktkerityy i — 0 as t — co. We conclude that ¢(t,z) — 0 as t — oo for any z € R™. Thus 2o = 0 is

asymptotically stable.
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t it gt

To prove the inequality ||eAtx0H < K= |20, we rewrite e*i* = e> e™>. As before, we remark that

A P
Re();) < 0 implies that lim;_, ‘tk—k!e% = 0 and thus that there exists a 5;4’,6 such that ’%e% < 1 for all
t > 5;,1« We define
: oy
a}; = max ({ e’ |t e [0,5J—’k]} U {1})
r_ ’
R
k=1,...,r(x;)—1
r(Aj)—1
/ Y .T\k
A = max Z H(A i) H
k=1
A
—a = max Re (J)
J=1,....8 2
Note that o > 0. We now obtain the estimate:
" K] T()‘j)*l . tk At At
ot zo)l|l = [Je*aol| <D D (A= NDF| e’ ‘6 2| lzo
j=1 k=1 ’
S )\jt S
<Y dAe |zl < d/Aem x| < o/ Aem O x| = K |||
j=1 j=1
where we have set K = a’A’C > 0. O

Proposition A.2.4. If the matriz A has an eigenvalue with Re(\;) > 0, then the equilibrium point o = 0
is unstable.

Proof. We need to prove that there exists an € > 0 such that for all § > 0, we can find a pair (z,ty) such
that ||z]| < d but ||¢(te, )| > €.

We choose € = 1. Denote by Ay the eigenvalue with Re(Ay) > 0 and by vy a corresponding eigenvector.
We choose & = x(6) = 22 2: then ||z|| < §. Using Proposition (A.2.2), we find that ¢(t,z) = e’ tuy.

lonl 27
But since Re(vy) > 0, we have that lim;_, He)‘NtvnH — 00. Thus, there exists an to such that |¢(¢t,z)|| =
||e>‘Ntvn|| > 1 for all ¢ > tg, which proves the claim. O

We can use these results to obtain a more geometric view of stability. Intuitively speaking, we would like
to decompose the state space in such a way that the origin of the system (A.2) is stable on one part of the
decomposition, and unstable on the other part. To formalize this idea, we introduce the following concepts
for general ordinary differential equations.

Definition A.2.3. Let xg be an equilibrium of (¢) = f(x(t)). The stable manifold of z¢ is defined as:
We(zg) = {x € R" | ¢(t,x) = xg as t — o0}
Similarly, we define the unstable manifold as

W (xo) = {z € R" | ¢(t,x) = 20 as t = —o0}
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To apply these concepts to the case of a linear system with constant coefficients, denote by {A1,...,As}
the eigenvalues of A. We choose the indices in such a way that
Re(N\) <0 forl1<i<my
RG(A1)>O for n1 <i < ng
Re(A\;)) =0 forny <i<s

Using Lemma A.2.1, we see that we can write the state space R" as a direct sum of the generalized eigenspaces,
i.e.

R" = My, (A) @ ... & My (A)

In the case that there exists an eigenvalue A of A on the imaginary axis, we can use Propositions A.2.3 and
A.2.4 to see that

My, (A)&...& My, _,(A) S W*(0)

My, (A)®...& My, (A) € W*(0)
We do not have an equality in this case since the generalized eigenspaces of the eigenvalues on the imaginary
axes can belong to the (un)stable manifold. This problem disappears if all eigenvalues A of A satisfy
Re () # 0. In this case no = s and we know completely how to decompose the state space in an unstable
and stable manifold:

W#(0) = My, (A) & ... & My, _,(A)

WH(0) = My, (A) & ... & My, (A)

ny

A.3 Equilibria of autonomous differential equations; linearization

In the previous section, we studied the fixed point & = 0 of the system #(t) = Axz(t), where A was some
constant matrix. It turns out that this can help us to determine the stability of an equilibrium point zy of
the ordinary differential equation #(t) = f(x(t)). We first need to introduce some terminology (see also [7]).

Definition A.3.1. Let zy € R™ be an equilibrium of the differential equation #(t) = f(z(t)) with f €
CH(R™,R™). Then xq is called hyperbolic if the linear map D f(zo) has no eigenvalues on the imaginary axis.

Definition A.3.2. Let f,g : R® — R"™. Two differential equations #(t) = f(z(t)) and &(t) = g(x(t))
defined on open sets U, V C R™, respectively, are called topologically equivalent if there is a homeomorphism
h : U — V that maps orbits of f onto orbits of g, preserving the direction of time.

We are now able to state the following theorem:

Theorem A.3.1 (Grobman-Hartman). Let f € C*>® (R"™,R"™) and let xo be an hyperbolic equilibrium point
of ©(t) = f(x(t)). Then there exists a neighbourhood of xo in which f is topologically equivalent to the linear
vector fields ©(t) = Df(xg)x(t).

