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Introduction

In dynamical systems heteroclinic cycles are invariant objects consisting of finitely many
equilibria and trajectories connecting them in a circular fashion. They occur in various ap-
plications and are particularly useful to model stop-and-go dynamics: a trajectory near a
heteroclinic cycle will spend a long time in a neighbourhood of an equilibrium, close to a
steady state, before rapidly switching along a connecting trajectory towards another equilib-
rium, where it lingers for a long time again. Such behaviour is displayed, for instance, by
the magnetic field of the Earth: its quick, aperiodic reversals of polarity are followed by long
periods in an almost stationary state. This has been attributed by many authors to the pos-
sible presence of a heteroclinic cycle in the equations governing the geodynamic processes,
e.g. Melbourne et al. [31] or Chossat et al. [10]. Another example occurs in population dy-
namics and is treated extensively by Hofbauer and Sigmund [20]: as a model for competition
between three or more species, Lotka-Volterra equations can possess attracting heteroclinic
cycles between steady states in which there is only one species. To an observer of the system
it may look for some time as if a single species wins the competition and all others become
extinct, before its density suddenly drops and its dominant position is taken by a different
species. Other applications of dynamical systems theory in which heteroclinic cycles play a
role include game theory, see also [20] or Aguiar and Castro [1], and neurodynamics, where
Ashwin et al. [4] study cycles again for Lotka-Volterra equations, as well as in coupled-cell
systems.

In arbitrary smooth dynamical systems, however, heteroclinic cycles are generally of high
codimension, the saddle-saddle connections being destroyed by small perturbations of the
vector field. Not until the 1980s and the famous works of dos Reis [12] and Guckenheimer
and Holmes [18] was it discovered that they are structurally stable in an equivariant setting,
where the vector field on the right hand side of the differential equation commutes with
the action of a symmetry group. Subsequently, their study gained importance. Placing the
connections in flow-invariant subspaces, where they are of saddle-sink type, and restricting
to perturbations that respect these, turns heteroclinic cycles into a robust phenomenon: if
the invariant subspaces persist, the heteroclinic cycle is also maintained. The existence of
flow-invariant subspaces is natural in the context of symmetry. In [25] Krupa provides a
comprehensive overview of early results on robust heteroclinic cycles along with plenty of
examples.

This discovery of robustness sparked a huge interest in heteroclinic cycles in the 1990s. In
[29] Lauterbach and Roberts discussed various cases of how spontaneous symmetry break-
ing may lead to the existence of heteroclinic cycles. Necessary and sufficient conditions
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for asymptotic stability of different types of cycles were derived by Krupa and Melbourne
in [26] and [28]. However, being more complex in structure than a single hyperbolic equi-
librium, heteroclinic cycles exhibit more intricate stability properties than the dichotomy
between asymptotic stability and instability in the sense that everything except for a set of
measure zero leaves a neighbourhood. In [30] Melbourne gives an example of a cycle that is
a non-asymptotically stable attractor: it attracts a set of positive measure which is not a full
neighbourhood of the cycle. This observation becomes even more important when several
cycles are joined together to form a heteroclinic network. Then it is impossible for one of
them to be asymptotically stable due to the connection to another cycle in a transverse direc-
tion. Nevertheless, in many cases there is a dominant cycle that is more stable than the others
in the sense that it is the w-limit set of a large measure set of points in a neighbourhood of
the network — even though the other cycles may also attract sets of positive (but smaller)
measure. Kirk and Silber address this question of competition between cycles in a hetero-
clinic network in [23]. In order to gain a broader understanding of the dynamics associated
with such a network, it is crucial to accurately distinguish between various forms of non-
asymptotic stability. An important one is predominant asymptotic stability, a term coined by
Podvigina and Ashwin in [33]. A predominantly asymptotically stable (p.a.s.) set attracts
everything in its neighbourhood except for a thin cusp-shaped region of points. The same
concept had been used before as essentially asymptotically stable (e.a.s.), however, there ex-
ist contradicting definitions in the literature: while that of Melbourne [30] is equivalent to
simply attracting any set of positive measure, in [6] Brannath defines e.a.s. in the same way
as p.a.s. is defined in [33]. In all previous work known to this author, when a set is claimed
to be e.a.s. it is indeed shown to be p.a.s. That is why in order to avoid further confusion, we
stop using the term e.a.s. after proving the equivalence mentioned above.

Recently, significant progress in the quantitative study of stability of heteroclinic cycles
was made in [33]: Podvigina and Ashwin introduced a stability index that provides a measure
of the basin of attraction for any compact invariant set. Since it is constant along trajectories
of the flow, a finite number of these indices is sufficient to characterize the stability of a
heteroclinic cycle. One central aim of this work is to establish relations between the sign
of this index and the different types of non-asymptotic stability mentioned above. The most
important results in this regard are theorems 1.33 and 1.34.

This thesis is divided into two major chapters, focusing on heteroclinic cycles and net-
works, respectively. The first section of chapter 1 sets the scene by reviewing relevant results
from the literature: we give the precise definition of a heteroclinic cycle and introduce the
equivariant setting in which it is a structurally stable phenomenon. In particular, we recall
the division of very simple heteroclinic cycles into types A, B and C' and discuss their char-
acteristics in R*. Next, we provide an overview of the well-known results on asymptotic
stability of heteroclinic cycles obtained to a large extent by Krupa and Melbourne in [26]
and [28]. We also briefly look at the famous homoclinic cycle studied by Busse and Heikes
in [7] as well as by Guckenheimer and Holmes in [18]. In section 1.2, the stability index
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from [33] is introduced along with various types of non-asymptotic stability. We then have
all tools at hand to build on the previously known results: our main theorems 1.33 and 1.34
establish important relations between the stability index and non-asymptotic stability prop-
erties — under appropriate assumptions a heteroclinic cycle is predominantly asymptotically
stable if and only if all local stability indices along its connecting trajectories are positive.
A similar equivalence (with some restrictions) holds for negative indices and predominant
instability. Along the way, we prove the equivalence of fragmentary and essential asymptotic
stability in proposition 1.24, making the latter, ambiguous term superfluous. Moreover, in
corollary 1.27, we confirm a conjecture made by Ashwin and Timme in [5] regarding the
existence of unstable attractors: in a smooth system there are none. The third section is de-
voted to the explicit study of very simple heteroclinic cycles in R*. Combining the results
from [28] and [33] mentioned above with our own observations from section 1.2, we derive
necessary and sufficient conditions for predominant asymptotic stability of cycles of types
B and C' in terms of the eigenvalues of the linearization at the equilibria. In particular, we
prove that in R* an asymptotically stable cycle of type B or C' generically becomes p.a.s.
when a transverse eigenvalue turns positive (corollaries 1.58 and 1.64).

In chapter 2 we transfer our results to heteroclinic networks. Section 2.1 explores the
general use of the stability index in this context: for each trajectory it can be computed
either with respect to the whole network or with respect to any subcycle. Both quantities are
crucial for an understanding of relative stability in a network and our results in lemmas 2.3
and 2.4 simplify index calculations in certain cases. Finally, in section 2.2, we classify very
simple heteroclinic networks in R* and investigate the competition between their subcycles
in detail. We establish that only three such networks exist (proposition 2.8), two of which,
to our knowledge, have not been studied before. This can be viewed as an extension and
generalization of the Kirk and Silber study in [23]. We encounter several ways in which a
network can be p.a.s. — with very different stability properties for the respective subcycles.
Substantial parts of this section have been obtained in collaboration with Sofia Castro and
are published in [8].

Our work is completed by a few comments on what we have done and some questions
that may guide future work in different directions concerning the topics at hand. In a short
appendix we discuss generalizations that are necessary to understand the results from [28]
on asymptotic stability, but are otherwise of little relevance for this work.
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1. Stability of heteroclinic cycles

The first chapter of this work concerns stability properties of heteroclinic cycles. It is divided
into three sections: In 1.1 we define heteroclinic cycles and introduce the precise setting in
which they occur naturally, namely when the connecting trajectories lie in invariant sub-
spaces that are created by equivariance of the system. We also recall classic results by Krupa
and Melbourne on asymptotic stability, first proved in [26], [28] and [27]. The analysis by
Guckenheimer and Holmes of the well-known cycle in [18] is discussed briefly as an intro-
ductory example.

Section 1.2 deals with the stability index defined in [33] by Podvigina and Ashwin. Much
attention is devoted to relating it to various forms of non-asymptotic stability. Important
aspects are illustrated by several examples.

Finally, in section 1.3 we focus on very simple heteroclinic cycles in R?, recalling the
enumeration of type B and C' cycles in [28]. Combining it with results from [33] and our
theorems 1.33 and 1.34 we characterize the stability properties of type A, B and C cycles in
R* exhaustively.

1.1. Heteroclinic cycles

The aim of this section is to introduce the general setting and definitions that provide the
framework for the rest of this thesis. In doing so we trim things in a way that best suits R* and
finite symmetry groups, the context in which we mainly work later. Nevertheless, important
results on the asymptotic stability of heteroclinic cycles are stated in their full generality.
We refer the interested reader to the appendix of this work for technical information on
generalizing definitions and techniques to R™ and continuous symmetry groups.

The last subsection is devoted to one of the best-known heteroclinic cycles in the literature.
It arises in the context of convection in a rotating layer of fluid and was first mentioned in [7]
by Busse and Heikes. The authors of [18] used this example to help establish heteroclinic
cycles as structurally stable objects in the context of symmetry.

1.1.1. Definitions and Motivation

We consider a smooth dynamical system in R™ given by the ordinary differential equation

i = f(a), (1.1)

and we denote by ¢, (z) the associated flow.
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Definition 1.1 (e.g. [33]). Let &;,...,&,,, be mutually distinct hyperbolic equilibria for system
(1.1). Let s; C W*(&;_1) N W*(&,) be connecting trajectories, where we set & := &,,. Then
the set of connecting trajectories and equilibria is called a heteroclinic cycle.

In general, a heteroclinic cycle disappears when f is only slightly perturbed, the saddle-
saddle-connections being structurally unstable. Suppose, however, that within some flow-
invariant subspace the connecting trajectories are of saddle-sink type. Then these persist
under perturbations which respect the invariance of the subspaces, hence the cycle is pre-
served as well. This turns heteroclinic cycles from a phenomenon of high codimension into
a possibly structurally stable one, reinforcing the relevance of understanding the dynamics
associated with them.

It is well-known that equivariance of (1.1) naturally leads to the existence of invariant
subspaces. So assume that f is equivariant under the action of a finite group I' C O(n),
ie. vf(z) = f(yx) forall z € R™ and all v € T". In this situation we recall the following
definitions.

Definition 1.2 (e.g. [11], chapter 2.1). For a group I' C O(n) and z € R" the subgroup
Y, :={y €T | yx =z} C I is called the isotropy subgroup of x.

If ¥ C T is a subgroup, then Fix(X) := {z € R" | Vo € ¥ ox = x} is called the
fixed-point subspace of ..

Clearly, 2., = v '¥,7 fory € I" and z € R", establishing that isotropy subgroups are
conjugated along group orbits. Moreover, X4,y = X, so they are constant along trajectories
of the flow.

Now assume that for each j there is a subgroup 3; C I' such that s;; C P; = Fix(%;)
and §;; is a sink in P;. Set L; := P;_; N P;. These fixed-point subspaces persist under
I"-equivariant perturbations of f and within them the s; are structurally stable saddle-sink-
connections, so the cycle is preserved, too. This is why such a cycle is called robust.

Remark 1.3. In the symmetric context one usually identifies equilibria that lie on the same
group orbit. This means in definition 1.1 the group orbits I'§; are assumed to be distinct. If
there is a connection [{;, — &o| for some v € T, the cycle [§y — V& — - -+ — &) is called
homoclinic.

As we will see later, stability of a heteroclinic cycle generically depends only on the
eigenvalues of the linearization of f at the equilibria making up the cycle. We therefore
follow the well-established convention of labeling them as follows.

Definition 1.4 (e.g. [26]). Depending on the geometry of their eigenspaces, the eigenvalues
of df (¢;) are divided into four classes as listed in table 1.1.

Note that for an equilibrium in a heteroclinic cycle the sets of radial, contracting and ex-
panding eigenvalues are never empty. If there are no transverse eigenvalues, we sett; = —oo.
By —c;, e; and t; the weakest contracting, strongest expanding and most unstable trans-
verse eigenvalue are selected, respectively. The radial eigenvalues do not play a role for the
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Table 1.1.: Types of eigenvalues

Eigenvalues | Description max. real part
radial eigenspace in L; —r; <0
contracting | nonradial, eigenspace in P;_; —c; <0
expanding nonradial, eigenspace in P; e; >0
transverse eigenspace not in P;_; U P; t;s0

(asymptotic and non-asymptotic) stability of the cycle, as we will see in subsection 1.1.2 and
later in section 1.3.
We thus consider as the basic equation that underlies our investigations

t = f(x), withyf(z) = f(yz) Ve e R" Vy €T, (1.2)

where I' C O(n) is a finite group.

During most of this work we consider heteroclinic cycles in R* with a particularly intuitive
structure. Note that in [32] Podvigina extends the following definition of simple cycles to R",
relaxing the first condition by demanding merely that there is only one contracting direction
at each equilibrium. We stick with the classical definition for R* from [28].

Definition 1.5 ([28]). In a setting as above, a robust heteroclinic cycle X C R*\ {0} is
called simple if for all j

° dim(Pj) =2,

e X intersects each connected component of L; \ {0} in at most one point.
It is called very simple if, in addition, for all j the eigenvalues of df (¢;) are distinct.

Note that in [28] there is no distinction between simple and very simple cycles. As Pod-
vigina and Chossat point out in [34], the authors seem to silently assume that there are no
double eigenvalues.

In the case of a very simple heteroclinic cycle in R* the fixed-point space L; is one-
dimensional for every j and there is a unique (real) eigenvalue of each type. Denote the
contracting eigenspace (the orthogonal complement of L, in P;_;) by V(c) := Pj_1 © L;,
the expanding one by V;(e) := P; © L; and the transverse one by V;(t) := (Pj_1 + P;)*.
Then

R'=L; & Vi(c) & Vj(e) ® Vi(1)

is the isotypic decomposition of R* under the isotropy group T of points in L; \ {0}. Ele-
ments of 7; map isotypic components into themselves, so they are diagonal matrices. Since
L; = Fix(T};) and T; C O(4) this implies T; C Z3, where Zj consists of diagonal ma-
trices with entries {1, &1, = 1, £ 1}. Since X; C 7; this leaves us with only two possi-
bilities that are compatible with the requirements that dim(Fix(7})) = dim(L;) = 1 and
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dim(Fix(¥;)) = dim(F;) = 2, namely

T; = 73 and ¥; = 73, (1.3)
T; 2 75 and X; & Z,. (1.4)

The same goes for ;1 C T; and thus we have either X; = Z3 or X; = Z, along
all connecting trajectories. This observation prompts us to divide the set of very simple
heteroclinic cycles in R* into three types as was first done by [9] for homoclinic cycles. The
definition was reformulated and extended to a more general framework in [28].

Definition 1.6 ([28]). A heteroclinic cycle X C R*\ {0} is of
e type Aif and only if ¥; = Z, for all j,
e type B if and only if X lies in a three-dimensional fixed-point subspace ) C R*,
e type C'if and only if it is not of type A or B.

Clearly, every very simple heteroclinic cycle in R* belongs to one of those types. More-
over, they are mutually exclusive: X being of type B implies the existence of a subgroup
2* C I' such that

Fix(Z;) = P, € Q = Fix(Z"),

which means that ¥* C 3; is a non-trivial subgroup. But that is not compatible with
¥; = Zs, so the cycle is not of type A.
In [28] there is an alternative way of characterizing type A cycles in R*.

Lemma 1.7 ([28]). A very simple heteroclinic cycle X C R*\ {0} is of type A if and only if

there is no element v € T that acts as a reflection on R*.

Proof. See corollary 3.5 in [28], we briefly recall the important steps. First, note that the
subgroups 7T; C I' contain reflections if and only if the cycle is not of type A.

Now let 7 be a reflection and look at £ := Fix(7) N P;. This is either a line or a plane. If it
is a plane, then 7 fixes all points in Py, so 7 € >; C 7} and thus 7} contains a reflection. In
[28] it is shown that, if £ is a line, it is conjugate to L; or Lo, since up to conjugation these
are the only invariant lines in ;. But then 7 € T} or 7 € T5, and thus one of the 7; contains
the reflection 7. So in either case, the cycle is not of type A. ]

1.1.2. Asymptotic stability of cycles

Since the mid 1990s the question of asymptotic stability of heteroclinic cycles has been
studied extensively by several authors, most notably Ian Melbourne and Martin Krupa. In
this subsection we review their most prominent results in this field — references are given
below, where the theorems are stated. These are not restricted to simple cycles in R*, but hold
for general robust heteroclinic cycles in R™. The classification into types A, B and C can be
extended to this setting as discussed in appendix A.1. The same goes for the generalization
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from finite to continuous symmetry groups, we briefly comment on this in appendix A.2. For
all following theorems we place the heteroclinic cycle within a system equivariant under the
action of some compact Lie group I'. By N (X;) we denote the normalizer of X; in I".

Throughout this subsection we assume all transverse eigenvalues to be negative unless
explicitly stated otherwise. This condition is clearly necessary for asymptotic stability and
we only loosen it when turning our attention to non-asymptotic stability.

Proofs of the theorems we state can be found in the works of Krupa and Melbourne spec-
ified below. We do not reproduce them here, but briefly explain the general idea of how they
are accomplished, because the concepts are important throughout this work. A basic tool
to investigate stability of a heteroclinic cycle are return maps (also called Poincaré maps)
defined on local cross sections transverse to the flow near the equilibria. For {; we denote
a section across the incoming trajectory from §;_; by Hji-“’j ~! and one across the outgoing
trajectory to ;1 by H;ut’jﬂ. Without loss of generality the linearized equation in local
coordinates near &; for a cycle in R? reads:

1.51 = —T;T
Ztg = —C;jT2
fg, = €513
j34 = tj.fli4

Then the local map approximating the flow in a neighbourhood of §; is given by:

T

J i _5
. in,j—1 out,j+1 €j €j €j
¢; : H; — Hj ;o (x1,1,23,34) <x1x3 , s’ 1) wyxy )

Furthermore, connecting diffeomorphisms or global maps 1; : H;“t’jJrl — H]”jr]l are con-
structed. Due to the equivariance of the vector field these map the radial and expanding di-
rections near &; to the radial and contracting directions near &; 1. Then compose ¢’ := 1);0¢;
to finally obtain return maps

J+1 4

gi  Hj" ™ = HM ™ gii=¢log/ T oioglogmoogitlog

J

for each j. Their domains of definition may be restricted through cusps shaped by ratios of
the respective eigenvalues. This is a standard construction and more details can be found in
[26] and [28], for instance. There it is also shown that under certain circumstances only two
components of the return maps are relevant for the stability of a cycle, even in R (where the
construction of the return maps works analogously). With a logarithmic coordinate change
the local maps ¢; reduce to two-dimensional linear maps represented by transition matrices
M;, the entries of which depend on the eigenvalues of df(¢;). The return map g; is then
given by the product of the transition matrices, which we may refer to as a transition matrix
as well, when no confusion is possible. This concept was first used in [16].

The conditions in the theorems below can be derived by studying transition matrices for
the different types of cycles. We begin with necessary and sufficient conditions for cycles of
type A.
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Theorem 1.8 ([26]). Let X C R" be a robust heteroclinic cycle of type A. Suppose that
dim(W*(¢;)) = dim(N(X;)/%;) + 1 for all j. Then generically X is asymptotically stable
if and only if

H min(cj,ej — tj) > H €. (15)
i=1 j=1

Proof. See [26], theorem 3.1. O

Note that for finite symmetry groups the condition on the dimension of the unstable mani-
fold of &; reduces to dim(W*(¢;)) = 1, just as we demand for simple cycles in R* with
negative transverse eigenvalues.

There is a similar result for cycles of type 5.

Theorem 1.9 ([28]). For a robust heteroclinic cycle X C R"™ of type B a sufficient condition
for asymptotic stability is given by

e >1]e (1.6)
j=1 j=1

If in addition dim(W*"(¢;)) = dim(N(X;)/%;) + 1 for all j and there exists a ¥;-isotypic
component (); such that the eigenpaces corresponding to c; and e lie in ()}, then, gener-

ically, condition (1.6) is necessary and sufficient for asymptotic stability of X.
Proof. See [28], theorems 5.2 and 5.3. ]

This result is very intuitive when restricting it to R*. There, a cycle of type B is contained
in a three-dimensional fixed-point space () C R*. Since all transverse eigenvalues are nega-
tive, stability of the cycle is determined by its stability within (). Restricting to (), however,
we have X; = Z, and the cycle is therefore of type A (within (). So the previous theorem
applies, and without transverse eigenvalues condition (1.5) becomes (1.6).

The condition for type C' cycles is of a slightly different nature and is formulated in terms
of the transition matrices introduced above. Here we have to distinguish between connections
of different types: a C-cycle may have some connections of type BB, however, there must be
at least one type C' connection. Details on this can be found in appendix A.l. Despite this
lack of precision in terminology, the essence of the following theorem becomes clear at this
point.

Theorem 1.10 ([28]). For a robust heteroclinic type C cycle X C R" a sufficient condition
for asymptotic stability is given by

tr(M) > min(2, 1+ det(M)). (1.7)

Here M = M, ... MyM, is the product of the transition matrices, i.e. depending on whether
the j-th connection is of type B or C set

M; = i/t 0 or M; = —tife; 1 .
—tj/ej 1 cj/ej 0

10
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Suppose in addition that for each j we have dim(W"(¢;)) = dim(N(X;)/%;) + 1. More-
over, assume that for all j there exist Y;-isotypic components éj C Q=P ®V;(c) and
Ej C Rj := P; @ Vj(t) such that
(i) for a type B connection the eigenvectors corresponding to c;, e; 1 lie in @j and those
fort; tii1in éj
(ii) for a type C connection the eigenvectors corresponding to c;,t;.1 lie in @j and those
fortj,ejp1in Ej.
Then, generically, condition (1.7) is necessary and sufficient for asymptotic stability of X.

Proof. See [28], theorems 5.7 and 5.8. O

With this we have a comprehensive overview of asymptotic stability for robust heteroclinic
cycles and see that it is understood to a fairly satisfactory extent. We conclude this subsection
with a short excursion into the realm of non-asymptotic stability, even though not all of the
necessary terminology has been introduced yet.

The following theorem is also by Krupa and Melbourne ([27]) and gives information on
non-asymptotic stability for a subset of type A cycles which we label type A*. In R* this
emcompasses all type A cycles. The reader is again referred to appendix A.1 for a definition
of type A*. The terms predominantly (un)stable have also not been defined at this point. For
now they may simply be understood intuitively, which is to say that predominantly stable
means “a bit less stable than asymptotically stable”, while predominantly unstable means “a
bit more stable than completely unstable”. This is made precise in definitions 1.14 and 1.15.

Following notation in [27] we set

C; t;
pi=p1-...pm, where p;:=min (—], 1— —]> .
€j €j

Theorem 1.11 ([27]). Suppose X is a heteroclinic cycle of type A*. Then generically one of
the following holds.

(a) X is asymptotically stable (p > 1, t; < 0 for all j).

(b) X is predominantly asymptotically stable (p > 1, t; < e; for all j, t; > 0 for some j).
(c) X is predominantly unstable (p > 1, t; > e; for some j).

(d) X is completely unstable (p < 1).

Proof. See [27], theorem 2.4. ]

To this author’s knowledge there are no similar results for cycles of type B and C'. In
section 1.3 we fill this gap at least for cycles in R*.

1.1.3. The Busse-Heikes-Guckenheimer-Holmes cycle

In this subsection we briefly discuss one of the most famous heteroclinic cycles. The system
in which it arises was first discussed by Busse and Heikes in [7], in the context of convection
in a rotating layer of fluid heated from below. Later, in [18], Guckenheimer and Holmes
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CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

investigated existence and stability of the cycle in detail. Moreover, this was the first time a
heteroclinic cycle was shown to be structurally stable, existing for an open set of equivariant
vector fields.

We denote the cycle by X C R3. It consists of six equilibria on the coordinate axes and
there are eight subcycles X;, i = 1,...,8, one in each (closed) octant of R3. All equilibria are
related by symmetry, which means according to remark 1.3 X is a homoclinic cycle (and not
a proper heteroclinic network). The equilibria are connected by a total of twelve trajectories
lying in the coordinate planes. Restricted to an octant the cycle looks basically like the one
in figure 1.1.

€3

X2

X1

Figure 1.1.: A heteroclinic cycle with three equilibria, the F; are the coordinate planes

We take a closer look at the setting in which X arises, following [18]. The authors consider

a vector field f given by the right hand side of:

= xz(l + az? + by? + c2?)
v =y(l+ ay® + bz* + cx?)
2= 2(l + az® + bx® + cy?)

Rescaling the coordinates allows us to assume |l| = 1 and |a + b+ ¢| = 1, without loss
of generality. All coordinate axes and planes are flow-invariant, the same goes for the lines
x = +y = =*z. The vector field is equivariant under the action of the 24-element group
G C O(3) that is generated by

-1 0 0 010
Ty = 010 and p=| 0 0 1
0 01 100
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1.1. Heteroclinic cycles

The authors of [18] focus on the case where

(Hl=1, 2a+b+c=-1, B)ec<a<b<O, (4)—%<a. (1.8)

Besides the origin there are two equilibria on each coordinate axis, located at +a* := +1//=a.
They all belong to the same GG-orbit. Condition (3) guarantees that there are no other equilib-
ria in any of the coordinate planes. Due to condition (2) there are equilibria on the diagonals
at (£1, & 1, £ 1). The origin is unstable by condition (1), since df (0) = 1. For stability of
the nontrivial equilibria on the axes consider

-3 0 0
df(£a*00)=| 0 1-¢ 0
0o 0 1-?

Also by condition (3), this implies that (+a*,0,0) is locally attracting in the z-y-plane and
repelling in the z-direction. The calculations for the other equilibria are similar, eventually
leading to the existence of an asymptotically stable cycle

[(a*,0,0) — (0,0,a*) — (0,a*,0) — (a,0,0)].

Still following the reasoning in [18] we claim that in each octant of R? all trajectories
off the lines x = £y = +2 converge to the subcycle lying in the respective parts of the
coordinate planes bounding the octant. To prove this, consider the functions

G(ry,z) = 2?4+ +2° -3 and F(x,y,2) = zyz.
Using the Cauchy-Schwarz inequality in the second to last step, it is easy to verify that

WVG.f) =2 (1 + az® + by + ¢2°) + y* (1 + ay® + b2* + cz?)
+ 2*(1 + az® + ba® + cy?)
= (2® + 47+ 2%) +ale’ +yt+ 20 + 0+ o) (2% + 272 + %)
= (G +3)+a(G+3)* — (1 + 3a)(z%y* + 222% + y*2?)
> (G+3)(1+a(G+3)— (5 +a) (G+3)?
= —:G(G +3).
Thus, G increases along non-zero trajectories x(t) = (x(t),y(t),z(t)) inside the ball bounded
by G = 0, where G(x,y,z) € (—3,0), since
d

aG(x(t)) = (VG,x) = (VG,f) = —2G(G + 3) > 0.

Trajectories intersect the boundary of this ball transversely, with the obvious exception of
the equilibria (£1, £ 1, + 1), because the Cauchy-Schwarz inequality is strict for linearly
independent vectors. Also, observe that

1
(G+3)(1+a(G+3)) <0 if G+3>_5’

13



CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

so GG decreases along trajectories outside the ball with radius a*. Thus, all trajectories are
attracted to the spherical shell A that is bounded by the spheres of radius /3 and a*, respec-
tively. Within A, we have

%F(X(t)) = (VEf)=zyz(3+ (a+b+c)(a® +y° +2%)) = —FG,

which has the opposite sign of F' and equals zero if and only if ' = 0 or G = 0. Thus,
all trajectories within A, except for the invariant lines © = +y = 4z, approach the surface
F' = 0, which is the union of the coordinate planes.

Within the planes there are no other equilibria and also no periodic orbits, so by a standard
Poincaré-Bendixson argument all trajectories converge to the respective equilibrium on the
axes. Existence of the cycle follows from the fact that in each plane one of the two equilibria
is a saddle and the other is a sink. Embedded canonically in R* (extending the symmetry
of the system to include a reflection in the additional space dimension) it is of type B since
X C R® = Fix(G).

Note that the sufficient condition for asymptotic stability of type B cycles in theorem 1.9
is satisfied since with m = 1 we get

=l

e c b
1cj>Hlej & _<1_E>>1_5 & 0<2—b—c=1+3a
J= J=

Here we used condition (2) and the inequality 0 < 14-3a is satisfied due to (4) from equations
(1.8) above. We revisit this cycle in example 1.38 to illustrate the calculation of stability
indices in a simple case. For this, keep in mind that we have shown the following: in a
transverse section across any connecting trajectory of the cycle all points on one side of the
coordinate plane in which the trajectory is contained are attracted to a different subcycle than
the ones on the other side.

1.2. Non-asymptotic stability and attraction

We have seen that asymptotic stability is well understood for a large class of heteroclinic
cycles. However, in many cases this is not satisfactory, because a heteroclinic cycle may
attract a set of large measure, that is not a full neighbourhood, and therefore dominate a
dynamical system even though it is not asymptotically stable. Ian Melbourne, see [30], was
the first to give an explicit example of such an attractor, prompting him to establish the notion
of essential asymptotic stability. In this section we discuss various forms of non-asymptotic
stability that have subsequently been developed and introduce the stability index from [33]
as a means of quantifying them.

There are three main achievements in this section: we begin by reviewing the existing
notions of stability for general compact sets X C R" and clean up the list of definitions
by proving the equivalence of fragmentary and essential asymptotic stability in proposition

14



1.2. Non-asymptotic stability and attraction

1.24. Then, most importantly, theorems 1.33 and 1.34 connect these attraction properties to
the stability index. The third point worth noting is that along the way to these results we
confirm a conjecture made in [5] regarding the existence of unstable attractors in smooth
systems.

1.2.1. Notions of stability

Consider a compact subset X C R™ that is invariant under the flow ¢,(.) generated by
equation (1.2). Following definitions in [33] let B(X) and B.(X) denote its (¢-local) basin
of attraction, i.e.

B(X):={reR"|w(x) C X}
and fore > 0
B.(X):={zx € B-(X) |w(z) C X A ¢(z) € B-(X)Vt> 0}.

Here B.(X) is an open e-neighbourhood of X. In the following, a neighbourhood is al-
ways considered to be open unless stated otherwise. ¢(.) denotes n-dimensional Lebesgue
measure. When referring to m-dimensional Lebesgue measure with m # n we denote this
explicitly by £,,(.). We say that X is an attractor if it attracts a set of positive measure, i.e.
if (B(X)) > 0.

We now introduce different notions of stability. The classic distinction between only
asymptotic stability and (complete) instability is not sophisticated enough to describe the
dynamics associated with heteroclinic cycles. This is particularly true for cycles that are
part of a network: within a network no single cycle can be asymptotically stable, as there
is always an equilibrium with an unstable direction belonging to another cycle. Yet there
may still be a dominant cycle that is observed for a large proportion of initial states, making
it “more stable” than the other cycles. Here we lay the foundations for investigating such
structures in chapter 2.

As mentioned above Melbourne came up with a definition for an intermediate type of
stability and an example of a heteroclinic cycle that possesses this property in [30]. We
recall his definition here.

Definition 1.12 ([30]). X is called essentially asymptotically stable (e.a.s.) if there is a set
D C R", so that for any neighbourhood U of X and any € > 0 there is a neighbourhood V'
of X such that

(a) forz € V'\ D we have ¢,(z) € U forall t > 0, as well as w(z) C X, and
t((V\D)
(V)

An alternative approach to describing a form of weak attractiveness is made by Podvigina
in [32].

(b) >1—e.
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CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

Definition 1.13 ([32]). If /(B.(X)) > 0 forall ¢ > 0, then X is called fragmentarily asymp-
totically stable (f.a.s.).

Clearly, if X is e.a.s., then it is f.a.s., and X being f.a.s. implies that it is an attractor. In
propositions 1.22 and 1.24 we prove that these three properties are in fact equivalent. To
include examples where the basin of X is non-measurable but X is still an attractor we may
widen definition 1.13 to the case where B(X) simply contains a set of positive measure.
However, in the common examples B(X) is measurable anyway.

The term e.a.s. has led to some confusion since various authors have used it in slightly
different interpretations. Already in [30] the cycle is actually shown to be predominantly
asymptotically stable, a much stronger attraction property than given by definition 1.12,
which we introduce below. The same is true for [23]. After showing that e.a.s. and f.a.s. are
indeed equivalent we rather use the latter in the rest of this work. In order to precisely distin-
guish between different levels of (in)stability we recall/introduce the following definitions.

Definition 1.14. (Stability)

e (e.g. [19]). X is called asymptotically stable if for any neighbourhood U of X there is
a neighbourhood V' of X such that for all z € V' we have ¢;(x) € U for all ¢ > 0 and
w(z) C X.

e ([33]). X is called asymptotically stable relative to (a.s.rt.) aset N C R*if X C N
and for any neighbourhood U of X there is a neighbourhood V' such that for all
z € VN N wehave ¢;(x) € U forall t > 0 and w(z) C X.

e ([33]). X is called predominantly asymptotically stable (p.a.s.) if it is asymptotically
stable relative to some N C R" with the property that

lim U(B-(X)NN)

sy "

We usually use the strongest property a set possesses when talking about its stability, i.e.
when we say that X is p.a.s. we implicitly mean that it is not asymptotically stable.

Definition 1.15. (Instability)

e ([27]). X is called completely unstable (c.u.) if there is a neighbourhood U of X and a
set D with ¢(D) = 0, such that for all x € U \ D there is ¢, > 0 such that ¢, (x) ¢ U.

e X is called completely unstable relative to (c.u.rt.) aset N C R™ if X C N and there
is a neighbourhood U such that for all x € UN N there is t, > 0 such that ¢, (z) ¢ U.

e X is called predominantly unstable (p.u.) if it is completely unstable relative to some
N C R"™ with the property that

o (B N )

e—0  {(B.(X)) =L
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1.2. Non-asymptotic stability and attraction

A fragmentarily asymptotically stable X can satisfy any of the definitions above except for
complete instability (we prove that this is indeed impossible in corollary 1.27). To distinguish
between truly fragmentarily asymptotically stable sets and those for which we can actually
make a stronger statement we make the following definition.

Definition 1.16. X is called properly fragmentarily asymptotically stable (p.f.a.s.) if it is
f.a.s. but neither p.a.s. nor p.u.

This provides us with the terminology to accurately describe stability properties of hetero-
clinic cycles and networks, in particular in the context of competition between cycles within
a network in section 2.2. The most important type of stability we will be looking for is pre-
dominant asymptotic stability. A cycle with this property is likely to be visible in numerical
simulations of the system. In contrast to that, for a predominantly unstable cycle usually no
connection is visible.

Remark 1.17. For isolated invariant sets X the following three are equivalent:

(a) X is completely unstable

(b) £(B(X)) =0

(c) 30 > 0 such that {(Bs(X)) =0
A set satisfying condition (c) is called unstable in [32] — as opposed to f.a.s. We have
formulated the definition of completely unstable as a counterpart to asymptotic stability. The

equivalence of (a), (b) and (c) follows from proposition 1.22. Isolation of X is required for
(b) = (a).

In [27] yet another concept of stability is introduced. We list it for the sake of completeness
and to explain why the definitions above are better suited to our purposes.

Definition 1.18 ([27]). X is called almost completely unstable (a.c.u.) if there is a set D and
a neighbourhood U of X such that for all € > 0 there is a neighbourhood V' of X such that

(a) forall z € V' \ D there is ¢y > 0 such that ¢;,(z) ¢ U and

t((V\ D)
(V)

However, this does not give an adequate description of the stability properties of X. Any

(b) >1—e.

set X with a local basin of attraction that — for any £ > 0 — has positive measure but is not a
full neighbourhood, not even up to a set of measure zero, is e.a.s. and a.c.u. at the same time.
There are many such sets in section 2.2. To see why they are e.a.s., take the complement of
B(X) as D in definition 1.12. Then for a given U and £ > 0 we may choose a sufficiently
small asymmetric neighbourhood V' that contains a subset of 5(.X) so large that condition
(b) holds. Thus, X is e.a.s. It follows in the same way that it is also a.c.u.

In [27] the authors actually prove predominant instability when they talk about almost
complete instability. So the former is what they seem to have in mind, which is why we
abandon the concept of e.a.s./a.c.u. and replace it by the mutually exclusive p.a.s./p.u.

17



CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

We conclude this subsection by proving the equivalence of e.a.s. and f.a.s., starting with
some preparatory results.

Remark 1.19. Suppose X is a.s.r.t. some N C R". Then by definition it is clear that for all
d > 0 there is € > 0 such that for all z € B.(X) N N we have ¢;(z) € Bs(X) forallt > 0
and w(z) C X. In short this means that

V6>0 3e>0: B(X)NN C Bs(X).

Lemma 1.20. X is asymptotically stable for ¢ if and only if it is completely unstable for ¢!
with D = X.

Proof. First, let X be asymptotically stable for ¢ and suppose the claim is not true. This
means that for any neighbourhood U of X there exists an x € U \ X such that for all ¢ > 0
we have ¢; '(x) = ¢_,(z) € U. Thus, this trajectory stays in U forever, backwards and
without loss of generality also forwards in time. Since X is compact, this means a(x) # 0.
We have a(z) N X = () because X is asymptotically stable. But clearly, «(z) C U, and this
reasoning applies for any neighbourhood U. This means there is a ¢-invariant set other than
X itself in any neighbourhood of X and that contradicts the asymptotic stability of X.

Now we prove the converse. Assume X is c.u. for $~* with D = X and call the respective
neighbourhood U;. Suppose it is not asymptotically stable for ¢. Then there exists another
neighbourhood U, of X such that for any neighbourhood W there is an « € W such that
w(z) ¢ X or there is ty > 0 with ¢, (z) ¢ U,. Set U := U; N U,. Then any trajectory
starting in U \ X leaves U backwards in time by complete instability of X. This means U
does not contain invariant sets other than X. Because X is not asymptotically stable, in any
neighbourhood W we find z € W that also leaves U forwards in time. If this was not the
case there would be x € W with w(x) ¢ X but w(z) C U which contradicts the complete
instability of X.

Now consider another neighbourhood V' C U of X such that V N B.(0U) = () for some
e > 0. By the above, for all n € N there is z,, € B1(X) NV \ X that leaves U forwards
and backwards in time. Let ¢,, be the smallest positivz: real number such that ¢y, (x,,) € OV
and the positive trajectory through ¢, (z,) does not return into V' before it reaches B.(0U).
We can assume that the sequence ¢y, (x,) converges to some z* € 9V. The trajectory
through a leaves U backwards in finite time, so there exists s > 0 such that ¢_(z™) € 9U.
In particular, for all n sufficiently large, ¢;, _s(x,) € B.(OU) by continuity of the flow.
Assume that £, — s > 0. This means there must be r,, < t,, — s such that ¢, (z,,) € 9V and
the trajectory through ¢,, (x,,) does not reenter into V' before reaching OU. This contradicts
the definition of ¢,,, since s > 0. Therefore, we must have ¢,, — s < 0. But this is clearly
impossible for n sufficiently large, since t,, — oo as n — oo, because the trajectories come
arbitrarily close to X. Therefore, X is asymptotically stable for ¢. O]

This result cannot be extended to the case of predominant (in)stability. A hyperbolic
saddle point illustrates that, as it is p.u. for both flow directions. This is not surprising since
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1.2. Non-asymptotic stability and attraction

the compactness arguments in the proof above fail if X is (un)stable only relative to some
arbitrary set NV which is not a full neighbourhood.

Next we show that the trajectory through a point x € B(X) eventually enters any local
basin B.(X).

Lemma 1.21. Forall x € B(X) and € > 0 there exists t,, € N such that ¢;(x) € B.(X) for
all t > t,. Moreover, for every x € B(X) there exists n € N such that x € B,,(X).

Proof. Suppose the first claim is not true. Since w(x) C X for all z € B(X) this means that
there is ¢ > 0 and x € B(X) such that the trajectory through x leaves (and enters) B.(X)
infinitely many times. The boundary 0B, (X)) is compact and thus {¢;(z) | t € R}N0B.(X)
has an accumulation point . But then xy € w(x), in contradiction with w(z) C X.

Now we prove the second statement. Let x € B(X) and pick ¢ > 0, t, € R such that
d1o(x) € Bo(X). Then T := maxec(o ] (d(X,p¢(2))) exists and = € B,(X) forany n > T,
where d(.,.) denotes the usual Euclidean distance (in this case between a set and a point). [

Not surprisingly, this implies that a set X with a positive measure basin of attraction (X))
must have positive measure local basins B.(X), as well. This is what we show next.

Proposition 1.22. Suppose B(X) contains a set of positive measure. Then for all ¢ > 0
there is M. C B.(X) with {(M.) > 0. In other words, every attractor is f.a.s.

Proof. Let ¢ > 0. Since the flow is smooth, the basin of attraction B(X') contains a set M
with ¢(M) > 0, for which M C B.(X) holds. For T' € N we set

Mpi={xeM|3t>T:¢(z) ¢ B-(X)}.

Then My contains all points from M that still leave B.(.X) after time 7. Now there are two
cases:

o T e N: {(Mr) < ((M)
In this case we have /(M \ Mr) > 0 and ¢,(z) € B-(X) forallt > T'and x € M\ Mr,
so the set M. := ¢ (M \ Mr) has the required properties.

o VI'e N: {(Mr) = ((M)
In this case ¢(M \ My) = 0 for all T" € N. However, by lemma 1.21 for all z € M
there exists 7' € N such that v ¢ My, so M = oy M\ Mr. It follows that

O<€(M):£<U M\MT> <> UM\ My) =0.

So this case cannot occur and the proof is complete. L

With this we have shown that being an attractor and fragmentary asymptotic stability are
the same thing. The last missing ingredient to prove that f.a.s. and e.a.s. are also equivalent
is the following theorem 2.1 (c) from [33], which we include for the sake of completeness.
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Lemma 1.23 ([33]). Let X be a compact invariant set for a continuous flow ¢. Then X is
e.a.s. if and only if there is a set N C R", with {(N N A) > 0 for any neighbourhood A of
X, such that X is asymptotically stable relative to N.

Proof. First, let X be e.a.s. Then by property (a) from definition 1.12 it is asymptotically
stable relative to D¢, which by (b) has positive measure intersection with any given neigh-
bourhood of X.

Now assume there exists N C R" as in the claim above. We need to find a set D with
the properties in definition 1.12. Set D := N°. Now let a neighbourhood U and £ > 0 be
given. We construct a suitable neighbourhood V' as follows. Since X is a.s.r.t. N there is a
neighbourhood V satisfying (a). Since ¢ (NN ‘7) > (), we find at least one point of Lebesgue
density for N N f/ i.e. there is x € N NV such that

((Bs(z) "N NV)

li =1
550 ((Bs())
Thus, we take 6 > 0 small enough that
((Bs(x)NNNV) o1 ¢
((Bs(x)) 2

Now we set V' := Bj(x) U B, (X), where we choose 7 > 0 small enough that V C V" and
((VNN)

(V)
Therefore, condition (b) is fulfilled and X is e.a.s. ]

>1—e.

As promised earlier, in the following proposition we finally state that e.a.s and f.a.s. are
indeed the same, thus rendering the complicated definition of e.a.s. superfluous.

Proposition 1.24. If X is f.a.s., then it is e.a.s. In particular, this means that the two terms
are equivalent.

Proof. If X is f.a.s., then for any ¢ > 0 the local basin B.(X) contains a set of positive
measure. Suppose for the sake of simplicity that B.(X) is measurable for all £ > 0 (if not,
take a measurable subset with the desired properties). We want to show that X is e.a.s. by
lemma 1.23. So we have to construct a set NV such that X is asymptotically stable relative to
N and /(N N A) > 0 for any neighbourhood A of X.

For any monotonically decreasing sequence J; > 0 with lim;_,, 6; = 0 we find another
sequence a; > 0 with lim;_,, a; = 0 such that

((N;) >0 with Nj =By, (X) N Ba, ,(X)\ Ba, (X).

We set N := J;cy NV; U X. By construction £(N N A) > 0 for any neighbourhood A of X.
It remains to show that X is asymptotically stable relative to N. Let a neighbourhood U of
X and € > 0 be given. Choose k € N such that B, (X) C U holds and set V := B,, ,(X).
Then forz € V. N N we have
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1.2. Non-asymptotic stability and attraction

o ¢(x) e Uforallt > 0, since

T €VNN =B, ,(X)NN=JNuX cBs(X) CBs(X),

jzk Jzk
s0 ¢y(x) € By, (X) C U forall t > 0.
o w(x)C X,sincex e VNN CN C B(X).
Therefore, X is asymptotically stable relative to N and by lemma 1.23 X is e.a.s. U

We have now seen that the definitions in the beginning are indeed capable of adequately
replacing e.a.s. and a.c.u. While the main aim of this subsection is therefore achieved,
reformulating our results leads to an additional insight. In [5] Peter Ashwin and Marc Timme
investigate unstable attractors. Corollary 1.27 confirms a conjecture they made. In order to
state it, we recall two of their definitions.

Definition 1.25 ([5]). For an arbitrary subset U C R" define the lingering subset of U to be
AWU) :={z e U | ¢(z) €U Vt>0}.

Definition 1.26 ([5]). An attractor X is called an unstable attractor if there is a neighbour-
hood U of X such that

(AU)) =0.
We rephrase what we have shown so far, extending proposition 1 in [5].

Corollary 1.27. For a smooth flow there exist no unstable attractors.

Proof. If X is an attractor, then /(3(X)) > 0. So by proposition 1.22 we have ¢(B.(X)) > 0
for any ¢ > 0 and therefore ¢(.A(U)) > 0 for any neighbourhood U of X. O

Within the scope of this work we are mainly interested in smooth systems, which is why
we do not venture further into investigating unstable attractors.

1.2.2. The stability index

In this subsection we provide the main tool to quantitatively investigate stability — not only
of heteroclinic cycles but of arbitrary compact, invariant sets X C R". The stability index,
introduced by Podvigina and Ashwin in [33], assigns to each point z € X a real number
o(x) € [—o00,00]. The fact that it is constant along trajectories turns it into a handy means of
describing stability properties. The greater o (), the larger the measure of B(X) locally near
x. A positive stability index means that for smaller and smaller neighbourhoods B.(z) the
basin of attraction covers more and more of the neighbourhood, approaching full measure
as ¢ — 0. This prompts us to sometimes refer to such trajectories as “visible” since trajec-
tories through points near it are likely to stay close to X. Note, however, that this intuitive
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appellation may be misleading: one cannot conclude that a trajectory with negative stability
index with respect to some set X is “invisible” in the sense that it is not part of the w-limit
set of nearly all points in its neighbourhood. This is because it may also belong to another
invariant set X, with respect to which the stability index is positive — a common situation
in heteroclinic networks. Therefore, one must be careful not to put too much weight on the
phrase “visible”.

The main results in this subsection are theorems 1.33 and 1.34, where, roughly speaking,
we show that predominant asymptotic stability of a heteroclinic cycle is equivalent to positive
local stability indices along all its connecting trajectories. A similar statement, with some
additional restrictions, holds for predominant instability and negative local indices.

The stability index has recently been employed to quantify attraction properties in various
kinds of dynamical systems, e.g. in [22] for chaotically driven concave maps. There is work
in progress regarding its use in the context of attractors with riddled or intermingled basins
of attraction.

Definition 1.28 ([33]). For z € X and ¢, > 0 define

((B:(r) N B(X))
((Be(z))

Ye(z) =

Then set the stability index of X at x to be

where

oy ()= lli%

ezze)

We use the convention that o_(z) = oo if ¥.(x) = 0 for some ¢ > 0 and 0 (z) = oo if
Y.(z) = 1. Then o(x) € [—00, 00]. In the same way the local stability index is defined to be

O-IOC(I) = Oloc,+(x) - Oloc,—(‘r)’

with

{ln(Ee,a(x))} ,

el {hl(l - 25,5(93))] _

In(e)

Oloc+ () 1= lim lim

Oloe— () := lim lim lim lim

6—0e—0
Near a point z € X the stability index o(z) quantifies the local extent of B(.X), the basin
of attraction of X. If o(z) > 0, then in a small neighbourhood of = an increasingly large
portion of points is attracted to X. If, on the other hand, o(z) < 0, then the portion of such
points goes to zero as the neighbourhood shrinks. Figure 1.2 illustrates this schematically.
In the same way, the local index oo () quantifies the local basin B.(z).
Definition 1.28 also works in the contexts of maps rather than flows, since the concept
of w-limit sets exists for maps as well, so we can define a basin of attraction. In remark
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1.2. Non-asymptotic stability and attraction

Figure 1.2.: Schematic illustration of the stability index: o(x) < 0 left and o(x) > 0 right

1.43 we see that the limits in the definition do not necessarily exist. The authors of [33] have
explicitly calculated the stability indices for all very simple heteroclinic cycles in R*. We cite
their results in subsection 1.3.2, then use them to derive necessary and sufficient conditions
for non-asymptotic stability of different types of cycles in the rest of section 1.3.

We now recall two general properties of the stability index.

Theorem 1.29 ([33]). Let X be a compact invariant set for a C'-smooth flow and x € X.
Then the stability indices o(x) and oy,.(x) are constant along trajectories, whenever they
exist.

Proof. See [33], theorem 2.2. ]

In fact, Podvigina and Ashwin show that both stability indices are invariant under C'-
conjugation of the flow. As mentioned before, theorem 1.29 enables us to characterize a
heteroclinic cycle through a finite number of indices, namely the ones along the connecting
trajectories. The indices at the equilibria turn out to be irrelevant since their signs do not
influence predominant (in)stability of the cycle.

The following theorem simplifies the actual calculation of o(x) by reducing the dimension
of the sets that need to be measured.

