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Introduction

This chapter is an introduction to the fascinating world of dynamical systems.

The analysis of dynamical systems concerns the study of time-varying phenomena.
A dynamical system consists of an evolution rule, which specifies the future and past
states of a system, given only the current state. The modern theory of dynamical
systems goes back to the end of the 19th century with Poincaré’s groundbreaking
work on celestial mechanics, where fundamental questions concerning the stability
and evolution of the solar system were addressed. His work has laid the basis for
the local and global analysis of dynamical systems.

A simple example of a dynamical system is provided by a pendulum. A planar
pendulum consists of a rod, suspended at a fixed point, which oscillates in the
vertical plane. Its state at any time is specified by the position and the speed of the
pendulum. The pendulum is subject to gravity, and the evolution rule is determined
by Newton's law F = ma, where F denotes the gravitational force, m the mass and
a the acceleration.

There is a wide area of applications, which ranges from fields as physics, biology,
chemistry, economics, engineering, sociology, demography, etc. In fact, this broad
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scope of applications is one of the main reasons for the popularity of dynamical
systems over the last decades. To describe these real-world applications, a mathe-
matical model has to be built on which we can apply algorithms and computational
methods to determine the state of the observations.

A dynamical system can either refer to continuous-time or discrete-time phe-
nomena. The evolution rule in the first case corresponds with a set of ordinary
differential equations (ODEs), in the second case with a map. Most concepts and
results present in a continuous-time dynamical system have an analogon in the dis-
crete case. This thesis focuses on ODEs, but we will also apply the existing theory
for maps.

The ordered family of points obtained by applying the evolution rule is called a
trajectory (or orbit). If a trajectory that starts in a point, remains in that point,
the point is called an equilibrium. An example is given by the motionless pendulum.
The equilibrium is called stable if all nearby trajectories converge to the equilibrium.

One of the main concepts in the theory of dynamical systems is that of bifurca-
tions. As a parameter is varied, the dynamical system may encounter points where
the qualitative behaviour changes. At such a point the dynamical system is said to
have gone through a bifurcation. The simplest example of a bifurcation is the loss
of stability of an equilibrium.

There are two types of bifurcations, namely local and global bifurcations. A
local bifurcation is a bifurcation that can be detected by looking at any small
neighbourhood of the equilibrium or periodic orbit. For example, a Hopf bifur-
cation, where the equilibrium changes stability and a periodic orbit is born, is a
local bifurcation. However, there are also bifurcations that can not be detected by
looking at any small vicinity of an equilibrium or periodic orbit. These are global
bifurcations. A heteroclinic orbit, which converges to a first equilibrium forwards
in time and to a second equilibrium backwards in time, is an example of a global
bifurcation.

At the detection of a bifurcation, the main goal is to find a division of the
parameter space around the bifurcation point into different strata such that for all
parameter values belonging to a certain stratum, the same dynamical behaviour is
performed. A diagram representing such a division is called a bifurcation diagram.
To each stratum corresponds a phase portrait, which shows all possible orbits in the
state space.

The analysis of a (nonlinear) dynamical system can be a daunting task. Even
a simple system can demonstrate complex behaviour that can not be represented
in analytical formulae. Numerical methods are then needed. One way to study a
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dynamical system is by numerical simulation. Through time-integration one may
detect the presence of (stable) equilibria or periodic orbits, and in this way obtain
a rough sketch of how the bifurcation diagram looks like. A second option is by
making use of continuation, which is a predictor-corrector method. The idea is
to compute a curve that satisfies a suitable system of equations, which define the
dynamical object under consideration. For example, once a (stable) equilibrium is
detected, one can apply continuation techniques starting from this equilibrium point
and compute a curve of equilibria when varying a parameter.

One of the continuation software packages that can be used for the study of
continuous-time dynamical systems and their bifurcations is MatCont [31-33]. Re-
search groups from Belgium and The Netherlands, as well as individual scientists
from other countries, cooperated in the development of MatCont. It is written in
Matlab and therefore platform-independent. The graphical user interface is quite
easy to handle and allows for an interactive study of the bifurcations. The software
is based on numerical continuation where first a tangent prediction is made, which
is then corrected by Moore-Penrose continuation.

When continuing a curve of equilibria, one may detect a bifurcation, i.e. a Limit
Point or a Hopf bifurcation. These bifurcations are codimension 1 bifurcations,
which generically occur at the variation of 1 system parameter. Next, a Limit Point
or Hopf curve can be computed through continuation, on which in turn bifurca-
tions can be detected. These are codimension 2 bifurcations in which the variation
of 2 system parameters is involved. In fact, such a bifurcation is determined by
imposing two independent conditions. The transversal or tangential intersection
of codimension 1 bifurcation curves happens at codimension 2 bifurcation points.
Therefore, codimension 2 points play the role of organizing centers. Codimen-
sion 1 bifurcation curves can root at a codimension 2 point, e.g. in the case of a
Bogdanov-Takens point, a homoclinic bifurcation curve originates.

Generically, in a system that contains m parameters, up to codimension m bifur-
cations can occur. In practice, the analysis of codimension 2 points can already be
very complex and in some cases, the complete bifurcation picture is still unknown.
Therefore, one in general restricts to the study of bifurcations up to codimension 2.

A periodic orbit can be found in several ways, e.g. by time-integration, or at a
Hopf bifurcation. The first method can only be applied in the case of a stable orbit
and the initialization of a periodic orbit from a Hopf bifurcation sometimes fails.
This clarifies that it is important to have alternatives for the initialization of higher
order codimension bifurcations.

Next to equilibria and periodic orbits, homoclinic orbits play an important role
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in applications. A homoclinic orbit can be seen as a periodic orbit whose period
tends to infinity. In the case of homoclinic orbits, the continuation of periodic orbits
with an ever-increasing period can lead to the detection of a homoclinic orbit. An
alternative method is given by the homotopy method, on which we will focus in
Chapter 3. This method allows one to initiate a homoclinic orbit starting from an
equilibrium. The method consists of a systematic procedure in which each step
aims for a better approximation of the searched homoclinic orbit. At the end of the
homotopy process, (hopefully) a well enough approximation is achieved, which can
be used as start-up for the Newton correction method and converges to the exact
homoclinic orbit. Also in the case of heteroclinic orbits, a homotopy method can
provide one with an approximating starting orbit for the continuation of heteroclinic
orbits. In Chapter 3 we describe the homotopy methods for both types of orbits and
their implementation in a software package, in our case MatCont. We also made
the continuation of heteroclinic orbits available in MatCont. We present several
examples that demonstrate the effectiveness of this systematic procedure.

To determine the bifurcation scenario around a bifurcation point, one can scan
the neighbourhood of the bifurcation point to search for the presence of local and
global bifurcations. But it would be much easier if at detection of the bifurcation,
one would immediately know what bifurcation curves are involved and in what
stratum they are situated. This issue is addressed by looking at the normal form
coefficients.

When encountering a bifurcation, first a reduction of the dynamical system to a
center manifold is made. Two-dimensional manifolds are also called surfaces. Ex-
amples include the plane, the sphere, the torus, etc. The center manifold is usually
lower dimensional. The defining equations in the center manifold are then put in
a simplified form, i.e. a normal form. The type of bifurcation that occurs in the
dynamical system can be deduced from a study of this normal form. Indeed, the
coefficients appearing in the normal form, i.e. the normal form coefficients, dis-
tinguish between the different scenarios that can happen at the bifurcation point.
For example, a negative normal form coefficient at a Hopf bifurcation corresponds
with the birth of a stable periodic orbit, a positive one with an unstable periodic
orbit. Through the introduction of parameters, to each possible case one can asso-
ciate an unfolding of the normal form, which shows the division of the parameter
space into its strata and the corresponding phase portraits. The number of un-
folding parameters present in the normal form is equal to the codimension of the
bifurcation.

In Chapter 4, Chapter 5 and Chapter 6 we focus on local codimension 2 bifur-



cations of periodic orbits, of which there are 11 cases. The dimension of the center
manifold varies from 2 to 5 and the bifurcations are classified according to this di-
mension, which is determined by the eigenvalues of a matrix specific to the periodic
orbit. A map can be associated to every periodic orbit, namely the Poincaré map.
The periodic orbit then corresponds with a fixed point of this Poincaré map. An
advantage of this association is that results earlier developed for maps can to some
extent be used in the study of bifurcations of periodic orbits.

In Chapter 4 we derive the normal forms for all 11 codimension 2 bifurcations of
periodic orbits and state what normal form coefficients determine what bifurcation
scenario happens near the bifurcation point. We present their unfoldings and clar-
ify the interpretation of the orbits appearing in the phase portraits. Remark that
we present the unfolding for the truncated normal form. The question then raises
whether the higher order terms present in the original normal form influence the
dynamics derived from a study of the truncated normal form. In some cases, the
higher order perturbations do not affect the bifurcation portrait corresponding with
the truncated normal form. Unfortunately, this is not always the case. The appear-
ance of global bifurcations may obstruct the topological equivalence between the
bifurcation diagrams corresponding with the truncated and original normal forms.
A perturbation by higher order terms makes the dynamics in the vicinity of global
bifurcations much more complex and sometimes the exact sequence of events is
unknown.

We then need expressions for the normal form coefficients. We determine them
by the use of the homological equation. In Chapter 5 we elucidate the method
and derive the formulae for all coefficients of interest. Note that long expressions
are involved. Though the approach is the same in all cases, each case has its own
specifics.

The logical next step is then to concentrate on the implementation of the nor-
mal form coefficients. In Chapter 6 we discuss how the formulae can efficiently be
incorporated in MatCont. Concerning the interpretation of the normal form coeffi-
cients of the codimension 2 bifurcations of periodic orbits where the dimension of the
center manifold equals 4 (i.e. the Limit Point-Neimark-Sacker and Period-Doubling-
Neimark-Sacker bifurcation) or 5 (i.e. the Double Neimark-Sacker bifurcation), a
distinction is made between 'simple’ and 'difficult’ cases. In the 'difficult’ case the
dynamics is more complex and an extra torus is involved. Higher order terms in the
normal form determine the stability of this extra torus. Since this extra torus is not
always present and for complexity reasons, in general, we omit their computation.
However, the expressions are implemented in MatCont such that the interested user
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can obtain all details.

To confirm the correctness of our method, we present a series of examples that
contain all codimension 2 bifurcations of periodic orbits. On the one hand, at the
bifurcation point we compute the normal form coefficients that allow us to make a
prediction about the dynamics around the detected point by the use of the unfold-
ings discussed in Chapter 4. On the other hand, we scan the vicinity of the detected
point for possible bifurcation curves. In all the examples, the two approaches lead
to the same dynamical picture, and therefore it corroborates us of the correctness
of the computation of the normal form coefficients.

The contents of this thesis have been published in or submitted for publication,
see [24], [25], [21], [26], [28] and [27]. Next to the content of this thesis, | also
made contributions to [50], [22], [83] and [23].



Preliminaries

In this introductory chapter we review some concepts in the theory of dynam-
ical systems that will be needed for a good comprehension of the rest of this
thesis. Most of the material in this chapter is based on [67].

2.1 Basics

Consider the following continuous-time dynamical system

x(t) = — = f(x(¢),a), (2.1)

where x € R" is a state vector, & € R? is a parameter vector and f : R" x R? —
R" is sufficiently smooth.

Definition 2.1. The map ¢' : X — X defined in the state space X that
transforms an initial state xg € X into the state x; € X at time t, namely
xt = ¢'xo, is called the evolution operator of the dynamical system.
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The family {¢'};er of evolution operators is called a flow.

Definition 2.2. A dynamical system is a triple {T, X, ¢'}, where T is a time
set, X is a state space, and ¢' : X — X is a family of evolution operators
parametrized by t € T and satisfying:

° goo = id,
o 95 = gt 0 g°.

General theory guarantees that for smooth right-hand sides f a solution (xg, &g) to
(2.1) exists that is unique for any (xg,ag) for small |¢|. Moreover, the degree of
smoothness of the solution x is the same as the one for f.

Definition 2.3. A dynamical system {T,IR",¢'} is called topologically
equivalent to a dynamical system {T,R",¢'} if there is a homeomorphism
h : R" — IR"™ mapping orbits of the first system onto orbits of the second
system, preserving the direction of time.

A phase portrait is the representation of a collection of trajectories corresponding
to multiple initial conditions of the dynamical system. The phase portrait gives
us information about, e.g., the stable and unstable objects present in the system.
Figure 2.1 (a) shows an example of a phase portrait.

Definition 2.4. The appearance of a topologically inequivalent phase portrait
under variation of parameters is called a bifurcation.

A bifurcation diagram shows the topological inequivalent strata in parameter
space, together with their corresponding phase portraits. Figure 2.1 (b) shows
an example of a bifurcation diagram.

Definition 2.5. The codimension of a bifurcation in (2.1) is the difference
between the dimension of the parameter space and the dimension of the cor-
responding bifurcation set.
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Figure 2.1: (a) Phase portrait (x,y are state variables). (b) Partial bifurcation
diagram (Inpp, v3 are parameters).

So, the codimension of a bifurcation is the number of conditions that define the
bifurcation, or thus the number of parameters that have to be varied for the detection
of the bifurcation.

Definition 2.6. An invariant set of a dynamical system {T, X, ¢'} is a subset
S C X such that xg € S implies that ¢'xg € S forallt € T.

Examples of invariant sets are given by equilibria, periodic orbits or tori, where an
equilibrium is defined as follows.

Definition 2.7. A point xo € X is called an equilibrium if ¢'xy = xq for all
teT.

A periodic orbit is defined as follows.

Definition 2.8. A cycle or periodic orbit T' is an orbit such that for each
point xg € T holds that ¢'*Toxq = ¢'xo with some Ty > 0, for allt € R. The
minimal Ty with this property is called the period of the cycle T'. A cycle of a
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continuous-time dynamical system, in a neighbourhood of which there are no
other cycles, is called a limit cycle.

Another important concept in dynamical systems, which will be extensively discussed
in this thesis, is the one of normal forms. To report the definition, we need to extend
the concept of topologically equivalent systems to parameter-dependent systems.

Definition 2.9. Let
x=f(x,a),x e R",a € RY (2.2)

and
y=g(y By eR",BER? (2.3)

be two dynamical systems. (2.2) is called locally topologically equivalent to
(2.3) near the equilibrium xo for certain parameter values wg, if there exists a
map (x,a) — (he(x), p(a)), defined in a neighbourhood of (x,a) = (xo, &)
in the direct product R" x IR? and such that

(i) p: RP — R? is a homeomorphism defined in a neighbourhood of & = w,
p=pla)

(ii) hy : R* — R" is a parameter-dependent homeomorphism defined in a
neighborhood U, of x = xo,y = ha(x), and mapping orbits of (2.2) in
Uy, onto orbits of (2.3) in hy(Uy), preserving the direction of time.

A generic system (2.1) is a system that satisfies a finite number of genericity
conditions, i.e.

Ni[f] £0,i=1,2,...,5,

where each Nj is some (algebraic) function of certain partial derivatives of f(x,«)
with respect to x and « evaluated at the equilibrium. Genericity conditions where
partial derivatives with respect to x are considered, are nondegeneracy conditions
and the conditions for which partial derivatives with respect to the parameters are
involved, are called transversality conditions.

Definition 2.10. System ¢ = g(& Bo),l e R, B € R, o € R! is called a
topological normal form for a bifurcation if any generic system (2.1) in which

10
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the equilibrium x = 0 satisfies the same bifurcation conditions at &« = 0, is
locally topologically equivalent near the origin to & = (&, B; o) for some values
of the coefficients 0.

A normal form is not uniquely determined. This however does not affect the con-
clusions that are drawn from these normal forms.

Definition 2.11. The operator V* is called the adjoint operator of the op-
erator V if

(V*f,8) =(f,Vg),

for all functions f and g.

Note that (u,v) = uHv = 7Ty is the standard scalar product in an appropriate
complex (or real) finite-dimensional vectorspace.

2.2 Equilibria and their bifurcations

Let xo be an equilibrium of the system (2.1). Let A denote the Jacobian matrix %

evaluated at xg. The values of the eigenvalues of the Jacobian matrix are essential
in the study of the dynamical system. Denote the second up to fifth order derivatives
as B(x,y),C(x,y,2), D(x,y,z,u),E(x,y,2,u,v) where

L 9%fi(E)
Bilxy) = : x‘]/k,
l i 9898k |,
n aBﬁ )
x , e,
" ]klZ:1 aéjaékagl jYKZ1
" e
Di(x,y,z,u) = 0 filg) N
i(x,y ) j,k,l,zm:1 aéjaékaglagm - iYkZiUm
3 (0

Ei(x/ylzl u, U) ’ xjykzl”mvo/

 jkimot 998k98198mI%o |,

11
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fori=1,2,...,n.

Definition 2.12. An equilibrium is called hyperbolic if the Jacobian has no
eigenvalues on the imaginary axis.

An equilibrium is locally asymptotically stable if for all eigenvalues A of the Jaco-
bian matrix holds that #(A) < 0. If for at least one eigenvalue holds that }t(A) > 0,
the equilibrium is unstable. Here, :2(A) stands for the real part of A.

There are five kinds of hyperbolic equilibria in the plane. At a stable node, there
are two negative real eigenvalues, see Figure 2.2 (a). At a stable focus, there is a
complex conjugate pair of eigenvalues with negative real part, see Figure 2.2 (b).
Also the unstable analogues of these equilibria exist. At a saddle, there is a positive
and a negative real eigenvalue, see Figure 2.2 (c).

AN

< 1

(a) Node (b) Focus (c) Saddle

Figure 2.2: Several types of equilibria.

Two invariant sets are associated to a hyperbolic equilibrium xg, i.e. the stable
and unstable sets of x( given by

Ws(xo) = {x|(ptx — Xxg,t — +oo},

Wu(xo) = {x|(ptx — xo,t = —o0},

respectively.

2.2.1 Codimension 1 bifurcations of equilibria

Limit Point bifurcation

12
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Definition 2.13. The bifurcation associated with the appearance of an eigen-
value Ay = 0 is called a Limit Point bifurcation (LP, or Fold or Saddle-Node
bifurcation).

This bifurcation corresponds with a collision and disappearance of two equilibria
when crossing the bifurcation parameter value, see Figure 2.3. At parameter value
ao a saddle-node equilibrium appears. The normal form at the LP bifurcation is
given by the one-dimensional system

u:auZ—i—...,uE]R.

If 2 =0, then the bifurcation is degenerate (i.e. the bifurcation is not the typical,
generic case).

a<a A=K a>ao

Figure 2.3: A Fold bifurcation of equilibria.

Hopf bifurcation

Definition 2.14. The bifurcation corresponding to the presence of eigenvalues
A = Fiwg,wp > 0, is called a Hopf bifurcation (H, or Andronov-Hopf
bifurcation).

At the Hopf bifurcation a periodic orbit is born and there is an exchange of stability
of the equilibrium. The normal form at the Hopf bifurcation is given by the two-
dimensional system

z=iwpz+ciz|z]?+...,z€C

13
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where Iy = R(cq) is called the first Lyapunov coefficient at the Hopf bifurcation.
The periodic orbit is stable if the first Lyapunov coefficient is negative, in which case
the bifurcation is supercritical or soft, see Figure 2.4. Otherwise, the periodic orbit
is unstable, which corresponds with a subcritical or sharp bifurcation. If I; = 0,
then the bifurcation is degenerate.

e

a<a0 a= 0 0

Figure 2.4: Supercritical Hopf bifurcation of equilibria.

2.2.2 Codimension 2 bifurcations of equilibria

Codimension 2 bifurcation points are points where curves corresponding to codim 1
bifurcations intersect transversally or tangentially. In generic systems (2.1) only five
codim 2 bifurcations of equilibria are possible [3,56,67]. We list them in Table 2.1.
Note that the coefficients a and [ appear in the critical normal forms of the LP and
H bifurcation, respectively. The eigenvalues mentioned in the table are assumed to
be the only ones for which holds that (A) = 0.

2.3 Fixed points

Consider the following discrete-time dynamical system
x— f(x,a), xeR"a€eR?, (2.4)

where the map f is smooth with respect to x and a. A fixed point of the system
(2.4) is a point xg that is mapped to itself, i.e. f(xp,49) = x9. The second

14
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Label Name Properties

Ccp Cusp AM=0,a=0

GH Bautin )\1/2 = +iwy, 1 =0

BT Bogdanov-Takens M2 =0

ZH Zero-Hopf A =0, /\2[3 = tiwgy, wg >0
HH | Double Hopf (Hopf-Hopf) | A1, = fiw, Azs = Fiws, wip >0

Table 2.1: Codim 2 bifurcations of equilibria.

iterate of the map f is given by f> = fo f. The eigenvalues of the Jacobian
matrix evaluated at a fixed point are called multipliers. A fixed point is said to
be hyperbolic if it has no multipliers on the unit circle. There are three ways in
which the hyperbolicity can be lost. Either a simple positive multiplier approaches
the unit circle where then p; = 1, or a simple negative multiplier approaches the
unit circle, where yqy = —1, or a pair of simple complex multipliers reaches the unit
circle where i1, = eFith 0 < 0y < .

We now state a powerful result in dynamical systems, namely the Hartman-
Grobman theorem. This result gives us the ability to locally reduce the dynamical
system to its linear part near fixed points. We first explain the concept of locally
topologically conjugacy.

Definition 2.15. Two maps f,g : R" s R" satisfying f = h~'ogoh for
some homeomorphism h : R" — IR" are called locally topologically conjugate.

Theorem 2.16 (Hartman-Grobman theorem). Let xo be a hyperbolic fixed
point of the map f. Then, there exists a neighborhood U of xo and a homeo-
morphism h : U — R" such that h(xg) = 0, and such that in a neighbourhood
U of xq, the map f is locally topologically conjugate by h to the map of its
linearization A.

From each continuous-time dynamical system {IR", X, '} we can derive a discrete-
time dynamical system. This can be done by fixing some Ty > 0 and considering a
system generated by iteration of the map f = ¢@T0. This map is called a Ty-shift
map along orbits of {R", X, ¢'}. The Ty-shift of a continuous-time dynamical

15
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system ¥ = f(x(t)) can be obtained by Picard iterations. The successive iterations
are defined by

xo(t) = xo,
Xpe1(t) = x0 + /O.tf(xn(s))ds, n>0

such that the Ty-shift map is given by xo — x(Tp), with x(Tp) = limy— 4o X1 (Tp).

2.4 Limit cycles and their bifurcations

The defining system that we typically use for a limit cycle is given by

#(£) — Tf(x(t),0) = 0,
0 (2.5)

where t € [0,1]. Indeed, when studying periodic solutions to (2.1) it is convenient
to introduce the period T as an explicit unknown by rescaling time to the interval [0,
1]. The second equation represents the periodicity condition. The third equation is
the phase condition, which is an integral condition that makes the periodic solution
unique. This is necessary since the phase of the limit cycle has to be fixed. Indeed,
each point on the limit cycle can be represented as initial point of the periodic orbit.
The solution with minimal 2-norm distance to ¥ is chosen, with %(¢) an initial guess
for the solution, typically obtained from a previous step in a continuation method
(see Section 2.8.1). This approach is by now standard in numerical bifurcation
software, see [31,37,41,53,69].

To every periodic orbit, a map can be coupled. This is very useful since the
results concerning maps can then be applied to differential equations.

Definition 2.17. Let % be a (n — 1)-dimensional hypersurface transverse to
the vector field at the periodic orbit T'. Let xy be the intersection of % and the
periodic orbit. The map P that associates points x € ¥ sufficiently close to xg
with their first return points P(x) to ¥ is called a Poincaré map associated
with the cycle T.

16
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Figure 2.5: The Poincaré map associated with a limit cycle T.

As can be seen in Figure 2.5, the intersection xg of the hypersurface X with the
periodic orbit I" is a fixed point of the Poincaré map P. Note that the dimension of
the cross-section X is one lower than the dimension of the state space of the ODE.

Concerning the next definition, recall that A represents the Jacobian matrix %

Definition 2.18. The fundamental matrix solution of (2.1) is the time-
dependent matrix M(t) that satisfies

M=AM,

with the initial condition M(0) = I,,, the unit n X n-matrix. The matrix M(T)
is called a monodromy matrix of the cycle T'.

The following theorem makes it possible to determine the multipliers of a periodic
orbit without computation of the Poincaré map.

Theorem 2.19. The monodromy matrix M(T) has eigenvalues

1/ ﬂl, ,uZ/ co0oyp ]’li’l—ll

where p; are the multipliers of the Poincaré map associated with the cycle I'.

17
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The eigenvalues of the monodromy matrix are called the Floquet multipliers of the
limit cycle. The previous theorem shows that there is always a 'trivial' multiplier
1, which is denoted as pg. The multipliers with |p| = 1 are called the critical
multipliers. If the trivial multiplier is simple and there are no other multipliers for
which |pt| = 1 holds, then the limit cycle is called hyperbolic. The limit cycle is
locally asymptotically stable if for all multipliers y except the trivial one it holds
that || < 1. The limit cycle is unstable if for at least one multiplier it holds that
> 1.

We will now list the codim 1 and 2 bifurcations of limit cycles. Note that these
bifurcations are exactly the codim 1 and codim 2 bifurcations of the fixed points of
the Poincaré map.

2.4.1 Codimension 1 bifurcations of limit cycles

Limit Point of Cycles bifurcation

Definition 2.20. The bifurcation associated with the appearance of y; =
1 is called a Limit Point of Cycles bifurcation (LPC, or Fold of Cycles
bifurcation).

X2 T

LPC

X1

Figure 2.6: Limit Point of Cycles bifurcation.

As can be seen in Figure 2.6, an LPC point forms a turning point for periodic orbits.
The normal form at the LPC bifurcation is given by the T-periodic two-dimensional

18
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system

S 1_ 2
{Tl c+ac +..., (26)

E=bE+....

Here, T plays the role of the phase coordinate along the orbit and ¢ € R is a
coordinate along a direction transversal to the periodic orbit. If b = 0, then the
bifurcation is degenerate.

Period-Doubling bifurcation

Definition 2.21. The bifurcation associated with the appearance of y; = —1
is called a Period-Doubling bifurcation (PD, or Flip bifurcation).

a<a A=K ax>«x

Figure 2.7: Period-Doubling bifurcation.

At a PD bifurcation a limit cycle emerges from the original limit cycle with a period
that is approximately twice the original period (see Figure 2.7). The normal form
at the PD bifurcation is given by the 2T-periodic two-dimensional system

{T—1+a§2+...,

E=c+.... @7

The coordinates T and ¢ € R have the same meaning as in the LPC case. In
Figure 2.8, we have illustrated these coordinates for a PD bifurcation. If ¢ < 0,
the period doubled orbit is stable, if ¢ > 0, the period doubled orbit is unstable. If
¢ = 0, then the bifurcation is degenerate.
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W)

Figure 2.8: Illustration of 7- and {-coordinate for a PD bifurcation.

Neimark-Sacker bifurcation

Definition 2.22. The bifurcation corresponding to the presence of 1, =
e, 0 < 6y < 7, is called a Neimark-Sacker bifurcation (NS, or torus
bifurcation).

008

a<a, 0 0

Figure 2.9: Neimark-Sacker bifurcation.

When crossing the critical parameter value, an invariant two-dimensional torus is
born that leads to a change of stability of the periodic orbit (see Figure 2.9). The
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normal form at the NS bifurcation is given by the T-periodic three-dimensional
system

o 2
{T—1+a|{;’ +..., 28)

E=%evdeizP+...,

where & € C. If R(d) < 0, the born torus is stable, if #(d) > 0, the born torus is
unstable. If #(d) = 0, then the bifurcation is degenerate.

2.4.2 Codimension 2 bifurcations of limit cycles

It is well known [3,67] that in generic two-parameter systems (2.1) only eleven codim
2 local bifurcations of limit cycles occur. We list them in Table 2.2. Note that the
coefficients b, c and d appear in the critical normal forms of the LPC, PD and NS
bifurcations, respectively. The multipliers mentioned in the table are assumed to be
the only ones for which holds that |u| = 1.

Label Name Properties
CPC Cusp Point of Cycles pop=1,b=0
GPD Generalized Period-Doubling pwo=Lpuy=-1c=0
CH Chenciner po = 1,10 = e, R(d) =0
R1 Strong Resonance 1:1 Moi2 =1
R2 Strong Resonance 1:2 o=1,p1p=-1
R3 Strong Resonance 1:3 po =12 = eTiF
R4 Strong Resonance 1:4 po=1,p10 = etis
LPPD Fold-Flip pop =1, up = -1
LPNS Limit Point-Neimark-Sacker o1 = 1,23 = eFito
PDNS | Period-Doubling-Neimark-Sacker po=1p1 = -1, 43 = e*it
NSNS Double Neimark-Sacker po = 1,10 = e,z 4 = i

Table 2.2: Codim 2 bifurcations of limit cyles.
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2.5 Homoclinic and heteroclinic orbits

Definition 2.23. An orbit T starting at a point x € R" is called a homoclinic
orbit to the equilibrium point xq of system (2.1) if ¢'x — xg ast — o0,

Depending on the type of equilibrium there are two kinds of homoclinic orbits with
codimension 1. For a Homoclinic-to-Hyperbolic-Saddle orbit (HHS orbit), the
equilibrium is a saddle, for a Homoclinic-to-Saddle-Node orbit (HSN orbit), the
equilibrium is a saddle-node.

Definition 2.24. An orbit T starting at a point x € IR" is called a heteroclinic
orbit to the equilibrium points x1 and x of system (2.1) if 'x — x1 as
t — —oo and @'x — xp ast — +oo.

Heteroclinic orbits can have codimension 0, i.e. they are persistent under parameter
variations, or a higher codimension. Pictures of a Homoclinic-to-Hyperbolic-Saddle
and a heteroclinic orbit are given in Figure 2.10 (a), (b) respectively.

Figure 2.10: (a) Homoclinic orbit in R3. (b) Heteroclinic orbit in R3.

Consider a homoclinic orbit for a fixed parameter value ag at equilibrium xg.
There are two invariant sets related to this orbit, namely the stable and unstable
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sets given by
WS (xp) = {x € R" |k, (x) = xq if t = +o0},
W (xg) = {x € IR”|cpfx0(x) — xq if t = —o0},

respectively. These manifolds are tangent to the stable (generalized) eigenspace
TS, corresponding to the union of all eigenvalues p of A with R®(u) < 0, and
the unstable (generalized) eigenspace TY, corresponding to the union of all
eigenvalues A of A with R(A) > 0, respectively. Denote with ng the number of
eigenvalues y for which holds that () < 0 and with 17 the number of eigenvalues
A for which holds that ®(A) > 0. Stable eigenvalues with maximal () are called
the leading stable eigenvalues, while unstable eigenvalues with minimal R(A) are
called the leading unstable eigenvalues.

2.6 Center manifolds

Hyperbolic equilibria are robust, i.e. small perturbations do not change qualitatively
the phase portrait near the equilibrium. This is a consequence of the Hartman-
Grobman theorem (continuous version of the theorem in Section 2.3). Therefore,
when dealing with hyperbolic equilibria, it is sufficient to study the linearization of
the system.

However, when dealing with nonhyperbolic equilibria, things get more compli-
cated. This is the point where center manifolds are introduced. Next to the stable
subspace, which corresponds to all eigenvalues with R(u) < 0 and the unstable
subspace, which corresponds to all eigenvalues with ®(A) > 0, denote with T° the
linear (generalized) eigenspace of A corresponding to the union of the n. eigen-
values on the imaginary axis. These eigenvalues are called the critical eigenvalues.

Theorem 2.25 (Center manifold theorem). There is a locally defined
smooth n.-dimensional invariant manifold W°¢ of (2.1) that is tangent to T¢ at
x = 0. Moreover, there is a neighbourhood U of xy = 0 such that if p'x € U
for all t > 0 (t < 0), then ¢'x — W€ for t — +o0 (t — —o0).

There also exists a stable (unstable) invariant manifold WS (WY ) that is tan-
gent to the stable (unstable) eigenspace.

The manifold W€ is called the center manifold. To understand the bifurcation
scenario around the equilibrium point, it is sufficient to investigate what happens in
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the center manifold since this manifold is exponentially attractive or repelling. In
this way, the study of a high-dimensional dynamical system can be reduced to the
study of a low-dimensional center manifold.

2.7 Normal form theorems

In this section we concentrate on nonhyperbolic periodic orbits. Let M(T) € R"*"
be the monodromy matrix. From Theorem 2.19 it follows that 1 is always a mul-
tiplier of the periodic orbit. Let My be the critical Jordan structure, i.e. the block
diagonal matrix consisting of the critical Jordan blocks, starting with the block of
the trivial multiplier 1. Let p; = €% (0 < 6; < 7) be a critical multiplier with
multiplicity m,. The matrix L, € R"™*"k is defined as

Of 1 ... 0

0 O .. 0
L= . . ,

T |

0 ... 0 oy

where 0y is the Floquet exponent of multiplier p, with o3 = i0/T in the case of
multiplier 1 or a complex multiplier yg, and 0y = 0 for px = —1. The matrix Ly is
the block diagonal matrix formed from the blocks L; for which |ui| = 1, starting
with the block that corresponds with multiplier 1. The matrix Ly is the matrix Lo
without the first row and the first column.

Proposition 2.26. [59] To each Jordan block of size my. of the monodromy
matrix M(T) corresponding to a critical multiplier y, # —1, there exist my

independent T-periodic C vector functions w](” ) (T) such that

d 0, j=0,
(—E+A<r>—ak)w§”k><r>={ W 1.

We consider the case yy = —1 separately.
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Proposition 2.27. [59] For a Jordan block of size my of the monodromy
matrix M(T) belonging to multiplier —1, there exist my C' vector functions

w](.fl) (T) such that

e 0 V(T +T) =~ V(),

— Or ]:0’
° (—%—I—A(T)) w]( 1)(1’):{ w(—ll)(.[), j=1,...,m—1

Define a Floquet operator Q(#) (T) to the subspace spanned by the vector functions
{wé}lk),...,w%le} from Proposition 2.26 or Proposition 2.27 as

mkfl

QM(r)g = Y- guw (1), V&= (G0 Em 1)
j=0

Denote with Eg(T) the subspace spanned by the 7. vector functions w](-”")(T),Vj,
Uk, built in Proposition 2.26 and Proposition 2.27. We can write

Eo(7) = Eo(7) @ {Riig(7)},

where 1 (T) is the eigenfunction corresponding to the trivial multiplier 1. Denote
with Qo(7) the Floquet operator to the (1, — 1)-dimensional subspace spanned by

Eo(t). If all vector functions w}”")(r) correspond with multiplier 1 or a complex

multiplier, the Floquet operator Qu(7) is T-periodic. However, if multiplier —1 is
involved, we can write

Qo(1)¢ = Qoo(T)S00 + Qo1 (T)Go1,

where & = (&o0, 801). Qoo(T)C0o belongs to the subspace spanned by the vector
functions given in Proposition 2.26 and thus corresponding with multiplier 1 or a
complex multiplier, and Qg1(7)&01 belongs to the subspace spanned by the vector
functions given in Proposition 2.27 and thus corresponding with multiplier —1.
Qoo(T) is T-periodic, while Qo1 (T) is 2T-periodic.

We now give the normal form theorem in the simple case.
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Theorem 2.28. [59] Assume that
e the Jordan block of M(T) belonging to the eigenvalue 1 is 1-dimensional,
e —1 is not an eigenvalue of M(T).

Then a center manifold for (2.1) in the neighbourhood of the periodic orbit T
may be represented as

Z = up(7) + Qo(7)¢ + H(7, ),

where Qo(T) is the T-periodic Floquet operator and H is T-periodic in T and at
least quadratic in . A normal form for the vector field on the center manifold
may be found such that (2.1) becomes

dt

E =1+ p(T/ 6);

d -

&~ L+ P(),

where p and P are T-periodic in T, are polynomials at least quadratic in ¢ and
satisfy for any T € R, & € R~ !

d d -
EP(T’ g) - d_gp(T’ C)LSC =0,

d = d -
7P 8) +LP(7,6) — %P(T/C)LSC =0.

We now consider the case that the Jordan block of M(T) belonging to the trivial
multiplier is more than one-dimensional. The normal form theorem in this nonsimple
case is stated as follows.

Theorem 2.29. [59] Assume that

e the Jordan block of M(T) belonging to the eigenvector 1l is more than
1-dimensional,

e —1 is not an eigenvalue of M(T).

Then a center manifold for (2.1) in the neighbourhood of the periodic orbit T
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may be represented as

Z = up(t) + Qo(t)é + H(7,8),

where H is T-periodic in T and at least quadratic in &. A normal form for the
vector field on the center manifold may be found such that (2.1) becomes

d

d_: =1+¢ +p(,Q),
d _

E = LO@"‘P(Tr‘:)’

where p and P are T-periodic in T, are polynomials at least quadratic in { and
satisfy for any T € R, & € R"~1

d d 5

EP(TIC) - d—CP(T/C)LSff =0,

d - d -
d—TP(T/@ + LyP(7,8) — d—gp(T/C)LSC =0.

Note that 1 is the first coordinate of ¢ and corresponds with multiplier 1. The last
normal form theorem investigates the case when —1 is a Floquet multiplier. Define
a symmetry .§0

Y = (Yo, Y1) = SoY = (Yo, —Y1)

such that
Qo(t+T)Y = Qo(7)SoY.

Theorem 2.30. [59] Assume that
e —1 is an eigenvalue of M(T).

Then the results of Theorem 2.28 or Theorem 2.29 hold with the following
modification: H, p and P are 2T-periodic in T such that

H(t +T,&) = H(t,S0¢)

and

p(t+T,8) =p(r,5¢),  P(r+T,5%) =SP(t,),
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forall T € R and & € R~ 1,

The eigenfunctions wy, ..., wy, 1 from Proposition 2.26 and Proposition 2.27 are
called the generalized eigenfunctions. The (generalized) eigenfunctions of the
adjoint operator are called the (generalized) adjoint eigenfunctions.

2.8 MatCont

MatCont is a numerical bifurcation software package in Matlab for the interac-
tive study of dynamical systems and bifurcations. The package is freely available
at http://sourceforge.net/projects/matcont. MatCont is a successor package to
AUTO [37] and CONTENT [69], which are written in compiled languages (Fortran,
C, C++).

2.8.1 MatCont: a continuation software

MatCont is based on continuation where a sequence of points that approximate
a desired branch are computed starting from an initial guess. The continuation
algorithm makes use of a predictor-corrector method.

2 BP CP BT ZH HH GH CPC BPC R1R3 R4 CH LPNS PDNS R2 NSNSLPPDGPD

Figure 2.11: Graph of adjacency for equilibrium and limit cycle bifurcations in
MatCont.

The relationships between the bifurcations of codim 0, 1 and 2 that are imple-
mented in MatCont are visualized in Figure 2.11. By time-integration, represented
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by the orbit O at the top, we can converge to a stable equilibrium (EP) or a stable
periodic orbit (LC). From then on, continuation is used through which higher codi-
mension bifurcations can be detected. For example, by continuation of a PD curve
(codim 1), four codim 2 bifurcations can be detected, namely GPD, R2, LPPD and

N
N

2 NSS NSF NFF DR* ND* TL* SH OF* IF* NCH

codim
0

Figure 2.12: Graph of adjacency for homoclinic bifurcations in MatCont. * stands
for S or U.

Relationships between homoclinic objects of codimension 1 and 2 computed by
MatCont are presented in Figure 2.12. "*' stands for either S or U, depending on
whether a stable or an unstable invariant manifold is involved. The labels of the
bifurcations are listed in Table 2.3. During HSN continuation, only one bifurcation
is tested for, namely the Noncentral Homoclinic-to-Saddle-Node orbit or NCH orbit.
This orbit forms the transition between HHS and HSN curves. During HHS contin-
uation, next to the detection of an NCH orbit 9 types of bifurcations are tested for.
The characteristics and test functions for these bifurcations can be found in [25].

2.8.2 Discretization by collocation at Gauss points

In MatCont, the continuation of limit cycles makes use of orthogonal collocation.
For the numerical study, the continuous limit cycle has to be discretized. Therefore,
we first rescale the interval [0, T] to the unit interval [0,1]. We then deal with a
standard boundary problem with function Y(t) € R",t € [0,1], as unknown and
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Type of object Label

Neutral saddle NSS

Neutral saddle-focus NSF

Neutral Bi-Focus NFF

Shilnikov-Hopf SH

Double Real Stable leading eigenvalue DRS
Double Real Unstable leading eigenvalue DRU
Neutrally-Divergent saddle-focus (Stable) NDS
Neutrally-Divergent saddle-focus (Unstable) NDU
Three Leading eigenvalues (Stable) TLS

Three Leading eigenvalues (Unstable) TLU
Orbit-Flip with respect to the Stable manifold OFS
Orbit-Flip with respect to the Unstable manifold OFU
Inclination-Flip with respect to the Stable manifold IFS
Inclination-Flip with respect to the Unstable manifold | IFU
Noncentral Homoclinic-to-Saddle-Node NCH

Table 2.3: Bifurcations related to homoclinic orbits.

satisfying

Y = E(Y), ’0
aY(0) +bY (1) =0, (29)

where F is a sufficiently smooth function and a,b are constant matrices.
To discretize it by a collocation method, the interval [0,1] is subdivided into
N intervals with grid points:

O=pp<nu<---<twy=1L

The points 1y, 11, ..., Ty form the coarse mesh A. We define h = max; h; where
hi = 7.1 — 7. Y(t) is approximated by a continuous function Y2(t) that in
each interval [1;, Tj11] is a degree m polynomial, whose values are represented at
equidistant mesh points, namely at

Tij =T+ ihi (j=0,1,..m).

We note that 7;,, = Tj31 = Tiy10 for 0 < i < N —1. These grid points form
the fine mesh. In each interval [7;, T;,1] we require the polynomials to satisfy the
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differential equation in (2.9) exactly at m collocation points, i.e. Nmn conditions
that have to be specified. Denote with xp; the vector of the function values at
the fine mesh points, with xc the vector of the function values at the collocation
points and with Xc the vector of the derivative values at the collocation points.
The best choice for the collocation points are the Gauss points ; ;, i.e. the roots
of the Legendre polynomial of degree m, relative to the interval [7;, T;11] [20, 30].
Note that the mesh is nonuniform and adaptive. We also require the polynomials
to satisfy the boundary conditions in (2.9). Under generic regularity conditions for
system (2.9) De Boor and Swartz [20] proved that Y2(t) converges uniformly over
[0,1] to Y(t) with order "1 and with order h?™ ('superconvergence') at the
points of the coarse mesh.
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Interactive Initialization and
Continuation of Homoclinic and
Heteroclinic Orbits

In this chapter we discuss a homotopy method that makes it possible to initiate
a homoclinic or heteroclinic orbit, starting from an equilibrium point.

3.1 Introduction

Homoclinic and heteroclinic orbits, also called connecting orbits, are important
in applications for a number of reasons. They underlie phenomena in fluid me-
chanics [7], model 'excitation’ in models of biological cells [86], chaotic vibration of
structures [81], chaotic behaviour of electronic circuits [18, 46, 47], light pulses in
fiber optics [80], chemical reactions [54], wave solutions in combustion models [9],
etc.

The detection of a connecting orbit is a quite delicate work because of the
sensitive dependence on initial conditions and on parameter values. MatCont sup-
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ports several methods to initialize homoclinic orbits, including one that is based on
the approximation of the homoclinic orbit by a limit cycle with large period [32].
However, there are many ODEs (e.g. ODEs describing travelling impulses) where
the corresponding limit cycles are of the saddle type (i.e. unstable) and cannot be
found by numerical integration. Often such cycles are not born via local Hopf-like
bifurcations. We therefore need a method with a good chance of success in finding
the connecting orbits, even in difficult problems.

The homotopy (i.e. successive continuations) method first described in [39,40]
is a powerful tool that makes use of a systematic procedure to detect a sufficiently
accurate starting orbit for the continuation of the connecting orbits. Starting from
the same basic ideas, we present new and improved algorithms for the numerical
initialization and continuation of homoclinic and heteroclinic orbits.

The first efficient methods for continuation of homoclinic or heteroclinic orbits to
equilibria were implemented as HomCont toolbox in the standard software AUTO, see
[10,15,16,38]. As in MatCont, these methods are based on the truncated boundary
value problems (BVPs) with projection boundary conditions and integral phase
conditions, which are discretized using piecewise-polynomial approximation with
orthogonal collocation. However, there are essential differences between HomCont
and our implementation. HomCont employs a technique due to [10] to ensure
the smoothness of the bases in the generalized eigenspaces used in the projection
boundary conditions. These bases are originally computed in each step by black-box
linear algebra routines. As a consequence some blocks of the Jacobian matrix of the
discretized projection BVP are approximated by finite differences, even if all partial
derivatives of the right-hand side of (2.1) w.r.t. (x,«) are provided by the user. Our
construction of the projection boundary conditions is different and is based on the
"Continuation of Invariant Subspaces’ algorithm [35], where the Riccati equations
play the central role. However, unlike [29], we include the Riccati equations in
the defining truncated BVP. This allows us to set up the Jacobian matrix of the
discretized defining system avoiding finite differences, if the user-supplied derivatives
are available. In this way we simultaneously continue the connecting solution and
the (orthogonal complements to) stable and unstable invariant subspaces of the
Jacobian, which makes the continuation more robust.

In this chapter, we rigourously describe the homotopy methods for Homoclinic-
to-Hyperbolic-Saddle orbits, for Homoclinic-to-Saddle-Node orbits and for hetero-
clinic orbits and discuss their implementation details in MatCont. We begin by
introducing the defining system for HHS orbits in Section 3.2.1. The differences for
the defining systems for HSN and heteroclinic orbits are highlighted in Section 3.2.2
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and Section 3.2.3. In Section 3.3 we discuss the possible ways of initializing a HHS
orbit in MatCont, i.e. either starting from a limit cycle with large period, or making
use of the successive continuations method. A detailed decription of the algorithm
of the homotopy method and the interactive implementation in MatCont is given in
Section 3.3.2. Variants of the homotopy methods for HSN orbits, starting from only
a saddle-node equilibrium, and heteroclinic orbits, starting from two equilibria, are
discussed in Section 3.4 and in Section 3.5, respectively. The successive homotopy
and continuation steps are implemented in a user-friendly way in the graphical user
interface in MatCont. We illustrate the effectiveness of the homotopy method by
numerous examples in Section 3.6, which should convince the reader of its robust-
ness.

3.2 Extended Defining System for Continuation

In this section we describe the defining equations for the continuation of HHS orbits,
HSN orbits and heteroclinic orbits.

3.2.1 Homoclinic-to-Hyperbolic-Saddle orbits

Suppose that the eigenvalues of the Jacobian matrix fy(xp,ap) can be ordered
according to

R(tng) < o < R() <0< R(A7) < oo < R(Any).

For the continuation of HHS orbits, two system parameters have to be varied. We
will now discuss the defining system for the continuation of these homoclinic orbits.

Defining system

To allow a discretization of the HHS orbits, the infinite time interval is truncated, so
that instead of [—oo, +co] we use [—T,+T]|, where T is the half-return time. The
discretization is then the same as for limit cycles, see Section 2.8.2, which means
that the equation

x(t) —2Tf(x(t),a) =0, (3.1)

must be satisfied in the collocation points.
The second part in the defining system is the equilibrium condition

f(xg,a) = 0. (3.2)
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Third, there is a so-called phase condition for the homoclinic solution, which is
not always used but helps to improve the homoclinic continuation

/01 7 (1) [x(t) — 7(1)]dt = 0. (33)

As for limit cycles, X(¢) is some initial guess for the solution, typically obtained
from the previous continuation step. Note that in the literature also another phase
condition is used, see for example [38]. However, in the present implementation we
employ condition (3.3).

Fourth, there are the homoclinic-specific constraints to the solution. For these
we need access to the stable and unstable eigenspaces of the system linearized about
the equilibrium after each step. It is not efficient to recompute these spaces from
scratch in each continuation-step. Instead, we use the algorithm for continuing
invariant subspaces using only algebraic arguments, a modification of the method
from [12,29,35]. We now summarize the steps in this algorithm; details and an
extensive algebraic justification are given in [64].

Suppose we have the following block Schur factorization for A(0) = fx(xo, ap),
the Jacobian matrix at the equilibrium point of a known homoclinic orbit, taken as
a base point for the continuation

A(0) = Q(0) R(0) Q7(0),  Q(0) =[Q1(0) Q2(0)],

where A(0), R(0) and Q(0) are n x n-matrices, Q(0) is orthogonal, Q1(0) has
dimensions n x k and R(0) is block upper triangular

Ri1 R
R(O):[ R }

where Rqp is an k X k-block (R1; and Ry are not required to be triangular). Then
the columns of Q1(0) span an invariant subspace P(0) of dimension k (e.g. the
stable or unstable subspace) of A(0), and the columns of Q,(0) span the orthogonal
complement P(0)=.

What we need for the continuation are the subspace-defining columns for a
matrix A(s) close to A(0), without having to compute everything explicitly again.
We will call these matrices Q1(s) and Q2 (s) with

A(s) = Q(s) R(s) Q'(s),  Q(s) = [Qu(s) Qa(s)],

where s parameterizes the curve of homoclinic orbits.
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As shown in [34], it is always possible to obtain a smooth path of block Schur
factorizations and we can accumulate all transformations in such a way that we are
always looking for corrections close to the identity. Therefore, we can write (for s
sufficiently small)

Q(s) = Q(0) U(s), U(0) = Lyxn, (3.4)

so that we now need to compute the 1 x n-matrix U(s). By partitioning U(s) in
blocks of the same size as we partitioned R(O), we obtain

Ui (s) Upa(s)

U(s) = [Uy(s) Ua(s)] = Ui(s) Uxn(s) |’

where Uy (s) has dimensions k x k, and Uy (s) has dimensions (n — k) x (n —k).

In [64] it is proven that we can always assume that Uj;(s) and Upy(s) are
symmetric positive-definite, by redefining Q(s) and R(s) if necessary. Now define
for all s the (n — k) x k-matrix Y(s) as

Y(s) = Uy (s)Uypy' (s)-
It is shown in [12,64] that U(s) can be written completely in terms of Y(s):
U(s) = (3.5)
(g ) arvemen (79 ) aevoven 3.

We now define Ty1(s), T12(s), To1(s) and T (s) by

Q)" () ) = | 715 T . 9)

Here T11(s) is of size k X k and Tay(s) is an (n — k) X (n — k)-matrix. Using the
invariant subspace relation

Q1(s) A(s) Qi(s) =0,

and executing substitutions using (3.4), (3.5) and (3.6), we obtain the following
algebraic Riccati equation for Y(s):

Toa(s) Y(s) = Y(s) Ti1(s) + Ta1(s) — Y(s) Tra(s) Y(s) = 0. (3.7)
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So to do a quick and smooth subspace continuation of both stable and unstable
subspaces, we only need to keep track of the two small matrices Yg(s) € R(*~"s)x7s
(with S for stable) and Yi;(s) € R("="u)*"mu (with U for unstable). We use a similar
notation for the stable and unstable variants of Ty1(s), T12(s), To1(s) and Ta(s).
From the matrices Ys(s) and Yy;(s), we can easily compute the span of the stable
and unstable subspaces, and their orthogonal complements.

Therefore, a stable and an unstable variant of the Ricatti equation (3.7) are
added to the defining system for the continuation to keep track of the matrices

YS (S) and Yu(S)

Toou(s)Yu(s) — Yu(s) Tiu(s) + Taru(s) — Yu(s) Tiou(s) Yu(s) =0,
T225(s)Ys(s) — Ys(s)T11s(s) + Tais(s) — Ys(s) Tras(s)Ys(s) = 0.

We can now formulate constraints on the behaviour of the solution close to the
equilibrium xp. The initial vector x(0) — xo of the orbit is placed in the unstable
eigenspace of the system in the equilibrium. We express this by the requirement
that it is orthogonal to the orthogonal complement of the unstable eigenspace.
Analogously, the end vector x(1) — xg of the orbit is placed in the stable eigenspace
of the system in the equilibrium. This is expressed by the requirement that the
vector is orthogonal to the orthogonal complement of the stable eigenspace.

Let Qy7(0) be the orthogonal matrix from the base point related to the unstable
invariant subspace. From (3.4) and (3.5) it follows that a basis of that subspace in
a point s can be computed by

(3.8)

Q)= u® | 1) |-

while a basis for the orthogonal complement to that subspace can be computed by
1 =Yy (s)T
Q" ()= aulo | T4 .

Note that in general the bases QUY(s) and Qu* (s) are not orthogonal. The matrices
for the stable subspace can be computed similarly. The equations to be added to
the system are then

Q”i (s)T(x(0) — x0) =0, 39)
QS

(5)T(x(1) — x0) = 0.

Note that the initial values of Y{;(0), Ys(0) are the zero matrices.
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Finally, the distances between x(0) and xy and between x(1) and xp must be
taken into account, so that the following equations are added

12(0) — xo/| —€0 =0,

(1) — xo — 1 = 0. (3.10)

These distances € and €7 should be small enough. The half-return time T, ¢y and
€1 are called the homoclinic parameters.

After a user-chosen number of steps, the base point is adapted. This means
that Qy;(0) and Qg(0) are recomputed, Y{; and Ys are reset to zero, and the mesh
is adapted.

Implementation in MatCont

The basic defining system for the continuation of a HHS orbit in two free system
parameters consists of (3.1), (3.2), (3.8), (3.9) and (3.10) with T free and ¢y and
€1 fixed. So the phase condition (3.3) is not used.

Alternatively, the phase condition (3.3) is added automatically if from the triple
(T, €9, €1) two homoclinic parameters are freed, instead of just one. Any combina-
tion of one or two parameters of that triple is possible.

The variables in the defining system are stored in one vector. It contains consec-
utively the values of x(#) in the fine mesh points (including x(0) and x(1)), the free
homoclinic parameters, two free system parameters, the coordinates of the saddle
X0, and the elements of the matrices Y5 and Y.

3.2.2 Homoclinic-to-Saddle-Node orbits

When the equilibrium xg is a saddle-node, the eigenvalues of fy(xp,ap) can be
ordered as

%(‘Mns) <. < 3?(}11) <rv=0< §R()\1) <. < §R(/\nu)

For a Homoclinic-to-Saddle-Node orbit, the extended defining system undergoes
some small changes. The vector x(0) — x( has to be placed in the center-unstable
subspace (i.e. the subspace spanned by the eigenvectors corresponding to the
eigenvalues v,Aq,..., Ay, ), instead of the unstable space. Analogously, x(1) —
Xo must be in the center-stable subspace (i.e. the subspace spanned by the
eigenvectors corresponding to the eigenvalues v, uy, ..., ping).
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The vector-condition is again implemented by requiring that the vector is orthog-
onal to the orthogonal complement of the corresponding space. So the equations
(3.9) themselves do not really change; the changes happen in the computation of
the matrices Q. Indeed, the equations (3.9) correspond now with 1 — 1 restrictions,
i.e. one condition less than in the case of Homoclinic-to-Hyperbolic-Saddle orbits.

The number of equations is restored by adding the constraint that the equilibrium
must be a saddle-node, i.e. the equilibrium has the eigenvalue v = 0. For this we
use the bordering technique, as described in Section 4.2.1 of [49]. The technique
basically requires g to be zero, where g is obtained by solving

)1 e

Here wy,, and vy, are bordering vectors, chosen in such a way that the matrix in
(3.11) is nonsingular. These vectors have to be adapted at the adaptation steps.

Taking the previous remarks into account, the defining system for the continuation
of HSN orbits is given by (3.1) — (3.2) — (¢ = 0) — (3.3) — (3.8) — (3.9) — (3.10).

3.2.3 Heteroclinic Orbits

The defining equations for the continuation of heteroclinic orbits are very similar
to the ones of HHS orbits. The following small changes have to be executed. The
vector x(1) — x1 has to be placed in the stable eigenspace of x1, the end distance
||x(1) — x1]| has to be small enough and the Schur decomposition in the stable
variant of the Ricatti equation factorizes the matrix fy(x1,a0). Therefore, the
defining system is given by

/01 7 (1) [x(t) — 7(1)]dt =0,

Tou(s)Yu(s) — Yu(s)Tuu(s) + Tau(s) — Yu(s)T2u(s)Yu(s) = O,
Toos(s) Ys(s) — Ys(s) Tiis(s) + Tais(s) — Ys(s) Tias(s) Ys(s) = 0,

QU (5)T(x(0) — x9) =0,
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Q% (s)"(x(1) = x1) =0,
1%(0)
Ix(1)

—X0||—80=0,
—X1||—€1 =0.

3.3 Starting Strategies for Homoclinic-to-Hyper-
bolic-Saddle orbits

In this section we examine two ways in which the continuation of HHS orbits in
MatCont can be initialized. We briefly review the earlier implemented method where
the HHS orbit is started from a limit cycle with a large period [32]. The algorithm
and our implementation of the initialization by making use of the homotopy method,
starting from a saddle equilibrium will be extensively discussed in Section 3.3.2.

3.3.1 Starting from a limit cycle with large period

When starting from a limit cycle with large period, the user must first declare the
cycle to be close to a Homoclinic-to-Hyperbolic-Saddle orbit. Automatically, initial
values for the homoclinic parameters are computed. The program looks for the point
on the cycle with smallest || f(x,«)||. This point is taken as a first approximation
for the equilibrium x.

The mesh points of the limit cycle are kept as mesh points for the homoclinic
orbit, except for the mesh interval that contains the current equilibrium approxima-
tion. This mesh interval is deleted, as it will grow to infinity in the homoclinic orbit.
In memory, the stored cycle then needs to be 'rotated’, so that the first point x(0)
and the last point x(1) of the homoclinic orbit are effectively stored as first and
last point, respectively. Half of the time span of the remaining part of the cycle is
kept as initial value for T. Initial values for ¢y and €7 are also computed; these are
found by simply computing the distance from x(0) and x(1) to the approximated
equilibrium.

Then the user has to select 2 free system parameters, and 1 or 2 of the homo-
clinic parameters T,¢€g,€1. The defining system (i.e. the number of equations) is
automatically adjusted according to the choice of the user.
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3.3.2 Starting by homotopy

The method

For the initialization of HHS orbits, there is an efficient method that constructs
a Homoclinic-to-Hyperbolic-Saddle orbit starting from only the saddle equilibrium

00
As described in Section 3.2.1, the defining equations for the continuation of a
homoclinic orbit can be written as

£(1) — 2TF(x(8),8) =0,
f(X(),IX) =0,

[ 0t~ 20)a =0,

QU (x(0) = x0) = 0,

Q¥ T(x(1) = x0) = 0,

ToouYu — YuTiu + Toiu — YuTiouYu =0,
TrsYs — YsTiis + To1s — YsTiasYs =0,
[x(0) — xo[| —€0 =0,

|x(1) — xo|| — &1 =0,

(3.12)

where QU € R"™*"s, Q5" € R™"u,Y,; € R"s*" and Y5 € R"*"s,

If the phase condition is added in the continuation, two of the three homo-
clinic parameters T,¢g, €1 are freed, otherwise just one homoclinic parameter is
freed. Without phase condition the number of constraints is equal to Nmn + 2n +
2 4 2ny ng. The free scalar variables are given by xp, xo, a1, T, Y1, Ys, where oy
is the free system parameter, so that the number of free scalar variables equals
Nmn + 2n 4+ 2 4+ 2nyng. If the phase condition is added, the number of con-
straints is augmented by one and an extra homoclinic parameter has to be freed.
For continuation, a second system parameter has to be freed.

Initially the projections QUL'(O) and QSL'(O) are constructed using the real Schur
factorizations:

fx(xo &) = Q(O QOO) T, Q(()O) _ [Qu,(()) QUL,(O)]’ 313
A0 - QURIQET, QI - [0 @5 101, -
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These first factorizations are chosen so that the 1y; columns q(()ol), s q((]orzu of QUAA0)

0)

form an orthonormal basis of the right invariant subspace S(%[ of fx(x(()

(0) (0)

sponding to the eigenvalues A/, ..., Ay 7,

(0)
qO,nU+n5

, &), corre-

(0)

and the ng = n — ny columns g, 17

1 . 1
of QU (%) form an orthonormal basis of the orthogonal complement SSI )

(0) (0)

Similarly, the ng columns ¢y 7, ..., 4y, of Q59 form an orthonormal basis of the

) (0)

,&), corresponding to the eigenvalues pi; 7, ...,

(0) (0)
1,715+1’ i ql,)’ls+71u

1
of the orthogonal complement Sg )

right invariant subspace S5 of fx(x(()0
(0)

Hng » and the 1y columns g of Q59 form an orthonormal basis

Moreover, let S(%{k, k = 1,...,ny, be the right invariant subspace of fx(xéo)

,0)
(0) (0)

corresponding to the eigenvalues A;", ..., A,((O), whenever either Ay s real or the

couple (A,(((i)l,A,EO)) forms a conjugate pair of complex eigenvalues. Then the first

k columns q(()(,)l),..., q(()O) of Q((]O) form an orthonormal basis of Sl and the remaining

(0) (0)

n —k columns qo ¢ 1, ..., qg, of Q(()O) form an orthonormal basis of the orthogonal

1 . .
complement Sélk . The analog holds for the subspace corresponding to the negative
eigenvalues.

The construction process of a homoclinic orbit fitting the equations (3.12), from a
saddle equilibrium, is splitted into several steps in the algorithm below. The basic
ideas of this homotopy method were formulated in [39,40]. We first give the outline
of the algorithm and then write down the explicit equations.

The beginning vector x(0) — xg of a homoclinic orbit lies in the eigenspace of the
leading unstable eigenvalues. We start by choosing an initial point in this space, not
far from the saddle equilibrium xéo), say x(0) = x(()o) + eo(c1q(()?1) + czqé?z)). Here,
¢y is nonzero only when A1 and A, form a complex conjugate pair. Now there are
two possibilities. Either, we obtain an initial connecting orbit by time integration,
starting from the above mentioned point x(0). Or, we initialize a small connecting
orbit segment [0, T] by the constant x(0) and extend this initial orbit segment by

continuation with respect to T.

Define 7; = é(x(l) - x(()()),qgozﬁi), fori =1,...,ny. Typically, the initial
connecting orbit is a crude orbit with initial point x(0) € S{ but the terminal
point x(1) ¢ S(S). Hence the T;'s are, in general, nonzero. However, for a HHS

orbit it must hold that x(1) € S(S) soT; =0, fori=1,...,ny. By a sequence of
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homotopies we will locate zero intercepts of the T;'s.

Define now ¢; as ¢; = %(x(O) - x(()o),q(()(,)i)>, fori =1,...,ny. Thisis consistent
with the use of ¢1 and ¢, in the definition of x(0) above. In the first homotopy
step we try to locate a zero intercept of one of the 7;'s. To this end, all T;'s
are free and both c¢; and ¢y are free under the restriction that c% —I—C% = 1, since
[[x(0) — xo[| = €p. In the following homotopy steps, we fix all 7;'s that are zero
already, and try to locate a zero of another T;, while each time freeing an additional
¢i, to replace the fixed equation 7; = 0 and thus to keep the same number of free
variables. So, in the successive steps we let the initial point x(0) vary within a wider

(0)
0

subspace of the unstable eigenspace S(l)l of x,” in order to place the end point x(1)

in the stable eigenspace Sg of x(()o). More specifically, we keep x(1) free, while x(0)
is allowed to vary on the hypersphere in Sg of radius ¢.

In the previous successive homotopies, zero intercepts are detected of all T;'s
except for one. This last 7; can be made zero, by varying one component of the
system parameter a. This requires recalculation of the saddle equilibrium xg, and
of the matrices QuL and QSL, by use of the matrices Yi; and Ys. When having
detected a zero intercept of the last 7;, the end vector x(1) — xg lies within the stable
eigenspace Sg of xg. However, the distance €1 is not necessarily small. Therefore,
one more continuation, with T,e7 and one system parameter free, is needed to
make &1 small enough in order to find a proper starting orbit for the continuation
of homoclinic orbits.

In each homotopy step we compute a branch, i.e. a one-dimensional manifold,
of solutions. For this there must hold that n, — n, = —1, where n. is the number
of constraints and 7, is the number of free scalar variables.

The described procedure converges, provided the initialization is sufficiently close
to the homoclinic situation, see convergence theorem in [39].

The algorithm

We now describe the algorithm in detail.

ALGORITHM. Locating a homoclinic orbit by homotopy.

Input.
x(go) e R", « € R?, fx(x(()()),uc), and the real Schur factorizations (3.13).

1. Locating a connecting orbit, « is fixed.

44



3.3. STARTING STRATEGIES FOR HHS ORBITS

Step 1. We have already mentioned that either a time integration or a con-
tinuation can be used to compute an initial connecting orbit. When we use
time integration, the starting point is given by

x(0) = 2 + eo(c1gl) + c20l)),

where ¢ is zero, except in the case that the eigenvalues with smallest positive
real part consist of a complex conjugate pair. Note that C% + c% =1 and
c3=...=cy, =0.

If continuation is used, set the algorithm parameters ¢y and T to small, positive
values, so that x(t) is approximately constant on [0, T|], or after rescaling on
[0,1]. To be specific, set

x(1) = 5 + eo(cigy) +c02), 0<t<1,

with the same remark for ¢, as above. Extend this small starting segment by
continuation where the defining equations are given by

Xc —2Tf(xc,a) =0,

goc; — (x(0) — xéo),qég)> =0, i=1,..,ny,

1 )
T — a<x(1) _ x(()o)’qg(’)’/)ls_i_) = O, 1= 1,..., ny, (314)

0) _(0) _ C_
(x(0) — xq ’qO,nu+i> =0, i=1,..,ng,
0
(1) = x| =1 = 0.
This gives us n, = Nmn + n+ ny; + 1 constraints and the free scalar variables
are Xp, Ty, .. Tny, T, €1 so that n, = Nmn +n+ny + 2. Therefore, it is

possible to compute a branch of solutions to system (3.14) in the direction of
increasing T.

Typically &1 initially increases and then starts to decrease. In practice one
usually executes time-integration or continuation until €1 stops decreasing, its
value being not necessarily small.

Steps k, k = 2,...,ny (for ny > 1). Compute a branch of solutions to the
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system
Xc —2Tf(xc,a) =0,

eoci — (x(0) — x(()o),q(()g>> -0, i=1,..,my,
1 .
T — a<x(1) - xéo),quzﬁﬁ -0, i=1,..,ny,

(x(0) —x§”,qf) L) =0, i=1,.,ms
I1x(0) — x|l — €0 = 0,
Ix(1) = x| — ey =0,

to locate a zero of, say, Tx_1 (while 7, ..., Tr_» = O are fixed). Free scalar
variables are xp, ¢1, ..., Ck, Te—1, - Ty, €1- T herefore, there are ne = Nmn +
n 4+ ny + 2 constraints and n, = Nmn + n + ny; + 3 free scalar variables, so
ne —ny = —1.

At the end of these successive steps, all the T's are zero except for one.
Remark that zero intercepts of the 7;'s don't have to be located in the order
T, T, - .., but any order is possible.

. Locating a connecting orbit, « varies.

Step ny; + 1. Compute a branch of solutions to the system
fc = 2Tf(xc,a) = 0,
f(xo,a) =0,
(x(0) — xo, qO,nu+i> =0, i=1,..mng,

1 .
Ti - a<x(1) — X0, ‘71,n5+i> - 0/ 1= ]-/"'/nUI

ToouYu — YuTuu + Toau — YuTiouYu =0,

TrsYs — YsTiis + To1s — YsTiasYs =0,

|x(0) — xo|| — €0 =0,

[x(1) = xol| —e1 =0,
where Y1 € R"s*",Yg € R™*"s, to locate a zero of T, (while Ty, ...,
Ty,—1 = 0 are fixed). Free scalar variables are xp, xo, a1, Ty, €1, Yu, Ys.

This gives us n, = Nmn + 2n 4+ 2 + 2ny ng constraints and n, = Nmn +
2n + 3 + 2nyy ng free scalar variables, so n. —n, = —1.
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Now, the end vector x(1) — xg lies within the stable eigenspace of the saddle
equilibrium.
3. Increasing the accuracy of the connecting orbit, « varies.

Step ny; + 2. Compute a branch of solutions to the system

xc —2Tf(xc,a) =0,
f(xo,2) =0,
(x(0) = x0, 90,1y +i) =0, i=1,..,ng,
(x(1) — xo,qlrnsﬂ-) =0, i=1,..,ny,
ToouYu — YuTniu + Toau — YuTouYu =0,
T225Ys — YsTiis + To1s — YsTiasYs =0,
1x(0) — xo| — 0 =0,
Jx(1) = xof| —&1 =0,
where Y5 € R"s*"™ Yg € R"™*"s in the direction of decreasing &1 until

this distance is 'small’. Free scalar variables are xp, xo, a1, T, €1, Yy, Ys. As
before, n, = Nmn + 2n + 2 4+ 2nyy ng and ny, = Nmn + 2n + 3 + 2ny; ng.

By executing the successive steps of the algorithm, a connecting orbit is constructed
with the beginning vector lying in the unstable eigenspace of the saddle equilibrium,
the end vector lying in the stable eigenspace, and ¢y and &; small. Now, the
continuation of HHS orbits can be started, with (3.12) as defining system.

Implementation in MatCont

In MatCont, the initial connecting orbit in the first step is obtained by time-
integration since in our experiments this approach led to more stable results. Fur-
ther, the ¢;'s are denoted as UParam1, UParam2, etc. (the notation refers to un-
stable connection parameters) and the T7;'s are denoted as SParam1, SParam2,
etc. (the notation refers to stable connection parameters). In the 'Type' menu in
the MatCont window, the curve type of the initial orbit is ConnectionSaddle and the
curve type of the successive continuations is denoted as HomotopySaddle. In the
MatCont window these curve types are abbreviated to ConnecHom and HTHom. So
the curve of the time-integration appears in the MatCont window as EP_ConnecHom
and the possible continuations as ConnecHom_HTHom, HTHom_HTHom, HTHom_Hom.
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We now consider the starter windows of the successive curves. The left Starter
of Figure 3.1 shows the starter window of EP_ConnecHom. The coordinates of the
saddle equilibrium x(()o), the system parameters, UParam1 and UParam2 and the dis-
tance g have to be filled in by the user. When the eigenvalue with smallest positive
real part is real, only UParam1 is taken into account (whatever value to UParam2 is
given). Then two opposite directions are candidates for the position of the starting
point x(0). The chosen direction is determined by the sign of UParam1. When the
eigenvalues with smallest positive real part consist of a complex conjugate pair, the
starting point is determined by x(0) = x(()o) + €p(UParaml q(()?1)+UParam2 ‘7(()(,)2))- So
the beginning vector can lie in a two-dimensional space that doesn’t make it obvious

at all in which direction we have to start. Only trial and error helps in this case.

=loix| XTI ol

Initial Point :I Initial Point j

' —— cmut 7
" P ome B

cpn I
il o P T a—
x2 5] L I c —
¥2 o coz
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cw2 fpoozs
p12 15 Connection parameters
p21 2 € UParam1 [0.70710676
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51 ’137 © SParam1 [0.035495916
52 [ — © sParam2[07491075
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UParam1 LW eps1 tolerance
UParam2 [ epsttol  [oo1r
6ps0 iatazed Jacobian Data

increment [le-005

Select Connection Discretization Data
ntst 5o
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I |

Figure 3.1: Starter windows.

To make it easier for the user when choosing the unstable connection param-
eters, the condition UParam124+-UParam2? = 1 can be ignored in the first step.
UParam1 and UParam2 are automatically rescaled by MatCont so that this condi-
tion is fulfilled.

When the user obtains a satisfactory connecting orbit after time integration,
the button 'Select Connection’ has to be pressed. The user can then choose the
number of mesh intervals and collocation points. By default, 40 mesh intervals
and 4 collocation points are used. The code now searches for the point on the
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time-integrated orbit where ¢ stops decreasing for the last time. If such a point
doesn't exist, the last point of the orbit is taken. This point is selected as the end
point of the initial connecting orbit.

The starter window for ConnecHom_HTHom and HTHom_HTHom is illustrated on
the right of Figure 3.1. In the successive continuations the user has to indicate
the free system parameter, the free connection parameters and the free homoclinic
parameters. Error catches are provided, e.g. if a stable connection parameter equal
to zero is denoted as free, an error window appears.

In the successive continuations that locate zero intercepts of the SParams, a test
function determines whether an SParam has become zero. This test function is the
product of the free stable connection parameters. In the continuation to make ¢;
small, the test function is given by €1 —epsltol, where epsltol is a tolerance, chosen
by the user, which determines how small &1 is wanted.

Examples of the homotopy method for HHS orbits are given in Section 3.6.1,
Section 3.6.2 and Section 3.6.3.

3.4 Starting Homoclinic-to-Saddle-Node orbits by
homotopy

We also have implemented the homotopy method for HSN orbits.

3.4.1 The method

In the homotopy method for HSN orbits, we start from a saddle-node equilibrium
x(()o) to construct a Homoclinic-to-Saddle-Node orbit. The defining equations for the
continuation of a HSN orbit consist of (3.12), where QU™ e R™1s, Q5T € R"*mu
as before but Yy € R(sTDxmu and Yg € RUtD*ns sypplemented by the
equation

g=0, (3.15)

where ¢ is computed by solving (3.11).

If the phase condition is added in the continuation, two of the three homoclinic
parameters T,éeg, €1 are freed, otherwise just one homoclinic parameter is freed.
Without phase condition, the number of constraints equals Nmn +2n+2 + (ng +
Dny + (nyg + 1)ng and xpq, x0, 21, T, Yy, Ys are the free scalar variables so n, =
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Nmn +2n+ 2+ (ng + 1)ny + (ny + 1)ng. If the phase condition is added, the
number of constraints is augmented by one and an extra homoclinic parameter
has to be freed. For continuation a second parameter has to be varied so that
Ne — Ny = —1.

In the system given by the equations (3.12) and equation (3.15) the columns
of QuL span the orthogonal complement of the center-unstable eigenspace of the
saddle-node equilibrium while the columns of QSL span the orthogonal complement
of the center-stable eigenspace. As in the homotopy method for HHS orbits, initially
these projections are constructed using the real Schur factorizations:

sy = QR QP QY = QU0 QL0 i1
felz @) = @ R“ Q" QY =% SO o

(0) (0)

These first factorizations are chosen so that the 1y 41 columns g4 7, ..., 4, nu+1 of

QY9 form an orthonormal basis of the right invariant subspace S§! of fx(x0 ),oc)

corresponding to the eigenvalues )\% ),... /\,&?,Ai(qo)ﬂ (with )L( )+1 = v(0) and the
ng = n—ny — 1 columns q(()olzuﬂﬂ,i =1,...,ng, of Qu 0) form an orthonormal

(0)

basis of the orthogonal complement S(%I . Similarly, the ng + 1 columns Ay qr e

(0)

0 ng+1 of Q50 form an orthonormal basis of the right invariant subspace Sg

of fx(x(()o),zx), corresponding to the eigenvalues ygo), ,yﬁ,s),yigo)ﬂ (with y£0)+1 =

1/(0)), and the ny; columns q5025+1+l.,i =1,...,ny, of QS 0) form an orthonormal
. 1
basis of the orthogonal complement S(S) .

Moreover, let S(l)l/k, k=1,..,ny+1, be the right invariant subspace of fx(x(()o),
(0) )\(0) 0)

a) corresponding to the eigenvalues A7, ...
couple (A,(co)l, (0))

(0) (0)

columns Goi7--- 90k of QO form an orthonormal basis of S(%{k and the remaining

(0)

n —k columns gy 4, .. ,q0n of QO form an orthonormal basis of the orthogonal

whenever either )\( is real or the

forms a conJugate pair of complex eigenvalues. Then the first k

1 . .
complement S(%lk . The analog holds for the subspace corresponding to the negative
eigenvalues.

The construction process of a HSN orbit fitting equations (3.12) and equation
(3.15) from a saddle-node equilibrium is analogous to the homotopy method for
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HHS orbits, although there are some essential differences. We discuss them first,
before giving the explicit equations.

The beginning vector of a HSN orbit lies in the eigenspace corresponding to
the zero eigenvalue. Therefore, only two opposite directions are candidates for
starting direction, which makes it easier to find a proper initial connecting orbit
compared to a HHS orbit where the proper direction can have to be searched for in
a two-dimensional space.

Now, possibly ny; or ng is equal to zero. If ny equals zero, the center-stable
space is the whole phase space so only one homotopy step in which €1 is made
small, needs to be executed.

Since the number of c’s is one more than the number of T's, no system parame-
ter has to be varied in the series of continuations that makes the stable connection
parameters zero. Indeed, when ny; is strictly positive, in the first homotopy step
two ¢'s are free and all the T's are free, and in the following steps each time one
more ¢ is freed to replace the fixed equation T = 0. Also the continuation that
makes €1 small requires no free system parameter.

3.4.2 The algorithm

We now consider the algorithm in more detail.

ALGORITHM. Locating a Homoclinic-to-Saddle-Node orbit by homotopy.

Input.
x(()o) € R", fx(x(()o),tx), and the real Schur factorizations (3.16).

1. Locating a connecting orbit.

Step 1. A HSN orbit starts in the direction of the eigenvector g corresponding
to the zero eigenvalue v. The first step of the homotopy method can be done
either by time integration or continuation. If we choose time integration, we
start from the point x(0) = xéo) + soclq(o). The value of ¢q is either 1 or
—1 and cy,...,cpy, 41 are put equal to zero. If continuation is used, we set

(0)

a small orbit segment equal to a constant, namely x(t) = x;’ + goc1q®) i
[0, T] for small values of T and ¢y, and with the same remark for the ¢'s. We
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then extend this segment by continuation using the following equations

xc —2Tf(xc,a) =0,
goc; — (x(0) — x(()o),q(() l)> 0, i=1,..,ny+1,

1 0 )
T () =g ) =0 i= e,

0 0 .
(x(0) =2 qi) ) =0, i=1,.,ms,
0
Ix(1) = x§”|| — & = 0.
This gives us n, = Nmn +n+ ny + 1 constraints and the free scalar variables
are Xp, Tty - .- Tny, I, €1, S0 Ny = Nmn +n +ny + 2.

Again, typically €1 first increases and then starts to decrease. We stop the
time integration or continuation when &1 stops decreasing.

Steps k, k = 2,..,ny +1(ny > 1). Compute a branch of solutions to the
system

Xc —2Tf(xc,a) =0,

eoci — (x(0) —xy” g8 )) =0, i=1,.my+1,

1 0 .
Tl_a<x(1) x(() ),qg }’)ls+1+l> 70, Z:ll'”’nu,

< (O) x() /qo Zu+1+l> 0, i= 1,...,7’15,
[[x(0) — xo Nl —ep =0,
[[x(1)

to locate a zero of, say, T,_1 (while 7, ..., Tt_p = 0 are fixed). The number
of constraints is n. = Nmn + n + ny; + 2 and the free scalar variables are
given by xpp,¢1,. .. Ck, Te1, - - - Tuy, €1, SO that ny = Nmn +n +ny + 3, and
thus n, —ny = —1.

—XO ||—€1—0

The T's can be made zero in any possible order. At the end of these suc-
cessive continuations the end vector x(1) — x(()o) lies within the center-stable

(0)

eigenspace of x; .

2. Increasing the accuracy of the connecting orbit.
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Step nyy + 2. Compute a branch of solutions to the system
Xc — 2Tf(xc, ) =0,
(x(0) -
(x(1) = xp” y=0, i=1
x xo 'ql Tl5+1+l ;1 s MU
[[x(0
[Jx(1

(0) _ .
xO I% ﬂu+1+z> =0, i=1,..ng,

) — xo Il —eo =0,
)= x| —e1=0,
in the direction of decreasing &1 until this distance is "'small’. The number of

constraints is 1, = Nmn + n + 1 and the free scalar variables are xp;, T, €1,
so that n, = Nmn +n + 2.

The successive homotopies give a connecting orbit where the starting vector lies
within the center-unstable eigenspace of the equilibrium, where the end vector lies
within the center-stable eigenspace and where the distances ¢ and &1 are small, so
the continuation of HSN orbits can be started.

3.4.3 Implementation in MatCont

Analogous notation as for HHS orbits is used. In the 'Type’ menu in the Mat-
Cont window the types ConnectionSaddleNode and HomotopySaddleNode are used.
In the MatCont window, the curve of the time-integration is LP_ConnecHSN and
ConnecHSN_HTHSN, HTHSN_HTHSN and HTHSN_HSN form the successive continua-
tions. The starter windows are similar to the Starters used in the homotopy method
for HHS orbits, except that in the Starter of LP_ConnecHSN only UParam1 has to be
filled in by the user, since the starting vector lies in the direction of the eigenvector
corresponding to the zero eigenvalue.

We give an example of the method in Section 3.6.4.

3.5 Starting heteroclinic orbits by homotopy

We also have implemented the homotopy method for heteroclinic orbits.
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3.5.1 The method

An analogous homotopy method for heteroclinic orbits is also implemented. Let
R(png) < . <R(u1) <0< R(A) <o < R(Awy),

where Ay, ..., Ay, are the eigenvalues of fy(xp, &) with nonnegative real part and y,
..s Ung are the eigenvalues of fy(x1,a) with nonpositive real part (with x(t) — xg
ast — —oo and x(t) — xq as t — +00). The defining system for the continuation
of heteroclinic orbits is given by

Xc —2Tf(xc,a) =0,

f(.X'(),DC) =0,

f(X1,lX) =0,

‘/01 7 (6 [x() — F(D)]dt = 0,

QYT (x(0) — x0) =0, (3.17)

Q¥ T(x(1) —x1) =0,

ToouYu — YuTiu + Toiu — YuTiouYu =0,
TrsYs — YsTiis + To1s — YsTiasYs =0,
[x(0) — xo[| —€0 =0,

|x(1) —x1]| — &1 =0,

with Ql,[L c ]Rn><(n—nu)’QSL c ]Rnx(n—ns)’yu c ]R(n—nu)xnul Ys € R(n—ns)xns

If the phase condition is added in the continuation, two of the three heteroclinic
parameters T,¢g,€1 are freed, otherwise just one heteroclinic parameter is freed.
We remark that without phase condition in system (3.17) the number of constraints
equals Nmn +4n —nyy —ng + 2+ (n —ny)ny + (n — ng)ng and the free scalar
variables are given by xpr, xo,x1,&1,...,84,-1,T, Yy, Ys, so that n, = Nmn +
3n+ 1y + (n — ny)ny + (n — ng)ng. If the phase condition is added, the number
of constraints is augmented by one and an extra heteroclinic parameter has to be
freed. For continuation another parameter has to be freed. Since for continuation
ne — Ny has to be equal to —1, we can conclude that the number of free system
parameters has to be equal to ny =n — (ny + ng) + 2.

The method is very similar to the homotopy method for HHS orbits. Remark
that since we deal with two different equilibria, in the first step €1 is not necessarily
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initially increasing. But again, generally, we stop time integration or continuation
when g1 stops decreasing.

3.5.2 The algorithm

ALGORITHM. Locating a heteroclinic orbit by homotopy.

Input.
x(()o) € R”, xgo) ER", &= (ay,..., 0, 1) € R fx(xéo),a), fx(xgo),rx), and
the real Schur factorizations of these matrices.

1. Locating a connecting orbit, « is fixed.

Step 1. The first step can be done either by time integration or by continua-
(0) (0

tion. If we choose time integration, we start from x(0) = x,~ + EO(ClqO,l) +

(0)

€205 ), With the same remark about ¢ and ¢, as for HHS orbits. If contin-

uation is used, we set x(f) = x(()0> +80(C16](()?1) + Czq(()?z)) in [0, T] for a small

value of T and ¢, and extend this segment by continuation using the following
equations

XC — 2Tf(xc,oc) = O,

eoci — (x(0) —x3”,q\)) =0, i=1,..,ny,

1 0 (0 ‘
Tl - a<x(1) — x‘i )’q§,125+1> g 0’ 1= 1/".,71 _ 7’15,

(x(0) — x(go),q(g?gu“) =0, i=1,.,n—ny,

Ix(1) = V) =&, = 0.

This gives us n, = Nmn 4 2n — ng + 1 constraints and the free scalar vari-
ables are xp, T, ... Tu—ng, T, €1, so that n, = Nmn + 2n — ng + 2.

We stop the time integration or continuation when &1 stops decreasing.

Steps k, k = 2,...,ny (for ny > 1). Compute a branch of solutions to the
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system

xc —2Tf(xc,a) =0,

goc; — (x(0) — x((,o),q((]g)> =0, i=1,..ny,

1 ot |
K a(x(l) N xg )’qg r)15+i> =0, i=1,..,n—ng,

< (0) .XO /qo;,)lu+l>_0 i:1,...,nfnu,
12(0) — xo Il - e =0,
)

lx(1) = x| —e1 =0,

to locate a zero of, say, T,_1 (while 7q,...,Tw_r» = 0, fixed). The number
of constraints is n, = Nmn + 2n — ng + 2 and the free scalar variables are
given by xp1,¢1,. .. Cky Te—1, - - - Tn—ng, €1, SO that ny, = Nmn +2n — ng + 3,
and thus n, — n, = —1.

At the end of these successive continuations 7 = ... = T,;,—1 = 0. Remark
that the T's can be made zero in any possible order.
2. Locating a connecting orbit, « varies.
Stepsk, k=ny+1,..,.n—ng+1 (forn —ng > ny). Compute a branch of
solutions to the system
xc —2Tf(xc,a) =0,
f(xO/ 0() = O/
f(xl,ﬂé) =0,

(x(0) = x0,qony+i) =0, i=1,..,n—ny,
1 .
Ti_a<x(1)_x1/ql,n5+i> =0, 121,...,1’1—1’15,

ToouYu — YuTiu + Toau — YuTouYu =0,
To2sYs — YsTiis + To1s — YsTiasYs = 0,
[|x(0) — xo|| — €0 =0,

[x(1) —x1]| —e1 =0,

where Yy € RUF—mu)xnu yg ¢ R(T=15)%7s | to |ocate a zero of Tj_q (while
T1, .., Te—p = 0, fixed). The number of constraints is n, = Nmn +4n —nyy —
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ng+24 (n—ny)ny + (n — ng)ng and the free scalar variables are x4, x,
X1, 81, Ok—pys Te—1s - - - Tn—ng, €1, Yu, Ys, so that ny = Nmn +4n —ny —
ng+3+ (n—ny)ny + (n —ng)ng.

At the end of these homotopies all the T's are zero. Again, any order in which
zero intercepts of the T's are detected is possible.

. Increasing the accuracy of the connecting orbit, « varies.

Step n — ng + 2. Compute a branch of solutions to the system

xc —2Tf(xc,a) =0,

f(x0,a) =0,

f(x1,a) =0,

(x(0) = x0,90,ny4i) =0, i=1,.,n—ny,
(x(1) = x1,q1ng+i) =0, i=1,..,n—ng,
ToouYu — YuTnu + Toiu — YuTizuYu =0,
T22sYs — YsTiis + Tois — YsTiasYs =0,
[x(0) — x0f| —e0 =0,

Jx(1) —x1]| —&1 =0,

where Y € RU—mu)xmu Yo ¢ R(=1s)%%s in the direction of decreasing
€1 until this end distance is 'small’. The number of constraints is n, =
Nmn+4n —ny —ng + 2+ (n —ny)ny + (n — ng)ng and the free scalar
variables are xp1, X, X1, &1, . .. &y, —1, T, €1, Y, Ys, so that n, = Nmn +3n +
g +1+ (n—ny)ny + (n —ng)ng = Nmn+4n —ny —ns + 3+ (n —
ny)ny + (n —ng)ns.

After these homotopies, a proper starting orbit for the continuation of heteroclinic
orbits is obtained.

Implementation in MatCont

Analogous notation as for HHS and HSN orbits is used. The curve of the time-
integration is EP_ConnecHet and the possible continuations are denoted as Connec-
Het_HTHet, HTHet_HTHet, HTHet_Het. The full notation in the 'Type' menu is
given by ConnectionHet and HomotopyHet. The starter windows are similar to the
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starters used in the homotopy method for HHS orbits, except that in the starter of
EP_ConnecHet xéo) and xgo) has to be filled in by the user.

We give an example of the method in Section 3.6.5.

3.6 Examples

In this section we examine examples in which the homotopy method is applied. In
Section 3.6.1 we consider a homoclinic bifurcation curve, obtained by the succes-
sive continuations method, that spirals towards the so-called T-point in the Lorenz
system. In Section 3.6.2 and Section 3.6.3 we focus on the difficult case where
the leading unstable eigenvalues of the HHS orbit consist of a complex conjugate
pair and thus the starting direction has to be searched in a two-dimensional space.
Section 3.6.4 and Section 3.6.5 illustrate the robustness of the homotopy method
for HSN orbits and heteroclinic orbits, respectively.

3.6.1 HHS orbits in the Lorenz system

One of the best-known dynamical systems that contains homoclinic orbits is the
three-dimensional system [77], given by

¥x=0(y—x),
y=rx—y—xz (3.18)
Z=—bz+uxy,

with the standard values o = 10, b = 8/3, and where 7 is the primary bifurcation
parameter. For these parameter values, a supercritical pitchfork bifurcation from the
trivial equilibrium occurs at r = 1, giving rise to two symmetric nontrivial equilibria.
At r = 13.926 there are two symmetry-related orbits that are homoclinic to the
origin, and from which two primary families of saddle cycles arise (together with a
nontrivial hyperbolic invariant set containing many other periodic and nonperiodic
orbits). One of these homoclinic orbits is located entirely in the half-space x > 0
and has one maximum of the x-component of its solution. We will refer to this
orbit as the (1,0)-loop and say that it makes one turn around the corresponding
nontrivial equilibrium. It is well known that, at other parameter values, the Lorenz
system has homoclinic orbits with one positive maximum and 7 negative minima of
the x-component of the corresponding solution. Such homoclinic orbits make one
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turn around the nontrivial equilibrium with x > 0 and n turns around the nontrivial
equilibrium with x < 0. We will call these orbits the (1, 7)-loops, following [82].

Our aim here is to illustrate how one can compute bifurcation values of the
parameter 7 at which (1,7)-loops exist and how to continue the corresponding
bifurcation curves in the (o, 7)-plane. Note that the number of turns n can change
along a homoclinic bifurcation curve. In particular, we will compute (a segment
of) a homoclinic bifurcation curve that spirals towards the so-called T-point (0w,
Teo) & (10.16,30.87), where the Lorenz system has a codimension 2 heteroclinic
orbit connecting the trivial and nontrivial equilibria. Along this curve, n goes to
infinity when we approach the T-point. This codim 2 global bifurcation has been
analyzed in detail in [13, 14] and was later rediscovered in [48].

To begin with, fix ¥ = 15.5. Then, the origin is a saddle equilibrium of (3.18)
with eigenvalues

/\50) — 7.7382, ‘ugo) = —2.6667, yéo) = —18.7382,
(0)

and the normalized unstable eigenvector corresponding to A;” > 0 equals
—0.4911
g = | —0.8711
0

Since we want to compute homoclinic orbits departing from the origin in the half-
space x > 0, we take UParam1l = —1. We then integrate the orbit starting at
distance ¢y = 0.01 from the origin over time interval T = 1.3 by computing in
MatCont the EP_ConnecHom curve. The integration procedure produces the orbit
segment shown in Figure 3.2 (a), which is far from being homoclinic but is sufficient
to start the homotopy method.

By selecting the connection in the Starter window, we are automatically prepared
to compute the ConnecHom_HTHom curve. The last point obtaind by time integration
is selected as the end point of the new curve. In this continuation, where we
use 20 mesh intervals, the system parameter r, as well as SParaml and g are
active. The initial values of these last two parameters are Sparam1 = —0.0668 and
€1 = 18.5152, respectively. While the value of SParam1 indicates that the end-point
of the integrated orbit is rather close to the plane tangent to the two-dimensional
stable invariant manifold of the origin, its distance €1 to the equilibrium is quite
large. The ConnecHom_HTHom continuation produces a family of orbit segments
attaining SParam1 = 0 at r = 16.1793 (see Figure 3.2 (b)), where g1 = 17.4523.
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Figure 3.2: Initializing the (1,0)-homoclinic orbit by homotopy.

Selecting the last point as the initial point for the next continuation, we can
compute the HTHom_HTHom curve with 7, T and €7 as active parameters (note that
now T is set to 0.65, that is one-half of its initial value). Our goal at this stage is to
reach e; = 0.5 by increasing the interval T. This indeed happens at T = 1.3476 with
r = 13.9266, which is a good approximation for the (1,0)-homoclinic parameter
value, see Figure 3.2 (c).

After selecting the last point and the curve type HTHom_Hom, we are ready to
continue the found homoclinic orbit in the two system parameters ¢ and r, keeping
T and ¢ active. It produces the (1,0)-homoclinic curve on Figure 3.3.

60



3.6. EXAMPLES

2F 10

Figure 3.3: Partial two-parameter bifurcation diagram of the Lorenz system and its magnification

near the T-point.

Similar steps, but starting with » = 55, produce Figure 3.4. We take a mesh
consisting of N = 40 intervals and use the standard value m = 4. Selecting the
last orbit as the initial orbit for the continuation of the ConnecHom_HTHom-curve
with 7, SParam1 and €7 active, gives us Figure 3.4 (b) where SParam1l = 0 at
r = 56.9941 and ¢ = 49.8634. From this last point, the continuation of the
HTHom_HTHom-curve is executed with v, T and &7 free, until ¢ = 0.5. This is
obtained at the (1,1)-homoclinic parameter value ¥ = 54.6460 and the improved
connection is shown in Figure 3.4 (c). Figure 3.5 and Figure 3.3 (left) show the
family of the (1,1)-homoclinic orbits along the corresponding HTHom_Hom-curve.

Figure 3.3 includes results of similar computations for the (1,n)-homoclinic
curves with various 7, obtained with the homotopy method. The (1,00)-curve
spirals towards the T-point mentioned above; along this curve, the homoclinic orbit
approaches the heteroclinic cycle connecting the origin to the nontrivial equilibrium
and from this equilibrium back to the origin. Most of the curves in Figure 3.3 were
first reported in [82]; we present several more of them with the main purpose to
illustrate the power of MatCont that allows to produce such figures in a matter
of minutes. The continuation took 22.2 seconds to compute 100 (1,0)-homoclinic
orbits. The runs were executed in Matlab version 7.5.0, on an Intel 2.99 GHz
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Figure 3.4: Initializing the (1,1)-homoclinic orbit by homotopy.

machine with 1.99 Gigabyte RAM. We also stress that the figure shows only a
small portion of the (o, r)-bifurcation diagram of the Lorenz system, even if one is
concerned only with homoclinic bifurcations. For example, there are sequences of
T-points corresponding to different heteroclinic contours, with their own homoclinic
spirals.
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Figure 3.5: A family of (1,1)-homoclinic orbits.

3.6.2 HHS orbits in Hopf-Hopf normal form with broken symmetry

We consider the normal form of the Hopf-Hopf codimension 2 bifurcation in polar
coordinates, given by

1 = r1(p1 + purs + piars +s113),
ra = 12(4a + pri + poars + sorh),
$1 = w1,
P2 = wy.

We rewrite this system in the cartesian (x1, Y1, X2, y2)-coordinates and add order 6
terms to break the symmetry so that we obtain the following equations

%1 = x1 (i + pru(6f + 1) + pr2 (05 + v3) + 51(35 + ¥3)%) — yawr + 3§
1 =1 (m + p1r (] + 1) + pr2 (05 + 13) + 5105 + ¥3)%) + X101 —2x3
X = xa(p2 + par (o + 1) + p22(23 + 13) +52(xF + 11)?) — yaw2—T7y%
2 = y2(p2 + p21 (X + ¥3) + po2 (x5 + v3) + 52(x7 + y1)?) + xowp+x§.

The initial parameter values are given by yy = 9.7,y = =50,p11 = 1,p12 = 1.5,
po1 = —2,p = —1,51 = 1.3,5p = 1.7, w1 = 0.001, wp = 0.00235. The origin is
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an equilibrium of this system and the eigenvalues are given by )\go) =9.7+0.001;,

MY = 9700014, 1" = =50 +0.00235i, ") = —50 — 0.00235i; s0 we have
a two-dimensional unstable manifold and a two-dimensional stable manifold where
in both cases the eigenvalues consist of a complex conjugate pair. Therefore, the
equilibrium is called a bifocus. This gives us an interesting example to apply the
homotopy method on.

Since the eigenvalues with smallest positive real part constitute a complex conju-
gate pair, both UParam1 and UParam2 play a role in the initialization, we set them
equal to —1 and 1, respectively. The unstable parameters are now automatically
rescaled such that UParam12 4+ UParam2? = 1 holds, so UParam1 = —0.7071 and
UParam2 = 0.7071. We set the value of g equal to 1.4142 - 10~%. Therefore, we

start time integration from the point
x(0) = (0,0,0,0)" + 1.4142 - 10~*(—0.70714 ) + 0.70714}3),

where q(()?l) = (1,0,0, 0)T and q((]?z) = (0,1, 0,0)T span the two-dimensional eigenspace

corresponding to the eigenvalues 9.7 + 0.001:.

1.8
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N

Figure 3.6: Starting orbit after time integration.

When we execute time-integration over an interval of length 1.1, we obtain
Figure 3.6. First, €1 increases, then this distance decreases, and then starts to
increase again. MatCont searches for the point where €7 stops decreasing, indicated
by the arrow, and takes it as endpoint of the initial connecting orbit. None of the

64



3.6. EXAMPLES

stable connection parameters equals zero, but they are quite small, namely —0.03550
and —0.7491. We now start the successive homotopies where we use a discretization
of 50 mesh intervals and 4 collocation points.

Executing a continuation with both unstable and both stable connection pa-
rameters and €7 free, SParam1 becomes zero and SParam2 attains the value of
—0.7472. To make this last stable connection parameter zero, a system parameter
has to be varied, we choose 5. This gives g1 = 1.2490, so a continuation, with T,
g1 and yy free, is needed to decrease the value of €1. We put epsltol equal to 1074,
which is reached when T = 0.8299 and u; = —14.3953. A family of homoclinic
orbits originating at this end orbit is presented in Figure 3.7, where T and g7 are
the free homoclinic parameters and p1 and py the free system parameters. The
continuation of 100 HHS orbits took 118.6 seconds. The runs were executed in
Matlab version 7.5.0, on an Intel 2.99 GHz machine with 1.99 Gigabyte RAM.
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-0.2 L L L . . . . . . .
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Figure 3.7: A family of bifocus homoclinic orbits.
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3.6.3 HHS orbits in a model with bifocus homoclinic orbits

We consider the following system introduced in [75]

X=y—w,
y=z-—vw,
s 2 2
z=—x"tax—yy—z—v-w,
_ 2
b avx + (o — yv)y + vz +vw,
VA + Y12 + 2av

where v is the positive real root of s +s% + s —a = 0. The initial parameter
values are « = 4,y =2 and ¢ = 1. The origin x(()o) = (0,0,0,0)T is an equilibrium
of the system and the eigenvalues are given by ()Lgo),)\go),ygo),ygo)) = (1.0000 +
0.7977i,1.0000 — 0.7977i, —1.0000 + 1.7321i, —1.0000 — 1.7321i). So we have a
two-dimensional stable manifold and a two-dimensional unstable manifold where
the eigenvalues consist of a complex conjugate pair.

The following point is taken as starting point: x(0) = x(()o) +1.4142-1074

(0.7071q(()?1) - 0.7071q(()?2)), with qé?l) the real part and Q(()(,)z) the imaginary part of the

(0)

eigenvector corresponding to A; . By time integration we obtain the left plot in
Figure 3.8 where the arrow indicates the point where €1 stops decreasing.

5 4
ol
0 ol
N
= -2
5 R s
6L
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Figure 3.8: Starting orbit after time integration and continuation of HHS orbits.
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The T's are nonzero, namely 7y = —0.06920 and » = 0.4978. We execute
a first homotopy with c1,¢p, T, o and €7 free, such that 7y equals zero and T, =
0.4076. A second continuation with T, the system parameter ¢ and ¢ free, makes
the second stable connection parameter zero, however €1 equals 13.2364. Therefore,
a continuation that makes 1 smaller (with 5-107* as goal value), with ¢, T and
€1 free is executed. The end values of the system parameter ¢ and homoclinic
parameter T are given by 0.3218 and 10.9177, respectively. Now, the continuation
of HHS orbits can be started, with a and ¢ as free system parameters and ¢y and
€1 as free homoclinic parameters, see the right plot of Figure 3.8.

3.6.4 HSN orbits in a cell cycle model

As an example of the homotopy method for Homoclinic-to-Saddle-Node orbits, we
study the following cell cycle model

X=k —(k+kyY)X,
(ks + kA (1=Y)  kymXY
Js+1-Y Ja+Y’

g (mX)"
A=K+

—keA,

introduced in [93]. A continuum of HSN orbits was computed in [50] where the
continuation was started up from a limit cycle of a large period. During this con-
tinuation a Noncentral Homoclinic-to-Saddle-Node orbit was detected. We will
recompute these orbits making use of the homotopy method. We consider the
Limit Point x(()o) = (0.0461,0.8269,0.0504)T with the initial parameter values given
by k1 = 0.04,k}, = 0.04, k) = 1,k = 1,k = 10,ky = 35,J3 = 0.04, J4 = 0.04,
k'5 = 0.005,k? = 0.2,kg = 0.1,]5 = 0.3,n = 4,m = 0.7933. The eigenvalues of
the Jacobian evaluated in x(go) equal v(0) = 8.9930 - 107, ygo) = —9.3355-1072,
) = —22666, s0 1y = 0.

Figure 3.9 shows the time integrated orbit, started from x(()o) with UParaml =1
and e¢g = 0.01 over an interval of length 200. This is clearly a proper starting orbit.
For discretization during the successive homotopies we use 50 mesh intervals and 4
collocation points. Since there are no strictly positive eigenvalues, no T's have to
be made zero, so we can immediately execute the continuation that makes &1 small.
Although, the value of ¢7 is already very small, namely 0.0036, a homotopy is done
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Figure 3.9: Starting orbit after time integration.

until e; = 10™* is attained. The half-return time T is then equal to 1445.6988.
The HTHSN_HSN continuation can now be started, with £y and €1 as free homoclinic
parameters, and k4 and m as free system parameters. The continuation works well
and the NCH orbit is detected. The continuation of 100 HSN orbits took 79.3
seconds, with the same computer specifications as before.

The HSN orbits that converge to the NCH orbit are the lower orbits in Fig-
ure 3.10. Note that the NCH orbit can also be detected on a branch of HHS
orbits that approach from the opposite direction in Figure 3.10. After a neutral
saddle bifurcation, these HHS orbits disappear when encountering the NCH orbit
for kg = 21.2940 and m = 1.3310.

3.6.5 Heteroclinic orbits in a model of the Josephson Junction
We study the following three-dimensional Josephson Junction problem, introduced
in [40]

xX=y,

y=z,

z=((1-c*z+acy—sin(x) +)/(Bc).
This system contains the two equilibria x(()o) = (arcsin(+y),0,0)T and x§0) = (m—
arcsin(7), 0, O)T. Consider the parameter values « = 0.18,8 = 0.1, = 0.1,c =
0.6, such that x| = (0.1002,0,0)T and x\*) = (3.0414,0,0)T. The eigenvalues in
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Figure 3.10: Continuum of HHS orbits (upper orbits) and HSN orbits (lower orbits)
that converge to the NCH orbit.

xéo) and xgo) are given by

10.6899 10.9686
1.2339 and —0.1510 4 1.2203; |,
—1.2572 —0.1510 — 1.2203:

(0)

respectively. Therefore, there is a two-dimensional unstable manifold in x5~ with a
real leading eigenvalue, so only one unstable connection parameter, namely Uparam1,
has to be taken into account in the first step, and a two-dimensional stable manifold
in xgo). Due to the eigenvalues in x(()O) and xgo), there are two unstable connec-
tion parameters and one stable connection parameter. The starting point is given

by x(0) = x + egUParam14}} with ") = (~0.4545, 05608, —0.6920)T, the

eigenvector corresponding to Ago) = 1.2339. We initialize UParam1l = —1 and
g0 = 107 and integrate over an interval of length 3. MatCont takes that part of
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the time-integrated orbit up to the point where €1 stops decreasing, which in this
case is only a very small segment, for which SParam1 = —0.8175.

In the successive homotopies we use a discretization of 50 mesh intervals and 4
collocation points. A continuation with all the connection parameters and ¢ free
places the end-vector x(1) — xgo) in the stable eigenspace of xgo), the end value of
€1 equals 5.1783. Note that ny =n — (ny+ng)+2=3—-(2+2)+2=1, so

no free system parameters are needed in the continuation to make g1 small.

-2
-05 0 05 1 15 2 25 3 35 4 45 5

X

Figure 3.11: Continuation that makes &1 small.

A plot of this continuation is given in Figure 3.11. The initial orbit is only the
small vertical line on the left, however, through the homotopy we succeed in finding
a proper starting orbit for the computation of a branch of heteroclinic orbits. This
gives us an indication of the robustness of the method. The stable eigenspace of

(0)

x; " is two-dimensional because of the complex conjugate pair of eigenvalues with
negative real part. This explains the spiral convergence to xio) as can be seen in
the figure. The end values of the heteroclinic parameters are T = 30.4026 and
e7 = 107%. Finally, we can start the continuation of heteroclinic orbits, taking ¢ as
the free system parameter and T as the free heteroclinic parameter. The result is

shown in Figure 3.12. The continuation of 100 heteroclinic orbits took 49.7 seconds.
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Figure 3.12: A family of heteroclinic orbits.

3.7 Conclusion

In this chapter we have introduced a defining BVP for the continuation of connect-
ing orbits, in which the Riccati equations used to set up the projection boundary
conditions are explicitly included. We have presented a homotopy method for the
initialization of connecting orbits. The power of the successive continuations ap-
proach was affirmed by the success of the method in a large variety of chosen
examples. Moreover, the possibility of reaching a solution from a far away starting
point contributes to the strength of the method. Therefore, the homotopy method
is a valuable alternative for the detection of a connecting orbit, which often gives
results where other methods fail.

We have remarked that the first step in the homotopy method can be done
either by a time integration or a continuation. In HomCont the first step is done
by continuation. We have tested both strategies, and in our examples the time-
integration seemed to be the most effective. That is why in MatCont the homotopy
always starts from a solution obtained via time integration.

In [22] we have given an overview of the test functions for all codimension 2
homoclinic bifurcations and paid special attention to the orbit- and inclination-flip
cases, for which we have generalized the test functions such that they can also be
applied when the leading eigenvalues are complex.
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Normal forms for Codim 2
Bifurcations of Limit Cycles

In this chapter we derive normal forms for the codimension 2 bifurcations of
limit cycles and discuss the possible bifurcation scenarios that can happen in
a neighbourhood of these bifurcation points.

4.1 Introduction

High-dimensional systems occur frequently in the study of dynamical systems. The
higher the dimension, the more complex and time-consuming the computations are.
First reducing the dimensionality of the system then seems a very tempting idea.
The center manifold theory tackles this problem. When encountering a bifurcation,
the center manifold theorem guarantees the existence of a stable, an unstable and a
low-dimensional center invariant manifold near the bifurcation point. The study of
the dynamics in the whole system can then be restricted to the study of the dynamics
in the center manifold. The dynamics in the center manifold is determined by the
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normal forms, which exhibit the relevant bifurcation. Although the center manifold
is not unique, and the normal form is not unique either, the drawn bifurcation
conclusions are not affected by the choices made.

The Hartman-Grobman theorem states that in the case of hyperbolicity the
linearization of the system determines the bifurcation scenario. However, in the
case of nonhyperbolicity nonlinear terms enter the field. The nonlinear terms are
resonant terms in the normal forms when they can not be removed by coordinate
changes. Luckily, not all nonlinear terms are equally important. At a bifurcation
point, several situations may occur. The value of the normal form coefficients allows
us to select the right scenario and to determine the essential features happening
around the bifurcation point. Normal form coefficients then provide initial guesses
for where to search for new phenomena.

In Section 4.2 we present the normal forms for the codim 2 bifurcations of
limit cycles, i.e. the bifurcations listed in Table 2.2. We hereby make a distinction
between the normal forms corresponding with a two- or three-dimensional center
manifold, i.e. n, = 2 or 3, and the normal forms where n. = 4 or 5. We also
briefly discuss the possible bifurcations in their unfoldings. In Section 4.3 we give
a derivation of the normal forms presented in Section 4.2, based on the theory
of looss. In Section 4.4 we investigate in detail the possible bifurcation scenarios
around the bifurcation points. Quantities in terms of the normal form coefficients
make a distinction between the several possible situations at the corresponding
bifurcation point. To check the genericity of the system, nondegeneracy conditions
are formulated. Finally, in Section 4.A we derive quadratic approximations of the
Hopf and heteroclinic bifurcation curves that are needed in the interpretation of the
PDNS and NSNS bifurcations.

4.2 Critical normal forms

Isolated periodic orbits (limit cycles) of smooth differential equations
x=f(x,a), xeR", a € R?, (4.1)

play an important role in applications. Write (4.1) at the critical parameter values
as

it = F(u), (4.2)
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and suppose that there is a limit cycle T corresponding to a periodic solution 1((t),
where T > 0 is its (minimal) period. Develop F(u(t) 4+ v(t)) into the Taylor series

F(uo(t) + (1))

= Fluo(t)) + Ao(t) + 3B(50(1),0(1) + 5:C(50(1), 0(0),o()
+ %D(t;v(t),U(f)rv(t)fv(f)) + %E(t;v(t)/v(f),U(t)fv(f)rv(t)) +0([0[°),
' ' (4.3)
where A(t)l) = Fu(uo(t))v, B(t;vl,vz) = Fuu(uo(t))[01,02],(?(15;01,02,03) =
Euuu(ug(t))[v1,v2,v3], etc. The multilinear forms A, B, C, D, and E are periodic in
t with period T. Assume that the limit cycle is nonhyperbolic, i.e. the number of
critical multipliers n. > 1. Then, there exists an invariant n.-dimensional critical
center manifold W¢(T') C R" near I'.

To describe the normal forms of a generic system (4.2) on the critical center
manifold for the codim 2 bifurcations of limit cycles, we parameterize W¢(T') near
T by (7,&), where T € [0,kT] for k € {1,2,3,4} is a cyclic coordinate, and ¢ is
a real or complex transverse coordinate, depending on the bifurcation. It follows
from [59] that it is possible to select the 7- and §-coordinates so that the restriction
of (4.2) to the corresponding critical center manifold W¢(T') will have a periodic
normal form. Each normal form can be written as

=14 p(®) +(5,0), o
%~ @)+ R(,0),

where p and P are polynomials in ¢ of some degree N and without constant terms,
while 7 and R are smooth O(|¢|N*1)-functions that are kT-periodic in T.

Below, we list the critical normal forms and briefly describe bifurcations possible
in their generic unfoldings (see [3-5,67], as well as [21], for more details). Note that
the a's present in the normal forms have no relation with the parameters «, present
n (4.1). From Section 5.2 however, it will follow that in two cases, namely the Cusp
Point of Cycles bifurcation and the Fold-Flip bifurcation, further simplification of
the normal forms is possible. We stress that the normal forms below are valid for
generic systems. In particular, it is assumed that a multiple critical eigenvalue of the
monodromy matrix M (when present) is nonsemisimple and that the corresponding
Jordan chain has maximal length.
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4.2.1 Bifurcations with a 2D center manifold
Cusp Point of Cycles bifurcation

The cycle exhibits a Cusp Point of Cycles bifurcation if the eigenvalue pg; = 1
is double nonsemisimple (i.e. the corresponding Jordan block of the monodromy
matrix M(T) is two-dimensional), while there are no other critical multipliers and

the coefficient b in (2.6) vanishes. The two-dimensional periodic normal form at
the CPC bifurcation is

d
d—:=1—§+a1§2+a2§3+...,
(4.5)
—dé:c§3+
o

where T € [0,T], € is a real coordinate on W¢(T') that is transverse to T, &y, ap,
¢ € R and the dots denote the O(|&|*)-terms, which are T-periodic in T. If ¢ # 0,
the limit cycle T is a triple root. In generic two-parameter systems (4.1), three
hyperbolic limit cycles exist in a cuspidal wedge approaching the codim 2 point that
is delimited by two bifurcation curves, where two cycles collide and disappear via a
Limit Point of Cycles bifurcation.

Generalized Period-Doubling bifurcation

The cycle exhibits a Generalized Period-Doubling bifurcation if the trivial eigenvalue
#o = 1 of the monodromy matrix M(T) is simple and there is only one other

critical simple eigenvalue p1 = —1 and the coefficient ¢ in (2.7) vanishes. The
two-dimensional periodic normal form at the GPD bifurcation is

dr

— =1+mP+ad+...,

dt

(4.6)
% = el +
pr ey

where T € [0,2T], ¢ is a real coordinate on W€(T') that is transverse to I', &y, ap,
e € R and the dots denote the O(|Z|®)-terms, which are 2T-periodic in T. If e # 0,
at most two period doubled limit cycles can bifurcate from the critical limit cycle
T. In generic two-parameter systems (4.1), the GPD point in the Period-Doubling
bifurcation curve separates its sub- and supercritical branch and is the origin of a
unique Limit Point of Cycles bifurcation curve, where two period doubled cycles
collide and disappear.
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4.2.2 Bifurcations with a 3D center manifold

In all following cases, 'chaotic motions’ in the full system on the center manifold
are possible (see [3-5,67] and references therein).

Chenciner bifurcation

The cycle exhibits a Chenciner bifurcation if the trivial critical eigenvalue pg =1 of
M(T) is simple and there are only two more critical simple multipliers p1 = e*%
with 6 #£ 27” for j =1,2,3,4,5,6, and the coefficient R(d) in (2.8) vanishes. The
three-dimensional periodic normal form at the CH bifurcation can be written as

dt
5= 14 a1 |E2 4+ alé[* + ...,
(4.7)

% = iwE + icE|E]> + |t + ...,

where T € [0,T], w = 0/T, ¢ is a complex coordinate on W(T') transverse to T,
a1,a3,¢ € R, e € C and the dots denote the O(|¢|®)-terms, which are T-periodic
in T. In generic two-parameter systems (4.1), at the CH point the Neimark-Sacker
bifurcation changes its criticality (i.e. the bifurcating invariant torus changes its
stability). A complicated bifurcation set responsible for 'collision’ and destruction
of two tori of opposite stability is rooted at this codim 2 point.

Strong Resonance 1:1 bifurcation

The cycle exhibits a Strong Resonance 1:1 bifurcation if the trivial critical eigenvalue
to12 = 1 of M(T) is triple and the corresponding Jordan block is three-dimensional,
while there are no other critical multipliers. The three-dimensional periodic normal
form at the R1 bifurcation is

dt

E:l—§1+m§%+...,

d

%252—51524-..., (4.8)
d

%:a{;’%+b§1§2+...,

where T € [0, T], (¢1,{2) are real coordinates on W¢(T') transverse to T, a,a,b € R
and the dots denote the O(|&|)-terms, which are T-periodic in T. In generic two-
parameter systems (4.1), the R1 point is located on a Limit Point of Cycles curve.

77



CHAPTER 4. NORMAL FORMS

At this point, a torus bifurcation curve is rooted together with global homoclinic
bifurcation curves, along which the stable and the unstable invariant manifolds of
a saddle cycle are tangent. The intersection of the invariant manifolds generates a
Poincaré homoclinic structure with the associated periodic and 'chaotic motions'.

Strong Resonance 1:2 bifurcation

The cycle exhibits a Strong Resonance 1:2 bifurcation if the trivial critical multi-
plier g = 1 is simple and the only other critical multiplier y1, = —1 is double
nonsemisimple. The three-dimensional periodic normal form at the R2 bifurcation
is

dt

E:1+zx§%+...,

d

R (49)
d

%:a§%+b§%§z+...,

where T € [0,2T], (&1,&2) are real coordinates on W¢(T') transverse to T, a,a,
b € R and the dots denote the O(|Z|*)-terms, which are 2T-periodic in 7. In
generic two-parameter systems (4.1), the R2 point is the endpoint of a torus bifur-
cation curve. The Period-Doubling bifurcation curve passes through this point, and
(depending on the normal form coefficients) a torus bifurcation curve of the period
doubled limit cycle can originate there. As in the R1 case, global bifurcation curves
related to homoclinic tangencies can be present.

Strong Resonance 1:3 bifurcation

The cycle exhibits a Strong Resonance 1:3 bifurcation if the trivial critical multiplier
po = lis simple and there are only two more critical simple multipliers y1, = etis
The three-dimensional periodic normal form at the R3 bifurcation can be written as

d _
d—T =1+ m|EP 4+ a® + a8 +...,

dé (4.10)
E:b§2+c§|§|2+...,

where T € [0,3T]|, & is a complex coordinate on W¢(T') transverse to T', a1 €
R, ap,b,c € C and the dots denote the O(|¢|*)-terms, which are 3T-periodic
in T. In generic two-parameter systems (4.1), near the R3 point a homoclinic
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Poincaré structure of the 3T-periodic limit cycle destroys the torus that is born
at the Neimark-Sacker bifurcation curve passing through this point. Curves of
homoclinic tangencies are rooted there.

Strong Resonance 1:4 bifurcation

The cycle exhibits a Strong Resonance 1:4 bifurcation if the trivial critical multiplier
to = 1 is simple and there are only two more critical simple multipliers 1, = etia,
The three-dimensional periodic normal form at the R4 bifurcation can be written as

d _

IJT’:— :1+£¥1|§|2+£¥7_§4+6—¥7_§4+...,

i (4.11)
A = cE|EF+dE 4 ...,

where T € [0,4T], ¢ is a complex coordinate on W¢(T') transverse to I', a1 € R,
o, ¢,d € C and the dots denote the O(|&|%)-terms, which are 4T-periodic in T. In
generic two-parameter systems (4.1), at the R4 point there can be eight different
situations, depending upon the values of ¢ and d. In the simplest case a homoclinic
structure associated to a 4T-periodic cycle destroys an invariant torus that is born
at the Neimark-Sacker bifurcation curve that passes through this point.

Fold-Flip bifurcation

The cycle exhibits a Fold-Flip bifurcation if the trivial critical multiplier pg; =1 is

double nonsemisimple and there is only one more critical multiplier yp = —1. The
three-dimensional periodic normal form at the LPPD bifurcation is

dx =1— {1+ agfs + a0l + az0l + af1&3 +

dt_ 1 2061 0262 3061 126162 ey

d

% = 2087 + 40283 + asly + a1 + -, (4.12)

d

% = b1 8182 + b218iéa + bosls + - .-,

where T € [0,2T], (&1,82) are real coordinates on W¢(T') transverse to T, all the
coefficients are real and the dots denote the O(|¢[*)-terms, which are 2T-periodic
in T. In generic two-parameter systems (4.1), the Period-Doubling and Limit Point
of Cycles bifurcation curves are tangent at the LPPD point, where (depending on
the normal form coefficients) a Neimark-Sacker bifurcation curve of the 2T-periodic
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cycle can be rooted. Global bifurcations of heteroclinic structures and invariant tori
are also possible.

4.2.3 Bifurcations with a 4D center manifold

Note that in the normal forms of the previous 8 cases, with a 2- or 3-dimensional
center manifold, the derivative of the ¢-variable with respect to the time ¢ appeared.
In the cases where the dimension of the center manifold equals 4 or 5, the derivative
of the -variable is taken with respect to the phase coordinate 7. We will discuss
the two approaches in Section 4.3 and the following chapter.

Limit Point-Neimark-Sacker bifurcation

The Limit Point-Neimark-Sacker bifurcation occurs when the trivial critical multi-
plier o1 = 1 corresponds to a two-dimensional Jordan block and there are only
two more critical simple multipliers pp3 = e+ with 0 £ 2]—” for j=1,2,3,4. The
four-dimensional looss normal form at the LPNS bifurcation can be written as

dt

E =1- gl + “200(’7{% + X011 |§2|2 + 063005% + “11151 |€2|2 T,

d

% = 0082 4 ao11 |E2|* + az00lS + a1181 | &P+ .., (4.13)
d .

% = iwE + bi1o8182 + ba10&3Es + bon &2 |G P 4.,

where T € [0, T], w = 8/T, 7 is a real and &, a complex coordinate on W¢(T') that
are transverse to I', a;j, a;jx € R, byjx € C, and the dots denote the O(|&[*)-terms,
which are T-periodic in T. In generic two-parameter systems (4.1), the Neimark-
Sacker and Limit Point of Cycles bifurcation curves are tangent at the LPNS point,
where (depending on the normal form coefficients) a 3-torus can be born. The
equations (4.13) implicitly describe motions on the 4-dimensional invariant manifold
WE(T') with one cyclic coordinate .

Period-Doubling-Neimark-Sacker bifurcation

The Period-Doubling-Neimark-Sacker bifurcation occurs when the trivial critical
multiplier p1g = 1 is simple and there are only three more critical simple multipliers,
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namely p; = —1 and pp3 = e with 6 # 27” for j = 1,2,3,4. The four-
dimensional looss normal form at the PDNS bifurcation can be written as

dt _ 2 2 4 4 2 2

i 1+ 20087 + @11 [C2|” + 240087 + @022 |G2|" + 21187 |G| + ..,

d

% = a30083 + a11181 |Ea|* + as008) + a1l |G|+ a311 8 |G P 4,

déo .

% = iw& + by1of2 & + b1 €2 |E2)? + barohEa + byoi 282 |Ea)

+boxl2 |GF+ ..,

(4.14)
where T € [0,2T], w = 0/T, {7 is a real and {, a complex coordinate on W€(T') that
are transverse to I', &, a1 € R, bjjx € C, and the dots denote the O(|&[%)-terms,
which are 2T-periodic in T. In generic two-parameter systems (4.1), depending on
the normal form coefficients a distinction is made between the 'simple’ and 'difficult’
cases. In the 'difficult’ case, a 3-torus can be present.

4.2 4 Bifurcations with a 5D center manifold

Double Neimark-Sacker bifurcation

The Double Neimark-Sacker bifurcation occurs when the trivial critical multiplier
to = 1 is simple and there are only four more critical simple multipliers y11 o = eFith
and p3q4 = €% with 81 # 2, for j = 1,2,3,4,5,6 and 161 # j6 for I,j € Z
with [ 4 j < 4 (see [51]). The five-dimensional periodic normal form at the NSNS
bifurcation can be written as

dat 2
— =1+ a1100 |(§1| + @011 |§2

2
dt
+ @00 &1 [+ ooz |E2)* + annn 1E PGP+

IS 2 2

—_— = 1w +a +a

it 161 4 a210081 |G1] 101181 82| (4.15)
+ a3p0081 |E1]* + a102287 |E2]* + a2 &1 | G+

d .

dea _ iwal + booa18a |Ea|* + brnnola &)

at
4 4 2% 2
+ booz282 [G2|” + b221082 |G1 " + b112182 [E1]7 82| + -+ -,
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where T € [0, T|, w12 = 612/ T, &1 and &, are complex coordinates on W¢(I') that
are transverse to I', a;j,y € R, a;ji, bijry € C, and the dots denote the O(|¢|°)-terms,
which are T-periodic in 7. In generic two-parameter systems (4.1), depending on
the normal form coefficients a distinction is made between 'simple’ and 'difficult’
cases. In the 'difficult’ case a 4-torus can be present. The equations (4.15) implicitly
describe motions on a 5-dimensional manifold with one cyclic coordinate 7.

4.3 Derivation of the normal forms

In this section we give the derivation of the normal forms for all codim 2 bifurcations
of limit cycles, i.e. the normal forms (4.5)-(4.15). This derivation is based on the
theory of looss, described in Section 2.7.

4.3.1 Bifurcations with 2 critical eigenvalues

Cusp Point of Cycles bifurcation

At the CPC bifurcation the monodromy matrix has the critical Jordan structure

11
MO:(O 1>'

i.e. the multiplier 4 = 1 is double nonsemisimple. Following the notation used in
Section 2.7, o = 0 and thus

01 =
=0 1), -0

We are in a situation in which Theorem 2.29 can be applied. In particular, a periodic
normal form of (4.2) on the center manifold of the cycle can be written as

dl:1+§+p(rl€), §=i0§+P(T,§)/

dt dt
where T plays the role of phase coordinate along the orbit and ¢ is a coordinate along
a direction transversal to the periodic orbit. Here, p and P are at least quadratic
polynomials in ¢ with T-periodic in T coefficients, and are such that
A e~ proLig =0, Lpe) +LPE — PO =0
A T e
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for all T and & € R. Putting Ly = 0 we obtain

d d
EP(T/@ =0, EP(T@) =0,

i.e. the two polynomials p and P are independent of T. So by explicitly writing the
lowest order terms of the two polynomials, the normal form becomes

%:1+€+p(§):1+€+a1§2+a’2§3+...,
g a2 3
E—P(C)—bé +cl+.. .,

where the dots denote O(|¢|*)-terms. At a CPC point holds that b = 0. By making
the substitution ¢ — —¢, we obtain the normal form (4.5) with ay = —a.

Generalized Period-Doubling bifurcation

At the GPD bifurcation, we obtain

1 0 0 0 =
M0=<0 _1>, L0=<0 0>, Lo =0.

We are in a case in which we can apply Theorem 2.30. It gives the following 2T-
periodic normal form on the center manifold (using the formula of Theorem 2.28)

dt ac

T 1+ p(t,8), = Lo¢ + P(7,8),

with polynomials p and P at least quadratic in ¢, having 2T-periodic in T coeffi-
cients, and such that

d d . d . d .
2P (08 = gz lee =0, 2 P(7,8) + LoP(T, ) = = P(T, 0 Lot = 0,
p(t+T,8) = p(t,=0), P(t+T,-¢) = —P(7,Q).

Putting Ly = 0 in the first two formulas brings us back to the situation of the
previous case

d d
EP(T/C) =0, EP(T/@ =0,
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i.e. the two polynomials are independent of T. This makes it possible to rewrite the
last two formulas as

p(e) =p(=C), P(=8)=—P(Q),

so polynomial p is even (p = ¢(&?)) and polynomial P is odd (P = &(&?)).
Therefore, we can write our normal form as

=14 9@ =14l + o+,
X @ = e,

where the dots denote O(|¢|®)-terms. By taking the GPD-condition ¢ = 0 into
account, we obtain the normal form (4.6).

4.3.2 Bifurcations with 3 critical eigenvalues

Chenciner bifurcation

In the CH case the Jordan block associated to the trivial multiplier is one-dimensional.
We have

1 0 0 0 0 0 iw 0
My=10 ¢«“T 0 |, Lo=[0 iw 0 |, loz(o _iw>.
0 0 el 0 0 —iw
This puts us in a situation in which we can apply Theorem 2.28. If we assume that

‘5’—; ¢ Q, then it follows immediately from Example I11.9 from [60] that a periodic
normal form on the center manifold is given by

dT o 2
=14 90P),
% iz + (e,

where the polynomials ¢ and 1 are at least linear in their argument; ¢ is real, while
1 takes values in C. If we explicitly write terms up to and including the fifth order,
namely

dt

- = 14 01| +alé* 4 ...,

d .

=il + e+

84



4.3. DERIVATION OF THE NORMAL FORMS

where the dots denote O(|Z|®)-terms, we obtain the normal form (4.7) with ic =
iwaq + ¢’ (since the Lyapunov coefficient of the Neimark-Sacker bifurcation is purely
imaginary) and e = iway + aic’ + €.

Strong Resonance 1:1 bifurcation

At the R1 bifurcation we have

1 10 010 0 1
My=10 1 1|, Lp={|0 0 1], ﬁO:(O 0>.
0 01 0 00

We are in a case in which we can apply Theorem 2.29. The truncated T-periodic
normal form on the center manifold has the form

dt d¢

ar =1+¢&+ P(T,(;(), at = I‘O€+P(T’C)’

where ¢ = (1,¢2). Here p and P are at least quadratic polynomials in (&1,¢>)
with T-periodic in T coefficients, and are such that

d d . d . d -
P8 — PO =0, 52P(r&) + LoP(r,¢) — 2z P(T,&)Le¢ = 0.

If we write the Fourier expansions for p and P, namely

p(t.&) = Y p@e T, P(r,o) = Y P& T,

|=—00 |=—o00

we obtain, for any [ € Z, the following differential equations

d = 27l
P OLR i pi(©) =0,
27l

2P0)Lo¢ —i=—Pi(E) — LyPi(g) = 0.
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Putting our Ly into the equations and writing P;(&1, &) = ( (61,52) ((;‘1,
&2)). we can rewrite them as a set of differential equations in varlable &

déPl(leéz) = iiglr’l(éh@z),

dté (61162) - liglp 1>(§1/§2)/
dé (Cllé‘z) ; (2;1 (51,52)+P (51@2))

Since p;(&1,82), P (@1,(;’,2) and P (@1,(;’,2) are polynomials, if I # 0 the only
solution is the tr|V|a| one. Therefore I equals zero and thus the polynomials are

T-independent. We obtain

a —=p0(G1,62) = 1)(61/62) =0, P<2 (C1,¢2) = (Clléz)

& df;

The first two equations show that pg and Pé

gy ff

are independent from &5, thus

1)

po(G1) = ¢o(S1), Pél)(él) = ¢1x(81)-

Integrating the last differential equation gives

Péz) (61,82) = Gax(&1) + (&)

Now we can further simplify our normal form. In fact, we can make a change of
variables such that polynomial Pél) vanishes (see page 19-20 in [60]). We then
have

BV =0, B (@6 = (@) + o),

where ¢ and ¢, are polynomials satisfying ¢1(0) = ¢»(0) = ;l? =0.
11g

Assembling all the information gives us the following normal form

%:1+§l+¢0(§1):1+§1+“§%+
dﬁ_ﬁz,
dé‘z

= =501(&) + (&) =a' ST+ VGG +.
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where the dots denote O(|¢|?)-terms. Note that the polynomials ¢ and ¢, are
at least quadratic in &1, while ¢ is at least linear in its argument. To obtain the
normal form (4.8), make the substitutions &1 — —¢; and {» — —& and impose
thata = —a’ and b = —b'.

Strong Resonance 1:2 bifurcation

At the R2 bifurcation it holds that

1 0 0 0 0 01
My={0 -1 1], Lo=[0 0 , IZO:<O o)'
0 0 -1 000

We are in a case in which we can apply Theorem 2.30. So we have the following
2T-periodic normal form on the center manifold

dt a .

dt + P(T, g)/ dT Og + (T/ C)’
where ¢ = (&1,&2). The polynomials p and P are at least quadratic in ¢ with
2T-periodic in T coefficients, and are such that

d d -

EP(TrC) - ICP(T’ §)Lo¢ =0,

d - d -

EP(T/C) + LoP(T,¢) — %P(TIC)LSC =0,

p(t+T,8) =p(t,—¢), P(t+T,-¢)=—P(1,0). (4.16)

Similar to the R1 case (since the Ly matrix is the same), we obtain that all polyno-
mials are independent from T, | has to be equal to zero and the polynomials p and
PM) are independent from &.

Because of the independence from T, we can rewrite (4.16) as

p(¢) =p(=¢), P(=¢) =—P(),

obtaining that the polynomial p is even (p(¢1) = ¢o(&%)) and the polynomials pM
and P?) are odd (P (&1) = §1¢1(83) and PP)(81,82) = G261 (8F) + G12(ED).-

Now we can simplify our normal form by changing variables (as discussed in the R1
case) such that

PO@E) =0, P&, &) = G (ED) + E1a(ED).
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Putting all information in the normal form equations gives the system

= 1490(@) =1+ + ...,

g

T =%

% = G (87) + G192(87) = adi +bGiGa + ...,

where the dots denote O(|¢|*)-terms. From this follows the normal form (4.9).

Strong Resonance 1:3 bifurcation

An R3 point is a simple case, since the Jordan block associated with the trivial
multiplier is one-dimensional and -1 is not a multiplier of the critical limit cycle. So
we have

LY 000 i 0
My=|0 ¢35 0 |, Lo=|0 i%F o0 |, L= < o —i2”>'
0 0 % 0 0 -i¥ 3T

We can apply Theorem 2.28, which gives the following T-periodic normal form on
the center manifold

dr _
dar

d _
1+ p(7,2), 4z _ Loz + P(t,2),

dt
where z = (z1,Z1). The polynomials p and P are at least quadratic in z with
T-periodic in T coefficients, and are such that

d d Txo d T * o i T*xo
EP(T,Z) — Ep(r,z)Loz =0, EP(T,Z) + LyP(7,2) dZP(T,z)Loz =0.

We apply the results derived in Example I11.9 from [60] with wT /27 = 1/3 to
obtain

dt a .
r — 1+1/J0(|Z1|2,Z?6127IT/T,Z%€ lZTL’T/T),

dz;y 27 » o o

- :13TZ1+214)1(|21‘2’Z?€ lZ?TT/T)_|_Z%eZZﬂTT/Twz(‘Zl|2,Z%8127TT/T)‘
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.. . _j2nt . .
Defining a new variable ¢ = e7 3T zq, this system can be rewritten as

d -

o= 1w e,

d - -
K~ en(1eP,2) + E9all2 D),

with the polynomials ¢y and ¢; at least linear in their arguments, while ¢ may
contain constant terms. Notice that this system is autonomous and equivariant
under the rotations of angle 27t/3. Writing the leading terms of the polynomials

gives
dt

i
% — b2 v cgleP+

where the dots denote O(|¢|*)-terms, so that (4.10) follows.

=1+ a2 + ol + 28 +

Strong Resonance 1:4 bifurcation

As in the R3 case the Jordan block associated with the trivial multiplier is one-
dimensional. The matrices are

1.0 o0 0 0 0 g
My= (0 ¢Z2 0 |, Ley=[0 i& 0 |, L= ( 2r —i”) .
0 0 e'% 0 0 -—ifk T

We can apply Theorem 2.28 and obtain a T-periodic normal form on the center
manifold

dr dz .
T =1+p(7,2), I = Loz + P(7,z),

where z = (zq,21). The polynomials p and P are at least quadratic in z, having
T-periodic in T coefficients, and are such that

d d Fx_ o d F % d Fxo __
EP(T,Z) - Ep(r,z)Loz =0, d—TP(T,z) + LyP(7,2) dzP(T,z)Loz =0.

Again, we make use of Example 111.9 from [60] with wT /27w = 1/4 and obtain

% =1 +¢O(‘Zl|2 4 lZT[T/T % 7127TT/T),
d ; ,
dzl} — 2T21+Z1¢1(|Z1|2 12nT/T)+23 12nT/Tl/J2(|Zl|2 4 127‘CT/T)
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Defining a new variable ¢ = 72T z1, the system can be rewritten as

at

=1+ pieP, 8 e,
ac

22 = op (g%, ¢ + Eall, 8,

with the polynomials ¢p and ¢; at least linear in their arguments, while ¢» may
contain constant terms. Notice that this system is autonomous and equivariant
under the rotations of angle 7t/2. Writing the leading terms of the polynomials
gives

d _
d*:=1+061\§|2+0<2§4+5<2§4+-~/
g 2, 453

where the dots denote O(|¢|°)-terms, implying the normal form (4.11).

Fold-Flip bifurcation
At the LPPD bifurcation it holds that

11 0 010 0 0
My=10 1 0 ,Lo—ooo,io—<0 o>'
00 -1 00 0

Theorem 2.30 gives the following truncated 2T-periodic normal form on the center
manifold
dt acg

S =1ta+p(ne), 2 =L +P(10),

where & = (&1,82). The polynomials p and P are at least quadratic in ¢, having
2T-periodic in T coefficients, and are such that

d d _
2P(0g) — dfp(r’ $Lo¢ =0, (4.17)
FP(0E) + P10 - e P(nOLiE =0, (4.18)
p(t+T,81,82) = p(T,61,—C2), (4.19)
PO (T4 1,81, ~&) = PV (7,81, 82), (4.20)
P(2) (T+ T, gl/ —Cz) — _P(2) (T, Cl/CZ)- (421)
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By putting Lo into (4.17) and (4.18), we obtain

d d d
P06, 8) = - PY(T6,6) = PP (1,861,6) =0,

so the polynomials are independent from 7. From (4.19), (4.20) and (4.21), it then
follows that

p(81,62) = p(é1, —G2),
PU(&, &) = PU(&, &),
P&, —&) = —PP (&, &),

so the polynomials are of the following form

p(&1,&) = x1(81) + x2(83) (1 + x3(&1)),
P&, &) = 1(&1) + ¥2(E3) (1 + ¢3(E1)),
P&, &) = E91(81) + 2202(83) (1 + 93(81)),

with x1 and ¥; at least quadratic in their argument and all the other polynomials
at least linear in their argument.
Assembling all the information gives the following system

T 148+ 2(@) + @)1+ 1)

=14 + a0l + x02f3 + aoly + 018185 + ..,
T 1(80) + 2@ (1 + $2(&)

= &t + a3 + ayl; +a6d +
L2 tapr(@) + 2202 1+ 92(20))

= b115182 + 65,878 + bosls + - .-,

where the dots denote O(|&|*)-terms. By making the substitution & ~— —&;, we
obtain Ehe no/rmal form (1/1.12) with vc;o,o = —zxgo,ixlz = —oc/’lz, a39 = a}, + ab,
A1y = 15 + gy, A20 = —Ayg, 402 = —Agy, b1y = _bll’b21 = b21 + bll'
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4.3.3 Bifurcations with 4 critical eigenvalues

In the previous 8 cases we determined the normal forms based on the theorems of
looss, in which the derivative of the &-variable with respect to the phase coordinate
T appears. We then reparametrized the obtained system so that in the final normal
forms the derivative of the ¢-variable with respect to the time t appears. In the
next three cases however, we omit this time reparameterization. In fact, this last
step is not necessary for the theory developed in the rest of this thesis.

Limit Point-Neimark-Sacker bifurcation

At the LPNS bifurcation we have

11 0 0
01 0 0
Mo=19 o eer I
0 0 0 el
01 0 0 00 o
L(): 00 .O 0 ’ i,(): 0 iw 0
0 0 iw 0 0 0 —iw
00 0 —iw

We are in a situation in which we can apply Theorem 2.29. So we can define a
T-periodic normal form on the center manifold

dt ac

— =148 +p(7,0),

dt ioé-ﬁ-P(T,C),

it

where ¢ = (&1,8,&)T with & € R,& € C. The polynomials p, P are real,
respectively complex, T-periodic in T and at least quadratic in (&1, &, &) such that

d d - d - d -
EP('CC) - ICP(T’ ¢)Lo¢ =0, EP(T/C) + LoP(T,6) — d*CP(Tré)Loé =0.
If we write the polynomials in a Fourier expansion, namely
= Pliils = pliils
p(t,&)= ) p(@)e T, P(r,)= Y P(&eT,

|=—0c0 |=—oc0
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we obtain for any | € Z the following differential equations

d . l
FPOLE —iZp(@) =0,

FROLE ~ PTR(E) - LiR(@) =0,

Putting Lo into the equations with

P(&1,82,82) = ( (51152,52) (51152152) (51152,52))T

we can rewrite them as a set of differential equations in variable &,

d )
il pi@)+ i piE) = i (Q),

. d 27l d
zw@EP(”(g) i h () = it P (@),
I
zw@z i )(C)%—lz%]’(z)(‘:) IWCZ@P()(§)+iWPI(2)(§),
_ I d
iwgzd—@a@)(@)wz%a@)(é) iwhs g P(Q) ~ P @),

Since p;(&1,82,82),P (61,62,52) and P (61152152) are polynomials, it follows
from the equations that they are zero |f I # 0. Therefore, the polynomials are

T-independent. We then obtain

52d€ po(81,82,82) = €2d§ po(é1,82,82),
o dg (000 8) =B 2 By (61,82, 82),
52 é (51,52/52) @é § (éifﬁz,§2)4*1b (61,82,2),

and the complex conjugate of the last equation. From the first equation it follows
that

po(E1,82,&) = P (&) + (&) + 3 (&) pa(|E2]?),
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where 1, 13 and 14 are at least linear in their argument and ; at least quadratic.
Similarly, we obtain

PV (1,8, &) = ¢1(&1) + $2 (1821 + ¢3(E1)pa(1E21),

with the same conditions for ¢ as the ones for 1. At last, from the third equation
we can derive that

PP (&, 60,&) = Eaxa (&) + Exa(1E8) + Ex (@) xa (&),

where X1, X2, X3 and x4 are at least linear in their argument.
Assembling all the information gives us the following normal form

dt

=1+ w0082 + a1t G2 + Whoo® + iyl |G+,
d

% = abool3 + afyy |G| + as00ls + a1y |EP 4.,

6

22 = il 4 Vrg@aa + bnoliea + bomdz |02 + ..

By applying the substitution 1 +— —¢1, we find the looss normal form (4.13), i.e.

% =1 — {1 + a0083 + g1 |E2]* + @30083 + 11181 | G2 + ..,
% = ax0082 + ap11 |Ea|* + az0083 + a11181 |E2F -,
% = iwE + bi1o€182 + b210E38 + bon &2 |G P+,
with az00 = —ab0, @111 = —&fq1, 8200 = —ahgg, Ao11 = —ahyy, b110 = —bjyo and

the dots denote O(|&|*) terms. Note that the time evolution is given by

dt

i 020083 + a1 |E2]* + @30085 + w1118 | G2+ ..,
d

% = 230085 + apn |E2|* + @303 + ai G [+

4

at iwE + bigl182 + b3108 8 + b &2 |G + -,

with a§00 = —dpop + 4300, aﬁl = —ap11 + 0111,12{10 = —iw + b11o, bilO = W
— bi1o + boo, byy; = iwagrr + bop1. We could use this system as our starting
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normal form, as in the previous cases. However, since the time reparametrized ODE
has exactly the same form as (4.13), we can as well use (4.13). Therefore, (as
mentioned before) in this and the next two cases, we will use the looss normal form
as the starting normal form and thus we will not make use of the time reparametrized
version of this normal form.

Period-Doubling-Neimark-Sacker bifurcation

At the PDNS bifurcation it holds that

1 0 0 0
0 -1 0 0
Mo=1g o eer o |

0 0 e—in
0 0 O 0 0 0 0
0 0 O 0 - .

L(): 0 0 iw 0 ,LOI 0 iw 0
. 0 0 —iw

0 0 0 —iw

We are in a case in which we can apply Theorem 2.30. So we can define a 2T-
periodic normal form on the center manifold

dt ¢ -
E_l—i_P(T/g)/ E_LO§+P<T/€)/
where & = (€1,&2,¢2). The polynomials p and P are 2T-periodic in T and at least

quadratic in their argument such that

d d ~

EP(TIC) - dfP(T/ff)Lé‘: =0,

d - d N
EP(T/C) + LoP(7,¢) — ITCP(T’[;)LS& =0,

p(T =+ T/ Cl/ 52/ 62) = p(T/ _61/ 52/ 62)/
PO(T+T,~&,8,8) = —PU(1,81,86,8),
PO(T+T,~81,8,8) = PO (1,8,8,8),

and the complex conjugate of the last equation.
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As in the LPNS case (since the Ly matrix is the same) we obtain that all

polynomials are independent from T, so that we can rewrite the last three equations
as

p(Cl/ 62/ 62) = P(_Clz 62/ 62)/
PW(=¢1,8,&) = —PY (1,6, &),
PO (=¢1,8,&) = PY(&,86,8),

thus p and P are even in & and P() is odd in &. Similar to the results of the
LPNS case, we obtain

po(21,82,8) = v1(&3) + 218l + ¥3(E) a2,
Po(l) (&1,82,8) = Q&) + E1¢n(1E2]?) + E1¢3(EDpa(E2]7),
P&, 60, &) = E21(E2) + Eaxa(1E?) + Eaa (ED)xa (&),

with all functions at least linear in their argument.
Assembling all the information gives us the looss normal form (4.14), i.e.

% =1+ ap0083 + ao11 |E2|* + aao0lt + agn |Eo|* + o112 |G P + ...,

% = 430083 + a11181 |E2|? + as008 + a12081 |Eo|* + a3 & B+ .,

% = iwE + byoF3E + boo1 &2 |8 |* 4 barofiEr + b1 838 |8
+boxl2 |EF+ .,

where the dots denote O(|Z|®) terms. Note that the time evolution is given by

% =1+ @002 + ap11 |82 |* + aolh + aoon |E2|* + 21183 &2 + ..,
% = 430083 + 411181 | &2 + abool + aly &3 |Gl + il |G| P+,
% = (w8 + by gF3E + by &a |Eo|* 4 blyof1Es + Doy 8385 |8

+ b2 |G+ -

H / !/ !/
with az,, = azpoa200 + 500, 4317 = @3004011 + 41118200 + 311, A9y = A111&011 +
/ . / . / .
a122, byyg = iwazgo + ba1o, by = iwagrr + bop1, byyg = iwasen + ba1oa200 + bato,
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! . ! .
byyy = iwao11 + ba1oao11 + bo21&200 + 221, bpgy = iwgn + bopiaor1 + bozo.

4.3.4 Bifurcations with 5 critical eigenvalues

Double Neimark-Sacker bifurcation

At the NSNS bifurcation we have the matrices

1 0 0 0 0
0 ewrT 0 0 0
My=|0 0 e T 0 ,
0 0 0 giw2T 0
0 0 0 0 e iwT
0 0 0 0 0
0 iwy O 0 0 “6’1 0 8 8
L=[0 0 —iwx 0 0 |,Lo=], _10“’1 w0
0 0 0 iw, O 0 0 02 oy
0 0 0 0 —iwy

We are in a case in which we can apply Theorem 2.28. So we can define a T-periodic
normal form on the center manifold

dt
dr

=14 p(r8), T =Lt +P(x,)

where & = (&1,81,82,8&). The polynomials p and P are T-periodic in T and at
least quadratic in (&1, ¢1, &2, &) such that

d d —— d f:p _
EP(TM:) - %P(TrC)LOC =0, EP(TAZ() + LyP(7,¢) (:P(T ,6)L5¢ = 0.
Writing down the polynomials in a Fourier expansion results in the following equa-
tions

lctJl('fldg pi(¢) + zé‘zdg pi(&) +i=pi(S)
lwlgldg pi(S) +1w252d§ 1(6),
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gpzm(é’) + iwydo—= dg P (&) + iwlpl(l)({;'),
w1 (;Z(p(l)(g) + iwrlr—= P( (&) +iw P ()

= iw16q

dZ
w@—WWQMMQEW%)

dg
1601@1?13( (@) +iw ézZP(z)(C) + iZTmPI(Z)(g)

20 @),

wm?m“@+wm?w“®+wﬂma

WlleP )(5) + iwzgzip( )(g) + iw1P(2) @)
déy g !
27l

= iyt g PEE) + icwrfr OB ok

Since Pz(§1 §1 §2 62) (51 §1 62 62) and P (gl él 67_ 52) are polynomlals it
follows from the equatlons that they are zero if [ 3& 0. So p and P are T-independent

and po(81,¢1,82,82), P, (leé‘l,é‘z,é‘z) and P (&1, &1, 8, &) satisfy
51751270(51,51,52,52) &1 P0(§1 1,82, 82),

dC
Czdgr’o(élﬂfl,ézfz) ?2 C P0(§1 1,82,82),

lep (&1,61,8,8) = 51 (Cl/Cl/§2f€2)+P &, &,6,8),

¢y C
@fﬂ<aa@@>@fﬂkma@m
Cl?P &, &,6,8) = 51 5 P( (81,61,82,82),
Cz?P &,8,0.8) =& 51’ (51,51/52,(32)+P (&1, 80,8,8).

From the first two equations follows that

po(&1,E1,82,8) = pi(IE 1) + ¥ (1E%) + s (&) pal|E2]).
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From the third and fourth equation, we obtain

PV (1,61, 80,8) = G (16 D) + E102(182 ) + E10s (18 P)a(|E]?),

and analogously

P&, 8,8, 8) = Eaxa (18] + Eaxa (18 %) + B (1E P xa(1E2[?),

where all functions are at least linear in their argument.

Assembling all the information gives us the looss normal form (4.15), i.e.

dt
i 14 w1100 |E1]* + o011 €21 + 2000 [E1|* + w0022 | &2
+oqpn |G &+
d .
% = iw1 & + an00¢1 |E1]7 + ar01181 |G + as0081 |G+ ar020871 |E|*

+annér |GG+
d .
der _ iwals + booa1 & |Ea|* + br11o&a €] + boos282 |E2|* + baoioéa | &1 |

dt
+ o &P &+

where the dots denote O(|&|®) terms. Note that the time evolution is of the form

% =1+ a1100 |61 + o011 |E2|* + w2200 11 [* + ooz |82 *
+oqin |G &+

% = iw11 + a1 |61 + @l €1 16l + abaoo [61]* + alonaa |Gl
+ a8 617 162+

% = iws + boom &2 |82 + biiof2 16117 + bhosala €2l + bharol2 181 [*
V& |GG+

where the coefficients with primes are functions of the original coefficients.
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4.4 Generic unfoldings of the critical normal forms

In this section we describe how the coefficients of the critical normal forms can
be used to predict bifurcations of the phase portraits near the critical limit cycles
for nearby parameter values. Certain quantities that are functions of these criti-
cal coefficients, are introduced and used to distinguish between various bifurcation
scenarios.

We first concentrate on the first 8 cases in which we represent the normal form
s (4.4). After a time reparametrization, (4.4) can be rewritten as

dt
a

g _
= b(&)+R(t,8),

where P and R have the same properties as P and R. The equation for & will then
become the nonautonomous system

dE s
= B(@) + R(1,0)

with the right-hand side kT-periodic in t. The kT-shift along orbits of the resulting
autonomous truncated system,

¢=P(Q), (4.22)

will approximate the k-th iterate of the Poincaré map associated with the limit cycle
and restricted to the center manifold, in appropriate coordinates. Notice that the
right-hand side of (4.22) has the same terms as the corresponding equation in the
looss normal form in [59].

This construction can be extended to parameter-dependent systems. In appro-
priate coordinates, a canonical unfolding of (4.22) will approximate the restricted
Poincaré map of the generic two-parameter system (4.1) [59]. The new unfolding
parameters will be denoted as (81, B2).

Note that we study the truncated normal form. Higher order terms, however,
can alter the bifurcation portrait obtained from this truncated normal form. For
a detailed description of the effect of the higher order terms, we refer to [67]. In
the CPC and GPD cases, the general and truncated normal forms are topologically
equivalent.
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4.4.1 Bifurcations with 2 critical eigenvalues
Cusp Point of Cycles bifurcation
In this case, (4.22) takes the form

¢=ct’ ZER,

and the T-shift along its orbits approximates the restricted Poincaré map associated
with the critical limit cycle. Indeed, the T-shift can be obtained by making one
Picard iteration (as discussed in Section 2.3), i.e.

t
o)=n,  &Et)=7g +/0 cn’ds
and thus
>y +cTrl. (4.23)

Further iterations do not change this expansion. The canonical two-parameter
unfolding of (4.23) is (up to a rescaling given by (9.10) in [67])

10— 114 B+ Bay + Ty,

provided ¢ # 0. Fixed points of this equation correspond to fixed points of the
Poincaré maps, i.e. cycles in (4.1). When two fixed points collide at a Limit Point
bifurcation, a Limit Point of Cycles bifurcation occurs in (4.1). The bifurcation
diagram of this equation is shown in Figure 4.1. On the curves Ty and Ty, which
meet tangentially at the Cusp Point of Cyles, two limit cycles collide and disappear.
When detecting a CPC point, the output given by MatCont is the normal form
coefficient c.

Generalized Period-Doubling bifurcation
In this case, (4.22) reduces to
E=e, C€R,

and the 2T-shift along its orbits approximates the second iterate of the restricted
Poincaré map associated with the critical limit cycle. Indeed, by doing one Picard
iteration up to 2T we obtain

1> 1+ 2Ten®. (4.24)
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0 B @ ! T i o B @ 7
@ \ Y o @ £\
\/{ n N/ n
(a)e<o0 (b)c>0

Figure 4.1: Bifurcation diagram of the Cusp bifurcation of the fixed point normal
form.

The canonical two-parameter unfolding of (4.24) when e # 0 is (given on page 416
of [67])

17— (142B1)n —2B2n° + 2Ty,

The fixed point #7 = 0 of this equation corresponds to the fixed point of the Poincaré
map, while symmetric nonzero fixed points of this equation correspond to its period
doubled cycles. Thus, a pitchfork bifurcation in this equation will describe a Period-
Doubling bifurcation of a limit cycle in (4.1). The coefficient of the fifth order term
of the 2T-shift has opposite sign than the one for maps derived in [67]. Therefore,
the behaviour of the system at the bifurcation is the same but with opposite sign
of the normal form coefficient. If e < 0 we obtain the bifurcation diagram reported
in Figure 4.2 (b), in which the Limit Point curve of the period doubled limit cycles

T2 is tangent to the subcritical Period-Doubling branch labeled as Fgl). Ife>0
we are in the opposite situation, depicted in Figure 4.2 (a). The output given by
MatCont is the normal form coefficient e.
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@0

M
@

(a)e>0 (b) e <0

Figure 4.2: Bifurcation diagram of the degenerate Period-Doubling point bifurcation
of the fixed point normal form.

4.4.2 Bifurcations with 3 critical eigenvalues
Chenciner bifurcation
In this case, (4.22) becomes
¢ = iwg +i(c— mw)g[g]* + (e — i(arc — afw + aw))g 5%, (4.25)

and the T-shift along its orbits approximates the restricted Poincaré map associated
with the critical limit cycle. Indeed, this can be shown by making use of Picard
iterations. However, before we can do this, we need to make a change of variables
in order to obtain a quasi-identity flow. By introducing the new complex variable
z = e~ '“F (4.25) can be rewritten as

2 =i(c—aw)z|z|* + (e —i(ayc —adw + l’ézw)) z|z*.
Doing two Picard iterations up to time T, we obtain
z =z +iT(c — mw)z |z

C2T 1 2 2 . 2 4
+T (e -5 +arcTw — ErxlTw +i (wlw —nc — aczw)) zlz|*.
(4.26)
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The canonical two-parameter unfolding of (4.26) is locally topologically equivalent
to the normal form for the degenerate Hopf (Bautin) bifurcation ((9.22) in [67])

z (14 B1)z + (B2 +iT(c — mw))z|z|?
2T 1
+T (e — CT + aqcTw — §a%Tw2 +i (oc%w —nC — oczaJ)) z|z|4,

provided R (e) # 0. The trivial fixed point z = 0 corresponds to the bifurcating cycle
in (4.1), while limit cycles in the (#(z), 3(z))-plane correspond to closed invariant
curves of the approximate Poincaré map, i.e. approximate invariant tori in (4.1).
Note that actual invariant sets of (4.1) can be close to tori but have a much more
complicated structure. The Hopf bifurcation will correspond to the Neimark-Sacker
bifurcation, while the LPC curve at which two limit cycles collide and disappear will
be substituted by a complicated bifurcation set where an "annihilation’ of two closed
invariant curves occurs. This set is however close to the LPC curve, therefore we
will refer to it as the 'Limit Point of Tori curve'.

The sign of the second Lyapunov coefficient L, (as defined on page 420 of
[67]) determines the bifurcation scenario. However, from (4.7) we can derive that
R(e) < 0 corresponds with a stable critical limit cycle and R(e) > 0 with an
unstable critical limit cycle. Therefore, the case R(e) < 0 corresponds with the
case Ly < 0 and R(e) > 0 corresponds with L, > 0. So R(e) and the second
Lyapunov coefficient L, as defined in [67] have the same sign and vanish at the
same time. Since both coefficients have the same effect and L, requires more
computations, we compute R(e) to determine the bifurcation scenario, and we will
call R(e) the second Lyapunov coefficient. When R (e) < 0, the outer invariant
curve is stable and the Limit Point of Tori curve T, is tangent to the subcritical
Neimark-Sacker branch N, as shown in Figure 4.3 (a). When R(e) > 0, the outer
invariant curve is unstable and the Limit Point of Tori curve T, is tangent to the
supercritical Neimark-Sacker branch N_. The output given by MatCont is R(e).

Strong Resonance 1:1 bifurcation
In this case, (4.22) has the form
{ &1 =G, (4.27)

& = alf + bZ18,

where it is assumed that ab # 0. The T-shift along orbits of this system approx-
imates the restricted Poincaré map associated with the critical limit cycle. The
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(b) R(e) >0

Figure 4.3: Bifurcation diagram of the generalized Neimark-Sacker bifurcation of
the fixed point normal form.

canonical two-parameter unfolding of (4.27) is given by the Bogdanov-Takens nor-
mal form (up to a rescaling given by (9.53) in [67])

{ &1 =10,
& = B1 + Bol1 + alt + b&r &,

with bifurcation diagrams depending on the sign of the product ab. Equilibria of this
system correspond to fixed points of the Poincaré map, i.e. to cycles of (4.1), while
its limit cycles approximate closed invariant curves of the map, i.e. invariant tori of
(4.1). The Hopf bifurcation will thus correspond to the Neimark-Sacker bifurcation.
In particular, as shown in Figure 4.4, if the two coefficients have a different sign, the
Neimark-Sacker curve H is supercritical, while in the other case it is subcritical. The
saddle homoclinic bifurcation in the Bogdanov-Takens normal form will correspond
to a complicated sequence of bifurcations through which the torus destructs near a
homoclinic tangle. The output given by MatCont is the product of the coefficients
a and b.
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)a>0,ab<0 (bya>0,ab>0

Figure 4.4: Bifurcation diagram of the Strong Resonance 1:1 bifurcation of the
fixed point normal form. The other two cases in which 2 < 0 can be obtained
by a reflection around the origin of the state portraits and a left-right flip of the
bifurcation diagrams.

Strong Resonance 1:2 bifurcation

If we reparametrize time, (4.22) takes the form
¢ = 52’3 , (4.28)
o = a3 + blids.

The 2T-shift along its orbits approximates the second iterate of the restricted
Poincaré map associated with the critical limit cycle. The canonical two-parameter
unfolding of (4.28) when ab # 0 is ((9.74) in [67])

&1 = Co,
& = B181 + Pala + ali + b1y,
There are four different bifurcation diagrams, determined by the signs of the co-

efficients. The ones with negative b are reported in Figure 4.5. The other two
cases can be obtained by reversing the arrows of the phase portraits and making an
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(a)b<0,a>0 (b)b<0,a<0

Figure 4.5: Bifurcation diagram of the Strong Resonance 1:2 bifurcation of the fixed
point normal form. The other two possible cases in which b > 0 can be obtained
by reversing time and making an up-down flip both of the state portraits and of the
bifurcation diagrams.

up-down flip both of the state portraits and of the bifurcation diagrams. The trivial
equilibrium ¢ = 0 corresponds to the fixed point of the restricted Poincaré map,
i.e. the bifurcating cycle of (4.1), while the nontrivial equilibria are the fixed points
of the second iterate of the Poincaré map and correspond to one period doubled
cycle in (4.1). Thus, a pitchfork implies the Period-Doubling bifurcation F, and
a Hopf bifurcation corresponds to a Neimark-Sacker bifurcation that generates an
invariant torus. More complicated invariant sets and bifurcations are also possible.
The primary Neimark-Sacker curve HW s supercritical (with negative normal form
coefficient) if the critical coefficient b is negative, subcritical otherwise. Moreover,
if a < 0, a secondary Neimark-Sacker curve H®@ is rooted at the R2 point with
opposite criticality of the primary one. The output given by MatCont is (a,b).

Strong Resonance 1:3 bifurcation

In this case, (4.22) takes the form
& =03+ cge)?, ¢eC. (4.29)

The 3T-shift along its orbits approximates the third iterate of the restricted Poincaré
map associated with the critical limit cycle. The canonical two-parameter unfolding
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of (4.29) when b # 0 and R(c) # 0is ((9.88) in [67])
¢ = (B1+ip2)¢ + b3 +cCIE[>

Its trivial equilibrium corresponds to the bifurcating limit cycle, while three nontrivial
equilibria correspond to fixed points of the third iterate of the Poincaré map, i.e.
the cycle in (4.1) with triple period. Moreover, a limit cycle in the (R(&), 3(¢))-
plane approximates a closed invariant curve of the Poincaré map, i.e. an invariant
torus in (4.1). So a Hopf bifurcation corresponds to a Neimark-Sacker bifurcation.
As can be seen in Figure 4.6, if R®(c) < 0, the Neimark-Sacker bifurcation N is
supercritical (with negative normal form coefﬁcient) while in the other case it is
subcritical. The output given by MatCont is (b, ®(c

z&@ @“ﬁ‘
W/ fé\ﬁ@‘%

1

% By
oy 7@7@

Figure 4.6: Bifurcation diagram of the Strong Resonance 1:3 bifurcation of the fixed
point normal form.

Strong Resonance 1:4 bifurcation

Here, (4.22) has the form
¢ =cglg?+dE, cec. (4.30)

The 4T-shift along its orbits approximates the fourth iterate of the restricted Poincaré
map associated with the critical limit cycle. The canonical two-parameter unfolding
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of (4.30) when the complex product cd # 0 is ((9.98) in [67])
¢ = (B +ipa)d +cg|g|* +ad

and its equilibria, cycles, and their bifurcations have the standard interpretations
in terms of the original system (4.1). In particular, nonzero equilibria correspond
to the fixed points of the fourth iterate of the Poincaré map, i.e. one cycle with
an approximate period of 4T in (4.1). The bifurcation diagram of the unfolding
depends on the complex number

c

[d]

(see [65,67] and references therein). Many topologically different bifurcation dia-
grams can be found near the R4 point. The analysis, if one excludes higher codi-
mension situations, can be reduced to 22 different cases. First of all, by analyzing
the unfolding, one can divide the A-plane into two big regions: in the semiplane
R(A) < 0 the primary Neimark-Sacker bifurcation is supercritical, in the semiplane
R(A) > 0it is subcritical. What happens in the semiplane (A) > 0 can therefore
be obtained from the semiplane $2(A) < 0 by inverting the direction of the vector
fields and doing the transformation f — —B. We can further reduce the analysis
to the third quadrant of the A-plane, since the 12 possible cases are topologically
equivalent paired through the transformation & — &. The different regions are
shown in Figure 4.7, in which some curves are computed numerically.

Figure 4.8 and Figure 4.9 show the possible bifurcation diagrams with the
sketches of the phase portraits for the Poincaré maps in the case R(A) < 0.
We use the following notation:

A:

N: Neimark-Sacker bifurcation. In regions VII and VIII there is also a Neimark-
Sacker bifurcation of the period 4 limit cycle.

T: Fold bifurcation of the period 4 limit cycles. There are three possibilities.
Superscript in, on or out means that the bifurcation happens inside, on or
outside a 'big’ invariant curve.

H: Homoclinic connection of the period 4 saddle limit cycle. Superscript S means
that the born invariant curve is smaller than the limit cycle (a square look-
ing homoclinic connection), C that it is bigger (a clover looking homoclinic
connection), and L means that the born invariant curve is around the pe-
riod 4 limit cycle; subscript + (-) means that the saddle quantity is positive
(negative), and thus the born invariant curve is repelling (attracting).
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3(A) o

R(A)

Figure 4.7: Partitioning of the A-plane into topologically different regions.

F: Fold bifurcation of the tori.

The

110

output given by MatCont is (A, d).
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Figure 4.8: Bifurcation diagrams locally to the Strong Resonance 1:4 bifurcation in regions | to IV of the
semiplane R(A) < 0 of Figure 4.7. The cases in which $#(A) > 0 can be obtained by the transformation
t— —t, p— —B.
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Figure 4.9: Bifurcation diagrams locally to the Strong Resonance 1:4 bifurcation in regions V to VIII of the
semiplane R(A) < 0 of Figure 4.7. The cases in which #(A) > 0 can be obtained by the transformation
t— —t, p— —B.
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Fold-Flip bifurcation

In this case, (4.22) has the form

{él
&

The 2T-shift along its orbits approximates the second iterate of the restricted
Poincaré map associated with the critical limit cycle. Indeed, the 2T-shift of (4.31)
is the same, up to cubic terms, as the 1-shift of

2082 + agaC3 + (as0 + a0) & + (a12 + an)E183,
bl + (bar + b11)EE + boss.

(4.31)

{61 = 2Tl + 2Tayl5 + 2T (az0 + a20) &7 + 2T (a12 + a02)E183, (4.32)
& = 2Tby 18 + 2T (byy + b11)E3 &2 + 2Thoa G-
System (4.32) is topologically equivalent with
O =a103+0185+ (c1 —a}) 3} + (d1 — arby + 1) 13, 033)
4.33

lo=—01r+ %(m —1)030 + %bngf

since this second system can be obtained (neglecting higher order terms) from (4.32)
using the transformation

01 = —2b11T& — 2T (b1y + by + azobi1 T + b3, T) &3 — 2T (bos + aoab11 T)E3,
0o = 2b11To.

This transformation should be invertible, so one nondegeneracy condition is involved,
namely

by # 0.

If this condition is satisfied, the system can be put in the form (4.33), where the
constants are defined as

aso ag app + azp + ZCI%OT
a = —7— by = 7 7 1 = 2 ’
iy = —2ap0bo3 + 3agab11 + a12b11 + 2b3bi1 + 2a02b21 + 2402020011 T + 6ag2b%, T
B 203, T '
11
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If b11 # 0, the canonical two-parameter unfolding is provided by ((9.120) in [67])

{1 =PB1+ (—mP1 + B2)1 + @it + 0135 + (c1 — a1) 3 + (d1 — arby + 1) (103,

L = %ﬁléz — 010+ %(ﬂﬁ — 1)1 + %blgg'

Its equilibria and cycles have standard interpretations in terms of the original sys-
tem (4.1). In particular, equilibria with {» # 0 correspond to a period doubled
cycle, while a Hopf bifurcation represents a Neimark-Sacker bifurcation of this cycle
in (4.1). Bifurcations of limit cycles approximate torus bifurcations. The critical
coefficients allow to determine what bifurcation scenario takes place. In particu-
lar (see [67,73] for more details), three additional nondegeneracy conditions are
involved:

e if apy # 0 there are two limit cycles that collide and disappear (on F);
e if app # 0 a period doubled limit cycle is born (on P);

e if agpb;1 < 0 a nondegenerate torus bifurcation NS occurs for the period
doubled cycle, with a Lyapunov coefficient that might differ by a positive
factor from

Cns = —2ax0baiagy + 6b3aZ + (—2anaby1 — 6axag + 2ax0bes — 3a02a30

— a1pa20)b11 + by (a2 — ap),
provided Cyg # 0.

In Figure 4.10 four possible scenarios are reported depending on the sign of the
normal form coefficients. The output given by MatCont is (b11, 420, 402, Cns)-

4.4.3 Bifurcations with 4 critical eigenvalues

We now concentrate on the last 3 cases in which the original looss representation
is used as starting normal form. These normal forms are closely related to the
normal forms for the Zero-Hopf and Hopf-Hopf bifurcations of equilibria. We can
consider an unfolding of the corresponding bifurcation and study its canonical local
bifurcation diagram for nearby parameter values. One can transform the restricted
system into a parameter-dependent normal form in which the ¢-equations have a
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(a) azob11 <0, agpbyy <0 (b) axobi1 <0, agabyy >0

(c) axob11 > 0, agrby <0 (d) aob11 > 0, agpby; >0

Figure 4.10: Bifurcation diagrams of a Fold-Flip bifurcation of the fixed point normal
form.

T-independent principle part and higher order terms that are kT-periodic in T with
k =1 for LPNS and NSNS and k = 2 for PDNS. Below we describe bifurcations of
these principle parts, i.e. the truncated parameter-dependent autonomous normal
forms. Since the dynamics is determined by the {-equations, we first focus on
their bifurcations by discussing the correspondence and the interpretation of the
bifurcation diagrams of the generic unfoldings of the LPNS, PDNS and NSNS
bifurcations. We then interpret the appearing bifurcation diagrams for the original
system (4.1).
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Limit Point-Neimark-Sacker bifurcation

Generically, a two-parameter unfolding of (4.1) near this bifurcation restricted to
the center manifold is smoothly orbitally equivalent (with possible time reversal) to
a system in which the equations for the transverse coordinates have the form (see
Lemma 8.10 and expression (8.77) on page 336 in [67])

% b sl +olE M,
d'g (4.34)
T2 = (B +iw))T+ (0 +9)30 + 32+ 0.4, D),

where the O-terms are T-periodic in T. This system is similar to the normal form
for the Zero-Hopf bifurcation of equilibria (cf. Theorem 8.6 on page 338 in [67]).
In Figure 4.11 the four possible bifurcation diagrams of the amplitude system for
(4.34) without the higher order terms, i.e.

Z—g = B1 + & + 507,
i (4.35)
- =p(p2+62+8%),

are reported depending on the sign of the normal form coefficients s and 6 [67].

Let us now discuss the interpretation of the phase portraits in the (¢, p)-plane
of the truncated amplitude system in the context of the bifurcating limit cycle.
The fixed points or limit cycles have additional dimensions from the phases of the
periodic orbit itself plus the phases ignored in the reduction to the amplitude system.
We note that in the amplitude system the vertical direction always corresponds to a
Neimark-Sacker bifurcation, but that the horizontal component of the phase space
has a different meaning. For LPNS, equilibria on the horizontal axis correspond to
limit cycles. Equilibria off the horizontal axis correspond to invariant 2-dimensional
tori T2 and the periodic orbit that exists if s& < O corresponds to an invariant
3-dimensional torus T3.

The critical values of s and 6 can be expressed in terms of the coefficients of
(4.13) as

s = sign (ax004011), 0 = Bbuo)
a200

These values determine the bifurcation scenario. For sf < 0, a 3-torus appears
in the unfolding via a Neimark-Sacker bifurcation T. The stability of this torus is
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%\ SUN

(c)s=1,0<0

Figure 4.11: Bifurcation diagrams of the truncated amplitude system (4.35) for the
LPNS bifurcation.

determined by the third order terms in (4.13). Indeed, the sign of the corresponding
first Lyapunov coefficient for the Hopf bifurcation in (4.35) is opposite to that of 6
but the ‘time’ in (4.34) is rescaled with factor

R(bo21) ~ 3azgo + a111 ) _ bozﬂzoo)
ao11 2a200  2ao11 ao11

E=% (bzw + b11o (

(see page 337 in [67]). If E -1y < 0, a stable 3-torus appears, if E-I; > 0, the
3-torus is unstable. The output given by MatCont is (s,6,E).
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Note that Figure 4.11 presents bifurcations of the truncated system (4.34) that
only approximates the full normalized unfolding. In particular, the orbit structure
on the invariant tori can differ from that for the approximating system due to phase
locking. Moreover, the destruction of T3 via a heteroclinic bifurcation P in case
(c) of Figure 4.11 becomes a complicated sequence of global bifurcations involving
stable and unstable invariant sets of cycles and tori. All these bifurcations, however,
occur in the exponentially small parameter wedge near the heteroclinic bifurcation
curve P. For detailed discussions of the effects of the truncation, also in the PDNS
and NSNS cases, we refer to [71,95] and references therein.

Period-Doubling-Neimark-Sacker bifurcation

Generically, a two-parameter unfolding of (4.1) near this bifurcation restricted to the
center manifold is smoothly orbitally equivalent to a system in which the equations
for the transverse coordinates have the form (see Lemma 8.14 on page 354 of [67])

dv

dTl = B1v1 + Priv} + Piooy |02 + S101 [0a|* + O(| (01,02, 52)[°),

do . j +
TTZ = (By + iw ) vy 4 Poy 020y + Prvy |02]* + Syvtvs + iRov; |0 (4.36)

+0(|(v1,v2,52) %),

where the O-terms are 2T-periodic in T. This system is similar to the normal form
for the Hopf-Hopf bifurcations of equilibria (cf. Theorem 8.8 on page 357 in [67]).
The amplitude system for (4.36) without the higher order terms is

dr
*drl =r1(B1 + puri + pi2r3 +s173),
(4.37)
dry 2 2 4
7 = (B2t pari + pury +sr1),

where

P11 = P11, p12 = Pra, po1 = R(Pa1), p2o = RN(Pr2), 51 = S1, 52 = N(S2)-

The values of pjx and s;, for j, k = 1,2, and the quantities

p22 pu P2 P11
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indicate in which bifurcation scenario we are (see Section 8.6.2 in [67]).

In the 'simple’ case where p11p22 > 0, there are five topologically different
bifurcation diagrams of the truncated amplitude system (4.37), corresponding to
the following cases:

. 6>0,6>006>1
. 6>0,0>0,00 <1
. 6 >0,6<0

IV. 6 <0, <0,06 <1
V. 0<0,6 <066 >1.

If 5 > 0, reverse the role of 6 and §. Each case corresponds with a region in the (6,
8)-plane, see Figure 4.12 (a). The parametric portraits belonging to the different
regions can be seen in Figure 4.13 (a), with corresponding phase portraits in the
(r1,72)-plane in Figure 4.13 (b). The phase portraits are only shown for the case
p11 < 0 and ppp < 0. The case p;; > 0 and pyy > 0 can be reduced to the
considered one by reversing time.

In the "difficult’ case where p11p22 < 0, however, there are six essentially differ-
ent bifurcation diagrams:

l.0>1,6>1
n.6>1,6<1,66 >1
. 6>0,6>000 <1
V. 6>0,6<0
V. 0<0,6<0,06 <1
VI. 0 <0,6 <0,606 > 1.

The regions in the (6, §)-plane are shown in Figure 4.12 (b). The related parametric
portraits and phase portraits of (4.37) are given in Figure 4.14. Only the case
p11 > 0 and ppp < 0 is presented, to which the opposite one can be easily reduced.
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(a) (b)

Figure 4.12: (a) The five subregions in the (6,d)-plane in the 'simple’ case. (b)
The six subregions in the (6,6)-plane in the 'difficult’ case.

We note that Section 8.6.2 in [67] for the 'difficult’ case contains a few errors in
the figures and in the asymptotic expression for the heteroclinic bifurcation curvel.
Therefore, for completeness, we provide the correct asymptotics in Section 4.A.

The critical values of Py and S; can be expressed in terms of the coefficients of

(4.14) as
Pi1 = az00, P12 = a111, R(Pa1) = R(baig), R(Pr2) = R(bo21),
and
(baa1) , R(bo32) QSOO%(bom))
S1=ay»+a
P ( R(bao) ~ R(box)  az00R(baro)
a311 as00 01300?}3(17032))
R(Sy) = R(b + R(b — 2=
(52) (baro) (b210) ann a0 111 R (boxr)

(see page 356 in [67]).

LUnfortunately, there is also a minor misprint in our earlier 'correction’ for the heteroclinic curve

given in [71].
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Figure 4.13: Bifurcation diagrams of the amplitude system (4.37) for the PDNS
and NSNS bifurcations: (a) Parametric portraits in the 'simple’ case. (b) Phase
portraits in the 'simple’ case.

The fifth order terms in (4.14) determine the stability of the tori in the 'difficult’
cases. In fact, the sign of the first Lyapunov coefficient for the Neimark-Sacker
bifurcation is given by (see Section 4.A)

sign 11 = —sign (3(0(8 — 1)A +6(6 — 1)©)). (4.38)

The output of MatCont is (p11, p22,6,96,sign I1).

For PDNS we have an interpretation analogous to LPNS, but the invariant sets
may be 'doubled’. The origin always corresponds to the original limit cycle. Other
fixed points on the vertical axis represent the period doubled limit cycles, while
a fixed point on the horizontal axis corresponds to a T2. Fixed points off the
coordinate axes correspond to doubled tori T? and periodic orbits correspond to
T3. As in the LPNS case, Figure 4.13 and Figure 4.14 present bifurcations of the

121



CHAPTER 4. NORMAL FORMS

H ,

Y
®
c G\ \®
N
© B,

IR
IONSYE =

~,
/@)
=

T
I
¢

<
O,
@\

(b)

Figure 4.14: Bifurcation diagrams of the amplitude system (4.37) for the PDNS
and NSNS bifurcations: (a) Parametric portraits in the 'difficult’ case. (b) Phase
portraits in the 'difficult’ case.

truncated amplitude system that only approximates the full normalized unfolding. In
particular, one has to be careful with "torus doubling’, which is in fact a complicated
quasi-periodic bifurcation [79, 96].

4.4.4 Bifurcations with 5 critical eigenvalues

Double Neimark-Sacker bifurcation

Generically, a two-parameter unfolding of (4.1) near this bifurcation restricted to the
center manifold is smoothly orbitally equivalent to a system in which the equations
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for the transverse coordinates have the form (see Lemma 8.14 on page 354 of [67])
dv . )
T’E = (,B + zwl)vl + P117J1 |Ul ‘2 + Plzvl |02|2 + 1R101 |01|4 + S17J1 |Uz‘4
+0(/(2,9)[°),
doy _
dt
+0((0,0)[°),

(,Bz + iwy)vg + Prv;p |1 ‘2 + Py0; |Uz|2 + Sovp |1 ‘4 4+ iRpv; |Z)2‘4

(4.39)
where the O-terms are T-periodic in T. Neglecting this periodicity, system (4.39)
is the normal form for the Hopf-Hopf bifurcation of equilibria (cf. Theorem 8.8 on
page 357 in [67]).
The truncated amplitude system for (4.39) is given by (4.37), where now

p11 = R(P11) = R(az2100), p12 = R(P12) = R(a1011),
p21 = R(Pa1) = R(b1110), p22 = R(Pa2) = R(boo21),

and
51 = %(51)
B R(biiz1)  ,R(booz2)  R(azz00) R (boo21)
= R(a1022) + R(a1011) (ﬂ?(bmo) 25)%([70021) §R(a2100)§R(b111o)) '
Sy = §R(52)
- R(aa1) . R(az00)  R(a2100)R(boos2)
= R(b2210) + R(b1110) (%(ﬂj(l)ﬂ) - zﬂ%(azjgg) B %(ai;??)%(bggi)) '

The output of MatCont is (p11, p22,0,d,sign h).

Although the phase portraits of the truncated amplitude system are the same as
for PDNS, their interpretation is slightly different, since they 'live’ in the (|v1], |v2])-
plane. Here, on both axes the fixed points correspond to invariant 2-dimensional
tori T for the original system. Fixed points off the coordinate axes and limit cycles
correspond to T3 and T#, respectively. The usual remark on the approximate nature
of the bifurcation diagrams applies here as well.

4.5 Conclusion

In this chapter we discussed the normal forms of codim 2 bifurcations of limit
cycles. Although in [17,59] periodic normal forms for some codim 2 bifurcations
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of limit cycles were presented, neither of these publications treated all 11 codim
2 local bifurcations of limit cycles. We have presented quantities in terms of the
normal form coefficients that allow to pick the right bifurcation scenario for each
specific case. Of course, we need explicit formulas for these critical coefficients.
This problem will be tackled in the next chapter. There, we will propose an efficient
method for the computation of the normal form coefficients.

4.A Bifurcations of the amplitude system for Hopf-
Hopf bifurcation in the 'difficult’ case

Here, we derive quadratic approximations of the Hopf and heteroclinic bifurcation
curves for the Hopf-Hopf amplitude system (4.37). By introducing new phase vari-
ables and rescaling time, (4.37) can be rewritten as

x _( x(p1 +x — 0y + Oy?)

y y(Ba+ox—y+Ax?) )
Remark that / represents the derivative w.r.t. the rescaled time. The main results
are

P1,Hopf = _2:152 - L= 1)(?_+1()93_ 1)Aﬁ%f
o 6-1 00(5 —1)3 + 6A(0 —1)3
Prie = =5 1Pt (513200 — 6 - 0) &l
i =—6(8(6—-1)@+6(0—1)A).

For the Hopf bifurcation curve we impose the conditions x’ = 0,5/ = 0 and
%—’;/ + %—yy/ = (. Solving a series expansion yields the result for the Hopf curve. Next,
the first Lyapunov coefficient I; is computed using the invariant formula (5.39)
from [67], from which (4.38) follows.

For the heteroclinic curve we proceed as follows. We assume 4,0 < 0 and
00 — 1 > 0 and we transform variables to obtain a system that is a perturbation of
a Hamiltonian system. This enables us to formulate a Melnikov function. Setting
this function to zero yields an equation from which we extract the quadratic ap-
proximation to the heteroclinic curve. Introducing the transformation (7%, x,v, 81,
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B2) — (exP~1ya=1%, ex, ey, cre + c2€?, €) where

L 6=1 1= 19
=P T 1T T -1

then we obtain
x' 1 g1 ( x(c1+x—0y) 1 g1 cox+Oxy?
— yP—1,0-1 1 Y p—1,4-1 2 y
(y’> Y (y(1+5x—y) )+€x I ( Ayx® )
which for ¢ = 0 is a Hamiltonian system with Hamiltonian
1 1
H(x,y)—Pxpyq( 1+g x+y)

Define g1 = xPy11(cy + ®y?) and g = AxPTlyl. The Melnikov function along
the nontrivial critical curve H(x,y) = 0 is given by the following integral

M(h) = - g1dy — godx

=l Py (cy + Oy?)dy — AxPTyldx
H=

A
_ p,,q—1 @2 q p+2q1>d
H_h(xy (c2 4+ @y") + T ) dy,

where we have used Green's Theorem to convert the dx term to dy. Now along the

nontrivial critical curve H(x,y) = 0 we have x = g%%(l —y) so that

M(0) = (g_i)p'/o'l(l_y)pyq 1 <c2+®y + (g_i) qu2(1_y)2> dy

91)2 gA

~ Czlp,q—l + ®Ip,q+1 + (5 1 7?’ )

Ip+2,q—1/

where we defined

I(1+a)T(1+40b)
I(24+a+b)

1
Ly = [ (L= y)ydy =
Solving M(0) = 0 and substituting p, g we obtain

00(5 —1)% —6A(1—0)3
(6—-1)3(200 —6—6)

Cr =
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As a final check we consider the difference between the Hopf and heteroclinic curves

- . ((59 — 1)11 2
B1,HET — B1,HOPF = 5(6 —1)3(260 — 6 —0) P

We see that the curves coincide precisely when the Hopf bifurcation is degenerate.
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Numerical Periodic Normalization
for Codimension 2 Bifurcations of
Limit Cycles — Computational
Formulas

In this chapter we derive for all codimension 2 bifurcations of limit cycles the
normal form coefficients that are needed to determine the bifurcation scenario
near the bifurcation point.

5.1 Introduction

In generic systems of the form
x=f(x,a), xeR", a €R?, (5.1)

depending on one control parameter (i.e. with p = 1), a hyperbolic limit cycle exists
for an open interval of parameter values a. At a boundary of such an interval, the
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limit cycle may become nonhyperbolic, so that either a Limit Point of Cycles, or a
Period-Doubling, or a Neimark-Sacker bifurcation occurs. In two-parameter generic
systems (5.1) (i.e. with p = 2) these local bifurcations happen at certain curves in
the parameter plane. These curves of codim 1 bifurcations can meet tangentially or
intersect transversally at some codim 2 points characterized by a double degeneracy
of the limit cycle. These codim 2 points play the role of organizing centers for local
dynamics, i.e. near the critical cycle and for nearby parameter values. In some
cases, such codim 2 bifurcations imply the appearance of nearby 'chaotic motions'.

The codim 2 bifurcations of limit cycles in generic systems (5.1) are well under-
stood with the help of the corresponding Poincaré maps and their normal forms
(see [3-5,51,58,67]). Indeed, in the Poincaré map, the limit cycle is a fixed
point and one can use techniques developed for maps to obtain the critical nor-
mal form [51,71]. However, applications of these results to the analysis of concrete
systems (5.1) are exceptional, since they require accurate higher-order derivatives
of the Poincaré map that are hardly available numerically [55,57,70, 92].

This may be done by using software such as cAPD [1] and TIDES [2,8]. These
packages allow one to compute up to any precision level the solution of an ODE
using a Taylor series method in a variable stepsize - variable order formulation. The
software can also compute, up to any order, the partial derivatives of the solution
with respect to the initial conditions. When applied to compute a periodic orbit
by a shooting method, this will also provide the derivatives of the Poincaré map.
Alternatively one could integrate the variational equations [90] or use automatic
differentiation [57,70] to obtain the derivatives of the Poincaré map.

All these methods, however, have some drawbacks that make them less (time)
efficient. First, these are shooting methods that are difficult to use in a continua-
tion context. Also, a shooting method does not have the high order convergence
properties of the method of approximation by piecewise polynomials with colloca-
tion in the Gauss points (that is used in MatCont, as discussed in Section 2.8.2).
Moreover, the number of derivatives of the Poincaré map to be computed is O(nk)
if derivatives up to order k are needed (sometimes k = 5). Even for moderate values
of n this involves a great deal of unnecessary work since in our situation the normal
form itself is known in advance and we only need to compute its coefficients.

There is an alternative technique that is more suitable in the context of numerical
continuation of periodic orbits using collocation and that avoids the computation
of the Poincaré map and their derivatives. Indeed, recently a numerical method to
analyse codim 1 limit cycle bifurcations has been developed in [68]. It is based on the
periodic normalization proposed in [44,59,60]. The computation of the normal form
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coefficients is reduced to solving certain linear boundary value problems, where only
the partial derivatives of the right-hand side (RHS) of (5.1) are used, and evaluating
certain integrals.

This chapter consists of the derivation of explicit formulas for the normal form
coefficients for all codim 2 bifurcations of limit cycles (see Table 2.2). We order
the different cases by the dimension 7. of the cycle center manifold. The formulas
for the critical coefficients are independent of the dimension of the phase space and
involve solutions of certain BVPs on the interval [0, T], where T is the period of
the critical cycle, as well as multilinear functions from the Taylor expansion of the
right-hand side of (5.1) near the cycle.

In the LPNS, PDNS and NSNS cases, the critical coefficients impose a distinc-
tion between a 'simple’ and a 'difficult’ situation. In a 'simple’ situation, terms up
to the second order in the LPNS case and up to the third order in the PDNS and
NSNS cases are sufficient to determine the bifurcation scenario. These terms are
listed in the next section. However, in a 'difficult’ situation, also the third order
terms in the LPNS case and the fourth and fifth order terms in the PDNS and
NSNS cases are needed. We have listed these higher order terms in Section 5.A.

5.2 Computation of critical coefficients

Our aim in this section is to derive expressions for the critical coefficients in the
normal forms derived in the previous chapter. We first sketch the general idea that
we will use in all the codim 2 bifurcations of limit cycles.

Assume that system (5.1) has a nonhyperbolic limit cycle T'. Then, there exists
an n¢-dimensional invariant center manifold, parametrized by w € R"¢, such that

u=H(w), H:R"—R" (5.2)

The restriction of the differential equations to the center manifold is represented by
some normal form

w=G(w), G:R'"— R"™. (5.3)
Substitution of (5.2) and (5.3) into

i = F(u), (5.4)
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i.e. the restriction of (5.1) to the critical parameter values, gives the following
homological equation

Hy(w)G(w) = F(H(w)). (5.5)

To obtain an approximation to the solution, we expand the functions G and H in
(5.5) into multivariate Taylor series, i.e.

Gw)= Y, %ngv, H(w) = ), —huw'

Wiz YV wiz1Y

Note that for a multi-index v = (v1, vy, ..., V%) it holds that v! = vy!v,! ... v, ! and
[v| =11 +v2+... 4+ 1. The coefficients g, of the normal form and the coefficients
hy of the Taylor expansion for H(w) are unknown but they will be derived from the
homological equation by a recursive procedure. Indeed, by collecting the coefficients
corresponding to the w-terms, we obtain a linear system for coefficient hy, i.e.

th =Ry,

where L = £ — A+ g(u) with g(u) a function of the critical multipliers. The
right-hand side R, depends on the coefficients of H and G of order less than or
equal to |v|, as well as on terms of order less than or equal to |v| of the Taylor
expansion (4.3) of F. Now, there are two possibilities. Either L is nonsingular.
Then, the order v term is nonresonant, which means that g, does not appear in the
normal form (5.3). Or L is singular. Then, the Fredholm solvability condition is
involved, i.e.

T
/0 (p,Ry)dT =0,

where p is a null-vector of the adjoint operator L*. Indeed,

T T T
/(p,RV>dT:/ (p,th>dT:/ (L*p, hy)dt = 0.
0 0 0

When R, depends on the unknown normal form coefficient gy, L is singular and the
Fredholm solvability condition gives the expression for g, .

So following this homological equation approach [11], we can find the T-,
2T-, 3T- or 4T-periodic unknown functions h, by solving appropriate BVPs on
[0, T]. The coefficients of the normal forms arise from the Fredholm solvability
conditions applied on the RHS of the ODEs as integrals of scalar products over
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[0, T], involving nonlinear terms of (5.4) near the periodic solution 1, as well as
the critical (generalized) eigenfunctions and already known expansion terms of the
center manifold.

The linear parts in the homological equation determine the critical (generalized)
eigenfunctions. The higher order terms lead to expressions for h, so that a better
approximation for the center manifold is obtained. Note that the computation of
an order k normal form coefficient demands only an order k — 1 approximation of
the center manifold. Of course, not all terms up to the order k — 1 are needed.
Note also that in the case of a complex multiplier the relation hv,-v]— = W holds
for the appropriate positions v; and v; in the multi-index v, corresponding with the
positions of the complex conjugate multipliers.

The functions hy, in the Taylor expansion are usually unique up to the addition
of a multiple of a known eigenfunction. This can be fixed by adding an integral con-
dition. Among other things this leads to the fact that normal form coefficients are
not unique but implications for the underlying dynamical systems are independent
of this. We also remark that the solvability of all the equations up to the maximal
order of the normal form has to be checked. Also note that the coefficients in the
equation for the cyclic variable will only be computed when needed for the compu-
tation of other critical coefficients. Finally, we remark that certain nondegeneracy
conditions have to be fulfilled. If this is not the case, we are in a degenerate case.

In the codim 2 bifurcations where the center manifold is 4- or 5-dimensional, a
distinction is made between 'simple’ and "difficult’ cases in the bifurcation scenarios.
The stability of the extra torus appearing in the 'difficult’ cases is determined by
up to third order terms for the LPNS bifurcation and up to fifth order terms for
the PDNS and NSNS bifurcations. In the 'simple’ cases, second order derivatives
are sufficient to determine the behaviour in the LPNS bifurcations and third order
derivatives are sufficient in the PDNS and NSNS bifurcations. Therefore, we restrict
our computations in this section to second order terms in the LPNS case and up
to and including third order terms in the PDNS and NSNS cases. The expressions
of the third order coefficients for LPNS and fourth and fifth order coefficients for
PDNS and NSNS are given in Section 5.A.
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5.2.1 Bifurcations with a 2D center manifold

Cusp Point of Cycles bifurcation

The two-dimensional critical center manifold W¢(T') at the CPC bifurcation can be
parametrized locally by (7,&) € [0, T] x R as

u =uy(t) + &o(t) + H(T, &), (5.6)

where H satisfies H(T,¢) = H(0,{) and has the Taylor expansion

H(1,8) = gha(0)@ + gha(0)E +O(1Zl*) (57)

with ;(T) = h;(0), for j = 2,3, while the generalized eigenfunction v is defined
(as function of T) by

v— A(t)v—F(up) =0, T€[0,T],
o(T) —0v(0) =0,

5.8
) (58)
/ (0, F(up))dt = 0.
0
Note that in the rest of this chapter the dot denotes the derivative with respect to
T. The function v exists due to Proposition 2.26. Let ¢* be a nontrivial solution
of the adjoint eigenvalue problem

p* + AT(1)9p* =0, T€[0,T],
{ ¢+ AN(D)g" =0, T 0] 59)
¢*(T) —¢"(0) =0,
and the generalized adjoint eigenfunction v* a solution of
" + AT (T)o* + ¢* =0, T €[0,T],
v+ AN (T)0" + ¢ T€e[0,T] (5.10)
v*(T) —v"(0) =0,

which is now defined up to the addition of a multiple of ¢*. Note that the first
equation of (5.8) implies

[t Fa)) de = [ o0 - Aoy dr=— [ (g + 470", oo
5.11
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for ¢* satisfying (5.9). Moreover, due to spectral assumptions at the CPC-point,
we can also assume

/OT (¢*,v)dt = 1. (5.12)

Notice that this assumption gives us another normalization condition for free, since
taking into account (5.8) and (5.10) we have

T T
/0 (0", F(up))dt :/0 (0%, — A(T)o) dt
T
= _/0 (0* + AT (1)v%,0) dt
T *
:/o (¢*,v)ydt
=1.

So we have normalized the eigenfunction of the adjoint problem w.r.t. the gener-
alized one of the original problem and the generalized eigenfunction of the adjoint
problem w.r.t. the eigenfunction of the original problem. So ¢* is the unique
solution of the BVP

¢+ AN (1)p* =0, T€[0,T],

T
/ (¢*,v)dt—1=0.
0

We still need an integral condition for the adjoint generalized eigenfunction v*. In
all cases, for the computation of an adjoint generalized eigenfunction we will require
the inproduct with an original eigenfunction to be zero. Here, the inproduct with v
is appropriate. Therefore, we obtain
o* + AT(T)o" + ¢* =0, T€[0,T],
* * _
T
/ (v*,v)dt = 0.
0
Now, we substitute (5.6) into (5.4), using (4.3), the CPC normal form (4.5), and
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(5.7). This gives
g+ ¢ (0 — 11g) 4 &2 (oc]uo — 0+ ;h2> + 3 (azuo + 010 — %hz + %h?, + cv)
+0(1g14) = Fluo) + A(D)0 + 38 (A(0)hs + B(1;0,0)) + £8° (A(2)ly
+3B(7; hp,v) 4+ C(T;0,0,0)) + O(JE[*).

Collecting the ¢O-terms we get the identity 119 = F(ug), since ug is the periodic
solution of (5.4). The ¢!-terms provide another identity, namely © — 11y = A(T)v,
as stated in (5.8).

By collecting the &2-terms we obtain an equation for h,

iy — A(T)hy = B(T;0,0) + 20 — 2aytig. (5.15)

The differential operator % — A(7) in the left-hand side is singular in the space of

vector functions on [0, T] satisfying hy(T) = hy(0), since i is in its kernel. Now,
we project the left-hand side of (5.15) on the adjoint null-eigenfunction, i.e. we
take the scalar product with ¢* pointwise and integrate the result over [0, T] to
obtain

AT<¢*’ (ai— B A(T)) */ ( +AT( )) ¢*, hy) dT =0,

due to (5.9). Therefore, the projection of the right-hand side of (5.15) on ¢* also
has to vanish, i.e.

T T
/ (¢, B(T;0,0) + 20 — 2aq11p) dT = / (¢*, B(T;0,0) + 2A(T)v) dT =0,
0 0

due to (5.11). This represents the Fredholm solvability condition, discussed at the
beginning of this section. Notice that this condition is actually trivially satisfied,
due to the fact that we are at a CPC-point, for which holds that the second order
normal form coefficient (see [68])

= %/{;T@*,B(T;v,v) +2A(t)v) dt

vanishes. Hence equation (5.15) is solvable, independent of the value of a1. For any
value of wq we get an equation for h, to be solved in the space of vector functions
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on [0, T satisfying hp(T) = hy(0). Notice that if hy satisfies (5.15), hy + €F (up)
also satisfies (5.15), due to the fact that F(uy) = 1i9. The orthogonality condition

with v* determines the value of € such that we can define h; as the unique solution
of

iy — A(T)hy — B(T;0,0) — 2Av — 2F (ug) +2a1F(ug) =0, T € [0, T],
hy(T) — h2(0) =0,
/OT(U*,h2> dt = 0.
(5.16)

Collecting the #3-terms we obtain an equation in k3 that allows us to determine the
normal form coefficient ¢ of the CPC normal form (4.5), namely

hg, — A(T)I’lg, = —6aytlg — 6010 + 3h2 — 6cv + 3B(T,‘ hy, U) + C(T; 0,0, U).
The Fredholm solvability condition implies that
T .
/ (¢, —6ayiiy — 6010 + 3hy — 6cv + 3B(T; hp,v) + C(T;0,0,0)) dT = 0.
0

Making use of (5.8), (5.12) and (5.11), we then obtain the expression

T
¢ = é | {97, ~6m A()0 + 3A(0)h + 3B(1;0,0)
0
+ 6A(T)v+ 3B(T; hp,v) + C(7;0,0,0)) dt

where v and ¢* are defined by (5.8) and (5.13), respectively, while hy satisfies
(5.16).

Finally, let us prove that the choice of x; does not influence the value of the
critical normal form coefficient c¢. Indeed, two solutions hy corresponding to agl) #

o\ in (5.16) differ by h?) — h{Y = —2(a!? — &{V)o, from which it follows that
T
@ — ) = (zxiZ) - zxgl))/ (¢*, —2A(T)v — B(T;0,0)) dt
0
= (ocgl) - zxgz)) b
= O/

since b = 0. So, for simplicity, we take a1 = 0, that further simplifies the expression
for c. The critical coefficient ¢ in the periodic CPC normal form has thus been
computed. The bifurcation is nondegenerate if ¢ # 0.
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Generalized Period-Doubling bifurcation

The two-dimensional critical center manifold W¢(T') at the GPD bifurcation can be
parametrized locally by (7,&) € [0,2T] x R as

u = uo(7) + ¢o(1) + H(7,0), (5.17)

where the function H satisfies H(2T,¢) = H(0,¢). It has the Taylor expansion

H(1,8) = gha(0F + gha(0)8 + geha(0E + o his(0)E +0(1El), (5.18)

where h;(2T) = h;(0), while

0— A(T)v
o(T)+2(0) =0, (5.19)

T
/ (v,v)dT—1=0,
0

0, T€0,T],
0

and
o(t+T) = —v(t) for T € [0, T].

The function v exists due to Proposition 2.27.

The functions h;, i = 2,...,5 can be found by solving appropriate BVPs, assum-
ing that (5.4) restricted to W(T') has the periodic GPD normal form (4.6). From
(5.17) and (5.18) it follows that h;(T + T) = h;(7) for i even and h;j(t+ T) =
—h;(t) for i odd, for T € [0,T]. Indeed, since we are at the GPD point u(T,
¢) =u(t+T,-¢), s0

1 . 1 .
Y b6 = ¥ (e + T)(-1)E,
1 1
and thus

]’li(T) = (—1)lhi(T + T)/
from which the stated follows. This makes it possible to restrict our considerations
to the interval [0, T] instead of [0,2T].

The coefficients a1, & and e arise from the solvability conditions for the BVPs
as integrals of scalar products over the interval [0, T]. Specifically, these scalar
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products involve among other things the terms up to the fifth order of (5.1) near
the periodic solution 1, the eigenfunction v, the adjoint eigenfunction ¢* satisfying

¢+ Al(T)9p* =0, T€[0,T],
¢*(T) —¢*(0) =0, (5.20)

T
| 9" Flu)) dr =10,
0
and a similar adjoint eigenfunction v* satisfying

o + AT(T)o* =0, T€[0,T],
v*(T) +0*(0) =0,

) (5.21)
/o (v*,v)ydt—1=0.

To derive the normal form coefficient, we proceed as in the CPC case, namely, we
substitute (5.17) into (5.4) and use the GPD normal form (4.6), (5.18), as well as
(4.3).

Collecting the 0- and '-terms in the resulting equation gives the trivial iden-
tities, namely 19 = F(ug) and 0 = A(T)v.

By collecting the F2-terms, we obtain the following equation for /5,

iy — A(T)hy = B(T;0,0) — 2aq1ip, (5.22)

to be solved in the space of functions satisfying hy(T) = h(0). In this space,

the differential operator d% — A(7) is singular with null-function 1. Thus, the

following Fredholm solvability condition has to be satisfied

T
/ (¢*, B(T;0,0) — 2aq11p) dT =0,
0

which leads to the expression

1 rT
a = E/ (¢*,B(T;v,v)) dr, (5.23)
0
where v and ¢* are defined by (5.19) and (5.20), respectively.
With «; defined in this way, let hy be a solution of (5.22) in the space of
functions satisfying h(0) = hy(T). Notice also that if &y is a solution of (5.22),
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then also 1y + &1 F(ug) satisfies (5.22), since F(up) is in the kernel of the operator

% — A(T). In order to obtain a unique solution (without projection on the null-

eigenspace) we impose the following orthogonality condition that determines the
value of ¢1:

T
./0 (¢*, hp) dTt = 0.
Thus hy is the unique solution of the BVP
o — A(T)hy — B(T;v,0) +2a1F(ug) =0, T € [0,T],
hy(T) — h2(0) =0,

- (5.24)
[ (9" h) ax =0,
0
By collecting the F3-terms, we get the equation for I3,
i3 — A(T)h3 = C(T;0,0,v) + 3B(T;0,hy) — 6019, (5.25)
to be solved in the space of functions satisfying h3(T) = —h3(0). In this space,

the differential operator dd? — A(T) has a one-dimensional null-space, spanned by

v, and (5.25) is solvable only if the RHS of this equation lies in the range of that
operator. By using (5.19), we can rewrite the right-hand side as

C(t;v,v,v) +3B(T;v,hp) — 6a1 A(T).
Note that the Fredholm solvability condition
T
/ (v*,C(T;v,0,v) +3B(T;v,hp) — 6001 A(T)v) dT =0 (5.26)
0

is trivially satisfied due to the fact that we are in a GPD point and so the cubic
coefficient of the normal form (see [68])

T
c= %/ (v*,C(T;0v,0,0) + 3B(T;v,hp) — 601 A(T)v) dT
0

vanishes. Since the RHS of (5.25) is in the range space of the operator % —A(71),
we can solve the equation in order to find h3 as the unique solution of the BVP

i3 — A(t)hs — C(T;0,0,0) — 3B(T;0,h) + 681 A(T)v =0, T € [0, T],
h3(T) + h3(0) =0,

/OT<U*,h3> dt = 0.
' (5.27)
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By collecting the F*-terms, we get the equation for fiy,

hy — A(T)hy = D(7;9,0,0,0) + 6C(T; 0,0, h2) + 3B(T; ho, hy)
+4B(1;0,h3) — 12a171y — 24ay1ig,

to be solved in the space of functions satisfying h4(T) = h4(0). The Fredholm
solvability condition gives us the following expression for a»,

1 /T
ay = ﬂ/o (¢*,D(T;v,v,v,0) +6C(T;0,0,hy)
+ 3B(T;]’12,h2) + 4B(T,‘ 0, h3) — 12a1h2> dr,

which by considering (5.22) can be simplified into

1 T
Ky = ﬂ/ (¢*,D(t;v,v,v,0) + 6C(T;0,0,hy) +3B(T; hy, hp)
0
+4B(T;v,h3) — 1261 (A(T)hy + B(T;0,0))) dt + af,

where a1 is given by (5.23), and hy, h3, v and ¢* are the solutions of the BVPs
(5.24), (5.27), (5.19) and (5.20), respectively.
Using this value of a; we can find hy by solving
hy — A(T)hy — D(T;0,0,0,0) — 6C(T;0,0,hy)
—3B(t; hy, hy) — 4B(T; 0, h3) + 121 (A(T)hy
+B(t;v,0) — 201 F(up)) + 242 F(u9) =0, T € [0, T], (5.28)
ha(T) — hy(0) =0,

T
/0 (¢*, hg) dT = 0.

Finally, by collecting the >-terms, we get the equation for ks,

his — A(t)hs = E(1;90,0,0,0,0) + 10D(7;v,0,0, hy) + 15C(T;0, ha, h2)
+10C(t;v,v,h3) + 10B(7T; hy, h3) + 5B(T; v, hy)
— 120059 — 20a1 /13 — 120ev,

which has to be solved in the space of functions satisfying h5(T) = —hs5(0). Since

the operator % — A(T) has a one-dimensional null-space, we can apply the Fred-

holm solvability condition to compute the critical coefficient e in the GPD normal
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form (4.6). Using the normalization of (5.21), (5.27), and (5.26), we get

T
e = %/ (v*,E(t;v,0,0,0,v) +10D(7;0,v,0,hp) + 15C(T; v, hy, hy)
0

+10C(t;v,v,h3) + 10B(T; hy, h3) + 5B(T; v, hy)
— 1200 A(T)v — 2001 A(T)h3) dT.

If this quantity does not vanish, the codim 2 bifurcation is nondegenerate.

5.2.2 Bifurcations with a 3D center manifold

Chenciner bifurcation

The three-dimensional critical center manifold W¢(T') at the CH bifurcation can be
parametrized locally by (7,&) € [0, T] x C as

u=uo(7) +¢o(7) + ¢o(7) + H(7,E,G), (5.29)

where the real function H satisfies H(T,&,¢) = H(0,&,¢), and has the Taylor
expansion

5 ..
HEED= ¥ ahy(n)Ed +0(zl) (5.30)
zgl}’]fjog

with h;;(T) = h;j(0) and hj; = fz]«,' so that h;; is real, while v and its conjugate @
are defined as
o(t) — A(t)v+iwv =0, T€[0,T],
v(T) —v(0) =0,

T
/0 (v,v)dt—1=0.

These functions exist due to Proposition 2.26.
If we assume that (5.4) restricted to W¢(T') has the CH periodic normal form

(4.7), as in the previous cases we can find the functions I‘li]'(T) by solving appropriate
BVPs.

(5.31)
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First, we introduce the two needed adjoint eigenfunctions. The first one, namely
@*, satisfies
¢+ AN(1)p* =0, T€[0,T],

. ¢*(T) — ¢*(0) =0, (5.32)
| 9" Fu)) dr =10,
0
and the second one, namely v*, satisfies

o* (1) + AT (1)o* +iwv* =0, T€[0,T],

o*(T) — v*(0) = 0, (5.33)

T
/0 (v*,v)dt —1=0.

Note that in [68] in the Neimark-Sacker bifurcation, the last term in the differential
equation for v* has the wrong sign. This error can have lead to wrong values of the
cubic normal form coefficient at the torus bifurcation computed by earlier versions
of MatCont.

As usual, we substitute (5.29) into (5.4), use the CH normal form (4.7), and
(5.30), as well as (4.3), and collect the corresponding terms in order to find the
needed normal form coefficients.

The ¢-independent and the linear terms give rise to the usual identities

g = F(up), 09— A(T)v+iwv=0, 7— A(T)0—iwd =0.
Collecting the coefficients of the &2- or F2-terms leads to the equation
hzo — A(T)hyg + 2iwhyy = B(T;0,0)

or its complex-conjugate. This equation has a unique solution hyg satisfying hyo(T)
= hy(0), since due to the spectral assumptions e*“T is not a multiplier of the
critical cycle. Thus, hyo can be found by solving

hzo — A(T)hzo + 2iwh20 — B(T,' 0, U) =0, T€ [O, T],
hoo(T) — h2o(0) = 0.

By collecting the |§|2—terms we obtain an equation for h11, namely
h11 — A(T)h11 = B(T;0,7) — ayil,
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to be solved in the space of the functions satisfying 1111 (T) = h11(0). In this space
the operator % — A(7) has a range space with codimension 1. As before, the
null-eigenfunction of the adjoint operator —% — AT(1) is ¢*, given by (5.32), and
thus because of the Fredholm solvability condition, we can easily obtain the needed
value for aq, i.e.

T
aq :/ (¢*, B(T;v,0))dT.
0
With a1 defined in this way, let 11 be the unique solution of the BVP

hll — A(T)hll — B(T;U,ﬁ) +aq1pg =0, TE [O, T},
h11(T) — h11(0) =0,

T
/0 <(p*,h11>d’( =0.

The coefficient of the third order term in the CH normal form (4.7) is purely imagi-
nary since the first Lyapunov coefficient vanishes at a Chenciner point. We are now
ready to compute this coefficient. In fact, if we collect the ¢ |¢|*terms we obtain

h21 — A(T)ho +iwhy = C(T;v,v,0) +2B(T;v,h11) + B(T; 0, hyg) — 2icv — 2010,

to be solved in the space of functions satisfying l21 (T) = h21(0). In this space the
operator £ — A(7) +iw is singular, since ¢“T is a multiplier of the critical cycle.
So we can impose the usual Fredholm solvability condition

T
/ (v*,C(T;0,0v,0) +2B(T;v,h11) + B(T; 0, hyo) — 2icv — 2a90)dT = 0.
0

This allows us to find the value of the coefficient ¢ of the CH normal form (4.7)
i T
c=-3 (v*,C(T;v,v,0) +2B(T;v,h11) + B(T; 0, hoo) — 201 A(T)0)dT + qw
0
and, with ¢ defined in this way, we can find /51 as the unique solution of the BVP
ho1 — A(T)ha1 + iwhyy — C(T;0,0,0) — 2B(T;0,h11)
—B(T;0,hag) + 2icv + 201 (A(T)v —iwv) =0, T € [0, T],

ho1 (T) — hp1 (0) = 0, (5.34)

T
/ <Z)*,h21>d’( =0.
J0
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Collecting the &3-terms gives us an equation for fzg

hao — A(T)h3o 4 3iwhzy = C(T;0,0,0) + 3B(T; 0, hag),

which has a unique solution h3g satisfying h130(T) = h30(0), since 3T is not a

multiplier of the critical cycle by the spectral assumptions. Thus, k3 is the unique
solution of the BVP

hao — A(T)hso + 3iwhsy — C(T;0,0,0) — 3B(T;v,hy) =0, T € [0,T],
hao(T) — h3o(0) = 0.

By collecting the &2 |(',‘|2—terms we obtain an equation for h3;

| A(T)hs31 + 2iwhz = D(7;0,v,0,0) + 3C(T;0,v,h11) + 3C(T; 0,7, hyp)
+ 3B(T; h11, hao) + 3B(T; 0, ho1) + B(T; 0, h3g)

— 6iCh20 — 3D(1h20,

which has a unique solution hs; satisfying h3;(T) = h31(0), since e¥“T is not a

multiplier of the critical cycle by the spectral assumptions. Thus, k37 is the unique
solution of the BVP

ha1 — A(T)hz1 + 2iwhz — D(t;0,0,0,0) — 3C(T;v,0,h11)
—3C(7;0,0,ha9) — 3B(7; hi1, hao) — 3B(7; 0, hp1 ) B(T; 3, h3p)
— + 6ichyg + 301 (A(T)hpg — 2iwhyy + B(T;0,0))

=0, 7€][0,T],
h31(T) — h31(0) =0

Taking the |&|*-terms into account gives an equation for /iy

hap — A(T)hp = D(7;0,0,9,0) + C(T;0,0, hep) +4C(T;0,, 1)
+ C(T,‘ 0,0, hzo) +ZB(T, hll/ hll) +ZB(T, 0, h12)
+ B(T; hop, hao) + 2B(T; 0, ha1) — 4aq gy — 4aailg,

to be solved in the space of functions satisfying hy (T) = h(0). In this space the

operator % — A(T) has a range space with codimension 1 that is orthogonal to ¢*.

So one Fredholm solvability condition is involved, allowing to compute the value of
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the coefficient &y of our normal form as follows

1 (T
ay = 1/0 (¢*,D(7;v,v,0,9) + C(T;0,0,hy) +4C(T;0,7,h11)

+ C(1;9,9,hp0) +2B(T; h1, h11) + 2B(7; 0, h1o) + B(T; hoz, hao)
+ ZB(T; 0, h21) —4uq (A(T)hn + B(T,‘ U,ﬁ))>dT + IX%.

Using this value for ap we can find hy, as the unique solution of the BVP

Jioy — A(T)hp — D(7;9,0,9,8) — C(T;0,0, hop)
—4C(t;0,9,h1) — C(T;9,0, hag) — 2B(T; h1y, ha1)
—2B(t;v,h12) — B(T; hog, hao) — 2B(7; 0, hay )
+4a1 (A(T)h11 + B(T;0,0) — a1 F(up)) + 4azF (ug)
ho(T) — h22(0)

T
/0 <g0*, h22>dT =0.

=0, tT€[0,T],
0

7

Finally, by collecting the ¢ |§|4—terms we obtain an equation for h3,

h32 — A(T)h32 + iwhszp

= E(t;9,v,0,0,0) + D(7;0,v,0,hp) + 6D(T;v,v,0,h11) + 3D(7;0,3,3, hy)
+ 6C(T,’ o, ]’111,]’111) + 3C(T; 0,0, ]’112) + 3C(T,’ o, ]’102, ]’120) + 6C(T} 0, h111h20>

+6C(7;0,0,h21) + C(T; 0,0, h30) + 3B(T; h1, hao) + 6B(T; h11, hn)
+ 3B(T; 0, hzz) + B(T; hoo, h30) + 23(1’;?7,]’131)
—12ev — 6iC]’l21 — 120(21) — 60(1];121

that, since the operator is singular, allows us, using the first equation of (5.31) as
well as the first and the last equation of (5.34), to compute the critical coefficient
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e of the CH normal form by imposing the Fredholm solvability condition:

1 T
e = ﬁ/ (v*,E(t;0,0,0,0,3) + D(7;0,0,0,hp) +6D(7;0,0,0, h11)
0

+ 3D(7;9,0,0, hy) + 6C(T;0,h11,h11) + 3C(T;0,0,h12)

+3C(t; 0, hoa, hog) + 6C(T; 3, h11, ha) + 6C(T;0,0, hy1) + C(T; 0,7, hgg)
+ 3B(T; h1o, hog) + 6B(T; h11, ho1) + 3B(T; 0, hoo) + B(T; hop, hi3o)

+ 2B(7;0,h31) — 120 A(T)v — 601 (A(T)ho1 + 2B(7T;0,h11)

+ C(1;0,0,) + B(T;8,hyg) — 201 Av))dT + iway + ica; — a3iw.

We define the second Lyapunov coefficient as

Ly(0) = R(e) |
If this coefficient does not vanish, the codim 2 point is nondegenerate.
Note that it can be checked that the equations for hyg, 59 and hyy are uniquely
solvable. Since we are in a complex eigenvalue case, v is determined up to a factor
v, for which ’7T’)f = 1. Then v*, hyg, ho1, h3g, h31 are replaced by yv*, ’)/zhzo,
Yhot, YPh3o, v?hay respectively, but the values for a1, ap, ¢ and e remain the same.
Strong Resonance 1:1 bifurcation

The three-dimensional critical center manifold W¢(T') at the R1 bifurcation can be
parameterized locally by (T, &) = (t,&1,&) € [0,T] x R? as

u = ug(7) + G1v1(7) + 202(7) + H(7,§), (5.35)
where H satisfies H(T, &) = H(0,{) and has the Taylor expansion

H(t,¢8) = %hzo(f)'ﬁ +h11(7)8162 + %hoz(f)‘ﬁ +0(|¢P). (5.36)

Here, the functions hyg, h11 and hg, are T-periodic in T, while v1 and v, are the
generalized eigenfunctions and are defined as the unique solutions of the BVPs
01 — A(T)Ul — F(uo) =0, Te [0, T],
v1(T) —01(0) =0,

. (5.37)
/O (01, F(10))dT = 0,
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and

Uy — A(T)Uz +0v1=0, T€E [0, T},
UZ(T) — 02(0) = 0,

) (5.38)
/0 (03, F(4))dT = 0,

respectively. The functions v1 and v, exist and are different due to Proposition 2.26.
Following our approach to find the values of the normal form coefficients, we define
@* as a solution of the adjoint eigenfunction problem (5.9), v] as a solution of

{v'l*(r) +AT(t)o} —¢* =0, T€[0,T],
01(T) —v7(0) =0,

and v3 as a solution of

{ oy* (1) + AT(T)v5 + 07 =0, T € [0,T),
03(T) — v5(0) = 0.

The above definitions immediately imply that

/OT<<P*/F(M0)>dT = /OT<<P*,01>dT = /()T(F(uo),vﬁd'r =0. (5.39)

Due to the spectral assumptions at the R1-point we are free to assume that

/OT<(p*,vz>dT =1 (5.40)

Appending this condition to the eigenproblem, we can find the eigenfunction ¢* as
the unique solution of the BVP

¢+ AT(T)p" =0, T [0,T),
§*(T) ~ 9"(0) =0, (5.41)

T
/ (¢*,vp)dT—1=0.
0

As already mentioned in the CPC case, we will choose adjoint generalized eigen-
functions to be orthogonal to an original eigenfunction. Therefore, v] and v; are
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obtained as the solution of
v1* 4+ AT(T)v} — ¢* =0, T€[0,T],
01(T) —01(0) =0,

T (5.42)
/ (v],v2)dT =0,
0
and
vy (1) + AT ()0} + 0} =0, T€[0,T],
03(T) ~ 03(0) =0, (5.43)

T
/ (v3,v2)dT =0,
Jo

respectively. Notice that, as in the CPC case, we have normalized in (5.40) the
adjoint eigenfunction with the last generalized eigenfunction, which gives us in
addition

T T
/0 <UT/vl>dT:/0 <U§,F(Mo)>d’f: 1.

As usual, to derive the value of the normal form coefficients we substitute (5.35)
into (5.4), we use (4.3) as well as the R1 normal form (4.8) and (5.36) and get
differential equations at every degree of ¢. Remark that in fact the solvability of all
the equations up to the maximal order of the normal form has to be checked. We
will pay extra attention to this in our discussion for the R1 case.

By collecting the &-terms we get the identity 119 = F(ug). The linear terms
provide two other identities, namely

v1 — A(T)vy — F(ug) =0 and Uy — Avy + 11 =0,
cf. (5.37) and (5.38).
By collecting the cj%—terms we find an equation for hyg, namely
hzo — A(T)hzo = 21y + 201 + B(T; '01,01) — 2av,, (5.44)

to be solved in the space of periodic functions on [0, T]. In this space, the differential
operator % — A(T) is singular with a range orthogonal to ¢*. Using equations
(5.39), (5.40), and (5.37), we obtain from the corresponding Fredholm solvability

condition the following value for a

T
a= % /0 (¢*,2A(T)v1 + B(T;01,01))dT. (5.45)

147



CHAPTER 5. COMPUTATIONAL FORMULAS

Notice that in the RHS of (5.44) we have no freedom to change the value of the
coefficient a. This confirms the theoretically proven fact that the &2-term of the R1
normal form (4.8) is resonant. Notice moreover that parameter « is undetermined,
which gives us two degrees of freedom for hipg. In fact, if hpg is a solution of (5.44),
then also f1ipg = hyg —l—séOF(uo) + s%vl is a solution, due to the fact that F(ug)
spans the null-space of the operator d% — A(7T) and that we can tune « as desired:

dh P dh dv
T'LZ'O — A(T)hy = le—o — A(T)hao +€£{) ( dTl - A(T)Ul>
N dhzo 11

By collecting the {1¢p-terms we find an equation for hyq
hll — A(T)h11 = B(T;v1,02) 4 02 — hog — buy + 01, (5.47)
to be solved in the space of T-periodic functions. As in the previous case, taking

(5.40) into account, as well as (5.38) and (5.39), the corresponding solvability
condition implies

T T
b= [ (9" B(rio1,02) + A(T)r)dr = [ (9", o).

Using (5.42), (5.44), (5.39) and (5.37), we can rewrite this expression as

T .
b= ./0 (¢*, B(T;01,02) + A(T)v2)dT 5.45)

T
+/ (v],2Av1 + B(T;01,01))dT,
0

thus obtaining a formula for b that involves only the original and adjoint eigenfunc-
tions.

Notice that the freedom that we have in l1ipg can not be used to change the value
of coefficient b (and so the {1{>-term of the R1 normal form (4.8) is resonant).
Indeed, hpg is defined up to a multiple of F(ug) and v1, but both vectors are
orthogonal to ¢*, see the first two orthogonality conditions in (5.39). However, the
presence of fip in the RHS gives us three degrees of freedom for h11. In fact, if hyq
is a solution of (5.47), also 117 = hy1 + s{lF(uo) — 85001 + s%vz is a solution.
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Collecting the C%—terms gives us the following equation for hgp
hop — A(T)hoz = B(T,03,02) — 213,

to be solved in the space of T-periodic functions. This equation should be solvable,
so the RHS should lay in the range of the operator % — A(1):

T
/ (¢, B(T,v2,v9) — 2h17)dT = 0.
0

This condition can be satisfied by tuning k7. In fact, E% is not yet determined, so
h11 can have a projection on v;. Due to (5.40), v, does not lay in the range of the

d% — A(T) operator, and therefore we can require that

gt myar =1 [ d
*/ =5 */B s Y2, .
|| tonmar =3 [ (9", B(r, vz, 00))dr

This last solvability condition determines e% uniquely, and since e% determines the

value of a, see (5.44) and (5.46), also « is now uniquely determined. So the center
manifold expansion has now become unique. Note that in fact the value of « is
not needed since it can be shown that it does not affect the bifurcation scenario.
Remark also that in order to compute the necessary coefficients a and b by equations
(5.45) and (5.48), the second order expansion of the center manifold is not needed.
Indeed, we have rewritten the formulas of the normal form coefficients in terms of
the original and adjoint eigenfunctions. Since hyg or hj1 are not needed, we don't
write down their defining BVPs.

Strong Resonance 1:2 bifurcation

The three-dimensional critical center manifold W¢(T') at the R2 bifurcation can be
parametrized locally by (7, &) € [0,2T] x R? as

u = ug(t) + &1 (1) + Eva(T) + H(T, &), TE€[0,2T], &= (&,&) € R,

(5.49)
where H satisfies H(2T,&) = H(0,¢) and has the Taylor expansion
: 1 i 4
H(t,¢) = Z iTj,hij(T)‘:1162+o(|§| ) (5.50)
= 1
2<irj<s
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where all functions hi; are 2T-periodic, the eigenfunction corresponding to eigen-
value —1 is given by

01 — A(T)ZJ] =0, t€ [0, T],
v1(T) +01(0) =0,

’ (5.51)
/ <Ul,U1>dT—1ZO,
0
and the generalized eigenfunction by
Uy — A(T)?Jz +0v1=0, T€E [0, T},
v2(T) +v2(0) =0, (5.52)

T
/ (v,v1)dT =0,
Jo

with
v1(tT+T):= —v1(7) and v2(T+ T) := —vy(7) for T € [0, T].

The functions v1 and v; exist due to Proposition 2.27. The functions ;; of (5.50)
can be found by solving appropriate BVPs, assuming that (5.4) restricted to W¢(T')
has the R2 normal form (4.9). As in the Generalized Period-Doubling case, we
first deduce periodicity properties of these functions h;;. It holds that u(t, &y,
&) =u(t+T,—E&,—C&). This implies that

1 ;o 1 i i
L (7618 = L (7 + (=)™,

i,j i,j

and thus
hij(t) = (—1)"hij(t+T),

from which follows that h;;(t + T) = h;j(7) fori+jevenand hjj(t+T) = —h;j(7)
for i+ j odd, for T € [0, T]. Taking these (anti-)periodicity properties into account,
we can reduce our analysis to the interval [0, T] instead of [0,2T].

The coefficients «, a and b arise from the solvability conditions for the BVPs
as integrals of scalar products over the interval [0, T]. Specifically, those scalar
products involve among other things the quadratic and cubic terms of (4.3) near
the periodic solution ug. The adjoint eigenfunction ¢@* associated to the trivial
multiplier is the T-periodic solution of (5.20). The adjoint eigenfunction o7 is the
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unique solution of the problem

(5.53)

Note that we can indeed require this normalization since v, is the last general-
ized eigenfunction of the original problem and therefore not orthogonal to all the
eigenfunctions of the adjoint problem. We further define the generalized adjoint
eigenfunction v3 as the unique solution of

05 (1) + AT (T)vs —0vf =0, T€[0,T],
v3(T) +v5(0) =0 (5.54)
T
(v3,v2)dT =0
0
Moreover, we have
T
/ (03, 01)dt = 1
and
T
/ (v],v1)dT = 0. (5.55)
Jo

To derive the normal form coefficients, we proceed as in the previous cases, namely,
we substitute (5.49) into (5.4), and use (4.3) as well as the R2 normal form (4.9)
and (5.50).

By collecting the Z0-terms we get the trivial identity 19 = F(ug). The linear
terms provide two other identities, namely o1 = A(T)vy and v1 + v, = A(T)vy, in
accordance with (5.51) and (5.52).

Collecting the {;’%—terms gives an equation for hgp,

hop — A(T)hoy = B(T;v2,02) — 2h13,

to be solved in the space of functions satisfying ho (T) = hgz(0). In this space, the
differential operator % — A(7) is singular and the null-space of the adjoint operator
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is spanned by ¢*. The Fredholm solvability condition gives a normalization condition
for function k11, namely

o hi1) d LT d
/0 (@* h11) dT = E/o (9", B(T;02,02)) dt.
By collecting the ¢;¢p-terms we obtain the differential equation for hqq
h11 — A(T)h1y = B(T;01,02) — hao,

which must be solved in the space of functions satisfying h11(T) = h11(0). The
Fredholm solvability condition gives in this case a normalization condition for hy,
i.e.

T T
/0 (9", h2o) dT:/O (9*, B(T;01,02)) dT. (5.56)

By collecting the C%—terms we find an equation for hy
hzo — A(T)I’lzo = B(T,' 01, 7)1) — ZD(Llo, (5.57)

to be solved in the space of functions satisfying o (T) = hyo(0). In this space,
the differential operator diT — A(7) is singular and the null-space of its adjoint is

spanned by ¢*. The Fredholm solvability condition leads to the expression

T
o= %/ (9", B(t;01,01)) dT, (5.58)
0

where o1 is defined by (5.51).

With a defined in this way we have to find a normalization condition that makes
the solution of (5.57) unique. Indeed, if hyg is a solution of (5.57) with hy(T) =
h0(0), also 1y = hag + €11ig is a solution, since 1ig spans the kernel of the operator
% — A(T) in the space of T-periodic functions. The projection along the space
generated by 1l is fixed by solvability condition (5.56). So hyg can be found as the
unique solution of the BVP

hzo - A(T)hzo - B(T,‘Ul,Ul) —I—ZIXF(LI()) =0, T€ [0, T},
hao(T) — h2o(0) =0,

(5.59)
T T
./0 (", hao) dT = ./0 (¢*, B(T;01,v2)) dT.
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In the line of the previous observations, we can define 117 as the unique solution of
the BVP

hll - A(T)]/ln - B(T,‘ U1, ’07_) +hy=0 1€ [0, T]
h11(T) — h11(0) =0,

T 1 T
/ (¢ 1) dt = */ (9", B(T;02,2)) dr.
0 2 Jo
By collecting the ﬁ?—terms we get an equation for h3g
h30 — A(‘L’)h3o = C(T,’ '01,7)1,01) + 3B(’L’,’ '01,]’12()) — 6avy — 6&271, (5.60)

which must be solved in the space of functions satisfying h39(T) = —h30(0). Taking
the integral condition of (5.53) into account, we obtain

1 T
a= 8/ (v],C(T;v1,01,01) +3B(T; 01, hpg) — 60 A(T)v1) dT
0

where w is defined by (5.58), hy is the solution of (5.59) and vy and v} are defined
in (5.51) and (5.53), respectively. As remarked before, it is important to note that
if 130 is a solution of (5.60) with f30(T) = —h30(0), also 139 = hag + €401 is a

solution, since vy spans the null-space of the operator % — A(T) in the space of
anti-periodic functions (i.e. functions v; for which holds that v1(T) = —v1(0)).

By collecting the ﬁ%(’,‘z—terms we get the equation for iy

h21 — A(T)]’lzl = —hgy — 2bvy — 200y — 2001 + C(T} 01,01, Uz) (5 61)
+ B(T; hao, v2) + 2B(T; h11,01), '

to be solved in the space of functions satisfying hy1(T) = —h1(0). The solvability
of this equation implies

T
/ (v}, —hzo — 2bvy — 200, — 2avy + C(T;v1,01,02)
Jo
+B(T; hao, v2) + 2B(T; h11,v1))dT = 0.

Notice that the ¢Z¢>-term in the R2 normal form (4.9) is resonant: in fact we
cannot use the freedom on h3y to make the normal form parameter b zero since

T _ T T
/O (0%, Fisg)dT = /O (0%, hip + ehgv1 AT = /O (0%, hao T,
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because of (5.55). Using the normalization from (5.53) and (5.55) gives us the
following expression for b:

T
b= - /0 (v, —20A(T)vy 4+ C(T;v1,v1,02) + B(T; hoo, v2) + 2B(7; b1y, v1))dT

1 /T,
5 | i o

However, there is no need to compute explicitly the cubic expansion of the center
manifold since the last term of this sum can be rewritten. Indeed,

1 /T,
- 5/0 (v1, hao)dT
1 T - % T *
= _E/o (03 + A (T)vy, hzo)dT
1T, .
= E/o (03, h30 — A(T)h30)dT
1 T
= E/ (v3,C(T;v1,v1,01) + 3B(T; 01, hyg) — 6avy — 6001 )dT
0

1 T
= E /0 <v>2k/ C(T/ vlr Ul/ Ul) + 3B(T, vllhzo) — 60(A(T)01>d’(,

so that the formula for b takes the following form

1 T
b= > /0 (v], =20 A(T)vy + C(T;v1,v1,v2) + B(T; hoo, v2) + 2B(7; hy1,v1))dT

1 /T
+ E / <U§/C(T; Ullvllvl) + 3B(T/ Ul/hZ()) - 6DCAU1>dT,
0

where hyg is defined in (5.59) and « calculated in (5.58). Notice that, since h3
appears on the RHS of equation (5.61), we have two degrees of freedom on }hip1. In
fact, if hpq is a solution of (5.61), also hip; = hp1 + sélvl + séovz is a solution since

dflzl ~ dh21 dUZ
T A(T)hy = T A(T)hy1 + €5 g A(T)0,
dh
= T? — A(T)hy1 — Séovr

By collecting the é‘lé%—terms we get the equation for h1p

h12 - A(T)hlz = C(T/ 01,02, 02) + B<T/ Ul/h02) + 2B(T, 02, hll) - 2h21/
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to be solved in the space of functions satisfying h12(T) = —h12(0). The Fredholm
solvability condition implies that

T
/0 <UT,C(T, 01,02, 02) + B(T, 01, hOZ) + ZB(T,Uz, hn) — 2h21>dT =0.

As mentioned before, hy1 has a component in the direction of v, that is not orthog-
onal to the adjoint eigenfunction ], so it is possible to impose

T 1 T
/0 (v, ho1)dT = 5/0 (v1,C(T,v1,v2,v2) + B(T,v1, hop) + 2B(T, v, h11) )dT.

This condition defines 550 uniquely; the freedom of sél gives us as usual another
freedom on Ky in the direction of vy.
Finally, collecting the Cg—terms gives

hos — A(T)hos = C(T,v2,v2,v2) + 3B(v2, hoa) — 3h1a,

to be solved in the space of functions satisfying hoz(T) = —ho3(0). The Fredholm
solvability condition is

T
/O (v1,C(7,v2,v2,02) + 3B(v2, hoz) — 3hyp)dT =0,

which can be satisfied by imposing

T 1 T
/0 (01, o)t = 5 /O (0%, C(T, 02, v2,02) + 3B(2, h2) .

This last condition determines the value of eél and thus the third order center man-
ifold expansion is uniquely determined. However, since this third order expansion of
the center manifold is not needed for the computation of the critical coefficients,
we do not write down those conditions explicitly.

Strong Resonance 1:3 bifurcation

The three-dimensional critical center manifold W¢(T') at the R3 bifurcation can be
parametrized locally by (7,¢) € [0,3T] x C as

u = up(t) + ¢o(t) +¢o(t) + H(7,&,8),
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where the real function H satisfies H(3T,¢&, &) = H(0,¢,&) and has the Taylor
expansion

3 ..
HEED= L ahy(0dd+0(e),
2<l'i]fjo<3

with h;;(3T) = h;;(0) and h;; = 1_1]-1- so that h;; is real. The eigenfunction v is
defined as the unique solution of the BVP

o(t) —A(t)v=0, T€[0,T],
o(T) — e Fv(0) =0, (5.62)
/OT (v,v)dt—1=0,

and extended on the interval [0,3T] using the equivariance property of the normal
form, i.e.

o(t+T):= e"%ﬂv(r) and (T +2T) := e"%ﬂv(r) for T € [0, T).

The definition of the conjugate eigenfunction 7 follows immediately. These functions
exist due to Proposition 2.26.

As usual the functions hij can be found by solving appropriate BVPs, assuming
that (5.4) restricted to W¢(T') has the periodic R3 normal form (4.10). Also here
we can deduce a property for the functions h;;. The definition of v(7) in [0,3T]

states that u(7,, &) = u(T 4 T,e 27/3¢,e27/3F). Therefore,
Zk'” kl gkgl Zk;l'hkl T+T ( lZTf/?))kérk(eiZH/B)lgl,
and thus
hkl(T) _ hkl(T+ T)(e—i27r/3)k(ei2n/3)l,
for T € [0, T]. This implies that hy is T-periodic. These periodicity properties
allow us to concentrate on the interval [0, T].

The adjoint eigenfunction ¢* corresponding to the trivial multiplier is the unique
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T-periodic solution of BVP (5.20). The adjoint eigenfunction v* satisfies
o* (1) + AT(t)o* =0, T €[0,T],
o' (T) — ' 50"(0) = 0, (5.63)
T
/ (v*,v)dt —1=0.
0
Similarly, we obtain 7*.

After the standard substitutions in (5.4), the constant and linear terms give us
as usual

119 = F(up), 00— A(t)v=0, o— A(t)o =0.

From the ¢2- or Z2-terms we obtain the following equation (or its complex conjugate)
hzo — A(T)I’lzo = B(T,' 0, Z)) - 25?7,

to be solved in the space of functions satisfying hy(T) = ei%h20(0). In this space

the operator d% — A(T) has a range space with codimension 1 that is orthogonal

to 7*. So only one Fredholm solvability condition is involved, from which we obtain

1 /T
b:i/o (v*, B(t;0,0))dT.

Using this value for b we can find hy( as the unique solution of the BVP
fiog — A(T)hpo — B(1;0,0) +2b5 =0, T € [0,T],
Iao(T) — &% Iy (0) = 0, (5.64)
AT (0", hyo)dT = 0.
By collecting the |§|2—terms we obtain an equation for hyq
i1 — A(t)h11 = B(T;0,0) — ayiig,

to be solved in the space of functions satisfying /111 (T) = h11(0). The Fredholm
solvability condition implies

T
n = ‘/0 (¢*,B(T;v,0))dT. (5.65)
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With a1 defined in this way, let 11 be the unique solution of the BVP

hll — A(T)hn — B(T}U,ﬁ) +waq1ip =0, T € [0, T],
h11(T) — h11(0) =0,

. (5.66)
A <§0*,]’l11>dT =0.

Finally, collecting the ¢ |§|2—terms gives an equation for hpq
o1 — A(T)hy1 = C(T;0,0,0) +2B(T;v,h11) + B(T; 8, hyg) — 2cv — 2bhgy — 2190,

to be solved in the space of the functions satisfying hy (T) = ¢ hy (0). The
Fredholm solvability condition implies that parameter ¢ of the R3 normal form
(4.10) is determined by

T
c= %/ (v*,C(7;v,v,0) +2B(T;v,h11) + B(7; 3, hyg) — 201 Av)dT
0

where a7 is defined by (5.65), and v, v*, h11 and hyg are the unique solutions of
the BVPs (5.62), (5.63), (5.66) and (5.64), respectively.
By collecting the &3-terms we obtain

hao — A(T)h3o = C(7;0,0,0) 4 3B(T;v, hpg) — 6bh11 — 6azilg,

to be solved in the space of functions satisfying h39(T) = h30(0). Therefore,

T
Xy :/ (¢*,C(T;v,0,0) + 3B(T; v, hy))dT.
0

Remark that as in the Chenciner case v is not uniquely determined. Indeed, when
v is a solution of (5.62) and 7y € C with 4y = 1, then v is also a solution. Then
the adjoint function is given by 4v*, and b and hy are replaced by 73b and y?hy,
respectively. The normal form coefficient ¢ remains the same. However, the normal
form coefficient b is multiplied with 43. This doesn't affect the bifurcation analysis
since there must just hold that this normal form coefficient is nonzero, and obviously
v # 0. Moreover, the analysis around the bifurcation point is independent from the
sign of b.
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Strong Resonance 1:4 bifurcation

The three-dimensional critical center manifold W¢(T') at the R4 bifurcation can be
parametrized locally by (7,¢) € [0,4T] x C as

u = uo(7) + o(t) + ¢o(t) + H(t, ¢, 8),

where the real function H satisfies H(4T,&,¢) = H(0,¢,&) and has the Taylor
expansion

3 ..
HEEd= Y qhy(mEd +0(zr)
2§l/ij+:jog3

with 11;;(4T) = h;j(0) and h;; = i_ljl- so that h;; is real, while v is defined by

v—A(t)v=0, T€[0,T],
o(T) —e'30(0) =0,

T
/ (v,v)dT—1=0,
0

(5.67)

extended on [0,4T] using the equivariance property of the normal form, i.e.

o(T+T) :=e70(1) = iv(T),
o(T+2T) == e™v(1) = —0(7),

v(t+3T) :=¢"20v(1) = —iv(T),

for T € [0, T].

The definition of the conjugate 7 follows immediately. These functions exist due
to Proposition 2.26. As usual the functions };; can be found by solving appropriate
BVPs, assuming that (5.4) restricted to W(T') has the periodic R4 normal form
(4.11). Similar to the R3 case, it holds that

hi(T) = hy(T+ T)(e*i”/Z)k(ein/z)l,
for T € [0, T).
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The adjoint eigenfunction ¢* is defined by the T-periodic solution of (5.20) and
v* satisfies
o* (1) + AT(t)o* =0, T €[0,T],

o' (T) — 0" (0) = 0, (5.68)
/OT (v*,v)dt —1=0.

Similarly, we obtain 7*.

The constant and the linear terms give the identities 11g = F(ug), 9 — A(T) =0,
and 5 — A(1)d = 0. From the &- or &-terms the following equation (or its complex
conjugate) follows

hzo — A(T)hzo = B(T; U,U).
Notice that this equation is nonsingular in the space of functions satisfying hyo(T) =

—hy(0). So hy is obtained as the unique solution of the BVP

{ hzo — A(T)hz() — B(T,‘ U,U) =0, T€ [0, T], (569)

hao(T) + hao(0) = 0.
By collecting the |C|2—terms we obtain an equation for hyq
h1y — A(T)h11 = B(T;0,0) — aqily,

to be solved in the space of functions satisfying h11(T) = h11(0). The Fredholm
solvability condition gives exactly the same expression for a7 as in the R3 case,
namely

T
&y = / (¢*,B(T;0,9))dr. (5.70)
Jo
With this value of aq, hqp is the unique solution of

hll — A(T)h11 — B(T,‘U,ﬁ) +aq1g =0, TE [0, T],
h11(T) — h11(0) =0,

. (5.71)
| to mydr ~o.

The §|§\2—terms give an equation for hq,
hlZ - A(T)]’llz = C(T,‘ 0,0, 27) + B(T,' v, l’loz) + ZB(T,' 0, hll) — 280 — 2017,
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to be solved in the space of functions satisfying h12(T) = —ih12(0). The Fredholm
solvability condition implies

T
c— %/ (%, C(t;0,5,0) + B(T;0, ha) + 2B(1; 9, hn1) — 2a1 A(7)8)d,
0

(5.72)
where w7 is defined in (5.70), and v, 11 and hgp are the unique solutions of the
BVPs (5.67), (5.71) and the complex conjugate of (5.69). The complex conjugate
of (5.72) gives us the critical coefficient ¢ in the R4 normal form (4.11). By collecting
the &3-terms we obtain an equation for h3

h03 — A(T)hog, = C(T; 0,0, 27) + 3B(T,' 7, hoz) — 6do,

to be solved in the space of functions satisfying hgs(T) = ihy3(0). The nontrivial
Fredholm solvability condition gives the value of the critical coefficient d in the R4
normal form, namely

T
d = %/ (v*,C(7;0,0,0) + 3B(T; 7, hgp) )dT.
0

So we finally obtain the value of

that can be used to determine the bifurcation scenario at the R4 point.

Also in this case v is not uniquely determined, since for every o € C with
4Ty =1, yv is also a solution. Then the adjoint eigenfunction is given by yv*,
and hyg is replaced by ?hyy. The normal form coefficient ¢ remains the same,
but instead of d we get 4*d. However, this again doesn't influence the bifurcation
analysis since the study is determined by the above defined coefficient A for which
we need only |d].

Fold-Flip bifurcation

The three-dimensional critical center manifold W¢(T') at the LPPD bifurcation can
be parametrized locally by (7,&) = (1, &, &) € [0,2T] x R? as

u=uy(7) + 101 (T) + &202(T) + H(T/ ¢),
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where H satisfies H(2T,&) = H(0,¢) and has the Taylor expansion

3 1 L
H(t,¢) = .‘ZO @hzj(T)@iC]z +0(/g1*),
24143

while the eigenfunctions v1 and v, are given by

01 — A(t)vy — F(ug) =0, T€[0,T],
U](T) — 01 (0) =0,

. (5.73)
/0 (01, F(u9))dT = 0,
and
0y — A(T)v, =0, T€[0,T],
UZ(T) + 02(0) = 0/ (574)

/OT (v, 2)dT—1=0,
respectively, with
v1(T+T):=01(7) and v2(t+ T) := —va(7) for T € [0, T].
The functions v1 and v, exist because of Proposition 2.26 and Proposition 2.27.
The functions h;; can be found by solving appropriate BVPs, assuming that (5.4)

restricted to W¢(T') has the periodic LPPD normal form (4.11). Moreover, similar
as before, u(t,&1,8) = u(t+ T, &, —&) such that

hij(t) = (=1 hij(t+T),
for T € [0, T|. Therefore, we will reduce all computations to the interval [0, T].

To compute the coefficients of the normal form, we need the generalized eigen-
function v; and eigenfunction v;, and the adjoint eigenfunctions ¢*, v] and v3,
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defined as solution of the BVPs
¢*+Al(1)9p* =0, T€[0,T],
RUCRUCED 5.75)
/0 (", v1)dT—1=0,

ot + AN(T)o} +¢* =0, T€[0,T],
0} (T) — v3(0) =0,

. (5.76)
A (0f, 01)dT = 0,
and
o3 + AT(T)v3 =0, T€[0,T],
03(T) +v3(0) =0, (5.77)

T
/ (v3,v2)dT —1=0.
Jo

Note that the integral conditions can be satisfied due to the spectral assumptions
at the LPPD point. The following orthogonality conditions hold automatically

[ ot e = [ (ot obie = [ (i, oa)ae
T T
:/0 @;,yl)dT:/O (03, Fug)ydt = 0,

and since we have normalized the adjoint eigenfunction associated to multiplier 1
with the generalized eigenfunction, we also have

T
A (0%, F(ug))dt = 1.

As usual, to derive the normal form coefficients we substitute the above expansions
into (5.4) and compare term by term. By collecting the constant and linear terms
we get the identities 119 = F(ug), 01 = A(T)v1 + F(ug), and 95 = A(T)0,.

By collecting the @%—terms we find an equation for hyg

hzo — A(T)hy = B(7; 01,01) — 2a0v1 — 2potlg + 201, (5.78)
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to be solved in the space of functions satisfying hyg(T) = hyo(0). In this space, the
differential operator d% — A(7) is singular and the null-space of the adjoint operator
is spanned by ¢*. The corresponding Fredholm solvability condition implies

1T, .
a2 = 5 ./0 (¢*,B(T;v1,v1) +2A(T)v7) d.

With ayg tuned in this way, (5.78) is solvable for any value of parameter apg. As in
the Cusp Point of Cycles case, we are free to choose parameter ayy as we want; we
take apg = 0. This choice will not influence our final conclusion about the possible
bifurcation scenarios.

In order to make the solution of (5.78) unique, we have to fix the projection on
the null-space of the operator, more specifically in the direction of F(ug). Therefore,
we impose the orthogonality condition with the adjoint generalized eigenfunction
0], and obtain hyg as the unique solution of the BVP

hao — A(T)hao — B(T;01,01) + 2a2001
—|—21x20F(u0) — ZA(T)Z)l — ZP(M()) =0, T€ [0, T],
hao(T) — hpo(0) =0,

T
| wihhir=o.
0
By collecting the &;&,-terms we obtain a singular equation for hi1q
hi1 — A(T)h1y = B(T;01,02) — biyop + O,

to be solved in the space of the functions that satisfy h11(T) = —h11(0). The
Fredholm solvability condition gives

T
b1 = /0 <?)>2k, B(T} 01, UZ) + A(T)02> dt,

due to (5.74) and (5.77). With by; defined in this way, we can compute hq; as the
unique solution of the BVP

hll — A(t)h11 — B(T;01,02) + bj1vo — A(T)vp =0, T € [0, T],
h11(T) + h11(0) = 0,

T
[ (o3, h)dr =o.
JO
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Collecting the C%—terms gives a singular equation for gy
hoz — A(T)hoz = B(T; 0y, "02) — 2&02’01 — 20(021/10, (5.79)

where solvability gives in the standard way

1 /T "
agpp = 5 ./0 (9", B(T;v2,v2)) dT.

So (5.79) is solvable, for any value of the parameter ap. For simplicity, we take
Ko = 0.

Notice that also here, the solution of (5.79) is orthogonal to the adjoint eigen-
function ¢*. Since we have to fix the projection in the direction of the eigenfunction
119, we define hgp as the unique solution of

hoz — A(T)hoz — B(T} 0y, 712) + 2110201 + 20&021:(140) = O, TE [0, T],
hoo(T) — ho2(0) =0,

T
/ (0%, hop)dT = 0.
0

By applying the Fredholm solvability conditions to the singular equations for hij
with i +j = 3, we obtain

azp = %/OT<<P*/C(T; 01,01, 01) + 3B(T; hao, v1) — 6a20ha0

+3(A(T)hao + B(T;01,01)) +6(1 — a0) A(T)01) dT — a0,
by = %/OT<U§,C(T,‘ v1,01,02) + B(T; hog, v2) + 2B(T; h11,v1) — 2a20h11

— 2b11h11 + 2(A(T)h11 + B(T,01,v2)) + 2(1 — apg) A(T)v2) dT — b1y,
ayp = %/OT<([)*,C(T,‘ v1,02,02) + B(T; hop, v1) + 2B(T; h11,v2) — 2b11ho

— 2appho0 + A(T)hoo + B(T;v2,02) — 2002 A(T)v1) AT — agy,

1 /T
bos = 5/0 (03, C(T;v2,02,02) + 3B(T; ho, v2) — 6apah1y — 6ag A(T)v2) dT.

5.2.3 Bifurcations with a 4D center manifold

As discussed in the previous chapter, the representation of the normal forms for
bifucations with a 4- or 5-dimensional center manifold is slightly different from
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the ones corresponding with a 2- or 3-dimensional center manifold. Indeed, in the
normal forms for LPNS, PDNS and NSNS we consider the derivative of the ¢-
variable with respect to the phase coordinate T instead of time ¢ as in the first 8
cases. This, however, does not affect our homological equation approach. In fact,
instead of looking at T and ¢ as functions of time , we now consider ¢ as a function
of T, which is in turn a function of time t. Both approaches are mathematically
equivalent.

Limit Point-Neimark-Sacker bifurcation

The four-dimensional critical center manifold W¢(T') at the LPNS bifurcation can
be parametrized locally by (7,&1,8) € [0,T] x R x C as

u = up(7) +§101(7) + §202(7) + 5202(7) + H(7,G1,82,82), (5.80)
where the real function H satisfies H(T,&1,8, &) = H(0,&1,&,&) and has the
Taylor expansion

- 1 .
H(t,§1,8,8) = ), Whijk(T)Ciﬁjzglz{ +0(lg*), (5.81)
2<ifiires MK
where the eigenfunctions v and v, are defined as
01 — A(t)vy — F(ug) =0, T €[0,T],
01(T) —v1(0) =0,

. (5.82)
/0 (01, F(u))dT = 0,
and
Uy — A(’L’)Z)z +iwvy, =0, TE [0, T],
UZ(T) - UZ(O) =0, (5.83)

T
/ (v, v2)dT —1=0.
Jo

The functions vy and vy exist because of Proposition 2.26. The functions h;j; can
be found by solving appropriate BVPs, assuming that (5.4) restricted to W(T') has
the LPNS normal form (4.13).

The coefficients of the normal form arise from the solvability conditions for the
BVPs as integrals of scalar products over the interval [0, T]. Specifically, those
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scalar products involve among other things the quadratic and cubic terms of (4.3)
near the periodic solution ug, the generalized eigenfunction v; and the eigenfunction
vy, and the adjoint eigenfunctions ¢*, v] and v as solutions of the problems

¢+ AN (1)9* =0, T€[0,T],
Tfp*(T) —¢*(0) =0, (5.84)
/o (¢p*,v1)dT—1=0,

ot + AT(T)o} +¢* =0, T€[0,T],
01(T) —v}(0) =0,

5.85
( (5.85)
/ (v],v1)dt =0,

0
and
05 + AT(T)v} +iwvs =0, T €[0,T],
03(T) = v3(0) = 0, (5.66)
T
/ (v3,v2)dT —1=0.
0
In what follows we will make use of the orthogonality condition
T
/ (¢, F(uo))dt =0, (5.87)
0
and the normalization condition
T
/ (0%, Fug)ydt = 1, (5.88)
0

which can be easily obtained from (5.82), (5.84) and (5.85).

To derive the expressions for the normal form coefficients we write down the
homological equation and compare term by term. We therefore substitute (5.80)
into (5.4), using (4.3), (4.13) and (5.81). By collecting the constant and linear
terms we get the identities

g = F(ug), 01— F(ug) = A(t)or, 92 +iwvy = A(T)v,
and the complex conjugate of the last equation.
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By collecting the (f%—terms we find an equation for hygg
ha00 — A(T)hago = B(T;01,v1) — 2a20001 — 20010 + 201, (5.89)

to be solved in the space of functions satisfying hgo(T) = hago(0). In this space,
the differential operator % — A(7) is singular and the null-space of its adjoint

operator is spanned by ¢*. The Fredholm solvability condition

T
/0 (¢*, B(T;v1,01) — 2a20001 — 20200t + 201) dT =0

allows us to calculate coefficient ag in (4.13) due to (5.82), (5.87) and the required
normalization in (5.84), i.e.

1 /7T, .,
aZOO:E/O (9%, B(T;v1,01) + 2A(T)v1) d. (5.90)

With this expression for aq, let hixgg be a solution of (5.89) in the space of functions
satisfying hopo(0) = hogo(T). Notice that if hyg is a solution of (5.89), then
also hpgp + €1F (1) satisfies (5.89), since F(uq) lies in the kernel of the operator
% — A(7). In order to obtain a unique solution (without a component along the
null-eigenspace) we impose the following orthogonality condition

T
/0 (0%, o) dT =0,

which determines the value of €7 since (5.88) holds. Thus, hyy is the unique
solution of the BVP

To00 — A(T)haoo — B(T;v1,01) — 2A(T)0y
+2ap0001 + 20000t — 21g =0, T € [O, T],
hooo(T) — hapo(0) = 0,

T
| (o a00) de =0
0
By collecting the ¢3-terms (or ¢3-terms) we find an equation for hgpg
hooo — A(T)hogo + 2iwhepg = B(T;v2,v2),
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(or its complex conjugate). This equation has a unique solution satisfying hopo(T) =
hopo(0), since due to the spectral assumptions e%T is not a multiplier of the critical
cycle. Thus, hyo can be found by solving

hozo — A(T)hooo + 2iwheag — B(T;v2,v2) =0, T € [0, T],
ho20(T) — ho20(0) = 0.

By collecting the ¢1¢p-terms we obtain an equation for i1
h110 — A(T)h110 + iwhiio = B(T;01,02) — bi1gvz + 02 + iwvy,

to be solved in the space of functions satisfying h1119(T) = h110(0). In this space,
the differential operator dd—T — A(T) +iw is singular, since /T is a critical multiplier.

So we can impose the following Fredholm solvability condition
T
/ (v3,B(T;v1,v2) — b11gv + 02 + iwvy) dT =0,
0

which due to the normalization condition in (5.86) determines the value of the
normal form coefficient by1g, yielding

T
bi1o = /o (v3, B(T;v1,02) + A(T)vy) dT. (5.91)

The null-space of the operator % — A(7) + iw is one-dimensional and spanned by

vy. To determine hi119 uniquely, we need to impose an orthogonality condition with
a vector whose inproduct with v, is nonzero. ©v; can be chosen because of the
normalization condition in (5.86). Therefore, we obtain hy1g as the unique solution
of the BVP

h10 — A(T)h110 + iwhi1g — B(T;01,02) + biigva — A(T)v2 =0, T € [0, T,
h110(T) — h110(0) = 0,

T
| (@3, 1110) dr = 0.
0
By collecting the |{;'2|2—terms we obtain a singular equation for hgy1, namely
ho11 — A(T)ho11 = B(T;v2,02) — ag1101 — o11tio,

169



CHAPTER 5. COMPUTATIONAL FORMULAS

to be solved in the space of functions satisfying h911(T) = h011(0). The nontrivial

kernel of the adjoint of the operator dd? — A(T) is spanned by ¢*. So, the following

Fredholm solvability condition is involved

T
/o (¢*, B(T;v2,72) — ap11v1 — &o11tlp) AT =0,

which gives us the expression for the normal form coefficient a1, i.e.

T
ap11 :/O <(p*,B(T,'U2,I72)> dr. (5.92)

We impose the orthogonality condition with the adjoint generalized eigenfunction
v] to obtain hgyq as the unique solution of

hon1 — A(T)ho11 — B(T;02, 02) + agu1v1 + ao11tio = 0, T € [0, T),
ho11(T) — ho11(0) =0,

T
| twihon) dr=o.

Note that the values of aygp and a7 are not determined by the homological equa-
tion. We therefore put them equal to zero.

Third order coefficients are only needed to determine the stability of the torus,
if it exists. We have listed these terms in Section 5.A.1.

Period-Doubling-Neimark-Sacker bifurcation

The four-dimensional critical center manifold W¢(T') at the PDNS bifurcation can
be parametrized locally by (7,¢1,¢2) € [0,2T] x R x C as
u = uo(T) + &101(7) 4 &202(7) + $202(7) + H(7, 81,82, 82),
where H satisfies H(2T, &1, &2,&) = H(0,&1, &, &) and has the Taylor expansion
- 1 -
H(Te 6 f) = ) hip(MESE +0(8°),
2<ifTikes 1K
while the eigenfunctions v1 and v, are defined by
01 — A(T)Ul =0, T€ [0, T],
v1(T) +v1(0) =0,

; (5.93)
/0 (v1,v1)dT —1 =0,
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with v1(t+ T) = —vy (1) for T € [0, T] and

Uy — A(T)vp +iwvy, =0, T € [0,T),
Uz(T) — "02(0) =0,

) (5.94)
/o (v2,v2)dT—1=0.

The functions v7 and v, exist because of Proposition 2.27 and Proposition 2.26.
The functions h;j can be found by solving appropriate BVPs, assuming that (5.4)
restricted to W(T') has the normal form (4.14). Moreover, u(t,&1, &, &) = u(t +
T/ _gll 52/ 52) so that

hij(T) = (=1)'hip(t + T), (5.95)

for T € [0, T]. Therefore, we can restrict our computations to the interval [0, T]
instead of [0,2T].

The coefficients of the normal form arise from the solvability conditions for the
BVPs as integrals of scalar products over the interval [0, T]. Specifically, those
scalar products involve among other things the quadratic up to quintic terms of
(4.3) near the periodic solution ug, v1, v, and the adjoint eigenfunctions ¢*, v
and o3 as solutions of the problems

¢+ AN(1)p* =0, T€[0,T],
: ¢*(T) —¢™(0) =0, (5.96)
| (o Fluodr—1=0,
o+ AN(1)o] =0, T€[0,T],
01(T) +01(0) =0, (5.97)
/OT (v],v1)dT—1=0,

and

03 + AT(1)v} +iwvs =0, T€[0,T),
03(T) = 03(0) =0,

. (5.98)
/0 (v3,v2)dT —1=0.
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By collecting the constant and linear terms in the homological equation we get the
identities

g =F(up), 01 =A(T)n,  02+iwvy = A(T)vy,

and the complex conjugate of the last equation, which merely reflect the definition
of up and the differential equations in (5.93), (5.94).
By collecting the (';’%—terms we find an equation for /g

haoo — A(T)hago = B(T;01,v1) — 2an001lo, (5.99)

to be solved in the space of functions satisfying hgo(T) = hago(0). In this space,

the differential operator % — A(7) is singular and the null-space of its adjoint is

spanned by ¢*. The Fredholm solvability condition

T
/0 <‘P*rB(T; U1, vl) — 206200110) dt =0

together with the required normalization in (5.96) gives us the possibility to calculate
a0 in (4.13), i.e.

1 /T,
00 = 5 /0 (¢*, B(T;v1,071)) dT. (5.100)

As before, hygg is determined up to the addition of a multiple of g, since hygg +
e1F(ug) is a solution of (5.99) for every value of €. We fix the value of hygg
by demanding the orthogonality with the adjoint eigenfunction corresponding with
multiplier 1, i.e.

T
/O <(p*,h200> dt =0.
We then obtain hpgg as the unique solution of the BVP

haoo — A(T)ha00 — B(T;v1,01) + 2a000t0 = 0, T € [0, T],
h200(T) — h200(0) =0, (5.101)

T
/0 (@™, hago) dT = 0.
By collecting the (f%—terms (or (f%—terms) we obtain the differential equation for hpq
ho20 — A(T)hogo + 2iwho = B(T;v2,v2),
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or its complex conjugate. Since e%¢“T is not a critical multiplier, no Fredholm

solvability condition has to be satisified. hgpg can thus simply be found by solving

hooo — A(T)hoao + 2icwh — B(T;02,v2) =0, T € [0, T],
hooo(T) — ho2o(0) = 0.

The equation found by comparing the ¢;&,-terms is given by
h110 — A(T)h110 + iwhyyg = B(T;01,02).

From (5.95) it follows that /111 is anti-periodic. Now, since —e'“T is not a multiplier

of the critical cycle, no solvability condition has to be satisfied. Therefore, we can
immediately obtain /1119 from

119 — A(T)h110 + iwhi1g — B(T;01,02) =0, T € [0,T],
h110(T) + h110(0) = 0.
The |§2|2—terms lead to a singular equation for hgy1, namely

ho1 — A(T)ho11 = B(T;v2,02) — agu1tio,

to be solved in the space of T-periodic functions. The nontrivial kernel of the
operator % — A(7) is spanned by 1iy. So, the Fredholm solvability condition with
the corresponding T-periodic adjoint eigenfunction is involved, i.e.

T
/0 <(P*,B(T; 02, 52) — 06011L10> dt =0,

from which the expression for the normal form coefficient ap17 can be derived

T
X011 :/O <(P*,B(T,‘Z)2,Z72)> dr.

Now, we still need to uniquely determine the multiple of F(u) that can be added
to function hg11, and will therefore impose the orthogonality condition with ¢* to
obtain hgy1 as the unique solution of

ho11 — A(T)ho11 — B(T;v2,02) + aguitio = 0, T € [0, T],
ho11(T) — ho11(0) =0,

T
/0 <g0*,h011> dt =0.
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We have now examined all order two terms, and continue with the order three
terms. Collecting the ﬁ{’—terms determines an equation for h3gg and will give us the
possibility to compute the normal form coefficient azgg in (4.14). The differential
equation

h300 — A(T)h300 = C(T;01,01,01) + 3B(T; 01, hogo) — 6&20001 — 630001

has to be solved in the space of functions satisfying h3go(T) = —h3p0(0). The
nontrivial anti-periodic kernel of the operator % — A(T) is spanned by v7. So,
the Fredholm solvability condition with the anti-periodic adjoint eigenfunction v7 is

involved, i.e.
T
/0 (v],C(T;v1,v1,01) + 3B(T; 01, hapo) — 620091 — 6a30001) AT =0

and thus

1 /T .
a300 = 8/0 (v1, C(T;01,01,01) + 3B(T;v1, haoo) — 6a200A(T)v1) AT,

due to the normalization condition from (5.97). The usual orthogonality condition
with the adjoint eigenfunction v} is imposed to obtain h3p as the unique solution
of

hi300 — A(T)haoo — C(T;v1,01,v1) — 3B(T; 01, haoo)
+60200A(T)v1 4 6a300v1 =0, T € [0, T],
h300(T) + h3po(0) =0,

T
/0 <Z)T, h300> at = 0.

The (f% (or (f%)—terms from the homological equation give the following expression
for h030
ho30 — A(T)hoso + 3iwhozy = C(T;v2,02,v2) + 3B(T; 02, hogo),

or its complex conjugate. This equation has a unique solution hgzy satisfying
hoso(T) = hoso(0), since due to the spectral assumptions e¥“T is not a multi-
plier of the critical cycle. Thus, hg3p can be found by solving

hozo — A(T)hoso + 3icwhgzo — C(T;02,02,02) — 3B(T; v, hopo) =0, T € [0,T),
ho3o(T) — hoszo(0) = 0.
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By collecting the g’,%éz—terms we obtain an equation for hy1g

10 — A(T)ha1o + iwhpig = C(T;01,01,02) + B(T;02, haoo) + 2B(T; 01, hi110)
— 200002 — 2bp19T2 — 2iwanpva,

(5.102)
to be solved in the space of T-periodic functions. The nontrivial kernel of the adjoint
of the operator % — A(T) + iw is spanned by the complex eigenfunction ;. So,

the following Fredholm solvability condition has to be imposed

T
/0 (v3,C(T;v1,v1,v2) + B(T; 02, hogo) + 2B(7; 01, h110)

—2000002 — 2b219v2 — 2iwaanova) AT = 0,

from which the expression for the normal form coefficient by1p can be derived,
namely

1 /T
b1 = 5/0 (v3,C(T;v1,v1,v2) + B(T; 02, hooo)

+2B(T; 01, h110) — 200000 A(T)02)dT,

taking the normalization from (5.98) into account. Now, hy1g is defined by (5.102)
up to the addition of a multiple of v,. Therefore, we impose the orthogonality
condition with the complex adjoint eigenfunction v; to obtain /19 as the unique
solution of

ho10 — A(T)ho1g + iwhaig — C(T;v1,v1,02) — B(T; 02, hago)
—2B(1;v1, h10) + 2a200A(T)v2 + 2b219v2 = 0, T € [0, T},
h210(T) — h210(0) =0,

T
| (03,0 d 0.
0
Since no ¢1¢3-term is present in the normal form (4.14), we will find a nonsingular

equation for hi1p9. Moreover, because of property (5.95) hpq is anti-periodic and
thus

h120 — A(T)h120 + 2iwhiag — C(T;v1,02,v2)
—B(T;v1, hono) — 2B(T;02,h110) =0, T € [0,T],
h120(T) + h120(0) = 0.
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The two remaining third order terms corresponding with & |&|? and &7 |&|? both
give a singular equation, namely

hoo1 — A(T)hop1 + iwhoy = C(T;v2,v2,2) + B(T; 02, hono) + 2B(T; 02, ho11)
— 2001102 — 2bpp107 — 2iwrg102
and
11 — A(t)hin = C(t;01,02,52) + B(T; 01, hor1) + B(T; 02, hio1)
+ B(7; 02, h110) — %1101 — 411171

The first function is T-periodic, the second one is anti-periodic. Both involve a
Fredholm solvability condition, which leads to the computation of the two remaining
unknown third order normal form coefficients of (4.14), i.e.

1 /T N _ B
boo1 = 5/0 (v3,C(T;v2,v2,D2) + B(T; T2, hopo)
+2B(T;v2, ho11) — 20011 A(T)v2) dT

and

T
a1 = /0 (v],C(T;v1,v2,02) + B(T;v1, ho11)
+2R(B(t;v2, h101)) — 2011 A(T)01) dT.

Since we need the functions hgp1 and hyqq for the computation of higher order
normal form coefficients, we write down their BVPs, yielding

hoo1 — A(T)ho1 + iwhpy — C(T;v2,v2,02) — B(T; 02, hogo )
—ZB(T,‘ Uy, hon) + 20(011A(T)’02 + 2b021’02 =0, 1€ [0, T],
hoo1(T) — ho21(0) = 0,

T
/o (03, ho1) dT =0

and
hi11 — A(T)hin — C(T;01,02,02) — B(T; 01, hon)
—2R(B(T; 02, h101)) + 2011A(T)v1 +a11101 =0, T € [0,T],
h111(T) + h111(0) =0,

T
[ @) dr =o.
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The stability of a possibly existing extra torus depends on the fourth and fifth order
coefficients, which we have listed in Section 5.A.2.
5.2.4 Bifurcations with a 5D center manifold

Double Neimark-Sacker bifurcation

The five-dimensional critical center manifold W€¢(T') at the NSNS bifurcation can
be parametrized locally by (t,¢&1,&) € [0, T] x C? as

u = up(t) + &101(7) + £191(7) + §202(7) + E202(7) + H(T, 81,61, 82, 82),

where H satisfies H(T, &1, ¢1,82,¢2) = H(0,&1,¢1,82,&) and has the Taylor ex-
pansion

H o b b @) = Y womh(OEGSE +002),
2<itjrk+i<s B

where the complex eigenfunctions v; and v, are given by

01 — A(T)vy +iwgvy =0, T€[0,T],
U](T) — 0 (0) = 0,

. (5.103)
/ (v1,v1)dT—1=0,
0
and
Uy — A(T)Z)z +iwyvy =0, T E€ [0, T],
Uz(T) — 02(0) = O, (5.104)

T
/ (v, v2)dT —1=0.
Jo

The functions v1 and v exist because of Proposition 2.26. The functions h;j will
be found by solving appropriate BVPs, assuming that (5.4) restricted to W¢(T') has
the normal form (4.15).

The coefficients of the normal form arise from the solvability conditions for the
BVPs as integrals of scalar products over the interval [0, T]. Specifically, those
scalar products involve among other things the quadratic up to quintic terms of
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(4.3) near the periodic solution ug, the eigenfunctions v1 and vy, and the adjoint
eigenfunctions ¢*, v] and v; as solution of the problems
¢+ Al(T)9* =0, T€[0,T],
#*(T) - 9*(0) = 0, (5.105)
[ ot Fuonar—1=0,
o7 + AT(T)U]‘ +iwv; =0, T€[0,T],
01(T) - v1(0) = 0,

(5.106)
T
/ (v],v1)dT—1=0,
0
and
0y + AT(T)0} +iwyvs =0, T € [0,T],
05(T) —03(0) =0, (5.107)

T
/ (05, 02)dt —1 = 0.
0

By collecting the constant and linear terms in the homological equation we get the
identities

Ug = F(Mo), U1 + iwv; = A(T)Ul, Uy + iwpvy = A(T)?Jz, (5.108)

and the complex conjugates of the last two equations. (5.108) merely reflects the
definition of up and the differential equations in (5.103) and (5.104).
By collecting the C% (or (f%)—terms we find an equation for 009

hia000 — A(T)hao00 + 2iw1hao00 = B(T;01,01),
(or its complex conjugate). This equation has a unique solution hpgp satisfying

o000 (T) = h2000(0), since due to the spectral assumptions %17 is not a multiplier
of the critical cycle. Thus, hygyo can be found by solving

{ ha000 — A(T)haoo0 + 2iwihopoo — B(T;v1,01) =0, T € [0, T, (5.100)

h2000(T) — h2000(0) = 0.
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The function hpqg is just the complex conjugate of the function hygoo. Analogously,
by comparing the é‘%—terms, we obtain hgpp as the unique solution of

{ hoo20 — A(T)hoozo + 2iwahopo — B(T;02,v2) =0, T € [0, T], (5.110)

hoo20(T) — hoo20(0) = 0.

Notice the symmetry between (5.109) and (5.110).
By collecting the \§1|2—terms we obtain a singular equation, as expected since
this term is present in the NSNS normal form (4.15), namely

1100 — A(T)h1100 = B(T;01,01) — ag100tio,

to be solved in the space of functions satisfying 111100 (T) = h1100(0). Since the null-
space of the adjoint operator is spanned by ¢*, the Fredholm solvability condition

T
/0 (¢*, B(T;v1,01) — aq100t0) AT =0

gives us the possibility to calculate parameter a1199 due to the normalization con-
dition in (5.105), i.e.

T
®1100 :/o (¢*,B(T;v1,01)) dr.

The function hqqqg is now determined up to the addition of a multiple of 1y. As
always, we will add an orthogonality condition, in this case with the adjoint eigen-
function corresponding with multiplier 1. Therefore, we obtain h11g99 as the unique
solution of the BVP

h1100 — A(T)h1100 — B(T;01,81) + aq100ti0 = 0, T € [0, T,
h1100(T) — h1100(0) = 0,

T
/0 (9", h1100) dT = 0.
Analogously, the function hyp11 can be obtained by solving

hoo11 — A(T)hoo11 — B(T;v2,02) + apon1tio = 0, T € [0, T],
hoo11(T) — hoo11(0) = 0,

T
/0 (9", hoo11) dT =0,
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where .
0011 :/o (9", B(T;02,02)) dr.
By collecting the {;¢p-terms we find the following differential equation for hyg1g
h1010 — A(T)h1010 + iwih1010 + iwahio10 = B(T;01,02).
This equation has a unique solution satisfying /1010(T) = h1010(0), since due to
the spectral assumptions ¢/(@17@2)T is not a multiplier of the critical cycle. Thus,
hi1010 can be found by solving
h1010 — A(T)h1010 + iw1h1010 + iwahi010 — B(T;01,02) =0, T € [0, T],
h1010(T) — h1010(0) = 0.
Note that hy101 = h1010-
The last second order derivative corresponding with the &;&-terms results in a
nonsingular differential equation, such that
h1001 — A(T)h1001 + iwihigor — iwahigor — B(T;01,82) =0, T € [0,T],
h1001(T) — h1001(0) = 0.
We now investigate the third order terms. From the C%— and é;’—terms we immedi-
ately get the BVPs for h3ggg and hgg3zg, namely
hi3000 — A(T)h3000 + 3iw1 3000
—C(t;01,01,01) — 3B(T;01, haooo) = 0, T € [0, T},
h3000(T) — h3000(0) = 0

and ) '
hoozo — A(T)hooso + 3iwahooso

—C(1;v0,v2,v2) —3B(T; 02, hoopo) =0, T € [0, T},
hoozo(T) — hoozo(0) = 0.

Since the §; \§1|2—term is present in the NSNS normal form, a Fredholm solvability
condition is applied to the RHS of the differential equation for fy1¢

ho100 — A(T)h2100 + iwiho100
= C(1;v1,v1,01) + 2B(T;v1, h1100) + B(T; 01, haooo)
— 24310001 — 2iwW1&110001 — 24110071,
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namely

T
/0 (v1,C(7;01,01,01) + 2B(T; 01, h1100) + B(T; 31, h2o00)
—2a210001 — 20110001 — 2iw1&110071) AT = 0.

Taking the normalization condition from (5.106) and the differential equation from
(5.103) into account, we get

1 /T _
42100 = E/o (v1, C(T;v1,01, 1) + 2B(T; 01, h1100)

+ B(7; 01, hao00) — 2a1100A(T)01) dT.

We can then compute hy1gp as the unique solution of the BVP
h100 — A(T)ha100 + iwrhaioo — C(T;v1,01,01)
—2B(7;v1, h1100) — B(T; 01, h2o00)
+2a5100v1 + 2001100A(T)v1 =0, T € [0, T,
h2100(T) — h2100(0) =0,

T
/0 <Z)T,h2100> dt =0.

We now immediately list the following BVPs

hao10 — A(T)hao10 + 2iwihagio + iwshogro — C(T;01,01,02)
—B(7;v2, haoo0) — 2B(T; 01, 1010) =
h2010(T) — h2010(0) =
haom — A(T)haoo1 + 2iwihage — iwshaoor — C(T; 01,01, 02)
—B(7; 02, haooo) — 2B(T; 01, h1oo1)
h2001 (T) — h2001 (0)
020 — A(T) 020 + iwrhig20 + 2iwzh1020 — C(T; 01,02, 02)

—B(7;v1, hoozo) — 2B(T; v2, hp10)
h1020(T) — h1020(0)

, T €1[0,T],

7

, TE10,T],

7

0
0
0
0
0, T€[0,T],
0

and
ho120 — A(T)ho120 — iwhoi2o + 2iwahoi20 — C(T; 01,02, v2)
—B(7; 91, hooao) — 2B(T;v2, ho110) =0, T € [0, T),
ho120(T) — ho120(0) = 0,
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corresponding with a nonsingular differential equation. The &, |§2|2—terms from the
homological equation make it possible to compute bygp1. Indeed, the differential
equation

hooo1 — A(T)hoo1 + iwahoo
= C(1;v9,v2,D2) + B(T; D2, hoooo) + 2B(T; v2, hoo11)
— 2bpp21v2 — 2&001102 — 2iwrtp11702

results in a solvability condition with v3, i.e.
T
/0 (v3,C(T;v2,v2,32) + B(T; 02, hoooo) + 2B(T; 02, hoo11)

—2bpo2102 — 24001102 — 2iwrkgp11v2) AT = 0.

Therefore, considering the normalization condition from (5.107) and the differential
equation from (5.104), we can calculate coefficient bypy; as

1 /T _ _
boop1 = 3 /o (v3,C(T;v2,v2,32) + B(T; 02, hoo2o)

+ 2B(T;v2, hoo11) — 2a0011A(T)v2) dT,

with hggo1 the unique solution of the BVP
hooo1 — A(T)hoo1 + iwahooa1 — C(T; 02,02, 02)
—B(7; 32, hoozo) — 2B(T; v2, hoo11)
+2bo2102 + 200011 A(T)v2 = 0, T € [0, T,
hoo21(T) — hoo21(0) = 0,

T
/0 (03, hoo21) dT = 0.

The last two to be examined third order terms give us both an expression for a
normal form coefficient. The first one, obtained from the |&1|? &,-terms, leads to
the BVP

110 — A(T)h1110 + iwahi110 — C(T; 01,01, 02)
—B(7;v1, hor10) — B(7; 01, h1o10) — B(T; v2, h1100)
+b111002 + @1100A(T)v2 =0, T € [0, T),
h1110(T) — h1110(0) = 0,

T
/0 (03, h1n10) dT = 0,
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where from the solvability condition follows that

T
bi110 = /o (v3,C(T;v1,01,v2) + B(T; 01, hor1o0) + B(T; 91, ho1o)

+ B(T; 02, h1100) — &1100A(T)02) dT.

Analogously, we obtain the following BVP
o — A(T)hio11 + iwrhigrr — C(T;01,v2,72)
—B(t;v1, hoo11) — B(T;v2, hiom ) — B(T; D2, h1o10)
+a101101 + o011 A(T)v1 =0, T €[0,T],
h011(T) — h1011(0) = 0,

T
/0 (01, ho1) dT =0,

where

T
a1 = /0 (v1,C(T;v1,v2,02) + B(T;v1, hoo11) + B(T; 02, h1001)

+ B(7; 02, h1010) — o011 A(T)01) dT.

We still need the coefficients by191 and agr11, determined by

T
biim = /0 (95, C(T;v1,01,72) + B(T; 01, howor ) + B(T; 01, hioor)
+ B(7; 02, h1100) — ®1100A(T)32) dT
and
T *
ap111 = /0 (07, C(7;01,v2,02) + B(T; 01, hoo11) + B(T; v2, ho101)
+ B(7; 02, ho110) — 0011 A(T)1) dT.

As before, the higher order terms (fourth and fifth order) that determine the stability
of the extra torus can be found in Section 5.A.3.

5.3 Conclusion

This chapter completes the development of efficient methods for the computation
of the critical normal form coefficients for all codim 1 and 2 local bifurcations
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of limit cycles, started in [68] and based on [59]. Together with the papers on
the computation of the critical normal form coefficients for codim 1 and 2 local
bifurcations of equilibria in ODEs [66] and fixed points of maps [70,71], it contributes
to the development of methods, algorithms, and software tools for multiparameter
bifurcation analysis of smooth finite-dimensional dynamical systems.

In this chapter, we have provided the explicit formulas for the normal form
coefficients for codim 2 local bifurcations of limit cycles. The approach perfectly fits
into the continuation context, where limit cycles and their bifurcations are computed
using the BVP-approach, without numerical approximation of Poincaré maps. The
resulting formulas are independent of the phase space dimension and are applied in
the original basis. In the next chapter, full details are given of the implementation
of the developed methods, together with a discussion of several numerical examples
in which the validity of the values of the normal form coefficients is checked for.

5.A Higher order coefficients

In this appendix we list the third order normal form coefficients for the LPNS
bifurcation and the fourth and fifth order coefficients for PDNS and NSNS, which
are necessary to determine the stability of the extra torus (if it exists). Remark that
we have not listed the coefficients that can be obtained by complex conjugacy or
the similar expressions for w; instead of w; in the case of NSNS.

5.A.1 Third order coefficients for LPNS

The third order normal form coefficients in (4.13) are determined by

azp0 = %/OTW*rC(T} v1,01,01) + 3B(T; 01, haoo) + 3200
— 6az00h200 — 6a200A(T)v1) AT + 200,

by = %/(;T<v§,C(T; v1,01,02) + B(T; 02, haoo) + 2B(T; 01, h110)
+ 2h119 — 20200 A(T)02) dT + by,

box1 = ;/{)T<U§/C(T; 02,02,02) + B(T; 02, hooo)

+2B(7;v2, ho11) — 2a011A(T)v2) dT,
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T
a = /0 (9%, C(T;01,02,02) + 2R(B(T; 02, h101)) + B(T; 01, ho11)

+ o1 — w011 A(T)v1 — 2R (b110)ho11 — ao11h200) AT + apr-

5.A.2 Fourth and fifth order coefficients for PDNS

The fourth order normal form coefficients in (4.14) are determined by

1 /T
gy = 54 /0 (¢*,D(t;v1,01,01,01) + 6C(T; 01,01, h20o)
+ 3B(; haoo, haoo) + 4B(T; 01, haoo) — 12a200h200) 4T,

a1 = %/OT@D*,D(T; 01,01,02,02) + C(T; 01,01, ho11) + C(T;v2, T2, hago)
+4R(C(T; 01,02, 01)) + 2R(B(T; 02, h201)) + B(T; h200, ho11)
+ 2B(T; o1, h110) 4 2B(T; 01, h111) — ao11ha00 — 2a200h011) AT,

= %/OT«D*,D(T; vy, 02, T, 07) + 4C(T; 2, Do, ho11) + 2R(C(T; v2, V2, ho2))
+ B(T; hozo, hooz) + 2B(T; ho11, o) + 4R(B(T;02, ho12)) — 4aonifion ) dt.

The fourth order functions of the expansion of the critical center manifold can be
computed by solving the following BVPs on [0, T]

haoo — A(T)haoo — D(T;01,01,01,01) — 6C(T; 01,01, ha00)
—3B(T; hago, haoo) — 4B(T; 01, hao0) + 12a200h1200

+24m 400110 + 24a300h200 = O,

haoo(T) — hao0(0) =0,

T
/0 (@*, hago) dT =0,
hoso — A(T)hoao + 4iwhosg — D(T;v2, 02, v2,v2)
—6C(T;v2,v2, hogo) — 4B(T;v2, hozo) — 3B(T; hoo, hooo) = 0,
hoao(T) — hoao(0) =0,
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ha10 — A(T)h310 + iwhzig — D(T;01,01,01,02)
—3C(7; 01,01, h110) — 3C(T; 01,02, haoo) — B(T;v2, h300)
—3B(t; 01, ha10) — 3B(T; haoo, h110) + 620071110
+6a300/110 + 6b210h110 + bicwazpohiio = 0,
h310(T) + h310(0) =0,
h13p — A(T) 130 + Biwhizg — D(T; 01,02, 02,02
—3C(7; 02,02, h110) — 3C(T; 01,02, hoo) — B(T;v1, hoso
—3B(7; hozo, h110) — 3B(T; 02, h12o
h130(T) + h130(0
hos1 — A(T)hoa1 + 2iwhyz; — D(T;0,0,02, 7y

4

7

o — — " Y —

—3C(7; 02,02, ho11) — 3C(T; 02,2, hoo) — B(T; 92, hoso
—3B(T; hooo, ho11) — 3B(T; 02, hoa1) + 3aon1/io0
+6bg21h020 + 6iwagiihozo = 0,
hos1(T) — ho31(0) =0,
11 — A(T)ho1n — D(T;01,01,02,02) — C(T;01, 01, honn)
—C(1; 02,02, haoo) — 4R(C(T;v1, 02, 101)) — 2R (B(T; 02, h201))
—B(T; haoo, ho11) — 2B(T; o1, h110) — 2B(T;01, 111) + ao11/200
+20000f1011 + 200011110 + 201111200 + 4R (b210)ho11 = O,
h11(T) — h211(0) =0,

/OT<§0*,h211> dt =0,
o1 — A(T)ho1 + iwhipy — D(T;01, 00,05, 7)
—C(t;01,02, hopo) — 2C(T; 01,02, ho11) — C(T;v2,v2, h1o1)
—2C(7; 02,02, h110) — B(T; 01, hoa1) — B(T; hozo, f01)
—2B(7; ho11,h10) — 2B(7; 02, h111) — B(T; 02, hixo)
+2a0111110 + 2boa1h110 + 241111110 + 2iwagi1hi10 = 0,
h121(T) + h121(0) =0,
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haoo — A(T)hao + 2iwhang — D(T;01,01,v2,02)
—C(T;v2, v, hago) — 4C(T; 01,02, h110) — C(T; 01,01, hooo)
—B(7; hao0, hozo) — 2B(T;v2, ha10) — 2B(T; hi10, B110)
—2B(T;v1, h120) + 2a200h020 + 4b210h020 + 4iwasgohono = 0,
h0(T) — ha20(0) =0,
hoxo — A(T)hoxa — D(T;02, 02,0, 02) — 4C(T;v2, B2, hon1)
—2R(C(7;v2,v2, hooz2)) — B(T; hoo, hooz) — 2B(T; ho11, ho11)
—4R(B(; 02, ho12)) + 4ao11hio11 + 4aonatio + 8R (boo1 ) hor1 = 0,
hoo2(T) — hop2(0) =0,

T
/0 <(p*,h022> dt = 0.

The fifth order normal form coefficients in (4.14) are determined by

1 T .
asp0 = m/o (v1, E(t;v1,v1,01,01,01) + 10D(T; 01,01, 01, h2go)

+10C(7;v1,v1, h3oo) + 15C(T; v1, hooo, haoo) + 10B(T; koo, M300)
+ 5B(T; 01, haoo) — 20a200/1300 — 1200400 A(T)v1) dT — 2004300,

1 T
b410 = ﬂ /(; <’U)2k/ E(T/ 01,01,01,01, ’02) + 6D(T/ 01,91,02, hZOO)
+4D(7;v1,01,01, h10) +4C(T; 01,02, h3eo) + 6C(T; 01,01, h210)
+ 3C(T; v, haoo, hooo) + 12C(T; 01, hago, h10) + 4B(T; v1, h310)
+4B(7; h110, h300) + 6B(T; haoo, h210) + B(T; 02, hago)
— 24400 A(T)v2 — 12a200h210) AT — 200210,

1 /T _
a1 = 6/0 (v], E(T;v1,v1,01,02,02) + D(T; 01,01, 01, ho11)

+6R(D(T;v1,v1,v2, h101)) +3D(T; 01, 02,02, haoo) + 3C(T; 01, Moo, ho11)
+ 6R(C(T;v2, hogo, h101)) + 6R(C(T; 01,02, hao ) + C(T; 02,02, haoo)
+3C(t; 01,01, h111) + 6C(T; 01, h1o1, h10) + 3B(T; hago, h111)

+ 6R(B(T; hao1, h110)) + 2R(B(T; 02, h301)) + B(T; ho11, ha00)

+ 3B(7; ho11, 1) — 6211 A(T)v1 — g1 71300

— 6ax00h111) AT — X2008111 — X0114300,
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by = %/OT@);/E(T}ULULUL 02,02) + D(T; 02,02, 02, hooo)
+2D(t;v1, 02,02, h101) + 2D(T;v1, 01,02, ho11)
+ D(7; 01,01, 02, hogo) + 4D(T; 01,02, 02, h110) + 2C(T; T2, h10, h110)
+ C(7;v1,v1, hop1) + C(T; 02, v2, hoo1) + C(T; T2, hogo, hozo)
+ 2C(T; v, Do, ho19) + 2C(T; 01, Do, h120) + 2C(T; 01, hozo, F101)
+4C(t; 01,02, hi11) +4C(T; 02, ho1, h1o) + 2C(T;v2, haoo, hot1)
+4C(7; 01, h11o, ho11) + B(T 02, hazo) + 2B(T; 01, hi21) + 2B(T; hizo, h101)
+4B(7; h1o, h11) + 2B(T; hoto, ho1) + 2B(T; 02, ho11) + B(T; haoo, hoo1)
+ B(T; hao1, hooo) — 2001151210 — 4211 A(T)v2 — 200000f1021) dT
— a00bo21 — 0116210,

a1y = %/OT@JT,E(T;ULZ)Q, 03,7, Ty) +4R(D(T; 02,02, T2, h101))
+2R(D(t;v1,v2,02, hooz)) +4D(T; 01, 02, B2, ho11) + 2C(T; 01, ho1n, hott)
+ 8R(C(T;v2, ho11, o)) + 4R(C(T; 02, hooa, M10)) + C(T5 01, hozo, Fooz2)
+4R(C(T; 01,02, ho12)) + 4C(T; 02, T2, h111) + 2R(C(T; 02, V2, h102))
+4B(T; ho1, h11) + 2R(B(T; hozo, h1o2)) + 4R (B(T; 02, h112))
+ B(T; 01, hoz) + 4R(B(T; h110, ho12)) — 4011
— 4o A(T)v1) AT — ap11a111,

1 T o
bozr = ﬁ/o (v3, E(T;v2,v2,02,02,02) + D(T; 02, 02, 02, hoo2)

+3D(7;v2, 02, B2, hogo) + 6D(T; 02,02, 02, ho11) + 6C(T; 02, hozo, ho11)
+6C(T;v2, 02, hoo1) + C(T; 02, 52, hozo) + 3C(T; v2, Mooz, Fo2o)

+ 3C(7;v2,v2, ho12) + 6C(T; 02, ho11, hor1) + 3B(T; hogo, ho21)

+ 6B(T; hop1, ho11) + 3B(T; v2, hoxe) + 2B(T; 32, hoz1)

+ B(T; hooa, hoso) — 6ao11h001 — 120020 A(T)v2) dT — ag11boos.-

5.A.3 Fourth and fifth order coefficients for NSNS
The fourth order normal form coefficients for (4.15) are determined by
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1 T
(200 = 7 /0 (¢*, D(T;v1,v1,71,01) + 2R(C(T; 01, v1, ho200) )

+4C(T;v1, 91, h1100) + B(T; h2000, Mo200) + 2B(T; H1100, H1100)
+ 4R (B(T; 01, h1200)) — 4@110011100) 47T,

T
a1111 = /0 (9", D(T;v1,71,v2,02) + C(T; 01,91, hoo11) + 2R(C(T; v1,v2, ho101))

+ 2R(C(7;v1, T2, hor1o)) + C(T;v2, D2, hi100) + 2R(B(7; 01, ho111))
+ B(7; hot10, h1o01) + B(T; hoo1, 1o010) + B(T; hoo1, Mioo)

+ 2R(B(T;v2, h1101)) — ®0011/11100 — X1100710011) AT

The fourth order functions of the expansion of the critical center manifold can be
computed by solving the following BVPs on [0, T

hao00 — A(T)hago0 + 4icw1hagoo — D(T;01,01,01,01)
—6C(; 01,01, haooo) — 3B(T; h2000, h2000) — 4B(T; 01, h3000) = 0,
ha000(T) — haooo(0) =0,
hiz100 — A(T)h3100 + 2iw1hz100 — D(T; 01,01, 01, 01)
—3C(7; 01,01, h1100) — 3C(T; 01, 01, h2o00) — B(T; 91, h3o00)
—3B(7;v1, h2100) — 3B(T; 12000, H1100) + 381100712000
+6a2100M2000 + iw1&1100M2000 = O,
h3100(T) — h3100(0) = 0,
hz010 — A(T)h3010 + 3iwr h31g + iwahzor0 — D(T;01,01,01,02)
—3C(1;v1,01, h1o10) — 3C(T; 01,02, haooo) — B(T; 02, H3000)
—3B(7;v1, hao10) — 3B(T; haoo0, 1010) = 0,
h3010(T) — h3010(0) = 0
haoo1 — A(T)hso01 + iwrhaoo — iwahzger — D(T;01,01,01,02)
—3C(7; 01,01, h1o01) — 3C(T; 01,02, h2000) — B(T; 02, h3000)
—3B(7;v1, haoo1) — 3B(T; haooo, 1001 = 0,
h3001(T) — h3p01(0) = 0,
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hia200 — A(T)ha200 — D(T; 01,01, 01, 01) — 2R(C(T; 01,01, ho2oo) )

—4C(7; 01,91, h1100) — B(T; 2000, Po200) — 2B(T; h1100, 1100)
—4R(B(; v1, 1200)) 4 8R(a2100) 11100 + 4220010 + 41100711100 = 0,
h2200(T) — h2200(0) = 0,

T
/0 (¢*, hpoo) dT =0,

hi2020 — A(T)hao0 + 2iw1haano + 2iwahanno — D(T; 01,01, 02,02
—C(7; 01,01, hoo20) — C(T;v2,v2, haooo) — 4C(T; 01, 02, ho10
—B(7; 2000, hoo20) — 2B(T; v2, hao1o

—2B(7; h1o10, h1010) — 2B(T; 01, 1020

ho020(T) — h2020(0

hao02 — A(T)hao02 + 2iwihagy — 2iwshooey — D(T;01, 01,02, 02

:0/
:0/

—C(1; 02,2, haooo) — 4C(T; 01,2, ho01) — C(T; 01,01, hooo2
—2B(7; 02, hao01) — B(T; 12000, fooo2

—2B(; h1001, h1001) — 2B(T; 01, 1002

h2002(T') — h2002(0

o110 — A(T)ho110 + iwiharrg + iwahaig — D(T;v1, 01,01, 02)

M~ — — ~— — " "  —

:O,
=0,

—C(t;v1,v1, ho110) — 2C(7; 01,91, h1o10) — C(T; 01, 02, hao00)
—2C(7;01,v2, h1100) — B(T; 01, hao10) — 2B(T; h1o10, M1100)
—B(T;v2, h2100) — B(T; h2o00, ho110) — 2B(T; 01, h1110) + 2421001010
+2b1110h1010 + 2&1100711010 + 2i (W1 + W2)a1100h1010 = O,
h2110(T) — h2110(0) = 0,
ha101 — A(T)h2101 + iwrh101 — iwahpi01 — D(T;01, 01,01, 37)
—C(t; 01,01, hor01) — 2C(7; 01,91, h1oo1) — C(T; 01, B2, h2o00)
—2C(7; 01,02, h1100) — 2B(T; h1001, h1100) — 2B(T5 01, h1101)
—B(T; 2, ho100) — B(T; 91, haoo1) — B(T; h2o00, hoto1)
+2a51001001 + 20110111001 + 201100711001 + 2i (W1 — W2)&1100H1001 = O,
h2101(T) = h2101(0) = 0,
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hao11 — A(T)hao11 + 2iwihag11 — D(T;01,01,02,02)
—C(t; 01,01, hoo11) — 2C(T; 01,92, h1oo1) — C(T; 02, B2, hao0o)
—2C(7; 01,02, hio10) — B(T; 02, hao10) — B(T; 02, hao1 )
—B(7; 2000, hoo11) — 2B(T; 1001, h1010) — 2B(T; 01, ho11)

+2a10112000 + @011 /12000 + 2iw1 200112000 = 0,

h2011(T) = ha011(0) = 0,
I — A(T)hn — D(T;01, 01,02, 02) — C(T;01, 01, hoo11)
—2R(C(7;v1,v2, ho101)) — 2R(C(T;v1, 02, ho110))
—C(t;v2,02, h1100) — 2R(B(7; 01, ho11)) — B(T; ho11o, f1001)
—B(7; hoto1, Mo10) — B(T; hoo11, h1100) — 2R(B(T;v2, h1101))
+2R (a0111) 1100 + 001111100 + 2R (b1101) Hoo11

+aq111t0 + @110070011 = 0,

h1111(T) — h1111(0) = 0,

T
/0 (¢, hi111) dT = 0.

The fifth order normal form coefficients for (4.15) are given by

1 T o
a3200 = ﬁ/o (v}, E(t;v1,v1,01,01,01) + D(T; 01,01, 01, hoooo)
+3D(7;v1, 01,01, haooo) + 6D (T; 01,1, 51, h1100) + 6C(T; v1, h1100, F1100)
+ 3C(T/ 01,01, hlZOO) + C(T/ ?71/ ﬁl/ h3000) + 6C(T/ 01, 771/ h2100)
+6C(T; 1, 2000, 1100) + 3C(T; 01, o200, F2000) + B(T; ho200, 13000)
+ 2B(7; 01, h3100) + 3B(T; 01, hoooo) + 6B(T; ha100, h1100)

+ 3B(T; hao00, 1200) — 601100712100 — 1202200 A(T)01) T — 110082100,
1 T o
booz2 = ﬁ /0 (v3, E(T;v2,v2,v2,72,02) + D(T; 02,02, 02, hooo2)

+ 3D(7; 02, 2, 02, hoo20) + 6D (T; 02, 02, 2, hoo11) + 6C(T; v2, hoot1, hoor1)
+ 3C(7;v2,v2, hoor2) + C(T; 2, B2, hooso) + 6C(T;v2, T2, hoo21)
+ 6C(T; B2, hoooo, hoo11) + 3C(T; v2, hoooz, fooz0) + B(T; Foooz, foozo)
+ 2B(7; 02, hoos1) + 3B(T;v2, hoo2z) + 6B(T; hooo1, hoot1)
(

+ 3B(T; hoozo, hoo12) — 6@0011 710021 — 1200022 A(T)02) dT — ag011b0021,
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1 (T o o
a0 = 1/0 (v], E(T;v1,02,02,02,02) + D(T; 01,2, T2, hoo2o)

+ D(t;v1, 02,02, hoooz) + 2D(T; v2,v2, B2, hoo1) + 2D (T; 2, B2, T2, hio10)
+4D(t;v1,v2, 02, hoo11) + 2C(T; v1, 02, hooz1) + C(T; 01, hoooo, hoooz)
+2C(7; 01,02, hoo12) + 2C(T; B2, h1oo1, hoozo) + 4C(T; 02, h1o01, Hoo11)
+2C(1;v2, h1010, hoooz) + C(T; 02, 02, h102) + 4C(T; B2, h1o10, hoot1)
+4C(1;v2, 02, h1o11) + C(T; D2, B2, h1o20) + 2C(T; 01, hoor1, hoot1)

+ B(T; 91, hoooz) + 2B(T; hooz1, f001) + B(T; hoo2o, h1002)

+ 2B(7; hoo12, ho10) + 4B(T; hoor1, hio11) + 2B(T; 02, hio12)

+ B(T; hoooz, F1020) + 2B(T; T2, h1oa1) — 4ago11 /11011

— 402 A(T)01) AT — &po1141011,

1 (T o o
by1o = 1/0 (v3, E(T;v1,v1,01,01,02) + D(T; 31, 01, 02, hoooo)

+ D(7;v1,v1,v2, hogoo) + 2D(7; 01,01, 81, hot10) + 2D (T; 01, 01, 1, hio1o)
+4D(7;v1, 91,02, h1100) + 2C(T; D1, 02, h2100) + C(T; 02, h2000, H0200)
+2C(7;v1,v2, h1200) + 2C(T; 01, o110, h2000) +4C(T; 01, hot1o, P1100)
+2C(7;v1, h1o10, hozo0) + C(T; 01,01, ho10) + 4C(T; 1, h1oto, F1100)
+4C(1; 01,01, h1110) + C(T; 91,1, hao1o) + 2C(T; 02, 1100, 1100)

+ B(T;v2, hoooo) + 2B(T; ha100, ho110) + B(T; hao00, hoz10)

+ 2B(T; h1200, 11010) + 4B(T; h1100, 1110) + 2B(T; 01, h210)

+ B(T; hooo, F2010) + 2B(T; 71, ha110) — 4110071110

— 400 A(T)v2) AT — 2110001110,
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1 /T _ _
a1 = 5/0 (v1, E(T;v1,v1,01,02,02) + D(T; 01,01, 02, ho101)

+ D(7; 01,01, 01, hoor1) + D(T; 01,01, B2, hor10) + 2D(T; 01,31, B2, h1o10)
+2D(7;v1, 02,82, h1100) + D(T; 01, 02, 2, haooo) + 2D (T;v1, 01, 02, h1go1)
+2C(7; v1, hoot, horio) + C(T; 2, B2, ho100) + 2C(T; 02, Boot, hi1o0)
+2C(7; 01, h1100, hoo11) + 2C(T; 01, ho10, hoto1) + C(T; 61, B2, haono)

+ C(7; 91, v2, hooo1) + 2C(T; 01, B2, h110) + 2C(T; B2, h1g10, h1100)
+2C(7;v1,v2, h1101) + C(T; 02, haooo, horo1) + 2C(T; 91, h1go1, h1o10)

+ C(; 01, hao0o, hoo11) + C(T; 02, haooo, Fo110) + 2C(T; 01,01, h1o11)

+ C(t;v1,v1, ho111) + B(T; 02, h101) + B(T; ha100, oot1)

+2B(7;v1, h1111) + B(T; 91, hoo11) + B(T; hoto1, f2010)

+ B(T; haoo1, ho110) + B(T; haooo, ho11) + B(T; 02, ha110)

+ 2B(7; h1o11, M1100) + 2B(T; h1o10, M1101) + 2B(T; Foo1, h1110)

— 201111 A(T)v1 — 2110011011 — ®0011/12100) AT — 001142100 — X110041011,

1 (T B B
biio1 = 5/0 (v3, E(T;v1,71,02,02,02) + D(T; v1, 02,02, ho101)

+ D(7;v2,v2, D2, h1100) + D(T; 31,02, 02, h1go1) + 2D (T; 01,02, 02, h1o10)
+2D(t;v1,81,02, hoo11) + D(T; 01,81, D2, hoozo) + 2D(T; 01, 02, 92, hot10)
+2C(7; 02, hor10, hoo1) + C(T; 01,01, hooz1) + 2C(T; 01, hoo, hoo11)
+2C(7;v2, hoo11, h100) + 2C(T; v2, h1o10, Fot01) + C(T; 01, 2, h1020)

+ C(7; 01, B2, ho120) + 2C(T; 31,02, hio11) + 2C(T; B1, ho10, Hoo11)
+2C(t; 01,02, hor11) + C(T; 01, hoozo, horo1) + 2C(T; D2, hot1o, h1o10)

+ C(7; 92, hoozo, f1100) + C(T; 01, hoooo, h1oo1) + 2C(T;v2, T2, h1110)

+ C(t; 02,02, h1101) + B(T; 01, ho121) + B(T; hoo21, f1100)

+ 2B(7; v2, h111) + B(T; 92, h1120) + B(T; hoto1, h1o20)

+ B(T; ho120, h1001) + B(T; hoo2o, h1101) + B(T; 81, h1g21)

+ 2B(T; h1110, hoo11) + 2B(T; hio1o, ho111) + 2B(T; hot1o, f011)

— 21111 A(T)v2 — 20001111110 — X110070021) AT — ®1100P0021 — X0011b1110-
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Numerical Periodic Normalization
for Codimension 2 Bifurcations of
Limit Cycles — Implementation
and Examples

In this chapter we concentrate on the implementation details for the critical
coefficients and demonstrate the correctness of the normal form analysis by
numerous examples.

6.1 Introduction

Consider a smooth system of ODEs
¥ =f(x,a), xeR", a €R?, (6.1)

smoothly depending on a parameter a. Typically, the dynamics of such systems
show qualitative transitions upon variation of the parameter. At these bifurcation
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points, the normal form coefficients allow one to distinguish between the compli-
cated bifurcation scenarios that can happen near the codim 2 bifurcations of limit
cycles, where 3-tori and 4-tori can be present. The formulas for these critical coef-
ficients were theoretically derived in the previous chapter. In this chapter, we check
the validity of the obtained expressions for the normal form coefficients by means
of several examples.

Numerical continuation software, such as MatCont, may be used to track bi-
furcations from a stable equilibrium to a periodic oscillation by a Hopf bifurcation.
Once a limit cycle is obtained, first codim 1 bifurcations of limit cycles and then
codim 2 bifurcations can be detected. The neighbourhood of the codim 2 point
is then scanned to determine the position of local bifurcations with respect to the
bifurcation point and to each other. Global bifurcations, however, are more difficult
to detect. Some global bifurcations as the appearance of (un)stable invariant tori
with multi-frequency oscillations can be found from a Hopf-Hopf or a Neimark-
Sacker bifurcation. Bifurcations of these invariant tori T"=?2 into other tori or
chaos, however, are out of reach of the standard numerical analysis.

One possibility to study bifurcations of tori — if they are stable — is to compute
Lyapunov exponents. The dimension of the torus for a given parameter value
then equals the number of exponents equal to zero. Varying one parameter one
can observe that exponents become zero and this indicates a bifurcation. Lyapunov
exponents will be used to check whether the obtained values of the critical coeffi-
cients are acceptable in the three most complex codim 2 bifurcations of limit cycles
where the dimension of the center manifold equals 4 or 5, i.e. LPNS, PDNS and
NSNS.

In Chapter 4 we have computed the normal forms for all codim 2 bifurcations
of limit cycles and in Chapter 5 its coefficients by a method based on periodic
normalization. The computation of the normal form coefficients was reduced to
solving certain linear boundary value problems, where only the partial derivatives of
the RHS of (6.1) are used. In our implementation in MatCont, we discretize these
BVPs by orthogonal collocation with piecewise-polynomial functions. Note that all
appearing integrals can also be easily computed using this discretization. MatCont
automatically invokes the algorithm of the calculation of the critical coefficients
whenever the corresponding bifurcation is detected. Hence, any user is able to use
it and to take advantage of the automated normal form analysis. In this chapter we
document precisely on the implementation details and we numerically confirm the
results of the normal form analysis by means of several examples.

Similar to the formulation of the BVP for periodic solutions on the unit interval

196



6.2. IMPLEMENTATION ISSUES

instead of [0, T], we redefine the critical coefficients and the BVPs for the functions
in the expansion of the center manifold, derived in Chapter 5, to the interval [0, 1].
In Section 6.2 we give the explicit formulas for all needed functions and coefficients
on [0,1] and discuss their implementation in MatCont. In Section 6.3 we analyse
seven models that exhibit all 11 codim 2 bifurcations of limit cycles. We consider
two models from population biology, the Steinmetz-Larter model, the Lorenz-84 and
the extended Lorenz-84 model, a laser model and one for mechanical vibrations. In
these models, we discuss in detail what type of codim 2 bifurcation is detected and
check the correspondence with the value/sign of the normal form coefficients. In
the LPNS, PDNS and NSNS cases we corroborate the predictions using Lyapunov
exponents to verify the existence of stable invariant tori of various dimensions and
chaos. In fact, we argue that the classification from the critical normal forms guides
the correct interpretation of the Lyapunov exponents. Finally, in Section 6.A some
results on differential-difference operators used in Section 6.2, are formulated.

6.2 Implementation issues

Numerical implementation of the formulas derived in Chapter 5 requires the evalua-
tion of integrals of scalar functions over [0, T] and the solution of nonsingular linear
BVPs with integral constraints. In MatCont, periodic solutions to (6.1) are com-
puted with the method of orthogonal collocation with piecewise polynomials applied
to properly formulated BVPs, as discussed in Section 2.8.2. In this section we first
fix notation concerning the discretization of the BVPs and the integral expressions
for the normal form coefficients. We then discuss the implementation details for
all needed critical coefficients and functions for each codim 2 bifurcation of limit
cycles.

6.2.1 Discretization notation

The standard BVP for the periodic solutions is formulated on the unit interval [0,
1] so that the period T becomes a parameter, and it involves an integral phase
condition. The system that we typically use is (2.5). In the orthogonal collocation
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method [6], problem (2.5) is replaced by the following discretization:

m m
Yo xijlij(Cik) = Tf (z xi,jzi,j(gi,k),,x) _o,
j=0 j=0

X00 — XN-1,m = 0, (6-2)
N—-1m—1 . .
Yo Y oixi &) +ono(xno Eno) = 0.
i=0 j=0

The points x;; (i =0,...,N —1,j=0,...m) form the approximation of the exact
solution x in the equidistant mesh points 7;;. The ¢;;'s are the Lagrange basis
polynomials, while the points {; ; are the Gauss points. Function ¢ is a previously
calculated periodic solution, with function values in [0,1]. The integration weight
0;j of 7;j is given by wjq1h; for 0 < i < N—1and 0 < j < m. Recall that
hi =Ti11 — 7. Fori=0,...,N —2, the integration weight of 7; ,,; (Ti;y = Ti+1,0)
is given by 0, = Wy, 41h; + wihiyq, and the integration weights of Ty and Ty are
given by wihy and wy,1hN-1, respectively. In the above expressions, w; 1 is the
Lagrange quadrature coefficient.

It is convenient to discretize all needed functions by using the same mesh as in
(6.2). Consider a vector function 7 € C1([0,1],IR"). In Section 2.8.2 we introduced
#m as the vector of the function values at the mesh points and #¢ as the vector of

the function values at the collocation points. We now also consider njyy = Hxﬂ €

RN™1 5 R™, where 1w, is the vector of the function values at the collocation points
multiplied by the Gauss-Legendre weights and the lengths of the corresponding mesh
intervals, and 77y, = 17(0).

Formally, we also introduce the structured sparse matrix Lcy s that converts
a vector ¥, into a vector 7c, i.e. ¢ = Lexpym. This matrix is never formed
explicitly; its entries are the {; ;({; x)-coefficients in (6.2). We also need a matrix
Acxm such that Acumnim = (A(£)75(t))c. Again this matrix need not be formed
explicitly. On the other hand, we need the matrix (D — TA(t))cxm explicitly;
it is defined by (D — TA(t))cxmyim = (7(t) — TA(t)n(t))c. Finally, let the
tensors Bexmxm and Coxpmxmxm be defined by Bew pms mfimtiom = (B(i’; 171(1’),
12(t)))c and

Cexmxmxmmamtam = (C(t171(8), 12(8), 13(¢)))c

for all 7; € C'(]0,1],IR"). An analogous notation is used for the fourth and fifth
order derivatives. Note that these tensors are not formed explicitly.
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Let f(t) and g(t) € C°([0, 1] ) be two scalar functions. Then the integral

fO t)dt is represented by Z 1w (fc)ijh 25161 ;'n:l(fWJi,j/ where
(fc)1] f(gl,]) and wj is the Gauss—Legendre quadrature coefficient. The integral

fO t)dt is approximated with Gauss-Legendre by fw gc = fgvlLCngM-

For vector functions f(t),g(t) € C°([0,1],R"), the integral fo (f(t),g())dt is
formally approximated by the same expression: fg\,lgc = fg\/lLCngM- Concerning
the accuracy of the quadrature formulas, we first note that accuracy is not an
important issue for the phase integral in (2.5), as this equation only selects a specific
solution from the continuum of solutions obtained by phase shifts. Similarly, the
discretization of the normalization integrals does not affect the inherent accuracy,
including superconvergence at the coarse mesh points 7; of the solution of the
discretized BVP. Discretization of integrals follows the standard Gauss quadrature
error, which has order of accuracy 2m. Otherwise, still assuming sufficient piecewise
smoothness, the order of accuracy of the numerical integrals is m + 1 if m is odd,
and m + 2 if m is even. In particular, for the often used choice m = 4, the integrals
would then have order of accuracy 6.

Since in the rest of this section we will often deal with equations of the form
Mx = r, with M a singular matrix, we first discuss a bordering technique that
allows us to determine the solution to this problem. Let g be a right null-vector of
M, i.e. Mg =0, and p be a left null-vector of M, i.e. pHM = 0. Then, the matrix

(4 0)

is nonsingular. Therefore, x can be obtained by solving the system

(fl\gg><:):(6> (6.3)

Indeed, (6.3) corresponds with the equations Mx +sp = r and (g,x) = 0. Now,
from the Fredholm solvability condition follows that (p,r) = 0. Therefore,

=(p,7)

= (p, Mx + sp)
= (M"p,x) +s(p, p)
=s(p,p),
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and thus s = 0, so that Mx = r. Equation (g,x) = 0 just selects one from the
many solutions.

In Chapter 5 we derived the coefficients of the critical normal forms and the
functions needed for their computation using the coordinate T € [0, T|. Regarding
the implementation, in all cases we will rescale to the interval [0, 1}. Therefore,
define uq(f) = uo(Tt) = ug(t) for t € [0,1], where uy corresponds with the
original limit cycle (as defined in Section 4.2). In this chapter, the dot then denotes
the derivative with respect to t € [0,1]. In what follows, the rescaled vector
functions will have an extra lower index 1.

6.2.2 Bifurcations with a 2D center manifold

Cusp Point of Cycles bifurcation

The rescalings of the linear BVP’s (5.8), (5.13) and (6.4) defining the generalized
eigenfunction, the adjoint and generalized adjoint eigenfunction respectively, are
given by

01(t) = TA(t)or () = TF(ur (1)) = 0, £ € [0,1],
vl(l) - vl(o) = 0/ (64)

1

| (a6, B (t)ae =0,

with (1) = v1(7/T),

¢1(t) + TAT ()i (t) =0, t € [0,1],
¢1(1) — ¢7(0) =0, (6.5)

1
| (@i, o 10,
where ¢*(7) = ¢;(7/T)/T and

0% (t) + TAT(H)v; (t) + Tei(t) =0, t € [0,1],
v1(1) —07(0) =0,

[ w0, ewnar=o,
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with o*(7) = v](t/T)/T. Function hy is the rescaled version of hy, defined by
(5.16), and can be found as the unique solution of

h2,1 (t) — TA(f)]’lQll(t) - TB(t; vl(t),vl (t))
COTA(H)os (£) — 2TF(1y (1)) = 0, £ € [0,1],
hp1(1) —h21(0) =0, (6.7)

[ w0, 1aae) at =0,

where hy(T) = hy1(T/T). Normal form coefficient c is then given by the following
expression

c= %/01((/)1‘(1?),3A(t)h2/1(t) +3B(tv1(t),v1(t)) + 6A(t)v1 (1) (6.8)
+3B(t;hp1(t),v1(t)) + C(t;01(t),v1(t), v1(¢))) dt.

We now concentrate on how the functions and coefficients can efficiently be imple-
mented in Matlab. The approximation vy to v1 can be computed by solving the
discretization of (6.4), i.e.

(D - TA<t))C><M v ch
dp — 01 p] { 1M:|:[0n><1]r (6.9)

a
g%"vlLCxM 0 ! 0

where a1 equals zero since the M x M upper left part of the big matrix is singular,
g(t) = F(uq(t)), and p is obtained by solving the following system

(D=TA())cxm ]
5 — 61 Y =[0em 1], (6.10)
rg 0

T

" )

where 71 and r, are any M x 1 vectors that make the (M + 1) x (M + 1)-matrix
in (6.10) nonsingular. Here, a = 0 such that p is then the left null-vector of
(D = TA(t))cxm
do — o1

tees that we always deal with nonsingular systems. Note that dyvips corresponds
with the first n components of vy, and §1v1p; with the last n components of vy .
Concerning the adjoint eigenfuntion, we will compute @7 instead of ¢7,, since
@] can be calculated by a system very similar to (6.9). Formally, the computation

}; in (6.9) the normalized p is used. This technique guaran-
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of ¢l is based on Proposition 6.1 on page 255 from the appendix, i.e. since

¢ € Ker(¢), with ¢, defined in Proposition 6.1, ( (pf(lO) > is orthogonal to the
1

range of [ D(s_ ng(t) } . By discretization we obtain
00—

(q,ik)?/"v[ (D *;;A_(Z)CXM ] —=0.

Therefore, ¢}, can be obtained by solving

(D — TA(t))CXM
8o — 81 = [01xm 1], (6.11)
q' 0

[(¢D)iy 4]

where a equals zero and g is the normalized right null-vector of {(D _5TA(?>CXM} .
0— 2

Such a null-vector is obtained by solving the following system

(D —TA(t)cxm ] [ q } _ [ OMlxl } (6.12)

,

6o — 01 i
T

] 0

with 71 and 7, random vectors. We then approximate [ = fol (@i (t),v1(t))dt by

L = (q)T){VlLCXleM. The obtained @7, from (6.11) is then rescaled to ensure
that [; = 1.
It is more efficient to compute v}, instead of v7,,, since v} will only be used to

compute integrals of the form fg@i‘(t),é(t))dt. From Proposition 6.5 on page 258
we can conclude that

Lo Lo D=3 [ [a])

for all appropriate functions &, such that v] can be obtained by solving

(D—=TA(t))exm  v1c .
(ot - Owa | = [T@DhyLem 0],
q 0

where a equals zero and g is the normalized solution of (6.12).

202



6.2. IMPLEMENTATION ISSUES

Next, hp1p1 is found by solving the discretization of (6.7), namely

(D~ TA®)cam \ R
dp — 61 P { 2;111\/1 ] =1 Oux1 |,
(UT)EVlLCXM 0 0

with R = TBexmxmV1mMVim + 2TAcxmvim +2Tgc, a = 0 and p is obtained by
normalizing the solution of (6.10).
Finally, the normal form coefficient of interest (6.8) is approximated by

1
c= 6(4’?)3\/1 (3Acxmhaim + 3BcxMxMVIMUIM + 6ACx MUIM

+3Bcx mxMmh2,1mM01M + Cox MxMxMUPIMUIMUIM) -

Remark that since we have a CPC bifurcation, the quadratic coefficient appearing
in the ¢-equation of the normal form has to be equal to zero. We have provided in
MatCont an extra check whether this coefficient (see [68]), determined by

1
b= EWT)% (BexMxMUIMUIM + 2ACxMU1M),

is indeed small enough.

Generalized Period-Doubling bifurcation

The rescaled linear BVPs for the eigenfunction v associated to multiplier —1, defined
by (5.19), and the adjoint eigenfunctions ¢* and v*, respectively defined by (5.20)
and (5.21), are given by

01(t) — TA(t)v1(t) =0, t € [0,1],
v1(1) +01(0) =0,

) (6.13)
| e ouenar—1=0,

where v(7) = v1(t/T)/VT,

¢7(t) + TAT (1) g7 (t) = 0, t € [0,1],
(Pf(l) - (PT(O) =0, (6.14)

[ 910, B 1)) a1 =0,
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with ¢*(7) = ¢7(7/T)/T and
0% (t) + TAT ()i (t) =0, t € [0,1],
01(1) +01(0) =0, (6.15)
/01 (0 (), 01 ())dt —1 =0,

with v*(7) = v (t/T)/VT.
Let hp 1 be the unique solution of the BVP

hio 1 () — TA(#)hy 1 (£) — TB(t01(t),01(t)) + 2011 TF(ug (£)) = 0, £ € [0,1],
hp1(1) — hp1(0) =0,
1
| (@i, ma) at =0,
with hp(T) = hy1(t/T)/ T, and h3; the unique solution of

h31(t) — TA(t)h3 1 (t) — TC(£;01(t), 01(¢), v1(t))
—3TB(t;v1(t), hp1(t)) +6a11TA(t)v1(t) =0, t €[0,1],
h31(1) 4+ h31(0) =0,

[ w1010y at =0,
with 1i3(t) = h31(t/T)/(VTT), where

=5 [ @10, BE o0, 0(0)

and X1 = Tﬂél.
The rescaled version of function hy, defined by (5.28), is the unique solution of
the following BVP

haj(t) = TA(t)ha () — TD(B01(t), 01(8), 01(8), 01(1))
—6TC(t;v1(t),v1(t), ho(t)) — BTB(t ho (1), Mo (t))
—4TB(t,‘ Ul(i’),h?,,l(t)) + 12061,1T(A<t)h2 1<t)
+B(t;01(t),01(t)) — 2011 F (w1 (t))) + 2421 TF(us (t)) = 0, t € [0,1],
hy1(1) —hy1(0) =0,
1
[ (i 0, haa(0) de =0,
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with hy(T) = h4,1(T/T)/T2, and where

1 = 24 / t vl(t),vl (t),Ul(l’),Z)l (t)) + 6C(t,‘ vl(t),vl(t),hm (t))
+3B(t; hZ,l( ), ho1(t)) +4B(t;01(t), hai(t)) — 12011 (A(t)ho (1)
+ B(t;v1(t),v1(¢)))) dt + "‘%,1/

with a1 = Tzaz.
Finally, we can write down the critical coefficient

= a7 [ (0BG, 01(0),21(0),00(8), 01 1)

+10D(t,’?)1(t),01(t),v ( ) hzl( )) +15C(t 01( )th,l(t)/h2,l(t))
+10C(5v1(t),v1(t), ha1(t)) + 10B(¢; hoi (), haa(t))
+5B(t;v1(t), haa (1)) —120a21 A(t)v1(t) — 20011 A(t)hs (1)) dt.

We now concentrate on the implementation details in MatCont. We compute the
approximation vy to v given by (6.13) by solving

(D 5?()"13}(2)&1\4 ;:)1 ] { U;iw } _ { OMlxl } (6.16)

with p; and g7 the normalized solutions of

(D (5:1‘_1‘_((5)1)&1\/1 r ] { 0 } _ { Ot ]

rz 0 g 1
and
(D-TAW)em
[pi as] do + 61 = [01xm 1],
rX 0
2

where r1 and rp are random vectors. Every a; equals zero. vqps is then uniquely

. . N—1 .
determined by the normallzatlgn. i Z}”:O(Tj«le)i,j, (v1m)ij) = 1, where g is
the Lagrange quadrature coefficient.
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As in the CPC case, (PTW is computed instead of qoi‘M, which can be done
by making use of (6.11). We approximate [ = fol (@i (t),F(uq(t)))dt by I =
(¢7)i, 8c and normalize ¢}, to ensure that I = 1.

This then makes it possible to compute a1 as

1
a1 = E(GDT)%IBCxMxMUlelM. (6.17)

The discretization of (6.15) can be computed with the matrix from (6.16), see
Proposition 6.2 on page 256 in Section 6.A,

(D - TA(t))CXM 1
(D) 4] do ‘1}51 = [01xm 1],
Al 0

where 2 = 0. We approximate [ = fol (v5(t),v1(t))dt by I; = (UT)%LCxMz’lM-
Ul is rescaled to ensure that [} = 1.
Now, hy1,h31 and hy; are found by solving the following systems

(D —TA(t))cxm p 1 TBcxmxm01m0im — 2&1,1T8c
dp — 1 { ZlM } = 0yx1 ,
(QDT)EVILCXM 0 ! 0
(D —=TA(t))cxm p I R
dp + 61 ! { ZlM } = |0yx1]|,
(UT)II;V]LCXM 0 2 0
with

R = TCcxMmxmMxMU1MV1MV1M + 3TBex mxm0imhoim — 6&1,1 TAcx MO1M,

and
(D= TA®) e , R
So— 08 p 41IM | _ |
0 1 a nx1l|
((PT)};\ﬁLCXM 0 3 0
where

R = TDcx MxMx MxMUIMOIMUIMUIM + 6TCcx Mx Mx MUIMV1ME2,1M
+ 3TBcxmxmhaimhoim +4TBex mxmU1Mh3,1m
— 12011 T(Acxmhaim + Bexmxmvimvim — 2001,18¢) — 24021 TgC
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and

1
az1 = ﬂ(ﬁﬂiﬁ)g\h (DexMxMxMxMUIMOUIMOIMUIM + 6Ccx Mx Mx MUIMUIMN2, 1M
+ 3Bcxmxmhoimhoim + 4Bexmxmvimhs im — 12001 (Acxmho,im
+ BexMxMOIMUIM)) + 87 1.
(6.18)
Here, g is the normalized right null-vector and p the normalized left null-vector of
the M x M-matrix corresponding with the T-periodic boundary condition (as in
the CPC case). In what follows, p,q, p1 and g; will denote the previously defined
null-vectors. Note that every a; equals zero.
Now, we have all ingredients for the computation of the normal form coefficient
o 1
12072
+10Dcx Mx Mx Mx MU1MVIMUIMM2,1M + 15CC s Mx Mx MUIMB2,1MM2,1M

T
(07w, (ECx Mx Mx Mx Mx MUIMUIMUIMUIMY1IM

+10Cc x Mx MxMU1MY1MN3,1Mm + 10Bes mx mho,1mh3,1m

+5Bcx mxmMU1MPa 1M — 120001 Acx mo1m — 2001 1 Acx mbizim)-
(6.19)

Remark that since we are in a GPD point, the cubic coefficient of the ¢-equation
in the corresponding normal form has to vanish. MatCont makes an extra check to
verify whether this coefficient, computed as (see [68])

!
T 3T
is indeed small enough.

T
c (01w, (CoxmxmU1MUIMOIM + 3BoxMx MUIMh2, 1M — 6011 ACx MUIM),

6.2.3 Bifurcations with a 3D center manifold

Chenciner bifurcation

When rescaling, the linear BVP (5.31) defining the eigenfunction associated to the
complex multiplier and the BVPs (5.32) and (5.33) defining the adjoint eigenfunc-
tions are replaced by
01(t) — TA(H)v1(t) +iwTo1(t) =0, £ €[0,1],
Ul(l) — 01(0) = 0,

[ ot omenar-1=0,

(6.20)
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with o(1) = vl(T/T)/\/T, (6.14) and
0] (t) + TAT(t)vi‘(t) +iwToi(t) =0, t €[0,1],
0i(1) ~ v1(0) = 0,

/01 (05 (1), 01 ())dt —1 =0,

where v*(T) = UT(T/T)/\/T, respectively.
The second order terms are defined by
ha01(t) — TA(t)hoo1 (t) + 2iwThyo 1 (t) — TB(v1(t),01(t)) =0, t € [0,1],
h2o,1(1) — h20,1(0) =0,
with hzo(T) = h20,1(T/T)/Tv and
1,1 (t) — TA(t)h111(t) — TB(H01(8),01(t)) + a1 TF(uq(t)) =0, t € [0,1],
h11,1(1) = h11,1(0) =

1
| (i o, maenar =o,
with f11 (T) = hnrl(T/T)/T where

wia = [ g (1), B0 (8), 1)),
for X11 = Tt)él.
Now, we can compute
i 1 * _
€1 = _5/0 (01(t), C(t01(t),v1(t),01(t)) +2B(501(t), h11,1(t))
+ B(£01(t), haoa () — 2011 A(t)vr (F))dt + o110,
for ¢y = Tc. With ¢; defined in this way, hy1p can be computed as the solution of
ho11(t) — TA(£)ha11(t) + iwThai 1 (t)
—TC(t;v1(t),v1(t),01(¢)) — 2TB(t;01(t), hi1a (¢)
—TB(t; hao(t),01(t)) + 2ic1 Toy (¢
+2a11T(A(t)v1(t) — iwvy (t)
ho1,1(1) — ho1,1(0

[ 010, ka0t =

te€0,1],

)
)
)
) =
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where h (T) = hp11(T/T)/ (VTT).

Next, the rescaling of h3; gives

hao1(t) — TA(t)hso1(t) 4 3iwThsg (t)
—TC(t,‘ Ul(i’), (] (t),?)l(t)) — 3TB(t, (] (i’),]’lzo,l(f)) =0, te [0, 1],
h30,1(1) — h30,1(0) =0,

with fi30(T) = h3o1(/T)/(VTT).

Now, we come to the fourth order terms where the rescaled /131 ; is the solution

of
h31,1(t) = TA(t)hg1,1(t) + 2iwThzy 1 (t)
—TD(tv1(t), v1(t),01(t), 01(t)) — 3TC(t;01(¢), v1(t), h11,1(t))
—3TC(t;v1(t),01(t), hoo (t)) —3TB(t; h11,1(t), hooa (1))
—3TB(t;v1(t), ho1,1(t)) — TB(t;01(t), 30,1 (1))
+6ic1 Thyo,1 (t) + 31,1 T(A(t)hao,1 (t)
—2iwhy1(t) + B(t;v1(t),v1(t))) = € [0,1],
h31,1(1) — h31,1(0) =
(6.21)
with h31(T) = h311(t/T)/T?, and the rescaled hay 1 the solution of
hoo 1 (t) — TA(t)ho 1 () — TD(H 01 (t), 01(t), D1 (8), 01(t))
—TC(tv1(t), v1(t), hop1(t)) —4TC(H01(8), 01(t), h11,1(H))
—TC(t01(t),01(t), hao1(t)) — 2TB(t; h1,1(¢), h11,1(£))
—2TB(t;v1(t), h12,1(t)) — TB(£ hop1(t), hao (2))
—2TB(t;01(t), ho1,1(t)) + 4a1 1 T(A(t)h11,1(8)
+B(t;01(t),01(t)) — a1 F(ua(t))) +4az 1 TF(uq(t)) =0, t € [0,1],
hp1(1) = hap,1(0) =
1
| (@i (0 (1))t =
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with h22(’l’) = hzzll(T/T)/TQ, and

Ky = }L/1<(l)i‘(f),D(f;01(t),Ul(f)/771(t),?71(t)) + C(t;v1(t),v1(t), hop (1))

+4C(t01(t),01(8), hi1,1(t)) + C(£01(¢), 01(), hao,1 (2))
+2B(t; h1,1(t), 11,1 (t)) +2B(t;01(t), o1 () + B(E hoo,1(t), hoo1 (1))
+2B(t01(t), ha11(t)) — 411 (A(D)h111(t) + B(t;01(t), 01(1))))dt + af 4,

for X1 = T20é2.
At last, the critical coefficient e is determined by

= o [0, B o1 (8), 016,010, 10, 10)

+ D(t01(t),v1(t), v1(t), hop,a (£)) + 6D(t;01(t), 01(t), 01(¢), 11 (8))
+3D(t;01(t), 01(t), 01(t), hoo (t)) + 6C (£ 01(8), h11,1(8), h11,1(t))
+3C(t01(t), v1(t), hiz,1(8)) +3C(£01(t), hop1 (8), 2o (t))
+6C(t;01(t), h11,1(F), hoo1 (t)) + 6C (£ 01(t), 01(t), ha1,1 ()

+ C(t;01(t),01(t), h30,1(t)) + 3B(¢; g1 (£), hoo (1))

+6B(i’,h11,1( )rh21,1( )) +3B(t;vl(t),h22,1( )) + B(t hoz](t h30,1(t))

),
)

+2B(t; 51 (t), h31,1(t)) — 12001 A(t)v1(t) — 611 (A(t)ho1,1(t
+2B(t;01(t), h11,1(t)) + C(t01(t), v1(t), 01(t)) + B(t; hoo1(t), 51(2))
—ZalllA(t)Ul(t)»dt+0C2,1i% +Dé1/1l'T12 Dé%ll;:;

We now concentrate on the computation of the vector approximations for the pre-
viously defined functions. We compute v1p; by solving the discretization of (6.20)

(D — TA(t) + iwTL)cxm ] { vlaM } _ { ONin },

50 _ 51 p2
H
92 0
with a = 0, and where g is the normalized right null-vector of the complex matrix
(D —TA(t) +iwTL)cxm
K pu—
00 — 41
This vector is then rescaled to ensure that Zf\:ol Z;-":O oi{(vim)ij, (v1m)ij) = 1.
The approximation (¢ )w, to the adjoint eigenfunction @] is computed as in
the GPD case. For the calculation of v] we apply Proposition 6.3 on page 257 from

} and p, the normalized right null-vector of K.
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*
the appendix. Since o] lies in the kernel of the operator ¢», it holds that { 03(10) }
1
_ T i
D=TA(t) +iwT . By discretization we obtain

is orthogonal to the range of
do — &

(D —TA(t) +iwTL)cxm s
[0y 4] 8o — o1 = [01m 1]
5 0

We then approximate [ = fol (vi(t),v1(t))dt by I = (vi‘)l‘},l Lcxmv1m and rescale
Ul so that [; = 1.
The second order terms are approximated by

(D — TA(t) +2iwTL) cxm }h B [ TBcx Mx MUIMUIM
20,1M —

50 - (51 0n><1
and
(D —TA(t))cxm p i TBcxmxmvimPim — 211 Tgc
6o — 01 { ’ ] = 0 x1 ,
a
(¢1)iy, Lexm 0 0

with @ = 0 and a7,1 computed as

T _
1,1 = (97)w, Box MxMO1MO1M.-
An approximation to the rescaled normal form coefficient ¢y is given by

i s \H =
€= —5(01)1/\/1 (CoxMx MxMUIMUIMO1IM + 2Box mx MU1MP11,1M

+ BexMmxmO1mh01m — 2011 Acxmvim) + 011w,
where MatCont provides an extra check to ensure that this coefficient is indeed
purely imaginary.

Next, we determine the third order coefficients of the center manifold expansion,
namely

(D — TA(t) + iwTL)cxem R
S0 — 6 p2 hoam | _
001 ; = | Oux1 |,
()W, Lexm 0
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where
R = TCoxmxMxMUV1MVIMP1M + 2T Bex mx MU1mMM111M
+ TBcxmxmhooim01m — 2ic1 TLex mU1m
— 211 T(Acxmvim — iwLex mv1m)
and 2 =0, and
_ hzo1m = ,
‘50 51 On><1

with R = TCcxmxMxMU1MU1MV1M + 3T Bex Mx MV1MM20,1M-
The approximation to (6.21) is given by

(D — TA(t) + 2iwTL)cxm R
hz11m = ,
5o — 1 ! 0

nx1
with

R = TDcxmxmxMxMU1MUIMUIMO1M + 3TCox Mx Mx MUIMVIMI11,1M
+3TCcx MxMxMO1MP1Mh20,1M + 3T Bex mx mh1,1mM20,1m
+3TBcxmxmU1mha1,1m + TBexmx mO1mhzo,im — 6ic1TLex mhoo1m
—3a1,1T(Acxmhao1m — 2iwLcxmhzoim + BexMx MU1MY1M)

while

1 *\T — —
a1 = 1(901)w1 (Desmx Mx Mx MUIMUIMOIMO1M + Cox MxMxMU1MV1MM02,1M

+4Ccx MxMxMUIMO1MP11,1M + CoxMxMxMO1MO1MM20,1M
+ 2Besmxmbiiimhiiim + 2Bexmx mPimMiz,im + Bex mxmhoz,imhoo,im

_ _ 2
+2BcxmxmOimhar,im — 4011 (Acxmhinim + Boxmxm01mPim)) + a3 1

The other needed fourth order term is given by

(D = TA(t))cxm I R
S0 — & p 2IM | _ |
0 1 a nx1 ’
(93, Lexm 0 0
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with

and

R = TDcxmxMxMxMUIMUIMO1MO1M + TClx Mx Mx MU1MU1MM02,1M
+4TCexmxMxMVIMO1MM11,1M + TClx Mx Mx MO1MO1MM20,1M
+ 2T Bexmx mhi1,imhi1,1m + 2TBex mx m01MMi2,1m
+ TBcxmxmhoz,1mho01m + 2T Bex mx mO1mha1,1m
—4u1 1 T(Acxmhiiim + Bexmxm0im@im — a18c) — 4a21Tgc

a = 0. Now, we have all information needed to compute the fifth order

coefficient of the normal form, namely

e =

l *\H E — —
1272 (Ul)wl( CxMxMxMxMxMUIMY1MUIMYUIMU1M

+ DexMx Mx MxMUIMO1MO1ME02,1M + 6DCx Mx Mx Mx MOIMU1MO1MP11,1M
+3Dcx Mx MxMxMPIMIIMI1MH20,1M + 6Cex Mx Mx MO1MP11,1MP11,1M

+ 3CcxMxMxMUIMUIMM12,1M + 3Cex Mx Mx MU1MP02,1MM20,1Mm

+ 6Ccx MxMxMO1MI11,1MM20,1M + 6CCx Mx Mx MUIMO1MN21,1M

+ CoxmxMxMP1MO1MmM30,1m + 3B x mx mhi2,1mM20,1m

+ 6B mxmbi1,1mh21,1M + 3Bex MxMU1MM22,1M

+ Bexmxmhoz,1mh30,1m + 2Box mx mO1mhz1,im — 12021 Acx MU1m

— 61,1 (Acxmha1,im + 2Bex mxmPimbi1,1m + Cox Mx Mx MOTMOIMP1M
_ .w .C1 2 W
+ Bexmxmhoo,1m01m — 2611 AcxmV1im)) + iy iy —agyins.

Strong Resonance 1:1 bifurcation

Next to the generalized eigenfunction vy ; defined by (6.4), the second generalized
eigenfunction associated to multiplier 1 is given by

021 (t) — TA(f)Uz/l (f) + TU]rl(t) =0,te [0, 1],
02,1(1) —v21(0) =0,

[ twanto) Ea()a =o,

with Uz(T) =021 (T/T).
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The adjoint eigenfunction @] is determined by the first two equations of (6.5)
and the normalization condition

[ i@, enanar—1 =0

We also need the rescaled first generalized adjoint eigenfunction that is the solution

of
071 (t) + TAT (8o} 1 (t) — Tei (t) =0, t € [0,1],

vi1(1) — 034(0) = 0,

[ 012 @, 000 )at =0,

with 07 (7) = v7,(7/T)/T. Now, we have all information needed to write down
the expression of the two rescaled critical coefficients, namely

1 1
T2 /0 (97(£),2A(t)o11(£) + Bt 01,1 (1), 01,1 (1)) ) dt

and

b= ./01<(Piﬂ(t)r B(t} Ul,l(t)fvz,1(t)) + A(t>02,1(t)>dt

+ [ ot (0,280 + Bloaa (6,00, (0)) .

The implementation in MatCont is straightforward and relies on earlier explained
techniques so we will omit further details.

Strong Resonance 1:2 bifurcation

Eigenfunction v; 1 associated to multiplier —1 is given by the solution of (6.13),
where v1(T) = v11(t/T)/+/T, and the generalized eigenfunction v, defined on
the interval [0,1] is the solution of

@2,1(1’) — TA(t)Uz,l(t) + TU1’1(t) =0, te [O, 1],
02,1(1) +02,1(0) =0,

./(;1 (va1 (1), v11(8))dt =0,
where v (T) = v21(t/T)/VT.
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The rescaled adjoint eigenfunctions are determined by (6.14), the first two equa-
tion of (6.15) with normalization condition f01 (v11(t),v21(¢))dt =1 and

031 () + TAT(t)v3 1 () — Tv; () =0, t € [0,1],
031(1) +03,(0) = 0,
1
|| 2003, at =0,

where v3(7) = vzl(r/T)/\/T
With aq defined as

1
m =3 [ (i), Btona(8),o0(0) d,
for &1 = Ta, let hyy1 be the unique solution of the BVP
hao1 (t) — TA(t)hao1 (t) — TB(t;011(t), 01,1 (t)) + 20 TF (uy (t)) = 0, t € [0,1],
h20,1(1) — h20,1(0) =0,
1

[ @i (01 dt — [ {36, Bor1(0),021())) dt =,
(6.22)
where hog(T) = hyo1(T/T)/T.

With 11,1, being the rescaling of the function K17, the solution of

11 (t) — TA(t)hi11(t) — TB(t;011(t),v21(+)) + Thao1(t) = 0, t € [0,1],
h11,1(1) = h11,1(0) =0,
1

/01<§0T(f),h11,1(t)> dt — % A (@1(t), B(va,1(t),v21(t))) dt =0,

where h11(T) = h111(t/T)/T, we are able to obtain the two normal form coeffi-
cients as

1 /1
m = [ (0120, 10, 01 (0), 1 (1))
+3B(t;01,1(t), hoo,1 (1)) — 6ag A(t)v1a(t)) dt,
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for a; = Ta, and

b= % /0‘l (011(), —2a1 A(t)v21 () + C(E 01,1 (t), v11(8), 021 (1))
+ B(t; hoo,1 (1), 02,1 (1)) +2B(t; a1 (8), 01,1 (F)))dt

1 1,
+ﬁ/0 (031(t), C(t011(t),011(8),v1,1(8))
+3B(t;v11(), hao1(t)) — 61 A(t)v11(t))dt.

Concerning the implementation details we will just highlight the differences with
respect to the previous cases. Formula (6.16) gives us the value of v in the
mesh points. However, since vy 1 is used in the integral condition for v, 1, we have
to transfer this vector to the collocation points and multiply it with the Gauss-
Legendre weights and the lenghts of the corresponding intervals, to obtain vy ;.
The computation of v 1,1 is then straightforward.

By making use of Proposition 6.6 on page 259, we can approximate the adjoint
generalized eigenfunction v3; by solving

(D —TA(t))cxm 021
[(Uil){v ”} % 4251 Oux1 | = |:_T(Ui1>g\]1LC><M 0} :
1 0

Now, hp,1Mm is found by discretizing (6.22), i.e.

(D= TA(t))cxm .
8o — 01 p { 20,1M }
(‘PI)E\ALCXM 0 4

TBcxMxm01,1M91,1M — 261T8c
= On><1
T
(#1)w, BexmxM01,1M02,1m
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Strong Resonance 1:3 bifurcation

The BVPs for the rescaled eigenfunction and its adjoint belonging to eigenvalue
¢l% are determined by

o1 (t) — TA()oy () = 0, t € [0,1],
v1(1) — 30, (0) =0, (6.23)
/01 (01(£), 01 (£))dt —1 =0,

with o(1) = v1(t/T)/V/T, and

0% (t) + TAT ()i (t) =0, t € [0,1],

vi(1) — €3 vi(0) =0,

/01 (5 (1), 01 ())dt —1 =0,

where v*(7) = v%(t/T)/V/T. The adjoint eigenfunction @} corresponding to the
trivial multiplier is given by (6.14).
The normal form coefficients aq and b can then be deduced from the expressions

wa = [ (910, B@ (0, m (), (624

for a1 = Tay, and
11,
by = E/o (vi(t), B(51(t), 1(t)))dt,

for by = \/Tbh.
The rescaled second order functions in the center manifold expansion are solu-
tions of

hZO,l (t) — TA(t)hzo/l (t) — TB(U] (t), Z)l(l’)) + 251TZ71(1’) =0, te [O, T],
hao1(1) — e F Iy 1 (0) = 0,

./01 (07 (t), hoo ())dt =0,
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with h20(’l’) = hZO,l(T/T)/Tv and

11,1 (t) — TA(t)hi11 — TB(o1(t),01(t)) + a1 TF(u1(t)) =0, t € [0,1],
h11,1(1) = h11,1(0) =0,

=0
1
| toi @ mae)ar =o,
(6.25)
with h11(T) = h111(7/T)/T. This then all results in the following expression for
the critical coefficient ¢

c= % /01 (1 (), C(v1(t), v1(t), 01(t)) +2B(v1(t), I ()
+ B(01(t), hao,1 (t)) — 2011 Avy (£))dt.

We now discuss the implementation details in MatCont. We again highlight only
the differences with the implementation details given in the previous cases. Eigen-
function v1, determined by (6.23), is computed by solving

D — TA(H))cxm
( _(lz)l ) p3 v | _ | Omxa
(50 —e '3 (51 = 1 ’
H a
93 0
where @ = 0 as usual. We normalize vy by requiring Zfi‘ol 271:0171»((01]\4)1-,]-,
(v1m)i,j) = 1, where 0 is the Lagrange quadrature coefficient. g3 is the normalized
(D —TA(t))cxm

right null-vector of K = 2
& g — 6_1%51

1 and p3 the normalized right null-

vector of KH.
To compute the adjoint eigenfunction v}, we apply Proposition 6.4 on page 257

with 0 = 27” Since v} € Ker(¢»), this function can be obtained by solving

(D - TA(-tz)n)CXM ps
[(UT)E\/ a} oo — 3;7(51 = [01><M 1] . (6.26)
3 0

v is then rescaled such that (DT)%lLCXleM =1.
By computing first the complex conjugate of hp 1 we can make use of the matrix
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from (6.26), except for the last line that represents the integral condition, to get
(D - TA(tZ))CXM

s
(UT)II;Ivl Lexm 0

TBcxmxmO1m01m — 2b1Togc
= 0n><1

P3 flzo,lM
a

0

Strong Resonance 1:4 bifurcation

The eigenfunction and the adjoint eigenfunction corresponding to multiplier ¢/% and
defined on [0, 1] are the solutions of

01(t) — TA(t)v1(t) =0, t € [0,1],
01(1) — €' 701(0) =0,

[ o)t —1=0,
with (1) = v1(t/T)/+/T and
ot (t) + TAT(t)vi(t) = 0, t € [0,1],
01(1) — Foi (0) = 0,
Auqmmgmm—lza

with v*(T) = v} (7/T)/V/T, respectively. We also need the functions ¢} and hy; 1
defined by (6.14) and (6.25), and the value of a1 given by (6.24).
The other second order term is determined by

{hZO,l(t) — TA(t)hoo,1(t) — TB(v1(t),v1(t)) =0, t € [0,1],
h2o,1(1) + h29,1(0) =0,

with f2o(T) = 2o (t/T)/T.
The critical coefficients are then given by

e = o [} B0, Cou(0), 3100, 1) + Blo(6), o (1)
+2B(01(t), h1,1(t)) — 2011 A(t) 01 () )dt
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and
1 1
=T /0 (01 (1), C(a1(t),01(t),01(t)) + 3B(01(t), hop,1 (£)))dt.

The code is very similar to the one of the R3 case.

Fold-Flip bifurcation

The rescaled generalized eigenfunction vy ; associated to multiplier 1 is the solution
of the BVP (6.4) and the rescaling of the eigenfunction v, associated to multiplier
—1 is given by (6.13). The system (6.5) determines the adjoint eigenfunction ¢}
and the generalized adjoint eigenfunction 07, is the solution to (6.6). The last
adjoint eigenfunction v3 ; is determined by (6 15).

The coefficients in front of the ¢2-terms in the normal form (4.12) are given by

0= ) (@10, B3 (1), 01,1(0)) + 24 (0)or 1) d

and Ny = 0.

The second order functions of the center manifold expansion are defined by the
BVPs

hoo1(t) — TA(t)hao1(t) — TB(v1,1(t), v1,1(t)) + 2a20Tv1 1 (£)
4+ 2as0 TF (1 (£)) — 2TA(F)o1 1 () — 2TF(ua (£)) = 0, £ € [0,1],

h20,1(1) — h20,1(0) =0,
1
/o (011(t), haoa(t))dt =0,

with hzo(’l’) = hZO,l(T/T)'

h11,1(t) — TA(t)h111(t) — TB(oy, 1( ),v2,1(t))
+Tb11v,1(t) — TA(t)op1(t) =0, t € [0,1],
h11,1(1) + h11,1(0) =

‘/[;1 (031(t), h111(t))dt =0,
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with hqp (’Z.') = hn,l(T/T)/\/T and
hoo1(t) — TA(t)hoo (t) — TB(va,1 (1), 02 (
+2a02,1Tv1,1(t) + 2001 TF (u1 (¢
ho2,1 (1) — hgp,1(0) =0,
1
| @ia0) s (1)de =0,

with hoz(’l’) = h02,1 (T/T)/T, where

)

b1 = /1<021(t) B(U11(t) 021( ))+A( )021( )> dt,

agp) = 2/ @1(t), B(v2,1(t),v2,1(t))) dt

for aoz,l = TLIOZ, and Ko = 0.
The rescaling of the last four normal form coefficients of interest gives

a30 = 6 / 4)1 Ul 1 ) Ul,l(t)/ 011 (t)) + 3B(h20,],U1,1(t)) - 6a20h20,1(t)
+3(A(t)hyo,1(t) + B(v1,1(t),v1,1(t))) +6(1 — ag) A(t)v1,1(t)) dt — ao,
by = 2/ (021(1), C(v11(t), 011 (8), 021 (F)) + Blhoo,i (£), 02,1(t))
+2B(h11,1(t),01,1(t)) — 2a20h11,1(t) — 2b11h1,1 () + 2(A(t)h11,1(2)
+ B(Ul 1(8),021(t))) +2(1 — azo) A(t)va1(t)) dt — by,
M2 =51 / @1(t), C(v1,1(t),v2,1(t),v2,1(t)) + B(hoa,1 (), v1,1(t))
+2B(hy1,1 (¢ ),02,1( )) — 2b11hog 1 () — 2a00,1h20,1 (£) + A(E)hop 1 (F)
+ B(021(t), 021 (1)) — 20001 A(t)01 1 (t)) dt — ”0%
and
1 1
bos = 67/0 (0321(t),C(v2,1(t),v2,1(t),v2,1(t)) + 3B(ho,1(t), v2,1())
—6ag,1h11,1 (1) — 62,1 A(t)va1(8)) dt.

For the computation of the needed functions and coefficients, we refer to the pre-
vious sections.
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6.2.4 Bifurcations with a 4D center manifold

We have extensively discussed the rescaling and the implementation of the (adjoint)
eigenfunctions, the functions appearing in the expansion of the center manifold
and the normal form coefficients for all bifurcations of limit cycles with a 2- or
3-dimensional center manifold in Section 6.2.2 and Section 6.2.3. What concerns
the bifurcations with a 4- or 5-dimensional center manifold, we will just mention the
relation between the functions and coefficients on [0, T], as defined in Section 5.2.3
and Section 5.2.4, and the rescaled versions on [0,1]. The reader should then be
able to write down their definitions and implement them by proceeding as in the
previous sections.

Limit Point-Neimark-Sacker bifurcation

The relation between the generalized eigenfunction v; and the rescaled vy ; is given
by v1(t) = ©v11(7/T). For the eigenfunction corresponding with the complex
multiplier it holds that vy(T) = vy1(T/T)/V/T. The relations for the adjoint
eigenfunctions are given by ¢*(7) = ¢7(7/T)/T,v}(t) = v{,(7/T) and v5(7) =
03,1 (t/T)/\/T. The rescaling of the critical coefficient ay is given by expression
(5.90), but with ¢* replaced by ¢}, vy replaced by vy and the integral taken
over [0, 1}. We have that hzoo(T) = h200,1(T/T)/h020(T) = hOZO,l (T/T)/T and
h110(t) = h1101(T/T)/V/T where the rescaling of byyg is similar to expression
(5.91). We then first define ag;1,1 as the expression (5.92), but with ¢* replaced by
@3, vy replaced by ;1 and the integral taken over [0, 1], such that ag11,1 = Tag1;-
Finally, ho11(T) = ho111(t/T)/T.

Period-Doubling-Neimark-Sacker bifurcation

The eigenfunctions corresponding to multiplier —1 and the complex multiplier are
rescaled as follows: v1(7) = v11(T/T)/VT,v2(t) = v21(7/T)/VT. The rela-
tions for the adjoint eigenfunctions are given by ¢*(7) = @j(t/T)/T,vi (1) =
UT,l (T/T)/\/T and v3(7) = v;/l(T/T)/\/T. We define app1 as the expression
(5.100) but with the replacement of the functions by their rescaled versions and the
integral over [0, 1], such that app01 = Tapp0. The second order function fip leads
to the relation hppo(T) = hogo1(T/T)/ T, solution of a BVP similar to (5.101) but
where a0 is replaced by aog1 in the differential equation. The other second order
functions lead to the relations hoo(T) = hopo1(T/T)/ T, h110(T) = h1101(t/T)/T
and hg11(T) = ho11,1(t/T)/T where in the differential equation g1 is replaced
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by ag111. with ag111 = Tagir (as before). For all third order functions it holds
that the rescaled functions are obtained by muliplying the unrescaled versions with
V/TT. We define a rescaled version of every critical third order coefficient such that
the rescaled coefficient is T times the unrescaled one. These rescaled coefficients
will appear in the differential equations of the third order functions.

6.2.5 Bifurcations with a 5D center manifold

Double Neimark-Sacker bifurcation

The rescaling of the eigenfunctions corresponding to the complex multipliers leads
to the relations v1(7) = v11(7/T)/VT and v2(7) = v21(7/T)/VT. For the
adjoint eigenfunctions it holds that ¢*(7) = ¢{(t/T)/T,v{(7) = v (T/ T)/VT
and v3(7) = U;,l(T/T)/\/T' All rescaled second order functions are obtained

as T times the original ones and all rescaled third order functions as VTT times
the functions defined on [0, T]. The critical coefficients appearing in the differential
equations are replaced by their rescaled versions, which are T times the original ones.

Note that in the LPNS, PDNS and NSNS case, we have not given the rescalings of
the higher order terms from Section 5.A, but our discussion in this section should
provide enough information to make the derivations. For efficiency reasons these
higher order coefficients are not computed in MatCont, unless explicitly requested by
the user. The implementation code for all cases is available in MatCont. Concerning
the output in MatCont in the LPNS case, E = NaN is reported when terms up to
only the second order are computed. In the PDNS and NSNS cases, sign [; = NaN
is reported when terms up to only the third order are computed.

6.3 Examples

In this section we investigate what bifurcation curves exist around a codim 2 bifur-
cation of limit cycles and check whether this bifurcation scenario corresponds with
the situation predicted by the values of the normal form coefficients.
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6.3.1 Periodic predator-prey model

Our first model is a periodically forced predator-prey system, studied in [74] by using
shooting techniques, and described by the following differential equations

c=r(1-X)x—
X=r (1 K) x—p(x, t)y,
y = ep(x, t)y —dy,

(6.27)

where x and y are the numbers of individuals respectively of prey and predator
populations or suitable measures of density or biomass. The parameters present in
(6.27) are the intrinsic growth rate 7, the carrying capacity K, the efficiency e and
the death rate d of the predator. The function p(x,t) is the predator functional
response, for which the Holling type Il is chosen, with constant attack rate a4 and
half saturation b(t) that varies periodically with period one (year), i.e.

ax

p(x,t) = OET:

e b(t) = bo(1 + ecos(2rt)).

Instead of system (6.27), we consider the extended autonomous system

P — L O

x-r(l K)x bo(1+ eu) +x’

. axy B

y=e bo(1+eu) + x 4y (6.28)

i =u—2mo— (u® +v*)u,

0 = 2mmu + v — (u* +0%)o,

where the last two equations have a stable limit cycle with u(t) = cos(27tt + ¢)
and a phase shift ¢ depending on the initial conditions.

With fixed r =27, K=e¢ =1, a = 47 and d = 271, we perform a bifurcation
analysis w.r.t. the remaining parameters (¢, by), obtaining the bifurcation diagram
reported in Figure 6.1. Since the system is periodically forced, no equilibria are
present. The blue curves, with labels LPC2(1) and LPC2(2), are Limit Point of
Cycles bifurcation curves of the second iterate, the purple curves are Neimark-
Sacker bifurcations (of the first or of the second iterate, respectively labeled with
NS1 and NS2); while the green curves are Period-Doubling bifurcations, dotted
when subcritical and a solid line when supercritical (with notation PD1, PD2, PD4
and PD8).
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Figure 6.1: Bifurcation diagram of limit cycles in system (6.28). In blue are
Limit Point of Cycles bifurcations, in green Period-Doubling bifurcations and in
purple Neimark-Sacker bifurcations. Solid/dotted curves correspond to supercriti-
cal/subcritical bifurcations.

We have chosen this system as a first example since it allows us to check whether
the computation of the normal form coefficients &; is correct. Indeed, in a period-
ically forced system the return time is independent of the distance from the limit
cycle, so the first equation in the periodic normal form should be % = 1. In the
GPD, CH, PDNS and NSNS cases, as well as in the strong resonance cases R2, R3
and R4, this would imply that all &; in the normal forms (4.5)-(4.15) must vanish.
For the remaining CPC, R1, LPPD and LPNS (and even the codim 1 LPC) cases,
the normal forms (4.5)-(4.15) derived for bifurcations of generic ODEs cannot be
applied verbatim, because periodically forced systems are not generic due to a spe-
cial Jordan structure of their monodromy matrix. We illustrate this phenomenon.
Consider a continuation of a period doubled limit cycle in (6.28) and suppose that
an LPC bifurcation is detected. For each point of the continuation, we compute
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the singular values of the monodromy matrix minus the identity matrix. The two
smallest singular values are shown in Figure 6.2. There is always one singular value
equal to zero, but also the second one vanishes when approaching the LPC point.
This means that instead of a Jordan block of length two (as is expected at the
LPC-point in generic ODEs [59]), we have in fact two Jordan blocks of length one.
Therefore, in a periodically forced system we can not apply the general theory de-
rived for generic LPC points. A similar situation is encountered in the CPC, R1,
LPPD and LPNS cases for periodically forced systems, which therefore should be
treated separately. Normal forms for periodically forced ODEs were studied in [44].

03F T
LPC
025
02
0.15

0.1

0.05

I I I
0 500 1000 1500

Figure 6.2: The two smallest singular values of M(T) — I,,.

As can be seen in Figure 6.1, an R1 point is detected in our periodically forced
example. Due to the above remark, we will not attempt any normal form analysis
for this point. We will analyze in detail all other detected codimension 2 points and
report the normal form coefficients, computed as explained in Section 6.2.

The two Generalized Period-Doubling points

In Figure 6.1 the LPC2 curves are tangent to the PD1 curve in two different GPD
points. In the first GPD point, with parameter values (g, by) = (0.319,0.412), the
Limit Point of Cycles curve is tangent to the subcritical Period-Doubling curve (type
presented in Figure 4.2 (b)), while in the second one, for (¢, by) = (1.093,0.218),

226



6.3. EXAMPLES

the LPC2 curve is tangent to the supercritical part of the PD1 bifurcation curve
(type presented in Figure 4.2 (a)).

Performing the computation of the GPD normal form coefficients at the first
point, we obtain

e for the first equation of the GPD normal form (4.6) the two coefficients aq
and a3, up to a scaling term T and T2 computed through formula (6.17) and
(6.18) respectively, are zero, up to the accuracy of the computation.

e the normal form coefficient e of the second equation from (4.6), computed
through formula (6.19), equals e = —58.287.

Notice that these results are in agreement with what we expected. Indeed, since we
are in the case presented in Figure 4.2 (b), the normal form coefficient e is negative.

From the computation of the GPD normal form coefficients at the second critical
point we obtain

e for the first equation of the GPD normal form (4.6) holds that the two coef-
ficients a7 and &y equal zero up to the accuracy of the computation.

e the value of the normal form coefficient in the second equation is e = 41.544.

Also in this case the obtained results are in agreement with the theory.

The Strong Resonance 1:2 points

We divide the Strong Resonance 1:2 points present in this model into two groups,
namely the R2 point at (g, by) = (0.337,0.340) and the cascade of resonance points
in the right lower part of the graph.

The isolated R2 point forms the intersection of the NS1 curve, i.e. the super-
critical Neimark-Sacker curve of a limit cycle with a period approximately equal to
1, and PD1. The situation is thus the one depicted in Figure 4.5 (a). Performing
the normal form coefficient computation we obtain

e in the first equation of the R2 normal form (4.9) « = 0.
e in the last equation of the R2 normal form we have (a,b) = (3.401, —12.907).

Note that the obtained results are in accordance with the theory. Indeed, the absence
of a secondary Neimark-Sacker curve implies that a > 0 and the supercriticality of
the NS1 curve implies that b < 0.
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In the lower right part of the bifurcation diagram a resonance cascade is present,
which accumulates on the sequence of Period-Doubling curves. A zoom of this part
is shown in Figure 6.3. Each resonance point of this cascade is a point of the type

0.19 -

NS8
. R2

R2
0.185 - R3 R4
NS4

7 R2

““R3

0.175

0.6 0.65 0.7 0.75 0.8

Figure 6.3: The resonance cascade in system (6.28). In blue are Limit Point of
Cycles bifurcations, in green Period-Doubling bifurcations and in purple Neimark-
Sacker bifurcations. Solid/dotted curves correspond to supercritical /subcritical bi-
furcations.

represented in Figure 4.5 (b) (so with 2 < 0 and the sign of b dependent on the
criticality of the incoming Neimark-Sacker curve). Notice that the criticality of the
NS curves changes at the R2 point (as depicted in Figure 4.5 (b)).

As first general result we observe that in the first equation of the R2 normal form
(4.9) coefficient &« = 0 for all points (as expected since the system is periodically
forced). We remark that for the calculation of the normal form coefficients in the
¢-equations, a computation to high accuracy is needed to get unambiguous results.
The results are

(on PD2) In the R2 point (g,by) = (0.744,0.184). To the left of the R2 point the PD2

curve is supercritical, to the right it is subcritical. The incoming NS2 curve is
subcritical, while the outgoing NS4 curve is supercritical. We are thus in the

228



6.3. EXAMPLES

time reversed situation of Figure 4.5 (b). So we expect that b > 0 (subcritical
incoming Neimarck-Sacker curve) and a < 0 (there is an outgoing secondary
Neimarck-Sacker curve). The computed critical coefficients at the R2 point
are (a,b) = (—65.767,16.267).

(on PD4) In the R2 point (g, by) = (0.743,0.186). To the left of the R2 point the PD4
curve is supercritical, to the right it is subcritical. The incoming NS4 curve is
supercritical, while the outgoing NS8 curve is subcritical. We are therefore in
the situation depicted in Figure 4.5 (b). So we expect that b < 0 (supercritical
incoming Neimarck-Sacker curve) and a < 0 (there is an outgoing secondary
Neimarck-Sacker curve). The computed coefficients at the R2 point are (g,
b) = (—269.368, —18.151).

(on PD8) In the R2 point (g,bp) = (0.744,0.186). To the left of the R2 point the PD8
curve is supercritical, to the right it is subcritical. The incoming NS8 curve
is subcritical, we are thus in the time reversed situation of Figure 4.5 (b).
Thus, we expect that b > 0 (subcritical incoming Neimarck-Sacker curve)
and a < 0 (there is an outgoing secondary Neimarck-Sacker curve, since the
cascade continues). The computed critical coefficients at the R2 point are
(a,b) = (—921.701,16.581).

All the obtained results are in agreement with the theory.

The Strong Resonance 1:3 points

There are two Strong Resonance 1:3 points, one on NS2, the other one on NS4,
as can be seen in Figure 6.3. These two points behave in a different way. The
Neimark-Sacker curve corresponding with the first R3 point at (g,by) = (0.709,
0.179) is subcritical, so we expect R(c) to be positive (situation depicted in Fig-
ure 4.6 (b)). The Neimark-Sacker curve of the second point at (g, by) = (0.743,
0.185) is supercritical, so R(c) should be negative (situation depicted in Figure 4.6
(a)). To check whether we are in a nondegenerate case, we also have to take the
value of b into account, however, the sign of b is not relevant.

e for the first R3 point we have that (b, ®(c)) = (4.557 — 4.457i,9.155).
e for the second R3 point we have that (b, %(c)) = (0.405 + 12.143i, —8.820).

These results are in accordance with the theory.
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The Strong Resonance 1:4 points

There are two Strong Resonance 1:4 points, one on NS2, the other one on NS4, as
can be seen in Figure 6.3. These two points behave in the same way as the Strong
Resonance 1:3 bifurcation points. The Neimark-Sacker curve corresponding with the
first R4 point at (g, bp) = (0.675,0.177) is subcritical, so here we expect R(A) to
be positive. The Neimark-Sacker curve of the second R4 point at (g, by) = (0.743,
0.185) is supercritical, so #(A) should be negative. Moreover, since those points
are part of a resonance cascade, we should not have Limit Point bifurcations of
nontrivial equilibria, so we are in region | of Figure 4.7. In order to assure that we
are not in a degenerate case, we also need to check that d # 0.

e for the first R4 point it holds that (c,d) = (11.624 — 84.897i,65.072 +
92.254i), so A = 0.103 — 0.752i.

e for the second R4 point it holds that (c,d) = (—8.580 — 414.721i, —416.641
—489.172i), so A = —0.01335 — 0.645i.

The results are in accordance with the theory. For both bifurcation points the value
of A belongs to region | of Figure 4.7.

6.3.2 The Steinmetz-Larter model

The following model of the peroxidase-oxidase reaction was studied by Steinmetz
and Larter [91] and is used as test-example in [52,68], i.e.

A = —kjABX —k3ABY + k; —k_7A,

B = —k;ABX — k3ABY + kg,

X = ki ABX — 2ky X? + 2k3 ABY — kyX + kg,
Y = —k3ABY + 2k, X% — ksY,

(6.29)

where A, B, X, Y are state variables and kq, ko, k3, ky, ks, k¢, k7, kg, and k_7 are
parameters. We fix the parameters reported in the following table

Par. Value Par. | Value | Par. Value Par. | Value
ki | 0.1631021 | ky 1250 ks | 0.046875 | k4 20
ks 1.104 ke | 0.001 | k_» 0.1175

and we perform a bifurcation analysis in the remaining parameter space (ky, kg). A
few curves are reported in Figure 6.4
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ks

ky

Figure 6.4: Bifurcation diagram of limit cycles in model (6.29). In blue are Limit
Point of Cycles bifurcations and in purple Neimark-Sacker bifurcations. Solid/dotted
curves correspond to supercritical /subcritical bifurcations.

The Strong Resonance 1:1 points

The two Strong Resonance 1:1 points behave differently, since in the left R1 point
the Neimark-Sacker curve rooted at the bifurcation point is supercritical, while in
the other one it is subcritical.

e for the R1 point in (ky,kg) = (1.180,0.724), the two coefficients of the last
equation of the R1 normal form (4.8) are equal to (a,b) = (—3.654-1073,
0.735). Their product ab = —2.686 - 1073 is negative, which corresponds
with a supercritical NS curve rooted at the R1 point.

e for the R1 point in (ky,kg) = (1.858,0.930), the two coefficients of the last
equation of the R1 normal form (4.8) are equal to (a,b) = (—6.643-1072,
—2.157). Their product ab = 0.143 is positive, and indeed the NS curve
rooted at the R1 point is subcritical.

So we can conclude that the results are in accordance with the theory.
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The Chenciner points

In Figure 6.4 we see that a CH point is detected at (ky,kg) = (1.757,0.913). The
critical coefficient at that bifurcation point equals $(e) = 1.392, hence positive.
In order to verify if the normal form computation is correct, one might use tori
continuation techniques [19, 36, 63, 76, 84, 85, 88]. However, these techniques are
not stable near critical cases like the one we have. In order to validate our result
we therefore rely on simulations.

0.9128

09122 L 1n

E 420

ks

09116

0911

1.752 1.754 1.756 1.758 1.76

Figure 6.5: Simulations on a parameter grid (black points) of system (6.29). The
purple solid/dotted line is the supercritical /subcritical Neimark-Sacker curve. The
colour represents the value of the maximum of the first coordinate of the attractor
reached through simulation from a point close to the limit cycle.

The obtained result is shown in Figure 6.5. The indicated regions correspond
with the regions as denoted in Figure 4.3. The one point to which regions 1,2 and
3 are adjacent, corresponds with the CH point. The purple solid curve between
regions 2 and 3 is the supercritical Neimark-Sacker curve, the purple dashed one
between regions 1 and 2 is the subcritical Neimark-Sacker curve. For each point of
the grid, we have started time integration from a point close to the orginal limit
cycle (a 1 % perturbation) until an attractor was found. The maximum value of the
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X-coordinate of an orbit with time length 1000 along the attractor is shown in the
colormap. In region 2 this attractor is the original limit cycle, in region 3 it is the
inner torus arisen through the supercritical Neimark-Sacker curve. In region 1 the
original limit cycle is unstable, and so the trajectory that starts nearby converges
to another attractor. Between regions 1 and 3 and regions 1 and 2 happens a
catastrophic bifurcation, i.e. a drastic change of the attractor, identified from the
change of color that varies from blue to red. Right above the Chenciner point,
the catastrophic bifurcation is the subcritical NS curve, while left below it is the
Limit Point of Tori (T;) curve. Figure 6.5 gives evidence that the scenario that
corresponds with a positive second Lyapunov coefficient is obtained.

6.3.3 The Lorenz-84 system

This model, taken from [78], is a meteorological model proposed by Lorenz in 1984
in order to describe the atmospheric circulation. The equations of the model are

X = —y> — 2> —ax +aF,
y=xy—bxz—y+G, (6.30)
Z=bxy+xz—z,

where (a,b, F,G) are parameters. We fix a = 0.25,b = 4. This model, as found in
[89,94], contains most of the analyzed codimension 2 bifurcations of limit cycles. We
report in Figure 6.6 a bifurcation diagram recomputed and extended with MatCont
in which the bifurcations of equilibria are thicker and the limit cycle bifurcations are
thin. In particular, the blue curve is a Limit Point of Cycles bifurcation curve, the
green ones are Period-Doubling bifurcation curves and the purple ones are Neimark-
Sacker curves. The codimension 2 points are marked with a red dot, and from
Figure 6.6 follows that almost all bifurcations where the dimension of the center
manifold equals 2 or 3, except for the Chenciner bifurcation and the Fold-Flip
bifurcation, are present in this model.

The Swallow-tail bifurcation

The first degeneracy we analyze is the vanishing of the coefficient ¢ in the CPC
normal form (4.5). This bifurcation, called the Swallow-tail bifurcation, is in our
case characterized by the collision and disappearance of two Cusp Point of Cycles
bifurcations. In order to capture this codimension 3 bifurcation we analyze part
of the blue curve in Figure 6.6 for different parameter values of b. The result is
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3
G

Figure 6.6: Bifurcation diagram of model (6.30). The thick curves are bifurca-
tion curves of equilibria, the thin curves are bifurcation curves of limit cycles (in
blue Limit Point of Cycles curves, in green Period-Doubling curves and in purple
Neimark-Sacker curves). Solid/dotted curves correspond to supercritical /subcritical
bifurcations.

shown in Figure 6.7. Part of the LPC-branch is plotted in the (G, F)-plane for
several values of the parameter b € [2.91,2.95] (from red to blue). In the table we
can see the behaviour of the critical coefficient ¢ (i.e. ¢1 and ¢, for the two CPC
points), where it exists (the colours from the table correspond with the ones from
the bifurcation diagram). Note how the behaviour of this codim 3 bifurcation is
captured by a smooth vanishing of the normal form coefficient.
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Figure 6.7: Different Limit Point of Cycles bifurcation curves in the (G, F)-plane
for different values of the parameter b. The parameter values are reported in the
table.

The Generalized Period-Doubling points

On the green curve PD2(2) from Figure 6.6 there are two Generalized Period-
Doubling points. Computing the normal form coefficient in the first GPD point,
with parameter values (G,F) = (0.900,11.145), gives ¢ = —1.318-1073 < 0.
Therefore, there is a Limit Point of Cycles bifurcation curve that starts rightward
tangent to the subcritical part of the Period-Doubling curve. In the second case,
namely for (G,F) = (1.124,14.129), ¢ = 2.895-1073 > 0, and so the LPC
curve starts rightward tangent to the supercritical part of the PD curve. These
conclusions following from the normal form analysis are clarified in Figure 6.8; in
the upper panels the Poincaré maps of the limit cycles involved in the bifurcation are
sketched. In region O there is a stable 2T-periodic cycle. In region 1 the 2T-periodic
cycle becomes unstable and a stable 4T-periodic curve appears. In region 2 we still
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have this stable 4T-curve, but a second (unstable) 4T-periodic cycle appears and
the 2T-cycle becomes stable. We then cross the upper right PD2(2) curve such
that another stable 4T-periodic cycle appears. On the LPC4(2) curve the red limit
cycle and the inner green limit cycle from region 3 collide and disappear, while on
the LPC4(1) curve the two involved limit cycles from region 2 collide and disappear.
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Figure 6.8: Two Generalized Period-Doubling points with different sign of normal
form coefficients on the Period-Doubling bifurcation curve PD2(2) of Figure 6.6.

The Strong Resonance 1:1 points

Two R1 points are located on the LPC2 curve. These two points should have
different products of normal form coefficients. In fact, for the first one, where (G,
F) = (0.522,10.718), the Neimark-Sacker curve NS2(1) rooted at the bifurcation
point is supercritical (i.e. the situation depicted in Figure 4.4 (a)), while for the
second one, where (G, F) = (2.220,9.811), NS2(2) is subcritical (see the zoom in
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Figure 6.9).

e For the first R1 point (a,b) = (2.577,—1.266), so the product ab = —3.262
is negative.

e For the second R1 point (a,b) = (—9.887,—2.005), so the product ab =
19.819 is positive.

These results are in accordance with the theory.
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Figure 6.9: Zoom on the resonance cascade that starts at the right R1 point in
Figure 6.6. In blue are the Limit Point of Cycles bifurcation curves, in green the
Period-Doubling curves, in purple the Neimark-Sacker curves. Solid/dotted curves
correspond to supercritical /subcritical curves.

The Strong Resonance 1:2 points

At the R2 point at (G,F) = (1.593,6.106) shown in Figure 6.6, the incoming
Neimark-Sacker curve NS is subcritical (therefore we must have b > 0), while the
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outgoing curve NS2(1) (that exists and thus a < 0) is supercritical, i.e. we are in
the time reversed case of Figure 4.5 (b). The coefficients computed at the R2 point
are (a,b) = (—0.633,0.179), in accordance with what we expected.

At the R1 point located at (G, F) = (2.220,9.811) starts a resonance cascade,
as shown in Figure 6.9. On the cascade we find many resonance points, which we
will analyze in what follows. In particular, since the R2 points belong to a cascade,
they are of the type presented in Figure 4.5 (b) (so a < 0), with at successive R2
points a change of criticality of the incoming NS curve. The NS2(2) curve born at
the R1 point is subcritical, so for the first R2 point we expect that b > 0, while for
the second one b < 0.

e For the first R2 point at (G,F) = (2.298,9.916) we have that (a,b) =
(~1.316,0.111).

e For the second R2 point at (G, F) = (2.298,9.920) we have that (a4,b) =
(—2.623, —5.641 -1072).

The results are in accordance with the theory.

The Strong Resonance 1:3 points

There are several Strong Resonance 1:3 points at which we can have a closer look.
There is one R3 point located on the NS curve and two R3 points are detected
on the NS2(1) curve. The R3 bifurcation point corresponding to the first iterate
happens at (G, F) = (1.624,4.628), with a positive normal form coefficient of the
Neimark-Sacker bifurcation; this corresponds with the situation from Figure 4.6 (b).
The R3 points corresponding to the second iterate are at (G, F) = (1.235,7.072)
and (G, F) = (0.739,8.989), where the Neimark-Sacker bifurcation is in both cases
supercritical, so we are in the situation depicted in Figure 4.6 (a).

e For the R3 point at (G, F) = (1.624,4.628) we have that (b, R(c)) = (0.191
— 0.546i,6.186 - 1072).

e For the R3 point at (G,F) = (1.235,7.072) we have that (b,R(c)) =
(—0.446 — 0.190i, —3.612 - 1072).

e For the R3 point at (G,F) = (0.7394,8.989) we have that (b, R(c)) =
(—0.129 +1.681 - 1072, —1.951 - 10~2).
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All these results are in accordance with the theory.

There are also R3 points on the cascade, shown in Figure 6.9. The first one
corresponds with a subcritical NS2(2) curve, while the second one corresponds with
a supercritical Neimark-Sacker curve.

e For the first R3 point at (G, F) = (2.279,9.889) we have that (b, R(c)) =
(—2.958 — 0.360i,0.738).

e For the second R3 point at (G, F) = (2.297,9.919) we have that (b, R(c)) =
(2.745 + 3.539, —0.385).

Also in this case all results are in accordance with the theory.

The Strong Resonance 1:4 points

There are five 1:4 resonance points at which we will have a closer look. One is
located on the NS curve, two others on the NS2(1) curve and the last two lie on
the resonance cascade (see Figure 6.9).

e For the R4 point at (G, F) = (1.647,3.376) we have that (¢,d) = (5.0045
1072 — 7.459 - 1072,0.110 + 0.534i) and so A = 9.179 - 10~2 — 0.137i
(subcritical NS curve, case ).

e For the R4 point at (G,F) = (0.595,9.777) we have that (c,d) = (—1.513
1072 — 0.135i, —2.665 - 1072 — 4.112 - 1072{) and so A = —0.308 — 2.753i
(supercritical NS curve, case VIII).

e For the R4 point at (G, F) = (1.390,6.620) we have that (c,d) = (—4.172
1072 — 0.992i, —0.428 — 1.082i) and so A = —3.584 - 1072 — 0.852i (su-
percritical NS curve, case ).

For the first and the last point no further bifurcation analysis is possible to confirm
the correctness of the results since the curves rooted at the bifurcation point are
global bifurcations of limit cycles. Instead, it is possible to continue all local bifur-
cations of limit cycles rooted at the second R4 point, obtaining the result shown in
Figure 6.10. The meaning of the curve T is explained in Section 4.4.2 and shown
in the bifurcation diagram of the R4 point, see Figure 4.9. Curve T corresponds
with the Fold bifurcation of the 4T-periodic cycle that happens on the 'big’ cycle.
For curve T'™, the fold bifurcation happens in the 'big’ cycle. Curve NS (NS4)
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Figure 6.10: Bifurcation diagram at the R4 point at (G, F) = (0.595,9.777). In
blue are the Limit Point of Cycles bifurcation curves, in purple the Neimark-Sacker
curves. Solid/dotted curves correspond to supercritical /subcritical curves.

corresponds with curve N (N’) from Figure 4.9. Note that we have not made the
distinction between region VIl and region VIII.

The first R4 point of the resonance cascade lies on a subcritical NS2(2) curve,
while the second one lies on a supercritical Neimark-Sacker curve (see Figure 6.9).
Moreover, since they are part of a cascade, we expect them to be of type I.

e For the first R4 point at (G, F) = (2.298,9.916) we have that (c,d) = (5.185
1072 — 1.763i, —2.014 + 0.455i) and so A = 2.510- 1072 — 0.854i.

e For the second R4 point at (G,F) = (2.298,9.919) we have that (¢, d) =
(—2.821 - 1072 — 6.815i, —10.845 + 2.146i) and so A = —2.550- 1073 —
0.616i.

Both points indeed belong to region I.

6.3.4 The extended Lorenz-84 system

As done in [73], it is possible to extend the Lorenz-84 system (6.30) by adding a
fourth variable that takes the influence on the jet stream and the baroclinic waves
of external parameters like the temperature of the sea surface into account. The
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resulting system is

X = —y?>—z2 —ax +aF — yu?,
y=xy—bxz—y+G,
Z=bxy+xz—z

1= —d0u+ yux+ K.

(6.31)

We use the parameter values mentioned in [73], i.e.
a=025b=1G=0.26=1.04, v=0.987,F =175, K = 0.0003.

Time integrating this system from the origin leads to the detection of a stable
limit cycle. In a continuation with K as free system parameter the limit cycle
undergoes a supercritical Period-Doubling bifurcation. Now, we can perform a two
parameter continuation of PD bifurcations in (F,K) and obtain the bifurcation
diagram reported in Figure 6.11 (cf. [73]).

x107*
e

LPC

“~_LPPD

NS2

. )
1.75 1.76 177
F

Figure 6.11: Bifurcation diagram of limit cycles in model (6.31). The blue curve is a
Limit Point of Cycles curve, the green one is a Period-Doubling curve (solid/dotted
parts correspond to supercritical /subcritical parts) and the purple curve is a super-
critical Neimark-Sacker bifurcation curve of the period doubled limit cycle.
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The Fold-Flip point

As can be seen in Figure 6.11, a Fold-Flip point is detected for (F,K) = (1.762,
2.806 - 107*). Since there is a Neimark-Sacker curve of the period doubled limit
cycle rooted at the bifurcation point and the NS2 curve (corresponding with curve
NS from Figure 4.10) and the LPC curve (corresponding with curve F from Fig-
ure 4.10) lie on different sides of the PD curve (corresponding with curve P from
Figure 4.10), we are in the situation represented in Figure 4.10 (a), i.e. we have
arob11 < 0 and agpb; < 0. Moreover, since the NS2 curve is supercritical, Cyg
should be negative. Numerically, we obtain that by = 562.222, a,y = —0.576,
agp = —1.784-107°, Cys = —1.076 - 107. Hence, these results are in agreement
with the theory. They also agree with [73], where the LPPD bifurcation was ana-
lyzed by computing the normal form coefficients for the critical Poincaré map, using
the numerical integration of the variational equations to compute the multilinear
forms in the Taylor expansion of this map.

6.3.5 Laser model

In [97] a single-mode inversionless laser with a three-level phaser was studied and
shown to operate in various modes. These modes are 'off’ (nonlasing), continuous
waves, periodic, quasi-periodic and chaotic lasing. The model is a 9-dimensional
system given by 3 real and 3 complex equations, namely

O = —-2520; — ¢S3(0p),
paa =R, — %(Ql(aab - U'H*b) + QP(UHC - U;c))/
Poo = Rp + 5 (00 — 0y),

: . ,- (6.32)
Gap = — (11 + 1)y = 3 (U (Paa = Pop) = Qpoes),
Oac = — (72 +iDp)0ac — 5(Qp(204a + ppp — 1) — Y0Y,),
Oy = — (13 +i(A1 = Ap))oww — 5 (e — Qpogp),
with Ry = —0.50504 — 0.4050p, + 0.45,R, = 0.04950.4 — 0.05050,, + 0.0055

and A; = Aggp + gR(0,5)QY. The fixed parameters are 1 = 0.275, 9, = 0.25525,
3 = 0.25025,¢eqy = 0.03,¢ = 100,A, = 0. The parameters ), and Ay are
varied. The bifurcation diagram of (6.32) is computed in [72] and is reproduced in
Figure 6.12.
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ACIlU

Figure 6.12: Bifurcation diagram of (6.32). The thick red curves are Hopf curves.
In blue are Limit Point of Cycles bifurcations and in purple Neimark-Sacker bifurca-
tions. Solid/dotted curves correspond to supercritical /subcritical bifurcations. The
dashed curves are curves of neutral saddles.
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The Limit Point-Neimark-Sacker points

Figure 6.12 shows three NS curves NS(1), NS(2) and NS(3) starting from two
HH points. On NS(3) one of the richer situations possible at an LPNS point
occurs. The normal form coefficients for the LPNS point at (Qp, Acap) = (3.411,
—1.819) are (s,6,E) = (1,—0.139, —911.248), so sf < 0. This means that there
exists a 3-torus, which is stable since 8 < 0 and E < 0. Therefore, we are in
the case represented in Figure 4.11 (c), but with a stable 3-torus. We will make
use of Lyapunov exponents to check the validity of our calculations for the critical
coefficients. For the computation of the Lyapunov exponents, we used a code
written by V. N. Govorukhin (2004). We fix one parameter, in this case Qyp, and
vary the second one, in this case Ac,y, where we stay in a close neighbourhood to
the LPNS point, and compute the Lyapunov exponents for the considered range of
parameter values. Figure 6.13 (a) shows the calculated Lyapunov exponents for (),
fixed at 3.45 and Ay € [—1.8;, —1.6]. More detail is shown in Figure 6.13 (b),
where we get a clear view on the number of Lyapunov exponents equal to zero.

;X107
0.01 T T
T|P NS(3) 4
2+
0 L
or Y
N W
001 |
_4 L
S ‘ X . ‘ -6 :
00 175 17 -1.65 16 18 -1.795 -1.79 -1.785
ACIZ‘U ACHU
(a) (b)

Figure 6.13: Lyapunov exponents computed for (3, = 3.45 close to the LPNS point
at (Qp, Acap) = (3.411, —1.819): (a) For Acsp € [—1.8; —1.6]. (b) Zoomed in near
the region with chaos due to heteroclinic tangles. The vertical black lines indicate
the parameter values where a bifurcation occurs.

We now discuss Figure 6.13. For A,y values to the right of —1.636, there is
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one Lyapunov exponent equal to zero, which corresponds to the stable limit cycle
from region 6 in Figure 4.11 (c). At Agp = —1.636, we cross NS(3) and arrive
in region 5 from Figure 4.11 (c) where there is a stable 2-torus and therefore two
Lyapunov exponents equal to zero. When crossing the P curve at Ay = —1.773,
the stable 3-torus from region 4 arises, so we expect three Lyapunov exponents to
be zero. However, remark that in some small intervals only two Lyapunov exponents
are equal to zero (see Figure 6.13), but these correspond with resonances on the 3-
torus. Then, in the interval Agp € [—1.796; —1.7916] positive Lyapunov exponents
appear, which indicates that there is chaos. This zone corresponds with T. In fact,
curve T from Figure 4.11 is a small zone. Finally, to the left of —1.796, we arrive
in region 3, where all Lyapunov exponents are negative.

0.02

NS(2)

-0.02

—-0.04

-0.06

-0.08

—
|

-0.12
43

Figure 6.14: Lyapunov exponents computed close to the LPNS point at (),
Acay) = (4.632,1.438). The two-coloured dashed lines reveal pairs of equally large
Lyapunov exponents.

On the NS(2) curve there is an LPNS point for (Q, Acqn) = (4.632,1.438). The
normal form coefficients are (s, 6, E) = (1,0.206,808.009). The product s6 > 0 is
positive, so we are in a 'simple’ case, where no 3-torus is present. Since s = 1, the
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torus arisen through the Neimark-Sacker curve exists below the NS(2) curve (see
Figure 4.11 (a)). We compute the Lyapunov exponents for a straight line where the
beginning point (Qp, Acaw) = (4.302,0.673) and end point (Qp, Acar) = (4.984,
1.984) lie between the curves LPC(2) and NS(2), the first one to the left and the
second one to the right of the LPNS point. In Figure 6.14, we plot the Lyapunov
exponents for (), € [4.3,4.98]. The stable limit cycle is situated in the upper wedge
between the LPC(2) and NS(2) curves, which corresponds to region 4 in Figure 4.11
(a), so there is one Lyapunov exponent equal to zero for (), values larger than the
subcritical NS(2) curve (i.e. for regions 3 and 4). At (), ~ 4.41, we cross the
subcritical NS(2) curve, with to the left no zero Lyapunov exponents.

6.3.6 A two-patch periodic predator-prey model

We study a simple two-patch predator-prey system with periodic (seasonal) forcing.
Simple predator-prey models lead to the 'paradox of enrichment’, i.e. increasing
the carrying capacity of the prey ultimately leads to extinction of the population
[87]. Outside the laboratory, however, stable populations are observed and not an
extinction. Here, spatial models have been put forward to explain this discrepancy.
As the simplest spatial case, one may consider a two-patch predator-prey model [61]
where predator and prey can migrate between the two patches by diffusion. This
leads to a diffusive instability of large oscillations and stabilizes the total population
size [62]. Here, we propose an extension where one of the patches experiences
seasonal influences while the other can be seen as a wild-life refuge where human
intervention minimizes seasonal influences. As a simplication we will only consider
the case that the predators can move between the patches, i.e. they can cross the
refuge barrier. On a proper time scale, the investigated system is defined by

. cX1%2
X1 =rx1(1—x) — ———=
1 1 1) X1+ b1 (14 evq)
Xy = —x +—cx1x2 +v(y2 — x2)
2 2 X1+ by (1Ci/i— ;vl) !
o 1— _ CYiy2
=29 Cili 1+ by’ (6.33)
. 1
= — _— X — P
2 y2+y1+bz+7(2 y2)
0 = —vz—i—vl(l—v%—vg),
z)zzvl—l—vz(l—v%—vz).
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The values of x1 and x, denote the numbers of individuals (or densities) respectively
of prey and predator populations living outside the refuge and y; and y, are the
corresponding numbers or densities inside. The intrinsic growth rates r; and the
constant attack rate ¢ are parameters of the model. For the predator outside the
refuge, the Holling type Il is chosen as functional response with a half saturation
that varies periodically with period 27t. To this end, the last two equations are
introduced; their solutions converge to a stable limit cycle vq (t) = cos(t + ¢) with
a phase shift ¢ depending on the initial conditions. The terms with parameter v
describe the coupling of the two patches. The fixed parameter values are r{ = 1,
rp=1,b; = 04,7 =0.1,c = 2. We will use the half saturation b, as a continuation
parameter together with the amplitude of the seasonal forcing e. We observe that
a refuge can induce complex behaviour in a spatial population model with seasonal
forcing.

GPD

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

b,

Figure 6.15: Bifurcation diagram of limit cycles in (6.33). In green are Period-
Doubling curves and in purple Neimark-Sacker curves (of the first or of the second
iterate, respectively labeled with NS1 and NS2).
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The Period-Doubling-Neimark-Sacker points

Figure 6.15 represents a bifurcation diagram for system (6.33) where two PDNS
points are detected. The right PDNS point has parameter values (b, ¢) = (0.277,
0.530). We are in the 'simple’ case of a PDNS point because the product of
the coefficients p;; = —5.01-1072 and py, = —0.211 is positive. Since § =
—0.320 and 6 = 1.087, Figure 4.12 (a) indicates that the bifurcation diagram in
a neighbourhood of the PDNS point is as in case Il in Figure 4.13 (a), where
u1 = 0 corresponds with NS1(2) and pp = 0 with PD. Curve Tj corresponds to
the Neimark-Sacker curve of the period doubled cycle NS2(2) from Figure 6.15.
Therefore, we expect the Period-Doubling curve T, of the torus to be situated to
the left of NS1(2) and under the PD curve. The stable limit cycles are situated
in the lower right quadrant of the PDNS point. The exact location of T, can be
determined by computing Lyapunov exponents for fixed by values smaller than the
critical by = 0.277 corresponding with the PDNS point. We have plotted a sketch
of this T, curve in Figure 6.16, which represents a zoom of the neighbourhood of
the PDNS point.

0.75 -
0.7 -
0.65 -

0.6 -

0.5 -

0.45

0.4 I I I I I I I I I ]
0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32

b,

Figure 6.16: Zoom of the neighbourhood of the PDNS point at (by,¢) = (0.277,
0.530) from Figure 6.15. In green are Period-Doubling curves, in purple Neimark-
Sacker curves (of the first or of the second iterate, respectively labeled with NS1(2)
and NS2(2)), in blue is the sketch of the T, 'curve’.
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We have computed the Lyapunov exponents for b, fixed at 0.261 and ¢ €
[0.46;0.62], see Figure 6.17. In this figure the black vertical lines indicate the
position of the bifurcation curves. From the value of the Lyapunov exponents we
derive that T is crossed for € = 0.52. To the left of the T, curve in Figure 6.17, we
have a stable torus, arisen through the supercritical Neimark-Sacker curve NS1(2),
corresponding with region 2 from Figure 4.13 (b). Between the curves T, and
NS2(2), the 2-torus arisen through T, is attracting. These regions correspond
with region 6 (between T, and PD) and region 5 (between PD and NS2(2)) from
Figure 4.13 (b). When crossing the NS2(2) curve, the 2-torus disappears and the
period doubled cycle becomes attracting. All this is in agreement with the fact that
two Lyapunov exponents are equal to zero to the left of NS2(2), where afterwards
only one zero Lyapunov exponent is left.

T» PD NS2(2)

.
-0.02 |- e

—-0.04 -

! ]
0.46 05 0.54 0.58 0.62
€

Figure 6.17: Lyapunov exponents computed for b, = 0.261, close to the PDNS
point at (bp,¢) = (0.277,0.530).

The left PDNS point at (by,¢) = (8.699 - 1072,0.519) again belongs to one of
the 'simple’ situations that can happen at a PDNS point (p11 = —0.447, ppn =
—1.472). The neighbourhood of the bifurcation point is as in case | in Figure 4.12
(a) since (0,6) = (2.234,1.304). Remark that the stable limit cycles are situated
in the lower left quadrant of the PDNS point in Figure 6.18.
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0.53

0.52 -

0.51

0.5 = 1 L L |
0.082 0.084 0.086 0.088 0.09

by

Figure 6.18: Zoom of the neighbourhood of the PDNS point at (b, e) =
(8.699 - 1072,0.519) from Figure 6.15. In green are Period-Doubling curves, in
purple Neimark-Sacker curves (of the first or of the second iterate, respectively
labeled with NS1(1) and NS2(1)), in blue is the sketch of the T, 'curve’.

The behaviour in a neighbourhood of this PDNS point can be derived from
Figure 6.18, which includes a plot of the Neimark-Sacker curve NS2(1) of the period
doubled cycle and also a sketch of the period doubled curve T, of the torus, made
on the basis of the computation of the Lyapunov exponents. We have calculated
the Lyapunov exponents for parameter values in the upper right quadrant, close to
the PDNS point, for a fixed by = 0.08709. The results are given in Figure 6.19.

Going from the left to the right, where we follow the solid lines, we start with
two Lyapunov exponents equal to zero that correspond with the stable torus from
the original cycle in the regions 2,3 and 4 from Figure 4.13. At the point where
the second Lyapunov exponent becomes nonzero, the T, curve is located, namely
at € = 0.5198. We then arrive in region 12 from Figure 4.13 (b) where the 2-torus
has lost his stability and the period doubled cycle is stable. Therefore, one zero
Lyapunov exponent remains. We scan the Lyapunov exponents for a second time
where we now go from the right to the left and follow the dashed lines. The second
Lyapunov exponent now approaches zero not at the T, curve but at the NS2(1)
curve. This is explained by the bistability happening in region 4, where one Lya-
punov exponent equal to zero indicates the stable period doubled cycle and two
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<1074 PD NS2(1) T NS1(1)

! ! ! ]
0.518 0.519 0.52 0.521 0.522

€

Figure 6.19: Lyapunov exponents computed for b, = 0.08709, close to the PDNS
point at (by,e) = (8.699 - 1072,0.519). Exponents indicated with solid lines are
computed by following the attractor with increasing ¢, dotted lines with decreasing
e. This highlights the bistability between NS2(1) and T5.

zero Lyapunov exponents indicate the stable torus. When we go further, we cross
region 3 and 2, with the stable torus of the orginal cycle. Here too, the Lyapunov
exponents corroborate the prediction based on the normal form coefficients.

Remark that since we deal with a periodically forced system the return time is
independent of the distance from the limit cycle, so we could do this extra check.
Indeed, for all PDNS points, the ;jjk in the first equation of the PDNS normal form
(4.14) are zero up to the accuracy of the computation.

6.3.7 Control of vibrations

In [45] a two-mass system of which the main mass is excited by a flow-induced, self
excited force is studied. A single mass that acts as a dynamic absorber is attached
to the main mass and, by varying the stiffness between the main mass and the
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absorber mass, represents a parametric excitation. The system is given by

X1 = vy,

Xp =0y,

01 = —k1(v1 — v2) — Q*(1 +ey1) (x1 — x2),

0y = Mkq(v1 — v2) + MQ?*(1 4 ey1) (x1 — x2) — kavp — x2 + BVZ(1 — y03)va,
1=y +y(1-yi—v3),

y2 = ny1 +y2(1—yi — v3)-

(6.34)
The following parameters are fixed: ¢ = 0.1,kp = 0.1, =01,V = V21,7 =4,
Q=095 M = 0.2, k1 and 5 will be the continuation parameters.

The Double Neimark-Sacker points

048
046
044 -

042

0.38
036
0.34

032 -

03 I I I I I
0.08 0.09 0.1 0.11 0.12 0.13

ki

Figure 6.20: Partial bifurcation diagram of limit cycles in system (6.34). In purple
are Neimark-Sacker curves.

An NSNS point is detected for (k1,77) = (9.167-1072,0.411), see Figure 6.20. The
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normal form coefficients are
(p11,p22,0,6,sign 1) = (—=3.733-1073, —6.494 - 10~3,0.541,1.203, 1).

The positive sign of the product p11p22 implies that we are in a 'simple’ case that
can happen at the NSNS point. Since § > 6, the role of both coefficients has to
be reversed. Therefore, the situation 8 > 0,6 < 0,00 < 1 indicates that the NSNS
bifurcation is located in region Il in Figure 4.13 (a). As in the previous examples, we
compute the Lyapunov exponents to check the obtained results of the normal form
coefficients. We make the computations for k; fixed at 0.083 and 7 € [0.4;0.42]
(17 values are between the NS curves). The results are shown in Figure 6.21.

x10™*
4L

T1 TZ

I I
0.4 0.405 0.41 0.415 0.42

n

Figure 6.21: Lyapunov exponents computed for k1 = 0.083 close to the NSNS point
at (ky,17) = (9.167 - 1072,0.411).

For 17 values starting from 0.40, we are in region 3 (or 12 due to symmetry) in
Figure 4.13 (b), where there is a stable 2-torus and thus two Lyapunov exponents
equal to zero. A third Lyapunov exponent approaches zero and between # ~ 0.4117
and 7 =~ 0.4154 three Lyapunov exponents are equal to zero. This region denotes
the appearance of a stable 3-torus and corresponds with region 5 from Figure 4.13
(b). The critical values of 1 correspond with the curves Ty and T; in Figure 4.13 (a).
For 7 > 0.4154, only a stable 2-torus remains and thus there are two zero Lyapunov

253



CHAPTER 6. IMPLEMENTATION AND EXAMPLES

exponents. Therefore, the computed Lyapunov exponents are in agreement with the
normal form coefficients.

6.4 Conclusion

In this chapter we discussed the implementation of the critical coefficients. The
formulas for the normal form coefficients derived in Chapter 5 are directly suitable
for numerical implementation using orthogonal collocation. They perfectly fit into
a continuation context, where limit cycles and their bifurcations are computed us-
ing the BVP-approach, without numerical approximation of the Poincaré map or
its derivatives. Being implemented into the Matlab toolbox MatCont [31,32], the
developed methods are freely available to assist an advanced two-parameter bifur-
cation analysis of dynamical systems generated by ODEs from various applications.
The derivation of the normal form coefficients from Chapter 5 together with the
extensive discussion of the implementation details in this chapter make an interested
reader able to use the developed normal form theory and implement it in any (based
on continuation) software.

We investigated numerous examples to check whether the bifurcation diagram,
which we expect from the normal form analysis, corresponds with the bifurcation
scenario obtained by a study around the bifurcation point in MatCont. Every codim
2 bifurcation of limit cycles was tested for and at each point the bifurcation study
confirmed the results of the values of the normal form coefficients.

6.A Some results on differential-difference opera-
tors

In Section 6.2 we used the orthogonality with respect to the following inner product:
if Cl/éZ S CO([O,H,C”) and n1,1M2 € C", then

(]18]) = [ @oam asomm = [ donod e

If this inner product vanishes, then we say that the corresponding vectors are or-

thogonal ar d Wi |te
|: :| |: :| '
;1 ]}2
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Below we list the propositions used in Section 6.2, with proofs of the statements.

Proposition 6.1. Consider two differential-difference operators
¢12: C([0,1],R") — €°([0,1],R") x R",
e { - TA(1) {+TAT(t);
[ -TA(t + t
#0= | 50 e |20 =] G0y e |
IfZ € C1([0,1],R"), then { € Ker(¢) if and only if
g ] 1 n
I g(O) ] 1 472(C ([O,l],]R ))/
and { € Ker(¢) if and only if
g ] 1 n
I (,(0) ] 1 ¢1(C ([Orl]r]R ))

Proof. We will focus on the first assertion. If { lies in the kernel of ¢, then
{—TA(t) = 0and £(0) — (1) = 0. For all ¢ € C([0,1],IR") we have

/g Hydt — /Tg t)dt =0

=g <t>é<t>|oa/0 " (1)¢ tdta/o T (H A (H)dt =
= §"1)201) g1 (0)2(0) — [ (&(t) + TAT()3(1)e(0)at =0
= —(5(0) ~ $(1)"2(0) [ (2(6) + TAT(g(0)) e(0) =0

([ 4ot [ a ) =2

Conversely, assume that < [g(%)} [gEL)Tf;((l))g] > — 0forall g € CL([0,1],R").
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Then,
/ ZY(#)(¢(t) + TAT(£)g())dt + 7 (0)(g(0) — g(1)) =0

= g - T0)30) - [ (€(6) ~ TAWEH) (e
+CT0)(3(0) — (1) =
= —(€(0) ~2()Tg(1) - [ (€~ TAME(E) g(t)dt =0,

0

If C(t) — TA(t){(t) # 0, then there exists a g(t) with g(1) = 0 such that

1

| €@ = TAmz(®) ()t £ 0.
This is impossible, so {(t) — TA(t){(t) = 0. Hence ((0) — ¢(1))"g(1) = 0 for
all g; and thus there must hold that {(0) — (1) = 0. From both observations it

follows that ¢ € Ker(¢1).
The proof of the second assertion is similar. ]

Proposition 6.2. Consider ¢1, : C1([0,1],R") — C°([0,1],R") x R", where

[ ¢-TA)X C+TAN (1)
$1(0) = [ z(0)+2(1) } 92(6) = [ ¢(0) +2(1) }

IfZ € C1([0,1],IR"), then { € Ker(¢y) if and only if
g 1 n
&) |t e@@ury),
and { € Ker(¢) if and only if

4 : )
[ 2(0) }L"’l(c ([0,1], R™)).

Proof. The proof is similar to the proof of Proposition 6.1. O

256



6.A. SOME RESULTS ON DIFFERENTIAL-DIFFERENCE OPERATORS

Proposition 6.3. Consider ¢1, : C1([0,1],C") — C°([0,1],C") x C", where

[ {-TA(t)C+i6C [ Z+TAT(HT +i6C
7@ =" 70 -¢0) ]"1’2@‘[ £(0) (1)

IfZ € C1([0,1],C"), then { € Ker(¢y) if and only if

) | L e e,

and { € Ker(¢) if and only if

| 2(0) | L ¢1(C'([0,1],C")).

Proof. If T is in the kernel of ¢1, then { — TA(t){ +i6Z = 0 and {(0) — ¢(1) = 0.
For all ¢ € C1([0,1],C") we have

[ sz [ 1w Az + [ g =o

= g0 - [ g onwar- [ Tetmamemar+ [ g nn =o

= g102) - §M0)2(0) — [ (&(0) + TAT()g(1) + ig(1)) (1)t =0

=~ (3(0) - 80))"2(0) ~ [ (46 + TAT()g(0) + (1)) e (1t =0
§+TAT(t)g +ibg 4 _

([0 50" L))o

The proofs of the reverse implication and the second assertion are similar. O

Proposition 6.4. Consider ¢;, : C*(]0,1],C") — C°([0,1],C") x C", where

_ [ ¢-TAwy L[ AT
w0 = g engqy |40 = o) ebety |
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IfZ € C([0,1],C"), then { € Ker(¢1) if and only if

g 1 n
6 |t e@ouey),

and ¢ € Ker(¢,) if and only if

4 . )
[ z(0) ]i ¢1(C'([0,1],C")).

Proof. If { is in the kernel of ¢y, then { — TA(t){ = 0 and Z(0) —e~?7(1)
For all ¢ € C'([0,1],C") we have

/g dt_/ Tg"( t)dt =0
_/0 g1z “’”—/0 TgH () A(H)Z(t)dt =

= g2 - g"(0)c(0) - [ "(6(t) + TAT(D)g()) g (1)dt

= —(3(0) — g (1)) (0) - | "(6(t) + TAT(Dg (0P (1)dt = 0
¢+ TAT(b)g 7N

- <[ 2(0) — e~0g(1) ] { 7(0) D =0

The proofs of the reverse implication and the second assertion are similar.

1],R") — C°([0,1], R") x R", where

[ ¢-TAMY [+ TAT(D]
"’1@)‘[@@)—@()] (0 = [C(O) (1)]

IfZ € C'([0,1],IR™), then

4’1(@)2[‘3]
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if and only if

(Lo ][y 1=

for all h € C1([0,1],IR™). Furthermore

o 0q
[ I
—
o =
[E—
~~——

if and only if

(Lo |0 %i [ ==CLE )6 ]

for all h € C1([0,1], R").

Proof. We focus on the first assertion. Suppose that {(t) — TA(t)Z(t) = g(t) and
Z(0) — (1) = 0. For all h € C1([0,1],R") we have

[ e —/1ThT :/1hT< Dt

= WLl - [ - / TR (DA = [ W ()0

= WT(1)Z(1) (0 )é()—/o(h()JrTAT() ()¢ =/1hT<>g<>dt
= [T h0) + TAT ()it + T (0)( = ["s"
~(L4o ]'[%fﬂ(dfD——WHW

The proofs of the reverse implication and the second assertion are similar. O

Proposition 6.6. Consider two differential-difference operators ¢y, : C1([0,
1],R") — C°([0,1], R") x R", where

{—TA(t)C C+TAT(1)C
n(e) = [@(Han} #(0) = [aw()]'
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If € C1([0,1],R"), then
$1(0) = [ ‘g ]

if and only if

<[€é)y{i$ﬁ£$&}>:_<{

Vh € C1([0,1],IR™). Furthermore

[elioe}

—_ 1

| — |
e =

—

\/
N

$2(0) = [ g]

if and only if

(Lo | Lo [ ==C[8]-[a])

Vh € C1([0,1],R").

Proof. Suppose that {(t) — TA(t)Z(t) = g(t) and (0) + (1) = 0. Forall h €
C'([0,1], R") we have

/01 WY () (H)d — /01 THT () A(H)Z(£)dt = /01 1T (1)g(1)dt

1. 1 1
> WL - [T OcWd = [T AW = [ KT (g
jﬂ<m>—ﬂua)—fmm+nﬂmmm%ww:AW%mmw

;»/ V() (h(t) + TAT(H)h(t))dt + ZT(0)(h(0) + k(1)) = —/OlgT(t)h(t)dt

$<[gfo>}I[%Ti?&f?]>:—<[§HS]>~

The proofs of the reverse implication and the second assertion are similar. O
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Future work

This chapter gives a brief summary of the topics that we discussed in this
thesis and provides suggestions for future work.

In this thesis we discussed two main topics, namely the homotopy method for the
initialization of homoclinic and heteroclinic orbits and the normal form theory for
codimension 2 bifurcations of limit cycles. Both subjects offer possibilities for further
research.

In Chapter 3 we first remarked that a homoclinic orbit can be initialized from a
limit cycle with a large period. An alternative was offered by the homotopy method,
which is a systematic procedure that searches for a better approximation of the
homoclinic orbit in each step of the homotopy method. The consecutive steps lead
to an orbit that can be used as start-up for the continuation of homoclinic orbits.
The current version of MatCont now supports this method.

Homoclinic orbits are also known to bifurcate from certain codimension 2 bifur-
cations of equilibria, namely from a Bogdanov-Takens point, a Zero-Hopf point or a
Double Hopf equilibrium (see [56,67] and references therein). For the start-up from
a Bogdanov-Takens point, homoclinic predictors for the parameter and orbit are
given in [11]. These formulas are implemented in MatCont. However, in practice,
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the initialization often fails. This suggests that the method needs to be reconsid-
ered. This, together with a rigorous study of the initialization from a Zero-Hopf
and a Double Hopf point, is work currently under development.

Instead of starting up a homoclinic orbit from a limit cycle with a large period, the
reverse could be done. Depending on the type of the equilibrium of the homoclinic
orbit, either a unique limit cycle bifurcates from the homoclinic orbit or an infinite
number of limit cycles is present in a neighbourhood of the homoclinic orbit. Either
way, an initialization of a limit cycle from the homoclinic orbit could be envisaged.
The tricky part would probably be to deal with the infinite time that the orbit spends
near the equilibrium point.

The homotopy method that we considered in Chapter 3 concerned point-to-
point connections, for homoclinic orbits as well as heteroclinic orbits. The method,
however, could also be generalized to homoclinic cycle-to-cycle connections, hetero-
clinic point-to-cycle connections and heteroclinic cycle-to-cycle connections. These
methods were studied in [42,43] for 3-dimensional ODEs. They should be extended
to the n-dimensional case, and the methods and their continuations incorporated
in MatCont.

Chapter 4 listed the normal forms for all codimension 2 bifurcations of limit cycles
and presented their unfoldings, which clarified what kind of bifurcation scenario
occurs around the bifurcation point depending on the values of the normal form
coefficients. In Chapter 5 we derived these normal form coefficients by making use of
the homological equation approach. In Chapter 6 we considered the implementation
in MatCont and verified our computations of the critical coefficients by numerous
examples.

To fully support the two-parameter bifurcation analysis of ODEs, one further
needs special methods to switch between various branches of codimension 1 bifur-
cations of limit cycles rooted at the codimension 2 points. Such methods have
been developed and implemented in MatCont for codimension 2 equilibrium [72]
and fixed point [51] bifurcations. Switching at codimension 2 points to the con-
tinuation of codimension 1 local bifurcations of limit cycles seems to be the next
natural problem to attack, while that for codimension 1 bifurcations of homoclinic
and heteroclinic orbits is more difficult and probably requires new ideas. Similar
remarks can be made about quasi-periodic bifurcations of tori. Since there does
not (yet) exist robust techniques for the continuation of invariant tori, we used
Lyapunov exponents for the detection of the 2- and higher-dimensional tori.
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Samenvatting

De analyse van dynamische systemen betreft het bestuderen van fenomenen die
variéren doorheen de tijd. Een dynamisch systeem bevat een evolutieregel die speci-
fieert hoe de toekomst en het verleden eruitzien op basis van het heden. De moderne
theorie van dynamische systemen dateert van de 19de eeuw, toen Poincaré baan-
brekend werk leverde op het vlak van hemelmechanica en fundamentele problemen
zoals de stabiliteit en de evolutie van het zonnestelsel bestudeerde. Zijn werk ligt
aan de basis van de lokale en globale analyse van dynamische systemen.

Een eenvoudig voorbeeld van een dynamisch systeem wordt gegeven door een
slinger. De slinger bestaat uit een staaf die vast hangt aan een welbepaald punt
en heen en weer beweegt in een verticaal vlak. De toestand van de slinger wordt
volledig bepaald door zijn positie en snelheid. De slinger is onderhevig aan de
zwaartekracht, en de evolutieregel wordt gegeven door de wet van Newton F = ma,
waarbij F de gravitatiekracht is, m de massa en a de versnelling.

Maar dit onderzoeksgebied kent toepassingen in vele vakgebieden, zoals in de
fysica, biologie, chemie, economie en sociologie. Dit verklaart de populariteit van
dynamische systemen in de laatste decennia. Om deze toepassingen te beschrijven,
moet er een wiskundig model opgesteld worden. Gebruik makend van algoritmen
en computationele methoden kunnen we dan de observaties verklaren aan de hand
van dit model.

Een dynamisch systeem kan ofwel betrekking hebben op een continu systeem,
ofwel op een discreet systeem. In het eerste geval wordt de evolutieregel gegeven
door een stelsel gewone differentiaalvergelijkingen, in het tweede geval door een
afbeelding. De meeste concepten en resultaten met betrekking tot een continu
systeem hebben een analogon in het discrete geval. Dit doctoraat focust op de
studie van gewone differentiaalvergelijkingen. We maken echter ook gebruik van
bestaande resultaten voor afbeeldingen.

De geordende familie van punten die we bekomen door de evolutieregel toe te
passen, wordt een baan genoemd. Beschouw een baan die vertrekt in een punt en
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doorheen de tijd steeds in dat zelfde punt blijft. Zo een punt wordt een evenwichts-
punt genoemd. Een evenwichtspunt is stabiel als banen in de buurt van het punt
convergeren naar het evenwichtspunt.

Eén van de basisbegrippen in de theorie van dynamische systemen is dat van
een bifurcatie. Onder de variatie van een parameter kan het dynamisch systeem
op punten stoten waar het kwalitatief gedrag verandert. Dit is een bifurcatie. Het
eenvoudigste voorbeeld van een bifurcatie is het verdwijnen van de stabiliteit van
een evenwichtspunt.

Er bestaan twee soorten bifurcaties, namelijk lokale en globale bifurcaties. Een
lokale bifurcatie kan gedetecteerd worden door een willekeurig kleine omgeving van
een evenwichtspunt of periodieke baan te bekijken. Een voorbeeld van een lo-
kale bifurcatie wordt gegeven door de Hopfbifurcatie, waarbij de stabiliteit van het
evenwichtspunt verandert en een periodieke baan ontstaat. Er zijn echter ook bi-
furcaties die niet op deze manier kunnen gevonden worden. Dit zijn de globale
bifurcaties. Een voorbeeld wordt gegeven door een heteroclinische baan, waarbij
de baan naar een eerste evenwichtspunt convergeert voor positieve tijdswaarden en
naar een tweede evenwichtspunt voor negatieve tijdswaarden.

Bij de detectie van een bifurcatie is het de bedoeling om de parameterruimte
onder te verdelen in verschillende gebieden, zodat voor alle mogelijke parameter-
waarden behorende tot eenzelfde gebied hetzelfde dynamisch gedrag wordt vertoond.
Een bifurcatiediagram geeft zo een verdeling weer. Met elk gebied correspondeert er
een faseportret, dat een voorstelling geeft van alle mogelijke banen in de faseruimte.

De analyse van een (niet-lineair) dynamisch systeem kan heel uitdagend zijn.
Zelfs een eenvoudig systeem kan complex gedrag vertonen, waarbij geen expliciete
formules kunnen gegeven worden voor de oplossingen. Numerieke methoden geven
dan een antwoord. Numerieke simulatie vormt een eerste manier om een dynamisch
systeem te bestuderen. Hiervan gebruik makend kunnen (stabiele) evenwichtspun-
ten en periodieke banen gevonden worden. Op die manier verkrijgen we een ruwe
schets van hoe het faseportret eruitziet. Continuatie toepassen is een tweede manier.
Het idee is om een kromme te berekenen waarbij elk punt een oplossing is van een
geschikt stelsel vergelijkingen dat het te onderzoeken dynamisch object definieert.
Bijvoorbeeld, wanneer een (stabiel) evenwichtspunt wordt gedetecteerd, kunnen we
gebruik maken van continuatietechnieken om een kromme van evenwichtspunten te
berekenen onder de variatie van een parameter.

Een softwarepakket dat kan gebruikt worden voor de studie van continue dyna-
mische systemen is MatCont. Dit pakket is ontwikkeld door onderzoeksgroepen uit
Belgié en Nederland, met de hulp van individuele wetenschappers uit andere landen.
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Het is geschreven in Matlab en bijgevolg platform-onafhankelijk. Dankzij de grafi-
sche user interface is een interactieve studie van bifurcaties mogelijk. Het pakket is
gebaseerd op numerieke continuatie, waarbij eerst een predictie wordt gemaakt, die
vervolgens verbeterd wordt door de Moore-Penrose correctiemethode.

Tijdens de continuatie van evenwichtspunten kan een bifurcatie gedetecteerd
worden, dit is ofwel een Limietpunt ofwel een Hopfbifurcatie. Dit zijn codimensie 1
bifurcaties, die gevonden worden onder de variatie van een enkele systeemparameter.
Vervolgens kan een Limietpunt kromme of een Hopfkromme berekend worden door
gebruik te maken van continuatie. Op deze krommen kunnen we opnieuw bifurcaties
ontdekken. Dit zijn codimensie 2 bifurcaties, waarbij er twee systeemparameters vrij
zijn. Een codimensie 2 bifurcatie wordt in feite bepaald door het opleggen van twee
onafhankelijke voorwaarden. Codimensie 1 bifurcatiekrommen snijden transversaal
of raken elkaar in codimensie 2 bifurcatiepunten. Er kunnen ook codimensie 1
bifurcatiekrommen ontspruiten uit een codimensie 2 punt. Bijvoorbeeld, in een
Bogdanov-Takens punt ontstaat er een homoclinische bifurcatiekromme.

Theoretisch gezien kunnen er codimensie m bifurcaties voorkomen in een sys-
teem dat m systeemparameters bevat. In de praktijk echter kan de analyse van
een codimensie 2 punt al zeer complex zijn en in sommige gevallen is het volledige
bifurcatieplaatje nog steeds onbekend. Daarom beperken we ons meestal tot de
studie van codimensie 1 en 2 bifurcaties.

Er bestaan verschillende manieren om een periodieke baan te detecteren, bij-
voorbeeld door tijdsintegratie of wanneer er zich een Hopfbifurcatie voordoet. De
eerste manier is enkel van toepassing voor een stabiele periodieke baan en de initia-
lisatie van een periodieke baan vertrekkende van een Hopfbifurcatie leidt niet altijd
tot convergentie. Daarom is het belangrijk om over een aantal alternatieven te
beschikken voor de initialisatie van bifurcatiekrommen.

Naast evenwichtspunten en periodieke banen spelen homoclinische banen een
belangrijke rol in toepassingen. Een homoclinische baan is een periodieke baan
waarvan de periode oneindig groot wordt. De continuatie van homoclinische banen
kan opgestart worden vertrekkende van een continuatie van periodieke banen waarbij
de periode alsmaar groter werd. De homotopiemethode vormt een alternatief. We
focussen op deze methode in Hoofdstuk 3. Hiervan gebruik makend is het mogelijk
om een homoclinische baan op te starten vertrekkende van een evenwichtspunt.
Het is een systematische procedure waarbij in elke homotopiestap gezocht wordt
naar een betere benadering van de exacte homoclinische baan. Aan het einde van
de homotopiemethode verkrijgen we een baan, die (hopelijk) de exacte oplossing
voldoende goed benadert zodat de Newton correcties tot convergentie leiden. Ook in
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het geval van heteroclinische banen kan de homotopiemethode een voldoende goede
benadering leveren voor de exacte heteroclinische baan. In Hoofdstuk 3 beschrijven
we de homotopiemethodes voor beide types van banen en hun implementatie in een
softwarepakket, in ons geval MatCont. De continuatie van heteroclinische banen is
nu ook mogelijk in MatCont. We bespreken een aantal voorbeelden die de efficiéntie
van de methode illustreren.

Om na te gaan wat er zoal gebeurt rond het bifurcatiepunt kunnen we de omge-
ving van het gedetecteerde punt scannen op zoek naar lokale en globale bifurcaties.
Maar het zou veel handiger zijn indien we bij detectie onmiddellijk zouden weten
welke bifurcatiekrommen aanwezig zijn en hoe deze zich verhouden ten opzichte van
elkaar. Dit probleem kan aangepakt worden door te kijken naar de normaalvormen.

Bij de detectie van een bifurcatie wordt eerst een reductie van het dynamisch
systeem tot een centrale variéteit gemaakt. De dimensie van deze centrale vari-
eteit is klein. De definiérende vergelijkingen in de centrale variéteit worden dan
vereenvoudigd. Deze vereenvoudigde vorm wordt de normaalvorm genoemd. Met
welk type bifurcatie we te maken hebben, wordt afgeleid uit deze normaalvorm.
De coefficiénten die voorkomen in de normaalvorm, de normaalvormcoéfficiénten,
maken een onderscheid tussen de mogelijke bifurcatiescenario’s voor het bifurca-
tiepunt. Bijvoorbeeld, een negatieve normaalvormcoéfficiént horende bij een Hopf-
bifurcatie leidt tot het ontstaan van een stabiele periodieke baan, een positieve
normaalvormcoéfficiént tot een onstabiele periodieke baan. Indien parameters wor-
den geintroduceerd, kunnen we met elke bifurcatie een ontvouwing associéren. Deze
geeft de verdeling van de parameterruimte in verschillende gebieden en de corres-
ponderende faseportretten voor elk gebied. Het aantal ontvouwingsparameters dat
voorkomt in de normaalvorm, is gelijk aan de codimensie van de bifurcatie.

In de hoofdstukken 4 — 6 focussen we op codimensie 2 bifurcaties van perio-
dieke banen, in totaal zijn dat er 11. De dimensie van de centrale variéteit voor
deze bifurcaties varieert van 2 t.e.m. 5. De bifurcaties worden geordend volgens
deze dimensie. Met elke periodieke baan kan een afbeelding geassocieerd worden,
namelijk de Poincaré afbeelding. De periodieke baan is dan een vast punt van deze
afbeelding. Deze associatie heeft tot voordeel dat resultaten die eerder ontwikkeld
werden voor afbeeldingen, in zekere mate kunnen hergebruikt worden voor de op te
bouwen theorie voor periodieke banen.

In Hoofdstuk 4 leiden we de normaalvormen voor alle 11 codimensie 2 bifurca-
ties van periodieke banen af en we maken duidelijk welke normaalvormcoéfficiénten
aanleiding geven tot welk bifurcatiescenario. We bespreken hun ontvouwingen en
verduidelijken de interpretatie van de banen die voorkomen in de faseportretten.
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Merk op dat we de ontvouwing geven voor de getrunceerde normaalvorm. Het is
logisch om ons dan af te vragen of de hogere ordetermen die voorkomen in de
oorspronkelijke normaalvorm, de dynamica, die is afgeleid uit de studie van de ge-
trunceerde normaalvorm, beinvloeden. In sommige gevallen hebben de hogere orde
perturbaties geen invloed op het bifurcatieplaatje dat overeenstemt met de getrun-
ceerde normaalvorm. Jammer genoeg is dit niet altijd het geval. De aanwezigheid
van globale bifurcaties kan de topologische equivalentie tussen de bifurcatiediagram-
men die corresponderen met de getrunceerde en oorspronkelijke normaalvormen, in
de weg staan. Een perturbatie door hogere ordetermen maakt de dynamica in de
buurt van de globale bifurcaties complexer en wat er exact gebeurt, is in sommige
gevallen nog steeds onbekend.

Het is vanzelfsprekend dat we formules voor de normaalvormcoéfficiénten nodig
hebben. Deze worden bepaald aan de hand van de homologische vergelijking. In
Hoofdstuk 5 bespreken we de methode en leiden we de uitdrukkingen voor alle
noodzakelijke coéfficiénten af. Merk op dat deze uitdrukkingen zeer lang kunnen
zijn. De aanpak is in alle gevallen dezelfde, maar elk geval heeft wel zijn eigen
bijzonderheden.

De logische volgende stap is dan de implementatie van de normaalvormcoéffici-
enten. In Hoofdstuk 6 bespreken we hoe de uitdrukkingen op een efficiente ma-
nier kunnen geimplementeerd worden in MatCont. Voor de interpretatie van de
normaalvormcoéfficiénten van de codimensie 2 bifurcaties van periodieke banen met
een 4- of 5-dimensionale centrale variéteit wordt er een onderscheid gemaakt tussen
de 'eenvoudige’ en 'moeilijke’ gevallen. In een 'moeilijk’ geval is het bifurcatiesce-
nario complexer en komt er een extra torus voor. Hogere ordetermen bepalen de
stabiliteit van deze extra torus. Omdat deze torus niet altijd bestaat en omwille van
complexiteitsargumenten, laten we de berekening van de hogere ordetermen in het
algemeen achterwege. De uitdrukkingen zijn echter geimplementeerd in MatCont
zodat een geinteresseerde gebruiker ze kan opvragen.

Om onze werkwijze te verifiéren bespreken we een aantal voorbeelden waarin alle
11 codimensie 2 bifurcaties voorkomen. Enerzijds berekenen we de normaalvormco-
efficiénten. Op basis daarvan kunnen we de dynamica rond het gedetecteerde punt
voorspellen aan de hand van de ontvouwing, besproken in Hoofdstuk 4. Ander-
zijds scannen we de omgeving van het gedetecteerde punt op zoek naar mogelijke
bifurcatiekrommen. In alle voorbeelden leiden de twee werkwijzen tot hetzelfde bi-
furcatieplaatje. Dit overtuigt ons van de correctheid van de berekeningen voor de
normaalvormcoéfficiénten.
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