A proof can be found in [2].
This implies that for a hyperbolic equilibrium, we now also have a computational tool to determine the
stability of the equilibrium.

Corollary A.3.1. Let f € C* (R™,R") and let ¢ be an hyperbolic equilibrium of the differential equation
&(t) = f(z(t)). Denote by \1,..., A\, the eigenvalues of D f(xo). If Re(N;) <0 for all1 < j <n, then zq is
stable. If there exists a 1 < j < n such that Re(\;) > 0, then xq is an unstable equilibrium.
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Proof. Denote by ¢(t,z) the flow of @(t) = f(z(t)) and by (¢, z) the flow of &(t) = Df(xo)x(t). Then
we can parafrase the Grobman-Hartman theorem by saying that there exists a neighbourhood U of zg, a
neighbourhood V of 0 and a homeomorphism h : U — V with h(xq) = 0 such that (¢, h(x)) = h(o(t, x)).
Using this, we prove that (in)stability of the equilibrium 0 of @(t) = D f(xo)z(t) implies (in)stability of the
equilibrium zg of @(t) = f(z(t)).

Assume that 0 is a stable equilibrium of #(t) = Df(zo)z(t). Let e > 0. Since ™! is continuous and
h=1(0) = o, there exists a 6; > 0 such that ||| < & implies that ||h=!(z) — 20| < e. Since 0 is by
assumption a stable equilibrium of @(t) = Df(xo)x(t), there exists a d2 > 0 such that ||z|| < d2 implies
that ||¢(t, z)|| < 41 for all ¢ > 0. Since h is continuous and h(zg) = 0, there exist a d3 > 0 such that
|lx — xo|| < 03 implies that ||h(z)| < d2. Wrapping things up, we find that ||z — zo|| < J3 implies that
ot x) — ol = ||h~ (¥ (t, h(x))) — :rOH < e. A similar argument shows that instability of the equilibrium 0
of @:(t) = Df(xo)x(t) implies instability of the equilibrium ¢ for @(t) = f(z(t)).

Thus, if all eigenvalues of D f(x¢) have negative real part, we recall from Proposition A.2.3 that the origin
is a stable equilibrium of () = D f(x¢)x(t). This implies that xg is a stable equilibrium of %(t) = f(z(t)).
Similarly, if an eigenvalue of D f(z() has positive real part, we conclude that z( is unstable. O

The proof of the Grobman-Hartman theorem is quite involved. However, we can prove a part of the
corollary directly (i.e. without using Grobman-Hartman):

Proposition A.3.2. Let f € C'(R",R"). Let zg € R" be an equilibrium of the differential equation
z(t) = f(x(t)) with the property that all the eigenvalues of D f(xg) have strictly negative real part. Then xg
is asymptotically stable.

For the proof, we need the following lemma on linear algebra:

Lemma A.3.3. Let A :R™ — R" a linear map such that there exists a constant a € R with the property that
Re(N\) < a for all eigenvalues A of A. Then there exists a basis of R™ such that the induced inner product
(., and norm ||| satisfy (Az,z) < al|lz||* for all z € R™.

For a proof of the lemma, see for example [9].

Proof. (of Proposition A.3.2). [9] Assume without loss of generality that xp = 0, the general situation can be
reduced to this case by appropriate translation of the coordinate system. Denote by A1, ..., As the distinct
eigenvalues of D f(x). By assumption, we can choose b > 0 such that max; s Re(\;) < —b. It follows by
the lemma that there exists a basis of R” such that (D f(zo)z,z) < —blz||”* for all z € R™, where (. , .)’
and ||z||" denote the inner product resp. norm induced by this basis.

We note that if an equilibrium is (un)stable with respect to a norm, it is (un)stable with respect to any
equivalent norm. Since all norms on R™ are equivalent, it is sufficient to prove stability of zy with respect
to the norm ||.||".

Since f is differentiable and xzy = 0 an equilibrium point (i.e. f(z¢) = 0), we have by definition of the
derivative D f(z¢) that

o 1@ = F(@0) = Do) —wo)l _ . If@) = DIOY@I _,
o J ’

w0 ]

(note that this also holds in the norm ||.||" since all norms on R™ are equivalent). Using the Cauchy-Schwarz
inequality, we can make the following estimate:

|(f(2) = DFO) @), 2)'| _ (@) = DFO) @) l|=]" _ [lf(x) = DS©O) (@)

[Ell - )™ [

Thus, we find that Y@=DIO)@)2)" () a5 7 — (. We now choose € > 0 such that —b + € < 0. Then there

ll(1"
exists a § > 0 such that for ||z|| < d, we have that W < €. From here we obtain the estimate:

el > (f(z) = Df(0)(2),@) = (f(x),z)' = (DF(0)(x),2)" = (f(2),z) +b||"
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Thus (f(z),z) < (e — b) ||z||”* for ||z|| < 8. Denoting the flow of i(t) = f(x(t)) by ¢(t,x) and using the
chain rule, we find that

Ay o o s (@), st ) (f@)eta)
7 1t = Gy (o(t.a), ot ) = M= mmmr= = 22 2eE R < (= b 6t a)]|

as ||¢(t,2)|" < 8. This leads to the inequality ||p(t,z)|" < e~ ||z||". We recall that e — b < 0. For any
given € > 0, we choose &' = min(¢/,§). Then ||p(t, 2)|| < el ||lz||" < ||z||' < ¢ for all t > 0 if ||z]|" < &'
Since the estimate ||¢(t, )| < elc=?t||z||" holds for ||z|| < &, we find that ¢(t,2) — 0 for such z. We
conclude that xg = 0 is asymptotically stable. O

A.4 Linear differential equations with periodic coefficients

After studying equilibria of ordinary differential equations, we now turn to another class of solutions, namely
periodic ones. In the previous sections we saw that to analyse the stability of an equilibrium for an ordinary
differential equation, it was helpful to study its linearization. Similarly, it turns out that the so-called linear
variational equation can help us to determine the stability of a periodic orbit. Since the linear variational
equation is a linear differential equation with periodic coefficients, we study this class of ordinary differential
equations in more detail. We will mostly follow [6].

We first introduce some terminology.

Definition A.4.1. Let B(t) : R® — R" be a linear map for all ¢ € R (we make no assumptions on the
periodicity of B(t)). We call the n x n-matrix a matriz solution of &(t) = B(t)x(t) if all its columns are
solutions of this differential equation. We call X (¢) the fundamental matriz solution of ©(t) = B(t)x(t) if it
is a matrix solution and satisfies X (0) = I.

We summarize some of the properties of the properties of the fundamental matrix solution in the following
lemmata.

Lemma A.4.1. If X(t) is the fundamental matriz solution of ©(t) = B(t)x(t), then the columns of X (t)
are linearly independent for all t > 0.

Proof. Denote by v1(t),. .., v,(t) the columns of X (¢) and assume by contradiction that there exists a tg > 0
such that the columns of X (¢g) are not linearly independent. By definition, there exists Ay, ..., A, such that
not all A\; equal zero simultaneously and

0= M1 (to) + ...+ )\n’Un(to)

Since B(t) is a linear map, we see that the associated flow map ¢(¢, .) : R™ — R" is a linear map for all
t € R. By the definition of the fundamental matrix solution, we have that v;(to) = ¢(to, v:(0)) = ¢(to, €;)
for all 1 <7 <n. Thus we find that

P(—t0,0) = 0= ¢ (—to, \v1(to) + ... + Anvn(to)) = Ad(—to, v1(to)) + .. + And(—to, vn(t0))
= Md(—to, ¢(to, 1)) + ... + And(—to, ¢(lo, €5)) = Aier + ... + Apen
where we have used that = 0 is an equilibrium of &(t) = B(t)z(t). The statement that 0 = Aje;+. ..+ Ape,

is clearly a contradiction with the assumption that A; # 0 for all 1 < ¢ < n simultaneously. We conclude
that v1(t), ..., v, (t) are linearly independent for all ¢ > 0. O

Lemma A.4.2. Let B(t) : R® — R"™ be a linear map for allt € R. If X(t), Y(t) are matriz solutions of
z(t) = B(t)x(t) such that det X(0) # 0, detY (0) # 0, then there exists an invertible matriz C' such that
Y(t)=X()C.
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Proof. Denote by {ei,...,e,} a basis of R" and fix i € {1,...,n}. By definition of the fundamental
matrix solution, Y (t)e; is a solution of the linear differential equation #(t) = B(t)z(t) with initial condition
Y (0)e;. However, X ()X (0)~1Y (0)e; is also a solution of @(t) = B(t)z(t) with initial condition Y (0)e;.
Since solutions of &(t) = B(t)z(t) are uniquely determined once an initial condition is given, we find that
Y(t)e; = X(t)X(0)~1Y (0)e;. Since this argument holds for all basis vectors e;, and since a linear map is
completely determined by its behaviour on the basis vectors, we find that Y (¢t) = X ()X (0)~*Y (0). We set
C = X(0)~1Y(0). Since det X(0),det Y (0) # 0 by assumption, we have that C' = X (0)~1Y(0) is invertible
and the claim follows. O

We now turn to the system
z(t) = A(t)x(t) (A.3)

where A(t) : R™ — R” is a linear map for all ¢ € R with the property that A(t +T) = A(¢) for some T > 0.
This kind of ordinary differential equation is — not suprisingly — called a linear differential equation with
periodic coefficients. We assume that A(t) is integrable, such that the solutions of (A.3) exist for all t € R
(see [6]).

We recall that in the discussion of linear differential equations with constant coefficents, Proposition
A.2.2 gave a general form for the solutions. For the case of linear periodic coefficients, we similarly find the
following result:

Theorem A.4.3. Let X(t) be the fundamental matriz solution of Eq. (A.3). Then there exist matrices
B, P(t) such that P(t+T) = P(t), B is constant and

Proof. Let X (t) be the fundamental matrix solution of Eq. (A.3). Since A(t) = A(t + T), it follows that
X(t+1T) is also matrix solution of this system. By the remarks made in the previous lemmata, we find that
det X (t) # 0, det X(¢) # 0 and there exists an invertible matrix C such that X (¢t + T) = X (¢)C for all ¢.
Since C' is invertible, we have that det C' # 0 and we can use a result from linear algebra to see that there
exists a matrix B such that C' = BT (for a proof, see for example [6]), i.e. X(t+T) = X (t)eBT. We define
P(t) = X(t)e~ P, then we have that P(t)e®* = X(t). Using the properties of the exponent of a matrix, we
furthermore find that

Pit+T)=X({t+T)e BUHD) = X(t + T)e Ple™PT = X (1)ePTe BTe Bt = X (t)e B! = P(t)
Thus, P(t), B have the required properties. [6] O
Using this, we can prove the following corollary:

Corollary A.4.1. There exists an (invertible) coordinate transform that transforms Eq. (A.3) into a linear
differential equation with constant coefficients.

Proof. We set x(t) = P(t)y(t). Recalling that P(t) = X (t)e~B* and that X (t) is invertible for all ¢ > 0, we
see that P(t) is invertible. Thus this is indeed an (invertible) coordinate transform. To see that it transforms
Eq. (A.3) into a linear differential equation with constant coefficients, we first note that

P(t) = X(t)e B+ X (t)(-B)e” P!

Since X (t) is the fundamental matrix solution of (A.3) and any matrix commutes with its exponent, we can
rewrite this as

P(t)=A(t)X(t)"B' — X(t)e B'B = A(t)P(t) — P(t)B
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Using this, we find that
(t) = P(t)y(t) + P(£)g(t) = (A P(t) = P(t)B) y(t) + P(£)i(t) = A(t)=(t) = A®)P(t)y(t)

We conclude that P(t)y(t) = P(t)By(t) and, since P(t) is invertible, that ¢(t) = By(¢t). Since this a linear
differential equation with constant coefficients, the claim follows. [6] O

Using this transformation, we can try to determine the stability of a periodic orbit of Eq. (A.3) using
stability theory of equilibria for linear differential equations with constant coefficients. To this end, we
introduce the following terminology.

Definition A.4.2. Let X (¢) be the fundamental matrix solution of Eq. (A.3). The monodromy matric
associated with X (¢) is the matrix C such that X (¢t +T) = X (¢)C. The eigenvalues p of C are referred to
as characteristic multipliers. A number \ such that p = e*” is called a characteristic exponent of Eq. (A.3).

We recall that in Lemma A.4.2 we gave an explicit form for C; applying this to C in the definition
above, we find that C' = X (T'). We also note that the characteristic exponents are not uniquely determined.
Indeed, let X,z be two complex numbers such that e*” = e#” = p, then e* "7 = 1. Thus we find that
(A — )T = 2mik for some k € Z. Hence two characteristic exponents for one characteristic multiplier
can only differ by Q’TTik for some k € Z. We recall from complex analysis that the complex logarithm
log(re'?) = log(r) + i satisfies €!°* = 2. [11] Since C is invertible, we find that p # 0 for any eigenvalue of
C, i.e. for any characteristic multiplier. Therefore, we can write p = roe!% with ro # 0. All the corresponding

characteristic exponents can now be written as

1
Ak =  (logro +i(0o + 27k)), kE€Z

In particular, we see that if |p| < 1, then all the associated characteristic exponents lie in the left half plane;
if |p| > 1, then all its characteristic exponents lie in the right half plane. We now note that if B has the
property that C' = BT, then the eigenvalues of B are characteristic exponents. Thus, if all the eigenvalues
p of C satisfy |p| < 1, then all the characteristic exponents and therefore all the eigenvalues of B will lie in
the left half plane. If there exists an eigenvalue p of C' such that |p| > 1, we can always find an eigenvalue
of B in the right half plane. Using this, we can prove the following theorem:

Theorem A.4.4. If all the characteristic multipliers of Eq. (A.3) p satisfy |p| < 1, then the equilibrium
x = 0 is asympotically stable. If one of the characteristic multipliers satisfy |p| > 1, then the equilibrium
x = 0 is unstable.

Proof. The main ingredient for the proof is Corollary A.4.1. Since X (¢) is a fundamental matrix solution,
the map ¢ — X(t) is differentiable, hence continuous. Therefore, the transformation P(t) = X (t)e B is
continous. Since the map P(t) is also periodic, we have that ||P(¢)|] < sup{||P(®)] | t € [0,T]} := K < 00
for all . Thus, we find that ||z(¢)|| < K ||y(t)|| and that asymptotically stability of the y = 0 for the linear
differential equation §(t) = By(t) implies asymptotically stability of z = 0 for Eq. (A.3). If |p| < 1 for all
eigenvalues p of C, the discussion above implies that all the eigenvalues of B are in the left half plane. Using
Proposition A.2.3 we find that y = 0 is an asymptotically stable solution of y(t) = By(t). Thus, x = 0 is an
asymptotically stable solution of Eq. (A.3).

Since P(t) invertible, we can rewrite the transformation as y(t) = P(t)"'z(t). Since P(t) is continuous
and periodic, the same holds for P(t)~! and thus || P(t)~!|| < sup{||P(¢)7|| | t € [0,T]} := K’ < oo for all ¢.
Thus we find that [|y(¢)|| < K’ ||=(t)| for all ¢. It follows that stability of = 0 implies stability of y = 0, and
thus by contraposition that instability of y = 0 implies instability of x = 0. If there exists a characteristic
multiplier p of Eq. (A.3) with |p| > 1, it follows by remarks made above that B has an eigenvalue in the
right half plane. By Proposition A.2.4 y = 0 is an unstable solution of y(¢) = By(t). We conclude that = 0
is an unstable solution of Eq. (A.3) O
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Although this theorem gives us a computational tool to determine the stability of the equilibrium z = 0
of Eq. (A.3), performing this computation is in general not simple. To determine the monodromy matrix
C, we first need to determine the fundamental matrix, which involves finding n independent solutions of Eq.
(A.3). Hence, the case of linear differential equations with periodic coefficients is certainly more involved
than the case of linear differential equations with constant coefficients.

A.5 Stability of periodic orbits

Suppose that u(t) is a periodic solution of the ordinary differential equation (t) = f(x(¢)) with (minimal)
period given by T' > 0. In the following, we will study the stability of this periodic orbit. Although intuitively
clear, we will formalize some concepts first.

Definition A.5.1. Let f : R™ — R™ and let u(t) be a periodic solution with period T > 0 of &(t) = f(x(¢)),
i.e. a solution with the property that u(t + T) = u(t) for all t. We define the corresponding periodic orbit
asI'={u(t) |t e R} CR™

Definition A.5.2. Let S be the state space of the differential equation (A.1) and ¢(¢t, .) : S — S the
associated flow maps. We call a set U C S invariant if {¢(¢,z) |x € U} C U for all t € R.

If T denotes a periodic orbit of the ordinary differential equation () = f(z(t)), then in particular I' is a
invariant set of the state space R™. To see this, we note that by definition of flow maps ¢(¢,©(0)) = u(t) holds
for all ¢t € R. Now, let p € T, then by definition of I" there exists a ¢, € [0, T] such that p = u(t,) = ¢(t,, u(0)).
By remarks made in Section A.1, we find that

o(t,p) = ¢(t, ¢(tp, u(0))) = ¢(t + tp, u(0)) = u(t +1,) €T

We conclude that {¢(t,z) |z € T} CT for all t € R, thus I is an invariant set.
Furthermore, since u(t) is continuous and [0, 7] compact, it follows that I' is compact and in particularly
closed. Thus we can define the following function:

dist(zo, I') = min{|[zo — p[| [ p € T'}
Using this, we define stability of a periodic orbit (which is sometimes also called orbital stability).

Definition A.5.3. Let f : R™ — R™ and I' C R”™ be a periodic orbit of &(t) = f(z(t)). We call I" stable
if for every € > 0 there exists a 6 > 0 such that dist(z,I') < ¢ implies that dist(¢(¢,x),T') < € for all
t > 0. We call I asymptotically stable if it is stable and there exist a neighbourhood W of I' such that
limy_ o dist(¢(t, 2),T) = 0 for all z € W.

Suppose u(t) is given periodic solution of &(t) = f(x(t)). We can try to find other solutions to this ODE
by adding small pertubation terms to the periodic solutions, i.e. by using the Ansatz z(t) = u(t) + v(t) with
[lo®)|| ‘small enough’ for all t. For x(t) = u(t) + v(t) to be a solution of the system, it should satisfy

2(t) = a(t) +o(t) = fu(t)) +0(t) = f(u(t) +v(t)
If f is smooth enough, we can use Taylor’s theorem to expand the right hand side as
flu(t) +v(t)) = f(u(t)) + Df(u(t))v(t) + higher order terms
Cancelling the terms f(u(t)), we find that v(¢) should satisfy
0(t) = Df(u(t))v(t) + higher order terms
Thus, if we can argue that the higher order terms can be disregarded in a small enough neighbourhood of

u(t), and v(t) satisfies the linear differential equation v(t) = Df(u(¢))v(t), we find that z(t) = u(t) + v(¢)
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gives is a solution of 4(t) = f(z(t)) in a neighbourhood of u(t). This prompts us to study the so-called linear
vartational equatoin

#(t) = D f(u(t))x(t) (A4)

and look if it locally shares properties with the system (A.1).
Since D f(u(t +T)) = Df(u(t)) for all ¢, Eq. (A.4) is a linear differential equation with periodic coeffi-
cients. In resemblance with Corollary A.3.1, we will prove the following result in this Section:

Theorem A.5.1. Let f € CYR™,R"™), u(t) a periodic solution of (t) = f(x(t)) with (minimal) period
given by T > 0. If n — 1 characterstic multipliers p of Eq. (A.4) satisfy |p| < 1, then the periodic solution
u(t) is asymptotically stable.

We first give an outline of the proof. In a neighbourhood of I'; we define an orthonormal basis moving
along I' such that one basis vector is tangent to I' at every point. This enables us to rewrite the differential
equation z(t) = f(x(t)) as a a system of two differential equations, one describing the motion parallel to T',
the other describing the motion in the plane perpendicular to I'. We note that to determine the stability of
the periodic orbit T, it is sufficient to analyze the motion in the plane perpendicular to I' at each point. It
turns out that (in the coordinate frame moving along I'), we can describe the motion perpendicular to I" by
p(0) = A(0)p(0) + f(6,p), where A(0+T) = A(0) for all . Using linearization theory, we find that stability
of p(0) = A(0)p(0) implies stability of of p(6) = A(0)p(0)+ f(0, p). We will show that 1 is always a multiplier
of Eq. (A.4) and that if 1, us, ..., u, are the multipliers of Eq. (A.4), then uo,...,u, are multipliers of
p0) = A0)p(0). Thus, if n — 1 multipliers us,...,u, of Eq. (A.4) satisfy |u;| < 1, then po,...,u, are
multipliers of p(8) = A(6)p(0) and the p(0) = A(0)p(#) is stable. From there, it follows that the periodic
orbit I' is stable.

We now state the proof formally, using the following lemma:

Lemma A.5.2. Let f : R" D U — R, let u(t) be a periodic solution of period T of &(t) = f(x(t)) and
denote by T' its orbit. If u € CP(R,R™), then there exists a moving orthonormal system along T which is
CP~L i.e. there exists an orthonormal basis {e1(0),...,e,(0)} such that the map e;(0) € CP~1(R,R") for

each i, e1(0) = di;—(ew/’ dq;—%mH for all 0 and e;(0 +T) = e;(0) for all i, 6.

A proof can be found in [6]. However, for the case n = 3 we can also explicitly construct the basis

{e1(0),...,e3(0)}.

Proof. (case n = 3) We note that the map u : [0,7) — R", is a CP parametrization of I". Thus, dl;(ge) is
tangent to I' for all §. Therefore, we define e;(6) = dzg’) dzg’) H Since dzgge) # 0 for all 6, it follows that

e1(0) # 0 for all f. We note that (e1(6),e1(0)) = 1 for all 6 € [0,w), thus % (e1(6),e1(0)) = 0. We define

h:R"xR" - R, h(z,y) = (z,y)
g:R" > R"xR", g(x)=(z,z)

Since h, g are (multi)-linear maps, respectively, we recall that their total derivatives are given by

Dh(z,y)(u,v) = (z,0) + (v, y)
Dy(z)v = (v,v)

We note that (e1(6),e1(0)) = hogoei(d). Using the chain rule, we thus find that

= d% (e1(0),e1(0)) = Dh(go 61(9))Dg(el(9))d€;é0) _ Dh(€19,619)(d€19(0)7 decllée )

_ <61(0)’ de;é0)> n <d€;gg),€1(9)> _o <61(0)7 de;é6)>
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We conclude that del(e) L e1(0) for all 8. Therefore, we define es(0) = del(g /‘ dey ‘9) H We note that

ea(0) € CPL. Furthermore7 we define e3(0) = e1(0) x ea(0), then |es(0)|| = 1 Since takmg outer products
is a bilinear, hence smooth, operation, we conclude that e3 € CP~1. Thus, the set {e1(6),e2(0),e3(0)}
satisfies the requirements. [5] O

We now define Z(0) = [e1(f),...,e,—1(0)]. Using this, we can define a map transform R x R"~! >
0,p) — u(0) + Z(0)p. It is proven in [6] that this is in fact a coordinate transform in a sufficiently small
neighbourhood of T', and that there exists functions f1, fo such that we can rewrite @(t) = f(z(t)) as

p=A0)p+ f2(6,p)

with A() given by

A0) = 270) (-7 + Drw)210))

and fy such that f»(0,0) = 0 and D, f>(#,0) = 0 for all §. We note that A0 +T) = A(f) for all 6, i.e.
% = A(f)p is a linear differential equation with periodic coeflicients. Using this, we prove the following

lemma:

Lemma A.5.3. At least one of the characteristic multipliers of the linear variational equation (A.4) is equal
to 1. If 1, ua, ..., pn are the characteristic multipliers of Eq. (A.4), then the characteristic multipliers of the
(n — 1)-dimensional system

dp
a0 = A(0)p

are given by pa, ..., fy-

du(é)

Proof. We first note that
f(u(0)), we have that:

is a solution of the linear variational equation (A.4). Indeed, since di‘j(ee) =

d?u(9) d B du(6)
g2 = gg’ (@) = Df(u(®)—,

Therefore, a fundamental matrix solution Y'(¢) of Eq. (A.4) is given by Y (0) = [M wa(0),. .., wy(0)],

g
where ws, ..., w, are solutions of Eq. (A.4). Denote the monodromy matrix by K. Since d“d(g) = )

follows that K can be written as
(1 Ky
K= (5 1)

where Ks is a 1 x (n—1) block and K7 a (n—1) x (n—1) block. It follows that the eigenvalues of K (i.e. the
characteristic multipliers) are given by 1 and the eigenvalues of K;. To complete the proof, we now claim

that K7 is a monodromy matrix for % = A(0)p(0). Indeed, since du(e)/‘ duw H and the columns of Z(0)

constitute an orthonormal system, there exists a unique a € R, p € R"~! such that y = du(a)a + Z(0)p.
Thus, if y(0) = 2O o (6) + Z(0)p(6) satisfies (A.4), we find that

ag
DF(u(E)9(6) = D1 (u(®)) (257 0(0) + 20)0(0)) = U = & (% Pa0) + 2(0)000))
d2u(0) du(6) da(6)  dZ(0) dp(6)
=gz O g e T ag PO T
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Using that “4(0) — Df(u(8))) and cancelling terms on both sides, we find that

402 do
2l0) do0) | AZ0) )+ 20240 _ b puio) z0)0t0)

However, since dz;ff) is perpendicular to the plane spanned by the columns of Z (), we find that the motion

in the plane spanned by the columns of Z(6) is given by

dZ(0) dp(0)

—5 PO) + Z(0)=1 = = Df(u(0))Z(0)p(0)

Using that Z(0) is orthogonal, i.e. Z(6)~! = Z(0)T, we find that p(f) satisfies d‘;—(gm = A(0)p(h). We can

write

du(0)
do

du(6)

Y1(0) = [w2(6)7--~7w7l(0)] = df

(a2(0),...,0n(0) + Z(0)(p2(0),...,pn(0)) :=

a(f) + Z(0)p(0)

By the remarks above, p(6) is a matrix solution of d’;—(;) = A(0)p(0). Since Y7(0) has linearly independent

columns and the coordinate transform is bijective, we find that p(#) has linearly independent columns. Thus,
p(0) is in fact a fundamental matrix solution. Using the form of the monodromy matrix K, we have that

Yi(T) = dlfi(eT )

du(0)

a(T)+ Z(T)p(T) = dl;g)) Ky +Y1(0) K, = d%?(f(g + a(0)K1) + Z(0)p(0) K4

Using again that and the columns of Z(#) form an orthonormal basis we can uncouple the equation to
obtain Z(T)p(T) = Z(0)p(0)K;. Since Z(T) = Z(0), we find that p(T) = p(0)K1, i.e. K; is a monodromy
matrix for d’;(ee) = A(0)p(0). Recalling that the eigenavlues of K are given by 1 and the eigenvalues of K7,
the statement of the theorem follows. [6] O

Before concluding with the proof of Theorem A.5.1, we first state the following Lemma, whose proof can
be found in [6].

Lemma A.5.4. Suppose the equilibrium of ©(t) = A(t)x(t) is uniformly asymptotically stable for t > B,
B € (—o0,00). If f(t,x) is continuous and for any € > 0 there exists a § > 0 such that |z|| < § implies that
[ f(t,z)|| < €llx| for all t, then the solution of x = 0 of &(t) = A(t)x + f(t,x) is uniformly asymptotically
stable for all tg > .

Proof. (of Theorem A.5.1) Denote by 1, ..., i the multipliers of the linear variational equation (A.4). By
Lemma A.5.3, exactly one of them, say i1, equals one, and ps, ..., i, are multipliers of p = A(0)p(6). By
the assumptions of the theorem, we have that |u;| < 1 for all 2 < i < n. We can apply Theorem A.4.4 to
see that the equilibrium = = 0 of % = A(0)p(0) is asymptotically stable.

We recall that in a neighbourhood of T', the motion in the plane perpendicular to I' can be described by
% = A(0)p + f2(0,p), where A(0 +T) = A(f) for all 8, f2(8,0) =0, D,f2(8,0) = 0 and f, has continuous
derivatives with respect to p. Using this, it follows that for every ¢ > 0 we can find a § > 0 such that
|D,f(0,p)| < e for all p with ||p]| < 6. Applying the Mean Value Theorem for several variables (see for
example [5]), it follows that

1700, p) = f(0,0)] = [1£(0, )| < €llp— Ol = ellpll

Combining this with the stability of the equilibrium x = 0 of % = A(0)p(0), it follows by Lemma A.5.4 that
there exist K, a,n > 0 such that ||¢(6, 60, po)|| < Ke=*0=%) ||po| for all & > 6y and py with ||po|| < 1. Since

only the motion in the plane perpendicular to I' describes the stability, it follows that I' is asymptotically
stable. [6] O
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A.6 The Hopf Bifurcation Theorem for ordinary differential equa-
tions

In Section A.5, we studied the stability of periodic solutions of a differential equation. Throughout this
discussion, we assumed that such a periodic solution was known to exist. Deciding on the existence of a
periodic orbit is, however, in general not an easy task. The Hopf bifurcation theorem helps us to decide
upon the existence of a periodic solution.

We start by studying the linear case

#(t) = AN)z(t), 2(0) =z (A.5)

where A(\) is a 2 x 2-matrix for all A € R. If there exists a \p € R such that the eigenvalues of A()\g) are
given by ps = Fiw, with w # 0, we find that for all 2y € R?, the solution of (A.5) with A\ = )y is periodic:
we recall from Section A.2 that the solution of (A.5) with A = A¢ is given by

z(t) = eA0)t gy

Since w # 0, we have that A()\g) has two distinct eigenvalues; thus the corresponding eigenvectors vy are
linearly independent. Therefore, we can write xg = v+ + zov_ with 21,25 € R and the solution of (A.5)
is given by

x(t) = eA(AO)t(x1v+ + 29v_) = x4+ 200"y

5

We note that this solution is periodic with period given by T = 2.
If we now perturb the system by adding a non-linear term to (A.5) to obtain the system

—~E&

z(t) = AN)z(t) + f(\ x), 2(0) =z (A.6)

we can ask ourselves the question whether we can still decide upon the existence of a periodic solution by
looking at the eigenvalues of A(\). Under certain conditions, this turns out to be the case, as is stated in
the following theorem:

Theorem A.6.1 (Hopf Bifurcation Theorem). Let
z(t) = ANz + f(\ z)

with f : R xR™ - R™, A € R and A(\) a n X n-matriz for all A € R. Let A(XN), f(\ x) be such that they
have continuous first derivatives and f(A\,0) = 0 for all A\. Furthermore, assume that there exists a Ag > 0
such that Dy f(A,0) =0 for |A| < Ao and that the eigenvalues of A(X) are given by p(A) £ iv(\) such that

v(0) >0, p(0)=0, Dpu(0)#0

Then there are constants ag > 0, A\g > 0, 09 > 0 and functions A(a) € R, w(a) € R that are continuously
differentiable for |a| < ag with A(0) = 0,w(0) = 27. Furthermore, for |a| < ag, there exists a w(a)-periodic
function x*(a) that is a solution of (A.6) with A = A(a). For |a| < ap, |w — 27| < &y, every w(a)-periodic
solution of (A.6) such that |x(t)| < do is given by x*(a) except for a possible translation in phase.

A proof can be found in [2].
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Appendix B

Notes

Since the discussion of stability theory for differential delay equations in Chapter 1 is not always sufficient
for the discussion in Chapter 2, we do not always completly validate the methods used in Chapter 2. The
fact that the state space of a differential delay equation is given by an infinite dimensional Banach space
makes the theory for delay equations more involved. However, the results needed in Chapter 2 tend to be
roughly the same as those for ordinary differential equations and in Chapter 2 we point out the similarities
between the theory of differential delay equations and ordinary differential equations. More details on the
theory of differential delay equations can be found in [8] and [3].

To apply the Pyragas control scheme, one needs to know beforehand that a periodic orbit exists and
what the period of this orbit is. In Chapter 2, we therefore study the normal form of the subcritical Hopf
bifurcation, see (2.2), since we know that an unstable periodic orbit exists for A < 0. However, other systems
that are known to have an unstable periodic orbit can, and have been, used to study Pyragas control, see
for example [14].

We study parameter values satisfying yA < 1, since for yA > 1, the target periodic orbit (2.4) of (2.1) is
already stable. Furthermore, as noted in [1], if we would study (2.2) with 7 = 1ET;>\ and yA > 1, (2.2) would
in fact become a ‘forward equation’ instead of a delay equation.

The Pyragas control scheme can be implemented experimentally. This was, for example, done in [12],
where a periodic orbit of a system of the form of (2.1) was stabilized.

The analysis presented in Chapter 2 can be generalized for n-dimensional systems, see for example [1].
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