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INTRODUCTION TO PART II

In the following chapters we present the theory of bifurcations of dynamical
systems with simple dynamics. It is difficult to over-emphasize the role of bi-
furcation theory in nonlinear dynamics the reason is quite simple: the methods
of the theory of bifurcations comprise a working tool kit for the study of dy-
namical models. Besides, bifurcation theory provides a universal language to
communicate and exchange ideas for researchers from different scientific fields,
and to understand each other in interdisciplinary discussions.

Bifurcation theory studies the changes in the phase space as we vary the pa-
rameters of the system. In essence, this is the authentic notion of bifurcation
theory proposed originally by Henry Poincaré when he studied Hamiltonian
systems with one degree of freedom. We must, however, note that this in-
tuitively evident definition is not always sufficient at the contemporary stage
of the development of the theory. One needs, in fact, to have an appropriate
mathematical foundation to define the notions of the structure of the phase
space and the changes in the structure.

The first attempt at creating such formalization had been made by An-
dronov and Pontryagin in 1937: they introduced the notion of a rough system.
For a system to be rough, it means that any sufficiently close system is to be
topologically equivalent to the given one. Moreover, the conjugating homeo-
morphism must be close to identity. In other words, the two systems must
have matching phase portraits and corresponding trajectories can differ only
slightly.

In the same paper, Andronov and Pontryagin had presented the necessary
and sufficient conditions of roughness for systems on the plane. Consequently,



vi Introduction to Part I

many problems of nonlinear dynamics that can be modeled by two-dimensional
dynamical systems has since attained a necessary mathematical foundation.

The main statements of the Andronov and Pontryagin theory are presented
in the first section of Chap. 7, which opens Part II of this book. We also give
the definition of structural stability (due to Peixoto) there. The difference
between the notion of structural stability and that of roughness is that, the
conjugating diffeomorphism defining the structural stability is not assumed to
be close to identity in the former case. This is rather convenient from a purely
mathematical point of view as it follows immediately from the definition that
structurally stable systems form an open set. Even though numerous known
proofs had only concentrated on structural stability, roughness itself follows
from the same proofs as a by-product. Hence, the difference of these two
notions does not seem to be that essential. Note, nonetheless, that the notion
of structural stability has become much more widely known outside of Russia,
especially in the West. In this book we will frequently utilize this term as
well. In spite of that, we believe that the notion of roughness is, in principle,
more reasonable as it gives the natural image of small changes of real processes
caused by small variations of parameters.

The multi-dimensional extension of two-dimensional rough systems is the
Morse—-Smale systems discussed in Sec. 7.4. The list of limit sets of such a
system includes equilibrium states and periodic orbits only; furthermore, such
systems may only have a finite number of them. Morse-Smale systems do
not admit homoclinic trajectories. Homoclinic loops to equilibrium states may
not exist here because they are non-rough — the intersection of the stable
and unstable invariant manifolds of an equilibrium state along a homoclinic
loop cannot be transverse. Rough Poincaré homoclinic orbits (homoclinics
to periodic orbits) may not exist either because they imply the existence of
infinitely many periodic orbits. The Morse—Smale systems have properties
similar to two-dimensional ones, and it was presumed (before and in the early
sixties) that they are dense in the space of all smooth dynamical systems. The
discovery of dynamical chaos destroyed this idealistic picture.

The fundamental question of “what distinguishes systems with simple dy-
namics from systems with chaotic dynamics?” can only be answered if we can
correspond certain types of trajectories to physically observable processes. We
began the classification with the study of quasiperiodic trajectories (Chap. 4 in
the first part of this book). Even though these trajectories are non-rough, they
were shown to model adequately such phenomena as beats and modulations.
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Quasiperiodic trajectories are a special case of Poisson-stable trajectories.
The latter plays one of the leading roles in the theory of dynamical systems
as they form a large class of center motions in the sense of Birkhoff (Sec. 7.2).
Birkhoff had partitioned the Poisson-stable trajectories into a number of sub-
classes. This classification is schematically presented in Sec. 7.3. Having chosen
this scheme as his base, as early as in the thirties, Andronov had undertaken
an attempt to collect and correlate all known types of dynamical motions with
those observable from physical experiments. Since his arguments were based
on the notion of stability in the sense of Lyapunov for an individual trajectory,
Andronov had soon come to the conclusion that all possible Lyapunov-stable
trajectories are exhausted by equilibrium states, periodic orbits and almost-
periodic trajectories (these are quasiperiodic and limit-quasiperiodic motions
in the finite-dimensional case).

Thus, it appeared naturally to assume that every interesting dynamical
regime possesses a discrete frequency spectrum. In this connection, it is
curious to note that Landau and Hopf had proposed quasiperiodic motions
with a sufficiently large number of independent frequencies as the mathema-
tical image of hydrodynamical turbulence (the number of the frequencies was
supposed to increase to infinity as some structural parameter, such as the
Reynolds number, increases).

All other Poisson-stable trajectories are unstable in the sense of Lyapunov.
How can such trajectories be of any use in dynamics? The answer was found
nearly 30 years later. For the first time, the significance of a stable limit set
consisting of individually unstable trajectories for explaining the complex and
chaotic behavior of nonlinear dynamical processes was recognized by Lorenz
in 1963 [87].

In the rough case an analysis of the structure of such a limit set (called
a quasiminimal set, which is defined as the closure of an unclosed Poisson-
stable trajectory) may be performed using Pugh’s closing lemma. The main
conclusion that follows from this analysis (see Sec. 7.3) is that periodic orbits
are dense in a rough quasiminimal set. In particular, we will see that the
number of periodic orbits is infinite. Systems possessing such limit sets are
called systems with complex dynamics.

A more vivid characteristics of systems with complex behaviors is the
presence of a Poincaré homoclinic trajectory, i.e. a trajectory which is
biasymptotic to a saddle periodic orbit as t — 4o00. The existence of a homo-
clinic orbit which lies at the transverse intersection of the stable and unstable



viii Introduction to Part I

invariant manifolds of the saddle periodic orbit implies the existence of in-
finitely many other saddle periodic orbits in the phase space (Sec. 7.5).

However, rough systems (both types — with simple and complex dynamics)
with dimension (of the phase space) greater than two are not dense in the space
of dynamical systems. In fact, it turns out that a key role must have been given
to non-rough attracting limit sets with unstable behaviors in their trajectories.

An example of such a set is the Lorenz attractor which occurs in a variety
of models. The wild spiral attractor [153] is another fascinating example.?

The similarity between both strange attractors is that none contains stable
periodic orbits. The difference between them is that all Poincaré homoclinic
orbits in the Lorenz attractor are rough, whereas the featuring property of the
wild attractor is the coexistence of rough and non-rough Poincaré homoclinic
orbits due to homoclinic tangencies. The similarity is that both attractors
are “concentrated” on a rough equilibria state which is a saddle in the case
of the Lorenz attractor, and a saddle-focus in the case of the wild attractor.
Among other features of models with such strange attractors, we may single
out the existence of regions in the parameter space where the parameter values
corresponding to homoclinic loops to the equilibrium state are dense.

A complete understanding of such complex phenomena is impossible
without a thorough knowledge of basic bifurcations, both local and global.
General aspects of this theory are reviewed in Chap. 8. We begin the analysis
with the simplest non-rough systems in the two-dimensional case, following
the pioneering works by Andronov and Leontovich. They carried out a
systematic classification of all principal bifurcations of limit cycles on the plane
of which there are four sub-types: namely, the birth of a limit cycle from:

(1) a simple weak focus;

(2) a simple semistable limit cycle;

(3) a separatrix loop to a simple saddle-node; and

(4) a separatrix loop to a saddle at which the divergence of the vector field

1S non-zero.

The Andronov—Leontovich classification employs an additional notion of
the so-called degree of non-roughness. A further development of the theory

1The spiral-like shape of this attractor follows from the shape of homoclinic loops to a
saddle-focus (2, 1) which appear to form its skeleton. Its wildness is due to the simultaneous
existence of saddle periodic orbits of different topological type and both rough and non-rough
Poincaré homoclinic orbits.
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had taken yet another direction, namely by selecting bifurcation sets of
codimension one for primary bifurcations, and of arbitrary (though finite)
codimension in the general case. Moreover, even though all two-dimensional
flows on a connected component of a bifurcation surface of a given finite
codimension are all topologically equivalent (Leontovich-Mayer theorem), this
is no longer true in the multi-dimensional case.

This result is due to Palis, who had found that two-dimensional diffeomor-
phisms with a heteroclinic orbit at whose points an unstable manifold of one
saddle fixed point has a quadratic tangency with a stable manifold of another
saddle fixed point can be topologically conjugated locally only if the values
of some continuous invariants coincide. These continuous invariants are called
moduli. Some other non-rough examples where moduli of topological conju-
gacy arise are presented in Sec. 8.3.

Surprisingly, even non-rough systems of codimension one may have in-
finitely many moduli. Of course, since the models of nonlinear dynamics are
explicitly defined dynamical systems with a finite set of parameters, this cre-
ates a new obstacle which the classical bifurcation theory has not run into.
Although the case of homoclinic loops of codimension one does not introduce
any principal problem, nevertheless codimensions two and higher are much less
trivial as, for example, in the case of a homoclinic or heteroclinic cycle includ-
ing a saddle-focus where the structure of the bifurcation diagrams is directly
determined by the specific values of the corresponding moduli.

Therefore, Andronov’s approach (Sec. 8.4) for studying dynamical mod-
els has to be corrected in cases where a complete bifurcation analysis may
not be possible without moduli. We note, however, that if some fine delicate
phenomena may be ignored, or if the problem is restricted to the analysis of
non-wandering orbits like equilibrium states, periodic and quasiperiodic mo-
tions, a study of the main bifurcations in systems with simple dynamics still
remains realistic within the framework of finite-parameter families under cer-
tain reasonable requirements (Sec. 8.4).

We note parenthetically that the situation becomes drastically different
for the systems with complex dynamics. In the majority of cases (at least
in those cases where homoclinic tangencies appear) the introduction of the
moduli is inexorable because they serve as the essential parameters governing
the bifurcations (see [63]).

Although the theory of the typical bifurcations of limit cycles in
two-dimensional systems was created by Andronov and Leontovich in the
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thirties,? a systematic development of the bifurcation theory of periodic orbits
and equilibrium states in multi-dimensional systems was initiated only after
their results became available to the scientific community (the work of Hopf in
1942 was, perhaps, the only exception).

A straightforward generalization of two-dimensional bifurcations was deve-
loped soon after. So were some natural modifications such as, for instance, the
bifurcation of a two-dimensional invariant torus from a periodic orbit. Also it
became evident that the bifurcation of a homoclinic loop in high-dimensional
space does not always lead to the birth of only a periodic orbit. A question
which remained open for a long time was: could there be other codimension-
one bifurcations of periodic orbits? Only one new bifurcation has so far been
discovered recently in connection with the so-called “blue-sky catastrophe” as
found in [152]. All these high-dimensional bifurcations are presented in detail
in Part IT of this book.

In Chaps. 9 and 10 we consider structurally unstable equilibrium states and
periodic orbits. The bifurcations of these limit sets are studied in Chap. 11.
These three chapters belong to a theory of local bifurcations. The results
with local bifurcations are well presented in the literature and this theory
continues to develop rapidly. We therefore restrict ourselves here to a detailed
study of the basic cases. First of all, for a bifurcating equilibrium state whose
characteristic exponents do not lie on the imaginary axis, we assume that they
lie strictly to the left of it. On the imaginary axis we assume that there is
either a single zero exponent, or a complex-conjugate pair of pure imaginary
ones. Analogous assumptions are made in the case of periodic motions: the
multipliers which do not lie on the unit circle must lie inside it, and those on
the unit circle consist of a single multiplier equal to +1, or —1, or a complex-
conjugate pair e**?, 0 < ¢ < . The corresponding bifurcations in these cases
are sufficiently simple, so wherever it is possible we do not impose restrictions
on the nonlinear terms.

The reason for our assumption on the spectrum of characteristic exponents
is quite obvious: we focus special attention on the problem of the loss of
stability of equilibrium states and periodic motions and on the bifurcations
accompanying the loss of stability. It is clear that these problems are a primary
subject of nonlinear dynamics.

2This was reported in the preface of the first edition of the book “The Theory of Oscil-
lations” by Andronov, Vitt and Khaikin (which was printed without the name of Vitt in
1937).

3The case of a double-zero characteristic exponent is partly considered in Sec. 13.2.
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Of course, the cases of higher degeneracies in the linear part are also very
interesting; for example, an equilibrium state with three characteristic expo-
nents 0, +iw, or with two pairs of purely imaginary exponents +iw;, tiws,
etc. In such cases of codimension two it is typical that the associated (trun-
cated) normal form reduces to a two-dimensional system with a finite number
of parameters. A systematic study of these normal forms is presented in [21,
40, 64, 82].

One must bear in mind, however, that a truncated normal form does not
always guarantee a complete reconstruction of the dynamics of the original
system. For instance, when the truncated normal forms possess additional
symmetries, these symmetries are, in principle, broken if the omitted higher-
order terms are taken back into account, and this can even lead to an onset
of chaos in some regions of the parameter space. These regions are extremely
narrow near a bifurcation point of codimension two but their size may expand
rapidly as we move away from the bifurcation point over a finite distance.

The significance of higher degeneracies (starting from codimension three)
in the linear part is that the effective normal forms become three-dimensional,
and may, as a result, exhibit complex dynamics, the so-called instant chaos,
even in the normal form itself. Such examples include the normal forms for a
bifurcation of an equilibrium state with a triplet of zero characteristic expo-
nents, and a complete or incomplete Jordan block, in which there may be a
spiral strange attractor [18], or a Lorenz attractor [129], respectively (the latter
case requires an additional symmetry). Since we will focus our considerations
only on simple dynamics, we do not include these topics in this book.

The key methods in our presentation of local bifurcations are based on the
center manifold theorem and on the invariant foliation technique (see Sec. 5.1.
of Part I). The assumption that there are no characteristic exponents to the
right of the imaginary axis (or no multipliers outside the unit circle) allows us
to conduct a smooth reduction of the system to a very convenient “standard
form.” We use this reduction throughout this book both in the study of local
bifurcations on the stability boundaries themselves and in the study of global
bifurcations on the route over the stability boundaries (Chap. 12).% These

4In the general case where there are both stable and unstable characteristic exponents, or
stable and unstable multipliers in the spectrum, the local bifurcation problem does not cause
any special difficulties, thanks to the reduction onto the center manifold. Consequently, the
pictures from Chaps. 9-11 will need only some slight modifications where unstable directions
replace stable ones, or be added to existing directions in the space. However, the reader must
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global bifurcations are related to the fact that in contrast to an equilibrium
state which always persists on any boundary of its stability region, a periodic
orbit may not exist on the stability boundary. In particular, a periodic orbit
may disappear via one of the following scenarios:

(1) it shrinks to an equilibrium state;

(2) a saddle-node equilibrium state appears suddenly on it;

(3) it adheres into a homoclinic loop to a saddle equilibrium state; and

(4) it undergoes a blue-sky catastrophe, when its period and length both
become infinite when it approaches a stability boundary. In contrast to
homoclinic bifurcations, no equilibrium state is involved in a blue-sky
catastrophe.

In Chap. 12 we will study the global bifurcations of the disappearance of
saddle-node equilibrium states and periodic orbits. First, we present a multi-
dimensional analogue of a theorem by Andronov and Leontovich on the birth
of a stable limit cycle from the separatrix loop of a saddle-node on the plane.
Compared with the original proof in [130], our proof is drastically simplified
due to the use of the invariant foliation technique. We also consider the case
when a homoclinic loop to the saddle-node equilibrium enters the edge of the
node region (non-transverse case).

The bifurcation of a separatrix loop of a saddle-node was discovered by
Andronov and Vitt [14] in their study of the transition phenomena from syn-
chronization to beating modulations in radio-engineering. Specifically, they
had studied the periodically forced van der Pol equation

i —p(l —2H)i 4 wiz = pAsinwt,

where p < 1 and wy — w ~ p. In the associated averaged equation, they
showed the existence of the saddle-node bifurcation which explained the sim-
ple transition from a stable equilibrium state to a periodic motion. However,
the question of the correspondence between the limit sets of the averaged
equation and those of the original one was not solved then. Andronov and
Vitt returned to this problem in their succeeding paper [15] where, using the
method of a small parameter by Poincaré, they proved the correspondence be-
tween the rough equilibrium state of an averaged system and a periodic orbit

be aware that since a reduction to the standard form is not always smooth in this general case,
it cannot be applied in a straightforward way to the analysis of certain global bifurcations
(such as the disappearance of saddle-saddle equilibria or saddle-saddle periodic orbits).
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of the original system. Later on, Krylov and Bogolyubov [81] proved the corre-
spondence between the rough periodic orbit in the averaged equations and the
two-dimensional invariant torus in the original system. Thus, a rigorous ex-
planation of the transition from synchronization to modulations in the original
system requires a study of the bifurcation of the possible birth of an invariant
torus at the disappearance of a saddle-node periodic orbit.

The general setting of the problem of global bifurcations on the disappear-
ance of a saddle-node periodic orbit is as follows. Assume that there exists a
saddle-node periodic orbit and that all trajectories which tend to this periodic
orbit as t — —oo also tend to it as ¢ — +o0o along some center manifold. In
other words, assume that the unstable manifold W* of the saddle-node re-
turns to the saddle-node orbit from the side of the node region. In this case,
either:

(1) W* is a two-dimensional invariant manifold such as a torus, or a Klein
bottle, or
(2) W* is not a manifold.

If the system has a global cross-section (which always exists when we treat a
periodically forced autonomous system), the unstable manifold W* will only
be a torus. The intersection of W* with the cross-section is a closed curve
which is invariant under the Poincaré map. Consequently, the following two
cases are possible:

(1) the curve is smooth, and
(2) the curve is non-smooth.

If the curve is smooth when the saddle-node disappears, a closed attracting
invariant curve remains on the cross-section. This result is due to Afraimovich
and Shilnikov [3]. If the invariant curve is non-smooth, the situation becomes
essentially more complicated, because the disappearance of the saddle-node
may now lead the original system out of the Morse-Smale class, i.e. the sys-
tem may exhibit complex structures. Afraimovich and Shilnikov discovered
if the so-called “big lobe” or “small lobe” conditions are satisfied, then there
exists a sequence of parameter intervals corresponding to the occurrence of
complex dynamics. This result was subsequently improved by Newhouse,
Palis and Takens [97] who proved that there exists a sequence of parameter
values corresponding to a transverse homoclinic orbit (and, hence, there
always exists a sequence of intervals corresponding to complex dynamics),
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without using the big lobe condition but restricted to one-parameter families
of a special kind. An analogous result for this bifurcation for general one-
parameter families is also obtained in [151] where it is shown that if the big
lobe condition is satisfied, then chaos exists for all (small) parameter values
just after a saddle-node’s disappearance. On the contrary, if this condition
is not satisfied, then intervals of complex dynamics and those exhibiting only
simple dynamics (a continuous invariant curve exists) must alternate on the
parameter axis.

Note that the effect of alternating zones of simple and complex behavior
was discovered for the first time by van der Pol [154] in his experiments on the
periodic forcing of a lamp generator (this effect occurs when one tunes a radio,
and a characteristic noise is heard while moving from one station to another).
The first theoretical explanation was given by Cartwright and Littlewood [36]
for the van der Pol equation.

We will present in Sec. 12.2 a summary of results for the case where the
unstable manifold W* of the saddle-node is homeomorphic to a torus along
with the proof of a theorem on the persistence of the invariant torus in the
smooth case. There, we will also develop a general theory for an effective
reduction of the problem to a study of some family of endomorphisms (smooth
non-invertible maps) of a circle.

When a system does not have a global cross-section, the unstable manifold
W of the saddle-node may also be a Klein bottle (if the system is defined in
R™ with n > 4). If the Klein bottle is smooth at the bifurcation point, it will
persist after the disappearance of the saddle-node. For topological reasons, a
pair of periodic orbits will always exist on the Klein bottle such that the length
of both orbits will increase to infinity while approaching the event of the sud-
den appearance of the original saddle-node. Generically, these periodic orbits
will change stability infinitely many times via a forward and backward period-
doubling bifurcations. If the Klein bottle is non-smooth at the bifurcation
point, then the big lobe or the small lobe conditions should be applied. The
former guarantees complex dynamics for all small values of the parameter be-
yond the demise of saddle-node. In contrast, the small lobe condition can only
guarantee the existence of a sequence of intervals of parameter values where
complex dynamics occurs. Note that unlike the case where W* is homeomor-
phic to a torus, in the case of a non-smooth Klein bottle the dynamics may be
simple for all small parameter values when the small lobe condition is not satis-
fied (the case of a “very small lobe”). These results are presented in Sec. 12.3.
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A totally different situation becomes possible in the case where the sys-
tem does not have a global cross-section, and when W™ is not a manifold.
In this case (Sec. 12.4), the disappearance of the saddle-node periodic orbit
may, under some additional conditions, give birth to another (unique and sta-
ble) periodic orbit. When this periodic orbit approaches the stability bound-
ary, both its length and period increases to infinity. This phenomenon is
called a blue-sky catastrophe. Since no physical model is presently known
for which this bifurcation occurs, we illustrate it by a number of natural
examples.

Note that in the n-dimensional case, where n > 4, other topological
configurations of W* may be realized. Such saddle-node bifurcations will
definitely lead the system out of the class of systems with simple dynam-
ics. For example, it is shown in [139, 152] that a hyperbolic attractor of the
Smale-Williams type may appear just after the disappearance of a saddle-node
periodic orbit.?

Another typical codimension-one bifurcation (left untouched in this book)
within the class of Morse-Smale systems includes the so-called saddle-saddle
bifurcations, where a non-rough saddle equilibrium state with one zero char-
acteristic exponent (the others lie in both left and right half-planes) coalesces
with another saddle having a different topological type. If, in addition, the
stable and unstable manifolds of the saddle-saddle point intersect each other
transversely along some homoclinic orbits, then as the bifurcating point dis-
appears, saddle periodic orbits are born from the homoclinic loops. If there
is only one homoclinic loop, then only one periodic orbit is born from it, and
respectively, this bifurcation does not lead the system out of the Morse-Smale
class. However, if there are more than one homoclinic loops, a hyperbolic limit
set with infinitely many saddle periodic orbits will appear after the saddle-
saddle vanishes [135].

A similar effect occurs when a saddle-saddle periodic orbit (with one
multiplier equal to 1 and the rest of the multipliers both inside and outside
of the unit circle) disappears. If the stable and unstable manifolds of the
saddle-saddle periodic orbits intersect across two (at least) smooth tori, then
the disappearance of such a periodic orbit is followed by the birth of a limit
set in which an infinite set of smooth saddle invariant tori is dense [6].

5 A more general case is also considered in [139] concerning the disappearance of a saddle-
node torus and followed by the appearance of Anosov attractors and multi-dimensional
solenoids.
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In Chap. 13 we will consider the bifurcations of a homoclinic loop to a
saddle equilibrium state. We start with the two-dimensional case. First of
all, we investigate the question of the stability of the separatrix loop® in the
generic case (non-zero saddle value), as well as in the case of a zero sad-
dle value. Next, we elaborate on the cases of arbitrarily finite codimensions
where the so-called Dulac sequence is constructed, which allows one to deter-
mine the stability of the loop via the sign of the first non-zero term in this
sequence.

In the case of a non-zero saddle value, we present the classical result by
Andronov and Leontovich on the birth of a unique limit cycle at the bifurcation
of the separatrix loop. Our proof differs from the original proof in [9] where
Andronov and Leontovich essentially used the topology of the plane. However,
following Andronov and Leontovich we present our proof under a minimal
smoothness requirement (C!).

The case of zero saddle value was considered by E. A. Leontovich in 1951.
Her main result is presented in Sec. 13.3, rephrased in somewhat different
terms: in the case of codimension n (i.e. when exactly the first (n—1) terms in
the Dulac sequence are zero) not more than n limit cycles can bifurcate from
a separatrix loop on the plane; moreover, this estimate is sharp.

In the same section we give the bifurcation diagrams for the codimension
two case with a first zero saddle value and a non-zero first separatrix value
(the second term of the Dulac sequence) at the bifurcation point. Leontovich’s
method is based on the construction of a Poincaré map, which allows one to
consider homoclinic loops on non-orientable two-dimensional surfaces as well,
where a small-neighborhood of the separatrix loop may be a Mé&bius band.
Here, we discuss the bifurcation diagrams for both cases.

The bifurcations of periodic orbits from a homoclinic loop of a multi-
dimensional saddle equilibrium state are considered in Sec. 13.4. First, the
conditions for the birth of a stable periodic orbit are found. These condi-
tions stipulate that the unstable manifold of the equilibrium state must be
one-dimensional and the saddle value must be negative. In fact, the precise
theorem (Theorem 13.6) is a direct generalization of the Andronov-Leontovich
theorem to the multi-dimensional case. We emphasize again that in compari-
son with the original proof due to Shilnikov [130], our proof here requires only
the C'-smoothness of the vector field.

60nly one-sided stability is naturally considered.
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We consider next the homoclinic bifurcation of the saddle whose unsta-
ble manifold is still one-dimensional, but the saddle value is now assumed to
be positive. Unlike the case of the negative saddle value, here we need some
additional non-degeneracy conditions to be imposed on the system. These
conditions, in fact, imply the existence of a stable two-dimensional invariant
C'-manifold in the system, which is either a cylinder or a Mobius band, de-
pending on the sign of the so-called separatrix value. Hence, our problem is
reduced, essentially, to the two-dimensional case considered in Sec. 13.2. Since
this problem is a particular case of a more general problem (the case of the
multi-dimensional unstable manifold) considered in Sec. 13.5, we focus more
on the geometry underlying the result. Such an approach is relevant to the
study of the Lorenz attractors, as well as some other homoclinic bifurcations
of higher codimensions.

We end this section with a consideration of the homoclinic loop to a saddle-
focus whose unstable manifold is one-dimensional. It is shown that when the
saddle value is positive, infinitely many saddle periodic orbits coexist near such
a homoclinic loop of the saddle-focus (Theorem 13.8).

The existence of complex dynamics near a homoclinic loop to a saddle-focus
was discovered by L. Shilnikov for the three-dimensional case in [131]. Sub-
sequently, the four-dimensional case” was considered in [132]; and the general
case in [136].

In Sec. 13.5 we consider the bifurcation of the homoclinic loop of a
saddle without any restrictions on the dimensions of its stable and unstable
manifolds. We prove a theorem which gives the conditions for the birth of a
single periodic orbit from the loop [134], and also formulate (without proof)
a theorem on complex dynamics in a neighborhood of a homoclinic loop to
a saddle-focus. Here, we show how the non-local center manifold theorem
(Chap. 6 of Part I) can be used for simple saddles to reduce our analysis to
known results (Theorem 13.6).

In the case of the saddle-focus, the result of [136] in its full generality cannot
be obtained by a reduction to any invariant manifold. However, generically
(i.e. under some simple non-degeneracy conditions) the problem can be reduced
to a three- or four-dimensional invariant manifold [120, 150].

Section 13.6 discusses three main cases of codimension-two bifurcations of
a homoclinic loop to a saddle. These cases were selected by Shilnikov in [138]

"Here, the saddle-focus has two pairs of complex-conjugate characteristic exponents and
the divergence of the vector field is non-vanishing at the saddle-focus.
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for explaining the immediate onset of the Lorenz attractor from a homoclinic
butterfly. Later, these bifurcations attracted much interest (see references in
Sec. 13.6). Here we consider a multi-dimensional case of a homoclinic loop to
a saddle with zero saddle value and those cases of the so-called “orbit-flip”
and “inclination-flip” bifurcations which do not lead to complex dynamics.
Although the corresponding bifurcation diagrams are widely known (see [126,
77, 129] for the inclination-flip case, [119] for the orbit-flip case, and [99, 38,
77, 65] for the case of zero saddle-value), an explicit and complete proof is
published here, probably for the first time.

In Sec. 13.7 we describe two other cases of codimension two, namely the
bifurcations of a homoclinic-8 and a heteroclinic cycle with two saddles. Both
cases are considered within the Morse-Smale class (we require the saddle-
value to be negative in the case of the homoclinic-8; in the case of the hete-
roclinic cycle, either the saddle values must be negative or the conditions which
guarantee the existence of a two-dimensional invariant manifold must be
satisfied). The results surveyed in this section are extracted from [148, 151,
50, 149] for the homoclinic-8, and [121, 122, 123, 124, 125] for the hetero-
clinic cycles. Some other results on heteroclinic connections with a different
topology [34, 35] are also presented. The structure of bifurcation diagrams
in the case where two saddle-foci are involved is much more complicated in
contrast to the case of the connection between two saddles (even though the
dynamics remains simple in both cases). According to [158], the fine structure
of the bifurcation diagrams for the saddle-focus case is sensitive to arbitrarily
small changes of the continuous topological invariants (moduli) discussed in
Sec. 8.3.

The last chapter focuses on the general problems of the transition over
the stability boundaries of equilibrium states and periodic orbits. These ques-
tions have an immediate significance for the subject of nonlinear dynamics,
specially in cases where changes in the parameters of a working device may push
it out of its stability region, or when the control parameters are deliberately
chosen as close to the stability boundary as possible in order to achieve maximal
performance. For stationary regimes, the corresponding problems were
addressed by Bautin in his monograph first published in 1949. He classi-
fied stability boundaries as either safe or dangerous. When a safe boundary is
crossed, the representative phase point does not leave a small neighborhood of
the bifurcating equilibrium state or periodic orbit, although the latter becomes
unstable. In the case of a dangerous boundary, the phase point blows out from
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a small neighborhood of the bifurcating trajectory. Evidently, a local analysis
becomes inadequate in the case of dangerous boundaries: one must investigate
here how the unstable sets behave at the critical moment. For instance, if a
stable limit cycle adheres to a homoclinic loop of a saddle, it becomes crucial
to know where the other separatrix goes to since its w-limit set will be the
new dynamical regime of the system. In other cases, it turns out, however,
that there may be more than one stable limit set included in the boundary of
the unstable set at the critical parameter value (if this bifurcation is within
the Morse—Smale class, these limit sets are stable equilibria or periodic orbits).
Another option embraces the so-called dynamically indefinite stability bound-
ary where a random choice of the new regime occurs as a natural dynamical
phenomenon — the dynamical uncertainty.

The number of papers and monographs on the theory of bifurcations is very
large and increasing rapidly. Some of the questions considered in this book are,
to a certain extent, reflected in other books as well (see especially the books
marked by an asterisk in the list of references). We stress, however, that in
many works, while studying global bifurcations, the assumption of smooth lin-
earization of the equations near equilibrium states and periodic orbits is very
often made only for the sake of maximal convenience. The linearization as-
sumption requires the absence of resonances, which in turn imposes an infinite
set of unnecessary additional conditions on the system (or, the number of such
assumptions, first finite, may grow very fast as the dimension of the system
grows). Therefore, any approach based on linearization will cast some doubts
on the full applicability of the theoretical results to dynamical models.® The
methods presented in this book are free from these problems. This is achieved
by the use of techniques developed by our research group in Nizhny Novgorod.
It is applied in Chaps. 12 and 13 to non-local bifurcations. We stress that
we need only a very small degree of smoothness. This, perhaps, makes our
analysis more complicated, but it guarantees and enhances the validity and
the adequacy of our global bifurcation results. The methods presented in this
book are applicable also for systems with complex dynamics, in particular, for
systems with homoclinic tangencies [58, 59, 62], see also [100, 101].

81t happens rather often that some results which sound fine mathematically, being for-
mulated for “typical” or “generic” families of dynamical systems, when applied to a specific
problem require the verification of their stipulated conditions. It is unfair, however, to force
a researcher to consume time and computational resources only to check on conditions which
are, in fact, unnecessary.
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Chapter 7

STRUCTURALLY STABLE SYSTEMS

The qualitative theory of dynamical systems was initiated in the 19th century
by problems from celestial mechanics. The equations from celestial mechanics,
as we know, are Hamiltonian, a rather special form from a general point of
view. In essence, there was no particular need for a qualitative theory of
non-conservative systems at that time. Nevertheless, Poincaré had created a
significant part of a general theory of dynamical systems on the plane along
with its key result — the theory of limit cycles, and so had Lyapunov —
a general theory of stability. These mathematical theories were both applied
later, in 1920-1930 in connection with the invention of the radio and the further
intensive development of radio-engineering.

The dynamical regime in radio-engineering is self-oscillations. Any real
device, such as a neon bold or a vacuum tube, possesses a certain set of ad-
justable parameters. In practice, the parameter values corresponding to a
self-oscillatory regime of the same device, or of a series of similar ones, can-
not be exactly identical. Therefore, if a device exhibits repeatedly a similar
oscillation, this means that small parameter deviations within some tolerance
margins do not change the qualitative character of the process. Naturally, any
realistic mathematical model of the system must also exhibit this property of
real physical systems.

In the case where the physical system can be adequately modeled by a dy-
namical system on the plane, precise mathematical meaning can be given to
this feature of physical “robustness”, and this was done by Andronov. First
of all, he applied the Poincaré theory of limit cycles and the Lyapunov the-
ory of stability for studying modeling equations that allowed him and Vitt
to explain many real phenomena in radio-engineering. Then, he linked the

393
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notion of a stable Poincaré limit cycle with the observable periodic oscillations
which he called “self-oscillations”. Moreover, Andronov introduced the notion
of a “rough” cycle as the mathematical image of robust self-oscillation, i.e. a
cycle which persists under small smooth perturbations of the system.

However, over some parameter range, the governing parameters can cause
fundamental changes in the oscillatory regimes. For a dynamical system this
causes qualitative modifications of the phase portrait. In his perspective review
on “Mathematical problems of the theory of self-oscillations” [8], Andronov
had emphasized that the comprehensive study of bifurcations of the oscillatory
regimes requires the expansion of the notion of roughness from a stand-alone
trajectory (as a limit cycle, or an equilibrium state) onto the system as a whole.
This problem was solved by Pontryagin and himself. Below, we sketch their
theory of systemes grossiers, “rough” systems on a plane.

7.1. Rough systems on a plane.
Andronov-Pontryagin theorem

Consider a set of two-dimensional systems on the plane defined by the equation
= X(x), (7.1.1)

where X (21, z2) is a C"-smooth (r > 1) function defined in a closed bounded
region G C R2?.
Let us introduce the following norm in this set

X
[ Xllcr = sup <X|| + H%‘D : (7.1.2)

Endowed with this norm, the set of systems becomes a Banach space which
we denote by B or Bg, thereby stressing the choice of the domain G.

We can also introduce a d-neighborhood of the system X as the set of all
systems X satisfying the condition

IX — X||er < 8.

Definition 7.1. A dynamical system X is said to be rough in the region G if
given € > 0 there exists 6 > 0 such that:

(1) all systems X in a &-neighborhood of X are topologically equivalent to
X and moreover
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(2) the homeomorphism, which establishes this topological equivalence, is e-
close to the identity, i.e. the distance between two corresponding points
is less than €.

Like it was done in the original definition of roughness, it is natural to
impose some assumptions regarding the boundary 0G of the region G: namely,
that G must be a smooth closed curve without contact with the vector field!
(i.e. not tangent to it). Notice that in the case of dynamical systems on compact
smooth surfaces, the domain G is just taken to coincide with the whole surface,
so no conditions on the boundary appear.

Theorem 7.1. (Andronov-Pontryagin) A system X is rough in the region
G, if and only if,

(1) no equilibrium state has a characteristic exponent on the imaginary
axts;

(2) no periodic orbit has a characteristic multiplier on the unit circle; and

(3) no separatriz starts from one saddle and ends at another (or at the
same) saddle.

The last condition may be reformulated as the absence of homoclinic and
heteroclinic trajectories.

It follows from the above theorem that a rough system on the plane may
possess only rough equilibrium states (nodes, foci and saddles) and rough limit
cycles. As for separatrices of saddles, they either tend asymptotically to a node,
a focus, or a limit cycle in forward or backward time, or leave the region G
after a finite interval of time.

Obviously, this picture is preserved under small smooth perturbations.
Therefore, the rough systems form an open subset of Bg.

Moreover, it follows from simple arguments based on the rotation of a vector
field to be presented below that, if X is a non-rough system, then given any
0 > 0 there exists a rough system X which is d-close to X. In other words, the
rough systems form a dense set in Bg.

1This condition may be weakened so that a finite number of points of a quadratic contact
with the vector field can be allowed on 9G. In such a case, the fourth condition that neither
periodic orbits nor separatrices pass through these contact points should be added to the
Andronov—Pontryagin Theorem.
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It follows immediately from the Andronov—Pontryagin theorem that a rough
system may possess only a finite number of equilibrium states and periodic

orbits in G.
Equilibrium states, periodic orbits and separatrices of saddles are special
trajectories. Together they determine a scheme — a complete topological

invariant (see Chap. 1 for details). One may easily conclude that all systems
d-close to a given rough system have the same scheme.

The necessity of conditions (1) and (2) of the Andronov—Pontryagin theo-
rem is obvious. Indeed, if a system is rough in G, it must remain rough in any
sub-region of G. Hence, by choosing a small neighborhood that contains an
equilibrium state, one concludes that the system corresponding to this equilib-
rium state must be rough too. An analogous observation also holds for rough
limit cycles.

Let us now explain why there are no separatrices which connect saddles in
rough systems.

Let us rewrite the system X in the form

xr = P x?y )
(#:9) (7.1.3)
y=Q(z,y)
Consider a special perturbed system X "
& = P(z,y) + pQ(z,y) ,
(.9) (.9) (7.1.4)

9= Q(z,y) — pP(z,y),

where p is a parameter. Observe that the equilibrium states of the system
(7.1.4) do not move when p varies. At any other point, the angle ¥ between
the phase velocity vectors of X, and X is given by:

Q-—pP @

P4+u@ P
tany = —="—F5—= = —u, (7.1.5)
1+Q uP Q

PtuQ P

i.e. the angle v is constant.

Due to this feature, the family X, is called a rotation of the vector field X
through a constant angle. This angle is positive if g > 0 or negative if p < 0,
respectively. Hence, if at © = 0, a separatrix of one saddle is connected to



7.1.  Rough systems on a plane. Andronov—Pontryagin theorem 397

02 02 02

—W ‘

Ol o 01‘

(a) (b) (c)

Fig 7.1.1. (a) A non-transverse heteroclinic connection between two saddles in R? at u =0
is split in two ways: (b) p < 0 and (c) p > 0.

another saddle [See Fig. 7.1.1(a)], then for an arbitrarily small non-zero y, this
connection will be split in either way shown in Figs. 7.1.1(b) and 7.1.1(c).

Similarly, if there were a separatrix loop to a saddle at u = 0, it would be
split for some non-zero p, as shown in Fig. 7.1.2. We see that an arbitrarily
small smooth perturbation of the vector field will modify the phase portrait of
a system with a homoclinic loop or a heteroclinic connection; this obviously
means that such a system is non-rough.

The proof of sufficiency of the conditions of the Andronov—Pontryagin theo-
rem relies heavily on the Poincaré—Bendixson theory which gives a classification
of every possible type of trajectories in two-dimensional systems on the plane
(see Sec. 1.3). We refer the reader to the books [11, 12] for further details.

The Poincaré-Bendixson theory is also applicable for systems on a cylinder,
as well as on a two-dimensional sphere. As for other compact surfaces like tori,
pretzels (spheres with a handle) etc., there may exist vector fields that possess,
besides equilibria and limit cycles, unclosed Poisson-stable trajectories as well.

Of special interest in nonlinear dynamics are the flows on a two-dimensional
torus. We consider the systems on a torus which have no equilibrium states
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(a) (b) (c)

Fig 7.1.2. (a) A homoclinic loop to a saddle is structurally unstable. A separatrix behavior
(b) prior and (c) after the loop.

and which can be reduced to an orientable diffeomorphisms of the circle in the
form
6 =0+ fo(0) = f(6) mod 27.

By introducing the metrics
dist (f1, f2)or = max([|f1(60) = fo(O) + [11(0) = f2(9)]])

the set of these diffeomorphisms comprises a metric space where (in view of
Mayer’s theorem from Chap. 4) rough diffeomorphisms are dense.

Rough systems are also dense in the space of systems on two-dimensional
orientable compact surfaces for which the necessary and sufficient conditions of
roughness are analogous to those in the Andronov—Pontryagin theorem. The
theory of such systems was developed by Peixoto [107]. The key element in
this theory proves the absence of unclosed Poisson-stable trajectories in rough
systems (they may be eliminated by a rotation of the vector field).

It must be noted here that Peixoto employs a different definition of rough-
ness. In the case of systems on a plane, it is to be redefined in the following
way:

Definition 7.2. A system X is said to be structurally stable in region G if
there exists 6 > 0 such that if || X — X||c1 < 0, then X and X are topologically
equivalent.

Compared to the definition of rough systems, the above definition has an
advantage: it follows immediately that structurally stable systems form in
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an open set. The analogous claim for rough systems follows only from the
Andronov-Pontryagin theorem. In fact, Peixoto showed that the necessary
and sufficient conditions of roughness in the sense of Definition 7.1 coincide
with the necessary and sufficient conditions in the sense of Definition 7.2 for
two-dimensional systems.

The notion of roughness/structural stability can be extended to the high-
dimensional case without any problem. However, some other problems do arise
here when we need to find out explicitly the necessary and sufficient conditions
for roughness. We have remarked that Andronov and Pontryagin, as well as
Peixoto, had used the classification of proper two-dimensional systems in an
essential way. So, we must stop here to get acquainted with some basic notions
and facts from the general theory of dynamical systems.

7.2. The set of center motions

Back to radio-engineering in the 1920’ and the 1930’s, we may presume that
there still remained problems which would have required modeling in terms
of dynamical systems of order higher than two. We may wonder what kind
of oscillatory motions other than periodic ones might have been observed in
complex physical systems and which mathematical image could be adequately
associated to them. To settle this question, one must have a comprehensive
classification of all possible trajectories. Its first stage begins with the selection
of wandering and non-wandering points. The definition of points of both sorts
was given in Chap. 1 for systems on compact sets. We will consider below the
system

= X(2),

where X € C! in a bounded and closed region G C R™ whose boundary
consists of smooth (n—1)-dimensional surfaces without contact with the vector
field, which is oriented inwards, i.e. entering G. Hence, for any point xg € G
a positive semi-trajectory x(¢,z9) is defined from any starting point zg at
t=0.

Definition 7.3. A point zq is said to be wandering if it has a neighborhood U
such that for some T > 0 and for allt > T

Unz(t,U)=10.
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Here, as before,
z(t,U) = U x(t,§) .
1319
It follows from the above definition that each point £ € U is wandering too.
Therefore, the set of all wandering points is open. Besides, it is easy to see
that if z¢ is a wandering point, then the point x(t,z() is also wandering for
any t. Hence, one may call z(t|;>0; o), a positive wandering semi-trajectory.
Moreover, if 2:(t,z) € G for all t < 0, i.e. if a negative semi-trajectory passing
through the point xg lies entirely in G, then x(t,x0)i<o will also consist of
wandering points. Hence a whole trajectory x(¢, z¢) may be called wandering.
For obvious reasons, a wandering (semi-) trajectory is unlikely to be associated
with the type of motion we have been looking for.
Therefore we shall focus on non-wandering points. Even from the name,
one may anticipate a certain “recurrence”.

Definition 7.4. A point xq is called non-wandering if for any neighborhood
U of x and for any T > 0 there exists t > T such that

Unxz(t,U) #0.

In this case, given an arbitrary sequence T,, — oo, one can find a sequence
t, — o0, such that U returns to itself infinitely many times. One may easily
see that if a point x is non-wandering, then (¢, 29) € G for all t € (—o0, +00),
and any point on the trajectory is non-wandering too.

Since the set of wandering points is open, its complement, which is the set
of non-wandering points, is closed. We will denote it by M. Let us show
that it is not empty under our assumptions. First of all, notice that the set
of w-limit points of any semi-trajectory is non-empty. This follows from the
compactness of G.

Statement 7.1. Any w-limit point of any trajectory z(t,zo) is non-
wandering.

Proof. Let x(¢,z¢) be a semi-trajectory and y be its limit point. Let U be an
arbitrary neighborhood of y. Choose an arbitrarily large ¢. Since y is an w-limit
point, one may find two arbitrarily large ¢; and t5 such that y; = x(t1,20) € U
and yo = x(t2,z9) € U. We may assume that ¢t — t; > . It follows then that
x(ta —t1,U) NU # () (this intersection contains the point ya). Therefore, y is
a non-wandering point indeed.
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The reverse statement is not true. In general, there may exist non-
wandering points which are not w-limit points or a-limit points of any
trajectory.

Equilibrium states and periodic orbits are non-wandering trajectories. In
the former case, any neighborhood of an equilibrium state will contain it for-
ever; in the case of a periodic orbit, any of its points returns infinitely many
times to an initial neighborhood simply because of periodicity.

The central sub-class of non-wandering points are points which are stable
in the sense of Poisson. The main feature of a Poisson-stable point is not
only the recurrence of its neighborhood but the recurrence of the trajectory
itself. The definition of Poisson-stable points below is different in some ways
but equivalent to the definition given in Chap. 1.

Definition 7.5. A point xy is said to be positively stable in the sense of
Poisson (PT-stable) if there exists a sequence t,,, where t,, — 400 asn — 400,
such that
lim z(t,,x0) = xo .
n—-+oo

In other words, the point zy is an w-limit point of its positive semi-
trajectory.

The definition of a negative Poisson stable (P~ -stable) point is analogous
to the above except that ¢, — —oo here. In the case where the point xq is
both PT-stable and P~-stable, it is said to be stable in the sense of Poisson.

One can see that if zo is P* (P~ )-stable, its trajectory is P™ (P~ )-stable
too. Hence, we may generalize the notion of the Poisson stability over semi-
trajectories and whole trajectories.

It is important to distinguish the P*, P~ and P-stable trajectories from
each other. Indeed, consider the example from Sec. 1.2 of a system on a two-
dimensional torus which possesses an equilibrium state with a Pt-trajectory
which is a-limiting to the equilibrium state and a P~ -trajectory which is w-
limiting to it; all other trajectories on the torus are Poisson-stable, and cover
it densely.

Let us return to the set M; of non-wandering points. We have established
that it is non-empty, closed and invariant (consists of whole trajectories). The
set M7 may be regarded as the phase space of a dynamical system, and there-
fore one may repeat the procedure and construct the set My consisting of
non-wandering points in M. Clearly, My C M. Just like M1, the set My
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is also a compact invariant set. If My = My, then M/ is said to be the cen-
ter or the set of center motions. This is exactly the situation we have when
considering structurally stable two-dimensional systems.

In the general case, we have

MiDMygD---DMpD---.

If My = My beginning with some k, then My is also called a center, and
k is called the ordinal number of center motions.
If My, # My for any k, then we may introduce the set

- Fyate

k=1

which is the intersection of closed invariant sets. Therefore, the set M, is
closed and invariant as well. Indeed, if g € M,,, then zo € M, for any k.
All M, are invariant, and therefore x(¢,z¢) € My, for all ¢t and any k, whence
x(t,xg) € M,,.

We can repeat the above procedure to obtain a transfinite sequence of
closed sets

Ml3"'3MkD"'DMWD"'DMQD"'.

It is known (from Cantor’s theorem for finite-dimensional sets) that one can
find a countable a such that M, = M,y = - -+, i.e. the process terminates.
In such a case, M, is a center where « is the ordinal number. If « is finite, it
is called a transfinite ordinal number of the first class; if a > w it is called a
transfinite ordinal number of the second class.

It seems bizarre, but dynamical systems with a transfinite ordinal number
a of the second class do exist. Mayer [93] had proved that for any given
transfinite « of the second class, there exists a system whose ordinal number
of center motions exceeds this transfinite number.

For rough systems on a plane, the Andronov-Pontryagin theorem gives
a = 1. The case where a = 2 takes place in systems which has a loop of
separatrix I' to a saddle O, the loop is the limit trajectory for nearby orbits
(see Fig. 7.2.1) and is non-wandering. Here, M; = T'UO. On the second step
of the above procedure, one obtains Ms = O, i.e. the center of the region G is
minimized to the equilibrium state.
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Fig. 7.2.1. The homoclinic loop to saddle is an w-limit for a trajectory from the interior
region.

Why is the center so remarkable? First, this is the set about which all
trajectories of the system linger much longer than elsewhere, most of the time.
Second, this center is characterized by Birkhoff’s theorem.

Theorem 7.2. (Birkhoff) The Poisson-stable trajectories are dense every-
where in the set of center motions.

This theorem resembles the known theorem by Poincaré on recurrence of
the regions for the case of conservative systems, i.e. for volume preserving flows
and diffeomorphisms provided the volume of the phase space is finite. Strictly
speaking, that was the goal which Birkhoff wished to achieve while creating
the theory of center motions; namely, to single out the set of trajectories from
a dissipative system, on which the system would behave like a conservative
one. For example, on a periodic orbit, the equation of motion in the normal
coordinates is given by 6 = 1. This flow preserves the length of the arc. An
analogous situation occurs on a stable invariant torus covered densely by a
quasiperiodic trajectory. For example, this is the motion described by the
equations:

9:&}1, Y = wz,

where w; is not commensurable to ws.

Finally, we remark that the reader may find deeper insights to the above
issues in the book “Dynamical Systems” by Birkhoff [31] and in the book
“Qualitative Theory of Differential Equations” by Nemytskii and Stepanov
[98].
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7.3. General classification of center motions

We have already noticed that the theory of structurally stable systems of second
order on a plane is based essentially on the theory of Poincaré—Bendixson, and
on the classification of all possible kinds of motions. Below is the diagram
suggested by Andronov which describes the general classification of motions
due to Birkhoff.

All motions

Center Non-center

Poisson stable Poisson unstable
Recurrent Non-trivial
Almost periodic Not almost periodic
Quasiperiodic Non-quasiperiodic

l (limit-quasiperiodic)
Periodic Aperiodic

l (properly quasiperiodic)
Equilibrium states Properly periodic

In the preceding sections, we have discussed the set of center motions.
In essence, we have found that it is the closure of the set of Poisson-stable
trajectories. It does not exclude the case where the latter ones may simply be
periodic orbits. But if there is a single Poisson-stable unclosed trajectory, then
by virtue of Birkhoff’s theorem in Sec. 1.2, there is a continuum of Poisson-
stable trajectories. As for the rest of the trajectories in the center, it is known
that the set of points which are not Poisson-stable is the union of not more
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than a countable number of sets that are closed and nowhere dense in the
center. This means that the majority of trajectories in the set of center motions
consists of the Poisson-stable trajectories.

The Poisson-stable trajectories may be sub-divided into two kinds depend-
ing on whether the sequence {74 (g)} of Poincaré return times of a P-trajectory
to its e-neighborhood is bounded or not. Birkhoff named the trajectories of
the first kind recurrent trajectories. Such a trajectory is remarkable because
regardless of the choice of the initial point, given € > 0 the whole trajectory
lies in an e-neighborhood of the segment of the trajectory corresponding to a
time interval L(g). Obviously, equilibrium states and periodic orbits are the
closed recurrent trajectories.

Let us recall next the notion of a minimal set.

Definition 7.6. A set M is called minimal if it is non-empty, closed, invariant
and contains no other subsets of the same properties.

We remark that under the above assumptions on the system and on the
region GG, the minimal set always exists. It is curious that to prove their
existence Birkhoff also applied the transfinite procedure.

The relationship between a minimal set and a recurrent trajectory is con-
stituted by the following theorems.

Theorem 7.3. (Birkhoff) Any trajectory of a minimal set is recurrent.

Theorem 7.4. (Birkhoff) The closure of a recurrent trajectory is a minimal
set.

It follows from these theorems that the trajectories of a minimal set (other
than an equilibrium state or a periodic orbit) form a totality of “twins”.

The closure of an unclosed Poisson-stable trajectory whose return times
are unbounded for some ¢ > 0 is called a quasiminimal set. A quasiminimal
set contains, besides Poisson-stable trajectories which are dense everywhere in
it, some other invariant and closed subsets. These may be equilibrium states,
periodic orbits, non-resonant invariant tori, other minimal sets, homoclinic and
heteroclinic orbits, etc., among which a P-trajectory is wandering. This gives
a clue to why the recurrent times of the non-trivial unclosed P-trajectory are
unbounded. Furthermore, this also points out that Poisson-stable trajectories
of a quasiminimal set, due to their unpredictable behavior in time, are of



406 Chapter 7. Structurally Stable Systems

major interest in non-transient oscillating processes having an empirical chaotic
character.

In the case of recurrent trajectories, there are certain statistics in Poincaré
return times which are “weaker” than that characterizing genuine Poisson-
stable trajectories. Nevertheless, there is a particular sub-class of recurrent
trajectories which is interesting in nonlinear dynamics. This is the class of
the so-called almost-periodic motions. The remarkable feature which reveals
the origin of these trajectories is that each component of an almost-periodic
motion is an almost-periodic function (whose analytical properties are well
studied, see for example [49, 66, 84]).

An almost periodic function is uniquely defined “in average” by a trigono-
metric Fourier series

+oo
ft) ~ Z anei)\nta
n=—oo
where ), are real numbers. If all \, are linear combinations (with integer
coefficients) of a finite number of rationally independent elements from a basis
of frequencies wy,...,w, (see Chap. 4), then we have a particular case of
almost-periodic functions, namely quasiperiodic functions. It is correct to write
a quasiperiodic function in the form

f(t) = p(wit, ..., wnt),

where ¢ is periodic in all its arguments, with the same period. If a k-
dimensional system of differential equations

= X(x) (7.3.1)
has a quasiperiodic solution
z(t) = p(wit,. .. ,wnt),
then it admits also a solution
z=@wit+C1,...,wnt+Cn),

where Cq,...,C,, are arbitrary constants. This means that the associated
minimal set (the closure of z(t)) is an m-dimensional invariant torus. An-
dronov and Vitt [15] had established that its dimension must meet the following
condition

m<k-1.
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If a finite-dimensional system has an almost-periodic solution, that is not
quasi-periodic, then the coefficients A,, are linear compositions of a finite num-
ber of basis frequencies wq,...,w,, with rational factors. Such solutions are
called limit-quasiperiodic. For this case Pontryagin [112] had proven that the
dimension m of the minimal set must satisfy the following inequality

m<k-—2.

In particular, for a system of third order we have m = 1, i.e. its limit-
quasiperiodic solutions have the form

+oo
f(t)z Z aneirnwt

n=—oo

with some rational r,, so that a finite segment of the Fourier series

N
= 3 aneie
n=—N

of f(t) is some periodic function with a period tending to infinity as
N — 0.

The structure of the minimal set of a limit-quasiperiodic trajectory is a
fractal. In other words, it is characterized locally as a direct product of an
m-dimensional disk and a zero-dimensional Cantor set K. Obviously, in the
limit-periodic case, it has the form of a direct product of an interval and K.

In order to visualize the structure of the minimal set of a limit-periodic
trajectory in R3, it is instructive to construct an object called the Wietorius-
van Danzig solenoid.

The first stage in this geometrical construction is as follows. Consider a
solid-torus II; € R3, where IT; = D? x S!, D? is a two-dimensional disk and S*
is a circle. Let us embed a similar solid-torus Il into II; so that it intersects
every disk {¢ = constant} in II;, where ¢ € S! is an angular variable, in
two disjoint disks so that II; makes two revolutions along S; without self-
intersections as illustrated in Fig. 7.3.1. It is also assumed that Il is about
twice as long as that of Iy, and four times thinner. At the second stage, we
embed a torus II3 into Il in the same way as above, so that there are now four
intersections of Il with each disk {¢ = constant}, two inside each previous
pair of intersections.
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Fig. 7.3.1. The second stage in constructing the Wietorius—Van Danzig solenoid.

Repeating this procedure, we obtain a sequence of solid-tori II,, such that
11,41 C II,,. The resulting solenoid is defined by the set

n=1

This set is closed, and 3 N {p = constant} is a Cantor set. Wietorius and van
Danzig showed that a flow may be defined on ¥ so that ¥ becomes a minimal
set of almost-periodic motions. It is apparent that they have used the notion
of almost-periodicity from a qualitative point of view.

Definition 7.7. A motion x(t) is said to be almost-periodic if for any e > 0
there exists a value L(g) and a countable sequence of numbers {7y} satisfying
|Tkt1 — 7| < L(€), such that

dist(z(t),z(t + 7)) <e, —o0<t<+00. (7.3.2)

A periodic orbit, which is the special purest case of an almost-periodic
motion, admits, besides its least period 7, also any multiple k7 of 7 as periods,
where k is an integer. The collection {74} plays almost the same role for an
almost-periodic trajectory as the periods for a periodic orbit; this is why the
numbers 7 () are called almost-periods.

The closure of an almost-periodic trajectory contains only almost-periodic
trajectories. Moreover, the value L(e) and the almost-periods remain the same.
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The above observation poses a basic question: what feature distinguishes
almost-periodic trajectories from recurrent ones? To answer this question, we
must introduce one more definition.

Definition 7.8. A trajectory possesses the S-property if, given € > 0, there
exists 6 > 0 such that, for any t1 and to,

dist(z(t1, z0), z(t2, o)) < 0,

implies
dist(z(t + t1,20), 2(t + t2,70)) < €,

for 0 <t < 4o0.

In essence, the above condition is a hidden property of uniform stability in
the Lyapunov sense.

Theorem 7.5. (Franklin, Markov) If a recurrent trajectory possesses the
S-property, then it is almost-periodic.

One of the conclusions from this theorem is that an authentic recurrent
trajectory must be unstable. A few exotic examples of dynamical systems on
some compact manifolds, called nil-manifolds, are known where all trajectories
are recurrent. Moreover, these trajectories are unstable. However, their insta-
bility is not exponential but only polynomial. In contrast to an almost-periodic
trajectory whose frequency spectrum is discrete, the spectrum of a recurrent
trajectory has in addition a continuous component. For further details see [23].

7.4. Remarks on roughness of high-order dynamical
systems

Many oscillatory regimes must be modeled by high-order dynamical systems.
As in the low-dimensional case, the equilibrium states and periodic orbits of
such systems correspond to stationary regimes and periodic oscillations, in
particular, self-oscillations. In Chap. 4, we touched upon questions related to
the description of self-modulation and multi-frequency regimes by means of
quasiperiodic motions on invariant tori. But the large variety of possible kinds
of oscillating phenomena in high-order dynamical systems is not exhausted by
the above motions alone. What mathematical image corresponds to such more
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complex oscillatory behavior? Can the latter be explained via the language of
dynamical systems? In order to answer these questions, we need to reveal the
role of unclosed Poisson-stable trajectories. Meanwhile, one must bear in mind
that any mathematical idealization of an observable process must be stable in
time and robust against small smooth perturbations of the dynamical system.

In this context, the following question raised by Andronov and Vitt is
remarkable: Which P-trajectory is stable in the sense of Lyapunov? Its answer
is settled by the following theorem.

Theorem 7.6. (Markov) If a Poisson-stable trajectory is uniformly stable
in the sense of Lyapunov, then it is almost-periodic.

The proof of this theorem is presented in [98]. In essence, it is based on the
S-property only and therefore requires the additional property of uniformity
of stability.?

This result shows that an individual trajectory cannot give an adequate
image of chaotic oscillations. Looking ahead we note that all unclosed Poisson-
stable trajectories in structurally stable systems are, in fact, unstable, or more
precisely, of the saddle type.

If a P-trajectory is unstable in the sense of Lyapunov, this should imply
that each trajectory from its quasiminimal set is also unstable. Nevertheless,
this set can be attractive as a whole, and in this case it may be a mathematical
image of the complex oscillatory process that we have been seeking. However,
a clear understanding of the necessity of having such attractors in nonlinear
dynamics came years later, only in the seventies.

Let us explore the properties of the geometrical objects of our consideration
from the point-of-view of their persistence under small smooth perturbations.
Again, this is well understood in the case of equilibrium states and periodic
orbits. But what about the case when a structurally stable system has an
unclosed P-trajectory? What features does such a system possess?

We have already mentioned that a P-trajectory ¢(t,xg) is a self-limit, i.e. it
approaches its initial point x( arbitrarily close. It appears intuitively clear that
by the appropriate choice of a sufficiently small perturbation the perturbed
system will have a periodic orbit going exactly through the point zg. As it

2In the case of a uniform stability in the sense of Lyapunov, the sizes of both small
neighborhoods included in the definition do not depend on a choice of an initial point,
i.e. they are the same for each point on a trajectory, see Malkin [91].
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often happens in mathematics, a simply formulated statement may require a
rather non-trivial proof. This hypothesis was proven by Pugh in 1968. This
result follows from the following theorem called the closing lemma [113].

Theorem 7.7. (Closing lemma, Pugh) Let 2y be a non-wandering point
of a smooth flow. Then, arbitrarily close in C'-topology, there exists a smooth
flow which has a periodic orbit passing through the point xo.>

Since each point on a P-trajectory is non-wandering, this result is also
valid for points stable in the sense of Poisson. The closing lemma implies the
following meaningful corollary: a rough system with a P-trajectory possesses
infinitely many periodic orbits.

Indeed, since the original system is rough, it is topologically equivalent to
any sufficiently close system. By Theorem 7.7, this means that the original
system has a periodic orbit that goes through a point x; near enough to xg
(it should also be noted that the smaller the perturbation, the longer the
period of the periodic orbit will be). By the same arguments, the system must
have another periodic orbit which passes through an even closer point xo, and
SO on.

So, one can see that the original system with a Poisson-stable unclosed
trajectory will possess infinitely many periodic orbits ¢(¢, xx ), where ¢(0, xx) =
xk(k =1,2,...) with periods 7, such that x; — x¢ and 7, — +00 as k — +o0.

Note that in this proof, we use essentially the roughness (versus structural
stability) of the system, i.e. we assume that the homeomorphism establishing
the topological equivalence of sufficiently closed systems is close to identity.
However, without this assumption the claim is still true, though the proof
becomes more involved.

To characterize the structurally stable systems with P-trajectories, the fol-
lowing result is very useful.

Theorem 7.8. (Pugh) Arbitrarily close (in Cl-sense) to any smooth flow,
there exists a flow for which the periodic orbits are dense everywhere in the
non-wandering set.*

Therefore, if a structurally stable system has an attractive quasiminimal
set — a strange attractor, then periodic orbits will be dense in it.

3The validity of the C"-version of this theorem with r > 2 remains unknown up-to-date.
4Strictly speaking — in the non-wandering set minus the equilibrium states.
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As for attractive minimal sets, it follows from Pugh’s theorem that they are
structurally unstable. Although the minimal sets composed of recurrent and
limit-quasiperiodic orbits are by far not key players in the nonlinear dynamics,
quasiperiodic motions have always been of major interest because they model
many oscillating phenomena having a discrete spectrum.

Resuming our consideration, we may make a preliminary conclusion:
typical dynamical systems are divided into two basic classes depending on
whether the system has a finite number of periodic orbits in a bounded sub-
region of its phase space or the number of periodic orbits is infinite. In the
first case such systems are usually called systems with simple dynamics. The
second class is composed of systems with complex dynamics. The notion of
roughness or structural stability is easily applied to the systems with simple
dynamics. The situation for systems with complex dynamics is more uncertain.

The point is that structurally unstable (non-rough) systems with complex
dynamics may form open regions in the space of dynamical systems. More-
over, it must be emphasized that structurally stable (rough) strange attractors
have never been observed so far in any model in nonlinear dynamics, remaining
purely geometrical or algebraic constructions. Therefore, it seems that typical
systems with strange attractors fall exactly into the regions of structural insta-
bility. These structurally unstable strange attractors enjoyed a great success in
our exploration of dynamical chaos. For such attractors, the strict requirement
of roughness obviously makes no sense; only some typical features must persist
under small perturbations.

Usually, a reasonable high-order model must exhibit both types of dynamics
— simple and complex. Of course, the first step in the analysis of such models
is the study of the structure of the partitioning of the phase space into trajec-
tories in those parameter regions which correspond to simple dynamics. In the
next section, we will be focusing on a rather broad class of structurally sta-
ble systems with simple dynamics which are called the Morse-Smale systems.
Systems with complex dynamics require special care, and will be the subject
of a further monograph.

7.5. Morse-Smale systems

Morse—Smale systems are introduced axiomatically. Consider a dynamical

system
i=X(z), (7.5.1)

where X (z) € C" (r > 1) in R™.
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Let G be some closed, bounded region in the phase space of (7.5.1). Denote
by  the set of non-wandering trajectories of system (7.5.1) in G. We will
assume that 0G N Q = (), where G denotes the boundary of G.

Definition 7.9. System (7.5.1) in region G is called a Morse—Smale system
if it satisfies the following two axioms:

Axiom 1. The non-wandering set ) consists of a finite number of orbits.

Axiom 2. All periodic orbits and equilibrium states in G are structurally
stable and any intersection of their stable and unstable invariant manifolds is
transverse.

In fact, it can be shown that periodic orbits and equilibrium states are the
only non-wandering trajectories of Morse-Smale systems. Axiom 1 excludes
the existence of unclosed self-limit (P-stable) trajectories in view of Birkhoff’s
Theorem 7.2. The existence of homoclinic orbits is prohibited by Theorems 7.9
and 7.11 below. Next, it is not hard to extract from Theorem 7.12 that an w-
limit (a-limit) set of any trajectory of a Morse-Smale system is an equilibrium
state or a periodic orbit.

Recall that an equilibrium state O(z = ) is structurally stable if none of
its characteristic exponents, i.e. the roots of the characteristic equation

8X(Z‘o) -

lies on the imaginary axis.

A topological type (m,p) is assigned to each equilibrium state, where m is
the number of the characteristic exponents in the open left half-plane and p is
that in the open right half-plane. Therefore, m +p =n. If m =n (m = 0),
the equilibrium state is stable (completely unstable). An equilibrium state is
of saddle type when m # {0,n}.

The set of all points in the phase space whose trajectories converge to x¢ as
t — +o00 (—00) is called the stable (unstable) manifold of the equilibrium state
and denoted by W§ and W, respectively. If O has the type (m,p), then W§
is an m-dimensional C"-manifold, and W is a p-dimensional C"-manifold. In
the case where m = n, the attraction basin of O is W.

It is also known that W§ is diffeomorphic to R™, and that W is diffeo-
morphic to RP. In a suitable coordinate frame, the system near the saddle
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equilibrium state is written in the form

§=A"¢+f(Em),
=A% n+g(&n),

where A~ is an m X m-matrix whose spectrum lies to the left of the imaginary
axis, AT is a p x p-matrix whose spectrum lies to the right of the imaginary
axis, the functions f and g vanish at the equilibrium state O along with first
derivatives. In this coordinate frame, the equation of W _(O) is

n=¢&),

and that of W _(O) is
§=v(n),

where ¢ and 9 are C"-smooth functions such that ¢(0) = 0, ¢'(0) = 0 and
¥(0) =0, ¥'(0) = 0.

Let us suppose next that system (7.5.1) has a periodic trajectory L: x =
¥(t), of period 7. The periodic orbit L is structurally stable if none of its
(n — 1) multipliers lies on the unit circle. Recall that the multipliers of L are
the eigenvalues of the (n—1) x (n—1) matrix A of the linearized Poincaré map
at the fixed point which is the point of intersection of L with the cross-section.
The orbit L is stable (completely unstable) if all of its multipliers lie inside
(outside of) the unit circle. Here, the stability of the periodic orbit may be
understood in the sense of Lyapunov as well as in the sense of exponential
orbital stability. In the case where some multipliers lie inside and the others
lie outside of the unit circle, the periodic orbit is of saddle type.

The set of all points of the phase space whose trajectories converge to L as
t — 400 (—o0) is called the stable (unstable) manifold of the periodic orbit.
They are denoted by W; and W}, respectively. In the case where m = n, the
attraction basin of L is W;. In the saddle case, W} is (m + 1)-dimensional
if m is the number of multipliers inside the unit circle, and W} is (p + 1)-
dimensional where p is the number of multipliers outside of the unit circle,
p =n—m— 1. In the three-dimensional case, W; and W} are homeomorphic
either to two-dimensional cylinders if the multipliers are positive, or to the
Mobius bands if the multipliers are negative, as illustrated in Fig. 7.5.1. In
the general case, they are either multi-dimensional cylinders diffeomorphic to
R™ x S', or multi-dimensional M6bius manifolds.
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Fig 7.5.1. Saddle periodic orbit in R? are distinguished by the topology of the stable and
unstable invariant manifolds which may be homeomorphic to: a cylinder (left); or a Mdbius
band (right).

The stable invariant manifolds of equilibrium states and periodic orbits may
have common points with the unstable manifolds. Clearly, if a point zq is such
a common point of two invariant manifolds, then the trajectory = = ¢(t, )
belongs to both manifolds entirely. In the simplest case, O = W3 N W§,
i.e. the stable and unstable manifolds of an equilibrium state intersect at only
trajectory, which is the equilibrium state itself.

Analogously, for a periodic orbit L we may have L = W7 NW}'. But this is
the trivial situation and we are not going to give it our attention. Of interest
is the case where x( neither is an equilibrium state nor lies on a periodic orbit.
Below we will consider equilibrium states and periodic orbits as similar objects
which will be denoted as Q.

Let @1 and Q2 be such that W§ and W, have a common point 9. The
trajectory of such point zq is called heteroclinic if Q, and Qs are different®
and it is called homoclinic if Q1 = Q3.

5Consider an example

Q‘L’:*/L+CE2,
y:_y7
2=z,

which for 4 > 0 has two saddle equilibrium states O1(—/f,0,0) and O2(+,/1,0,0) of
topological types (2,1) and (1,2), respectively. The invariant manifolds W(SD1 and W52

intersect transversely along a heteroclinic curve (—/p < = < /i, y = 0, 2 = 0), as depicted
in Fig. 7.5.2.
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Fig 7.5.2. A structurally stable heteroclinic connection between two saddles in R3.

Denote the tangent to W§, at zg by T, W, and the tangent to W, at
xo by Ty, Wo,-

Definition 7.10. We will say that T, ,W¢), and T, W, intersect transversely
if
dim Ty, W5, + dim T, W5, — n = dim(T,,, W5, N e, W5,) - (7.5.3)

It is well-known, that if two surfaces intersect transversely at some point,
then any two C'-close surfaces must intersect transversely at a nearby point.
On the contrary, a non-transverse intersection can be removed (or made trans-
verse) by a small perturbation.

By Axiom 2, the transversality condition (7.5.3) holds at all intersections of
the stable and unstable invariant manifolds of equilibrium states and periodic
orbits in system (7.5.1).

We remark that although the definition of transversality is stated at a point
Zo, the transversality condition (7.5.3) has nothing to do with the choice of
the point z(, because the corresponding tangents at zo and at any other point
on the trajectory going through x( are mapped onto each other by a non-
degenerate linear transformation (the linearization of the time-shift map along
the trajectory of o).

Since an orbit of the intersection point x( lies entirely in both invariant
manifolds, it follows that both Ty, W§, and T, W5, contain the phase velocity
vector at xg, so

dim (T, W5, N T W5,) > 1.



7.5.  Morse—Smale systems 417

Thus, the transversality condition (7.5.3) implies that in a Morse-Smale flow,
only those intersections of invariant manifolds are possible for which

dim W3, +dimWg, >n+1. (7.5.4)
In particular, we arrive at the following simple result:

Theorem 7.9. Morse-Smale systems have mo homoclinic trajectory to an
equilibrium state.

Proof. For an equilibrium state dim W3 + dim W4 = n which contradicts
(7.5.4).

The notion of a Morse-Smale diffeomorphism is introduced in an analogous
way. Consider a diffeomorphism

7= X(x), (7.5.5)

where X (x) € C” (r > 1) in some bounded, closed sub-region G C R™. Suppose
that its non-wandering set has no intersections with the boundary 0G.

Definition 7.11. Diffeomorphism (7.5.5) in region G is called a Morse—Smale
diffeomorphism if

(1) its non-wandering set is finite (and consists of structurally stable peri-
odic points alone); and

(2) transversality condition (7.5.3) for intersections of the stable and un-
stable manifolds of each periodic point is satisfied.

Recall that a fixed point O(x = xg) is called structurally stable if none of its
characteristic multipliers, i.e. the roots of the characteristic equation (7.5.2),
lies on the unit circle. A topological type (m,p) is assigned to it, where m
is the number of roots inside the unit circle and p is that outside of the unit
circle. If m = n (m = 0), the fixed point is stable (completely unstable). The
fixed point is of saddle type when m # {0,n}. The set of all points whose
trajectories converge to xg when iterated positively (negatively) is called the
stable (unstable) manifold of the fixed point and denoted by W§ (W(5). In
the case where m = n, the attraction basin of O is W§. If the fixed point is a
saddle, the manifolds W and W are C™-smooth embeddings of R™ and R?
in R™, respectively.
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In the saddle case, the diffeomorphism can be represented locally in the
form

E=AE+ f(&m),
n=A"n+g(&n),

where the eigenvalues of A~ lie inside the unit circle, and the eigenvalues of
AT lie outside of the unit circle; the functions f and g vanish at O along with
their first derivatives. Then, the equation of W _(O) is

n=¢&),

and that of W _(O) is
§=1v(m),

where ¢ and ¢ are C"-smooth functions such that ¢(0) = 0, ¢’(0) = 0 and

¥(0) =0, ¢'(0) = 0.
Let xo be a periodic point of period ¢ for the diffeomorphism (7.5.5). This
means that it is a fixed point of the gth power of the diffeomorphism:

o = X9 (z) = X(X -+ (X (20))) -

—_———

q times
It seems natural to relate the point zg and its cycle C = (zo,21,...,2Zq-1),
where 2, = X(zp-1), k = 1,...,¢ — 1, 20 = X(zg—1). The point z¢ is

structurally stable if the roots p1, ..., p, of the equation
X(xg_1) 0X (xq— X
ot |PX o) 0X () | OX (o) |
ox or or

do not lie on the unit circle. Note that the characteristic roots of any point of
the cycle C coincide with those of the point xzg. The stable (unstable) invariant
manifold W, (W} ) of the point x is the set of points which tend to 3 under
positive iterations of the diffeomorphism X4, Obviously, X Ws) = Wi
and X (W, ) = W3 . Thus, the stable manifold of the cycle C is U, W,
and the unstable manifold is J{_, W2 .

Both, the continuous and discrete, Morse-Smale systems on compact
smooth manifolds were singled out by Smale in his article “Morse inequali-

ties for a dynamical system” [142]. The title itself reveals that the work deals



7.6.  Some properties of Morse—Smale systems 419

with the estimation of the number of equilibrium states and periodic orbits by
means of the topological invariants of manifolds. Later, Palis and Smale [106,
102] proved the following theorem.

Theorem 7.10. (Palis and Smale) Morse-Smale systems are structurally
stable.

This theorem was proven for systems whose phase space is a compact,
smooth manifold. It holds for our case as well, if suppose that the boundary
OG is a smooth (n—1)-sphere without contact, through which a trajectory goes
inwards of G in the continuous case, or that X (G) C G\JG in the discrete case.

7.6. Some properties of Morse-Smale systems

Comparing the Andronov—Pontryagin theorem with the definition of Morse—
Smale systems, one can see that the last ones are quite similar to rough systems
on the plane and are, in essence, their high-dimensional generalization. Like
the Andronov—Pontryagin theorem, the Palis—Smale Theorem 7.10 yields suf-
ficient conditions for roughness. Axiom 2 in Definition 7.9 may be viewed as a
natural necessary condition. In contrast, Axiom 1 has nothing to do with the
problem of structural stability but it restricts rather severely the class of sys-
tems under consideration, and suppresses many hidden opportunities which
saddle equilibria, and periodic orbits can exhibit in dimensions higher than
two.

For example, the following theorem shows that a Morse—Smale system can-
not have a homoclinic trajectory to a saddle periodic orbit.

Theorem 7.11. Let L be a saddle periodic orbit, and let T' be its homoclinic
trajectory along which Wi and W' intersect transversely. Then, any small
neighborhood of L UT contains infinitely many saddle periodic orbits.

Proof. Take a small cross-section S to L and consider the local Poincaré
map Ty : S — S. The point O = SN L is the saddle fixed point of Tj. Let
us introduce the coordinates (x,y) on S near O such that the local unstable
manifold of O is = 0 and the local stable manifold is y = 0 (thus, z €
R™, y € R? where dimW?* = m, dimW" = p). Let M~ (0,y~) € W%, and

M™(z*,0) € Wi, be two points of intersection of the homoclinic orbit I with
S. The flow near the piece of I' between M~ and M ™ defines a map 7} from
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a small neighborhood I~ of M~ onto a small neighborhood II* of M* on S.
This map can be written in the form

2 —at =art + byt -y )+,

P =ct Fdiy -y )+, (7.6.1)

where the ellipsis stand for nonlinear terms; (2°,4%) refer to a small neighbor-
hood of M+ and (x!,y') refer to a small neighborhood of M~. Observe that
the image Ty W} is tangent at Mt to the p-dimensional plane defined by the
parametric equation
0 + _ 0 _
' —x" =bu, y =du,

where u € RP. By assumption, this hyperplane must be transverse to y = 0
which means that

ld| #0. (7.6.2)

It was shown in Sec. 3.7 that for any sufficiently large k& there are points
in TIT whose kth iteration by the local map Tg lies in II=. The set of such
points is “a horizontal strip” 0. As k — oo, the horizontal strips accumulate at
Wi NI+, The map T} contracts the strip in the z-direction and stretches it in
the y-direction, so that the images TFop (“the vertical strips” o}) accumulate
at W, NII~. It is geometrically evident (see Fig. 7.5.3) that due to the
transversality of T3 W, to Wi, the image T1T o¥ intersects o0 “properly”
for any sufficiently large k, so that the map T1T§|02 is a saddle map in the
sense of Sec. 3.15. By Theorem 3.28, a saddle map has a saddle fixed point.
Since both maps 77 and Ty are defined by the orbits of the flow, the fixed point
of TyT¥ corresponds to a periodic orbit of the system (it intersects S exactly k
times, the first time in IIT and the last time in 117 ). Taking different k we will
obtain different periodic orbits. Thus, to prove the theorem we must confirm
by computation that the maps 717§ are of the saddle type for all sufficiently
large k.

By Lemmas 3.3 and 3.4, there exist functions £, nr which uniformly tend
to zero along with their derivatives as k — oo, such that a point M°(z°,4°) is
mapped into a point M*(z!,y') by T¥ if, and only if,

x! =& (2% y'),

(7.6.3)
Y0 = (2% yt).
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Fig. 7.5.3. The Poincaré map near a transverse homoclinic orbit.

Note that due to (7.6.2), the second equation in (7.6.1) can be solved for y!,
with a sufficiently small ! and 3°:

yl_yfzdflgo_dflczl_k.”’

where the dots stand for small nonlinear terms. Comparing this with the first
equation of (7.6.3) we obtain, for sufficiently large k,

y' =y + Fp(7%2°), (7.6.4)

where Fy, is a smooth function such that Fj(0,0) = 0, and the derivative of F}

with respect to z° tends uniformly to zero as k — oo (we use that a(ajffy) —0

as k — 00).

Now, for all sufficiently large k the map 7,7} can be written as

z=zx" 4+ Gi(y,x),

i (7.6.5)
m(z,y~ + Fr(y, 7)),

Y
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where we suppress the upper index 0; here G denotes a smooth function such
that G(0,0) = 0, and the derivative of G, with respect to 2 tends uniformly to
zero as k — oo. This is a cross-form of the map TlTok in the sense of Sec. 3.15
(the spaces D1 and Ds in Definition 3.6 are small convex neighborhoods of
2T in the z-space and zero in the y-space, respectively). Since the derivatives
of n with respect to all variables, and the derivative of G with respect to
x tend uniformly to zero as k — oo, it is easy to see that the map T, T} fits
Definition 3.7 of the saddle map for all sufficiently large k,° so Theorem 3.28
on the fixed point is applicable here. This completes the proof.

The above proof can be easily translated into the language of diffeomor-
phisms with a fixed point having a transverse homoclinic trajectory. It also
covers the case of a periodic point with a homoclinic trajectory. In the last case
one should consider the ¢th iteration of the original diffeomorphism, where ¢
is the period.

In essence, the above proof is a close repetition of that suggested by
L. Shilnikov [131]. It allows one to liberate from the axiom stipulating the
absence of homoclinic trajectories in Morse-Smale systems originally postu-
lated by Smale.

Note that a transverse homoclinic orbit is, obviously, preserved under small
smooth perturbations of the system. Therefore, Theorem 7.11 implies that
when a transverse homoclinic exists, any close system is away from the Morse—
Smale class. This gives us a robust and simple indicator for detecting the
complex dynamics. By now, the presence of transverse homoclinics is regarded
as a universal criterion of chaos.

As before, we will regard equilibrium states and periodic orbits as equal
objects and denote them by @ for uniformity.

6The condition to check is
1Pollo <1, llQylle <1,
1Py llollQ% Nl < (1 = [IPLllo)(1 = lQyllo),
where (P, Q) are the right-hand sides of the cross-map:
=Py, y=Q7).

Essentially, this means that the cross-map is contracting in a suitable norm, so the map itself
is strongly expanding in the y-direction and strongly contracting in the z-direction.
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Let us introduce the following notation: we write Q; < @Q; if WéiﬁW&_ £,
in particular Q; < Q. If (W5, \ Qi) N (Wéjj \ Qj) # 0 then we will write
Q; < Q;. We will say that Q,,...,Qk, form a chain if

Qr, <+ < Q, - (7.6.6)

If the first and the last members of the chain are equal (Q, = Qy,), then the
chain (7.6.6) is called a cycle.

It may be proved that the relation “<” defines a partial order on the set
of non-wandering orbits of a Morse-Smale system. An important result is:

Theorem 7.12. There are no cycles in Morse—Smale systems.

First of all, observe that there cannot exist cycles like @y < Qg because
homoclinic trajectories are not admissible in Morse—-Smale systems. Also, it fol-
lows from the transversality condition [see (7.5.4)] that a cycle cannot contain
equilibrium states; neither can it include periodic orbits of different topological
types.

Thus, only one hypothesis remains; namely when the cycle

Lo< Ly <--- <L <Ly
is composed of periodic orbits of the same topological type. Consider the chain
L1 <Lp< LO

and let Wy intersect W} at a point zg. By virtue of the A-lemma (see
Sec. 3.7), we may claim that since W;, intersects W' = transversely, in any
small neighborhood U of the point x(, there is a countable set of smooth pieces
of WE  converging to Wi NU. Since W} _ intersects W, transversely, it
follows that W} _ intersects these pieces of Wi . Therefore

Lp_1<Lg.
Continuing inductively, we obtain

L()<.[/1<L()7
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and hence
Lo < Lg s

i.e. Ly has a homoclinic trajectory. This contradicts Theorem 7.11.

The fact that there are a finite number of non-wandering trajectories in
Morse—Smale systems implies that any chain has a finite length which does not
exceed the total number of non-wandering trajectories. Moreover, a maximal
chain can end only at a stable equilibrium state or a periodic orbit.

It follows from the above arguments that one may introduce an oriented
graph for each Morse-Smale system. Its vertices are equilibrium states and
periodic orbits, with the topological type assigned. The edges of the graph
are oriented in a decreasing way in accordance with the order <. Namely, the
vertex (Q; is connected with the vertex @; by an edge if and only if Q; > @Q;
and there is no @ such that Q; > @ > @;. Such a graded graph is called a
phase diagram. The phase diagram for a Morse-Smale diffeomorphism can be
introduced in an analogous way. The vertices are fixed points and cycles, with
their local characteristics specified.

It is clear that the phase diagram is an invariant of topological equivalence
of Morse-Smale systems.

However, it is not a complete invariant, generally speaking. For example,
it contains no information on the number of orbits of intersection of stable and
unstable manifold of saddle trajectories.

Among all heteroclinic trajectories one may select some special ones which
play a central role.

Definition 7.12. A heteroclinic trajectory I' is said to be special if there ex-
ists a neighborhood U of its closure T' which contains no other heteroclinic
trajectories but T'.

It is obvious that all heteroclinic trajectories of three-dimensional Morse—
Smale flows are that special. This is also true for two-dimensional diffeomor-
phisms.

The principal feature of Morse-Smale systems which distinguishes them
from Andronov-Pontryagin systems is that the former may have infinitely
many special heteroclinic trajectories. As an example, let us consider a two-
dimensional diffeomorphism with three fixed points of the saddle type denoted
by O1, O and O,. Suppose that Wg N W # 0 and W5 N W5 # 0, the
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L

0,

Fig. 7.6.1. Hierarchic intersections of the manifolds of fixed points at the heteroclinic points
M; and Ms.

S

* s 0 —21
Ml
u
Wo‘

Fig. 7.6.2. A neighborhood of the point Mj: the successive images of WO“2 accumulate to
W' Fig. 7.6.1.
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corresponding scheme is depicted in Fig. 7.6.1. Here, M; € W§5 N W§ and
My € W5 NWE,, ie. they are heteroclinic points.

Let us now apply the A-lemma (see Sec. 3.7). Choose a small neighborhood
U of the point M;. It follows that the intersection UNW§, consists of a count-
able set of curves I, (k= 1,...,00) accumulating smoothly to W, as shown
in Fig. 7.6.2. As W§, and W intersect each other transversely, then W§,
intersects each [ at the points M), starting from some number ky. The points
M, are heteroclinic too and correspond to different heteroclinic trajectories
which have O; and O as an «-limit and an w-limit points, respectively.

An analogous picture takes place in the case of three-dimensional flows
possessing the chain @7 < @ < Q2 where @ denotes a saddle periodic orbit,
and Q1 and @2 stand for either saddle equilibrium states or periodic orbits.

Heteroclinic trajectories are no longer all special in higher-dimensional
case. A heteroclinic trajectory I' C W§, N Wg, is special only if the di-
mension of the forming intersection is equal to 1. We will assign to I' a type
(dim W§ ,dim W,)). 1t is clear that if dim W§, = m+ 1, then the type of the
special trajectory I' is (m + 1,n — m), where n is the dimension of the phase
space.

Let us consider a Morse-Smale flow having two non-wandering motions )1
and Q2. Let dim W3 =m+1 and dim W, = n —m. Suppose next that
W51 N Wég #0,ie Q1 <Qo.

Theorem 7.13. (Afraimovich and Shilnikov [2]) The intersection W§ N
W, possesses infinitely many heteroclinic trajectories if, and only if the closure
W§, NWE, contains a periodic orbit L of type (m+1,n—m), other than Q1
and Q.

It follows from the proof of this theorem that W} must intersect W§,
transversely and W} must intersect W, transversely. Observe also that all
trajectories in W N W are special.

An analogous statement holds for Morse—Smale diffeomorphisms.

Let us denote by N,,4+1 the set of all special trajectories of type (m + 1,
n —m) and their limiting non-wandering motions. In the general case, Ny, 11
consists of a finite number of connected components Ny(nlJ)rl, .. ,Néf}rl. It was
also shown in [2] that the set of all trajectories Nr(,?ﬂ, where 1 <[ <k, isin a
one-to-one correspondence with the set of all trajectories of some symbolic sys-
tem with a finite number of states. Generally speaking, symbolic dynamics was



7.6.  Some properties of Morse—Smale systems 427

historically created in connection with the description of systems with complex
dynamics. Nevertheless, it has turned out that it can be effectively applied to
Morse-Smale systems possessing a countable number of special heteroclinic

trajectories as well.



Chapter 8

BIFURCATIONS OF
DYNAMICAL SYSTEMS

The bifurcation of a dynamical system is understood as a qualitative change
of the partitioning of the phase space by trajectories, i.e. as a modification of
the qualitative properties of the phase portrait as parameters of the system
vary. The notion of “bifurcation” was introduced by Poincaré while studying
the equilibrium structures of rotating fluids which change from an ellipsoidal
shape of equilibria to a nearby pear shape. Meanwhile Poincaré was inves-
tigating the principal bifurcations of equilibrium states of conservative, one
degree-of-freedom systems described by a Lagrangian equation. He noticed
that variations in parameters may cause the appearance of a multiple equi-
librium state, followed by a subsequent decomposition into two equilibria: a
center and a saddle. Hence, the word “bifurcation” means precisely a branch-
ing in this case.

The modern theory of bifurcations of dynamical system is directly linked
to the notion of non-roughness, or structural instability of a system. The
main motivation is that the analysis of a system will be rather incomplete if
we restrict our consideration to only the regions of structural stability of the
system. Indeed, by changing parameters we can move from one structurally
stable system to another, a qualitatively different system, upon crossing some
boundaries in the parameter space that correspond to non-rough systems.

In the two-dimensional case, rough systems compose an open and dense
set in the space of all systems on a plane. The non-rough systems fill the
boundaries between different regions of structural stability in this space. This
nice structure allows for a mathematical description for transformations of

429
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various oscillatory regimes by bifurcation theory of two-dimensional systems.
Even though the space of higher-dimensional systems is not so well organized,
the bifurcation theory of multi-dimensional systems still provides an adequate
mathematical explanation to such typical phenomena of nonlinear dynamics
as transitions between stationary regimes and self-oscillations, synchronization
and its loss, various routes to dynamical chaos, etc.

In this book, we concentrate on an in-depth study of equilibrium points
and periodic motions because they are the fundamental “bricks” of nonlinear
dynamics. For a complete coverage of two-dimensional systems, the reader
is referred to the two-volume book by Andronov et al. [11, 12]. There, the
classification of key bifurcations of periodic orbits by Andronov and Leontovich
is based on their theory of two-dimensional systems of a first-degree of non-
roughness.

8.1. Systems of first degree of non-roughness

We have already identified the following key elements of any structurally stable
dynamical system on the plane which completely determines its entire topo-
logical invariant — a scheme. They include special trajectories:

e structurally stable equilibrium states;
e structurally stable periodic orbits; and
e separatrices of saddles.

Any modification of the phase portrait of a system may occur when the
system becomes structurally unstable. By the Andronov—Pontryagin theorem,
such a system must necessarily possess either:

e an equilibrium state that has one or a pair of characteristic exponents
on the imaginary axis; or

e a periodic orbit with a unit multiplier; or

e a separatrix connecting two saddle points; or

e a separatrix loop to a saddle.

We remark that an equilibrium state, or a periodic orbit, may be arbi-
trarily degenerate. It is therefore logical to begin our study with the simplest
structurally unstable systems which Andronov and Leontovich called systems
of first degree of non-roughness.
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Let X and X be some C"-smooth (r > 3) systems in a bounded region G
on a plane. Introduce a distance between X and X as the C"-metrics.

Definition 8.1. The system X 1is called a system of first-degree of non-
roughness if it is not structurally stable and if for any € > 0 there is § > 0
such that any structurally unstable system from a §-neighborhood of X is e-
equivalent! to it.

In essence, systems of first degree of non-roughness are structurally stable
in the set of structurally unstable systems.

The analysis undertaken by Andronov and Leontovich suggests that the
first-degree non-rough systems must have one of the following non-rough tra-
jectories.

(1) An equilibrium state O(0, 0) with one zero characteristic exponent and
with a non-zero Taylor-series coefficient I5, called a Lyapunov value or coeffi-
cient. The Lyapunov value can be easily calculated from the associated normal
form equation

i = P(z,y),
(8.1.1)
¥ =y +Q(r,y),

where A # 0, and P and @ vanish at O(0,0) along with their first derivatives.
In this case, l5 is the coefficient of 22 in the Taylor expansion of P(z,y). The
equilibrium state under consideration is called a (simple) saddle-node. Notice
that all simple saddle-nodes are locally equivalent to the saddle-node of the
system

T = ZQIQ s ( )
8.1.2
y=X,
where lo > 0. The behavior of trajectories of the system near O(0,0) is easily
described. Let, for example, A < 0. Then there is a curve — a strongly

stable manifold W*® which separates the node region W? from the saddle
region, as shown in Fig. 8.1.1. The strongly stable manifold consists of O and
two trajectories entering O as t — +o0o. The trajectories in W# converge to
O. In the saddle region, there is a single trajectory entering the saddle-node
at t = —oo. This trajectory is called a separatriz. The other trajectories
bypass O.

i.e. topologically equivalent, and the conjugating homeomorphism is e-close to identity.
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Fig. 8.1.1. A saddle-node corresponding to the case A < 0, I3 > 0.

If A > 0, then there is a strongly unstable manifold W** which divides the
neighborhood of O into a node region W*" where all trajectories diverge from
O, and a saddle region where there is a single stable separatrix entering O as
t — 400 and the other trajectories bypass O.

(2) An equilibrium state which has a pair of purely imaginary eigenvalues
A2 = *iw and a Lyapunov (or focal) value L; # 0. Near the bifurcating
equilibrium state the system can be represented in the form

i=-wy+ (Liz—Qy)@+y?) +- -, s.13)
8.1.3
§=wr+(z+ Liy)(a® +y°) +--- .

A reduction to this form is possible because in this case all quadratic and cubic
terms, other than derived, are non-resonant; the simplest resonant relations
here are the two resonances of third degree

AL =21+ A2,
Ao = A1 + 29

(see Secs. 2.9 and 9.3).

Such equilibrium state is called a weak focus. It is stable if L; < 0 and
unstable if L > 0.

(3) A periodic orbit with a real multiplier equal to +1. The associated
Poincaré map can be represented in the form

G=u+lu®+---.
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If the Lyapunov value I # 0 here, then the associated double fixed point
corresponds to a double (semi-stable) limit cycle of the original system.
(4) A heteroclinic trajectory I' connecting two saddles [see Fig. 7.1.1(a)].
(5) A biasymptotic trajectory I' to a saddle. The simplest case is when
the saddle is non-resonant, i.e. when its characteristic exponents satisfy the
condition
A1+ A2 #0.

In addition, the following conditions must be satisfied by first-degree non-
rough systems:

(A) there are no other trajectories of the above types;

(B) there exists no separatrix of a saddle-node going to or from a saddle,
as shown in Fig. 8.1.2;

(C) there exists no separatrix of a saddle-node which belongs to its strongly
stable manifold, as shown in Fig. 8.1.3;

(D) if there is a semi-stable (double) limit cycle, the system may not have
simultaneously an unstable separatrix of a saddle which tends to the
cycle as t — 400 and a stable separatrix of a saddle which tends to the
cycle as t — —oo, as shown in Fig. 8.1.4; and

(E) there exists no separatrix which tends to a homoclinic loop of a saddle
(in forward or backward time), as depicted in Fig. 8.1.5.

Altogether the above requirements comprise the list of necessary and suffi-
cient conditions which a system with first-degree of non-roughness must satisfy.
Structurally stable systems can be identified in the Banach space Bg of
dynamical systems on a plane using conditions involving only inequalities
(see Andronov—Pontryagin theorem). However, systems of first-degree of

H—

Fig. 8.1.2. A structurally unstable heteroclinic connection between a saddle-node O and a
saddle Oa.
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WSS

r

Fig. 8.1.3. A nontransverse homoclinic loop I' to a saddle-node. The separatrix enters the
equilibrium state along its strongly stable manifold.

9

Fig. 8.1.4. The semi-stable periodic orbit L is the w-limit of the separatrix of the outer
saddle O1, and the a-limit of the separatrix of the inner saddle Oas.

I

O

Fig. 8.1.5. The separatrix loop of the saddle O; is the w-limit of the separatrix of another
saddle Oz in the interior region enclosed by the loop emanating from and terminating at O.



8.1.  Systems of first degree of non-roughness 435

non-roughness are identified not only by conditions involving inequalities, but
also by one additional condition involving equality constrains. In particular,
the five conditions of structural instability in the above list assume, schemati-
cally, the following form:

(1) At =0, A2 #0, I2 #0;

(2) Re>\1,2 = 0, w 75 0, L1 7é 0;

3) p=1, I £0;

(4) Ty = T'y, where I'; and 'y denote, respectively, an incoming and an
outgoing separatrix of two connected saddles; and

(5) Ty =Ta, A1 + A2 # 0, where I'y and T's denote an incoming and an

outgoing separatrix of one saddle.

The above equality-type conditions can be interpreted as conditions for the
vanishing of some functionals defined in a neighborhood of the structurally
unstable system. The inequality-type conditions guarantee, in particular, that
the zero level of the functional determines a smooth, infinite-dimensional sur-
face B! in the Banach space, which divides the neighborhood of the system
under consideration into two regions, which we can denote as DT and D~.
To avoid saying that this surface has a dimension equal to co — 1, we simply
say that it is of codimension-one. The particular feature of a system of non-
roughness of the first-degree is that the regions D' and D~ consist of rough
systems. All systems in either region have an identical scheme hence they are
topologically equivalent by the Leontovich—Mayer theorem.

Therefore, to study the transition from D~ to DV, it is sufficient to examine
a one-parameter family of systems X, such that X,,<o € D™, X, € B! and
X, >0 € DT. Furthermore, since all qualitative changes in the phase portrait
must occur in a small neighborhood of some non-rough special trajectory, we
can restrict our consideration to the given neighborhood.

Among all bifurcations occurred in systems with first-degree of non-
roughness, the bifurcations of limit cycles are of special interest. Andronov
and Leontovich have shown that there are four kinds of such bifurcations;
namely,

e bifurcation of a limit cycle into (from) a weak focus;

e bifurcation of a double (or semistable) cycle;

e bifurcation of a limit cycle from a separatrix loop to a saddle; and

e bifurcation of a limit cycle from (into) a separatrix loop to a saddle-node.
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In the last sections of this book we will discuss in detail these bifurcations
whose comprehensive analysis by many researches had taken nearly twenty
years; it was initiated by Andronov in the thirties and finished, after a series
of exhaustive publications, in the fifties.

To conclude this section, let us elaborate further on the restrictions (D) and
(E). In case (D) the surface corresponding to the double cycle is of codimension-
one, and therefore, it divides a neighborhood of the non-rough system X
into two regions D~ and DT. Assume that in D~ the double limit cycle is
decomposed into two limit cycles, and that it disappears in D*. The situation
in D~ is simple — all systems there are structurally stable and, moreover, of
the same type. As for DT the situation is less trivial: if (D) is violated, then it is
obvious that besides structurally stable systems in D% there are structurally
unstable ones whose non-roughness is due to the existence of a heteroclinic
trajectory between two saddles, as shown in Fig. 8.1.6(a). Moreover, this
picture takes place in any neighborhood of X. In other words, in the region
D+ there exists a countable number of the associated bifurcation surfaces of
codimension-one which accumulate to B*. In such cases the surface B* is said
to be unattainable from one side.

An analogous situation occurs when the system has a separatrix loop to a
non-resonant saddle (i.e. its saddle value o = A1 + Ay # 0) which is the w-limit
of a separatrix of another saddle O (see condition (E) and Fig. 8.1.5). In this
case, the bifurcation surface is also unattainable from one side, where close non-
rough systems may have a heteroclinic connection, as shown in Fig. 8.1.6(b).

The cases where a bifurcation surface of codimension-one is unattainable
from either or both sides are typical for multi-dimensional dynamical systems.

(a) (b)

Fig. 8.1.6. (a) A structurally unstable saddle connection after the disappearance of a saddle-
node cycle in Fig. 8.1.4; (b) Phase plane after the splitting of the homoclinic loop in Fig. 8.1.5.
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This is the reason why the classification of principal bifurcations in multi-
dimensional systems is not stated in terms of the degree of non-roughness, but
it rather focuses on bifurcation sets of codimension-one.

8.2. Remarks on bifurcations of multi-dimensional
systems

The exploration of bifurcations of systems of higher dimensions, which was
launched at the end of the fifties and the beginning of the sixties comnsists
of early attempts to generalize known planar bifurcations results to higher
dimensions. The absence of necessary and sufficient conditions for structural
stability of high-dimensional systems had played an important (not last) role at
that time. But further development of the theory of high-dimensional systems
had eventually proven that structurally stable systems are not dense in the
space of dynamical systems. First, an example of an open set of structurally
unstable systems was given where the structural instability was “concentrated”
in heteroclinic trajectories, i.e. on a set of wandering points (Smale), and later
the analogous examples with structurally unstable non-wandering orbits had
appeared. All proposed examples of “non-removable structural instability”
were systems with complex dynamics. In this book we, however, focus on
systems with simple dynamics, and in particular, on Morse-Smale systems
and bifurcations which occur in such systems.

The violation of structural stability in Morse—Smale systems is caused by
the bifurcations of equilibrium states, or periodic orbits, by the appearance
of homoclinic trajectories and heteroclinic cycles, and by the breakdown of
transversality condition for heteroclinic connections. However, we remark that
some of these situations may lead us out from the Morse—Smale class; moreover,
some of them, under rather simple assumptions, may inevitably cause complex
dynamics, thereby indicating that the system is already away from the set of
Morse—Smale systems.

The simplest example of such a situation is a homoclinic loop to a saddle-
focus in the three-dimensional system

&= pr—wy+ flz,y),
y=wzr+py+gzy),
=Xz +h(z,y),



438 Chapter 8. Bifurcations of Dynamical Systems

Fig. 8.2.1. A homoclinic loop I' to a saddle-focus O.

where p < 0, w # 0, A > 0, and f, g, h are smooth functions vanishing at
the origin along with their first derivatives. The origin here is a saddle-focus
point which is endowed with a homoclinic trajectory I', as shown in Fig. 8.2.1.
Shilnikov [131, 135] had proved that if the saddle value is positive, i.e.

oc=p+A>0,

then any neighborhood of OUT contains infinitely many saddle periodic orbits
and transverse homoclinic trajectories. On the contrary, if p+ A < 0, then the
structure of the trajectories lying entirely inside a neighborhood of O UT is
trivial, namely, besides O and I" there are no other invariant sets.

Consider next a Banach space B of dynamical systems X of the Morse—
Smale class in a compact region G. Let 0B denote the boundary of B. Any
system X € 0B is structurally unstable. We will assume then that a system
Xo € 0B is a boundary system of the Morse-Smale class, if in any of its neigh-
borhoods there are systems with infinitely many periodic orbits (basically, this
means the presence of transverse homoclinic trajectories). The other systems
on 0B correspond to internal bifurcations within the Morse—Smale class.

The boundary system X itself may have a finite number of rough equilibria
and periodic orbits, or infinitely many of them. For the latter case an example
is given by a period-doubling cascade.

For the former type of boundary system, we consider an example of a
homoclinic tangency. Let a C2-smooth family of diffeomorphisms 7'(11) have, at
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Fig. 8.2.2. A nontransverse homoclinic orbit to a saddle fixed point.

w =0, a fixed point O with multipliers 0 < A < 1 and v > 1 such that Ay < 1.
It follows that O remains a saddle point for all small i # 0. Denote by W5 (1)
and by Wg(u) its stable and unstable manifolds, respectively. Suppose that
W () NWE(u)\O = 0 when p < 0, that at 4 = 0 the invariant manifolds have
a tangency along a homoclinic trajectory I'. Moreover, assume that the contact
is quadratic and that it is the tangency from below, as depicted in Fig. 8.2.2.
Finally assume that Wj5(u) and W§(u) intersect each other transversely for
> 0. Thus, the diffeomorphism 7T'(u) in the region p > 0 possesses a trans-
verse homoclinic trajectory and, consequently, all nearby trajectories exhibit
complex dynamics (see Theorem 7.11). If T'(u) at 1 < 0 were a Morse-Smale
diffeomorphism, then 7'(0) would have the same non-wandering trajectories,
as well as one structurally unstable orbit of the homoclinic tangency. The last
statement is due to Gavrilov and Shilnikov [54, 55] who have shown that at
u = 0, any small neighborhood of I' U O has no other orbits lying entirely
within it but I' and O.2

Another example is a family of two-dimensional C2-smooth diffeomor-
phisms whose non-wandering set does not change until the boundary of Morse—
Smale diffeomorphisms is reached. The situation is illustrated in Fig. 8.2.3.
The two fixed points O; and Oz have positive multipliers, and W§  contacts
W§, along a heteroclinic trajectory, and so do W and W¢,. This example

?Note that the condition of tangency from below (as in Fig. 8.2.2) is important here:
in the case where W* touches W* from above the system has inevitably some transverse
homoclinics at p = 0 [54, 55].
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0,

Fig. 8.2.3. A structurally unstable heteroclinic cycle including two saddle fixed points.

is not as simple as the last one because of the presence of two heteroclinic
trajectories both of which are wandering.

The primary scope of this book will focus on the analysis of the internal
bifurcations within the class of systems with simple dynamics, such as Morse—
Smale systems. Furthermore, we will restrict our study mostly to bifurcations
of codimension-one. The reason for this restriction is that some bifurcations of
higher codimension turn out to be boundary bifurcations in many cases, such
as when the normal forms for the equilibrium states are three-dimensional.
Nevertheless, we will examine some codimension-two cases which are concerned
with equilibrium states and the loss of stability of periodic orbits. Meanwhile,
let us start our next section with a discussion of some questions related to
structurally unstable heteroclinic connections.

8.3. Structurally unstable homoclinic and heteroclinic
orbits. Moduli of topological equivalence

All non-rough two-dimensional systems in a small neighborhood of a sys-
tem with first-order of non-roughness are now known to form a surface of
codimension-one. Moreover, due to Leontovich and Mayer, we know that
all of them are identical in the sense that they have an identical topological
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Fig. 8.3.1. A nontransverse heteroclinic trajectory between two saddle fixed points.

invariant — a scheme. In particular, all close systems having a homoclinic
loop to a saddle are equivalent to each other; the same holds for close systems
with a heteroclinic trajectory which connects two saddles.

However, a similar classification of two-dimensional diffeomorphisms, or
of three-dimensional flows, is not that trivial. Let us illustrate this with an
example. Consider a diffeomorphism 7" which has two saddle fixed points O,
and Oz with the characteristic roots |[A\;| < 1 and || > 1 at O; (i = 1,2).
Suppose that W5 and W§, have a quadratic tangency along a heteroclinic
orbit as shown in Fig. 8.3.1. The quadratic tangency condition implies that
all similar diffeomorphisms form a surface B' of codimension-one in the space
of all diffeomorphisms with a C2-norm.

For the diffeomorphism 7" we introduce the value

- 11’1‘)\1|

0= 8.3.1
In |, | ( )
and analogously define 5
~ In|A
g Al (8.3.2)
In |7, |

for a close diffeomorphism 7' € B!, where 5\1(2) and 7 (2) are the characteristic
roots at the saddle Oy(z) of T', which is near the saddle Oys.
Then, we have the following theorem.
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Theorem 8.1. If the diffeomorphisms T and T are topologically conjugate,
then 6 = 0.

We remark that 6 = 0 is only a necessary condition. It follows from this
theorem that B! near T is divided into a continuum of topologically different
classes of diffeomorphisms. This fact was discovered by Palis [103]; see its
proof in [97].

The invariant 6 is called a modulus of topological equivalence or simply a
modulus. Because of the fundamental importance of a notion of the modulus
let us pause to give its definition.

Definition 8.2. A system X (continuous or discrete) is said to have a modu-
lus if, in some subspace B* of the space of dynamical systems, where X € B*,
a continuous, locally non-constant functional h is defined such that if X and
X are topologically equivalent, then h(X) = h(X).

The condition that the functional is locally non-constant means that in the
region of its definition there are no open sets in a neighborhood of X where
it might take a constant value. From this point-of-view, the Poincaré rotation
number for typical diffeomorphisms of a cycle is not a modulus.

The value 6 is also a modulus of topological equivalence in the case of
a three-dimensional flow which has two saddle periodic orbits such that an
unstable manifold of one periodic orbit has a quadratic tangency with a stable
manifold of another orbit along a heteroclinic trajectory.

There are some other occurrences of moduli in structurally unstable three-
dimensional systems of codimension-one with simple dynamics. For example,
consider a three-dimensional system with a saddle-focus O and a saddle peri-
odic orbit L. Let A\; 2 = p £ iw, and A3 be the characteristic roots at O such
that p < 0, w > 0, A3 > 0, i.e. assume the saddle-focus has type (2,1); let
|v| <1 and |y| > 1 be the multipliers of the orbit L. Let one of the two sepa-
ratrices I of O tend to L as t — 400, i.e. I' € W}, as shown in Fig. 8.3.2. This
condition gives the simplest structural instability. All nearby systems with
similar trajectory behavior form a surface B! of codimension-one. Belogui [28]
had found that the value

b =L~ (8.3.3)

is a modulus in such systems.
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Fig. 8.3.2. A structurally unstable heteroclinic trajectory connecting a saddle-focus and a
saddle periodic orbit with positive multipliers, i.e. both manifolds of the saddle cycle are
homeomorphic to a cylinder.

Another example is the system shown in Fig. 8.2.1 containing a homoclinic
loop T to a saddle-focus. If the saddle index

p
V= W <1,

then a neighborhood of the loop contains an infinite set of saddle periodic
orbits. However, if v > 1, the dynamics in a neighborhood of T" is trivial.
Moreover, Shilnikov [130] had shown that when v > 1, no more than one
periodic orbit can bifurcate from the homoclinic loop. Thus, it may be classified
as an internal bifurcation within the Morse—Smale systems (at least when a
small neighborhood of the loop T is considered). In this connection Afraimovich
and Ilyashenko [21] had noticed that v is a modulus in this case.

Structurally unstable heteroclinic connections in systems of higher-
dimension may require new moduli besides known ones. Moreover, even struc-
turally unstable diffeomorphisms with simple dynamics may require infinitely
many moduli for their description. The conditions under which they have
either a finite or an infinite number of moduli are presented in [43].

There is no doubt that some subtle aspects of the behavior of homoclinic
and heteroclinic trajectories might not be important for nonlinear dynamics
since they reflect only fine nuances of the transient process. On the other hand,
when we deal with non-wandering trajectories, such as near a homoclinic loop
to a saddle-focus with v < 1, the associated Q-moduli (i.e. the topological
invariants on the non-wandering set) will be of primary importance because
they may be employed as parameters governing the bifurcations; see [62, 63].
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8.4. Bifurcations in finite-parameter families of
systems. Andronov’s setup

The mathematical objects of nonlinear dynamics are models — explicitly de-
fined dynamical systems depending on a finite number of parameters. The
primary quality of a model is that it must properly, at least qualitatively, de-
scribe the nature of the associated physical phenomenon. The primary goal
in the study of a model is to give a rigorous mathematical explanation. In
this connection let us recall the following remark made by Lyapunov: “... it
is not permitted to use dubious arguments as soon we have started to solve a
specific problem from mechanics or physics, it does not matter, whatever is set
up correctly from the point-of-view of mathematics. As soon as the system is
defined it becomes a problem of pure analysis and must be treated as such.”?

As far as dynamical models are concerned the main requirements for their
analysis have been formulated by Andronov. This is why we will call them
Andronov’s setup of the problem. Its principal idea is:

e Partition the phase space into regions of structural stability and identify
the bifurcation set.

e Divide this bifurcation set into connected components each of which cor-
responds to a topologically equivalent structure of trajectories.

It is natural that such a setting of the problem was based on the already known
facts and results from the qualitative theory of two-dimensional systems and
the theory of bifurcations.

Consider some finite-parameter family of smooth systems X., where ¢ =
(€1,...,€&p) assumes its values from some region V € RP. If X,  is non-rough,
then g is said to be a bifurcation parameter value. The set of all such values
in V is called a bifurcation set. It is obvious that once we know the bifurcation
set, we can identify all regions of structural stability in the parameter space.
Hence, the first step in the study of a model is identifying its bifurcation set.
This emphasizes a special role of the theory of bifurcations among all tools of
nonlinear dynamics.

3Lyapunov had uttered these words in connection with Poincaré’s investigation where
he had applied some non-rigorous methods to a problem on the stability of the equilibrium
shapes of rotating fluids, and which had led him to a wrong conclusion in favor of pear
shapes. A more rigorous analysis conducted by Lyapunov had revealed that the pear shape
is unstable. Lyapunov’s proof was later confirmed by Cartan.
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The study of a bifurcation means to describe the change in the phase por-
trait of a non-rough system in transition to an arbitrarily close system (with
respect to some C"-metric; the choice of r depends on the character of non-
roughness, and hence must be specified in each concrete case).

In principle, to solve a bifurcation problem we need to consider all systems
close to X,,. This means that we must consider the Banach space of all small
perturbations.* On the other hand, when it is possible to reduce the analysis
to some appropriate finite-parameter family of systems, the study is simplified
significantly.

This idea was proposed by Andronov and Leontovich in their first work [9]
which deals with primary bifurcations of limit cycles on the plane.®> Further
developments of the theory of bifurcations, internal to the Morse—Smale class,
has also confirmed the sufficiency of using finite-parameter families for a rather
large number of problems.

An explicit mathematical formulation to the finite-parameter approach to
the local bifurcations was given by Arnold [19], based on the notion of versal
families. Roughly speaking, versality is a kind of structural stability of the
family in the space of families of dynamical systems. Different versions of such
stability are discussed in detail in [97].

The main idea of this approach is the following: to a non-rough system X,
some codimension k£ can be assigned. In the case of a finite degeneracy, the
codimension k is identified with k equality-like conditions and a finite number
of conditions of inequality type. Hence, X., is considered as a point on some
Banach submanifold B* of codimension k in the space of dynamical systems.
In other words, we have k smooth functionals defined in a neighborhood of
X, whose zero levels intersect at B*. In general, the inequality-like conditions
secure the smoothness of B*. In the case of codimension one Sotomayor [144,
145] had proved the smoothness of these functionals, and the smoothness of

4Note that in many special cases attention is restricted to the study of the smaller spaces
of systems, e.g. systems with some specified symmetries, Hamiltonian systems, etc. In view
of that, the notion of structural stability in, say, Hamiltonian systems with one-degree-
of-freedom becomes completely meaningful. So, for example, equilibrium states such as
centers and saddles of such systems, become structurally stable. Moreover, if there are no
heteroclinic cycles containing different saddles, we can naturally distinguish such systems as
rough in the set of all systems of the given class.

5Nevertheless, in their later works (see also the books [11, 12]) when investigating similar
bifurcations they use the Banach space of all small perturbations. Note that the Banach
space approach to the bifurcations becomes, in essence, necessary in the case of systems with
complex dynamics, due to the persistence of homoclinic tangencies (see [60, 61, 62]).
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manifold B! in situations where

(1) an equilibrium state becomes structurally unstable;

(2) a periodic orbit loses its structural stability; and

(3) there is a non-transverse intersection of stable and unstable manifolds
of saddle equilibrium states and periodic orbits.

Note that all systems from B* are non-rough. Moreover, in the general case it
is not necessary that they are topologically equivalent to each other. Suppose,
however, they are. Next, let us foliate a small neighborhood U of the point
X., € B¥ into k-parameter families X., where X, € B¥ N U and X, is trans-
verse to B* at XEO. If there is a homeomorphism (or, a diffeomorphism, what
is better) between the parameters of any two of these families such that the
corresponding systems are topologically equivalent, then obviously the study
of the bifurcations of the system X, is reduced to the investigation of any
k-parameter family X, passing through X, and transverse to B*.% Since U is
small, £ assumes its values from a small neighborhood of ¢ in the parameter
space. In such a case, the Andronov’s problem can be easily set up.

In essence, this is the case for two-dimensional systems, as well as for a
number of high-dimensional systems when, for example, they can be reduced
to two-dimensional ones by a center manifold theorem (local or global, see
Chaps. 5 and 6).

The situation becomes completely different when moduli of topological
equivalence are required to describe systems in B¥, like in the case of hete-
roclinic tangencies (which correspond to bifurcation sets of codimension one).
Although the foliation of a neighborhood U by k-parameter families is still
possible, different families will not be topologically equivalent. Thus, from a
formal mathematical point-of-view the moduli must be included among the
governing parameters and the necessary number of parameters increases up
to the codimension of the problem plus the number of moduli. If there is
infinitely many independent moduli, then, formally, a reduction to a finite-
parameter family is not correct. However, the question of applicability of the
finite-parameter approach to these situations remains.

As an example, let us consider the codimension-one bifurcation of three-
dimensional systems with a homoclinic loop to a saddle-focus with the negative

60f course, one may consider here families depending on more than k parameters, as well;
the only requirement is that the family must be in general position with respect to B¥, for
more details see Sec. 11.1.
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saddle value (i.e. v > 1, see the previous section). As explained in the last
section, this bifurcation does not bring a system out of the class of systems
with trivial dynamics. On the other hand, v is a modulus in this case. In spite
of this fact which means that different systems on the associated bifurcation
surface are not topologically equivalent, the bifurcation under consideration
can very well be treated in a one-parameter family (see Sec. 13.4) unless we
are interested in the behavior of trajectories for which the homoclinic loop is
an w-limit set.

A more complicated example is given by codimension-two problems as those
shown in Fig. 8.4.1, which include one or two saddle-foci. The saddle values
are assumed to be negative at all equilibrium states. The parameters which
govern the bifurcations are introduced in the following way: let 12y be a
deviation of I'12(I'21) from W5 (W§,) in the case of two saddle-foci, or let it
be a deviation of 'y (I'y) from W{. As established in [151, 125] not more than
one or two periodic orbits can be born in the first and, respectively, second

Fig. 8.4.1. (a) A heteroclinic connection between a saddle Oz and saddle-focus O1; (b)
a heteroclinic connection between two saddle-foci O1,2; (c) a homoclinic figure-eight to a
saddle-focus.
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(c)

Fig. 8.4.1. (Continued)
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bifurcation. Moreover, in the second case, a non-trivial attractor (a stable
quasiminimal set composed of the saddle-focus O and two P71 trajectories
having O as their a-limit set, as well as a continuum of other non-closed
Poisson-stable trajectories) may appear. Even though the structure of the
non-wandering sets here is completely understood, the bifurcation diagrams in
the (u1, uo)-parameter plane look rather non-trivial (as depicted in Fig. 8.4.2),
especially for the set of bifurcation values corresponding to secondary hete-
roclinic and homoclinic trajectories. Presumably, changing the values of the
moduli v at (u1 = 0, u2 = 0) may change the structure of mutual intersections
of different bifurcational curves at small (u1,p2). On the other hand, if we
ignore the too subtle fine details, the two-parameter approach is sufficient for
a comprehensive understanding of these bifurcations.

An analogous situation also appears in a classical problem on the birth of
an invariant torus from a periodic orbit: minor details of the structure of the

"
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Fig. 8.4.2. A bifurcation diagram corresponding to the case shown in Fig. 8.4.1(a). See
Sec. 13.7 for details.
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bifurcational set may become extremely sensitive to small perturbation of the
family.

We see that in many basic cases the Andronov’s problem cannot be solved
if it is taken in its full rigor, so in these cases one must determine reasonable
bounds to the analysis of the bifurcation set.

In this book we adopt the finite-parameter approach to the bifurcations
from the very beginning; the formal scheme is described in Sec. 11.1.

In general, when dealing with a p-parameter family of systems we assume
the following natural restrictions:

(1) the structurally stable systems fill out whole regions in the parameter
space;

(2) the main bifurcations in the family are of codimensions not greater
than p; and

(3) bifurcations of codimension k, such that & < p, must admit the con-
struction of a reasonable k-parameter unfolding.



Chapter 9

THE BEHAVIOR OF DYNAMICAL
SYSTEMS ON STABILITY BOUNDARIES
OF EQUILIBRIUM STATES

In this chapter we study non-rough or structurally unstable equilibrium states
on the stability boundaries, i.e. those which have at least one characteristic
exponent on the imaginary axis in the complex plane. As for the rest of the
characteristic exponents we will assume that they lie in the open left-half-plane.

The basis of stability theory for systems with structurally unstable equilib-
rium states was developed by Lyapunov. His works and numerous subsequent
studies on various aspects of stability in critical cases, as well as of bifurcation
phenomena accompanying the loss of stability of equilibrium states had be-
came the foundation on which the principal notions in the theory of nonlinear
oscillations had spawned in the twenties and thirties.

The critical equilibrium states have been the subject of a large number of
studies. Here, we shall consider only the two most common and simple cases,
where the characteristic equation

N4 a4+ +a A 4a,=0

(1) has one zero root on the imaginary axis; or
(2) has a pair of complex-conjugate roots on the imaginary axis.

The first case is determined by the condition
a, =0, Ar>0, k=1,...,n—1,

where Ay is the Routh-Hurwitz determinant (see Sec. 2.1).

451



452 Chapter 9. The Behavior of Dynamical Systems on . ..

The second critical case corresponds to
A,1=0, a,>0, Ag>0, k=1,...,n—2.

Recall that a, = (—1)" det A, where A is the matrix of the linearized
system at the equilibrium state. Therefore, the condition for crossing the
stability boundary in the first case is given by

detA=0.

In view of this condition, the equilibrium states associated with the first crit-
ical case are also called degenerate. Since the implicit function theorem may
no longer be applied here, the persistence of such an equilibrium state in a
neighboring system is not necessarily guaranteed. Thus, a transition through
the stability boundary in the first critical case may result in the disappearance
of the equilibrium state.

On the contrary, in the second critical case, the equilibrium state is pre-
served in all nearby systems and can only lose its stability.

The basic tools for studying critical cases include the method of reduction
to the center manifold and the method of normal forms. The latter allows
us to calculate the Lyapunov values that determine the stability of a critical
equilibrium state.

9.1. The reduction theorems. The Lyapunov
functions

A system of differential equations near a critical equilibrium state can be writ-

y=Ay+ f(z,y)
&= Bz +g(x,y)

where © = (21,...,2,) and y = (y1,...,Yn), m # 0; the functions f,g €
C"(r > 1) vanish at the origin along with their first derivatives. The char-
acteristic equation det(B — AI) = 0 has m roots Ai,...,\, with Re A\; =
0(i =1,...,m), and the characteristic equation det(A — «I) = 0 has n roots
Yi,.., 7 With Re y; <0, (j =1,...,n).

As shown in Chap. 5, the above critical equilibrium state lies in an invariant
Cr-smooth center manifold W€ defined by an equation of the form y = ®(z),
where ®(z) vanishes at the origin along with its first derivative.

ten in the form

’ (9.1.1)
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Transversely to the center manifold, another invariant manifold passes
through the point O(0,0). It is called strongly stable and, as usual, we de-
note it by W#**. Its equation is given by x = ¥(y), where ¥(y) vanishes at
the origin along with its first derivative. If the original system is analytic, the
manifold W** is analytic as well. A similar statement for the center manifold
is not true in general: even if the system is analytic, the center manifold W ¢
may be neither analytic nor even C*.

The strongly stable manifold W** is one of the leaves of a C"~!-smooth
foliation which is transverse to the center manifold. As we have shown in
Chap. 5 the following reduction theorem holds:

In a neighborhood of the point O there exists a C"~1-smooth change of
variables which straightens both the invariant foliation and the center manifold
so that the system in the new variables assumes the following standard form

& = Br+ G(x),
y=I[A+F(z,y)ly,

where G(z) = g(x, ®(z)) € C", F(x,y) € C"~! and F(0,0) = 0.

In the new variables the equation of the center manifold W becomes
y = 0, and the equation of the strongly stable manifold W** becomes x = 0.
The leaves of the strong stable foliation are the surfaces x = const.

The main feature of this theorem is that it reduces significantly the di-
mension of the problem; namely, instead of studying the original (n + m)-
dimensional system (9.1.1) we need only to explore the properties of the m-
dimensional system (9.1.2), whose dimension does not depend on n, but is
equal to the number of critical characteristic exponents. The dynamics in the
critical (center) z—variable is locally determined by system (9.1.2) and depends
in no way on the y-coordinate.

The dynamics in the y-variable is rather simple: if ||z|| is small, the function
F in (9.1.3) is also small near the origin. Therefore, the following estimate is
valid in an appropriately chosen basis in the y-space:

d
Ay < =~lly(t
Lol < o),
where 0 < v < max |Re~;| (i =1,...,n) (see Theorem 2.4). Hence
ly@)l < Ce™", (9-1.4)

i.e. any trajectory tends exponentially to the center manifold W¢.
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All characteristic exponents of the restriction

v =Ay+ f(¥(y),y) (9.1.5)

of the system (9.1.1) on the strongly stable manifold W#¢ lie to the left of the
imaginary axis. Therefore, the trajectory behavior of the system on W** is
the same as that near a rough stable equilibrium state with the linearization
matrix A (see Chap. 2).

It follows from the estimate (9.1.4) that the stability of the equilibrium state
of the original system (9.1.1) is equivalent to the stability of the equilibrium
state with respect to the associated system reduced to the center manifold.

First, let us recall some definitions. An equilibrium state O is said to be
Lyapunov stable if for any € > 0, there exists 6 > 0 such that any trajec-
tory which starts from a §-neighborhood of O never leaves its e-neighborhood.
Otherwise, the equilibrium is said to be unstable.

An equilibrium state O is asymptotically stable if any trajectory starting
sufficiently close to O tends to it as ¢ — +o0.

Now, let the equilibrium state = 0 of the reduced system (9.1.2) be stable
in the sense of Lyapunov. By definition, this means that for the system (9.1.2
and 9.1.3) in the standard form, the z-coordinate remains small in the norm
for all positive times, for any trajectory which starts sufficiently close to O,
provided y remains small. At the same time, the smallness of x implies the
inequality (9.1.4) for the y-coordinate, i.e. y(t) converges exponentially to zero.
Thus, we have the following theorem.

Theorem 9.1. If the equilibrium state is Lyapunov stable in the center mani-
fold W€, then the equilibrium state of the original system (9.1.1) is Lyapunov
stable as well. Moreover, if the equilibrium state is asymptotically stable in
the center manifold, then the equilibrium state of the original system is also
asymptotically stable.

If the equilibrium state is unstable in the center manifold W€, then the
equilibrium state of the original system is unstable.!

Our investigation of the stability of a critical equilibrium state will make
use of Lyapunov functions.

1The last statement concerning instability is obvious and requires no proof.



9.1.  The reduction theorems. The Lyapunov functions 455

Definition 9.1. A continuous function V(x) defined in a neighborhood D of
O and smooth in D\O, is called a Lyapunov function for system (9.1.2) if it
satisfies the following conditions

(1) V(0) =0; (9.1.6)

(2) V(z) >0 if 2 #0; (9.1.7)
dv (z) /

(3) T = (V'(z),Br+G(x)) <0 at z#0, (9.1.8)

where (-,-) denotes the scalar product.

The use of Lyapunov functions to guarantee stability is based upon the
following result.

Theorem 9.2. If there exists a function V(x) satisfying conditions (9.1.6)—
(9.1.8), then the equilibrium state O is Lyapunov stable. Furthermore, if the
inequality (9.1.8) is strict for all x # 0, then all trajectories in D tend to the
point O ast — 400, i.e. the equilibrium state O is asymptotically stable.

To prove Lyapunov stability let us surround the point O by a sphere S7~!
of radius €. Let V; > 0 be the minimum of the function V' (x) on the surface of
the sphere (it is strictly positive because all points of the sphere lie at a finite
distance from the origin). Since V' is continuous and V(0) = 0, it follows that
for any point xg chosen sufficiently close to O the value of the function V(z)
is strictly less than V.

Note that (9.1.8) implies that the Lyapunov function cannot increase along
a trajectory of system (9.1.2). Hence, for any trajectory z(t) starting close
enough to the point O the inequality V(z(t)) < V¢ holds. This means that
such a trajectory cannot intersect the sphere S™~1 and therefore, it must
remain within an e-neighborhood of the equilibrium state O for all ¢ > 0.

To prove asymptotic stability, let us choose an e-neighborhood U, of the
equilibrium state and show that any trajectory from D must enter U. af-
ter a sufficiently large time and must remain inside there forever. Indeed, if
inequality (9.1.8) is strict for all x # 0, then the minimum

. / B =—C.
mg%fN@,x+ﬂ@> C

is strictly less than zero. If we assume that at time ¢ a representative point on
the trajectory z(t) is outside of U, then by virtue of (9.1.8) we have

d
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(inside U, we have at least <V (z(t)) < 0). Hence, for any ¢
V(b)) < V(2(0) - C.T(1), (9.1.9)

where T" denotes the time during which the trajectory has been outside U.. It
follows from (9.1.7) and (9.1.9) that this time is finite for any ¢:

T(t) < V(zg)/C: = Te(x0) .

Hence, for all ¢ > T, the trajectory remains inside the e-neighborhood of the
point O. Since € may be chosen arbitrarily small, it follows that the trajectory
must tend to O as t — +00.

Remark. The Lyapunov function is a universal tool of stability theory.
Typically, a proof concerning stability consists of either constructing a Lya-
punov function, or proving its existence. Moreover, its applicability is not
limited to critical equilibria; for example, in our analysis of studying the struc-
turally stable equilibria (Theorem 2.4), we have implicitly shown that the norm
of a vector in a Jordan basis is a Lyapunov function.

The Lyapunov function has a simple geometrical meaning, especially in
the case of asymptotic stability. Here, the level surfaces V(z) = constant
are surfaces without contact for system (9.1.1); i.e. the vector field on these
surfaces is oriented toward the origin, as shown in Fig. 9.1.1 (to verify this note
that the gradient vector V'(z) of the function V' (z) is orthogonal to the surface
V = constant at the point z and that the strict inequality (9.1.8) means that
the angle between the velocity vector # and the gradient of the function V(z)
is acute). Therefore, all trajectories must flow inside any surface V = constant
and converge to the equilibrium state O.

From the practical point of view, stability in the sense of Lyapunov is less
important than asymptotic stability. In particular, it follows from simple con-
tinuity arguments that if a critical equilibrium state is asymptotically stable,
then the trajectories of any nearby system will also converge to a small neigh-
borhood of the origin where they will stay forever. The behavior of trajectories
in this small neighborhood may be rather nontrivial. Nevertheless, any devia-
tions from zero of trajectories of a nearby system must remain small because
the equilibrium state is asymptotically stable at the critical parameter value.
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Fig. 9.1.1. Geometrical interpretation of a Lyapunov function. The surface V() = constant
has no contact with a vector field, i.e. the tangent at any point of the surface is transverse
to the vector field so that every trajectory goes inwards the sphere.

The above statement is not valid for an equilibrium state which is stable
only in the Lyapunov sense. For example, for the linear system

T1 = Ur] — Wy,
T = wT1 + prs,

the equilibrium state O(0,0) is a center at = 0. It is Lyapunov stable but
not asymptotically stable (here, any trajectory is a circumference surrounding
the origin). For any p > 0 arbitrarily small, the equilibrium state becomes an
unstable focus and all trajectories leave the origin for infinity as ¢t — +oc.
The instability of an equilibrium state at a critical parameter value also im-
plies a practically important general conclusion about the trajectory behavior
in all nearby systems. Namely, if we fix an arbitrarily small eg-neighborhood
of such an equilibrium state, then for any system which is sufficiently close to
the original system with the unstable equilibrium state there are initial con-
ditions not further from zero than ey such that the corresponding trajectory
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will diverge from the origin over a finite distance. Thus, if a critical equilib-
rium state O of the original system is unstable, then the basin of attraction
(provided it does exist) of the corresponding equilibrium state of any neigh-
boring system has to be very small.

To prove that an equilibrium state is unstable one can use some analogies
of Lyapunov functions. For example, if there exists a function V (z) satisfying
conditions (9.1.6) and (9.1.7) but

(V/(z),Bx +G(z)) >0, atz#0, (9.1.10)

then the corresponding equilibrium state is unstable. Here, the function V()
is a Lyapunov function for a system obtained from (9.1.2) by a time inversion.
Therefore, by virtue of Theorem 9.1 all trajectories tend to O as t — —o0;
i.e. such an equilibrium state is repelling, or completely unstable.

However, it is possible to have an unstable equilibrium state O such that
some trajectories converge to O as t — +o00. The simplest example is a rough
saddle. To prove instability of a saddle in critical cases one can use Chetaev’s
function where conditions (9.1.6), (9.1.7) and (9.1.10) hold only within some
sector adjoining the point O. For details we refer the reader to the book by
Khazin and Shnol [75].

9.2. The first critical case

For the case where only one characteristic exponent lies on the imaginary axis,
i.e. when m = 1, and A\; = 0 in (9.1.1), the system in the standard form is
given by

& =g(z),

y=I[A+F(zy)y,

where z is a scalar, and the function g(x) vanishes at the origin along with its

(9.2.1)

first derivative. In this case, the center manifold W¢ is one-dimensional and
defined by the equation y = 0. The system in W€ is

= g(x). (9.2.2)

Let us investigate the behavior of trajectories of this equation near the
equilibrium state. Since g(0) = ¢’(0) =0,

g(iﬂ) = lgxz + 13$3 4+ .- 5 (923)
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where the coefficients la, . .., I} of the Taylor expansion of the function g(z) at
O are called the Lyapunov values.

Let k& be the number of the first non-zero Lyapunov value; i.e. [ = -+ =
lg—1 =0 and I # 0. Then, Eq. (9.2.2) can be written as

i =z®(1 +0(1)). (9.2.4)

Observe that if k is even, then the equilibrium state is unstable. The
behavior of the trajectories in a neighborhood of the point O for positive and
negative values of [, is shown in Figs. 9.2.1(a) and (b), respectively. The
second case reduces to the other one by change x — —x. There are only three
trajectories here: one is the point O, the second is the trajectory coming out
from O towards [z > 0, and the third is the trajectory entering O from the
side lpx < 0.

If k is odd (k = 2p + 1), the equation assumes the following form

&= lop12®P (14 0(1)). (9.2.5)

Here, if ly,41 < 0, then %|z| = lop41]z|?PT1(1 4 0(1)) < 0 for = # 0. Hence,
the equilibrium state O is stable in this case, as shown in Fig. 9.2.1(c). On the
contrary, if la,11 > 0, the equilibrium is unstable, as shown in Fig. 9.2.1(d).
Let us return to the original system (9.2.1) and give a complete descrip-
tion of the trajectories near the point O. The dynamics in the y-variables is

() (d)

Fig 9.2.1. A saddle-node with different Lyapunov values. See comments in the text.
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quite simple — it is dominated by the exponential convergence to zero [see

inequality (9.1.4)]. The dynamics in the x-coordinate is described above.

Hence,

(1)

we have:

If the first non-zero Lyapunov value has an even index number, such an
equilibrium state is called a saddle-node; moreover, it is called a simple
saddle-node if I3 # 0. Here, the strong stable manifold W#** partitions a
neighborhood of O into two subregions: a node subregion and a saddle
one. In the node subregion all trajectories tend to O along the leading
direction y = 0. In the saddle subregion all trajectories pass nearby O,
except for one trajectory which tends to O as t — —oo (Fig. 9.2.2).

In the three-dimensional case all orbits in W*® tend to O expo-
nentially as t — +oo: if the largest (nearest to the imaginary axis)
eigenvalue y; of the matrix A is real, then the point O is a stable node
in W** [see Fig. 9.2.3(a)]; otherwise, if 7, is complex, then O is a stable
focus in W** [see Fig. 9.2.3(b)].

If the first non-zero Lyapunov value is negative and has an odd index
number, i.e. [, < 0, k = 2p+1, then the equilibrium state is stable. All
trajectories tend to O as t — 4+00. Moreover, the trajectories which do
lie on the strong stable manifold W** converge to O along W as shown

Fig. 9.2.2. A saddle-node in a plane.
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(b)

Fig. 9.2.3. Two R3-examples of topologically identical saddle-nodes with lop # 0;
in its restriction to W*¢ the point O is a stable node (a) or is a stable focus (b).

in Fig. 9.2.4(a). In contrast to the case of a structurally stable node,
the convergence here is not exponential.?

(3) If the first non-zero Lyapunov value has an odd index number and is
positive, i.e. [y > 0, k = 2p + 1, then the equilibrium state O has the
topological type of a saddle (n—1,1) (see Sec. 2.5). Here, the unstable

2By integrating (9.2.5) we have z ~ C||t||~1/2P.
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(b)

Fig. 9.2.4. A degenerate equilibrium state with 2,11 # 0. The center manifold is
continued here in both directions. Such a bifurcation called a pitchfork, is typical for
systems where due to symmetry the first non-zero Lyapunov value at a degenerate
equilibrium state is always of an odd order.

manifold of the bifurcating point coincides with W€, as illustrated in
Fig. 9.2.4(b).

Note that in order to calculate the first non-zero Lyapunov value there is
no need to reduce the system to the center manifold. If the original system
has the form

T = g(x, y) )

. (9.2.6)
v =Ay+ f(z,y),
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such that f/(0,0) = 0 and ¢’(0,0) = 0, the standard routine is as follows. First,
write down the system of equations

Ay + f(z,y) =0. (9.2.7)

As det A # 0 and f(0,0) = 0, f,(0,0) = 0, this system can be solved implicitly
for y:

y=px). (9.2.8)

The Taylor series of the function ¢(x) can be found by the method of inde-
terminate coefficients. Next, one can calculate g(z,¢(z)). The first non-zero
coefficient in the expansion

g(z, o(x)) = lpa* + -, (9.2.9)

is the desired first non-zero Lyapunov value.
For the system of second order

T = azor? + anzy + apey® + - = g(z,y),
U = —Ay+ boox? 4+ biizy + booy® + -+ = =Xy + f(x,y),

where A > 0, the first Lyapunov value is simply equal to asg.
If the linear part is in the general form (with ab # 0)

& =ax+by+g(z,y),

y=cx+dy+ f(z,y),

where ad — bc = 0, a + d < 0, and the functions f and ¢ start with quadratic
terms (as in the previous system), then the formula for calculating l5 is more
complicated:

lo = agg - bd — ay1ad + agaac — b20b2 + bi1ab — b02a2

Let us show that formula (9.2.9) does give us the Lyapunov value. Indeed,
by definition, the Lyapunov value is the first non-zero coefficient of the
expansion

gz, ®(z)) = lpa® + -+, (9.2.10)
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where y = ®(z) is the equation of the center manifold. The condition of
invariance of W¢ for the system (9.2.6) is given by

A®(z) + f(w, ®(x)) = ¥/ (2)g(z, B(x)) (9.211)
By comparing (9.2.7), (9.2.8) and (9.2.11) we find that

p(x) = B(z) ~ @' (2)g(x, 2(2)),

i.e. the difference between p(z) and ®(z) [and hence the difference between
g(xz,®(x)) and g(x,p(z))] is of a higher order of smallness with respect to
g(x, ®(x)). Therefore, the first non-zero terms of the Taylor expansion (9.2.10)
and (9.2.9) of the functions g(x, ®(x)) and g(z, ¢(z)) coincide indeed.

It follows from formula (9.2.9) that if the right-hand side of the system
(9.2.6) is analytic, and if all Lyapunov values vanish, then g(z,p(z)) = 0.
Hence, since y = () is the solution of the system (9.2.7), it follows that the
curve y = p(x) is filled out by the equilibrium states of the system (9.2.6).
Thus, it is an invariant manifold of this system. Since it is tangent to y = 0
at O, it is the center manifold by definition. It follows that for the case under
consideration, the system has an analytic center manifold W y = o(z) which
consists of equilibrium states as illustrated in Fig. 9.2.5.

Fig. 9.2.5. A degenerate center manifold composed of equilibrium states.
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This is not the case when the system is only smooth but not analytic. For
example, a C*°-smooth system with the flat right-hand side

. 671/“”’32, x#£0,
xr =
0, z=0,

y:_y7

has a unique (unstable) equilibrium state all of whose Lyapunov values are
zero. Another flat system

sin(1/x) eV g0,
0, z=0,

y:_y7

has a countable number of isolated equilibrium states accumulating to the
origin.

An equilibrium state whose phase portrait cannot be determined by the
coefficients of the Taylor expansion (this means that lo = --- = [, = 0 for
C"-smooth systems, or that all [; vanish for C*°-smooth systems) is called
completely degenerate, or infinitely degenerate in the C* case.

9.3. The second critical case

Let the equilibrium state at the origin have a pair of purely imaginary eigen-
values A2 = Fiw. In this case the restriction of the system on the center
manifold W is written in the following form

1 = —wzo + g1(x1, 2),
(9.3.1)
o = wxy + go(x1,22),

where the functions g; 2 vanish at the origin along with their first derivatives.
Let us begin with calculating the normal form for the system (9.3.1).
Obviously, there are infinitely many resonant relations of the kind

A= (g+1) A +qha,
(9.3.2)
Ao =qgA+(g+1) A,
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where ¢ = 1,2,... . This means that smooth changes of variables cannot,
generally speaking, get rid of the monomials A,z1 (2% +23)? and Byza (23 +23)4
(see Sec. 2.9). Below we show how to nullify the remaining terms up to any
finite order.

Lemma 9.1. For any integer QQ > 1 there exists a polynomial change of vari-
ables which transforms the system (9.3.1) to

Q
U= —wv+ Z(Lqu - qu)(u2 + 02)7 4 o(r29+1)
q=1
9.3.3
o (9.3.3)
U= wu+ Z(qu + Quu) (u? + v?)7 4 o(r?9TL) |
qg=1
(where r = vu? + v2) or, in polar coordinates,
F = L3 + -+ Lor@Tt 4 o(r2@+1h) |
: (9.3.4)
0=w+Ur?+ -+ QorX? +o(r?Q).
Proof. Let us make the following change of variables
z=x1+1ix9, 2'=x1—1T9
and rewrite the system in the complex form
2= dwz+ Z Cpg?P2* 9 + o(|2|?9T1),
2<p+q<2Q+1
(9.3.5)
2= —jwz" + Z Cp2 P2+ o229+,
2<p+q<2Q+1

where * denotes complex conjugation. This form is more convenient because
the matrix of the linear part is diagonal. Moreover, we may neglect the second
equation because it follows from the first one.

Let us next make the transformation of variables

z:w+2apquw*q, 2<p+q<2Q+1, (9.3.6)

p,q
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where a,,, are indeterminate coefficients. The equation in the new variables is
given by
W=iww+ Z Ch wPw* ? + o(jw]*@ ). (9.3.7)
2<p+q<2Q+1
Let us try to nullify as many coefficients CI/HI as possible. By substituting
(9.3.6) into (9.3.5) and replacing w and w* with their expressions accordingly
0 (9.3.7), we obtain

p,q

waJrZC' wPw ]

p,q

D,,,kq—1 i * 1% *p, .q
+ E Opg q WPw l i ww +E Cpq w™w

p.q p.q

=1lw w+Zapqu —|—ZC’pq COP (w4 )
Pyq Pyq
+o(Jw|?9+1).

By the coefficients of w? w*? for p 4+ g = 2, we obtain
; Pay*d ! Pt — Pyl — Pyy*d Pay*d
twapep ww* + C, wPw iw opg g W™ = jw apgwPw™ 4+ Cpq wPw

and, consequently

Chy = Cpg —iwapg[p —q—1]. (9.3.8)
It is clear that if
p#q+1, (9.3.9)
then letting
S - (9.3.10)

(&% .
P4 dw(p—1—q)

we have C},, = 0. For p+ ¢ = 2 the condition (9.3.9) is always fulfilled. Hence,
if the coefficients ay,q in (9.3.6) are given by (9.3.10), there will be no quadratic
terms in the system (9.3.7) when written in the new variables.

By equating the coefficients of wP w*? for p + ¢ = 3, we obtain

Cry=Cpg —iwapgp—q—1]+ - (9.3.11)
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where the ellipsis denote the terms depending only on those aj, for which
p + g = 2 (we have already found them via (9.3.10)). In this case, for p and
q satisfying the condition (9.3.9) we can also find ap, such that in the new
variables the coefficients C},, become zero:

Cpq+...

87 =,
P dw(p—1—q)

where the ellipsis has the meaning as above.

The only one “immortal” monomial is the first resonant term (Ca1+- - )w?w*
(p = 2,q = 1). Since C%; is independent of g1, we can let as; = 0 in
(9.3.6).

For higher values of (p + ¢), the expression (9.3.11) remains valid, with
the understanding that the dots denote the terms depending only on those
oy for which p’ + ¢ < p+ ¢. Thus, continuing in the same way as above,
we can find explicitly the appropriate change of variables that eliminates all
monomials with even (p+¢), and all non-resonant monomials with odd (p+q).
Eventually, only the resonant monomials of type (Cyi1 4+ - Jw?t w*? survive.
Obviously, the procedure can be extended up to any value (p + q).

Finally, Eq. (9.3.7) takes the form

W =iww+ Chw*w* + -+ Ch iy quTw™@ 4 o(w?9tT). (9.3.12)
Substituting w = u+i v yields the desired system (9.3.3) where L, = Re C; | ,
and Q; =Im C} 4 .

The system (9.3.5) or (9.3.4) is the normal form for the second critical
case. The coefficients L, are called the Lyapunov values. Observe from the
above procedure that in order to calculate Ly one needs to know the Taylor
expansion of the Eq. (9.3.1) up to order p + ¢ = 2Q + 1.

Let L1 =---=Li_1 =0, L # 0. In this case the normal form is given by

= L r?* 11 + o(r,0)),

6 =w(l+y(r.0)),
where ¢ and 1 tend to zero as r — 0. Having changed the time via

dt — (1+ ¢(r,0)) "'t
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we obtain a new system

P = Ly r?t

f=wl+--),
which is called the orbital normal form.

If Lry < 0, then the trajectory spirals to O as t — 400, as shown in
Fig. 9.3.1. The equilibrium state in this case is called a stable complez or weak

(9.3.13)

focus. We remark that in contrast to a rough stable focus, here the convergence
of the trajectories to O is not exponential. Indeed, it follows from examining
system (9.3.13) that

et (9.3.14)
0 ~wt. (9.3.15)

Here, any trajectory is of the form r ~ §~1/2%_ Tt is not a logarithmic spiral;
in particular, its length tends to infinity as r — O.

If Ly > 0, the origin is an unstable equilibrium state because trajectories
starting close to it spiral away as time increases. For the two-dimensional
system (9.3.1) the point O is called an unstable complex (weak) focus.

Returning to the original high-order system [see (9.1.1)—(9.1.3)], we observe
that if the first non-zero Lyapunov value is negative, then the trajectories

Fig. 9.3.1. A stable (L < 0) weak focus R?2. When Lj > 0, a trajectory leaves a neighbor-
hood of the origin along a counter clock-wise spiral.
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behave qualitatively in the same way as those near a rough stable focus as
illustrated in Fig. 9.3.2(a).

If the first non-zero Lyapunov value is positive and if all non-critical char-
acteristic exponents (y1,...,7,) lie to the left of the imaginary axis in the
complex plane, then the equilibrium state is a complex saddle-focus, as shown
in Fig. 9.3.2(b). Its stable manifold is W?*°, and the unstable manifold coin-
cides with the center manifold W. The trajectories lying neither in W** nor
W pass nearby the equilibrium state.

The formula for the first Lyapunov value expressed in terms of the coeffi-
cients of the system (9.3.1) was first derived by Bautin [24]. If we write down
the system as

& =ax+by+ Py(x,y)+ Ps(z,y)+ -,
y=cx+dy+Qz(x,y) + Qs(x,y) +-- -,
where ad — bc > 0, a +d = 0, and

2 2
ag0x” + alxry + aop2y ,

Py(z,y) =

Q2(z,y) = baoz® + biizy + bo2y”

P3(z,y) = asoz® + an12°y + a122y” + agsy®,
(z,9)

Qs(,y) = b3ox® + barz?y + biowy® + bozy®

then the formula is given by

L, = {[ac(a?, + a11boz + ag2bi1) + ab(b3y + azebi1 + a11bao)]

™
4bw?3
+ C2 (a11a02 + 2&02b02) — 2(10(1)32 — a20a02) — 2ab(a§0 — b20b02)

— b%(2a20bao + b11bag) + (be — 2a2) (b11boz — a11a20))
— (0,2 =+ bC) [3(Cb03 — bago) =+ 2&(&21 + blg) =+ (CCL12 — bglb)]} R
where w? = ad — be.

To calculate L; in the high-dimensional case one must first derive a system
on the center manifold with an accuracy up to terms of third order, and then



9.3. The second critical case 471

(b)

Fig. 9.3.2. Two opposite situations in R3 are depicted. When Lj < 0 the equilibrium state
yet preserves its stability on the stability boundary (a); when Lj > 0 the stable equilibrium
state becomes an unstable focus on WY, and, in a global view, a saddle-focus whose stable
manifold W* is W*$ (b).
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calculate Lq using the above formula. In cases where L, vanishes, the calcula-
tion of the second Lyapunov value Lo requires the reconstruction of the center
manifold with an accuracy up to the next subsequent terms of odd order, i.e. of
fifth order, etc.

We note that by rescaling the r-variable in (9.3.13), the value Ly can be
made equal to one in absolute value. Meanwhile, it is obvious that the sign
(as well as the number) of the first non-zero Lyapunov value is not altered by
non-singular changes of variables and time. The sign determines whether the
given equilibrium state is stable or not, whereas the number determines the
speed of convergence of the trajectories to zero [see (9.3.14)].

For the case of all zero Lyapunov values the trajectory behavior can be
described only in the analytic case.

Theorem 9.3. If all Lyapunov values are equal to zero, then the associated
analytic system has an analytic invariant (center) manifold which is filled with
closed trajectories around the origin, as shown in Fig. 9.3.3. On the center
manifold the system has a holomorphic integral of the type

2 2,.2
U = %4— w2x2 —l—V(xl,xg),

where the function V' starts with cubic terms.

Recall that an equilibrium state where all trajectories in its neighborhood
are closed, is called a center. A center is stable in the sense of Lyapunov but
it is not asymptotically stable. An example of a system with a center comes
from a rather broad class of systems given by

T1 = — wTa,

. (9.3.16)
&y = wx+ f(z1),

where f(0) = f/(0) = 0. It is easy to see that the system (9.3.16) possesses a
first integral (energy integral)

2t , oo}
2 2

U= + [ fe)de.
/
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Fig. 9.3.3. When all Lyapunov values vanish in an analytical system, the equilibrium state

is a center on WC. In R3, its extended neighborhood is foliated by invariant cylinders.

In the C* case, the origin is not necessarily a center if all Lyapunov values

vanish. For example, in the system

6_1/’"2, r#0,
0, r=20,

f=w,
the equilibrium state is asymptotically stable. In contrast, in the system

e=1/r? sin(1/r), r#0,
0, r=0,

0=w,

a small neighborhood of the origin contains infinitely many limit cycles.



Chapter 10

THE BEHAVIOR OF DYNAMICAL
SYSTEMS ON STABILITY BOUNDARIES
OF PERIODIC TRAJECTORIES

10.1. The reduction of the Poincaré map.
Lyapunov functions

Unlike the case of equilibrium states, the stability boundaries of periodic
trajectories may be of two different types:

(1) The periodic trajectory exists on the stability boundary. Among its
multipliers, there is at least one on the unit circle.
(2) The periodic trajectory disappears on the stability boundary.

In this chapter, we will focus on the stability boundaries of the first type’.
Since the periodic trajectory persists in this case at the critical moment, we
can construct a small cross-section and our problem reduces to the study of a
Poincaré map. In some suitable coordinates on the cross-section, the Poincaré
map can be written in the form

T = Br + G(z,y),

(10.1.1)
g:Ay+f('I,y),

IThe boundaries of the second type correspond to the merging of a periodic orbit into an
equilibrium state (Sec. 11.5) or to a homoclinic loop, or a blue-sky catastrophe (Chaps. 12
and 13).

475
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where z = (x1,...,%m), m #Z0, y = (y1,.--,Yn), f and g belong to the class
C", r > 1, and vanish at the origin along with their first derivatives. The
characteristic equation of the matrix B

det(B —pI) =0
has m roots pi,..., pm whose absolute values are all equal to 1. The roots
Pm+1s- - -y Pntm Of the characteristic equation

det(A—pI)=0

of the matrix A lie strictly inside the unit circle.
In this chapter, we restrict our consideration to the following three principal
cases:

(1) Only one multiplier lies on the unit circle and is equal to one
(m = 17 P11 = 1)

(2) Only one multiplier lies on the unit circle and is equal to minus one
(m =1, P1 = 71)

(3) A pair of multipliers (complex-conjugate) lies on the unit circle
(m=2, pro=ef 0<w<m).

If the characteristic equation

A(p) :pm+"+b1pm+"_l+"'+bm+n:0

. . . (B . .
associated with the matrix ( 0 21) is given, then the first and the second crit-

ical cases are selected by the conditions A(1) = 0 and A(—1) = 0, respectively,
or

and
(_1)m+n + bl(—l)m+n_1 + -+ bm+n =0.

In addition one must ensure that the other roots of the characteristic equation
lie inside the unit circle.

To derive the condition which corresponds to the third case, let us make a
change of variables p = (1 + A)/(1 — ). The values of p inside the unit circle
correspond to the values of A in the open left-half plane. Those of p that lie
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on the unit circle correspond to A on the imaginary axis. Therefore, we have
the third critical case when the polynomial

1
A (13) (1= 2™ = agA™ " +ap ™ fagy, (1012)

has exactly two purely imaginary roots, and the rest lies to the left of the
imaginary axis. The associated conditions for the coefficients a; are given in
Chap. 9 (when ag = 1). In general, the conditions are

A,_1=0, agpa, >0, a’SAk>O, k=1,....,n—2,

where Ay, are the Routh—-Hurwitz determinants of the polynomial (10.1.2).
For three-dimensional systems (i.e. for two-dimensional Poincaré maps) the
characteristic equation is
p2 +bip+b2=0

and the stability boundaries are determined as follows:

e 1st critical case (p = 1)

by +by=—1, |bo|<1; (10.1.3)
e 2nd critical case (p = —1)
by=by+1, |bo|<1; (10.1.4)
e 3rd critical case (p = e*'¥)
by=1, |bi|<2. (10.1.5)

To derive the last condition let us substitute p = e*“ into the characteristic
equation and obtain
e2iw + b1 +by =0,

or
cos 2w + by cosw + by =0
sin 2w + by sinw = 0.

We find that b; = —2cosw, by = — cos 2w + 2 cos? w, and (10.1.5) follows.

If a system is represented by differential equations in R?, then the product
of the multipliers of the periodic trajectory must be positive, i.e. by > 0. It
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Fig. 10.1.1. The stability region of the two-dimensional diffeomorphism.

follows from (10.1.3)—(10.1.5) that in the (b1, ba)-plane the stability region of a
periodic trajectory of a three-dimensional system has the form of a trapezoid, in
contrast to the stability region of a fixed point of an arbitrary two-dimensional
map, which has the form of a triangle, as shown in Fig. 10.1.1. The cases of
multiple multipliers p; = p2 = 1 and p; = p2 = —1 correspond to the two
apices A and B of the triangle, respectively, and the case p; = 1, po = —1
corresponds to the apex C.

As shown in Chap. 5, the critical fixed point O(0,0) lies in an invariant
CT-smooth center manifold W¢ defined by the equation y = ®(x), where ®
vanishes at the origin along with its first derivative. Moreover, the following
reduction theorem holds:

In a neighborhood of the fized point O there exists a change of variables
of class C™~1 such that the Poincaré map in the new variables assumes the
standard form

Z = Bz +g(z), (10.1.6)
y=[A+F(zy)ly, (10.1.7)
where g(z) = G(z,®(z)) € C", F(z,y) € C"~1, F(0,0) = 0.

In the new variables the center manifold W€ is defined by y = 0, and the
strong stable manifold W*¢ is defined by = = 0.
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The reduction theorem allows us to study the dynamics of the critical
variables x independently of the y-variables near the fixed point. As for the
y-subspace, the dynamics is relatively simple: since the z-variable is small in
the norm, the function F in (10.1.3) is also small, and hence the following
estimate holds

91l < pllyll,

where 1 > p > max|p;| (j = m+1,...,m + n). This means that every
trajectory converges exponentially to the center manifold.

Thus, the stability of the fixed point of the original map (10.1.1) is equiva-
lent to the stability of the fixed point of the map (10.1.6) in the center manifold,
which we state formally as follows

Theorem 10.1. If the fized point O is Lyapunov stable in the center manifold
WC, then it is also stable for the original map (10.1.1). If the fized point is
asymptotically stable in the center manifold, then the fixed point of the original
system is also asymptotically stable. If the fixed point is unstable in the center
manifold W€, then it is unstable for the original map.

The basic tool for studying stability of critical fixed points is the Lyapunov
functions.

Definition 10.1. A continuous function V(x) defined in some neighborhood
D of O, is called the Lyapunov function for system (10.1.6) if it satisfies the
following conditions

(1) V(0) =0; (10.1.8)
2) V(z) >0, if © #0; (10.1.9)
(3) V(z) < V(x), forax+#0. (10.1.10)

Theorem 10.2. If there exists a function V() satisfying conditions (10.1.8)—
(10.1.10), then the fixed point is Lyapunov stable. Furthermore, if the inequality
(10.1.10) holds strictly for all x # 0, then all positive semi-trajectories in D
tend to O, i.e. the point O is asymptotically stable.

We omit the proof because it is identical to the proof of Theorem 9.2 on the
stability of equilibrium states.
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10.2. The first critical case

In the case where the only one multiplier (+1) lies on the unit circle, the
Poincaré map has the form

T=ux+g(z),

(10.2.1)
y=I[A+F(z,y)ly,

where x is a scalar, and
g(0)=4'(0)=0, F(0,0)=0.

The center manifold W€ is one-dimensional, so the map in W can be written
in the form
T=x+g(x) =2+ ba*+l32®+ . (10.2.2)

The coeflicients lo, . . ., I, of the Taylor expansion of the function g(x) at O are
called the Lyapunov values.

Let us investigate the behavior of trajectories of this map. Let k be the
number of the first non-zero Lyapunov value: Iy = --- = [_1 = 0, Iy # 0.
Then, the map (10.2.2) assumes the form

T=a+ "1 +o(1)). (10.2.3)

If k is even, k = 2p, then the fixed point O is unstable. The behavior of the
trajectories near O is described by the Lamerey diagram in Fig. 10.2.1(a). If
lr > 0, then the positive semi-trajectory {z; };:X’ of a point zg to the left of O
tends to O as j — +o00. For any point xg to the right of O there exists J > 0
such that x; gets out of a neighborhood of O. If I, < 0 (this case reduces
to the previous one by mapping © — —z), then the trajectories starting with
positive z tend to O as j — +o0, but from the side of negative = the point O
is unstable, see Fig. 10.2.1(b).

If k£ is odd, k = 2p + 1, then the map has the form
T =+ lopr1 21+ 0(1)). (10.2.4)

If lopy1 < 0, then |Z| = |z|(1—|l2pt1]| 2*P(1+0(1))) < |z| at  # 0. This means
that |x| is a Lyapunov function, so the fixed point O is asymptotically stable,
as shown in Fig. 10.2.2(a). On the contrary, if l5,41 > 0, then |Z| > |z|, and
O is unstable, as shown in Fig. 10.2.2(b).
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Fig. 10.2.1. The Lamerey diagrams in the cases where lz;, > 0 (a) and I3, < 0 (b).
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Fig. 10.2.2. The fixed point at the origin is stable when l3,11 < 0 (a) and repelling when
lopr1 >0 (b).
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Fig. 10.2.3. An iterated saddle-node of a two-dimensional map.

The trajectory behavior of the original map (10.2.1) is as follows.
Case 1. lg == lgpfl = 0, lgp 75 0.

The strong stable manifold W** : x = 0 subdivides a neighborhood of O into
the node region and the saddle region. In the node region all trajectories tend
to O along the leading direction y = 0 [because the y-coordinate decreases
exponentially while the z-coordinate decreases slower than any geometrical
progression: |Z| > (1 —¢)|z| by virtue of (10.2.3)]. In the saddle region all tra-
jectories, except for those on the ray Wf :{y =0, > 0}, leave a neighbor-
hood of O over a finite number of iterations (see Fig. 10.2.3). The trajectories
in Wf tend to O as j — —oo. Thus, Wf is the local unstable manifold of O.?
Like a corresponding critical equilibrium state in the case of differential equa-
tions, the fixed point O under consideration is called a saddle-node: simple if
p=1 (i.e. I3 #0), and complex (or degenerate) if Iy = 0.

We can now describe the behavior of trajectories in a small neighborhood
of the periodic trajectory L to which the fixed point O of the Poincaré map
corresponds. In the two-dimensional case the behavior of trajectories is shown
in Fig. 10.2.4, and a higher-dimensional case in Fig. 10.2.5. The invariant
strongly stable manifold W7* (the union of the trajectories which start from
the points of W&’ on the cross-section) partitions a neighborhood of L into a
node and a saddle region. In the node region all trajectories wind towards L

2Note that this is a manifold with the boundary (which is O).
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¢, >0

20

(b)

Fig. 10.2.4. Saddle-node periodic orbits in R?: (a) the cycle L is stable in the interior region
and unstable in the exterior region. When Iz, < 0, it is attractive for the point inside it,
and repelling for outer trajectories (b).

as t — oo so that L is orbitally stable in this region. In the saddle region
every trajectory leaves the neighborhood of L over a finite time, except for
trajectories in the local unstable manifold W (L) which tend to L as t — —o0.
Such a periodic trajectory is also called a saddle-node. The terms semi-stable
or p-multiple (double when ls = 0) limit cycle are more typical for the planar
case.
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Fig. 10.2.5. A saddle-node periodic orbit in R3. Its strongly stable invariant manifold
separates two domains, a node one where the periodic orbit is stable, and a saddle domain.
The unstable manifold W} of the orbit is homeomorphic to a semi-cylinder. We will need
this picture many times.

Case 2. [y =--- = lgp =0, l2p+1 < 0.

Here the fixed point is asymptotically stable. All trajectories apart belonging
to the non-leading manifold W**: z = 0 enter O along the leading direction
y = 0, as shown in Fig. 10.2.6(a). The behavior of trajectories in a neighbor-
hood of the limit cycle corresponding to the critical fixed point is shown in
Fig. 10.2.7(a). The high-dimensional picture looks like a rough stable periodic
trajectory but there is no exponential convergence of trajectories to L in the
critical case.

Case 3. [y =--- = lgp =0, lgp+1 > 0.

Such a critical fixed point is called a complex (degenerate) saddle. Its stable
manifold is W€ : y = 0, and the unstable manifold W* is given by = = 0,
as shown in Fig. 10.2.6(b). Here, in the critical case, the trajectories be-
have qualitatively identical to those nearby the rough unstable cycle shown in
Fig. 10.2.7(b).

If all Lyapunov values vanish and the map is analytic, then the center
manifold is analytic too and it consists of fixed points (Fig. 10.2.8). Observe
that if the map has the form

T=x+g(z,y),
y=Ay+ f(z,y),

then the first non-zero Lyapunov value is the first non-zero coefficient of
the Taylor expansion of g(z,¢(z)), where y = ¢(x) is the solution of the

(10.2.5)
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Fig. 10.2.6. Geometrically, there is no difference between a critical node I3, < 0 (a) and a
rough stable node. However, a quantitative comparison can be made with respect to the
rate of convergence of nearby trajectories to the origin. A similar observation also applies
to a rough saddle fixed point and a critical saddle with lap41 > 0 (b).
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Zm-w <0

4y >0

(b)
Fig. 10.2.7. In case (a) the bifurcating limit cycle is stable if lz,11 < 0 and is repelling if
lap+1 > 0 (b).

equation
Ay + f(z,y) =0. (10.2.6)

Hence if all Lyapunov values vanish, then it follows from the analyticity of f
that
flz,0(x)) =0. (10.2.7)

From (10.2.5)—(10.2.7) we can conclude that the analytic curve y = ¢(x) con-
sists entirely of fixed points and, therefore, is an invariant (center) manifold.
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Fig. 10.2.8. The center manifold W filled out by fixed points.

A leaf of the stable invariant foliation passes through every fixed point
M € W€ (see Chap. 5). It is obvious that each leaf is the stable manifold
Wyi of the point M; the trajectories in the leaf converge exponentially to M

as j — +oo.

In the non-analytic case, it is hard to make any general statement con-
cerning the dynamics of the map when all Lyapunov values are zero (the fixed
point is then said to be completely degenerate, or infinitely degenerate).®> For
example, for the map

T

1'671/12, z#0,
T+ #
0, zz=0,

y/2,

<
|

3More precisely, a fixed point of a C"-smooth map is completely degenerate if ly = --- =
lr = 0 and a fixed point of a C*°-map is called infinitely degenerate if the whole set of I;

vanishes.
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the origin is a saddle, whereas for the map

{sin(l/x) el p 40,
x+

Kl
Il

0, x=0,

y=y/2,
it is stable but not asymptotically.

Finally, we emphasize that infinitely degenerate fixed points are quite com-
mon. In fact, (see Gonchenko et al. [62] for a survey) in the space of smooth
dynamical systems of dimension three or higher there are regions, called New-
house regions, where systems with infinitely degenerate periodic trajectories
are dense everywhere. Note that these regions exist near any system with a
single non-degenerate (quadratic) homoclinic tangency, which in turn is a cha-
racteristic phenomenon for almost any known model with a complex (chaotic)
behaviour. Summarizing, we may conclude that nearly any dynamical model
with complex behavior possesses regions in the parameter space where an ar-
bitrarily small perturbation of the system may produce infinitely degenerate
periodic orbits (may be of very large periods).

10.3. The second critical case
In this case the Poincaré map in the standard form is given by

y= [A+f(x,y)]y,

where x is a scalar variable, all eigenvalues of A are strictly inside the unit
circle, and the functions f and ¢ are such that

(10.3.1)

9(0) =¢'(0)=0, [f(0,0)=0.
Let us consider the map T'¢ on the center manifold W¢":
T=—x+ax®+azz®+---. (10.3.2)
The multiplier p is equal to —1. Therefore, the resonant relations are

p=pH.
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Since the even powers of x are not resonant, it follows that the corresponding
terms up to any finite order can be eliminated by a finite number of smooth
changes of variables (see Sec. 3.13). As a result the map is led to the normal
form

g:*§(1+llf2+"'+lp52p+"')’ (10.3.3)

where the coeflicients [; are the Lyapunov values. The first coeflicient is given
by the formula

2
l1:a2—|—a3.

The dynamics of trajectories of the map T¢ depends on the first non-zero
Lyapunov value. If I # 0 and all previous I; = 0 for j < k, then the map
assumes the form

E=—E(1+ 1% +..). (10.3.4)

It follows that if [, < 0, then the fixed point O at the origin is asymptotically
stable (because |£| < |€] for &€ # 0, i.e. |£] is a Lyapunov function). If I > 0,
the point O is unstable. Figures 10.3.1(a) and (b) show the associated Lamerey
diagrams for negative and positive values of [, respectively.

Observe that the second iteration of the map (10.3.4)

€= ¢+ 22 4 (10.3.5)

has the same form as the map considered in the previous section (Cases 2
and 3).

As for the original map (10.3.1) the fixed point O is asymptotically stable
when [ < 0 and is a saddle when [ > 0. In the latter case the stable and
unstable manifolds of O are the manifolds W*° and W, respectively. In terms
of the Poincaré map of the system of differential equations, the corresponding
periodic trajectory L is stable when [, < 0, or a saddle when [; > 0. Note
that in the saddle case the two-dimensional unstable manifold W (L) is, in a
neighborhood of the periodic trajectory, a Mobius band.

If all Lyapunov values are equal to zero and the system is analytic, then
the center manifold is also analytic, and all points on it, except O, are periodic
of period two. This means that for the system of differential equations there
exists a non-orientable center manifold which is a Mobius band with the cycle
L as its median and which is filled in by the periodic orbits of periods close to
the double period of L (see Fig. 10.3.2).
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Fig. 10.3.1. Lamerey spirals: The origin stable when I}, < 0 (a) and unstable when I, > 0 (b).
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Fig. 10.3.2. The center manifold of the primary periodic orbit L of an analytic system is a
Mobius strip filled densely by periodic orbits of double period when all Lyapunov coefficients

vanish.

If the map is of class C*+! where 1 < r < o0, and if all Lyapunov
values lq, ..., vanish, the fixed point O is completely degenerate or infinitely

degenerate when r = oo.

We will now present an algorithm for calculating the first non-zero

Lyapunov value for maps which are not reduced to the standard form. First

we write the map in the form

where

f(070)207 f/(0,0):O, Q(0,0):O,

and then consider its second iteration

g1l

=z+9g(z,y),

A%y + fla,y),

<
|

where

(10.3.6)

g'(0,0)=0

g(z,y) = —g(@,y) + g(—z + g(z,y), Ay + f(z,y)),

Let us represent y from the implicit equation

A%y + f(z,y) =0
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as y = 1(z). Then, the desired Lyapunov value is equal to one-half of the first
coefficient of the Taylor expansion of the function g(x,(x)):

gz, ¥(x)) = 2, 2T + -

10.4. The third critical case. Weak resonances

Let us suppose that two multipliers of the periodic orbit are complex-conjugate
and lie on the unit circle. In this case the Poincaré map assumes the form

1 = x1cosw — xosinw + g1 (x1, x2) ,
To = x18inw + x2 cosw + go(x1, T2) , (10.4.1)

Y= (A—|—f(ac1,a:2,y))y,

where 0 < w < 7, and all eigenvalues of A lie inside the unit circle. The center
manifold here is two-dimensional and the map on it is defined by the first two
equations in (10.4.1):

T = x1co8w — Tasinw + g1 (21, T2), (104.2)

To =z sinw + x2 cosw + go(x1, T2) ,

where g1 2 vanish at the origin along with their first derivatives.

The multipliers of the fixed point at the origin are (p; = €, py = ¢
Like in the case of the equilibrium state with a pair of purely imaginary char-
acteristic exponents (see Sec. 9.3), there exist resonances of the kind:

—iw)_

pr =08 (p2 =0 = pbToh). (10.4.3)

Therefore, one can expect that the following terms will appear in the right-
hand side of the normal form:

(Lpzy — Qpp) (xF + 23)P,

(10.4.4)
(Lyes + Q) (a3 +aB)P.

We will call the resonant relations (10.4.4) trivial. If, an addition, w is com-

mensurable to 27, i.e.
_2rM

N b

w
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where M and N are positive integers without common divisors, then there
are other non-trivial resonant relations. To find them, let us write a resonant
relation with unknown p and g¢:
p1 = pips,
or
ewPma=1) — 1 (10.4.5)

Taking the logarithm of both sides of (10.4.5), we obtain
w(p—q—1) =2mil
where [ is an integer. Substituting w = 27 M /N, we obtain
M(p—q—1)=NI. (10.4.6)
For each integer [, the equality (10.4.6) is satisfied if and only if
p=q+Ns+1, (10.4.7)

where s € Z. We will assume that s > 0 in (10.4.7). Otherwise, for negative s
rewrite (10.4.7) in the form

g=p+Ns—1, (10.4.8)

where s is now positive. Notice, that plugging s = 0 in (10.4.7) gives p = ¢+ 1
which corresponds to the trivial resonance.

Thus, in the case where w is commensurable to 27, the normal form, along
with terms of the form (10.4.4), possesses other terms determined by relations
(10.4.7) and (10.4.8) for s > 0.

To construct the normal form, let us follow in the same way as given in
Sec. 9.3, and introduce complex variables so that the linear part becomes
diagonal. Let

z=T1+1x2,

and recast (10.4.2) as follow:

F=er 4 Cpeafz™. (10.4.9)

b,q
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Let us next apply the transformation

z=w+ Z agw w*t (10.4.10)

s,t
such that the map in the new variables
@ = e™ <w +y° C;quw*Q> (10.4.11)
p.q

has as many zero coefficients Czqu as possible.
By substituting (10.4.10) into (10.4.9) and collecting the coefficients of
similar terms wPw*?, we obtain the following relations linking C}, with C]’Dq:

Cly+ apgle P17 — 1] = 7 (Cy, (10.4.12)
for p+ ¢ =2 and
Cl o+ apgle™ P17 — 1] = e Cpy + Spq(avst) (10.4.13)

for p+ ¢ > 2. Here, Spq(cst) is some polynomial which depends only on o
with indices s and t such that s +¢ < p + q. Hence, we can compute the
coefficients «,q, starting with p + ¢ = 2. Furthermore, if

ewp=a=1) £ 9
then the corresponding coefficient C’];q can be nullified if we let

. = e‘“"Cpq + Spq
P ciw(p—g—1) _ 1~

When p = ¢+ 1, or if any one of the relations (10.4.7)—(10.4.8) holds, then

ew(p—a—1) _ 1

and hence Czlvq cannot, in general, be nullified. In this case, we let o, = 0,
and then the resonant coefficient C,, is connected to Cy, via

C]’Dq = e_i“’Cpq + Spq(ast)

where Sp4 is the polynomial from (10.4.13).
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It is convenient to carry out some further calculations with regard to
whether w is commensurable to 27 or not. The non-resonant case where
w/2m is irrational is pretty simple because only trivial resonances occur there.
Therefore, a polynomial transformation brings the map to the form

w = e“w(l 4 Chy|w|* 4+ + C’I’J+1,p|w\2p) + o(Jw|*T1), (10.4.14)

for arbitrarily given integer p (not exceeding (r — 1)/2, where r is the smooth-
ness of the map). In polar coordinates, w = R ¥ the map (10.4.14) assumes
the form

R=R+L1R?+ -+ L,R?*1 4 o(R?PH1)

(10.4.15)
p=¢p+w+MNUR+ -+ Q,R* +o(R?),

where the values of L and € are expressed in terms of C']’»J-_|r1 with 7 < k.
For example,

Li=aq, O =pr,
Ly=as+B}/2, Qo=0s—Pra1/2,

where C”CJrl,k = ay + 10k
The values L are called the Lyapunov values.

(10.4.16)

Theorem 10.3. Let Ly, be the first non-zero Lyapunov value (L, # 0, L; =0,
for i < k). Then, the fized point O is asymptotically stable when Ly < 0 and
unstable when L > 0.

Proof. From (10.4.15) we have
R = R(1 + LyR?** + o(R?*")). (10.4.17)

It follows that if Ly < 0, then R < R;i.e. V(R, p) = R is a Lyapunov function,
and therefore the fixed point is asymptotically stable. In the case Ly > 0 we
have

R = R(1 — LyR?** + o(R?*")),

whence R > R. Thus, R is a Lyapunov function for the inverse map and the
instability of the fixed point follows. End of the proof.

Remark. It follows from the formulae (10.4.16) that in the general case
the stability of the fixed point is determined by the value ReCly = L.
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If ReC), < 0, then the fixed point is stable. Otherwise, when ReC%; > 0,
the fixed point is unstable.

One can compute that C%; is given by the following formula:

20 —1 Coz|? Cul
0511020011716_ o e 2w _ 9 [Coo|” _ 1Cn]

—iw
w 1 — e3iw 1 — etw + 0216 ’

where Cp, are coefficients from (10.4.9). Thus, the first Lyapunov value is
given by

cos 3w — 3cos2w + 2cosw
2(1 — cosw)

L1 = RQ(OQOCll)

sin 3w — 3sin 2w + 2sinw
2(1 — cosw)

+Im(C20Ch1)
2 1 2 .
*|C()2‘ —§|011‘ + ReCy - cosw + Im Cyy - sinw .

The fixed point O under consideration is called either a complex (or weak)
stable focus or a complex (weak) unstable focus depending on the sign of the
Lyapunov value.

If Ly < 0, then for the original multi-dimensional map (10.4.1), the fixed
point is also a stable focus. Moreover, its leading manifold coincides with the
center manifold W¢. This means that all positive semi-trajectories, excluding
those in the non-leading manifold W*°, tend to O along spirals which are
tangent to W< at O. The periodic orbit corresponding to the fixed point O
is asymptotically stable as well. The nearby trajectories tend to the periodic
orbit by winding around it, as shown in Fig. 10.4.1.

In the case where the Lyapunov value Ly is positive, the fixed point of the
original map is a weak saddle-focus. Its stable and unstable manifolds are W**
and WY, respectively, as shown in Fig. 10.4.2.

In the resonant case, when w = 2w M /N, there are two groups of non-trivial
resonant relations (10.4.7) and (10.4.8), as well as the trivial resonances. For
the corresponding values p and ¢, the coefficient of o, in formulas (10.4.12)
and (10.4.13) vanishes and the monomial wPw*? survives under the normal-
izing transformation (10.4.10). Hence, the map (10.4.2) is transformed into
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Fig. 10.4.1. A trajectory tends to the periodic orbit winding around it.

Fig. 10.4.2. An iterated saddle-focus.

the following normal form

— _ 2miM/N ! p+1, *p ! p, *p+Ns—1
wW=e (w + E Cpi1pw T w™? + E CppiNs—1W'w
p>1 p>0,5>1

+ D Copnern g ) toffwH

¢>0,s>1
= 2mM/N (w <1 + Z Cz/7+1,p|w|2p> + Z w e Z Cppsvs—1lw[*”
p>1 s>1 p=>1
+ Z wNS+1 Z Oc/1+Ns+1-,q|w|2q + O(‘w|2p+1) ) (10'4'18)

s>1 g>1
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where the summation is taken over all indices so that the degrees of the mono-
mials do not exceed (2P + 1) for some positive integer P, which can be chosen
arbitrarily large but not exceeding (r — 1)/2, where r is the smoothness of the
system.

It follows from formula (10.4.18) that depending on the value N, one of the
following three cases takes place:

(1) N=3:w=e""(w+ Chw*?) + of|w]*);
(2) N=4:0=e""*(w+ Ch|wfw + Chyw*?) + o(|w|?) ; and

(3) N >5:w=e*MN(y 4+ Ch|w?w) + o(jw?).

We see that for strongly resonant values w = 27/3 and w = 7/2 the normal
forms differ in main order from the normal forms for other w’s. We will
consider strong resonances in the next section, but let us pause first to discuss
the weak resonances: w = 2rM /N, N > 5.

For the given case the map (10.4.18) can written in the form

@ = e*mMIN <w<1 + Zc;mlw%) + ca,le*N*) + o],

p>1

(10.4.19)

where the summation is taken over all p such that 2p +1 < N — 1. In polar
coordinates

R=R+ LR+ -+ LpR?*"*1 4+ o(RN72),

o= bWt R et QPR + o(RNP) (10.4.20)
where P is the largest integer less than (N/2 — 1).

Formula (10.4.20) is similar to the formula (10.4.14) for the non-resonant
case and the only difference is that in the case of a weak resonance only a finite
number of the Lyapunov values Lq,..., Lp is defined (for example, only L; is
defined when N = 5). If at least one of these Lyapunov values is non-zero, then
Theorem 10.3 holds; i.e. depending on the sign of the first non-zero Lyapunov
value the fixed point is either a stable complex focus or an unstable complex
focus (a complex saddle-focus in the multi-dimensional case).
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10.5. Strong resonances

Recall that the strong resonances correspond to the values of the frequency
w=27/3 and w = w/2. In the former case the normal form of the map is

= e*™/3 (w4 Chyw*?) + o(|w|?). (10.5.1)

We will consider only the case where C, # 0. Let C' = |C},| and €' = C{,/C.
Then, the transformation w — we'*/3C~1! reduces the map to

w = >3 (w + w*2) + o(|w]?). (10.5.2)

Definition 10.2. An m-fan is a set homeomorphic to the union of m rays
emanating from one point (the apex of the fan).

Definition 10.3. A fized point in the plane whose stable manifold W*° and
unstable manifold W* are the m-fans with the apex at the fized point such that
between any two neighboring rays of W* there is one ray of W, and vice versa,
18 called a saddle with 2m separatrices.

Theorem 10.4. The fized point O of map (10.5.2) is unstable and is a saddle
with six separatrices as shown in Fig. 10.5.1.

Fig. 10.5.1. A saddle with six separatrices.
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Proof. It is more convenient to consider not the map (10.5.2) itself but its
third iteration. We have

0 = 62”i/3(w+®*2 + ) _ e4m‘/3(w+2w*2 + ),
- (10.5.3)
w=w+3w?+--,
where the ellipses denote terms of third order and higher.
Let us consider a differential equation
W= w*? (10.5.4)

for which the shift map along the trajectories over the time ¢ = 3 has the form
(10.5.3). To show this, let us rewrite (10.5.4) as

t
wy = wo +/ wi?ds. (10.5.5)
0

This formula allows us to find a solution of (10.5.4) as the limit of the successive
approximations wt("):

t
wﬁ”“’ = wy —|—/ (w{M*)2ds . (10.5.6)
0

For the first approximation we have

wﬁl) = wo + twi?.

For the second one we have
wﬁz) = wo + twi? + Pwiwd + t2wi/3.

It is not hard to see that all approximations coincide up to the terms of second
order inclusively, and have the form

wt(") = wo + twi? + o(jw]?).
Hence, the solution of Eq. (10.5.4) has the same form.* Tt follows that the shift
map along the trajectories of system (10.5.4) over the time ¢ = 3 does have
the form (10.5.3).

4Qenerally speaking, one must prove that the successive approximations converge; it can
be easily checked: if the time interval ¢ is finite and if |wo| is sufficiently small, we can apply
the Banach principle of contraction mappings.
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System (10.5.3) can be integrated. To do this let us introduce the polar
coordinates w = Re'?. Then we get

iRew = R2?e™2%%
dt ’
R+iRp = R%e™%
or
R = R%cos 3y,
¢ = —Rsin3p.

After the change of time Rdt — dt the system reduces to the form

R = Rcos 3y,
(10.5.7)
@ = —sin3p.
Observe that the function
H = R3sin 3¢

is the first integral of (10.5.7). The level lines of the function H, which are the
integral curves of system (10.5.7), are found trivially. The level H = 0, which
contains the equilibrium state, is given by the equation sin3¢ = 0 and is a
6-fan defined by the rays

p=mn/3, (n=0,...,5).
The equation of motion on the rays with even n is
R=R,

and therefore R increases unboundedly along these rays as ¢t — 4o00. The
equation of motion on the rays with odd n is

R=-R,
i.e. R tends to zero as t — —oo. Thus, the rays

p =2mn/3
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Fig. 10.5.2. A resonant fixed point with six separatrices. The angle between each pair is
equal to /3.

are the unstable separatrices of the equilibrium state, and the rays
p=m(2n+1)/3

are the stable ones (n = 0,1,2). The rest of the trajectories have the form of
hyperbolas whose asymptotes as t — +o00 and t — —oo are the unstable and
stable separatrices respectively, as shown in Fig. 10.5.2.

It is obvious that for the shift map along the trajectories of system (10.5.4)
the fixed point also has the same six separatrices; i.e. Theorem 10.4 holds for
the given particular case. In order to consider a general case recall that, as in
Sec. 3.14, for an arbitrary map near a fixed point some iteration of the map
can be approximated up to terms of arbitrarily high order by a shift map along
the trajectories of some autonomous system of differential equations.® Such a
system for the map (10.5.3) has the form

W =w*? + g(w,w*), (10.5.8)

where g = o(Jw|?). To find the function g one may write the Taylor expansion
with indeterminate coefficients for the right-hand side of (10.5.8) and then by

50ne may take an arbitrary non-autonomous time-periodic system such that the map
under consideration is a Poincaré map for this system. After that the normalizing procedure
described in Sec. 3.14 is applied.
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using the method of successive approximations find the Taylor expansion for
the time shift map in terms of the Taylor coefficients of g. Comparing the
similar terms in the above shift map and in the original map (10.5.3), we get
a system of equations from which the desired number of Taylor coeflicients of
g can be found. The solvability of this system of equations is guaranteed by
Theorem 3.23.

The exact representation of the map (10.5.3) is given by the shift map of a
non-autonomous system of the form

W =w*? + g(w,w*) + §(w, w*,t), (10.5.9)

where § is a periodic function with respect to ¢ with period T' = 3; moreover
the terms depending on t can be made arbitrarily small (of order o(|w|") where
r is the smoothness of the system).

In polar coordinates the system can be written as

R = R%cos3¢0 + g1(R, ) + §1(R, @, 1),

. . g (10.5.10)
¢ = —Rsindp+ g2(R, ) + G2(R, ¢, 1),
where g1 = O(R?), go = O(R?) and
g1=0(R"), g2=o(R). (10.5.11)
Omitting the non-autonomous terms, we obtain
R = R2cos3¢p+ g1(R, ),
' , (10.5.12)
¢ = —Rsin3p + g2(R, ) .
After introducing a new time variable
dr = R dt (10.5.13)

this system assumes the following form, whose main terms coincide with
(10.5.7):

R = Rcos3p + O(R?),

(10.5.14)
¢ = —sin3p + O(R).
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For the moment, let us not identify the points corresponding to R = 0 when the
values of ¢ are different. Thus, the phase space of system (10.5.14) becomes a
semi-cylinder. On the invariant circle R = 0 there are six equilibrium states

(R=0, p=p,=m/3) n=0,...,5 (10.5.15)

determined from the equation sin3¢ = 0. The equilibrium states with even
n are stable on the circle, and those with odd n are unstable. If we choose
a small € > 0, then the positive semi-trajectory of any trajectory (other than
¢ = 2mn/3) from the interval ¢ € (7(2n — 1)/3,7(2n + 1)/3) enters the e-
neighborhood of the point 27rn/3 in a finite time; the negative semi-trajectory
enters the e-neighborhood of one of the points m(2n — 1)/3 or 7(2n + 1)/3.
Due to the continuous dependence on initial data, the trajectories of system
(10.5.14) starting with sufficiently small R behave in the same way.

Let us prove that the same holds true for the trajectories of the non-
autonomous system (10.5.10). First, let us consider more carefully the rescaling
of time given by (10.5.13). The meaning of this formula is that the old time
t, which parametrizes the trajectories of (10.5.12), is a function of (R, ¢) and
of the new time 7, which parametrizes the trajectories of (10.5.14), and it is
defined by

T ds
tHr, R, o) = / L 10.5.16
TR ), BBy (10:5:10)
where R*(s; R, ) is the trajectory of system (10.5.14) starting with the point

(R,p) at s = 0.

Since R is of order R in (10.5.14), it follows that for finite 7 the ratio R*/R
is bounded away from zero and infinity for arbitrarily small R. One can also
see that % is of order R. Thus, formula (10.5.16) implies that

ot 1 ot 1 ot 1
for bounded 7.
Moreover, it is easy to show that
ot 1

_— = 10.5.1
or  R*(—7;R,p) (10.5.18)

Since this derivative does not vanish, it follows that the formula (10.5.16)
defines also 7 as a function of ¢ and (R, ¢). Consequently, the formula (10.5.13)
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can be recast into the form

where R = O(R?) and ¢ = O(R) are given by (10.5.12).

Let us now consider the system (10.5.10) and make the same change of time
as in the autonomous system (10.5.12). Namely, let the new time 7 be defined
by (10.5.16) where R* is the solution of (10.5.14). The resulting system can
be written in the form

. 1
R= (Rcos3go + =g (R, )+

R gl(R7@7t(T7 Rv @))) X(Tv Ra 410) )

(10.5.20)

e

. . 1 .
Y = ( S 3@ + - 92 (R7 QO) + 92 (R7 2 t(Ta R7 @))) X(T7 R7 SD) )

R

where

dr R
X:R/E:(?T or . 01 .,
= t R+
ot  OR Op

with R and ¢ defined by (10.5.10). These R and ¢ differ from those in
(10.5.19) by the terms §; and go of order o(R") and o(R"~!), respectively.
Therefore,

1
1 1 ot _ ot
G ﬁsh + %92
R
or

for bounded 7 (see (10.5.17) and (10.5.18)).
So, we have that the non-autonomous system (10.5.20) is well-defined at
R = 0 where it assumes the form

=1+0o(R™?) (10.5.21)

X:

¢ = —sin3p,

exactly as in the autonomous system (10.5.14). Thus, the non-autonomous
system (10.5.20) has the same equilibria at R = 0 and, moreover, all tra-
jectories starting with a small R enter a small neighborhood of one of these
equilibria at a finite time.
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Therefore, to study the system (10.5.20) at small R it remains to consider
the behavior of trajectories in a small neighborhood of the equilibrium states.

The linear part of system (10.5.20) at the equilibrium state (R = 0, =
7n/3) is equal to the linear part of system (10.5.14):

R=R(-1)",
¢ =9(-1)""p+k,R

for some k,,. The characteristic exponents are (—1)" and 9(—1)"*!. It follows
that for the autonomous system (10.5.14) all equilibrium states are saddles.
The equilibrium states with even n have an unstable separatrix given by ¢ =
7n/3+ Rk, /10+O(R?), and the stable separatrices are the arches m(n—1)/3 <
¢ < mn/3 and /3 < ¢ < w(n + 1)/3 on the circle R = 0. The equilibrium
states with odd n have a stable separatrix of the form ¢ = 7n/3 — Rk, /10 +
O(R?), whereas the arches 7(n—1)/3 < ¢ < 7mn/3 and /3 < ¢ < ©(n+1)/3
are the unstable separatrices.

We can now construct the phase portrait of system (10.5.14) on a semi-
cylinder, as shown in Fig. 10.5.3. Then, by gluing the circle R = 0 into one
point, the resulting equilibrium state w = 0 of (10.5.8) is a saddle with six
separatrices as shown in Fig. 10.5.3(a).

To prove the theorem, we must get the same result for the non-autonomous
system (10.5.9). Namely, we must prove the existence (and uniqueness) of
stable and unstable separatrices for the equilibria (R = 0, = 7n/3) of system
(10.5.20). Due to the symmetry of the problem, it suffices to consider only one
equilibrium, say, with n = 1.

By the results of Secs. 5.2 and 5.3, to prove the existence and uniqueness
of the stable separatrix of the saddle equilibrium state of the non-autonomous
system it is sufficient to check that in a small neighborhood of the equilibrium,
for all positive times, the non-linearities remain small along with all derivatives.
Thus, we must check that the functions §1 2(R, ¢, t(R, ¢, 7))/R and (x —1) in
the right-hand side of (10.5.20) are small along with all derivatives, provided
that for some small §

0<R<S6, |p—n/3]<5. (10.5.22)
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(b)

Fig. 10.5.3. A cross-section of a cylinder (a) and the behavior of trajectories on the semi-
cylinder (b).

In fact, it follows immediately from (10.5.20) that in a small neighborhood of
the equilibrium state,
R(r) < e 797R(0)

for some sufficiently small € > 0. Therefore, it is enough to check the smallness
of the non-linearities only in that part of the neighborhood of the equilibrium
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state where

1
=9 < = T>0. (10.5.23)

Indeed, if the non-linearities are small here, then outside the set defined by
(10.5.22) and (10.5.23) the system can be modified such that it becomes
globally dichotomic for all (R, ¢, ) (see details in Sec. 5.2). Results of Sec. 5.3
imply the existence and uniqueness of the invariant stable manifold for the
modified system. Any positive semi-trajectory in this manifold satisfies
(10.5.23) a priori; therefore, the obtained invariant manifold lies in the re-
gion where the system is not modified. Hence, the intersection of the manifold
with a small neighborhood (10.5.22) of the equilibrium state is the sought local
invariant manifold of the original system.

Since the functions §; o are of order at least o(R"~2) (see (10.5.11)), as
well as their derivatives with respect to time, it is sufficient to prove that the
derivatives of the function ¢(7, R, ¢) in (10.5.20) and (10.5.21) grow not faster
than some negative powers of R: when the smoothness r is large enough this
would give us the desired smallness of the non-linearities in the right-hand
side of (10.5.20). Now note that the spectrum of the linearization of system
(10.5.14) at the equilibrium state is bounded from below by A = —1. Thus, at
s — 1 < 0, we have the following estimates for the solution R* of the system
(10.5.14):

Re(lfs)(rfs) < R*(S - R, 90) < Re(lJrs)(Tfs)

and ok
R*
= Ofelkte)T—s)
o -
for a small € > 0. Substituting this estimates into the formula (10.5.16)
which defines (7, R, ), and using (10.5.18) and (10.5.23) we obtain finally the

estimate
ot o 1
or R~ \ BT

with some o > 0 which tends to zero as ¢ — 0. As explained above, this esti-
mate is good enough to establish the existence and uniqueness of a local stable
invariant manifold for the equilibrium state of the non-autonomous system
(10.5.20).

Thus, we have established the existence and uniqueness of the invariant
manifolds — the surfaces in the space (¢, R, 7) of the form

p=m/3+ fn(R,T)
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which are formed entirely by the solutions (p(7), R(7)) of system (10.5.20) (see
Fig. 10.5.3(b)). For odd n these are the stable manifolds: on each the value of
R tends to zero as 7 grows. For even n these are the unstable manifolds.

Since the solutions of system (10.5.20) are the solutions of system (10.5.10)
up to a change of the time variable, we have proven the existence and unique-
ness of the invariant stable and unstable manifolds of the stationary states
(R =0, ¢ = wn/3) of system (10.5.10). By construction, the manifolds are
the set of trajectories of the system (10.5.10) which emerge at ¢t = 0 from the
uniquely defined curves L,, given by

p=mn/3+ fu(R,0). (10.5.24)

Since the right-hand side of system (10.5.10) is periodic with respect to ¢, the
set of the trajectories which start at t = 0 from the points on the image £,
of the curve £, (when mapping along the trajectories of the system over the
period) also comprise an invariant manifold. By virtue of uniqueness, this
must be the same invariant manifold, and hence £,, = £,,. But the map over
the period of the system (10.5.10) is the map (10.5.3). So, we have established
the existence of the six invariant manifolds Ly, ..., L5 (three stable and three
unstable) of the fixed point w = 0 of the given map, from which the statement
of the theorem follows.

Remark. In the multi-dimensional case where besides the central coordinates
there are also the stable ones, the unstable set consists of three curves, whereas
the stable set is a bunch consisting of three semi-planes intersecting along the
non-leading manifold W**  as shown in Fig. 10.5.4, for the three-dimensional
example.

Let us now elaborate on the resonance w = w/2. The map in its normal
form is given by

g

=™/ (w + Chy |w*w + Chzw* ) + o(|w|?) . (10.5.25)

We will assume that Cj; # 0. Then, after the transformation w — ei/AC1/4,
where C{; = Ce', the map recasts into the form

@ = ™% (w + (L + Q) |w|?w + w*3) + o(|w]?), (10.5.26)

where L +iQ = Cy,\/C.
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Fig. 10.5.4. Topology of the stable and unstable manifold of a resonant /3 fixed point in
R3.

Theorem 10.5. In the case L < 0 and L? + Q? > 1 the fized point is asymp-
totically stable. In the case L > 0 and L? + Q2 > 1 the fized point is unstable;
when L? + Q2 < 1 it is a saddle with eight separatrices.

We will prove the theorem only for the case where the fourth iteration of
the map (10.5.26)

w® = w+ 4[(L +iQ)w[?w + w* ] + o(jw[*) (10.5.27)

coincides with the time shift map of some autonomous system (the general
case may be treated in basically the same way as in the previous theorem).
Let us write the autonomous system in the form

W = By |w]?w + Bow*? + O(Jw|*) (10.5.28)
with yet indeterminate By and Bs. Rewrite (10.5.28) in the form

t
wi=wn+ [ (BafunPu. + Bl + Ofw.f))ds
JO

and construct its solution by the method of successive approximations. On the
first step we have

wy = wo + (Bi|wo|*wo + Baw*)t + O(|wol*).
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It is easy to see that all approximations have the same form and, therefore,
the solution of Eq. (10.5.28) has the same form. If we let ¢t = 4, it would follow
that the map (10.5.27) coincides, up to the terms of third order, with the shift
map along the trajectories of any system in the form

= (L +iQ)|w]Pw + w*? + g(w,w*), (10.5.29)

where g begins with terms of fourth order. As mentioned above, we assume
that the map (10.5.27) coincides exactly with the time ¢ = 4 shift map along
the trajectories of system (10.5.29) for some g. By introducing the polar coor-
dinates w = R e’ we obtain

R = R3(L + cos4¢) + O(R*Y),
¢ = R*(Q —sindyp) + O(R?),
or after the transformation of time R2dt — dt:
R = R(L + cos 4¢) + O(R?),
(10.5.30)
¢ =Q—sindp + O(R).

Without loss of generality, we can assume that 2 > 0 because the transfor-
mation ¢ — —p does not alter the form of the system but ) changes its
sign.

At L = 0 the shortened system (10.5.30)

R = Rcos4p,
$ =Q —sindy
possesses a first integral
H = R*(Q —sin4yp).

Observe that when L < 0 and 2 > 1 the function H is a Lyapunov function for
the original system (10.5.30) for sufficiently small R. Indeed, since 2 > 1, it is
obvious that H > 0 for R > 0. Let us check that H < 0, i.e. H}%RJrH;gb < 0.
The latter inequality can be recast in the form

4R*(Q — sin4y)(L + cos 4p) — 4R*(Q — sin 4¢p) cos 4¢ + O(R®) < 0
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or

4RY(Q —sindp)L + O(R%) < 0
which is obviously fulfilled for all R sufficiently small if L < 0 and
Q>1.

The existence of a Lyapunov function implies the asymptotic stability,
i.e. in this case the theorem holds. Omne can construct a Lyapunov function
for an enlarged parameter region: Q2 + L? > 1, L < 0. To do this let us
consider the function V = R*(3 — sin4p) and show that it is a Lyapunov
function for a suitable choice of 3. Indeed, one needs V> 0 at R > O,
ie.

B>1, (10.5.31)
and V < 0, i.e. V}%R + Végb < 0. The latter inequality can be recast in the
form

4R (B — sindy) (L + cos 4p) — 4R*(Q — sin4p) cosdp + O(R®) < 0.
To satisfy this inequality for R small enough it is sufficient to have
(8 —sinde)(L + cosdyp) — (2 — sindp) cosdp < 0

for all ¢, or
BL — Lsindp + (8 — Q) cosdp < 0.

It is equivalent (since SL < 0) to
L +(B—-Q)? < B*L2. (10.5.32)

One can easily check that the value § satisfying (10.5.31) and (10.5.32)
always exists for L2 + Q2 > 1: when Q > 1 one can let 3 = Q; when |L| > 1
any sufficiently large number can be taken as [3; in any other case one can let
8=0/(1-L?).

If L > 0, then the function V is a Lyapunov function for the system ob-
tained from (10.5.30) by inversion of time. Thus, the equilibrium state of
system (10.5.29) and hence the fixed point of the map (10.5.27) is completely
unstable here.

Let us consider finally the case where L?4Q? < 1. As we have done for the
resonance 27/3, let us assume that the system is defined on a semi-cylinder.
Then, it will possess eight equilibrium states

(R=0, o=v,), (n=0,...,7),
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where ¢,, is found from the equation
Q —sindp =0. (10.5.33)
The linear part of the system at the equilibrium state has the form
R = R(L + cos4¢,),
¢ = —(4cosdy,)p + knR.
The determinant of the linearization matrix is equal to
A = —4cosdp, (L + cosdp,) .

It follows from (10.5.33) that |cosdw,| = (1 — Q)2 and therefore,
|cosdep,| > |L|. Hence, both values cos4g, and (L + cosdp,) have the
same sign, and the determinant A is negative. Thus, we have found that
all equilibrium states are saddles as in the case 27/3. The phase portrait
of system (10.5.30) on a semi-cylinder is shown in Fig. 10.5.5. If we iden-
tify all points with R = 0, the result is going to be a saddle with eight
separatrices as shown in Fig. 10.5.6.

Fig. 10.5.5. Cross-section of a semi-cylinder.
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Fig. 10.5.6. Each iteration maps the stable (unstable) manifold through a 7/2 angle.

10.6. Passage through strong resonance on stability
boundary

We have seen in the previous sections that the qualitative behavior of a strongly
resonant critical fixed point differs essentially from that of a non-resonant or a
weakly resonant one. It is therefore natural to ask the question: what happens
at a strongly resonant point as the frequency varies? In particular, in the case
of the resonance w = 27 /3 the fixed point is a saddle with six separatrices
in general, but when an arbitrarily small detuning is introduced the point
becomes a weak focus (stable or unstable, depending on the sign of the first
Lyapunov value). The question we seek to answer is how does the dynamics
evolve before and after the critical moment?

On the stability boundary the map near the fixed point can be written in
the following form for w close to 27/3

@ = e ™/349) (w 4+ w* 2 + Oy lw|?w + -+ ), (10.6.1)
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where the parameter £ measures the deviation from the resonance; the coef-
ficients on the right-hand side of the map, in particular C%;, are assumed to
depend continuously on €. Let us denote the map (10.6.1) as 7.

Theorem 10.6. Let ReC%; < 1. Then for any small € # 0 the point O(w = 0)
is stable. Moreover, the map T. possesses a saddle periodic trajectory
(O1,04,03) of period three which lies apart from the point O over a distance
O(g). One of the two unstable separatrices of each point O; tends to O, the
other unstable separatriz leaves a meighborhood of the origin. The stable sepa-
ratrices of the periodic trajectory form a boundary of the basin of attraction of
the point O (see Fig. 10.6.1).

Hence as the parameter approaches a strong resonance, the saddle cycle
shrinks continuously to the point O from the outside of a neighborhood of
the origin. At the precise moment of resonance it collapses into O so that
the latter becomes unstable. Upon passing through the resonance the cycle
distances anew from the point O and as ¢ is further changed the cycle leaves the
(small) neighborhood of O. The case where ReC%; > 0 is identical but applied
to the inverse map 7. !; in this case the point O is completely unstable for
e #£0.

We skip the proof of Theorem 10.6 because it is part of a more general
problem in the study of bifurcations of strongly resonant critical points (see
Arnold [20] and Guckenheimer and Holmes [64]) which is beyond the scope
of our book. Instead we restrict ourselves here by considering a modeling
example.

Consider the third iteration of map (10.6.1)

w=e*"w + (1 + > + e 3N w*2 4 (3C%, % + 4+ 273 w|?w + - - -,
(10.6.2)

where the ellipsis denotes the terms of fourth and higher orders with respect
to |w|. It can be shown that the map (10.6.2) coincides with the shift map
over time ¢t = 3 of some differential equation of the form

W = iew + (1 + ay(e))w*? + (Chy — 1+ az(e)) wl*w + f(w,w*,t), (10.6.3)

where a1 (e) and a(e) are some functions tending to zero as € — 0, and the
function f begins with terms of fourth order of smallness (see the previous
section for more details).
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Y

€>0 € =

(a) (b)

Fig. 10.6.1. Modifications of the phase portrait as € changes. The fixed point is stable for
positive and negative values of €. The direction of rotation near the origin is changed as the
sign of ¢ is changed.
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For definiteness, assume € > 0 (when € < 0 the arguments are analogous).
Let us make the transformation w — swe?81+21()/3 /|1 4.qy (e)| and t — t/e.
Then, Eq. (10.6.3) can be recast as follow

W = iw 4+ w*? 4+ £(Chy (0) — 1)|w|*w + o(e) (10.6.4)

(recall that C%; is also a function of ¢ whereas C%;(0) is just a constant).
Truncate the terms of order o(e) and consider the shortened equation

W = iw +w*? 4+ £(Chy (0) — 1)|w[*w. (10.6.5)
In the polar coordinates w = Re®, it is written in the form

R = R%cos3p +eLR3,

(10.6.6)
¢ =1— Rsin3p +cQR?.
In the Cartesian coordinates w = x + iy, (10.6.6) assumes the form
&= —y+a%—y?+e(lx— Qy)(2®+y?),
( ) ) (10.6.7)

§=x—2zy+¢e(Qr+ Ly) (22 + y?),

where C%;(0) — 1 = L + i (recall that for the case under consideration, we
have ReC%; < 1, i.e. L <0).

At ¢ = 0 the system, besides the point O at the origin, has three equi-
librium states O1(0, —1), O2(+v/3/2,1/2) and O3(—+/3/2,1/2). Observe that
the straight lines y = 1/2, y = v/3z — 1, and y = —/3z — 1 passing through
the points 0303, 0105 and 0103, respectively, are invariant with respect
to the system (10.6.7) at ¢ = 0. Moreover, the function

H=(y—1/2)(y —V3z+1)(y+V3z +1),
or in polar coordinates
H =3R*/2 — R*sin3p — 1/2

is a first integral of the system at ¢ = 0. The level set H = 0 is shown in
Fig. 10.6.2. So, the point O is a center, and O1,02, 03 are saddles. The
separatrices of the saddles are invariant straight lines. Moreover, the unstable
separatrix of the point O; coincides with the stable separatrix of the point
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Fig. 10.6.2. The fixed point is a center at € = 0. The saddle fixed points form a heteroclinic
cycle.

05, and so on, as depicted in the figure. Thus, all together they comprise the
separatrix connection.

When & # 0 the function (H +1/2) is a Lyapunov function for the equilib-
rium state at the origin:

H=HpR+ H,¢=3cLR*(1+ O(R)) <0,

so the origin is asymptotically stable. The equilibrium states O, Oz, O3 remain
as saddles for all small e. Three variants are a priori possible for the behavior of
their separatrices: (1) the separatrix connection is preserved; (2) it splits with
the unstable branch diverging outwards (see Fig. 10.6.3(a)); or (3) it splits with
the unstable branch converging inwards (Fig. 10.6.3(b)). Let us show that the
third possibility does occur. Indeed, it is seen from (10.6.7) that the divergence
of the right-hand side of the system is negative for ¢ # 0 (div = % + % =
3eL(x? + 4?)). Hence, the area of any region on the plane must decrease after
each shift in positive time along the trajectories of the system. On the other
hand, one observes from Figs. 10.6.2 and 10.6.3(a) that if the connection is
preserved, or it has been split outwards, then we can find a region whose area
is not decreasing after a small positive time shift (S; > Sp, see the figures).
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Fig. 10.6.3. Two ways of how a heteroclinic connection may be broken down. See the
discussion in the text.
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Therefore, the separatrix connection must split and converge inward for all
small €.

It is obvious that as ¢ — 400, the unstable separatrices which converge
inwards may in principle tend to either the point O as shown in Fig. 10.6.1, or
to some periodic trajectory surrounding the origin, as shown Fig. 10.6.4. In the
latter case, however, the area bounded by this trajectory would not decrease
when shifted along the trajectories of the system thereby contradicting the
negativeness of the divergence. This means that the separatrices must tend to
the origin.

The saddle equilibrium states are the saddle fixed points of the shift map,
and respectively, their separatrices are the invariant manifolds. Returning to
the original (non-rescaled) variables we find that the fixed points must lie apart
from the origin at some distance of order e. If the third iteration (10.6.2) of the
map (10.6.1) were the shift map of the reduced system (10.6.5), then the above
theorem would follow from our arguments because the fixed points O1, O2, O3
of the third iterations correspond to the cycle of period three of the original
map.

However, in general, the map (10.6.2) may not be regarded for all € as the
shift map along the trajectories of an autonomous system. Therefore, to prove
that the situation depicted in Fig. 10.6.1 does occur one needs to check (we

Fig. 10.6.4. A geometrical explanation of the absence of a periodic orbit surrounding the
origin; since the area of the time shift map is contracting as time increases, the existence of
a limit cycle surrounding the origin is not possible.
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are not going to) that the whole invariant manifolds of the saddle fixed points
of the shift map of the non-autonomous system (10.6.4) lie entirely sufficiently
close to the separatrices of the truncated system (10.6.5).

In the case of the second strong resonance w = 7/2 the situation is even
more subtle. Let us consider the family of maps 7. defined by

o = 712FE) (w w3 4 Ch, (€)|w]Pw) + o(jwl?) (10.6.8)
which passes through the resonance at ¢ = 0. Let C%;(0) = L + €.

Theorem 10.7. Let L < 0. Then,

(1) if L < —1, then for all small € the fixed point O(w = 0) is asymptotically
stable and attracts all trajectories from some small neighborhood which does
not depend on ¢;

(2) if L? + Q2 < 1, then for any small € # 0, the point O is asymptotically
stable. Besides, the map T. possesses a saddle cycle (O1,02,03,04) of period
four at a distance of order O(\/H) from the point O. One of the two unstable
separatrices of each O; tends to O, the other leaves a neighborhood of the origin.
The stable separatrices of the saddle cycle form a boundary of the basin of
attraction of the point O (see Fig. 10.6.5); and

(3) If 0> L > —1 and L* + Q2% > 1, then for all small € the point O is asymp-
totically stable, and at € > 0 it attracts all trajectories from a small neigh-
borhood whose size does not depend on €. When Q2 < 0 the two trajectories of
period four bifurcate from the point O : the first is a saddle composed of points
(01,042,03,0y), and the second cycle is stable and consists of (O}, 0%, 0%, 0Y)
as shown in Fig. 10.6.6. One of the unstable separatrices of the point O; tends
to O; the other tends to O,. The stable separatrices of O; separate the attraction
basins of the point O from that of the cycle (O, 0%, 0%, 0}).

We replace the proof of this theorem by considering only the dynamics of
the reduced system of equations. The fourth iteration of the map (10.6.8) has
the form

@ = 1 (w + 405, (o) [wl*w) + w* (e + e (1 + ) +offul?),

This map coincides with the shift map over time ¢t = 4 of some non-autonomous
system of the form

W = icw + (1 + a1 (e))w*® + (L +iQ + az(e)) |w*w + g(w, w*, 1),
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Fig. 10.6.5. Modifications of the phase portrait as e changes (here L2 + Q2 < 1).



524 Chapter 10. The Behavior of Dynamical Systems on ...
where g = o(Jw|?). Upon renormalizing w by 1/|¢| and the time t by |¢|, and
taking the limit e — 0, we obtain the reduced system

W = idw + (L +iQ)|w*w 4+ w*? (10.6.9)

where § = +1 = signe.
In Cartesian coordinates this equation is written in the form

&= —0y + (Lz — Qy) (2% + y?) + 23 — 3232,

. (10.6.10)
y = 6x+ (Lx + Q) (z? +y?) — 322y + 3.
In polar coordinates, the corresponding system is given by
R = R3(L + cos 4¢),
( ?) (10.6.11)

¢ =08+ R*() —sindy).

It follows immediately from (10.6.11) that R < 0 when L < —1. Therefore, all
trajectories of system (10.6.11) tend to the origin, which confirms the statement
of the above theorem.

In order to study the system corresponding to the case 0 > L > —1, we
note that the divergence of the right-hand side is negative and is equal to
4L(z% 4+ y?) < 0 (see (10.6.10)). It follows (by repeating the corresponding
arguments for system (10.6.5)) that the system (10.6.10) has neither closed
trajectories nor separatrix connections. As for the equilibrium states, they can
be easily found in polar coordinates (see (10.6.11)).

When L2+0? > 1, the system has only one equilibrium state (at the origin)
if Q0 > 0. This equilibrium state is stable and attracts all trajectories of the
system. To show this it is sufficient to check that the function

V = RS — sin4yp) + 26 R? (10.6.12)

is a Lyapunov function for £ > 0 and § = 1, where [ is a value defined from
the relations (10.5.25)—(10.5.26) while constructing the Lyapunov function in
the previous section; the case where 2 < 0, § = —1 is reduced to the given one
by a change of variable ¢ — —¢. When Q0 < 0 the system has, besides the
zero equilibrium state, eight additional equilibrium states; namely four saddles
01, O3, 03, 04 and four stable equilibria O7, 04, O%, O}. The coordinates of the
latter are found from the relations

1
cosdp =—L, sindp=-6/1-12, R*=—
4 i Q) — vI_L?
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and those of the saddles from

_ do — ST —I2. R2— 1

cosdp =—L, sindp=96/1—-L?, R = QT ViiE

Point O is stable; the function (2R? — §R*sin 3¢) is a Lyapunov function
for small R. Clearly, the stable separatrices of the saddle points tend to infinity
as t — —oo. Otherwise, they had to tend to a completely unstable periodic
trajectory or a completely unstable equilibrium state but there is none. An-
other possibility is that a stable separatrices of one saddle might coincide with
the unstable one of the other saddle thereby forming a separatrix cycle as that
shown in Fig. 10.6.2, but with four saddles; however this hypothesis contra-
dicts to the negative divergence condition. The unstable separatrices cannot
tend to infinity as ¢ — +o0o. To prove this, check that when R is large, V<0
for the function V in (10.6.12). Therefore, all trajectories of the system, as ¢
increases, must get inside some closed curve V = C' with C sufficiently large,
where they remain forever. The same behavior applies to the separatrices of
the saddle. Thus, the only option for the unstable separatrices of the point O;
is that one tends to O and the other to O} as shown in Fig. 10.6.6.

Fig. 10.6.6. The phase portrait at €Q < 0 in the case —1 < L < 0, L? + Q2 > 1. Four pairs
of fixed points appear simultaneously through the saddle-node bifurcation.
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N,
A ‘-

Fig. 10.6.7. This picture illustrates how the separatrices of a saddle point organize the global
phase portrait.

At L? + Q% < 1, the system has five equilibrium states: one stable trivial
at the origin, and four others O1, O2, O3, 04 which are saddle points for § =1
and § = —1. The coordinates of the equilibrium states are found from the
relations:

1

COS4Q0:—L, Sin4<p:5\/lfL2, R2:m

As in the previous case, the stable separatrices of the saddle points diverge to
infinity as ¢ — —oo. To show that the unstable separatrices of the points O;
behave as they are depicted in Fig. 10.6.7: one tends to infinity as ¢ — 400
while the second tends to the origin, we must show that all together they do
not go to infinity simultaneously. To do this let us consider system (10.6.11)
for large R. Introduce a new variable z = R~2? and make the transformation
of time dt — zdt. We obtain:
z = —2z(L + cosdyp), (10.6.13)
Y =02+ Q —sindyp.
The value z = 0 corresponds to R = +oo. System (10.6.13) has at
z = 0 eight equilibrium states determined from the relation Q = sin4¢p: four
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equilibria are stable and the others are completely unstable. The stable sep-
aratrices of the saddles O; emerge from the completely unstable equilibria at
t = —oo, two separatrices from each (because there are eight separatrices to
four unstable equilibrium states). It is seen now from Fig. 10.6.7 that only four
unstable separatrices enter the stable equilibrium states at infinity as t — +oc;
the remaining ones must stay inside a finite part of the plane and, therefore,
must tend to the point O.

10.7. Additional remarks on resonances

We have seen in Sec. 10.4 that in the case of weak resonance w = 2w M /N,
N > 5, the stability of the critical fixed point is, in general, determined by
the sign of the first non-zero Lyapunov value. The same situation applies
to the critical case of an equilibrium state with a purely imaginary pair of
characteristic exponents. However, there is an essential distinction, namely,
for a resonant fixed point only a finite number which does not exceed (N —3)/2
of the Lyapunov values is defined. The question of the structure of a small
neighborhood of the fixed point in the case where all Lyapunov values vanish
is difficult, so we do not study it here. Instead, we consider two examples.
The first example is analogous to strong resonances. This is the map

= > M/Nyy 4 ()N (10.7.1)

One can see that the Nth iterate of map (10.7.1) coincides up to terms of order
N with the shift map over time ¢ = N along the trajectories of the system

= (w)N L. (10.7.2)
In polar coordinates this system assumes the form
R= RN"lcosNy,
¢ =—RN"2sinNop.

The function
H = R sin Ny

is a first integral of the system. A trivial reconstruction of the level curves
of the function H reveals that the equilibrium state at the origin is a saddle
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with 2N separatrices. The same holds for the fixed point of the original map
(10.7.1) as well.

In fact, resonant fixed points are not restricted to only saddles and stable
(completely unstable) points. An example of the other structure is given by
the map

2M/Nyy 4oqpNHL (10.7.3)

whose Nth iterate, up to terms of order (N + 1), is the shift map along the
trajectories of the system

w=e

W =wNT (10.7.4)
or in the polar coordinates,
R = RN+! cos Ny,
¢ =RNsinNgp.

The latter has a first integral

The integral curves are given by the formula
R=C(sin No)'/N .

We can now construct the phase portrait (see Fig. 10.7.1 for N = 3): there are
2N invariant rays playing the role of separatrices (stable and unstable) which

Fig. 10.7.1. A fixed point when n = 2. The sectors between the separatrices are called
elliptic.
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partition the phase-plane into 2N sectors (so-called elliptic sectors): inside
each sector any trajectory is biasymptotic to the equilibrium state, i.e. it tends
to O as t — £oo. One can verify that a neighborhood of the fixed point of the
original map (10.7.3) has a similar structure.



Chapter 11

LOCAL BIFURCATIONS ON THE ROUTE
OVER STABILITY BOUNDARIES

The study of critical cases gives rise to a number of questions: why does an
equilibrium state, or a periodic orbit, preserves its stability on the bound-
ary in some cases and not in others? What happens beyond the stability
boundary?

The answers to these questions are settled by the theory of bifurcations.
In this chapter, we consider only local bifurcations, i.e. those which occur
near critical equilibrium states, and near fixed points of a Poincaré map. We
restrict our study to the simplest but key bifurcations which have an immediate
connection to the critical cases are discussed in the two last chapters.

The tool kit used for studying bifurcational problems consists of three
pieces: the theorem on center manifold, the reduction theorem, and the method
of normal forms.

Any study of bifurcations must include choosing appropriate independent
parameters that control the bifurcation. In choosing parameters, ideas from the
theory of singularities of smooth mappings are applied, based on the notion of
transversality. In simple cases, the choice of the governing parameters usually
agrees with common sense. For more complicated bifurcations, an appropriate
choice of parameters is a non-trivial problem.

11.1. Bifurcation surface and transverse families

A system of differential equations is usually thought of as a mathematical
model of a real dynamical system governed by some set of parameters.

931
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Obviously, any statement concerning a real system derived from an analy-
sis of its theoretical idealization, i.e. from its model, must not be too sensible
to small uncontrolled variations of the parameters. Hence, it is a standard re-
quirement that one must consider not only a stand-alone system but must also
understand what happens with all neighboring systems. This works well for
rough (structurally stable) equilibrium states and periodic orbits: in this case
the qualitative structure is not modified by small perturbations of the right-
hand side of the system. In contrast, for systems on the stability boundary,
the analysis of close systems may become a real problem.

Consider a family of systems of differential equations

&= X(z,¢),

where € R", and € = (e1,...,¢p) is a set of parameters. Suppose that for
some ¢ = £V the system has a critical equilibrium state, or a critical periodic
orbit, i.e. it lies on the boundary 90 of the stability region. In general, I is
a smooth (p — 1)-dimensional surface in a neighborhood of the point £ and is
defined by an equation of the form

®(e) =0, (11.1.1)
where 90 90 00

Since the derivative of ® with respect to at least one of the parameters does
not vanish, we may assume without loss of generality that

)
Oep

It is clear that this condition is not violated by small perturbations of the

£0. (11.1.3)

right-hand side. Moreover, if it is not satisfied, it can be achieved by a small
transformation of the family X (x, ) under consideration. When the inequality
(11.1.2) holds we say that the family X (x,¢) is in general position with respect
to M.
If we let
w==e1,...,8p), (11.1.4)

then the surface 9 is simply defined by

n=0.
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Fig. 11.1.1. Choice of governing parameter in a family transverse to the bifurcation surface

Mm.

Furthermore, any point near €° in the parameter space can be uniquely iden-
tified via the coordinates e1,...,e,—1 and u because 0®/de, # 0 and ¢, is,
therefore, uniquely determined from (11.1.4). If we resolve (11.1.1) for e,
i.e. represent M in the form

ep=p(e1,...,€p=1),

then we may define

p=ep— e, ..., ep—1),
and hence

ep=p+elEr,...,ep—1).
The scalar p is said to be a governing parameter. It measures the distance
from a point in the parameter space to the surface 9, whereas €1,...,ep_1
give the projection of the point onto the surface 9, as shown in Fig. 11.1.1.

In the following discussion, we will consider one-parameter families recast

in the form

&= X(x,e1(p), - ep(p))
where g;(p)’s are smooth functions, and ®(e(u)) = p.' Such a family is a
transverse one in the sense that the curve

€1 = 51(:“)7'”7810 = EP(:U’)

ITo satisfy this equality one may choose e1(),...,ep—1(p) arbitrarily but find ep(u)
from (11.1.4).
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intersects transversely (without contact) the surface 91. Since such a transverse
curve can be defined through any point sufficiently close to €9, it is obvious
that in order to study all systems close to & = X (z,¢°) it suffices to analyze
the transverse families only. According to the Andronov’s setup (Sec. 8.4), this
consists of finding the intervals of u where the trajectories behave in a qual-
itatively similar way, as well as of detecting what happens at the bifurcation
values of p which correspond to the boundaries of these intervals.

An ideal case (and this is possible sometimes) would be one where all close
transverse families are qualitatively equal (such families were called versal due
to Arnold [20]). Having studied bifurcations in one transverse family, we would
have a complete description for all neighboring ones.

For cases having an extra degeneracy (for example an equilibrium state
with zero characteristic exponent and zero first Lyapunov value) the
boundary of the stability region may lose smoothness at the point . There
may also exist situations where the boundary is smooth but bifurcations in
different nearby one-parameter families are different (i.e. there does not exist
a versal one-parameter family, for example, such as the case of an equilib-
rium state with a pair of purely imaginary exponents and zero first Lyapunov
value). In such cases the procedure is as follows. Consider a surface 9" of
a smaller dimension (less than (p — 1)) which passes through the point &°
and is a part of the stability boundary, selected by some additional conditions;
in the above examples the condition is that the first Lyapunov value be zero. If
(k — 1) additional conditions are imposed, then the surface 9" will be
(p — k)-dimensional and it is defined by a system of the form

(131(5) = 0,
(11.1.5)
(Pk(E) =0.
Let the matrix of derivatives
ov, 0w
Oeq Oep
0Dy, 0Py,

dey Oep
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81

Fig. 11.1.2. The bifurcation surface 9 of codimension two is a curve in a three-parameter
family.

have rank k, i.e. have a maximal rank;? where we have assumed that p > k.
In this case, k-parameters can be expressed in terms of the others; namely,

ep =911, Ep—k)s- s Ep—kr1 = P1(E1,- -, Ep—k) -

Let us introduce the governing parameters (see Fig. 11.1.2 for k = 2)

w1 =cep—@i(e1,. .., €p—k)
(11.1.6)
Bk = Ep—kt1 — P1(E1, - Ep—k) -
If (11.1.5) is not solved for (ep—k+1,-..,€p), we can still define
w1 = ®q(er, ..., 6p),
(11.1.7)

HE = q)k(ela"'vgp)‘

2We will then say that the family is in general position with respect to 9v.



536 Chapter 11. Local Bifurcations on the Route Over ...

Let us now consider a k-parameter family of vector fields, transverse to I,
represented in the following form

T = X($,€1(ﬂ), cee 751)(#)) ’

where g = (1, . .., pr), and €;(p) are some smooth functions satisfying (11.1.6)
or (11.1.7).

Such a situation will henceforth be referred to as a a bifurcation of codimen-
sion k, and the surface M’ is called a bifurcation surface of codimension k (the
codimension is equal to the number of the governing parameters).

The procedure for studying a k-parameter family is similar to that for the
one-parameter case: firstly, divide the space of the parameters p into the re-
gions of topologically equivalent behavior of trajectories, and study the system
in each of these regions. Secondly, describe the boundaries of these regions (the
bifurcation set), and finally study what happens at the bifurcation parameter
values. We will see below that in the simplest cases (e.g. an equilibrium state
with one zero or a pair of imaginary characteristic exponents, or a periodic or-
bit with one multiplier equal to 1 or to —1) one can almost always, except for
extreme degeneracies, choose a correct bifurcation surface of a suitable codi-
mension and analyze completely the transverse families. Moreover, all of these
families turn out to be versal.

It should be noted that constructing the versal families is realistic only in
these simple cases, and in a few special cases. For example, a finite-parameter
versal family cannot be constructed for the bifurcation of a periodic orbit
with one pair of complex multipliers e**. Nevertheless, this problem does
admit a rather reasonable description within the framework of one- and two-
parameter families. In the above example, the birth of an invariant torus can
be completely explained and understood in a one-parameter setting, whereas
the study of the bifurcations of resonant periodic orbits would require at least
two-parameters. Hence, the same bifurcation phenomenon may be treated as
a bifurcation of codimension one, or codimension two, depending on which
details of dynamics we are focusing on. This indefiniteness is quite typical for
the bifurcation theory of dynamical systems.

Moreover, in more complex cases the problem of presenting a complete
description, or of proving that a family under consideration is versal, is not
even set up. However, the general approach remains the same: a bifurcating
system is considered as a point on some smooth bifurcation surface of a finite
codimension. Then, a transverse family is constructed and the qualitative
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results obtained from studying this concrete transverse family must be proven
to hold for all neighboring families as well.

11.2. Bifurcation of an equilibrium state with one
zero exponent

Let us consider a family of differential equations of class C"(r > 2) with respect
to both variables and parameters which has an equilibrium state at the origin
with one zero characteristic exponent; the other characteristic exponents are
assumed to have negative real parts. Near the origin the system can be then
written in the form

T =g(z,y,¢), 112.1)

y=Ay+ f(z,y,€),

where x € R!, y € R", the eigenvalues of the matrix A lie to the left of the
imaginary axis, f and g are C"-smooth functions such that both f and g vanish
at x =0, y =0, and € = 0, along with their first derivatives with respect to x
and y.

By virtue of the reduction Theorem 5.5, there exist C"~!-coordinates in
which the family (11.2.1) reduces to the form

& = G(x,¢e),
(11.2.2)
y=[A+F(z,y,9)ly,
where F' is a C"! function and G is a C" function such that
F(0,0,0) =0,
G(0,0) =0, (11.2.3)
G.(0,0) =0.

It follows from (11.2.2) that to investigate the bifurcations of the original
system it is sufficient to consider the restriction of the system to the center
manifold

& =G(z,¢€). (11.2.4)



538 Chapter 11. Local Bifurcations on the Route Over ...

It follows from (11.2.3) that the function G at ¢ = 0 has the form
G(z,0) = loa* + o(z?). (11.2.5)

Consider first the case where the first Lyapunov value l5 is non-zero. Following
the scheme outlined in the preceding section, we first derive the equation of
the boundary 9t of the stability region near ¢ = 0. Next we will find the
conditions under which 91 is a smooth surface of codimension one. Finally, we
will select the governing parameter and investigate the transverse families.

The set M for small ¢ is defined by the condition that the system (11.2.4)
has an equilibrium state with one zero characteristic exponent. When ¢ # 0
the equilibrium state is not, in general, at the origin. The condition defining
M is simply that there exists x* such that

G(z*,e)=0, (11.2.6)
Gl (z*,e) =0. (11.2.7)

Recall that lo = G7.(0,0)/2 # 0, and therefore by virtue of the implicit
function theorem, z* can be uniquely found from (11.2.7) for all small . Hence,
we can recast (11.2.6) in the form

G(z*(e),e) =0. (11.2.8)

Denote ®(¢) = G(z*(g),¢). Since G’ is a C"~! function, it follows that z*(¢) €
C"~!, and hence ®(g) € C"~!. The equation ®(¢) = 0 determines, for small ¢,
a C"~l-smooth surface of codimension one provided that

oP 00 0P
=— — ... —
€ (851’862’ ’86p> 70,

or J
26" (€),€)e=0 # 0.
The latter inequality may be rewritten as
dx*
G — +GL#0

or, since G,(0,0) = 0, as
G.(0,0) #0. (11.2.9)
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We will therefore assume that (11.2.9) is satisfied,® i.e. the family is in general
position. Now, let us introduce a governing parameter

u=G(x*(e),e), (11.2.10)
and consider an arbitrary one-parameter family of the form
&= G(z,e(pn)), (11.2.11)

which is transverse to 90 (here, (u) is some C"~!-smooth function satisfying
(11.2.10)).

Let us move the origin to the point 2*(e(u)), i.e. make a change of variable
x=a*+ ¢ Then (11.2.11) recasts in the form

£=Ga" +&e(p) = Ga™,e(p) + Gha*, e(w)€ + Gy (e, e(n)E /2 + o(€2) -
From (11.2.7) and (11.2.10) we obtain
£ =+ 1+ GEp), (11.2.12)
where G is C” with respect to & and C™! with respect to 1, and
G0,1) =0, Ge(0,1) =0, G¥(0,0)=0.

The value Iz is equal to G, (z*(£(0)),£(0))/2. It does not depend on u but on
the choice of the transverse family (11.2.11). Since the dependence is contin-
uous, the values of [5 are close and have the same sign for all close transverse
families. Note that the case Iy < 0 is reduced to I > 0 by the transformation
& — —¢& and p — —p. Therefore, we will assume that Il > 0, but also present
the corresponding figures for both cases.

Equation (11.2.12) is easily investigated. Observe that £ = 0 is a point of
minimum of the right-hand side, and correspondingly g is a minimal value.
Hence, for p > 0, the value € is positive for all small ¢, and therefore all trajec-
tories must leave a neighborhood of the origin after a finite time. When p < 0
the right-hand side vanishes at two points: Oz(€~ () < 0) and O1(£+ () > 0).
The value £ is negative inside the interval (£~ (), €T (1)) and is positive outside

3The function G is identically equal to g(z, p(z,€), ), where y = ¢(z,¢) is the equation
of the center manifold of system (11.2.1). Since gzz y>(0,0,0) = 0, condition (11.2.9) is

equivalent to g.(0,0,0) # 0.
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Fig. 11.2.1. A one-dimensional portrait of Eq. (11.2.11) when G/, = l2 > 0 as a function of
the control parameter p.

(a) b2 >0 (b) £2 <0

Fig 11.2.2. Dependence of the coordinates of the equilibrium state on p in the cases la > 0
(a) and Iz < 0 (b). The crosses and circles label the unstable and the stable branches,
respectively.

of it; so the point O2(£7 (1)) is a stable equilibrium state, whereas the point
01(£7(w)) is an unstable equilibrium state, as shown in Fig. 11.2.1(a). The
corresponding scenario for the case Iy < 0 is shown in Fig. 11.2.3.

As p increases the equilibrium states move closer towards each other, and
coalesce at ;1 = 0. The graph showing the dependence of the coordinate of
the equilibrium states on p is shown in Fig. 11.2.2. The following asymptotic
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Fig. 11.2.3. Same as Fig. 11.2.1 but with I3 < 0.

expression for the equilibrium states can be derived:

&~ =/ |ul/lz. (11.2.13)

To prove this let us rescale the {-coordinate and the time variable in (11.2.12)

by /|pl: € — &y/|p| and t — t/+/|u]. Then, (11.2.12) takes the form

dimg _ 2, @
N e+ (V1€ + GV 1plg, 1)

or
§=—1+he+CGW/ulé w/Iul. (11.2.14)

Since G = 0(£2) and ég = 0(¢), it follows that G(y/]ul€, 1)/|p| tends to zero
as u — 0, along with its derivative with respect to £&. Hence, by virtue of
the implicit function theorem, we find that the right-hand side of (11.2.14)
vanishes at two points

=21/l +-,

which gives (11.2.13) upon a return to the original coordinates.

When I, < 0, the changes in the phase portrait as p varies are given in
Fig. 11.2.3, and the dependence of the coordinates of the fixed points on u is
shown in Fig. 11.2.2(b).

The phase portraits for systems of dimension two and higher are illustrated
in Figs. 11.2.4-11.2.7, respectively. Here, when lop < 0, there are two rough
equilibrium states: a stable node and a saddle that approach each other as lop
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Fig. 11.2.4. Planar bifurcation of a saddle-node equilibrium state with £5 > 0.

increases. At p = 0 they merge thereby forming a saddle-node which disap-
pears as lou becomes positive; all trajectories move away from a neighborhood
of the origin.

Consider next the case I, = 0. Let k be the index number of the first
non-zero Lyapunov value, i.e. at € = 0, the function G(x,¢) in (11.2.4) has the
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(a) p<0

(b) p=0 (c)pu>0

Fig. 11.2.5. Bifurcation of a saddle-node equilibrium state in R3. Variant I.
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() p<O (b) p=0 (c)u>0

Fig. 11.2.6. Bifurcation of a saddle-node equilibrium state in R3. Variant II.

form
G(z,0) = lz" 4 o(z")

(the order of smoothness of the system is assumed to be not less than k). Let
us show that if the number p of parameters ¢ is equal to or greater than (k—1),
then the set of points in the parameter space that correspond to the existence
of a non-rough equilibrium state with one zero characteristic exponent, and
with zero values of s, ...,l;_1 comprises, generically, a smooth surface 9’ of
codimension (k— 1) such that any family transverse to 9" may be represented
in the following form

i= g+ 122 4 Lt 4 o(ab). (11.2.15)

Indeed, the condition under which the system has an equilibrium state z* with
one zero exponent and zero Lyapunov values I, ..., [;_1 is given by

G(z*,e) =G (z%,e) =G (2*,e) =---=G*FV(@* e)=0. (11.2.16)
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(c)pu>0
Fig 11.2.7. The case la < 0 reduces to that in Fig. 11.2.4 by the transformation

(b — —p, z — —x).

Since
9*G(0,0)

Dk =1kk! #0,

the value x* is uniquely found from the equation

GV (z* ) =0 (11.2.17)
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for small e. Let z = z*(¢) be a solution of (11.2.17); it is clear that z* is a
C"—*+1l_smooth function. By substituting z*(¢) into the remaining equations
in (11.2.16), we obtain the equation of the following surface 9

G(z*(e),e) =0, G’ (x*(e),e) =0,...,G*D(2*(e),e) = 0.

This surface is smooth if the system is in general position, i.e. if the rank of
the matrix

0 (e),e) G (e),e)
Oe1 Oep
(11.2.18)
0GH D (0)) | AGHEA() )
Oeq Oep —o

is equal to (k—1) (see preceding section; it follows immediately that the number
p of parameters should not be less than (k — 1)). Since

0GI(a*(e),2) _ (G da* | ¥*\a
Oe; -\ 020t Qe 0290g; ) -

and

J
PGO.0 _ o 1<j<k-1,
oxJ

it is sufficient for the matrix

oG K
881 aEp
oF-1¢ oF-1ag
92102 e, duk2

(z=0,e=0)
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to have maximal rank. We will assume that this condition is satisfied. Hence,
we can introduce k — 1 governing parameters pi1, ..., fg—1:

p = G(z*(e),¢),
p2 = G (x*(e),€)

s = GO0 (@ (e),€) /(i — 1)), (11.2.19)
pe—1 = GF2 (2% (e),e) /(k = 2)1,
such that a (k — 1)-parameter family, transverse to ', can be written as
&= G(x,e(n)), (11.2.20)

where £(p) is some function of class C"~**! which satisfies (11.2.19). Such (u)
exists in view of maximality of the rank of the matrix (11.2.18): some (k — 1)
of the ¢; can be uniquely determined from (11.2.19) in terms of uq,..., pr—1,
and of the other ¢’s.

If the origin is shifted to the point a* (i.e. if we let x = £ + z*), then
Eq. (11.2.20) recasts into the form

£=G(a" +&e(n)
= G(a",e(n) + G (2" e(u)é + -+ + GV (", ()" /KL + o(€Y) .
Using (11.2.17) and (11.2.19), we obtain
=+ +maa T+ L+ G ). (11.2.21)

The function G is C"-smooth with respect to ¢ and C"~*F*+1_smooth with respect
to u; its derivatives up to order (k— 1) with respect & are C"~**+1-smooth with
respect to p as well. Moreover,

G(0,p) = Ge(0,p) =+ = G*=1(0, ) = 0,

N (11.2.22)
G*)(0,0)=0.

Finally, changing £ back to z, we obtain (11.2.15).
We will only consider in detail bifurcations of small codimensions (k = 3,4).
When I3 # 0, the family (11.2.21) takes the form

&=y + pox + lsz® + Gz, 1) . (11.2.23)



548 Chapter 11. Local Bifurcations on the Route Over ...

Recall that at p; = pe = 0, the point O(x = 0) is stable if I3 < 0 or unstable
if I3 > 0 (see Sec. 9.2). Notice also that the case I3 > 0 is reduced to the case
l3 < 0 by a change of variables: t — —t, uy — —p1 and ps — —po.

It is easy to see that for small p, Eq. (11.2.23) may have no more than
three equilibrium states near the origin. Indeed, if the right-hand side has, for
example, four roots (including multiplicity), then its first derivative must have
at least three roots, its second derivative must have two roots, and its third
derivative must have at least one root. But the third derivative is equal to
(613 + o(1)) and hence cannot vanish near the origin.

It is obvious that the parameter values for which there are only two equi-
librium states are bifurcation points because one of the roots of the right-hand
side must then be a multiple root (see Figs. 11.2.8(c) and (d) for I3 < 0 and
Figs. 11.2.9(c) and (d) for I3 > 0). This root corresponds to a semi-stable equi-
librium state that either disappears, or is split into two equilibria, following an
arbitrarily small variation in the parameters.

l,<0
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l\
\\ \
\ - \
A\ //’ \\ \\
\ / \ l S \
0 N\ /o \ - :‘\ -
3N 72 " \ 0 ™\ f
\ \
\
\ \\
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\ Lt N
\ - N
/ \\_// N B \
0,0 70,0\ . -
3\ S 12N 035 04\ [
~_~ \ \
\ \
\ \
\ \
- \\ AN
(C)I-Lf'-g N @ e L'1

Fig 11.2.8. The case lo =0, I3 < 0.
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Fig. 11.2.9. The case Il =0, I3 > 0.

The point z is a double root if

p + pox + ls2® + Gz, p) =0,
) (11.2.24)
po + 3z + G (1) = 0.

To solve the system (11.2.24), let us rescale & by /|uz2| and let M = py/
(p24/|p2])- In the new variables the system (11.2.24) becomes

M+ + 132° + G(a/|pal, 1) / (p2/112]) = 0,

i (11.2.25)
+1 4 3l32° + Gl (/| pal, 1) p2] =0,

where + stands for the sign of pp. Since G = o(z?), it follows that the terms
with G and G in (11.2.25) become infinitesimally small as y; — 0 and pp — 0.
It is seen from the second equation of (11.2.25) that the sign of pe must be
opposite to that of 5. In the limit pu; = po = 0, the system (11.2.25) reduces
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to the form
M +x— i3z =0,
—1+43|i3)lz* =0.
Solving the above system for x, we obtain
v=+1/\/3], M= —;,73.
It then follows from the implicit function theorem that for small ps
M = +2/(3/3|l3]) + - -

in (11.2.25). Reverting back to non-rescaled variables, we obtain the following
equation of the bifurcation curve (Fig. 11.2.10):

p1 = £2u9/ |/l /3V3+ -, paly < 0. (11.2.26)

We will denote this curve by L™ when I3 < 0 (see Fig. 11.2.10(a)), and by L™
when I3 > 0 (see Fig. 11.2.10(b)). The point (1 = 0, 2 = 0) breaks these
curves into two branches which we denote as LT and L. Both the branches
touch each other and the po-axis at the origin.

Due to this particular shape of the bifurcation set, this bifurcation is called
a cusp. The curve LT divides a neighborhood of the origin into two parts: Ds

An,

(a) €5 <0 (b) £3 >0
Fig. 11.2.10. Bifurcation unfolding in the cases I3 < 0 (a) and I3 > 0 (b).
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is the region inside the wedge (it contains the positive po-semi-axis when I3 < 0
or the negative one when I3 > 0), and D; is the region outside. We can easily
verify that at each point on the curve L*, the two-parameter family (11.2.23)
satisfies the genericity condition (11.2.9).

It is easy to show that if I3 < 0, then:

(1) inside the wedge D3, the Eq. (11.2.17) has three equilibrium states: two
stable (O and O3) and one unstable (Oz), as shown in Fig. 11.2.8(a);

(2) outside the wedge, in the region D;, the Eq. (11.2.17) has only one
stable equilibrium state, as shown in Fig. 11.2.8(b);

(3) for p € Ly the Eq. (11.2.17) has one stable equilibrium state O; and
one semi-stable equilibrium state Oz 3 — the result of the merging
of O3 with Os, with a negative first Lyapunov value, as shown in
Fig. 11.2.8(d); and

(4) for p € Ly the Eq. (11.2.17) has one stable equilibrium state O3 and
a saddle-node Op2 with a negative first Lyapunov value, as shown in
Fig. 11.2.8(c).

If I3 > 0, then:

(1) in the region D3, the Eq. (11.2.17) has three equilibrium states — two
unstable (O and O3) and one stable (Os), as shown in Fig. 11.2.9(a);

(2) outside the wedge, in Dy, the Eq. (11.2.17) has only one unstable equi-
librium state, as shown in Fig. 11.2.9(b);

(3) when pu € LT the Eq. (11.2.17) has one unstable equilibrium state
O; and one semi-stable equilibrium state Oz 3, with a positive first
Lyapunov value, as shown in Fig. 11.2.9(c); and

(4) when p € L§ the Eq. (11.2.17) has one unstable equilibrium state O
and a semi-stable equilibrium state O; o as shown in Fig. 11.2.9(d).

The bifurcations in the two-dimensional case are illustrated by Figs. 11.2.11
and 11.2.12 for the cases I3 < 0, and I3 > 0, respectively.

In the case I3 > 0, the central equilibrium state is stable for yu € D3. For
I3 < 0, the character of the stability region becomes less trivial: namely, it
becomes poly-sheeted (see Fig. 11.2.13). It should be noted that the stability
boundary is not smooth at the origin.

Suppose next that I = I3 = 0 and Iy # 0. Then, the transverse family
assumes the form

&= py + pox + pza® + Lyt + o(xt) . (11.2.27)
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(a) peDs

(b) neDy

(c) pely

Fig. 11.2.11. Phase portraits corresponding to the bifurcation diagram in Fig. 11.2.10(a).
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(d) peLy

Fig. 11.2.11. (Continued)
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Fig. 11.2.12. Phase portraits for the bifurcation diagram in Fig. 11.2.10(b).
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(d) pely

Fig. 11.2.12 (Continued)

The parameter space here is partitioned into three regions: Dy, Do and Dy,
joined at the origin. When p € Dy, the Eq. (11.2.27) has four rough equilibrium
states, two of which are stable and two are unstable; for u € D5, the equation
has two rough equilibria, one stable and the other unstable; for u € Dy, there
is no equilibrium states at all.

The bifurcation surface separating these regions is called a swallowtail (see
the corresponding picture in Fig. 11.2.14 for I4 > 0). It has a self-intersection
line

ps = —2l/pa Jla+ o(V/lpal),  p2 = o(|pa]*/*)
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Fig. 11.2.13. Topology of the bifurcation set in the extended phase space.

Ha

Fig. 11.2.14. The bifurcation surface known as “a swallowtail.” See comments in the text.
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that corresponds to the existence of a pair of semi-stable equilibrium states in
Eq. (11.2.27), and two cusp edges

= —p3 /12l + o(p3),  po = £1/—813/27ly + o(|us[*/?)

that correspond to the existence of a triple equilibrium state whose third Lya-
punov value is positive if s > 0 and negative if s < 0. The parameter values
other than those on the line of self-intersection and on the cusp edges on the
bifurcation surface correspond to one semi-stable equilibrium state.

The case Iy = -+ =1 =0, I, # 0 may be analyzed in a similar way for
any k. It reduces simply to an analysis of the roots of the equation

0=y 4+ pr_12" 2 4+ lz* + é(x,u) ) (11.2.28)

Strictly speaking, the latter problem has to do with the theory of singularities,
and we will not consider it in detail. Since the k-th derivative of the right-hand
side of (11.2.28) does not vanish when x is small, the number of roots of this
equation cannot exceed k (including multiplicity), i.e. the original equilibrium
state may not bifurcate into more than k£ equilibrium states.

The bifurcation set in the space (1, ..., pr—1) corresponds to equilibrium
states of various degrees of degeneracy. The self-intersections of the bifurca-
tion surface correspond to the presence of two or fewer structurally unstable
equilibrium states. To find the bifurcation surfaces it is useful to make a
renormalization of the coordinates and the parameters. In particular, let

k—1
5= Zﬂ;/(hﬂﬂ) M, = )

i=1
Then, after the transformation  — dx, Eq. (11.2.28) is recast in the form

k—1
0=> M ' +lah 4+, (11.2.29)
i=1
where the ellipsis denote the terms that tend to zero as 6 — 0; x and M, ...,
My, _1 are no longer small, and Zf;ll Mil/(k‘”'l_l) =1.
It can be shown that the analysis of Eq. (11.2.29) is equivalent to analyzing

the truncated equation
k-1

0=> M ' +a" (11.2.30)

i=1
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(after reverting to the non-rescaled variables this means that the structure of
the bifurcation set as well as the phase portraits of Eq. (11.2.25) are the same
as those associated with the polynomial family & = g +- - -+ pp_ 1252 +12%).

Let (M{,...,M;_,) be a bifurcation point of (11.2.30), i.e. it corresponds
to the existence of one or more multiple roots. At this point the family (11.2.30)
is in general position with respect to the given bifurcation. By applying the
implicit function theorem one may easily verify that for the Eq. (11.2.29), the
curve {M;(8) = M} +--- }i=1,... k-1 corresponding to the same bifurcation is
defined if ¢ is sufficiently small. Thus, the bifurcation set is composed of curves
which have an asymptotic representation

pi ~ M=t (11.2.31)

We can probe even deeper; namely, it turns out that for any bifurcation of
codimension s at least one of the values M/ is non-zero at ¢ > s + 1. This
implies that the part of the bifurcation set which corresponds to a bifurcation
of codimension s is composed of surfaces (joined at 1 = 0) of the form

g =i (fhsrts - pe1) (G=1,...,8), (11.2.32)
where 1; satisfies the relations

k—1
|¢j|1/(k+1—j) <C Z |Ni|1/(k+1_s) (11.2.33)
i=s+1

(here, C' is a common constant independent of s and j). So, for example, the
swallowtail lies entirely inside the “cone”

lua] < C(lp2l*? + |usl?)

and the cusp edges and the line of self-intersection on it (they are the curves
of codimension two) satisfy the inequalities

lual < Clus)®,  |p2| < Clus*’?.

To resume we note that it may often happen in practice that the equation
on the center manifold is such that the governing parameters do not come in the
generic way. For example, if a system is invariant with respect to the symmetry
x — —x, then the equation of the center manifold admits the same symmetry.
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Consequently, the right-hand side of the system on the center manifold will
contain no terms with even power of . The associated transverse family can
then be represented in the form

& = px + I3z + o(2?).

If I3 # 0, one-parameter y is sufficient. The coordinate dependence on u for
the case I3 < 0 is illustrated in Fig. 12.2.15. When p becomes positive the
trivial equilibrium state loses its stability and gives birth to two new stable
ones. Such a bifurcation is called a pitchfork.

The other mechanism frequently encountered in applications is when it is
known a priori that the equilibrium state does not disappear in the bifurcation.
If it resides at the origin, then the transverse family has the form

i = px + la? + o(z?).

If I; # 0, the bifurcation develops in the following manner (see Fig. 11.2.16):
as p — —0, an unstable equilibrium state approaches the stable one at the
origin; when p goes through zero the trivial equilibrium state becomes unsta-
ble whereas the non-trivial one becomes stable, i.e. the so-called exchange of
stability takes place. Such bifurcation is called transcritical.

X

Fig. 11.2.15. The coordinates of the equilibrium state versus the parameter p at pitchfork
bifurcation (typical for symmetric systems).
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Ax*(p) A x*()

02>0 02<0

Fig. 11.2.16. Coordinates of equilibrium states at transcritical bifurcations. None of the
equilibrium states disappears; they exchange their stability.

11.3. Bifurcations of periodic orbits with
multiplier +1

Consider a family of C"-maps (r > 2) which has a fixed point with one mul-
tiplier equal to +1 at zero-parameter value; the rest of the multipliers are
assumed to be inside the unit circle. The map near the fixed point in this case
is written in the form

T=x+g(z,y,e),

(11.3.1)
Y= Ay+f(x,y,a),
where € R!, y € R™, the eigenvalues of the matrix A lie inside the unit circle,
f and g are C"-smooth functions such that f and g vanish at x = 0, y = 0,
e = 0 along with their first derivatives with respect to z and y.
We repeat one more time that by virtue of the reduction theorem there
exist some C"~!-coordinates in terms of which the family (11.3.1) is reduced
to the form

Z=ux+ G(x,¢),
(11.3.2)
y=[A+F(z,y,9e)ly,
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where G is a C"-function and F' is a C"~!-function such that

F(0,0,0) =0,
G(0,0) =0, (11.3.3)
G.(0,0) = 0.

Since the dynamics in the y-variables is trivial — they converge exponentially
to the origin, it suffices for us to consider only bifurcations in the restriction
of the system (11.3.2) to the center manifold:

T=x+ G(z,¢€). (11.3.4)

By (11.3.3), the function G at € = 0 is at least of second order of smallness
with respect to z. If k is the index number of the first non-zero Lyapunov
value, then the function G at € = 0 has the form

G(z,0) = lz® + o(z"), (11.3.5)

where I, # 0. In the most typical case k is equal to 2, and hence G(z,0) =
lox? + o(x?).

Since G’ (x,¢) is small when both z and € are small, the right-hand side
of (11.3.4) is a monotonically increasing function of z. The fixed points of
the map (11.3.4) are found from the condition G(z,e) = 0; their stability is
determined by the sign of the derivative G’ (x,¢): if this derivative is positive
at a fixed point, the latter is unstable; if the derivative is negative, the fixed
point is stable. In other words, we have a complete analogy with the family of
differential equations

z=G(z,¢),

i.e. a fixed point with a unit multiplier bifurcates in the same way as an equi-
librium state with a zero characteristic exponent.

So, we can now simply apply the results of the previous section. Thus, if
the family (11.3.4) is in a general position (i.e. the rank of the matrix (11.2.18)
is maximal; if ls # 0, this condition reduces to the inequality (11.2.9)), then
the set of parameter values which corresponds to the existence of a fixed point
with a unit multiplier and zero Lyapunov values ls, . .., l;_1, forms a C"—(—=1)_
smooth surface MM’ of codimension (k — 1) that passes through ¢ = 0. The
families of maps transverse to 9’ can be recast into the form

T=a+G(x, pu) =+ p + pox 4 -+ pp_12* 2 + Lzt + o(2®)  (11.3.6)
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(to arrive at this form, one must translate the origin to the point x* where
the derivative G(*~1) vanishes; since the kth derivative of G with respect to
x does not vanish, the point z* is uniquely determined and depends smoothly
(C7=(=1)) on the parameters).

We have already emphasized in the preceding section that the study of
zeros of the function G is equivalent to those of the polynomial

f1 F pox + -+ ppo12 T +

We will not discuss further the general case but will henceforth consider only
bifurcations of low codimensions.
1. ls # 0. The transverse family of one-dimensional maps in this case
assumes the form
T =+ p+lea® + o(z?). (11.3.7)
The Lamerey diagrams for the cases I3 > 0 and l; < 0 are illustrated in
Figs. 11.3.1 and 11.3.2, respectively. When Ilop < 0 there are two fixed points
ot = /—u/ly +o(y/it); at u = 0, there is only one structurally unstable point;
when lop > 0 there is no fixed point at all, and all trajectories escape from a
neighborhood of the origin after a finite number of iterations (of order \/p/l3).

02>0

x|

(a) p<0

Fig. 11.3.1. Lamerey staircase for the case lo > 0.
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0,>0
X
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(b) k=0
0,>0
%
X
—
(c)pu>0

Fig. 11.3.1. (Continued)
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1

(a) p<0

92<0

xi

(b) p=0

Fig. 11.3.2. Lamerey staircase for the case lo < 0.
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Qz<0

x|

(c)u>0

Fig. 11.3.2. (Continued)

(a) p<O

Fig. 11.3.3. Bifurcations of a saddle-node fixed point for the case I3 > 0. Observe that
iterations of the points near the ghost of the saddle-node (in (C)) become more dense (the
expansion rate in horizontal direction is hardly larger than 1).
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Fig. 11.3.3. (Continued)

The dependence of the coordinates of the fixed points on p is given in

Fig. 11.2.2.

For dimensions higher than one, the phase portraits for the initial map
(11.3.1) for different p are shown in Figs. 11.3.3 and 11.3.4.
When the map (11.3.1) is a Poincaré map near a periodic orbit of some

system of ODE’s, the fixed point under consideration corresponds to a saddle-

node periodic orbit (at g = 0). The phase portraits for this case are shown in

Figs. 11.3.5-11.3.7.

pred

-

./,/ /.
-
-

4

[

\.\
o\. .\
\o

(a) p<0

. /
./. .A/‘/.
- -—
'\ Of .

(b)p=0

Fig. 11.3.4. Bifurcations of a saddle-node fixed point for the case I3 < 0.
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(c)pu>0

Fig. 11.3.4. (Continued)

(a) p<0 (b) p=0 (c)pu>0

Fig. 11.3.5. Bifurcations of a saddle-node limit cycle in a plane for the case I > 0. A
semi-stable cycle (b) is attractive in the exterior domain, but repelling in the interior region.

2. lo =0, I3 # 0. The transverse family in this case assumes the form
T=x+ py + pox + l3z® + o(z?). (11.3.8)
The bifurcations are illustrated in Figs. 11.3.8 (I3 < 0) and 11.3.9 (I3 > 0).

The bifurcation curves L* corresponding to a fixed-point of the saddle-node
type [i.e. a multiple root of the equation G(z,u) = 0] are defined by the
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(a) p<0 (b) k=0 (c)p>0

Fig. 11.3.6. Bifurcations of a saddle-node limit cycle in a plane for the case lo < 0. This is
the same as in Fig. 11.3.5 up to a change in x — —pu. The feature of the forward route is
the appearance of a saddle-node cycle from condensation of trajectories.

(a)

Fig. 11.3.7. Scenario of a saddle-node bifurcation of periodic orbits in R3. The stable periodic
orbit and the saddle periodic orbit in (a) coalesce at u = 0 in (b) into a saddle-node periodic
orbit, and then vanishes in (c). The unstable manifold of the saddle-node orbit in (c) is
homeomorphic to a semi-cylinder. A trajectory following the path in (b) slows down along
a transverse direction near the “virtual” saddle-node periodic orbit (i.e., the ghost of the
saddle-node orbit in (b)) so that its local segment is similar to a compressed spring.
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Fig. 11.3.7. (Continued)

Fig. 11.3.8. Bifurcation diagram for I3 = 0 and I3 > 0.
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Fig. 11.3.9. Bifurcation diagram for I3 = 0 and I3 < 0.

(a) peDy

Fig. 11.3.10. Bifurcations of the fixed points corresponding to the diagram in Fig. 11.3.8.
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Fig. 11.3.10. (Continued)
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Fig. 11.3.10. (Continued)
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xI

(f) peDy

Fig. 11.3.10. (Continued)

Bl

(a) peDy

Fig. 11.3.11. Bifurcations of the fixed points corresponding to the unfolding in Fig. 11.3.9.
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(c) peDs

Fig. 11.3.11. (Continued)
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(d) peDs

(e) pely

Fig. 11.3.11. (Continued)
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Fig. 11.3.11. (Continued)
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(a) peDs

Fig. 11.3.12. Bifurcations of the fixed points in a plane for the case lo = 0 and I3 < 0.
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Fig. 11.3.12. (Continued)
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Fig. 11.3.13. Bifurcations of the fixed point in a plane for the case I = 0 and I3 > 0.
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Fig. 11.3.13. (Continued)

equation

3
27p% + % +o(u3) = 0.
In the region D3, the map (11.3.8) has three rough fixed points: two stable and
one unstable if [3 < 0, or two unstable and one stable if I3 > 0. In the region
Dy, there is a single rough fixed point: stable if I3 < 0, or unstable otherwise.
Figures 11.3.10 and 11.3.11 present the Lamerey diagrams for the transitions
over Ly and Lo for I3 of both signs. Figures 11.3.12 and 11.3.13 present the
respective two-dimensional cases.

11.4. Bifurcations of periodic orbits with
multiplier —1

Consider next a family of maps of class C"(r > 3) which has a fixed point with
one multiplier equal to (—1) at zero-parameter values. Since the rest of the
multipliers are supposed to be inside the unit circle, the map near the fixed
point assumes the form

T = —.’I/‘+G(I7y75)7
(11.4.1)
y=(A+F(z,y,9))y,
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where x € R!, y € R", the eigenvalues of the matrix A lie inside the unit circle,
G is a C"-function and F is a C"~!-function such that

F(0,0,0) =0,
G(0,0) =0, (11.4.2)
G'.(0,0) =0.

Let us consider the map on the center manifold
T =—x+G(x,¢). (11.4.3)

Since the derivative of the right-hand side of the map (11.4.3) does not vanish
(it is equal to —1 at z = 0, ¢ = 0), the fixed point persists (and remains single)
for all small e. Without loss of generality let us assume that the fixed point is
located at the origin, i.e.

G(0,¢) =0. (11.4.4)

It was shown in Sec. 10.6 that at € = 0, all even powers of x in the Taylor
expansion of G are non-resonant. Hence, they can be eliminated up to any
order by a polynomial transformation. Obviously, these terms remain non-
resonant for small € # 0 as well, i.e. for all small € they may also be eliminated
up to any order by polynomial transformations with coefficients depending
smoothly on €.

Generically, the first Lyapunov value [; differs from zero, i.e. the function
G at € = 0 starts with the cubic terms

G(x,0) = —l2® + o(2?).

Then, by eliminating the 22-terms for all small £, the map may be reduced to
the form
= —2(1+l(e) + 112?) + o(2?), (11.4.5)

where [y is a C"~!-smooth function of ¢, l5(0) = 0.

The boundary 90t of the stability region of the fixed point is determined
by the condition ly(¢) = 0 and is a C"~!-smooth surface of codimension one
provided that the vector (9ly/0eq,...,0lp/0ep)=0 is non-zero. Let us choose
lo(e) as the governing parameter . Then, any transverse family has the form

—x(14 p+ ha?) + Gz, ), (11.4.6)

z
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where G = o(z%); it is a C"-smooth function of z and a C"~2-smooth function
of p such that

G(0, 1) = G(0, 1) = G, (0, 1) = G77,,(0,0) = 0. (11.4.7)

For all x and p sufficiently small, the map (11.4.6) has a unique fixed point.
This point (at the origin) is stable when p < 0 and unstable when p > 0; when
w # 0, it does not undergo bifurcations. Besides this fixed point, the map
(11.4.6) may have points of period two. Therefore, to examine the bifurcations
one should consider the second iteration of the map. There may not be periodic
points of other periods more than two because the second iteration of (11.4.6)
is a monotonically increasing one-dimensional map — periodic orbits of such
maps are fixed points.

The second iterate is given by

T = a(l+ 2+ 2+ 2022+ G (a,40) (11.4.8)
where N - N N
G (0,p) =G'(0,4) =G (0, ) =G " (0,0) =0, (11.4.9)

The non-zero fixed points of the second iteration are found from the equation

(1 + 1/2) + L+ G (x,0)/20 = 0.

This equation is analogous to the equation yielding the coordinates of the fixed
point which emerge from the saddle-node bifurcation (see (11.2.12)). So, one
may verify that the equation has no real roots when ul; > 0, but it has two
roots of opposite signs when pl; < 0; namely:

e () = £V/u/l] + o(V/ul) -

As for the map (11.4.7), the pair (zT, 27 ) comprises an orbit of period two.
Its multiplier is found by differentiating the right-hand side of (11.4.8) and is
equal to

p=1+2u+60L2%+o(p) +0(x®) =1 —4u+ o(u).

Since in the region of the existence of points of period two the sign of pu is
opposite to the sign of Iy, it follows that when [; > 0, the multiplier is greater
than one and the period-two point is unstable. Respectively, when {; < 0, the
multiplier is less than one and the point of period two is stable. Summarizing
we conclude that:
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(1) If I; < 0, then the fixed point at the origin is stable for y < 0 and
attracts all trajectories from any small neighborhood. When p > 0,
the fixed point becomes unstable and the stable period-two point bi-
furcates from it; see Fig. 11.4.1 illustrating the corresponding Lamerey
diagrams.

(2) Ifl; > 0, then for u < 0, there exists a stable fixed point O at the origin
as well as an unstable orbit of period two bounding the attraction basin
of O; at u = 0, the period two orbit merges into O; the latter becomes
unstable and all trajectories, except O, leave a neighborhood of the
origin for p > 0, see Fig. 11.4.2.

Consider next the original map (11.4.1). For the sake of visualization we
restrict ourselves to the two-dimensional case. The map is written in the form

T=—z(1+p+hLz*) +o(z?),
y =y +oly),

where |y(u)| < 1. If we consider the Poincaré map of a three-dimensional flow,
then it is to be orientable (orientation preserving). Hence, the product of the
multipliers of a periodic orbit must be positive, i.e. v < 0.

Q1<o

X

(a) p<0

Fig. 11.4.1. Transformations of the Lamerey spiral for the case I; < 0.
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Fig. 11.4.1. (Continued)
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(a) p<0

45°

(b)p=0

Fig. 11.4.2. Transformations of the Lamerey spiral for the case I; > 0. The unstable period-
two cycle bounds the attraction basin of the origin.
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x|

45°

(c)pn>0

Fig. 11.4.2. (Continued)

If I; < 0, the point O is stable (a node (—)) for p < 0. When p becomes
positive the point O loses it stability and transforms into a saddle (—, —); this
means that a stable orbit of period two bifurcates from the origin. The phase
portraits are shown in Fig. 11.4.3.

If Iy > 0, then for all sufficiently small negative p, there exists a period-two
orbit (01, O3) of saddle (+,+) type. Its invariant stable and unstable manifold
separate the attraction basin of the fixed point O5. As i tends to zero the orbit
of period two approaches O and collapses into it at g = 0. When p > 0, the
point O becomes a saddle (—, —) (see Fig. 11.4.4).

The remarkable feature of this bifurcation in the case of periodic orbits
of autonomous systems of differential equations is that the center manifold
of the periodic orbit L corresponding to the fixed point O of the Poincaré
map is a Mobius band. The orbit itself is the mean line of the Mobius band,
and consequently a new orbit that bifurcates from L must wind twice around
L as shown in Fig. 11.4.5. It is quite clear that the period of the new or-
bit is nearly the double period of L. Consequently, this bifurcation is called
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(b) p>0

Fig. 11.4.3. The origin is initially a stable node (—). Each point O and O3 in (b) is periodic
of period two. They form a stable cycle of period two bifurcating from the origin which
becomes a saddle (—, —).
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() p<O

(b) p>0

Fig. 11.4.4. The case l1 > 0. The stable node (—) at the origin is surrounded by a period-two
saddle cycle (+,+). When the cycle collapses at the origin, the latter becomes unstable.
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Fig. 11.4.5. Topology of the period-doubling bifurcation. The unstable manifold (dark) of
the trivial periodic orbit L is a M&bius strip, whose boundary is a stable orbit of period
two that has just bifurcated. The stable manifold of L is shown in white. (Courtesy of
B. Krauskopf).

a period-doubling bifurcation. For a non-autonomous system with period 7, the
points of period-two in the Poincaré map correspond to two periodic orbits of
double period such that one is taken into the other by the phase shift over 7.

The next bifurcation that we will now focus on occurs when the first Lya-
punov value vanishes. Here, after getting rid of terms of second and fourth
order (the smoothness r of the map is assumed to be not less than five) the
map may be reduced to the form

T =—x(1+1(e) + l1(e)a* + loat) + o(x®),

where [p(0) = 1;(0) = 0, Iz # 0. The bifurcation surface 9 in this case is
defined by the equation

lo(é‘) = ll(E) = 0,

and assuming that the genericity condition

oo
Oe Oe,

rank ! i =2,
oo
Oeq Oep / oy

holds, it is a C"3-smooth surface of codimension two. Therefore, the trans-
verse family depends on two-parameters:

T =—x(1+ po + p1z* + laa®) + o(2°) . (11.4.10)

Here, as above, the fixed point is unique. It is stable when p¢ < 0 and unstable
when g > 0. For all other small pg # 0, it does not undergo bifurcations.
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To find points of period two let us consider the second iterate of the map
= x(1+ po) + p1(1+ p0)(2 + 2p0 4 p2)a® + 2pz® + o(z°).  (11.4.11)

The fixed points, other than z = 0, of this map are sought as the roots of the
equation

200 4+ pd 4+ 1 (14 po) (2 + 2p0 + pd)z? + 20z +o(z) =0.  (11.4.12)
Multiple roots must satisfy the additional equation
pa (14 110)(2 4 240 + p3) + 4lox® + o(2*) = 0 (11.4.13)

obtained by differentiating (11.4.12). Solving the system (11.4.12)—(11.4.13)
with respect to z, we find that in the (ug, pt1)-parameter plane the curve con-
taining the multiple roots consists of half of the parabola

po = p2 /4y + o(p?), pily <0. (11.4.14)

For the map (11.4.10), this curve corresponds to the presence of a period-two
trajectory (x*,x7) of saddle-node type. The coordinates of the saddle-node
points are found from (11.4.12) and (11.4.13): % = £./|p1/2l2] + o(\/|11]).
By decomposing the right-hand side of (11.4.11) into a Taylor series at the
point 1 we can verify that the Lyapunov value does not vanish, i.e. the point
is a simple saddle-node.

Besides the line pg = 0 and the line (11.4.14), the bifurcation unfolding
contains no others (see Fig. 11.4.6). These curves partition a neighborhood of
the origin into three regions Dy, D; and D,. The Lamerey diagrams corre-
sponding every region are shown in Figs. 11.4.7 (I3 < 0) and 11.4.8 (I2 > 0).
In Dy, there are no trajectories of period-two, in D1, there is a one period-two
trajectory and in Ds, there are two such trajectories. When moving from Do
to Dy, both period-two orbits merge and disappear.

In conclusion we consider schematically the bifurcations in the general case
when a few Lyapunov values vanish simultaneously. Let k be the order number
of the first non-zero Lyapunov value at € = 0. Then, by eliminating the even
powers of x up to the order 2k, the map may be reduced to the form

k—1
TI=—x (1 + Z Li(e)z? + lkac%) + o(x*F 1) (11.4.15)
i=0
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(3)32<0 (b)32>0

Fig. 11.4.6. Bifurcation unfolding l> < 0 (a) and I3 > 0 (b).

where I; is a C"~(?**D_smooth function of (i = 0,...,k — 1); it is supposed
that the smoothness r of the map is not less than (2k + 1) and [p(0) = --- =

l-1(0) =0, I # 0.
It is obvious that in the case of general position (i.e. when the rank of the

o
matrix ay a,
Oeq Oep
Oly—1 Olj—1
Oeq Oep / c—g

is equal to k) the bifurcation surface
m/ : l()(E) == lkfl(E) =0

that passes through the point € = 0 and corresponds to a fixed point with a
multiplier —1 and with (k—1) first zero Lyapunov values, is a C"~(2*=Y_smooth
surface of codimension k.*

4Note that the boundary of the stability region is determined by the condition Io(g) = 0
dlg dlgy

and is a smooth surface of codimension one provided the vector (E’ ey W)Eﬂ) is non-zero
p

regardless of whether any Lyapunov values vanish or do not.
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Q2<0

1

(F'oy H,) €Dy

(a)

b

(Mg 1) €D,

(b)

Fig. 11.4.7. The map for the case I < 0 when moving counter-clock-wise in the direction
around the origin in the bifurcation diagram in Fig. 11.4.6(a). Two period-two cycles in
(c) coalesce on the border separating D2 and Do and disappear in Dg. The semi-stable
cycle of period two is shown in (d).
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Fig. 11.4.7. (Continued)
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(g 1) €D,

(a)

(Mg, 1y) €D

(b)

Fig. 11.4.8. The map corresponding to the bifurcation diagram in Fig. 11.4.6 (b).

semi-stable cycle of period two on the border between D2 and Dy is shown in (d).

The
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(g 1) €D,

(c)

(d)

Fig. 11.4.8. (Continued)
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Let us choose the values [;(e) as the governing parameters o, ..., flx—1-
Then any family transverse to 9 in this case can be represented in the
form

T=—x(1+po+ma® + 4 w1225 Y 4 4,2 + G(a,p),  (11.4.16)

where G = o(x?*1) is a C"-smooth function of 2 and a C"~*!-smooth
function of  such that G(0,u) = G.(0,p) = --- = G@¥(0,u) = 0 and
G@E+1)(0,0) = 0.

The plane pg = 0 corresponds to the loss of stability of the fixed point at
the origin. No other bifurcations occur with the fixed point at pg # 0. To
study the trajectories of period-two we need to examine the second iteration
of the map

k—1 k—1
pr— <1 + Z Hﬂ% + lkx2k> <1 + Z uifzi + lkj2k>

i=0 i=0
=2(1 4 20 + 21 2% + -+ 221 4 21kx2k) + 0(952]“'1) ,
(11.4.17)

where each f[i; is uniquely expressed in terms of pg, ..., i;:

We do not need the concrete form of the functions ;. It suffices to notice
that

@i =o(u;) (j=0,...,7). (11.4.19)

The non-zero fixed points of the map (11.4.17) are found as the roots of the
equation

fio + finz® + - + fir_122F7Y 4 L 4 o(a?) = 0. (11.4.20)

They correspond to orbits of period two of the map (11.4.16). Moreover
each orbit is composed of one positive and one negative root. So, one may
then consider the positive roots only; i.e. if we let u = x2, then our prob-
lem is reduced to that of a bifurcation analysis of the positive roots of the
equation

fio + i+ - 4 fie1uF T Lk o(uF) = 0. (11.4.21)



11.4. Bifurcations of periodic orbits with multiplier —1 595

Similar bifurcations of such roots have been examined in Sec. 11.2 (the dif-
ference being that the factor of u*~! is not zero — but this can be always
achieved by a translation of the origin; besides this we did not discuss sepa-
rately the behavior of the positive roots). As in Sec. 11.2, by checking that
the k-th derivative of the left-hand side of the equation does not vanish we
can show that Eq. (11.4.21) cannot have more than k roots when x and p are
small.

Thus, the bifurcation of a fixed point with one multiplier equal to —1,
and with (k — 1) zero Lyapunov values, cannot produce more than k orbits
of period two. Moreover, it is easy to specify the precise parameter values for
which Eq. (11.4.21) has a prescribed number of positive roots, within the range
from 0 to k. This implies that in the parameter space of the map (11.4.16),
there are regions where the family has any prescribed number (from 0 to k) of
period-two orbits.

In order to understand the structure of the bifurcation surface for period-
two orbits we must construct a surface 9 of multiple roots of Eq. (11.4.21),
and then select the part 9t that corresponds to positive multiple roots. The
surface 91 is defined by the system

fio + fiu+ -+ fig1uF T+ Lok + o(uf) = 0,
(11.4.22)
fin + 2fiou + - - + (k= D12 + klgu ™ + o(uf71) = 0.

It follows from (11.4.22) that the vanishing of the multiple root « = 0 cor-
responds to setting the values [ig and fi; to zero. Thus, the line defined by
fip = fi1 = 0 form the boundary of 9" in 9. The bifurcation diagram
for orbits of period two of the map (11.4.16) coincides with 9*. Corre-
spondingly, the union of the surface 9™ and the plane gy = 0 on which the
fixed point loses its stability gives a complete bifurcation diagram for the map
(11.4.16).

Consider in more detail the question on constructing the set 9™ (see
Fig. 11.4.9 for an example of a bifurcation diagram of the map (11.4.16) for
the case k = 3, Il < 0). Note that the surface 9 contains the line L cor-
responding to the existence of a root of multiplicity k. This line is deter-
mined from the following system of equations (they require that at some point
u the left-hand side of Eq. (11.4.21) as well as its first (kK — 1) derivatives
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) o

My

Fig. 11.4.9. The structure of the bifurcation set in the three-parameter family. See comments
in the text.

must vanish)

0=jio+ jqu+---+ ﬂk_lukfl + Louf + o(uk) ,
0= jin +2f0u+ -+ (k= Vjip_1u* 2 + klpu* =1 + o(u*~1),

k—1
0=ji+ Y Ciiju ™" + Chilyub~ + o(u" 1),
j=i+1

0 = fig—1 + klpu + o(u),

where C’Ji are binomial factors. By solving the system sequentially, from bottom
to top, with respect to fix_; we find that the curve L can be represented
asymptotically in the form

fii ~ (f—1)* "y, (11.4.23)

where «; are some non-zero coefficients. Moreover, the root of multiplicity &
is located at the point
u* ~ —ﬂkfl/klk . (11424)
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The point p = 0 divides the curve L into two parts: LT : fix_1lx < 0 and
L™ : fix_1l; > 0. Equation (11.4.24) implies that «* > 0 on L™, i.e. only this
branch of L corresponds to period-two orbits of multiplicity k.

By shifting the origin to the point u = u*, the Eq. (11.4.21) is reduced to

Vo + 1+ -+ vp_out T 4 b + o(uk) =0,

where v; are some functions of fi. Thus, it follows from Sec. 11.2 that at each
cross-section fip_1 = constant, which is transverse to the line L, the surface 91
has the same structure which is (up to a diffeomorphism) a surface of multiple
roots of the polynomial vy + vju+ -+ Ve—ou¥ "2 4+ u* which is restored at
the point of intersection of the cross-section and the curve L (the coordinates
of this point are found from (11.4.23)).

As explained in Sec. 11.2, this surface is composed of a number of smooth
sheets of codimension one, corresponding to double roots. The line 1o = i3 = 0
breaks these sheets into two components corresponding to negative and positive
double roots (only the latter part constitutes 9™): the double root is positive
exactly in that part which adjoins L™ if fix_1l; < 0 or which does not adjoin
L~ if fr—1lx > 0.

We can also derive asymptotical relations similar to (11.2.31)—(11.2.33),
i.e. the surface of multiple roots is foliated into curves represented asymptoti-
cally in the form

fii ~ MRt (11.4.25)

and all bifurcation sets of codimension s consist of pieces (joined at p = 0) of
surfaces of the form

ﬂj:'(pj(/lsa“w/lkfl) (jZO,...7S—1), (11'4'26)

where the 1;’s satisfy the relation

k—1
| B <0l ) (11.4.27)
1=S8
(here, C' is a common constant independent of s and j).

It follows from (11.4.18) and (11.4.19) that if we revert to the original pa-
rameters (i, . . ., flg—1, then each curve (11.4.25) will have the same asymptotic
representation with the same set of constants M. Thus, it is not necessary to
express [I; in terms of y; when computing the first order asymptotic relations.
We simply let fi; = p.
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11.5. Andronov-Hopf bifurcation

In this section we discuss what happens when a pair of complex-conjugate
characteristic exponents of an equilibrium state crosses over the imaginary
axis. The loss of stability here is directly connected to the birth, or vice
versa, the disappearance of a periodic orbit. This bifurcation is the simplest
mechanism for transition from a stationary regime to oscillations, and it allows
one to give a proper interpretation of numerous physical phenomena. For this
reason this bifurcation has traditionally played a special role in the theory of
bifurcations.

Consider a family of systems of differential equations which is C"-smooth
(r > 3) with respect to the variables € R%, y € R™(m > 0) and parameters
e € RP(p > 1). Let the system have, at ¢ = 0, an equilibrium state O with
a pair of purely imaginary characteristic exponents; the rest are assumed to
lie to the left of the imaginary axis. Since the equilibrium state has no zero
eigenvalues, it persists in a small neighborhood of ¢ = 0. Without loss of
generality we may suppose that it resides at the origin for all small . Let us
assume that this is a pair of characteristic exponents closest to the imaginary
axis

A2 = A(e) £ iw(e)
where A(g) and w(e) depend C"~! smoothly on ¢, and
A0) =0, w(0)>0.

By virtue of the reduction theorem the system near the equilibrium state
may be reduced to the form

1 = AMe)xy —w(e)zy + Gi(x1,x9,€) ,
o = w(e)xy + A(e)xa + Ga(w1, 22,€) (11.5.1)
y=I[A+F(z,y,ely,
where F is a C"~!-function, G; » are C"-functions, and
F(0,0,0) =0,
G(0,0,0) =0, (11.5.2)

G'.(0,0,0) =0.
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We can verify, as in Sec. 9.3, that at € = 0, the terms of the Taylor expansion
of the functions G, other than x1(z? + 23) and xa(2? + 22) (e.g. terms in any
even power) are non-resonant and may be eliminated by a polynomial (with
respect to x) transformation of variables.

The boundary 991 of the stability region of the equilibrium state is given
in the parameter space by the equation A(e) = 0: the equilibrium state O is
stable if A(e) < 0 and unstable if A(¢) > 0. If at least one of the components
of the vector ((%’\1, e g—%)ezo is non-zero, then for all small € the boundary
9 is a C"~L-smooth surface of codimension one. Choose \(¢) as the governing
parameter p and consider a one-parameter family transverse to 9. On the
center manifold y = 0, this family assumes the form

i1 = w1 — w(p)rs + (Lizy — Qxo) (2] + 23) + Gi(a1, 22, 1) , ( )
11.5.3
iy = w(p)wy + pws + (Quay + Lizo) (2} + 23) + Ga(a1, w2, 1)

where for all small u, all quadratic terms in x, as well as cubic terms at y = 0
other than z (2% 4+ #3) and z2(2? + 23), have been eliminated.

This means that in (11.5.3), the functions G4 » (which are C"-smooth in z
and C"~2-smooth in ) satisfy

G(0,0,u) =0,  G.(0,0,u) =0,
Ggm(070,/i):0a Gg;m( ’N):Oa

ie. G = o(R?) where R = /22 + z2.

Theorem 11.1. If the first Lyapunov value Ly in (11.5.3) is negative, then
for small p < 0, the equilibrium state O is stable and all trajectories in some
neighborhood U of the origin tend to O. When p > 0, the equilibrium state
becomes unstable and a stable periodic orbit of diameter ~ /i emerges (see
Fig. 11.5.1) such that all trajectories from U, excepting O, tend to it.

If the first Lyapunov value Ly is positive, then for small y > 0, the equilib-
rium state O is unstable and any other trajectory leaves a small neighborhood
U of the origin. When p < 0, the equilibrium state is stable. Its attraction basin
is bounded by an unstable periodic orbit of diameter ~ \/—p which contracts
to O at p=0 (see Fig. 11.5.2).
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(a) p<0 (b)pu=0 (c)p>0

Fig 11.5.1. Soft loss of stability of a stable focus at the origin through a supercritical (L1 < 0)
Andronov—Hopf bifurcation.

(a) p<0 () p=0 (c)p>0

Fig 11.5.2. Rigid loss of stability of a stable focus at the origin through a subcritical (L1 > 0)
Andronov—Hopf bifurcation.

Proof. Let us rewrite the system (11.5.3) in polar coordinates
R = R(u+LiR*) + ®1(R, p. 1),
(11.5.4)
Qb = W(M) + QI(IJ/)RZ + @2(R7 @,,LL) )

where ®; = o(R3), ®3 = o(R?). The claim of the theorem is verified trivially
for the truncated system

R=R(u+LiR%),

11.5.5
b = w(p) + () RZ. .
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Fig. 11.5.3. Map of the ray R originating from the origin.

Indeed, here the behavior of trajectories is completely governed by the first
equation
R=R(p+ L1R?). (11.5.6)

In particular, the equilibrium states of Eq. (11.5.6) with positive R correspond
to the periodic orbits of system (11.5.5). It is easy to find the equilibrium
states of (11.5.6); namely, R = 0 and R = ++/—p/L; when pL; < 0. The
equilibrium state R = y/—pu /L is stable if Ly < 0 and unstable if L; > 0.

For the general situation, recall that w(y) > 0. Hence ¢ in (11.5.4) does
not vanish for small R. Thus, any trajectory other than the point O must
intersect the ray R : ¢ = 0, R > 0. After one turn in ¢ it must intersect the
ray R again and so on, until it leaves a neighborhood of the origin. Thus, it
suffices to consider the mapping of the ray R into itself along the trajectories
of the system, see Fig. 11.5.3.

To compute this mapping let us divide the first equation in (11.5.4) by the
second to obtain

dR _ R(u+ L1R?) + ®1(R, p, 1) _ R(p+ L1 R?) Fo(RY).  (1157)

de  w(p) + ()R + P2(R, ¢, 1) w(p)
Let us look for a solution of the Eq. (11.5.7) that starts from the point R = Ry
at ¢ = 0. Expand it in the Taylor series with respect to Ry

R(p) = a1(p)Ro + as(p) Ry + as(@)Rg + - -- (11.5.8)

(the expansion starts with the linear term because R(yp) = 0 at Ry = 0). As
R(0) = Ry, then

a1(0) =1, a(0)=0, as(0)=0. (11.5.9)
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Substituting (11.5.8) into (11.5.7) and equating similar terms we obtain
don /dp = poy fw(p)
das/dp = pas/w(p), (11.5.10)
dag/dp = (pas + Liad) fw(p) .

Integrating this system and taking into account the initial data (11.5.9), we

obtain

o (@) = et /w(p) ,

az(p) =0,

as(p) = Llew/w(#)(e%ww(u) —1)/2u
and

2pp/wp) _q
R(p) = eMe/*W Ry + Llew/wmeT RS+

Letting ¢ = 27, we obtain the expression for the mapping of the ray R into

itself: R = R(0) — R(27) = R:

R=e¥H/«WpR 4 %LlR?’ +o(R?). (11.5.11)
w

The resulting equation
(e¥™/() _ 1)w(0)/2m + L1 R* 4+ o(R?*) =0 (11.5.12)

for non-trivial fixed points of the mapping (11.5.11) can be easily solved
(observe that it coincides, up to the leading terms, with the equation for non-
trivial equilibrium states of (11.5.6)). It follows that when Lip > 0, the
mapping (11.5.11) has a single fixed point R = 0, and, when Lypu < 0, there
appears one more point R = y/—/Ly +o(y/|p]) which bifurcates from the for-
mer fixed point (recall that the mapping is defined only for R > 0, its negative
roots are not included). From (11.5.11), we obtain the following expression for
the multiplier of the non-trivial fixed point

p(p) =1 —Arp/w(0) + o) .

Observe that the fixed point is stable if L; < 0 and unstable otherwise. This
proves the statement of Theorem 11.1.
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Remark. Theorem 11.1 was proven by Andronov and Leontovich via con-
structing and studying the mapping without using explicitly the theory of
normal forms. Figures 11.5.1 and 11.5.2 are copied from the book “Theory of
Oscillations” by Andronov, Vitt and Khaikin where they illustrated the phe-
nomena of the soft and the rigid generation of self-oscillations (see Chap. 14).

Let us examine next the bifurcations of the system (11.5.1) in the multi-
dimensional case. If Ly < 0 (Fig. 11.5.4), then when p < 0, the equilibrium
state O is stable (rough focus when p < 0, and a weak focus at g = 0) and
it attracts all trajectories in a small neighborhood of the origin. When p > 0
the point O becomes a saddle-focus with a two-dimensional unstable manifold
and an m-dimensional stable manifold. The edge of the unstable manifold is
the stable periodic orbit which now attracts all trajectories, except those in
the stable manifold of O. One multiplier of the periodic orbit was calculated
in Theorem 11.1, this is po(p) = 1 — 4wp/w(0) 4+ o(p). To find the others we

(a) p <O (b) p>0

Fig 11.5.4. A supercritical Andronov—Hopf bifurcation in R3. The stable focus (the leading
manifold W is two-dimensional) in (a) becomes a saddle-focus in (b). A stable periodic
orbit is the edge of the unstable manifold W'.
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observe that since the periodic orbit lies in the center manifold y = 0, the
variational equation in the y-variables is (see (11.5.1)):

9y Ay

2 (A4 F(2,0,6) =2 .

o ( ( ) o
The absolute value of F' is small, hence the time 7 shift by this equation is
close to eA7 (where 7 is the period of the limit cycle). Hence, the multipliers
corresponding to the y-variables are close to e* 7 (j = 1,...,m), where the \;’s
are the eigenvalues of the matrix A. Since 7 = 27/w(0) 4 ---, we have the
following formula for the multipliers

pi(i) = 2Oy =1, m,

The multiplier py closest to the unit circle is real, so for all p sufficiently small
the periodic orbit is a node (i.e. the corresponding fixed point of the Poincaré
map is a stable node).

If L1 > 0, the phase portraits are depicted in Fig. 11.5.5. Here, when p < 0,
there exists a stable equilibrium state O (a focus) and a saddle periodic orbit
whose m-dimensional stable manifold is the boundary of the attraction basin
of O. As p increases, the cycle shrinks towards to O and collapses into it at
= 0. The equilibrium state O becomes a saddle-focus as soon as p increases
through zero.

We have seen that bifurcations in one-parameter families transverse to the
stability boundary 9t may develop in completely different ways depending on
the sign of the first Lyapunov value. If the value L; vanishes at ¢ = 0, at
the very least we have to consider two-parameter families. To explore such a
situation let us reduce the system on the center manifold to the normal form
up to the terms of fifth order:®

5The system is assumed to be sufficiently smooth, e.g. r > 5.
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(a) p<0 () u>0

Fig 11.5.5. A subcritical Andronov—Hopf bifurcation. (a) An attraction basin of a stable
focus is bounded by a stable manifold of a saddle periodic orbit. (b) The periodic orbit
narrows to the stable focus at u = 0, and the latter becomes a saddle-focus (1,2).

where L1 (¢), Q1 (¢) are function of class C"=3, L1(0) = 0. Consider the surface
M’ defined by the conditions

If
N ok
Oeq Oep
rank =2,
oL, oL
a51 asp e=0

then M’ is a C"3-smooth surface of codimension two.
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Choose A(¢) and Lq(e) as the governing parameters po and 1, and recast
the two-parameter family transverse to 9 in the form

i1 = pory — w(p)zs + (pay — O (p)w2) (27 + 23)
+ (Lowy — Qowa) (2} + 23)° + o(2?),
iy = w(p)w1 + powe + (U (L)1 + pyzo) (i + 23)
+ (Qox1 + Loxo) (2f + 23)% + o(2°),
or, in polar coordinates as
R = R(po + 11 R? + LyR*) + ®1(R, o, 1), (115.13)
¢ =w(p) + A (p)R? + QR + ®2(R, o, 1),

where ®; = o(R®) and ®, = o(RY).

Observe that ¢ does not vanish for small R. Therefore, the dynamics near
the origin is determined by the mapping of the ray: R : ¢ = 0, R > 0 into itself
along the trajectories of the system. The map is computed in the same way as
above in proving Theorem 11.1, namely by means of expanding the solutions
R(y) of the system (11.5.13) into the Taylor series with respect to initial data:

R(¢) = a1(p)Ro + a2(9) RS + as(p) Ry + cu(@) Ry + as(p) Ry +

Omitting the details the final result is given by

_ 2
R=R+ ﬁZ)R(ﬂO + R + LaRY) + o(R?) (11.5.14)

where:

fio = (e*Ho/wl) — 1)7‘*’2(;‘:) = pio + o(po0) ,

ﬂl — ( L — Ql(ﬂ)ﬂ()) 6271';1,0/0.)(”)(6471—”0/0_,(”) B 1) w(,u)
w(p)

= i - il(g? o + o(y10) + ofmn)

Since the right-hand side of the mapping (11.5.14) is a monotonically increasing
function, the study of the mapping reduces to the study of its fixed points.
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They are sought as the roots of the equation
R(jio + fuuR? 4+ LoR*) 4+ o(R%) = 0.

Note that since the map is defined for R > 0, we need only to look for
non-negative roots: R = 0 corresponds to an equilibrium state, and the
positive roots correspond to periodic orbits of the system (11.5.13). Since
we have already examined an equation of this type in the preceding section
(Eq. (11.4.12)), when analyzed the period-two orbits emerging from a period-
doubling bifurcation in the case of zero Lyapunov value, we can simply re-
formulate the main results.

No more than two limit cycles may be spawned. If Ly < 0 (see Fig. 11.5.6),
then there exists a single limit cycle for po > 0; inside the sector Dy bordered
by the ray po = 0, py > 0 and by the curve L : g = pu2/4|La| + o(u?) there
exist two limit cycles: one stable and the other unstable; they merge on the
curve L, forming one semi-stable cycle; in the region Dy between £ and the
ray py = 0, pp < 0, there is no periodic orbit. Analogous bifurcations in the
case Lo > 0 are shown in Fig. 11.5.7.

Now let the first (k — 1) Lyapunov values be zero at € = 0 (the smoothness
of the system under consideration is assumed to be not less than 2k + 1).

TPO

|

Fig 11.5.6. Bifurcation unfolding for the case L1 = 0, La < 0. The curve L corresponds to
the existence of a double cycle.
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o Yo
Gu 02 DO
o 1

Fig 11.5.7. Bifurcation unfolding for the case L1 =0, L2 > 0.

Y

Then, in the case of general position the surface 9" (which corresponds to
equilibrium states with a pair of purely imaginary eigenvalues and with the
first (k — 1) zero Lyapunov values equal to zero) is a C2*~1-smooth surface of
codimension k passing through the point € = 0 in the parameter space. All
transverse families in this case depend on k governing parameters pig, . . ., flk—1
and may be written in polar coordinates as follows:

R =R+ + px—1 R?*=2 + Ly R?*) + o( R?F+1),
(11.5.15)

$=wpu) + (R + - + ()R + o(R*F) .

Analysis of this family can also be reduced to an examination of the map of
the ray ¢ = 0, R > 0 into itself. We may show that this mapping has the
form
_ 2
R=R+ T(Z) R(fio + fuR? + -+ + fu—1 R?*~2 4+ LyR®*) + o( R*+1)
(11.5.16)
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where
fio = po + o(to) 5
fir = g1 — Qo + oo) + o)
fui = pi = Qupa = = Qipo + 0(po) + -+ + o) ,
fik—1 = ph1 — Qg — - — Qu_1p10 + 0(po) + - - + o)

and the values Q; are functions of Q;(0),...,Q;(0) and w(0):
1 = 0(0)/w(0),
2 = 22(0)/w(0) — Q3(0)/w*(0),

In the previous section we have reduced the problem of period-two orbits
which were spawned from a fixed point with a multiplier —1 to a study of the
mapping (11.4.17) analogous to the mapping (11.5.16). Therefore, the bifur-
cation diagram in this case is the same as in the period-doubling bifurcation
with (k — 1) zero Lyapunov values: this consists of a union of the plane pg =0
on which the equilibrium state at the origin loses its stability and that half of
the surface of the multiple roots of the polynomial fig + - - - + fig—u* 1 + Lpu®
which corresponds to positive u (a positive root of multiplicity s corresponds
to an s-multiple limit cycle).

Observe that the mapping (11.5.16) may have no more than k positive
fixed points (with multiplicity included) so that an equilibrium state with a
pair of purely imaginary characteristic exponents and with first (kK — 1) zero
Lyapunov values can generate a maximum of k limit cycles. Moreover, a region
in the parameter space may be identified where the system has a given number,
from 0 to k, of limit cycles. They all surround the origin so that an unstable
cycle is enclosed between any two consecutive stable ones. The stability of the
outermost limit cycle is determined by the sign of the kth Lyapunov value: it
is stable if L; < 0 and unstable otherwise.
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This theory is due to Andronov and Leontovich who had analyzed the
two-dimensional case. Somewhat later Hopf had investigated the families pos-
sessing an equilibrium state with a purely imaginary pair of characteristic
exponents from a different perspective. His result, using the contemporary
approach, may be reformulated as follows: consider a one-parameter family of
two-dimensional® systems

1 = AMp)zy —w(p)zs + Gi(x1, 22, 1)
.1 (Wz1 —w(p)ze + Gi(z1, 72, 1) (115.17)
Ty = w(p)rr + Ap)we + Go(x1, 22, 1)

where G 2 are functions of C” (r > 1) class such that G = o(R) and G, = o(R),

where R = \/2? + 22.
Theorem 11.2. Let
A0)=0, XN(0)#0, w(0)#0.

Then, in the extended phase space (the direct product of the phase space and
the parameter space) near the origin there exists a uniquely defined C"-smooth
invariant surface of the form p = 1 (x), ¥ (0) = 0, such that each its intersection
with the plane p = constant consists of a set of closed orbits of the system
(11.5.17), lying in a neighborhood of the origin at the given p.

Proof. Recast the system (11.5.17) in polar coordinates to obtain
R=Mu)R +@1(R, ¢, p1).
(lb = (x)(,U/) + ¢2(R7 S07M) )

where ®; = o(R), 091/0p = o(R), and P2 = o(1). The mapping of the ray
@ =0, R > 0 along the trajectories of the system has the form

R = >\ W/CWR 1 o(R). (11.5.18)
The fixed points of this map are found as the zeros of the function

U(R, p) = ™ W/@W) _ 1 4 o(R)/R. (11.5.19)

SHopf had in fact considered the high-dimensional case. However, applying the center
manifold theorem, we may restrict our consideration to the two-dimensional case.
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The pair (R = 0, u = 0) satisfies this equation. Since

aw(0,0) 27X (0)

o w(0) 70,

we can apply the implicit function theorem to (11.5.19). Therefore, in the
semiplane (u, R > 0) there is a uniquely defined smooth curve of the form
1 = PU(R) that consists of the fixed points of the mapping (11.5.18) at each
given . Since periodic orbits of the system (11.5.17) correspond to fixed points
of the mapping (11.5.18), there exists a surface of the form p = ¥ (x) in the
extended space (u, 1, 22) which is filled out with the closed trajectories of the
system. This coincides with the claim of the theorem (checking the smoothness
of the surface at x = 0 would require additional calculations which we omit
here).

Note that the above theorem by itself does not reveal much information
about the dynamics of the system (11.5.17). The only information that we can
instantly extract from the theorem is that the system has periodic orbits in a
small neighborhood of = 0 or at © = 0. But the theorem says nothing about
the number of orbits for any fixed pu.

For instance, assuming the conditions of the theorem hold, it may happen
that the invariant surface is given by the equation p = 0. This means that all
trajectories near the origin are closed, i.e. the equilibrium state at the origin
is a center, whereas the system has no small closed orbits around the origin at
1 # 0. Thus, the equilibrium state may only lose its stability without giving
birth to a limit cycle at the instance how it occurs, for example, in the equation
F4pi+a+a®=0.

11.6. Birth of invariant torus

Consider a family of maps of class C"(r > 3) with respect to the variables
r € R%, y € R™(m > 0) and parameters ¢ € RP(p > 1). Let the map have,
at € = 0, a fixed point O with a pair of complex-conjugate multipliers whose
absolute value is equal to 1:
pr2 = eiiwo

where we assume 0 < wy < 7 (the other multipliers are supposed to lie inside
the unit circle). Such a fixed point persists also for € # 0. We will assume that
the fixed point resides at the origin for all e. The pair of multipliers closest to
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a unit circle is
pra(e) = ple)et ), (11.6.1)
where p(g) and w(e) are C"~!-functions of € such that

p(0)=1, 0<w(0)<m.

Since we do not intend to consider the more difficult problem of strong reso-
nances, let us assume that w(0) # 27/3, 7/2.

By virtue of the reduction theorem, the map near the fixed point can be
recast into the form

71 = p(e)(z1 cosw(e) — xasinw(e)) + Gy (1,12, €),
To = p(e)(x1 sinw(e) + x2 cosw(e)) + Ga(x1, x2,€) , (11.6.2)
y=I[A+F(x,y,e)ly,

where F is a C"~!-smooth function, G o are of C" class,

F(0,0,0) =0,
G(0,0,0) =0,
G'.(0,0,0) =0,

where we write G for G; to avoid clutter.

We will assume that the map at ¢ = 0 is reduced to the normal form up
to cubic terms (see Sec. 10.6). Moreover, we can verify that the quadratic
terms are non-resonant for all small €, and hence, they can be eliminated by
transformations which are polynomial with respect to  and C"~2-smooth with
respect to e. Then, the map on the center manifold can be recast into the form

71 = p(e)(zy cosw(e) — xysinw(e))

+ (w1 — Br2) (2] + 23) + G (21, 72,€)
Ty = ple) (w1 sinw(e) 4 2 cosw(e))

+ (Bz1 + axg) (2} + 23) + Golz1,72,¢),

where @1,2 are C"-smooth functions of  and C"~2-smooth functions of € such
that
G(0,0,e) =0, G",(0,0,6) =0,

G (0,0,e) =0, G (0,0,0)=0.

rrx
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Since G is small for small € and R(R = /22 + x2), it follows that
QY. =o(R), G.=0o(R*, G=oR%. (11.6.3)
To write the map in polar coordinates we use the formulas R = /72 + 73

and ¢ = Im1In(Z; 4 iZ3) to obtain
R? = p*(23 + 23)[1 + 2(acosw + Bsinw)(z] + x3)/p
+ 2p Y1 (F) cosw + Fy sinw)
+ 29(Fycosw — Fysinw)) /(22 4+ 22) + -],
@ =ImlIn(z; +izs) + w +Imn[l + p~te ™ (a + iB) (22 + 22)
+p e (B iEy) /(21 + )]

and

R = p(E)R + L1R3 + <i>1(‘Ra 9075) ’
] (11.6.4)
¢ =¢+w(e)+ AR+ 0a(R, p,¢),

where L1 = (acosw + @sinw) is the first Lyapunov value, 1 = (fcosw —
asinw)/p, and

B1(R, 9.) = Fy cos(w + ) + Fysin(w + ) + - = o B%),
] ) ) (11.6.5)
Dy(R,p,e) = p (Fycos(w + @) — Fysin(w+¢))/R+--- = o(R?),

where the ellipses denote higher order terms.

The boundary 91 of the stability region of the fixed point is defined in
the parameter space by the equation p(g) = 0: the fixed point O is stable if
p(e) < 0, and unstable if p(¢) > 0. If at least one of the component of the
vector (9p/0eq, . .., 0p/0ep)e=o differs from zero, then for small € the boundary
9 is a C"~!-smooth surface of codimension one. Choose the difference p(e) —1
as the governing parameter . Hence, the one-parameter families transverse
to M can be represented in the form

R =R+ R(H + LlRQ) + (i)l(Ra%H) ’
i (11.6.6)
¢=p+w(p) +NUR+ (R, 0, p).
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Theorem 11.3. Let Ly < 0. Then, for all small u < 0 the fized point O of the
map (11.6.6) is stable and attracts all trajectories inside a small neighborhood
of O.

At p > 0, a smooth, invariant closed curve

Ly
bifurcates from O, which attracts all (except for O) neighboring trajectories (see
Fig. 11.6.1).

If the first Lyapunov value Ly > 0, then the fized point of the map (11.6.6)
is unstable for sufficiently small u > 0. When u < 0 the fixed point is stable;
its attraction basin is the inner domain of an unstable smooth invariant curve
of the form (11.6.7). As p — —0, the curve collapses into the fized point (see
Fig. 11.6.2).

Proof. Observe first that the case L; > 0 can be reduced to L; < 0 by using
the inverse map to (11.6.6) instead of the original one. So it suffices for us to
consider only the situation L; < 0. The stability of the fixed point for u < 0
follows immediately from the fact that R < R for p < 0, i.e. V = R is a
Lyapunov function. Thus, the case left to be analyzed is p > 0.

Consider the annulus A defined by

2 3
g\/ |[1,/L1 = R1 S R S R2 = —\/ ‘,U,/L1|

2

Observe that given a sufficiently small neighborhood of the origin, for all
w sufficiently small, a trajectory starting outside of the annulus must enter

(a) p<0 (b) p=0 (c)p>0

Fig. 11.6.1. Soft generation of an invariant circle.
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Fig. 11.6.2. Rigid loss of stability of a stable fixed point.

it after a finite number of iterations: it follows from (11.6.6) that R < R
when R > Ry and R > R when 0 < R < R;. To complete the proof we
need to apply the annulus principle from Sec. 4.2 to the map (11.6.6) in the
annulus A.

In order to do this let us make a renormalization R — R+/|u/L1|. In the

normalized variables, the annulus is defined by the inequalities
2 3
- <R<- 11.6.8
SR> (11.6.)
and the map assumes the form

R: R+,UR(1 —RQ) +<I)1(R7907/1')7

(11.6.9)
p=p+ w(/j/) - /’(‘QIR2/L1 + (I)Q(R7 Q07/j/) )
where
Oy = &1 (R |/ Lals o, 1)/ I/ Ll
~ (11.6.10)
Py = Oo(RV/ |/ Lnl, o, 1) -
One can see from the formulas (11.6.10), (11.6.5), and (11.6.3) that
CI)LQ = O(/J,) . (11611)

If we denote, as in Sec. 4.2,

R:f(R7@)a
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then the map (11.6.9) in the annulus satisfies the following relations

1(g5) " lo = 1+ o(n),

lgrllo = O(u),
IfRlle =1 = /3 + o(u)
1£5lle = o(u),

where || - ||lo = sup]| - ||-
inequality holds

Observe that for sufficiently small y the following

Ul + Il Fola) 1) - g5

+ \/H(%)‘l||oH93z||o||f!p(9;)‘1||o <1 (11.6.12)

It follows from the annulus principle (Theorems 4.2 and 4.5) that there exists
a smooth stable invariant curve C of the form

to which all trajectories from A converge.

It follows from the proof of the annulus principle that the curve C' is a limit
of a sequence of the curves obtained as iterations of an arbitrary initial curve
R = const., for example, R = 1. Observe from (11.6.9) that for any small
d > 0, all iterations of this curve lie inside the annulus |R — 1] < ¢ provided
that p is small enough. Indeed, if p is sufficiently small, then for R = 1 4 4,
we have

R=1+6—pus(1+68)(2+68) +o(u) <1+7;

and for R =1 — 4, we have
R=1-304+pus(1-0)(2—-08)+o(u) <1-46.

Hence, the limit curve C' lies inside this annulus too. Since § may be made
arbitrarily small as y — 0, we obtain that ¥(p,u) — 1 as ug — 0. End of the
proof.

Remark. Since the smoothness of the invariant curve cannot, in general,
exceed the smoothness of the map itself, the function ¥ in (11.6.7) is only
Cr-smooth with respect to ¢ and C"~2-smooth with respect to u. In fact, the
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loss of smoothness with respect to parameters is caused only by the loss of
smoothness when reducing the original map to the form (11.6.6). By a more
careful normal form reduction the C"-smoothness with respect to parameters
can be restored. These smoothness results are concerned only with non-zero
values of p (the annulus principle is not applicable at p = 0 to the map
(11.6.9)). However, we can show that the right-hand side of the Eq. (11.6.7)
which defines the invariant curve is sufficiently smooth with respect to ¢ and
Vo for all Lip < 0. For example, let us check that all derivatives of v with
respect to ¢ tend to zero as p — 0. Indeed, note that the invariance of the
curve C implies that if R = (¢, 1), then R = (@, u). By differentiating this
equality and using (11.6.9) we obtain

(14 p(1 = 3R?) 4+ @ p)u + ¥},
L+ @, — 2uQ R/ Ly — Php)u’

where u = 0v/0p and 4 = u(p). The right-hand side in (11.6.13) is computed
by letting R = ¥(p, ). The Eq. (11.6.13) along with the second equation
in (11.6.9) can be treated as a mapping of the cylinder R! x S! into itself:
(u, @) — (4, ). Taking into account that R = ¢(p,u) — 1 as p — 0, we can
recast (11.6.13) into the form

u =

(11.6.13)

a=(1—2u)u+o(y). (11.6.14)
Observe that (11.6.14) maps the annulus
lul <0

into itself, where § may be arbitrarily small due to the smallness of u. The
derivative u = 9 /0y is sought as the invariant curve of this map. It follows
from the proof of the annulus principle that this curve is a limit of iterations
of any curve u = const. Since all iterations of the circle uw = 0 lie inside the
annulus |u| < §, the limit curve must also lie inside the annulus. Thus, it
follows that 9v¢/d¢p — 0 as u — 0, i.e. ¥ at u =0 is a smooth function of ¢.

Differentiating (11.6.13), we find that as in (11.6.14), the second derivative
a?) = Ou/dyp satisfies the relation

a® = (1= 2p)u® + o(u)

similar to (11.6.14). Repeating the above arguments we find that the second
derivative exists and is continuous for all u > 0. We can iterate this procedure
to obtain all derivatives with respect to .
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The above theorem is related to the map on the center manifold. Recon-
structing the behavior of trajectories of the original map (11.6.2) is relatively
simple. Here, if L; < 0, then the fixed point is stable when u < 0. When g > 0
it becomes a saddle-focus with an m-dimensional stable manifold (defined by
2z = 0) and with a two-dimensional unstable manifold which consists of a part
of the plane y = 0 bounded by the stable invariant curve C.

If L; > 0, then when p > 0, the fixed point is a saddle-focus of the above
type, but its unstable manifold is the whole plane y = 0. Upon entering the
region p < 0, the fixed point becomes stable. Meanwhile a saddle invariant
curve C bifurcates from the fixed point; its unstable manifold W is (m + 1)-
dimensional and consists of the layers x = constant, restored at the points of
the invariant curve. The stable manifold W separates the attraction basin
of the point O: all trajectories from the inner region tend to O, and all those
from outside of W leave a neighborhood of the origin.

If the mapping (11.6.2) is the Poincaré map of an autonomous system of dif-
ferential equations, then the invariant curve corresponds to a two-dimensional
smooth invariant torus (see Fig. 11.6.3). It is stable if L; < 0, or it is saddle
with a three-dimensional unstable manifold and an (m + 2)-dimensional sta-
ble manifold if L; > 0. Recall from Sec. 3.4, that the motion on the torus
is determined by the Poincaré rotation number: if the rotation number v is
irrational, then trajectories on the torus are quasiperiodic with a frequency
rate v; otherwise, if the rotation number is rational, then there are resonant
periodic orbits on a torus.

We postpone our study of bifurcations on the torus until the next para-
graph, and consider first what happens if the first Lyapunov value L, vanishes.

Fig. 11.6.3. (a) The birth of an invariant torus: in R3 the cycle lost its skin. (b) The unstable
cycle is the dash line inside the solid torus.
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Let w(0) in (11.6.1) be other than 27/3, /2, 27/5, 47w /5 or w/3. Then, after
reduction to the normal form, and accounting up to terms of fifth order, the
map in polar coordinates is written in the form

R =R+ R(,UO + ,UJlRQ + L2R4> + él(Rv ®, :u) )

A (11.6.15)
¢ =@ +w(p)+ U(p)R* + WR* + ®o(R, ¢, 1) .

Here, ®; = o(R%), &3 = o(R*); Ly # 0 is the second Lyapunov value, and the
governing parameters are o = p(€) — 1 and p; = Ly (e).
Theorem 11.4. Let Ly < 0. Then, a pair of curves L1 and Lo defined by

po = —pi/4La| £o(ui), 1 >0

can be identified in the parameter plane such that in the region Dy between the
curve L1 and the ray po = 0, 1 < 0 (see Fig. 11.6.4) the fized point O at the

Yo
- L,<0
'\,./
Dy
0 Ha
Do
- .‘\
e,
\ (55
..
) oy
'*‘oﬂ‘?/“ 1Lyt

Fig. 11.6.4. Bifurcation unfolding for Lo > 0.
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origin is stable and attracts all trajectories from some of its neighborhood; in
the region D1 : uo > 0, the fized point is unstable and all trajectories tend to a
C"-smooth invariant closed curve C° surrounding the origin; in the region Do
between the curve Lo and the ray po = 0, p1 > 0, the fized point becomes stable
and, in addition to C®, an unstable C"-smooth invariant closed curve C" is
born which separates the basins of O and C”.

In the case Lo > 0, there exist curves L1 and Lo in the parameter plane
defined respectively by

po = 113 /4| La| £ o(pf), 1 <0,

such that in the region Dqy between the curve Ly and the ray po = 0, 1 >0
(see Fig. 11.6.5), the fized point is unstable and repels all nearby trajectories
from a small neighborhood of the origin; in the region D1 : pg < 0, the fixed
point is stable but its attraction basin is bounded by an unstable C"-smooth
invariant closed curve C%; in the region Do bordered by Lo and the ray pg = 0,
p1 < 0, the fized point loses its stability and becomes unstable; a stable C"-
smooth invariant curve bifurcates from it which now attracts all trajectories in
the inner region bounded by C".

Fo Ly >0

Fig. 11.6.5. Bifurcation unfolding for Lo < 0.
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To avoid lengthy calculations we present an outline of the proof. We will
consider only the case Ly < 0 (because the case Ly > 0 is reduced to the above
one if instead of the map (11.6.15) its inverse is used). Observe, first of all,
that the statement of the theorem can be easily verified for the truncated map

R =R+ R(po + mR* + LyRY)
(11.6.16)
@ =@ +w(p) +N(pR®+ QR

Here, the invariant curves are the circles R = constant and the problem is
reduced to that of finding the positive roots of the equation

po + i R* + LyR* = 0.

This equation has one positive root

R2 = (1 + /11 +4[La|p0)/2| Ls|

if po > 0, no positive roots if pug < 0 and @1 < 24/ Lapg, two positive roots

R? = (1 + \/ 12 + 4|Lauo) /2| La| ,
R% = (g — \/ 13 + 4| La| o) /2| La|

if 0 > po > —p?/4|La| and py > 0.
For the map (11.6.15) both curves £1 and Ly coalesce (£, = L3 = L) and
are defined by the equation

po = —pi/4La|, p1 >0.

Below the curve £, the map has no invariant curves. Above pg = 0, it has only
one invariant curve R = R, and between £ and the ray pg = 0, g3 > 0, the
map has two invariant curves R = R; and R = R,,. We can easily derive

OR
3= 2R2\/ 13 + 4|La|po < 1

OR /

at R = R, and
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at R = R,; i.e. the invariant circle R = R, is stable, and the invariant curve
R = R, is unstable. On the curve £, the truncated map (11.6.16) has a
semi-stable invariant circle R? = pq/2|La].

As for the initial map (11.6.15) one can arrange the curves £; and Lo in
the parameter plane in such a way (£; goes slightly above and Lo goes slightly
below L), that for all sufficiently small 1 taken outside of the sector between
these curves, the behavior of trajectories near the origin inherits the behavior
of trajectories of the truncated map (11.6.16). The curve £; is chosen so
that the value R in (11.6.15) is strictly smaller than R for a sufficiently small
u € Dy and a small R. This means that R is a Lyapunov function for the map
in neighborhood of the origin, so every trajectory converges to the stable fixed
point. In the same way as we have done in the proof of Theorem 11.6.1, we
can check for the region Dj: pg > 0 that if we surround the circle R = R by a
small annulus A4, then for all small u the trajectories from a small neighborhood
of the origin will converge towards the 4; then the annulus principle may be
applied to the restriction of the map on A. It follows that A contains a
smooth invariant curve which attracts all trajectories near the origin. As for
the curve Lo, it can be chosen so that in the region Ds, if we surround the
circles R = Ry and R = R, with two narrow annuli which we denote by A, and
A, respectively, then all trajectories from the part of the phase-plane which
lie outside of A, will move toward A,. Those trajectories that start from the
inner part of the phase-plane will tend to the fixed point (see Fig. 11.6.6). Since
the annulus principle is also applied here to the restriction of the map on A,
it implies the existence of a stable invariant closed curve inside A,;. Analogous
reasoning concerning the inverse map proves the existence of an unstable closed
invariant curve inside A, which separates the attraction basins of the stable
invariant curve and the fixed point.

Theorem 11.4 shows essentially that outside the narrow sector bounded by
L1 and L,, the bifurcation behavior does not differ from that of equilibrium
states (see Sec. 11.5): fixed points correspond to equilibrium states, and the
invariant curves correspond to periodic orbits. However, the transition from
the region Dy to the region Dy occurs here in a more complicated way. In
the case of equilibrium states the regions Dy and D, are separated by a line
on which a stable and an unstable periodic orbits coalesce thereby forming a
semi-stable cycle. In the case of invariant closed curves, the existence of a line
corresponding to a semi-stable invariant closed curve is possible only in very
degenerate cases (for example, when the value of R does not depend on ¢, as
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Fig. 11.6.6. At peDa, the inner ring is unstable and the outer ring is stable.

in the truncated map (11.6.16)). In the general case invariant closed curves do
not coalesce into a semi-stable invariant closed curve but are instead destroyed.
Their breakdown may be accompanied by the appearance of a non-trivial set
containing infinitely many unstable (saddle) periodic orbits of different periods;
see more details in [37].

11.7. Bifurcations of resonant periodic orbits
accompanying the birth of invariant torus

In this section we continue our study of the bifurcation of a pair of complex-
conjugate multipliers of the periodic orbit over and beyond the unit circle

pra = p(e)er ™) (11.7.1)

where p(0) =1 and 0 < w(0) < . We do not consider the strong resonances,
ie w(0) #2n/3, m/2.

We have already established in the last section that when the first Lyapunov
value does not vanish, the passage over the stability boundary 9t : p(¢) =0 is
accompanied by the appearance of an invariant two-dimensional torus (in the
associated Poincaré map this corresponds to the appearance of an invariant
closed curve). If we are not interested in the behavior of the trajectories on
the torus, we can restrict our consideration to the study of one-parameter
families transverse to 9. In this case Theorem 11.4 in Sec. 11.6, gives a
complete description of the bifurcation structure. In order to examine the
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bifurcations on the torus itself, we need, however, to examine two-parameter
families. The first governing parameter is still = p(g) — 1. As for the second
independent governing parameter we chose w(e); namely, the argument of the
multiplier (11.7.1). The Poincaré map on the center manifold when recast in
polar coordinates assumes the form

R =R+ R(,U + L1R2) + (i)l(Ra<)07/L5w) s
] (11.7.2)
¢=¢+wt+UR+O1(R o, p,w)

[see (11.6.4); from a formal point of view, we have derived a codimension two
family transverse to the surface M’ : p(e) = 1, w(e) = w(0)]. The map on the
invariant curve R = /ft)(¢, j1,w) has the form

()5 =@ +w+ 91M¢2(%Maw) + (i2(\//jw(@7 :U/7w)7 ®, :U/7w) . (1173)

It follows from the annulus principle (see the proof of Theorem 11.4) that
the function ¢ depends smoothly on w for g > 0. Moreover, as we have done
with the derivatives of ¢ with respect to ¢ we can verify that the derivatives
of 1 with respect to w tend to zero as u — 0. This implies that ¢ is a smooth
function of w for all p > 0.

The map (11.7.3) at p = 0 transforms into a rotation over the constant angle
w; its rotation number is equal to w/27. Therefore, if we choose two different
values w = w; and w = ws, then by virtue of the continuous dependence of
rotation number on parameters, when p is small the rotation number v of the
map (11.7.3) is close to w1 /27 at w = wy, and is close to wy /27 at w = ws.

Since the derivative 0¢/0w is equal to 14+ O(p) > 0, @ increases monoton-
ically as w increases. Therefore, at each fixed small p, the rotation number v
changes monotonically as w changes from w; to we, assuming all values from
those close to wq /27 to those close to wy/27. Consequently, as in the problem
of a periodic orbit forced by small periodic perturbations (Sec. 4.4), we have
(see Fig. 11.7.1) for each rational v = M/N from the interval [w;/2m;wa/27],
a resonance zone emanating from the point (¢ = 0,w = 27 M/N). Each reso-
nant zone corresponds to the existence of periodic trajectories with frequency
M : N on the torus. If v is an irrational number within the given interval,
then there exists a Lipschitz curve of the form w = h(u) originating from the
point (4 = 0,w = 27v) that corresponds to a quasiperiodic regime with the
frequency ratio v.
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I
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0 W

Fig. 11.7.1. The graph u versus the frequency w illustrating the resonance wedges originating
at rational values of w.

Let us consider in detail what occurs inside the resonance zone when p is
small enough. Let us choose some wy = 27 M /N and reduce the map to the
normal form up to terms of order N — 1. Assuming that the values of p are
small and w is close to wy, we can derive an expression analogous to formula
(10.4.19):

2p<N—-2
w=(1+pe” w1+ Y ChpyJwl| +Chyy(w)¥ !
p>1
+o(jw|N 1), (11.7.4)

where w = x1 + izs. In polar coordinates the above map can be recast in the
form

R: (1+'LL)(R+L1R3+"'+LPR2P+1

+ ARN"1cos(Ny + a)) + o(RN 1),
(11.7.5)
p=p+w+ QR+ +QpR¥?
— ARN72sin(Np 4 ) + o( RN %),

where Cf y_; = Ae’™, P is the largest integer not exceeding [(N/2) — 1], L,
and ; are smooth functions of u and w.
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Theorem 11.5. Let Ly # 0 and A # 0. Then, for small p the resonance
zone corresponding to a rotation number M/N has the form of a wedge of
width ~ || N =272 tangent to the straight-line w = wo + p /Ly at the point
(= 0,w = wyp). If pu is sufficiently small, then the map inside the wedge has
exactly two orbits of period N: one orbit is of the saddle type and the other
orbit is stable if L1 < 0, or unstable if L1 > 0 (see Fig. 11.7.2(a), 11.7.3(a) for
N =15).

Proof. Let us suppose, for definiteness, that the first Lyapunov value L is
negative. Then, the invariant curve exists when p > 0. The resonance zone
adjoining at the point (¢ = 0,w = wy) corresponds to periodic orbits of period-
N. To find these orbits let us derive the N-th iteration of the map (11.7.5)

R=(1+mN(R+ LR+ + LpR*+!
+ NARN=1cos(Np + a)) + o(RN 1),
~ ) (11.7.6)
p=¢+Nw+NWR*+ -+ QpR?F
—~ NARN=2sin(Np + ) + o(RN~2),

where o( RNV ~!) and o(RY~2) stand for terms which tend to zero faster than

RN~1 and RV 2, respectively, as it — 0, w — wp and R — 0; and L; and ; are

Fig 11.7.2. An example of a stable resonant torus with five pairs of periodic orbits on it.
The torus becomes non-resonant when the periodic orbits coalesce in pairs and disappear.
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Fig 11.7.3. An example of an unstable torus with five pairs of periodic orbits in a resonant
zone (a) and on its boundary.

some functions of {Lq,...,L;} and {4,...,€Q;}, respectively. In particular,
D=0+ ()’ 4+ 1+ ) V) = NO(1+ 0(p))
Ly =Li(14+ 0 +p)?+-+ (1 +p)* VD)= NLi (1 +0(n) <0.
The fixed points of the map (11.7.6) are found from the condition
R=R, (11.7.7)
@ =¢ mod 27. (11.7.8)

From (11.7.6) we find the following equation defining the coordinates of the
fixed points:

A — —
R=¥(p,w)+ m( /1L )N % cos(N + a) + o(uN=2/2)

where W = \/uu/|L1| 4 o( /1) does not depend on . Substituting this expres-
sion into (11.7.8) we obtain

~ - NA N-—-2
Nw+ QP2 + - 4+ QpU?F = oA <4 /|L“1> (1 cos(Ny + )

+ Ly sin(Ng + a)) + o(p™N=27/2) mod 2r.
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Since w is close to wy, it follows that Nw is close to 2w M, and hence the last
equation can be rewritten in the form

6 =DuN=D26in(Np+ ) + o(uN=2/2) | (11.7.9)
where:

D= A\JL2+02/|L, V2, v =a+7 —arctan|Q /L],
(11.7.10)
(5:w—27rM/N—|—(91\1'2+~-~+QP\I/2P)/N:w—w0+uﬂl/|L1\ +o(p) .

Since A # 0, by assumption, the value D in (11.7.9) is non-zero. Under this
assumption, the Eq. (11.7.10) is easily analyzed if p is sufficiently small. In-
deed, the right-hand side of the equation for small x4 has exactly N maximums
and N minimums in the interval ¢ € [0, 27]. Hence this equation cannot have
more than 2N roots. On the other hand, this equation defines the period-N
orbits of the map (11.7.5): each such orbit gives exactly N roots of Eq. (11.7.9).
It follows from here that the number of roots must be a multiple of N. Thus,
either the equation has no roots at all (in this case the value ¢ is larger than the
maximum or smaller than the minimum of the right-hand side) or the equation
has 2N roots if § is between the maximum and the minimum; or it has N roots
if § is equal to either the maximum, or the minimum (all maximal (minimal)
values of the right-hand side are equal in this critical case).

By equaling ¢ to the maximum and then to the minimum of the right-hand
side of (11.7.9) we find that the critical case is realized when (u,w) belongs to
some curves K7 and K5 of the form

6 = +DuN=D/2 4 o(uN=2/2y (11.7.11)

It follows from (11.7.10) that both curves are tangent to the straight line
w = wy — p€1/|L1|. They bound the wedge of width ~ 2Du(N=2)/2,

The Eq. (11.7.9) has no solutions for parameter values outside of this wedge,
but it has exactly 2N solutions inside:

Ng +~ = 2wn + arcsin(§/ DN =2/2) 4 ... (11.7.12)

and
No+~y=2mn+7m— arcsin(é/Du(N_2)/2) +- (11.7.13)
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(here n =0,...,N —1). These solutions correspond to the fixed points of the
map (11.7.6). Since the N fixed points of the map (11.7.6) correspond to an
orbit of period N, it follows that the map inside the wedge has exactly two
orbits of period N — one orbit defined by formula (11.7.12) and the second
orbit defined by (11.7.13).

Differentiating (11.7.6) we obtain the multipliers of these orbits:

pr=1-=2uN +o(u) <1,

AN2 m N-2
pr=1-— —_— \/ L2+ Q2 cos(Np +7) 4 o(uN =272y
| L1 | | L1

Observe that the trajectory (11.7.12) is stable, whereas the trajectory (11.7.13)
is of saddle type.

We have obtained a complete correspondence to the statement of Theo-
rem 11.7.1. The case L; > 0 can be carried out in the same way. End of the
proof.

Note that both the saddles and nodes appearing inside the resonant wedge
(called “Arnold tongue,” sometimes) lie on the invariant curve (stable if L; < 0
or unstable if Ly > 0). Since the only stable invariant curve that can go through
a saddle is its unstable manifold, and since the only unstable curve that can also
go through a saddle is its stable manifold, it follows that inside the resonance
zone the invariant curve is the union of the separatrices of saddles (unstable
separatrices if Ly < 0, or stable separatrices if L; > 0) that terminate at the
nodes.”

On the curves (11.7.11) which bound a resonant wedge, the saddle and the
unstable periodic orbit coalesce. In this case the separatrix (attractive if L >
0, or repelling if L; < 0) of each saddle-node tends to a neighboring saddle-
node, and together they comprise the invariant curve shown in Figs. 11.7.2 and

11.7.3. Upon exiting from resonance all saddle-nodes disappear; the invariant
curve is preserved but the rotation number is no longer equal to 2w M /N.
Inside the resonant wedge all trajectories on the invariant torus tend to
a stable periodic orbit, which means that the dominating regimes here is a
periodic one. Outside the wedge either a quasiperiodic regime or a periodic
one of a very long period is established on the torus. Both are “practically”
indistinguishable. Therefore, a transition over the boundary of a resonant

7Observe that near each node point the invariant curve coincides with its leading mani-
folds. It follows that the invariant curve has a finite smoothness, generally speaking.
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wedge may be interpreted as a transition from a synchronization regime to
“beating” modulations. An explanation of this phenomenon was first given
within the framework of the “averaging method” by Andronov and Vitt when
they studied a closely related problem on detecting the synchronization region
in the Van der Pol equation under an external force

i —p(l —2?)i 4wz = pAsinwt,

where p < 1 and wg —w ~ p (see Sec. 12.1 for further details).

As p increases within a resonant zone other periodic orbits with the same
rotation number M /N may appear. In some cases, the boundary of the reso-
nant zone can lose its smoothness at some points, like in the example shown
in Fig. 11.7.4: here, the resonant zone consists of the union of two regions D,
and D, corresponding to the existence of, respectively, one and two pairs of
periodic orbits on the torus. The points C; and Cs in Fig. 11.7.4 correspond to
a cusp-bifurcation. At the point S corresponding to the existence of a pair of
saddle-node periodic orbits the boundary of the resonant zone is non-smooth.

Theorem 11.7.1 prohibits the above behavior when p is small. However,
the value of overcriticality, beyond which the theorem is no longer valid, is
different for different zones. Moreover, it may tend to zero as the denominator
N of the rotation number increases (i.e. when the value of the rotation number
approaches an irrational number).

w

Fig. 11.7.4. Sketch of the local structure of stability regions of periodic orbits near the
boundary of a resonant zone far beyond the critical threshold.
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In fact, no common upper bound exists on the number of the periodic
orbits which can be generated from a fixed point of a smooth map through the
given bifurcation. If the smoothness r of the map is finite, the absence of this
upper estimate is obvious because it follows from the proof of the last theorem
that to estimate the number of the periodic orbits within the resonant zone
v = M/N the map must be brought to the normal form containing terms up
to order (N —1). In this case the smoothness of the map must not be less than
(N —1). Hence, we can estimate only a finite number of resonant zones if the
smoothness is finite.

A similar result for maps of infinite smoothness is given by the following
theorem.

Theorem 11.6. Let a smooth annulus map have a smooth invariant curve
and let the rotation number on the invariant curve be irrational. Then, by an
arbitrarily small smooth perturbation, infinitely many periodic orbits may be
born.

Proof. Let us introduce on the annulus an angular variable ¢ and a radial
variable R as coordinates. We can always choose the coordinates so that the
invariant curve becomes the circle R = 1 so that the map takes the form

R=(1-R)F(R,),

(11.7.14)
¢=¢+g(p)+ (1 - R)G(R,p) mod 27.
Let us embed this map into the family
(11.7.15)

p=0+p+g(p)+(1—-R)G(R,9) mod 2,

where 0 is a small parameter. Since the circle R = 1 remains invariant for all
0, the map on it has the form

@=0+¢p+g(p) mod2m. (11.7.16)

Since the rotation number is irrational at § = 0 and since dg/dp > 0, then
(see Sec.4.4) the rotation number v of the map (11.7.16) is, at 6 = 0, a strictly
monotonic function of 4. This means that as § varies the value v(d) assumes
all values close to v(0).
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Let us choose § small enough such that the rotation number v(9) is irra-
tional and cannot be well approximated by “short” rational numbers. We will
use the following result proven by Hermann [68]:

If the rotation number of the circle map is irrational and is not well approzi-
mated by rational numbers, then there exists a smooth transformation of vari-
ables which brings the map to a rotation with a constant angle:

@ =@+ 2mv mod 2.

If we make such a transformation on the p-variable of the map (11.7.15)
(without affecting R), then the map in the new variables assumes the form

i (11.7.17)
p=2nv+¢+(1—-R)G(R,») mod 27.

Hence, by a small perturbation of the original map (11.7.14) we can transform
(in some new variables) the map of an invariant circle into a rotation with
a constant angle. If we change a little bit the value v in (11.7.17) so that
it becomes a rational number v = M/N, then the map on the circle R = 1
assumes the form

p=p+2rM/N mod 27,

and the N-th iteration of this map is
p=@w+2rM mod 27.

The latter is just the identity map, all points of which are fixed; i.e. we have in-
finitely many periodic orbits here. Recall that (11.7.17) is a small perturbation
of the original map, so the theorem is proven.

Observe that if the N-th iteration of the circle map is an identity, then all
points on the circle are structurally unstable with a multiplier equal to one.
Moreover, all Lyapunov values of each point are equal to zero. This is an
infinitely degenerate case. We saw in Sec. 11.3 that to investigate the bifur-
cations of structurally unstable periodic orbits with & — 1 first zero Lyapunov
values it is necessary to consider at least k-parameter families. It is now clear
that to study bifurcations in this case one has to introduce infinitely many pa-
rameters. Moreover, it is seen from the proof of Theorem 11.5 that such maps
can be obtained by applying a small perturbation to an arbitrary circle map
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with an irrational rotation number. Hence, we can conclude that a complete
finite-parameter description of bifurcations of periodic trajectories for maps
close to a circle map with an irrational rotation number is unrealistic.

Consequently, the bifurcation of the birth of an invariant torus differs sig-
nificantly from other bifurcations discussed in preceding sections. Here, an
arbitrarily small modification of a finite-parameter family passing through a
bifurcation point can always change the structure of the bifurcation set. More-
over, increasing the number of governing parameters will only make the bi-
furcations even more degenerate: in two-parameter families such degenerate
points are cusps and “breaking” points on the boundaries of resonant zones
(see Fig. 11.7.4). In three-parameter families they are swallowtails, etc.

Finally, we note an obvious analogy between the bifurcation of the birth of
a cycle from an equilibrium state, and that of a two-dimensional invariant torus
from a periodic orbit. We can go even further and imagine the next bifurcation
of a three-dimensional torus from a two-dimensional one, a four-dimensional
torus from a three-dimensional one and so on. In principle a dynamical system
with a stable equilibrium state may evolve as follows: the equilibrium state
loses its stability through a supercritical (L; < 0) Andronov—Hopf bifurca-
tion as a parameter changes, so that a stable periodic orbit bifurcates from it,
i.e. the stationary regime is replaced by a periodic one. Next, as the parameter
varies further, the periodic orbit loses its stability again and a two-frequency
regime (a quasiperiodic trajectory on a two-dimensional torus) appears, which,
in turn, loses and transfer its stability to a three-frequency regime, and so on.
Some time ago such a scenario of sequential evolution in the complexity of the
dynamics (Landau—Hopf scenario) was proposed as a possible mechanism for
the development of turbulence, where a well-developed turbulent process was
interpreted as a quasiperiodic one with a gigantic set of independent frequen-
cies. However, such a sequence of bifurcations is in fact far from being typical.
This rarity can be explained by observation that an equilibrium state, or a pe-
riodic orbit, engaged in various bifurcation routes, always represents a “stand
alone” single trajectory. This is no longer the case for an invariant torus. For
example, within a resonant zone there are at least two periodic orbits on the
torus, a saddle type and a stable orbit. Therefore, we must have some addi-
tional special conditions in order that they may simultaneously bifurcate to
give birth to a three-dimensional torus.

In reality a similar bifurcation chain often ends at the two- (rarely three-)
frequency regime, which as the parameter varies transforms into chaotic one
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with a continuous frequency spectrum. In the phase space such an onset
of chaos originates through the following stages [7]: the invariant curve of
the Poincaré map first becomes non-smooth, and then gets “annihilated” (see
Fig. 11.7.5 where the destruction of the invariant curve is accomplished with the
appearance of homoclinic trajectories, i.e. with the intersections of the stable
and unstable manifolds of the saddle periodic orbit). As soon as the invariant
curve disappears its place in the phase space is filled out by a non-trivial set
containing a countable number of periodic orbits with rotation numbers within
some interval. In the parameter plane this occurs inside the regions where
the resonant zones overlap with each other, as it is illustrated in Fig. 11.7.6.
Note that in the non-resonant or weakly resonant cases, the overlapping of

;\

(a) (b) (c)

Fig. 11.7.5. The typical scenario of the breakdown of a two-dimensional torus due to a loss
of its smoothness.

.
o aniin

Fig. 11.7.6. As u increases to finite values, the resonant zones in Fig. 11.7.1 may overlap.
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resonant zones occurs at finite magnitudes of overcriticality, i.e. quite far away
from the primary torus bifurcation. On the other hand, overlapping of the
resonant zones may occur near the strong resonances wg = 27/3 and wg = 7/2
just after the bifurcation of the torus, i.e. resonant zones may start overlapping

even for arbitrarily small p.



Chapter 12

GLOBAL BIFURCATIONS AT THE
DISAPPEARANCE OF SADDLE-NODE
EQUILIBRIUM STATES AND
PERIODIC ORBITS

We have already remarked that the problem concerning the loss of stability of
periodic orbits in autonomous systems cannot always be reduced to a study
of bifurcations of fixed points of the Poincaré map. It may happen that the
periodic orbit does not exist on the stability boundary and, therefore, the
Poincaré map is not defined at the critical parameter value.

To study such bifurcations one should understand the structure of the limit
set into which the periodic orbit transforms when the stability boundary is ap-
proached. In particular, such a limit set may be a homoclinic loop to a saddle
or to a saddle-node equilibrium state. In another bifurcation scenario (called
the “blue sky catastrophe”) the periodic orbit approaches a set composed of
homoclinic orbits to a saddle-node periodic orbit. In this chapter we consider
homoclinic bifurcations associated with the disappearance of the saddle-node
equilibrium states and periodic orbits. Note that we do not restrict our atten-
tion to the problem on the stability boundaries of periodic orbits but consider
also the creation of invariant two-dimensional tori and Klein bottles and discuss
briefly their routes to chaos.

637
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12.1. Bifurcations of a homoclinic loop to a
saddle-node equilibrium state

Consider a one-parameter family of C" (r > 2) smooth dynamical systems in
R™*! (n > 1). Suppose that when the parameter vanishes the system possesses
a non-rough equilibrium state at the origin with one characteristic exponent
equal to zero and the other n exponents lying to the left of the imaginary axis.
We suppose also that the equilibrium state is a simple saddle-node, namely the
first Lyapunov value Iy is not zero (see Sec. 11.2). Without loss of generality
we assume [y > 0.

We also assume that the family is transverse to the surface of the systems
with a simple saddle-node. Therefore, near the origin such system is written
as

i = p+ b+ Gz, ),

. (12.1.1)
g =[A+h(z,y, w)y

(see Sec. 11.2, formulas (11.2.2) and (11.2.12)), where p is a scalar parameter,
r € Rl y € R™. Here, G = o(z?) is a function of class C" with respect to =
and of class C"~! with respect to u; h is a C"~'-smooth function vanishing at
(x =0,y =0, u=0); the eigenvalues of the matrix A lie strictly to the left of
the imaginary axes.

Recall from Sec. 11.2 that at p = 0, a neighborhood of the origin of
system (12.1.1) is partitioned by the non-leading manifold W**  which is lo-
cally defined by the equation z = 0, into two regions — node and saddle. All
trajectories in the node region converge to the point O as t — +oo. All tra-
jectories, except one, in the saddle region leave a neighborhood of the origin
as t — +oo. The single trajectory which enters O as t — —oo is the unstable
separatrix I'. As t increases, I' leaves a neighborhood of O as well.

Let us suppose that as t increases further, the separatriz T' returns to
a neighborhood of the saddle-node O from the node region, as shown in
Fig. 12.1.1(b).

It follows from our assumption that I' tends to O bi-asymptotically, i.e. as
t — 4o0. In other words, the trajectory I' is homoclinic to O. The union 'UO
is a closed curve which is called a homoclinic loop of the saddle-node.

We will show below that one can choose a small neighborhood V' of the
homoclinic loop so that for all small p the forward trajectories of points in V'
remain in it forever. Moreover, at u = 0, all trajectories in V come into the
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node region as t increases, and in the limit ¢ — +o00, they converge to the
saddle-node.

When u < 0, the saddle-node is decomposed into a saddle O1(z = =7 (),
y = 0) and anode Oy(z = = (1), y = 0), where zF ~ £/|u|/l> (see Sec. 11.2).
The stable invariant manifold W§, of the saddle is locally defined by the equa-
tion x = zT. The unstable manifold W, is locally defined by the equation
y = 0. The point O; divides the unstable manifold into two separatrices, one
of which lies entirely in the neighborhood of the origin (it is the segment of the
axis y = 0 which connects the points Oy and Os). The other separatrix comes
out of the neighborhood. Due to continuous dependence on parameters, the
separatrix follows along the loop I'" and returns to the origin from the side of
the node Os. It is clear that all trajectories in V', other than those in the stable
manifold W§ of the saddle Oy, converge to O, as shown in Fig. 12.1.1(a).
The behavior of trajectories for p > 0 is described by the following theorem.

(b) (c)

Fig 12.1.1. Bifurcation sequence of a saddle-node equilibrium with a homoclinic trajectory:
(a) before, (b) at, and (c) after the bifurcation.
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Theorem 12.1. The disappearance of the saddle-node equilibrium with the
homoclinic loop results in the appearance of a stable periodic orbit L, of period
~ m//pla , which attracts all trajectories in V (see Fig. 12.1.1(c)).

Proof. Let us construct two cross-sections (Fig. 12.1.2) transverse to the
trajectories of the system:

So:w=—d, |yll<d,

and
S x=d, |yl <d,

where d is chosen appropriately small, such that at p = 0, the separatrix I" in
its return to the point O intersects Sp (this can always be achieved because I’
enters O tangentially to the axis y = 0).

Due to continuity, all trajectories starting on S; sufficiently close to the
point Mj(x = d, y = 0) at which T intersects S, come back to the neigh-
borhood of the origin and hit Sy near the point My = I' N Sy. Let us choose
a small § > 0 and construct a tube V; composed of the segments of the tra-
jectories which originate on S; at |y| < § and terminate on Sp. Consider
a set V consisting of V7 and of a frustum of cone Vj bounded by the sur-
faces So, 51 N {llyll < 6} and {ja| < d, [yl = d — (x + d)(d — 6)/2d}, as
shown in Fig. 12.1.3. We will assume that the y-coordinates are introduced

Fig. 12.1.2. Two cross-sections Sp and S to the homoclinic loop I' are chosen near the
saddle-node equilibrium O.
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N7

Fig. 12.1.3. Due to a strong contraction along W#* (in the y-direction), for all small p,
the trajectories near a saddle-node leave the frustum of cone V{ through the cross-section
S1. Therefore, the union of Vp and the tube V7 (composed of the whole segments of orbits
starting on S1) confines all forward semi-orbits starting nearby.

so that the matrix A in (12.1.1) is in the Jordan form and, moreover, the
off-diagonal entries, if there are any, are sufficiently small. If d is small, then
the function h in (12.1.1) is also sufficiently small elsewhere in Vj. Hence, the
following estimate for the trajectories in Vj is valid:

%Ily(t)\l < =Aly@®ll (12.1.2)

where 0 < A < max |Re Aj|, A\1,..., A, are the eigenvalues of the matrix A (see
Theorem 2.4). By using (12.1.2), one can show that if § is small enough, then
for all p small, the vector field of system (12.1.1) everywhere on the boundary
of Vy is oriented either inward V or inward V4 (on S7). Since Vi consists of
entire trajectories, the vector field of the system is everywhere tangent to the
boundary of the set V;. Thus, at each point on the boundary the vector field
either touches the boundary tangentially, or is directed inward V. Hence all
trajectories originating near V' must enter V' and never leave it.

The value & vanishes nowhere in V for ;o > 0. Therefore, any trajectory
which starts on Sy will necessarily reach S; as time increases. It will then enter
the tube V7 and return to Vj. It follows that a map T : Sy — Sy is defined for
all small > 0: this map is a superposition of two maps along the trajectories
of the system: Ty : Sg — S; and T7 : S; — Syg. We will call Ty the local
(through) map and Ty the global map.

Let yo stand for the coordinates on Sy and let y; stand for the coordinates
on S1. Obviously, the global map is well defined for all (not necessarily positive)
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small y. Since the flight time from S; to Sy is bounded, the derivative of T7y;
with respect to y; remains bounded for all small .

Let us show that the local map is contracting, and that the contraction
becomes unboundedly strong, as p — 0. Let {z(¢; 1), y(t;yo, 1)} be the tra-
jectory of system (12.1.1) passing through the point (z = —d,yo) on Sy at
t = 0. Note that since ¢ in (12.1.1) does not depend on y, it follows that
x(t, 1) does not depend on yq either. Therefore, the flight time ¢* from Sy to
S1 defined by the condition

x(t*;p) =d (12.1.3)

is a function of p only. At p = 0, any trajectory starting on Sy tends to the
saddle-node, i.e. it remains in V; infinitely long. Hence, t*(u1) tends to infinity
as p — +0.

To obtain a more precise estimate for ¢* note that it follows from (12.1.1)

and (12.1.3) that
- _/+d dx
~Joa mt e 4 o(a?)

from which

() =7/ pla +o0(1//1). (12.1.4)
The map Ty is defined by the formula
To: yry(t™(1)iyo,p) - (12.1.5)
Let us show that
12.1.6
H Yo ( )
Indeed, by differentiating (12.1.1) we find that
9y(1) ’ 8y(t)
=[A+ h(z(y),y(t), n) + h, (x(t), y(t), t .
S = (A -+ hlalu) (). 1) + o (0. 0(0) )y )]

Since both h and hy are small everywhere in Vj and since A is in the Jordan
form with small off-diagonal entries, we have an estimate analogous to (12.1.2):

i o) < =
o Yo
By integrating the last inequality we find
ol < |5
ayo ayO t=0 ’
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or, since (9y/0yo)|i=o is the identity matrix, we have
Jy

< e*/\t .
Yo

By substituting ¢ = ¢*(u), we obtain the inequality (12.1.6) for the map
(12.1.5). Because t* — oo as pu — 0, this inequality means that the map
T} is strongly contracting if p is small.

Since the contraction in the local map can be made arbitrarily strong and
the derivative of the global map is bounded, the superposition T = T o T}
inherits the contraction of the local map for all small p as well. It then follows
from the Banach principle of contracting mappings (Sec. 3.15) that the map
T has a unique stable fixed point on Sy. As this is a map defined along the
trajectories of the system, it follows that the system has a stable periodic orbit
in V which attracts all trajectories in V. The period of this orbit is the sum
of two times: the “dwelling” time ¢* of local transition from Sy to S7 and
the flight time from S; to Sy. The latter is always finite for all small p. It
now follows from (12.1.4) that the period of the stable periodic orbit increases
asymptotically of order ~ 7 /+/uly . This completes the proof.

The proof of Theorem 12.1 is also applicable to the case of a degener-
ate saddle-node:! indeed nowhere in the proof have we invoked Iy # 0. The
only important property employed here is that while approaching the stabil-
ity boundary the transition time from one cross-section to the other increases
unboundedly, which follows from the fact that on the boundary itself all tra-
jectories starting from Sy converge to the saddle-node and, hence, must remain
inside Vj infinitely long. The bifurcation diagram for the degenerate saddle-
node with a homoclinic loop is the same as it is for local bifurcations (for
example, in the case where Iy # 0, this is a swallowtail, as shown Fig. 11.2.14),
where a stable periodic orbit appears in the region Dj.

The bifurcation of a limit cycle from the homoclinic loop to the saddle-node
was first discovered by Andronov and Vitt in their study of the Van der Pol
equation with a small periodic force at a 1 : 1 resonance:

& —p(l —2H)i 4+ wiz = pAsinwt, (12.1.7)

where p < 1 and |wy — w| ~ p (at p = 0, this equation describes a harmonic
oscillator with the frequency wy; at zero frequency detuning, this is an exact

1The asymptotic relation for the period of the cycle will be different in this case as it
includes the dependence on not one but many governing parameters.
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1: 1 resonance). In polar coordinates (R cos ¢ = woz, Rsiny = &) Eq. (12.1.7)
assumes the form

R = psinp(Asinwt — R(1 — R? cos? p/w?) sin ),
A
Y= —wp + pcosp (}_2 sinwt — (1 — R? cos? cp/w%)sincp) .

Let & = ¢ + wt. Then by making a change of the time variable ¢ — ¢/u we
obtain

R= gcos(CI) —2wt/p) — gcoscb

2
- R (1 — R—2 cos? (P — wt/u)) sin?(® — wt/p),
“o

(12.1.8)
P = 5+A~'<I> Aw'(q> 2wt /1)
= 5 Sin 5 Sin wt /1
R2
- (1 2 cos? (P — wt/,u)) sin(® — wt/p) cos(® — wt/p),
0
where § = (wgp — w)/p is the frequency detuning normalized by the small
parameter.
Andronov and Vitt analyzed the averaged system
. A R R?
=T cos®— —(1-
R=-gcost—g ( 4w§> ’
P = 5+A in ® (12.1.9)
= 5g Sin®, 1.

which is obtained from (12.1.8) by replacing the fast (with frequency > w/u)
oscillatory terms by their averaged magnitudes. When A = 0, this system
is easily analyzed: it has a repelling equilibrium state at the origin, and all
trajectories tend to the stable limit cycle R = 2wg; at 6 = 0, the limit cycle
degenerates into a single invariant circle filled densely by equilibrium states.
For small A > 0, the repelling equilibrium state persists, whereas only two
points among all others on the circle survive: they are a saddle and a node,
both existing in the region D : 4|d|wg < A. By expanding in a series of powers
of A, one can show that for small A, the system still has an invariant curve
surrounding the origin — outside the resonant zone D, the invariant curve is
the limit cycle; inside D it consists of a connection of the separatrices of the
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saddle which go to the stable node. On the boundary of the zone D, the system
possesses a saddle-node with a separatrix loop.

In terms of the original variable ¢ = ® — wt, the stationary value of ® (the
equilibrium state of system (12.1.9)) corresponds to an oscillatory regime with
the same frequency as that of the external force. The periodic oscillations of
® (the limit cycle in (12.1.9)) correspond to a two-frequency regime. Hence,
the above bifurcation scenario of a limit cycle from a homoclinic loop to a
saddle-node characterizes the corresponding route from synchronization to beat
modulations in Eq. (12.1.7).

The generalization of this bifurcation for second-order systems was studied
by Andronov and Leontovich. Their proof uses essentially the features of
systems on a plane. Our proof of Theorem 12.1 is close to that suggested
by L. Shilnikov in [130] for the high-dimensional case with the difference that
we have simplified calculations by reducing the system near the origin to the
form (12.1.1).

We remark that Theorem 12.1 remains valid also in the case where the
separatrix enters an edge of the node region, i.e. I' C W#*. However, a complete
bifurcation analysis in this case requires an additional governing parameter. It
is introduced in the following way. Let us build a cross-section Sy to the on-
edge homoclinic loop T, i.e. we define Sy = {||y|| = d,|z| < d/2}, as depicted
in Fig. 12.1.4. At the bifurcation point, the separatrix I" intersects Sy at some

(a) (b)

Fig 12.1.4. The choice of cross-sections to the nontransverse homoclinic loop I' in the two-
dimensional (a) and multi-dimensional (b) cases.
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WSS L
(0)

€>0 €<0

Fig. 12.1.5. Behavior of the unstable separatrix before (¢ < 0) and after (¢ > 0) on-edge
bifurcation.

point My € W#%. Thus, for any nearby system, the global map 77 is defined by
trajectories which start from Sy : {z = d,||y|| < §} and intersect Sy near Mj.
Let € be the z-coordinate of the point M. = T;(y1 = 0) on the cross-section
So. We will treat € as an additional bifurcation parameter. It is obvious that
at ;= 0, when the saddle-node still exists, the point M, is the intersection of
the separatrix I' with Sy. Thus, € = 0 corresponds to the on-edge homoclinic
loop; at € < 0, the separatrix enters the node region and a generic homoclinic
loop persists, as illustrated in Fig. 12.1.5.

As before, the parameter u governs the local bifurcations of the saddle-node
O: at u > 0, it disappears whereas it disintegrates into the saddle O (u, €) and
the node Oz(u,€) at u < 0.

As in Theorem 12.2, it is easy to construct a small neighborhood V' of the
on-edge homoclinic loop I' U O such that for all small y and e, the forward
trajectory of any point in V stays there forever.

Theorem 12.2. (Lukyanov [88]) On the (g, u)-plane, in the region u < 0,
there is a curve € = Rpom (1) ~ \/|pt|/la which corresponds to the existence of
a homoclinic loop to the saddle Oy. In the region {u > 0} U {e > hpom(p)},
the system has a unique stable periodic orbit L. As t — 400, the trajectories
in V' which do not tend to the equilibrium points tend to L (see the bifurcation
diagram in Fig. 12.1.6).

Proof. As in Theorem 12.2, the problem can be reduced to a study of the
map T = T} o Ty where T7 : S; — Sy is the global map and Ty is the local
map. The map Ty is defined at all points of Sy for > 0; it is easy to see that
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for u < 0, the local map is defined at > z T (u,€) (trajectories starting from
x = 7T lie in the stable manifold of O; and those starting from x < 2T tend
to Og; recall that 27 (i, ¢) is the coordinate of the saddle Oy).

Let us prove that the map Ty is strongly contracting. Indeed, represent the
system (12.1.1) in the form

dy A+ h(ey,pe)

_ 12.1.10
dx g(z, p1,€) ( )

where we denote
& =g(x,p,e). (12.1.11)

Obviously, g > 0 at g > 0 or at © > z™T, therefore (12.1.10) is well defined
in the region we are interested in. Let y(x;xo, Yo, 1, €) be the trajectory of
(12.1.10) which starts with y = yo at © = x¢. We must prove that % is
small at x = d provided p and zy both are small.

p=o

Fig. 12.1.6.  Bifurcation diagram for the on-edge homoclinic loop to a saddle-node
equilibrium.
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Denote u = a(& By differentiation of (12.1.10), we have

x0,Y0) *

du A+h+hyy

= vy,
dx g

or

D) < =2
dx T g

(we use the fact that the spectrum of A lies to the left of the imaginary axis
and that h and y are small). Finally,

”uH < eiAf,; y(s[,ii,s) _ e—)\t*(xo,x;u,g)

where t* is the flight time in (12.1.11) from z( to z. For fixed = d, this time
obviously goes to infinity as g — 0, g — 0. Thus, % — 0. This means
that Ty is strongly contracting indeed.

As before, since the map Tj is strongly contracting, the map T = T7 o Ty
is also strongly contracting. When p > 0, the map T is defined everywhere on
So- Hence, it follows from the contraction mapping principle that the map T'
has a unique stable fixed point. The fixed point of the map T corresponds to a
periodic orbit of the system, which gives the theorem for the case u > 0. When
p < 0, the domain of definition of 7" is bounded by the surface ¥ : {x = 21},
i.e. by the stable manifold of the saddle point O; (the strong stable manifold
of the saddle-node O at ;= 0). When a point M € Sy approaches 3 from the
side z > a*, the image TM tends to the point M. (the point of intersection of
the separatrix of Oy with Sp). Thus, by continuity, we may assume that the
image of the surface ¥ by the map T is the single point M..

This situation is completely analogous to that we have in the study of a
homoclinic loop to a saddle, which is considered in detail in Sec. 13.4. There
(Lemma 13.4.1) we prove that the contracting map of the kind under consid-
eration has a stable fixed point if and only if the single point of the image of
the boundary of the domain of definition lies inside the domain. Thus, our
system has a stable periodic orbit if and only if the point M. lies in the region
x> at.

We have found that the region of existence of the stable periodic orbit is
given by the condition € > x*(u,¢), which can obviously be rewritten in the
form & > hpom (1) where the smooth function hpe, behaves asymptotically as
v/|u|/l2. The boundary of the region corresponds to the point M. on ¥, i.e. to
a homoclinic loop of O;. End of the proof.
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Fig. 12.1.7. The boundary of the stability region of the periodic orbit born at the bifurcation
of the on-edge homoclinic loop to a degenerate saddle-node corresponds to the homoclinic
loop of the “border” saddle equilibrium state Oj.

Remark. This statement remains valid (with obvious modifications) also
in the case of the on-edge homoclinic loop to a degenerate saddle-node. In
this case, u is a vector of parameters (of dimension equal to the number of
zero Lyapunov values plus one), and an additional bifurcation parameter
is introduced as before. A stable periodic orbit exists when the saddle-node
disappears (the region p € Dy in our notations), or when € > Apom (1) at
u & Dy. Here, the surface € = hpom (1) corresponds to the homoclinic loop of
the “border” saddle equilibrium O, as illustrated in Fig. 12.1.7.

12.2. Creation of an invariant torus

Let us consider a one-parameter family of n-dimensional C"-smooth (r > 2)
systems having a saddle-node periodic orbit L at u = 0. We assume that p
is the governing parameter for local bifurcations. Thus (recall Fig. 11.3.7), for
< 0, there exist stable and saddle periodic orbits which collapse into one orbit
L at ;= 0. The local unstable set W, is homeomorphic to a half-cylinder
Rt x S'. The orbit L also has a strong-stable manifold W3* which divides
a neighborhood of L into a saddle region and a node region. When p > 0,
the saddle-node disappears and all orbits leave its small neighborhood. Note
that the time necessary to pass through the neighborhood tends to infinity as
w— +0.

Our standing assumption is that at u = 0, all trajectories in W}* return to
the node region?, and tend to L as t — +o0.

2In particular, WENW® =0.
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Thus, W} is a compact set (it contains L by definition). Let U be a small
neighborhood of W}*. It is obvious that at ;1 = 0, all trajectories in U tend to
L as t — 4+o00. When p < 0, the trajectories in U tend to one of the stable
periodic orbits appearing as L disintegrates. The problem we are interested in
is what happens in U when pu > 07

As already mentioned, problems of this nature had appeared as early as
in the twenties in connection with the phenomenon of transition from syn-
chronization to an amplitude modulation regime. A rigorous study of this
bifurcation was initiated in [3], under the assumption that the dynamical sys-
tem with the saddle-node is either non-autonomous and periodically depending
on time, or autonomous but possessing a global cross-section (at least in that
part of the phase space which is under consideration). Thus, the problem was
reduced to the study of a one-parameter family of C"-diffeomorphisms (r > 2)
on the cross-section, which has a saddle-node fixed point O at p = 0 such that
all orbits of the unstable set of the saddle-node come back to it as the number
of iterations tends to +oo (see Fig. 12.2.1(a) and (b)).

Recall that a saddle-node fixed point or periodic orbit has one multiplier
equal to +1 and the rest of the multipliers lies inside the unit circle. The
diffeomorphism (the Poincaré map) near the fixed point may be represented

(a) (b)

Fig 12.2.1. The unstable manifold W™ of the saddle-node fixed point may be a smooth curve
(a) or a non-smooth curve (b). In the latter case the tangent vector oscillates without a limit
when a point on W* reaches O from the side of node region.
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in the standard form:

y=[A+nhz,y,pwly,

(12.2.1)
T=x+g(x,pn),

where z € RY, y € R" 2, A is a matrix whose eigenvalues lie strictly inside the
unit circle, and

h(0,0,0) =0, ¢(0,0)=0, g¢.(0,u)=0.

Here, the center manifold W is defined by the equation y = 0. The
surfaces {x = constant} are the leaves of the strong-stable invariant foliation
F#5. In particular, z = 0 is the equation of the strong-stable manifold of O. At
p = 0, the function g (nonlinear part of the map on W) has a strict extremum
at = 0. For more definiteness, we assume that it is a minimum, i.e. g(z,0) > 0
when x # 0. Thus, the saddle region on the cross-section corresponds to > 0,
and the node region corresponds to « < 0. Since the saddle-node disappears
when p > 0, it follows that g(x,u) > 0 for all sufficiently small z and for all
small positive .

The saddle-node is simple if g7/, (0,0) # 0. In this case the second equation
of (12.2.1) may be written in the form

T=x+p+la’+ -, (12.2.2)

where I3 = ¢”(0)/2 # 0 > 0.

By assumption, the global unstable manifold W returns to the node re-
gion, i.e. it forms a closed invariant curve. This curve is smooth everywhere,
except possibly at the point O. Indeed, since the rate of contraction along the
z-direction in the node region is less than exponential, it is much weaker than
the contraction in the y-direction. Therefore, any piece of a curve transverse
to the strong-stable foliation, when iterated forward, becomes tangent to y = 0
as it approaches the point O. At the same time, if the invariant curve is tan-
gent to a leaf of the strong-stable foliation at some point, it will be tangent
to the foliation at all forward iterations of this point (because the foliation
is invariant). Therefore, arbitrarily close to O, the invariant curve will have
points where the angle between the tangent to the curve and {y = 0} remains
bounded away from zero.

Thus,
the global unstable manifold W* is smooth everywhere (including O) if it is
transverse to the strong-stable foliation in the node region, as depicted in
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Fig. 12.2.1(a), and it is non-smooth at O if it is tangent to the strong-stable
foliation at the points of some orbit, as depicted in Fig. 12.2.1(b).

The smooth case corresponds, in particular, to a small time-periodic per-
turbations of an autonomous system possessing a homoclinic loop to a saddle-
node equilibrium (see the previous section). Indeed, for a constant time shift
map along the orbits of the autonomous system the equilibrium point becomes
a saddle-node fixed point and the homoclinic loop becomes a smooth closed
invariant curve, but the transversality of W* to F{}% is, obviously, preserved
under small smooth perturbations.

The non-smooth case appears, for example, when W touches the strong-
stable manifold Wg&°, as shown in Fig. 12.2.2. The latter, in turn, may be
detected via a small time-periodic perturbation of a system with an on-edge
homoclinic loop to a saddle-node (see the previous section). Generically, the
non-transversality of W* with respect to F%. is also preserved under small
smooth perturbations (say, if the tangency between W* and the corresponding
leaf of F{2. is quadratic).

The closed invariant curve W for the Poincaré map on the cross-section
is the loci of intersection of an invariant two-dimensional torus W}' with the
cross-section. The torus is smooth if the invariant curve is smooth, and it is
non-smooth otherwise. If the original non-autonomous system does not have

a global cross-section, then other configurations of W} are also possible, as

Fig. 12.2.2. A nontransverse tangency of the unstable and strong-stable manifolds of a saddle-
node fixed point may be obtained by a small time-periodic perturbation of the system with
an on-edge homoclinic loop to a saddle-node equilibrium state, as shown in Fig. 12.1.4.
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we will discuss below. For example, it may be a Klein bottle, smooth or non-
smooth as well [6].

Theorem 12.3. (Afraimovich-Shilnikov [3, 6]) If the global unstable set
of the saddle-node L is a smooth compact manifold (a torus or a Klein bottle)
at p =0, then a smooth closed attractive invariant manifold T, (a torus or a
Klein bottle, respectively) exists for all small p.

The invariant manifold depends continuously on p. At g = 0, it coincides
with W, When p < 0, it is the union of the unstable manifold of the saddle
periodic orbit L~ (u) with the stable periodic orbit L* (1) (where L* (1) are the
periodic orbits into which the saddle-node bifurcates®). In the case of torus, for
w > 0, the Poincaré rotation number on 7, tends to zero as y — +0. Thus, on
the p-axis there are infinitely many (practically indistinguishable as yp — +0)
resonant zones which correspond to periodic orbits on 7,, with rational rotation
numbers, as well as an infinite set (typically, a Cantor set) of irrational values
of p for which the motion on 7, is quasiperiodic.

Before we proceed to the proof of Theorem 12.3, let us study the global
structure of the W} in more detail. Introduce normal coordinates (see
Sec. 3.10) in a small neighborhood of L, such that near L, the system takes
the form

g = Ay + H(z,y, ;1) (12.2.3)
i=Gr,y,pp), ¢=1, (12.2.4)

where H and G vanish at (y = 0,2 = 0, u = 0) along with their first derivatives
with respect to (z,y); the eigenvalues of the matrix A lie strictly to the left of
the imaginary axis. Here ¢ € [0, 1] is the angular variable, the surfaces ¢ =0
and ¢ = 1 are assumed to be glued by some involution, namely, by changing
the sign of a number of components of the vector y (an appropriate choice of
this involution allows one to make the linear part of the system independent
of ¢, without loss of smoothness; see details in Sec. 3.11).

We also assume that the center manifold W is locally straightened so that
it has the form {y = 0}. Correspondingly,

H|y—=0. (12.2.5)

3If the saddle-node is not simple, then there may be more saddle and stable periodic orbits
when p < 0; in this case 7, is the union of all of them and all their unstable manifolds.
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Next, let us straighten the strong stable invariant foliation. The leaves of
the foliation are given by {z = Q(y; v, z’, 1), ¢ = constant} where z’ is the
coordinate of intersection of a leaf with the center manifold; Q is a C"~!-
function (it is C"-smooth with respect to y). The straightening is achieved via
a coordinate transformation x +— 2’ which brings the invariant foliation to the
form {z = constant, ¢ = constant}. Thus, Eq. (12.2.4) becomes independent
of y and the system can be recast as follows:

v =A(p)y + H(z,y,0; 1), (12.2.6)

=Gz, p;u), $=1. (12.2.7)

By construction, the new function G which coincides with the original one at
{y = 0} is still a C"-function.

In the new coordinates, the strong-stable invariant manifold W;® is the
surface {z = 0}; the node region U_ now corresponds to small negative = and
the saddle region U, corresponds to small positive x.

Already we have stated that the invariant foliation is C"~!-smooth; more-
over, it can be shown for the case of the saddle-node that the foliation is, in
fact, C"-smooth everywhere except on W;* at u = 0 [140]. The coordinate
transformation that reduces (12.2.4) to (12.2.7) has the same smoothness.

Choose small positive d* and d~. Consider two cross-sections (both are
(n — 1)-dimensional solid tori) Sy : {x = —d~} and S; : {x = d*} to the
flow. By assumption, at u = 0 (and, hence, at all small p1), a trajectory of W}
returns to the node region U_ = {z < 0} in a finite time. Therefore, the flow
defines a diffeomorphism T3 (the global map) by which a small neighborhood
of the intersection line [~ : {y = 0} = W} N S; is mapped into Sp. This map
has the form

Yo = p(@1, Y15 1)
0 = pleny1i i) (12.2.8)
w0 = q(p1,91;) mod 1,

where the coordinates on Sy and S; are denoted by (wo,y0) and (p1,y1)
respectively; the two C"-smooth functions p and ¢ (mod 1) are both period 1
in .

The closed curve

" =T : {yo = p(¢1,0;0), o =q(e1,0;0) mod 1}
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is the intersection of W' and Sy. Note that the function ¢ can be written in
the form:

(e, y; 1) = mp + qo(p, y; 1) 5 (12.2.9)

where qq is periodic in ¢. The integer m defines the homotopy class of I T
in Sy (the sign of m determines the orientation of IT with respect to [7).
If the dimension n of the phase space is greater than three, then Sy is at
least three-dimensional and the integer m may be of arbitrary value. In R3,
the cross-section Sy is a two-dimensional annulus. Since [T cannot have self-
intersections, it follows that it is possible to have m = 1 and m = 0 only in this
case (if m = —1, then W} is a Klein bottle, so this case cannot occur in R?).

Note that the structure of the set W} is completely determined by the way
W} adjoins to L from the side of the node region. Since the intersection [T =
Wi NSy is an |m|-winding curve in Sy, the intersection of W} N U_ with any
cross-section of the kind {¢ = constant} consists, at m # 0, of |m/| pieces glued
at the point {z =0,y = 0} = Lo N {p = constant}, as depicted in Fig. 12.2.3.
At m = 0, this intersection is a sequence of circles accumulating at {z = 0,y =
0}, see Fig. 12.4.1. Thus, samples of W} corresponding to different values of
m are mutually non-homeomorphic to each other. Moreover, at |m| # 1, for

Fig. 12.2.3. The structure of intersection of the unstable manifold W}' of a saddle-node
periodic orbit L with a solid-torus-like cross-section Sy in the case m = 2. A trace of the
intersection is a doubly-twisted curve [T. Consequently, it has at least two intersections
with each level ¢ = constant in So, and with each level £ = constant in the cross-section

S :{e =0}.
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any point of L, its small neighborhood in W} is not homeomorphic to a disk,
i.e. W} is not a manifold in this case.

We will study the case m = 0 in Sec. 12.4 in connection with the problem
of the “blue sky catastrophe”. In the case |m| > 2, infinitely many saddle
periodic orbits are born (see Theorem 12.5) when the saddle-node disappears;
moreover, even hyperbolic attractors may arise here (see [139]). We do not
discuss such kind of bifurcations in this book.

If m = £1, then W} is a manifold. It is homeomorphic to a torus if
m = 1 and to a Klein bottle if m = —1. As already mentioned, this mani-
fold may be smooth or non-smooth, depending on whether W' intersects the
strong-stable foliation F'*° transversely everywhere or not. When ¢ and ¢ are
independent of y (see (12.2.7)), the leaves of F*¢ on the cross-section Sy are
the (hyper)planes ¢ = constant. The intersection [T = W} NSy is represented
as {yo = p(¥1,0,0), 00 = q(¥1,0,0)} where (p, q) is the right-hand side of the
global map T3 : S; — Sp (see (12.2.8)). Thus, the transversality of W} to F°°
holds if, and only if,

9q

P £0. (12.2.10)

y=0,u=0
This inequality, along with the requirement |m| = 1, is the analytical form of
the condition of Theorem 12.3.

The proof of this theorem is based on the reduction of the problem to
a study of some map (“the essential map” below) of a circle. In fact, this
reduction works independently of the value of m or of the smoothness of W},
and our two next sections are based on it.

As explained in Sec. 12.5, we may assume that in (12.2.7)

oG
¢ |,—0

0. (12.2.11)

In other words, at g = 0, the right-hand side of Eq. (12.2.7) can be made
independent on ¢ (by an appropriate change of variables), so it assumes the
following autonomous form

i =g(x),

p=1,
where §(0) = 0, §'(0) = 0. If = # 0, then g(z) > 0. Note that the function
g(x) is uniquely defined by the nonlinear part g(x,0) of the Poincaré map on
the center manifold [see (12.2.1)]. It is shown in [140] that the transformation

(12.2.12)
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which brings the system (12.2.7) to the autonomous form (12.2.12) at = 0, is
C" at  # 0. Thus, the system (12.2.6) and (12.2.7) is C"~!-smooth at x # 0
after the transformation, whereas the flow map between any two cross-sections
which did not intersect {z = 0} remains C"-smooth.

Once we fix coordinates such that the system on the center manifold is in
the autonomous form (12.2.12) at p = 0, we can then define the essential map

o= flp) = mp + qo(p, 0;0). (12.2.13)

By construction, it is obtained as follows: apply the map T} to the intersection
line of the local unstable manifold W%, = WY N U, with the cross-section
S1 and then project the image onto the center manifold along the leaves of
the strong-stable foliation. The projection is done in Sy which lies in the
node region where the foliation is uniquely defined (see Chap. 5). Thus, once
the cross-sections Sy and S; are fixed, the essential map is defined uniquely,
modulo coordinate transformations on the center manifold which keep the
system autonomous (the center manifold in the node region is not unique
but systems on different center manifolds are smoothly conjugate by their
projection along the strong-stable invariant foliation. Therefore, the choice of
another center manifold is equivalent to a coordinate transformation on the
given one).

In fact, the set of coordinate transformations which keeps the system at
@ =0 in the form (12.2.12) is rather poor. Indeed, a new coordinate ¢ must
satisfy % (¢new — ) = 0, hence the difference @ — ¢ must be constant along
a trajectory of the system. In particular, it is constant on L. Now, since any
orbit on the center manifold tends to L either as t — 400 or as t — —o0,
it follows that ¢new — ¢ = constant everywhere on W¢. Furthermore, since
the equation for z in (12.2.12) must remain autonomous, one can show that
only autonomous (independent of ¢) transformations of the variable x are
allowed. Indeed, consider first a transformation which is identical at ¢ = 0.
By definition, it does not change the Poincaré map of the local cross-section
S : {¢ = 0}. Therefore, by the uniqueness of the embedding into the flow
(Lemma 12.4), if such transformation keeps the system autonomous, it cannot
change the right-hand side g. It follows that if ey = x at ¢ = 0, then
the time evolution of x,, and the time evolution of x are governed by the
same equation which immediately implies that z,.w = « for all ¢ in this
case. Since an arbitrary transformation is a superposition of an autonomous
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transformation and a transformation of the kind we have just considered, this
proves the claim.
Thus, the only possible coordinate transformation is

@ @+const, x+— X(x). (12.2.14)

For the essential map, the effect of such a transformation of x is equivalent to
a shift of the cross-sections Sy and Sy to z = X~ }(—d~) and x = X ~1(d"),
respectively. Since the evolution of x is autonomous, the flight time from a
cross-section {x = constant} to any other cross-section of this form depends
only on the position of the cross-sections but not on the initial point on the
cross-section. Thus, any shift of Sy or S; is equivalent to a rigid rotation of
o or 1, respectively. We have finally arrived at

Lemma 12.1. The essential map is uniquely defined by the system at p = 0,
modulo an arbitrary additive constant and a shift of the origin:

flp) = co+ flo+ec).

The essential map carries most of the information on the global saddle-node
bifurcations. As already mentioned, its degree m defines the topological type
of Wp. If |/m| = 1, then W} is smooth if, and only if, f(¢) does not have
critical points (see (12.2.10) and (12.2.13)). Below (Theorem 12.4), we give a
precise formulation to the following reduction principle:
the bifurcations in U(W}) as u — +0 follow the bifurcations in the family of
one-dimensional maps

¢ =w(p) + fle), (12.2.15)

where w(p) — +o0o as p — +0.

The above reduction principle was applied explicitly in [151] for the case
|m| =1. An earlier study in [97] was essentially based on the same idea.

Let us consider the Poincaré map T = Ty o T} of the cross-section S; which
is defined by the trajectories of the system for all small 4 > 0. Here, T3 is
a global map defined by (12.2.8) and Ty : Sp — S is a through map defined
locally near L for p > 0.

As in the previous section, the behavior of the trajectories in U for p > 0
is completely determined by the behavior of the map 7.
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Since the Eq. (12.2.7) for & and ¢ are independent of y, the local through
map To : (Yo, ¢0) — (Y1, 1) is written in the form (for some C"-function Y)

Y1 = Y(WOvyOaM) )

(12.2.16)
1 = @0+ 7(po, ) mod 1.

The function 7 is the flight time from Sy to S7. It is a smooth function periodic
in ¢g. Clearly, 7(vo, u) — o0 as p — +0.

Lemma 12.2. When (12.2.11) is satisfied at pn = 0, then 07/0¢ tends uni-
formly to zero as u — 40, in the C"~!-topology.

In its full generality, this lemma is proven in [140] and it implies almost
immediately the basic Theorem 12.4 below. The proof is based on a lengthy
calculations and we omit them here. A simple proof of an analogous statement
is given in Sec. 12.5 under some additional assumptions. Namely, it is assumed
there that the system is sufficiently smooth with respect to all variables and p,
and that the saddle-node L is simple. Moreover, instead of proving that all of
the derivatives tend to zero, the vanishing of only a sufficiently large number
of derivatives is established. Of course, all this does not represent a severe
restriction.

By denoting w(u) = 7(0, 1), we get from Lemma 12.2 that

(o, 1) = w(p) +o(1). (12.2.17)

If the saddle-node is simple, then
T

ulo '

w(p) ~ (12.2.18)

Note also that since the eigenvalues of the matrix A(u) in (12.2.3) lie strictly
to the left of the imaginary axis and since, by (12.2.5), ¢ = (A + h)y for some
Cr—!-function h, it is easy to show that

1Y e < O(e™™) (12.2.19)
for some positive A. In fact, it may be shown [140] that
Y |[cr—0aspu—0. (12.2.20)

Collecting formulas (12.2.8), (12.2.9), (12.2.10), (12.2.16), (12.2.17), and
(12.2.20) gives the following result [140].
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Theorem 12.4. (Reduction principle) The Poincaré map T = Ty o Ty is

written as
y=1v(p,y;n),

¢=w+ flo)+&(p,y;p) mod 1,

where w(p) — oo and ¥, £ tend to zero (along with all derivatives) as
w— +0.

(12.2.21)

It follows immediately from this theorem that if the essential map (12.2.15)
has a rough stable (unstable) periodic orbit at some w*, then there is a sequence
of intervals & of values of p which accumulate at +0, such that the difference
(w(p) — k) remains close to w* at p € i, and the system has, respectively, a
rough stable or saddle periodic orbit at p € d for all sufficiently large k.

In fact, Theorem 12.4 holds also when the system depends on p smoothly:
we assume in this case that
the first derivatives of the right-hand sides of (12.2.3) and (12.2.4) with respect
to the phase variables (y,z,p) are C"~1-smooth with respect to all variables
and .

Assume also that the local Poincaré map near L depends monotonically on p;
ie.

9,,(0;0) >0 (12.2.22)

in (12.2.1).* In this case one can prove that
Ow/ou #0, (12.2.23)

i.e. w can be viewed as a new parameter, and p may then be considered as
a function of w which tends to zero as w — oo. It can be proved that all
the derivatives of p with respect to w tend to zero too. Lemma 12.1 when
restated for the derivatives of 7, with respect to both w and ¢ remains valid.
Theorem 12.4 provides absolutely the same; namely “all derivatives” include
now the derivatives with respect to w (see [140]).

Note that the above trick of letting the flight time be a new parameter is
necessary only in the case of low smoothness: upon proving Lemma 12.3 which
corresponds to the case where the smoothness is high (and the saddle-node is

4When the saddle-node is simple, (12.2.22) is just a condition of transversality of the
one-parameter family under consideration to the bifurcation surface of systems with the
saddle-node, which allows the Poincaré map on ngc to be written in the form (12.2.2).
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simple), we show the vanishing of an arbitrarily large number of derivatives
with respect to u itself.

Now, Theorem 12.3 follows immediately from formula (12.2.21): by the
conditions of the theorem we have |m| = 1 and f'(p) # 0, so the map ¢ —
w+ f(p) +&(p,0; 1) is a diffeomorphism and it is easy to see that the annulus
principle (Sec. 4.2) is applicable here. Thus, the existence of a uniquely defined
C"-smooth closed invariant curve

y = n(g; 1) (12.2.24)

which attracts all orbits in Sy is established for the map T for any pu > 0.
Since this map is defined by the orbits of the system under consideration, this
proves the theorem.

Due to the annulus principle, the invariant curve depends continuously on
w (or smoothly, when the system is smooth with respect to u). By fixing any
value of v = w(p) mod 1 so that w = v + k, where k € Z such that k — oo as
1 — 40, the map (12.2.21) has a limit (in smooth topology) as k — oo

5:07

5=t flg) modL. (12.2.25)

Thus, the invariant curve of the map T has the invariant curve {y = 0} of the
map (12.2.25) as a limit, i.e. the function 7 in (12.2.24) vanishes (along with
all derivatives) as p — +0.

On the invariant curve, the map 7T can be represented as

¢ =w(p) £+ folp) + filp;p) mod1, (12.2.26)

where “+” (the orientable case) corresponds to the case of a torus and “—”
(the non-orientable case) to a Klein bottle; fo and f; are periodic functions
of ¢ and f; — 0 along with all derivatives as y — +0. If the system depends
smoothly on g (and the monotonicity condition (12.2.22) holds), then it follows
from (12.2.23) that this map (when lifted onto R!) is strictly monotonic with
respect to p.

Therefore, in the orientable case, the Poincaré rotation number on the
torus depends monotonically on u (see Sec. 4.4). Typically, each rational
rotation number corresponds to an interval of values of p (a resonant zone).
In the simplest case, there exist only two periodic orbits on the torus in the



662 Chapter 12. Global Bifurcations at the Disappearance of . ..

resonant zone, one stable and the other unstable (for example, there may be
only two fixed points if fy(w) = sing). The unstable periodic orbit on the
invariant curve is a saddle orbit for the map T of the annulus (the solid torus)
S1; the invariant curve is the closure of the unstable manifold of this saddle
periodic orbit. In general, for different functions fy, there may be arbitrarily
many periodic orbits in the resonant zone (with an equal number of stable and
saddle orbits on the torus). In this case the invariant curve is the closure of
the unstable manifolds of all saddle periodic orbits.

The boundary of the resonant zone corresponds to a coalescence of the
stable and unstable periodic orbits on the invariant circle, i.e. to the saddle-
node bifurcation of the same type we consider here. Besides, if there were more
than two periodic orbits, saddle-node bifurcations may happen at the values
of parameters inside the resonant zone. By the structure of the Poincaré map
(12.2.26) on the invariant curve,
if some value v* corresponds to a codimension-one bifurcation (a simple saddle-
node) in the essential map

p=v+e+foly),

then there is a sequence of values py — +0, such that w(puk) — k — v*, and
the map (12.2.26) undergoes the same bifurcation at pu = py for all sufficiently
large k.

Let us now consider the question concerning what happens when Wj' is
non-smooth. For the first time, this question was studied in [3] where it was
discovered that the possibility of the breakdown of the invariant manifold causes
an onset of chaos at such bifurcations. In particular, sufficient conditions (the
so-called “big lobe” and “small lobe” conditions) were given in [3] for the
creation of infinitely many saddle periodic orbits upon the disappearance of
a saddle-node in the non-smooth case. Subsequent studies have shown that
these conditions may be further refined so we may reformulate them as follows.

Recall that in the smooth case, the manifold W} intersects the strong-
stable foliation F*° transversely, and each leaf has only one point of intersection
with W7. In the generic non-smooth case, some of the leaves have one-sided
tangencies to W}. Therefore, there must be leaves in the node region where
each leaf has several intersections with W'

Definition 12.1. The set W} satisfies the (refined) big lobe condition if each
leaf of F*° intersects W} at least twice in the node region (Fig. 12.2.4).
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Fig. 12.2.4. Geometrical interpretation of the big lobe condition — each leaf of the strong
stable foliation F'¥® must cut W* through not fewer than two points.

In terms of the essential map this condition translates into a condition for
the existence of at least two pre-images for any value of @, with respect to the

map

o= fle).
The following result is a stronger version of the corresponding theorem

in [3].

Theorem 12.5. If the big lobe condition is satisfied, then the system has in-
finitely many saddle periodic orbits for all small p > 0.

Note that this theorem holds independently of the type of the topological
structure of W} (i.e. independently of the degree m of the essential map).
Obviously, the big lobe condition is always satisfied when |m| > 2, so the
disappearance of the saddle-node always implies chaos in this case. Therefore,
for the rest of this chapter we will be focusing on the cases m = 1,0, —1.

The small lobe condition was originally introduced for the case where W}
is a torus (m = 1), but it makes sense at m = 0 and m = —1 as well. In terms
of the essential map, the small lobe condition is satisfied if

there exist 1 and s such that

flp1) = flp2)
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Fig. 12.2.5. A form of f(p) satisfying the small lobe condition.

and

max |f(¢) = f(e1)] > |p2 — @1
wE[p1,p2]

(see Fig. 12.2.5).

Theorem 12.6. If the small lobe condition is satisfied, then on the p-axis
there is a sequence of intervals A; which accumulate at p = +0, such that the
system has infinitely many saddle periodic orbits for any p € A;.

Note the difference between the transition to chaos under the big lobe con-
dition and without it: in the second case the intervals A; of chaotic dynamics
may, in principle, interchange with the intervals where the system has only
finitely many saddle and stable periodic orbits [151]. According to the reduc-
tion principle (Theorem 12.4), this occurs if, within some interval of w, the
essential map

¢=w+ f(p)

has only a finite number of periodic orbits.
For example, if f(p) = o+ % sin 27, then the manifold W}* is non-smooth
for C > 1, whereas the big lobe condition is satisfied if

1
VCZ—1> 5
7r+arccosc
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and the small lobe condition is fulfilled with ¢ = 1/2 if

1
\/02—1>w+arccos5—u,

where u € (0,7) is the root of the equation 7 = u + C'sinu. It is obvious
that when (C' — 1) is sufficiently small, then the essential map has only one
stable and one unstable fixed point in the interval |27w| < 1, and no other
periodic orbits. Therefore, if (C' — 1) is sufficiently small, on the p-axis there
exist intervals of simple dynamics; in fact, the existence of such intervals may
be easily checked, for example, when

3 1
\/02—1>Z7T+aI‘CCOSE.

Note that both theorems above give only sufficient conditions for chaotic
dynamics following the disappearance of the saddle-node. These conditions
may be further refined. The most important improvement (essentially due to
Newhouse, Palis and Takens [97]) can be made in the case m = 1 where the
unstable manifold W} of the saddle-node is a torus.

Theorem 12.7. Generically, if W}' is a non-smooth torus, then on the u-axis
there is a sequence of intervals A; which accumulate at u = +0, such that the
system has infinitely many saddle periodic orbits for any u € A,.

The genericity condition of this theorem may be explicitly formulated: for
each o € S, check that either there is another ¢ such that f(p) = f(po), or
at least some of the derivatives f'(¢o), (o), -- -, f(po) are non-zero. It is
not clear whether this condition is essential, or it is just a technical restriction.
In any case, the simultaneous vanishing of all derivatives of the essential map
at some point is an extremely rare situation.

So, the results of Theorems 12.3, 12.5 and 12.7 are summarized as follows:
If W} is a smooth torus, then a smooth attracting invariant torus persists after
the disappearance of the saddle-node L. If W} is homeomorphic to a torus but
it s non-smooth, then chaotic dynamics appears after the disappearance of L.
Here, either the torus is destroyed and chaos exists for all small p > 0 (the
big lobe condition is sufficient for that), or chaotic zones on the parameter axis
alternate with regions of simple dynamics.

Theorem 12.7 uses heavily that the degree m of the essential map is equal
to 1. It has no analogues for the cases m = 0 and m = —1 where the scenario
of the onset of chaos is rather vague.
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12.3. The formation of a Klein bottle

Let us consider next the bifurcation of the saddle-node periodic orbit L in
the case where the unstable manifold W} is a Klein bottle, as depicted in
Fig. 12.3.1, i.e. when the essential map has degree m = —1. By virtue of
Theorem 12.3, if W} is smooth, then a smooth invariant attracting Klein
bottle persists when L disappears. In its intersection with a cross-section Sy,
the flow on the Klein bottle defines a Poincaré map of the form (see (12.2.26))

¢ =w(p) — ¢+ fole) + file,p) mod 1, (12.3.1)

where w — oo as 4 — +0; fo and f; are smooth 1-periodic functions, f;
vanishes at p = 0 along with all derivatives, —¢ + fo() is the essential map
defined uniquely by the system at g = 0. As shown in the last section, the
manifold W}* is smooth if, and only if,

—14 fi(p) #0 (12.3.2)

for all ¢. In this case, the Poincaré map (12.3.1) is a (non-orientable)
diffeomorphism of the circle.

Fig. 12.3.1. A saddle-node periodic orbit on the Klein bottle.
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Fig. 12.3.2. The non-orientable circle map in action.

Fig. 12.3.3. A possible saddle-node bifurcation of a period-two orbit of a non-orientable
circle map.

Such maps are known to have exactly two fixed points. They partition the
circle into two arcs, each one cycles into another under the action of the map.
On these arcs there may also be a number of period-two points, as shown in
Fig. 12.3.2. Generically, the following bifurcations are possible: a period-two
orbit collapses into, or emerges from a fixed point (whose multiplier passes
through —1), or two orbits of period two may coalesce into a saddle-node orbit
of period two, as depicted in Fig. 12.3.3. It follows immediately from (12.3.1)
that if the essential map

p=v—9¢+ folp) mod 1 (12.3.3)

undergoes one of these bifurcations at some v = v*, then
there exists a sequence puyp — 40 such that (w(pr) — k) — v* and the Poincaré
map (12.3.1) undergoes the same bifurcation at each p = .

The fixed points of the map (12.3.1) are found from the equation

1

Yo = iw(ﬂ) + %(fo(@o) + f1(po, 1)) 5
(12.3.4)

o1 = 30l + 3Uo(o1) + filpr, ) + 7.
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Since fy and f; are periodic functions, they are bounded. So, it follows from
(12.3.4) and (12.3.2) that as w — oo, the coordinates pg and ¢ corresponding
to the fixed points increase unboundedly. In other words, as u — +0, both
fixed points move around along the circle infinitely many times.

The multiplier of the fixed point is equal to —1 + fy(@o.1) + f1(po,1, 1)
Since f{ — 0 as u — +0, it follows that if fo(p) # 0, then the multiplier of
each fixed point oscillates back and forth around —1. We arrive at the following
result (first noticed in [6] with the detailed proof first published in [86]):

Theorem 12.8. For all p > 0, the system on the Klein bottle has ezxactly two
periodic orbits with negative multipliers. If fo(v) does not vanish identically,
each of these two periodic orbits undergoes a period-doubling bifurcation in-
finitely many times as p — +0.

In the simplest case (say, when fo(p) = % sin 2w with C' < 1), the bifur-
cations proceed as follows (see Fig. 12.3.4): on some interval of u one of the
fixed points (pg) is stable and another (¢1) is unstable. Then at some value of
u, the fixed point ¢q loses its stability and a stable orbit of period two is born.
After that, in some interval of p, there exist two unstable fixed points and a
stable orbit of period two; then the stable orbit collapses into the fixed point
(1 which becomes stable now, and then the bifurcation process is repeated:
the stable fixed point again loses its stability via period-doubling, and so on,
infinitely many times without ever ending.

Since the recurrent time of a nearby orbit to a cross-section is about w(u)
(see the last section), it follows that the period of the orbits of the flow which
corresponds to the fixed points of the Poincaré map tends to infinity as gy — +0
(typically, it is ~ m/y/pul2). Before the orbits return to the cross-section, each
must make w(u) rotations in a small neighborhood of the just disappeared
saddle-node L. Accordingly, the length of these periodic orbits is also increas-
ing to infinity. Thus, Theorem 12.8 gives a positive answer to the following

0000

Fig. 12.3.4. The simplest cycle of bifurcations on the Klein bottle for the Poincaré map
(12.3.1) as p — +0.
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question posed by Palis and Pugh [105]: can a periodic orbit disappear at a
finite distance from the equilibrium states such that the period and the length
of the orbit increase to infinity when approaching the moment of bifurcation?

Virtual bifurcations of such kind were named “the blue sky catastrophes”
by R. Abraham. The first example of a blue sky catastrophe was constructed
by Medvedev [95] for the saddle-node bifurcation on a Klein bottle. The most
important feature of Medvedev’s example is that the periodic orbit whose
length and period are constantly increasing as u — +0 remains stable and
does not undergo any bifurcation for all small i > 0. Theorem 12.8 shows that
this is only possible in the case fy(¢) = 0, which means that all points (except
for the two fixed points) of the essential map are of period two.

Since the essential map is highly degenerate in this case, it does not reveal
much information concerning the structure of the Poincaré map (12.3.1). To
find out the ways on how the stable periodic orbit survives, let us choose

filp, ) = peosmw(p) sin2wp — psin rw(p) cos2mwp .

The Poincaré map is then written as

@ =w(p) — ¢+ psin(2re — rw(p)) mod 1.

Observe that this map has a fixed point ¢y = w(p)/2 with a multiplier equal
to —1 + 27, i.e. this point is stable for all y > 0.

We see that Medvedev’s example describes an extremely degenerate situa-
tion. A generic example of the blue sky catastrophe for a stable periodic orbit
(when the degree m of the essential map is equal to zero) is given in the next
section.

Let us now consider briefly the question on what may happen if W} is a
non-smooth Klein bottle. Since Theorems 12.5 and 12.6 are applicable in this
case, it follows that when p > 0, chaos may appear when the big lobe or the
small lobe condition is satisfied. However, a direct analogue of Theorem 12.7
does not exist here because of the following possibility:
even if W} is non-smooth, the system may nevertheless exhibit simple dynamics
for all small positive values of p.

The above situation can occur if the essential map (12.3.3) has only finitely
many periodic orbits for all v. For example, when fo(¢) = % sin 27, one can
show that the essential map has only a finite number of fixed points, and points
of period-two, but no other periodic orbits for all v if, for instance, C' < /2.
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12.4. The blue sky catastrophe

Let us now consider the case where the global unstable set W' of the saddle-
node periodic orbit L is not a manifold, but has the structure like shown in
Fig. 12.4.1. This means that the integer m which determines the homotopy
class of the curve It = W} NSy in the cross-section Sy : {x = —d~} is
equal to zero. In other words, the essential map of Sec. 12.2 in this case has

(b)

Fig. 12.4.1. (a) Illustrates the mechanism of a blue-sky catastrophe. The unstable manifold
W returns to the saddle-node from the node region so that the circles of its intersection
with the cross-section S tighten with each subsequent iterate. (b) The return map along
WH.

L
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the form
p=w+ fo(p) modl, (12.4.1)

where fj is a 1-periodic smooth function.

Theorem 12.9. Consider a one-parameter family of dynamical systems which
has a saddle-node periodic orbit L at p = 0 such that all orbits in the global
unstable set W tend to L ast — 400, but do not lie in W3i*. Let the essential
map satisfy m = 0 and |f{(©)| < 1 for all ¢. Then, after disappearance of the
saddle-node for p > 0, the system has a stable periodic orbit L,, (non-homotopic
to L in U) which is the only attractor for all trajectories in U.

Proof. By Theorem 12.4, the Poincaré map T of a cross-section Sy : {z = d ™}
is close (in smooth topology) to the following map

(1) + folp) mod 1 (1242)

for small ¢ > 0. By assumption, |fj(¢)] < 1. Hence, the map (12.4.2) is a
contraction, and has a unique attractor for any w; namely, it has a unique stable
fixed point. The same result clearly holds for all close maps; in particular, for
the map T for small ;> 0. Since the map T is defined by the orbits of the
flow, the fixed point corresponds to an attracting periodic orbit L,. End of
the proof.

Since the return time from/to the cross-section S; (i.e. the period of L)
grows proportionally to ~ w(u), it must tend to infinity as p — 4o (see
Sec. 12.2; if L is a simple saddle-node, then the period grows as ~ 7/+/ulz).
Since the vector field vanishes nowhere in U, it follows that the length of L,
must tend to infinity also. Since L, does not bifurcate when u > 0, we have
an example of the blue sky catastrophe [152].

If the saddle-node L is simple, then all neighboring systems having a saddle-
node periodic orbit close to L constitute a codimension-one bifurcational sur-
face. By construction (Sec. 12.2), the function fy depends continuously on the
system on this bifurcational surface. Thus, if the conditions of Theorem 12.9
are satisfied by a certain system with a simple saddle-node, they are also sat-
isfied by all nearby systems on the bifurcational surface. This implies that
Theorem 12.9 is valid for any one-parameter family which intersects the sur-
face transversely. In other words, our blue sky catastrophe occurs generically
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in one-parameter families. The corresponding bifurcation surface is a new sta-
bility boundary for periodic orbits (the orbit L, here), which has no analogues
in two-dimensional systems.

Note that the specific topological structure of W} is not yet sufficient for
realizing a blue sky catastrophe: there exists also a quantitative condition
in Theorem 12.9 which is needed to ensure contraction. If this condition is
violated, i.e. if |f}(¢)| > 1 at some ¢, then infinitely many bifurcations occur
in the region p > 0, just like the cases considered in the preceding sections.
Indeed, consider the lift of the map (12.4.1) onto R1:

p=w+ folp). (12.4.3)

The fixed points of this map correspond to the fixed points of the essential
map (12.4.1). Since fy is periodic, it is bounded. Thus, (12.4.3) always has
at least one fixed point and the corresponding value of ¢ becomes arbitrarily
large as w grows. In the region where fj(¢) < 1, the coordinate of the fixed
point is a monotonically increasing function of w, but it is a decreasing one
in the region fl(¢) > 1. Thus, if |fj(¢)| > 1 at certain intervals of ¢, then
we inevitably have the sequence of values of w for which either a stable and
an unstable fixed points coalesce into a saddle-node, or a stable fixed point
undergoes a period doubling, changing its stability. Since w — oo corresponds
to u — 40 and the Poincaré map T approaches the essential map arbitrarily
closely (Theorem 12.4), it follows that the fixed points of map 7' must undergo
the same bifurcations infinitely many times as pu — +0.

Moreover, it follows from Theorems 12.5 and 12.6 that chaotic behavior may
also be possible if the condition |f}(¢)| < 1 of Theorem 12.9 is not met. In
particular, the big lobe condition (Sec. 12.2) is here equivalent to the existence
of a leaf of the strong-stable foliation which intersects at least two connected
components of the intersection of W} with the local cross-section S : {¢ =
constant} (see Fig. 12.4.2). In terms of the essential map this condition is
written as

max fo > min fo + 1, (12.4.4)

i.e. this inequality will guarantee chaos at all small p > 0.

To make it clear that the configuration of W} shown in Fig. 12.4.1(a) is
indeed possible for the flows in R™ with n > 3, let us consider the following
geometrical construction. Let a two-parameter family of three-dimensional
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Fig. 12.4.2. The option of chaotic behavior resulted from the disappearance of a saddle-node
fixed point of the corresponding Poincaré map, assuming the contraction condition is not
satisfied but the big lobe condition holds: each leaf of the foliation F*%° must intersect at
least two of the connected components of W* N S.

vector fields have, for some parameter values, a saddle-node periodic orbit L
and a saddle-node equilibrium state O. Suppose that all orbits of W} tend
to O as t — 400 and that the one-dimensional separatrix of O goes to L, as
shown in Fig. 12.4.3. If one of the parameters of the system is introduced in a
way such that O disappears but L does not when it is slightly tuned, then the
set W} will have the desired configuration.

By following this recipe, a family of three-dimensional systems with ana-
lytically defined right-hand side has been explicitly designed which realizes the
blue sky catastrophe [53]. This family is as follows

=22+ p-B@®+y*)+22+y’ +2y =P,
j=—2"-(1+y) P+’ +2) -4+ =Q, (12.4.5)
i=014y)2*+22—c =R,

where p, € and B are some parameters. At u = ¢ = 0 it has a closed in-
tegral curve (r = 0, 22 + y? + 2y = 0). There are two equilibrium states
on it (see Fig. 12.4.5(a)). The first one O’(0,—2,0) is a simple saddle-node
with one zero \; = 0 and two negative characteristic exponents found from
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Fig. 12.4.3. A phemenological scenario of development of the blue sky catastrophe: when
the saddle-node equilibrium O disappears, the unstable manifold of the saddle-node periodic
orbit L has the desired configuration, as the one shown in Fig.12.4.1(a).

the equation A2 + 4B\ + 8B — 12 = 0. The second equilibrium state O(0, 0, 0)
also has one zero exponent A\; = 0, but along with a pair of purely imaginary
characteristic exponents A1 2 = £2i. The point O’ is of codimension one (a
simple saddle-node), whereas the point O is of codimension three because the
two-dimensional divergence o(z) = P, + Q) = —z*> +--- at O starts with a
quadratic term in z. This means that a double (semi-stable) cycle may emerge
from O in the (z,y)-plane [51].

The bifurcation diagram is presented in Fig. 12.4.4. When € > 0, the
saddle-node O’ disappears, while the equilibrium state O is decomposed into
two ones O; and O (region b in Fig. 12.4.4.), where 2o, , = FV2e+---. In
this region the point O; is stable and Os is a saddle-focus of type (2,1) whose
one-dimensional separatrices tend to O; as t — +oo (Fig. 12.4.5(b)). As p
increases, the point Op loses its stability through a super-critical Andronov—
Hopf bifurcation on the curve AH; in Fig. 12.4.4 and becomes a saddle-
focus (1,2), and the unstable separatrices of the saddle-focus Os tend now
to the new-born stable periodic orbit as shown in Fig. 12.4.5(c). The equilib-
rium state Oo bifurcates on the curve AH,. It also undergoes a supercritical
Andronov—Hopf bifurcation, so that it becomes totally repelling. The un-
stable manifold of the saddle periodic orbit Lo, continues to tend to L; as
t — 400, as sketched in Fig. 12.4.5(d). On the bifurcation curve labeled SN
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Fig. 12.4.4. The (u,¢)-bifurcation diagram of system (12.4.5).

both cycles coalesce thereby composing a saddle-node cycle L* whose unstable
manifold is biasymptotic to L*, as shown in Fig. 12.4.5(e). To the right of the
curve SN, the cycle L* disappears and in accordance with Theorem 12.9, the
global stability is inherited by a new, large amplitude, stable periodic orbit
Lys which is not homotopic to either L or Ls.

Another kind of examples where our blue sky catastrophe may appear
naturally is given by singularly perturbed systems, i.e. the systems of the
form

T =g(r,y,¢), (12.46)

Ey. = h’(x7 y7 E)’

where ¢ is a small parameter. This system may be regularized by rescaling the
time t = e7. In the new time 7, (12.4.6) becomes

' =eg(x,y,¢€),
(12.4.7)

y' = h(z,y,¢),
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(e) ()

Fig. 12.4.5. Route to the blue sky catastrophe in (12.4.5) as p,e vary from (a) to (f) in
Fig. 12.4.4.
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where the prime denotes differentiating with respect to 7. Taking the limit

€ = 0 here, we obtain
=0,

y' = h(z,y,0).

The second equation here is called the fast system. For simplicity, we assume

(12.4.8)

that 2 € R!. The variable x may be considered as a parameter which governs
the motion of the fast y-variable.

Starting with any (z,y), a trajectory of system (12.4.8) converges typically
to an attractor of the fast system corresponding to the chosen value of z.
This attractor may be a stable equilibrium, or a stable periodic orbit, or of a
less trivial structure — we do not explore this last possibility here. When an
equilibrium state or a periodic orbit of the fast system is structurally stable, it
depends smoothly on . Thus, we obtain smooth attractive invariant manifolds
of system (12.4.8): equilibrium states of the fast system form curves M, and
the periodic orbits form two-dimensional cylinders M., as shown in Fig. 12.4.6.
Locally, near each structurally stable fast equilibrium point, or periodic orbit,
such a manifold is a center manifold with respect to system (12.4.8). Since the
center manifold exists in any nearby system (see Chap. 5), it follows that the
smooth attractive invariant manifolds Mcq(e) and My, (e) exist for all small e
in the system (12.4.7) [48].

=]

X=const

Fig. 12.4.6. Structurally stable equilibria and structurally stable limit cycles of the fast
system compose invariant manifolds as x varies: respectively, curve M¢q and two-dimensional
cylinder Mpo.
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Thus, a trajectory of the system (12.4.7) for small € behaves in the following
way: during some finite time it comes to a small neighborhood of one of the
invariant manifolds Meq or My, so that its z-coordinate is nearly fixed. Then,
it drifts along the invariant manifold so that it corresponds to a slow change
of z. As for the initial system (12.4.6) one observes a jump of the y-variables
to the invariant manifold followed by a finite speed motion in the x-variable.
In addition, if this is a manifold of a fast periodic orbit, then we have a fast
circular motion of the y-variables on the manifold, as depicted in Fig. 12.4.7.

The equilibrium states of the fast system are found from the condition
h(z,y,0) = 0, which gives the equation of Meq. If y = yeq(x) is a stable
branch of Mcq, then the evolution of x along it is, to first order in ¢, given by
the equation

& = g(x, Yeq(),0) . (12.4.9)
This is a one-dimensional system which may have stable and unstable equilib-
rium states corresponding to stable and saddle equilibrium states of the entire
system (12.4.6) or (12.4.7). The evolution along M is either limited to one
of the stable points, or it reaches a small neighborhood of the critical values of
z. Recall, that we consider x as a governing parameter for the fast system and
critical values of x are those ones which correspond to bifurcations of the fast
system. In particular, at some z* two equilibrium states (stable and saddle)
of the fast system may coalesce into a saddle-node. This corresponds to a
maximum (or a minimum) of z on Mg, so the value of z cannot further

1vlpo(g)

YRR

1

0

Fig. 12.4.7. The fast circular motion along an invariant cylinder Mp, () defines the Poincaré
map on the intersection line lpo(¢) with a cross-section.
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increase (respectively decrease) along the stable branch of M, when it reaches
a small neighborhood of x*. Instead, the orbit jumps to a new attractor, which
is the w-limit set of the separatrix of the saddle-node for the fast system at
x = z*, as shown in Fig. 12.4.8.

To find the evolution of x along the cylinder M, we must find the equation
Y = Ypo(T; ) of the corresponding fast periodic orbits, then substitute y =
Ypo(te; ) into the right-hand side of the first equation of (12.4.6) and average
it over one period. The result of the averaging gives a first order approximation
for the z-motion along a stable branch of Mp,; namely:

T(z)
&= z) = ﬁ/o 9(@ Yoo (T3 2)) dr | (12.4.10)

where T'(x) is the period of the fast periodic orbit corresponding to the given
value z. By chopping the cylinder by a cross-section transverse to the fast
motion, one finds a Poincaré map on the intersection line lp,(e), as shown in
Fig. 12.4.7, whose first approximation is given by

T=x+ep(x)T(x). (12.4.11)

This is a one-dimensional map which may have stable and unstable fixed points
(at the zeros of ¢(x)). They correspond to stable and saddle periodic orbits
of the system (12.4.6). The evolution along le, either converges to one of the

/7 X>X"
: ¥4 _ e

Fig. 12.4.8. A moment of the disruption occurs when an evolving stable node merges with

x=x"

a saddle and disappears. The representative point jumps onto a stable cylinder.
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stable fixed points, or it reaches a small neighborhood of a critical value of
x. In particular, if at some z*, the stable fast periodic orbit coalesces with a
saddle periodic orbit at a saddle-node, then the orbit must jump to an w-limit
set of the unstable manifold of the saddle-node for the fast system at x = z*.

Let us now suppose that a singularly perturbed system has a curve My, of
stable equilibria of the fast system along which the z-variable decreases until it
reaches a critical value ]. At x = z7, the trajectories jump to a cylinder My,
of stable periodic orbits of the fast system. Assume that x increases along Mp,
and that x = 3 is the critical value on M, where the orbits jump to M.y, as
depicted in Fig. 12.4.9 (note that y must be at least three-dimensional to make
this particular picture possible). Let the Poincaré map on the curve I, (e) have
a saddle-node fixed point. This corresponds to a saddle-node periodic orbit L
on the cylinder My, (¢). The unstable manifold of this periodic orbit coincides
with the M, (e) above L. After the jump at « = x4, the manifold W} shrinks
to an extremely thin tube which goes along the curve My, until it makes a
new jump at x = z7, after which it returns to L from below, winding around
M. This gives exactly the configuration of W' required by Theorem 12.9;
moreover, it can be computed that the contraction condition required by the
theorem also holds here. Thus, the blue sky catastrophe occurs in the singularly
perturbed system under consideration.

Fig. 12.4.9. Mechanism of a blue sky catastrophe in fast—slow systems.
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In fact, the triggering from one stable branch to another is the most typical
phenomenon in singularly perturbed systems, so one may encounter for our
blue sky catastrophe every time when jumps between the branches of fast
periodic orbits and fast equilibrium states are observed.

To conclude we remark that the mechanism suggested above may be helpful
for a qualitative explanation of the frequently observed transitions from low-
amplitude (spiking) oscillations to large bursting ones in models of neuronal
activity, or to flow surges in jet engines.

12.5. On embedding into the flow

This section addresses the question on the local behavior of the flow near a
saddle-node periodic orbit. Since the dynamics in the directions transverse
to the center manifold is trivial (it is a strong contraction), we restrict our
consideration to the system on the center manifold:

&=Gx,o,p),  o=1, (12.5.1)

where z € R!, ¢ € S', and G is a smooth function, 1-periodic in ¢, such that
G(0,¢,0) = 0. We assume that L : {x = 0} is a saddle-node periodic orbit at
=0, which disappears for p > 0.

The main result which we establish here is that the evolution of the x-
variable in this system at p > 0 is well described by an autonomous equation
(i.e. independent on the angular variable ). An immediate advantage of this
is that such equations are easily integrated (since x is one-dimensional) which
allows for obtaining long-time asymptotics for the local dynamics near a saddle-
node.

Let G be sufficiently smooth with respect to (z,p,u). It follows from
Theorem 3.23 (see Sec. 3.14) that we may always assume that some sufficiently
long finite segment of the Taylor expansion of G in powers of z and u is
independent of .

We assume also that L is a simple saddle-node. Thus, the function G can
be represented in the form

Gz, o, 1) = p+ 2> + O(z” + p) (12.5.2)

for 4 > 0. As mentioned, the order of ¢-dependent terms in G can be made
arbitrarily high. It follows that we may take an arbitrarily large k such that
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under an appropriate choice of the variable x, we will have

1 0G

We can also add

2 3
oy L PG _ 1 PG

I — % ... 12.5.4
m 0.2 , lim g 053 ) (12.5.4)

for an arbitrary fixed number of derivatives.

Lemma 12.3. For p > 0, there exists a smooth transformation of the angu-
lar variable ¢ — ® and a rescaling of time which reduce the system to the
autonomous form

i =gz, p), d=1. (12.5.5)

As we mentioned, the importance of this result is that the flight time from
any cross-section x = constant to any other cross-section of this form is inde-
pendent on the initial point on this cross-section. Thus, when the system is
brought to the form (12.5.5), Lemma 12.2 is valid which, in turn, implies the
reduction principle of Theorem 12.4.

Note that when the system is in the form (12.5.5), the local Poincaré map
on the cross-section ® = 0 coincides with the time 1 shift by the autonomous
flow given by & = g(x, ). In such cases, it is said that the map is embedded into
the flow. Strictly speaking, we did not prove yet that the local Poincaré map of
the original system (12.5.1) is embedded into the flow: original Poincaré map is
defined on a different cross-section ¢ = 0. However, the change of cross-section
is equivalent to a change of variables on the cross-section (see Sec. 3.1), but
the fact that a map can be embedded into a flow is valid independently on the
choice of coordinates.

Let us now prove the lemma. Let 7(z; g, @o, ) be the time at which the
orbit of (12.5.1) starting with (z = ¢, = o) attains the given value of x.
Since & > 0 for > 0, and since & # 0 at u = 0, it follows that the function 7
is well-defined and smooth for g > 0 at all small x and z(, as well as at u =0
for z¢ and = of the same sign. Denote

u

o7
o '



12.5.  On embedding into the flow 683

Let us show that as u — 40, the function u has a finite limit, in smooth
topology, uniformly for all po and for all small zo and x such that zo # 0 and
x - x> 0°.

Indeed, integrating the system (12.5.1) gives:

¢ = o + 7(x; 30, 00, 1) , (12.5.6)

* ds
T(x;T0, o, 1) = . 12.5.7
(@50, %0, 4) /:co G (s, po + 7(5; 20, Yo, 1), 1) ( )

Differentiating (12.5.7) with respect to ¢g, we find that
1 090G

u(z) = — 90 [1+u(s)lds (12.5.8)

20 P l(s.p0+7(s)m)

(we do not indicate the dependence of 7 on (xg, o, p) for the sake of brevity).
By (12.5.3), we have

Gy

@HO as u— 40, z —0, (12.5.9)
so the integral operator on the right-hand side of (12.5.8) is contracting. Thus,
by the Banach contraction mapping principle, the function u can be found by
the successive approximation method as a unique continuous solution of the
integral Eq. (12.5.8).

By the contraction mapping principle, the solution u(z; zo, ©o, 1) depends
continuously on (zg, o, 1) when the integral operator on the right-hand side of
(12.5.8) depends on these data continuously. Note that the function 7 entering
expression (12.5.8) has a finite limit at gy = 0 only if x - g > 0. Nevertheless,
by virtue of (12.5.9), the integral in (12.5.8) has a finite limit at x = 0. Thus,
the function u(z; g, o, 1) has a finite limit at g = 0 uniformly in the region
{z-29 >0, 29 #0}.

Using estimates (12.5.4), we can repeat these arguments for any given num-
ber of derivatives of u with respect to g, xo and p (this number can be made
arbitrarily large by increasing the value of k in the estimates). This completes
the proof of the claim.

51t is important here that we have the convergence at x = 0, despite the function 7 tends
to infinity as p — +0, =z — 0.
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Now, since the right-hand side of Eq. (12.5.8) for the function u is small for
small z, zg and p, it follows that the function u is small itself. Moreover, ob-
serve that it tends to zero uniformly as x —xy — 0. The same conclusion holds
for the derivatives of u (because they are found from the integral equations of
the same type). Now we see that the function u(0;zg, @, p) is well defined
and smooth for all 4 > 0 (a priori, it might happen here that, as y — +0,
the function u, or some of its derivatives, had different limits at xy = 40 and
xg = —0, but all these limits are zero as we just have shown).

Let us now introduce a new angular variable

%)
P = <p—|—/0 u(0;x, p, p)do . (12.5.10)

This is a correct transformation of variables because u is small. Moreover, u
is a derivative of a 1-periodic function (u = (%()) — hence the integral in the
right-hand side defines a 1-periodic function indeed.

Let, in the old variables, an orbit which starts with (xg, g ), reach a point
(21, 1) at the moment of time 7(z1; zo, o, ). By differentiating the obvious
identity

7(x1; %0, o, ) = T(0; 0, o, ) — 7(0; 21, @1, 1)

(the flight time from xg to x is equal to the flight time from z( to 0 plus the
flight time from 0 to z1), we obtain

o0 L4u(0;21,01,1)

% 1+U(O;x07§00>ﬂ)

Comparing this formula with (12.5.10), we see that in the new variables
U, (12.5.11)

Let us rescale the time variable so that ® = 1. Now, the difference between
®; and Py is the flight time from & = xg to x = x;. By (12.5.11), this time
is independent of the initial value ®y but depends only on (zg,z1,u). This
means that j—g is now independent of ®, which gives the lemma.

As we mentioned, Lemma 12.3 may be reformulated as a possibility to
embed a sufficiently smooth one-dimensional map near a simple saddle-node
fixed point into a smooth one-dimensional flow for ¢ > 0. An analogous
result was proved in [74] in connection with the problem on the appearance of
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separatrix connections between saddles at the disappearance of a semi-stable
cycle on the plane (see Sec. 8.1) and in [45] in connection with the problem of
appearance of strange attractors at the disappearance of a saddle-node periodic
orbit on a non-smooth torus. The embedding into a flow at = 0 is due to
Takens (see [97]). Our proof is based on the method from [152, 139]. In
[140], the existence of smooth embedding into the flow at © = 0 was shown
without the high-smoothness assumption and without the assumption that the
saddle-node is simple.

While defining the essential map in Sec. 12.2, we used the following property
of rigidity of the embedding into the flow:

Lemma 12.4. Let the C"-smooth (r > 2) map
T=x+g(x) (12.5.12)

have a saddle-node at x = 0, i.e. g(0) =0, ¢’(0) =0, and g(x) > 0 for x # 0.
Let this map coincide with the time-1 map of the smooth flow

T=x+g(x) (12.5.13)
Then the function g is defined uniquely by g.

Proof. Map (12.5.12) coincides with the time-1 map of flow (12.5.13) if and

only if )
/ s . (12.5.14)
+ 9(s)

Since x = 0 must be the fixed point of the time shift of (12.5.13) with the

multiplier equal to 1, it follows that § must vanish at zero along with §'.
Taking then the limit  — 0 in (12.5.14) gives

g(z) _
lim 5y = ! (12.5.15)

(for a proof, note that

/mﬁ _ T—ux N g(z)
e 9(s) g(x)+ 39 (@)@ —2) +o(@—x) §@)’

here we use smoothness of § at zero).
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Differentiating (12.5.14), we obtain

1+¢ 1
9@ 1 (12.5.16)
g(x)  g(x)
Therefore, if there exist two functions g; and g, which provide the embedding
of the map (12.5.12) into the flow, then (12.5.16) implies
901(z) _ 5i(z)

g2(z)  go(x)”
In other words, the ratio g1 /gs is invariant with respect to map (12.5.12). Since

any orbit of (12.5.1) tends to zero either at forward or at backward iterations,
we obtain that

By virtue of (12.5.15) we have that g1 =
Lemma 12.4.

5 which completes the proof of

N}



Chapter 13

BIFURCATIONS OF HOMOCLINIC LOOPS
OF SADDLE EQUILIBRIUM STATES

The problem of the birth of a limit cycle from a separatrix loop to a saddle
had already been solved in the two-dimensional case by Andronov and Leon-
tovich at the end of the thirties, even though the corresponding publications
appeared years later. Their investigation on this subject embraced both the
generic case and the case of an arbitrarily high degeneracy. In the latter case,
their theory was related to the work of Dulac concerning the stability of the
separatrix loop. We present these results in the first three sections of this
chapter. Our proof of the main theorem differs from the classical treatment in
[12]. Namely, we explicitly reduce the problem to a study of the Poincaré map
near the loop. Such an approach allows one to extend the result naturally to
the multi-dimensional case. Moreover, by applying the center manifold the-
orem near a homoclinic loop (Chap. 6), one may, in some cases, reduce the
multi-dimensional problem directly to a two-dimensional problem.

We should, however, stress that such a reduction to the two-dimensional
case is not always possible. In particular, it cannot be performed when the
equilibrium state is a saddle-focus. Moreover, under certain conditions, we
run into an important new phenomenon when infinitely many saddle periodic
orbits coexist in a neighborhood of a homoclinic loop to a saddle-focus. Hence,
the problem of finding the stability boundaries of periodic orbits in multi-
dimensional systems requires a complete and incisive analysis of all cases of
homoclinic loops of codimension one, both with simple and complex dynamics.
This problem was solved by L. Shilnikov in the sixties.

We prove the main theorem on the birth of a stable periodic orbit from
a homoclinic loop to a saddle with the negative saddle value in Sec. 13.4.

687
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We also show in Secs. 13.4 and 13.5 (the latter deals with the case where the
dimension of the unstable manifold of the saddle is greater than one) that in
other cases either a saddle periodic orbit is born from the loop, or a system
exhibits complex dynamics (the case of a saddle-focus).

We study some homoclinic bifurcations of codimension two in Secs. 13.6.
In Sec. 13.7, we review the results on the bifurcations of a homoclinic-8, and
on the simplest heteroclinic cycles.

13.1. Stability of a separatrix loop on the plane

Suppose that a smooth two-dimensional system
= X(z),

has a structurally stable equilibrium state O(0,0) of the saddle type. Recall
that in this case the saddle has two one-dimensional local invariant manifolds:
the stable manifold

Wg=0uUTfury,
and the unstable manifold

Wg=0UTy UTy,

where Ffz denote the stable separatrices and I'] 5, denote the unstable separa-
trices of the saddle O.

If I'f and I'] coincide, then I' = '] =T is called a separatriz loop (or a
homoclinic loop). The closure I of the separatrix loop is an invariant closed set
I' = OUT. Our goal of this section is to describe the behavior of trajectories in
a sufficiently small neighborhood of T' (the bifurcations of the separatrix loop
will be analyzed in the following section).

A sufficiently small neighborhood of T is an annulus, partitioned by I' into
two regions which we denote by U and V, as shown in Fig. 13.1.1. Let V'
be the outer region within which there are two small pieces passing through
O which belong to the separatrices I'y and T, . It is clear that all other
trajectories from V must leave V' both as ¢t — —oco and ¢ — 4+o00. Hence, we
can define the stability of I’ from one side only, i.e. from the side of the inner
region U. In this context we say that the separatrix loop is asymptotically
one-side stable if it is the w-limit of all trajectories starting from U.! On the

11t may turn out that I is one-side stable, but not asymptotically. For example, in the
case of Hamiltonian systems the region U may be filled by periodic orbits.
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contrary, the separatrix loop is unstable if it is the a-limit of all trajectories
from U.

A basic method for studying the homoclinic loop is to construct a Poincaré
map 7T via a superposition of two maps: a local map Ty and a global map 7.
To do this let us choose two cross-sections Sy and S; near the saddle, which
are both transverse to I', as shown in Fig. 13.1.2. The map 7} : S; — Sy is

Fig. 13.1.1. A separatrix loop T' is within an annulus consisting of an outer neighborhood V'
and an inner neighborhood U.

So

Fig. 13.1.2. The Poincaré map T is represented as the local map Ty by the orbits of the
system from the cross-section Sp to S7 along with the global map T} from S; to Sp.
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defined as follows: let us take any point on S7; then its image by 77 is the point
of intersection of its trajectory with Sy. Since the flight time from S; to Sy is
bounded, it follows that T} is a diffeomorphism and it is well approximated by
the Taylor expansion near the point of intersection of I' with S;. As for the
map Ty : Sp — S, the situation here is less obvious because the trajectories
come arbitrarily close to the saddle. Therefore, the flight time from Sy to S;
is not bounded from above.

Hence, the first problem in studying homoclinic loops is to obtain
appropriate/suitable estimates for the local map Tp. To do this we will re-
duce the system in a neighborhood of O to a special form (see Appendix A in
Part I of this book).

The problem of stability of a separatrix loop on a plane is easily solved
when the so-called saddle value

gy = div Xlo
is non-zero at the saddle. In this case, we have the following result:

Theorem 13.1. If 0y < 0, the homoclinic loop T is asymptotically one-side
stable. If oo > 0, the homoclinic loop T is unstable.

Here we prove this theorem for the case where the system is C"-smooth
with > 2. In the C'-case the theorem is still true (see the next section).

Let us straighten the local stable and unstable invariant manifolds. Then
the system near O takes the form (see Sec. 2.7)

=+ flx,y)z, 9= (+gv)y, (13.1.1)

where A\ < 0 < «, and the C"~!-smooth functions f and g vanish at the origin.
Observe that 09 = A++. Recall, that we can make an additional C"~!-smooth
transformation of coordinates such that the system will retain its form (13.1.1)
and such that the functions f and g will satisfy the following identities (see
Theorem 2.17)

f(z,00=0, f(0,y)=0, (13.1.2)
g9(x,0) =0, g¢(0,y)=0. (13.1.3)

It is known (see, for example, [27]) that a C"-system (r > 2) near a saddle
on the plane can be reduced to the linear form by a C!-transformation, and
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finding the map Tp in that case would be very easy. However, the form (13.1.1)—
(13.1.3) suffices for our purposes because there is no essential loss of smoothness
in this case. Moreover, the method we will develop can be generalized directly
to the multi-dimensional case.

Let us rescale the time dt — (v + g(z,y))~'dt. The system then assumes
the form

T = (_V + f(m,y))x, y=y (13'1'4)

with some new function f which still satisfies (13.1.2). Here, the ratio v = |\/7|
is called the saddle index. Note that v > 1 corresponds to a negative saddle
value 0¢, and v < 1 corresponds to oy > 0, respectively.

Let us choose a small d > 0 and let x = d be the cross-section Sy and y = d
be the cross-section S; (we assume that the separatrices I'f and I'; adjoin the
saddle point O from the side of positive x and y, respectively). If the system
were locally linear (i.e., if f were identically zero in (13.1.4)), the solution with
the initial point (d,yo) on Sy would be

r=e"d, y=yoe.
The flight time 7 from Sy to S; can be found from the condition
d=yee’ .

Hence,

T:—ln@

d

(it is evident that the trajectory starting from yo < 0 never reaches S7). Thus,
in the linear case, the point (z1,d) of the intersection of the trajectory with
the cross-section S7 is found as

v =e td=yyd".

In the general case, where f is non-zero, this formula for the local map Ty does
not change significantly.

Lemma 13.1. If the function f satisfies identity (13.1.2), then the local map
for the system (13.1.4) assumes the form

x1 = yyd ™" +olyh). (13.1.5)
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Proof. One may show that a solution of (13.1.4) which starts from Sy at t =0
and hits S; at ¢t = 7 satisfies

y(t) = e 7d,

t 13.1.6
z(t) :efvtd+/0 e V) f(2(s), y(s)) z(s)ds. ( )

Here, y(0) = yo is the coordinate of the initial point on Sy and z(7) = x; is
the coordinate of the point of intersection of the trajectory with S;.

As shown in Sec. 2.8, the integral equation (13.1.6) is solved by the method
of successive approximations, i.e. the solution z(t) is the limit of a sequence
Zn(t) defined inductively by

t
Ty (t) = et + / e V=) f (2, (), e T d)zn (s)ds (13.1.7)
0

where we take z1(t) = e "'d as the first approximation. It is easy to see that
all further approximations satisfy

|z, ()] < 2de™* (13.1.8)
for t € [0, 7]. Indeed, by induction, it is enough to show that

/ () Tl < L
0 2

provided (13.1.8) is satisfied. Since f is a smooth function vanishing at y = 0,
it follows that | f(z,y)| < Cly| for some constant C. Thus, the above integral
can be estimated by

t
C’deiT/ e’ds < Cd.
0

Obviously, this integral is less than % provided d is sufficiently small. This
proves the inequality (13.1.8). Taking the limit n — +o00, we have found that
the solution x(t) of the system satisfies the same estimate, i.e.

x(t) < 2de ™", (13.1.9)
By assumption [see (13.1.2)], the function f vanishes at y = 0. Therefore,

|f (2, 9)] < |y|max|fy],
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where the maximum is taken over |y| < d and for a fixed value of z. Since f
vanishes at x = 0 as well, we have fZ',(O,y) = 0. Hence, the inequality above
gives us the following estimate

Thus, in (13.1.6), we have

|f(x(s),y(s))] < e Tole”).

Hence, taking into account (13.1.9), we obtain

| e, st < e ole).

At t = 7, we have from (13.1.6) that
r1=a(t)=e ""d+o(e”"7). (13.1.10)
The flight time 7 is found from the first equation of (13.1.6) at ¢ = 0:
y=e¢e 'd.

Substituting this expression into (13.1.10) we obtain Lemma 13.1.

Remark. By rescaling variables x9 — xod and y; — y1d one can always
assume (and we will henceforth do so) that d = 1 in (13.1.5). Note also that
one can differentiate the formula (13.1.5): the sth (s =1,...,r — 1) derivative
of the o(y§)-term in (13.1.5) can be casily estimated as o(yy~ *). We skip the
proof of this estimate for the derivatives because it goes absolutely along the
same lines as the proof of an analogous statement (Lemma 3.6) presented in
Appendix B in Part I of this book. A close statement will be also proven in
Sec. 13.8 [see (13.8.30)—(13.8.33)]. By applying these estimates to our situation
we find that if the system is C"-smooth with r > 3, then after a reduction to
the form (13.1.1)—(13.1.3), the local map can be written in the form

21 = 3 + olyf) (13.1.11)

for any o such that v < 7 < v+min(1,v). Moreover, the sth (s =1,...,7—2)
derivative of the o(y§) term is estimated by o(yg~*).
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Let us now consider the global map Ty : S7 — Sy defined by the orbits
close to the piece of I' that lies outside of a small neighborhood of O. Recall
that this global map is a diffeomorphism. The fact that there is a homoclinic
loop to the saddle O means that the point 1 = 0 on S; is mapped by T} into
yo = 0 on Sy. Thus, the map T} can be written in the form

Jo = Az + h(x1),

where A # 0, and h(z) tends to zero along with its first derivative. Observe

that since the problem under consideration is planar, we have A > 0 (the case

A < 0 is possible for systems on a non-orientable two-dimensional surface).
Finally, we arrive at the following formula for the map T = T3 o Tj:

Yo = Ayg +o(yg) - (13.1.12)

It is immediately seen from the above formula that 7y < yo for any suffi-
ciently small positive yg, provided v > 1 (or, provided that v = 1 and A < 1).
Therefore, in this case, the iterations of any point by the map T converge to
the fixed point yg = 0. The latter is the point of intersection of the separa-
trix loop I with Sy. It follows that any trajectory starting from the side of
a positive yy must converge to the loop I' as t — 4o00. This means that the
separatrix loop is asymptotically one-side stable if o9 < 0, or if g = 0 and
A <1,

Ifv <1 (ie. opg>0),orifv=1(ie. o9 =0), but A > 1, we have yy < %o
in (13.1.12). Therefore, the backward iterations of any point by the map T
converge to the fixed point yg = 0 in this case. This means that the homoclinic
loop is one-side unstable here. This completes the proof.

Observe also that we have meanwhile proven the following result.

Theorem 13.2. Let oy = 0. Then, the separatriz loop is stable if A < 1, and
unstable if A > 1.

Remark. As noted above, Theorem 13.1 holds even for C!'-smooth systems.
However, Theorem 13.2 does not hold in the C!-case. To show this let us
consider the following counterexample. Assume that a system near the saddle
is represented in the following form

1
R S T
S y{+|1ny|+1}’
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where |z| < 1 and |y| < 1. Its solution, starting from the cross-section Sy :
{z = 1} with a positive yg, is given by

z=e", y(llny|+2)=eyo(|lnyol +2).

Hence, the local map T from Sy to Sy : {y = 1} is given by

1
T = §y0(| Inyol +2) .

Assume also the global map T3 is linear, i.e. §g = Ax;. Then, the Poincaré
map T = Tj o Ty near the loop is given by

1
Jo = §Ay0(| Inyo| +2) .

Obviously, since gy > yo for all small yg, it follows that the homoclinic loop
is unstable here, no matter what the value of A is.

The above counterexample shows that Theorem 13.2 is valid only if the
system is C"-smooth with » > 2. Note that in this case the integral

“+oo
s1 = / div X (p(t))dt
— 00

is convergent [where (x,y) = ¢(t) is a parametric equation of the separatrix
loop T'; recall that op = 0 implies div X (¢(t)) — 0 as t — +oo]. The real
number s is called the first separatriz value. It is obvious that it is invariant
with respect to smooth coordinate transformations.

One can show that when o9 = 0, the derivative A of the global map T; :
S1 — Sy at the point 21 = 0 can be found? as follows:

_ s
A=e"',

provided that W* and W* are locally straightened [i.e. the system is in the
form (13.1.1)] and the identities (13.1.2) and (13.1.3) hold. Therefore, the
value A is also an invariant in this case.

Let us now elaborate on the case where oy = 0, and s; = 0. First of all, we
will need to reduce the system (13.1.1) near the saddle to some normal form.

2Independent of the choice of the constant d which defines the position of the cross-
sections Sp and S;.
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Observe that since og = A + 7 = 0, there emerge the following resonances

A= (m+ DA+ my,
v =mA+(m+1)y,

where m is any positive integer. These resonances are the same ones we met
in the case of a weak focus. In order to analyze this situation, we need to
introduce a more refined form of the system which is called a canonical normal
form.

Lemma 13.2. A C"~ "tV _transformation, where (r > 2n + 2), reduces a
C"-smooth system near a resonant saddle with oy = 0 to the following form:

i=-z(l—owy— - —ou(zy)" — (zy)"f(2,9)),

. (13.1.13)
y=1v,
where the C™= "+ _smooth function f vanishes identically at both x = 0 and

y =0 (see (13.1.2)).

The above coefficients oy, . . . , o, are called saddle values. Although they are
not all invariant with respect to smooth coordinate transformations, however
the number of the first non-zero saddle value is defined by the system uniquely
(because it is the coeflicient of the first non-zero resonant term), and is therefore
invariant.

The above canonical normal form was first constructed by Dulac [47] in the
analytic case. The smooth case was considered by E.A. Leontovich [85]. Below
we briefly review the proof by Leontovich.

Note that we have already included the result of Lemma 13.2 for n = 0
[see (13.1.4)] as part of a more general statement (Theorem 2.17). Thus, we
can proceed further by induction. Namely, let us assume that the system has
already been reduced to the form (13.1.13) for some n = k. Then, if r > 2k+4,
the C™~(k+1)_smooth function f is, at least, C3-smooth, and, since f vanishes
at both x = 0 and y = 0, it can be written in the form

f(z,y) = zyF(z,y),

where F is a C"~(2k+3)_smooth function. Denote

F(z,y) = oks1 + 61(2) + d2(y) + f(2,y)
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where ¢1 and ¢, vanish at = 0 or y = 0, respectively, and f vanishes at both
x =0 and y = 0. By construction, since

or1 = F(0,0) = f;,(0,0),
djl(x) = F(Z‘,O) _F(Ov0)7
¢2(y) = F(O7y) - F(O’()):

it follows that the functions ¢, 2 and f possess the same smoothness as that
of F.
Thus, the system can be rewritten as

k+1
i=—x (1 - Zm‘(wy)i’ - (wy)“lf(w,y)) +2(zy) T (1 () + d2(y)) |

y=y.
Now note that the transformation

new = 2(1+ a(z)(zy) T = By) (xy)**)

brings the system to the form (13.1.13) for n =k + 1 if

a(x):/o ¢1(m8)%, ﬂ(y)z/O qﬁz(yS)%. (13.1.14)

Since ¢1,2 are smooth functions vanishing at zero, the above integrals are
well-defined. Moreover, a and 3 have the same smoothness as ¢; o; i.e. the
coordinate transformation is C"~(2"+1)_smooth as required. Continuing further
by induction, we obtain the result of the lemma.

Observe that Leontovich’s result is much broader. Namely, while deriv-
ing estimates for the solution of the system in the canonical form, she had
shown that after an additional smooth change of coordinates a system of the
form (13.1.13) becomes integrable. Explicitly, it was shown in [22] that in the
C*°-smooth case with ¢y = -+ = 0,1 = 0 and o0, # 0, the system near a
saddle can be reduced by a C*°-transformation to the following integrable form

T = —37(1 - Un(xy)n - 02n(zy)2n) )
y=y.

It also follows that when all saddle values vanish (i.e. in the infinitely degen-
erate case) the system is locally reduced to the linear form.
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Let us now proceed further and evaluate the local map Ty : So — S for
the system in the canonical form (13.1.13). Let o,, be the first non-zero saddle
value in (13.1.13), i.e. the system assumes the form

i =—z(1—on(zy)” — (zy)" f(z,9)),

. (13.1.15)
y=y.

As before, we assume that the homoclinic loop I' adjoins the saddle from the
side of positive z and y. Note that this assumption fixes the direction of the
z and y axes and, therefore, it holds the sign of the nth saddle value o, fixed.
Let us choose a small d > 0 and define the cross-sections Sy and S; by {z = d}
and {y = d}, respectively.

The solution of (13.1.15) which starts from Sy at ¢ = 0 and reaches S; at
t = 7 satisfies

y(t) = e 7d,

t 13.1.16
() = e'd+ /06_“_5)@"(8> (@(s)y(s)™(on + f(x(s),y(5)))ds. ( :

This integral equation can be solved by the successive approximation method
(see Sec. 2.8). Let us choose
z(t) =e'd

as our first approximation. Substituting this expression into the right-hand
side of the integral equation, we obtain the second approximation

x(t) = e td+d*"o,te e + e tole™T)

(here we must make use of the observation that since f is smooth and vanishes
at both z = 0 and y = 0, it satisfies the sublinear estimate |f| < |y|o(1)z—o0;
see the proof of Lemma 13.1).

It is easy to see that all further approximations will have the same form,
and so does the solution z(t). Hence, we obtain

y(0)=e7d, x(r)=eTd+d*"o,Te” TV 4 o(em(nHIT)

Thus, denoting by yo(= y(0)/d), the coordinate of the initial point on Sy and
by z1(= x(7)/d), the coordinate of the point of intersection of the trajectory
with 51, we obtain the following formula for the local map Ty:

z1 = yo + d"oyg T Inyo| + o(yg ™)
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A Taylor expansion for the global map T : S; — