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Abstract

The primary contribution of this thesis is a development of invariant manifold the-
ory for impulsive functional differential equations. We begin with an in-depth analysis of
linear systems, immersed in a nonautonomous dynamical systems framework. We prove
a variation-of-constants formula, introduce appropriate generalizations of stable, centre
and unstable subspaces, and develop a Floquet theory for periodic systems. Using the
Lyapunov-Perron method, we prove the existence of local centre manifolds at a nonhyper-
bolic equilibrium of nonlinear impulsive functional differential equations. Using a formal
differentiation procedure in conjunction with machinery from functional analysis — specifi-
cally, contraction mappings on scales of Banach spaces — we prove that the centre manifold
is smooth in the state space. By introducing a coordinate system, we are able to prove
that the coefficients of any Taylor expansion of the local centre manifold are unique and
sufficiently regular in the time and lag arguments that they can be computed by solving
an impulsive boundary-value problem. After proving a reduction principle, this leads nat-
urally to explorations into bifurcation theory, where we establish generalizations of the
classical fold and Hopf bifurcations for impulsive delay differential equations. Aside from
the centre manifold, we demonstrate the existence and smoothness of stable and unstable
manifolds and prove a linearized stability theorem.

One of the applications of the theory above is an analysis of a SIR model with pulsed
vaccination and finite temporary immunity modeled by a discrete delay. We determine
an analytical stability criteria for the disease-free equilibrium and prove the existence of
a transcritical bifurcation of periodic solutions at some critical vaccination coverage level
for generic system parameters. Then, using numerical continuation and a monodromy
operator discretization scheme, we track the bifurcating endemic periodic solution until a
Hopf point is identifed. A cylinder bifurcation is observed; the periodic orbit expands into
a cylinder in the extended phase space before eventually contracting onto a periodic orbit
as the vaccination coverage vanishes.

The other application is an impulsive stabilization method based on centre manifold
reduction and optimization principles. Assuming a cost structure on the impulsive con-
troller and a desired convergence rate target, we prove that under certain conditions there
is always an impulsive controller that can stabilize a nonhyperbolic equilibrium with a
trivial unstable subspace, robustly with respect to parameter perturbation, while guaran-
teeing a minimal cost. We then exploit the low-dimensionality of the centre manifold to
develop a two-stage program that can be implemented to compute the optimal controller.
To demonstrate the effectiveness of the two-stage program, which we call the centre probe
method, we use the method to stabilize a complex network of 100 diffusively coupled nodes
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at a Hopf point. The cost structure is one that assigns higher cost to controlling of nodes
that have more neighbours, while the jump functionals are required to be diagonal — that
is, they do not introduce further coupling. We also introduce a secondary goal, which is
that the number of nodes that are controlled is minimized.
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Chapter 1

Introduction

1.1 Brief background on impulsive retarded functional
differential equations

In this thesis we are interested in the dynamics near periodic solutions and equilibrium
points of the nonlinear impulsive retarded functional differential equation (impulsive RFDE)

i = f(t,x), t £t (1.1)
Az = g(k,z4-), t = tg. (1.2)

Here, f: R x X — R" and g : Z x X — R" are functions with some prescribed amount of
regularity, X C Fj is a vector subspace of Fjy defined by

s—0~

Fy = {gb € F([-r,0],Q) : lim ¢(s) exists} C F,

where F([—r,0],) is the set of all functions mapping the interval [—r,0] into 2 C R",
and {t; : k € Z} C R is a bi-infinite sequence or real numbers called impulse times. If
x: I — Q for some interval [ C R and [t — r,t] C I, we define the history at time t to be
the function z; : [—r, 0] — € defined by

x(0) = x(t +0). (1.3)
Similarly, the pointwise left-limit at time t is
. I’t(g), 0 <0
7 (0) = { limg o xz(t +s), 6=0. (1.4)



In this way, equation (1.2) is understood to mean that at times ¢ = ty,
Ax(ty) = 2(te) — x(t,) = g(te, 2, ),

where x(t,) = lim_,,— x(s).

Equations of the type (1.1)-(1.2) are useful in modelling systems that exhibit delays
and memory effects in conjunction with jumps in state on very small time scales. These
jumps are formally treated as occurring instantaneously. A simple class of impulsive RFDE
is those with two discrete delays, which can be written in the form

= f(t,z(t),x(t —r1),x(t — 1)), t # tg (1.5)
Ax = gk, z(t™),z(t —ry),z(t — ry)), t = ty. (1.6)

In this way, one can see that the evolution law depends on the current state x(t) as well as
the states x(t — r1) and z(t — ry) at earlier times, 1 and 75 units of time in the past. The
first equation (1.5) is often called a differential-difference equation in the literature. For
example, the Hutchinson equation (1948) — see the survey [77] for this and related models
— features a single discrete delay and models the growth of a single egg-laying species in
which births occur 7 units of time after oviposition. The result is the differential-difference

equation
dx x(t —7)
@~ {1 - T] 7

where r > 0 is an intrinsic (i.e. linear-order) growth rate and N > 0 is the carrying capacity.
If harvesting of this species occurs linearly at fixed times t; and there is a census delay of
¢ > (0 units of time between completing a population census and performing the harvesting,
one obtains the impulsive delay differential equation

t=rz(t)(l —x(t —71)/N), t # ty (1.7)
Ax = —hx(t — ¢), t =1y, (1.8)

where h € [0, 1] is a harvesting effort representing the target proportion of the population
to be harvested. Notice that there are two distinct delays: the incubation time 7 and
census delay c. If instead the census estimation takes the form of a time average over a
period ¢ > 0, then the jump in equation (1.8) would be replaced by

Ax = —%/ 2 (s)ds. (1.9)
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Integral terms such as those appearing in (1.9) are usually referred to as distributed delays,
and in general they could appear in the continuous-time part of the equation (1.1).

A function x : [a — r,8) — Q could be broadly called a solution of the impulsive
RFDE (1.1)-(1.2) if it satisfies the functional differential equation (1.1) in an appropriate
sense (e.g. classically or in an integrated form) for all ¢t € [a, §) except possibly at times
tr € («, 8), where it satisfies the functional difference equation (1.2).

When introducing initial-value problems, the choice of the space X becomes important
and much of the early work in impulsive RFDE seems devoted to investigations into two
interrelated questions.

1. What choice of X will ensure that solutions can be discontinuous enough to incor-
porate impulses and discontinuous initial data?

2. What specifications must be made on the vector field f so that discontinuities do not
cause difficulties in establishing existence, uniqueness and continuability of solutions?

Some initial progress on this front was made by Krishna and Anokhin [53] in the context
of discrete delays. The situation in that paper is far from general, however, because the
vector field is of the form
& = f(t,z(h(t))),

where h(t) <t represents a time-varying delay. A general well-posedness result followed in
2000 with a paper by Ballinger and Liu [! 1]. Therein, the space X consists of functions that
are continuous except at finitely many points, where they are continuous from the right
and have limits on the left, while the function f is assumed to satisfy Carathéodory-type
conditions and to have the property that the composition ¢ — f(t, ;) is Lebesgue mea-
surable for any suitable function x : I — R"™ that satisfies the same piecewise continuity
properties. With such assumptions, they prove existence and uniqueness results for solu-
tions defined in the extended Carathéodory sense. An earlier paper by the same authors
[10] requires stronger assumptions on the function f, but guarantees a classical notion of
solution. These stronger conditions include many of the types of functional dependence
that are typical of applications. In both cases, the key idea is that the composition

t— f(t, xt)

must itself satisfy a certain level of regularity whenever x : I — R" is piecewise continuous
and does not have too many discontinuities.

With existence and uniqueness issues essentially resolved, development into Lyapunov
stability and oscillation of impulsive RFDE (which we will not review here) continued to
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develop. Despite this, our literature review indicates that dynamical systems aspects of
such systems — in particular invariant manifold theory and related topics — has lagged be-
hind. For example, analysis of specific nonlinear impulsive systems with delays appears to
be mostly confined to more static notions such as well-posedness, permanence, existence of
global attractors and binary stability-instability analysis of equilibrium points. There are
also some results concerning permanence of compact regions of the phase space conditional

on parameters — see [30, 73, 90, | for some recent applications to biological systems.
Most dynamic bifurcation analysis at present seems restricted to numerical studies. For
instance, in [105], the largest Lyapunov exponent is used to numerically investigate bifur-

cations to chaotic attractors in a three-species food chain model with distributed delay and
impulsive control.

To understand why development of methods for the analysis of bifurcations in impulsive
RFDE has been seemingly stalled, it is beneficial to first review standard methods of
analysis of finite-dimensional impulsive systems.

1.2 Finite-dimensional systems

When delays and other functional dependence are absent, we have the finite-dimensional
system

= f(t,z(t)), t # t (1.10)
Az = g(k,z(t7)), t = ty, (1.11)

where now f: R x R" — R"” and g : Z x R — R"” can taken to be smooth in their second
argument, while ¢ — DJ f(t,z) is continuous except at impulse times ¢;. Some of the most
highly-cited monographs [8, 78] on impulsive differential equations take the convention that
solutions are continuous from the left, but here we will take the right-continuity convention
since we wish to draw comparisons to systems with delays (and there, the convention is
overwhelmingly that of right-continuity). Notions of existence and uniqueness of solutions
in this case are very similar to those from ordinary differential equations, and we refer to
the aforementioned monographs for details.

In the majority of applications, the vector field, impulse times and jump functions are
periodic — that is, there exists ¢ > 0 and 7" > 0 such that f(t + T,-) = f(¢,-) for all
t € R, tgre =ty + T and g(k +¢,-) = g(k,-) for all £ € Z. In this case, there is very
little motivation to consider topics such as invariant manifold theory for these systems
specifically, as one can simply reduce to a discrete time problem. Indeed, if a periodic
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solution of period T is known, one can first translate it to the origin by a time-dependent
change of coordinates so that the origin becomes a fixed point. Following this, one defines
a time 7" map on a suitable neighbourhood of 0 € R™ as follows: let t — S(¢,z) for ¢ > 0
and x € R™ denote the solution of (1.10)—(1.11) satisfying S(0,z) = x. The time T map
(also called stroboscopic map or Poincaré map) is a nonlinear map P : U — R"™ defined on
a neighbourhood of 0 € R™ by the formula P(z) = S(T, z). One then considers the iterated
map (i.e. discrete time dynamical system)

= P(z) (1.12)

having zero as a fixed point (recall, the periodic solution was translated to the origin).
Bifurcations of the fixed point can then be studied using methods from discrete time
systems, thereby circumventing the need to view the impulsive system (1.10)—(1.11) as a
continuous-time system. Some of the earliest applications of this idea include chemotherapy

modelling [57], pest control [34], pulsed chemostat [101] and infectious disease modelling
with pulsed vaccination [18]. This method was surveyed and formalized by Church and
Liu [19] in 2017.

Moving away from periodicity, one must consider (1.10)—(1.11) as a fully nonautonomous
object. This introduces further complications, most fundamental being that notions of hy-
perbolicity become harder to both deal with and verify in practice. Some progress has been
made on nonautonomous bifurcations in scalar impulsive systems by Akhmet and Kashky-

bayev [2, 3, 5] using notions of nonautonomous bifurcation and attractor transition — we
refer to the monograph [75] of Martin Rasmussen for background on these ideas. Church
and Liu [18] consider bifurcations of bounded solutions from complete trajectories having

double half-line exponential dichotomies, which are typical of trajectories corresponding
to homoclinic orbits. Global bifurcation theory has also been used to study the structure
of solutions sets of certain boundary-value problems [, 69]. However, aside from some
very special cases, the utility of these results is fairly limited. We mention them mostly
to contrast with the periodic case and to emphasize that the fully nonautonomous setting
continues to be mostly unexplored. It will not be the main focus of this thesis.

1.3 Infinite-dimensional systems

We have demonstrated that in the finite-dimensional case, there is little to no reason to
develop invariant manifold theory. This is because in the periodic case, one can reduce to
a discrete time problem. In principle, this remains true if the impulsive RFDE (1.1)—(1.2)
is periodic — that is, there exists ¢ > 0 and T'" > 0 such that f(t +71,-) = f(t,-) for all
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t € R, tyre =t + 7T and g(k +¢,-) = g(k,-) for all £ € Z. One can once again define a
time T map and presumably study bifurcations by considering instead the discrete-time
system (1.12). However, there are a few key elements that would be needed in order to
accomplish this.

To begin, in order to consider the time 7" map associated to the impulsive RFDE (1.1)—
(1.2), one must decide on a phase space X. It would be ideal if X were a Banach space and
the resulting map P : X — X were reasonably smooth, since in a parameter-dependent
setting one could proceed using a Lyapunov-Schmidt reduction to unfold bifurcations at a
suitably-defined nonhyperbolic equilibrium point or periodic solution.

Next, to study the bifurcation equation it would be necessary to compute higher-order
derivatives of P at zero. In the finite-dimensional setting, doing this requires solving a
sequence of inhomogeneous linear impulsive differential equations. Specifically, one has an
expansion of the form

P(e) = PuAT)r + 3 PuT)l,a] + S Py(T)w, 2] + O(Jal |
where P;(t) is the jth Fréchet derivative of the solution map S(¢,z) at x = 0. This is a
j-linear operator on R” that solves a particular inhomogeneous linear impulsive differential
equation, the latter of which typically contains inhomogeneities involving all P;(t) for ¢ < j;
see [19] for details. Generalizing appropriately to the infinite-dimensional setting, it would
be necessary to solve a sequence of abstract impulsive differential equation in the spaces
L7(X) of j-linear maps on X. Ths would seem to be a difficult task, and as we will see it is
fruitful to avoid the temptation of reducing the analysis entirely to a discrete time setting.

1.4 Dynamical systems perspective

It is the stance of the present author that the single largest reason bifurcation theory for
impulsive RFDE had been undeveloped is because there was no rigorous formulation of
these equations as defining dynamical systems in any appropriate sense. This claim is
supported by the observation that a typical way of proving the existence of invariant man-
ifolds — in particular the centre manifold — is by the Lyapunov-Perron method. The idea
behind the Lyapunov-Perron method is one identifies an invariant manifold as a pertur-
bation from an appropriate invariant subspace (e.g. stable manifolds are perturbations of
stable subspaces). The manifold itself ends up being a fixed point of a particular nonlinear
operator that is derived in part using a linear variation of constants formula. Perhaps



surprisingly, such a variation of constants formula for impulsive RFDE had yet to appear
in the literature when the research associated to this dissertation began.

This said, there have been phantoms of dynamical systems ideas being applied to
impulsive RFDE. For example, Bachar and Arijno [7] demonstrated that a linear delay
differential equation with impulses in a general Banach Z space generates an integrated
semigroup of bounded linear operators acting on the Banach space of regulated functions
mapping the history interval [—r, 0] into Z. The idea seems to have not caught on given
the lack of citations, but it is similar in spirit to how we view impulsive RFDE in this
thesis.

1.5 Outline of this thesis

Our first goal is to build a solid dynamical systems foundation on which we can explore in-
variant manifold theory and bifurcation theory for impulsive REDE. Chapter 2 is devoted to
some fundamental properties of what will become the phase space for our nonautonomous
process (i.e. nonautonomous analogue of a semidynamical system): the space of right-
continuous regulated functions. This normed vector space is introduced and we elaborate
on its completeness, dense subspaces and topological dual, among other topics. We also
review weak integration as it will be essential in later sections. We introduce notions of
left limits of such regulated functions and provide some useful integral inequalities.

Chapter 3 is devoted to general linear systems. The fundamental result of this section
is an abstract variation of constants formula for inhomogeneous systems in the phase space
of right-continuous regulated functions. To arrive there, we first review existence and
uniqueness of solutions as it applies to our choice of phase space. We then introduce the
evolution family associated to a homogeneous system, invariant fiber bundles and spectral
separation.

In Chapter 4 we explore periodic linear systems, specifically homogeneous systems.
We introduce the monodromy operator and prove its compactness, thereby obtaining the
Riesz formula for the projection onto its invariant subspaces. Following this we prove
that homogeneous periodic systems are always spectrally separated, prove a Floquet the-
orem and explore notions of stability through Floquet exponents. We conclude with some
computational aspects.

Chapter 5 is the beginning of our study of nonlinear systems. Through the linear
variation of constants formula we define mild solutions and compare these to classical
solutions. We then prove that mild solutions are smooth with respect to initial conditions,
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derive a variational equation and use this result to ultimately prove a linearized stability
principle.

Chapters 6 through Chapter 8 are devoted to the development of centre manifold the-
ory for impulsive RFDE. The first, Chapter 6, provides the most general results. We prove
the existence of local centre manifolds (specifically, local invariant fibre bundles) near non-
hyperbolic equilibria under spectral separation assumptions for general nonautonomous
impulsive RFDE. We prove that the centre manifold contains all small solutions and is
attracting in the absence of unstable directions. The coordinate dynamics on the centre
manifold are derived both in an integrated form and, under some mild technical assump-
tions, as an abstract ordinary impulsive differential equation. This dynamics equation is
later put into a more concrete form in Chapter 11.

Regularity of local centre manifolds is considered in Chapter 7. We assume slightly more
conditions on the evolution family and first prove that local centre manifolds are smooth
in the phase space variable in Section 7.1. This is enough to perform a Taylor expansion
of the centre manifold near a nonhyperbolic equilibrium, but as the centre manifold is
fibre bundle and therefore time-varying, we also need to consider the regularity of the
coefficients of this expansion with respect to time. This is done in Section 7.2 for systems
with fixed discrete delays, but we elaborate on how one might extend the result to more
general functional dependence.

Approximation of local centre manifolds is the main focus of Chapter 8. We develop the
notion of a Euclidean space representation of the centre manifold and recognize that any
local centre manifold must admit the same Taylor expansion at the candidate nonhyperbolic
equilibrium, thereby allowing us to justify the abuse of notation earlier in this sentence
where we referred to “the” centre manifold. The dynamics on the centre manifold are made
concrete using the Euclidean space representation, and we derive an evolution equation
satisfied by any local centre manifold, including boundary conditions. We show how one
can compute the quadratic coefficient of the centre manifold using an extension of the
method of characteristics, commenting briefly on higher-order terms. We provide two

concrete examples in Section 8.3 to aid in visualizing the geometry of centre manifolds of
impulsive RFDE.

After three chapters of content on the centre manifold, we take a break in Chapter
9 to study the stable and unstable manifold. We prove existence, smoothness, and some
invariance properties. The existence of the unstable manifold will allow us to prove a
converse to the linearization theorem, namely an instability theorem.

Two of the classical codimension-one bifurcations of discrete-time systems are lifted
into the class of impulsive RFDE in Chapter 10. Specifically, we focus on the fold bifur-



cation and Neimark-Sacker bifurcation. In the fold case, the qualitative properties of the
bifurcation remain intact except that fixed points are generically replaced with periodic
solutions. In the Neimark-Sacker case, however, the discontinuities inherent to impulsive
systems generically result in the birth of an invariant cylinder. For this reason, we call it
a cylinder bifurcation. One example for each of these bifurcation patterns is provided.

Chapter 11 is the first of two chapters devoted to particular applications. Here we
consider an extension of the delayed SIR model of Kyrychko and Blyuss [56] with pulse
vaccination. From a few reasonable biological assumptions we derive the jump functional
associated to the pulse vaccination. We then prove analytically that there is a unique
disease-free periodic solution that undergoes a transcritical bifurcation at a critical vacci-
nation level. Using numerical methods we continue the bifurcating endemic (i.e. infected)
periodic solution with respect to the vaccination level and use monodromy operator dis-
cretization to track the dominant Floquet exponent. A cylinder bifurcation is identified
and we track the evolution of the cylindrical attractor as the vaccination level is decreased.
Phase locking is intermittently observed before the cylinder finally contracts onto a periodic
solution of the system without vaccination.

Chapter 12 features an application of centre manifold theory to impulsive stabilization.
The latter concept is reviewed before we state formally the problem we wish to solve. The
initial setup is that we are given a delay differential equation that possesses a nonhyperbolic
equilibrium with trivial unstable subspace. Given a specification on a class B of discrete
delay (or without delay) jump functionals and a cost functional associated to these, we ask
whether one can guarantee stabilization of the equilibrium with a specified local conver-
gence rate using an optimal element of . In other words, can the (observable) bifurcation
be optimally suppressed with a desired convergence rate? The result is affirmative pro-
vided the convergence is exponential with rate smaller than the spectral gap. Computing
the optimal jump functional is a nontrivial problem, since the associated constraints of the
optimization problem are highly nonsmooth. To reduce the complexity of the problem, we
exploit the low dimensionality of the centre manifold to move the constraint satisfaction
problem into a low-dimensional probe space, which can be thought of as set of equivalence
classes of controllers with equivalent low-order impact on the local dynamics near the equi-
librium. These equivalence classes are called probe elements. There is a natural way to
associate a cost to a given probe element, and optimizing this cost in the low-dimensional
probe space followed by another unconstrained convex program is guaranteed to generate
an optimal solution of the original problem. We apply the two-stage centre probe method to
the suppression of a Hopf bifurcation in a network model consisting of 200 two-dimensional
oscillators coupled through a small-world network topology. We conclude with a discussion
of the strengths and limitations of our method compared to more traditional Lyapunov



function-derived impulsive stabilization results.

A conclusion wraps up the thesis in Chapter 13. We review the key points and suggest
a few directions to explore based on our contributions.
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Chapter 2

Functional analytic setting

Many of the results from this section appear in the paper Smooth centre manifolds for
impulsive delay differential equations [21] by K. Church and X. Liu. If a result or proof
is uncited, the reader may assume it comes from this publication. Any major deviations
from proofs will be mentioned. All other references will be appropriately cited.

2.1 The space RCR of right-continuous regulated and
its topological dual

We will be working exclusively with spaces of right-continuous regulated functions; denote

s—tt s—t—

RCR(I,X) = {f I —- X :Vtel, lim f(s) = f(t) and lim f(s) exists},

where X CR” and I C R. When X and I are closed,
RCRy(I, X) :={f € RCR(L, X) : || f]| < oo}

is a Banach space with the norm ||f|| = sup,¢;|f(z)|. We will also at times require the
space G(I,X) of regulated functions from I into X; this is merely the set of functions
f I — X that possess left- and right limits at each point, with no continuity sidedness
restriction. One may consult [14] for background on regulated functions, in particular
the claim that G(7, X)) is complete. As RCR(I, X) is a closed subspace thereof, its com-
pleteness follows immediately. We will write RCR := RCR([—r, 0], R") when there is no

11



ambiguity, and note that since RCRy([—r,0],R") = RCR(|—r,0],R"), we may identify
RCR with its associated Banach space.

The step functions are dense in G(I, X) and by extension, the subspace RCR(I, X).
The proof of the following proposition appears in [11].

Proposition 2.1.1. Let I be compact. For all f € G(I,X), there exists a sequence of step
Junctions f, : I — X such that || f, — f|| — 0.

Adapting the aforementioned proof to the explicitly right-continuous case, one obtains
a specification to RCR(I, X).
Lemma 2.1.1. Let I be compact. For all f € RCR(I,X), there exists a sequence of
right-continuous step functions f, : I — X such that ||f, — f|| — 0.

Regulated functions are integrable, as the following lemma guarantees.

Lemma 2.1.2. Let f € G(I,R™) for some interval I. f is locally integrable — that is,
[ f(z)dx ezists for all S C I compact.

Proof. Consider the restriction f|s of f to the compact set S. For brevity, write f = f|s.
By Lemma 2.1.1, there exists a sequence f,, — f of step functions f, : S — R™. Since
fn converges uniformly to f and step functions are integrable, the dominated convergence
theorem implies f is integrable with [¢ fdz = lim, o [g fudz. O

We will eventually need spaces of function f : I — X that are differentiable from the
right and whose right-hand derivatives are elements of RCR (I, X). Specifically, define the

right-hand derivative by
t+e)—J(t

e—0t €

and introduce the space
RCR'I,X)={f € RCR(I,X) :d"f € RCR(I, X)}.

This space is complete with respect to the norm ||f||; = ||f|| + ||dT f|| when restricted to
the subspace consisting of functions that are ||-|||;-bounded. The latter fact will, however,
not be necessary in this thesis.

We will need a few convergence and boundedness results for Perron-Stieltjes integrals
involving right-continuous regulated functions and functions of bounded variation. Sym-
metric arguments to those appearing in [35] yield the following results; see Theorem 2.8
and Corollary 2.10 therein. In what follows, vT denotes the transpose of v € R™. In the
two lemmas below, we overload the notation and define fT: [a,b] — R™ by fT(¢t) = [f(¢)]T.
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Lemma 2.1.3. Let f : [a,b] — R" be of bounded variation and g € RCR([a,b],R™). The
integral f; fT(t)dg(t) exists in the Perron-Stieltjes sense, and

/ fT(t)dg@( < (F(@)] + 1£®)] + var' £)lgl]. (2.1)

where var® f denotes the total variation of f on the interval [a,b].

Lemma 2.1.4. Let h,, € RCR([a,b],R") and h € RCR([a,b], R") be such that ||h, —h|| —
0 as n — oo. For any f : [a,b] — R™ of bounded variation, the Perron-Stieltjes integrals
[P fT(6)dh(t) and [ fT(t)dh,(t) exist and

b b
lim [ f7(t)dh (1) = / FT)dh(D). (2.2)
n—0o0 a a
Next, we provide a generalization of Lemma 3.2 of [I1], which can itself be seen as

a weakened form of the result that if x : R — R™ is continuous, then F' : t — x; €
C([-r,0],R™) is continuous as a function F': R — C([—r,0],R™), where the codomain is
the Banach space of continuous functions from [—r,0] to R™ equipped with the uniform
norm.

Lemma 2.1.5. Let r > 0 be finite and let ¢ € RCR([a,b],R™) for some b > a +r. With
¢r : [—1r,0] = R" defined as in (1.3), t — ||¢¢|| is an element of RCR(|a + r, 0], R).

Proof. Let t € [a + r,b] be fixed. We will only prove right-continuity, since the proof of
the existence of left limits is similar. It suffices to prove that for any decreasing sequence
Sn 4 0, we have ||¢iys, || = ||¢¢]|. Let € > 0 be given. By right-continuity of ¢, for all € > 0,
there exists § > 0 such that, if 0 < u < ¢, then |¢(t + u) — ¢(t)| < e. Therefore,

orisll = sup |6t +m)| < sup |o(t+p)| < max{ligll, sup |o(t+p)]}
ME[—T,O] ,LLE[—T‘,SH} uE[O,sn]

< max{]|¢x][, [6(£)] + €} < ||@e]| + e,

provided s, < 0. On the other hand, since ¢ is bounded, there exists some sequence
z, € [—r,0] such that |¢:(z,)| — ||¢¢||. By passing to a subsequence, we may assume
zr, — & € [-r,0]. If £ > —r, then we have

| | ¢t+5n

> sup ot + p)| = [¢(2)] = [l¢r]

peEl—r-+5n.0]

13



provided s,, < —z, while if £ = —r, we notice that the sequence z!, =t — r + s,, converges
to t + Z, so that for all € > 0, there exists N3 > 0 such that for n > N,

rssnll > [0t + 50) > ||| — €.

Therefore, if we let sy, < § and sy, < —z, then by setting N = max{Ny, Ny, N3}, it
follows by the above three inequalities that for n > N,

—€ < ||rpsal| = llenl] < e

We conclude ||¢ys, || converges to ||dy]. 0

Using essentially the same argument, one can prove the following generalization. The
result does not appear in [21], but as the proof is so similar to that of Lemma 2.1.5, it will
be omitted.

Lemma 2.1.6. Suppose ¢ € RCR([a,b],R"), X € RCR([a,b],R™™) and z € RCR([a, b],R™)
for some b > a+r. Then, the functiont — ||¢;+X,2(t)|| is an element of RCR(|a+r,b], R)

The final element in our overview of right-continuous regulated functions is a charac-
terization of the topological dual RCR". A result from Tvrdy [85] provides such for the
dual of the space of regulated left-continuous scalar-valued functions, and for our purposes
the obvious modification that is needed is the following.

Lemma 2.1.7. F' € RCR" if and only if there exists ¢ € R" and p : [-r,0] — R" of

bounded variation such that

F(z) = "2(0) + / P (8)da(t), (2.3)

-r

where the integral is a Perron-Stieltjes integral.

2.2 Pettis integration

Before introducing Pettis integration, we begin with some motivation. Recall that the
ordinary differential equation

#(t) = A(t)(t) + f(1)
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admits the variation of constants formula
t
x(t) = X(t,8)x(s) + / X (t, p) f()dp,

where X (t,s) is the Cauchy matriz of the homogeneous equation @ = A(t)y. That is, it
satisfies the matrix differential equation

d
S X(t5) = A(DX(t.9)

and the initial condition X (s,s) = I, where the latter denotes the identity on R". We will
eventually derive a similar formula for inhomogeneous linear impulsive RFDE, except that
the Cauchy matrix will be replaced with a family of bounded linear oprerators U(t,s) :
RCR — RCR. As we will see in Section 3.2, the function s — U(t,s) is generally
discontinuous everywhere. Thus, even if f : [s,¢{] — RCR is continuous, this can make it
can be very difficult to prove that the integral

/ Ut 1) (1)du

exists in the strong sense. Thankfully, for our purposes, Pettis integration will suffice. We
recall the following definition, which appears in [065].

Definition 2.2.1. Let X be a Banach space and (S,%, 1) a measure space. We say that
f S — X is Pettis integrable if there exists a set function Iy : 3 — X such that

e I (E) = /Ew*fdu

for all * € X* and E € ¥. Iy is the indefinite Pettis integral of f, and I;(E) the Pettis
integral of f on F.

In the above definition X* is the topological dual of X. By abuse of notation, we will
often write I;(E) = [, fdu when there is no ambiguity. For our purposes, the following
proposition will be very useful. Its proof is elementary and can be found in numerous
textbooks on functional analysis and integration.

Proposition 2.2.1. The Pettis integral possesses the following properties.
o [f f is Pettis integrable, then its indefinite Pettis integral is unique.
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o IfT:X — X is a bounded linear operator, then T (fE fdu) = fE (T'f) dp whenever
one of the integrals exists.

o IfW(ANDB) =0, then [, 5 fdu= [, fdu+ [, fdu.
o || [z fdull < [5llflldu

2.3 One-point limits and regulated left-limit histories
of RCR functions

The pointwise left-limit of a solution history was defined in (1.4). We extend this definition
and introduce another now.

Definition 2.3.1. Let x € RCR(I,R™) for some interval I. The solution history at
time t € I is the function x; € RCR defined by equation (1.3), provided [t — r,t] C I.
The pointwise left-limit history is x;- € RCR, defined by equation (1.4). The regulated
left-limit history is the function x; € G([—r,0],R™) defined by

z, (0) = lim x4(6), (2.4)

e—0~

provided inf I <t —r.

The nonuniform left-limit history is so named because while the association of x; with
x;- defines a bounded linear operator on G(|—r, 0], R™), the same is not true of the associ-
ation of x; with z; . Indeed, to compute x; one requires the data from z on an interval of
the form [t — r — ¢, ] for any arbitrarily small e.

2.4 Integral inequalities

We conclude this chapter with two inequalities. The first is an impulsive Gronwall-Bellman
inequality for regulated functions. The result is similar to Lemma 2.3 of [%], and the proof
is omitted. The second one concerns an elementary estimation of sums of continuous
functions at impulses, when the sequence of impulses satisfies a separation condition. A
weaker version of this result appears in [21], but the proof requires no modifications. We
include it here for completeness.
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Lemma 2.4.1. Suppose x € RCR([s, a],R) satisfies the inequality

o)< € [ e + bt Y Girle) + a0 25)

s<t;<t

for some nonnegative integrable function p, integrable and bounded h, nonnegative constants
bi, gi and ¢, and all t € [s,a]. Fort > s, define

c(t.9) = o ([ pwas) TT 0+

s<t; <t

Then, p v z(t, u) is integrable and the following inequality is satisfied.

x(t) < C(t, 8)+/ 2t mh(p)dp + Y 2t t:)gi. (2.6)

s<t; <t

Lemma 2.4.2. Let f € RCR(R,R) and suppose {ty} satisfies tp41 — tr > .

1. If f is nondecreasing, then Zs<t <tf <1 ft+§f
2. If f is monincreasing, then 3, o, f(t;) < <1 f F(u

Proof. Let {to,...,tn} ={tx : k € Z} N (s,t]. If f is nondecreasing, then

D f) =) f(t) = Z Zf(to +if)E < %/Hff(u)d,u.

s<t; <t =0 =0

The decreasing case is similar. O
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Chapter 3

Linear systems theory

Nearly all results (lemmas, theorems, etc.) from this section appear in the paper Smooth
centre manifolds for impulsive delay differential equations [21] by K. Church and X. Liu.
If a result or proof is uncited, the reader may assume it comes from this publication. Any
major deviations from proofs will be mentioned. All other references will be appropriately
cited.

3.1 Linear impulsive RFDEs: existence and unique-
ness of solutions

In this chapter we will be interested primarily in the linear impulsive RFDE

& = L(t)x: + h(t), t # ty (3.1)
Ax = B(k)x- + 1y, t=ty.

The following assumptions will be needed throughout.

H.1 The representation

L(t)p = / (dori(t,0)16(0)

holds, where the integral is taken in the Lebesgue-Stieltjes sense, the function 7 :
R x [—-r,0] — R™" is jointly measurable and is of bounded variation and right-
continuous on [—r,0] for each t € R, and such that |L(t)¢| < €(t)||¢|| for some
{: R — R locally integrable.
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H.2 The sequence t; is monotonically increasing with |tx| — oo as |k| — oo, and the
representation

B(k)o = / Ay (0)]6(0)

holds for k € Z for functions ~, : [—r,0] — R™ " of bounded variation and right-
continuous, such that |B(k)| < b(k).

Remark 3.1.1. Hypothesis H.1-H.2 could in principle be weakened. However, insofar as
applied impulsive differential equations are concerned, hypothesis H.1 is sufficient. Indeed,
H.1 includes the case of discrete time-varying delays: the linear delay differential equation

m

b= Ap(t)a(t — ri(t))

k=1

with ry, continuous, is associated to a linear operator satisfying condition H.1 with n(t,0) =
YA H ., 1)(0), where H.(0) =1 if @ > 2z and zero otherwise. It also obviously includes
a large class of distributed delays. Moreover, each of L(t) and B(k) is well-defined on
G([—r,0],R™) and, consequently, on the subspace RCR; see Lemma 2.1.1.

At this stage, we define integrated solutions of the linear impulsive RFDE and consider
existence, uniqueness and continuability of such solutions.

Definition 3.1.1. Let (s,¢) € R x RCR. A function x € RCR([s — r,«),R"™) for some
a > s is an integrated solution of the linear impulsive RFDE (3.1)—(3.2) satisfying the
initial condition (s, ¢) if it satisfies x5 = ¢ and the integral equation

] 9(0) + fst[L(N)xu + h(p)]dp + Zs<ti§t[B(i)xt; + 7, t>s
z(t) = { ot — s), s—r<t<s. (3:3)

Lemma 3.1.1. Let h € RCR(R,R™), let {ry : k € Z} C R™ and let hypotheses H.1-
H.2 hold. For all (s,¢) € RCR, there exists a unique integrated solution v € RCR([s —
r,00), R™) of (3.1)—(3.2) satisfying the initial condition (s, @).

The above lemma follows by hypotheses H.1-2, the Banach fixed-point theorem, Lemma
2.4.1 and typical continuation arguments. It could also be proven by identifying the equa-
tion with a generalized ordinary differential equation, as in [31]. Note here that A may be
unbounded on the real line; however, since it is regulated it is bounded on every compact
set [14]. Integrated solutions include as a special case the more classical notion of solution
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appearing in, for example, [10]. As such, our definition is appropriate. From this point
onward, we will drop the adjective integrated and merely refer to such functions as being
solutions.

On the note of “classical” solutions, it will later be important that the impulsive RFDE
(3.1)—(3.2) has a regularizing effect on initial conditions. Precisely, we have the following
lemma.

Lemma 3.1.2. Under the conditions of Lemma 3.1.1, the integrated solution x : [s —
r,o00) — R™ is differentiable from the right on [s,00). In particular, if x : R — R" is a
solution defined for all time, then x € RCR*(R,R").

Proof. The first conclusion follows by the integral representation of solutions with the
remark that observation that p +— L(p)x, € RCR([s,00),R"). For the second part, one
can show that the restriction of z to any interval of the form [s, 00) is differentiable from
the right by applying the previous result to the restriction on [s—r, 00). Since s is arbitrary,
the result is proven. O

Remark 3.1.2. Fquation (3.3) is derived by integrating the impulsive RFDE (3.1)—(3.2).
From this integrated equation, one can also conclude that on the interval [s,00), the solution
can only have discontinuities at the impulse times ty for k € Z and, in particular, our
definition imposes the condition that even if s =ty for some k € Z, the jump condition
(3.2) need not be satisfied at that time. This is by design, for reasons that will become
apparent in Section 3.2.

3.2 Evolution family, processes, invariant fiber bun-
dles and spectral separation

In this section we will specialize to the homogeneous equation

&= L(t)as, t# 1,
Az = B(k)x;-, t = ty.

Definition 3.2.1. Let hypotheses H.1-H.2 hold. For a given (s,¢) € R x RCR, let t —
x(t; s,¢) denote the unique solution of (3.4)—(3.5) satisfying xs(-;s,¢) = ¢. The function
U(t,s) : RCR — RCR defined by U(t,s)p = x(+,s,¢) fort > s is the evolution family
associated to the homogeneous equation (3.4)—(3.5).
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From here onward, we will take the convention that if L : RCR — RCR is a linear
operator, then Lo(f) for ¢ € RCR and 6 € [—r,0] should be understood as [L(¢)](f).
Also, the symbol Iy will refer to the identity operator on X. When the context is clear,
we will simply write it as /. Introduce the linear function y; : R” — RCR defined by

O =4 § 50 (5:6)

Lemma 3.2.1. The evolution family satisfies the following properties.
1) U(t,t) =1 forallt € R.
2) For s <t, U(t,s) : RCR — RCR is a bounded linear operator. In particular,

ool < e ([ man) TT @+, (3.7)

s<t;<t
3) For s <wv<t,U(t,s)=U(t,v)U(v,s).
4) For all @ € [-r,0], s <t+60 and ¢ € RCR, U(t,s)p(0) = U(t+6,s)p(0).
5) For all ty > s, one has Ul(ty,s) = (I + xoB(k))U(t;,s).!

6) Let C(t,s) denote the evolution family on RCR associated to the “continuous” equa-
tion & = L(t)x;. The following factorization holds:

| C(t,s), [s
Ult,s) = { ¢

] {tkteez € {{s}, 0} (3.8)
C(t, tk) e} (I + XQB([{?)) (¢] U(tlz, S), ’

)
>t > s

Proof. Property 1), 3) and 4) are immediate consequences of the uniqueness assertion of
Lemma 3.1.1 and the definition of the evolution family. For property 2), we obtain linearity
by noticing that ¢ — x(¢; s, ¢) is linear in ¢ for each t > s and, consequently, ¢ — x4(+; s, @)
is is also linear. To obtain boundedness, we notice that by virtue of the integral equation
(3.3), U(t, s)p(0) satisfies

Ut )6(0)] < 16| + / LU 9)dldu+ Y [BOUE, )9l

s<t;<t+0

< Il + / (UG ellde+ 3 b@IUE 5)o])

s<t;<t

'Note here that the left limit is defined by U(t;,s)p(0) = U(ty, s)$(0) for 6 < 0, while U(t;, s)$(0) =
Utk 5)p(07).
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Since the upper bounds are independent of 6, denoting X (t) = U(t, s)¢, we obtain
t
IX @) < ||¢H+/ LX)l dp+ Y @)X ()]
$ s<t;<t

By Lemma 2.1.5, t — || X (¢)| is an element of RCR([s — r, o), R). Invoking Lemma 2.4.1,
we obtain the desired boundedness (3.7) of the evolution family and property 1) is proven.
Finally, since

Uit )600) = 00) + [ LU )oda+ Y BOUE )0

s<t; <ty

= U(ty,5)0(0) + B(R)U(1y, 5)¢

and U(t, ,s)p(0) = Ulty, s)p(8) for 8 < 0, we readily obtain property 5). The verification
of property 6) follows by existence and uniqueness of solutions and property 5). O

The evolution family is an example of a more general construction in nonautonomous
dynamical systems called a process. The following definition is borrowed from the mono-
graph of Kloeden and Rasmussen [52], with slightly different notation.

Definition 3.2.2. If X is a Banach space, a subset M C R x X is a nonautonomous set
over X. For each t € R, the set

M(t) ={z: (t,x) € M}
15 called the t-fiber of M.

Definition 3.2.3. A process on X is a pair (S, M) where M is a nonautonomous set over
R x X and S : M — X, whose action we denote by S(t,(s,x)) = S(t,s)x, satisfies the
following.

o {t} x X C M(t) and S(t,t) = Ix for allt € R.
o S(t,s)x = S(t,v)S(v,s)x whenever (s,x) € M(v) and (v,S(v,s)x) € M(t).

A process is forward if for all s € R and x € X, (t,5(t,s)x) € M(t) for allt > s. A
process is all time if for allt,s € R and x € X, (t,5(t,s)z) € M(1).
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Note that the above definition is slightly different, for example, than the one for process
appearing in [52], where processes are defined first as (partial) mappings, independent of
nonautonomous sets. The reason for our distinction here is that we want to make precise
the notion that a process S(t,s) need not be defined on the entire Banach space X for
every pair of time arguments, the way evolution families U (t, s) are. This will make things
a bit more precise when nonlinear systems are considered in Chapter 5.

Central to notions of stability for linear ordinary differential equations is the dynamics
invariant subspaces. These subspaces permit a decomposition of the phase space such
that on each distinct factor, the dynamics admit the same qualitative behaviour. The
extension of this idea to nonautonomous systems is that of exponential trichotomy — see
[20] for a standard definition and applications to heteroclinic bifurcations. The analogue of
hyperbolicity of an equilibrium point to bounded trajectories of a nonautonomous system is
that of exponential dichotomy. For our purposes, we present a slightly modified definition.

Definition 3.2.4. Let U(t,s) : X — X be a family of bounded linear operators defining
a forward process on a Banach space X. We say that U is spectrally separated if there
exists a triple (Ps, P., P,) of bounded projection-valued functions P; : R — L(X) with
P, + P.+ P, = I such that the following hold.

1. There exists a constant N such that sup,cg (||Ps(t)|| + [|P:(8)|| + [|Pu(t)]]) = N < o0.
The projectors are mutually orthogonal; P;(t)P;(t) =0 fori # j.
U(t,s)P;(s) = P(t)U(t,s) for allt > s and i € {s,c,u}.

e e

Define U;(t,s) as the restriction of U(t,s) to Xi(s) = R(FP,(s)). The operators
Udct,s) : Xe(s) = X(t) and Uy(t,s) : Xu(s) — Xu(t) are invertible and we de-
note U.(s,t) = U(t, s)™' and U,(s,t) = U,(t,s)"" for s <t.

5. The operators U. and U, define all-time processes on the family of Banach spaces
X.(+) and X,(+). Specifically, the following holds for all t,s,v € R.

Ud(t,s) = U(t,v)U.(v, s), Uu(t,s) = Uyu(t,0)Uy(v, s).
6. There exist real numbers a < 0 < b such that for all € > 0, there exists K > 1 such
that
[|Uy(t, s)|| < Kebt=s), t<s (3.9)
|U(t,5)|] < Kedt=#l, t,s €eR (3.10)
|U,(t,5)]| < Ke®t=9), t>s. (3.11)
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The definition of spectral separation above is motivated by the the spectral decomposi-
tion hypotheses associated to the centre manifold theorem for autonomous delay differential
equations appearing in [27]. Definition 3.2.4 is essentially a time-varying analogue thereof.

Definition 3.2.5. Let U(t,s) : X — X be spectrally separated. The nonautonomous sets
Xi={(t,x): te Rz e X;(t)}

for i € {s,c,u} are termed respectively the stable, centre, and unstable fibre bundles
associated to U(t, s). The evolution family is hyperbolic if X, is trivial — that is, X. = {0}.

Thus, if the evolution family U(t,s) : RCR — RCR is spectrally separated, the phase
space admits a direct sum decomposition

RCR = RCR,(t) ® RCR.(t) & RCR.(1) (3.12)

for each t € R. If (s,¢) € RCR,, equation (3.9) implies that U(¢, s)¢ decays to zero expo-
nentially as ¢ — co. We say that in stable fibre bundle, solutions decay exponentially in
forward time. Similarly, in the unstable fibre bundle, solutions are defined for all time and
decay exponentially in backward time. In the centre fibre bundle, solutions are defined for
all time and grow slower than exponentially in forward and backward time. The difference
between this decomposition and one more typical of autonomous or ordinary delay dif-
ferential equations is that the factors of the decomposition are generally time-dependent;
that is, they are determined by the ¢-fibres of the invariant fibre bundles RCRs, RCR.
and RCR,,.

Example 3.2.1. To aid in the understanding of Definition 3.2.4 and the notion of in-
variant fibre bundles, let us apply these concepts to a much simpler system: the following
three-dimensional 2m-periodic ordinary differential equation

T = —y, (3.13)
y = x +sin(t)z (3.14)
FR— (3.15)

The phase space here is R3. One can directly check that

cos(t) —sin(t) Zcos(t)(l —e™') — £sin(t)(1+e™)
X(t) = sirz)(t) Coz(t) tsin(t)(2 —3e7") j—t fcos(t)(1—e™) (3.16)
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is a matriz solution satisfying X (0) = I, so that in this context the evolution family is
Ut,s) = X(t)X1(s). It defines an all-time process on R3.

Let us identify some exceptional solutions. The first two columns of X(t) define solu-
tions that are bounded for all time:

cos(t) — sin(t)
Xi(t) = | sin(t) |, Xao(t)=| cos(t)
0 0

We further recognize that an appropriate linear combination of all three columns produces
a solution that converges exponentially to the origin as t — oo. Specifically, this solution
18

sin(t)

cos(t)

GU—en| =

—_

The intuition is that X, and Xy should span centre fibre bundle R3, while Y should span
the stable fibre bundle R2. The former of the two spans is independent of time since the
subspace itself is the same for each argument of t, but the second of the two is time-varying.

To realize this decomposition in terms of the definition of spectral separation, we must
identify the projections P.(t) and Py(t). To do this we first apply Floquet’s theorem to
the fundamental matriz solution X (t). There exists a nonsingular 2w-periodic continuous
matriz-valued function t — ®(t) and matriz A such that X (t) = ®(t)e™. Since X(0) = I,
it follows that ®(0) = I and, consequently, A satisfies the equation

1 0 2(1—e?m) 1 0 -2 10 0 10 2
2w A L? —27 ? L?
=101 :1-e?) | =|01 —2 01 0 01 ;
0 0 e 2" 00 1 00 e 00 1

The right-hand side is precisely the Jordan canonical form of e*™. Taking logarithms, it
follows that A has the Jordan canonical form

S O =
= Ot ot N

0
1
0
Applying the change of variables [ x y 2z |T = ®(t)Qw results in the autonomous system

w = Jw, for which the projection onto the stable subspace is precisely

s

P =10 00
0 01



Pulling this projection back into the x,y, z variables, we define Ps(0) by

Gl =t b

P.(0) = QPYQ™ =

1

(3.17)

o O O
o O O

Neat, we define Ps(t) for any t so that it satisfies the equation U(t,0)Ps(0) = Ps(t)U(t,0).
That is,

P,(t) = X()P,(0)X'(t) = 2(1)Qe” Q" QP Q Qe Q™ d7 (1)
= O(1)Qe Pre Q7 D7 (t)

0
=®t)| 0 0 —
0

Ast — (t) is periodic and nonsingular, t — ||Ps(t)|| is bounded. One can also verify that
the equality U(t, s)Ps(s) = Ps(t)U(t, s) holds for allt > s (in fact, for allt,s € R). Also,
we clearly have Py(t)? = Py(t), thereby proving that P,(t) is indeed a projection. Finally,
we have

|U(t,5)Ps(s)]] = [|X(#) X (5)X (5)Ps(0) X (s)]]
= || X () P(0) X (s)]]
= [|@(t)Qe" Pre™*! Q™ 07 (s)]]
< Kei(tis%
where K = sup; sepoom @@ |27 (s)[| - K(Q) and w(Q) = ||Q]] - [|Q| is the condition

number of Q). Therefore, the projection onto the stable fibre bundle satisfies the exponential
estimate (3.11).

Next, we define P.(t) = I — Ps(t). By construction, P.(t) and Ps(t) are orthogonal
and sum to the identity. If we remark that Py(t) = X (t)[I — Ps(0)]X*(¢), checking the
exponential estimate (3.10) is fairly simple:

U, 8)Pe(s)l] = [IX ()X H(S) X (s)[T = P(0)) X (s)]]
= [|[ X = P(0)) X (s)]]
= le(t)Qe"[I — Prle™' Q7 @7 (s)]|
< K,

since || [I — P¥)e™’|| = 1. We conclude that U(t,s) : R® — R? is spectrally separated.
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Our final task is to verify our intuition that the centre and stable fibre bundles are
the spans of {X1, Xo} and {Y'} respectively. FEzplicitly substituting (3.16) into Ps(t) =
X(t)PPX~Yt) and simplifying eventually yields the expression P,(t) = [0 0 Y (t) ],
written in column form. Thus,

R3(1) = R(P(1)) = {X (1) P,(0)X () : w € B}
={[0 0 Y(t) Jw:w e R*}
= span{Y (¢)}.
)

Conversely, explicitly computing P.(t) gives P.(t) = I — P¥. We conclude that R3(t) =
span{ey, es} as originally claimed.

3.2.1 Exponential dichotomy and trichotomy

For ordinary differential equations, there are several equivalent definitions of exponential
dichotomy and exponential trichotomy. In this setting, exponential dichotomy is very
important because it is a generalization of hyperbolicity that is sufficiently strong to provide
a nonautonomous analogue of the Hartman-Grobman theorem; see [71]. The linear system
& = A(t)x has exponential dichotomy if it has a fundamental matrix solution X (¢) satisfying

| X () PX(s)|| < Ke @), s<t (3.18)
|1 X () (I — P)X (s)]| < Ke (D), s>, (3.19)

for some constants K, a > 0 and projection P that is independent of time, t. If one defines
P(t) = X(t)PX (), then P?(t) = P(t) and we have the equality

U(t,s)P(s) = X ()X~ (s)(X(s)PX'(s))
= X(t)PX '(s) = X()PX () (X ()X (s)) = P(t)U(t, s),

and similarly for the conjugate projector I — P(t). Also, since U(t, s)P(s) = X (t)PX(s),
the inequalities (3.9) and (3.11) are satisfied for Ps(¢) = P(t) and P,(t) = I — P,(t). Thus,
in the restricted case of exponential dichotomy, the above definition is at least as strong
as spectral separation. One can similarly verify that for ordinary differential equations, if
U(t,s) : R" — R™is spectrally separated and hyperbolic, then it has exponential dichotomy
in the above sense. Therefore, the definitions are equivalent for ordinary differential equa-
tions.

When we move away from ordinary differential equations into infinite-dimensional sys-
tems of impulsive RFDE, we must recognize that evolution families are generally not
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invertible, so it is not possible to unconditionally form the inverses in (3.18)—(3.19). These
evolution families are generally only invertible upon restriction to the ranges of the projec-
tion operators. This is precisely why the fourth condition of spectral separation is included
and why the trichotomy inequalities (3.9)—(3.11) are stated the way they are.

3.2.2 A remark on the regularity of the evolution family U(t,s)
with respect to the arguments ¢ and s

It should come as no surprise that ¢ — U(t,s)¢ and s — U(t, s)¢ are generally discon-
tinuous as maps from R to RCR. Indeed, the following highly trivial scalar impulsive
differential equation gives us a counterexample:

i =0, t4keZ
Ax =x(t™), t=keZ

The evolution family is precisely

_ [ 2006(0), 146 —s520
U(t75)¢(9>_{¢(t+0—s), t+60—-s5<0

In particular, if we make the choice RCR = RCR([—1,0],R), fix s and ¢(0) # 0, then
t — U(t, s)¢ is discontinuous on Z, = [[s],00). To see why this is the case, we notice that
on this interval the solution t — U(¢, s)¢(0) is piecewise constant. As consequence, in each
[k, k+ 1) C Z; we will always have

Ut s)¢ = U(t + € 5)¢l| = 2||U(k, s)p(07)]| = 2|¢(0)] > 0

for € > 0 sufficiently small. Similarly, if ¢ is fixed and ¢(0) # 0, then we can consider the
regularity of s — U(t,s)¢. A similar argument proves that this function is discontinuous

on Z' = (—o0, |t]).

To contrast, in general if s and 6 are fixed, t — U(t, s)¢p(0) is an element of RCR([s, 00), R™).
This follows from Lemma 3.1.1. The same is not true for s — U(t, s)¢(0) for ¢t and 6 fixed.
Indeed, consider the scalar system

=0, t£kel
Ax =0, tekel.
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This generates the “translation” evolution family

{¢(0) t+0—5>0

Ut s)o(0) = ot+60—3s), t+60—s5<0.

Suppose ¢ € RCR has a discontinuity at some 6* € (—r,0). By definition, 6 — ¢(0) is
continuous from the right. Fixing ¢t = 0, we have

U(0,5)p(07) = ¢(6" — s).

It follows that s +— U(0, s)¢(6*) has a discontinuity at §*, but is continuous from the left.
Consequently, we cannot have s — U(0, s)¢(0*) € RCR((a, 0], R) for any o < 0.

3.3 Variation of constants formula

Recall that a large part of our motivation for first studying linear systems of impulsive
RFDE is to ultimately develop centre manifold theory for the nonlinear equation (1.1)-
(1.2). We will end up using the Lyapunov-Perron method to do this. The Lyapunov-
Perron method makes use the linear variation of constants formula in order to obtain
an equivalence between the centre manifold and a fixed point of a particular nonlinear
operator. In the fully nonautonomous context, this method was used by Chicone [l0]
to prove a nonautonomous centre manifold theorem by first appealing to the evolution
semigroup. The evolution semigroup allows one to effectively translate the problem into
an autonomous setting by enlarging the phase space. Semigroup theory then provides the
requisite variation of constants formula.

To contrast to the approach of Chicone, we work directly with the evolution family
associated to the linear system (3.4)—(3.5) and prove a variation of constants formula that is
reminiscent of a classical formula derived by Jack Hale for functional differential equations
[38]. In the aforementioned reference, Hale proves that solutions of the inhomogeneous
delay differential equation & = Ax; + h(t) satisfy the formal variation of constants formula

ry =T(t — s)rs + / T(t — p)xoh(w)dp,

where T'(t) : X — X is the strongly continuous semigroup associated to the autonomous
system #(t) = Axy, the phase space is X = C([-r,0,R"), and xo : [-7r,0] — R™" is
defined by x0(0) = I and xo(f) = 0 for < 0. Strictly speaking, the formula is ill-defined
because xoh(x) is not in the domain of T'(t — p).
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The inconsistencies in Hale’s variation of constants formula can be resolved in several
ways, including adjoint semigroup theory and integrated semigroup theory. See the refer-
ence [11] for an overview on these ideas. For our purposes, the use of the phase space RCR
and the evolution family U(t,s) : RCR — RCR will be sufficient. Ultimately, we prove
that solutions of the inhomogeneous equation (3.1)—(3.2) satisfy the variation of constants
formula

z = U(t, S)xﬁ/t U(t, m)xoh(m)dp+ > U(t,t:)xor (i)

s<t;<t

in RCR, where the integral is interpreted in the Pettis (weak) sense. This formula includes
Hale’s result as a special case.

We first prove this formula pointwise in Section 3.3.1. This means the formula is correct
in the sense that if one evaluates both sides of the equation at a particular 6 € [—r, 0] and
interprets the integral as a Lebesgue integral, then the equation is true. Following this, we
lift the result into the phase space RCR in Section 3.3.2, where the integral is understood
in the Pettis sense.

Despite being of fundamental importance in the representation of solutions, the fully
general variation-of-constants we prove in this section was not developed until 2018 with
our paper. There have appeared other variation-of-constants formulas in the literature,
such as the one by Anokhin, Berezansky and Braverman [6] in 1995. However, we want
both a higher level of generality (we want to include the possibility of delayed impulses,
distributed delay, etc.) and a more abstract result (that is, a formula in the phase space
RCR), so it is necessary to build the formula from the ground up.

3.3.1 Pointwise variation of constants formula

Existence, uniqueness and continuability of solutions of the linear inhomogeneous equa-
tion (3.1)—(3.2) has been granted by Lemma 3.1.1. From this result we directly obtain a
decomposition of solutions.

Lemma 3.3.1. Let h € RCR(R,R") and let H.1-H.2 hold. Denote t — x(t;s, ¢; h,r) the
solution of the linear inhomogeneous equation (3.1)—~(3.2) for inhomogeneities h = h(t) and
r =1y, satisfying the initial condition xs(-; s, d;h,r) = ¢. The following decomposition is
valid:

x(t; s, ¢ h,1) = x(t; 5, ¢;0,0) + (L5 8,0, h, 0) + (t; 5,050, 7) (3.20)
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The following lemmas prove representations of the inhomogeneous impulsive and con-
tinuous terms x;(+; s,0;0,7) and x4(+; s, 0; h, 0) respectively.

Lemma 3.3.2. Under hypotheses H.1-H.2, one has
24(+;5,0;0,7) = Z U(t, t;)xor (3.21)

s<t;<t

Proof. Denote x(t) = z(t;s,0;0,r). Clearly, for t € [s,min{¢; : ; > s}), one has z; = 0.
Assume without loss of generality that ¢y = min{¢; : ¢; > s}. Then zy, = xo7o due to (3.3).
From Lemma 3.1.1 and 3.2.1, we have z; = U(t, to)xoro for all ¢ € [to,t1), so we conclude
that (3.21) holds for all ¢ € [s,¢;). Supposing by induction that x; = > __, ., U(t,t:)xor:
for all ¢ € [s,tx) for some k > 1, we have
Ty, = Ty + XOB(k)xt; + XoTk

= U(tg, th—1)Te,_, + XoT%

= Utk ti—1) Dger,<t,, Ults—1,ti)Xo0Ti + XoTs

= Zs<ti§tk U(t, tz)XOTz
Equality (3.21) then holds for t € [t,tx+1) by applying Lemma 3.2.1. The result follows
by induction. O]

Lemma 3.3.3. Let h € RCR(R,R"™). Under hypotheses H.1-H.2, one has

2 6:5,0:1,0) = [ U ol (01, (3.22)

where the integral is defined for each 0 as the integral of the function p — U(t, p)[xoh(1)](0)
i R™.

Proof. The proof of this lemma is adapted from the proof of Theorem 16.3 of [38]. Let us
denote x(t; s)h = x(t; s,0; h,0). First, we note that operator z(¢,s) : RCR([s, t], R") — R"
is linear (a consequence of Lemma 3.1.1) for each fixed s < ¢, and that it admits an
extension to a linear operator Z(t,s) : £°°([s, t],R") — R". We do not prove this claim,
since the proof is essentially identical to how one would prove Lemma 3.1.1. For w € [s, ]
and denoting &; = [Z(-, s)h]; for brevity, we see that

s < [ 1L+ [ Gl

t
<[+ [ liaidn
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which implies the uniform inequality [jz,|| < |h|; + [ €(u)||Z||.du. Applying Lemma
2.4.1 yields ||Z¢]| < el/t|n|;, where | - |; denotes the Li[s,t] norm. Thus, |Z(t,s)h| =
|7:(0)| < elt|h|y, so & is bounded. By classical results of functional analysis, there exists
an integrable, essentially bounded n x n matrix function p — V(t, s, 1) such that

:Z“(t,s)h:/ V(t,s, u)h(p)dpu. (3.23)

First we show that V (¢, s, i) is independent of s. Let a € [s,t] and let k € £4([s, t], R")
be such that £ = 0 on [s, . Then Z(¢, s)k = x(t, a)k and x(t, u)k = 0 for p € [s, . Thus,

/t[v(t7 S?M) - V<t7 aaﬂ)]k(ﬂ>du =0

for all £ € L1([e, t],R™). Thus, V(t,s, 1) = V(t, o, 1) almost everywhere on [« t]. Since «
is arbitrary, we have that V' (¢, s, 1) is independent of s.

Define V(t,s) = V(t,s,-) for any t > s and V(t,s) = 0 for s < t. Let us denote
z(t) = 2(t,s)h and V,-(6,s) = V(t; + 6, s) when § < 0 and V,-(0,s) = V(¢;,s). From the
integral equation (3.33 and the representation (3.23), we have

[ Vit
=/ L(w)&udp+ Yy B(i)z,- +/ h(p)dp

s s<t; <t

t 0 0 t
— [ ] s o0zt o)+ S [ ooz, ©)+ [ G

t;
S

:/: /_Or[den(/iﬂ)] /:H V(p+0,v)h(v)dvdp+ Y /Or[dm(e)]/ " V- (ew)h(y)dlur/: h()dp

s<t;<t”
s<t;<t"”

:/: /i[d‘g"(“’o)] /SHV(“+9’”)h(”>d”d“+ > /i[dm(ﬂ)l /t v, (0, V)h(v)du+/:h(u)du

s<t;<tv$ s

/:/yt /Or[daﬂ(u,ﬂ)]V(quQ,V)h(l/)dudu+ > /t /Or[de’yi(e)]vti(9,y)h(u)du+/ h(p)dp
t [ t 0

0
:/ //_[doﬁ(u,t‘))]V(zz+0,/¢)h(p)dl/+ Z X(—oo,ti](ﬂ)/_ [dg vk (0)]V,

s<t;<t

i

(0, wh(p) + h(ﬂ)] du

t: t 0 o
:/ /[[deﬁ(u,Q)]V(u+9,u)du+ Z X(—oo,ti](ﬂ)[ [dovi(9)]V, (a,u)+[] h(p)dp

[3
s<t; <t
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:/: [[+/: L)V, (,wdv+ > B ]h(u)d,u.

s<t; <t

Since the above holds for all h € £4([s, ], R™), we have that the fundamental matriz V (t, s)
satisfies

S B | Hvitdnt X BOY; . ez .

- s<t; <t
0 t < s.

almost everywhere. By uniqueness of solutions (Lemma 3.1.1), it follows that V (¢, s){ =
Ul(t, s)[x0&](0) for all & € R™. Since Z(t,s) is an extension of x(¢,s) to the larger space
L1([s,t],R™), representation (3.23) holds for h € RCR([s,t],R™). Thus, for all £ > s,

(05,0, h,0) = z(t + 0, 5)h
t+0
V(t+0,pu)h(p)dp

t

V(t+0, p)h(p)dp

t

U(t+0, 1) [xoh(1)](0)dp

t

U(t, 1) [xoh(p))(0)dp,

Te— T T T

which is what was claimed by equation (3.22). O

With Lemma 3.3.1 through Lemma 3.3.3 at hand, we arrive at the variation of constants
formula.

Lemma 3.3.4. Let h € RCR(R,R™). Under hypotheses H.1-H.2, one has the variation
of constants formula

5O, 6:h.7) = U900 + [ Ut n)iah(]@du+ 3 UGt )arl@). (325)

s<t;<t

3.3.2 Variation of constants formula in the space RCR

The goal of this section will be to reinterpret the variation of constants formula (3.25)
in such a way that the integral appearing therein may be thought of as a weak integral
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in the space RCR. Specifically, we will show that the integral may be regarded as a
Gelfand-Pettis integral.

Lemma 3.3.5. Let h € RCR(R,R") and let H.1-H.2 hold. The function U(t,-)[xoh(-)] :
[s,t] = RCR is Pettis integrable for allt > s and

[ / U(t,u>[xOh<u>1du] 0= [ Ut oh()] @ (3.26)

Proof. By Lemma 2.1.7 and the uniqueness assertion of Proposition 2.2.1, if we can show
for all p : [—r, 0] — R™ of bounded variation the equality

[ o] [ vemtaneiomn) = [ ][ roaveiboo]

T T

holds, then Lemma 3.3.5 will be proven. Note that the above is equivalent to

[ o | Vit ot = [ t Ji e[Vt + b, | . 320

-r -r

We prove the lemma first when h is a step function. In this case, a consequence
of equation (3.24) is that 0 — V(¢ + 6, u)h(p) and p — V(t + 0, u)h(p) are piecewise
continuous, while Lemma 3.1.1 and Lemma 3.3.3 imply 6 +— fst V(t+ 0, pu)h(p)dy is also
piecewise continuous, all with at most finitely many discontinuities on any given bounded
set. Consequently, both integrals in (3.27) can be regarded as a Lebesgue-Stieltjes integrals,
with Fubini’s theorem granting the desired equality.

When h € RCR(R,R") is an arbitrary right-continuous regulated function, we approx-
imate its restriction to the interval [s,t] by a convergent sequence of step functions h,
by Lemma 2.1.1. Equation (3.27) is then satisfied with h replaced with h,. Define the
functions

) = [V ownd, K= [ OV o],

96 = [ Vi mhGdn K= [ 5Od[Vie+o.who].

S -

so that [* pT()dJ,(0) = [* K,(1)dp. By Lemma 3.2.1 and elementary integral estimates,
Jn, — J uniformly. The conditions of Lemma 2.1.4 are satisfied, and we have the limit

/ P (0)d, (0) / P (0)d ().
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Conversely, for each u € [s,t], Lemma 2.1.3 applied to the difference K, (1) — K(p) yields,
together with Lemma 3.2.1,

() = K] < (0(0)] + (=) + v ) exp ( / tﬁ(v)dv) i) 1, = |

Thus, K,, — K uniformly, and the bounded convergence theorem implies fst K,(pu)dp —
fst K(p)dp. Therefore, equation (3.27) holds, and the lemma is proven. O

With Lemma 3.3.4 and Lemma 3.3.5 at hand, we obtain the variation of constants
formula for the linear inhomogeneous equation (3.1)—(3.2) in the Banach space RCR.

Theorem 3.3.1. Let H.1-H.2 hold, and let h € RCR(R,R"). The unique solution t —
x(5 8,05 h, 1) € RCR of the linear inhomogeneous impulsive system (3.1)—(3.2) with initial
condition xs(+; s, ¢; h,r) = ¢, satisfies the variation-of-constants formula

t
S s<t; <t
where the integral is interpreted in the Pettis sense and may be evaluated pointwise using

(3.26).

As a simple corollary, if z is a solution defined on [s — 7, 00), we can express t — x;
defined on [s, 00) as the solution of an abstract integral equation.

Corollary 3.3.1.1. Let H.1-H.2 hold, and let h € RCR(R,R™). Any solution x : [s —
r,00) — R"™ of the linear inhomogeneous impulsive system (3.1)—(3.2) satisfies for allt > s
the abstract integral equation

¢
xy = U(t, s)xs —|—/ U(t, ) [xoh(w)]dp + Z )[xori)- (3.29)

s<t; <t

Equation (3.29) will be the key to defining mild solutions in Section 5.1 and, ultimately,
will permit us to construct centre manifolds.
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Chapter 4

Linear periodic systems

Nearly all results from this section appear in the paper Smooth centre manifolds for im-
pulsive delay differential equations [21] by Church and Liu. Many of the computational
aspects of Section 4.6 appear in Computation of centre manifolds and some codimension-

one bifurcations for impulsive delay differential equations [20] and Analysis of a SIR model
with pulse vaccination and temporary immunity: stability, bifurcation and a cylindrical at-
tractor [22], also by K. Church and X. Liu, although some additions have been made and

some results have been updated or made more general to improve the flow of this thesis.
The content of Section 4.6.2 is new.

4.1 Monodromy operator

We will once again be interested in the homogeneous linear system

& = L(t)zy, t # tg (4.1)
Ax = B(k)x;-, t =ty

satisfying the conditions H.1 and H.2, but throughout this section we will assume the
system is also periodic. That is, there exists T > 0 and ¢ € N\{0} such that L(t+7") = L(t)
forall t € R, B(k+q) = B(k) and ty, =t + T for all k € Z.

We must discuss the interrelation between the period 7' and the range r of the delay.
If r < T, it will at times be convenient to reinterpret the periodic system (4.1)—(4.2) as
having the phase space RCR(|—T, 0], R™). This can always be done, since each of L(t) and
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B(k) extend in an obvious, trivial way to RCR([—T,0],R™). In the opposite case where
r > T, we let j € N satisfy » < 57 and extend the phase space to RCR([—jT,0],R™). In
both cases, the following proposition is true.

Proposition 4.1.1. There exists j € N minimal such that r < jT, and the evolution
family U(t, s) on RCR associated to the periodic system (4.1)~(4.2) extends uniquely to an
evolution family U(t,s) on RCR([—jT,0],R™) satisfying the identity

U(t, s)p(0) = U(t, s)¢(0)
for all € RCR([—jT,0],R") and § € [—r,0], where ) = ¢|_r0. In particular, we have

the representation

Ult,s) =n U(t,s)me

where the linear maps 7 : RCR — RCR([—jT,0],R™) and 7—, : RCR([—4jT,0],R") —
RCR are

oo ={ 0 PETTYL me=dln

Following the above proposition, we denote RCR; = RCR([—jT,0],R"). For each t €
R, define the extended monodromy operators Z, : RCR; — RCR; and Z; : RCR — RCR
by
Zy =U(t+jT,t), Z =U(t+ jT,t). (4.3)
Then, define the monodromy operators V; : RCR — RCR by

V,=U(t+T,1). (4.4)

4.2 Compactness

Recall that a linear operator L : X — X on a Banach space X is compact if the image
under L of any bounded subset of X is relatively compact.

Lemma 4.2.1. Z, is compact for each t € R.
Proof. For a given S C R, let PCs denote the set of functions f : [—jT,0] — R™ that

are continuous except at points s € S, where they are right-continuous and possess limits
on the left. If ¢ € RCR,, then Z,¢ is continuous except at times 6,, € [—57’,0] such that
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t+ T +0, € {ty : k € Z}. At such times, Z,¢ is continuous from the right and has limits
on the left. Let © = {6;,...,0x} denote the set of all such discontinuity points; note that
N = jq is indeed finite. Therefore, if B C RCR; is bounded, then Y := Zt(B) C PCg, the
latter of which is complete with respect to the supremum norm.

By [¢], a subset of Y C PCg is precompact if and only if it is uniformly bounded
and quasiequicontinuous — that is, for all € > 0, there exists 6 > 0 such that if t;,t, €
[Or—1,0) N [—4T,0] satisfy |t; — ta| < d, then ||x(t1) — z(t2)|| < € for all € Y. Uniform
boundedness follows by equation (3.7). To obtain quasiequicontinuity, let t; > ¢, and t = 0
without loss of generality. We note that for all Z,z € Y,

| Zix(t) — Zyx(ta)|| = [[U(GT + th, 5T + t2)U(GT + to,0)2(0) — U (4T + t2,0)x(0)]|
= |Ixo o [U(JT + t1, jT + to) = IU(JT + t2,0)z]

< / e O(w)dp (e QL ﬁ(l + b(k))) C

T+t k=1
JT+t2
=K ((p)dp,
JT+t1
where ||z|| < C for all € B, and the inequality on the third line follows by Lemma
3.2.1 and the integral form of solutions provided by equation (3.3). Choosing § so that

f]f:thﬁ Ydp < €/K for |ty — ta| < 0 whenever ty,ty € [—jT,0] we obtain the required

quasiequicontinuity of Y. Therefore, Y = Zt(B) is precompact, so Z; is compact. O

Lemma 4.2.2. 7, is compact for each t € R.

Proof. By Proposition 4.1.1, we have Zy = 7T_>Zt7T<_. The boundedness of each of 7_, and
7. together with the compactness of Z; grants the compactness of Z;. O

Lemma 4.2.3. th : RCR — RCR s compact, where j is the same natural number used
to define the extended monodromy operators.

Proof. This is a direct consequence of Lemma 4.2.2, since V] Ly. [

The eventual (i.e. jth power) compactness of V; provides us with several useful results
from the spectral theory of compact operators; one may consult the reference [51] for
details. First, recall that if X is a real vector space, its complexification X¢c = X & X is a
complex vector space with scalar multiplication defined by

(a+1ib)(x1,22) = (ax; — bxg, bry + axs).
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One usually abuses notation and identifies an element (x1, z5) € X¢ with the formal symbol
x1 +ixe. If L: X — X is a linear map, its complexification L¢ : X¢ — X is defined by

Le(x +iy) = L(z) +iL(y).
Theorem 4.2.1. Let t € R and let o, denote the spectrum of V,C := (Vi)¢, the complexifi-
cation of V.

1. If X € 0y is nonzero, then \ and X\ are eigenvalues of VL.

2. The generalized eigenspace My, C RCRc associated to the eigenvalue N\ € oy s
finite-dimensional and invariant under V,©.

3. The Riesz projection

Pro= 5 [ (€10 g (1.5
Y

2mi

is a projection onto My, where v is a simple continuous closed contour in C such
that X is the only eigenvalue of Vi€ contained in its interior.

4. If A C oy, then

Py, = Z Res,\(z1 — Vt(c)’l
AEA

1S a projection onto

My, = P My,
AEA

5. The projections Py, commute with V;(C and if Ay and Ay are disjoint, then Py, 1Py, =
0.

6. o is bounded and 0 € oy 1s the only accumulation point.

We also have the following theorem concerning eigenvalues of distinct monodromy op-
erators and their generalized eigenspaces, whose proof follows entirely verbatim the proof
of Theorem 3.3 from [27].

Theorem 4.2.2. Let t,s € R be given with t > s and let A € C\ {0}.
e )\ c oy if and only if X € o
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o The restriction of Uc(t, s) to My is a topological isomorphism onto My ;.

Due to the uniqueness of the eigenvalues across all of the monodromy operators, the
following definition is appropriate.

Definition 4.2.1. The Floquet multipliers of the evolution family U(t, s) are the eigen-
values 0 # X € og of the (complezxified) mondodromy operator V. The multiplier spectrum
of the evolution family U(t, s) is denoted o(U) := 0.

The projections of Theorem 4.2.1 take values in the complexified spaces My, C RCRc.
To obtain real projections, it suffices to ensure that all conjugate multipliers are included
in the set A. See Section IV, Theorem 2.18 and Corollary 2.19 of [27].

Corollary 4.2.2.1. Let 0 ¢ A C o(U). If A C C is symmetric — that is, A\ € A if and
only if X € A — the projection Py, : RCRc — RCRc is the complexification of a projection
operator on RCR.

By definition of complexification, if x € RCR¢ is real (that is, x = £ + i0 for some & €
RCR), then P, .x is also real. By abuse of notation, we will identify the complexification
of said operator with itself whenever no confusion should arise. That is, we say that

Pyry: RCR — RCR

is also a projection, and is identified with its complexification. Similarly, we will sometimes
blur the lines between a given operator L : RCR — RCR and its complexification L¢ :
RCRc — RCRc whenever no confusion should result.

4.3 Spectral separation

Define the time-varying projectors
P,(t) = P+, P.(t) = P4, Pi(t)=1— P,(t) — P.(t) (4.6)

where A, = {\ € o(U) : |\| > 1} and A, = {\ € o(U) : |\| = 1}. Since these sets are
symmetric (about the imaginary axis), the first two operators above define, by Corollary
4.2.2.1, projections on RCR. The third one is a complementary projector.

Lemma 4.3.1. The projectors Py(t) fori € {s,c,u} are T-periodic.
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Proof. Since P,(t) is the projector through the spectral subset A, associated to the com-
plexified operator Uc(t+ T, 1), it follows that P,(t + kT') is the projector through the same
subset, associated to Uc = Uc(t+T + kT, t+kT), for all k € Z. By uniqueness of solutions
and the periodicity condition, the latter is equal to Ug(t + T, t), from which it follows that
P,(t) = P,(t + kT'), and mutis mutandis for the other projectors. O

Lemma 4.3.2. R(P.(t)) = Nyea.un, N (Pa)-

Proof. Denote P., = P.+ P, and A., = A, U A,, so that R(Ps(t)) = N(Pa(t)).
T € Mieao, N (Pry), then Py, (t)r = 3, Py = 0, which shows that Nyea, N( M) C
R(Ps(t)). To obtain the second inclusion, let # € RCR¢ be such that z € N(P.,(t)). For
all A € A, we have

P)\,tl‘ = P)?,t -+ Z P)\JPM,):ZL" = P)\,tPcu(t)fL‘ = 07
PEA\{A}

where the second equality is due to Theorem 4.2.1 and the conclusion is because x &€

N (Peu(t))- —~

Lemma 4.3.3. The restriction of Vi€ to the subspace R(Py(t)) has its spectrum contained
in the ball B1(0) C C.

Proof. With the same notation as in the previous proof, since the generalized eigenspaces
My, are invariant under V%, the same is true for the (closed) complement, R(Ps(t)).
Denote ‘N/t(c the restriction of V,* to said complement. Suppose by way of contradiction & €
is a (generalized) eigenvector of V,C with eigenvalue A with [\ > 1. Then (V€ — AI)*¢ =
(\N/t(C — M)E = 0, so € is in fact a (generalized) eigenvector of V,© with eigenvalue \ and
|A| > 1. Consequently, £ € R(P.,(t)), which is a contradiction since R(Ps(t)) "R (Puu(t)) =
{0}. O

Theorem 4.3.1. The evolution family U(t,s) : RCR — RCR associated to the periodic
system (4.1)—(4.2) is spectrally separated, with projectors (Ps, P., P,) defined as in equation
(4.6). Also, RCR. and RCR, are finite-dimensionall.

Proof. We prove the theorem by verifying properties 1-5 of Definition 3.2.4 explicitly.

1. Since P, + P, + P. = I, we have the estimate ||P,|| < 1+ ||P,|| + ||P.||. Thus, to
prove property 1, it suffices to prove that ||P,(t)|| and || P.(¢)|| are uniformly bounded. We
will prove only uniform boundedness of P.(t), since the argument is identical for P,(t).
Also, by periodicity (Lemma 4.3.1), it suffices to prove uniform boundedness on [0, 7.
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Assume for the moment that property 3 and property 6 are satisfied (they will be
proven later, independently of property 1). Suppose by way of contradiction that there
exists x, € RCR and a sequence t,, € [0,T] with ||z,|| = 1 such that ||P.(t,)z.|| = n. We
can then write

n = ||Pe(tn)rn|| = [|Uc(tn, T)UAT, t) Pe(tn)nl|
< Uetn, D - |Pe(T)U(T )0 |
< Cl|Ue(tn, T
< OKe.

for some constant C' > ||P.(T)|| - ||U(T,t,)|| (see Lemma 3.2.1) and a constant K as in
property 6 of spectral separation. This is a contradiction.

2. This follows by property 5 of Theorem 4.2.1.

3. By following [27] Section XIII, Theorem 3.3, we can show that P(t)U(t+T, s+kT) =
U(t+T,s+ kT)P(s) for some k € N chosen so that s + (k — 1)T" < t < s+ kT, for each
of the projectors P € {P,, P., P;}. This implies P(t)U(t,s + ¢qT) = U(t,s + qT)P(s) for
q =k — 1. Thus,

Pt)U(t,s) = P(t)U(t,s +qT)U(s +qT,s)
(t,s +qT)P(s)U(s+ T, s)*
(t,s+qT)P(s)U(s+T,s)?
(t,s+qT\U(s+T,s)"P(s)?
(t,5)P(s),

=U
=U
=U

U
where we have used the fact that P(s)
4. This follows from Theorem 4.2.2.

is a projector and commutes with U(s + T, s).

5. When t > v > s, the identity U.(t,s) = ( v)U, ( s) holds by properties of the
evolution family U. When ¢t > s > v, we find I = U.(¢,v)"*U.(t, s)U.(s, v), which implies
Uc(v,8) = Ue(v, 1) Uc(t, 8). (4.7)

Also,

Ue(t, s) = Ud(t,v)Uu(t,v) UL, 5) = Us(t,0)[U.(v, ) U,(t, 5)] = U(t,v)Ue(v,8).  (4.8)

Equation (4.7) implies U.(t,s) = U.(t,v)U.(v,s) for v > s > t, while (4.8) grants it for
t>s>wv. Ifv>t>s, then

Ue(t, s) = Ua(t, 0)Ued(t,v) MU, 5) = U(t,0)Up(v,t)Ue(t, s) = Ua(t, v)U.(v, 3).
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If s>t > v, then
Uct,s) = Ud(s, t) ™t = [UC(S,U)U(v,t)C]_l = U.(t,v)Uc(v, s).

Similarly, the desired equality holds if s > v > t. We have proven that U.(t,s) =
U.(t,v)U.(v,s) for all t,v,s € R. The proof is identical for U,,.

6. This section is split into two parts, where we prove the estimates for U, and U,
separately. The proof for U, is similar to the centre (U.) case, and is omitted.

Centre part: U,. Let € > 0 be given. Recall that U.(t, s) is the restriction of U(t,s) to
R(P.(s)), so by Lemma 3.2.1 and periodicity, there exists K > 0 such that, for any s € R,
we have ||U.(t,s)|| < K provided t € [s,s + T]. As all eigenvalues of U.(s + T, s) satisfy
|A| = 1, Gelfand’s (spectral radius) formula implies there exists an integer k£ > 0 such that
||Ue(s +T,3)k|| < 1+ €T. If we let m; be the greatest integer such that s + mkT < t and
m; € {0,...,k — 1} the greatest integer such that s + m;kT + m;T < ¢, we can write

U(t7 S) = U(t — mtkT — m::T7 5)U(S + T’ S)mf—&-kmt‘
Then, we can make the estimate

t—s

|UL(t,8)|| < K||Us(s + T, )%™ < K(14€T)T < Ket=9,

The proof is similar when t < s, and we obtain ||U,(t, s)|| < Ke*=sl.

Stable part: Us. Let t > s. As in the proof for the centre part, we have ||Ug(t, s)|| < K
provided t € [s,s + T|. Otherwise, since Uy(s + T s) has its spectrum in the complex unit
ball by Lemma 4.3.3, there exists k > 0 such that ||U,(s + T,s)*|| < (1 + aT) for some
a < 0. The rest of the proof follows by the same reasoning as the proof for the centre part,
and we obtain [|U(t, s)|| < Ke**=*) as required.

Finally, RCR. and RCR, are finite-dimensional because Theorem 4.2.1 guarantees that
the invariant subspaces My, ; and M)y, ¢+ are finite-dimensional provided A, and A, are each

finite sets — which they are because the eigenvalues of V,® can only accumulate at zero.
The analogous result for RCR.(t) and RCR,(t) follows by Corollary 4.2.2.1. O

Remark 4.3.1. The centre and unstable fiber bundles RCR. and RCR, are subsets of
RCR'. This follows because Vi : RCR — RCR has range in RCR' and the t-fibers of

these bundles consist of eigenvectors of Vi. The same is not generally true for the stable
fiber bundle, being the range of I — P,(t) — P.().
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4.4 Floquet theorem

Of use in subsequent sections is the fact that, when restricted to the nonautonomous
set RCR., the evolution family U(t, s) is essentially determined by the flow of a finite-
dimensional ordinary differential equation. More generally, the same is true whenever one
restricts U(t, s) to one of its invariant fibre bundles. The following theorem makes this
concrete; see Theorem 4.5 from Section XIII of [27] for the analogous result for delay
differential equations.

Theorem 4.4.1. Let A € o(U) be finite and satisfy A = A, and denote Up(t,s) : My s —
My the restriction of U(t,s) to Mas. There exists W € L(Myy) and t — a(t) €
L(Mn o, My ) with the following properties.

o « is T-periodic, a(t) is invertible, and there exists § > 1 such that for all ¢ € My,

57 ] < sup la(®)ol] < Bl

o Up(t,0)p = a(t)e™ e for all p € My .

Proof. Define W = log Ux(T',0), where we choose the logarithm to be branch that avoids
the (finite set of nonzero) eigenvalues of Ux(T,0). Defining a(t) = Ux(t,0)e ™", one may
verify (compare to Proposition 4.4 and Theorem 4.5 from Section XIII of [27]; the proofs in
the present case is essentially identical) that « is periodic and Uy (t, 0) satisfies the claimed
decomposition. Uniform boundedness of a above and below follows by its periodicity and
boundedness of Up(t,0) on [T, T7; see the related proof of Theorem 4.3.1. «(t) is clearly
invertible. [

The above theorem applied to A = A,, the Floquet multipliers on the unit circle, gives
the following corollary.

Corollary 4.4.1.1. Denote RCRE(t) the complexification of RCR.(t). There exists W €
L(RCRE(0)) and a : R — L(RCRE(0), RCRE) with the following properties.

e « is T-periodic, a(t) : RCRE(0) — RCRE(t) is invertible, and there exists 3 > 1
such that for all ¢ € RCRE(0),

BIgll < sup [|a(t)el] < Blloll
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o Ut,0)p = a(t)e™ ¢ for all » € RCR.(0).

Remark 4.4.1. As we suggested we might do on occasion at the end of Section 4.2, we have
been a bit imprecise with our complexifications. While true, the result of the above corollary
can be made stronger. The final equation could be replaced with US(t,0)¢ = a(t)e™ ¢, and
this equality holds for all ¢ € RCRE(0).

4.5 Floquet exponents and stability

The Floquet multipliers of the evolution family U (¢, s) determine the stability of the peri-
odic homogeneous system (4.1)—(4.2). We give a few definitions before stating and proving
the main results.

Definition 4.5.1. We say the homogeneous impulsive RFDE (4.1)—~(4.2) is

e exponentially stable if there exists K > 0 and € > 0 such that its evolution family
U(t,s) : RCR — RCR satisfies ||U(t,s)|| < Ke=<=) for all t > s;

e stable if there exists K > 0 such that its evolution family satisfies ||U(t, s)|| < K for
all t > s;

e unstable if it is not stable.

Definition 4.5.2. Let X be a complexr n-dimensional vector space. A linear operator
L : X — X is diagonalizable if there exists a basis B = {x1,...,x,} such that the n x n
matrix Ly of L relative to the basis B is diagonalizable.

It is simple to verify that the above notion of diagonalizability is well-defined, in that
if Lp is diagonalizable and B, is another basis, then Lp, is also diagonalizable.

Theorem 4.5.1. The periodic impulsive RFDE (4.1)—(4.2) is exponentially stable if and
only if o(U) C B1(0). It is stable if and only if o(U) C By(0) and the linear operator
W : RCRE(0) — RCRE(0) from the Floquet decomposition on the centre fibre bundle is

diagonalizable.

Proof. We first deal with exponential stability. By Theorem 4.3.1, U(t,s) : RCR — RCR
is spectrally separated. If o(U) C B;(0), then the sets A, = {A € o(U) : |A\| > 1} and
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A.={N€o(U) : |\ = 1} are empty, so that P.(t) = P,(t) = 0. It follows that P(t) = I.
Then, by spectral separation, there exists K > 0 and a < 0 such that

10, )] = [[U(ts)Po(s)|| < Ke®), t>s.

Conversely, if ||U(t, s)|| < Ce™=*) for some C' > 0 and ¢ > 0, then A, and A. must be
empty. Indeed, suppose A, is nonempty, so that there exists a nonzero & € RCR such that
[|U(t + kT, t)¢|| = ||€]] for all & € N. But then, we have the estimate ||¢|| < C||¢||e~*T
for all positive integers k, which implies £ = 0, a contradiction. Similarly, A, is empty. By
Lemma 4.3.3, it follows that o(U) C By(0).

Next we prove the claims concerning stability. Suppose o(U) C B;(0) and that W is di-
agonalizable. The former assumption implies P,(t) = 0. Recall that U.(¢,s) : RCR.(s) —
RCR.(t) defines an all-time process on RCR, by definition of spectral separation, so we

may write
U,(t,s) = a(t)e*Wa~(s)

using Corollary 4.4.1.1. Moreover, by definition of W all of its eigenvalues have zero real
part. From diagonalizability it follows that ¢ — ||V is bounded. Then,

|U(t, s)ol| < ([U(L, s)Ps(s)|| + [[U(L, s) Pe(s)]]
< Ke®t=9) 4 [|U.(t, s)||
<K+ |la@®)|]- lla ()] - [[e“]].

The condition S7|¢|| < sup,||a(t)d|| < B]|¢|| from the Floquet theorem implies that
l|a=t(s)]| is bounded, from which we conclude that ||U(t, s)|| is bounded by a constant
independent of ¢ > s.

Suppose now that ||U(t, s)|| < K for all ¢ > s. By similar arguments to the previous
case, we must have o(U) C B;(0). If W were not diagonalizable, then the Jordan canonical
form of Wy relative to some basis B would contain a block whose exponential grows at
least linearly in ¢. In particular, there exists § > 0 and D > 0 such that ||| > Dt
for |t| > §. If C : RCRE(0) — C° denotes the coordinate map satisfying C(r;) = e; for
B = {ry,...,rn}, then we can write W = C~'WgC. From the convergent power series
definition of the exponential, it follows that

_ _ Ty o _ D(t —s)
1Ue(t, $)I] = lla(t)e" MW a~(s)|| = ZIC™ e WECa ™ (s)]| = mm—rargy
B e -le=H]
for |t —s| > 9. If ¢ € RCR.(s), the above implies ||U(t, s)o|| = ||U.(t,s)¢|| — oo as
t — 00, which contradicts the uniform boundedness of U(t, s). O
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For autonomous ordinary differential equations © = Az, the eigenvalues of A determine
the stability. In this case, the analogue of Theorem 4.5.1 states that stability is equivalent
to all eigenvalues of A having negative real part, while stability is equivalent to them having
nonpositive real part and A being diagonalizable over C. In some sense, the eigenvalues
correspond to growth rates of solutions in the distinct invariant subspaces. With delay
differential equations the statement is similar, except it is in terms of the eigenvalues of
the generator of the solution semigroup; one may refer to Section IV of [27]. For periodic
systems, there is a natural analogue of “eigenvalue” that captures the same idea of growth
rates.

Definition 4.5.3. The Floquet spectrum of the evolution family U(t,s) : RCR — RCR
is the set N(U) = {7 log(n) : p € o(U)}, where the principal branch of the logarithm is
taken. Its elements are called Floquet exponents.

The Floquet exponents truly are the growth rates of solutions in the invariant Fibre
bundles associated to their respective Floquet multipliers, as made precise by Theorem
4.4.1. As for stability, we can reformulate Theorem 4.5.1 in terms of Floquet exponents as
follows.

Corollary 4.5.1.1. The periodic impulsive RFDE (4.1)—(4.2) is exponentially stable if
and only if all Floguet exponents of its evolution family have negative real parts. It is
stable if and only if all Floquet exponents have zero real part and the linear operator
W : RCRE(0) — RCRE(0) from the Floquet decomposition on the centre fibre bundle
15 diagonalizable.

4.6 Computational aspects

This section is devoted to some of the computational aspects associated to Floquet expo-
nents and the monodromy operator.

4.6.1 Floquet eigensolutions

Suppose that u is a Floquet multiplier of U(T,0). Let B = {&1,...,&,} be a basis for the
generalized eigenspace M, o. Then,

U(T,0)&; = p&;
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for y = 1,...,m. From the Floquet Theorem 4.4.1, there exists a linear operator W :
M,o = M, and «(t) : M,o — M, periodic in ¢ such that U,(¢,0) = a(t)e'™. As
in the proof of Theorem 4.5.1, let C': M, o — C™ denote the coordinate map satisfying
C(&) = e;. Let W = PJP~! be the Jordan canonical form of the matrix Wy of the
operator W relative to the basis B. If we compute the action of U,(¢,0) on the basis
elements ;, we get

Ur(t,0)¢; = a(t)C~'Pe’ P~ te;. (4.9)

Also, since U,(T,0) = ™, it follows that the eigenvectors satisfy the equation e”V¢; =
1é;. In terms of coordinate maps and the Jordan form of Wip, this gives

CiPe PTIC0¢ = pg; = Pe'PTHCE) = p(C).

It follows that %logu is the only eigenvalue of J. That is, J is a Jordan matrix whose
only eigenvalue is the Floquet exponent \ = %log p. We can then express e’/ P~le; as a
sum of the form

m
etJP—].e] — E t’L—].eAt,Ui
i=1

for some vectors v; € R™. If we now define the function z;(t) = U(t,0)&;(0), we can use
the above summation formula in (4.9) to obtain the representation

5(t) =Y p()t e,
=1

where p;(t) = [a(t)C7'Pv;](0). By definition, p; : R — C" is periodic and is right-
differentiable except at times ¢, where it is continuous from the right and has a finite
jump discontinuity. Moreover, z; is a solution of the (complexified) homogeneous system
(4.1)—(4.2). This proves the following theorem.

Theorem 4.6.1. \ is a Floguet exponent of the evolution family U(t,s) associated to the
linear homogeneous system (4.1)—(4.2) if and only if the latter admits a solution of the form
z(t) = eMp(t) for a nonzero T-periodic p € RCR(R,C™). Moreover, the m-dimensional
generalized eigenspace Moy is spanned by elements x; such that © € RCR(R,C") is a
solution of (4.1)—(4.2) admitting a decomposition of the form

m

2(t) =MD pi(t)t, (4.10)

=1

for p; € RCR(R,C™) and T-periodic.
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Definition 4.6.1. A solution of the linear homogeneous system (4.1)—~(4.2) having a de-
composition of the form (4.10) is a Floquet eigensolution with exponent A. [ts rank is
d=max{i=1,...,m:p; #0}.

Theorem 4.6.1 states that solutions that pass through a generalized eigenspace Mxr
for each Floquet exponent A are linear combinations of complex vector polynomials with
periodic coefficients, multiplied by the exponential growth factor e. This motivates the
following definition.

Definition 4.6.2. The generalized eigenspace of U(t,s) with Floquet exponent X\ is the
invariant fibre bundle Ey with t-fibre E\(t) = Mo ,.

Corollary 4.6.1.1. Considered as a subset of RCR(R,C"™), for each Floquet exponent
A there exists a maximal linearly independent set S = {(b(l), e ,¢(m)} of Floquet eigen-
solutions with exponent X for some natural number m. The generalized eigenspace with
Floquet exponent X is given by the linear span of the histories of the elements of S; that s,

Ex(t) = span{¢t”, ..., ¢\™}.

Proof. The existence of S follows from the finite dimensionality (Theorem 4.2.1) of Mz
for any s, and that these eigenspaces are isomorphic (Theorem 4.2.2). That S can be
chosen to be linearly independent in RCR(R, C") follows because one can impose that the

histories {gbél), ce ém)} form a basis for Mr g C RCR([—-T,0],C"), which then implies
the independence of S in RCR(R,C"). The characterization of the t-fibre F)(t) then
follows from Theorem 4.6.1. ]

The following corollary to Theorem 4.6.1 provides a dynamical characterization of
Floquet exponents. Its proof follows by substituting the Floquet eigensolution ansatz
x(t) = eMp(t) into the periodic homogeneous system (4.1)—(4.2) and simplifying.

Corollary 4.6.1.2. Define exp, : [=T,0] — C by exp, (0) = e*?. ) is a Floquet exponent of
the evolution family U(t, s) associated to the linear homogeneous system (4.1)—(4.2) if and
only there exists a nonzero T-periodic p € RCR(R,C™) satisfying the impulsive functional
differential equation

P+ Ap = L(t)[expy pi), tF b (4.11)
Ap = B(k)[exp, ps-], t = ty. (4.12)

From Corollary 4.6.1.2, we see that there is generally no easy way to extend the idea of

the characteristic equation from autonomous ordinary differential equations or delay dif-
ferential equations to the present setting. A good reference on these topics for autonomous
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functional differential equations is Chapter 7 of the book by Jack Hale and Sjoerd Verduyn
Lunel [39]. For an autonomous retarded functional differential equation

T = L.fL't,

the function vexp, for some nonzero v € C" is always contained within the generalized
eigenspace F) associated to the eigenvalue \ of the infinitesimal generator of the strongly
continuous (solution) semigroup. In particular, ¢ — e*v must be a solution. Substituting
this into the above delay differential equation and simplifying produces the equation A\v =
L(exp, v), which can be written equivalently as

(L(expy) — Al)v =0, (4.13)

where we define L(exp,) = [ L(ejexp,) --- L(ey,exp,) ] € C"*". The term in parenthe-
ses in (4.13) is a complex n x n matrix — the characteristic matriz (see Section 1.3 of [27])—
and v € C". It follows that A is an eigenvalue if and only if

det(L(exp,) — AI) = 0. (4.14)

Equation (4.14) is the characteristic equation for & = Lzy. It is a scalar equation that is
generally transcendental in A. It is difficult to formulate a similar equation for impulsive
RFDE because the equivalent dynamical characterization for Floquet exponents is pre-
cisely given by Corollary 4.6.1.2, which contains functional terms that cannot be simplified
further. For impulsive RFDE, the periodic function p(t) plays the role of the constant
vector v, and it is for this reason the functional terms cannot generally be simplified.

4.6.2 Characteristic equation for some special classes of linear
systems

For some special classes of impulsive RFDE one can define a characteristic equation in a
straightforward way, or at least reduce the problem of computing Floquet exponents to a
finite-dimensional problem. The special class we will look at is introduced in the following
definition.

Definition 4.6.3. The linear periodic system (4.1)—(4.2) is finitely reducible if L(t) and

20



B(k) can be written in the form

Lt} = Li(H)s(=iT). (4.15)
B(to = [ Culspolsds + Y By(k)o(—iT), (4.16)

for some £ > 0 and matrices A;(t) and B;(k), and continuous Cy, : [—hy, 0] — R™™  with
Iy <t — tp—1.

To motivate the definition of finite reducibility, it is helpful to look at the dynamical
characterization (4.11)—(4.12) of the Floquet exponents. If L(t) can be written as L(t)
from (4.15), then the right-hand side of the functional differential equation (4.11) becomes

exp(—A\jT)L;(t)p(t — jT)

-MN QM“

Il
=)

L(t)[expy pi] =

<

exp(~\jT)L; (t)) p(t),

J

where in the second line we used the periodicity of p. As a consequence, between the
impulse times the function p actually satisfies the ordinary differential equation

( >\I+Z NT L (t ) (4.17)

parameterized by the parameter A. Let us denote X, (¢, s) its associated Cauchy matrix.
At the impulse times, equation (4.12) becomes

0 l

p(t) —p(t™) = Cr(8)e™p(t + s)ds + By(k)p(t™) + Z B;(k)e M Tp(t), (4.18)

—hyi Jj=1

with ¢ = tj, after exploiting the periodicity of p. Since hy < t — tx_1, equation (4.17)
implies p(tp + s) = Xua(tx + s, tx)p(t,) for all s € [—hy,0]. Substituting into (4.18), it
follows that

<Z B;( _A]T> p(te) + (/i Ci(s)eM Xy\(ty, + s, ty)ds + Bo(k)) p(ty)-

(4.19)
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Assuming x(t) = p(t)eM is a Floquet eigensolution, equation (4.19) relates the value of

p(t,) with that at p(t;), while the ordinary differential equation (4.17) determines the
evolution of the state p(tx) to p(t,,,). Completing the argument in reverse in a similar
manner, the following equivalence theorem is proven.

Theorem 4.6.2. Let the linear periodic system (4.1)—(4.2) be finitely reducible. X\ is a
Floquet exponent if and only if there exist p1,...,p. € C" not all zero such that

—hy,

<I+ /0 Cr(8) X (ty + 5, tp)eMds + Bo(k)) X (b th1)pr—1 = ( ZB ) Dk
(4.20)

for k = 1,...,c, where we define py := p.. If this is the case, then x(t) = p(t)eM is a
Floquet eigensolution with the periodic function p : R — C™ defined by

p(t) = Xo(t, tr) .., t € [th, thtr)-

To summarize, one can check whether a given A is a Floquet exponent of a finitely re-
ducible periodic system by solving the cyclic system of finite-dimensional equations (4.20).
An explicit result is provided by the following corollary.

Corollary 4.6.2.1. Suppose the linear periodic system (4.1)—(4.2) is finitely reducible with
Cr = 0 and det(I + Bo(k)) # 0 for k =1,...,c. X is a Floquet exponent if and only if it
satisfies the characteristic equation

det (I—HXA te_1,tx)(I 4+ Bo(k ( ZB —*J'T)> =0, (4.21)
k=1

where the product denotes composition from left to right: [[,_, My = My - - M...

Proof. From (4.20) of Theorem 4.6.2, one can uniquely write

o1 = Xa(te_1,te) (I + Bo(k)) " My,

where Mpy. is the term on the right-hand side of of (4.20) for Mj the matrix term in
parentheses. It follows that

Do = (H Xa(th—1,te)(I + Bo(/f))le> De-

k=1

From the cyclic condition, we must have p. = pg. It follows that there must be a nonzero
solution of the equation (I — [[;_; Xa(tk—1,tx)(I + Bo(k)) ' My)po = 0, from which we
obtain equation (8.38). O
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Equation (4.21) provides a generalization of the characteristic equation (4.14) from
autonomous functional differential equations to impulsive RFDEs with discrete delays be-
ing multiples of the period. It has minimal practical applications because delays are not
usually multiples of the period. Characteristic matrices (and, consequently, characteristic
equations) have been derived for periodic differential-difference equations [79, 83] under
minimal assumptions, and there is certainly a possibility of extending these results to im-
pulsive RFDE. This being said, in implementing the cited characteristic matrix construc-
tion, one must ultimately perform some kind of discretization and collocation procedure
to approximate an abstract linear operator. This leads us naturally to explore related
discretization schemes.

4.6.3 Monodromy operator discretization

In practice, it is efficient to discretize the monodromy operator with a high degree of
precision and compute approximate Floquet multipliers p, then obtaining the Floquet
exponents by computing A = %log . For bifurcation studies this is often sufficient. To
simplify the presentation of this section, we will consider the periodic, linear homogeneous
impulsive RFDE with a single discrete delay:

= A(t)x(t)+ Blt)x(t —7), t#kr (4.29)
Ax = Cz(t™) + Dx(t — 1), t = kr, '
where the impulses occur at periodic times k7 for k € Z, and A(t) and B(t) are periodic
with period 7. The methodology of this section could be easily adapted to account for
multiple delays, distributed delays and for period 7" incommensurate with the delay.

Recall that the Floquet exponents are independent of the choice of monodromy operator
— see Theorem 4.2.2 — so we may restrict our attention to the monodromy operator Vj :
RCR — RCR. If we denote X (¢,s) for t > s the Cauchy matrix associated to the linear
ordinary differential equation y = A(t)y and set X(¢,s) = 0 for ¢ < s, then the variation
of constants formula for ordinary differential equations implies that the solution of (4.22)
passing through the initial function ¢ € RCR at time 0 can be written for ¢ € [0, 7] as
follows:

o(t) = X /th Vo (s — 7)ds

+X{T}<t>{<cx<no>+p 0 [ Xt B -]
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Evaluating at ¢t = 7 4+ 0 and taking 6 € [—7,0] as the argument, exploiting the periodicity
X(s1+ 7,50 +7)=X(s1,52) and B(s+ 7) = B(s) and simplifying the expression using a
few changes of variables, we can express the monodromy operator as

Vog(0) = [X(7 4 6,0) + x0(0) (CX(7,0) + D)] ¢(0)

’ (4.23)
+ / (X (0,5) 4+ x0(0)CX(0,s)] B(s)p(s)ds.

—T

Our next key observation is that if v is an eigenvector of V{, then v is C'* (in fact, C*)
on [—r,0) with a finite jump discontinuity at zero. If we define

X = {¢ : [—T, 0] — C": ¢|[—r,0) € 017 |¢(0> - Qﬁ(oi)' < OO},

then X is an invariant subspace of V[ and it contains all of its eigenvectors. Therefore, we
may consider the restriction V; : X — X instead of the action of the monodromy operator
on the entire space RCR.

The representation (4.23) and the description of X suggests a decomposition of ¢
into its part at ¢ = 0 and on [—7,0). To do this we introduce the product space
Y = CY([-7,0],C") x C". The function G : Y — X defined by

G(y1,92) = X[—r0)¥1 + X{0}¥2

is an isometry, so we will make the identification X ~ Y. Then, for (¢1,¢2) € Y, we can
write

W] 9] -

We are ready to discretize the (complexified) monodromy operator. Let N > 1 denote
the number of mesh points, and let —7 < s < -+ < sy < 0 denote the Gaussian
quadrature points in the interval [—7,0]. Let wy,...,wy denote the associated weights.
Then, we have the limit

X(74,0)s + [ X(-,5)B(s)¢1(s)ds

(I +C)X(1,0)+ D)oo + fi(] + C)X(0,8)B(s)p1(s)ds (4.24)

fim > fou= [ f(s)ds

N—oo

for any f continuous on [—7,0]. We “sample” ¢, € C*([—,0], C") using the vector
b1=[1(s1) ... ¢u(sw)]TeC™
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and, taking into account the convergence of the Gaussian quadrature and using the identity
X(t+z,74+y) = X(z,y), we can make the approximation Voo = Vo N[ ¢1 ¢y |7, where

X(s1,81)B(s1)wr X(s1,sn)B(sn)wn X(s1,—T)
Von = : K 5 : (4.25)
X(sn,s1)B(s1)wr X(sn,sn)B(sy)wn X(sn,—7)
I+C)X(0,s1)B(s1)wr -+ (I+C)X(0,sy)B(sy)wy (I+C)X(0,—7)+ D

Given the compactness (Lemma 4.2.2) of Vj, we should hope that any eigenvalue of Vj is
given by the limit of some eigenvalue of Vj x as N — oo provided Vo x — Vp pointwise
(after defining Vo x on X by an appropriate embedding, so as to make this convergence
sensical). Consequently, the spectrum of Vj y may be seen as an approximation of that of
Vb, so we may approximate the Floquet spectrum via

M)~ { Logy e ot |

We will not delve into a proof of the convergence and approximation claims at this time,
as this is not the primary focus of this thesis. We refer the reader to [35], where a similar
scheme is developed for the discretization of linear periodic delay differential equations and
convergence results are proven.

When we use this method to approximate Floquet exponents in later sections, we use
a numerically computed Cauchy matrix X (¢, s) generated by MATLAB’s ode45 function.
The entries X (s;, s;) appearing in the matrix Vj y are zero for ¢ < j and are the identity
for ¢ = 7, so most superdiagonal entries do not need to be calculated. As for the nonzero
entries, we remark that

X (si,85) = X (85, =7)[X (55, =7)] 7",

so it is enough to compute X (sg, —7) for & = 1,..., N mesh points and recycle these
matrices to compute all others. This speeds up the process of computing the matrix Vi n
considerably.
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Chapter 5

Nonlinear systems

The content of Section 4.1 and Section 4.2 appears in Smooth centre manifolds for impulsive
delay differential equations [21] by Church and Liu. The linearized stability result of
Section 4.3 was stated without proof in the body text of Computation of centre manifolds
and some codimension-one bifurcations for impulsive delay differential equations [20]. We
have formalized and proven it here.

5.1 Mild solutions

Our attention shifts now to the semilinear system

&= L(t)x, + f(t,x1), t # (5.1)
Az = B(k)xy- + g(k, z-), t = ty,

for nonlinearities f : R x RCR — R™ and ¢ : Z x RCR — R"™. Additional assumptions on
the nonlinearities, evolution family and sequence of impulses may include the following.

H.4 For j =0,...,m, and any ¢, ) € RCR(la — r, B],R™), the function t +
Dif(t, ¢)s, . 9] is an element of RCR([a, 8], R™).

H.5 The evolution family U(¢, s) : RCR — RCR associated to the homogeneous equation
(4.1)—(4.2) is spectrally separated.
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H.6 ¢ — (t,¢) and ¢ — gr(¢) are C™ for some m > 1 for each t € R and k € Z, and
there exists ¢ > 0 such that for each j = 0,...,m, there exists ¢; : R — R¥ locally
bounded and a positive sequence {d;(k) : k € Z} such that

107 f(t.6) = D7 f(t, )] < ¢ ()]lo — ¥,
1D7g(k, ¢) — D7 g(k, ¥)|| < d;(k)l|é — .

for ¢,1 € Bs(0) C RCR. Also, there exists ¢ > 0 such that ||[D?f(t,¢)|| < qc;(t)
and || D7 g (9)|| < qd;(k) for ¢ € Bs(0).

H.7 f(t,0) = g(k,0) =0 and Df(t,0) = Dg(k,0) =0 for all t € R and k € Z.
H.8 There exists a constant £ > 0 such that t;.; — ¢, > & for all k € Z.

Remark 5.1.1. If conditions H.1-H.6 are satisfied and one has f(t,0) = g(k,0) =
then one can obtain a semilinear equation of the form (5.1)—=(5.2) by defining F(t, ) =
flt,0) — Df(t,0)¢ and G(k,®) = g(k,¢) — Dg(k,0)¢. Specifically, one can write

l':Df(t70)xt+F<tht)7 t#tk
A$:Dg(k70)xt’ +G(kaxt—)v t:tlm
so that conditions H.1-H7 are all satisfied with L(t) = Df(t,0) and B(k) = Dg(k,0). In
this sense, the linear terms should be thought of as the linear-order terms in the expansion
of the vector field and jump map, near ¢ =0 in RCR. For these reasons, we will refer to
the linear system
Az = B(k)x;-, t =1,

as the linearization of (5.1)—(5.2).

Definition 5.1.1. A mild solution of the semilinear equation (5.1)—~(5.2) is a function
z:[s,T] = RCR such that for all s <t <T

fv(t)IU(tS)JJ(SH/ Ut ) xof (z()ldu+ Y Ut t:)[xogli, ()], (5.3)

and x(t)(0) = z(t+60)(0) whenever 6 € [—r.0] satisfies t+0 € [s,T], where U is the evolution
family associated to the homogeneous equation (4.1)—(4.2) and the integral is interpreted
in the Petlis sense.
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Remark 5.1.2. The right-hand side of equation (5.3) is well-posed under conditions H.1-
H.3in the sense that it naturally defines for s <t < T, a nonlinear operator from RCR([s—
r, t],R™) into RCR. Note also that for a function x : [s,T] — RCR, we denote x(t; )(0) =
z(t;)(0) for @ <0 and z(t;)(0) = z(¢;)(07).

Ifz:[s—rT) — R"is a classical solution — that is, z is differentiable from the
right, continuous except at impulse times ¢, continuous from the right on [s —r, T and its
derivative satisfies the differential equation (5.1)—(5.2) — then ¢ — z; is a mild solution.
This can be seen by defining the inhomogeneities h(t) = f(t,z;) and r(k) = g(k:,xt;),
solving the equivalent linear equation (3.1)—(3.2) with these inhomogeneities and initial
condition (s,zs) € R x RCR in the integrated sense, and applying Corollary 3.3.1.1. For
this reason, we will work with equation (5.3) exclusively from now on.

Additionally, one should note that the assumption H.5 implies that the nonlinearities
are uniformly locally Lipschitz continuous. Together with the other assumptions, this
implies the local existence and uniqueness of mild solutions through a given (s, ¢) € R x
RCR. Namely, we have the following lemma, which may be seen as a local, nonlinear
version of Lemma (3.1.1), with an extension of Lemma 3.1.2. Its proof is an application of
the Banach fixed point theorem and is omitted. The idea is nearly identical to a portion
of the proof of Proposition 5.3.1 in the following section, and the interested reader may
consult it for reference.

Lemma 5.1.1. Under assumptions H.1-H.5, for all (s,$) € R x D, there exists a unique
mild solution x*% : [s,s + a) — RCR of (5.3) for some a = a(s,¢) > 0, satisfying
x(s) = ¢. Moreover, the function

[ 2D()(0), tE s, s+a)
t—y(t) { d(s — 1), te[s,s—r)

is an element of RCR([s —r, s + «),R™), the restriction to [s, ) is differentiable from the
right, it is continuous except at impulse times {t, : k € Z}, and 59 (t) = y,. That is, it
is a classical solution. If one defines the nonautonomous set

M= {J U U x{spx{e},

GERCR sER te[s,s+a)

then S : M — RCR with S(t,s)x = z*?)(t) is a process on RCR. Finally, if v : R —
RCR is a mild solution defined for all time, then the function y(t) = x(t)(0) is an element
of RCR'(R,R™), its only discontinuities occur in {t; : k € Z} and x(t) = y;.
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Combining the discussion following Definition 5.1.1 with Lemma 5.1.1, it follows that
S(t, s) satisfies the following abstract integral equation wherever it is defined.

S99 = Ut )0+ | Ut o (s S s)ddn + 3 Ut xog(i, SU7.9)). (5.4

s<t;<t

5.2 Smoothness with respect to initial conditions

Of use later will be a result concerning the smoothness of the process S : M — RCR with
respect to initial conditions. This result is interesting in its own right and will be useful
later in proving the periodicity of centre manifolds (Theorem 7.1.2).

Definition 5.2.1. We say the process S(t,s) : M — RCR guaranteed by Lemma 5.1.1 is
generated by the impulsive RFDE (5.1)~(5.2).

Theorem 5.2.1. Under hypotheses H.1-H.6, the process S : M — RCR is C™. More
precisely, ¢ +— S(t,s)¢ is C™ in a neighbourhood of ¢, provided (t,s,¢) € M. Also,
DS(t,s)p € LIRCR) for given ¢ € RCR satisfies for t > s the abstract integral equation

DS(t,5)6 = Ult:s)+ [ Ut uxaD . S(p,5)0) DS 1, )
+ Y Ult,t)xoDg(ti, S(t;, s)9) DS(t;, 5).

s<t;<t

(5.5)

Proof. We will prove only that S is C*, the proof of higher-order smoothness being an
essentially identical albeit notationally cumbersome extension thereof. Let s € R be fixed.
Let ¢ € RCR be given. For given v > 0, denote by B, () the closed ball centered at 1)
with radius v in RCR.

Introduce for given €, §, v > 0 the normed vector space (X, 4., ||-||), where X, 5, consists
of the functions ¢ : [s — 7, s + €] X Bs(¢)) — B, (1) such that x +— ¢(t, ) is continuous for
each t, ¢(t,z)(0) = ¢(t + 0,2)(0) whenever 0 € [—r,0] and [t + 0,t] C [s —r,s + €], and
||| < oo for the norm given by

1olles = sup [[o(t, 2)]].

te[s—r,s+e

[le—y[|<é
It can be easily verified that (X.s,,|| - ||) is a Banach space. With £(RCR) the bounded
linear operators on RCR, introduce also the space (Xcg,|| - ||) consisting of functions
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O :[s—1rs+¢€ xRCR — L(RCR) such that x — ®(t,z) is continuous for each ¢,
O(t,z)h(0) = ©(t+60,2)h(0) for all h € RCR, and ||®|| < 0o, where the norm is || D (¢, z)|| =
sup|pj=1 || P, 2)h|cs,. Clearly, (Xcs,[| - |]) is complete.

Define a pair of nonlinear operators
Al : Xe,zs,u — Xe,é,uv

A1 (@)(t, ) = Xis—r,s) (D) (t = 8) + X[s,544 () [U(tS)w(S) +/ U(t, s)xof (1, ¢, ))dpe

+ > Ult,ti)xog(t ﬂb(ti’w))]

s<t; <t
A2 : XQ(; X X675 — XE,(;

t
A2(¢7 (P)(t, :E)h = X[s—r,s) (t)I’RCRh + Xs,s+e] (t) [U(ta S)h + / U(ta M)X()Df(,u, ¢(ua x))(p(,uv x)hdﬂ+

+ Y Ut,mxoDg(i, (t; ,2)))®(t; , 2)h

s<t; <t

)

where in the definition of Ay we have h € RCR. By choosing ¢ and § small enough, A,
can be shown to be a uniform contraction. Indeed, if we denote xk = sup;,_y<2s |||, the
mean-value theorem grants the estimate

1801(0) = A(Y)Il < 5 sup </ Ut wller(wdp+ Y (U )| |d (i )) ¢ =l

te(s,s+e] s<t;<t

= kL[| =1l

We can always obtain a uniform contraction by taking e small enough. Also, note that
t— A (0)(t,z) € RCR, x — A1(¢, x) is continuous and Aq(¢)(t, z)(0) = A1(¢)(t+6,2)(0).
To ensure the appropriate boundedness, if we denote K = sup),_y<s ko (x), the estimate

1A1(0) =Pl < [[¢ —¢l| + 7 sup (/ Ut w)lleo(u)dp + Y |U(E t)]Ido(i ))

te(s,s+¢| s<ti<t

=0+ &M,

implies it is sufficient to choose €,d,v > 0 small enough so that § + KM, < v. This can
always be done because M, — 0 as € — 0 due to H.5 and Lemma 3.2.1.
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The continuity of ¢ — As(¢, @) for fixed ® € X, 5 follows by the estimate
s+e
14206.9) = e @) < ([ 106 + e mllca(l0lp. ) = (o)l

+ > UG +et)lldi@)]e; ) —V(t;7$)||> [|2]].

s<t;<s+e

Also, for each ¢ € Bs(t) it is readily verified that |[Aa(¢p, @) — Ax(p,I')|| < KL ||P —
['||, which by previous choices of €,§,v > 0 indicates that ® — Ay(¢, P) is a uniform
contraction.

We are ready to prove the statement of the theorem. Denote by (z,,x) the iterates
of the map A : X5, X Xeso = Xesy X Xeg, defined by A(z,2') = (Ay(z), Ag(z, 2")) and
initialized at (xq,xp) with x¢(t,2) = z and x;(t, z) = Irer. The fiber contraction theorem
— see [13] for the original, more abstract result or Theorem 1.176 of [15] for a more concrete
formalism — implies convergence (z,,,x,) — (x,2’). Note also that Dz = xf. If we suppose
Dzx,, = z!, for some n > 0, then for t > s, Lemma 3.3.5 implies that for each 6 € [—r, 0],

Dinia(t,9)(0) = D {U(tas)xn(&(b)(@) +/ U(t, w)xof (s on (s, ) (0)dp

s U(t,megu,xn(ti,qs))(e)]
-D [U(t,sm(s,@(e) 4 [ VG 005 )

+ z V(t+o,ti)g(iaxn+l(t1‘_7¢))]

— Ut )2, (5, 6)(6) + / V(E+ 0, 1) D (s 0 (11, 6))2 (11, 6)ds

+ Y V(t+0,t)Dgli, za(t; , 0))a,(t; 8,

s<t;<t

which is precisely Ag(xy, 2),)(t, ¢)(0) = 2,1 (¢, ¢)(0). For for t < s, it is easily checked that
Dzyyq(t, ¢) = x4 (t,¢). This proves that Dx,1(0) = ), .,(6) pointwise in . To prove
the result uniformly, we note that the difference quotient can be written for ¢t > s as

ﬁ (Tny1(t, @+ h) = g1 (t,0) — 2,11 (8, @)h)
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+ Z U(tvti)xoﬁ(g(uxn(ti_’qﬁ"’_h)) _g(ivxn(ti_v(b)) _Dg(iaxn(t;’¢))Dxn(t;7¢)h)-

s<t; <t

Since x,, is differentiable by the induction hypothesis, the integrand and summand converge
uniformly to zero as h — 0. Thus, x,, is differentiable and Dz, = 2/, , so by induction
Dz, = x| for each n. Also, by construction, 2, is continuous for each n and, being the
uniform limit of continuous functions, ' = lim,,_,,, ' is continuous. By the fundamental
theorem of calculus,

2(¢ + h) —x(¢) — 2'(9)h (@ + h) — 2n(¢) — Dan(@)h

= lim

||l n—oo [17]
1
1
— i [ X — 1)h) — 2!, (¢)] hd
nggo/o HhH[wn(cfﬁH Dh) — ()]

_ /0 ﬁ (6 + (A — Dh) — '(6)] hdA — 0

as h — 0. By definition, x is differentiable and Dx = 2.

If we define y(t)¢p = z(t, ¢) for the fixed point x : [s — 7, s + €] x Bs(¢) — B,(¢), then
y satisfies y(t)p = S(t,s)¢ for (t,¢) € [s,s + €] x Bs(¢p). This can be seen by comparing
the fixed point equation y(t) = Ai(y)(t, ¢) with the abstract integral equation (5.4). We
conclude that S is C' (fibrewise). The correctness of equation (5.5) follows by comparing
to the fixed point equation associated to As. O

5.3 Linearized stability

A fundamental result in stability theory for ordinary differential equations is that the
equilibrium point z* of the nonlinear system

i = f(z)

is locally exponentially stable if the eigenvalues of D f(x*) have strictly negative real part.
Similar results hold for discrete-time systems. For autonomous delay differential equations,
the same conclusion holds with respect to the eigenvalues of the generator of the continuous
semigroup associated to the linearization; see Section VII, Corollary 5.12 of [27]. For
impulsive RFDE, we have an analogous result under certain conditions. First, a definition.

Definition 5.3.1. Let S : M — RCR be the process associated to the semilinear system
(5.1)=(5.2). The fized point 0 € RCR is
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e cxponentially stable if there exists §, a, K > 0 such that fort > s, one has||S(t, s)¢|| <
Ket=3) whenever ||| < 0;

e stable if for all € > 0 there exists 6 = d(€,s) > 0 such that for all t > s, one has
1S(t, 5)6ll < ¢ whenever [|]] < 6;

e unstable if it is not stable.

Proposition 5.3.1. Let assumptions H.1-H.7 hold. Assume for all 6 > 0 sufficiently
small, there exists ¢(6) > 0 satisfying lims o+ ¢(6) = 0 and such that

Lf (¢, 0) = f(E, )] < cllo =]
lg(k, @) = g(k, )| < cllé = I,

forallt € R, k € Z and ¢,7p € Bs(0). If the evolution family U(t,s) : RCR — RCR
associated to the linearization of (5.1)—(5.2) is hyperbolic and RCR,(t) = {0}, the fized
point 0 is exponentially stable.

Proof. Since RCR,(t) = {0} and the the linearization is hyperbolic, the evolution family
satisfies ||U(t, s)|| < Ke®**) for some a < 0, for all t > s. We first prove that the fixed
point is stable. Let ¢ > 0 be arbitrary, and choose some € < € small enough so that

<1 + %) o) < % (5.6)

where c¢ is the constant from the statement of the theorem. Next, choose § > 0 satisfying

6/

Let ||¢|| < 0, and introduce the space of history-valued functions Xy, defined by
Xo={ z:[s,00) > RCR : Jy € RCR([s —r,00),R"), 2(t) =y, ||2|| < €, 2(s) = ¢ },

on which we introduce the norm ||z|| = sup,s, ||2()|| where the latter is the typical supre-
mum norm. Xy is clearly equivalent up to isometry as a normed space to the subspace

{w € RCR([s —r,00) : ||w|| < e,ws = ¢} C RCR([s — r,00),R").

Since the latter is complete, the same is true of X,;. Consider the formal expression

F(2)lf] = U(t, s)6 + / Ut ) xof o =)+ 3 UGt 1) [xog (i, 2(6))]

s<t; <t
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for z € X,. By assumption H.3 and Lemma 3.3.5, the above defines a nonlinear map
F: X4 — X, with

X ={z:[s,00) > RCR : Jy € RCR([s —1r,00),R"), 2(t) =y, ||2]| < 00} D X.
We claim that im(F) C X4. We can estimate the nom ||F(2)[t]|| using ||U (2, s)|| < Ke*t=*),

the fundamental theorem of calculus for Banach-space valued C' functions and Lemma
2.4.2. The result is

K(1 — ea(t=9) K(1 — e(t+€=3)

(=) oy KL= ee)
—a —a

and from inequalities (5.6) and (5.7) together with a < 0, it follows that ||F(z)[t]|| < € for

all t > s, independent of s. Since mild solutions are precisely fixed points of F'; it follows

that whenever ||¢|| < d, the process satisfies ||S(t, s)¢|| < € < e for all t > s. That is, the
fixed point is (uniformly) stable.

I1F()[]] < Ke®™95 + c(¢')e,

To get exponential stability, repeat the above argument but with the stronger condition
that € < € is small enough to guarantee in addition to (5.6), the inequality

pi=a+ Ke(d) <1 + %) <0. (5.8)

We begin with the the integral equation (5.4) for the mild solution. We have the estimate

t
ISt s)oll < Kejol| + [ Kert P S(u)ollet)dn+ Y Ke IS, s)alje(e)

s<t;<t

for all t > s, provided ||¢|| < §, where § > 0 is again chosen according to (5.7). Multiplying
both sides by e™%, this is equivalent to

(e, 90l < Ke ]+ [ Ke()e S, polldu+ 3 Keld)e ™ |1S(t; s)el.

s<t; <t
Applying the Gronwall Lemma 2.4.1 to ¢ — e~ || S(t, s)¢||, we eventually obtain
(t+€—s)
3
Multiplying by e* and exploiting log(1 + z) < z for > 0, we obtain

1S(t,8)gl| < K(1+ Ke())l[¢]|e”*),

e |S(t,s)p|| < Ke **||¢|| exp ((t — s)Kc(e) + log(1 + Kc(e’))) )

and since p < 0 from the assumption (5.8) that € is chosen small enough, we obtain
exponential stability. O
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We would expect the opposite result to also be true. That is, if the unstable fibre
bundle RCR, is non-trivial then the trivial fixed point of the semilinear system (5.1)—(5.2)
is unstable. At this stage, proving such a result seems quite difficult. The reason for
this is that the integral formulation of mild solutions of (5.3) is slightly less amenable to
establishing lower bounds on solutions than it is on upper bounds. Indeed, in proving the
linearized stability theorem we mercilessly exploited the inequality ||U(t, s)|| < Ke**)
which, since integrals behave well with respect to upper majorization, ultimately allowed
us to get exponentially decaying estimates on (nonlinear) mild solutions. This does not
work with lower bounds, even though one can exploit the fact that the all-time process
Uu(t,s) : RCR, — RCR, restricted to the unstable fibre bundle admits the lower bound
[T (t, 5)]] = Lebtt=).

If the system were periodic, we could make a slight modification to the proof of Proposi-
tion 5.10 of Section VII from [27] to prove an instability theorem, but this is not a general
result. Instead, we will postpone such discussions until Chapter 9 where we will study
hyperbolicity in a bit more detail.

65



Chapter 6

Centre manifold theory I: existence
and reduction principles

The content of this chapter appears almost in its entirety in Smooth centre manifolds for
impulsive delay differential equations [21] by Church and Liu, although there are some
improvements. Specifically, the cutoff nonlinearities have been redefined so that we are
later able to get smoothness in state under weaker assumptions on the linear part. There
is also a minor correction to part 3 of Theorem 5.5.1 in this thesis that was not caught
earlier; the errata has been submitted to the publisher. Corollary 6.6.1.1 and the contents
of Section 6.8 are unpublished, as is the example in Section 6.6.1.

6.1 Spaces of exponentially weighted functions

At this stage it is appropriate to introduce several exponentially weighted Banach spaces
that will be needed to construct the centre manifolds. First, denote PC(R,R") the set of
functions f : R — R™ that are continuous everywhere except for at times t € {t; : k € Z}
where they are continuous from the right and have limits on the left.

PCN — { ¢:R— RCR : ¢(t) = f; for some f € PC(R,R"™), }
| and [[¢]]; = sup,cg e M[[p(1)]] < o0

B"(R,RCR) = {f : R = RCR : ||f||, = supe”"[| f(1)]] < o0}
teR

PCT(R.R") = {f € PCRB"): ||fll, = supe | ()] < o0}
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BLUER) = {12 R | fll, = supe ™ |fy] < o0},
€
Also, if M C R X RCR is a nonautonomous set over RCR, we define the space PC"(R, M)
of piecewise-continuous functions taking values in M by
PCTR, M) ={f €PC": f(t) e M(t)}.

If X" is one of the above spaces, then the normed space X"* = (X", || - ||,s) with norm

1l = { Seee M IF@]]  dom(F) = R
27 supeg e B, dom(F) = 2.

is complete.

6.2 7n-bounded solutions from inhomogeneities

In this section we will characterize the n-bounded solutions of the inhomogeneous linear
equation

x(t) = U(t, s)z(s) —|—/ U(t, ) [xoF (p)]dp + Z U(t, t;)[xoGil, —00 < 5 <t < oo,

(6.1)

for inhomogeneous terms F' and G. As defined in Definition 3.2.4, we recall now that
RCR.(t) = R(P.(t)), where P, is the projection onto the centre bundle of the linear part
of (5.1)—(5.2).

Lemma 6.2.1. Let n € (0,min{—a,b}) and let H.1, H.2 and H.5 hold. Then,

RCR.(v) ={p € RCR : Jx € PC", x(t) = U(t,s)z(s), z(v) = ¢} . (6.2)
Proof. If ¢ € RCR.(v), then P.(v)p = ¢ and the function x(t) = U(t,v)P.(v)p =
U.(t,v)gis defined for all t € R, satisfies z(t) = U(t, s)x(s), x(v) = ¢, z(t)(0) = 2(t+6)(0),
and by choosing € < 1, there exists K > 0 such that

M fa(t)]] < KeMe oM g < Ke]jgl].

Finally, as z(t) = [U(t, s)z(s)(0)]; for all ¢ € R, we conclude x € PC".
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Conversely, suppose ¢ € RCR admits some z € PC” such that z(t) = U(Z, s)z(s)
and z(v) = ¢. Let ||z]|, = K. We will show that P(r)¢ = P,(v)¢p = 0, so that
o =1Ip=(P.(v)+ Ps(v) + P.(v))p = P.(v)p, from which we will conclude ¢y € RCR.(v).

By spectral separation, we have for all p < v,

e Py (v)p|| = e U, (v, p) Py(p)z(p)]
< e‘”lleea(”_p)HPs(P)H ||z (p)]|
< KKe*"=7||P,(p)|],

which implies ||P,(v)gl| < KKew||Py(p)]| exp(nlp| — ap). Since n < —a and p — [|Py(p)]
is bounded, taking the limit as p — —oo we obtain ||Ps(v)p||| < 0. Similarly, for p > v,
we have

"M Puw)ell = e |Uu(v, p) Pulp)2(p)]
< e R Py(p)l] - llz (o)
|

< KK P Py(p)],
which implies ||P,(v)¢|| < KKe"||P.(p)|| exp(n|p| — bp). Since n <b and p — || P.(p)|| is

bounded, taking the limit p — oo we obtain || P, (v)¢|| < 0. Therefore, Ps(v)p = P,(v)p =
0, and we conclude that P.(v)p = ¢ and ¢ € RCR.(v). O

Lemma 6.2.2. Let conditions H.1, H.2 and H.5 be satisfied. Let h € RCR(R,R"™). The
integrals

[ v wrobeneias [ venR @Gl

are well-defined as Pettis integrals for all s,t,v € R, where we define fba fdu = — ff fdu
when a < b.

Proof. The nontrivial cases are where ¢t < s and ¢ < v. For the former, defining H(u) =
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Xoh(j) we have the string of equalities
Ut P) [ U ) = Uides) [ Ot )Pl H
— [ Ut P ()
= /t U(t, p)Pe(p) H (1) dp

= [ vtm R G

The first integral on the left exists due to Lemma 3.3.5 and Proposition 2.2.1. The subse-
quent equalities follow by Proposition 3.3.5 and the definition of spectral separation. The
case t < v for the other integral is proven similarly.

]

Define the (formal) linear operators K7 : PC"* & B} (Z,R") — B"(R,RCR) by the
equation
t

KI(F,G)(t) =/ U(W)Pc(u)[xOF(u)]du—/too U(t,u)Pu(u)[xOF(u)]dqu/ U(t, 1) Ps(p)[xo F (11)]dp

—00

t
+ ) Ut ) Pu(ts) [xoGildt; — ZU DxoGildt; +ZU (t, t:) Py (ts) [ x0Gi]dti,
s t —00
(6.3)
indexed by s € R, where the external direct sum PC"* & B{"*(Z,R") is identified as a
Banach space with norm ||(f, 9)|n,s = || f|ln.s + ||]]5,s, and the summations are defined as
follows:
Y F(t), a<b

b
Z F(tz)dtz _ a<tia§b
a — Z F(tl)dt“ b<a.
b

Lemma 6.2.3. Let H.1, H.2, H.5 and H.7 hold, and let n € (0, min{—a, b}).

1. The function K7 : PC"™ @ B*(Z,R") — B™ (R, RCR) with n € (0, min{—a,b}) and
defined by formula (6.3) is linear and bounded. In particular, the norm satisfies

1 (n—e)¢ 1 2¢e(m—a)§ 1 2e(0+m)E
||ICZH§C[ <1+6 )+ (1+ ¢ >+ (1+ ¢ )}
n—e § —a—n § b—n 3

(6.4)
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for some constants C' and € independent of s.

2. K7 has range in PC"™ and v = KI(F,G) is the unique solution of (6.1) in PC"*
satisfying P.(s)v(s) = 0.

3. The expression K.(F,G)(t) = (I — P.(t))K°(F,G)(t) uniquely defines, independent
of s, a bounded linear map

K.:PC’® B} (Z,R") — PC°.

Proof. Let ¢ < min{min{—a,b} — n,n}. To show that K7 is well-defined, we start by
mentioning that all improper integrals and infinite sums appearing on the right-hand side
of (6.3) can be interpreted as limits of well-defined finite integrals and sums, due to Lemma
3.3.5, Lemma 6.2.2 and Proposition 2.2.1. For brevity, write

KUF.G) = (K1 = K"+ K1) + (K39 = K59+ 159))

where each term corresponds to the one in (6.3) in order of appearance.

We start by proving the convergence of the improper integrals. Denote

I(v) = / U0, 1) Pul) o F (1)),

and let vy * co. We have, for m > n and n sufficiently large so that v,, > 0,

[ (vm) = I(on)]| < KNe""™9|F(p)|dp

< [ KRNSOl dp

= KN|[Flle" [ ey

_ KNHFHnebt (e—vn(b—n) o 6—vm(b—n))
b—mn

e vn(b—n)

Therefore, I(v;) € RCR is Cauchy, and thus converges; namely, it converges to the im-
proper integral K% (¢). One can similarly prove that K*¥'(t) converges. For the infinite
sums, we employ similar estimates; if we denote S'= ", _, ___ [|Uu(t, ;) [x0Gi]|| and assume
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without loss of generality that ¢, = 0, a fairly crude estimate (that we will later improve)
yields

S < Z KNeMttoenltil)|qy),
t<t;<oo

= Z K N||G|],e"eltilt+m 4 Z K N||G|| ebte b=t
—|t|<t;<0 0<ty <oo

i 1
< KNe” (?e”(b“” + 1T o Gme G],-

Thus, K“%(t) converges uniformly. One can show by similar means that K*¥(t) and
K*%Y(t) both converge. Therefore, K" (F,G)(t) € RCR exists. We can now unambiguously
state that K7 is clearly linear.

Our next task is to prove that || K!(F, G)]||,.s < Q||(F, G)||,s for constant @) satisfying
the estimate of equation (6.4). We will prove the bounds only for ||[K*F||, s, |[K*“C|l,.s,
||[KF],.s and || K4C|, s; the others follow by similar calculations. For ¢ < s, we we have

el | K (1) < el / KN 0|F ()| dp
t
< KN { / e P, sdp + / M ee=sl| | Hmsdﬂ]
¢ S

— ) N[F ], { / M) s gy / 7 =) (=) du]
t s

) N [ O e O
n,8 b + 77 b — n

1
SKN||F||n,sm

The above inequality is also satisfied for ¢ > 0, and we conclude ||[K*%||, s < KN(b—
n) " HI(F,G)||,s- Next, for t < s,

eimtis‘”Ku’G(t)H < e*ﬁ\t*3| Z KNeb(tfti)

t<t;<oo

ST MGy, 4 ST G

t<t;<s s<T; <00

< I KNG |w% { / T blmmgnsn) gy 4 / > eb(t—men(u—s)du]
t—& s—&

Gl

< et=38) [ v
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—(b — —(b xT —(b— S—
< eﬁ(t—S) KNHGHn,s ebt+n56 ( +77)(t f) —e ( +77) + ebt—nsﬂ

- § b+ b—n
2ENIIGls vime
§(b—n) ’
where we have made use of Lemma 2.4.2 to estimate the sums. The same conclusion is

valid for ¢ > s, and it follows that ||[K%%||, ; < 2K Ne®TME(&(b — n))7Y|(F, G)||,.s- Next,
for t < s,

e*”‘t*ﬂHKC’G(t)H < e”(t’s)KNHGHn,s Z e(ti—t) gn(s—ti)

t<t;<s
t

< ontt-9 ENNGl.s / <=0 gnls=1)

g s—&
_ s ENGlly s (et _ c=n=)

§(n—e)
KN| ’G| |7):5 6(77—6)5

— &n—e)

This estimate continues to hold for all ¢, s € R. To compare to the integral term, for s <t
we have

t
efn\tfsl|’Kc7F(t)H < en(ts)KNHFHn,s/ ee(tfu)en(ufs)du

_ e—n(t—S)KN| |F|],.s (671(75—5) _ ee(t—S))

< KNIFl.
n—e¢
and this estimate persists for all ¢,s € R. Similar estimates for the other integrals and

sums appearing in (6.3) ultimately result in the bound appearing in (6.4). This proves
part 1.

To prove part 2, denote v = K!(F,G). It is clear from the definition of v, the orthog-
onality of the projection operators and Proposition 2.2.1 that P.(s)v(s) = 0. Also, for all
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—00 < z < t < 00, denoting F = yoF and G; = xoG, we have
t t
Ut 2)o(2)+ [ Ut Flodu+ Y UG t)Gudt

=me@+/U@MRWRM@—[%mM&wﬂmw

+/tU(t,p)P()F du+ZUtt P.(t;)Gdr;

—E:Utt Gdt+§:Utt (1) Gadr;

t

WMM—ZWUWMMMMFWMM+/ U(t, 1) Ps(p) F (1) dp

—0o0

I
u\“
S
=
~
|

+ZUtt t:)Gadr; — ZUtt ()GdnJrZUtt P,(t;)Gdr;

U(t)

so that ¢ — v(t) solves the integral equation (6.1). This also demonstrates that v € PC".
To show that it is the only solution in PC" satisfying P.(s)v(s) = 0, suppose there is
another r € PC" that satisfies P.(s)r(s) = 0. Then the function w := v — r is an element
of PC" that satisfies w(t) = U(t, z)w(z) for —oo < z <t < co. By Lemma 6.2.1, we have
w(s) € RCR.(s). But since P.(s)w(s) = 0 and P.(s) is the identity on RCR.(s), we obtain
w(s) = 0. Therefore, w(t) = U(t,s)0 = U(t,s)0 = 0 for all t € R, and we conclude v = r,
proving the uniqueness assertion.

For assertion 3, we compute first

K.(F,G)(t) = /

—00

t

U@M&@Mﬂ%M@—lmvwmawMMmmw

ZUtt D xoGild ZUtt t:) [xoGldt;.

Routine estimation using inequalities (3.9)—(3.11) together with Lemma 2.4.2 produces the
bound

GO < kN [+ 1 -2 S ma))
T - a b a& b¢ ’ ’
and as the bound is independent of ¢, s, the result is proven. O
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6.3 Substitution operator and modification of nonlin-
earities

Let £ : R, — R be a C*° bump function satisfying
i) E(y)=1for 0 <y <1,

i) 0<¢(y) <lforl<y<2
iii) &(y) =0 for y > 2.

We modify the nonlinearities of (5.1)—(5.2) in the centre and hyperbolic directions sepa-
rately. For 0 > 0 and s € R, we let

Furt ) = 0,2 (LA ) ¢ (B0 £ P 65)
Gt 2) ot o6 (L2 ¢ (WECE R ll) -

Notice that Gss(k,x) takes the pointwise left-limit in the evaluation (6.6). The proof of
the following lemma and corollary will be omitted. They can be proven by emulating the
proof of Lemma 6.1 from [15] and taking into account the uniform boundedness of the
projectors P;; see property 1 of Definition 3.2.4.

Lemma 6.3.1. Let f(t,-) and g(k,-) be uniformly (in t € R and k € 7) Lipschitz
continuous on the ball Brer(0,0) in RCR with mutual Lipschitz constant L(5), and let
f(t,0) = gr(0) = 0. The functions

Fs,: R x RCR — R”, Gss:Z X RCR — R"

are globally, uniformly (int € R and k € Z) Lipschitz continuous with mutual Lipschitz
constant L that satisfies Ly — 0 as § — 0, independent of s.

Corollary 6.3.0.1. The substitution operator
Rss: PC™ — B™(R,R") ® B}*(Z,R")

defined by Rs(x)(t, k) = (Fs5s(t, (t)), Gss(k,x(tr))) is globally Lipschitz continuous with
Lipschitz constant Ls that satisfies Ls — 0 as 0 — 0. Moreover, the Lipschitz constant is
independent of n, s.

Corollary 6.3.0.2. ||(F5s(t,z),Gss(k,x))|| < 40Ls for all x € RCR and (t, k) € R x Z.
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6.4 Fixed-point equation and existence a Lipschitz
centre manifold

Let n € (¢, min{—a,b}) and define a mapping G, : PC"* x RCR.(s) — PC"® by
Gs(u, ) = U(-, s)p + K (R s(w))- (6.7)

Note that by Lemma 6.2.3 and Corollary 6.3.0.1, the operator is well-defined, K7 is bounded
and Ry is globally Lipschitz continuous for each § > 0, provided H.1-H.7 hold. Choose ¢
small enough so that

~ 1
Ll K2l < 5 (63)

Notice that 0 can be chosen so that (6.8) can be satisfied independent of s, due to Lemma
6.2.3. If ||| < r/(2K) then G4(-, ) leaves B(r,0) C PC™* invariant. Moreover, G(-, ¢)
is Lipschitz continuous with Lipschitz constant % One may notice that r is arbitrary. We

can now prove the following:

Theorem 6.4.1. Let conditions H.1-H.7 hold. If § is chosen as in (6.8), then there exists
a globally Lipschitz continuous mapping ut : RCR.(s) — PC™* such that us = ul(p) is the
unique solution in PC™* of the equation us = Gs(us, @).

Proof. The discussion preceding the statement of Theorem 6.4.1 indicates that G4(-, ) is
a contraction mapping on B(r,0) C PC™® for every r > ||p||2K. Since the latter is a
closed subspace of the Banach space PC"*, the contraction mapping principle implies the
existence of the function u}. To show that it is a Lipschitz continuous, we note

1 8) — 3l = 16050, ) — Gulwt2 (), 9Dy
< Kllp — vl + 511 () — w3l

Therefore, u? is Lipschitz continuous with Lipschitz constant 2K. O]

Definition 6.4.1 (Lipschitz centre manifold). The centre manifold, W. C R x RCR, is
the nonautonomous set whose t-fibers for t € R are given by

W, (t) = Im{C(t, )}, (6.9)

where C : RCR. — RCR is the (fibrewise) Lipschitz map defined by C(t, ¢) = u;(o)(t).
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Remark 6.4.1. The centre manifold depends non-canonically on the choice of cut-off
function from Section 6.53. That is, the centre manifold is not unique, so we are committing
an abuse of syntax by referring to such a construct generally as “the” centre manifold.
One must always understand that the definition of the centre manifold is with respect to a
particular cutoff function.

The construction above implies the centre manifold is fibrewise Lipschitz. We can
prove a stronger result, namely that the Lipschitz constant can be chosen independent of
the given fiber.

Corollary 6.4.1.1. There exists a constant L > 0 such that ||C(t, ) —C(t,¥)|| < L||p—||
for allt € R and ¢, € RCR.(t). Moreover, L can be chosen so that L — 0 as 6 — 0.

Proof. Denote u® = u;(¢) and u¥ = uy(¢)). A preliminary estimation appealing to the
fixed-point equation (6.7) yields

C(t, @) = C(t. )| < [lo — ¥I| + || (K] (Rsu®) — K (Rsu®)) ()]

By Corollary 6.3.0.2, each of Rsu® and Rsu¥ are uniformly bounded, so Lemma 6.2.3
implies the existence of a constant ¢ > 0 such that

(K (Rsu®) — K (Rsu?))(8)]] < ¢||(Rsqu® — Rsyu?)(1)]
< esup [|(Rsu? — Ry u?)(s)||e "

seR
< cLs|lu® = u¥|l,
S CLJZKH¢ - ¢H:

and in the last line we used the Lipschitz constant from Theorem 6.4.1. Combining this re-
sult with the previous estimate for ||C(¢, ¢) —C(t,v)|| yields the uniform Lipschitz constant.
By Corollary 6.3.0.1, the Lipschitz constant has the claimed property. O

6.4.1 A remark on centre manifold representations: graphs and
images
Our initial definition of the centre manifold was as the fibre bundle whose t-fibers are the

images of C(t,-). However, sometimes one likes to think of the centre manifold as being
the graph of a function. To accomplish this, one can use the hyperbolic part. Let us define
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the function H : RCR. — RCR by H(t,¢) = (I — P.(t))C(t,¢). In this way, the centre
manifold can be identified with the graph of the hyperbolic part of the centre manifold.
Indeed, by part 2 of Lemma 6.2.3, we have the decomposition C(¢, ¢) = ¢+ (I—F.(t))C(t, ¢),
so that

We(t) ={¢+H(t,¢) : ¢ € RCR(t)} ~ {(0, H(t,9)) : ¢ € RCR.(t)} = Graph(H(t,-)).

Since RCR.(t) and its complement R(I — P.(t)) = RCRs(t) & RCR,(t) have only 0 in
their intersection, this identification makes sense. When one reduces down to ordinary
differential equations, one usually thinks of precisely the function H as being the centre
manifold. This ambiguity between the function C : RCR. — RCR, the fibre bundle W,,
the hyperbolic part H : RCR. — RCR and its graph can sometimes make statements
about centre manifolds imprecise. In this thesis, the term centre manifold without any
additional qualifiers will always mean the fibre bundle W..

6.5 Invariance and smallness properties

Recall that by Lemma 5.1.1, there is a process (S, M) on RCR such that ¢ — S(¢,s)¢ is
the unique mild solution of (5.3) through the initial condition (s, ¢) defined on an interval

[s, s+ ). With this in mind, the centre manifold is locally positively invariant with respect
to S.

Theorem 6.5.1 (Centre manifold: invariance and inclusion of bounded orbits). Let con-
ditions H.1-H.7 hold. The centre manifold W, enjoys the following properties.

1. W, is locally positively invariant: if (s,¢) € W, and ||S(t,s)¢|| < 0 fort € [s,T],
then (t,S(t,s)p) € W, fort € [s,T].

2. 1f (5,6) € Wi, then S(t, )¢ = ui (Po(1)S(t, 5)6)(t) = C(t, P.(1)S(t, )9)

3. If v : R — RCR is a mild solution of (5.3) satisfying ||x|| < 9, then (t,z(t)) € W,
for allt € R.

4. Rx {0} C W, and C(t,0) =0 for all t € R.

Proof. Let (s,¢) € W, and denote z(t) = S(t, s)¢, with ||z|| < J. Since (s, $) € W,, there
exists ¢ € RCR.(s) such that ¢ = ul(¢)(s). Define & = u¥(p). Then, it follows that
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= P(s)¢, i(s) = ¢ = Pe(s)p + KI(R(2))(s), and

#(t) = U(t, s)p + KL (Rs(£)) (1)

=U(t,s)p + |U(t, s) K (Rs,5(2))(s) +/ Ut )xoFss (s 2(w))dp+ Y Ut t)x0Gi,s (i, 2 (t:))

s<t; <t

—U(ts)i(s) + [ UltuxaPoaln )+ 3 UlttnoGas(isi(t)

s<t; <t

for all t € [s,T]. But since ||z(t)|| < ¢ on [s,T], uniqueness of mild solutions (Lemma 3.1.1
with Theorem 3.3.1) implies that x = @] 1.

Let v € [s,T] and define z : R — RCR by z = & — U(-,v)P.(v)Z(v). One can easily
verify that

() = U(t0)=0) + [ Um0 mxaFiulin d)dn+ Y UltstxaCioali 200)

v<t; <t

for all ¢ € [v,00) and that P.(v)z(v) = 0. On the other hand, since ||Z|| < § we have
Rss(Z) = Rs,(2). From these two observations and Lemma 6.2.3, 2 = K7(Rs,4(2))|jv,00)5
so that we may write
& =U(,0)Pe(v)&(v) + K(Rs50(2)) = uy(Pe(v)2(v)).
Therefore, Z(v) = u}(P.(v)z(v))(v), and since z(v) = &(v), this proves that (v, z(v)) € W.
and, through essentially the same proof, that
2(v) = uy(Fe(v)a(v))(v) = C(v, 2(v))(v).
The proofs of the other two assertions of the theorem follow by similar arguments, and are

omitted. O

The modification of the nonlinearity Rs results in the function «} that defines the centre
manifold having a uniformly small hyperbolic part. Namely, we have the following lemma.

Lemma 6.5.1. Define P, : PC" — PC"(R,RCR.) by P.o(t) = P.(t)o(t). If§ > 0 is
sufficiently small, then ||(I — P.)u*||o < 0.

Proof. Recall that u] satisfies the fixed-point equation uf = U (,9) e+ K1 (Rss(uk)). Thus,
with B, = I — P., R R
Puuy = By o KJ(Rss(uy))
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because U(t,s) is an isomorphism of RCR.(s) onto RCR.(t) and ¢ € RCR.(s). By
Corollary 6.3.0.2, we have for all ¢ € R that ||Rss(u%(t))|| < 4dLs, which implies Rj¢(u’) €
B°(R,R")&® B (Z,R™). We obtain the claimed result by applying the second conclusion of

Ly

Lemma 6.2.3 and taking ¢ sufficiently small, recalling from Corollary 6.3.0.1 that Ls — 0
as 0 — 0. O

6.6 Asymptotic phase

The centre manifold has a property that is sometimes called asymptotic phase. Qualita-
tively, it says that the unstable and stable components of pairs of sufficiently small solutions
must eventually come into phase, either backward or forward in time. This suggests that
such solutions must be “close” to the centre manifold. The following theorem is inspired
by Lemma 2.3 of [9] and Theorem 8.1, Chapter IX of [27].

Theorem 6.6.1 (Asymptotic phase in RCR, and RCR,). For v > 0 and S* € R, there
exist positive constants C' and & such that

1. If uw and v are mild solutions of (5.3) on the interval I = [s —T,s| for T > 0 and
s < S* satisfying

o (1= P(j)ulj) = (I = P())o(j) for either j = or j =5 — T
o [[u(t)|| <6 and |jv(t)]| <6 foralltel,

then, || Py(s)[u(s) — v(s)]|| < C||P(s — T)[u(s — T) = v(s — T)]|[el*+)T.

2. If uw and v are mild solutions on the interval I = [s,s +T] for T > 0 and s > S*
satisfying

o (1= PG)u(j) = (I — Pu(j))oj) for cither j = s or j = 5 +T;
o ||u(t)|| <6 and ||v(t)|| <6 forallt eI,

then, [|Pu(s)[u(s) — v(s)]l| < Cl[Pu(s +T)[u(s +T) — v(s +T)][|e~ =T
Proof. We begin by proving the first assertion, and will prove only the case where (I —

Py(s))(u(s)—v(s)) = 0, as the other case is similar. Let L = L(6) be the Lipschitz constant
of the nonlinearity Rs, and denote

2 (1) = [[P() (u = v)(D)]], 24 () = |I(1 = Po()) (u = v)(D)]]-
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Let t € I. Routine integral estimation with the spectral separation assumptions result in
the estimate

o (s)e™ < Kx_( / KNL ) (2, (1) + 2 () d;H—ZKNLe“(t (2 (67) + 24t ))dts. (6.10)

Also, spectral separation guarantees that the expression
U—&WW@ZU@MR@+%@W@+/U@MWMHJMMmﬂmWMW
+§:Utt ti) + Pu(ti)]xog (i, u(t;))dt;

is well-defined even when ¢ < s, and similarly for v. Using the fact that (I — Ps(s))(u —
v)(s) =0, we get the estimate

t) < / KNL ™M (2 (1) + 24 () dp + / KNL™ (2 (t7) + 24 (8]))dt.
t t

Some routine changes of variables and Lemma 2.4.1 then imply

z#ﬂSKWLl/éb“W (cw+§}ﬂKLttM M4
t

Substituting the above into (6.10) results in the somewhat bulky expression

2 (s)e" < Kz_ / KNLe®"™Mz_(p)dp+ >  KNLe® ™z (t])dt;
t
+/S(KNL)2 /S e(t=)+(=KNL)(u=n) , dnJrZ —WHO-KNL) (=t ,_ (4 )dt,;] dp
t Iz

+ ES:(KNL)2

/ =t +HO=KNL)(ti=p) (1)) dﬂ+zea(t t)+(b—KNL)(ti—ty) , (t )dtk] dt.
n

Applying Fubini’s Theorem and estimating sums via Lemma 2.4.2 yields
2z (s)e™ < Kz (t) + / (KNL+ r)e M 2 ()dp + Z(KNL + K)e 2 (1) dt;,
t t

(KNL)2 6(b—a—KNL)&
7 (14— ),
b—a—KNL( ¢ )

K =
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where ¢ is the constant appearing in assumption H.7. Note that x = k(d) is positive
provided ¢ is chosen small enough. More changes of variables and use of Lemma 2.4.1
eventually lead us to the inequality

Z_(s)e T Kem < 2 () exp (e ™(KNL+£)(t—s)),
which upon substituting £ = s — T" and rearranging grants
z_(s) < Ke ®-exp((a+ e ™(KNL+k)T) z_(s = T).

Choosing C = Ke~*" and ¢ small enough so that e=**(K NL(8) + k(5)) < v results in the
desired inequality.

An analogous argument proves the second assertion of the theorem. The proof is
omitted. [

Consider part 1 of the theorem, which concerns the stable component. If RCR, is
trivial, we would hope that close to the centre manifold, distinct solutions should in some
sense “converge to” the centre manifold. Suppose u : [0,00) — R" is a mild solution that
remains uniformly small; ||u|| < 6. As a first guess, let us define another mild solution
v :[0,00) = RCR on the centre manifold using the invariance condition:

u(t) = S(t,0)C(0, P.(0)u(0)).

Without loss of generality, we may also assume ||v|| < §. One can then check using the
fixed-point characterization of the centre manifold that P.(0)v(0) = P.(0)u(0). Choose any
n < |a|. For each t > 0, define T' =t and s = ¢ in the statement of Theorem 6.6.1. It follows
that if § is sufficiently small, then || P,(¢)[u(t) — v(2)]|| < C||Ps(0)[w(0) — v(0)]||e . Our
instinct is to take t — oo, so that we could conclude that the hyperbolic components of u
and v are asymptotically equal. If one solution is on the centre manifold for all time, then
we might suspect that ||u(t) —v(t)|| = 0 as t — co. However, we cannot take ¢ arbitrarily
large because in principle, § depends on the constant S*, and we must assume s < S*.
Since s = t, we cannot take t arbitrarily large.

Recall that since v is a solution on the centre manifold, it can be uniquely extended to
v:R — RCR. If we instead fix s =t and let T'= s’ > 0, then we get the inequality

1P()[u(t) — v(®)]]| < CNoelr==),

where N is the bound on the projection and we use the assumption that u and v are
uniformly bounded by §. If we take the limit s — —oo, then we get the somewhat
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perplexing conclusion that Ps(t)[u(t) — v(t)] = 0. This is similar to a concept referred
to as pullback attraction [58]. In terms of the definition in the aforementioned reference,
v : R — RCR is pullback attracting if for all t € R, there exists 6 > 0 such that if
limg o |Ju(s) — v(s)|| <6, then lim,—,_ ||S(t, s)u(s) — v(t)|| — 0.

In autonomous systems, pullback attraction and the usual (forward) attraction are in-
terchangeable concepts because in such systems, the nonlinear process will satisfy S(¢, s) =
S(t — s,0). In the general nonautonomous context, they are distinct. However, they are
also equivalent under periodicity assumptions, and it is ultimately a consequence of this
fact that we can prove the following attraction property.

Corollary 6.6.1.1. Suppose conditions H.1-H.7 hold and, additionally, (5.1)—(5.2) is pe-
riodic with period T' and ¢ > 0 impulses per period. That is L(t +T) = L(t), f(t+T,-) =
f(t,:), Blk+c¢)=B(k), g(k+c¢,-)=glk+c) and tgre =ty + T for allt € R and k € Z.
Let u and v be mild solutions of (5.3) on the interval I = [s,t] for some t > s. For all
v > 0, there exist positive constants C' and ¢ (independent of t and s) such that if u and v
satisfy

o (1= Pi(s))uls) = (T = P(s)o(s);
o [[u)ll <6 and [[v(u)|| <5 for all € I;
then, [|Pu(0)ut) — v(®)]| < ClIPy(s)[u(s) — v(s)]||e+¢=).

Proof. Let t = kT + r for some r € [0,T) and let s =t — ¢ for some ¢ > 0. By uniqueness
of mild solutions — Lemma 5.1.1 — and the periodicity assumption, we can write

S(t,s) = S(kT +r,kT +r—q) = S(r,r — q).

From the smallness assumption, we can write u(t) = S(¢, s)u(s) and v(t) = S(t, s)v(s)
(that is, we do not need to use the cutoff process Ss). Also, the periodicity of the projector
Py(-) guaranteed by Lemma 4.3.1 implies

Py(r — q) = Py(s — kT) = Py(s).

We can now apply part 1 Theorem 6.6.1 to the mild solutions 4 and ¢ defined on I = [r—q, r]
by u(u) = S(u,r — q)u(s) and v(u) = S(p,r — q)v(s) — recall that r € [0,T), so we can
apply the result with S* = T. We get the inequality

|1P,(r)[S(r, 7 — q)u(s) — S(r,r — q)u(s)]]| < C||P(r — q)[uls) — v(s)]|[e @)1,

All of the previous observations imply that the above is equivalent to the inequality in the
statement of the proposition. O
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Even this result is not quite strong enough to grant a reduction principle that is formally
analogous to what there is for ordinary differential equations. We postpone more in-depth
discussions until Section 6.8, but motivate some of the intricacies with an example.

6.6.1 A note on convergence rates of components in the centre
fibre bundle

From the discussion preceding Corollary 6.6.1.1, one might think we are free to conclude
that the centre manifold is locally attracting in the periodic case. Unfortunately, the
argument is incomplete, because while it may be reasonable to suspect that the mild
solution v in the centre manifold we constructed will converge to u, it generally does not
do this at an exponential rate. Moreover, it is difficult to characterize this rate in general.
To see this, consider the following two-dimensional autonomous example:

i=(1+y°)2?,
y=-y.

There are a continuum of centre manifolds W(k) parameterized by k € R:

1 1
W=(k) = {(a:,y) s logly| + §y2 = +k x< 0} U{(z,0):z >0},

obtained by restricting to the upper and lower half-plane. There is also an analytic centre
manifold, W(—o0) := {(x,0) : z € R}. The centre subspace X, is precisely W(—o0),
whereas the stable subspace (which corresponds to the stable manifold in this case) is the
y axis; Xy = {(0,y) : y € R}. The projection onto X, is the orthogonal projection, so that
P.(z,y) = (x,0). However, notice that if z remains fixed, the solutions y of the equation

1 1
logly| + 59° = = +k
2 T

are each monotone with respect to k. It follows from the differential equation that solutions
in the left half-plane flow faster on W(ks) than on W(k;), whenever ko > k;. As a
consequence, if (z,y) € W(k;) and we project onto X.. to a coordinate (x,0), then the map
onto some (x,7) € W(ks), the two solutions from (z,y) and (z,y) will generally converge
to zero at different rates. It is our claim that, in particular, the difference between these
rates is on the order of t%
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Let us investigate this claim. Consider the initial condition (xg, ) with 2o < 0 and,
without loss of generality, yo > 0. We can write the component x in the centre subspace

as
1

e =)+ L -t

Note, u(t) is contained in the centre manifold W(k') with k" = log yo + 343 — w—lo Suppose
we choose W(k) to be the centre manifold in which we define the “candidate” solution
to which we compare, and we choose the upper half-plane part. The projection gives
P.(z0,y0) = (x0,0). To get the associated point (zg,¢y) on the centre manifold W(k), we
have to solve the equation

Pu(t) =

N 1 .
logo + =%o° = — +k, o> 0.
2 Zo
To do this, we resort to an asymptotic. If % +k — —o0 (e.g. k is fixed and we assume
xo — 07) then the leading-order behaviour in ¢, is dominated by the logarithm. We can

then make the approximation
. 1
loggo = — + k,
o

so that gy ~ exp(% +k). The associated solution, when projected onto the centre subspace,

1s
1

= — .
lezo+2k 2t—|—i—t

2 o

In Landau big theta notation, one can check directly that the asymptotic

Pc[u(t)—v(t)]:@<1>, £ o

t

Po(t) =

is satisfied. This means that the left-hand side is asymptotically equivalent (up to mul-
tiplication by a nonzero constant) to t% as t — oo. As claimed, the components of the
solutions u(t) and v(¢) in the centre subspace converge at different rates; as xy — 07, the

difference in convergence rates is on the order of t%

6.7 Dynamics on the centre manifold

Theorem 6.6.1 implies that in the absence of unstable directions, the centre manifold
contains all of the interesting bounded-time dynamics in a neighbourhood of the relevant
fixed point. This leads us to a natural question, namely: is there a nice representation of
the process restricted to the centre manifold?
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6.7.1 Integral equation

On the centre manifold, components of mild solutions on the centre fibre bundle are de-
coupled, as stated in the following lemma. The proof follows by direct calculation and the
second part of Theorem 6.5.1.

Lemma 6.7.1 (Dynamics on the centre manifold: integral equation). Let y : R — RCR
satisfy y(t) € We(t) with ||y|| < 6. Consider the projection of y onto the centre fibre bundle:
w(t) = P.(t)y(t). The projection satisfies the integral equation

w(t) = U(t, s)w(s) +/ U(t, 1) Pe(pe) X0 Fs5,p (1, C(p, w(pe)))dp + Z U(t,ti)Pe(ti)x0Gs, (3, C(ti, w(ts)))

s<t;<t

(6.11)

6.7.2 Abstract ordinary impulsive differential equation

When a solution on the centre manifold is defined by a classical solution, we can show
that its projection satisfies a particular impulsive differential equation. This identification
carries over to solutions that merely have enough smoothness to ensure that their right-
hand derivatives exist and are elements of the space RCR(R,R"™). However, the following
condition on the jump map is needed.

Definition 6.7.1. A sequence of functionals J(k,-) : RCR — R™ satisfies the overlap con-
dition if it admits a unique continuous extension to a functional J(k,-) : G([—r,0],R") —
R™ and this extension satisfies

J(k, & + xt;-1,h) = J(k, ¢)
for all p € RCR and h € R", whenever t; —t, € [—r,0).

The overlap condition roughly states that the jump functional does not have observable
“memory” at times in the past that happen to correspond to impulse times. The extension
property is satisfied for many typical jump conditions, such as those involving discrete
time-varying delays or distributed delays with reasonable kernels. We make use of it in
proof of the following theorem. The details are somewhat subtle, and we will spend a fair
bit more time on them in Section 8.1.2.

Theorem 6.7.1 (Dynamics on the centre manifold: abstract impulsive differential equa-
tion). Let y € RCR'(R,R™) satisfy y; € W.(t) with |[y|| < 6. Consider the projec-
tion w(t) = P.(t)y, and define the linear operators L(t) : RCR' — RCR and J (k) :
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Q([—r, O]an) — Q([—r, O]an) by

ciow) = { 205 G20 gmew={ B 020 e

If the jump functionals B(k) and g(k,-) satisfy the overlap condition, then w : R — RCR*
satisfies, pointwise, the abstract impulsive differential equation
dtw(t) = L()w(t) + P.(t)xoFs5(t, C(t, w(t))), t # 1y (6.13)
Aw(ty) = T (k)w(ty) + Pe(tk)xoGs(k, C(ty, w(ty))), t =ty, (6.14)

where w(t;, )(0) := lim._,o- w(ty—e)(8) is the non-uniform left limit at time t), and Aw(ty)(6) =
w(ty)(8) —w(t,; )(0) is the non-uniform pointwise jump at time ty, defined for 8 € [—r,0].

Proof. For brevity, denote F (1) = Fy (11, C(p1, w (1)), F (1) = xoF (1), F (1) = Pe(pt)x0F (1)
and analogously for Gs. We begin by noting that equation (6.11) allows us to write the

finite difference w,(t) = w(t + €) — w(t) as
t
welt) = [U(t +e,5) — Ut s)]w(s) + (Ut +e,8) — ) / U(t, 1)F ()
t+e
+U@+gwRﬁX/ Ut ) F(udu+ (Ut +et)— 1) Y Ut 1)G() (6.15)
t s<t; <t
Ult+et) Y Ultt)G()
t<t¢§t+€

First, we show that dtU(t,s)¢ = L(t)U(t, s)¢ pointwise for ¢ € RCR. For § = 0, we have

t+e
LUt + e.5)0(0) - U(t, )6(0)) = © / L(u)U (s, 5) i,

€ €

which converges to L(t)U(t,s)¢ as € — 07. For § < 0 and € > 0 sufficiently small,

1 1

E(U<t+6’ s)p(0)—=U(t,s)p(0)) = E(qﬁ(t+e+9—s)—¢(t+0—s)) — dYp(t+0—s) = dTU(t, s)p(0).
Therefore, dtU(t,s)p = L(t)U(t, s)¢ pointwise, as claimed. Since U(t,t) = I, this also

proves the pointwise convergence

YUttt et = o> Lty

€
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Next, we show that
%U(t + €,t) Pu(t) /He U(t, ) F(u)du — P.(t)F(t) = F(t) (6.16)

pointwise as ¢ — 07. We do this by first proving that the sequence z, := }U (t +

€ny 1) Pe(t) fttﬁ" U(t, p)F(11)dp is pointwise Cauchy for each sequence €, — 0*. Assuming
without loss of generality that ¢, is strictly decreasing, we have for all n > m,

€n €m

T — = {lU(t b t) — U+ em,t)] P(t) /t N U ) F )i

1 t+en
sUre) [P F (s
t

€m +em

Both integrals can be made arbitrarily small in norm by taking n,m > N and N large
enough. Since %U (t +€,t) is pointwise convergent as e — 07, we obtain that the sequence
x, is pointwise Cauchy, and is hence pointwise convergent. Direct calculation of the limit
in the pointwise sense yields (6.16). Combining all of the above results with equation (6.15)
gives the pointwise equality

drw(t) = LUt s)w(s) + L(#) / t U(t, )F(n)dp+F (1) + L(t) Y Ut 4,)G(i)

s<t; <t
= L{Hw(t) + F(t),
which is equivalent to (6.13).

To obtain the difference equation (6.14), we similarly identify w.(tx)(0) := w(tx)(0) —
w(ty — €)(0) with the decomposition

welte) = [0 (t,9) = Uit = 9w + [ Ul Podn+ [ U ) — Ul — e P ()

+ Y Ut t)GE) + > [Ultrets) = Ultr — €,1:)]G(i)

te—e<t; <Tk s<t; <Tp—€
Using Lemma 3.2.1 and Lemma 3.3.5, the above is seen to converge pointwise as € — 0%,
with limit

Aw(ty) = T (k)U(t;, s)w(s) + T (k) / k Uty WF(n)dp + Gk) + T (k) Y Uty 6:)G(0),

(6.17)
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where J (k)p(0) = x0(0)B(k)¢ + x(—r0)(0)[6(0) — $(07)], and we assume without loss of
generality that r > 0 is large enough so that t, —r # ¢; for all j < k and all k € Z. Let us
denote

U (t,s)p(0) = im U(t — ¢, s)p(0)

e—0t

the strong left limit of the evolution family at ¢. This limit is well-defined pointwise, and
due to the overlap condition, we have

TR (t;,€)¢ = T (kYU (tx, ) (6.18)
pointwise for all £ < t;,. Moreover, since
ty
wlte) =U-()u) + [ U e wF@det Y U t)G0), (619
S s<t;<tp
we can obtain equation (6.14) by substituting (6.18) and (6.19) into (6.17). O

We will not make much use of the abstract differential equation (6.13)—(6.14), and have
included it mostly for the purpose of comparison with analogous results for delay differential
equations. As we will see, the integral equation (6.11) will be more than sufficient.

6.7.3 A remark on coordinates and terminology

It is a slight abuse of terminology to describe (6.13)—(6.14) as an impulsive differential
equation on the centre manifold. More precisely, it is the dynamical system associated
to the projection onto the centre fibre bundle associated to a given solution in the centre
manifold. This precise description is, however, quite verbose, and for this reason we will
usually call (6.13)—(6.14) the impulsive differential equation on the centre manifold, even
if this is not exactly what it is.

The evolution equation (6.13)—(6.14) is quite abstract. It is an evolution equation in the
centre fiber bundle which, despite being finite-dimensional, is still rather difficult to use in
practice because the fibres RCR.(t) are not themselves constant in time. What is needed
is an appropriate coordinate system. This would in principle allow for the derivation of an
impulsive differential equation in R? for p = dim RCR.. We expand on precisely this idea
in Section 8.1.
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6.8 Reduction principle

Given a nonhyperbolic equilibrium, one may want to study the orbit structure near this
equilibrium under parameter perturbation in the vector field or jump map defining the
impulsive functional differential equation (5.1)—(5.2). Assuming the sufficient conditions
for the existence of a centre manifold are satisfied, part 2 of Theorem 6.5.1 implies that on
the centre manifold, the dynamics are completely determined by those of the component
in the centre fibre bundle. Part 3 of the same theorem guarantees that the small bounded
solutions are all contained on the centre manifold. Lemma 6.7.1 completely characterizes
these dynamic in terms of an integral equation (6.11). As a consequence, bifurcations can
be detected by analyzing this integral equation instead, and no loss of generality occurs by
looking only on the centre manifold (at least for small perturbations of the parameter).

The next natural question is the following. If we detect a bifurcation on the centre
manifold and the branch of solutions (or union of solutions, for example a torus) is stable
when restricted to the centre manifold, are we guaranteed that this solution is stable in the
infinite-dimensional system provided RCR, is trivial? The answer is yes, and the follow-
ing results makes this precise. They are inspired by similar results for ordinary differential
equations in both finite and infinite-dimensional systems; see for instance Theorem 2.2
from Chapter 10 of Hale and Verduyn Lunel’s introductory text [39] for functional differ-
ential equations, Theorem 3.22 from Chapter 2 of [10] for ordinary differential equations
in Banach spaces, and the classic text of Jack Carr [11] for finite-dimensional ordinary dif-
ferential equations, as well as some extensions to infinite-dimensional problems. However,
we will require the vector field to be slightly more regular than previously.

Definition 6.8.1. The functional f : R x RCR — R" is additive composite regulated
(ACR) if for allz € RCR(R,R™), Y € RCR(R,R™™) and z € RCR(R,R™), the function
t— f(t,z: + Yi2(t)) is an element of RCR(R,R™).

Remark 6.8.1. ACR functionals are quite common in applications. For example, suppose
f R XRCR — R"™ can be written in the form

f(t.6) = F (t, Awo-an), [ K, 0>¢<0>d9)

for d € RCR(R,[-r,0]), A € RCR(R,R™™), K : R x [—r,0] — R™ ™ integrable in its
second variable, continuous from the right in its first variable and uniformly bounded, and
F:RXxR"xR" — R" jointly continuous from the right in its first variable and continuous
in its other variables. It is clear that

t = A()[x(=d(t) + Yi(=d(1))2()] = A(B)[x(t — d(t)) + Y (¢ — d(t))=(t)]
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is an element of RCR(R,R™). As the the integral term, the function
0
t— / K(t,0)[z(t+6)+Y(t+0)z(t)|dd]

can be seen to be an element of RCR(R,R™) by applying the dominated convergence the-
orem. From the assumptions on F, we conclude that f is ACR. The same holds true for
vector fields with multiple time-varying delays and distributed delays.

Lemma 6.8.1. Assume RCR, = {0}. Let &, = [ ¢\ .. 4P ] be row array whose ele-
ments form a basis for RCR.(t), the latter being p-dimensional, such that &, = U.(t,0)®Py.
Given a mild solution x(y : I — RCR, write P.(t)x; = ®;2(t) for some z € RP, so that

xp = @yz(t) + h(t, 2()) + yp

with 2 € R?, h(t, 2) == (I—P.(t)C(t, ®;2), and yP € RCR4(t) is a remainder term. Assume
the matriz-valued function Y.(t) defined by the equation P.(t)xo = P:Y.(t) is continuous
from the right and possesses limits on the left. There exists positive constants p, C' and «
such that for allt > s, the remainder term satisfies

19211 < Cllys — H(s, z(s))|le™,
provided ||z:|| < p for allt > s.

Proof. One can carefully verify that z(t) and y; respectively satisfy the following integral
equations for all ¢t > s:

=(t) =Z(S)+/ Yo(u)F (s 2(p), y)dp + > Uelti)G (i, 2(6:), vy, (6.20)
v, = U(t,s)lys — h(s, 2(s))] +/ U(t, 1) Po(1) x0[F (1, (1), 40 ) = F (2, 2(11), 0)ldps
) (6.21)
+ Z U(t,ti) Ps(t:)xo[G (i, 2(t:), yi) — G (i, 2(t:), 0)],

provided p < /N, where F(t,z,y) = F5o(t, Q12 + h(t,2) + y), G(k, z,y) = Gso(k, Py, 2 +
h(ty,z) +y), and Y.(u) is defined by the equation P.(u)xo = ®,Y.(1). Because of our
assumption on Y.(u), it follows (from the integral equation (6.20)) that z is continuous
from the right and possesses limits on the left. If we remark that

ytS = (I — P.(t)xy = & — $y2(1),
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we can use Lemma 2.1.6 to conclude that t — [|y7]|| is an element of RCR(I,R). Using
spectral separation and the Lipschitz condition on the substitution operator, we can use
(6.21) to get the estimate

t
Il < Keoelog = s, =)l + [ KLolgflledn+ 3 KLalllle™,

s<t; <t

provided ||z;|| < p for p sufficiently small. Next, we apply the Gronwall Inequality (Lemma
2.4.1) to the function t ~ ||y ||e=%*. After some simplifications, we get

19811 < K1+ KLS ~ (sl exp ( (o KLs (14 ¢) ) =90

We can always guarantee that the exponential convergence rate is in the form e=*®*=%) for
a > 0 by taking 0 sufficiently small, since a < 0 and we have Ls — 0 as 6 — 0 by Corollary
6.3.0.1. The result follows. O]

The continuity condition on the matrix ¢ — Y.(f) comes up in a few places in this thesis.
Most noteworthy, it is used in Section 7.2 to guarantee temporal regularity properties of
the centre manifold. See in particular Section 7.2.3 and the discussion of Section 7.2.7.

Theorem 6.8.1 (Local attractivity of the centre manifold). Let the assumptions of Lemma
6.8.1 be satisfied and let f be an ACR functional. There exists a neighbourhood V of
0 € RCR and positive constants Ky, a1 such that if t — x; is a mild solution satisfying
xy €V for allt > s, then there exists u, € W,.(t) with the property that

e — || < Kyem @)

for allt > s. That is, every solution that remains close to the centre manifold in forward
time is exponentially attracted to a particular solution on the centre manifold. More pre-
cisely, there exists u € RCR([s,00), R"™) such that t — ®,u(t) satisfies the abstract integral
equation (6.11) for the coordinate on the centre manifold, and we have the estimates

|P.(1) 2 — Byu(t)|] < Ke™ 09,
| Ptz — h(t, ut))]] < Ke~®(=2),

Proof. With the same setup as in the previous proof, let u(t;us) for ¢ > s denote the
solution of the integral equation

u(t) =u8+/ Ye(u)F (i u(p), 0)dpe + Y Yul(ti)G(i, ults), 0),

s<t; <t
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for given u, € RP. Define w(t) = z(t) — u(t;us). With 2, = ®2(t) + h(t, 2(t)) + y°, we
have the following integral equations for w and y?:

yr = U(t, s)[yS — h(s, w(s) + us)] +/ U (t, 1) () xo M (11, w(pe) 4 u(ps ), v )dps

(6.22)
+ Y Ut ) Palts) xoMa(i, w(ts) + ults; ), 7)),
w(t) —w(8)+/ Ye(u) N (p, w(p), g )dp + > Ye(ti) Na(i, w(ts), yp), (6.23)

s<t;<t

with Ml, M27 N1 and N2 defined by

Ml(lu’aa7 b) = f(,u,a,b) - .F(,LL,CL,O),

My(i,a,b) = G(i,a,b) — G(i,a),

Ni(p, a,0) = F(p, a + ulp; us), b) — F(p, ulp; us), 0),
N2(i7 a, b) = g('l, a+ u(tzy U’s)a b) - g(lvu(tla S)? 0)

The idea now is to reinterpret the integral equation for w as a fixed-point equation param-
eterized by yﬁ) and u(+;us). Introduce the space

X = {6 € RCR([s,00), R") : [|o(#)[]e"*~ < K}
equipped with the norm [|¢|| = sup,>, ||¢(t)||e*~*). Define Tw by
t t<t;<oo

If w € X, then from the assumption that f is an ACR functional we can conclude that
Tw € RCR(R,R™). So we consider the nonlinear function 7': X — RCR(R,R"™). Notice
that if w is a fixed point of T, then w satisfies the integral equation (6.23). Working
backwards, it would then follow by Lemma 6.8.1 that

v = Oy [w(t) + u(t; ug)] + h(t, w(t) + u(t;uy)) +y2 (6.25)
is a solution with the property that
|| P(t)ve = Peu(t; us)]|| = Oe™™),
|| Ps(t)vr — h(t, ult; us))|| = O(e™™)
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as t — oo (recall that if w € X, then w — 0 exponentially as ¢ — oo, while A(t,-) is
uniformly Lipschitz with respect to t). It is at this stage that we refer the reader to the proof
of Theorem 2 of Carr’s book [14]. The setup having been completed, the proof that T' can
be made a contraction on X provided 9 is sufficiently small is the same as Carr’s argument,
and is omitted. Specifically, we have the following conclusion: for s € R and any (us,y?) is
sufficiently small, 7" : X — X is a contraction. In particular, by making this dependence
on the fixed point explicit and writing 7" : (R x R? x RCR,(s)) x X — X, one can ensure
that T is a uniform contraction. In the same way we proved that the centre manifold is
(uniformly in ¢) Lipschitz continuous, one can show that the fixed point S*(s,u,y”) of
T(s,u,y°) is uniformly (with respect to s) Lipschitz continuous in R? x RCR,(s), and the
Lipschitz constant can be made as small as needed by taking ¢ sufficiently small.

Now, for a given ¢ € RCR, define u,(¢) and y? (¢) according to

P(s)p = Psus(9), y§(¢) = ¢ — Pyus(9) — h(s, us(e)).
Next, define Q(s,+,-) : RP X RCR4(s) — R? x RCR4(s) by

Q(s,u, §) = (u, §) + (2,5 (5,us(9), y5 (9)), 0).

That is, Q(s,-,-) is a nonlinear perturbation from the identity. If we let v € RCR, then
the function Qyu(s,-, ) : R? x RCR,(s) = RP x RCR,(s) defined by

Qu(s,u,9) = (us(¥), ¥ — Psus(¥)) — (25" (s, us(9), 47 (6)), 0)

satisfies the property that Q(s, u, @) = (11,1) if and only if

Q‘i’s¢1+¢2 (57 U, (b) = (u> (b)

S*(s,-,+) is (uniformly in s) Lipschitz continuous with a Lipschitz constant that goes to
zero as 0 — 0. Since ¢ does not factor into the nonlinear term, @), can be made a uniform
(with respect to s and ) contraction by taking ¢ sufficiently small. As a consequence,
every (11,12) € R? x RCR,(s) is in the range of Q(s, -, -) (in fact, Q(s, -, - is a bijection).

Now, let x; defined for ¢ > s be a mild solution with ||x|| for ¢ > s sufficiently small.
Write x, = ® 2%+ 2% for ¢ € RP and 75 € RCR4(s). Denote (v, v5) = Q71 (s, -, -)(x¢, x3).
Take note that v = 29, From the above discussion, it follows that with u(t) = u(t; v¢), the
asymptotic of the theorem is satisfied. By restricting to a sufficiently small neighbourhood
of the origin, we can ignore the cutoffs on the vector field and jump map, thereby obtaining
results that are applicable to mild solutions of the system without the cutoff nonlinearity.

This proves the theorem. O
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Remark 6.8.2. Suppose the (parameter-dependent) process S(t,s;€) : RCR — RCR is
generated by a parameter-dependent impulsive RFDE with parameter e € R™, and at ¢ = 0
the equilibrium 0 is nonhyperbolic with a p-dimensional centre manifold. One then considers
the spatially extended process on RCR x R™ defined by

(0,€) = (S(t,5:€)9, €)

0 € RCR x R™ is now nonhyperbolic with a (p + m)-dimensional centre fibre bundle, so
that the function (x,€) — C(t,z,€) defines a (p + m)-dimensional centre manifold. The
dynamics on this centre manifold are trivial in the € component, while those in the x
component depend for each € fixed on x — C(t,x,€).

For small parameters € # 0, there may be small solutions in the parameter-dependent
centre manifold W¢ defined by

WE(t) = {C(t,z,€) : x € RCR.(t)}

that are locally asymptotically stable when restricted to WS. There could also be stable
attractors therein. The stability condition in addition to continuity with respect to initial
conditions (Theorem 5.2.1) and attractivity of the centre manifold (Theorem 6.8.1) then
grants the analogous stability of such small solutions or attractors when considered in the
original infinite-dimensional system (5.1)—(5.2), provided € is small enough and RCR,, is
trivial.

To summarize, when the unstable fibre bundle is trivial, the dynamics on the centre
manifold completely determine all nearby dynamics. Local stability assertions associated
to small solutions and attractors on the parameter-dependent centre manifold carry over to
those of the original infinite-dimensional system. The parameter-dependent centre manifold
contains all such small solutions and attractors.

94



Chapter 7

Centre manifold theory II: regularity

The content of Chapter 7.1 appears in Smooth centre manifolds for impulsive delay differ-
ential equations [21] by Church and Liu, while Chapter 7.2 contains material from Com-
putation of centre manifolds and some codimension-one bifurcations for impulsive delay
differential equations [20] by the same authors. Section 6.1.4 contains a minor correction
to the source material [21]; specifically, an inconsistency in the definition of the substitution
operator Rs and its formal derivatives Rgp ), Only symbolic corrections to one proof were
necessary. In addition, the assumption H.3 is stronger than the condition stated in the
aforementioned publication and is in fact needed in all proofs related to the smoothness of
the centre manifold. The associated errata has been submitted to the publisher. Finally,
by using the definition of the cutoff nonlinearity from the previous chapter, we are able
to prove smoothness in state for the centre manifold without assuming periodicity on the
linear part, thereby improving on the result from [21]. Only symbolic changes to proofs
are needed to accomplish this.

7.1 Smoothness in state

In Section 12.3, we proved the existence of invariant centre manifolds associated to the
abstract integral equation (5.3). These invariant manifolds are images of a uniformly
Lipschitz continuous function C : RCR. — RCR. In this section, we will ultimately prove
that this function is (fibrewise) smooth. To accomplish this, we will need to introduce an
additional regularity assumption on the nonlinear parts of the vector field and jump map.

H.8 The functions ¢; and sequences {d;(k) : k € Z} introduced in H.5 are bounded.
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Note that H.8 is a purely nonautonomous property and is trivially satisfied if the vector
field and jump functions are autonomous.

7.1.1 Contractions on scales of Banach spaces

The rest of this section will utilize several techniques from the theory of contraction map-
pings on scales of Banach spaces. In particular, many of the proofs that follow are inspired
by those relating to smoothness of centre manifolds appearing in [27, 16, 86], albeit adapted
somewhat so as to manage the explicitly nonautonomous and impulsive properties of the
problem. The following lemma will be very helpful. It is taken from Section IX, Lemma
6.7 of [27], but also appears as Theorem 3 in [30].

Lemma 7.1.1. Let Yy, Y, Y, be Banach spaces with continuous embeddings Jy : Yo — Y
and J 'Y — Y] and let A be another Banach space. Consider the fixed-point equation
y=f(y,\) for f:Y x A =Y. Suppose the following conditions hold.

b1) The function g : Yy x A = Y] defined by (yo, \) — g(yo, A) = J f(Joyo, \) is of class

C' and there exist mappings
fY 2 TY x A = L(Y),
U Yo x A = L(V)

such that Dyg(yo, \)§ = Jf(l)(Joyo, AN Jo€ for all (yo, A, €) € YoxAxYy and Jf(l)(Joyo, Ny =
fl(l)(Joyo, N Jy for all (yo, \,y) € Yo x A X Y.

b2) There exists k € [0, 1) such that f(-,\) : Y — Y is Lipschitz continuous with Lipschitz
constant , and each of fV(-,\) and fl(l)(~, A) is uniformly bounded by k.

b3) Under the previous condition, the unique fived point W : A — 'Y satisfying the equation
U(N) = f(U(N),A) itself satisfies U = Jyo ® for some continuous ¢ : A — Y.

b4) fo: Yo x A=Y defined by (yo, \) — fo(yo, \) = f(Joyo, A) has a continuous partial
derivative
Dof : Yo x A— L(NY)

b5) The mapping (y, \) — J o fO(Joy, \) from Yy x A into L(Y, Y1) is continuous.

Then, the mapping JoV is of class C* and D(JoW)(\) = Jo A(X) for all X € A, where A =
A(X) is the unique solution of the fized point equation A = fM(W(N), \)A+ Dy fo(®(N), N).
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The reason we will need this lemma is because substitution operators such as Rs :
PC"* — B"*(R,R") & B*(Z,R") defined in Corollary 6.3.0.1, though Lipschitz continu-
ous, are generally not differentiable. The surprising result is that if one instead considers
the codomain to be B%*(R, R")@Bf}c’s(Z, R™) for some ¢ > 7, then the substitution operator
becomes differentiable. Since X"-type spaces admit continuous embeddings J : X — X"
whenever 71 < 19, the centre manifold itself can be considered to be embedded in any ap-
propriate weighted Banach space with high enough exponent 7. An appropriate application
of Lemma 7.1.1 applied to the defining fixed-point equation (6.7) of the centre manifold
will allow us to prove that a composition of the embedding operator with the fixed point
is a C! function. An inductive argument will ultimately get us to C™ smoothness.

7.1.2 A modified fixed-point equation, substitution operator and
candidate differentials

Recall the definition of the modified nonlinearities

Fy(t,x) = f(t. 7)€ (HP?(nga:H) : <\|<Ps<s> s 5Pu<s>>xu)

IIPC(]=9V)§0|I> ¢ <||(Ps(3) +N?(S))woll> '

Gsalh, ) = glk,20- )6 (

Since s is fixed and RCR.(s) is finite-dimensional, we may assume without loss of generality
that || - || is smooth on RCR.(s) \ {0}. We introduce a symbolic modification of the fixed-
point operator;

Gl® : PC™ x xRCR.(s) — PC™*

defined in the same way as equation (6.7). The only difference here is that wish to make the
dependence on 7, s and ¢ explicit. We denote the associated fixed point by 1, ,, provided
0 > 0 is sufficiently small.

From this point on, our attention shifts to proving the smoothness of @, ; : RCR.(s) —
PC™ as defined by the fixed point of (6.7). We begin with some notation. Define PC* =
Un>oPC”. Let

V1 ={uePC":||(I - P.ullo < oo},

where ﬁc is the projection operator from Lemma 6.5.1. Equipped with the norm

[lullvms = [[Peully,s + |11 = Pe)ullo,
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the space V' is complete, where the s-shifted definitions are as outlined at the beginning
of Section 6.1 .

Let 6 > 0 be chosen as in Lemma 6.5.1, define
Vi ={ueV":||(I—-P)ully <6}

and define Vj'(t) C RCR by V{'(t) = {u(t) : u € V§'}. Also, define the set Vy® = U,~oVy'.
Set B" = PC"(R,R")® B} (Z,R") and B> = U,»B". Finally, the bounded p-linear maps
from X; x --- x X, to Y for Banach spaces X; and Y will be denoted £P(X; x --- X, Y).
We may write simply £? if there is no confusion.

By construction of the modified nonlinearity R; s and the choice of § from Lemma 6.5.1,
the functions u — Fs4(t,u) and u — Gs4(k,u) are C™ on V5'(t) and Vj'(7;) respectively,
for all t € R and k € Z. We are therefore free to define

Fu(t) = DPFy(tult),  GRlu(k) = D*Gyy(miulm),

for 1 < p < m, where D? denotes the pth Fréchet derivative with respect to the second
variable. For each u € V3 we can define a p-linear map Rf;pg(u) :PC>® x -+ xPC>® — B*®
by the equation

R (w)(vn, ..., up)(t k) = (FPu(t) (01 (1), .., 0p(8)), GPu(k) (01 (1), - vp(t8))). (T.1)

For p = 0, we define é((;og = Rss.

7.1.3 Smoothness of the modified nonlinearity

In this section we elaborate on various properties of the substitution operator Rs, and its

formal derivative R((f S) introduced in equation (7.1). First, we will need a result that states
that condition H.5 holds also for the modified nonlinearities when restricted to V;*.

Lemma 7.1.2. For j =1,...,m, there exist constants c;, Jj, q > 0 such that
|1 D7 s o(t, ¢) = D Eso(t )|l < &llo = vl |ID/Fsst, 0)l| < ae 6,0 € Vi*(t)
1D7Gis5(k, ¢) — DG s(k, )| < dyllo — ¢, |ID'G(k, @) < 4d; ¢, 9 € Vi (T).

Proof. We prove only the Lipschitzian property for D7 Fj,, since the boundedness and
corresponding results for D/Gj ; are proven similarly. Denote

(s = (L) (W= Rio)ol
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When ¢, € V2(t), X is m-times continuously differentiable and its derivative is globally
Lipschitz continuous. Moreover, the Lipschitz constant can be chosen independent of s
because of the uniform boundedness (property 1) of the projection operators. Let Lipf
denote the Lipschitz constant for D*X (s, -). Then,

Djﬁé,s(t7 ¢) - Djpé,s(t7 ¢) = Dj [f(t’ gb)X(S’ ¢) - f(ta ¢)X(57 ¢)}
= Y D*Vf(t,¢)DFX (s, 0) — DFN () DFNX (s,4))

N17N26P2(j)

= > D*™f(t,¢) — f(t,)ID#N2X (s, ) + D*V f(t, ) DFN (X (s, 6) — X (5,7)],

Nl,N2€P2(j)

where P»(j) denotes the set of partitions of length two from the set {1,...,j} and #Y is
the cardinality of Y. Restricted to the ball Bss(0), the Lipschitz constants for D7 f(t,)
and the boundedness estimates from H.5 then imply the estimate

1D Fs(t, 6) — D7 Fs o8, 0)|| < Y. U+ @epnm (OLiDE™ | 1o = ¥|l-

N1,N2€P>(j)

As each of ¢; and d; are bounded, the Lipschitz constant admits an upper bound. Outside
of Bys(0), X and all of its derivatives are identically zero. O

Lemma 7.1.3. Let 1 <p<m, u; >0 fori=1,....p, p=pu+---+pu, andn > p. Then
we have R((;ps)(u) € LP(PCM x -+« x PCH* B") for all w € V5°, with

IRE (u)|er < sup || EPut)]|e” @M 4 sup [|GEuk)||e
teR kEZ
= || R (w)|]—p-

Also, u R((si) (u) is continuous as a mapping R((si) Ve — LP(PCHM x -+ x PCH?, B") if
n > u, for all o > 0.

Proof. For brevity, denote Rs = ]:25,5, and similarly for F' and G. Tt is easy to verify that
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Rgp )(u) is p-linear. For boundedness,

IR (W)l|ce = sup ||ESPu(®)(wr(t),. .. 0p(0))]le M+ |G ulk) (v1(tr), .., vp(ti))[[e !

teR,kEZ
llvllp=1
< sup [[EPu@n(t), o wp@)lle + sup (IGPu(k)(wn (k). wp (k) le ™
llvllz=1 l|ullz=1
< sup ||EPu@)]- [[lor@)]]- lop@]]e ™+ sup |GP u(k)|| - [[[wor (k)] - - [[wp ()| []e 1™
I tHER—l Il kHEZ—I
v||g= wl|g=

= sup || E{Pu(t)||e~ 01 4 sup || G u(k)|[e~ (-l
teR keZ

where ||v||z=1 is the set of all v = (vy,...,v,) € PC*"* x - x PC" such that ||v;||,, =1 for
it =1,...,p. The latter term in the inequality is finite by Lemma 7.1.2 whenever n > p. In
particular, the latter lemma implies that for all ¢ € V5, one has sup,cg |DIEs(t, o(1))]] <
gc;, and similar for Gy.. This uniform boundedness can then be used to prove the continuity
of u — égp )(u) when 7 > u; the proof follows that of [Lemma 7.3 [16]] and is omitted
here. ]

The proof of the following lemmas are essentially identical to the proofs of [Corollary
7.5, Corollary 7.6, Lemma 7.7 [10]] and are omitted here. The trivial modification stems
from in our case, the nonlinearity consists of two independent components defined by Fj
and G, as well as the time dependence. This latter complication is effectively resolved by
Lemma 7.1.2.

Lemma 7.1.4. Letny > ki > 0,1 < p < k. Then, Rs, : Vi — LP(PC™ x---xPC™, B"™)
is C* and Dpf%&s = Rgpg

Lemma 7.1.5. Let 1 <p <m, u; >0 fori=1,...,p, p = p1 +---+ pp and n > p.
Then, Rgpg 1 VE — LP(PC*M x -+ x T2 B") is C*=P provided n > i+ (k — p)o.

Lemma 7.1.6. Let 1 <p <k, y; >0 fori=1,....p, p=p1 +---pp and n > p+ o for
some o > 0. Let X : RCR.(s) — V be C*'. Then, R((;pg 0X : RCR.(s) = LP(PCM x -+ %
1, B") is C' and

D (R0 X) (@)(wr, vy ) = RE (X (@) (01,0, X (0)0).
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7.1.4 Proof of smoothness of the centre manifold and tangency
to the centre fibre bundle

With our preparations complete, we can formulate and prove the statement concerning the
smoothness of the centre manifold.

Theorem 7.1.1. Let J»™ : PC™* — PC"™* denote the (continuous) embedding operator
form <mng. Let [n,7] C (0, min{—a, b}) be such that knj < 7. Then, for eachp € {1,...,m}
and n € (pn,7], the mapping J1 o Uz s : RCR.(s) — PC™* is of class C? provided § > 0 is
sufficiently small.

Proof. The proof here follows the same lines as Theorem 7.7 from Section IX of [27]. To
begin, we choose ¢ > 0 small enough so that Lemma 6.5.1 is satisfied in addition to having
Ls||K1|| < % for all n € [i3,7). By Lemma 6.2.3 and Corollary 6.3.0.1, this can always be
done in such a way that the inequality holds for all s € R.

We proceed by induction on k. For p =1 =k, we let n € (1,7 and show that Lemma
7.1.1 applies with

Yy =V, Y = PC™, Y, = PC™, A = RCR.(s)
flu,9) =GP (u,0), fO(u,0) =Ko Ri)(w), fiV(u,0) = K7 o RS (w),

with embeddings J = J/ and J, : V;"* < PC™. To check condition bl we must first
verify the C'!' smoothness of

‘/(;ﬁ“s X RCRC(S> 2 (ua 90) = Q(U, 30) = anﬁ <U<7 S)(,D + ]Cg © R‘Svs(‘]ou)) ’

The embedding operator J77 is itself C1, as is ¢ + U(-,8)¢ and Jou — Rs.(Jou),
the latter due to Lemma 7.1.4. C! smoothness of g then follows by continuity of the
linear embedding Jy. Verification of the equalities Dyg(u, )¢ = JfW (Jou, @) Joé and
JfO(Jou, )€ = Y (Jou, @) JE is straightforward. Condition b2 follows by boundedness
of the embedding operators and the the small Lipschitz constant for Q?SS For condition
b3, the fixed point is @; , : RCR.(s) — PC"*, and we may factor it as ;. = Jy o ® with
® : RCR.(s) — V5" defined by ®(¢) = ii; .(¢); the latter is continuous by Theorem 6.4.1
and the factorization is justified by Lemma 6.5.1. To check condition b4 we must verify
that i .
Vi x RCRe(s) 2 (u,9) = folu, ) = G5 (Jou, »)
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has a continuous partial derivative in its second variable — this is clear since f; is hnear in
¢. Finally, condition b5 requires us to verify that the map (u, ) — J7 o K7 o R5 (Jou)
is continuous from V;"* x RCR.(s) into L(RCR.(s), PC™*), but this once again follows by

the continuity of the embedding operators and the smoothness of R;s from Lemma 7.1.4.

The conditions of Lemma 7.1.1 are satisfied, and we conclude that J" o @; , is of class
C! and that the derivative D(J" o @iz ,) € L(RCR.(s), PC™*) is the unique solution w®
of the equation

D= Klo R (l(0))w + U, s) == Fi(w, ). (7.2)

The mapping F} : L(RCR.(s), PC"*) x RCR.(s) — L(RCR.(s), PC™*) is a uniform con-
traction for n € [7,7] — indeed, Fi(-, ) is Lipschitz continuous with Lipschitz constant
Ls - ||K7|| < 1; this follows from Lemma 7.1.3 and is independent of s. Thus, @\"(y) €
L(RCR.(s), PC"*) — L(RCR.(s), PC™*) for n > 7j. Moreover, ) RCR o(s) = PC™ is
continuous if € (7,7].

Now, let 1 < p < k for k > 1 and suppose that for all ¢ € {1,...,p} and all n € (¢7,7],
the mapping
T o Gz s : RCR.(s) — PC™*

is of class C? with DI(J" o u) = JM o ugl and ﬁgqi(go) € L1(RCR.(s), PCI"*) for each
¢ € RCR.(s), such that the mapping

T o @l") . RCR.(s) — LYRCR.(s), PC"*)

is continuous for n € (¢7,7]. Suppose additionally that ﬂ%?i(gp) is the unique solution w®
of an equation

P =Ko B (g (0)w + HY (9) = F (0, 9), (73)
with H' = U(-, s) and H® (¢) for p > 2 is a finite sum of terms of the form
jcpe R(q) ~ ~(r1) R G
& o Ry (uns(9)) (g (@), - Uy (#)

with 2 <¢g<p 1<r< pfor ¢t =1,...,q, such that r, +--- 4+ r, = p. Under such
assumptions, the mapping F )L LP(RCR(5), PC™) x RCR.(s) — LP(RCR.(s), PC™*) is
a uniform contraction for all n € [pn,7]; see Lemma 7.1.3.
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Next, choose some n € ((p+ 1)7,7], 0 € (7,n/(p+1)] and p € ((p + 1)o,n). We will
verify the conditions of Lemma 7.1.1 with the spaces and functions

= LP(RCR.(s), PCP**), Y = LP(RCR.(s), PC**), Yy = LP(RCR.(s), PC™*)
Flu, @) = K2 o R (7.4 (0))u+ H?) (¢), A =RCR.(s),
FOD(u, ) = Kt o R (15,4 ()) € L(Y),

s

W (u, ) = K7 o B (15,4 (¢)) € L(YY),

s

We begin with the verification of condition bl. We must check that
LP(RCR.(s), PCP") x RCR.(s) 3 (u, ) = T™ 0 KA o Ry (itg.1(0))u + T™ 0 HY) ()

is of class C*, where now J™™ : LP(RCR.(s), PC™*) — LP(RCR.(s), PC™*). The above
mapping is C* with respect to u € LP(RCR.(s), PC*"*) since it is linear in this variable.
With respect to ¢ € RCR.(s), we have that ¢ — J™KFo Rglg (@7.5(¢)) is C*: this follows
by Lemma 7.1.6 with ¢ > (p + 1)o and the C! smoothness of p = T o Uy 5(p) with

o > 7. For the C' smoothness of the portion ¢ + J g /p ( ), we get differentiability

from Lemma 7.1.6; we have that the derivative of ¢ — H ® /L(go) is a sum of terms of the

form

and each 1]7(7]1 is understood as a map into PC’”*. Applying Lemma 7.1.3 with p > (p+1)o
grants continuity of DHIS%(QO) and, subsequently, to J WDHE;)Z)(QO). The other embedding
properties of condition bl are easily checked. Condition b4 can be proven similarly.

The Lipschitz condition and boundedness of b2 follows by the choice of § > 0 at the
beginning and the uniform contractivity of H, described above. Condition b3 is proven by
writing

T 0 Kt o Rill(iig) () = KT o Ry (iig(9))
and applying Lemma 7.1.3 together with the C' smoothness of @7 s to obtain the continuity
of p — Rglg (@;,s) € L(Y,Y7). This also proves the final condition b5 of Lemma 7.1.1, and
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we conclude that w : RCR.(s) = LP(RCR.(s), PC"*) is of class C! with u(p+1 Dﬂ%{g €
LPF)(RCR.(3), PC” ") given by the unique solution w®*V) of the equatlon

1 1
W = Kt o B (3,0 (0) 0™ + HEE, () (7.4)
where H?™ (o) = K o R (@17 , (o)) (@), @) () + DH®) (). Similar arguments
M/(p-f—l) s 0,5 \ 1,8 ' ns ¥©)s r]s w/p ¥)- g
to the proof of the case k& = 1 show that the fixed point w®t!) is also contained in

LD (RCR.(s), PC"HV%) "and the proof is complete. O

Corollary 7.1.1.1. C : RCR. — RCR is C™ and tangent at the origin to the centre
bundle RCR.. More precisely, C(t,-) : RCR.(t) — RCR is C* and DC(t,0)¢ = ¢ for all
¢ € RCR.(t).

Proof. Let 17,n be as in the proof of Theorem 7.1.1. Define the evaluation map ev, : PC" —
RCR by ev(f) = f(t). Since we can decompose the centre manifold as

C(t,¢) = evi(u(0)) = evi(T"w(9)),

boundedness of the linear evaluation map on the space PC"" then implies the C* smooth-
ness of C(t,-). To obtain the tangent property, we remark that

DC(t,0)6 = ev; (D ( i ﬁt(0)> ¢) _— (a;{3(0)¢) .

From equation (7.2) and Theorem 6.5.1, we obtain ug )(0) = U(-,t), from which it follows
that DC(t,0)¢ = ¢, as claimed. O

As a secondary corollary, we can prove that each derivative of the centre manifold is
uniformly Lipschitz continuous. The proof is similar to that of Corollary 6.4.1.1 if one
takes into account the representation of the derivatives u(~ P) as solutions of the fixed- point
equations (7.4), whose right-hand side is a contraction Wlth Llpschltz constant independent

of s.

Corollary 7.1.1.2. For each p € {1,...,k}, there exists a constant L(p) > 0 such that
the centre manifold satisfies ||DPC(t, ) — DPC(t,)|| < L(p)||¢ — ¢|| for all t € R and
0,1 € RCR(t).

We readily obtain the smoothness of the centre manifold in the case where the semilinear

equation is periodic. In particular, in such a situation many some of the assumptions H.1-
H.8 are satisfied automatically and can be ignored.
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Corollary 7.1.1.3. Suppose the semilinear equation (5.1)—(5.2) satisfies the following con-
ditions.

P.1 The equation is periodic with period T and ¢ impulses per period. That is, L(t+T) =
L(t) and f(t+T,-) = f(t) for allt € R, and B(k+c¢) = B(k) , g(k+¢,-) = g(k,")
and Tpre =T + 1 for all k € Z.

P.2 Conditions H.1-H.3 and H.5-H.6 are satisfied.

Then, the conclusions of Corollary 7.1.1.1 and Corollary 7.1.1.2 hold.

7.1.5 Periodic centre manifold

In this section we will prove that the centre manifold is itself a periodic function, provided
the conditions P.1-P.2 of Corollary 7.1.1.3 are satisfied. We begin with a preparatory
lemma.

Lemma 7.1.7. Define the operator Ny : RCR.(s) — RCR.(s) by
Ni(¢) = Pe(s)S(s + T, 5)C(s, ).

This operator is well-defined and invertible in a neighbourhood of 0 € RCR.(s). Moreover,
the neighbourhood can be written U N RCR.(s) for some open neighbourhood U C RCR of
0 € RCR, independent of s.

Proof. To show that Ny is invertible in a neighbourhood of the origin we will use the inverse
function theorem. The Fréchet derivative of N at 0 is given by
DN,(0)¢p = P.(s) o DS(s+1T,5)(0) o DC(s,0)¢
=P.(s+T)oU(s+T,3)¢
= Uc(s + T7 S)¢a
where we used Corollary 7.1.1.1 to calculate DC(s,0) and Theorem 5.2.1 to calculate

DS(s+T,s)(0). Since U(s + T, s) is an isomorphism (Theorem 4.3.1) of RCR.(s) with
RCR.(s+T)=RCR.(s), we obtain the claimed local invertibility.

To show that the neighbourhood may be written as claimed, we notice that DNg(x) is
uniformly convergent (in the variable s) as  — 0 to DN,(0). Indeed, we have the estimate

IDNs(2) = DNs(0)|] < [[Ue(s + T’ s) Pe(s)|] - [|DC (s, x) — DC(s,0)]],
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and the Lipschitz property of Corollary 7.1.1.2 together with uniform boundedness of the
projector P.(s) and centre monodromy operator U.(s+7T, s) grants the uniform convergence
as © — 0. As a consequence, the implicit function may be defined on a neighbourhood
that does not depend on s. O

Theorem 7.1.2. There exists § > 0 such that C(s+T,¢) = C(s, ¢) for all s € R whenever
oIl < 0.

Proof. By Lemma 7.1.7, there exists 6 > 0 such that if ||¢|| < J, we can write ¢ = N,())
for some 1p € RCR.(s). By Theorem 6.5.1 and the periodicity condition P.1,

C(s+T,¢0)=C

s+ T, Ns(¥))
s+T,P.(s+T)S(s+1T,5s)C(s,))
s+ T,s)C(s,1)

T)C(s, )

s, P.(s)S(s,s — T)C(s, %))

s, P.(s)S(s+T,5s)C(s,v))

s, Ns(1)) = C(s,9),

where the identity S(s+17T,s) = S(s,s—1T) follows due to periodicity and Lemma 5.1.1. [

~—~~ N —~ = —~
VA
»

7.2 Pointwise regularity in time

In the previous section we were concerned with the smoothness of ¢ — C(t, ¢). To contrast,
in this section we are interested in to what degree the function t — D*C(t, ¢) is differen-
tiable, for each kK = 1,...,m. Our observations in Section 3.2.2 should make it clear that
we cannot expect this function to be differentiable, but we would expect t — C(t, ¢)(0) to
right-continuous and regulated for each fixed 6.

Perhaps it is better to motivate our ideas on regularity in time by explaining how we
will be using the centre manifold in applications. From Taylor’s theorem, C(¢, ¢) admits
an expansion of the form

C(t,6) = DC(t,0)6 -+ 5 D°C(L, 0)[6f + -+ — D" C(t, 0)6]" + O[]+,

where [¢]* = [¢,...,¢] with k factors, and the O(]|¢||™"!) terms generally depend on t.
By Theorem 7.1.2, under periodicity assumptions these terms will be uniformly bounded
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in t for ||¢|| sufficiently small. This expansion can in principle be used in the dynamics
equation (6.13)—(6.14) on the centre manifold or its integral version (6.11), which will
permit us to classify bifurcations in impulsive RFDE. In later sections we will want to
make these dynamics equations concrete — that is, to pose them in a concrete vector space
such as R? for some p € N. By analogy with ordinary and delay differential equations,
this should also allow us to obtain a partial differential equation for the Taylor coefficients
DIC(t,0). As these coefficients are time-varying, we should suspect this PDE to contain
derivatives in time as well.

In summary, we need to consider the differentiability of the function ¢ +— DIC(t,0)
for j = 1,...,m. Since we know that this function will not actually be differentiable, we
consider instead the differentiability of

t = DIC(t,0)[¢1, ..., 9;](0)

for each 6 € [—r,0] and p-tuples ¢1,...,¢,. While a more realistic goal, even this is too
strong a condition. It is precisely here here that we see the biggest difficulty in translating
from an autonomous centre manifold formulation to a nonautonomous one based on fibre
bundles: the first differential DC(t,0) : RCR.(t) — RCR of the centre manifold has a
different domain for each ¢t. As a consequence, we can not even define the derivative of
t — DC(t,0)p(0), since we must have ¢ € RCR.(t) for the right-hand side to be well-
defined. This problem is apparent for all higher differentials.

7.2.1 A coordinate system and pointwise PC!"-regularity

To address the issue the centre manifold having a “time-varying domain”, first note if we
fix a sufficiently well-behaved coordinate system in RCR.(t) — for example, let ¢q,..., ¢,
be a basis for for RCR.(0) and define ¢;(t) = U.(t,0)¢; for i = 1,...,p to be a basis for
RCR.(t) — then the function w(t) of Lemma 6.7.1 and Theorem 6.7.1 can be written as
w(t) = O;2(¢t) for z € RP, where &; = [ ¢1(t) --- ¢,(t) ]. This motivates us to consider
instead a centre manifold in these coordinates.

Definition 7.2.1. The function C': R x RP — RCR defined by
C(t,z) = C(t, P;2). (7.5)

is the centre manifold in terms of the basis array ®.
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If C(t,-) is C™-smooth, the chain rule implies the same is true for C(¢,-). It follows
that

C(t,w(t)) = DO(t, O)z(t)—i—%DQC(t, 0)[2(t), z(t)]+- - -+%D’”O(t, 0)[z(H)]™+O(||w(t)]|™),

so insofar as dynamics on the centre manifold are concerned, it is enough to study the
differentiability of ¢t — DIC/(t,0)[z1, . . ., 2,)(#) for p-tuples z1, ..., z, € RP. Specifically, the
temporal regularity we will attempt to prove is given in the following definition.

Definition 7.2.2. A function F : R x R? — RCR is pointwise PCl™-regular at zero if
it satisfies the following conditions.

e ©+— F(t,z) is C™ in a neighbourhood of 0 € R?, uniformly in t;

o forj=0,...,m, D'F(t,0)[21,d,...,2](0) is differentiable from the right with limits
on the left separately with respect to t and 0, for all zy,...,z; € RP.

With this in mind, the result we will prove is as follows.

Theorem 7.2.1. Let ¢1,...,¢, be a basis for RCR.(0), and define
(I)t = [ Uc(t70)¢l e UC(t70)¢p ]

If the centre manifold C : RCR. — RCR is (fibrewise) C™, then the centre manifold in
terms of the basis array ® is effectively pointwise PCY™-reqular at zero provided certain
technical conditions are met (assumption H.10). Moreover, if 6 € RCR(R,[—r,0]), then
t — C(t,2)(0(t)) is continuous from the right with limits on the left for all z € RP, and
2+ C(t, z) is Lipschitz continuous, uniformly fort € R.

The technical condition will be introduced in Section 7.2.3.

7.2.2 Reformulation of the fixed-point equation

Given that C(t, z) = C(t, ®;2), we can equivalently write C(t,z) = v:(2)(t) with v, : R —
PC™ the unique fixed point of the equation

wlz) = By + KJ(Ras(wi(2))) (7.6)

for each |z| small enough, where K} is as defined in equation (6.3) and Rs; is the sub-
stitution operator from Section 6.3. Notice also that the nonlinear operator defining the
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right-hand side of the equation admits the same Lipschitz constant as original fixed-point
operator G from equation (6.7). Up to an appropriate embedding, the jth differential le] )
satisfies for j > 2 a fixed-point equation of the form

v,fj) =K} o R((;’lt) (vt)vﬁj) + K7 o HD (v, vgl), e ,vﬁj_l)), (7.7)
with the right-hand side defining a uniform contraction in vt(j ). HU) can be written as a
finite linear combination of terms of the form

RS @)™, ..o,

for ¢ € {2,...,7}, such that ry +--- +r, = j. All of this follows from (the proof of)
Theorem 7.1.1. Explicitly,

HY = =Ry (o + DI[Rss(wn(2)))
and one can verify by induction on j that H) contains no term of the form R(l)(vt)vgj )
and that the coefficients in the aforementioned linear combination are independent of t.

To compare, for 7 = 0 and j = 1, we can compute directly from the definition of the fixed
point and by using Corollary 7.1.1.1 and the chain rule that

v (0)(-) =0, (7.8)
v (0)() = D). (7.9)

The assumption Df(¢,0) = Dg(k,0) = 0 implies R((Sl)(O) = 0, so the fixed-point equation
(7.7) implies

o2(0) () = K7 0 HD(0, 20, P (0)(), ..., o V() ()] (1) (7.10)

for j > 2. By definition of the basis array ®, the following lemma is proven.

Lemma 7.2.1. If the centre manifold is C', then the centre manifold in terms of the basis
array ® is pointwise PCY'-reqular at zero. If the centre manifold is C™, then the centre
manifold in terms of the basis array ® is pointwise PCY™-reqular at zero provided

te K70 HO(0, 20,0 (0) (), ., o V(O] (Dl -, 2)(6),
0 K70 HO(0,00), 0 (0)0),....v0)0)] (01, . 2)(6)

are each, for j = 2,...,m differentiable from the right with limits on the left, for all
Bly-yZj € Rp,
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7.2.3 A technical assumption on the projections P.(t) and P,(t)

By definition of the bounded linear map K} from (6.3), it will be necessary to differentiate
(in t) integrals involving terms of the form p +— U(t, u)Ps(11)xo and p — U(t, 1) P.(14) Xo-
Generally, if we assume RCR,,(0) to be ¢g-dimensional (guaranteed by Theorem 4.3.1 if the
linearization is periodic), then we can fix a basis ¢4, ..., 1, for RCR,(0) and construct a
basis array

‘Ift = [ Uu(t70)¢1 Uu(tao)d]q ]

for RCR,(t) that is formally analogous to the basis array ®; for the centre fibre bundle.
Under spectral separation assumptions, U,(t,s) : RCR.(s) — RCR.(t) and U.(t,s) :
RCR.(s) = RCR.(t) are topological isomorphisms, from which it follows that there exist
unique Y,(t) € RP*™ and Y, (t) € R?*"™ such that

Fe(t)xo = ®iYe(t),

Pu(t)xo = U, Y,(1). (7.11)

Even under periodicity conditions, computing the action of these projections on the func-
tional xo € RCR([—r,0], R"*") is quite nontrivial and requires computing the abstract
contour integral (4.5). Though this can in principle be done numerically by discretizing
the monodromy operator — see Section 4.6.3 — there is little in the way of theoretical re-
sults guaranteeing, for example, that the matrix functions ¢t — Y.(¢) and ¢ — Y, (t) are
respectively elements of RCR(R, RP*") and RCR(R, R?*™). Such a result would make the
differentiation of the integrals appearing in the definition of Kj' much more reasonable. We
therefore introduce another hypothesis. We will discuss it in a bit more detail in Section

7.2.7.

H.9 There are (finite) basis arrays ® and ¥ for RCR. and RCR,, respectively for which
the matrix functions t — Y.(¢) and t — Y, (¢) from equation (7.11) are continuous
from the right and possess limits on the left.

7.2.4 Proof of Theorem 7.2.1

We deal first with the continuity of ¢ — C(t, 2)(0(t)) from the right and the existence of
its left limits. Since C(, 2) = v(2)(-) € PC™, it can be identified with a history function
t — ¢ for some ¢ € RCR(R,R™). But this implies C(t,2)(0(t)) = c:(0(t)) = c(t + 0(t)).
The conclusion follows because ¢ € RCR(R,R") and § € RCR(R,[—r,0]), and right-
continuity and limits respect composition. As for the Lipschitzian claim, it follows by
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similar arguments to the proof of the original centre manifold Theorem 6.4.1 and Corollary
6.4.1.1.

Using the definition of the linear map Kj in (6.3) and equation (7.10), we can explicitly
write v (0)() as

v (0)(t) = / Ut )T = Pu(p) = Puli)lxo H (1) dps - / U Pa)xe IO ()

—00

t [e%¢)
+ 3 U = Polts) — Pults)lxo B (t:)dt; = > Ut t) Pu(ti) xo H (83t
[e%s) t

where each of A (1) and HY(t;) and HY are related by the equations

H(j) = Z CZR((ST;)(O)[CI)?Z)l’ [UISQ)(O) <t>]di,27 . ['Ulgj_l)(())(t)]di’j—l]
- Z D" f (1, 0) [ @0, [0 (0) (1)) %2, . [0~V (0) ()] %]

7 (J T4 di, 2 i,2 1 i,j—1

H (1) = Y eiD"g(k, 0)[@} " [0 (0) ()] 2, .. [~ (0) (1)) ™)
The first line follows from the definition of H), while the other two come from the defini-
tion of the substitution operator. Note also that we have suppressed the inputs z1, ..., z;;
technically, each of H 1(; ) (u) and ]:Iéj )(,u) are j-linear maps from R” to RCR. Using assump-
tion H.9, we can equivalently write v\ (0)(¢) as

W9 (0)(t) = / U0 = BYelo) = WY GO ()~ [ 0Vl B )

—0o0

+Z (t,t:)xo — B Ye(ts) — Yo (1) HY (¢ dt—Z\I/t t)HD (:)dt;.
(7.12)

At this stage we remark that Theorem 7.1.1 implies v\” (0)(")[z1,...,2] € PC™ for i =
1,...,j—1, while ®; is pointwise differentiable from the right by its very definition. With
these details and assumption H.3, u — [ﬂ])(u)[zl, ..., %] is an element of RCR(R,R")
for every tuple 2, ..., 2; € RP. From assumption H.9, vt(j )(0)(25) is pointwise differentiable
from the right if and only if the limit

1 t+e .
lim — Ut + e, w)xoH{ (u)dpe
t

e—0t €
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exists pointwise. From equation (3.24) and Lemma 3.3.5, we can equivalently write the
integral above in terms of the fundamental matrix solution:

t+e ) t+e
/ Ut + €, m)xoH Y (1)dp = / X (—oo,t+e+0] (1) (I + /
t t w

t+e+0

L(C)Vc(wu)d<> AP (u)dp.

If 8 < 0, then the integrand vanishes when € < —6. Since p — H fj )(u) is continuous from
the right, we conclude that
. 1 t+e . .
lim — Ut w)xoH ()dp = xoHY (1),
e—0t € t
so that t — v )(0)(1&) is differentiable from the right (for € fixed), as claimed. The proof
of existence of limits on the left is similar and omitted.

To get the analogous result for 6, it is worth recalling that from the fixed point formula-
tion, vtj)(()) is a j-linear map from R? to PC"*. As a consequence, for all t € R, 6 € [—r, 0]
and 2q,...,2; € R? the equation

v 0)(#)[z1, - ., 2](0) = v (0)(t + 0)[z1, . . ., 2](0)

is satisfied. The analogous differentiability and limit results for 6 therefore follow from
those of ¢, completing the proof.

7.2.5 The hyperbolic part is pointwise PC!"™"-regular at zero
Later we will need to also consider the Taylor expansions of the hyperbolic part H : R x
RP — RCR of the centre manifold in terms of a basis array ¢, defined by

H(t,z) = (I — P.(t))C(t, 2). (7.13)

The hyperbolic part is guaranteed to be C™-smooth in z, since (I — P.(t)) is linear. To
show that it is pointwise PC"™-regular at zero, we notice that H(t,z) = hy(2)(t), where
hi(z) can be written as

hi(2) = (I = P(0))®yz + K. 0 Rag(vn(2)

in PC°. However, since (I — P,(t)) is uniformly bounded, K, = (I — P.(t))K} is well-defined
as a map from n-bounded inhomogeneities into PC™". Setting z = 0, it follows that

ht(o) = 07
B (0)(8) =0
B O)(t) = Ko 0 HO(0,20), 07 (0)0), -0 (0)()).
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On the other hand, for z # 0 we have

hi(2)(t) = K. 0 Rsi(v:(2))().

By the same argument as in the proof of Theorem 7.2.1, we can make the following con-
clusion.

Corollary 7.2.1.1. The hyperbolic part H(t,z) = (I — P.(t))C(t,z) of the centre man-
ifold in terms of the basis array ¢ is pointwise PCY™-reqular at zero. Moreover, if 6 €
RCR(R, [—r,0]), thent — H(t,z)(0(t)) is continuous from the right and has limits on the
left for all z € R?, and z — H(t, z) is Lipschitz continuous uniformly for t € R.

7.2.6 Uniqueness of the Taylor coefficients

Theorem 7.2.1 guarantees that the coefficients in the Taylor expansion
1 1
C(t,z) = DC(t,0)z + §D20(t, 0)[z, 2]+ + —'C'mC'(t, 0)[z,...,2] +O(|z||™h)
m)!

are pointwise differentiable from the right and have limits on the left. However, the centre
manifold C : RCR, — RCR used to define the representation in terms of the basis array
® depends non-canonically on the choice of cut-off function used to define the substitution
operator R;;. However, this cutoff function does not actually factor into the coefficients
DiC(t,0). Indeed, each of u — v,gj )(O) (1) is a sum of improper integrals and convergent
series that depend only the lower-order terms v.” (0)(+) for i < j — see equation (7.12)
— and is independent of the cutoff function. By induction, we can see from (7.8)—(7.10)
that, in fact, none of these lower-order terms depend on the cutoff function. The same
arguments apply to the hyperbolic part. Since this is the only non-canonical element in
the definition of the centre manifold (indeed, the renorming is only relevant outside of a
small neighbourhood of 0 € RCR and so does not affect Taylor expansions), the following
corollary is proven.

Corollary 7.2.1.2. Let ® be a basis array for RCR.. Let C; and Cy be two distinct centre
manifolds, and let Cy and Cy respectively be the centre manifolds with respect to the basis
array ®. Also, let Hy and Hs be the respective hyperbolic parts. Then, for j =1,...,m, we
have DIC,(t,0) = DICy(t,0) and D?H,(t,0) = D?Hy(t,0). That is, the Maclaurin series
expansion of the centre manifold in terms of the basis array ® is unique, as is that of the
hyperbolic part.
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7.2.7 A discussion on the regularity of the matrices ¢t — Yj(t)

Hypothesis H.9 introduces a technical assumption on the matrices appearing in the decom-
position (7.11). It is our goal in this section to formally demonstrate that there is reason
to suspect that this hypothesis holds generally, although proving this result would likely
be difficult. We will consider only ¢ — Y,(t), since the discussion for ¢ — Y, () is the same.

When the linearization “has no delayed terms” and is spectrally separated as a finite-
dimensional system, t — Y.(t) is automatically continuous from the right with limits on the
left. Abstractly, we would say that the functionals defining the linearization have support
in the subspace RCR" = {xo€ : £ € R"}. Let us prove this claim. Let X(t,s) denote the
Cauchy matrix associated to the linearization

& = L(t)x(t), t £t (7.14)
Az = B(k)z(t), t=t,. (7.15)

The projection P.(t) onto the associated centre fibre bundle satisfies the equation
X(t,8)P.(s) = P.(t) X (t,s)

for all ¢+ > s. However, since X (¢, s) exists for all ;s € R — see the monograph [3] for
the relevant background on impulsive differential equations in finite-dimensional spaces —
we have P.(t) = X (t,0)P.(0)X (¢,0) for all t € R. Moreover, t — X (t,0) is continuous
from the right and has limits on the left, from which it follows that the same is true
for P.(t). Similarly, each of Ps(t) and P,(t) is an element of RCR(R,R™"). If we write
P.(t) = ®(t)Y.(t) for &(t) = X (¢,0)P(0) a matrix whose columns form a basis for RCR.(t),
then the observation that the columns of ®(¢) are linearly independent implies we can write

Yo(t) = @7 (1) Pe(t),

where @7 (¢) is the left-inverse of ®(¢). Since the rank of ¢ — ®(¢) is constant, t — ®T(¢t) is
continuous from the right and has limits on the left. It follows that ¢ — Y.(¢) is an element
of RCR(R,RP*™). If (7.14)—(7.15) is now considered as an impulsive REDE with phase
space RCR([—r, 0], R™) for some r > 0, then we can write

] X(t+6,5)9(0), t+60>s
U(t,s)qb(e)—{ o(t+0 —s), t+0<s.

If one defines P;(t) : RCR — RCR by
Pi()o(0) = X (t +6,1)P;(1)6(0),
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one can verify directly U(t,s) : RCR — RCR is spectrally separated with the triple of
projectors (P, P., P,). But then,

Pe(t)xo(0) = X(t +0,t)Pe(t) = X (£ +0,1)(1)Ye(t) = (¢ + 0)Ye(t) = Do(0)Ye(?).
We already know that ¢ — Y.(¢) is an element of RCR(R,RP*™), and since this same
matrix satisfies the decomposition P,.(t)xo = ®;Y.(t), we are done.

In the general case, the situation is far more subtle. For simplicity, consider the nonau-
tonomous functional differential equation without impulses,

Restricted to the subspace RCR?, the evolution family U(t, s) satisfies pointwise (in 6) the
abstract ordinary differential equation

LU0 = LOUL )0, LO60) = x00) L6+ Xp-r0(0) T56(0)

for all $ € RCR'. Recall that P,.(t) has range in RCR', so we can evaluate both sides
at ¢ = P.(s)xo. From the commutativity property (P.(t)U(t,s) = U(t,s)P.(s)) of the
projectors and the identity P.(t)xo = ®,Y.(t), the equation

d

a[PC(t)U(t’ S)XO]

holds pointwise in 6. If t — P.(t) was strongly differentiable, we could try to use the chain
rule to simplify the right-hand side. This would result in the equation

[L(t)D]Ye(s) = Pt)U(t, 8)xo0 + Pe(t) L()U (2, s)Xo0-

[L(t)®]Ye(s) =

Since this equation holds for all t > s, we can set s =t to get the equation

[L(6)DYe(t) = Pi(t)xo + Pe(t)L(t)Xo0.
If — P.(t) really is strongly differentiable, then we have 4[P,(t)xo] = P.(t)xo. Also, we
notice that L(t)xo = xo - L(t)xo. Then,

d
RYLB)] + BYe(t) - L(t)xo-

Now, suppose t — Y,(t) is differentiable. After some cancelling, this would imply

[L(6)®]Ye(t) =

0= @ Y/(t) + @:Ye(t) - L(E)x0-
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Recalling that the columns of @, form a basis for RCR.(t), this would imply that Y, solves
the non-square matrix ordinary differential equation

Y==Y. L(t)xo-

Unfortunately, the above differential equation is nonsense. If L(¢) has support in [—r,0)
— that is, L(t)xo = 0 — the right-hand side is identically zero, which would imply that
Y, is constant. But since t + e Y,(t) is periodic, this implies that the eigenvalues of
A must be simple. This is not necessarily true, so we must conclude that ¢ — P.(t) is
not strongly differentiable. As a consequence, it is not possible in general to prove that
Y. € RCR(R,RP*™) using strong differentiability properties of the projector. Since Y(t)
is defined precisely by the equation ®,Y.(t) = P.(t)xo and the right-hand side is defined
in (4.5) by a time-varying contour integral with a singular integrand, it would seem quite
difficult to prove the result generally.

The projector t — P,.(t) is not even pointwise continuous. Consider the periodic case.
RCR.(t) is the invariant subspace of the monodromy operator V; with the property that
[|Viol| = ||¢]| for all ¢ € RCR.(t). However, since V;, = U(t+T,t), any element of RCR.(t)
will generally have discontinuities on the set D, = {0 € [—r,0] : t + 60 € {tx : k € Z}}.
Generally, D; is nonempty and nonconstant; the discontinuities move by translation to
the left as t increases. Consequently, the discontinuities of P.(t)¢ for fixed ¢ € RCR are
nonconstant in ¢, so t — || P.(t)¢|| is generally discontinuous (from the right and left) at any
t € R such that D, is nonempty. This creates further problems in proving the regularity
of the matrix Y.(t).
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Chapter 8

Center manifold theory III:
Euclidean space representation,
approximation and visualization

The content of most of this chapter appears in Computation of centre manifolds and some
codimension-one bifurcations for impulsive delay differential equations [20] by Church and
Liu, although the results appearing therein are slightly less general, being only applicable
to systems with discrete delays. Theorem 8.1.1 was stated without proof; we provide one
here.

8.1 Euclidean space representation of the centre man-

ifold
In this chapter we will once again be studying the semilinear equation
&= L(t)xy + f(t, ), t # (8.1)
Az = B(k)x- + g(k, z4-), t = t.

We introduce some important conditions.

C.1 The linearization is periodic with period 7" and ¢ impulses per period. That is,
L(t+T)=L(t) for all t € R, B(k+ ¢) = B(k) and ty,. =ty + T for all k € Z.

117



C.2 Conditions H.1-H.3, H.5-H.6 and H.9 are satisfied.

C.3 The sequences of functionals B(k) and g(k, -) satisfy the overlap condition.

Conditions C.1 and C.2 are strong enough to guarantee that the (local) centre manifold
exists, is smooth, and in terms of the basis array ® it is pointwise PCl™-regular at zero.
Condition C.3 will be needed to ensure the dynamics on the centre manifold are well
defined. We will assume them throughout this chapter.

The centre manifold
C:RxRF =5 RCR

in terms of ® has range in RCR. & RCR,. If y : R — RCR is a solution in the centre
manifold — that is, y(t) = S(¢, s)y(s) for all ¢ > s with y(t) € W,(t) — then we can use
property 2 of Theorem 6.5.1 and part 2 of Lemma 6.2.3 to write it as

y(t) = @uz2(t) + H(t, 2(1)) (8:3)

where ®,z(t) = P.(t)y(t) for some z : R — RP. By definition of the basis array ® and
the observation that any mild solution such as y defined for all time must in fact be the
history function of some element of RCR'(R,R") — see Lemma 5.1.1 — we must have
z € RCR'(R,R?). The present chapter is essentially an investigation into how the above
representation of solutions in the centre manifold can help us obtain a concrete version of
the dynamics on the centre manifold.

We need to introduce some extra notation. The set M"™*™(R¥) denotes the set of n x m
matrices with entries in the vector space R¥. If A € M™*™(R¥), we A;; denotes the entry
in its ith row and jth column. The notation [A],; denotes the (b — a + 1) X m matrix
whose rows coincide with rows a through b of A.

For a j-dimensional multi-index & = (&, ..., &;) where §; € N, we define |{] = ), ;. For
u € R’ and a j-dimensional multi-index & with |¢| = m, the & power of u is u$ = u$ - - u.

J
If X is a vector space and U € X7, we similarly define U¢ € Xl by
ng(Ul,...,Ul,UQ,...,UQ,...,Uj...,Uj)

where the factor U; appears & times. If v € X and m € N, we define v € X™ by

u™ = (u,...,u).

For a vector multi-index & = (1,...,&;) where each & € {e],...,e,} for {e} : i =
1,...,k} the standard ordered basis of R, we write |£| = j and define (u;---u;)* for
u; € RF as follows:

(uy - '%’)5 = (&u) - (€juj)'
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For vectors in R™ written in component form, (us, ..., u,)-(v1,...,v,) = >, u;v; denotes
the standard inner product.

If A€ R™" and B € M™*(R), we define the overloaded product A x B € M™*k(RRf)
by the equation

[A* BJ;, E:AWBW (84)

It is readily verified that if A € R™™ is invertible, then A * B = C if and only if
B = A~! % C. Moreover, x satisfies the Leibniz law

im)*mw:<%Aw)*mo+A@*(%B@)

whenever ¢t — A(t) and t — B(t) are differentiable. Clearly, when ¢ = 1 the overloaded
product reduces to the standard matrix product.

8.1.1 Definition and an approximation theorem

The first task is to replace the hyperbolic part of the centre manifold with something even
more concrete. First, we recall from the Floquet Theorem 4.4.1 that we can write the basis

array equivalently as
d, = a(t)e™ d,

for a(t) : RCR.(0) = RCR.(t) T-periodic and pointwise differentiable from the right with
limits on the left, and W € L(RCR.(0)). Let A € CP*P denote the matrix associated to
W with respect to the ordered basis consisting of the columns of the array ®g, so that

e dy = Rett
for some R € L(R?, RCR.(0)). Then, the basis array satisfies the Floquet decomposition
= Que™, (8.5)

where Q; = «(t)R. By construction, we can identify Q:(f) = Q(t + 0) for some Q €
RCR(R,R™P) that is T-periodic.

Remark 8.1.1. We can guarantee that A is real by instead taking o(t) : RCR.(0) —
RCR.(t) to be 2T -periodic. The reason this can be done is because we know that the space
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RCR(KT) are isomorphic for k € Z wvia the monodromy operator Vi, by Theorem }.2.2.
This then implies that there is an invertible matriz M such that 7 = ®oM. But then,

(I)2T - %q)oM - q)oM2.

Using (8.5), it follows that

1 2
A= ﬁlog<M )7

which is guaranteed to have a real logarithm. Moreover, if log(M) is real, then %log(M )
still coincides with A as defined above.

Let us introduce a change of variables. Starting from equation (8.3), we let u(t) =
et 2(t) so that ®,2(t) = Q.u(t). We then define i : R x R™ x [—r, 0] — R" by the equation

h(t,u,0) = H(t,Quu)(0). (8.6)
With this transformation completed, equation (8.3) becomes

y(t) = Quu(t) + h(t, u(t), ). (8.7)

The function h : R x R? x [—r,0] — R™ will be referred to as the Fuclidean space repre-
sentation of the centre manifold. Introduce the left limit in the first variable

h(t™,u,0) = lim h(t+€,u,0).

e—0~

We have the following approximation theorem.

Theorem 8.1.1. The Euclidean representation h : R x RP x [—r,0] — R" of any centre
manifold enjoys the following properties.

1. h admits a Taylor expansion near u = 0:

1 1 1
h(t,u,0) = 5hz(t, 0)u® + gh?,(lt, O)u’® + - - + ﬁhm(t’ 0)u™ + O(u™),

with h;(t,0) = Dh(t,0,60), and this Taylor expansion unique and does not depend on
the choice of cutoff function.

2.t hy(t,-) is periodic for i = 2,...,m, and each of t — h;(t,0) and 0 — h;(t,0) is
differentiable from the right with limits on the left.
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3. P.(t)hi(t,) =0 fori=2,...,m.

4. If u € RCR(R,R") and 6 € [—r,0], then we have lim, o~ h(t + s,u(t + s),0) =
h(t—,u(t),8). Also, t — h(t,u(t),0(t)) is an element of RCR(R,R™) whenever
6 € RCR(R, [—r,0)).

Proof. The Taylor expansion is a consequence of Theorem 6.4.1 and the definition of the
Euclidean space representation of the centre manifold. Next, t — C(t, ¢) is periodic, from
which it follows that the same is true of the differentials D}C(t,0). Since h(t,u,-) =
(I — P.(t))C(t,Qu), and each of t — Q; and t — P.(t) are also periodic, the same is true
for t +— h(t,-,-) and its differentials ¢ — Djh(t,-,-). For the projection, linearity of the
differential implies that D}H (t,0) = (I — P.(t))D4C(t,0), so that P,(t)D}H(t,0) = 0. The
same is true for h by its definition. As for the limit relation, the Fundamental Theorem of
Calculus and the triangle inequality can be used to obtain

[|h(t + syu(t +s),0(t+s)) — h(t™,u(t™),0(t)]|
< Lllu(t+s) —ult)||+ [|h(t + s,u(t™),0(t + ) — h(t™,u(t™),0(t + s))||
+ [ w(t), 0(t +s)) — h(t™,u(t™),0(t7)]],

where L is a Lipschitz constant for = +— Dsyh(t, x,-) valid uniformly for all . Note that
this Lipschitz constant is guaranteed to exist by Theorem 6.4.1, the uniform boundedness
of the projectors and the periodicity of t — ;. Since u(t+s) — u(t™), the first of the two
terms converges to zero as s — 07. As for the second, since ¢ — H(t, z)(0(t)) has limits
on the left, the same is true of ¢t — h(t,u(t™),6(t)) for u(t~) fixed. For the third term,
0 — h(t~,u(t),0) € RCR gives the limit. This proves all assertions concerning limits
from the left. Limits from the right are proven analogously. O]

8.1.2 Dynamics on the centre manifold in Euclidean space

Recall that the centre fibre bundle component w(t) = P.(t)y(t) satisfies the integral equa-
tion (6.11) whenever y : R — RCR is a mild solution with y(¢) € W,.(t). From (8.7),
it follows that w(t) = ®,2(t). But also, from Lemma 5.1.1, we can formally identify
y: R — RCR with a right-continuous regulated function g : R — R™ by way of y(t) = v;.
Substituting into the integral equation, using assumption H.9 to write P.(s)xo = ®sYe(s)
and recalling that y is a small solution so we can ignore the impact of the cutoff function
on the nonlinearity, this gives after some simplification

Bes(t) = Bix(s) + @ [ V) f )+ 0 Y Vitgliug )

s<t; <t
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where we recall by Theorem 6.5.1 that C(u, w(un)) = C(p, Pe(u)y(n)) = y(p). Since the
columns of @, form a basis for RCR.(t), we can apply the coordinate map defined by
¢i(t) — e; to eliminate the basis array ®; from each side. The result is the following
integral equation in RP:

z(t) =Z(S)+/tY;(u)f(u7yu)du+ > Yalti)gli,y,-). (8.8)

s<t; <t

It is here that our derivation becomes a bit subtle. To motivate the next step, we prove
a result concerning the overlap condition, mild solutions and regulated left-limit histories,
which were introduced way back in Section 2.3.

Lemma 8.1.1. Suppose F(k,-) : RCR — R" satisfies the overlap condition. If © €
RCR(R,R™) defines a mild solution t — x;, then F(k, xt;) = F(k,x;,) for all k € Z.

Proof. By Lemma 5.1.1, such a solution € RCR(R,R") is classical, so its discontinuities
are a subset of {t; : k € Z}. As a consequence, we can write

T, — Z Xtp—t; Ax(ty — t5) = 2, .

k
te—t;€[-7,0]

Applying F'(k,-) to both sides and applying the overlap condition, we obtain the claimed
result. O

To see why the above lemma is so helpful, let us take right-derivatives of both sides of
the integral equation (8.8) and check finite differences across the jump times t. The result
is the impulsive differential equation

E=Y(O) [t y0), t# b (8.9)
Az =Yo(tr)g(k, y,-), t =ty (8.10)
where the derivative operator is understood as the right-hand derivative & = %x(t). In

(8.9), we can replace y; with C(t,w(t)) = ®;2(t) + h(t, 2(t),-) and get a well-behaved
ordinary differential equation. In the second equation we have to take a pointwise left-
limit. This is a problem, however, because the pointwise left-limit is a limit in the 6
variable at a single point. In particular,

C( Du(0)2(1) + H(t, (1), 0), 6<0
v (0) = { By (0)2(t) + lim, .9~ H(t+ 5, 2(t+5),0), 0= 0.
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Substituting this into the jump condition (8.10) would result in an implicit equation for
z(tx), which makes the impulsive differential equation (8.9)—(8.10) somewhat difficult to
work with. Lemma 8.1.1 solves this problem; if g(k,-) : RCR — R" satisfies the overlap
condition, we can replace Yi- inside g(k,-) with the regulated left-limit y; . In view of

Theorem 8.1.1, y, can be written

Yy, =Q u(t™)+h(t ,u(t™),-). (8.11)

Substituting (8.11) into (8.10) and completing the change of variables u(t) = e**z(t) de-
scribed in Section 8.1.1, the following theorem is proven.

Theorem 8.1.2. Suppose g(k,-) : RCR — R™ satisfies the overlap condition and con-

ditions C.1 and C.2 are satisfied. Then, the abstract dynamics on the centre manifold

described by the integral equation (6.11) in the variable w(t) € RCR are equivalent under

the time-periodic change of variables w(t) = Quu(t) for u € RP to the ordinary impulsive
differential equation

d+

au(t) = Au(t) + MY, () f(t, Quu(t) + h(t, u(t), ")), t# g (8.12)

Az = ™Y ()g(k, Q7 u(t™) + h(t™,u(t™),")), t =t (8.13)

Remark 8.1.2. t > e"AY,(t) is periodic. To see this, remark that from the definition of
Y, and the periodicity of the projectors P.,

O,Y,(t) = P.(t)xo = P.(t+T)x0 = OporYe(t+T) = Quire™ DAY, (t+T) = O™ Y. (t+T),

from which ®; being a basis for RCR.(t) implies the equality Y.(t) = Y, (t+T). Asa
consequence, t — eNY,(t) 1= Y.(t) satisfies

Y/C(t + T) _ 6(15-1—T)Ayvc(t + T) — 6(t+T)A)6_TA)/C(t) _ GtA}/;<t) _ ﬁz(t%

so0 it is periodic as claimed. If the nonlinear terms are also periodic (with the same period
T and g(k+c,-) = g(k,-) for all k € Z) then the same is true of the impulsive differential
equation (8.12)—(8.12).

Because of the reduction principle — Theorem 6.5.1 together with Theorem 6.6.1 — the
ordinary impulsive differential equation (8.12)—(8.13) completely characterizes the dynam-
ics of all small solutions. From the perspective of bifurcations, this is quite useful because
we can study a concrete impulsive differential equation in R? to detect the birth or destruc-
tion of periodic solutions or other invariant structures. When RCR,(t) is empty, stability
transitions can be analyzed. If one needs only terms of order two (eg. saddle-node bifurca-
tion, then the center manifold does not need to be calculated. In this case, the dynamics
on the center manifold are characterized by the following corollary.
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Corollary 8.1.2.1. Under the hypotheses of Theorem 8.1.2, the dynamics on the centre
manifold to quadratic order are equivalent by a time-periodic change of variables to those
of the impulsive differential equation

i = Au + ™Y, (t) BDQf(t, 0) [Qtu]ﬂ + O(u?), t £ty (8.14)
Au = ™Y, (t) EDQg(k, 0)[Qt_u(t_)]21 + O(u?), t = ty. (8.15)

For Hopf bifurcation conditions, for example, we require the reduced dynamics equa-
tions to be explicit to cubic order. Recall from Theorem 8.1.1 that we can write

1 1
h(t,u,6) = 5hz(t, 0)u® + ihg,(lt, O)u? + - - -

for symmetric multilinear mappings h;(t,6) : (R?)" — R" defined by h;(t,0) = Dih(t,0,60).
It is then easily verified that to cubic order, the reduced dynamics are
i = Au+ eMY,(t) [;‘DQf(t, 0)[Qiu)” + % (D?f(t,0)[Qeul® + 3D*f(t,0)[Quu, ha(t, e)qﬁ])} , t#E L,
(8.16)
(D?g(k,0)[Q; u]* + 3D*g(k,0)[Qy u, ha(t™, e)uQ])} . t=t.
(8.17)

Au = MY (1) Bzﬂg(k,o)[cgtu}? b

8.1.3 An impulsive evolution equation and boundary conditions

In the same way that the centre manifold associated to a nonhyperbolic equilibrium of an
ordinary differential equation satisfies a nonlinear partial differential equation, the centre
manifold of an impulsive RFDE satisfies a nonlinear impulsive evolution equation. This is
what we prove in this section.

At this stage, we should define a pair of linear operators that are in a certain sense
“generators” of the evolution family U(¢,s) : RCR — RCR. They are

_ | Bt)p, 0=0 [ B(k)o, 0=0
£()e = { aro0), 6<o TS0 = { $(07) — 6(6), 6 <0. (8.18)

Also, we define AJ : RCR — G([-r,0),R™) by Af¢(0) = ¢(0F) — (). This operator
permits a decomposition of 7 (k) into

T (k) = xoB(k) + X[=r0)Ay -
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Next, we introduce yet another jump operator. A; : RCR(R,R") — G([-r,0],R") is
defined by
Ap(0) = ¢ (6) — lim ¢4(0).

s—t—
We will also need the notion of the regulated left limit of an RCR-valued function.

Definition 8.1.1. For a function f : R — RCR, we define the regulated left limit f~ :
R — F([—r,0],R™) by the formal expression

FO0) = Tm f(t+5)(0)

Note that if z € RCR(R,R™), then x; is an element of G(|—r, 0], R") and, in particular,
it is continuous from the left. Also, Ayz; = 2y — z; . The following proposition is clear,
given Lemma 8.1.1.

Proposition 8.1.1. Let z : R — R™ be continuous except at times ti, where it is right-
continuous and has limits on the left. Then, Ajz; (0) = Ay (0) for 6 <0 and allt € R.
If the functionals B(k) and g(k,-) satisfy the overlap condition and x is a solution of the
impulsive RFDE (5.1)—(5.2), then

B(k)x,- = B(k)a:t_k, g(/f,a:t;) = g(k:,x;@). (8.19)

k

Finally, if x : R — R" is differentiable from the right, we define %xt by the equation

0] 0= St

Let x : R — R" be a complete solution such that ¢t — x; € W,. If assumption C.3 is
satisfied, this solution satisfies the abstract evolution equation

d+
%xt = L(t)z; + xof(t,x¢), t £ty (8.20)
Ay = T (k)xy + xo9(k, z; ), t =1y, (8.21)

with £ and J as defined in (8.18). In addition, the following boundary condition must be
satisfied across the jump interfaces t+6 = t;, for all k € Z and 6 < 0 because of Proposition
8.1.1:

Ay (0) = Afx, (0), t+60 =t 0 <O. (8.22)
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Along the lines t + 0 = s for s ¢ {t : k €}, the condition Ayz,(0) = Afx; () is uninfor-
mative because x is continuous at s = t + 6. Note that all left-limits are now regulated
left-limits because we have used equation (8.19) of Proposition 8.1.1. It is at this stage
that we make the substitution (8.7) to write z; in terms of the Euclidean space represen-
tation of the centre manifold. The following theorem characterizes the Euclidean space
representation of the centre manifold in terms of an impulsive evolution equation.

Theorem 8.1.3. For any solution u of the finite-dimensional ordinary impulsive differen-
tial equation (8.12)—(8.13), the Fuclidean space representation of the centre manifold is a
solution of the following boundary-value problem:

Qu(0)[i — Au) + Oyh(t, u, 0) + Ouh(t, u, 0)it = Dph(t,u,0), 0 <0t ty

8.23

Qu(0) A+ Ah(t,u+ Au, 0) + Q(t, h,u, 0)Au = ATh(E,u,0), 0<0,(t=1t,Vt+o=t,) (8.23)
Q:(0)[t — Au] + Oth(t, u,0) + Oyh(t, u,0)i = L(t)h(t, u, ) + f(t, Qeu + h(t, u,-)), 0 =0,t#tg
Qi(0)Au + Ayh(t,u+ Au,0) + Q(t, h,u,0)Au = J(k)h(t™,u,-) + g(k, Quu + h(t™,u,-)), 0=0,t=ty,

(8.24)

where we denote u = u(t) when t # t, and u = u(t™) when t = t;, Au = u(ty) —u(t; ), we
define 0 by

1
Q(t, h,u,0) = / Ouh(t™,u+ sAu, 0)ds,
0

and all derivatives in t and 0 are the right-derivatives % and %.

Proof. First, we remark that (); satisfies the following abstract impulsive differential equa-
tion:

d+ d+
%Qt(e) + QA = xoL(t)[Q: exp,] + X[fr,o)@QtW)a t# ty

AQ1(0) = xoB(k)[Qr expy] + X(—r0)Ag Q7 (0), t = t,

AB

(8.25)

where exp, () = €. It can be derived from the equality ®, = Q,e*" and Proposition
8.1.1. Substituting the ansatz z; = Qu(t) + h(t,u(t), ) into equation (8.20), we obtain
when 6 < 0 the equality

+ d+
T Qdu+ Quit+ 0th + Duhis = 5 Qulu + Ogh,

which is equivalent to the first equation from (8.23) if one takes into account (8.25). When
0 = 0, the same approach results in the first equation from (8.24).
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Next, we substitute the ansatz into (8.21). If one denotes u = u(t~), when 6 < 0 and
t = t3, the result reduces to'

—QiAu+ AFh(t™,u,0) = h(t,u+ Au,0) — h(t™,u,0)
after cancelling several duplicate terms. The above is equivalent to
QiAu + A¢h(t,u+ Au,0) + h(t™,u+ Au,0) — h(t™,u,0) = Agh(t™,u,b).

The fundamental theorem of calculus implies Q(¢, h,u,0) = h(t~,u + Au,0) — h(t~,u,0),
and from this we obtain the second equation of (8.23). The equation for ¢ + 6 = t;
is obtained by checking the boundary condition (8.22), while the equation for § = 0 is
obtained by the same methods. O

Remark 8.1.3. Note that h(t, 0, u) must possesses discontinuities along the lines t+6 = ty,
foru fized. These discontinuities are captured by the second equation of (8.23) when 6 < 0,
and in the second equation of (8.24) when 8 = 0. Whent =t, — 6 ¢ {t; : j < k}, we
have Au = Au(t) = 0 in the second equation of (8.23), and the result is the constraint
h(t,u,0) = h(t~,u,07). In particular, even though we know that 6 — h(t,u, ) is continuous
from the right, the same is not true of 0 — h(t~,u,0); the latter is continuous from the
left.

The boundary-value problem (8.23)—(8.24) is implicit in terms of the variable @ and
Au. To obtain an explicit boundary-value problem for (¢,u,0) — h(t,u,#), one would
replace every instance of ¢ and Au with the equations (8.12) and (8.13). The resulting
equations take up a lot of space, so we do not write them out explicitly.

8.2 Approximation by Taylor expansion

Equations (8.23)—(8.24) and (8.12)—(8.13) of Theorem 8.1.3 and Theorem 8.1.2 yield a
system of impulsive partial delay differential equations and boundary conditions for the
Euclidean space representation of the centre manifold.

In the u coordinates, the dynamics on the centre manifold are given by (8.12)-(8.13).
If one seeks to obtain the O(||u||¥) dynamics on the center manifold, it is necessary to
compute the terms of order O(||u||*"!) of the center manifold h. Quadratic terms are

Note that Q; (1) = Q4(8) for 6 < 0.
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needed to analyze Hopf-like bifurcations, for instance. The quadratic coefficient hs(t,0) of
the centre manifold can be represented in the form

ety (t, O)ugvy + -+ c%p(t, uvp + ek (t, 0)ugvy + cho(t, ) ugvy + - + czl,p(t, 0)upvp
ha(t,0)[u, v] = : ;
c(t,0)ugvr + - - - C?p(t, Nurvy + 51 (t, O)urvr + By (t, O)ugua + - - + cgp(t, 0)upvp
(8.26)

and similarly for the higher-order terms, where symmetrically, ¢;; = ¢j;. In terms of vector
multi-indices, we can write

B (£, 0) [, -] = ) ce(t,0) (u -+ - up)® (8.27)
[€|=m

for multiindex £ = (&1,...,&y,) and & € {0, ¢},...,€,}.

As a consequence of the above observations, one can substitute an appropriate order
O(||u||¥) expansion of the impulsive differential equation (8.12)—(8.13) into the evolution
equation and boundary conditions (8.23)(8.24) to obtain a O(||u||*) impulsive evolution

equation for the center manifold.

8.2.1 Evolution equation and boundary conditions for quadratic
terms

For the calculation of cubic order dynamics (eg. Hopf bifurcation), one needs to calculate
ho before the dynamics on the center manifold (8.16)—(8.17) can be studied. Substituting
the aforementioned equation into the evolution equation and boundary conditions (8.23)—
(8.24) and keeping only the order two terms in u, we obtain the rather large equation
(8.28)—(8.31), which we must unfortunately pass to LaTeX in tiny mode in order to make
it fit within the page margins.

1 At 2 2 1 2 1 2
5 Q@M Yo DI (1, 0)[@eul’ + 2 Beha(t, 0)u” + ha(t, O)[Au, u] = ~Ogha(t, 0)u’, 0<0,t# 1ty (8.28)

1 At 2 — 2, 1 2 1 4 - 2
EQt(‘))E Ye(t)D%g(k,0)[Qy u]” + EAthz(tYG)u = EAQ ha(t™, 0)u 0 <0,t€ {tg,tx — 0}

(8.29)

1 At 2 2 1 2 1 2 1 o 2
EQt(O)e Ye(t) D5 f(t,0)[Qeu]” + Eé‘ﬂm(t, 0)u” + ha(t, 0)[Au, u] = EL(t)hz(t, Ju” + Esz(t’ 0)[Q¢u]”, 0 =0,t#tg (8.30)
Qt(O)eAtYC(t)%D2g(k,0)[Qt_u]2 + éAthz(t,O)uQ = J(k)ha(t™, Yu? + éng(k, 0)[Q; u)?, 0=0,t=t. (8.31)

In this equation, all partial derivatives are right-hand derivatives. Notice that upon ex-
pansion, the coefficients of each binomial u® = ug, ue, generates a system of coupled linear
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impulsive partial differential equations for the associated coefficients c¢ of the quadratic
expansion of the center manifold. This system can be solved by a variation of the method
of characteristics; this is done in Section 8.2.2.

The pattern established here continues to mth order expansions. In particular, each
multinomial u® = ui'---u$r with Y & = m generates a system of coupled impulsive
PDEs for the u¢ coefficient of h,,(t,6). The order i < m expansions h;(t,6) are generally
needed to compute the order m terms, so the procedure must be done iteratively. The
calculations quickly become taxing, and the use of computer algebra software is highly
recommended to keep track of all of the differentials.

8.2.2 Solution by the method of characteristics

The system of impulsive partial differential equations (8.28)—(8.31) must be solved in order
to obtain the quadratic order term the center manifold. A similar equation can be derived
for the p-th order terms, and this equation will typically depend on the lower-order terms.
For notational simplicity, we will only present the method as it applies to computing the
quadratic term hs.

First, some preparations. Given the representation (8.27) we can write
ha(t,0)[u,u] = 3 h§(t, 6) (un)t,
¢eE

for u € RP, where = is a set of p-dimensional multiindices in two variables that is both
permutation-free (ie. (e;,e;) € = implies (ej,e;) € = if and only if ¢ = j) and complete
(ie. for every p-dimensional multiindex in two variables (, either ( € = or ( = (e;, e;) and
(ej,€;) € 2 ). In this setting we have

- 207 €Z(Gi7€j>7i7éj
hé(t,@) B { Cé £ = (ei,€).

Writing everything in terms of scalar products, there exists a §x 8 matrix A, with g = (p ;1)
such that

Ro(t, 0)[u,u] = [ (uvu)s - (uu)%® | * h3, (8.32)
Ro(t, 0)[Au,u] = [ (uu)St -+ (uu)% | * Ay * b3, (8.33)

where h5 = (hS', ... ,hg[’ ) € (R™)? is interpreted as a (8 x 1) array whose ith entry is hS',
and = = {(1,...,(g}. As such, the matrix multiplication needs to be interpreted in an
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overloaded sense as in equation (8.4). For example, with p = 3, = = {1, (2, (3, (4, G5, Co )
and the data

A= 8 (1) 8 : G =(en,e1), G=(er,e), G=(er,63),
0 00 C4 - (62762)’ <5 = (62763)7 Cﬁ = (63,63).

we first calculate ho[Au,u]. Written in terms of the coefficients hS', it is

U9 Uy 1 1
hg [Au, U] = hg 0 s U9 = héIUﬂLQ + 5]1%2@63 + éh%:’)UgUg.
0 us

We can then readily extract the matrix Ay satisfying the expression (8.33), and we find it
is

(00000 0]

100000

A _ |00 0000

o o0000

003000

(00000 0|

Next, we write

QuO)e™Y () D3 f(, 0)[Quu]* = [ (uu)® (wu) | F(t,0) (8.34)
Qu ()Y (tx) D*gr(0)[Q-ul* = [ (uw)t -+ (uw)% ]+ Gi(6) (8.35)
Dyf(t,0)[Qeu)* = [ (uu)® -+ (uu)* | af(t) (8.36)
D?gi(0)[ Q- u)* = [ (uu)® (u)? ] by, (8.37)

where F(t,0), Gr(0), a(t), and by are 8 x 1 arrays with entries in R”. Note that as
Q:eM = @, equations (8.34) and (8.35) could be simplified further. Substituting equations
(8.32)—(8.37) into (8.28)—(8.31) and cancelling fractions, it follows upon comparing powers
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(uu)%, it follows that hT must satisfy the impulsive functional differential equation

(8.38)
Gr(0) + Ah3 (2, 0) = Ay h5(t,0), 0 <0,t€ {ty,ty—0}
(8.39)
F(t,0) + 0,h5(t,0) + 2A; + h5(t,0) = L(t) ® h5(t,-) + a(t), 0 =0,t#t,
(8.40)
G(0) + Ah3(t,0) = J(k) © h5(t7,-) + by, 0=0,t=t,
(8.41)

and we define the overloaded operator L(t)® by
L(t)h (¢, ")

Y

L(t) QhQE(t") = :
L(t)h¢ (¢, ")

and similarly for J(k). Note also that all derivatives are taken from the right: d; = %, and

0y = %. The following proposition characterizes the solutions of the above inhomogeneous
linear impulsive system.

Proposition 8.2.1. Every solution z = z(t,0) of the inhomogeneous system (8.38)—(8.41)
can be expressed in the form

0
2(t,0) = e2129 « |:n(t +6)— / e F(t— s+ 0,5)ds — Z et Gt —tp +0)|, (8.42)
0 0<t),—t<0

where t — n(t) is a solution of the inhomogeneous linear impulsive delay differential equa-
tion

F(t,0) +n(t) + 25 x n(t) = L(t) © [**20) s« n] + m(t), t#ty

o (8.43)
Gr(0) + An(t) = J(k) © [0 xny ] 4y, =ty
0
m(t) = a(t) — L(t) ® / e F(t— s+ -, 8)ds + Z e M2ty Gt —ty + )
¢) ()<tp—t<0
0
ng =br — J(k) ® / ey F(ty — s+ -,8)ds + Z el Gty —t; + )
) ()<t;—t,<0
(8.44)

131



Proof Outline. Solving the equations (8.38)—(8.39) along the characteristic lines ¢t + 6 =
constant, one can show that every solution has the form of (8.42) for some function n. To
show that such a function n satisfies the impulsive delay differential equation (8.43)—(8.44),
one substitutes the ansatz into into equations (8.40)—(8.41), taking note that 0;z(t,0) =
n(t) and A;z(t,0) = An(t). O

Solving the inhomogeneous system (8.43) is a nontrivial matter. Moreover, there are
infinitely many solutions of the form prescribed by the above proposition, since the inhomo-
geneous equation (8.43) can have many bounded solutions. We must recall some additional
properties of the centre manifold to identify the unique solution z = h3 corresponding to
the true coefficient vector of ha(t,6) in the expansion (8.32). We state the result in the
form of a corollary. It is essentially a consequence of Theorem 8.1.1.

Corollary 8.2.0.1. Let the centre manifold be effectively PCY? at zero and let the as-
sumptions of Theorem 6.4.1 hold. The (8 x 1) array h5 with [h5); = hS in the expansion

B
ha(t, 0)u,u] = h§i (¢, 0)[uu]

i=1
is the unique solution of the inhomogeneous linear impulsive PDE (8.38)—(8.41) satisfying
the following constraints.

1. Projection constraint: P,(t)hSi(t,-) =0 for allt € [0,T) andi=1,...,0.

2. Periodicity constraint: t — h3(t,-) is periodic.

8.2.3 Verification of projection constraint

It is not obvious how one should verify the projection constraint in Corollary 8.2.0.1. The
projection P.(t) is generally defined by the contour integral (4.5) in terms of the mon-
odromy operator. In practice, the projection could be approximated by first discretizing
the monodromy operator as in Section 4.6.3 and performing a numerical integration. There
are a few details that need to be worked out here, but we will not focus on them in this
thesis.
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8.3 Geometry and visualization: examples

Here we consider two examples of centre manifold computation. The first (Section 8.3.1)
is a finite-dimensional toy example where the centre manifolds can all be explicitly calcu-
lated. The second one (Section 8.3.2) requires Taylor expansions. Both examples contain
a parameter € that controls the “size” of the impulse effect and, for all ¢ small enough,
the centre manifold is one-dimensional. This allows us to visualize the centre manifolds
as depending on the parameter € and study how the introduction of impulses affects their
geometry. Both examples are intentionally simple. In particular, the linear parts contain
no delays.

8.3.1 An explicit scalar example without delays

Consider the finite-dimensional impulsive system

i =22 t#k, Az =0, t=k (8.45)
y=-y t#k, Ay = ey, t=k. (8.46)
This system has several useful properties. First, for all € € (—1,e — 1), the unique
equilibrium at the origin is nonhyperbolic with a one-dimensional centre fiber bundle
RCR. = span(e;) that is constant in time. Moreover, when € = 0 this system is a classical

example of a system with infinitely-many centre manifolds, the only analytic one being the
x axis. The centre manifolds are all graphs of

1
y = cexp ( ) X(—00,0) (), ceR. (8.47)

X

Our first step will be to introduce a time-dependent change of variables. Define y =
(1 + ¢)l=tw. This change of variables eliminates the impulse effect from (8.45)(8.46)
entirely. The result is the autonomous system

i =% (8.48)
0 = (log(1+¢€) — 1)w. (8.49)

The centre manifolds of the above autonomous system are all orbits. Explicitly solving the
differential equations and rearranging shows that they can be represented in the form

w = coxp (éu ~log(1+ e>>) Xi—eo (),
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Figure 8.1: The forward orbit through (—1,1) of system (8.45)—(8.46) plotted for time
t € [0,200] and parameter € = 1, illustrated by the solid (blue) line. On the intervals
[k,k+ 1) for k = 0,...,9, the graphs of y = cexp (1) (equation (8.47)) on which the
solution travels are indicated by dashed (black) lines and are plotted for z < 0.

where ¢ € R is a constant. Inverting the change of variables and simplifying the expression
somewhat, the centre manifolds of the original system (8.45)—(8.46) can be written as the
graphs of

1/
=c(1 -t (€ _ = .
y=ct+ 0" (1) xemale)i= it (8.50)

The solutions of (8.45)—(8.46) on the centre manifold can be understood in two ways.
The most elegant description is simply that they are curves (z(t),y(t)) that satisfy, for
a specific ¢ € R, equation (8.50). A more cumbersome but perhaps more concrete in-
terpretation is that they are curves (z(t),y(t)) such that for each k € Z, there exists
cx € R such that (z(t),y(t)) satisfies equation (8.47) with ¢ = ¢ for ¢t € [k, k + 1), and
ckr1 = (1 + €)cx. This second interpretation can be visualized with the help of Figure
8.1, while the equivalence between the two interpretations can be visualized dynamically
by consulting Supplementary Animation 1 in the UWSpace repository associated to this
thesis [17], where a simulated solution is plotted as it travels along the time-varying centre
manifold (8.50) for parameter ¢ = 1 and ¢ = ¢/2, while simultaneously travelling along
distinct centre manifolds given by equation (8.47). The effect of varying € can be seen in
Supplementary Animation 2, a plot of the time-varying graph of (z,€) — y = h(t, z) with
¢ = e/2, plotted for x € [—1,0] and € € (—1, 1] over five cycles, ¢ € [0, 5].
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8.3.2 Two-dimensional example with quadratic delayed terms

We consider in this section the equation

&= —x+ 97 t#k, Az =ey(t™), t =2km (8.51)
y=x—2*(t—m)—y*(t — ), t#k, Ay =0, t=2km (8.52)
e=0, t 4k, Ae =0, t=2kr.  (8.53)

Considered in isolation, the planar system (8.51)—(8.52) has, with € treated as a parameter,
a single zero Floquet exponent for all ¢ € R. Thus, for each ¢, the centre manifold at the
origin is one-dimensional. Taking € as a state variable we obtain (8.51)—(8.53), and it is for
this system that we will calculate (approximate) the two-dimensional centre manifold at
the origin. Taking one-dimensional slices for fixed ¢ small will produce the centre manifolds
for the parameterized system (8.51)—(8.52).

The linearization of (8.51)—(8.53) at (0,0,0) admits the monodromy operator V; and
associated resolvent R(z;V;)

emBmt) 0 0

ViE(@) = | 1—e @0 1 0 | £(0):= V(0)£(0), (8.54)
0 0 1

R(z; V) = 2 (Irer + VI — 27 'V(0)] levo), 240, 1. (8.55)

One can similarly calculate a basis matrix &, for the centre fiber bundle, the projection
P.(t) : RCR — RCR.(t), and the matrix Y (¢). We find

0 0 00 0 L1 o
®,=[1 01, PMo®)=]110]80), Y@ = [0 . 1]. (8.56)
01 00 1

It follows that we can take )y = ®;, and A = 0 in the Floquet decomposition. The
nonlinearity f of the vector field contains only the second-order term, and we have

0 1 u?
QiOu= | u |, 5D2 fO[Qu)* = | —u? |. (8.57)
(75 0

Similarly, the nonlinearity of the jump map ¢ also contains only the second-order term,
and we have at t = 2km,

1 U1U9
5D 9O)[Qape-f* = | 0| (8.58)
0

135



Using (8.56), (8.57) and (8.58), we can read off the impulsive delay differential equations
and boundary conditions (8.28)—(8.31) for the second-order term hy. These are listed in
8.3.3, where the rest of the calculations are completed. In particular, the coefficients c¢ of
the quadratic-order expansion hyu? = hitu? + hi*ujug+ h3*u3 are computed therein. Given
that h = %h2u2 + O(u?), the quadratic order expansion of the centre manifold is found to

be

1
1 1
h(t,u,0) = 5 —1 | u?+ §h%2(t, 0)uyuy + O(u?), (8.59)
0

where the function ¢ — h}?(t,0) is 2mr-periodic, has discontinuities along the lines ¢ + 6 =
2k, and is given, for ¢ > 2w, by (8.67).

As € is stationary in (8.51)—(8.53), we actually have uy = €. Therefore, the parameter-
dependent centre manifold for the planar system (8.51)—(8.52) is obtained by replacing us
with € and u; with u in (8.59), and dropping the third row, as this last row corresponds
to the dynamics in €. The result is

he(t,0,u) % [ ! } W S (1 0)u+ OW®) 1= hoa(t,0,u) + O(w)  (8.60)

where h1? denotes the first two rows of h1? (the third row is identically zero). When e = 0,
the centre manifold is identical to the one that would be obtained by the usual adjoint-
based method for autonomous delay differential equations. This can be verified by direct
calculation.

Supplementary Animation 3 at the UWSpace repository [17] provides plots of the two
components (z1,22) = hea(t,0,u) of the quadratic term of the centre manifold for u €
[—1,1], 6 € [—2m,0], animated over five periods: ¢ € [0,107]. The parameter ¢ = —3%
is chosen for illustrative purposes. In this animation it is easy to see the propagating
discontinuity along the characteristics t + # = 2kn predicted by Remark 8.1.3. A static

portrait at the fixed moment of time ¢ = 7 is provided in Figure 8.2.

8.3.3 Detailed calculations associated to Example 8.3.2

Substituting (8.56), (8.57) and (8.58) into equations (8.28)—(8.31), we obtain

Ophou? — Ophou® = 0, 0 <0,t+#2rk
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Figure 8.2: The two components (z1, 22) = hc2(t, 6, u) of the quadratic-order truncation of
the parameter-dependent centre manifold for Example 8.3.2, plotted at the time snapshot
t = m on the grid (u,0) € [-1,1] x [—27,0], with parameter ¢ = —0.5. Notice the
discontinuity along the plane § = —7.
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0

U1 U2 + Athgug — A;rhg(t_, 9) = 0, 0 < 0,t= 21k
0
-1 0 0 u? ]
Othou> — | 1 0 0 | ho(t,0)u* — | —u? | =0, 0 =0,t+#2rk
0 00 0 |
0 U1U2 i
wus | + Ahou® — 0 =0, 0=0,t=2rk
0 0

The second-order term hy(t, 0)u? is given by

hou? = cnuf + 2¢c19UUg + c22u§ = h%lu? + h%zulug + h§2u§
for hg € R3, so there is a system of three 3-dimensional systems to solve. In this example,
the impulsive PDEs for each of the coefficients h§ of (8.38)-(8.41) decouple because A = 0
implies A, = 0. With respect to the multi-index ordering (! = (e, e;), (* = (e, ea),
¢® = (eq, 3), we have

Ouhs = Ogh3, 0 <0,t#2rk  (8.61)
0
e | +Achy = ASR5(t,0), 0 <0,t=2rk (8.62)
0

o [-1 00 ) e1 — e
ohs =1 1 0 0| ®h5(0) + 0 ., 0=0,t#2kr (8.63)
| 0 00 0

0 [ 0
ex | + A = | el |, 0=0,t=2kmr, (8.64)
0 0

We will solve the equations for hgi invididually.

The u} coefficient

The partial differential equation (8.61)—(8.62) becomes the trvial transport equation:
d,hS = OyhsS, t # 2km (8.65)
Ahs = AFRS(t,6), t = 2k, (8.66)
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for ¢ = (e1, e1). Therefore, the functions F and G of Proposition 8.2.1 are both zero, and
it follows that h3'(¢,0) = hil(t + 6,0). The latter is determined solely by the boundary
conditions (8.63)—(8.64). Namely, t — hi!'(¢,0) satisfies the impulsive differential equation

-1.0 0 1
Ohyr(t,0) =1 1 0 0 | h'(t,0)+ | =1 |, t # 27k

0 00 0
Avhy'(t,0) =0, t = 2rk

It follows that hil(t,0) is given by
6—(t+9) 0 0 1— 6—(t+0)
hy'(t,0) = hy'(t+0,0) = | 1—e ) 1 0 | hy'(0,0) + | e @0 —1
0 0 1 0

Finally, we apply the constraint of Corollary 8.2.0.1 to identify the unknown constant
hit(0,0) = (o, B8,7). We therefore require both P.(t)hi'(t,-) = 0 and hil(t,0) = hil(t +
27, 0), where the period is 27. Evaluating these two constraints and simplifying produces
the systems of equations

[ a+f 1 o,
f>/

(Oé _ 1)(67(t+9) _ 6*(t+0+2ﬂ')

(1 . O[)(ef(tﬂ%@) . 67(t+9+27r)) =0

~
It follows that a = 1, 8 = —1 and v = 0, so that the coefficient h}!(¢,0) is the constant

1
hyt(t,0) = | —1
0

The u3 coefficient

With ¢ = (eg, e2), the partial differential equation (8.61)—(8.62) for h3* similarly reduces
to the transport equation (8.65)—(8.66), so that we have h3*(t,0) = h32(t + 6,0). The
boundary condition (8.63)—(8.64) contains no inhomogeneous terms, and it follows that

et 00
h2(t,0)=| 1—et 1 0 | cp(0,0).
0 01
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The periodicity constraint h3?(t+2m, ) = h32(t, ) implies that h3%(0,0) = («, 5, 7) satisfies
a = 0. The projection constraint P,(t)h3%(t,-) = 0 then yields 8 = 0 and v = 0, from
which we conclude that h3% = 0.

The u,u, coefficient

Contrary to the previous two coefficients, there is an inhomogeneity in the impulsive
partial differential equation (8.61)—(8.62) for the final index ¢ = (e, ez). Specifically, in
the notation of Proposition 8.2.1,

Go=[010], F=0, b=[100], a=o0,
which means the coefficient h}? is of the form
0
hP(t0) =n(t+0)— > 1],

9<2kn—t<0 | O

whereas n is a solution of the impulsive differential equation

[ -1 0 0
n= 1 0 0 |n, t # 2km
| 0 00
[ 1
An=| -1 t = 2km.
| 0

The general solution of the above system is given by

( - -
1
o 20<2k7r<t X(tv Qkﬂ-) -1 5 t>0
B 0
n(t) = X(t,0) | 5 | + - 9
! — D cokneo X (8, 2km) | =1 |, t<0.
\ - i 0 ]
e =) 00
X(t, S) = 1— e*(tfs) 1 0
0 01

140



Checking the projection condition P.(t)hi?(t,-) = 0, we find that v = 0 and a + 8 = 0.
Verifying the periodicity condition hi?(t+ 2, 0) = hi?(t,0) at € = 0 and ¢t = 0, we see that
a must satisfy the equation e >* v + 1 = o, which implies

1 1
T e P 1—e 20’ 7
It is not necessary to check at other arguments ¢ and 6 because Corollary 8.2.0.1 guarantees
that the constants «, 3, are uniquely specified. Therefore, the ujus coefficient vector is
given, for ¢t > 27, by

1 0
hi2(t,0) = e X+ 0,0) | —1 | - > 1
0 o<2kr—t<0 | O
) (8.67)
+ > X(t+0.2km) | -1
0<2km<t+0 0

For t < 27, one may extend backwards by periodicity.
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Chapter 9

Hyperbolicity

The past three chapters have been devoted to the centre manifold, WW,. The centre manifold
is essentially nonlinear version of the centre fibre bundle RCR.. However, there are other
linear invariant fibre bundles, including the unstable fibre bundle RCR, and the stable
fibre bundle RCR,. There are also the direct sums RCR. D RCR, and RCR. ® RCR, —
the centre-unstable fibre bundle and the centre-stable fibre bundle. Classically, these fibre
bundles have nonlinear analogues: the unstable manifold, stable manifold, centre-unstable
manifold and centre-stable manifold. Under a finer notion of spectral separation — that is,
an exponential N-splitting — one obtains an extended hierarchy [71] of (linear) invariant
fibre bundles and associated (nonlinear) invariant manifolds. In this chapter we focus on
the other two elementary invariant manifolds, namely the unstable and stable manifolds.
As the proofs are very similar to the analogous ones associated to the centre manifold,
many of them will be skipped over.

9.1 More bounded solutions from inhomogeneities

Let us introduce a few more spaces of exponentially weighted functions. The notation will
be similar to what we have in Section 6.1. First, we define

PO(—S,R”) = {f|(—oo7s] : f S PC<R7RR)}7 PC(+87Rn) = {fl[s,oo) : f S PC(Ran>}
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Next, for s € R, define Z_s ={k € Z : t,, < s} and Z,;, = {k € Z : t;, > s}. We introduce
some exponentially weighted function spaces
PCT* ={¢: (=00,5] = RCR : ¢(t) = fi, [ € PC(—=5,R"), ||y —s < 00}
PCT ={¢:[s,00) = RCR: ¢(t) = fir,t € PC(—(s — 1), R"), [|@|l+5 < 00}
B"7%(=s,RCR) ={f : (—o0,5] = RCR : || fl|5,—s < o0}
B (48, RCR) = {f : [s,00) = RCR : || f|]y—s < 0o}
PO (=5, R") = {f € PC(=5,R") - || f][5,-s < 00}
pPC™ +S(+S R"™) = {f € PC(+s,R") : ||f|l+s < o0}
B (2, R") ={f : Z—s = R" : || f]|y—s < o0}
By (Lo, R") = {f : Zos = R || fly,45 < 00},

with the norms

fll s = { SPess SO, dom(f) = (~o0,s
7 supien (I f(R) e, dom(f) = 2o,

fll 2 = 4 S0P IF@Olle¢2, - dom(f) = [s, 00)
T supren, 1 (R) e, dom(f) = Zs,

Next, we introduce analogues linear operator ! from Section 6.2. We have
K, :PC"* @ B} *(Z_s,R") = B"*(—s,RCR)
K1, :PC™* & B} (Zys, R") — B"*(+5, RCR)

defined as follows:
t

K" (F,G)(t) = / U(t, 1) Pupt) o F () dpe + / Ut I~ Pl o ()ldi (9.1)

—0o0

+ZUH ) xoGildt; +ZUtt [ — Pu(t)][xoGildts,
KL (F,G)(t) = / Ut 1) P o P () dp — / T U~ P oF(lde (92)

+2Utt DxoGild ZUtt VI — Py(t:)][xoGidt;.

The following result is the appropriate analogue of Lemma 6.2.3. Its proof is similar to
(and easier than) that of the aforementioned result, and is omitted.
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Lemma 9.1.1. Let H.1, H.2, H.5 and H.7 hold.

1. Forn € (0,min{—a,b}), K", and K are bounded linear maps with norms that can
be chosen independent of s. For any compact interval J C (0, min{—a, b}), the norms
are bounded uniformly forn € J.

2. Forn € (0,min{—a,b}), K" has range in PC"™° and v = K (F,G) is the unique
solution of (6.1) in PC"™% such that Ps(s)v(s) = 0.

3. For —n € (0,min{—a, b})K", has range in PC"** and v = K1 (F,G) is the unique
solution of (6.1) in PC"** such that P,(s)v(s) = 0.

9.2 Unstable manifold

Let n € (0, min{—a,b}). At this stage, we reintroduce the substitution operators
R:PC"* = B"*(—s,R") ® B *(Z_,,R"),
defined by R(x)(t, k) = (f(t,z(t)), g(k, x(tx)o-)). One can then prove the following lemma.

Lemma 9.2.1. Let H.4 and H.7 hold. The substitution operator defined above is m-times
continuously differentiable. Moreover, on the ball Bs(0) in PC™"™*%, the substitution operator
is Lipschitz continuous with Lipschitz constant Ls that satisfies Ls — 0 as 6 — 0.

This lemma is the reason we do not need to cut off the nonlinearity. It is a consequence
of the fact that if w € PC"° N Bs(0) for n > 0, then ||u(t)|| < § for all ¢ < s. Let
n € (0,min{—a, b}) and introduce a map G_; : PC"~° x RCR,(s) — PC"~* defined by

G-s(u, ) = U(, 8)p + KL(R(u)).

In the same way that we prove Theorem 6.4.1, one can show that if ||p|| < d; is small
enough, then G_4(-,¢) has a unique fixed point in some ball Bs,(0) N PC"™*. Moreover,
01 and 0y can be chosen independent of s, and the fixed point is (uniformly in s) Lipschitz
continuous with respect to ¢.

Theorem 9.2.1. Let assumptions H.1-H.7 hold. There exist 6; and d2 > 0 such that for
all p € Bs,(0) NRCR.(s), there is a unique u*, = u* [(¢) € Bs,(0) N PCT™% such that
uty =Gl (uly, ).
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Definition 9.2.1. The local unstable manifold, W, C R x RCR, is the nonautonomous
set whose t-fibres for t € R are given by

W,(t) = Im{U(t, )}, (9.3)

where U : RCR, N Bs, (0) — RCR is the (fibrewise) Lipschitz map defined by U(t, ¢) =
u(0)(1).

Corollary 9.2.1.1. There ezists a constant L > 0 such that ||{U(t, ) —U(t,)|| < L||p—1||
for allt € R and ¢,1) € RCR, ().

The local unstable manifold is similarly negatively invariant under the nonautonomous
process S(t,s) : RCR — RCR, in the following sense. The proof is similar to the proof of
part 1 of Theorem 6.5.1.

Theorem 9.2.2. Let conditions H.1-H.7 hold. Then, for ¢ sufficiently small and t < s,
we have u* ,(p)(t) € Wy(t). In particular, if (s, ¢) € W, then exists a unique mild solution
u e PC"* of (5.1)-(5.2) with the property that u(t) € W,(t), ||ul|y—s < 2, and u(s) = ¢.

To prove smoothness of the unstable manifold (in the state space), we will apply the
implicit function theorem to the solutions of the equation F_; = 0, with

F s(u,0) =u—G 4 (u,p).

Because of Lemma 9.2.1, F; is m-times continuously differentiable, 7 ,(0,0) = 0 and
D,F_4(0,0) = I. One can then directly apply the implicit function theorem to guaran-
tee the existence of an m-times continuously differentiable ¢ — @* () defined on some
neighbourhood B,(0) C RCR,(s), such that F_4(a* ,(¢),¢) = 0. By restricting to B, (0),
we get the equality u*, = u* . Since this operation allows formal differentiation of the
fixed-point equation, we immediately get Du* (0) = U(-,s). Finally, as the evaluation
functional evs : PC"™° — RCR defined by evs(f) = f(s) is linear and bounded, the

following theorem is proven.

Theorem 9.2.3. U(t,-) : RCR,(t) — RCR is m times continuously differentiable, and
DU(t,0)p = ¢ for all p € RCR,(1).

9.3 Stable manifold

With —» € (0, min{—a, b}), we can define the substitution operator
R:PCW o B4 (45, RY) & BV (2, RY),
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with the same formula as previously. In the same way as before, the following lemma is
applicable. It is a consequence of the fact that, if ||ul|,+s < 0 and n < 0, then ||ju(t)|| <6
for all t > s.

Lemma 9.3.1. Let H.4 and H.7 hold. The substitution operator defined above is m times
continuously differentiable. Moreover, on the ball Bs(0) in PC"™*°, the substitution operator
is Lipschitz continuous with Lipschitz constant Ls that satisfies Ls — 0 as 6 — 0.

We can then proceed to define the fixed-point operator G, : PC"** x RCR,(s) —
PCTT* by

Gys(u,0) = U(+, 8)p + KL (R(u)),

and ultimately obtain the following results. They are proven similarly to the analogous
results in Section 6.4 and Section 6.5.

Theorem 9.3.1. Let assumptions H.1-H.7 hold. There exist 6y and 69 > 0 such that for
all ¢ € Bs,(0) N RCR,(s), there is a unique u’, = u* (¢) € Bs,(0) N PC™™ such that
wh, =Gl (u,, 0).

Definition 9.3.1. The local stable manifold, W, C R x RCR, is the nonautonomous set
whose t-fibres for t € R are given by

Wi(t) = Im{T(t,-)}, (9.4)

where T : RCRs N Bs, (0) — RCR is the (fibrewise) Lipschitz map defined by T (t,¢) =
ul,(9)(1).

Corollary 9.3.1.1. There exists a constant L > 0 such that ||T (t, ¢)—T (t, )| < S|lo—v||
for allt € R and ¢,¢ € RCR4(t).

Theorem 9.3.2. Let conditions H.1-H.7 hold. If (s1,¢) € W, and ¢ is sufficiently small,
then (t,S(t,s1)¢p) € Wy for all t > sy. Additionally, for each v > 0 there exist 6 > 0 and
C > 0 such that for all p € RCR(s1) with ||p|| <&, we have the estimate

HS(ta 81)7—(31, SO)H S Ce(a+’y)(tfsl)’

where we remind the reader that S is the nonlinear process introduced in Lemma 5.1.1.

Theorem 9.3.3. T(t,) : RCRs(t) — RCR is m times continuously differentiable, and
DT (t,0)6 = ¢ for all ¢ € RCR(t).
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9.4 Linearized stability and instability

Proposition 5.3.1 states that when the unstable and centre fibre bundles are trivial, the
fixed point 0 of the nonlinear equation (5.1)—(5.2) is exponentially stable. With the help
of the the unstable manifold, we can prove a converse, completing our extension of the
classical linearized stability /instability theorem. The following lemma will be helpful in
proving the linearized instability theorem; its proof is an elementary consequence of the
definition of instability, and is omitted.

Lemma 9.4.1. Suppose there exists € > 0 such that for all s € R, there exists sequences
T, € RCR andt, € R with x,, — 0 and t,, > s satisfying t,, — 0o, such that ||S(t,, s)x,|| >
€. Then, the fixed point 0 is unstable.

Theorem 9.4.1. Let assumptions H.1-H.7 hold. Assume for all 6 > 0 sufficiently small,
there exists c¢(0) > 0 satisfying lims o+ ¢(0) = 0 and such that

1f(t,9) = F(t, V)] < cllo =]

forallt e R, k € Z and ¢,v € Bs(0). The fized point 0 € RCR 1is:

e exponentially stable if RCR. and RCR, are both trivial;

e unstable if RCR, is nontrivial.

Proof. The exponential stability result is precisely Proposition 5.3.1. For the instability
result, let s € R be given. Let s < t,, — oo, and let ¢, € RCR,(t,) be a sequence such
that ||pn|| = ;. Consider the sequence &, = U(t,, p,). From the fixed point equation, it
follows that P,(t,)&, = ¢, for all n. Also, we have

01 = [lnll = [[Pu(tn)énll < Nl|&a]l,

from which we get the lower bound |[|¢,|| > +6; for all n € N. From Theorem 9.2.2, there
exists a mild solution u,, € PC™ " satisfying u,(t,) = &,. From the bound ||uy||, —t, < d2,
we have the exponential estimate ||u,(t)|| < 27—t for all ¢ < t,,. In particular, we have
[t (8)]] < dpe™57t). Since t,, — 0o, we get u,(s) — 0 as n — co. Applying Lemma 9.4.1

with the sequence x,, = u,(s) and € = %51, we get the claimed result. O

147



Chapter 10

Codimension-one bifurcations

The content of this chapter appears in Computation of centre manifolds and some codimension-
one bifurcations for impulsive delay differential equations [20] by Church and Liu.

This chapter contains two results. The first (Section 10.1) is a normal form calculation
associated to saddle-node and transcritical bifurcations in a general periodic impulsive
delay differential equation with one delay. The second (Section 10.2) considers bifurcations
at Hopf points. The system to be studied will be the n-dimensional system

&= A(t)x(t) + B(t)x(t —7r) + q(t)e + f(t, z(t), 2(t —7),€), t#k (10.1)
Az =Cx(t”) + Ex(t —r) + qe + g(x(t™),z(t — 1), €), t =k, (10.2)

where ¢; and gq are column vectors, and ¢t — f(¢,-,-,-), t — A(t), t — B(t) and t — ¢ (t)
are periodic with period 1. We will assume that f and g are sufficiently smooth and
f(t,0,0,0) = ¢g(0,0,0) = 0, so that 0 is an equilibrium point when ¢ = 0. Also, we assume
Df(t,0,0,0) = 0 and Dg(0,0,0) = 0, so that f and g contain all terms of order 2 and
above in x(t), z(t — r) and e. We will also assume that the delay satisfies » < 1. Much of
the results will depend on the properties of the linear system

&= A(t)z(t) + B(t)x(t —r), t#+k (10.3)
Ax =Cz(t™) + Ex(t —r), t=k. (10.4)

This is precisely the linearization of (10.1)-(10.2) at the origin with parameter e = 0. We
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will also need the formal adjoint equation

d%zl = —21(8)A(s) — z1(s + r)E(s + 1), s¢ {kk—r} (10.5)
-1 _
- { OO ot o
and the augmented linear homogeneous system

7= At)7(t) + B{t)7(t — ) + q1(t)e, t#k (10.7)

Am =Cr(t™) + En(t —r) + gae, t=k (10.8)

€ =0, t #k, (10.9)

Ae = 0, t=k. (10.10)

Finally, we denote F(t,z,€) = f(t,2:(0), z:(—7), €) and G(x¢, €) = g(z:(0), z¢(—7), €).

Remark 10.0.1. The results of this section do not depend crucially on the assumption that
r < 1, but rather that the linear and nonlinear terms in the jump map satisfy the overlap
condition and that r < 1. For example, if the jump condition (10.2) does not have delayed
terms then it is no issue to allow r = 1. The assumption r < 1 is made more for ease
of presentation than anything, and the methodology applied in this section of the present
paper can easily be extended to accommodate r > 1. In particular, the generic results of
Corollary 10.1.1.1 and Corollary 10.2.1.1 remain true for r arbitrary, provided the overlap
condition is satisfied. They also hold if there is more than one delay and more than one
impulse per period, under similar assumptions.

10.1 Fold bifurcation

Suppose the linearized system (10.3)—(10.4) at ¢ = 0 has one-dimensional centre fiber
bundle: RCRY(t) = span{¢;}. This means that zero is a Floquet exponent and there is a
single rank 1 Floquet eigensolution ¢;. The superscript 0 is used to distinguish the fiber
bundles of the system (10.3)—(10.4) from those of (10.7)—(10.10).

To study bifurcations at the origin for (10.1)—(10.2) at € = 0, we must expand the state
space by taking e as an additional state variable. This results in the augmented system

4e] o] [0 s
N RO ) R



and the linear functionals £ and J are defined by
ol [=[ L5 ][]
BRI IEEIE=]
Observe that the linearization of the augmented system (10.11)—(10.12) is (10.7)—(10.10).

The centre fiber bundle, in particular, has become two-dimensional, but the unstable fiber
bundle remains c-dimensional.

Lemma 10.1.1. The centre fiber bundle RCR.(t) associated to the linearization of the
augmented system (10.11)—(10.12) is two-dimensional. A basis matriz is

_ Gr T
Q_{o 1}’

where ¢, spans the centre fiber bundle of the original linearization (10.3)—(10.4) at € =
0, and t — (m(0),1) is a Floquet eigensolution of rank < 2 with exponent zero of the
augmented homogeneous system (10.7)—(10.10). Also, the unstable fiber bundle RCR.(t)

of the augmented system remains c-dimensional.

Proof. That (¢,0) is a solution in the centre fiber bundle is clear, so dim RCR.(t) > 1.
On the other hand, any solution (z,€) of the linearization (10.7)—(10.10) must satisfy
€ = constant, so in searching for other solutions in RCR.(t) with such a nonzero constant,
we may without loss of generality assume a solution of the form (m, 1), where ¢ — m:(0)
solves

i = A(t)7(t) + B{t)n(t —7) + q.(t), t#k (10.13)
Ar=Cr(t™)+ En(t — 1) + go, t=k. (10.14)

Observe however that for any pair of solutions 7m; and w; of the above system, the difference
hy = m —wy satisfies the homogeneous equation (10.3)—(10.4) and, consequently, if (7, 1) €
RCR.(t), then 7, is unique up to addition by a multiple of ¢;. Thus, dim RCR.(t) < 2.
Moreover, because of the inhomogeneity, any solution of the form (7, 1) cannot satisfy
[|me|| = 0 as t — oo or t — —oo. By spectral separation, if follows that if ¢ — (7, 1) is an
eigensolution, then (7, 1) € RCR.(t).

Next, we prove that RCR,(t) = RCR2(t) x {0}, thereby proving that RCR,(t) is
c-dimensional. Let (wy,€) € RCR,(t), and assume by way of contradiction that € = 1,
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because if ¢ = 0 then we must have w, € RCRY(t), and if ¢ # 1 we can rescale. But
this means (wt,1) € RCR,(t), which is a contradiction to the above result that all such
eigensolutions must be in RCR.(t). Thus, RCR,(t) contains only eigensolutions of the
form (wy, 0), and so RCR,(t) = RCR(t) x {0} is c-dimensional.

Finally, by way of contradiction, assume that dim RCR.(t) = 1 and RCR.(t) is spanned
by (¢¢,0). Consider the element (0,1) € RCR = RCR(|—r,0],R") x RCR([—r,0],R). Due
to the decomposition RCR = RCR.(0) & RCR;(0), there exists a unique ¢ € R such that
(0,1) = c(¢o,0) + (ao, by) for some (ag, by) € RCR4(0). Consequently, by = 1, and it follows
that (ag,1) € RCR,(0). It follows that the solution ¢t — (at, 1) through (ag,1) is defined
on [0,00) and, by forward invariance of RCRs, we have (at, 1) € RCR(t), which is a
contradiction because as has been proven above, such a solution can only be in RCR.(t).
That m; is a Floquet eigensolution with exponent zero and of rank < 2 is a consequence
the Floquet decomposition (8.5). O

Lemma 10.1.2. Let p(t) € R™ be a nontrivial periodic solution of the formally adjoint
equation (10.5)—(10.6), normalized with respect to ¢; such that

fwm¢w=[:mwwwuwﬂuwu—rmu+pmew—m:1. (10.15)

This normalization is always attainable. Define the quantity

amaémmwm+mm} (10.16)

The Floquet eigensolution t — (m;(0), 1) from Lemma 10.1.1 is rank 1 if and only if ap; = 0.
Under the above normalization, m; satisfies the equality

T = T + o1 o, (10.17)

and the matriz A of the Flogquet decomposition ®, = Q.e™ for t — Q; of period one, is
o 0 ap1
A_h O]

Proof. The proof of this result makes use of a modification and slight generalization of [[1],
Theorem 1 & Lemma 5] adapted to the right-continuous solution formalism. The proof is
omitted.
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Proposition 10.1.1. The inhomogeneous linear system

T =A(t)x+ Bt)z(t —r) + f(t), t#£k
Azr =Cx(t”) + Ex(t —r) + g, t =k,

has a periodic solution if and only if

/0 p(5)£(8)ds + pi(0)g = 0 (10.18)

for every nontrivial periodic solution p; of the formally adjoint homogeneous system (10.5)—
(10.6). Also, the number of linearly independent periodic solutions of the homogeneous
system (10.3)—(10.4) and its formal adjoint (10.5)—(10.6) is the same.

Using Proposition 10.1.1, it is clear that the condition ag; = 0 is equivalent to the
periodicity of m;. Next we show that A has the claimed form. To begin, we remark that
(m(t),1) being a Floquet eigensolution of rank < 2 and exponent zero implies it can be
written in the form 7 (t) = tv(t) + w(t) for periodic v and w. Substituting into (10.13)—
(10.14) and factoring, we can write

t(v—Av— Bo(t—71))+v+w+rBu(t —r) = Aw + Bw(t — 1) + ¢, t#k
(10.19)

t(Av—Co(t™) — Ev(t—1))+Aw+rEv(t —r) =Cw(t™ )+ Bw(t —r)+ ¢, t=k.
(10.20)

Since w is periodic and hence bounded, it follows that the order ¢ terms must vanish.
Consequently, v must in fact be a periodic solution of (10.3)—(10.4), and it follows that
vy = c¢y for a constant c. But this in turn means

mi(0) = (1 +6)vi(6) + wi(6)
= 01}0(9) —I— wo(é’) + ’U()(Q)
= mo(0) + coo(6).

Thus, @, satisfies the decomposition

1 ¢

(131:(1)0|:0 1:|:q)0M

If agy = 0, we must chose ¢ = 0, with the result being the matrix A = log M = 0542
as claimed. On the other hand, if ap; # 0, we substitute our ansatz v(t) = c¢(t) into
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(10.19)—(10.20) to obtain the following inhomogeneous system for w:

w=Aw+ Bw(t —r)+q — clo(t) + rBo(t — )], t#£k
Aw=Cw({t™)+ Ew(t—r)+q —crEp(t —r), t=k.

Applying Proposition 10.1.1 to the above inhomogeneous system, we conclude that as w
is periodic, ¢ must satisfy the equation

a1 — cN(p,¢) = 0.

It follows that N(p, ¢) # 0, and as it is linear in p, we can always attain the normalization
condition N(p, @) = 1. Therefore, ¢ = ag1, and we get

Azlogleog{(l) ain}: [8 agl}.

[]

Lemma 10.1.3. Write the matriz Y (t) € R*>*™+D gssociated to the projection Pi(t) :
RCR([—r, 0], R") — RCR.(t) in block form

Y Yo
Y —
K

for Yy € R and Yiy € R We have Yoy = 0 and

¢ Y11(t) = i/ (21 — V) xodz, (10.21)
I

o

where V' : RCR — RCR is the monodromy operator associated to the linear system
(10.3)<(10.4) and I'y is a positively-oriented contour whose interior is bounded away from
zero, and enclosing 1 € C.

Proof. By definition, we have

Yult) | _ 1 ERTATE EF
o [300 ] =g - a0t oz

where the diagonal matrix has n ones. We start by partially solving the operator equation

R(z; Vy)diag(1, ..., 1,0)x0 = ¢ € RCR([—r, 0], R"*).
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By linearity of the monodromy operator V;, if we write

| Yn 0
o= ]+
for ¢, € RCR([—r,0],R™) and ¥ € RCR([—r,0],R), and the operator equation is equiv-
alent to

Pe

Note, however, that the dynamics of the augmented system (10.7)—(10.10) are trivial in
e, and the left-hand side of the above equation is zero in the ¢ component. Consequently,
e = 0. Similarly, V;[ ¥, 0 ]T € RCR([—r,0],R™)x{0}, so the equation for the component
1, takes the form

dlag(L7170)X0:Zw_‘/;€|:d8r:|_‘/t|: 0 :|

X0 = wa - ‘/towm

which implies 1, satisfies the equation R(z;V%)xo = v,. Taking all of the above into
account together with the representation of ®; from Lemma 10.1.1, we see that equation
(10.22) is equivalent to

¢tY11(ty)2 T(gtm(t) } _ QLM /F | { (1 = ?WO ] dz,

which readily implies Y51 = 0 and the characterization of Yi; specified in equation (10.21).
]

With the above three lemmas at hand we can compute the quadratic-order dynamics
on the centre manifold (8.14)—(8.15). First, however, we note that because the dynamics of
€ in (10.11)-(10.12) are trivial, we can abuse notation and write u = (uy,us) € R? instead
as u = (u,e€).

Lemma 10.1.4. Consequently, the nontrivial dynamics on the centre manifold, to quadratic
order, are given by

i = agre + %Yu(t)DQF(t, O+ (m — aoston)e, 2, L4k (10.23)
Au— %YH(O)DzG(O)[(@]u +rre o, F—k (10.24)

for |e| small, and all differentials are in the RCR wvariable.
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Proof. First, using Lemma 10.1.1 and Lemma 10.1.2, we can calculate

0, = [ O T — (1101t¢t } .

Next, the quadratic-order dynamics for (u,€) are given by (8.14)(8.15):

AR R kB ——
A:z::%Y(t) D*G(0) %“”2 , t= k.

By periodicity of @ and Y (), we can replace Q- with Qo- and Y'(t) with Y(0) in the
second equation, since the jumps occur at the integers. Also, because of the structure of
Y (t) supplied by Lemma 10.1.3, the above reduces to equation (10.23)—(10.24) together
with the trivial equations ¢ = 0 and Ae = 0. ]

Theorem 10.1.1 (Fold bifurcation). Let the centre fiber bundle associated to the linear
system (10.1)—(10.2) be one-dimensional, with A = 0 being the only Flogquet exponent with
zero real part. Let agy be as stated in Lemma 10.1.2 and let m; satisfy equation (10.17). As-
sume the functions p(t) and ¢(t) satisfy the normalization condition (10.15) and introduce
the quantities

:/ Yar(s) D2E (5, 0)[(6s, 0)2ds + Va1 (0) D2G(0)[(6, 0)]2.
an = / Y1 (5)D*F (5,0)[(65, 0), (72 — o6, 1)]ds + Yu1 (0) D*G(0)[(¢5 . 0), (w5, 1))

The following are true.

1. If apy # 0 and agy # 0, the nonlinear system (10.1)—(10.2) undergoes a fold (saddle-
node) bifurcation of periodic orbits from the equilibrium O at parameter e = 0. More
precisely, the iterated discrete-time dynamaics on the parameter-dependent centre man-
ifold are locally topologically equivalent near (u,e) = 0 to the quadratic-order trun-
cated dynamics

1
U — U+ agr€ + 50,2011,2.
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2. Suppose agy = 0. If a;y # 0 and ayy # 0, and x = 0 is a solution pf (10.1)—-(10.2) for
all [e| small enough, then this system undergoes a transcritical bifurcation of periodic
orbits from the equilibrium O at parameter e = 0. More precisely, the iterated discrete-
time dynamics on the parameter-dependent centre manifold are locally topologically
equivalent near (u,e) = 0 to the quadratic-order truncated dynamics

U U+ ajreu + 5&20’&2.

3. If RCRO(t) is trivial, the stability of fived points of the iterated dynamics carry over
to the analogous bifurcating periodic orbits in (10.1)—(10.2).

Proof. Starting from the quadratic-order dynamics (10.23)—(10.24) on the centre manifold,
we define the stroboscopic (Poincaré) map u — S(u, €) mapping the state u at time ¢t = 0
to the state at time ¢ = 1 for parameter e. This function is smooth and following [19], it
admits a Taylor expansion of the form

1 1
S(u,€) = u+ qore + 5@120“2 + quue + 5610262 +O([|(u, %)

near (u, €) = 0. Each of the coefficients g;; is a solution of a particular initial-value problem
evaluated at t = 1. Namely, ¢;; = v;;(1) where v;;(0) = 0 and

Vo1 = Ao, teR
b0 = Y () D1, 0)(01,0)) Lk
b1 = 3V (ODAF(E,0)[(60,0), (7 — antr, 1), t#k
Aoz = Y (0)D*G(0)[(¢5. 0)1% L=k
Avi = SYa(O)DGO)[(65,1), (75, 1) t=h

The differential equation for vy, is not shown because it will not be needed. Solving
the above differential equations, it follows that the Stroboscopic map admits the Taylor
expansion

1
S(u,€) = u+ agre+ §a20u2 + ajjeu + 0(62 + ||(w, e)||3)

As the dynamics on the centre manifold are periodic, the orbit structure and bifurcations
can be determined by analyzing the iterated map u — S(u,€). The conclusions 1-2 of
the theorem now follow directly from the saddle-node bifurcation theorem for maps [92].
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The stability assertion in the presence of a trivial unstable fiber bundle follow by upper

semicontinuity of the spectrum of compact operators under perturbations [51], and the
continuity of the fixed points of the iterated dynamics for |e| small. Alternatively, one can
use Theorem 6.8.1. O

Remark 10.1.1. The above theorem could easily be generalized to the setting where there
is more than one impulse per period. The period can also be any positive real number, since
one can always rescale time so that the period is unity. Note also that there is no need to
calculate 7y unless the nondegeneracy condition asy # 0 of the saddle-node bifurcation fails.

The following corollary is a statement of the generic fold bifurcation theorem for the
system (10.1)—(10.2). The genericity conditions are the transversality conditions ag; # 0
and agg # 0.

Corollary 10.1.1.1 (Generic Fold Bifurcation). For any generic impulsive delay differen-
tial equation (10.1)—(10.2) having at € = 0 the equilibrium 0 with a single Floquet exponent
A = 0 and one-dimensional centre fiber bundle, there is a neighbourhood N of 0 € RCR
and a smooth invertible change of parameters n = n(e) satisfying n(0) = 0, such that for
n > 0, there are exactly two periodic orbits of period 1 in N that trivialize to the equilibrium
as n — 0T, while for n < 0 there are no periodic orbits in N.

10.1.1 Example: fold bifurcation in a scalar system with delayed
impulse

Consider the scalar equation
i =log(2)x — 2*(t — 1/2) + eo(t), t#k (10.25)

1
Ar = ——x(t —1/2) + ¢, t =k, 10.26
NG (t—1/2) (10.26)
where o(t) is periodic with period 1. When ¢ = 0, the linearization at the origin has
o(t) = 2=t as the unique periodic solution up to scaling. Moreover, every solution of the

linearization at 0 of the above impulsive delay differential equation is eventually a solution
of (ie. (10.25)—(10.26) is FD-reducible [21] to) the system

z =log(2)z, t#k
1
Az = —5% t=k.
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Since any solution of (10.25)-(10.26) defined for all time must satisfy the above finite-
dimensional system, and since it has only the Floquet exponent 0 with multiplicity 1, we
conclude that the linearization of (10.25)—(10.26) has RCR.(t) = span{¢;} and RCR,(t) =

{0}. We are therefore in a position to apply Theorem 10.1.1.

The formal adjoint system to the linearization is

—log(2)y, t#k—1/2

t=k—1/2.

From this, we can calculate the nontrivial periodic solution
o—t+(t] , 0

p(t) = { ol—t+[t] 1

12

by solving the equation in reverse time from (¢, y) =
condition (10.15). We have

N.0) = [ oot + o013 - o172

1 1
:/21dt+/ 2t — ok

0 i 2v/2
1

so p is already normalized relative to ¢. The calculation of the function Yj;(t) is carried
out in Section 10.1.2; we find that Y11(¢) = p(t). We have enough information to calculate

the coefficients ag; and agq:

1/2 1
ag =1 +/ 27%0(s)ds —i—/ 2750 (s)ds,
0 1/2

3

ag = /0 —2¢(s — 1/2)%ds = “loa@)’

Since ag is nonzero, Theorem 10.1.1 guarantees a saddle-node bifurcation occurs at e = 0

—lt <3
-t <1

I/\ |/\

(1,1). Next we verify the normalization

assuming ag; # 0.
For example, if we choose o(t) = sin(27t), then ag; = 0.88881 £ 107° is positive and

asg is negative. Reading off the discrete-time dynamics from the theorem, we predict that
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Figure 10.1: Simulations of the scalar impulsive system (10.25)—(10.26) from Section 10.1.1
for various parameters €, with the forcing function o(t) = sin(2t), from the constant initial
condition zy = % Time ¢ on the horizontal with x(¢) on the vertical axis. Top row left to
right: solutions with ¢ = 0, ¢ = 0.2 and ¢ = 0.4. Bottom row from left to right: € = 0.8,
e=1,and e = 1.2.

there should be a single, locally asymptotically stable periodic orbit when € > 0, the origin
should be semistable when ¢ = 0, and there should be no small periodic orbits when
€ < 0. These conclusions should all hold true provided |e| is sufficiently small. Indeed, we
can verify numerically that these conclusions are consistent for 0 < e < 1, although the
bifurcating periodic orbit appears to undergo a period doubling bifurcation between ¢ = 1
and € = 1.2; see Figure 10.1. Solutions rapidly diverge in the regime ¢ < 0 and we do not
provide accompanying figures.

10.1.2 Calculation of the function Yj;(¢) for Example 10.1.1

First, we remark that because of the periodicity of the monodromy operator and the
matrix Y (t), it suffices to compute the restriction of Y1 () to the interval [0, 1) and extend
periodically. We begin by computing the monodromy operator V; on this restriction. One
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can verify that this is given by

2°71¢(0), t+0<0t<1
VPe(0) = 4 2°€(0), t+0>0,t<1
20(2£(0) — 2'2€(t — 1/2)), 1

Next, we solve the equation (21 — V;?)"'xo = ¢. This is equivalent to
Xo = 29 — V2. (10.27)

We do two cases separately: first, with ¢ < %, and then with ¢ > %

Ift < %, equation (10.27) evaluated at § = 0 produces the following algebraic equation
for ¢(0):
1= 2¢(0) — ¢(0).
Therefore, 1(0) = (z—1)"!. Evaluating (10.27) at # < 0 and substituting in the constraint
¥ (0) = (z — 1)~ produces the equation

1 1+6
0= 2(6) — {2 , t+0<0

-1 2°, t+60>0.

Solving the above equation for ¢ (6), combining the two results and simplifying, we have
determined that for t < %,

o1 29 zZ, =0
(21 = V) =71 ? t+0<0 (10.28)
1, t+60>0.

Next, we consider the case ¢ > 1. Evaluating equation (10.27) at § =0 and § = ; —t <
0, we obtain the following pair of linear equations for the unknowns ¢(0) and ¥ (1/2 — t):

1= (2= 2)y(0) + 2" 29(1/2 — t)
0=—2"""+ (24 1)(1/2 — t).

Solving this equation, we find

{w%@)—o}: : {Zdﬂ} (10.29)




Next, evaluating (10.27) at § < 0 and expressing one of the terms as matrix product yields
the equation

0= 200(0) —2°[ 2 —ot= ][w(fﬂ/(zo)—t) ]

Solving the equation for 1(¢) and combining it with (10.29), we conclude that for ¢ > 1,

20 z+1, =0
0yl — )
(I =V7) "o 1) { 9. <o (10.30)

Next we calculate the Dunford integral (2mi)~" [, (21 —V;%)"'xod2. Using (10.28) and
(10.30) together with residue theorem, we obtaln after much simplification

1 o1 210 <l t4+0<0ort>g
ami Jy TV XO(Q)‘Z'Z—{?, t<Itvo>o0

I

By Lemma 10.1.3, we can calculate Y;1(¢) by multiplying the above by 1/¢,(#), and the
result should be independent of . Initially, we obtain

1 1 L-t+[t40) 4 < 1 1
/(zI—VtO)IXO(Q)dz:{2 , 1< g, t+0<0ort >3 (10.31)

o(0) 2mi 27O <1t 460> 0.
When t > 5, we have 1 — ¢ + [t + 0] = 1 — t. Conversely, when ¢ < %, we have
t+60<0 = 1—t+[t+6] =—
t+6>0 = —t+|t+0] =—

Therefore, in both cases, we see that (10.31) can be written independent of 6, with the
result being Y71(t) = p(t) on [0,1). Extending by periodicity, the claim is proven.

10.2 Cylinder bifurcation

This time we will assume (10.3)—(10.4) has a pair +iw of complex conjugate Floquet

exponents, and there are no other Floquet exponents with zero real part. This means
the centre fibre bundle has the real basis matrix ®) = [ ¢1; ¢, |, so that RCRY(t) =
span{¢1:(0), ¢24(6)}. As the Floquet exponents are +iw, equation (8.5) implies the de-

composition
0 w
P = QVexp d w0 ] t) : (10.32)
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where t + @, is periodic with columns in RCR. Finally, we let dim RCRL(t) = c.

The analysis of this section is similar to the previous one, with some modifications. To
motivate our first result, recall that a Neimark-Sacker bifurcation occurs in the iterated
map

2 Ae)z + %B(e)[z, 2+ éC’(e)[z, 22+ O(||2119) (10.33)

for a 2 x 2 matrix A(e) and symmetric multilinear maps B(e) and C(e), at z = 0 with
parameter € = 0, provided the following are satisfied [54]:

e the eigenvalues p1(e) and po(e) of A(e) satisfy u;(0) = e, and e #£ 1 for k =
1,2,3,4;

e the crossing condition® 7/(0) # 0 is satisfied, where

1d

r'(0) = > de Ezoﬂl(e)ﬂz(e) # 0;

e the first Lyapunov coefficient [51] d(0),

d(O) = Re (e—iwl |:<p7 CO[Qa Q>§]> + 2<pa BO[Q> (I - AO)_lBO[qaq]D
. (10.34)

0 Bl (1 = A0 Blaa))] ).

satisfies d(0) # 0, where (a,b) = @b + @by is the standard inner product on C?,
Ay = A(0), By = B(0) and Cy = C(0), g satisfies Agq = €™q, p satisfies Alp = e~ “p,
and (p,q) = 1.

Our approach in analyzing the Hopf bifurcation condition in (10.1)—(10.2) will be to
first expand the state space as in equation (10.11)—(10.12) and determine the nontrivial
dynamics on the parameter-dependent centre manifold near (x4, €) = (0,0). This will be a
two-dimensional impulsive differential equation. The iterated dynamics of the associated
stroboscopic map at parameter ¢ = 0 will be compared to (10.33), while the dynamics

!Precisely, this condition states the eigenvalues must cross the boundary of |z| = 1 in C transversally.
This is equivalent to the modulus |u;(€)| being increasing or decreasing at ¢ = 0 which, given that |z| = 2z,
is equivalent to the condition we have supplied.
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for |e| small will provide a way to calculate r/(0). This will allow us to effectively lift the
Neimark-Sacker bifurcation into the nonlinear dynamics of (10.1)-(10.2).

To begin, we introduce some additional notation. The symbols D, and D, will denote
the partial derivative operators acting on functions H : RCR x R — R". We then set
H,, = D?>H(0), Hypr = D2H(0), and H,. = D.D,H(0), where the first two are symmetric
bilinear and trilinear maps on RCR repsectively, and the latter is a linear operator on
RCR. For H(t,-,-) : RCR x R — R"™, we overload the notation and write, for example,
H,.(t) = H(t,, )z

The following three lemmas provide the foundation of our result. They are analogues
of Lemma 10.1.1, Lemma 10.1.2 and Lemma 10.1.3, and the proofs follow from the same
reasoning.

Lemma 10.2.1. The centre fiber bundle RCR.(t) associated to the linearization of the
parameter augmented system (10.11)—(10.12) is three-dimensional. A basis matriz is

_ ¢1,t ¢2,t Uv’
q)t_{o 0 1|

where ¢, spans the centre fiber bundle of the original linearization (10.3)—(10.4) at € =
0, and t — (m(0),1) = (n(t),1) is a Floquet eigensolution with exponent zero of the
homogeneous impulsive delay differential equation (10.7)—(10.10). Also, the unstable fiber
bundle RCR.,(t) of the parameter-augmented system remains c-dimensional.

Lemma 10.2.2. The Floquet eigensolution t — (m4(0),1) is rank 1, so w(t) = m(0) is the
unique periodic solution of the system (10.7)—(10.8) with e = 1. The matrices A and Q; of
the Floquet decomposition ®, = Qe are

. Aw OX . 0 w o Q? Tt
A_[ 201}, Aw_{ } Qt_[ 0 1}, (10.35)

012 —w 0

where QY is the same periodic matriz appearing in (10.32).

Lemma 10.2.3. Write the matriz Y (t) € R¥>*®™+Y) gssociated to the projection P.(t) :
RCR([—r, 0], R™) — RCR.(t) in block form

Yii Yio

Y=|Yy Yo
Y31 Ya
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for Yy € RY>*™ and Yiy € R, We have Y31 = 0 and

1
P14Y11(t) + P2, Yo1(t) = o /(ZI — V) xodz, (10.36)
r

where V! : RCR — RCR is the monodromy operator associated to the linear system
(10.3)~(10.4) and T is a positively-oriented contour whose interior is bounded away from
zero, enclosing both of e and no other eigenvalues of V2.

At this stage, we should point out that because of the trivial dynamics of the parameter
€ and the form of ®;, the Euclidean space representation of the three-dimensional centre
manifold of the augmented system (10.11)—(10.12) takes the form

Rt (u,€),0) = [ h(t, %’6’9) }

for h(t,u,e,0) € R® and u € R% Consequently, Lemma 10.2.1 though Lemma 10.2.3
together with Theorem 8.1.2 imply that the dynamics on the two-dimensional slice of the
three-dimensional centre manifold at parameter € are

i=Aout et | 0O py 00y b S h(tue ), t4E (10.37)
Yo ()
Au— [ Y (0) ] GLQLu+ o +h(0,ue, ), €), F—k (10.38)
Y21(0)
Next we consider ﬁ(t,u,ﬁ) := h(t,u,0,0), the centre manifold at parameter ¢ = 0.

As we will need the cubic order terms in the iterated map (10.33), it will be necessary
to compute A to quadratic order in u. As Theorem 8.1.1 implies the expansion h =
Lo +O(J|u||?), the following lemma is of use and implies the fairly striking result that, for
Hopf bifurcation conditions, the projection constraint of Proposition 8.2.0.1 is not actually
needed to determine the quadratic term of the centre manifold at e = 0.

Lemma 10.2.4. In terms of the expansion
ho(t, 0)[u, u] = hitu? + hi*ujug + h32u2,

the vector function h5 = (hil, hi% h2?) € (R™)? is the unique periodic solution of period one
of the impulsive partial delay differential equation (8.38)—(8.41) satisfying the constraint
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P.(t)h¥(t,-) =0 for all t € [0,1) and unordered pairs i,j € {1,2}, with the data

0 —¢ 0
AN=|w 0 —-w/|,
0 ¢ 0
Fa:a: (t) [Qg,l]Q
F(t,0) = (¢14(0)Y11(t) + 624(0)Y2r (1)) | Faa(t)[QF1, Q0] |
22 ()[Q12)?
Gaa Q- 4 )*
g(e) = <¢1,0 (9)}/11(0) + ¢2,0<9)}/21 (O)) Gm&[ 8[,17 Q]gg}
G- o

Moreover, the inhomogeneous linear system (8.43)—(8.44) from Proposition 8.2.1 has a
unique periodic solution n(t) of period T, so the vector h3 of coefficients of the centre
manifold at parameter e = 0 is given precisely by the right-hand side of equation (8.42).
Also, if RCR.,(t) is trivial, the set

ny + RCRI(t) € RCR?

s globally attracting, where RCRZ(t) is the centre fiber bundle associated to the homoge-
neous equation

a(t) + 200 x n(t) = L(t) ® [e*20) x ny], t#ty (10.39)
An(t) = J(k) © [e220) s n, ], t =t (10.40)
. 0 .
Proof. Since A = A, = [ w0 } , one can readily compute

—wWuUy (75

palted = a0 || 222 ][0 |
1 1
iy (h;1u2u1 b animg - Lngz h§2u1u2)

C11
C21
C12
C22

=[u? wou; wgus ud | x Ag*
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so that Ay does indeed have the claimed form. Verifying that F and G are as stated in the
lemma can be done in a similar manner, taking into account Lemma 10.2.2 and Lemma

10.2.3.

Since (8.43)—(8.44) is inhomogeneous, we can write any given periodic solution in the
form n(t) = no(t) + M(t)y, where ng(t) is a particular periodic solution, M (t) is a matrix
whose columns consist of a maximal linearly independent set (finite, due to the Floquet
theory) of real periodic solutions of the homogeneous equation, and y is a real vector of
appropriate dimension. To characterize M (t), we write down the homogeneous equation:

i+ 20y % n = L(t) © [e2220) % ny], t#+k (10.41)
An = J(k) © [e2220) xn,], t=k, (10.42)

where we remember that multiplications involving A, and its exponentials are treated as
array multiplications. Introducing a change of variables w(t) = e*2!xn(t) for w € (R")#*1,
we find by applying the Leibniz law that w satisfies the homogeneous equation

W= L(t) ® w, t 4k (10.43)
Aw = J(k) © wy-, t=k. (10.44)

Thus, the dynamical system for w is merely the §-fold product of the homogeneous system
(10.3)—(10.4) with itself. Recall that this system has, a priori, no nontrivial periodic
solutions, and the only Floquet exponents on the imaginary axis are +iw. Since the
eigenvalues of 2A, are A = 0 and A\ = +i2w, the transformation u — €2*2* x u is uniformly
bounded, so every periodic solution of (10.41)—(10.42) must be of the form e=2A2! x w(t)
for a periodic solution w(t) of (10.43)—(10.44). Since w # 0, the only periodic solution
of this form is the trivial solution, thereby proving that the T-periodic solution of the
inhomogeneous equation is unique. That n,+RCRI(t) is attracting when RCR,(t) is trivial
follows by the uniform boundedness of the transformation and the spectral separation of
RCR? by the homogeneous system (10.43)—(10.43). O

We cannot hope to obtain an explicit, fully general formula for the solution c(t,0)
encoding the coefficients of hy(t,6). The difficulty arises in solving the inhomogeneous
impulsive delay system (8.43)—(8.44) of Proposition 8.2.1. See later Example 10.2.1.

At this stage, we will assume that one has computed the second-order term hs of the
centre manifold at parameter ¢ = 0, or some sufficiently precise numerical approximation
thereof. To prove the following lemma, we could apply the method of [19], as is done in
the proof of Theorem 10.1.1. However, the calculations are obviously a bit messier in this
case. For the sake of transparency, we provide a self-contained proof.
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Lemma 10.2.5. The iterated dynamics defined by the Stroboscopic (Poincaré) map as-
sociated to the impulsive differential equation (10.37)—(10.38) on the parameter dependent
centre manifold, at the fixed parameter e = 0, are given to cubic order by

u— Q(1)u + % (/0 QL)Y () Fyp(s)[®%u)%ds + ?(O)Gm[@?uf)
+ % (/0 Q(1)Y (s) [me(s)[tbgu]?’ + 3F,,(5)[®%u, ha(s, ) [Qs)u]?] + - --

+ 3F,.(s) [CI)Ou, P / S?(t)Fxx(t)[qu]zdt] ds] + - (10.45)
+Y(0) {Gm [@9_u)® + 3G 10 [®_u, ha(17, ) [Q(1)u]?] + - -

<0 o wey | 117(t)Fm(t)[<I>?u]2dtH) +O(Jull?)

. 0 w At Y - }/vll(t)
where A, = [ w0 ], Qt) = e and Y(t) = [ Yau(t) |
Proof. The cubic-order dynamics (8.16)—(8.17) on the centre manifold at parameter ¢ = 0
are

i =AS + MY (t) BF%) [Q%)% + %(D?’F(t)[cg?u]?’ + 3D%F (1)[Q%, halt, ~)u2])] Ltk

Au =Y (0) [%DQG[Q;C— u)?® + %

(D*G[QY_u]® + 3D*G[QY_u, ho(K°, .)uﬂ , t =k,
where for brevity we write F® = F,,,, F? = F,, and similarly for G. Let t — S(t,u) be
the unique solution of the above ordinary impulsive differential equation, defined for time
t > 0 and satisfying the initial condition S(0,u) = u. It follows that ¢ — S(t,u) satisfies
the impulsive differential equation

S =AS+ MY (1) BF%)[Q?S]Q + %(D3F(t)[Q?S]3 + 3D2F(t)[QYS, ha(t, -)SQ])} Ltk

(10.46)
AS =Y(0) [%mc[@gsﬁ + %(D?’G[QQSP +3D*G[QY-S, hy(k~, -)SQ])] , t=k.
(10.47)

167



Our objective is to compute a degree three Taylor expansion of u +— S(1,u) near u = 0.
The function S : RT x R? — R? is C? in its second variable and C! in its first variable
except at times ¢t € Z, where it is right-continuous [19]. Consequently, the multiple partial
derivatives t +— 0,1 S := Sy for k =1, 2,3 themselves satisfy a set of impulsive differential
equations that can be calculated by formally differentiating (10.46)—(10.47) with respect
to u, keeping in mind that S = S(¢,u). Also, we have the initial conditions S,(0,0) = I,
Suu(0,0) = 0 and Sy, (0,0) = 0. The formal differentiation process produces

Sy = AS, + MY (1) (DQF(t) [QVS, QYS.] + %(3D3F(t) [Q)S, Q)S, QYSu) + - -

+ 3D3F(1)[Q0S., ho(t, -)S? + hy(t,)[S, Su]>) , t+£k

Suu = ASyy + MY (1) <D2F(t)[Q§Su]2 + D?F(1)[Q%S,Q°S,] + ---

AS,

ASuu

+ %<3D2F<t)[62?5, QS, Q%S| + 6D F(£)[Q°S, Q°S,, Q°S,] + - - -

+ 3D2F()[Q S, ha(t,)S2] + 12D2F ()[Q° S, ha(t, )[S, Su] + - -+
+ 6D2F(D)[QLS, hialt, ) Sy Su] + Bialt, ) 1S, suu}) | bt

Y (k) (DQG[Qi—S, QLS.+ 5 (3D°GIQL- 5,045, QL.+ -

+3D3G[QY_S,, ho(k™,)S? + hy(k™,)[S, Su]>> , t=k

Y (k) (DQG[QQ_Su]Q + D*GQY-S,Q% S, + ---

1
T3 (3D2G[Q2— S, Qi-S, Q- Sua] + 6D*GQ}-S, Q- S, Qp-Su] + -

+ 3D2G[Q2*Sum B2(k77 )52] + 12D2G[Q2*Su7 ];2(1677 )[87 Su] +oee

+ 6D%G[QY_S, ho(k™,)[Su, Su] + ha(k™,)[S, Sw]) : t=k,

and we refrain from calculating the impulsive differential equation for S, for now. Take
note that each of S = S(t,u), S, = D2S(t,u) and S,, = D3S(t,u) is evaluated at an
arbitrary v € R2. If one calculates the impulsive differential equation for S, and evaluates
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each of S, S, and Sy, at u = 0, many terms cancel because S(¢,0) = 0. The result is
S, =AS,, t+£k
Suu = AS,, + MY (1) D2F(1)[QVS,)?, t#k
Suwe = MSuu + MY (2) [D?’F(t) [QVS.J? + 3D*F(£)[Q0S,, ho(t, )[Su]?] + -+ t#k
+ 3D*F(1)[Q7Su, Q7 Sudl]

AS, =0, t—k
AS, = Y (F)D*CIQY-S. P -
ASuu =V (k) [D*GIQY- 8. + 3D*GIQR- S, hah ™, J[Sul) + -+ t#k

+ 3D*G[Q}- Su, Q) Suul]

It follows that S,(0,t) = e = Q(¢), so that QYS, = ®?. Taking this into account,
solving the above impulsive differential equations at the prescribed initial conditions and
substituting into the Taylor expansion

1 1
S(Lyu) = Su(1, 0)u+ 5 Su(1,0)lat ] + :Su(1, 0)[u, u, ] + O((u]|)

produces the right-hand side of (10.45). As u ~ S(1,u) is precisely the stroboscopic
(Poincaré) map, the lemma is proven. ]

Remark 10.2.1. If the vector field and jump map have no quadratic terms in the state x;
— that is, if Fpp = Gy = 0 — one does not need to compute i:LQ at all, since the evaluations
of hy in the iterated dynamics (10.45) only appear in the action of the second differentials
D*F(s) and D*>G. This assumption does not, however, preclude mized quadratic terms of
the form eLx, for L linear.

With these preparatory lemmas in place, we are ready to state and prove our bifurcation
theorem at a Hopf point.

Theorem 10.2.1 (Cylinder bifurcation). With the notation and assumptions of Lemma
10.2.1 through Lemma 10.2.3, suppose the following nondegeneracy conditions are satisfied:

G.1 e™ +£1 form=1,2,3,4.
G.2 v(0) # 0, where

DN | —

4(0) = (trB+ /0 ltrA(s)ds) (10.48)
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where B € R**? and A(t) € R**? are defined by

B =Y (0)(Gualmo, Q)] + G Q)-)
A(t) = QY (8) (Fua(t) [, Q)] + Feu(8)QY)

G.3 The first Lyapunov coefficient d(0) associated to the two dimensional discrete-time
map (10.45) of Lemma 10.2.5 is nonzero.

Then, the equilibrium point at the origin of the nonlinear impulsive delay differential
equation (10.1)—(10.2) undergoes a bifurcation to an invariant cylinder at the critical pa-
rameter € = 0. Specifically, for |e| small, there is a unique periodic orbit t — y(t,€) that
satisfies y(-,€) — 0 as € — 0, in addition to a two-dimensional parameter-dependent in-
variant fiber bundle 3. C S' x RCR that exists for d(0)y(0)e < 0 and is periodic. The
t-fiber 3c(t) can be locally realized as

Se(t) = Qioe(t) + O(e),

where t — o.(t) C R? is periodic with its image a curve of diameter O(\/€), and continuous
in the Hausdorff metric except at integer times, where it is continuous from the right. Also,
if in addition RCRO(t) is trivial, then

e y. is asymtotically stable for v(0)e < 0, stable for e = 0 and unstable for ~(0)e > 0,
while ¥.(t) is attracting for v(0)e > 0 provided d(0) < 0;

o y. is asymptotically stable for v(0)e < 0 and unstable for v(0)e > 0, while X.(t) is
unstable for v(0)e < 0 provided d(0) > 0.

Moreover, the assertions concerning the stability and existence of the periodic orbit y(t,e)
for € #£ 0 are true regardless of the nondegeneracy condition G.3.

Proof. The persistence of the equilibrium to a periodic orbit for |¢| small follows by the
remark that the iterated dynamics satisfy, to linear order, u — €(1)u at the parameter
e = 0. As (1) is invertible, the implicit function theorem guarantees the iterated dynamics
posses a unique, small fixed point for 0 < |e| < 1. Lifting this fixed point into the nonlinear
impulsive delay differential equation, the result is a unique, small periodic orbit.

170



The periodic orbit v.(t) is C' in e. Near ¢ = 0, we can infer from (10.37)-(10.38)
that v.(t) = O(€?). If we perform a time- and parameter-dependent change of coordinates
y = z+ v, (10.37)—(10.38) becomes

b= Ayz 4 MY (1) [F(t,Q)(ve + z) + me, €) — F(t,QYz + me,e)], t#k  (10.49)
Az = MY () [G(QY)- (ve + 2) + M€, €) — G(Qh-ve + m-€, )], t==Fk (10.50)

Comparing to the iterated map (10.33), the Floquet mulipliers of the trivial equlibrium
z =0 of (10.49)—(10.50) are precisely the eigenvalues of A(e) for the iterated map obtained
via the stroboscopic (Poincaré) map for the above dynamical system. The linearization of
the above system is

=N,z + eA“’tf/(t) [DzF(t, Q% + me, e)Q?] z, t#k
Az = kY (k) [D,G(Q)-ve + m—€,6)Q-] 2, t=k,
and it follows from Liouville’s formula for impulsive differential equations [3] that the

product of the Floquet multipliers is
i (€)pa(e) = det (1+ Y (0)D,G(QR-v(07) + 7o €, )Q)- ) -+

X exp (/01 tr [eA“’tf/(t)Drf(t, Qv (t) + e, E)Q?} dt> :

Using Jacobi’s formula and the asymptotic v.(t) = O(e?), we can readily calculate the
derivative of p;(€)usz(€) at € = 0. It then follows that r/(0) is as given by equation (10.48).

It follows that under assumptions G.1 through G.3, the discrete-time dynamical system
defined by the Stroboscopic map S, : R? — R? of (10.49)—(10.50) undergoes a Neimark-
Sacker bifurcation at parameter e = 0. Inverting the change of variables, the same is true
of the original system (10.37)—(10.38). There is a closed curve o.(0) C R? that exists for
d(0)v(0) < 0, is invariant under S,, and is attracting and stable for 7(0)e > 0 and unstable
for v(0)e < 0. The fixed point v.(0) of S, satisfies the stability and attraction properties of
the theorem, and the same is true of ¢ — v(t). The stability and attraction persist when
considered in the infinite-dimensional context of (10.1)—(10.2) provided RCR,(t) = {0}
because of Theorem 6.8.1.

Let t — X(t;0,w) denote the unique solution of (10.49)—(10.50). Because o.(0) is
invariant under S, the fiber bundle

oo ={(t,z(t)) : 3w € 0.(0),z(t) = X(t;0,w)}
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is invariant under the process X, and the t-fiber o.(t) is periodic with period 1. The
continuity of t — X (¢;0,w) for t € [k, k+ 1) and k € 7Z leads naturally to the continuity
of fiber t — o.(t). Also, 0.(0) has diameter [51] O(y/€), and continuity implies the same
of o.(t). Moreover, ||o.(t)|| = O(y/€), and we can write o.(t) = v.(t) + o2(t) for another
closed curve o?(t) of diameter O(1/€).

By invariance of the parameter-dependent centre manifold, it follows from the repre-
sentation (8.3) of solutions on the centre manifold and the description of the matrix Q)
from (10.35) that 3

Ye(t) = QY0 (t) + me + h(t, oc(t),e,-) C RCR

naturally defines an invariant fiber bundle > C R x RCR of the nonlinear impulsive delay
differential equation (10.1)-(10.2), with

Y= U{t} X Ze(t)'

teR

The fiber bundle is periodic in the sense that ¥ (¢ + 1) = 3.(¢), and so can be identified
as being a subset of S x RCR. Since h = O(||(u, €)||*), we can write

Se(t) = Qioc(t) + me + O(||(oc(t), )lI*)

= QYo (t) + O(e + [|(ve(t) + 02(t), €)[]*)
= Qloc(t) + Ole + |Ve + €?)
(t

= ane )+ O(e).
Finally, the attractivity properties of ¥, follow by recognizing that it is a locally attracting
invariant set within the centre manifold and applying Theorem 6.8.1. ]

A brief discussion of the name cylinder bifurcation we have proposed is due. Because
the system (10.1)—(10.2) is periodic, there is a natural nonautonomous forward process

S:Rx (S'x RCR) — S' x RCR, S(t,(s,4)) = (s +t mod 1,z59(t)), t > s

associated to it, where z(>? : [s,s + a) — RCR is the unique solution through the initial
condition (s, ¢) and defined on a maximal interval of existence. The process satisfies the
semigroup properties S(t, (t,-)) = Ircr and

S(tv (87 5(87 (uv ¢)))) = S(t7 (u’ ¢))

whenever ¢ > s > wu. As such, S' x RCR is the state space of the nonautonomous
dynamical system generated by (10.1)—(10.2); see [21] as well as the monograph [52] for
related definitions.
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Each of the t-fibers ¥ (t) of the bifurcating invariant fiber bundle are homeomorphic
to the circle S'. The set

Se = [ J{t mod 1} x S(t) € ' x RCR

teR

naturally has the structure of a topological manifold with boundary {0} x ¥.(0), while
every interior slice {s} x ¥.(s) for s # 0 has a neighbourhood homeomorphic to the open
cylinder (0,1) x S!. The nontrivial boundary is the result of ¢t + o.(t) being periodic
but lacking continuity at the integers, being only right-continuous there and generically
possessing a finite jump. The name cylinder bifurcation we propose stems from this fact.
When the impulse effect is trivial, there are no discontinuities in the time evolution of
t — oc(t) and we obtain the classical bifurcation pattern to an invariant torus. Such torus
bifurcations typically occur from periodic orbits in autonomous delay differential equations
or from equilibrium points in periodically forced delay differential equations [76]. Finally,
the generic cylinder bifurcation is as follows, with the genericity conditions being v(0) # 0

and d(0) # 0.

Corollary 10.2.1.1 (Generic Cylinder Bifurcation). For any generic impulsive delay dif-
ferential equation (10.1)—~(10.2) having at € = 0 the equilibrium 0 with a single pair of
complex conjugate Floquet exponent A = +iw for w € (0,27) and two-dimensional centre
fiber bundle, there is a neighbourhood N of 0 € RCR and a smooth invertible change of
parameters n = n(e) satisfying n(0) = 0 such that for n > 0, there is an invariant cylinder
in S' x N that trivializes to S' x {0} (i.e. to the equilibrium) as n — 0T, together with a
unique periodic orbit in N that persists for all |n| sufficiently small and trivializes to the
equiltbrium as n — 0.

10.2.1 Example: impulsive perturbation from a Hopf point re-
sults in a cylinder bifurcation

We will study the effect of linear impulsive perturbations on a scalar delay differential
equation at a Hopf point:

&= —gx(t — 1)+ 8o (D)2 (t — 1) + s3()23(t), t 4 kT
Az = ex(t), t=kT,

where T" > 1 is a fixed period and s,(t) and s3(t) are real periodic functions of period
T. When ¢ = 0, the impulse effect is trivial and the linearization of the associated delay
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differential equation has a pair of simple complex-conjugate eigenvalues £i5 on the imag-
inary axis, and all other have negative real parts. Thus, perturbing the vector field from
this configuration would generically lead to a Hopf bifurcation if s, and s3 were constant.
Otherwise, if they were periodic and nonconstant, we would expect a bifurcation to an
invariant torus [70].

One can easily verify that [ cosZ(t +6) sinZ(t+6) ] is a basis matrix for RCRY(t).
Performing a rescaling of time ¢ + T, the result is

i = —%x(t CUT) + oo(t)22(t — 1)T) + o5()2 (1), ! (10.51)
Ax = ex(t™), t==k, (10.52)

where o;(t) = Ts;(t/T) is periodic with period 1. After this transformation, ®? =
[ cos(2T(t +6)) sin(ZT(t+6)) ] is a the new basis for RCRI(t), +iLT are the Floquet
exponents on the imaginary axis, and we have the representation ®? = Q9 exp(tA% ).

Therefore, w and QY are
T T T
W= ;, QY(0) = Qo(0) = { Cos (;0) sin <779) } :

Using this information, we can verify the first nondegeneracy conditions G.1 of Theorem
10.2.1. We find that G.1 is equivalent to the condition

3T
T and — e not integers.

To check the nondegeneracy condition G.2, we require }7(75) and ;. In 10.3, we compute

Y (t) and find
Y (t) = e Mt 1 lQ ]

4472 | m

The explicit calculation of m; is a much more difficult problem: one must compute the
unique periodic solution 7(¢) of the linear inhomogeneous equation

Tw

j=—5r(t—1/T), t#k

Ay =1, t=k.

(10.53)

When T is rational, the periodic solution can be computed explicitly, although the calcu-
lation can be very lengthy. Alternatively, although 7(¢) is not asymptotically stable, every
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solution y(t) satisfies y; — 7+ €; as t — oo for some e; € RCR.(t), and since the latter is
completely characterized, one could numerically simulate an arbitrary solution and solve
an appropriate linear equation to compute 7(t) to any desired precision. Still another way
is to discretize the monodromy operator and compute an approximation using a discretized
variation-of-constants formula. To demonstrate one of the (in principle) more analytically
tractable cases however, we will focus our attention on a specific choice of T satisfying the
nondegeneracy condition G.1. One of the simplest choices is T = % As demonstrated in
10.3, the periodic solution is y(t) = e;-S(t— |t]), where S : [0,1) — R? is defined piecewise
by the expression
A

ey, t€[0,1/3) 3 010

St) =< eM(es+ etsuy), tE(1/3,2/3)  A=-"-100 1|, (10.54)
eAtey + etiey + eMiug), te [2/3,1), 100

g = (I —e) ey + €%A€2 + G%A€3), (10.55)

where {ey, es, €3} is the standard ordered basis of R®. The expression is rather cumbersome,
so we do not display it explicitly in terms of elementary functions. A plot (Figure 10.6)
of this periodic solution is provided in 10.3. The nondegeneracy condition G.2, is then
equivalent to

(0) = 23 (1 o /0 ' oa(u)es S(u)du) £0. (10.56)

T4t

Being affine linear in the coefficient o9, the condition v(0) # 0 is indeed generic.

At this stage, we will make a choice for the coefficient o5. Choosing o3(t) = 5 sin(27t),
numerical integration yields
4 "1
7(0) = 1— w/ —sin(27u)ey - S(u)du | = 0.30854 & 107, (10.57)
4 + 72 0 2

so the nondegeneracy condition G.2 passes and, in particular, Theorem 10.2.1 predicts the
existence of a nontrivial periodic orbit ¢ — y(t, €) that is locally asymptotically stable for
¢ < 0 and unstable for € > 0.

Next, we calculate the quadratic approximation hs of the centre manifold. We must
solve the impulsive evolution equation (8.38)—(8.41) subject to the data and constraints
from Lemma 10.2.4. The first step is to calculate the unique periodic solution n°(t) satis-
fying (8.43)-(8.44). The second equation (8.44) is trivial for the present example, so n°(t)

satisfies the inhomogeneous linear delay differential equation
3 2

F(t,0) +n + 2Aan(t) = —Ze_EAQn(t —2/3) +mft). (10.58)
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with the functions F(t, ) and m(t) being given in 10.3.3. We devise a numerical routine
in Section 10.3.2 to approximate the periodic solution. With o9(t) = 3 sin(27t), a plot
of the result is provided in Figure 10.7. A numerical approximation of the coefficient
vector h3 is then obtained by substituting the approximation into (8.42), with the integral
being computed by numerical quadrature. Supplementary Animation 4 at the UWSpace

repository [17] provides an animation of the components over two periods t € [0, 2].

Visualizing the quadratic term %f@ of the two-dimensional centre manifold is slightly
more complicated because even though the two independent parameters ui,us are real,
ho(t, -)[u1, us) is an element of RCR for each t € R. However, since (11, ug) — %712(13, 0)[uy, us]
is a scalar field with a zero at the origin, we can get a sense of the geometry in a neighbour-
hood of this point using the Hessian matrix. To provide a coarse but faithful depiction of
the geometry, we will therefore generate a plot of the eigenvalues of

1712

0 eig <Ef ’99)) h};2((tt’99)) = eig(H(¢,0)),

for € [—1,0] and animated over two periods t € [0, 2], where eig(H) denotes the eigen-
values of H, and the matrix above is indeed the Hessian of (uy,us) — h(t, 0)(ui, us) at the
origin. A visualization is provided by Supplementary Animation 5 [17], and it is clear that
the classification of the origin is generally nonconstant in (¢,6), as there are #-intervals
where the origin is a saddle, maximum or minimum for fixed ¢. These intervals themselves
are nonconstant in ¢t. Snapshots of the animation are provided in Figure 10.2.

By fixing a particular § € [—1,0], we can generate a contour plot of (uj,us)
%ﬁg(tﬁ)[ul,uﬂ and animate the result over two periods t € [0,2] to see the transitions
between different topological classifications of the origin. This is done alongside a numeri-
cal computation of the Hessian determinant in Supplementary Animation 6 [17] for 6 =0
to help with identifying the classification transitions. Fixed snapshots from one period of
transitions of the contour plot are provided in Figure 10.3 for the same times used in the
snapshots of the Hessian eigenvalue plot (Figure 10.2).

To compute the Lyapunov coefficient d(0), we will need to fix a choice of 3. We
choose o3(t) = —2. For our example, the Lyapunov coefficient was calculated by first
defining a MATLAB function that computes the right-hand side of (10.45) using numerical
quadrature (specifically, MATLAB’s built-in trapezoidal method trapz) and our previously
computed approximation of hs. Then, we used numerical differentiation (with iterated
use of gradient) to calculate the associated bilinear and trilinear maps in (10.34), the
normalized right- and left eigenvectors of Ay and, finally, the Lyapunov coefficient d(0).
With our choices T' = 3, 05(t) = 3sin(2nt) and o3(f) = —2, our approximation of the
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Figure 10.2: Plots of the function 6 +— eig(H(¢,0)) for fixed arguments of ¢ € [—1,0].

From top left counterclockwise, these times are t = 0, t = 0,1, t = 0.5 and t = 0.6.
Notice the varying topological classification of the origin as # and ¢ are varied. For each
argument @, the origin is a local minimum when both curves are above the dashed line, a
local maximum when both curves are below the dashed line, and a saddle point when the

dashed line separates the curves.
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0
Uy

Figure 10.3: Contour plots of (uy, ug) +— %ﬁg(t, 0)[uy, ug] for various arguments of ¢ € [0, 1]
coloured with the Viridis colourmap (displayed right) relative to each frame. Yellow (top)
corresponds to more positive levels and purple (bottom) correspond to more negative levels.
From top left clockwise, the plot times aret = 0,¢t = 0.1, = 0.5 and t = 0.6, corresponding
to the origin being a saddle point, local minimum, saddle point and local maximum,
respectively. The transition times between the different topological classifications in the
interval [0, 1] are t = 0.0781, ¢ = 0.262, t = 0.576 and ¢ = 0.759.
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Lyapunov coefficient is d(0) = —0.5604. Since v(0) > 0 and d(0) < 0, Theorem 10.2.1
implies the existence of a locally attracting invariant cylinder when e > 0 is small.

A standard way to visualize bifurcations to invariant tori in autonomous scalar delay
differential equations is to plot curves of the form (x(t), z(t—r1), x(t—rs)) for two delays rq
and ro that can be chosen as desired. For periodically forced systems, the same thing can
be done, or one can plot (t mod T, x(t),z(t — 7)) and identify the hyperplanes t = 0 and
t =1~ by “wrapping” the figure around a circle of fixed radius embedded in R? to illustrate
the torus as being a subspace of S! x R2. For impulsive delay differential equations of the
form (10.1)—(10.2), one must choose the delays 7 and ry to be positive integers, otherwise
the curves t — (z(t),z(t — r1),z(t — ry)) will have discontinuities at times other than the
integers.

For our example, we provide both with the illustrative parameter ¢ = % Figure 10.4
is a plot of the attractor in the delayed variables x(t), z(t — 1) and z(t — 2), while Figure
10.5 is a plot of the curve t — (¢ mod 1, z(t), x(t— 1)) wrapped around a cylinder of radius
7 (there is no deep significance to the choice of radius). That is, we plot the curve in the
cylindrical coordinates (r, 6, z) with

r= |7+ z(t)], 0 = 2mt, z=ux(t—1).
In rectangular coordinates, this corresponds to a plot of (2,441(t), Zraa2(t), z(t — 1)) with

Tradga(t) | | cos(2mt) (7T + z(t))
|: xrai?(t) ‘| N |: Sln(27rt)(7+:v(t)) ) (1059)

The simulation is in agreement with Theorem 10.2.1, as the cylinder is indeed present and
attracting for € > 0.

10.3 Calculations associated to Example 10.2.1

This section is broken up into several parts. We begin with the calculations concerning
the projection P.(t). Next, we calculate 7(t) and the matrices A(t) and B needed in
the nondegeneracy condition 7(0) # 0. Following this, we calculate hs. We conclude by
checking the nondegeneracy condition d(0) # 0.
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z(t—2)
z(t — 2)

<056~

2(t) T x(t—1) 2(t) T a5 as - z(t — 1)

Figure 10.4: Left: trajectory through the constant initial condition xq = 8 of the system
(10.52)—(10.52) from Example 10.2.1 for parameters T' = 2, 05(t) = § sin(27t), o3(t) = -2,
€ = 1 in the coordinates z(t), z(t — 1) and z(¢ — 2), plotted for time ¢ € [0,80]. Linear
interpolation between left-limits z(k~) and points z(k) for integer times k € Z are shown.
Right: attractor to which the solution in the left pane converges. In both panes, trajectories
are coloured using the Viridis colourmap (displayed right) relative to the argument ¢ mod 1,
so that purple corresponds to integer arguments of t = k € Z, while yellow corresponds to

the left limits ¢t — k.
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z(t — 1)

Trad,1 (t)

4 2z 0 2

x’rad,?(t}

Figure 10.5: The same trajectories and attractors from Figure 10.4 in the cylindrical coor-
dinates defined in equation (10.59). The same colourmap is also used. In these coordinates
it is much easier to visualize the cylindrical topology of the attractor as well as the dis-
continuity along the half-plane {z,442(t) = 0,2Zyqa1(t) > 0} corresponding to the times
t = k € Z. If the impulse effect were replaced by a parameter-dependent continuous-time
periodic linear forcing in the vector field, the structure above would generically be replaced
by that of a torus, and the aforementioned half-plane discontinuity would not be present.
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The projection P,(t) and matrix Y (t)

Conveniently, since P.(t) is calculated with respect to the linearization at e = 0 and this
system is autonomous, we have V2 = V for all ¢ € R, and the projection

1
P.(t) = — I -V d
(0= 5 [CT-W) e
is constant. Precisely, V{ is the monodromy operator associated to the autonomous system
T
&= —7”3:(75 —1/7). (10.60)

To compute the vector Y(t), we remark that because P.(t) = P, is constant and ®? =
Qoe™" for w = LT, we have the representation Y (¢) = e=*<'Y(0), so it suffices to compute
Y (0). Since ®y = Qy, Y (0) satisfies the equation P.xg = QoY (0). Qo is precisely the basis
matrix for the centre eigenspace of the infinitesimal generator associated to the semigroup
of (10.60), so we can formally calculate P.yo using adjoint-based methods; see [37, 39]. A
basis matrix for the centre eigenspace of the infinitesimal generator of the formal adjoint

of (10.60) is () = [cos(L*#) —sin(LEA) ]7, so applying the usual bilinear form,

(T, Bg) — B(0)Do(0) — % /_ i/T W(0+1/T) Do (0)d0

|10} = 0 cos(5(0+1))cos(560)  cos(5(0 4 1))sin(50)

= [0 o} 2/_1 [ —sin(3(0+ 1)) cos(26) —sin(Z(6 + 1)) sin(Z) | ¥
|12 w/4

N [ w/4 —1/2 ] '

Normalizing W with respect to @, it follows that the projection P, is given by
Pexo = ®o(¥, Bo) (¥, x0)
T T L2 47r2 1
— ™ 3 ™ 4+m 441
= [ cos(50) sin(50) ] [ ir 7 } [ 0 }

d+72  44n2
4 2
— %y(0) [ }

4472 | m

Therefore, Y (t) = e Mg 2 w7, as claimed.
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Figure 10.6: The periodic solution 7(t) = yo(t) (solid black line) and the two shifts y; (¢) and
y2(t) (black dashed line and dotted lines, respectively), plotted over one period ¢ € [0, 1).

10.3.1 Calculation of 7(¢) and the matrices A(t) and B

Now, we consider only the case T' = 2. To calculate 7(t) we define the shifts yo(t) = y(t),
y1(t) = y(t — 2/3) and yo(t) = y(t — 4/3). Assuming y is periodic with period 1, it follows
that the shifts satisfy the impulsive differential equation

. 37 2

Yi =~ Vit t#k+ 30
2

ijzl, t:k—f—gj,

for 7 = 0,1,2 and we define y3 = yo. The sequence of impulses is periodic with period 1,
and the impulse times in the interval (0, 1] are %, % and 1. If ug is a given initial condition
at time ¢ = 0, it is easy to check that the solution at time ¢t = 1 is given by

y(1) = ey + e%A(eg + e%A(eg + e%Auo)).

Imposing the periodicity constraint ¢(1) = wuy and solving for ug yields the expression
(10.55), which is well-defined because 1 is not an eigenvalue of A. Since 7(¢) is the unique
periodic solution of (10.53), there is exactly one periodic solution of the above inhomo-
geneous impulsive system. Thus, its first component must coincide with 7 (t), thereby
proving our claim. Figure 10.6 is a plot of the periodic solution 7(t) together with the
shifted components.

183



To check the nondegeneracy condition G.2, we calculate each of B and A(t). Since
Goe =0, Gpd = ¢(0) and Q- =[ 1 0 ] we readily compute

B = }7(0)(Gmx[ﬂ-0—a Q(O]*] + GEng,)

= 1HIEE]
“rre e o)

On the other hand, we have Fy,(t)[¢, ¢] = 205(t)¢(=1/T)p(=1/T), Fpe = 0 and Q7 (—1/T) =

[0 —1]. Since Q(t)Y(t) = Y(0) and we have chosen T' = 2, we have
A(t) = Q)Y () (Fro ()1, Q7] + Feca @)
1 { 2 } (205(t)r(t —2/3)[ 0 —1])

- 4472 |
. Boa)m(t—2/3) [0 2
N 4+ 2 0 « |’

Taking into account that m(t—2/3) = y;(t) = e2-S(t), one obtains (10.56) after substituting
B and A(t) into (10.48).

10.3.2 Calculation of n%(#): a numerical routine

The routine we propose here could certainly be adapted to more general settings, and our
notation will at times suggest at a more general approach. Our first step is to compute a
periodic solution satisfying (10.58). To do this, we integrate the delay differential equation
from the constant initial condition 0 € R? until convergence is achieved to a superposition
of some periodic solution n°(t) of period one, together with a linear combination of periodic
solutions of period % determined by the eigenvalues j:?jfi of the homogeneous equation

3T 2

f+ 20on(t) = —Ze_§A2n(t —2/3). (10.61)

Symbolically, the solution s(t) satisfying s(0) = 0 is simulated until the numerical conver-
gence s(t) — §(t) is achieved with

5 € nd +RCRI(1), (10.62)
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where RCRI(t) is the centre fiber bundle associated to the homogeneous equation for
(10.61). That this decomposition can be realized in the limit is due to Lemma 10.2.4.

Next, we construct an approximate basis for RCR/(t). This is done by integrating the
homogeneous equation associated to (10.58) from a collection {z},...,zK} of arbitrary
linearly independent initial conditions zf, € RCR for ¢ = 1,..., K, with the integration
performed until the associated solutions s’(¢) numerically converge to some 5%() satisfying
5. € RCRI(t). That this convergence is attainable essentially follows be Lemma 10.2.4.

Having computed an approximate basis {3, ..., 5%} for RCRI(t), our goal is to extract
n? from §; in the decomposition (10.62). To this end, we define the shifts

_ =z _ g L
V=38 — S4_1, v, =5 — 8,4, 1=1,..., K.

In an idealized sense, we have v, v; € RCRI(t), so that v = 2% | yv; for some real constants
y;- In practice this equality is not attainable, so instead we search for a best approximation
of v in the finite-dimensional subspace W = span{vy, ..., vk}, where we now interpret v
and W as being in L? = L?([—1,0],R3). The best approximation is Zfil y;v; with the
vector i = (y1,...,yx) € RE being the unique solution of

My=»b, M= (v,v;), b = (v,u), (10.63)

where (f,g) = f£)1 f(t) - g(t)dt the standard inner product on L2. It follows that the
function

n'(t) = 5(t) = D _yisi(1) (10.64)

is the best approximation to a periodic solution of (10.58), relative to the basis W, in the
sense that the L? periodicity error

e(ny) = ||ny —ni_y|r2

1s minimized.
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10.3.3 Calculation of hs

Using equation (8.34), we find that F(t,0) and m(t) are, in terms of an arbitrary oy(t),

0
4
F(t.6) = 1= <2 cos(?%@) + WSiﬂ(%G)) 200K (10.65)
0 3T 4 4 2
m(t) =209(t) | 0 | + —e_SAQ/ e"shesF <t —5— -, s) ds, (10.66)
1 4 —2/3 3
0 -1 0
3 2
Ay = Zﬂ 1 0 -1 (10.67)
0 3 0

We implemented the numerical routine from Section 10.3.2 with K = 6 in MATLAB
R2018a. All numerical integration of the delay differential equations was done using dde23
with default error tolerances. The random initial history functions zj) for : = 1,...,6 were
produced using separate calls to randn(3,1) at each point ¢t € [—2/3, 0] requested by the
solver. With o5(t) = 1 sin(2nt), the result was the periodic solution plotted in Figure 10.7
with L? periodicity error e(n?) < 3-1073,
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Figure 10.7: The unique periodic solution n® = (n¢,n9,nY) € R3 of the inhomogeneous

linear system (10.58) computed using the numerical routine from 10.3.2. The solid black
curve is the plot of n{(t), while the dashed and dotted curves are those of n3(t) and n3(t)
respectively.
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Chapter 11

Analysis of a SIR model with pulse
vaccination and temporary immunity

The content of this chapter appears in “Analysis of a SIR model with pulse vaccination
and temporary immunity: stability, bifurcation and a cylindrical attractor” by Church and
Liu [22].

11.1 Background and model formulation

Pulse vaccination is a disease control policy under which at certain times, a portion of the
population is vaccinated en-masse. The SIR model with pulse vaccination was first intro-
duced by d’Onofrio in 2002 [2&]. Tt has been argued empirically and verified analytically
that pulse vaccination might be more effective than continuous vaccination in preventing
epidemics that exhibit seasonality, such as measles [, 81]. Since then, the impact on pulse
vaccination has been studied in ever more complex models of disease transmission. For
instance, finite infectious periods [98], saturation incidence with latent period and immune
period [32], incubation period [60], force of infection by distributed delay [33], nonlinear
vaccination [106], quarantine measures [72] and stochastic effects [33] have been considered.

Dynamical analysis of these pulsed vaccination models often include stability criteria
for the disease-free equilibrium or periodic orbit, effectively providing a proxy for the basic
reproduction number. However, due to the presence of the impulse effect, establishing
the existence of an endemic periodic orbit is much more difficult. When there are no
delayed terms, methods of bifurcation theory for discrete time systems have been used to
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prove the existence of endemic periodic orbits from bifurcations at disease-free states; see
[70, 89, , , | for some recent examples. In contrast, when delays are present,
most analytical studies prove only permanence when Ry > 1, which means that the disease
persists. Numerical simulations are needed to obtain further detail, and this provides only
a heuristic description of the orbit structure at a possible bifurcation point. We refer the
reader to [32, 66, 72, 98] for examples.

Restricting to SIR models without pulse vaccination specifically, there are many papers
that consider various forms of population dynamics and their interplay with delayed effects.
Since endemic equilibrium points are often analytically available, Hopf bifurcations can
often be studied analytically without the aid of numerical methods. One may consult
[29, 19, 50, 62, 95] for some recent examples of this.

Our goal in this chapter is to demonstrate the power of the centre manifold theory
and bifurcation theory developed in the previous chapters as they apply to a concrete
infectious disease model (this is an Applied Mathematics thesis after all; there should be
an application). Our starting point is the model of Kyrychko and Blyuss [50]:

S=p—pS—nf(I)SEH) +~I(t —T)e
I =nf(I(t))S(t) — (u+)1(1)
R=~I(t) —~vI(t —7)e ™™ — uR(t).

Here, f(I) is a general nonlinear incidence rate, infected individuals clear their infection
at rate v and acquire temporary immunity of length 7, n is a recruitment rate and pu is a
natural death rate, with birth rate scaled accordingly so that N(t) = S(t) + I(t) + R(t)
approaches unity as ¢ — oo. The incidence rate is assumed to satisfy the properties:
f(0) =0, f(0) >0, f(0) < 0 and lim; , f(/) = ¢ < co. Kyrychko and Blyuss [70]
proved global stability of the disease-free equilibrium when Ry < 1 for arbitrary nonlinear
incidence satisfying the previous conditions, and considered the existence and stability of
an endemic equilibrium for the particular incidence f(I) = I/(1+ I). They numerically
observed Hopf bifurcations at this equilibrium upon varying the immunity period 7. Soon
after, Jiang and Wei [50] proved that the endemic equilibrium may indeed undergo a Hopf
bifurcation, by taking n as a bifurcation parameter.

We here extend the model of Kyrychko and Blyuss to include pulse vaccination. To do
this, we make the following assumptions.

1) At specific instants of time t;, for k € Z, any individuals that received their vaccine at
time t; — 7 and are still alive lose their immunity and re-enter the susceptible cohort,
at which point a fraction v € [0,1) of the the total susceptible cohort is vaccinated.
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2) Vaccinated individuals are immune to infection for a period 7 (the same immunity
period as having recovered from infection) and are subject to the same natural death
rate p.

3) The sequence of vaccination times is periodic with shift of 7: there exists ¢ > 0 such
that {51, = tx + 7 for all k € Z.

The interpretation of 3) is that the period of the pulse vaccination schedule is synchronized
with the immunity period. This seems reasonable for seasonal flu epidemics, for example,
provided most of the pulse vaccination times are clustered around the beginning of flu
season.

Proposition 11.1.1. With assumptions 1) through 3) in place, the pulse vaccination model
takes the following form,

S =p—pS—nf(It)SEt) +~It—T1)e ™, t # ty (11.1)
I = f(I(E)S() = (u+I0), t44 (112)
AS = —vS(t7) +vS(t —T1)e 7, t=ty, (11.3)

where the recovered (R) component is decoupled and has been neglected.

Proof (Derivation). Suppose Vj is the number of individuals that received a vaccine at
time t; — 7. By assumption 3), Viye ™" of them are still alive at time ¢;. Thus, upon
transferring into the susceptible cohort by assumption 1), the total number of susceptible
individuals becomes Sy, := S(t; ) + Vye #7. A fraction v of these individuals are vaccinated
at time ty, so there are (1 — v)Sy remaining. We can write the latter as

S(ty) = (1 —v)S, = S(t;) —vS(t,) + (1 —v) Ve ™. (11.4)

Now, if the total number of susceptible individuals (including those that lost their immu-
nity) at time ¢, — 7 is denoted S, , then by 3) we have S(t, —7) = (1 —v)S, and V;, = vS,,
which together imply Vi = %-5(t; — 7). Substituting into (11.4), we have that at time
b= t,

AS = S(ty) — S(t;,)
—vS(t,) + (1 —v)Vee ™
= —vS(t,) +vS(ty —T)e 7,
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which is precisely equation (11.3). Similarly, the number of vaccinated individuals V
satisfies

V= —uV, t £t
nY AL (11.5)

AV =0S(t;) —vS(ty —1)e™ ", t=ty.
Note that this count of the number of vaccinated individuals is different than the one
appearing in Section 11.1.1. In the latter, the component V; is introduced to circumvent
the overlap condition and it does not explicitly track deaths. O

It is known [50] that the model of Kyrychko and Blyuss can exhibit Hopf bifurcation.
Numerically, it appears as though the bifurcating periodic orbit may be globally (exclud-
ing the other two equilibria) asymptotically stable. From Section 10.2, we know that Hopf
points generically result in cylinder bifurcations when impulses are present. The ramifica-
tions of this result to the present model are that, in the presence of pulse vaccination, we
expect a bifurcation from an endemic periodic solution to an invariant cylinder. Verifying
this hypothesis is our primary goal.

11.1.1 Vaccinated component formalism

We have indicated that it is our goal to complete a bifurcation analysis on the system
(11.1)—(11.3). However, there are some technical difficulties associated with this endeavor
because the overlap condition is not satisfied, since each of ¢, — 7 is an impulse time and
equation (11.3) contains delayed terms. While the failure of the overlap condition does not
complicate stability analysis, it does complicate the bifurcation analysis. To remedy this,
we will at times instead consider the following modification of model (11.1)—(11.3):

&= p—px—nfy®)z) + vyt —7)e ", t # ty (11.6)
y=nfy)z() — (n+7)y(t), t#t (11.7)
V; =0, t # ty, (11.8)
Az = —vx(t™) + (1 —v)V;(t)e 7, t=titqk (11.9)
AV, =vx(t™) — (1 —wve *T)Vi(t7), t =11k (11.10)

In the above impulsive delay differential equation, j ranges from 0 to ¢ — 1 where ¢ is the
period of the sequence of impulse times as defined in assumption 3). Taking note that
titqk = tjtqe—1) + 7 and V is constant except at impulse times where it is continuous from
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the right, we see that for ¢ = ¢, 4,
(1= )V (£)e™ = (1 = u)Vj(t — 7)™
= (L =v)fox((t = 7)7) +ve Vit —7)7)]
= oI =v)z(t—7)7) + A = v)Vi((t = 7)7)e "]
=vz(t — 7).
Substituting the above into the jump condition for x, the result is

Az =—vz(t™)+ (1 —0)V;(t7)e ™ = —vz(t™) + va(t — 7)e 7.

This is precisely the same functional form as the jump condition (11.3) for the original
model. Since the continuous-time dynamics are identical for both models, we can analyze
bifurcations in (11.1)-(11.3) by equivalently studying bifurcations in the model (11.6)—
(11.10) with explicit vaccinated components.

11.2 Disease-free periodic solution

In this section we will complete a thorough investigation of the local properties of disease-
free states, namely their stability and bifurcations. For part of this section, the number
of vaccination moments ¢ per period will remain an arbitrary natural number. However,
we will eventually specialize to the case where ¢ = 1. Without loss of generality, we will
assume ty = 0.

11.2.1 Existence and stability

When there is no disease — that is, on the invariant subspace {(S, ) : I = 0} — the nontrivial
dynamics are determined solely by the linear, nonhomogeneous impulsive system

2= —pz+ p, t# ty (11.11)
Az = —vz(t™) +vz(t —T1)e ", t = t. (11.12)

By the variation of constants formula (Theorem 3.3.1), every solution z(¢) passing through
an initial condition ¢ € RCR at time ¢ = 0 can be written

t
z = U(t, 0)¢>+/ Ul(t, s)xopds,
0

192



where the integral is a weak integral and U(t, s) is the evolution family associated to the
homogeneous equation

W = —paw, t # ty, (11.13)

Aw = —vw(t™) +vw(t —7)e ", t = ty. (11.14)

Lemma 11.2.1. Suppose the trivial solution of the homogeneous equation (11.13)—(11.14)
is exponentially stable. Then, the system (11.1)—(11.3) has a unique disease-free periodic

solution, (S,0), with period .

Proof. From the variation of constants formula, define the linear operator

Vip— U(T,O)¢+/T U(r,s)xopds
0

on RCR. If the trivial solution of (11.13)—(11.14) is exponentially stable, then ||U(¢, s)|| <
Ke =9 for some a > 0 and K > 1, for all t > s. The periodicity U(t+7,s+7) = U(t, s)
of the evolution family, continuity and the cocycle property U(t,s) = U(t,v)U(v,s) for
s < v <t implies that the nth iterate of V satisfies the inequality

V" = V™[ < Kem ™| — 4].

Consequently, V : RCR — RCR is an eventual contraction and has a unique fixed point,
which we denote ¢,. From the variation of constants formula, it follows that with

s 80 = 0000+ [ U $)xorl (0)ds,

(S,0) is the claimed disease-free periodic solution. ]

Lemma 11.2.2. The trivial solution of the homogeneous equation (11.13)—(11.14) is ex-
ponentially stable.

Proof. To verify the exponential stability of the trivial solution, it is enough by Corollary
4.5.1.1 for us to show that all Floquet exponents have negative real part. Let w(t) = ¢(t)e
be a solution of (11.13)—(11.14) with ¢ periodic. Substituting this ansatz into the dynamical
system, using the periodicity condition ¢(t) = ¢(t — 7) and cancelling exponentials, we
arrive at the following impulsive differential equation for ¢:

O+ Ao = —pg, t £t (11.15)
Ap = —vp(t™) + vo(t)e WA t =ty (11.16)
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The second equation is an implicit jump condition, but we can easily rearrange it to obtain
the explicit condition
1—w _
o(tr) = mﬁb(tk ).
Calculating the solution of the above impulsive differential equation at time 7 given an
initial condition at time ¢ = 0, one obtains

o) = e (=) 60) = Do)

¢ is periodic provided ¢(7) = ¢(0), so we are left with describing the location of the
solutions of the transcendental equation D()\) = 1. Defining z = e~", it follows that A is
a solution of D(\) = 1 if and only if z is a solution of

We will show that |g(2)| < |f(2)] on the unit circle |z| = 1. We have

1—wv 4 1—wv a
— 7#7’ < 7“7’
l9(z)] = e (u—ve—w) s¢ (u— |ve—wz||)

= (1_—0)[1 <e ' <1=|f(2),

1 — ve=H7

as claimed. By Rouché’s theorem, the equation f(z) + g(z) = 0 has no solutions satis-
fying |z| < 1. Consequently, there are no Floquet exponents A satisfying the inequality
le=*7] < 1. We conclude that all Floquet exponents have negative real part and the proof
is complete. O

As a consequence of Lemma 11.2.1 and Lemma 11.2.2, we are guaranteed a unique
disease-free periodic solution that, in the absence of infection, is globally exponentially
stable.

Corollary 11.2.0.1. The model (11.1)(11.3) has a unique disease-free periodic solution

t — (S(t,v),0) of period 7. Restricted to the disease-free subspace Dy = {(S,I) : I =0},
this periodic solution is globally exponentially stable.
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Next, we will determine the stability of this periodic solution in the nonlinear system
(11.1)—(11.3). Introduce the basic reproduction number

/ O T

_ L”/ 5(t, v)dt. (11.17)
T(v+n) Jo

Note that if one denotes the average of S over the interval [0,7] by [S], then one can

equivalently write the basic reproduction number in the more suggestive form

nf'(0)[5]

Y+
Then, the interpretation is that Ry is the product of the average number of susceptibles,
multiplied by the small-infection (i.e. near I = 0) incidence rate, divided by the aggregate
rate of leaving the infected class through death or clearance of the infection.

Ry = L2

Lemma 11.2.3. Ry = 1 is an epidemiological threshold: if Ry < 1, the disease-free periodic
solution is locally asymptotically stable, while if Ry > 1 it is unstable.

Proof. The linearization at (S' 0) produces the linear homogeneous impulsive system

iy = —pur () = f'(0)S (¢, v)ua(t) +ve " Tus(t — 7), t # ty
i = 0 O3t yus(t) — (7 + ), L4,
Auy = —vuy (t7) +vug (t — 7)e #7, t = ts.

Notice that the second equation is decoupled from the first. Taking an ansatz Floquet
eigensolution u(t) = ¢(t)eM, we can examine the second component independently. Indeed,

o= ¢1 ¢ |7 satisfies

b2 + A2 = 1f(0)S(t,v)do — (v + 1) 2.

If o # 0, then as ¢ is assumed to be periodic with period 7, the only possible Floquet
exponent in this case is

No = —(7+p) ”fl / S(t (11.18)

Conversely, if ¢ = 0, then ¢ and A must satlsfy (11.15)—(11.16). But it is already known
that all Floquet exponents A\ associated to this equation have negative real part; see Lemma
11.2.2. Consequently, the Floquet spectrum includes the special Floquet exponent Ay and
the remainder with strictly negative real part. The equilibrium is locally asymptotically
stable provided all Floquet exponents have negative real part, and is unstable if at least
one has positive real part; see Theorem 9.4.1. Since )\ is real and the others are guaranteed
to have negative real part, we obtain the conclusion of the lemma by noticing that A\g < 0
is equivalent to Ry < 1 and that A\g > 0 is equivalent to Ry > 1. O
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11.2.2 Transcritical bifurcation to endemic periodic solution

Before we can study bifurcations, we must establish the existence of a bifurcation point.

Lemma 11.2.4. Consider the critical Floquet exponent Ao = Ao(v) as defined in equation
(11.18). Xo is strictly decreasing. As consequence, if A\o(0)Ao(1) < 0, there is a unique
v* € [0, 1] such that \o(v*) = 0; that is, a critical vaccination coverage v* at which Ry = 1.

Proof. Note that, given the explicit form of Ao, it is enough to prove that v — S (t,v) is
decreasing for all ¢t € [0,7]. To accomplish this, we recall that S is the unique periodic
solution of (11.11)—(11.12). By a similar argument to the proof of Lemma 11.2.2, we can
show that the jump condition can be simplified, and that S is in fact the unique periodic
solution of the impulsive differential equation without delay

Z=p— pz, t# ty
Az = (p(v) —1)z(t"), t=ty,

where p(v) = (1 —v)/(1 —ve #7). If one denotes t — z(t; 20, v) the unique solution of

the above impulsive differential equation for vaccination coverage v and initial condition

2(0; z0,v) = 2o, it is not difficult to show that % < 0 and, subsequently, that % < 0 for
0z

all t > 0. Also, one has e > 0 for all ¢ > 0. Using the variation of constants formula for

impulsive differential equations, routine calculations yield

q
(s 20,0) = PP |20+ D p(v) et — e |

i=1

from which we can compute the initial condition S (0,v) of the disease-free periodic orbit,
by solving the equation z(7;S(0,v),v) = S(0,v). The result is

- e

q
$10,0) = T e 2 P — ),
P k=1

which indeed satisfies d%g((),v) < 0. Since S(t,v) = z(t;S(0,v),v), one may conclude
from the chain rule that d%g(t,v) < 0 for all t € [0,7], so v +— Ag(v) is decreasing. The
conclusions about the critical vaccination coverage v* follow by the intermediate value
theorem. O

196



There are several choices we can make for the bifurcation parameter. Mathematically
the easiest ones to deal with are the model parameters v, i and 7, as these appear linearly
in the model and in the expression for the important Floquet exponent )y in equation
(11.18). Biologically, a natural choice is the vaccine coverage, v, since this is a parameter
that can in principle be controlled. It is more difficult to state closed-form results for
bifurcations in terms of the vaccine coverage, so for this reason we will simplify matters
and assume that ¢ = 1, so there is one vaccination pulse per period. That is, the sequence
of impulse times is precisely t;, = k7 for k € Z. Then, from the previous section, we can
explicitly calculate

S(t,v) =1 —ve i (11.19)

which implies that S(77,v) = 1 — ve " and S(0,v) = 1 — v. We can also explicitly
calculate the critical vaccination coverage where Ry = 1. We find

N Yt
v —m(l nf’(0)>' (11.20)

As a consequence, we have the following preliminary stability result.

Lemma 11.2.5. If there is ¢ = 1 vaccination pulse per period, the disease-free periodic
solution s locally asymptotically stable provided v > v*, and unstable if v < v*.

We will now pass to the equivalent system with vaccinated component (11.6)—(11.10).
Define the changes of variables and parameters

vS(77,v)

1 — ve=H7

X+ 5(,0) =z, V+ =V, Y =y, e+0v* =w.

The result is the following system of impulsive delay differential equations:

X =—pX@)+nfY)[St v +€) + X] +Y({t—1)e ™, t#kr

Y =nf(V)[Stv" +e) + X]| — (n+7)Y (1), t # kt
V=0, t#kt

€ =0, t#kr (11.21)
AX =—-0w"+e) Xt )+ (01— (" +e)e "V(t), t =kt
AY =0, t =kt
AV =w"+e)X({t7)—(1— (@ +ee )V(t7), t =kt
Ae =0, t = k.
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Notice that (X,Y,V,€) = (0,0,0,¢) is an equilibrium whenever v* + € € [0, 1]. The change
of variables has had the effect of translating the disease-free periodic solution to the origin.

The next step is to linearize the above system at a candidate nonhyperbolic equilibrium.
The origin is expected to be nonhyperbolic with a pair of Floquet exponents with zero
real part, with the first zero exponent resulting from the nonhyperbolicity of S at the
critical vaccination coverage v = v*, and the second zero exponent coming from the trivial
dynamics equation for the parameter €. The result is

iy = —pug(t) — nf (0)S(t, v* Y ua(t) + yua(t — 7)e 7, t# kr

i = ' (0)3(t, 0" )us(t) — (3 + )ua(t), _
ug = 0, t # kT
ta =0, L7k (11.22)
Auyp = —v*u (t7) + (1 — v™)e *ug(t™), t =kt
Auy = 0, t =kt
Aug = v uy (t7) — (1 — v e *ug(t™), t =kt
Ay =0, t=kr

Before we characterize the centre fiber bundle, we introduce a few convenience functions
that will be useful both in this and subsequent sections. Define

t
B(t, s;a) = exp (/ (=7 = +nf(0)5(u+a, v*))dU) :
Then define the matrix Z (¢, s; z,a) € C**? for t > s and z € C\ {0} by

e H(t=s) fst e M=) (—p f1(0)S (u + a, v*) + Lye ) B(u, 53 o) du

0 B(t, s; ) '
Then, set Z(t, s; z,a) = diag(Z,(t, s; z, ), Ix2). Also define the matrix B € R4
1—v* 0 (1—v%e ™ 0

Zl<t,S;Z,CV) = [

0 1 0 0
B= v* 0 v¥e HT 0
0 0 0 1

Finally, the function [ satisfies a few useful identities. They are clear from its definition:
/B(t; =h a) = B(ta S, [Q]T),
Bt,s;a) = Bt + 7,5 + 75 0),
B(t,s;a) = B(t +a,s + a;0).
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For convenience, we abuse notation and write 5(t) = 3(t, 0;0).

Since we have already determined that the dominant Floquet exponent of (11.1)-(11.3)
at the disease-free periodic solution must be real — see Lemma 11.2.3 — we take the ansatz
that w(t) is periodic with period 7. As a consequence, us(t — 7) = ug(t), and (11.22)
reduces to an ordinary impulsive differential equation. If we denote X(¢,s) the Cauchy
matrix of the resulting system, then M = X(7,0) is a monodromy matrix. Specifically,
M = BZ(r,0;1,0);

(I—=v9)e ™ (1—v ) (1—v*)e ™ 0

B 0 1 0 0 g )
M = vre— kT Vvt e kT 0 , kK= 6121(7', O, 1, 0)62.
0 0 0 1

The eigenvalues are 1, 0 and e 7. The periodic solutions are generated by the two-
dimensional generalized eigenspace associated to the eigenvalue 1. The eigenvectors are
my = [ (I—=v)s 1—€e v 0 ]T and my = e4. As consequence, we can completely
describe the centre fiber bundle.

Lemma 11.2.6. The centre fiber bundle, RCR., associated to the nonhyperbolic equilib-
rium 0 € R* of the system (11.21), is two-dimensional. A basis matriz ®;, whose columns
form a basis for the t-fiber RCR.(t), is periodic with period T and is given explicitly by

(I1—v")x 0
1 — e H7 0} 0 X
®,(0) = Z([t + 6],0;1,0) Ufﬁ 8 = { t’%)( ) 031 1 } ’
0 1

where ®,1(0) € R3.

Another ingredient necessary in the centre manifold reduction concerns the projection
of xo onto the centre fiber bundle. Specifically, if P.(t) : RCR — RCR.(t) denotes the
spectral projection, then there exists a unique Y'(t) € R** such that P.(t)xo = ®;Y (¢). It
is characterized as the solution of the equation

O, Y (t) = L/ (2 — V) 'xodz (11.23)

2w

where V; denotes the monodromy operator associated to the linear delay impulsive system
(11.22), and I'; is a simple counterclockwise-oriented closed contour in C such that 1 is
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the only eigenvalue of V; contained in the closure of its interior. We must compute Y ().
Therefore, to proceed we solve the equation

2y — Vi = Xo€ (11.24)

for y € RCR, with £ € {ey, ez, e3,e4}. Our first task will be to obtain a representation of
Viy. We start by repartitioning the dynamics of (11.22) in terms of matrices. This system
can equivalently written

w=A(t)u(t) + f(t), t # kr
Au= (B —1T)u(t), t = kr,
A(t) = —p(Br1 + Bx) +nf'(0)S(t,0*)(—Es + E1z) — 7B,
with standard basis matrices Ej; = e;e] € R™* and f(t) = ve " Eppu(t — 7). Note that
we have treated the delayed term as a nonhomogeneous forcing. If Uy(t,s) denotes the

Cauchy matrix associated to the (formally) homogeneous equation (without delays), we
can use the variation of constants formula to write

u(t) = Uy(t, s)u(s) +/ Uo(t, r)ve ™ M Eppu(r — 7)dr.

Since Viy(0) = u(t + 7+ 6;t,y) where u(-;t,y) denote the solution with initial condition
(t,y) € R x RCR, we obtain the representation

T+0
Viy(0) = Up(t + 7+ 0,t)y(0) + / Up(t+ 74 0,t+71)ye " Eppy(r — m)dr  (11.25)
0

for 0 € [—7,0], after a few changes of variables.

Returning to equation (11.24), we notice that zy(60) = Vyy(@) for 6 < 0. From the above
representation, it follows that 6 — V,y(0) is differentiable except at times 6 € (—7, 0] where
t+ 7+ 60 = k7 for some k € Z, where it is continuous from the right. At § = 0, there is an
external discontinuity because of the yo& term in (11.24). Taking this into account, we can
take derivatives in 6 on both sides of zy(#) = Viy(#), and compute jumps at those times
where § = —[t],. We find that y(0) is a solution of

Y = Al +6) + 27e " Buly, 04 —[t], (11.26)
Ay = (B — Dy(67), 0= —[t.. (11.27)
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for 0 € [—7,0). Using the convenience function Z from earlier, we can explicitly write

ZO,—T;z,t)y(—71), 0 < —[t],
y(0) = { 200 —l: 2 ) B2 [l —7: 2, )y(—7), 0> —[1], (11.28)

Since y(—7) appears linearly on the right-hand side of the above, we will write it as a
matrix product

y(0) = H(0; z,t)y(—71) (11.29)

Next, from (11.24) we have zy(0) — Viy(0) = £. It is our goal to compute y(0), and to
facilitate this we consider two separate cases. If [t], = 0, then we have V;y(0) = BV,y(07),
as can be verified via equation (11.25). Since V;(6) = zy(0) for € < 0, it then follows that
Viy(0) = Bzy(07). The equation zy(0)—V;y(0) = £ is then equivalent to zy(0)—Bzy(0™) =
€. A similar argument in the case where [t]; # 0 then implies that, in both cases, the end
result is

y(0) = L€+ H(O0; 2, 1)y(~) (11.30)

Our final task is to solve for y(—7). To do this, substitute (11.30) into (11.25) and set
0 = —7. Since Vi(—7) = zy(—7), the result is

2y(—71) = %f +H(O; 2, t)y(—7). (11.31)

Lemma 11.2.7. z — (21 — H(07;2,t))™! has a pole at = = 1. In particular, 1 is an
eigenvalue of multiplicity two for H(0™; z,1).

Proof. The spectrum (as a multiset) is found to be
o(H(07;2,t)) = {7, 5(0, —7;1),0,1}.

The second eigenvalue in the list is, explicitly,

B(0,=7;t) = exp (/0 (=7 =+ nf'(0)S(u+t, v*))dU) 7

—T

which is equal to 1 because the integrand is periodic with period 7, integrates to zero on
[0,7], and t acts as a translation parameter. The result follows. []
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We can now calculate y = (21 —V;)xo. Solving equation (11.31) and substituting the
result into (11.29), the following lemma is proven.

Lemma 11.2.8. (21 — V;)"'xq has the explicit form

(2] — Vi) 6) = %H(G; 2 4)(o] — H(0: 2, ). (11.32)

The next step is to explicitly calculate the contour integral in (11.23). The following
lemma provides just enough detail for later calculations.

Lemma 11.2.9. There exist real constants a,b such that

ab
1
— (2 — Vt)_lxg =H(6;1,1)

11.33
21 I ( )

o O O O
o O OO
_— o O O

1
a
0

Proof. We provide only an outline of the proof of this lemma. To begin, perform the
diagonalization

(2 —H(0; 2,1)) = P(2)(2I — D)P(2)™*
where D = diag(0,e #7,1,1) has the eigenvalues of H(07; z,t) on the diagonal. With this
representation, both P and P~! are holomorphic in a neighbourhood of z = 1. After
lengthy calculations, one can show that

p— 0 0 P23(Z) 0
B Tl 13**€u[tlf 1 0|’
0 0 0 1

for some Py3 and P,3, with Pa3 # 0 in a neighbourhood of z = 1. Taking into account
(11.32), we have

= (2 = V) txo = = lH(Q; 2, t)P(2)(zI — D) ' P(2) 'dz

271 Jr, 2w Jp, 2

— H(0;1,1)P(1)diag(0,0,1,1)P(1)7",

with the second line being a consequence of Cauchy’s integral formula. Explicitly calculat-
ing the product P(1)diag(0,0,1,1)P(1)7}, the result is the matrix on the right-hand side
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Lemma 11.2.10. The matriz Y (t) appearing in the decomposition (11.23) is

Y(t) = [8 (1—6‘”)_160(—#]7,—7;15) 8 ‘1) , (11.34)

Proof. Since the matrix Y (¢) appearing in (11.23) is unique and therefore independent of
the argument 6 € [—7, 0], we can evaluate both sides of the equation at § = —[t], to simplify
the computation. Using Lemma 11.2.9 and Lemma 11.2.10, the result is the equation

(1—v)s 0 0 ab 0 0
1—e™ 0 Yii Yig Yis Yiu | . 01 00
Vi 0 [Ym Vi Vas Yo | DCUHSLD oo g g
0 1 0 0 01

Explicitly calculating H(—[t];; 1,¢), one immediately finds that the only nonzero entries of
Y are Y5 and Yy, the latter of which is Yoy = 1. The Y5 entry satisfies the equation

(1 —-v")k ab
1—e# 1

YIQ VK - H(_[t]ﬁ 17t) a
0 0

Comparing the entries in the second row, we find Yio- (1 — e #7) = B(—[t],, —7;t), and the
result follows. O

Next, we can determine the quadratic-order dynamics on the centre manifold. The
following is a direct consequence of Theorem 8.1.2.

Lemma 11.2.11. The coordinate dynamics on the two-dimensional parameter-dependent
centre manifold of the nonhyperbolic equilibrium 0 € R* of the impulsive delay differential
equation (11.21) are, for ||(w, €)|| sufficiently small,

b= (1 = B[t —75) (9()u? + F(O)2S(E v )ew) + Rt w,e),

¢ =0,

- 1

g(t) = S(t,v") (1 — e*)B(1) (- F7(0)(1 — ™) B(t) (11.35)

2

[ ~
+ f’(O)/O e =) (e — nf’(O)S(S,v*))B(S)@) ,
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where R(t,w,€) satisfies R(t,0,¢€) = 0, is periodic and right-differentiable in its first argu-
ment, and is C* in (w,€) for fized t.

With this lemma in place, we can state and prove our bifurcation theorem. It mostly
follows from Theorem 10.1.1, although we will elaborate on some details.

Theorem 11.2.1. For a generic set of parameters, a transcritical bifurcation occurs in the
model (11.1)~(11.3) along the disease-free periodic solution as v crosses through the critical
vaccination coverage level v*. Specifically

(= / B(~[t],, —: )8 (t,v")B(t)g (1),

is nonzero on a generic subset of parameter space, and the following is satisfied for lv—v¥|
small enough and in a sufficiently small neighbourhood of (S,I) = (S(t,v*),0).

o There are at most two periodic solutions: the disease-free solution and a second
solution t — £(t,v) that is exponentially stable when v < v*, unstable when v > v*,
and satisfies £(t,v*) = (S(t,v*),0).

e The unique periodic solution is conditionally stable when v = v* in some half-space.

o £(-,v) is positive (in both components) if and only if (v —v*){ > 0.

Proof. The time 7 (Poincaré) map associated to the ordinary differential equation (11.35)
is readily found to satisfy

w = w4+ (1 — e P [lw? + mew] + h(w, €)
€€,

where £ is as in the statement of the theorem, m is given by
m = / B(~[t]r, =73 1) f/(0)9,S(t, v*)dt,
0

and h(w,e) = [ R(t,w,e)dt is a C* remainder satisfying n(0,¢) = 0 and containing all
terms of order 3 and above in (w, €). Note that the mixed ew term, m, is strictly negative
because f/(0) > 0, > 0, and 9,5(t, v*) < 0. As for the quadratic term, the equation £ = 0
is unstable with respect to perturbations in f”(0), as can be verified by the functional form
of g(t) appearing in (11.35). Consequently, on a generic set of parameters we have ¢ # 0
and m < 0. The first two conclusions now follow from Theorem 10.1.1.
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To see that £(-,v) is positive only when (v—v*){ = el > 0, we first remark that the fixed
point satisfies the estimate w(e) = —eZ 4+ O(€?). This follows because of the properties of

the remainder term h. Also, since £(t,v) — (S(t,v*),0) as v — v*, it suffices to consider
only the sign of the second component. This is precisely

sign(&(t, v* + €)) = sign (—6%65@%&0))

= sign (e/(1 — e 7)5(t))
= sign(el),

which is what was claimed. O

Remark 11.2.1. We would typically expect ¢ < 0 for biological reasons. Namely, ¢ < 0
would imply that increasing the vaccination coverage to the critical level v* drives a stable
endemic (ie. positive) periodic solution toward the disease-free state. However, proving that

¢ is indeed negative on the entire parameter space for which v* € [0,1] seems to be rather
difficult.

11.3 Numerical bifurcation analysis

In the previous section we proved that in the event there is only one vaccination pulse per
period, the disease-free periodic orbit generically undergoes a transcritical bifurcation when
the vaccination coverage crosses a critical threshold. In the absence of pulse vaccination,
the model (11.1)—(11.3) reduces to the SIR model of Kyrychko and Blyuss, and it is known
that the endemic equilibrium can undergo Hopf bifurcation [50]. We expect that with
pulse vaccination, such a Hopf bifurcation should be replaced with a cylinder bifurcation.
It is therefore natural for us to track the bifurcating endemic periodic orbit and search
for Hopf points. In this section, we will use the illustrative parameter choices provided in
Table 11.1, and to keep results consistent with the analysis appearing in [50, 56] we will
use the indence rate f(z) = T4~ For these parameters and incidence rates, the model of
Kyrychko and Blyuss (i.e. the model without vaccination) has a disease-free equilibrium
that is unstable, as well as a periodic solution that is locally asymptotically stable. It
appears as though this periodic solution is the global attractor (in the positive quadrant),
although this is merely conjecture.
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Parameter | Numerical value/range
W 0.5
Ui 50
y 25
T 1
v* 0.6227
v 0, v*]

Table 11.1: Parameters used for the numerical bifurcation analysis.

11.3.1 Continuation of endemic periodic solution

As it is not possible to express the endemic periodic solution analytically, we will need to
resort to numerical methods. The first step is to continue the bifurcating endemic periodic
solution. To simplify matters, we will take advantage of the convenient fact that since
we seek periodic solutions of period 7, it is not necessary to treat the impulsive delay
differential equation (11.1)—(11.3) directly. Specifically, every instance of S(t — 7) and
I(t — 7) can be replaced by S(t) and I(t), since we search explicitly for periodic solutions.
Doing this and adjusting the jump condition accordingly, the branch (S*(¢,v), I*(t,v)) of
endemic periodic solutions must satisfy the following boundary-value problem:

L St — g f(1)S* eI, ST(0) = p(v)S*(r7),

d; I(0) = I'*(77),
21T =nf(I)S" = (u+ I, p(v) = (1 —v)(1 —ve )",

Following Theorem 11.2.1, we could use

S*(t,v* +¢€) = S(t,v*) — 6%61@@1(0)
(11.36)

e eI, 1 (0)

I"(t,v" 4+ ¢€) = — /

as a linear-order guess for the first point on the branch, for some |¢| sufficiently small. Under
the assumption that ¢ < 0 — the more biologically expected case — we will do continuation
for e < 0.

For the illustrative system parameters of Table 11.1, we solve this boundary value prob-
lem using the bvp4c function in MATLAB R2018a. We take the solution for perturbation
parameter €, as the initial guess for perturbation parameter €,,; < €,, except for the
first step €y where we use the linear guess (11.36). That is, we keep things simple and
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Figure 11.1: Plots of the periodic solution obtained by the continuation scheme described
in Section 11.3.1 for vaccine coverage v € [0,v*]. Dots indicate the “initial” points
(S*(0,v), I*(0,v)) on each periodic solution, followed by evolution along the corresponding
curve at each level v with time left implicit. The periodic solution is constant in the [
variable at v = v*, and collapses to a fixed point at v = 0. To improve visibility, only
fourteen vaccination coverages in the interval [0, v*] are displayed.

implement natural continuation. We do not expect any turning points along the branch
(note, we expect a Hopf point, which will generically lead to an invariant cylinder on which
there are no additional periodic solutions), so no difficulties are anticipated. Figure 11.1
provides a sample of the periodic solutions generated by the continuation scheme.

11.3.2 Dominant Floquet exponent and cylinder point identifi-
cation

To test for additional bifurcation points, we will need to compute the dominant Floquet

exponents along the periodic solution continuation. While this can in principle be done by
solving an appropriate boundary-value problem, our attempts to accomplish this in MAT-
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Figure 11.2: A plot of the real part of the dominant Floquet exponent of the branch
v = (S*(-,v),I*(-,v)) of periodic solutions. The real part crosses the line R(Apar) = 0
in the window v € [0.4063,0.4068]. All computations were done using the discretization
scheme from Section 4.6.3 with N = 200 mesh points.

LAB using built-in boundary-value problem solvers had serious issues with convergence.
Instead, we discretize the monodromy operator using the method outlined in Section 4.6.3.

The real part dominant Floquet exponent is plotted versus the vaccination coverage in
Figure 11.2. Numerically windowing the crossing of the imaginary axis, we see that the
real part crosses through zero for some v € [0.4063,0.4068]. The approximate Floquet
spectrum (i.e. the set of Floquet exponents) for v = 0.4068 is plotted in Figure 11.3, where
we see that, as expected, there is a pair of (approximately) imaginary Floquet exponents.
To the order of discretization used (200 mesh points), the pair of Floquet exponents is
simple, so we should expect (from Theorem 10.2.1) a cylinder bifurcation to at some
v} € [0.4063, 0.4068).

We can easily check — at least to the level of numerical accuracy achieved — two of
the nondegeneracy conditions associated to the cylinder bifurcation theorem. The first
condition G.1 states that we must have e #£ 1 for k = 1,2, 3,4, where w is the imaginary
part of the dominant Floquet exponent. Our numerical estimate (see Figure 11.3) is

w = 1.9886. (11.37)
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Figure 11.3: The approximate Floquet spectrum associated to the periodic solution ¢ —
(S*(t,v), I*(t,v)) for v = 0.4063 restricted to the strip {z € C : R(z) € [-5,00)}. All
computations were done using the discretization scheme from Section 4.6.3 with N = 200
mesh points.
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One can then verify that [e* —1| > 0.316, and the first nondegeneracy condition is passed.

The second nondegeneracy condition G.2 pertains to the transversal crossing of the
Floquet exponents across the imaginary axis. Examining the plot of real part of the
dominant Floquet exponent in Figure 11.2, we see that the real part is strictly decreasing
and appears smooth in the critical interval [0.4063,0.4068], from which we conclude that
the second nondegeneracy condition is satisfied.

The third nondegeneracy condition requires one to calculate the quadratic term of the
centre manifold at the critical parameter and, following this, compute the first Lyapunov
coefficient. The benefits are somewhat limited and do not greatly aid in the exposition.
We will therefore content ourselves with the first two nondegeneracy conditions, knowing
that in a generic sense (i.e. up to perturbation in quadratic terms), a cylinder bifurcation
does indeed occur at some v} € [0.4063,0.4068]. Moreover, because the real part of the
dominant Floquet exponent is decreasing at v}, we obtain by Theorem 10.2.1 that the
periodic solution (S*(t,v), I*(¢,v)) is unstable for v < v¥ and locally asymptotically stable
for v > v.

Remark 11.3.1. We briefly comment that the theorem should be applied not to (11.1)-
(11.3), but rather to the system with vaccinated component introduced in Section 11.1.1,
since the latter satisfies the overlap condition. All statements concerning the Floquet expo-
nents carry over, however, so our conclusions remain correct.

11.3.3 Tracking the evolving cylinder

Provided the invariant cylinder is attracting in the parameter regime where it exists, we
should expect based on Theorem 10.2.1 that the cylinder is attracting for 0 < v < v} =~
0.4063. In a time series, we would expect to see convergence to an oscillatory but non-
periodic solution. Figure 11.4 provides such a time series for a selection of six vaccination
thresholds v € [0,v*]. The solution converges to a clearly defined periodic solution for
v = 0.6 and v = 0.45, while in the intermediate regime of v € (0,v’] demonstrated by
the second row of plots and the first plot on the final row, the dynamics are eventually
oscillatory with no discernible period. A clear periodic solution is seen at v = 0.

The geometry of the cylindrical attractor is more clearly seen if one plots S(¢) and ()
together with t — f(z;) for some functional f, with ¢t — z; the solution in the phase space
RCR. One might think the sum of vaccinated and recovered components as in Figure 11.4
to be a natural choice, but there is some transient linear dependence between these and
S(t) and I(t) that hides some of the geometry. Instead, we plot ¢ — (S(t), I(t), S(t — 1)).
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Figure 11.4: Time series from the constant initial condition (S(0),7(0), R(0),V(0)) =
(0.5,0.5,0,0) for various vaccination coverages. Susceptible, infected and sum of recov-
ered and vaccinated populations are plotted, with a legend inset in the first frame. The
vaccinated population is governed by (11.5). (Top row: v = 0.6, v = 0.45. Middle row:
v =0.395, v = 0.3. Bottom row: v = 0.15, v = 0.)
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To illustrate the birth of the cylindrical attractor as the parameter v is varied close to the
bifurcation point v}, we plot both the continuation periodic solution ¢ — (S*(¢,v), I*(t,v))
and the forward time integration from the constant initial condition (S(0), (0)) = (0.5,0.5).
The delayed state S(t — 1) is used as a third spatial variable to aid in visualization as de-
scribed above. We integrate the solution for ¢ € [0, 1300] and plot only for ¢ € [300, 1000].
The result is provided in Figure 11.5, where we clearly see the cylindrical topology appear-
ing at v = 0.395.

At v = 0.385 there appears to be phase locking, although the phase-locked regions
still appear to lie on a cylindrical structure. To compare, as v decreases to 0.375, then to
0.35 and 0.315 — see Figure 11.6 — the radius of the cylinder becomes more variable along
its length, the latter of which is contracted. The structure of the attractor bears little
resemblance to the periodic solution t — (S*(t,v), I*(t,v), S*(t — 1,v)) it bifurcated from.

Further decreasing the vaccination coverage from v = 0.25 through to v = 0 shows
convergence of the attractor to the periodic orbit of the Kyrychko and Blyuss model.
Topologically, the cylinder contracts to a circle. This can be visualized in Figure 11.6.
The complete transition of the disease-free periodic solution through the transcritical bi-
furcation and the cylinder bifurcation can be visualized with the help of the bifurcation
diagram, Figure 11.8.
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Figure 11.5: Plot of ¢t — (S(t),I(t), S(t — 1)) for ¢ € [300,1300] from a constant initial
condition of (S(0),(0)) = (0.5,0.5), for v = 0.45 (top) and v = 0.395 (bottom). Purple
corresponds to arguments ¢t = k € Z and yellow to arguments ¢ — k~. Inset: Plots of the
image of ¢ — (S*(t,v), [*(t,v), S*(t — 1,v)).
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Figure 11.8: The bifurcation diagram for the SIR model with pulse vaccination and tem-
porary immunity with the parameters from Table 11.1. TB denotes a transcritical bi-
furcation, while NSB denotes a Neimark-Sacker bifurcation. The latter is qualitatively a
cylinder bifurcation. Dashed lines denote an unstable object, while solid lines denote an
asymptotically stable object. The arcs corresponding to the endemic cylinder parameterize
the minimum value (bottom arc) and maximum value (top arc) of the norm of the infected
component in the phase space.
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Chapter 12

Application to impulsive stabilization
and bifurcation suppression

The content of this chapter appears in “Cost-effective robust stabilization and bifurcation
suppression” by Kevin Church and Xinzhi Liu [23], currently in press at STAM Journal on
Control and Optimization.

12.1 Overview of impulsive stabilization methodology
and current methods

Stabilization of complex networks and dynamical systems both large-scale and small play
an important role in science and industry. Since the introduction of Lyapunov’s direct
method and its various generalizations, the technique has seen much application in the
development of sufficient conditions for the stability of steady states, which can themselves
be used to derive controllers guaranteeing robust stability and synchronization. The recent
survey paper [32] catalogues recent developments in the stability analysis of linear time-
delay systems by Lyapunov-based methods, and one may consult the references therein for
background. For a short list of specifically nonlinear results, one may consult [55, 99, ,

].

Suppose one has an autonomous n-dimensional retarded functional differential equation
depending on a parameter € € RP,

i = flxy,e), (12.1)

217



and it is known that z* = 0 is an equilibrium point for all e € N C RP, a neighbourhood
of the origin. The linearization at z* = 0 is the linear system

y=Df(0,€)y, (12.2)

and its dynamics determine the local behaviour near x = 0 for the nonlinear system (12.1).
The characteristic matrix is

A(X;€) = X — Df(0,€)[e*]] (12.3)

where [ the n x n identity matrix. The eigenvalues are the solutions of the generally
transcendental characteristic equation

det(A(A;€)) =0, (12.4)

and x* will be (locally) exponentially stable if and only if all eigenvalues have strictly
negative real part; see [39, 80] for background. A transition from stability to instability
occurs when one or more eigenvalues cross the imaginary axis. In practical applications,
it may be that due to some external influence or component failure, a system parameter
enters a regime where stability is lost and a bifurcation occurs. The goal then shifts to
stabilization.

One stabilization methodology that has seen a fair bit of attention in recent years is
impulsive stabilization [12, 59, 60, 63, 65, 90, 93, |. These results are derived and their
validity verified by means of Lyapunov functional and Lyapunov-Razumikhin methods.
They are stated in terms of the existence of matrices satisfying matrix inequalities, and
they typically provide global stability. However, the assumptions can be somewhat strong:
global Lipschitz conditions are typically needed to guarantee convergence and finding ma-
trices satisfying the necessary inequalities can difficult especially for large interconnected
systems.

A related problem in terms of the implementation of impulsive stabilization is that,
naturally, some controls may be more difficult to implement than others. In other words,
there may be an explicit cost in implementing an impulsive controller. Guaranteed cost
impulsive control has been considered in [61, 94, | among others, where the goal is
to design the impulsive controller so that a running cost is minimized. To contrast, we
are interested in average costs associated to impulsive controllers, where the cost may be
dictated by such factors as the control gain or its structure. The latter encompasses such
factors as the amount of coupling induced by the controller, the amount of diffusivity or
lack thereof, or a penalty for accessing or modifying certain system states.
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Simultaneously, there may be hard constraints to the types of impulsive controllers that
are permitted. In pinning control, for example, the jump functionals do not induce any
additional coupling between nodes — see the aforementioned references. In an input-output
setting, if one only has access to system outputs, then one might want the controller to
depend only on the measurements. See later an example in Section 12.2.1. We would like
to incorporate such hard constraints into our stabilization methodology.

It is our goal to provide an alternative impulsive stabilization approach based on centre
manifold theory. Our novel method does not require global Lipschitzian constraints and
provides an algorithmic way to find an impulsive controller that achieves stabilization
while simultaneously guaranteeing a prescribed local convergence rate and minimizing a
cost functional. The jump functionals that leads to stabilization can be chosen from a set of
admissible functionals that can be set by the control designer, thereby incorporating a wide
class of hard constraints as described in the previous paragraph. Moreover, bifurcations
are suppressed in the sense that any nonlinear structures such as periodic orbits that could
result from parameter variation will be unstable. In other words, the dynamics near the
equilibrium will be robust under parameter variation.

The idea is, at its heart, a simple geometrical construction. To linear order, each
candidate jump functional will have some impact on the dynamics on the centre manifold.
The goal is then to choose a jump functional in such a way that the dynamics restricted
to the centre manifold become linearly stable. If the jump functional that is chosen is
sufficiently small, then its inclusion will not push other eigenvalues across the imaginary
axis and lead to further instabilities. In some sense, we try to choose a jump functional
that stabilizes the weak instabilities due to eigenvalues on the imaginary axis, while having
minimal effect on the stable modes.

With this in mind, our setup is as follows. We assume that at ¢ = 0, the characteristic
equation (12.4) has some number ¢ > 0 of eigenvalues on the imaginary axis, while all
others have strictly negative real part. This situation corresponds to one where stability of
x* = 0 could potentially be either gained or lost by perturbing the parameter ¢ away from
zero, and a bifurcation could therefore occur. For each ¢ € N, we consider the problem
of finding a linear jump functional B, such that, for the impulsive retarded functional
differential equation

1
) te 2 (12.5)
1
Ax = B(t)x;-, te EZ’ (12.6)
the following conditions are satisfied for |e| < 4, for some positive 0.
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U.1 The equilibrium z* = 0 is locally asymptotically stable with local convergence rate
O(e ).

U.2 B.(t) is optimal in the sense that it minimizes an admissible cost function.

We will make these ideas more precise in forthcoming sections of this chapter. The fre-
quency of impulse effect, h, is chosen beforehand. The constant v > 0 is a chosen rate
parameter. The functional B, is typically the action of a matrix on a vector of state ob-
servations (possibly delayed) or a sum thereof. The notion of a local convergence rate
and admissible cost functions will be defined later when we formalize the problem more
precisely. Condition U.1 guarantees that the equilibrium is stabilized and any bifurcations
that could lead to a loss of stability of the equilibrium are suppressed in the parameter
regime |e| < ¢, while specifying a worst-case convergence rate. The second condition U.2
ensures that the impulsive control (12.6) is one that minimizes an associated cost.

One might also be interested in conditions under which one can find a jump functional
B. that satisfies conditions U.1 and U.2, but is independent of €. This situation corresponds
to a uniform robust cost-effective stabilization, and may be desirable when the dimension
of the parameter space is very high. We will consider this problem as well.

The structure of this chapter is as follows. In Section 12.2, we precisely formulate our
cost-effective impulsive stabilization and bifurcation suppression problem. The existence
of solutions of the problem are considered in Section 12.3, while Section 12.4 and Section
12.4.5 are devoted to the computation of optimal solutions. The effectiveness of our sta-
bilization method is demonstrated in Section 12.5 by way of a numerical simulation. All
proofs are deferred to Section 12.7.

12.1.1 Notation

For A € R*? the notation A;; denotes the entry in row ¢ and column j.

If X is a real vector space, Y C X is a linear subspace and z € X, we denote
r+Y={zx+y:yeY}CX

the affine subspace spanned by Y with translation z. If W and Z are two such affine
subspaces, we define for ¢ € [0, 1] the convex combination

tW+Q—-t)Z={tw+(1—-t)z:weW, ze 7}

220



For a vector space X, we will denote X* = X x X x --- x X the k-fold Cartesian
product of X with itself, with k factors in the product. We will sometimes abuse notation
and identify elements of X* with 1 x k arrays with elements in X.

For square matrix A € R®®_ the symbols p(A), det(A) and tr(A) will respectively de-
note the spectral radius, determinant and trace. We will at times suppress the parentheses
and write simply pA for the spectral radius of A.

For a linear map L : X — Y between finite-dimensional vector spaces, we denote L™
its Moore-Penrose pseudoinverse. If L is a matrix, then L™ is its pseudoinverse.

If j € Z and k € Nt we denote [j]; the remainder of j modulo k. Specifically, if we
uniquely write j = pk + r for some r € {0,...,k — 1} and p € Z, then we define [j], = .

For a finite sequence of matrices Ay, ..., Aj_1 for k > 1, we define the product H?;& A,
by iterative composition — that is, multiplication on the left,

IT4 =4 A

For a function f : X — Y, we will use the symbol f(X) for the image of f. For an
element y € f(X), we denote f~!(y) its preimage:

7 y) ={zeX: flz) =y}
When f is one-to-one, the singleton f~1(y) will be identified with the unique solution x of
the equation f(z) = y.

For a complex vector v € C", we denote Re(v) and Im(v) its real and imaginary
parts, respectively. That is, Re(v) and Im(v) are the unique elements of R™ such that
v = Re(v) + iIm(v).

12.2 Optimal impulsive stabilization with performance

target

In this section we formulate the problem outlined in Section 12.1 more precisely. We
introduce the linear jump functionals and frequencies that will be considered in Section
12.2.1. The allowable cost functionals are introduced in Section 12.2.2.
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12.2.1 The space B of discrete-delay jump functionals

We consider classes of linear jump functionals B defined by a collection of distinct discrete
delays 61, ...,0, € [—d, 0] for some d > 0:

£
Bo = Ap(0) + > Aig(5), (12.7)

Note that given the frequency h of impulse effect, it will need to be assumed that the any
nonzero delay 0; # 0 satisfies 0; ¢ +Z. This constraint is needed because of a technical
assumption (the overlap condition) of the centre manifold theory and reduction principle
for impulsive delay differential equations, of which our main results are based. From the
right-hand side of (12.7), we can identify a jump functional with an element of the finite-
dimensional vector space

B = (R™m)ft, (12.8)
With this identification, we will abuse notation and write B¢ for B = (A, Ay,..., Ay) € B
and ¢ € RCR as the right-hand side of (12.7). Similarly, if ® =[ ¢; --- ¢. | € RCRS,
then we denote B® =[ B¢, --- Bé, |.

Pinning stabilization and diagonal jump functionals

In some situations, it may not be appropriate to work with the entire space B of jump
functionals. For example, suppose the system (12.1) has the structure of a network of N
identical linearly-coupled nodes

N
i = f(@f) + ¢ ayTH@ED(), i=1,...,N, 2@ eR" (12.9)

j=1
with coupling strength ¢ > 0, I' = diag(y,...,7,) > 0 an inner coupling matrix, H :

R™ — R" a nonlinear coupling with H(0) = 0, and A = (a;;) € RY*¥ a diffusive Laplacian
matrix representing the coupling configuration of the network, where any of these coupling
terms may depend on parameters. In impulsive pinning stabilization and synchronization,
one would choose jump functionals that act only on individual nodes — see the references
[12, 65, 93] — and are functionally driven by an error system.

For simplicity, assume we wish to stabilize the trivial equilibrium x* = 0, so that
one does not need to consider a separate error system. An appropriate subspace of B in
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which one could consider pinning stabilization is the set of block diagonal operators. To
define these, we note that for system (12.9), we have B = (R™V*"N)&+1 Fach element of
R™N 7N can be interpreted as an N x N block matrix with n x n blocks, so that we can
write an arbitrary element of B in the form B = (A, Ay,..., Ay) with A,,(i,j) € R™*" for
m==0,1,...,fand 7,5 = 1,..., N. Then, the diagonal subspace Bgiag C B is defined by

Biing = {B= (A, A1,...,A) € B: Ap(i,j) =0 Vi#j, m=0,1,....6}.  (12.10)

This is indeed a subspace of B and it contains only the linear jump functionals that induce
no further coupling between different nodes.

Proportional control

Suppose one wishes to stabilize the system & = f(x,€) using a proportional impulsive
control, with a system output y. That is, we seek jump functionals B.(t) such that 0 € R™
of the system

1

T = f(xy,€), t¢ hZ
y(t) = Hz(t),
Ax = NB(t)y;-, te %Z,

becomes stable, where N € R™ "™ is an input matrix, H € RP*™ is an output matrix and
y € R? is the output. Starting with the space B = (RM™+P)x(n+2))+1 a5 introduced at the
beginning of this section, our proportional control constraint on the jump functionals can
be imposed by abusing notation and identifying B.(t) with an element of B defined in block
form as

0 NB(1) } | (12.11)

Be(t) = { 0 HNB.()
We need to verify that z = [ Ty ]T satisfies the equation Az = B.(t)z- at times t € %Z.
| Az | | NB®M)w- | |0 NBJ(t) T |
Az = { HAz } - { HNB.(tye | = |0 HNB.) ||y | = B5
as desired. The set of elements of B of the form (12.11) is indeed a proper subspace of
B, which we denote Bprop. One can complete the transformation to a system of form

(12.5)—(12.6) by taking the derivative of y. PID controls can be introduced in a similar
way.
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Cycles of jump functionals

In our impulsive functional differential equation (12.5)—(12.6), we have left the possibility
for the jump function to depend on time ¢. That is, B(t) € U for each ¢ and some subspace
U C B, while being generally nonconstant. As our method is based on centre manifold
theory, working with infinite time horizons is difficult so we will typically take t — B.(t)
to be periodic. As such, a cycle of jump functionals is an element of the product U*, for
natural number k£ > 1 called the period. We can then associate a jump functional in the
style of (12.7) by way of the following equivalence. If B = (By, ..., By_1) € U*, we define

Z?(%)¢::Bmyﬁ (12.12)

This definition is sufficient to give meaning to (12.6) since we need only define B(t) at the
times t = 7 for j € Z.

Cycles of jump functionals in nonidentical subspaces

In some applications, it might be that certain controls (quantified by jump functionals)
can only be applied intermittently due to resource limitations. As such, it is worthwhile
considering the case where more generally, we have B.(t) € U(t), for t € %Z and each
subspace U(t) is generally distinct. As in Section 12.2.1 we will assume the periodicity

condition . _
J+ J
Z/{j+k =U (T) =U (E) = u]‘

for all j € Z, and associate t — Bc(t) to a jump functional B = (B, ..., By_1) in the
product space
UP = Uy x - X Up_,.

The construction in the previous Section 12.2.1 corresponds to the special case where
U; = U, for all indices i. Regardless, it remains true that U (%) is a linear subspace of BF.

12.2.2 Allowable cost functionals

An allowable cost functional will be a functional C : U — R* satisfying the following
properties.

C.1 C is continuous, convex and positive-definite.
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C.2 C is radially unbounded: if B,, € B is a sequence with unbounded norm || B, || — oo,
then C(B,,) — oc.

These properties will eventually be used to show that a formalized version of the problem
from Section 12.1 admits a solution satisfying the conditions U.1 and U.2. One can similarly
define allowable cost functions on any linear subspace U C B using the same definition.

Given an allowable cost functional C, we define the cost of a cycle of jump functionals

of period k in a linear subspace of B* as follows. For B = (By, ..., By_1) € B* we set
k—1
C(B)=> C(By). (12.13)
5=0

We will sometimes abuse notation and write C : B¥ — R™ for the associated cost functional
on the cycles of jump functionals of period k. B* can be replaced with any linear subspace
thereof, so this definition extends naturally to encompass cycles of jump functionals in
nonidentical subspaces as in Section 12.2.1. Finally, the following definition will be useful
later.

Definition 12.2.1. An allowable cost function C : U — R™T is projective if there exists an
inner product (-,-) such that C(B) = (B, B).

Weighted matrix norms

A typical allowable cost functional can be constructed through the introduction of a

weighted matrix norm || X||w = |[W2XWz||, for a symmetric positive-definite matrix
W and its principal real square root Wz, and || - || the spectral norm. Indeed, let W,
Wi, ..., W, be positive-definite matrices, let wy, wy, ..., w, € RT be weight constants, and

define a cost function
)
C((A, Av, -, A)) = wol Allw, + 3 wrl| Adllw, (12.14)
i=1

The weight matrices W; take into account limitations and costs associated to accessing
and/or modifying the states of the system by impulses. The weights wg, wy, ..., w, allow
for a weighting of the individual factors that define the control (12.6) relative to each other.
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12.2.3 Problem statement: parameterized and uniform

Having introduced the allowable cost functionals and the space B of linear jump functionals,
we can more precisely formulate our problem. First, we define local convergence rates.

Definition 12.2.2. Let g : RT — RT be a function satisfying lim; ,. g(t) = 0. The
asymptotic O(g(t)) is a local convergence rate of an equilibrium point x* if there exists
a neighbourhood U of x* and a constant K > 0 such for all (s,¢) € R x U, the solution
t — x(t;s,¢0) of (12.5)—(12.6) satisfying the initial condition x4(-;s,$) = ¢ satisfies the
inequality ||z(t; s, ¢) — x*|| < Kg(t —s) for allt > s.

Next, we formalize the standing hypothesis that at parameter € = 0, our system is at a
bifurcation point where stability could be either gained or lost by parameter variation.

Assumption (Spectral gap condition). At parameter € = 0, the characteristic equation
(12.4) has ¢ > 0 eigenvalues with zero real part, and all other eigenvalues have real part
less than some o < 0. The real number o is the spectral gap.

Remark 12.2.1. If the characteristic equation has a candidate bifurcation point at a pa-
rameter € # 0, one can perform a change of variables to shift the bifurcation point to the
origin, € = 0. As such, no generality is lost by assuming a bifurcation point at € = 0.

From this point onward, we assume the spectral gap condition. Note that because we
are working with a periodic system, there is always a finite spectral gap; see part 6 of
Theorem 4.2.1. With these definition at hand, the problem whose feasibility we will study
and subsequently solve is the following.

Problem A. LetU be a linear subspace of B¥ for k > 1. For a given rate parameter v > 0
and frequency h, determine whether one can, for € sufficiently small, find an allowable cost
functional B, € U such that the optimality condition
argmin C(Y) = B, (12.15)
YeY(ehyy)
is satisfied, where Y(e, h;y) CU is the set of all linear jump functionals for which O(e™"")
is a local convergence rate of the equilibrium point x* = 0 of (12.5)~(12.6) for parameter €
and frequency h.

In the formulation of Problem A, we allow the optimal jump functional to depend on the
parameter €. However, in some settings it may be desirable to have a single jump functional
provide stabilization robustly for all € sufficiently small, or it may be computationally too
expensive to generate optimal jump functionals for a large sample of parameters. Therefore,
the following problem is of interest.
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Problem B. Let U be a linear subspace of B¥ for some k > 1. For a given rate parameter
~v > 0 and frequency h, find n > 0 and single allowable cost functional B € U such that the
optimality condition
argmin C(Y) = B (12.16)
Y ey (hyy)
is satisfied, where Y"(h;~) C U is the set of all linear jump functionals for which O(e™"")
is a local convergence rate of the equilibrium point x* = 0 of (12.5)—(12.6) for parameters
le| < n and frequency h.

12.3 Existence of an optimal solution

In this section we state our solutions to Problems A and B. The main results are provided in
Section 12.3.1 and Section 12.3.2. Illustrative applications of our main results of this section
as they apply to stabilization and bifurcation suppression are postponed until Section 12.5.

12.3.1 Main existence results: Problem A

A first step toward the solution of Problem A is provided by the following proposition.
Proposition 12.3.1. Write f(¢,€) as a Taylor expansion near 0, so that

0

F(66) = Aod(0) + 3 Cul(—r) + / O()é(s)ds +L(e) + O(|l6]2).
k=1

=T

J/

-~

Lo

for L : RP — L(C([—r,0],R™),R"™) continuous and satisfying L(0) = 0 for some discrete
delays ry € (0,7r] and a matriz Ay € R™"™. Let ®(t) be a real n x ¢ matriz whose columns
form a basis of the set of centre generalized eigenfunctions

Ey = U {z(t) = zn:ti_le’\tvi, : Re(A\) =0, 2= Lozt} : (12.17)

neN i=1

and compute the ¢ X ¢ matriz A satisfying the identity %@(t) = ®(t)A. Introduce the
transposed operator L{,

Lo = A(0)+ 3 0o+ [ (9005 (12.18)
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acting on C([0,7],R™). Let WU(t) be a real ¢ X n matriz whose rows form a basis for the
set of adjoint centre generalized eigenfunctions

Ej = U {w(t) = Zti_le_’\tvi, : Re(\) =0, w= —L(T)wt} , (12.19)
i—1

neN

and define the invertible matrix I' € R°*¢ by the equation

I =w(0)®(0) — Z /Tk U(s)Cr®(s — ry)ds

(12.20)
/ / (s +6)dsdf.
Introduce the centre monodromy map M., : B¥ — Re*¢,
k—1 1
=[] Uexe + T%(0) B;®p) exp (E (A + F\If(O)L(e)@O)) : (12.21)
7=0
and define the set
V(e h;v) ={BeU C B : e p(M.(B)) < 1}. (12.22)

Let an allowable cost functional C be given. Let h be fized. The following are true.

1. j(e, h;7y) is closed and if the spectral gap satisfies v < o, there exists 6 = §(y) > 0
such that for |e| <9,

B;s(0) N Y(e, hiy) = Bs(0) N V(e;). (12.23)

2. For each each € € N, there exists B, such that C : j)v(e; v) — R attains its minimum
at B, assuming the domain is nonempty.

Remark 12.3.1. To compute a basis for Ey, it is sufficient to compute a canonical system
of Jordan chains for A(X;0) for all eigenvalues \ with zero real part. See Theorem /.2
from Chapter 7 of [79] for the relevant result. To compute a basis for EJ, one can use the
connection between the transpose system w = —Liw' and the adjoint, with the result being
that a basis can be computed using a canonical system of Jordan chains for the transpose
A(X;0)T — see Theorem 5.1 from Chapter 7 of [79] for the relevant theorem. Alternatively,
one could exploit the characterization V(t) = e MW (0) for ¥(0) € R™™ and solve for
the unknown coefficients of W(0) by imposing the equality I' = I in equation (12.20), as
suggested in [17].
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Remark 12.3.2. In the case of a Hopf bifurcation, the basis calculation is much simpler.
To obtain the basis matrixz for Ey, one calculates a nontrivial v € C" satisfying A(iw; 0)v =
0 for the critical eigenvalue A = iw. Then, the basis matrix is

®(t) = [ Re(ve™') Im(ve™') ].

For the transpose basis E}, one computes a nontrivial w € C" satisfying wTA(iw;0) = 0,
and obtains the basis matrix

w(t) = [ Re(wre™™) 1

Im(wTe™™1)

One must then compute 1" explicitly after.

Thus, the existence of a small solution to Problem A is equivalent to the set y(e, h; )
being nonempty. It is therefore important that we determine conditions under which that
set is nonempty. Also, it would be prudent to ensure that as v — 0, the cost of ensuring
the convergence rate O(e™"") for a fixed pair (e, BY) should become arbitrarily small and
that the intersections (12.23) are nonempty. Our sufficient condition is the following.

Theorem 12.3.1. Let U = B*. Y(e, h;7) is nonempty provided ®(0) and W(0) are of rank
c. If this is the case, for any selection v — B} of minimizing jump functionals for rate
parameter v, one has lim,_,o+ BY = 0. In particular, if v > 0 is sufficiently small, the sets
in (12.23) are nonempty.

The subspace and rank condition of Theorem 12.3.1 allows us to quickly exclude mem-
oryless systems and systems at fold bifurcation points. We have the following corollary.

Corollary 12.3.1.1. If ¢ = 1 or Lo¢p = C¢(0) for an n x n matriz C, then )7(6;7) is
nonempty.

We can derive a more general sufficient condition that is implied by the subspace and
rank condition of Theorem 12.3.1. It is captured by the following corollary whose proof is
omitted since it is similar to that of the previous theorem.

Corollary 12.3.1.2. The subspace condition U = B and the rank condition on ®(0)
and V(0) in Theorem 12.3.1 can be replaced with the condition M (U) = R*¢, and the
conclusions of the theorem hold.
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12.3.2 Main existence results: Problem B

As it turns out, the proofs of Proposition 12.3.1 and Theorem 12.3.1 work with minimal
modifications to solve Problem B. We have the following analogues and the appropriate
variant of Corollary 12.3.1.1.

Proposition 12.3.2. With the same notation as in Proposition 12.5.1, define the set
V'(hiy) ={B el CB": V| <n, "p(Mu(B)) < 1}. (12.24)

Let h be fixed. The following are true.

1. j"(h; 7v) is closed and if the spectral gap satisfies v < o, there exists 6 > 0 such that
forn <9,

B5(0) N 3"(hs) = Bs(0) N 371 ). (12.25)
2. Y"(h;v) can be written as the intersection

V'(hi) = () Y(e)- (12.26)

le|<n

3. There exists B such that C : ﬁ”(h;’y) — R attains its minimum at B, assuming the
domain s nonempty.

Theorem 12.3.2. Let U = B*. Y"(h:~) is nonempty provided ®(0) and W(0) are of rank
c. If this is the case, then for any selection v — BY of minimizing jump functionals for
rate parameter 7y, one has lim.,_,o+ BY = 0. In particular, if v > 0 is sufficiently small, the
sets in (12.25) are nonempty.

Corollary 12.3.2.1. If ¢ = 1 or Lo¢ = C¢(0) for an n x n matriz C, then y”(h;v) is
nonempty.

Corollary 12.3.2.2. The subspace condition U = B¥ and the rank condition on ®(0) and
W(0) in Theorem 12.3.2 can be replaced with the condition M (U) = R*¢ for |e| <n, and
the conclusions of the theorem hold.

Remark 12.3.3. Since € — M, is continuous, the conclusion of the above corollary is
guaranteed to hold for some n > 0, provided Mg ,(U) = R*°. This can be seen by vector-
izing the monodromy map and recalling that rank function X +— rank(X) is lower semi-
continuous.
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12.4 Practical computation: centre probe method

Solving the optimization problem
minimize Cp(Y),

' ) v)
subject to Y € YV(e;7),

directly appears to be very difficult. The feasible set, introduced in Proposition 12.3.1, is
characterized as a sublevel set of B — p(M,(B)). While B — M, (B) is smooth, the
spectral radius is is notably irregular and nonconvex. If one wishes to guarantee feasibility
it is generally necessary to optimize in the space B¥, whose dimension is kn?(¢+ 1) and can
be quite large even for small networks. It is therefore critical that we reduce the dimension
of the problem before even considering performing an optimization task.

From this point onward, we will assume that a rate parameter v, system parameter
e and frequency h have been chosen. We will suppress all dependence on these variables
unless necessary. Also, we make the following simplifying assumption on our chosen space
of cycles of jump functionals of period k£ > 1.

Assumption. The subspace U*) C BF of cycles of jump functionals is given by k copies
of a single subspace U C B. That is, U*) = f*.

This assumption is not strictly needed. All constructions (eg. probe space) can be
appropriately generalized to allow the individual subspaces making up the product U®*) to
be distinct, and the major theorems (Theorem 12.4.1 and Theorem 12.4.2) have appropriate
and similarly strong analogues. However, the notation can make the presentation difficult
to follow. For this reason, we will specialize to this particular case.

To avoid ambiguity later, we define My : U — R*¢ by
1
Mi(B) = (Lo + TUO B exp (3 (A -+ TUO)L(D) )

and reserve the symbol M for the centre monodromy operator M : U* — R¢*¢. Note that
this implies the factorization M(B) = H?;é My (Bj).

12.4.1 The probe space P

The map M : U — R*¢ is affine, and we can decompose it as

M, =My+ Z, Z=exp (% (A + F\IJ(O)L(e)(I)O)) , My(B) =T0(0)B®yZ,
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where My : U — R*€ is linear.

Definition 12.4.1. The probe space P C R*¢ is the image of My. That is, P = im(M,).
Elements P € P are called probe elements. The k-probe space is the kth Cartesian power
P and its elements are k-probe elements.

The following lemmas describe the geometry of the probe space, k-probe space and
preimages of probe elements under the centre monodromy operator. The proofs are omit-
ted.

Lemma 12.4.1. The probe space is an affine space of dimension at most c. It can written
in the form P = Z + im(M,).

Remark 12.4.1. If the subspace/rank condition of Theorem 12.3.1 / Theorem 12.3.2 is
satisfied, then P is a vector subspace of R and it is precisely P = im(M,).

Lemma 12.4.2. The k-probe space P* is convez.

Lemma 12.4.3. Let P € P. The preimage of P under the centre monodromy map My is
an affine space, and can be written

MTYHP) = My (P — Z) + ker(Mo). (12.27)

The correspondence M;' : P = U exhibits a concavity-like property that will be
essential in the next section. It is summarized by the following lemma.

Lemma 12.4.4. Let X, Y € P. For allt € [0,1],

tMINX) + (1= t)MTHY) S MTEX + (1 —-1)Y). (12.28)

At this stage we should define the precise link between the k-probe space and the image
of M : U* — R, Define the product function G : (R®¢)* — Re*¢ by

G(Xo, ..., Xg1) = Xjp—1 -+ Xo.

In terms of the product function, the image of M : U¥ — R can be written equivalently
as the image of G : P¥ — R*¢. From this equivalence, we obtain the following lemma.

Lemma 12.4.5. Let P € P*. For all B € M~Y(G(P)), we have p(M(B)) = p(G(P)).
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The above lemma provides one way to pull k-probe elements back to cycles of jump
functionals of period k. Namely, compute the ordered product and take the preimage under
M : U* — Re*¢. However, the preimage under M : U* — R*¢ of a given ¢ x ¢ matrix is not
necessarily convex. To remedy this, we can alternatively define a map M, : U* — (R*¢)*
by

Mk(307 s 7Bk—l) = (MI(BO)7 ce 7M1(Bk—l))-

Then, an analogue of Lemma 12.4.5 is as follows, strengthened by the convexity of M '(P)
for any P € P* due to the componentwise convexity afforded by Lemma 12.4.3.

Lemma 12.4.6. Let P € P*. For all B € M (P), we have p(M(B)) = p(G(P)). Also,
M; N (P) is convex and given P = (Py,..., Py_1), it can be written

MY(P)={(By,...,By1) : Bi€e M{*(P,),i=0,....k—1}.

12.4.2 Compatible probe cost

Broadly speaking, our idea for solving the nonlinear program (Y') is to first solve a re-
lated optimization problem in the probe space and obtain an optimal solution P*, pull
this optimal solution into the convex space M, '(P*) and find a minimizer Yp- of the cost
functional. Since every element of M~!(P*) will be feasible provided p(P*) < e~ 7/" -
see Lemma 12.4.5 — the spectral constraint does not need to be checked at this final opti-
mization stage. The following definition allows us to define the appropriate optimization
problem in P*.

Definition 12.4.2. A continuous, radially unbounded convex function C : P* — R is a:

e local probe-compatible cost (LPCC) for the nonlinear program (Y') if one of the
following conditions hold:

1. C o My(B) < Cu(B) for all B € U, with equality if

Be argmin Cu(X). (12.29)
XEML(M(B))

In this case we say C is a type 1 LPCC.

2. C o My(X) < CoM(Y) implies Co(X) < Co(Y). In this case we say C is a
type 2 LPCC.
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e global probe-compatible cost (GPCC) if for any global optimum B* of the nonlinear
program (Y') and any other feasible solution B, one has C'o My(B*) < C o My(B),
with equality holding if and only if B is also a global optimum.

e uniform probe-compatible cost (UPCC) if it is both a LPCC and a GPCC.

The existence of GPCC/LPCCs will be addressed in Theorem 12.4.2. Given a continu-
ous, radially unbounded convex function C : P¥ — R*, we define a new nonlinear program
in the probe space, which we call the probe program:

minimize ~ C/(X),
subject to X € P*, (PC)
poG(X) < e /M

The program (PC’) possesses a global optimum so long as Y is nonempty. We also define
a family of convex programs indexed by P € P* with feasible set given by the preimage
M, H(P). We call this the inverse probe program:

minimize C(B),
. 1 (YP)
subject to B € M, (P).
Remark 12.4.2. As M, '(P) is an external direct sum of k affine subspaces of B — see
Lemma 12.4.3 and Lemma 12.4.6 — the inverse probe program is actually unconstrained
after an appropriate affine linear change of variables.

Our first theorem of this section relates the programs (PC) and (Yp) to solutions of
(Y) under the assumption that C' is a LPCC or a GPCC. The second theorem establishes
the existence of at least one UPCC.

Theorem 12.4.1 (centre probe method). Assume Y is nonempty. Let C : P* — RT be
a global (resp. local) PCC for the nonlinear program (Y). Let P € P* be a global (resp.
local) optimum for the program (PC). Let B* € M H(P) be a local optimum for the convex
program (Yp). Then, B* is a global (resp. local) optimum for the program (V).

We will refer to the procedure of determining a solution of the program (Y') using the
probe program in conjunction with the inverse probe program collectively as the centre
probe method (CPM). A cartoon drawing of the method is provided in Figure 12.1.
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Figure 12.1: A cartoon drawing of the centre probe method. After finding an optimal
probe element p* in the probe space, the inverse probe program is run in the preimage
under M if necessary.

Theorem 12.4.2. Define C : P* — RT by

C(P)= min Cy(X). (12.30)
XeMH(P)

This function is continuous, radially unbounded, convex, and a UPCC. We will refer to it
as the trivializing UPCC.

The trivializing UPCC is so named because it makes the final step of running the
nonlinear program (Yp) unnecessary. Indeed, once one has computed an optimal solution
P for (PC), the optimal cost for the program (Y) is precisely C'(P). In other words,
running the program (Yp) is equivalent to computing C/(P).

12.4.3 Explicit formula for trivializing UPCC

Suppose the cost functional C : U — R* is projective. Recall this means that C(B) =
(B, B) for an inner product (-, -) on U (note, on U* one defines the cost additively according
to (12.13)). See Section 12.4.3 for examples. Because of Lemma 12.4.3, we can calculate
C(P) for the trivializing UPCC according to

C(P) = kCp(0) + i min {(X,X) : X € My (Z — P,) + ker(My)} . (12.31)

1=0

235



C(P) and the associated minimizer in M~'(P) in fact has an explicit solution, due the
computation of C'(P) being equivalent to squared distance minimization to an affine sub-
space of a Hilbert space. The proof is elementary and is omitted.

Proposition 12.4.1. Let {my,...,mp} be an orthonormal basis for ker(My). For a given
P € P, define X(P) €U by

(=

X(P) =M (P—2) =) (Mg (P~ Z),m;)m;. (12.32)

Jj=1

If C is the trivializing UPCC and the cost functional is projective, then for any P =
(Py,...,Pe_1) € Pk, if we define X(P) = (X(F),...,X(P_1)), then

Moreover, My (P — Z) in equation (12.32) can be replaced by any solution Y of the linear
equation MyY + Z = P, and these are

Y = M{ (P = Z)+ (I — My Mp)w

for any w e U.

Example of projective cost functionals

A projective cost functional modeled on (12.14) and suitable for implementation (ie. vec-
torized) is

¢
C((A, Ay, ... Ap)) = woATWo A+ w ATW, A, (12.33)

i=1
where wg, wy, ..., wp >0, Wy, Wy,... . W, € R™ " are symmetric positive-definite matri-

ces and for X € R™" we define X € R™ to be its standard vectorization, obtained by
stacking the columns of X on top of one another from left to right. The cost (12.33) is
projective with the inner product

J4
<(A, Al; e ,Ag), (B, B17 ey Bg)> = wojTWOE + szglgl

=1
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12.4.4 Implementation and complexity of the CPM

Here we discuss the complexity of the CPM and implementation strategies. Given a global
(respectively, local) PCC, the centre probe method can be split into three stages. Note
that in any implementation, the operator M, : B — R“*¢ will need to be vectorized, with
the result being a ¢® x n?(¢ + 1) matrix.

1. Initialization step: computation of Z, a pseudoinverse M, a basis for My(B) and a
basis for ker(My)

2. Probe program: compute a global (respectively, local) optimum P € P = Z + My(B)
of the program (PC).

3. Inverse probe program: compute a local optimum B* € B of the program (Yp) in the
space M™Y(P) = M (Z — P) + ker(My).

The initialization step requires a ¢ X ¢ matrix exponentiation and several matrix multi-
plications, as well a pseudoinverse calculation and row reductions for the basis calculations
for My(B) and ker(My). To obtain Z and M, we must first compute the basis matrix @
associated to the centre eigenspace Ey and the evaluation ¥(0) of the basis matrix for Ef.
This task is very much related to the calculation of the zeroes of the characteristic equation
(12.4); see Remark 12.3.1. One may consult [12, 30, 17, 87, 97] for relevant methods. As
the initialization step needs only to be run once, however, its computational burden is
minimal.

The inverse probe program is a convex program in the convex set M, '(P) C B*. Using
Lemma 12.4.6 together with Lemma 12.4.3, this can be written as the Cartesian product

M (P) = [T (P — 2) + ker(My).

J=0

By a change of variables, it is equivalent to an unconstrained problem in R for d =
dim(ker(My)), which in the worst case is d = n?(¢ + 1) — 1. As this can be quite large,
gradient descent variants are likely to perform best. In the special case where we choose
the trivializing UPCC and the cost functional is projective, the inverse probe program is
not necessary.

Thanks to the reduction principle inherent to the probe method, the optimization for
the probe program is done in the convex set P¥ C (R€)*  which after vectorization is
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equivalent by a change of coordinates to R¢ for ¢/ < kc?. For a one-dimensional parameter
e € R, the generic bifurcations have ¢ < 2, while for two-dimensional parameters ¢ € R?
the generic bifurcations have ¢ < 4. Moreover, arguably the most common “naturally
occurring” bifurcation in delay differential equations — the Hopf bifurcation — has ¢ = 2.
Thus, it is typical for the ambient space of the probe program to be (relatively) low-
dimensional.

Formulas for C' and any gradients can be explicitly derived for the trivializing UPCC,
assuming a projective cost functional. Specifically, Proposition 12.4.1 together with equa-
tion (12.31) yields

el
|
—

C(P) = kCy(0) + Y (X(P,), X(P)),

%

Il
=)

with X : P — B being linear. We can then explicitly calculate the gradient:

VC(P) =2 i <X(R~), My = my(my, MO+>> , (12.34)

J=1

with {my,...,mp} the orthonormal basis for ker(My) computed in the initialization step.
The term on the right inside the inner product can be computed once and stored in mem-
ory, with the result being that each gradient is equal in computational requirements to an
evaluation of X(P) and the inner product calculation. A crude worst-case complexity (as-
suming the worst case for d as well) of this calculation is O(kc?n*) floating point operations
assuming naive matrix multiplications.

The nonconvexity of the probe program does pose certain difficulties insofar as imple-
mentation is concerned. These all centre around the characterization of the feasible set as
being the intersection of P* with the sublevel set {X € (R*)F : po G(X) < e /"), As
we recalled previously at the beginning of Section 12.4, the spectral radius p : R — R
is non-convex and non-smooth. However, on the set

V ={X € R : every eigenvalue of X is simple},

the spectral radius is continuously differentiable and locally Lipschitz continuous. V is
also open and dense in R“*¢. As a consequence, except in exceptional circumstances where
PNV is not dense in P, methods based on gradient sampling [25, (7] can be used to solve
the program (P(j ) with guaranteed convergence results.
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12.4.5 Extension to the uniform problem

The centre probe method of Section 12.4 can be adapted to find solutions of Problem
B. Recall that the our proposed solution to Problem B derived from Proposition 12.3.2
requires us to find a constant 7 > 0 such that there exists a solution of the nonlinear
program

minimize  C(Y),

. ~ (Y

subject to Y € Y"(h;7).
It is important to remark that a solution of Problem B includes the robustness parameter
n. That is to say, n is not chosen at the outset. This is crucial, and in general one cannot
take n as arbitrary.

Suppose for the sake of argument that one could choose n > 0 at the outset. One
may recall from Proposition 12.3.2 that a solution B" of (Y") can only be guaranteed to
solve the nonlinear program (12.16) if ||B"|| < d(n), otherwise there may be secondary
bifurcations involving eigenvalues crossing the imaginary axis from the left. As d(n) is
generally decreasing with respect to n — see the proof of the aforementioned proposition
— one can only guarantee stabilization with an increasingly trivial linear jump functional.
However, unless the equilibrium z* = 0 is already exponentially stable with rate O(e™7"), a
trivial jump functional should not be able to provide stabilization. Therefore, generally, it is
not possible to choose the robustness parameter; a controller that stabilizes the equilibrium
at the parameter ¢ = 0 will generally fail to stabilize the equilibrium if the parameter is
taken too large.

12.4.6 Uniform CPM

Because of the smoothness of the vector field (12.1), any linear jump functional that guar-
antees the local convergence rate O(e~("*9)) at parameter ¢ = 0 for some s > 0 will
automatically guarantee the local convergence rate O(e~"") for |e| < 7, for some 1 > 0 that
generally depends on s. This follows from hemicontinuity arguments; see the related proof
of Proposition 12.3.1.

Theorem 12.4.3 (Uniform CPM). Let B € U* be a linear jump functional produced by the
CPM (local or global) at parameter € = 0 and convergence rate v satisfying o > v = v+s,
for s > 0 a small safety parameter. There exists n = n(s) > 0 such that B is a feasible
solution of the program (Y).
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The above theorem does not guarantee optimality of the candidate solution. However,
for typical problems where the performance (linear-order convergence rate) of the candidate
B deteriorates when |e¢| becomes large, we are guaranteed that the solution is optimal for
some robustness parameter.

Corollary 12.4.3.1 (Optimality). With the notation from the previous theorem, suppose
for some € # 0, p(M.(B)) > e /", Then, there exists n € (0,|e|) such that B is an
optimum (local or global) of the program (Y™).

12.5 Stabilization of a complex network near a Hopf
point

In this section we consider primarily by way of example how our uniform CPM can be
use to stabilize a complex network near a Hopf point. We incorporate an inhomogeneous
weighting on the cost of controlling each node and address how one can minimize the
number of controlled nodes while still taking advantage of the performance improvements
inherent to .

The neural network we will consider in this section is a slight modification of an example

considered in [65]. For z; € R? for i = 1,...,100, consider the nonlinear network model

N
& = —a(t) + e[ Btanh(z;(t)) + Dtanh(z;(t — 1)) + ) aya;(t) (12.35)

j=1

with connection weight matrices

2 —0.11 —-1.6 —0.1
B_{—E) 3.2}’ D_{—0.18 —2.4]
and linear coupling determined by the matrix A = (a;;)nxn, which is the negative of

a graph Laplacian associated to a small world network graph on 100 nodes. We define
tanh(y) = [ tanh(y;) tanh(ys) |7 for y = (y1,y2) € R?, and € > 0 is a neural activation
strength parameter. It is known [65] that when decoupled, the individual nodes determined
by the dynamical system

y = —y + Ctanh(y(t)) + D tanh(y(t — 1))

exhibit chaotic dynamics with a double-scroll-like attractor, and that the origin is unstable.
Thus, when ¢ = 1, the diffusivity condition implies that the nonlinear network model
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(12.35) is chaotic and the origin is unstable. However, when ¢ = 0, the origin is globally
asymptotically stable. There is therefore a bifurcation at some critical activation strength
e € (0,1).

Our goal is to robustly stabilize the network (12.35) in a parameter neighbourhood
of € with frequency h = 1 and period k£ = 1 using our uniform CPM. We will assume
decoupled controls, so that we take our candidate jump functionals from the diagonal
subspace Bgiqg. To introduce some heterogeneity, we will assume that some nodes are
more difficult to control than others, and we will incorporate this into the associated cost
functional. Specifically, nodes with a higher degree of connectivity will be assigned a higher
cost. We will also attempt to minimize the number of controlled nodes.

Our methodology is as follows. First, we recall the small-world network topology and
introduce the cost functional we will be using in Section 12.5.1. Then, we encode the
parameter-dependent system (12.35) as the user input to DDE-BIFTOOL and use the
included GetStability routine to determine the critical parameter €* where the bifurcation
occurs, and determine its type. We also use this routine to compute the critical eigenvalues
A = Ziw on the imaginary axis. We then implement the uniform CPM at the critical
parameter €* and determine a locally cost-minimizing controller BY and a generating probe
element P* for a target local convergence rate O(e’é) — that is, we take the target rate
parameter to be v = % These steps are carried out in Section 12.5.2.

The feasible jump functional B? is cost-minimizing in the affine space M~(P*) but
might not minimize the number of controlled nodes. We provide a solution to this secondary
minimization problem in Section 12.5.3.

In Section 12.5.4 we assess the performance of the jump functional derived using the
uniform CPM in conjunction with the node-minimizing process of Section 12.5.3. Specif-
ically, we compare the output of the neural network model with and without our pinning
control at a range of parameters € € [¢*, €3). The bifurcation is suppressed in this regime,
but a secondary bifurcation point is identified at the parameter value € = €5 < 1. The
implications of this bifurcation are discussed.

12.5.1 Network topology, cost functional and the trivializing UPCC

Small-world networks [91] capture a network topology involving both a high degree of
clustering and short average path-lengths. They can be constructed by starting with a
ring lattice on N vertices with k edges per vertex (specifically, k nearest neighbours) and
“rewiring” each edge randomly with a specified probability, p.
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Figure 12.2: The small-world graph used in the example of Section 12.5. Nodes are coloured
with intensity varying based on their degree, while the sizes indicate relative degree. Pa-
rameters were N = 100 nodes with initial connections to k& = 8 nearest neighbours and
rewiring probability p = 0.3.

We wrote a script in MATLAB R2018a to generate a Watts-Strogatz small-world graph
G on N = 100 vertices with parameters £ = 8 and p = 0.3. The matrix A defining
the linear coupling in (12.35) is then obtained by taking the negative graph Laplacian:
A = —laplacian(G). The computed graph that was used in this example is displayed in
Figure 12.2.

The degree of node i is precisely |a;;| > 1. Based on this, if we uniquely write B € Biqq

asatuple B = (B, ..., Bigy) for B; € R?*? we can define the cost functional C : B,y — R,

100

(B = ﬁz sl (Bi, Bi)

where (-, ) is the Frobenius inner product on R?*2. Thus, the cost of controlling node i
is linearly scaled relative to its degree, normalized with respect to the maximum degree.
This cost functional is projective with inner product

(X,Y) = ﬁz sl (X0, Vi)
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As such, the trivializing UPCC has an explicit formula from Proposition 12.4.1:

2

b
C(P) = HM+ Z —P) =Y (M{(Z - P),m;)m; (12.36)
7j=1
and || - || = 4/(:,) is the norm induced by (-, -).
12.5.2 Precomputation and uniform CPM
DDE-BIFTOOL [30] was used to identify parameters where bifurcations in the neural

network model (12.35) occur. The tool detected a Hopf bifurcation (centre subspace of
dimension ¢ = 2) at parameter € = 0.5621. Further numerical examination revealed that
the trivial equilibrium is locally stable at parameter ¢ < 0.5620, and unstable at parameter
€ > 0.5621. For our purposes, we chose €* = 0.5621 to be the approximate bifurcation point.
The critical eigenvalues were also computed by DDE-BIFTOOL, and it was found that they
are A* = 0.0001 £ 0.375¢. Note that the real part is positive, which is a consequence of our
choosing the parameter on the unstable side of the bifurcation point. We allow ourselves
to be content with this approximation.

To calculate the matrices ®(¢) and W(t), we numerically computed the right and left
eigenvectors associated to the eigenvalue of the characteristic matrix A(A\*;€*) with the
smallest absolute value. If €¢* were the true bifurcation parameter rather than a numerical
approximation and A\* was the true critical eigenvalue, we would merely compute the kernel.
Then, we calculate the matrices ®(t) and W(t) following Remark 12.3.2. The rank of ®(0)
and W (0) were both verified to be equal to 2. Following this we defined a three-dimensional
cell array U = cell(100,2,2) and populated it with basis elements for Bg;,, according to
the assignment

U{i,j,k} =(0,...,0, Ej,0,...,0),

with the nonzero entry is in the ith position. An ordered basis {V,...,Vi} was then
defined according to the rule

‘/4(1'71)+2(j71)+k = U{Zvja k}a i=1,...,100, j, k € {17 2}

Then, relative to the aforementioned ordered basis for By, and the standard ordered
basis { E11, Ea, Era, oo} for R**2?, the map My : Buiay — R?*? was vectorized as a 4 x 400
matrix. The result was rank 4, and it follows that our example satisfies Corollary 12.3.2.2
with 7 = 0 (after a change of coordinates, treating €* as zero). Following Remark 12.3.3,
we are guaranteed that the uniform CPM possesses at least one feasible solution.
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The probe program (Pé ) was solved in MATLAB R2018a using the smooth constrained
solver fmincon from the optimization toolbox. The explicit formula for the trivializing
UPCC from (12.36) was used, and we supplied the solver with an explicit gradient. The
solver was initialized at the infeasible matrix (vectorized)

o [ 100 100
F _[100 100

and converged quickly to the feasible matrix (vectorized)

pr_ 0.7317 0.2672
| —1.4729 0.3783

satisfying first-order optimality. As the objective is not actually smooth, the optimality
is not guaranteed (internally, MATLAB checks stationarity conditions using finite dif-
ferences, and since the spectral radius map is generally non-differentiable these are not
typically informative). We attempted to refine the solution using the non-smooth solver
patternsearch, but to standard tolerances no improvement could be made. Proposition
12.4.1 provides a feasible jump functional B® = X (P*), but as we mentioned earlier, this
candidate does not minimize the number of controlled nodes.

12.5.3 Minimizing the number of controlled nodes

As discussed in the outline, the jump functional B® minimizes the cost functional, but it
does not necessarily control a minimal number of nodes. To address this, we recall that
because of Lemma 12.4.3 and Proposition 12.4.1, the cost functional is in fact constant on
an affine hyperplane. Specifically, this hyperplane is

b

b
= {Bo—i—Qy— Z(Qy,mj>mj Ly GZ/I},
1

j=

where Q = I — My My. Thus, if we wish to minimize the number of controlled nodes while
maintaining the minimal cost, it suffices to solve the following sequence of unconstrained
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nonlinear programs:

100

minimize Ztanh (| BY + m:(Qy) ||2),
i=1
subject to  y €U,

(N¥)

where we define the linear operator Q : i — U by
b
Qy = Qy— > (Qy,m;)m;,
j=1

and m;(By, . .., Bioo) = B; is the projection onto the ith factor. The objective function of
(N*) precisely counts the number of nodes controlled by the candidate B® + Qy € H(P*)
in the limit ;4 — oo. Consequently, if y* is a solution for parameter p and y* — y*, then

B* =B+ 9y* (12.37)

is a feasible jump functional having optimal cost that controls a minimal number of nodes.

After appropriate vectorization consistent with Section 12.5.2; the nonlinear program
(N*) was solved using the unconstrained solver fminunc from MATLAB R2018a initially
with parameter ;1 = 1 and initialized at y = 0. Subsequently, the program was solved with
increments p — p + % and initialized at the previous solution. Upon reaching p = 3, the
solver made step sizes smaller than 10~ and we manually halted the process.

The resulting jump functional B* = (Bj7,..., Bj,) was cleaned by setting B + 0 if
||Bf||r < 107, where || - || is the Frobenius norm. The result was a jump functional
that pinned fourteen nodes. Defining ||B}|| to be the absolute gain of node ¢, a plot of
the absolute gain relative to the degree is provided in Figure 12.3. From this figure, it is
clear that our algorithm prioritized the pinning of nodes that have a low degree. Indeed,
all nodes with degree 5 and 6 are pinned, and the only other node to be pinned was the
degree 9 node at index 61.

12.5.4 Performance of the controller and a secondary bifurcation
Plots of sample trajectories of the system without the pinning controller are given in Figure

12.4, while those with pinning are provided in Figure 12.5. Several illustrative parameters
€ are used.
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Figure 12.3: Plot of the degree (curve, solid blue) of nodes ¢ = 1, ..., 100 versus the absolute
gain (stems, dashed dot orange) of node i by the cleaned jump functional obtained by the
uniform CPM for the example in Section 12.5. Fourteen nodes are controlled — the small
gain applied to node 61 is not visible under the scale of the present graph, as the associated
absolute gain was ||Bf;|| = 0.01. Note that more expensive nodes were assigned a lower
gain control, and vice versa.
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Figure 12.4: Sample time series (time on horizontal axis) from random constant initial
conditions drawn from the standard normal distribution, rescaled to the interval [—1, 1], for
the example from Section 12.5. The neural activation parameter € for the given simulation
is listed below its frame. Notice the transition from a stable periodic orbit to a stable
equilibrium in the parameter interval [0.61,0.63], indicative of another bifurcation point.
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Figure 12.5: Sample time series (time on horizontal axis) from random constant initial
conditions drawn from the standard normal distribution, rescaled to the interval [—1,1],
with different neural activation parameters. (a) Activation parameter ¢ = 0.5621; the
trivial equilibrium is quickly stabilized. (b) Activation parameter e = 0.59; the trivial
equilibrium is exponentially stabilized but with a slightly smaller rate parameter. (c)
Activation parameter ¢ = 0.61; the trivial equilibrium is stabilized, but the rate parameter
is low. (d) Activation parameter ¢ = 0.63; the control no longer stabilizes the trivial
equilibrium. A secondary bifurcation has occurred.
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By comparing the two figures, it should be clear that our pinning control B* derived
from the uniform CPM with subsequent node minimization succeeds in exponentially sta-
bilizing the trivial equilibrium in the activation parameter interval [e*,0.61], while when
our controller is not present, the equilibrium is unstable. Increased volatility and decreased
convergence rates follow as the parameter increases, and a secondary bifurcation occurs
somewhere in the parameter interval [0.61,0.63]. This is consistent with our observation
that the system without the pinning control appears to undergo a bifurcation in the inter-
val [0.61,0.63]; see Figure 12.4. We suggested in the preamble to Section 12.4.5 that such
secondary bifurcations of the model without impulses may be responsible for poor perfor-
mance or complete failure of the impulsive controller if the parameter too far away from
the bifurcation point. The presence of a secondary bifurcation in the interval [0.61,0.63]
in both cases — with and without the controller — is consistent with this claim.

12.6 Strengths and weaknesses of the CPM

We have proposed a method of stabilizing a candidate equilibrium point of an autonomous
delay dynamical system at or near a bifurcation point using a novel impulsive stabilization
approach based on invariant manifold theory. We have also introduced cost structure;
our method identifies a jump functional (impulsive controller) that minimizes a given cost
functional, should certain controllers have cost associated to their implementation. The
method, which we call the centre probe method (CPM), takes advantage of the dimension
reduction inherent to the dynamics on the centre manifold. If the cost is projective, the
CPM can be implemented with great efficiency.

Our method differs from the majority of impulsive stabilization methods in that one
does not design the controller to satisfy a system of linear matrix inequalities, but rather
solves a pair of optimization problems. The most computationally expensive of the two —
the probe program (PC’ ) — is done in a low-dimensional space determined by the number
of eigenvalues crossing the imaginary axis at the bifurcation point. The second one — the
inverse probe program (Yp) — is convex, smooth and unconstrained (in an appropriate
coordinate system), and can be solved efficiently using out-of-the-box nonlinear solvers.
This is the greatest strength of our method compared to those derived from Lyapunov
functionals based on matrix inequalities: constraint satisfaction for the CPM is done in a
low-dimensional space, whereas the matrix inequalities of the other methods are checked
in the original (potentially) high-dimensional space and must also be synthesized therein.

Being an inherently local method, the CPM does not rely on Lipschitzian conditions
on the vector field or any boundedness constraints. This is one of its strengths compared
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to Lyapunov functional-based sufficient conditions for impulsive stabilization. The latter
universally require Lipschitzian or Lipschitz-like conditions on the vector field in order to
rigorously ensure stability. This being said, the locality of the method is also a weakness:
it does not guarantee global stabilization.

A weakness of our method in its current state is that such secondary bifurcations are
barriers to further impulsive stabilization. Suppose for example that the uniform CPM is
implemented at scalar parameter € = 0 and a controller B(t) is found, but that a secondary
bifurcation occurs at the parameter €* # 0. That is, the system

. 1
l':f(ZL‘t,E), t¢EZ
1
Ax = B(t)xt—7 t e EZ

undergoes a bifurcation at the parameter € = €*. Technically, the CPM cannot be applied at
this parameter because the system is no longer an autonomous delay differential equation.
In principle, the CPM could be extended to this case, but the computation of basis functions
in the centre fiber bundle becomes more difficult, and these are absolutely essential to the
CPM. A discretization scheme such as the one described in Section 4.6.3 could be helpful
in this endeavor.

Another limitation of our method is that it cannot in general be used to stabilize an
unstable equilibrium point in a delay differential equation. The method only has a chance
of success if there is a sufficiently nearby perturbation of the system such that the equi-
librium satisfies the spectral gap condition. In the absence of such a nearby perturbation,
traditional impulsive stabilization approaches based on matrix inequalities derived from
Lyapunov functional-based sufficient conditions for stability are more appropriate. One
possible way to extend the centre probe method to this more general setting would be to
use data from the centre-unstable manifold to design the controller and iterate the process
if necessary.

12.7 Proofs

This section contains proofs of most results of the chapter. Some have been omitted since
they are similar to others.
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Proof of Proposition 12.3.1

1. That the set Y (€, h;7y) is closed follows by the continuity of the spectral radius function
p: R*¢ — R*. To prove the equality (12.23), consider the dynamics on the c-dimensional
slice of the parameter-dependent centre manifold at the point z = 0, for small parameter
(e, B) € R? x U of the impulsive functional differential equation

1
& = Lozy + L(€)xzy + O(||2] %), t¢ gZ (12.38)
Ax = Btz te %z, (12.39)

where we have overloaded the notation and identify B with the functional on the right-hand
side of (12.7) and, if £ > 1, using (12.12). At the parameter (¢, B) = 0, the centre fiber
bundle (equivalently, centre subspace) is determined by the homogeneous linear equation
without impulses

?J - Loyta
so the claim concerning ®(¢) and W¥(t) as being basis matrices associated to the eigenspaces
Ey and E[ is true — see [39]. Moreover, we trivially have the Floquet decomposition

®,(0) = B(0)eMeM = Q(h)eM

due to the characterization £®(t) = ®(¢)A. This implies that Q, = ®q is constant in ¢.
The projection operator P,.(t) is constant and we therefore have

P.(t)xo = ®o(Wo, Do) (T, x0) = QT (0) = B MTU(0)

Applying Theorem 8.1.2, the dynamics on the c-dimensional slice of the parameter-dependent
centre manifold are given to linear order in z € R® by

5= Az + TW(0)L(6) Doz + O(||2|P), L %z (12.40)
Az = DW(0)B(t)Do(t), te %Z, (12.41)

for (e, B) sufficiently small. The monodromy matrix associated to the equilibrium z = 0
is precisely M., (B), and the dynamics restricted to the centre manifold therefore has
O(e ) as a convergence rate if and only if pM ,(B) < e 7", Since all other Floquet
exponents of the linearization of (12.38)—(12.39) have strictly negative real parts and the
spectrum of the monodromy operator is upper hemicontinuous with respect to perturba-
tions in (e, B) — see the perturbation theory of compact operators in the reference [51] —
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the same convergence rate is achieved locally near x = 0 in the original nonlinear system
provided v < o and |(¢, B)| is sufficiently small, hence the intersection in equation (12.23).
The converse follows by the same argument.

2. Since the cost C : U — R is nonnegative, the set X = C,(Y(e, h;v)) C R is bounded
below, so there exists a sequence B,, € )7(6, h;~y) such that C(B,) — infX as n — oco. The
sequence B, cannot be unbounded because C is radially unbounded, from which we con-
clude by the Bolzano-Weierstrass theorem that B, admits a convergent subsequence having

a limit B, € JN/(E, h; ), with the latter inclusion justified by part 1. As C is continuous, we
conclude that C(B,) = infX.

Proof of Theorem 12.3.1

To begin, we assume k£ = 1. If there exists a linear jump functional B* such that
Mp(B*) = e /"I, then the nonemptiness of )(e, h;7) will follow. Thus, it suffices
to solve the equation

(I +TW(0)B*®y) exp <%(A + \II(O)L((—:)%)) = e/ (12.42)

If ®(0) and ¥(0) are rank ¢, there exists a left-inverse ®*(0) and right-inverse ¥*(0) such
that ®*(0)®(0) = I,x, and W(0)¥*(0) = I.x.. Then, the jump functional B}, defined by

1

Be,& = U ()T (e /" — 1) exp ( (A + w<o>L<e><I>o>) * (0)€(0)

satisfies (12.42). Since B — 0 as v — 07, it follows by minimality that also Cy(B},,) —
0 as v — 0% for any selection v +— B, of cost-minimizing jump functionals for rate
parameter . As C is continuous and positive-definite, we conclude that B}, — 0.

If £ > 1, consider the period k cycle of jump functionals B = (B:W/k, o ,B:W/k). Then

Mn(B) = e /"] and the argument proceeds as before. The intersections in (12.23)
are nonempty because we have just shown that by taking v — 0, we can construct an
arbitrarily small element of Y(e, h; 7).

Proof of Corollary 12.3.1.1

If c =1, then ®(t) is a n x 1 column vector and, as it constitutes a basis for Ey, it cannot
be identically zero. Moreover, as ®(t) = ®(0)e**, we cannot have ®(0) = 0. Consequently,
®(0) has rank one. The same argument applies to ¥(0).
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If Lo = C¢p(0) for an n x n matrix C, then ®(t) = Z(t)M for some n x ¢ with matrix
M and Z(t) is the fundamental matrix solution of the finite-dimensional linear equation
z = Cz satisfying Z(0) = I. As each column of ®(¢) is a linear combination of the columns
of Z(t), this set of columns is linearly independent if and only if M has maximal rank. As
¢ < n, it follows that M has rank ¢, so that the same is true of ®(0). The same argument
applies to W(0).

Proof of Lemma 12.4.4
Let z € M{'(X) and y € M;'(Y). Then, we have

Mi(te+ (1 —t)y) = My(tz + (1 —t)y) + Z
=t(Mo(x) + Z) + (1 — 1)(Mo(y) + Z)
= tMi(z) + (1 = t)Mu(y)
—tX + (1Y

Consequently, tx + (1 —t)y € M7 (tX + (1 —t)Y) for all t € [0,1], * € M['(X) and
y € M7 (Y), from which the inclusion (12.28) follows.

Proof of Theorem 12.4.1

Before we begin, we remark that by virtue of convexity, any local optimum of the program
(Yp) is automatically a global optimum. As such, we will refer to these as global optimums.

Let C be a GPCC, let P be a global optimum for (Y') and B be a global optimum for
the problem (Yp). Suppose by way of contradiction that B is not a global optimum for
(Y). By Proposition 12.3.1, there must exist a global optimum B*, and as C' is a GPCC
we have C' o My(B*) < C o My(B). But P = My(B), and the latter inequality implies P
is not optimal for the program (PC’), a contradiction. Therefore, B is a global optimum
for (V).

Now, let C' be a LPCC, let P be a local optimum for (Y) and B be a global optimum
for the problem (Yp). Suppose by way of contradiction that B is not a local optimum for
(Y). Then, there exists a sequence B,, — B such that C(B,) < C(B). By continuity of
M, UF — (R*)* we have P, := My(B,) - My(B) = P, but local optimality of P
implies that for n sufficiently large, C(P) < C(P,). Using the LPCC property (type 1 or
type 2) of C, it follows that C(B) < C(B,) for n sufficiently large, which is a contradiction.
The result follows.
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Proof of Theorem 12.4.2

Radial unboundedness follows from radial unboundedness of C : i/ — R™. For continuity,
we remark that C' is the optimal value function associated to the family of convex programs
(Yp) indexed by the parameter P € P*. We have M, ' : P* = U* is closed-valued, convex-
valued, and can be shown to be continuous (see the characterization provided by Lemma
12.4.3). The cost C is convex and continuous, and the solution set is bounded for each P
due to the radial unboundedness of C. Using Theorem 1 of [81], we obtain continuity of
C. Using Lemma 12.4.4, Lemma 12.4.6 and the convexity of C, if we use the subscript
notation P = (P, ..., P,_1) for arbitrary k-probe elements, then

CX + (1 —t)Y)=min{C(V):V € M (tX + (1 -t)Y)}
=min{C(Vp,...,Vio1) : V; € M7 (tX; + (1 —1)Y;)}
<min{C(Vo,...,Vie1) : Vi € tMTY(X,) + (1 — )M (YD)}

k—1
= me{C(th + (1 — t)yz) X € J\/ll_l(Xl),yZ € MI_I(Y;)}
=0

< Z_:min{tC(xi) + (1= t)Ch(ys) - x € MTH(Xy), 5 € M7 (V7))

<tC(X)+ (1 —-t)C(Y),
and we conclude that C' is convex.
Next we prove that C' is a GPCC. If B* is a global optimum and B is feasible, then

C o My(B*) = min  C(X) =C(B*)
zeM;H (My(B¥))

< min C(X) = C o My(B).

zeM; (M (B))

B is also a global minimum if and only if C(B*) = C(B), and in this case the calculation
above is simplified. We have

C'o My(B") = C(B") = C(B) = €' My(B).
Our final task is to prove that C' is a LPCC. We have

C'o My(B) = min  C(X) <C(B)
XeM;H(My(B))

because B € M, '(M,(B)). Equality holds precisely when B satisfies (12.29).
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Proof of Corollary 12.4.3.1

Under the assumption of the corollary, the set {z > 0: V|e| < 2, p(M 4 (B)) < e/} is
bounded above, and therefore has a supremum, 7. By continuity of the spectral radius, it
follows that B is a feasible solution for the program (Y). To see that it is optimal, we
recall that due to part 2 of Proposition 12.3.2, we have the inclusion Y"(h;~) € Y(0, h; ).
Since B minimizes (locally or globally) C : j)v(O, h;~) — R and is feasible for (Y7), it must

also minimize (locally or globally) C : Y"(h;vy) — R.
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Chapter 13

Conclusion

Establishing a dynamical systems framework for impulsive RFDE from linear systems to
nonlinear systems, we have demonstrated the existence and smoothness of centre mani-
folds at nonhyperbolic equilibrium points. In contrast to autonomous systems of ordinary
differential equations or functional differential equations, these manifolds are time-varying
objects — they would more accurately be referred to as invariant fibre bundles. We proved
that the centre manifold is locally attracting in the absence of an unstable fibre bundle
and, in particular, every small solution converges exponentially to a particular solution on
the centre manifold. We obtained two abstract equations — one an integral equation, and
the other an impulsive differential equation — that essentially determine the dynamics on
the centre manifold. By introducing a coordinate system, we made this differential equa-
tion concrete and were able to prove that the centre manifold is sufficiently regular with
respect to deviation in time that it satisfies a boundary-value problem. By taking Taylor
expansions, one can compute the centre manifold to any desired level of truncation.

Using our centre manifold theory, we established analogues of the fold bifurcation and
Hopf bifurcation for impulsive delay differential equations. The fold bifurcation condition
generically results in a fold of periodic solutions, while the Hopf condition involves the
birth of an invariant cylinder. We studied (by way of numerical methods) a particular
instance of the latter bifurcation in a model of infectious disease transmission with a finite
incubation period and pulse vaccination. We detected a Hopf point along a branch of
nontrivial endemic periodic solutions and witnessed the birth of an attracting invariant
cylinder in the extended phase space.

We applied the centre manifold theory to the synthesis of impulsive stabilization schemes.
Starting from an autonomous functional differential equation at a nonhyperbolic equilib-
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rium with a trivial unstable subspace, we outlined conditions under which the equilibrium
can be impulsively stabilized while guaranteeing a specified convergence rate and minimiz-
ing a given user-specified cost. We then used the low-dimensional properties of the centre
manifold to reduce the complexity of the associated optimization problem. We refer to the
latter as the centre probe method.

Some additional results developed in this thesis include a variation-of-constants for-
mula for linear equations in the phase space RCR of right-continuous regulated functions,
a thorough investigation into the properties of homogeneous periodic systems including
Floquet theory, a heuristic monodromy operator discretization scheme, and a result on the
smoothness of solutions of impulsive REFDE with respect to initial conditions. On the topic
of invariant manifolds, we proved the existence and smoothness of unique, local unstable
and stable manifolds. We were also able to obtain a linearized stability /instability result.

There are several ways in which the contributions of this thesis could be extended. For
example, there are a few technical conditions that we have assumed to guarantee temporal
regularity (i.e. effective PCY™ regularity at zero) of the Euclidean space representation
of the centre manifold. One of these is the condition that the matrices ¢ — Y;(t) are
continuous from the right and have limits on the left. Establishing conditions under which
this assumption holds generally would improve the robustness of the centre manifold theory.

The overlap condition is needed to get a concrete Euclidean space impulsive differen-
tial equation for the coordinate dynamics on the centre manifold. This condition can be
circumvented by defining additional states in the same way we did in Section 11.1.1 for
the SIR model. We find this approach unsatisfying, however. We suspect that the appar-
ent difficult occurs because the one-point left limit is used to define the jump condition
in (1.2). If a regulated left-limit were used instead, we conjecture the invariant manifold
theory would be more transparent and would not rely on an overlap-type condition to en-
sure concrete dynamics on the invariant manifolds. This might, however, cause additional
complications, since the regulated left-limit operator is not a map from RCR into itself,
and to compute x; one requires data on an interval [t — (r + ¢€), t] for some finite € > 0.

We have established analogues of the fold and Hopf/Neimark-Sacker bifurcation for
impulsive delay differential equations with a single delay. As for other codimension-one
bifurcations, there is also the period-doubling bifurcation from maps that, given the dis-
crete properties we have exploited, should have a natural generalization to periodic im-
pulsive delay differential equations. In the same way, one could study how other generic
codimension-two bifurcations of maps manifest themselves in infinite-dimensional impul-
sive RFDE using the centre manifold reduction.

The monodromy operator discretization scheme we proposed in Section 4.6.3 is far from
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rigorous. It would be incredibly beneficial to have convergence guarantees for this scheme
with respect to the Floquet multipliers and Floquet eigensolutions after an appropriate
embedding into the phase space is established. The scheme could also be extended to allow
for more general functional dependence such as distributed delays, multiple delays and
multiple impulses per period. This would allow for the numerical analysis of bifurcations
involving more complicated linear terms.

The centre probe method is clearly effective at reducing the complexity of the impulsive
stabilization problem, but as it stands the applicability is limited because we require the
unstable subspace to be trivial. There is a natural way to extend the method so that
one designs the controller using data from the centre-unstable fibre bundle, treating the
controller as a perturbation in the centre-unstable manifold. For weak instabilities, such a
method could very well stabilize the equilibrium, and the same computational complexity
reduction should be expected. For stronger instabilities, successive iteration of the method
may be helpful, although guaranteeing convergence of such an iterative method would be
difficult. This would inevitably also require efficient numerical methods to approximate
the centre-unstable fibre bundle of an arbitrary homogeneous linear impulsive RFDE. This
could be accomplished by improvements to our monodromy operator discretization scheme.
More broadly speaking, one could envision other forms of invariance-based stabilization for
infinite-dimensional systems based on the same idea of designing a controller using centre-
unstable-manifold data. The methodology need not be restricted to impulsive controllers,
and there is no reason to apply the method solely to delay differential equations.
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