Theorem 1.30 ([33]). Let X be a compact invariant set for a C*-smooth flow. For v € X
denote by S, a codimension one section that is transverse to the flow at x. Then the stability

indices o(x) and 0\o.(x) can be computed by substituting ¥.(x) and X, 5(x) by

U1 (Bo(z) NB(X) N S,) o1 (Be(x) N B5(X) N S,)

(
Y. = d Y. = ,
s:() o1 (B.(2) N S,) and - Tess.(¥) o1 (B.(2) N S,)
respectively.
Proof. See [33], theorem 2.4. ]
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CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

Another consequence of proposition 1.24 is what [33] stated as theorem 2.3(a), but with
an incomplete proof. Now that we know that e.a.s. and f.a.s. are equivalent, though, this
statement follows immediately.

Corollary 1.31. [f there exists v € X with o(x) > —o0, then X is e.a.s.

Proof. The basin B(.X') contains a set of positive measure because otherwise we would have
o(x) = —oo everywhere. So X is e.a.s. by propositions 1.22 and 1.24. O

The next lemma characterizes the behaviour of ¥.(x) for small ¢ > 0. Part of it was
already established in [33] as lemma 2.2.

Lemma 1.32 (extends lemma 2.2 in [33]). Suppose that the stability index o(x) exists for
some x € X and let ¢ > 0. Then the following is true.

(@) If o (z) > 0, then o+(z) = 0.
(b) S.(z) = O() &  ofa) < —o

() 1-S.(x) =0() & ofa)>c

(d) S.(z) is bounded away from O and 1 = o(z) =0

Proof. (a). This is already shown in [33]: suppose o_(z) > 0. Then lir% Ye(z) = 0, so
e—

1im0(1 — Y.(x)) = 1 and therefore o (x) = 0. The other implication follows similarly.

E—

(b). If ¥.(z) = O(£°), then there is & > 0 such that for small € > 0 we have ¥_(z) < ke°.
Then

> Jim In(ke®) ~ lim In(k) + In(e°)

e/ =c>0.
e—0 In(e) e—0 In(e) e—0 In(e) ¢

By (a) we have o, () = 0, and therefore
ox) =0y (x)—0o_(z) < —c.

The converse is already shown in lemma 2.2 of [33]: suppose o(z) < —c, then by (a) we
have o, () =0and o_(z) > c. So

limM >c = limln

e—0 ln(g) e—0 ln(gc)

Thus, for arbitrary 6 > 0 we can choose € > ( small enough such that

and therefore
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1.2. Non-asymptotic stability and attraction

for some constant £ € R, . Statement (c) follows analogously.
For (d), note that if . (x) is bounded away from 0, then

o (x):limM<lim&nSt:O = o_(x)=0
B e—0 11’1( T e—0 ln(g) B ’

£)
and analogously o (z) = 0 if ¥.(z) is bounded away from 1. So o(z) = 0 as claimed. [

The converse of (d) does not hold, as can be seen from remark 1.42 (c). We are now in a
position to prove that predominant (in)stability of a cycle is related to the signs of the indices
along the connecting trajectories, the first step towards this is the following theorem.

Theorem 1.33. Let X C R" be a heteroclinic cycle consisting of finitely many equilibria
&1ye-s&m and connecting trajectories and suppose that (1(X) < oco. Assume that the local
stability index 010, (x) exists for all © € X. Then the following holds.

(a) Xispas. = (1({x € X | 01e(z) <0}) =0
(b) Xispu. = (({z € X |ope(x)>0})=0

Proof. We begin with the first statement. Let X be p.a.s., in particular a.s.r.t. some N C R".
Assume that the implication is not true, so that /; (X «) > 0, where

X, = {x e X\ U{gj} | Oloe () < o} .

Note that Xa is ¢-invariant since the index is constant on trajectories. For x € Xa we have
Oloc,— () > 0 and therefore ¥. 5(z) — 0 when £, — 0. By theorem 1.30 the same is true
for . 5., (x) where S, is a codimension one surface that is transverse to the flow at «. Thus,
for all z € X, there exists (z) > 0 such that for §, e < v(z) we have ¥, 56, (z) < 1. Since

U {x e X, @) > %}) <>t ({x € X, | () > %})

neN
the measure of the sets in the sum cannot be zero for all n € N. So there is a set Y, C Xa of

0< €1<Xa) = El (

positive one-dimensional measure where the bound is uniform, i.e. there is v > 0 such that

1
VyeyY, Ve d<v Y55,y < 5

Without loss of generality we can assume that the transverse sections S, are disjoint and of
uniform size for all y € Y,, by excluding small neighbourhoods of the equilibria if necessary,
without losing the property ¢;(Y,) > 0. We write ¢;(Y,) = a/;(X) with « € (0,1] and look
at

W.(Y.) = | J (B(y)n'S,) C B(Ya)

yeY,
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CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

to discover

E(Wé‘(Y;l)) _ én—l(Ba)gl(Y;z) ﬂ)} él(Ya) —
(BAX)  ba(B)G(X)+0E)  h(x) @

because the volume of an (n — 1)-dimensional e-ball, £, _;(B.), is of order e"~'. Now for
g,0 < ~y and small enough, Fubini’s theorem gives

(W.(Y,) N By (X)) = / Vi)

We(Ya)

/ / XBs(X) dl,_1dl;

Y, Be(y

:/En 1(B:(y) NS, N Bs(X)) dty

/zn ) S,)ds

= §€(W6(Ya))

X is asymptotically stable relative to N. So by remark 1.19, for § < v we find ¢ < v such
that

U(B.(X)NN) < 6(B.(X)N Bs(X))

Then by the above
E(Be(X) N BJ(X)) — g(We(Ya) N B(S(X)) + E(Ba(X) \ Wa(Ya) N B(S(X))
((B:(X)) {(B:(X)) ((B.(X))
o LAWe(Ya)) | U(B=(X) \ We(Ya))
((B:(X)) ((B-(X)
_ o, Le(W(Ya))
- 24(B(X))’
Since X is p.a.s., taking the limit ¢ — 0 now gives
. UBAX)NN) . AU(BA(X)NBs(X)) o
I TEo) M e < e

This is a contradiction, so 0 = £1(X,) = (1({z € X | 0ec() < 0}) as claimed.

Now let X be p.u., in particular let it be completely unstable relative to a set M C R".
Denote by U a neighbourhood such that all points in U N M \ X leave U in finite positive
time. In the same way as above, assume that /; (Xb) > (), where

X, = {x € X\ (J&1 | orel) > o} .

Jj=1
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1.2. Non-asymptotic stability and attraction

We obtain a contradiction to this assumption in a similar way as before, so we just point
out the steps where the reasoning is different. As before we find a set Y, C X, with
01(Yy) = B41(X) > 0 and vy > 0 such that

N | —

YyeY, Ve, d<v  Xoss,(y) >
Again with Fubini’s theorem and W_(Y}) as above we obtain for €, > 0 small enough
V() N Bs(X) > SOV,
and therefore
FOV-%) 1 (BS(X)F) < V().
Since all points in U N M \ X leave U, for ¢, 6 small enough we have
BA(X)N M\ X C B(X) N (Bs(X))".

This leads to a contradiction as follows

=M B
= lim {E(WE(Z?(%&)(X))@ | UB(X) mg(%( (XX))))C \ W.(Y3))
1 500 - A
- g,
thus completing the proof also for (b). -

We now take a look at the converse of this result.
Theorem 1.34. Under the same assumptions as in the previous theorem the following holds.
(a) [01c(x) > 0 along all connections] = X is predominantly asymptotically stable.

(b) If, in addition, we suppose that X is an isolated invariant set, then we also have

[010c(x) < 0 along all connections| = X is predominantly unstable.
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CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

Proof. We start with (a). Forall z € X := X \ U].GN{@} we have go.(z) > 0, so it follows
that (lsiﬂ(l) liII(l) Y. s(x) = 1. Again the same is then true for 3. 5 5, (x) with S, as above. So for
—0e—

all p; > 0 and all z € X there is e(z) > 0 such that ¥_5 6, () > 1 — p; fore, § < (). So,
in particular

Ve X Ve<e(@) loa(BA(X)NBo(z)NS,) > (1= p1)luy(Be(z) N S,).

We need a uniform lower bound for £(z). This can be found in the same way as in the

f(a) > %}

for any given po > Owefindn € Nand Y C X with

previous lemma. Since

qu{

neN

GL(Y) > (1= p2)la(X) and Vyey: e(y) =

S =

Thus, we have {(W.(Y)) > (1 — p2)¢(B:(X)) for W.(Y') as in the previous lemma and &
small enough. If all sets involved are measurable we can now use Fubini’s theorem to obtain

U(B.(X)) = / Vo0 dn

B:(X)
> / XB.(x) dlx

W.(Y)

/znl y) NS, N B(X)) dt,

= (1= p)t(We)
> (1= p1)(1 = p2)l(B:(X))
> (1= p)l(B:(X))

for suitable choices of p;, po > 0 and a given p > 0. As in theorem 1.33 we exclude small
neighbourhoods of the equilibria from Y to ensure uniform size of the transverse sections

and also take € small enough that the neighbourhoods do not overlap. So we have shown
((B-(X))

lim ——% = 1. 1.9

S U(B.(X)) (19)

This is not yet sufficient for predominant asymptotic stability of X, we still have to construct
a set IV such that X is asymptotically stable relative to N and

o (B O )
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1.2. Non-asymptotic stability and attraction

This can be done in a similar way as in the proof of proposition 1.24: we construct two mono-
tonically decreasing sequences 0, > 0 with lim;_,, 0; = 0 and «; > 0 with lim;_,., a; = 0
and set

N:=|JN;, where N;:=B;(X)NBq, ,(X)\ B, (X).
jEN
To make the choice of the sequences precise: for j € N choose ¢; > 0 such that for all
0 < 6; we have

J
U(Bs(X)) > ——{(Bs(X)).
(B5(X)) > 4 {B(X))
Then for 7 € N pick o; > 0 in such a way that ;_; < ¢; and

1
{(Bo, (X)) < m€<Baj—l(X))'

This gives
U(Ba,_, (X)\ Ba, (X)) = £(Ba,_, (X)) — £(Bq,; (X))

J 1
> mg(B%’A(X)) - j(] + 1>€(BO‘J‘71(X>>

_Ji-1
== U(Bo 1 (X))-

With this we calculate for ¢ > 0 and o, < ¢ < a1

((BA(X)NN) =1/ <BE(X) nJ Nj>

JjeEN

( X) N By (X) \ Ba, (X ))

JEN

—Z€ X) N Ba, (X)) \ B, (X))

— £ (Bo(X) N Bay_,(X)\ Bay (X +z>;€ w1 (X)\ B, (X))
> 0 (B.(X)\ B, (X +§z w1 (X)) \ B, (X))

> ((B.(X)) - +§>;f o1 (X)\ Bay (X))

> HB(X)) = 6By (X)) + € (Boy (X) \ By, (X))

> (B.(X) ~ (B, (X)) + 1 By (X))

= UBL(X)) — 1By (X))
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CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

Now since oy, < ¢, we have ((B,, (X)) < {(B-(X)), so
(

UBO)NN) _ UBAX) 1 (Bo(X) _ UBAX) 1 oag

> — > -
{(B:(X)) ((B:(X)) k41 6B(X)) = U(B(X)) k+1
since k = k(g) — oo as € — 0, and the first term goes to 1 by (1.9). This shows that (1.10)
is satisfied, so X is p.a.s.

Now we prove (b), so assume that X is an isolated invariant set and that oy, () is negative
along all connecting trajectories. This means that ¥ 5 5. () — 0 for d,¢ — 0, so the points
in S, converging directly to X form a thin cusp-shaped region at most. Since X is isolated,
there is a neighbourhood U of X that contains no other invariant set. So all points in U, that
are not in the thin part of the cusp-shaped set, leave U in finite positive time. If this was not
the case, their w-limit set would be contained in U, leading to a contradiction. Such points
do not belong to Bs(X) for 6 > 0 so small that Bs(X) C U. With the same techniques as
before, it follows that for fixed > 0 small enough, the complement Bs(X )¢ of the local
basin of attraction satisfies

((Bs(X)°N B
oy (B0 Bew))
S U(BX)
proving predominant instability of X. O]

Remark 1.35. Note that
[010c(x) < 0 along all trajectories| = X is predominantly unstable,

does not hold without X being an isolated invariant set. To see why, imagine a cycle where
along all trajectories the local basin of attraction takes the shape of a thin cusp in every
transverse section (thus yielding a negative local index). At the same time, let all other
points be stationary points of the return map, i.e. periodic orbits in the full system. Then X
is not p.u. since there is no neighbourhood that all periodic orbits exit.

This asymmetry when reversing the implication from theorem 1.33 can be explained in-
tuitively: the stability properties p.a.s. and p.u. both make statements about “many” trajec-
tories in a neighbourhood of the invariant object — p.a.s. meaning most of them converge to
it and p.u. meaning most of them leave the neighbourhood. The same is true for a positive
stability index. It means that for most initial values the trajectories are eventually attracted
to the cycle. Things are different for a negative stability index, though. Here, the only thing
one knows is that very few trajectories converge to X. We do not know what happens to the
others, so without further assumptions we cannot expect all (or even most) of them to leave
the neighbourhood.

Note that heteroclinic cycles in a network are not isolated. However, this is not much
of a problem for two reasons: first, when it comes to networks it is of greater interest to
identify stable (p.a.s.) subcycles than unstable (p.u.) ones, so the p.a.s.-equivalence is the
more important one. Second, as long as for each cycle the only other invariant set in its
neighbourhood is another cycle, this allows us to control the behaviour of the remaining
trajectories, so that the p.u.-equivalence holds, as well.
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1.2. Non-asymptotic stability and attraction

Remark 1.36. For heteroclinic cycles stability indices can be computed by iterating the
return maps. We explain this in more detail in chapter 2. In most cases the basin of attraction
is bounded by an exponential curve, which in turn means that generically o(z) # 0 along
connecting trajectories. This is the case for all very simple cycles in R* as the computations
of [33] show, see subsection 1.3.2. Then theorems 1.33 and 1.34 combine to prove that a
heteroclinic cycle is p.a.s. if and only if oj,.(x) > 0 along every trajectory. Otherwise,
it is technically possible for a cycle to be p.a.s. even though there is a connection where
o(x) = 0. In remark 1.42 (c), however, we see that this requires a highly unusual geometry
of the basin of attraction.

Since o(x) > 010.(), positive non-local stability indices also imply predominant asymp-
totic stability of the cycle. The reversed implication fails, though, as can be seen from
example 1.41. Moreover, note that in light of theorem 1.29 this result shows that being p.a.s.
is an invariant property under C'-conjugation of the flow.

These considerations have particularly drastic implications for heteroclinic cycles of type
A*.

Proposition 1.37. Let X be a heteroclinic cycle of type A* and assume that the local stability
index exists everywhere and is not equal to zero. Then generically either oy,.(x) > 0 along
all trajectories or oi,.(x) < 0 along all trajectories. In R* this holds for any cycle of type A.

Proof. The first statement now follows immediately from the dichotomy for type A* cycles
in theorem 1.11. In R* there is no difference between type A and A* cycles, see definition
A.5, which proves the second claim. ]

In particular, this means that generically no cycle of type A* is properly fragmentarily
asymptotically stable. If it is an attractor at all, it is typically either p.u. or p.a.s., i.e. in a
small neighbourhood it attracts either almost everything or almost nothing. Therefore, for
such a cycle either all trajectories are visible or none. This is not true for cycles of types B
and C' as we will see in subsections 1.3.4 and 1.3.5.

1.2.3. Examples

We now consider a few examples that illustrate important aspects about the stability index,
that are not necessarily obvious at first sight. We begin with a quick look at the cycle from
subsection 1.1.3.

Example 1.38. The stability index for the homoclinic type B cycle is easy to calculate and
reveals nothing new about the cycle. We briefly discuss it anyway to get used to the concept
of the index as a means of understanding stability.

Recall that since all connecting trajectories lie on the same G-orbit, there is only one sta-
bility index to calculate. Under the assumptions of (1.8) it is equal to +o00 because the cycle
is asymptotically stable and B(X) therefore covers an entire neighbourhood of any connect-
ing trajectory. We can also determine the stability indices with respect to the subcycles X,
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CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

temporarily ignoring the fact that the cycle is homoclinic. From the previous calculations
it follows that each subcycle attracts all trajectories in its respective octant, except for the
invariant diagonals. Therefore, when looking at a (symmetric) neighbourhood in a cross sec-
tion transverse to a connection, exactly half of the points belong to B(X;), independent of
the size of the neighbourhood. So . () is constant with respect to X, thus along each con-
nection the stability index (with respect to X;) is equal to 0. Note that there is no difference
between the local and non-local index here.

Now suppose, for instance, that a < —%, so that condition (4) in equations (1.8) is broken.
Then no trajectory outside of the coordinate planes is attracted to the cycle anymore, it is
completely unstable. The stability index is equal to —oo.

We now move on to something a bit more involved. Clearly, a basin of attraction of
measure zero leads to a stability index equal to —oo. The converse is not true, however: a
positive measure basin does not prevent the stability index from being equal to —oo.

Remark 1.39. Consider an attractor X C R™ for which locally the basin of attraction B(X)
has the form of a superalgebraic cusp. By this we mean that ¥.(z) = O(e) for all ¢ > 0.
For instance, let B(X) be shaped in such a way that for z € X we have S.(z) = e~=. Then
forany ¢ > 0

m =

ee

cool
82;/{;'_5]“

gc
Z klek

k
e
k=0
c

|
—
™
7
[\
—_
—_

+&°

Il
™

e—0
—

Indeed, this means that ¥.(z) = O(e°) for all ¢ > 0, because

Y. -z
i 22 i € o,
e—0 g€ e—0 g¢
Thus, lemma 1.32 yields o(x) < —c¢ for all ¢ > 0. Therefore, o(z) = —o0, even though

B(X) is of positive measure in any neighbourhood of xz. Modifying the flow such that
everything except for the cusp is contained in the basin of attraction, we get o(z) = +00
even though not everything close to z is attracted to X.

We look at this in more detail: in R?, for instance, let X consist of the origin only. Then
such a cusp is bounded by the z-axis and the graph of f(z) = (22 + 1)6_%. If the basin of
attraction is shaped by f, then for small € > 0 we have (up to a constant factor)

o (o) {B=(0) N 5(0) T =
O "moy amey T = e
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Remark 1.40. In many examples o(z) and oy,c(z) coincide. However, this is not always
the case. The two indices are independent in the same way that the classical definitions of
stability and attractivity do not go hand in hand. A simple example is given by a flow on
S, as depicted in figure 1.3. Here X consists of a single equilibrium x and the whole space
belongs to B(.X), so o(z) = +oo. But only one side of x belongs to the local basin Bs(X)
for 6 > 0 small enough. Thus, ¥, 5(X) is constant and o}o.(2) = 0. We now construct such
an example in R? (restricting notation to the upper half plane H" C R?) and aim at the even
more extreme case o(x) = +oo while 0j.(z) = —oo. However, we only achieve this at the
cost of smoothness.

Figure 1.3.: 0(z) = 400 while ojoc(z) = 0

Example 1.41. We modify a fairly well-known dynamical system that often serves as an ex-
ample for an unstable but attractive invariant set. Consider the following ordinary differential
equation on the upper half plane H™ C R? that Hahn discusses in §40 of [19].

(& —&)+8& £5(& —26)
(G +&)1+(EF+8)Y G+ +EF+8)Y

Its phase portrait looks like figure 1.4. The invariant set X = {0} consists of a single point,

&2

£ = £ = (1.11)

_ )

Figure 1.4.: Unstable but attractive equilibrium

the origin. It is unstable but attractive, the global basin B(X) is the entire space and thus
has full measure in B.(X) = B.(0) for any ¢ > 0, so 0(0) = +oc. In the first quadrant
there are infinitely many homoclinic orbits. For small 4 > 0 it contains the local basin of
attraction Bs(.X). Hahn also shows in [19] that the entire sector between the &;-axis and the
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25 5
3278
« this implies that for small £, > 0 we get

ray through the point (23,2) belongs to B;(X). Denoting the opening angle of that sector by

)

1
S 285(0) S 57

20

and therefore gy,.(0) = 0 by lemma 1.32. We modify this example so that oy,.(0) = —o0.

The idea is to transform the phase portrait into the one shown in figure 1.5 where the ho-
moclinic orbits are all located below the line {&; = (2§, + 1)e_é, the boundary of a superal-
gebraic cusp as described above. The local basin of the origin is then contained in this cusp,
80 010c(0) = —0o0, while the equilibrium is still globally attractive, hence o (0) = +o0.

In order to see how this is possible we make the following more general considerations.

&2
A

§o = (26 + 1)67é

&1

Figure 1.5.: Unstable but attractive equilibrium, its local basin contained in a superalgebraic cusp

Let # = f(x) be an ordinary differential equation generating a flow on H" with some phase
portrait (A), and let z = z(t,2) be the solution for an inital value 2o € H". Then consider a
continuously differentiable homeomorphism ® : H* — H™ transforming the phase portrait
in such a way that y = y(t,y0) := ®(z(t,x0)), with yo := P(xg), are the trajectories of a
desired phase portrait (B). Then y(¢,y) is the solution to an equation ¢ = ¢g(y) generating
the desired flow (corresponding to (B)), where g is obtained by also transforming f with ®
in the following way:

d

= 2 (®(x(1))) = d(x(t)) - &(t) = [d2 0 @7(y(1) - [ 0 27 )(y(1)) =: 9(y)

Y
The right hand side ¢ is continuous because ¢ is a homeomorphism and d® is continuous.
Now let us define ® for our specific case:

O HY S HY, (6.6) - (§+6 e+ @)

It is simple to check that ® is continuously differentiable. Moreover, it is bijective and its
R . . .

inverse W is also continuous, since & — (2, + 1)e € is strictly monotonically increasing

and unbounded, thus open. However, note that W is not differentiable along &, = 0, so neither
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1.2. Non-asymptotic stability and attraction

is g. Nevertheless, this does exactly what we wanted: for £&; > 0 we have e_é < e_ﬁ
and therefore (2&; + 1)e_é < (2(& + &) + 1)3_ﬁ, so the first quadrant (and thus the
entire local basin of attraction) is mapped below the boundary of a superalgebraic cusp. So
we have 0o.(0) = —o0.

It is still unclear, however, if such an example can also be constructed with a smooth right
hand side. The answer to this question cannot be expected from a construction like this. This
is because by theorem 1.29 the stability index is invariant under topological equivalence.
Therefore, we cannot use a diffeomorphism to alter the indices in the same way as above.

We come across a situation where —00 < 0jc(z) < 0 < o(z) < +o0o when studying
heteroclinic networks in section 2.2, remark 2.18.

Remark 1.42. The above example serves to illustrate more interesting facts.

(a) In the second part of their theorem 2.3 the authors of [33] claim that if there isa ¢ > 0
such that for all x € X we have o(x) > ¢, then X is p.a.s. The original equations
(1.11) show that this does not hold for arbitrary X. The origin is clearly not p.a.s.
although o(0) = +4o00. Note that the origin is not an isolated invariant set in this
example.

(b) Again we see that lemma 1.20 cannot be extended to the case of predominant instabil-
ity and predominant asymptotic stability instead of complete instability and asymptotic
stability, respectively: in figure 1.5 the origin is p.u. for the original flow as well as for
the time-reversed one (and thus not p.a.s.). A notable difference to the earlier exam-
ple of a hyperbolic saddle point is that here the basin of attraction actually has positive
measure. However, we emphasize once again that the present example has a right hand
side that is continuous, but not smooth.

(c) A similar example can be constructed that shows that the converse of lemma 1.32 (d)

does not hold: if ¥.(z) = —5. then there is no ¢ > 0 such that ¥.(z) = O(¢°)

which means o(x) > —c for all ¢ > 0. Thus, o(x) = 0, even though ¥.(z) — 0. To
verify this calculate
Y(r) g=¢ . ceet

) . c
lim = lim — = lim —— = lim — = 0.
e~0  g° =0 In(e) =0 g1 e—0 g€

From the definition of the stability index it is by no means clear that the limits o, () and
o_(x) always exist. In [33] Podvigina and Ashwin give an example where this is not the
case. We now take their considerations a bit further. Note that here we consider the stability
index for a map rather than a flow.

Remark 1.43. In [33] an example is given of a map for which 0 is a fragmentarily asymp-
totically stable fixed point such that the stability index does not exist. In fact, neither o(0)
nor oy,.(0) exists since gobal and local basin coincide. We extend this example to see that it
is possible that o (0) exists but 0y,c(0) does not, or vice versa.
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The map M : [0,00) — R from [33] is defined as follows. For k € N let ¢;, := exp(—2F)
and set

0 if e < |y| < e
M(y) — €2k—1(y - 62k+2) - €2k(y - €2k+1) i eppin < |y| < eopin
(€2k+1 - €2k+2)
0 if y=0.

Figure 1.6 shows a qualitative graph of M. We consider the stability index for the dynamics

A

Eok +

E%k+1T

Eok+27T

€2k+3T /
E2k+4T
€2k+5T

E2k+2  E2k+1 Eak

Figure 1.6.: M : [0,00) — [0,00)
given by iterating M. For all £ € N, points in (€a512,€2,+1) move further and further away
from 0, all other points are in the basin of attraction, they reach 0 after one iteration. Thus,

S, (0) > 2 1 and X, (0) < 22

€k €2k+1( ot = €2k+1,
and therefore
ln(zﬁzk (0)> < ln(l - 627€) IH_O><> 0 and ln(252k+1 (0)) > 1’
ln(sz) ln(e%) ln(erH)

which shows that neither o (0) nor oy,.(0) exists. Now let us first modify M in a way that
o (0) exists but 0y,c(0) does not. We define a second map

M(y)  for y<
0 for y >

IR N|—=
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1.3. Non-asymptotic stability of very simple heteroclinic cycles in R*

For this map the local basin is the same as for the original map, so o,.(0) does not exist.
However, all points in [0,00) belong to the global basin of 0 because after initially leaving
small neighbourhoods they reach the region where y > % and they also are mapped to 0.
Therefore, o(0) = +o0.

Now the other case. Set My(y) := M(y) for y € (eax,€ar—1],k € N, and instead of
vanishing, let M5 interpolate linearly between the existing values on the remaining intervals,
except for (e1,69] where My (y) = 0 still. Then the local basin for small ¢ > 0 is empty, so
010c(0) = —oo. However, the global basin now consists of precisely those points that are in
the global basin for M. Thus, ¢(0) does not exist.

As in the original example of [33] these maps can be made continuous, but it is not clear
whether similar examples exist for smooth maps or flows.

1.3. Non-asymptotic stability of very simple
heteroclinic cycles in R*

In this section we take a detailed look at very simple heterolinic cycles in R*. This is the min-
imal dimension in which a cycle may have one eigenvalue of each type. While heteroclinic
cycles do exist in R3, they have no transverse directions and we thus cannot expect the types
of complex stability configurations that are associated with positive transverse eigenvalues.
In particular, these allow us to combine cycles in a network (see chapter 2 of this thesis) and
investigate different ways of stability loss.

In [28], Krupa and Melbourne enumerate all very simple cycles of types B and C in R?,
we recall their results in subsection 1.3.1. Note again that they speak of simple cycles, but
silently assume that df (£;) has no double eigenvalues. Combined with the computations in
[33], which we revisit in subsection 1.3.2, we then deduce necessary and sufficient conditions
for the various types of stability in the following subsections.

1.3.1. A classification of very simple heteroclinic cycles in R*

As mentioned above all cycles of types B and C in R* are enumerated in [28]. We recall their
result in this subsection, employing the usual notation B and CZ=, where m indicates the
number of equilibria that make up the cycle. The superscript 4+ denotes whether —1 € T'(—)
or—1¢T (+).

Lemma 1.44 ([28]). There are seven distinct very simple heteroclinic cycles of type B and
C in R* and the only finite groups T' C O(n) that allow them are the ones denoted in
parentheses:

Cr (Zs % L3), Cy (Zy x Zs), Cy (Z3)
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Proof. See [28], section 3 (b). O]

As noted in [28], the enumeration of type A cycles is significantly more complicated, even
in R*. There is a complete classification of homoclinic cycles of type A in R* in [36]. In
higher dimensions, an enumeration even of type B and C' cycles, much less for type A, has
not yet been done.

1.3.2. Stability results from [33]

In this subsection we recall the results that Podvigina and Ashwin obtained in [33] concern-
ing the explicit calculation of stability indices for very simple cycles in R*. We transcribe
their results below for ease of reference, following their notation by introducing the quanti-
ties a; = ¢j/ej and b; = —t;/e;, depending on the eigenvalues of the linearization df (;).
These are used to define

pj :=min(a;, 1 +b;) and p:=p;-..:py

as in subsection 1.1.2. We start by giving the stability indices for type A cycles and denote
the index along the trajectory leading to §; by ;. As in [33] we make no distinction between
local and non-local indices here. Trajectories leaving a neighbourhood of the cycle are as-
sumed to stay away from it for all positive times, so that o(z) = 0j,c(x). In the following
subsections this allows us to use the sign of the indices to deduce attraction properties of the
cycles by applying our results from section 1.2.

Theorem 1.45 ([33]). Generically, for a simple robust heteroclinic cycle of type A in R* the
stability indices are as follows.

(a) If p > 1 and b; > 0 for all j, then o; = +00 for all j.

(b) If p > 1, b; > —1forall j and b; < 0 for some j, then o; > 0 for all j.

(c) If p < 1 or there exists j such that b; < —1, then 0; = —o0 for all j.

Proof. This is basically theorem 4.1 in [33]. In case (b) we do not give the full (complicated)
expression for o; from [33], since we are only interested in the sign of the indices. In order

to conclude that all indices are positive, one does not have to evaluate the expression for o ;.
by hand, since o; ; > 0 by construction and the case 0 = 0;_ = 0 is degenerate. [

In [33] finite stability indices are conveniently expressed through the function £, de-
fined on R? without the diagonal D := {(z,y) € R? | = —y},

R RIAD = [—oo,00], [N, f) = fH(a,8) = [ ()
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1.3. Non-asymptotic stability of very simple heteroclinic cycles in R*

where [~ (a,03) := fT(—a, — ) and:

+OO, Q, /8 Z 07
07 a, 6 S 07
51, a<0<fB, 8<1
frap) =3 ° °
0, a<0<pB, 2>-1
—%—1, a>0>5,%<—1
[ 0, a>0>5,%>—1
We facilitate future use of f"%* by the following result.
Lemma 1.46. For o, 8 € R we have
(a) f"9(a,1) € (0, + oo) if and only if e € (—1,0),
(b) f"9(a,1) € (—00,0) if and only if o < —1,
(c) fex(8, — 1) € (0, + 0c) if and only if B > 1,
(d) f™ox(8, — 1) € (—00,0) if and only if B € (0,1)
Proof. We calculate
+00 fora >0
fHal)=¢-L—1 forae (-1,0)
0 fora < —1
and
0 fora >0
fla)=f"(~a,-1)=4¢ 0 for a € (=1,0) ,
—a—1 fora< -1
SO
+00 fora >0
o) = ffal) = f(al)=¢ -1 —1>0 forae(-1,0).
a+1<0 fora<-—1
This proves (a) and (b), statements (c) and (d) follow in a similar manner. O

The next lemmas give the stability indices for four non-homoclinic B- and C-cycles. In
subsection 4.2.1 of [33] there are corresponding results for all such cycles in R*, we quote
here only what we need later.
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Lemma 1.47 ([33], p. 906). Generically, for a cycle of type By in R, the stability indices

along connecting trajectories are as follows:

(i) If by < 0 and by < 0, then the cycle is not an attractor and all stability indices are
equal to —o0.
(ii) Suppose by > 0 and by > 0.

(a) If ajas < 1, then the cycle is not an attractor and all stability indices are equal
to —o0.

(b) If ajay > 1, then the cycle is locally attracting and all stability indices are equal
to +o0.
(iii) Suppose by < 0 and by > 0.

(a) If ajas < 1 orbias+ by < 0, then the cycle is not an attractor and all indices are

equal to —oo.

(b) If ajay > 1 and byas + by > 0, then the stability indices are

o1 = findex<b1,1>, 09 = —+00.

Lemma 1.48 ([33], pp. 906-907). Generically, for a cycle of type By in R?, the stability

indices along connecting trajectories are as follows:

(i) If by <0, by < 0 and by < 0, then the cycle is not an attractor and all stability indices
are equal to —o.
(ii) Suppose by > 0, by > 0 and b3 > 0.

(a) If ajasas < 1, then the cycle is not an attractor and all stability indices are equal
to —oc.

(b) If ajasas > 1, then the cycle is locally attracting and all stability indices are
equal to +oc.
(iii) Suppose by < 0, by > 0 and b > 0.

(a) If ayasaz < 1 or byasaz + bsas + by < 0, then the cycle is not an attractor and
all stability indices are equal to —o0.

(b) If ajasas > 1 and biasas + bsas + by > 0, then the stability indices are

o1 = findex(bl,l), 09 = —|—OO, O3 = findex(b3 —+ b1a371).

(iv) Suppose by < 0, by < 0 and bs > 0.

(a) If ajasas < 1 orbyajas+biaz+bs < 0 or byasas + bsas + by < 0, then the cycle
is not an attractor and all stability indices are equal to —o0.
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(b) If ayasaz > 1 and bsaias + bias + b > 0 and byasaz + bsas + by > 0, then the
stability indices are

g1 = min <findex(b1,1>, findex(bl + bg@1,1)>, 09 = fmdex(bg,l), O3 = —+00.

Note that compared to the statement in [33], in lemma 1.48 (iv) (b) we have replaced
o3 = findex(hs + biasz,1) by o3 = +oo. This is true since

beaias +bjas+b5 >0 = bias+ b3 > —byajas >0
and f"*(,3) = +oo for a,3 > 0.

Now we state the corresponding result for C; -cycles. Denote by A\, Ao the eigenvalues of
the product of transition matrices

bib b
M::M1M2z(12+a2 1>,
G,lbg aq

where \; > )\, if both are real. Note that trAM = b1bs + a1 + a and det M = aqas.

Lemma 1.49 ([33], pp. 907-908). Generically, for a cycle of type Cy in R%, the stability

indices along connecting trajectories are as follows:

(i) If by < 0 and by < 0, then the cycle is not an attractor and all stability indices are
equal to —oo.
(i) Suppose by > 0 and by > 0.

(a) If max(trM, 2(ttM — det M)) < 2, then the cycle is not an attractor and all

stability indices are equal to —o0.
(b) Otherwise the cycle is locally attracting and all stability indices are equal to
+00.
(iii) Suppose by < 0 and by > 0.
(a) If one of the following conditions is satisfied

o (trM)? —4det M <0,
e max(trM, 2(trM — det M)) < 2,
® biby —a; +as <0,

then the cycle is not an attractor and all stability indices are equal to —oo.

(b) If none of the conditions above are satisfied, then the stability indices are

0-1 — findex (blb—Q +bjl _ )\271) 9 02 - findex (%ﬁm, - 1> .
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Compared to the result in [33] we have replaced the first expression in (iii)(a):

(ble “+ a9 — CLl) + 4&1()1()2 b2 -+ CL2)2 — 2@1(()1()2 —+ (12) -+ CL% -+ 4@1()162

(b
= (byby + a2)? + 2a1(b1by + az) + af — dajay
= (biby + ay + ap)* — 4ajay
= (trM)? — 4 det M

The last result of this kind that we need is for C; -cycles. We list the indices only for

the case we are interested in and do not reproduce the entire classification from [33]. Again
some notation is required. The product of the transition matrices turns out to be:

41 (blbz -+ al)(bgb4 + ag) + blagb4 (bgb4 + ag)bz + b4CL2
M = 1M4lMgM2M1 =
a4b3(b1b2 + Cll) -+ a2a461 a4b2b3 “+ aqay

By M’+3J we denote the matrix with cyclically permuted factors M;. Here j + 3 is to be
understood mod 4 in the usual way. Again we denote the eigenvalues by \; > )\, if both
are real. They are independent of j since all M/7*3J are similar matrices, implying that they
have equal eigenvalues, determinant and trace. The associated eigenvectors we write as

U{'+3,j o ( j+3,7 ]+3])

J+3.3 _ (,d+33 ,3+3,]
= V11 "2 = (v )7

and vy 21 U2
respectively. With this define

j+3.5 . 13,3137 J+3.3,.7+3,]
h =V U T Ui TV

which puts us in a position to state the result. To reduce the number of sub- and superscripts
set M := M*1.

Lemma 1.50 ([33], pp. 908-909). For a cycle of type C,, suppose that by < 0 and b; > 0
forj # 1.

(i) If one of the following holds, then the cycle is not an attractor and all stability indices

are equal to —oo.
(a) max(trM, 2(trM — det M)) < 2
(b) (rM)? —4det M < 0

12 1,2
(c) viyvy <0

(ii) Otherwise the stability indices along connecting trajectories are as follows:
o1 = min <findex(v4,21 RAL bl paty, findex(bhl))
oy = min ( index ()12 /p12 12 /12y pindex(p gy a4,b1))
03 = min <fmdex U2 ) h* 3 Ugi3/h2’3)> findex(b3(blb4 + CL4) + bias,biby + a4)>
o4 = [ vy /1>, — it R
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Note that the expressions given for the stability indices in [33] differ from the ones above
in this particular case. This has been noticed in private communication between Olga Pod-
vigina, who subsequently provided the above correction, and this author.

We can use theorems 1.33 and 1.34 together with these lemmas to give necessary and
sufficient criteria for predominant asymptotic stability of very simple robust heteroclinic
cycles in R* that depend only on the eigenvalues at the equilibria. We sum up how to do this
in the following preparatory result.

Lemma 1.51. Assume that for a very simple heteroclinic cycle X in R* all stability indices
exist. Then the following equivalences hold

e 0, = +oo forall i < X is asymptotically stable.

e 0, = —oo for all v < X is completely unstable.

e 0; > 0forall 1 < X is predominantly asymptotically stable.

o 0, < 0foralli << X is predominantly unstable.

Proof. For the first two statements the implications from right to left are trivial. The other
directions follow from results for the different types of cycles in subsections 4.2.1 and 4.2.2
of [33], most of which we have just listed above. The third and fourth statement follow from
our considerations in subsection 1.2.2, keeping in mind that for very simple cycles in R* the
basin of attraction generically is an algebraic cusp shaped by ratios of the eigenvalues. L[]

There is one more result in [33], corollary 4.1, that we make use of later. It is a direct
consequence of the calculation of stability indices for all very simple cycles in R*:

Corollary 1.52 ([33]). For a very simple heteroclinic cycle in R*, o; = —oco for some j if
and only if 0; = —oo for all j.

In the following subsections we investigate the different types of cycles one at a time.

1.3.3. Stability of type A cycles

For type A cycles in R*, theorem 1.11 simplifies to the following conditions for the different
stability properties. This is basically a reformulation of theorem 2.4 in [27], with a slight
refinement in case (c). Note that, as mentioned before, in R* all type A cycles are of type
A*.

Theorem 1.53 ([27]). In R* a very simple heteroclinic cycle of type A is generically
(a) asymptotically stable if and only if p > 1 and t; < 0 for all j,
(b) p.a.s. (but not a.s.) if and only if p > 1 and there is at least one positive transverse
eigenvalue, but t; < e; holds for all j,
(c) completely unstable if p < 1 or there is j with t; > e;.

Proof. This follows directly from combining theorem 1.45 with lemma 1.51. [
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asymptotically stable | p.a.s. | completely unstable
[ [ N

0 €j

Figure 1.7.: Stability change for type A cycles when t; turns positive

asymptotically stable | completely unstable
[
0

Figure 1.8.: Stability change for homoclinic type A and B cycles when ¢ turns positive

We have hereby improved the dichotomy of theorem 1.11 for the special case n = 4. In
R* no type A cycle is genuinely predominantly unstable: either all indices are positive or
they are all equal to —oo. The change of stability for a type A cycle as one of the transverse
eigenvalues becomes positive (while p > 1) is schematically depicted in figure 1.7. Note that
if the cycle 1s homoclinic, then there is no p.a.s. region, see figure 1.8. This is because p < 1
if all transverse eigenvalues are positive (and for a homoclinic cycle there is only one), thus
the cycle is completely unstable. The condition for asymptotic stability reduces to ¢ > e and
t < 0 in the case of homoclinic cycles.

1.3.4. Stability of type B cycles

There are four cycles of type B in R*, two homoclinic and two heteroclinic ones, respec-
tively. For these we obtain the following three theorems. The first one we only list for the
sake of completeness as it has been proved in even greater generality in [28].

Theorem 1.54 ([28]). In R* a very simple heteroclinic cycle of type By or By is
(a) asymptotically stable if and only if ¢ > e and t < 0,
(b) completely unstable otherwise.

Proof. This follows from the considerations in remark 3.3 of [28] or, alternatively, from
subsection 4.2.1 in [33]. ]

The stability change diagram is very simple for homoclinic cycles of type B. In fact, it
is the same as that for homoclinic type A cycles and shown in figure 1.8, assuming ¢ > e.
Corresponding results for the two heteroclinic cycles of type B have not been known up
to now. With the following two theorems we extend the results in subsection 1.1.2 to non-
asymptotic stability, at least for R*.
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Theorem 1.55. In R* a very simple heteroclinic cycle of type By is

(a) asymptotically stable if and only if the following two conditions hold.

+ ci1co > e1e2
+ 11,t0 < 0

(b) p.a.s. (but not a.s.) if and only if the following three conditions hold.

+ c1Co > €e1€2
+ i < 0

. et
+ 0<t1<m1n<61,—¥>
C2

(c) p.f-a.s. if and only if the following three conditions hold.
+ c1Co > e1€2
+ i < 0
ety

+0<e <t < —
Ca

(d) completely unstable if and only if one of the following conditions holds.
O C1C2 < €162
o t1,t5 >0
€1t2
oty <0<tyandty > ———.
Co

Proof. By lemma 1.51 it suffices to calculate the conditions for the stability indices being

all equal to 400 (a.s.),

positive, but not all equal to +oo (p.a.s.),

negative, but not all equal to —oo (p.u.),

all equal to —oo (c.u.).
In the remaining cases the cycle is p.f.a.s. We calculate these conditions based on lemma
1.47.

(a) Both 0y = 09 = +o¢ if and only if aja; > 1 and by,0o > 0, i.e. if and only if

c1cy > ejeg and tq, to < 0.

(b) We need 0,00 > 0, but at least one of them not equal to infinity. This is only possible
for by < 0 < by and ajay > 1,1ie. t9 < 0 < t; and cice > ejeq. Moreover, it is
necessary that

t1c t et
biag+by >0 < 2250 & t<-——2
€162 €9 Co

Then we have 0o = +o0 and 0; = fi“de"(bl,l). The latter expression has to be in
(0,00), which by lemma 1.46 is the case if and only if b; € (—1,0), which is the same
as 0 < t; < eg.

(d) Both 0y = 09 = —oc if and only if the following holds

aja, <1 V bl,bg <0 VvV (bl <0<by A blag+by< 0)
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asymptotically stable | p.a.s. | p.f.a.s. | completely unstable
I I [ oo
t
0 €1 —eé—;
asymptotically stable | p.a.s. | completely unstable >
I I ' h
0 —8(1:;2 €1

Figure 1.9.: Stability change for B; -cycles when ¢; turns positive (t2 < 0)
This is equivalent to

eyt
cica < ejes Vot >0 V (tz <0<ty ANt > —ﬂ) .
C2
(c) The cycle is never predominantly unstable since in lemma 1.47 there is always either
at least one index equal to +oo or all indices are equal to —oo. Thus, in all remaining

cases the cycle is p.f.a.s.
O

Theorem 1.55 gives us a clear description of the stability changes that the cycle under-
goes when a transverse eigenvalue becomes positive, see figure 1.9. In these two diagrams
to < 0 1s fixed and we consider ¢; as the bifurcation parameter all the while assuming that
ci1c2 > ejes. Note that for such a cycle to be p.f.a.s it is necessary that —cy > 1o, i.e. the
flow at & has to be more strongly contracting in the transverse direction than in the direction
of the cycle. In this case min (e, — %) = e; and the p.a.s./p.f.a.s. question is decided
by t; < e;, depending on which direction (transverse or expanding along the cycle) is more
unstable.

In [30] a cycle of type By is investigated and sufficient conditions for its predominant
asymptotic stability are calculated. They obviously fall into (b) from above. In theorem 1.55
we have generalized those results, giving necessary and sufficient conditions for all stability
types.

We now turn our attention to B -cycles. There are three transverse eigenvalues to con-
sider, resulting in a two-dimensional picture for the stability changes. Apart from that, the

calculations are similar.
Theorem 1.56. In R* a very simple heteroclinic cycle of type By is

(a) asymptotically stable if and only if the following two conditions hold.

+ ci1CaC3 > €e169€3
+ t1,t0,t3 <0

(b) p.a.s. (but not a.s.) if and only if the following four conditions hold.
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+ c1CaC3 > €e169€3

+ 13 <0

—t —t3cy — est
b 0t < i o A1) o)

C3 7 C2C3

esle; —t1) ea(—tics — et
+ 0 <ty < min <€2, 2(€1 1), 2(—hes ! 3)> orty <0
C1 C1C3

(c) completely unstable if and only if one of the following four conditions is satisfied.
O C1CaC3 < €1€69€3

o tl,tg,tg >0
€1 (thQ -+ tgeg)
CaC3
()] (t103 -+ t361)

o ti,ts >0 >tz3andty > —————=.
C1C3

oty >0>tgandt; > —

(d) In all other cases the cycle is p.f.a.s. In particular, the cycle is never predominantly

unstable.

Proof. Just as in the previous theorem it suffices to check, with lemma 1.48, when all stability
indices are positive/negative or equal to £oo0.
(a) Clearly, 01 = 09 = 03 = 400 if and only if a;asaz > 1 and by,b9,b3 > 0, i.e. if and
only if cicocg > ejeseg and ¢y, to, 13 < 0.
(b) For all stability indices to be positive but at least one of them not equal to +o00, we need
aijaqsaz > 1,1.e. cicacs > ejeses and at least one positive and one negative transverse

eigenvalue, say t; > 0 and t3 < 0. Moreover, we must have
ticacg  colz 1o
0 < biasaz + asbs +b, <& O0<————-— — =
€1€2€3 €9€3 ()]

e1(tsco + est
o 2£1<_1<32 32)‘
CoC3

If then ¢, < 0, then we have 0o = +0o0 and for the other two indices to be positive we
need

op =M 1) >0 & bh>—1 & 4 <e,

and

e1(es —t3)

o3 = fM%(bg + bras,1) >0 < by+bag>—-1 & <
C3

Since t; > 0 we definitely have 07 < +00, so this is not a case of asymptotic stability.

If on the other hand ¢, > 0, then we also require

esltics + et
b2a1a3+a3b1—|—b3>0 &= t2<_M'
Ci1C3
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For positive stability indices we then need

. _ ,
01 = min (fmdex(blal)y fmdex(bl + b2a1,1)> >0 & ti1<e Aty < —62(61 1)7
C1
09 = f'index(b271> >0 N t2 < e,
' —t
O3 = fmdex(b3 + blag,l) >0 o < 61(63 3).
C3

Again t; > 0, so 07 < +o00 and this is also not a case of asymptotic stability.
(c) We have 0y, = 09 = 03 = —o0 if and only if one of the following holds:

o ajaqgasz < 1

o by,ba,bs <0

o by < 0 < bsand bjazas + bzas + by < 0

o by,by < 0 < by and byajas + biasz + bz <0
These conditions are equivalent to:

0 cicacy < ejeses

o ti,ta,t3 >0

oty >0>t;and t; > —alscatests)

cacs3
o t1,t > 0> i3 and t5 > —w%;elt?’)
(d) Again it suffices to show that the cycle is never p.u. This follows from lemma 1.48 for
the same reason as in the previous theorem.

[]

Stability Changes for B;-cycles

In the same way as for the B, -cycles we now investigate what happens when transverse
eigenvalues become positive for type B; -cycles. Here the situation is slightly more complex
as we have not only ¢; but also ¢, as a varying parameter. We assume cjcoc3 > ejeqes and
without loss of generality fix t3 < 0 since three positive transverse eigenvalues immediately
lead to complete instability. The diagram we obtain and the extent of the regions of different
stability properties of course depend on the slopes of the boundary lines, and therefore on
the eigenvalues at the equilibria. However, there are only two qualitatively different cases,
depicted in figure 1.10.

From theorem 1.56 the stability properties for a parameter combination (¢;,t,) are deter-
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asymptotically stable

(2)

(a) —cg < t3

(1)

(b) —c3 > t3

;
i
]
asymptotically stable p.as. !
I
)
)
i

Figure 1.10.: Stability diagram for B; -cycles

49



CHAPTER 1. STABILITY OF HETEROCLINIC CYCLES

mined by its relative position to the six lines given by:

ti(t2) = €1 (D
t1(ts) = M (2)
3
_e1(—tzcy — esty)
ti(tz) = oy (3)
ta(t1) = eo “4)
tao(ty) = 62(610—1_151) )
_eg(—ticy — eqly)
to(th) = crcs (6)

The first three lines bound the region of predominant asymptotic stability whenever t; is
positive, the other three whenever ¢, > 0. Lines (5) and (6) are parallel, they have the same
slope —i—f. The intersections of all lines with the ;- and ¢4-axis are collected in table 1.2.

Table 1.2.: Intersections with the ¢;-axes

(D () (€) N CO NN G)) (6)
) e1(es — t3) eits eits
t1-ax1s | e — - €1 -
C3 C3 C3
) Cat3 €€ ereals
to-axis | - - ——" | e _
€3 C1 C1C3

Since e;,c; > 0 and cicoc3 > e1e0e3 we have

ei(es —t3 eits eieals e1e2e3 Col3 Col3
ales =ty _els g Gcls L
C3 C3 C1C3 C1C2C3 €3 €3

)

restricting the number of possibilities for ordering the intersection points along the axes.
Now consider two cases, depending on whether the contracting or transverse direction at &3
dominates (in the sense that the contraction is stronger):

€162 €1€2t3 €1t3
(a) —c3 < t3. Then > — ande; > ——.
C1 C1C3 C3
€€ ereats eits
(b) —c3 > t3. Then < — ande; < ———
C1 CiC3 Cs

For both cases the (t1,t2)-plane is shown in figure 1.10. From the picture for (a) it is clear
that the inequalities

eiles — t3 €1€2 Cgtg
TR R T
C3 C1 €3
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as well as the relative position of the line ¢5(¢;) = ey > 0 do not qualitatively affect the
dynamics. In (b) all relative positions are fixed except for that of ¢5(t;) = es > 0, which is
qualitatively irrelevant in this case, too.

From figure 1.10 we deduce the following result.

Corollary 1.57. Let X be a very simple heteroclinic cycle of type By in RY. Suppose
c1Coc3 > eregey and ty < 0. In the (ty,ty)-plane consider paths leading from the region
of asymptotic stability to that of complete instability.
o [f —c3 < ts, then no such path that is sufficiently close to the origin leads through an
open region where X is p.f.a.s.
o [f —c3 > ts, then every such path leads through an open region where X is p.f.a.s.

In other words, in the second case the p.f.a.s.-region in the (¢1,t2)-plane (white in figure
1.10) is connected while in the first it is not. This corresponds to what we learned about
cycles of type By above: such a cycle can only be p.f.a.s if —c, > t,. For Bj -cycles, along
a path that is sufficiently close to the origin proper fragmentary asymptotic stability only
occurs if —c3 > t3.

In terms of the stability indices corollary 1.57 means that in the first case, along a path
close to the origin in the (¢1,t5)-plane, all indices along the cycle have the same sign, meaning
either all trajectories of the cycle are visible or none. In particular, the cycle will go from all
indices equal to 400, to all indices positive directly to all indices equal to —oo. In the second
case, for every path leading from asymptotic stability to complete instability, there is a region
where there are indices along the cycle with opposite signs. From these considerations we
can quickly deduce the following two statements about type B cycles in R%,

Corollary 1.58. A very simple heteroclinic cycle of type B in R* is generically p.a.s. after a
transverse bifurcation.

Corollary 1.59. In R* a very simple heteroclinic cycle of type B is never predominantly
unstable.

1.3.5. Stability of type C cycles

There are three type C' cycles in R%, one homoclinic and two heteroclinic ones. In the same
way as before we derive conditions for the different forms of stability. Again the statement
for homoclinic cycles is not new since there are no intermediate types of stability. It is a
special case of the result for type C' cycles in [28].

Theorem 1.60 ([28]). In R* a very simple heteroclinic cycle of type C; is
(a) asymptotically stable if and only ift < 0and c —1 > e,

(b) completely unstable otherwise.

Proof. This follows from theorem 4.3 in [28] as well as from subsection 4.2.2 in [33]. ]
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asymptotically stable | completely unstable

I o

0 c—e

Figure 1.11.: Stability change for homoclinic type C cycles when ¢ turns positive

The stability change diagram is shown in figure 1.11. In contrast to homoclinic A- and
B-cycles the condition ¢ > e is not necessary to get anything but complete instability.
Now we move on to the C; -cycle. Recall that \; > \; denote the eigenvalues of its

blbg + as bl
M = .
a1b2 aq

Then we have the following result.

transition matrix product

Theorem 1.61. In R* a very simple heteroclinic cycle of type Cy is

(a) asymptotically stable if and only if the following two conditions hold.

+ 11,t < 0
+ max(trM, 2(trM — det M)) > 2

(b) completely unstable if and only if one of the following holds.

o t1,t5 >0
o ty,ty < 0 and max(trM, 2(trM — det M)) < 2
o ty < 0 <ty and one of the following three:

* (trM)? —4det M < 0

« max(trM, 2(rM — det M)) < 2

x bibg —ay +as <0

(c) p.a.s. (but not a.s.) if and only if the following three conditions hold.

+ <0<ty

+ none of the conditions in (b) hold

+ )\2 c (b1b2 + aq, b1b2 + min(a1 + bg, as + bl))
(d) p.u. if and only if the following three conditions hold.

+ <0<ty
+ none of the conditions in (b) hold
+ )\2 € (blbg + max(al + bg, as + bl), blbg + CLQ)

(e) In all other cases the cycle is p.f.a.s.
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1.3. Non-asymptotic stability of very simple heteroclinic cycles in R*

Case (a) was already treated by [28]. In fact, it follows from their theorem 4.3 on asymp-
totic stability for type C cycles in R%. Theorem 1.61 extends this result.

Proof. Cases (a) and (b) follow directly from lemma 1.49. There is only one case in which
the stability indices are not equal to +-0o. This is the one we need to investigate in order
to prove (c) and (d). The first two conditions are the same in both cases and just the ones
prohibiting complete instability. The stability indices then are

‘ b _

o1 = [ (a,1) with o = bibe F a1 = e +ba1 Ao
2

7= (5, 1) with = MR
1

As before we have to determine when oy,00 > 0 for (¢) and 01,00 < 0 for (d), with at least
one of them being finite in either case. Note that Ay € R since

M (trM)?
= -

Ay — det M,

and the expression under the root is positive because (trA/)? — 4 det M > 0. By lemma 1.46
we get

o1>0 < ae(—1,0); 0o >0& >1
01<0 & a<—1; oo <0 & fe(0,1).

Solving this for A, leads to

o, >0 & /\26(1)1()24‘@1, b1b2+a1+b2); oy >0 & )\2<b1b2+(12+b1
o1 <0 & >\2>b1b2+a1—|—bg; o9 <0 & )\26<b1b2+a/2+b1, b162+a2)

giving precisely the required conditions. []

Stability Changes for C, -cycles

The conditions for A\, in (¢) and (d) cannot be interpreted in a straightforward way as for
the cycles of type B, since Ay = A2(;) and the boundaries of the intervals also depend on
t;. However, this can be overcome by looking at the nature of the dependency. We give a
graphic interpretation in figure 1.12. The manner of visualisation is qualitatively different
from before: we vary only one transverse eigenvalue, ¢4, as for the B, -cycle, yet the diagram
is two-dimensional, as in the case of the B; -cycle. The second axis is not the ¢5-axis, though.
It is merely necessary since the stability changes can only be derived from following along
the graph of \5(¢;) and observing its position relative to other quantities depending on ¢;.
These are the boundaries of the intervals for A\, and they are given by the following linear
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functions of #;:

Lyi(t1) = biby + a4
Lo(t1) = bibs + ay + b
Ls(t1) = biby + ag + by
Ly(t1) = biby + ay

We have L1(0> =a; < a;+ bg = LQ(O) and L3<O) = L4(0) = ay. Since b1b2 —a;+ag >0
implies ay > a; — b1by > a1, we are left with two cases for the relative positions of the L;:

(l) CL1<CL2<CL1+Z)2
(1) a1 <a;+ by <ag

t
Note that L,L5,L, all have the same slope 2 < 0, while that of L3 is smaller:
€169

to 1 to

€162 €1 €1€2

In terms of the L;, the conditions for predominant (in)stability can now be reformulated as

pas. < A € (Li(t1), min(La(t1),L3(t1)))
b & A€ (max(La(t),La(t1)), La(t1)).

We have

biby 4+ a1 +a biby + ay +as )\’
Nolty) = b2t @t ar WM) i,

2 2

which gives

2 2
a1+ a a1+ a a +a a —a
o) = 2_\/<12 ) IS (12 ) o

Note that if Ay(¢1) > L4(t1), then the cycle is completely unstable, since

b1b
)\2<t1) > blbg + ay = W > b1b2 + a9y

= —b1b2+a1—a2>0
== blbg—a1+a2<0,
which according to case (b) implies complete instability. Note that \y(¢;) € R as long as

trM? — 4det M > 0. The latter expression depends quadratically on #1, its zeros are given
through

2 2
blz—(\/a:\@) <0 and blz—(‘/a—lz\/a_?) <0,
2 2
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1.3. Non-asymptotic stability of very simple heteroclinic cycles in R*

a; + b2

ai

(@) as < ay+ by (b) as > aq + by

Figure 1.12.: Stability change for a C, -cycle when ¢ turns positive

both corresponding to positive values of ¢;:
€1 2 €1 2
b=t (Varya) and = (e - V)

For small ¢; > 0 the eigenvalue is therefore real. Moreover, \y(t1) increases monotonically
as long as t; € (0, g—; (\/a_l + \/(1_2) 2). This completes the derivation of figure 1.12. Note
that we have neglected the other conditions in (b) that lead to complete instability. Each of
them constitutes an upper bound on ¢;, above which the cycle is completely unstable. We
have assumed all of these bounds to be sufficiently large so that they do not influence the
picture. In case they are smaller, the dynamics are simplified in the sense that figure 1.12 is
“cut off” at the respective value and the cycle is completely unstable for larger ;.
From these considerations we conclude the following result.

Corollary 1.62. A very simple heteroclinic cycle of type Cy in R* is generically predomi-
nantly asymptotically stable after a transverse eigenvalue becomes positive. As the eigen-
value becomes larger, generically there exists an open interval where the cycle is p.f.a.s.

Proof. The first statement is clear from figure 1.12. Concerning the second one: the only
possibility for \y(¢;) not to enter the region of proper fragmentary asymptotic stability (white
in figure 1.12) is when it passes through the intersection point of Ly(¢;) and L3(¢1). But that
is a degenerate configuration. O

In contrast to type B cycles predominant instability is also possible for certain configura-
tions of eigenvalues. In case ay > a;+ b it is a generic state along each path from asymptotic
stability to complete instability.

Stability of C_-cycles

The stability behaviour of the remaining type of very simple heteroclinic cycle in R*, type
C, , cannot be investigated in analogous fashion. In principle, it is possible, of course, to
reformulate the classification in [33] as necessary and sufficient conditions for the different
stability properties as we have done with the other types. However, for a C; -cycle there are
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four transverse eigenvalues, meaning we have to consider three of them becoming positive,
making it impossible to illustrate the results graphically in the same way as before. Simply
stating the conditions without graphical interpretation would be little more enlightening than
the results given in [33]. There is, however, a useful conclusion that can be reached for the
case where one transverse eigenvalue becomes positive.

Proposition 1.63. Let X be a very simple heteroclinic cycle of type C, in R, Suppose that
by < 0 < bjfor j # 1, and assume that none of the conditions (a), (b) and (c) in lemma
1.50 are satisfied. Then there is ¢g > 0 such that for 0 < t1 < ¢ (and all other parameters
unchanged) the cycle is p.a.s.

Proof. We use lemma 1.50 and show that for £; > 0 sufficiently small all stability indices
are positive, but not all of them equal to +oc. To this end, we first convince ourselves that

PO (g™ T3 — o [T = oo (1.12)

for all j: by construction, for j # 2 the eigenvalues of M773J can be determined from those
of M2 by multiplying with the matrices M;, j # 1, in the correct fashion. These have
positive entries only. Thus, it follows from the converse of condition (c) in lemma 1.50 that
for all j the entries of vJ"®7 have the same sign. For ¢; > 0 small enough all M7+37 have
only positive entries. Therefore, while eigenvectors corresponding to the greater one of their
eigenvalues have same sign entries, those for the smaller one have opposite sign entries. So
vl 0% < 0, and thus the arguments of f™** above have the same sign. In fact, taking
into account k737, they are both positive. This proves (1.12), so 04 = +oc and the other
stability indices are equal to the respective second expression in the minimum.

Now we choose t; > 0 small enough such that
(Z) t1 < eq, (ZZ) b1b4 + ay > —bl, (’LZZ) b1b3b4 + b36L4 + blag, b1b4 +ays > 0.

Then the stability indices are

) 1
o] = fmdex(bhl) - _ 1= 6_1 —1> 0,
b1 tl
. byb
oy = fmdex(blb4 + a47bl) = _%W —1>0,
1

03 = findex<blb3b4 + b3a4 + b1a3,b1b4 + a4) = 400.

So all indices are positive for ¢; > 0 small enough, two of them even equal to +o00, and thus
the C'; -cycle is predominantly asymptotically stable as claimed. ]

Together with the detailed study of the () -cycle above, this allows us to close with the
following general conclusion about (non-homoclinic) type C' cycles in R*.

Corollary 1.64. A very simple heteroclinic cycle of type C' in R* is generically p.a.s. after a

transverse bifurcation.
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2. Stability of heteroclinic networks

It is possible for a dynamical system to contain more than one heteroclinic cycle. If two or
more such cycles are joined by at least one common trajectory or equilibrium, it has become
customary to speak of a heteroclinic network. This second chapter of the present work deals
with such networks. As is the case with heteroclinic cycles, they occur in various appli-
cations. Among many others, examples can be found in the works of Aguiar, Castro and
Labouriau [2] or Driesse and Homburg [13]. One of the best-known early studies of hete-
roclinic networks is [23], where Kirk and Silber investigate competition between two cycles
forming a network. In section 2.2 we generalize their results and transfer their approach to
networks formed by different types of cycles.

Heteroclinic networks give rise to many interesting and complex dynamical phenomena,
such as switching (see [21]) and cycling (see [35]) to name just two keywords. Within this
work, however, we restrict our study to pure stability questions. Let us now start by making
the rough definition from above more precise.

Definition 2.1 (e.g. [23]). A heteroclinic network X is the union of finitely many heteroclinic
cycles C; such that X = UZ C; is connected.

In section 2.1 we discuss attraction and stability properties of heteroclinic networks as a
whole. The stability index can be used to refine stability assessment by making out dominant
cycles within the network that attract most trajectories within a sufficiently small neighbour-
hood. We derive general results on the index in the context of networks which allow us to
explicitly calculate stability indices with respect to a network and investigate non-asymptotic
stability properties. Within a network of non-homoclinic cycles, a single cycle cannot be
asymptotically stable due to the expanding dimension in the direction of the next equilib-
rium. However, the network as a whole may have this property.

The main focus is on section 2.2, where we classify very simple heteroclinic networks in
R* and use the results from chapter 1 to discuss competition between their subcycles. This
extends the study in [23] and places it in a broader context.

Note that throughout this chapter we assume that there are no invariant objects other than
the heteroclinic network we consider. Trajectories leaving a neighbourhood of the network
are assumed to stay away from it for all positive times. Just like in section 1.3 this allows us
to calculate only local stability indices — as before we drop the subscript “loc”. Then in most
cases the (non-local) c-index coincides with the local n-index, see also remark 2.18.
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2.1. Stability and attraction properties of nhetworks

2.1.1. The stability index for networks

In subsection 1.2.2 we introduced the stability index o(x) from [33]. It is by definition
tied to an underlying invariant set through the measure of its basin of attraction. When
X = |, C; is a heteroclinic network, it turns out to be insightful to calculate stability indices
with respect to both the network X and its subcycles C;. We refer to the former as n-indices
and denote them by o™(x). The latter we call c-indices and write o*(z) (for the index with
respect to cycle C;) or simply o(x) unless stated otherwise. For a heteroclinic cycle we used
subscripts to indicate that o; is the index along the trajectory leading to the equilibrium &;.
In a network there may be more than one such trajectory, so we usually write o, for the
stability index along the trajectory [{; — £|. We use analogous notation for the eigenvalues
of the linearization when needed.

In this subsection we establish the intuitive relation () > o?(x) and lay the foundations
for explicitly calculating o (x) under certain circumstances. This is necessary since [33] only
covers stability indices with respect to cycles, not networks, and the comparison of both
quantities yields information on the relative stability of the cycles in a network. Our first
result is a simple lemma that proves useful later on.

Lemma 2.2. Let a;, b, > 0, k € N, and suppose that ), aye® converges for small ¢ > 0.

Then we have

lim ln(ZkeN akEbk)
e—0 ln({;‘)

— inf{by, | k € N}.

Proof. Setb := inf{b; | k € N} so €’ is bounded for ¢ — 0. Now calculate

In (3 en are™) lim In (e (P yen are™ "))

li_r)% In(e) 50 In(e)
o (In(e®) In (e ane™ )
B llgtl) <ln(5) * kln(e) )
_ T In (Z €N a’fgbkib)
= I (b I WY )

— inf{b;, | k € N}.

To validate the second to last equality choose N € N, thenset K* := {k € N | b, — b > 1}
and K, := {k EN|b—b< %} Note that K, # () because b is the infimum of the ;. For
small € > 0 this gives

Zakébk’b > Z akgbk’b + Z akgﬁ > 5% Z ag, 2.1)

keN keK* keK, ke K.
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and therefore

This holds for all N € N, so the proof is complete. Note that as long as the sum contains
only finitely many terms, the statement is still true even if some a;, are negative (whereas the
sum must remain positive). This is because for a finite sum we do not need (2.1), where the
inequalities hold only for positive a. U

When studying a heteroclinic network it is of central interest to identify its most stable
subcycles, i.e. to understand the relative stability of the cycles forming the network. To this
end it is useful to compute and compare both c- and n-indices, especially along trajectories
belonging to more than one cycle. The next lemma is an intuitive step in this direction.

Lemma 2.3. For a heteroclinic network X C R" consisting of distinct heteroclinic cycles
C1,Cy, ... ,Cy, let o(x) be the stability index at a point x € X with respect to the network
X = U, Ci and o' (x) the index w.rt. a cycle C;, i = 1,...,m. Then for x € X the
following is true:

= +o0 if  3>0 (B(X)NB.(x)) = (B.(x))
> max{o*(z) [ i =1,...,m} if  Ve>0 ((B(X)NB.(z)) < {(B.(x))

o(x

An analogous statement holds for the local stability index.

Proof. The first case, where o(x) = +o0, is clear by the definition of the index, so we
consider the second one. Because w-limit sets of forward-bounded orbits are nonempty,
compact, connected and flow-invariant, we note that for x with w(x) C X we either have

o w(z) = {¢;} for some equilibrium &;, or
e w(z) = C;, for some cycle C;, or
e w(x) is the union of several cycles.

Since the equilibria {; are hyperbolic saddles, the dimension of their stable manifolds W *(&;)
is less than n, so £(W*(&;)) = 0 holds for all j. Therefore

(({z € R" | w(x) = {¢;} for some equilibrium &;}) = ¢ (U] Ws(é:j)) = 0.

From this it follows that ¢(B(C;) N B(C})) = 0 if ¢ # k. Moreover, it means that in terms of
calculating the stability index we are only interested in points that have more than a single
point in their w-limit sets. Focusing on those with w(z) = C; (a single cycle) for the moment
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yields the following inequality

Together with () € [0,1] this makes it clear that we cannot have o(z) > 0 and o*(z) > 0
simultaneously for i # k.

Furthermore, lemma 1.32 implies that for small € > 0 we can write

1 -3 (x) = e if o(z)=¢>0
Ye(z) = pe° if o(r)=—-c<0

with «,8 > 0, for simplicity of notation in our calculations. Now consider the following two

cases:

(i) Let o'(xz) < O foralli = 1,...,m. If for some i we have ¢’(z) = —oo, then it is
obvious that o(x) > o'(z) holds. Otherwise we obtain

m

S (x) > zmj Si(z) =) Bie @,
i=1

i=1

and thus taking into account that In(¢) < 0 and using lemma 2.2

In (Z Bﬁ‘"“‘”)
o_(z) < lim —=

g - i@ =1 mp >0
Therefore o () = 0 and we get
o(z) = oy (x) —o_(z) > max{c'(x) |i=1,...,m}.
(i) Now let one of the indices be positive. Assume o'(x) > 0 > o'(z) fori = 2,...,m,

without loss of generality. As above we may neglect the case that one of them is
infinite. So

S(2) > Y Sir) =1 - ae” @ 4 Y e @),
=1 i=2
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Since ¢(B(C1)NB(C;)) = 0 holds for the basins of attraction of the two cycles C; and
Ci,i = 2,...,m, we find that o' (z) < —o'(x) for all other 7 and therefore again by
lemma 2.2

In(1 —X.(2))

oy(x) =lim

e—0 In(e)
In (ala‘fl(x) — f: b’ia_"i(:‘))
= lg% ln(S2
=min{c'(2), —o'(2) |i=2,...,m}
=o' ()
=max{c'(z) |i=1,...,m},

which proves the claim for this case as well.

The result for the local stability index follows in the same way. Note that this is only non-
trivial when x lies on a trajectory that belongs to more than one of the cycles. ]

It is not untypical for the inequality in lemma 2.3 to be strict. This is often, though not
always, an indication of one cycle attracting trajectories from a neighbourhood of the other
cycle(s), thus winning the competition between the cycles, to use the terminology of Kirk
and Silber in [23]. In section 2.2 we come across several such instances when we look at
very simple networks in R%,

The computations of Krupa and Melbourne in [26] and [28] show that, even in R", stability
of heteroclinic cycles under certain circumstances depends only on the behaviour of a two-
dimensional map. In such a case the calculation of n-indices can be done as in the following
lemma.

Lemma 2.4. Let X C R™ be a heteroclinic cycle or network and x € X a point on a
connecting trajectory. Suppose that for all points y = (y1,....ym) € Be:(x), stability with
respect to X depends only on their (yi,ys)-components. Furthermore, assume that B(X) N
B.(x) = B-(x) \ U,en En Where &, are disjoint sets of the form

En={y € B(x) | knyi™ < y2 < knyi™},

with constants k,,, l%n > 0. If the sequence (av,)nen is bounded away from 1 and not all o,

are negative, then

1
o(x) = =14 min (—,aN2> > 0,
Ny
with ay, := max{a, | 0 < oy, < 1} and ay, == min{a,, | o, > 1}

If on the other hand o, = 1 for some n € N or 1 is an accumulation point of the sequence
(tn)nen, then o(z) = 0.
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Proof. First of all, note that the sets &, where a,, < 0 are irrelevant for the stability index
since their intersection with a sufficiently small e-neighbourhood is empty, see figure 2.1
(left).

Now consider the case where (., ),y is bounded away from 1. We show that o () > 0
(and equal to the expression above) and thus o_(x) = 0 by lemma 1.32, which means
o(z) = oy (x) > 0. We start by calculating

((B(X) N Be(x)) = £(Be(x)) — £ (U En N Bs(l“)>

neN

= E(Ba(x)) - Zé(gn N Be(x))

neN

Grouping all constants terms in k,, and %, in each step, we determine

g
kne™ 2 [yirdy, = kne™ton for a, >1
E(gn m BS(:L‘)) = - Os 1 ~ 1
bene™ 2 [ ysm dyy = kg™ Tan for o, <1.
0

Since ¢(B:(x)) is of order €™, we obtain

BN B7) | UEN Bala)
) =) o iBw)
=1-— Z fope an — Z ke 1ton,

Putting these pieces together and using lemma 2.2 for the third equality below, we get

€ | £ £
(@ a, <0 bo<a, <1 ©) o, >1

Figure 2.1.: o, and the e-neighbourhood: &, N B.(x) is coloured red.
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In(1 — ¥.(z))

o (r) =lim

e—0 ln(s)
ln( S hpe a4+ Y knslmn)
_ hm anp<l ap>1
=0 In(e)
) 1
:1nf{—1+ ,—1 4 ap, an1<1,an2>1}
ni

1
:—1+min< ,aN2>
OéN1

> 0.

In case o, # 1 for all n € N but 1 is an accumulation point of the «,, the calculations
work in the same way and the infimum above then yields 0. Since for ¢ — 0 we still get
Ye(z) — 1, we also have o_(z) = 0 and thus o(z) = 0.

If a,, = 1 for some ny € N, then for any ¢ > 0 the set &,, contributes a constant por-
tion of B.(x) to the complement of the basin B(X). So 3.(x) is bounded away from zero
and one, therefore o(x) = 0 by lemma 1.32. O

We finish this subsection with another lemma, giving information about the relation be-
tween c- and n-indices. Note that this does not hold for the local stability indices. It is
important to clarify that whenever we call a map a contraction, we not only mean that it is
contracting in the usual sense, but also assume that it maps its domain into itself. In doing so
we follow the terminology of Kirk and Silber in [23].

Lemma 2.5 ([8]). Let [§; — &;] be a common connecting trajectory between two non-
homoclinic cycles constituting a very simple heteroclinic network X C R". Suppose that
for at least one of the cycles the return maps are contractions. Let 0;; and ;; be the global
stability indices for each cycle and oj; the global stability index with respect to the whole
network. We have
o5;>0 < 05>0V gy >0.

Proof. The implication from right to left is simply lemma 2.3.

Assume o7 > 0. For a point z, that contributes to the index o7}, we have w(r) C X, so
w(x) is compact, non-empty and connected, leaving three possibilities:

(a) w(x) is an equilibrium.

(b) w(x) is one of the cycles.

(¢) w(x) is the whole network X.
The set of points for which (a) holds is the union of the stable manifolds of the equilibria and
thus of measure zero. Case (c) does not occur: the trajectory through x would have to follow
around both cycles infinitely many times, which is impossible since for at least one of the
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cycles the return maps are contractions. So almost all = with w(z) C X fall into case (b).
Therefore, one of the cycles has a large enough basin of attraction to make the index with
respect to only this cycle positive. O]

2.1.2. Non-asymptotic stability of networks

Non-asymptotic stability of heteroclinic networks can be understood to a large extent by
studying stability of the single cycles and combining this information with the stability index
with respect to the entire network. The proofs of theorems 1.33 and 1.34 generalize without
difficulty to the context of heteroclinic networks, giving

Corollary 2.6. Let X C R" be a heteroclinic network consisting of finitely many equilibria
and connecting trajectories and suppose that (1(X) < oc. Assume that the local stability in-
dex o)}, exists for all connecting trajectories and is unequal to zero. Then X is predominantly

asymptotically stable if and only if o], > 0 along all connecting trajectories.

The result about predominant instability generalizes in the same way. It is of lesser interest
though, since the more challenging task is to identify cycles winning the competition within
a network. This again only seems worthwhile if the network is somewhat stable as a whole.

When looking at specific networks in R* in more detail in the next section, we see that
corollary 2.6 opens up various ways for a heteroclinic network to be p.a.s. The following list
is not complete, but gives a good first impression of the diversity awaiting us.

1. Each cycle has positive c-indices along all its connecting trajectories, except for tra-
jectories belonging to more than one cycle, where due to lemma 2.3 only one of them
can have a c-index greater than zero. Such a situation occurs in propositions 2.14 and
2.15.

2. There is one dominant cycle, i.e. one cycle with only positive c-indices, while all
other cycles have negative c-indices, but positive n-indices because most points in
their neighbourhood are also attracted to the dominant cycle. This can be found in
case (i) of propositions 2.16 and 2.17.

3. Even when no single cycle is p.a.s., there may still be a cycle that wins the competition
in the sense that for most initial conditions near the network the trajectories end up
converging to it. In case (ii) of propositions 2.16 and 2.17 there is a cycle which is not
p.a.s. itself, since along the trajectory it shares with another cycle, most points make
finitely many excursions around the other cycle first, before approaching the attracting
one. This leads to only positive n-indices without having a cycle with positive c-
indices. Such behaviour was called e.a.s. in spirit in [23], translating to p.a.s. in spirit
in our terminology.
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4. In proposition 2.22 we encounter yet another way in which predominant asymptotic
stability may be obtained (and lost) by a network. Again no cycle is p.a.s., but this
time there is no obviously dominant cycle — both have the same number of positive,
negative and infinite indices.

Heteroclinic networks in dimensions higher than n = 4 are likely to display even more com-
plex dynamics and yet qualitatively other possibilities to combine cycles into an attracting
set, especially when more than two cycles are involved. In this work we restrict our attention
to R*, though, where we have a complete enumeration of all type B and C cycles at hand,
which helps us find possible networks as well. This is exactly what we do at the beginning
of the next section.

2.2. Very simple heteroclinic networks in R*

We now turn our attention to R* again, focusing on very simple heteroclinic networks of B-
and C-cycles with at least one common trajectory. Note that in R* type A cycles cannot
exist simultaneously with B- or C-cycles due to symmetry restrictions. For the former,
the symmetry group does not contain reflections, whereas for the latter it does, see lemma
1.7. Therefore, a network involving a type A cycle consists of type A cycles only. As
a consequence, proposition 1.37 drastically limits the possibilities for competition in such
networks: if there is an A-cycle with any positive c-indices at all, it has only positive c-
indices. At the same time all other cycles sharing a connecting trajectory with it must have a
negative c-index along the common connection, and therefore along all of their trajectories.
So the existence of an A-cycle that attracts a set of positive measure immediately keeps all
its neighbouring cycles from attracting anything at all.

For B- and C'-cycles the possibilities for competition in a network are much more diverse,
as Kirk and Silber illustrate in [23]. That is why we concentrate on these types from now
on. In order to make use of the earlier results on very simple heteroclinic cycles, we focus
on networks made up of such cycles.

Definition 2.7. We call a heteroclinic network very simple if it consists of very simple hete-
roclinic cycles.

Furthermore, we restrict our investigation to very simple networks where the cycles have
at least one connecting trajectory in common. This is particularly interesting since cycles can
compete for the initial conditions close to the common trajectory. Then the stability index
with respect to both cycles may be used to determine which cycle wins the competition.
Nevertheless, networks with only equilibria in common may exhibit qualitatively different
dynamics and shall be studied elsewhere.

While section 1.3 provides us with a convenient way of checking cycles in R* for their
stability properties, this is usually not sufficient for a thorough understanding of stability in
a heteroclinic network. If each cycle in a network is either predominantly asymptotically
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stable or predominantly unstable, then generically only the p.a.s. cycle(s) will be observed
and not the network itself. In this case, information on the stability indices with respect to
both cycles suffices. However, the more interesting situations are those where none of the
cycles is p.a.s. Then c-indices do not give us enough information on the network and its
attraction properties. When looking at specific networks, we thus investigate all possible
scenarios, but put an extra emphasis on parameter situations without p.a.s. cycles obviously
dominating the competition.

As already mentioned in the introduction some results in this section have been obtained
in collaboration with Sofia Castro and can be found in [8]. More precisely, this applies to
subsection 2.2.2 and parts of subsection 2.2.3.

2.2.1. Classification of networks in R4

In this subsection we prove that only three very simple networks composed of type B and
C cycles sharing a connecting trajectory exist in R*. One of them, the (B; ,B; )-network, is
the network in [23], the other two have not been studied before. In this sense we provide a
generalization of [23].

The number of possible very simple networks is clearly limited by lemma 1.44, where all
B- and C-cycles in R* are listed. This enables us to proceed with the following result.

Proposition 2.8 ([8]). Let X be a very simple heteroclinic network in R* consisting of het-
eroclinic cycles of type B or C with at least one common connecting trajectory. Suppose
that there are no critical elements other than the origin and the equilibria belonging to the

cycles. Then X is of one of the following types

o (B ,BJ) — with one common connecting trajectory
e (B;,B; ) — with one common connecting trajectory
e (B;.,C;) — with two common connecting trajectories

Proof. According to lemma 1.44, there are four distinct non-homoclinic type B and C cycles
and they can exist only under equivariance of the system & = f(z) with respect to the
following symmetry groups:

Therefore, the only cycles of different type that may exist simultaneously are B; and C,,
under equivariance with respect to Zj. The proof proceeds in two steps.

Step 1: we show that the combinations (C; ,Cy ) and (C, ,C, ) are not possible, starting
with (C,C} ). Suppose we have a system with a C, -cycle joining equilibria

(61— & = & — & — &,

which, without loss of generality, lie on the respective coordinate axes. Now, also without
loss of generality, there are three possibilities to introduce a second C); -cycle:
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2.2. Very simple heteroclinic networks in R*

(a) Add a connection [, — &].
(b) Add an equilibrium &, and connections [£3 — &, — &].
(c) Add two equilibria &,, £, and connections [{s — & — & — &1

In case (a), the new connection [{; — ;] has to lie in P4 (the x;-x4-plane), so the phase
portrait in this plane looks like figure 2.2. Applying the Poincaré-Bendixson Theorem within
the invariant plane P4, one of the following holds:

(ay) &4 is connected to £; by a two-dimensional set of trajectories.

(ag) There exists another equilibrium or periodic orbit within Py4.

&4

&

Figure 2.2.: Phase portrait in P4 for case (a).

Case (a;) does not occur since for a very simple heteroclinic cycle the connection is one-
dimensional in Py4. Case (ay) is excluded by assumption, so an additional connection as in
(a) 1s impossible.

In case (b), the new equilibrium &, must lie in a one-dimensional fixed-point subspace.
Under the standard action of Zj (see section 3 (b) of [28]) the only such subspaces are
the coordinate axes. So &, must lie on the x4-axis, since a C -cycle is not contained in
a three-dimensional subspace. Thus, the phase portrait in P4 looks like figure 2.3. By a
Poincaré-Bendixson argument similar to the one above, case (b) is impossible as well.

\

€4

&1

Figure 2.3.: Phase portrait in P4 for case (b).
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In case (c), for reasons similar to the above, there are two subcases:
(c1) &, lies on the x3-axis and &,, on the x4-axis.

(ca) &, lies on the x4-axis and &,, on the x3-axis.

For (c,), the phase portrait in P4 looks exactly like the one in case (b), replacing &, with &,,.
For (cy), dynamics in P34 are shown in figure 2.4. Again, a Poincaré-Bendixson argument
yields that case (c) is not possible.

\

€41

T

5** 53

Y

Figure 2.4.: Phase portrait P34 for case (c-ii).

The reasoning for a (C5 ,C5 )-network is similar. A single cycle of type C; occupies the
whole of R* in the same way that a C; -cycle does. There are also four equilibria, only now
there are two pairs which are related by symmetry. Thus, analogous to the above, it follows
that no additional C5 -cycle can be introduced to the system by adding connections and/or
equilibria.

Step 2: we have to convince ourselves that the remaining three networks do indeed exist.

A (B3 ,C} )-network may be put together as follows. Suppose we have a system & = f(z),
equivariant under the action of Z3, with a heteroclinic cycle of type C;. As above we
assume it consists of four equilibria &; on the x;-axis, joined by connecting trajectories in the
coordinate planes in the standard way:

(61— & — & — & — &

It is impossible to introduce a B -cycle to this system by adding an equilibrium (and two
connections), for the same reasons as in step 1. However, the existence of the C -cycle
places no a priori restrictions on the dynamics in P;3. So we may assume that there is
a connection 3 — &;| C Pj3, making &; a sink in the three-dimensional coordinate space
S134 and &3 expanding in the ;- and x4-directions. Then we have a second cycle

(&1 = & — & — &,

contained in the three-dimensional fixed-point subspace S;23 and thus of type B; . It has two
connections in common with the C; -cycle.

We construct a (B;,B; )-network in subsection 2.2.2. The existence of a (B ,Bj )-
network was already shown in [23] and is dealt with in subsection 2.2.3. ]
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We have thus established that B- and C-cycles allow only three types of very simple
heteroclinic networks in R*: (B ,By), (B;,B;) and (B;,Cy ), the latter being the only
way to turn two cycles of different types into a network. There are two generic results that
now follow immediately from the results in subsection 1.3.2.

Corollary 2.9 ([8]). For the three very simple heteroclinic networks in R*, at least one
connecting trajectory has stability index equal to +o0, unless all indices are equal to —oc.

Let us finish this subsection with a clarifying remark on the coexistence of B- and C-
cycles.

Remark 2.10. In appendix A.1 we show that in R* simple heteroclinic cycles can be char-
acterized by assigning to each connection a type A, B or C, given by definition A.1. Indeed,
for such a cycle all connections are of the same type, and it is the same as that of the cycle.

For the (B; ,C, )-network this gives rise to the question of which type the common con-
nections are. The answer is that it depends on which cycle one considers. The connections
(£ — &) and [& — &3] belong to both cycles. They are of type B when viewed as part
of the B; -cycle and of type C' when looking at the C; -cycle. To verify this denote by
(x1,m9,73,74) the standard basis in R* and by (z;) the linear subspace spanned by z;. Then
we determine the invariant subspaces P; and ; = V;(c) @ P; for both cycles to be

By @ Q1= P;+ P = (x3,21) + (1,02) = (1,02,x3) = Po = (x9,23) C Q1
Q2 = P+ Py = (z1,x2) + (v2,x3) = (v1,29,23) = P3 = (23,21) C Q2
Q3 = Py + P3 = (13,23) + (x3,21) = (21,29,23) = P; = (x1,22) C Q3
Cy Q1= Py + P, = (z4,21) + (21,22) = (21,29,24) = Py = (x9,23) @4
Q2 = P+ Py = (21,x2) + (v2,x3) = (x1,29,23) = P3 = (23,24) ¢ Qo
Qs = Py + Py = (22,23) + (23,24) = (22,03,24) = Py = (z4,21) € Q3
Qs = P34+ Py = (w3,24) + (x4,21) = (x1,23,24) = P1 = (11,22) ¢ Q4

Indeed, in both cases all the ); are reflection hyperplanes under the action of Zj. For the
B-cycle we have P;1 C ();, whereas for the C'-cycle we have P; 1, ¢ @; for all j. The
connections [§; — &) and [§; — &3] adopt both types. The invariant planes P; are different
for the two cycles, and thus, so are the (); and also the connection types.

In the following subsections we investigate all three very simple heteroclinic networks in
detail. For the (B ,B; )-network part of this has already been done in [23], we show some
of their results in a different light (using the stability index) and complete their discussion of
stability and competition.
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2.2.2. The (B, ,B; )-network

We start with the simplest of the three networks. Consider the group I' = Z3 C O(4)
generated by the following elements of order 2:

K/Q'(xhx27x37x4) - ('rlu - x27x37x4)
’%3'(%17%27%37%4) = ('rlu'TQu - x3,$4)
K4-($17$27$37$4) = (1'1,1'2,1'3, - $4)'

For i # j it is easily seen that Fix((x;, x;)) is a two-dimensional space of the form
Plk‘ == {($1,$27x37x4) S R4 | Ty = .[L'] = 07 k: 7é Z?]}

Therefore, we have Fix((k2,k3,54)) = L1 = {(21,0,0,0) | ;1 € R}. Let f be a vector field
equivariant under this group action, given by the right hand side of:

( - 4 2 3
T =azy + ), by +

L 2 3
To = Gy + X Zi# boixi + cowy + doz1 79

s 2 3
T3 = asxs + T3 Zi;ﬁg bgifEi + C373 + d3$11‘3

o 2 3
L Ty = QyT4 + Ty Zi;ﬁ4 b4il'i + CqTy + d4$11‘4

The origin is an equilibrium, we impose a; > 0, so that it is repelling. Checking for more
equilibria on the x-axis yields

1. —bi £ b3, — daycy
O=a21=a1+ bllxl + Cll‘% =4 T = 5 1 .
(&1

Assume that b%l — 4ayc; > 0 so that there are two equilibria, other than the origin, on the
x1-axis. Furthermore, set ¢; < 0 and label these &, and &, such that the first coordinate of &,
is negative and the first coordinate of &, is positive.

Checking for equilibria other than the origin on the x;-axis, j # 1, yields

2

o
O0=z;=0a;+cr; << z;==x,/——".

Assume c; > 0 for j # 1, so that there are no other equilibria on the z;-axis. The lineariza-
tion of f at the equilibria &,/, = (24/5,0,0,0) is

Af (§aps) = diag (a1 + 2611200 + 3122, @z + by, + daap,
az + b31$§/b + d3xasp, as+ 541!E§/b + d4$a/b>
= diag <b11$a/b + 201:1:3/,,, as + bglei/b + doTap, a3+ bglxi/b + d3xq s,
as + b41x§/b + d4xa/b>.

The remaining coefficients b;; and d; can be chosen so that
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2.2. Very simple heteroclinic networks in R*

(a) &, is asaddle and &, a sink in P9,
(b) &, is asink and &, a saddle in P35 and Pyy4.

We thus obtain a heteroclinic network made of three connections as follows:

€ = &) in Pro; (& — & in Pig;  [& — &) in Pa.

There are two cycles, each involving both equilibria:

Cg = [fa — fb — fa] C P12 U P13 C FIX(<K,4>)
Cy= [ — & — &] C P12 U Puy C Fix((k3))

They are schematically depicted in figure 2.5. Since both are contained in a three-dimensional
fixed-point subspace and —1 ¢ T, they are of type B .

Plg P14

;ga P N gb P ‘ga P N é.b P

Figure 2.5.: The B;r -cycles in the network.

Dynamics near the (B ,B;")-network

In a way analogous to that by Kirk and Silber in [23] and as explained in subsection 1.1.2,
we use the linearization at each equilibrium to derive local maps linearizing the flow near the
equilibria. Global maps are defined as small perturbations of the identity, conditioning the
domain of definition of the return maps around each cycle in the network.

Near &, the local maps are defined for points in an incoming section to the flow approach-
ing &,, H™ for i = 3,4, with image in an outgoing section to the flow leaving &,, H..
Linearize the flow near &, to obtain

Ty = —Texy

Tg = €402
T3 = —Cq3T3
Ty = —Caqly,

where all the constants are positive.
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Near &, the local maps are analogously defined but now we have two outgoing sections,

outand Hyy, and one incoming section, H}5. Linearization of the flow near &, provides

Ty = —Tpxy

Ty = —Cplo
T3 = €373
Ty = eply,

where again all the constants are positive. Assume from now on, and without loss of gener-
ality, that e;3 > €p4.
The local coordinates for the sections to the flow are as follows:

t(z);t:Hli)g = {(331,1,[133,{1?4)}

(iII;i: l())én = {(xl,$2,1,$4)}
(ilril = Ig)llln = {(.1'17.1'2,.1'3,1)}

Standard construction of the local maps using the linearized flow gives:

. Ta €a3 Cad
Va3 + HYy — ;MZH, Ca3(x1,x9,1,24) = (91:1:65"2 1,502 x4x§“2)
4 b b2 e
o3 - Hyy — Hys',  ops(1,1,28,24) = (9513'751’3 , 3%, 1wy “)
. Ta_ a3 Cad
Pas + Hyy — 2‘2“, Paa(T1,09,23,1) = (3:@5“2 R Y A x;’“)
, b b2 _e
v Hyy — HY', a1, la3,my) = (:L’lxj”‘* R R Y L 1)

The domains of definition of the maps (3 and (3,4 are constrained by the inequalities

b4 €b3

(1—€a® >x, >0 and (1 — €)™ > x5 >0,

in the respective (local) coordinates. By composing these local maps with global maps anal-
ogous to those used in [23], without resorting to polar coordinates however, we obtain four
return maps, one for each connection belonging to each cycle. These are, for C,

. in in
Y3a - a3 7 1143
. in in
gsy + Hyy — Hy
and, for C},
. in in
J4a - a4 - ad
. in in
9w Hyp — Hp.

The return maps are given by:

Ta €a3"h

_ ca2 ' €a2€p3 p 5
g3a(901790271,374) = (A1$1$2a “ ) Bl%, 1, 01374%) )
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a3 ( €b4 _ Ca4 )
€3  Ca3 /.

with 0 < x4 < k3%(1 — €) ;

by “baTa 5 b (p—1)
_ €p3  €a2€b3 P €b3
93b($1,1,$3,$4) = | A1 24 @208 1, Boxh, Coxaxy )

b4

with 0 < 24 < k3¢(1 — €)as®;

Ta €a4™h

_ ca2 ' €a2¢€ba p 9
94a($1,$27$3a1) - (Dlxlx2a ¢ ) Ele, T3Ty, 1) )

Cad (%3 _ a3 )
€b4  Cad /.

with 0 < 23 < k3%(1 — €)xy ;

p—1)
_ €pd  €p4a€a2 €pa P
gap(21,1,23,24) = (D2w1x4 .1, Eyxzwy , F2x4> :

Th 4 Ch2Ta b3 (5_1

b3
with 0 < x3 < k3%(1 — €)x,**, where

CaaCp2 S Ca3 €b3Caa

)
€a2€p4 €a2 €a2€p4

Ca4 €paCy3

~ Ca3Cp2 8 .
, .
€a2€p2 €a2 €a2€b3

The constants A;, B;, C;, D;, E;, F; arise because the global maps are assumed to be pertur-
bations of the identity. We denote the respective domains of definition, given through the
inequalities above, by dom(g;).

Stability indices for the (B, B;")-network

In the terminology of lemma 1.47 we have p = aja, for C3 and p = ajas for C4. Since
we want to avoid having all indices along one of the cycles equal to —oo, from now on we
assume p,p > 1. Note that precisely one of 6 and 0 is positive. We calculate the stability
indices for two cases:

(i) <0 (=0>0)
(i) 6 >0 (=6 <0)

We use the superscript n, writing o7, when the invariant set for which the stability index
is calculated is the whole network. Subscripts indicate the direction of the connection and
the cycle: o;;3 for the connection in C5 and the stability index relative only to this cycle,
whereas we write o] 5 for the stability index along the same connection but now calculated
for the network. Note that, when calculating the stability index of the common connection

with respect to the network, we have o7, ; = o, ,. In this case, we use o7,;.

Theorem 2.11 ([8]). Generically, the stability indices for connecting trajectories in the net-
work are

Case (i): ou4 = Opaa = —00, a3 >0, 0pg3 = +00;
n n n .
TabsTbas > 0, Tpa,3 = T00.
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Case (ii): Oaba <0, Opga = +00, 0gp3 = Opa3 = —OC;
n n n .
TabsOba3 > 0, Opgq = +00.

Proof. The c-indices can be deduced from lemma 1.47, where a;a; = p and byas + by = 5
for C5, while ajas = p and byas + by = ¢ for Cy. All n-indices that are equal to 4-co follow
from lemma 2.3. The same is true for o, > 0 in (i). Of the remaining ones, we show how to
calculate oy, 5 in case (ii), the others can be determined in a similar manner.

In case (ii) we have > 0, which together with p,p > 1 implies that the return maps around
C, are contractions. This allows us to determine all points in H1%, that are not attracted to the
network, in two steps: first we calculate the preimage & C H'% under ¢,3 of the complement
of dom(gs;,) U dom(g4,) C H;5. Then we take the union of preimages of &, under the return
map ¢sq, &, ‘= g3, (). In the same way as Kirk and Silber do in [23], we restrict the
calculations (and notation) to the two relevant components. Also, we adjust the constants
k, k in every step.

o = {(wa,24) € H | o3 (w2,24) ¢ dom(gsy) U dom(g4b)}

C17,3 Cad

(z9,74) € HY | ( , mxﬁ”) ¢ dom(gsp) U dom(g4b)}

b4 Cad Cad b4 Cad }

I27I4 c HII;)) | k e133 €a2 < x4x2a2 < kbeS €a2

To, Ty (‘1% | kx;(s <axy < kx;‘s}

T2,T4

HY | (leQ, Clsc4:z:2) €& }

To, T4 €H1’§|k: ~0p~ 5<x4<kx26 5}

I
e W e N e N e N N i Wi

(w2,74)

(w2,24) €

(w2,24) € Hay | gsa(w2,24) € 50}
(22,24) € H,

(w2,74)

Iteration leads to

En = {(:1:2,:1:4) € H™ | kayr <y < l%:cg“"},

where «, = —SZ,EJ
=0
The sequence of exponents (v, )nen is monotonically increasing and unbounded, because
Qi1 — 0 = —0p" 1 > 0. Therefore, in the generic case o, # 1 for all n € N, by lemma
2.4 we obtain oy, 5 > 0.
For the calculation of o7}, the sequence of exponents turns out to be

n—1
Bo=5"—(p—-1)>_ 7.
j=0

€p3

This gives B,11 — 8, = £2p"(p — p) and since § > 0 if and only if p > p, this sequence is

€b3
also monotonically increasing, yielding o7}, > 0. [
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2.2. Very simple heteroclinic networks in R*

Theorem 2.11 tells us everything about the generic stability configuration of the network.
In case (i), Cs is p.a.s., having only positive indices. The other cycle is completely unstable,
with both indices equal to —oo. By moving from the cycle to the network as the underlying
set, these stability indices become positive, making the network as a whole p.a.s. However,
from taking into account all of these quantities we know more than that: even though the
whole network is p.a.s., one might say that C'; wins the competition between the two cycles:
most trajectories near the connection that belongs only to Cy switch to C's to which they then
converge. So starting with an arbitrary initial condition near the network, no matter which
connection, we will most likely end up at C'5.

In case (ii) things are not entirely analogous. C'3 is completely unstable, just as C'y was
before. But now C) is not p.a.s. since it has a negative index along the common trajectory.
This turns positive, however, when looking at the entire network, which is p.a.s. as before.
The difference is that no individual cycle is p.a.s., even though C} is more stable when look-
ing at c-indices only. However, almost all trajectories starting near the common trajectory
make finitely many excursions around the C's before converging to Cj.

2.2.3. The (Bj; ,B; )-network

This subsection covers the second very simple heteroclinic network, made up of two B; -
cycles. We do not go into as much detail to explain its existence as we did for the (B ,By )-
network, since it was already studied in [23]. We do, however, proceed by recalling their
general setting and some terminology.

Consider the group I' = Z3 C O(4) generated by the following elements of order 2:

K1. ($17$27$37$4) = ( $17ZE27$37$4)

Ko (T1,02,23,04) = (T1, — T2,73,24)
K3.(T1,22,23,24) = (71,22, — T3,T4)
Kq. ($17$27$37$4) = ($1,$2,I3, 4)

All coordinate axes and planes (denote the x;-z;-plane by P;;) are fixed-point subspaces of
appropriate subgroups. Assume that for a I'-equivariant vector field f there is a non-trivial
equilibrium ¢; on each z;-axis. Then coefficients can be chosen such that there is a very
simple heteroclinic network made of five connections as follows:

(€1 = &) in Pig; (& — &3)in Pas; [§3 — & in Pig; [§ — &l in Py (€4 — &) in Py,

We therefore have two cycles, as depicted in figure 2.6. Each involves three equilibria:

Cz = [§1 = & — &3 — &) C Siaz = Fix((ka))
Cy=[&1 = & — & — &) C Siaa = Fix((k3))

Here, S;;, denotes the three-dimensional coordinate space spanned by the z;-, x;- and ;-
axes. Again, both cycles are contained in a three-dimensional fixed-point subspace, but this
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time —1 € I, so they are of type B; . We also refer to (5 and C} as the £3- and &,-cycle,
respectively.

§1® >0 &

°
€4

Figure 2.6.: The heteroclinic (B3 ,B3 )-network

Dynamics near the (B; ,B; )-network

In [23], Kirk and Silber introduce cross sections H; "% and H;n’k along the connecting tra-
jectories. Local and global maps are constructed just as we did in the previous subsection,
with the sole difference that appropriate polar coordinates are introduced for convenience.
Linearization of the flow at the equilibria in local coordinates, here at &3, is assumed to be

given by
T = e31T1
Ty = —C32T2
Uz = —T3us
Ty = —C3474,

where all constants are positive. This is done similarly for the other equilibria, labeling
radial, contracting, expanding and transverse eigenvalues accordingly. For every equilibrium
there is precisely one eigenvalue of each type. For & and & the type of the eigenvalues
obviously depends on which cycle one considers. All transverse eigenvalues are collected in
table 2.1, only & possesses a positive one.

Local and global maps are constructed in the standard way. The former we list for ease of
reference, the latter are irrelevant for the stability indices and can be found in [23] along with
details on the construction of local coordinates (,y) as well as transverse sections H;"*’ and
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2.2. Very simple heteroclinic networks in R*

Table 2.1.: Transverse eigenvalues

Equilibrium | &3-cycle | £4-cycle
&1 —C14 —C13
&2 €24 €23
&3 —C34 -
€4 - —C43

H lmk Note that in contrast to [23] we do not use polar coordinates for the maps ¢; .

€21

T2

€24
. in,1 out,3 _ €23 ea3 " ea3
Gra3 s Hy? — Hy 7, ¢123(175€2,5€3,$4) = (xg , a3 1, xhg
in.2 1 €32 r3 34
. pyin, out, _ €31 €31 e31
Poz1 0 Hy"™ — H3™, dozi(x1,1,23,74) = (17951 , 3T, Ty )
in.3 2 "1 €13 ‘14
. n, out, _ €12 €12 €12
¢312 . Hl — Hl 9 ¢312(.T1,[E2,1,£L’4) - <x1$2 a17$2 , L4y )
- . co1 o _e23
. 1n, out, _ €24 €24 €24
¢124 . H2 — H2 ) ¢124(17x27x37x4> - <x4 ,$2x4 ,ZE3$4 71)
C 2 C, 3 T‘4
. ryin,2 out,1 _ eq1 eq1 ea1
Goar  Hy™ — HY™, four(x1,1,23,04) = (1,901 , 3TN Ty
in.d 2 T ‘13 c14
. 1n, out, _ €12 €12 €12
Qa2 HW — H 7, ¢412(9517517275133>1) = (5519132 N IR i )

These are composed to form return maps g;, g, g3 around C3 and g¢;, g2, g4 around Clj.

which in turn reduce to the following two-dimensional maps.

:Hi)ut,Q N H;)ut,2’
:ngt,S N H;ut,37
:ngt,l N ngt,l)
:Hi)ut,Z s Hfut’2, h
:ngt,él N HSUtA, h
]’L4 .

61 61
H™ — H™" h

ry) = (2’ yz”) for
Ty) = (xﬁ,yxs) for
z,y) = (¢ ya™) for
z.y) = (vy”y") for
zy) = (2 ya®) for
zy) = (xf yx”) for

€24
Yy < xe2s

)

y<x
y < a°

€23
T <y
y < 70

y <z’

As before we denote domains of definition by dom(h;) C H;-’ut’k. Constants arising from the

global maps are ignored for the sake of readability and because they are irrelevant for the

stability indices — as we saw in the proof of theorem 2.11. The exponents above depend on

the eigenvalues in the following way:

C42C14C21
— >0

€24€41€12
y— _ Ca3 | (21643 | C13C42C21
€24 €24€41 €41€24€12
5= C43 | C13C42 €23C14C42
€41 €12€41 €12€41€24
— €13 €23C14 = C14C21C43
€12 €12€24 €12€41€24

C32€13C21

p= >0
€23€31€12
- €24 C21C34 C14C32C21
V=——+
€23 €23€31 €31€23€12
5= C34 | C14C32 €24C13C32
€31 €12€31 €12€31€23
= Cl4a  €24C13  C13C21C34
€12 €12€23 €12€31€23
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Another quantity appearing later is

o — Cl14 (623 013) _ Ci3 (624 014)
=— | =-—, = 2 = _ =)
€12 \ €24 C14 €12 \ €23 C13

Note that o and ¢ have opposite signs. Together with

Qe

S C43 +6C42623 5: @ +UC32€24 2.2)

- I I

€41 €24€41 €31 €23€31

this leads to the observation that only one of § and 4 can be negative, as long as all the ¢;; are
positive. The eigenvalue ratios a; and b;, required for lemma 1.48, are given in table 2.2.

Table 2.2.: a; and b;

‘ &3-cycle ‘ &4-cycle ‘
values at 51 az = c13/612; by = 014/612 az = C14/€12; b3 = 013/612
values at &, | a1 = 021/6232 by = —624/623 a; = 021/624; by = —623/624

values at 53 a9 = C32/€31; bg = C34/631 -

values at &4 - as = Cya/€415 ba = cy3/en

Note that we swop the indices here in order to apply lemma 1.48 more conveniently. With
the assumptions made in [23], namely that ¢;;, e;; > 0 for all 7 and j, we have b; < 0 < bg,b3
for both cycles. So we only have to look at case (ii1) of lemma 1.48. Note that

P = a102a3 = ﬁ and 0 = b1a2a3 + bgCLQ + bg = S, (23)

where the equalities p = pand § = o are merely symbolic as an expression. In order to avoid
complete instability we maintain the assumption that p, p > 1. Moreover, we henceforth
assume without loss of generality that esg > e94.

When calculating stability indices, it is of importance to know whether or not the return
maps are contractions. We summarize the corresponding results from [23] in the following
lemma.

Lemma 2.12 ([23]). If p,p > 1 and ey3 > es4, then the following holds.
1. The reduced maps h; and ﬁj are contractions if and only if the return maps g; and g;
are contractions.
2. If 6 > 0, then the maps g; (around Cy) are contractions.
3. If 6 > 0, then the maps g; (around C3) are contractions.
4. Ifg > 0 and 6 < 1, then generically Cs is p.a.s.

Proof. See [23], lemmas 1 and 2. ]

The fourth statement above is one of two main stability results in [23]. We recover it by
means of the stability index and extend the study to all other parameter configurations.
The following basic observation is useful for future reference.
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2.2. Very simple heteroclinic networks in R*

Lemma 2.13 ([8]). All stability indices for the £3- (respectively, £4-) cycle are equal to —oo
if and only if §<0( respectively, 6 < 0).

Proof. Straightforward with lemma 1.48. In fact, since p, p > 1, and given (2.3), we have
all stability indices equal to —oo for the cycle corresponding to ¢ or 5 negative. ]

Stability indices for the parameter situation in [23]

Under the assumptions specified above Kirk and Silber investigated two different situations
in [23]:

° 0, 6>0- corresponding to figure 5 in [23]
° 06 <0- corresponding to lemma 3 in [23]

We calculate stability indices for both of these configurations, confirming and refining their
results about stability and competition. Consistent with the notation in [23] we distinguish
between indices with respect to the &3- and &4-cycles by writing 7;; and o;;, respectively.
Starting with the case 8, > 0, we have the following two propositions.

Proposition 2.14 ([8]). The stability indices corresponding to the cases depicted in figure 5
of [23] are as follows:

093 = 024 = +00 12 € (0, 4+ 00) o123 € (—00,0)

and either 631 = +00 or 041 = +00, but not both.

§s

031 +00

0
51. zo ;.fz

&4

Figure 2.7.: The stability indices for the network in proposition 2.14. Exactly one of o4; and &3; is
equal to +oo.
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Proof. From case (iii)(b) in lemma 1.48, we obtain for the £3-cycle

Gia = f%(by,1) = finder ( et ) f* (—% 1) -0= 284 >0,

623 €23 €24

T3 = +00,

G310 = [M(bs + bras,1) = fM(—5,1) =< L —1>0 ifse(0,1) ,

and for the §,-cycle

72 = M (br.1) = fr (—%,1) =/ (? - 1) —1-2 <
24

€24 €24
024 = +00,

+00 ifo <0
oq = [ (bs + biag,1) = M (=0, 1)=¢ L —1>0 ifoe(0,1)

l—0<0 ifo>1
]

Now we determine the stability indices with respect to the entire network. This is done
similarly to the proof of theorem 2.11, but is simpler, because the return maps around both
cycles are contractions.

Proposition 2.15 ([8]). The stability indices with respect to the network, corresponding to
the cases depicted in figure 5 of [23], are all positive. Furthermore, no finite stability index
becomes infinite when calculated with respect to the network.

Proof. By lemma 2.3 we know that 633 = 03, = +00 and o7, > 0. That o7} is finite follows
from the observation that the union of the domains of definition of the return maps around
each cycle starting at this connection excludes a cusp-shaped region.

The proof proceeds by determining ¢%; and 043, case by case corresponding to each line
of figure 5 in [23]. Because both ¢ and § are positive, all return maps are contractions and
we only have to calculate along each connection the set of points taken outside dom(ﬁl) U
dom(hy) by the local maps.

Line 1: Because of ¢ > 1 and 6 < 0 we have 04; < 0 and 731 = +00, which implies
o3, = +00. We calculate o}; by looking at the set of points

50:{( ) Hm ’
= {(z,y) € B
= {(z,y) € 0|

A Gara(zy) ¢ dom(hy) Udom(hy)}
(yz

yxes/eaz gealaz) ¢ dom(hy) U dom(hy)}

7 <y<a )

Since —o > 0, the set & is a thin cusp and we have ¢}, > 0 and finite.
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Line 2: As in the previous case o, = +00. Moreover, 0}, > 041 > 0 and finite because
of 0 <o < 1.

Line 3: In this case and the next we have 04y = +oo due to o < 0, so o}; = +00.
Because of 0 < ¢ < 1 it follows that 65; > 31 > 0.

Line 4: Since 0 > 1 we have 03; < 0 and thus determine 0%, by calculating

(c:() = {(l’,y) € Hi1n73’ d)glg(.%',y) ¢ dom(ﬁl) U dom(hl)}
= {(zy) € H"*| (a°/*12, yac/12) ¢ dom(hy) U dom(hy)}
={(zy) € H™| 2% <y <},
As in the first case this is a thin cusp and therefore we obtain o3; > 0 and finite. [

Let us now consider the second case, where 56 < 0, corresponding to lemma 3 in [23].
Again we calculate c- and n-indices.

Proposition 2.16 ([8]). The stability indices in the conditions of lemma 3 of [23] are as

follows.
. ~ ~ ~ €23
(i) For 6 <0: 019 =09 =04 = —00, 093 = 031 = +00, 01226__1>0
24
.. €923 B B B
(ii) Foré > 0: 012:1—6— <0, 09 =04 =400, 0Og =093 =034 = —00
24

Proof. The indices for the £4-cycle in (i) and for the £3-cycle in (ii) are clear by lemma 2.13.
For the others we make use of proposition 2.14. Since o and ¢ have opposite signs, we have
o < 01if and only if 6 < 0and analogously for  and 9. This determines &3; and 041, yielding
for case (i)

- €23

0'12:——1>0, 523:—{—00, 531:—|—OO,
€24
and for case (ii)
€23
0'12:1—6— < 0, 094 = +00, 041 = +00.
24

[]

These c-indices are depicted in figure 2.8. Now we turn our attention to n-indices again. In
both cases the return maps are contractions for only one of the cycles, so we must take into
account preimages of the relevant sets again in order to find all points that leave the network.
Some of the calculations can already be found in the proof of lemma 3 in [23], even though
they are not related to the stability index there.

Proposition 2.17 ([8]). Generically, the stability indices with respect to the network in
lemma 3 of [23] are as follows.

(i) Ford <0: o}y, oy, oy >0, 04 =05 =400

(ii) Ford >0: o7y, 04, 05 >0, ol =0} =400

81



CHAPTER 2. STABILITY OF HETEROCLINIC NETWORKS

&3 &3

@ [
+00 X —00 —00

>0 - —0 g

§1@ o >e s, (@ =0 >e &

—00 / “+0o0 +00

[ ] o

&4 €4

(a) Case (i) (b) Case (ii)

Figure 2.8.: The stability indices for the network in proposition 2.16.

Proof. We only show case (i), calculations for case (ii) are analogous. From lemma 2.3 and
proposition 2.16 we deduce directly that 05, = 031 = 400 and o33 = +00. The remaining
indices can be determined in exactly the same way as in theorem 2.11. Therefore, we shorten
the calculations accordingly.

For o3, we investigate the section H;"tA across the trajectory [£2 — £4]. We need the set
&o of points in H3"* that do not land in dom(h,) U dom(h,) C H? as they are transported
around C); — they do not stay near the network any longer, while all others follow C5 or C;
again. To determine o7, it is therefore necessary to calculate the measure of &, and all its

preimages under the (restricted) return map 5, in an e-neighbourhood since all other points
belong to B(C5 U Cy):

B(C3UCy) N B. =B\ | J hy" (&),

neN

where B, is an e-ball around 0 in H3"**. Note that the preimages h;" (&) are disjoint. The
above characterization of & yields

& ={(zy) € H;“tA | ¢241(x,y) ¢ dom(hy) U dom(ﬁl)}
= {(zy) € HY"" | ka™® <y < ka ™},

and therefore

hy' (&) = {(2,y) € H™ | ho(z,y) = (2°,y2°) € &)
= {(zy) € HM" | ka0 <y < ]};x—é(pﬂ)}7

where k, k > 0. Iterating this leads to

En = hy"(&0) = {(zy) € H"™" | kpa® <y < Kpa®™}
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with suitable constants k,, k, and the same monotonically increasing sequence of exponents
an =—0y " _p™ >0 as in the proof of theorem 2.11. Thus, with N € N such that
ay <1 < ayyi,lemma 2.4 yields

1 N+1

oy, = —1+ min (T, —5me> > 0.
=0 Zm:O p m=0

In the same way, for o, we determine the set 7, C H""' of points that hit H"* in neither

dom(g;) nor dom(g;), and its preimages (now under the appropriate return map hy). We

obtain
Fn = hy"(Fo) = {(x,y) € H"' | kpa™ <y < lzrnlﬁ"}

"1 p™. The sequence (B, )nen

m

where k, k,, are again positive constants and 3, = op™ — 7 >
is also monotonically increasing, since

n n—1
Bost = Bn=o0p" " =7 p"—op" Ty p"
m=0 m=0

= "(op=1) = 7)
C14Co1
=——"p"

€12€24
> 0.

Also, 3y = o > 0. Therefore, choosing M & N such that 8,; < 1 < .1, again by lemma
2.4, we obtain

M
) 1
oy = —1+ min (apM S opMH szm> > 0.
m=0 m=0

The last index remaining for case (i) is o”,. We know it is finite because dom(h;) U dom(h;)
never covers a full neighbourhood of the network in the section across [{; — &]. In fact, we
convince ourselves that o7, = G1,. Look at the set G, C H™?,

Go = {($>y) € H?uw

/{;y:ﬁ <x<%yz§%}.

We have to consider its preimages under 51, the return map around C)y, since C is attracting,
so nothing can “get lost” once it has hit dom(h, ). Thus, with hy(z,y) = (zy",y”) we get

B (Go) = { (v.y) € HP™?

koy™ < x < l}ny”’”} ,

e n—1
23
where v, =p"— —v [

€
24 m—0
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Now the sequence (7, )nen increases monotonically, since

e e
_ n+1923 n ©23 n
T R e A e

€24 €24

p" <Z—Z(p —1) - V)

= (-1~ -1 - 25)

€24 €24 €24

nCls
€24
> 0,

) e )
because d < 0. Since vy = = 1, there isno vy < 1, so
€24

0?2:—1+min{7n|n€N}:—1+70:€£—1>0.
€24
The genericity conditions mentioned in the statement of this proposition are «,, # 1,
Bn # 1 and 7y, # 1 forall n € N. [

Note that in case (i) the only indices that actually change when shifting from the cycle
to the network are the ones along the trajectories belonging solely to C;. For the common
trajectory we get o, = G12. In case (ii), on the other hand, we have o7, > 0 > max(o12,512).

Remark 2.18. Case (ii) exhibits interesting behaviour along the trajectory [, — &3] be-
longing to both cycles. Here we have —oco = 712 < 012 < 0, but o, > 0. Only a small
cusp-shaped region in the transverse section H f”t’Q is directly attracted to C;, while every-
thing else (except for another thin cusp that leaves the neighbourhood of the network) follows
around Cj finitely many times before eventually converging to C'y, too. Such points are in
B(Cy), but not in B.(Cy) for e > 0 sufficiently small. Therefore, the n-index along this
trajectory corresponds to the (non-local) c-index. Thus, in our original notation and with
respect to Cy we get for x € [ — &)

Tloe() < 0 < o(x).
This is related to example 1.41: here we have a smooth setting where for certain points the
local stability index is negative while the (non-local) index is positive.

Stability indices for c3; < 0and c 3 < 0

In propositions 2.14 and 2.15, all return maps around each cycle are contractions. In the
case studied in proposition 2.16, this is true for only one of the cycles and we have the
competition described by Kirk and Silber in [23]. However, we note that in all cases there
is one cycle with all stability indices equal to —oo. That is, one of the cycles attracts hardly
anything in its neighbourhood. It follows from corollary 2.9 that then the other cycle has at
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least one stability index equal to 400, so it attracts almost all points near at least one of its
connections.

We now look for a more challenging case that has not been studied in [23]: no cycle in
the network has all connections with stability index equal to —oco. In order to do this, we
admit that either c34 or c43 may be negative. This creates a positive transverse eigenvalue at
&3 or &4, respectively. We assume that it is weaker than the expanding eigenvalue at the node:
|c34| < e3 at &5 and |cy3| < eyqq at &.

Having both ¢34 < 0 and ¢43 < 0 again leads to a cycle with all stability indices equal
to —oo. In fact, since 06 < 0, we cannot have 8,6 > 0. Then by lemma 1.48 (iv)(a), the
stability indices of the corresponding cycle are all equal to —oo.

For the remainder of this section we assume that 7, 7, 5,5 > ( to avoid stability indices
equal to —oo and, as usual, p, p > 1.

Proposition 2.19 ([8]). If ¢34 < 0, then |512|, |o41| < 00, Ga3 > 0, F31,094 = +00 and
o190 < 0.

012
<0

}.fg

041 +00

&4

Figure 2.9.: The stability indices for the network in proposition 2.19. Stability indices ¢12 and o4
are finite but have no predetermined sign.

Proof. The stability indices for the £,-cycle are as in proposition 2.14. For the £5-cycle, given
the imposed signs of the parameters, we are in case (iv)(b) of lemma 1.48. Since b;,b; < 0,
we have fX(b) + byay,1) < f"4%(b;,1) and

1
G1a = [ (b + byay,1) = by + byay
by +boa; +1 <0 ifby + by < —1

—1>0 ifby +beay € (—].,O)

The assumption that |c34| < e3; ensures that

~ €31
093 = —— —1>0.

C34
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Since we assume 5,5 > (), their expressions as functions of ¢ and o, see equation (2.2),
impose 6 < 0 and o > 0. Then 63; = +00 and |04 | < 0. O

An interesting case is that where 15 < 0 and 04; > 0. Then in terms of sign the cycles
have the same collection of stability indices.

We now consider the analogous situation for c43 < 0 before moving on to n-indices in
both cases.

Proposition 2.20 (8D. IfC43 < 0, then |5’31| < 00, 012,094 > 0, 093,041 = 400 and
019 < 0.

5’31 +00

0
51. zo }.52

&4

Figure 2.10.: The stability indices for proposition 2.20. Stability index ¢3; is finite but has no prede-
termined sign.

Proof. Here the stability indices for the £3-cycle are as in proposition 2.14. For the £4-cycle,
given the imposed signs of the parameters, we are in case (iv)(b) of lemma 1.48. Since
b1,bo < 0, we have

1

012 = by + byay,1) = by + by
by +bya; +1 <0 ifby + byay < —1

—1>0 if bl -+ bgal € (—1,0)

The assumption that |c43| < e4; ensures that

€41
0'24:———1 > 0.

C43

Since we assume 8,6 > 0, again equation (2.2) imposes ¢ > 0 and o0 < 0. Then 64; = +00.
[

Also for ¢43 < 01t 1is possible to obtain the same collection of signs for the stability indices
of both cycles: when d3; < 0. We now investigate the n-indices, focusing in particular on
the two situations where the signs correspond.
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Proposition 2.21 ([8]). Let c34 < 0. The stability indices with respect to the network when

012 < 0 and 041 > 0 are as follows:
~n __n __ . ~n n . n
031 = 09y = +00; 0g3,04; > 0; oy <O0.

Proof. By lemma 2.3 and proposition 2.19 we have 73, = 03, = +o00 and also 033, 07y > 0.

Changing the sign of ¢34 does not affect the results on the return maps in lemma 2.12:
since 0, 5 > 0 all return maps are contractions. Their domains of definition, however, do not
remain unchanged. Now that c34 < 0, the local map ¢»3; is defined only on a cusp shaped
by y < # %1 . All other points near the trajectory from &, to &3 leave the neighbourhood of
the network in the transverse direction. This obviously affects dom(gs), restricting it by the
same inequality.

All other domains of defintion of the local maps remain the same. However, the change
in dom( 93 ) influences the domains of all return maps around the 3-cycle. For §; we now
need to make sure that ¢y23(x,y) lands in dom(¢931 ). This changes the restriction on dom(g; )

€24 €24 _ €21¢34 . ~ . .
from y < x°2 toy < xes c2e1. The domain of g3 has to be modified in the same way.

Thus, the domains of the return maps around the &3-cycle are restricted by the following
inequalities:

~ €24 _ C21¢34 _
hi : y < xes 231 =
~ C34

he:  y<ax e

(b1+b2a1)

hy: wy<a "
The domains of the maps around the {4-cycle are the same as before. Thus, o35 and o)
remain finite.

Points in the complement of dom(§;) U dom(g; ) inside an e-ball in H{""* satisfy

€24

g brtbea) ) o gy

This is a thick cusp if —(b; + beay) > 1. Then, from the definition of the stability index, we
obtain o_(z) > 0 along this trajectory, so that o7, < 0, when —(b; + beay) > 1. This is
precisely the case when 715 < 0. O

This is the first instance where the common connection in the network has a negative n-
index, meaning that many trajectories stop following the network at this point — it is not
p.a.s.

In fact, we discover an interesting feature about the way in which the network may lose
its predominant asymptotic stability. As seen above the sign of the stability index along the
common trajectory is determined by

631(624 - 623)

C21

—(bl -+ bgal) § 1 <~ C34 % < 0. (24)

This means, as long as c34 is negative, but not too small, the network (and even the £3-cycle)
is still p.a.s., because then 15 > 0. But once c34 becomes smaller than the fraction in (2.4),
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CHAPTER 2. STABILITY OF HETEROCLINIC NETWORKS

we have o7, < 0 and neither a cycle nor the network is p.a.s. anymore. Thus, both lose
predominant stability through an increasing transverse eigenvalue at {3 — but in terms of
stability indices the loss of trajectories is felt strongest along the connection from &; to &.
All other indices remain greater than zero.

We now also give the indices with respect to the network for c43 < 0. Again we focus on
the most competitive case where the cycles have qualitatively equal indices. In contrast to
what we found for c34 < 0, we observe the existence of parameter values ensuring predomi-
nant asymptotic stability of the network while neither cycle is p.a.s..

Proposition 2.22 ([8]). Let c43 < 0. The stability indices with respect to the network when

031 < 0 are as follows:
~n __n __ . n n . ~n
gy = 04y = +00; 015,05, >0; |03] < oo

Proof. 03, = o0}y = +oo follows from lemma 2.3 and proposition 2.20, the same goes
for oy, 0y, > 0. The latter two indices are not equal to +o0o because the domains of the
respective return maps again exclude a cusp shaped region of points that move away from
the network. Determining the domains is analogous to the previous theorem, yielding the
inequalities below.

hy: T < ygi_g};:ﬁ =y

__f43

hy:  y<ax e

(b1+b2a1)

hy: y<ax”

We need to investigate what happens along the connection from &; to &;. A point (z,y) € Hy'™'
belongs to the basin of attraction of the network if and only if

€13 €14

Oma(wy) = (21, ya™it ) € dom(g) U dom(gy),

which is equivalent to

€23 _ €21¢43
€14 €13€24 €13 ( €14 ) eoa  egaedl
7

Yyx ez < g e12¢23 V rez < | yxez

and thus to

5 _ €23 4 €213

o T

y<zx V Y 24 c24¢41 < x .

The first condition characterizes the thin side of a cusp, since ¢ > 1 was the condition for
031 < 0. Whether the second condition describes the thin or the thick side of a cusp depends
on

€23 C21C43
o= —— 4+ S -7

€24 €24€41

For o« < —7, we have 03, < 0. A short calculation yields that

C13

a < —T = o< ——-
e12 + Ci4
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2.2. Very simple heteroclinic networks in R*

and both this inequality and its reverse are compatible with & > 1 which is equivalent to

C13 €23

e12 + Ci4 €24

[]

This means that for ¢4,5 < 0, but not too small, the network may be p.a.s., but once c,3 is
so small that « < —7, the network loses its stability along the trajectory [£3 — &;]. In either
case, none of the individual cycles is p.a.s..

It is straightforward to see from the calculations in the previous proof that, when o > —7,
most points in a neighbourhood of [§3 — &;] that follow the network end up in dom(g;),
that is, they switch from the &3- to the &,-cycle. Analogoclig cacllgulations show that points

(z,y) € H"™" will follow the network if ¢y15(x,y) = (yxelz ,x‘flz) € dom(g;) U dom(g,).
We have ¢412(x,y) € dom(gy) if

o

y>

and ¢412(z,y) € dom(g,) if

T

y<x .

Since 0 < 0 < 7 to have the stability indices in proposition 2.22, almost all points in a
sufficiently small neighbourhood of [, — &;] will remain close to the network by following
the £4-cycle. In this sense, the 4-cycle wins the competition.

2.2.4. The (B; ,C, )-network

In this subsection we briefly look at the (B; ,C), )-network. Due to the huge number of cases
arising from the classification in [33] we do not investigate existence and stability to the
same level of detail as we did for the other two networks. We do show, however, that in the
extreme cases of very small positive transverse eigenvalues for one of the cycles, the basic
behaviour of the network is similar to that of (B3 ,B5)- and (B; ,B; )-networks in the sense
that one cycle is p.a.s. and the other one has all indices equal to —oc.

Suppose we have a very simple (B; ,C )-network as sketched in the proof of lemma 2.8,
meaning there are four equilibria §; and two cycles

(€1 — & — & — & and (€1 — & — &3 — &4 — &,

which are of types B; and C, respectively. We denote the eigenvalues at &; by positive
quantities 7, ¢;;, e, in the standard way. Note that for both cycles there is a positive trans-
verse eigenvalue at £3. It is precisely the expanding eigenvalue of the other cycle, i.e. ez
for the B; -cycle and eg; for the C) -cycle. We assume all other transverse eigenvalues to be
negative. Then we have the following result.
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Proposition 2.23. In the situation we have just described the following holds.

(i) Suppose that all conditions for asymptotic stability of the C -cycle (see proposition
1.63) are fulfilled with the exception that there is a positive transverse eigenvalue at
&s. Then, if esy > 0 is sufficiently small (esq4 > esy), the C -cycle is p.a.s. and the
By -cycle has all its stability indices equal to —oc.

(i) On the other hand, assume that all conditions for asymptotic stability of the B5 -cycle
(see theorem 1.56) are fulfilled with the exception that there is a positive transverse
eigenvalue at £s. Then, if esq > 0 is small enough (es; > es4), the By -cycle is p.a.s.
and the C} -cycle has all its stability indices equal to —oc.

Proof. We begin with the first statement and the stability indices for the B, -cycle. Due to
the existence of a positive transverse eigenvalue at {3 we are in case (iii) of lemma 1.48. With
the appropriate permutation of subscripts a sufficient condition for all indices to be equal to
—o00 is given by
bsaias + bsay + by < 0, which is the same as b3 = _ o < —M.
€31 ai1az

Since both sides of the second inequality are negative this can be achieved by choosing
es1 > 0 small enough. By proposition 1.63 we get the C'; to be p.a.s. at the same time.

For the other statement we argue in a different manner. Suppose es4 > 0 is small enough
for the B3 -cycle to be p.a.s.. Then, again by case (iii) of lemma 1.48, the stability index o2
for the trajectory [£; — &) with respect to the B -cycle is

012 = findex(bQ + bzas,1).

Choosing e34 > 0 small enough brings b3 = —% < 0 (with respect to the B -cycle)
arbitrarily close to zero. Since by, > 0 we then have by + bsas > 0 and thus 015 = +o00 for
the B -cycle. This means that for the C -cycle the index along [§; — ] must be equal to

—oo. But then all its stability indices are equal to —oo by corollary 1.52. ]

Note that an analogous statement holds for the other two very simple networks in R*. For
the (By ,By )-network it is a direct consequence of theorem 2.11. For the (B3 ,B; )-network
we have just done the calculation in the first part of our proof above — it does not change if
the other cycle is of type B;, too.

This means that if a very simple heteroclinic network is created from a single heteroclinic
cycle by turning a transverse eigenvalue ¢; positive and establishing a new connection (or
two), then there is € > 0 such that for ¢; < ¢ the original cycle is predominantly asymptot-
ically stable while the new cycle is completely unstable. With this conclusion we close our
chapter on heteroclinic networks. A more detailed study of stability in the (B5 ,C; )-network
is beyond the scope of this work.
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3. Prospects and Comments

We close this work with a short summary and an overview of further questions that we con-
sider worth investigating. Our primary aim was to relate the stability index to non-asymptotic
attraction properties of heteroclinic cycles and subsequently apply our results to very sim-
ple cycles and networks of types B and C' in R%. The former was achieved by proving that
a heteroclinic cycle is predominantly asymptotically stable if and only if the indices along
all its connecting trajectories are positive. The analogous result for predominant instability
does not hold in quite the same generality, but is of lesser interest for reasons mentioned ear-
lier. Along the way, an effort has been made to clarify the terminology for non-asymptotic
stability. In particular, we proved the equivalence of fragmentary and essential asymptotic
stability, rendering the latter unnecessary. This should simplify future communication on the
topic, since e.a.s. had been used ambiguously by different authors before. Moreover, rely-
ing on results by Krupa and Melbourne [28] as well as by Ashwin and Podvigina [33] we
classified very simple heteroclinic networks in R* and discussed competition between cycles
in the (B ,By)- and (Bj; ,B; )-networks. To a certain extent, yet not exhaustively, we also
addressed this question for the (B; ,C; )-network.

At several points, generalizations seem possible if not desirable. We list these below,
together with some general comments.

1. We have not investigated the (B3 ,C; )-network to the same degree of detail as the
other networks. In principle, one can apply our techniques to determine necessary and
sufficient conditions for the various stability properties of C, -cycles. This is complex
only due to the high number of cases involved and the more complicated expressions
for the stability indices. The qualitative challenge is to interpret the results in a useful
way, since two-dimensional visualization as for the other cycles is not possible. Such
a study would allow a more elaborate investigation of stability and competition in the
network.

2. The detailed study of non-asymptotic stability was done only for very simple cycles in
R%. It is certainly conceivable to generalize these results in several directions:

(a) from R* to R™
(b) from finite symmetry groups to compact Lie groups

In particular, necessary and sufficient conditions for predominant asymptotic stability
in the broader frameworks of (a) and (b) seem a worthwhile objective. However, for
two reasons this is no small undertaking: firstly, though the type A, B, C classification
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generalizes to R", there is no complete list of cycles of either type in R™. Our study
of very simple cycles in R* relied heavily on the achievements of [28] in this regard.
Secondly, even if we had such a list, in order to apply the same methods as here, we
still lack the explicit computation of the stability indices. This is where we benefited
from the work in [33], where the calculations for R* are done. Already these are rather
cumbersome and the authors expect an extension to R™ to be so complex that little
insight is likely be gained from it.

. Even within R*, there is room for generalizations: it should be possible to obtain

analogous results for all simple (not only very simple) heteroclinic cycles, or an even
more general class. In [34] Podvigina and Chossat have determined all subgroups of
O(4) that allow very simple heteroclinic cycles in R?. In doing so, they have completed
the list of [28], which encompassed only those of types B and C'. Their techniques can
be expected to work for simple cycles, as well. As above, one would still have to
determine stability indices for the new list of cycles, though.

. An alternative approach to the study of stability for heteroclinic cycles is pursued

by Podvigina in [32]. She gives necessary and sufficient conditions for fragmentary
asymptotic stability of what she calls type Z cycles — heteroclinic cycles in R"™ for
which all >J;-isotypic components of PjL are one-dimensional. The outcome is, in
principle, less than a full generalization of the results obtained for R* here, but cer-
tainly a significant step towards a better understanding of non-asymptotic stability in
n > 4 dimensions. It does not require tedious calculations for single types of cycles,
but allows for more general results applicable to a broad class of cycles.

. Another question that is not addressed in this work regards transverse bifurcations of

heteroclinic cycles. When a transverse eigenvalue turns positive and an asymptotically
stable heteroclinic cycle becomes p.a.s., then p.u. and finally completely unstable, it
is of interest to know where the trajectories go once they do not converge to the cycle
anymore. Transverse bifurcations of very simple homoclinic cycles in R* have been
studied extensively by Chossat et al. in [9]. This could be extended to non-homoclinic
cycles, enhancing the stability loss analyses in section 1.3. Of course, heteroclinic
cycles may also lose stability through other kinds of bifurcation, but that is something
we have not touched at all in this work.

. Similar possibilities for generalizations exist in the context of heteroclinic networks.

Not only is it possible to form a network from more complex types of cycles than we
did, it is also conceivable to construct networks where the cycles have only equilibria in
common instead of at least one connecting trajectory. Competition in such networks
may turn out to be different from what we have seen so far. Especially in higher
dimensions the fact that equilibria have more than one transverse direction may lead
to qualitatively new situations. Many authors have studied heteroclinic networks other



than those discussed in section 2.2, see [2] and [35], for instance. So an attempt at a
systematic study of a more general class of networks seems justified.

. Finally, heteroclinic trajectories may not only connect hyperbolic equilibria to form a
cycle, but also periodic orbits — examples can be found in [3] and [15], for instance.
How do the stability indices of the connecting trajectories and those of the invariant ob-
jects interact? In our case, stability indices at the equilibria turned out to be irrelevant
for the stability of the whole cycle. This is not obvious for more complex construc-
tions, where the equilibria are replaced by objects of positive dimension (possibly the
same as that of the connections).
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A. Background for asymptotic
stability results

We provide a short appendix to our work in order to enable the reader to grasp the broader
context of the results in subsection 1.1.2. As this is only a side note to what we have been
concerned with, we keep it brief, quoting the deeper theorems in A.2 without proof. In A.1
we explain how the definitions of types A, B and C' generalize to R™. This is followed by
A.2, where we give an outline of how one may study heteroclinic cycles under the action of
continuous symmetry groups.

A.1. Generalization of types A, B, C to R"

In this first part we show how the division of heteroclinic cycles into types A, B and C'
can be generalized to simple cycles in R™. This has been done by Krupa and Melbourne in
[28], where all of the following can be found, and allows us to state the results in subsection
1.1.2 on asymptotic stability of heteroclinic cycles in their full generality. For the rest of this
thesis, though, it is of little relevance, since we mostly discuss cycles and networks in R

In order to generalize types A, B and C' to R™ we first stay in R* and characterize them
in a local manner, rather than in the global way we used in the main text. So in the usual
setting in R* consider the three-dimensional spaces Q; := P;j_; + P;. These may or may
not be fixed-point subspaces, i.e. it is not clear whether or not there exist 7; € I' such that
(); = Fix(7;). We distinguish the following three cases.

Definition A.1 ([28]). Depending on the nature of (); the j-th connecting trajectory is said
to be of type A, B or C"

(a) The j-th connection is of type A if (); is not a reflection hyperplane.

(b) The j-th connection is of type B if (); is a reflection hyperplane and P;1; C Q).

(c) The j-th connection is of type C' if ), is a reflection hyperplane and Pj;; ¢ Q;.

Obviously, for a simple heteroclinic cycle in R* each connection is of precisely one of the
types above. This works naturally with our type definition for the cycles, as the following
result illustrates. In order to see how, we briefly recall its proof from [28].

Proposition A.2 ([28]). A simple robust heteroclinic cycle X C R* is of
(a) type A if and only if each connection is of type A.
(b) type B if and only if each connection is of type B.
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(c) type C' if and only if each connection is of type C.

Proof. 1If X is of type A, then by lemma 1.7 there is no element that acts as a reflection on
R*, so there is no three-dimensional fixed-point subspace. Thus, all connections are of type
A. On the other hand, if X is not of type A, then due to (1.3) we have ¥,_; N ¥, = Z, and
therefore (); = Fix(X,_; N ¥;). So all connections are of type B or C.

For type B and C cycles the implication from left to right follows from going through the
enumeration of cycles in [28], see lemma 1.44, and checking all connection types. In remark
2.10 we did this for B; - and C) -cycles. Calculations for the other cycles are analogous, so
we skip them.

The other implication for B and C' cycles is seen rather easily: if all connections are of
type B, then | J, P; C @, so the whole cycle is contained in the three-dimensional fixed-point
space ();. Therefore, it is of type B. Similarly, if all connections are of type C, the cycle is
not contained in a proper subspace of the four-dimensional space Q); + P;4; = R, thus it is
not of type B. It is also not of type A because the symmetry group contains reflections. []

Through a similar local approach we can assign a type to a heteroclinic connection in R".
We need this for the definition of higher dimensional type C cycles, types A and B can be
generalized without it. Before we proceed, recall the following notation for the generalized
eigenspaces at an equilibrium §;:

Vi(c) == P16 L, Vi(e):=PoL;, Vj(t):= (P14 P)",

where U & V' denotes the orthogonal complement of V' in U. In the following we treat the
three types of cycles one by one.

Type A cycles

In order to generalize the definition of type A cycles we briefly revisit the concept of isotypic
decomposition. While the following definition and considerations are adapted from Krupa
and Melbourne [28], background on this topic can be found in the books of Lauterbach and
Chossat [11] or Golubitsky et al. [17].

Definition A.3 ([28]). Let > C I" be a subgroup and write R" = Uy@U; ®- - -@ U, as a direct
sum of Y-irreducible subspaces. Grouping together U; that carry isomorphic representations
of X one obtains the unique isotypic decomposition R" = Wy & W, @ - - - @ W,. The spaces
W; are called X-isotypic components.

Note that Fix(X) is a X-isotypic component which makes 1, = Fix(3J) a common choice.
Furthermore, two Y-irreducible subspaces are in the same W if and only if they are iso-
morphic. Linear mappings commuting with the action of > map isotypic components into
themselves. For x € R" and o € X compute:

0.df(x) = - (0.(x)) = - (f(o.0)) = df(0.2)o
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If x € Fix(X), then 0.2 = z and thus df () commutes with 3. Generically each generalized
eigenspace (for a non-zero eigenvalue of df (z)) then lies in a single >-isotypic component.

Definition A.4 ([28]). A robust heteroclinic cycle X C R" is said to be of type A if for all j
the eigenspaces corresponding to c;, t;, €41 and ¢ lie in the same J;-isotypic component.

Note that the eigenspaces of e; and ¢;;; belong to Fix(3;) by construction. Those cor-
responding to c;, t;, €;41 and ¢, lie in Fix(3;)*, which may or may not split into several
3. j-isotypic components.

For n = 4, this coincides with the original definition where we demand that >; = Z, for
all j: let us derive the X;-isotypic decomposition of R* for a cycle of type A. As in sub-
section 1.1.1 we view X, as a subset of the diagonal matrices with entries {1, £ 1,41, +1}.
The fixed-point space P; = Fix(3;) is a X;-isotypic component of dimension two, since it
contains the radial and expanding directions at §;. Since X; consists of only one non-identity
element, its actions on the remaining two one-dimensional spaces spanned by the contract-
ing and transverse eigenvalues at §; are isomorphic: the non-identity element must act as
—1 on these spaces since they do not belong to Fix(¥;). Therefore, V;(c) and V;(t) belong
to the same X;-isotypic component, which means that 3; splits R* into two components,
both two-dimensional. Now the directions corresponding to ¢; and ¢; are not contained in F;
(since it contains those corresponding to 7; and e;), so they are in the other component. The
same goes for the directions corresponding to e;; and ¢, because P; also contains those
belonging to ;41 and c; ;. So all the required eigenspaces belong to the same component.

Note that this is not the case for type B or C cycles in R*: for these, ¥; = 72, thus
there are three non-identity elements, one of them acting as —1 on Vj(c) and as 1 on V;(t),
and a second one vice versa. Therefore, the representations of ¥; on Vj(c) and Vj(t) are
not isomorphic, meaning that they both form a one-dimensional X;-isotypic component. A
space containing the eigenspaces corresponding to c;, ¢;, ;41 and t;,,, however, must be at
least two-dimensional, so these do not lie in the same component.

There is a special subset of type A cycles that is worth distinguishing, since in [27] a
powerful result regarding their non-asymptotic stability was proved, see theorem 1.11.

Definition A.5. We say that a robust heteroclinic cycle X is of type A* if it is of type A and
if for all equilibria &; the generalized eigenspaces corresponding to all transverse eigenvalues
of df (§;) with positive real part lie in the same ¥;-isotypic component.

In R* types A and A* coincide since there is only one transverse direction at each equilib-
rium. This is generally not the case in R" for n > 4.

Type B cycles

We proceed by generalizing type B cycles.
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Definition A.6 ([28]). A robust heteroclinic cycle X C R" is of type B if for each j there is
a fixed-point space I?; such that

R; =P, @ Vi(t) = P; & Vi (t). (A.1)

First, we convince ourselves that the new definitions of types A and B are mutually ex-
clusive: the existence of the subspace R; O P; means that there is a proper subgroup of >3;
acting as the identity on V;(¢) but not on V;(c). So its actions on these two spaces are not
isomorphic. Therefore, the eigenspaces corresponding to ¢; and t; do not lie in the same
Y ;-isotypic component of R” and the cycle is not of type A.

Condition (A.1) can roughly be thought of as §; and §;,; having the same transverse
directions. In R* this reduces to the original definition of type B: note that dim(R;) = 3,
so it is a reflection hyperplane and the cycle is not of type A. Furthermore, the transverse
direction is the same for all §; (for each j there is only one). This means that for none of the
equilibria this space dimension is contracting, expanding or radial. Thus we have P, C Q);
for all j and by definition A.1 above the cycle is of type B.

Type C cycles

In order to define type C' cycles in R", we generalize the local description of the connection
types.

Definition A.7 ([28]). The j-th connection is of fype B if there are fixed-point subspaces
Q;, R; such that

Q; = P ® Vi) = P & Vi () and R, = Py & V(1) = Py & Vi 1),
The j-th connection is of fype C if there are fixed-point subspaces ();, I?; such that
Qi=P&Vi) =P @ Vin()and Ry = P& Vy(t) = P& Via(e).  (A2)
A connection cannot be of types B and C' at the same time, since this would mean
Py @ Vin(t) = P @ Vi(t) = P Vi(e),

but transverse and expanding directions at §;; span different spaces together with P;. How-
ever, if regarded with respect to two different cycles, a connection may have different types.
We elaborated on this in remark 2.10. If all connections are of type B, then so is the cycle
because (A.1) is satisfied. But definition A.6 is less restrictive, not requiring the existence of
Qj-

However, if one of the connections is of type C, then the cycle is not of type B: suppose
it was, then

R; =Py @ Vj(t) = P; ® Vju(t) = P, @ V() = Q.

This is impossible because transverse and contracting directions at ; do not span the same
space together with P;. Now we are able to define general type C' cycles.
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Definition A.8 ([28]). A robust heteroclinic cycle X C R" is of type C' if each connection
is of type B or C' and at least one connection is of type C'.

Types C' and A are mutually exclusive for the same reason as B and A: the existence of
the subspaces (); and R; in either case implies non-isomorphic actions of ¥; on V;(c) and
V;(t). Together with the considerations above this shows that also in R™ the three types are
mutually exclusive. However, they are not exhaustive. Note, for instance, that (A.2) places
restrictions on the dimensions of the generalized eigenspaces. There is no a priori reason
why cycles that break these, and also the corresponding conditions for type B, should not
exist.

Finally, we show that the type C' definition also reduces to the original definition in R*:
a cycle in R* with a connection of type C' as above does not fit into a three-dimensional
space due to (A.2). So it is not of type B. It is also not of type A since (); and R; are
three-dimensional fixed-point spaces by construction, requiring the existence of reflections
inl.

A.2. Continuous symmetry groups

We round off this appendix with a short remark on robust heteroclinic cycles generated by
the action of continuous symmetry groups. We follow along the lines of [26] and [24],
hereby providing the full theoretical framework for subsection 1.1.2. Let I' be a compact Lie
group acting on R”. Without loss of generality we assume this action to be orthogonal, i.e.
[' € O(n). As before we consider a I'-equivariant vector field f and the ordinary differential
equation © = f(z) with the associated dynamics.

If for 2y € R™ the group orbit ['z, is invariant under the flow generated by f, then it is
called a relative equilibrium. The simplest form of this is just a group orbit of equilibria, then
the flow is trivial along the group orbit. We want to describe the dynamics near a relative
equilibrium in a systematic way. In order to do so, we employ the concepts of tangent and
normal vector fields: a vector field g : R” — R" is called tangent if g(x) is tangent to the
group orbit 'z for all x € R". Furthermore, g is called normal if for every x € I'z, the
normal space N, (containing all vectors normal to ['xy at x) is invariant under the flow of g.
This does not have to be the case for any group orbits other than I'x.

In [24] Krupa proves two important results, that allow us to decompose the I'-equivariant
vector field f into a tangent and a normal field, both of which are also ['-equivariant. Subse-
quently, the flow generated by f can be understood as the flow of the normal field coupled
with a drift along group orbits. We state the two theorems here. Note that they hold regard-
less of whether or not the group orbit 'z is a relative equilibrium.

Theorem A.9 ([24]). In the situation described above, there is a I'-invariant neighbourhood
U C R" of I'xg and there exist smooth I'-equivariant vector fields fy and fr, where the
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former is normal and the latter is tangent, such that

fu) = fn(u) + fru)
forallu e U.

Theorem A.10 ([24]). Under the same assumptions, let u(t) be a trajectory of the flow
generated by f, which is contained in the neighbourhood U from above for all positive
times. Then there is a smooth curve v : Ry — I' and a trajectory y(t) of the normal vector
field fy restricted to N,,, such that

forallt > 0.

The proofs in [24] rely on a rather technical lemma, which we do not reproduce here.
Note that since I" acts orthogonally, the normal space V., is invariant under the action of the
isotropy subgroup X, . Therefore, the restriction of fy to IV, is X, -equivariant. Setting
k := codim(I'zy), the essential conclusion we draw from these results is that they allow us
to study the dynamics of f in two steps: first, analyze the (k-dimensional) dynamics of the
Yso-equivariant vector field fy |, . Then, find the drift 7(t) to understand how fy evolves
along the group orbit.

The next crucial observation is that for a group orbit ['x( the real parts of the eigenvalues
of dfy(z) do not depend on the point x € Iz, at which they are calculated. This follows
from proposition F and theorem G in [14]. Thus, it makes sense to call a relative equilibrium
'z hyperbolic if (any) x € 'z is a hyperbolic equilibrium of fx. With this generalization
we may consider heteroclinic cycles between hyperbolic relative equilibria §;. The defini-
tion of radial, contracting, expanding and transverse eigenvalues at the (relative) equilibria
generalizes naturally by considering the real parts of eigenvalues of dfy (§;).

The normalizer condition

dim(W*(¢;)) = dim(N(X;)/%;) + 1

from subsection 1.1.2 intuitively makes sense, too, since dim(N(X,)/%;) is just the dimen-
sion of the group orbit I'zy. With this, the earlier results by Krupa and Melbourne can be
understood to a satisfactory extent in the general setting within which they hold. In fact, their
proofs do not become significantly more complicated through the generalization — due to the
above considerations they can be achieved via the same methods as those for the simpler
context of finite groups, see [26] for details.
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Summary

This thesis deals with stability properties of compact invariant sets, aiming at a better
understanding of non-asymptotic stability for heteroclinic cycles and networks.

In the first chapter we recall general aspects concerning the theory of heteroclinic cycles
(such as the equivariant setting in which they are robust), and review well-known results by
Krupa and Melbourne, e.g. from [28], on their asymptotic stability. Moreover, the stabil-
ity index of Podvigina and Ashwin [33] is discussed together with various forms of non-
asymptotic stability. The central result in this part is a connection between the signs of local
stability indices and predominant asymptotic stability of a heteroclinic cycle. Building on re-
sults by all authors mentioned above, we use this relationship to characterize non-asymptotic
stability of very simple heteroclinic cycles in R*, giving necessary and sufficient conditions
for predominant asymptotic stability.

The second chapter is concerned with heteroclinic networks. Some results from before
are transferred without much difficulty to this context. We derive a list of all very simple
networks in R*, and stability indices with respect to subcycles and the whole network (c-
and n-indices) enable us to investigate competition within these. Results in this chapter have
partially been obtained in collaboration with Sofia Castro and may be viewed as an extension
and generalization of the Kirk and Silber study [23] of competition in a (B; ,B; )-network.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit Stabilititseigenschaften kompakter invarianter
Mengen. Hauptanliegen ist dabei, ein detaillierteres Verstindnis der nicht-asymptotischen
Stabilitit von heteroklinen Zyklen und Netzwerken zu gewinnen.

Im ersten Kapitel werden grundlegende Begriffe aus der Theorie heterokliner Zyklen wie-
dergegeben (wie das dquivariante Setting, in dem sie robuste Objekte sind) sowie bekannte
Resultate von Krupa und Melbourne, z.B. aus [28], zu asymptotischer Stabilitit vorgestellt.
Desweiteren wird der Stabilititsindex von Podvigina und Ashwin [33] diskutiert und mit
verschiedenen Formen nicht-asymptotischer Stabilitit in Zusammenhang gestellt. Das wich-
tigste Resultat in diesem Teil verkniipft die Vorzeichen des lokalen Stabilitdtsindex mit dem
Stabilititsbegriff predominant asymptotic stability. Aufbauend auf Ergebnissen der eben ge-
nannten Autoren beschreiben wir somit nicht-asymptotische Stabilitdt von sehr einfachen
heteroklinen Zyklen im R* vollstindig, insbesondere leiten wir notwendige und hinreichen-
de Bedingungen fiir predominant asymptotic stability her.

Das zweite Kapitel behandelt heterokline Netzwerke. Einige der Ergebnisse von vorher
lassen sich ohne groBe Schwierigkeiten in diesen Kontext iibertragen. Es wird eine voll-
stindige Liste von sehr einfachen heteroklinen Netzwerken im R* hergeleitet. AnschlieBend
untersuchen wir die relative Stabilitdt von Zyklen in einem Netzwerk mithilfe des Stabili-
tatsindex — einerseits bezogen auf lediglich einen Unterzyklus, andererseits auf das gesamte
Netzwerk. Einige dieser Ergebnisse sind in Zusammenarbeit mit Sofia Castro entstanden.
Sie stellen eine Verallgemeinerung und Erweiterung der Untersuchung von Kirk und Silber
[23] dar.
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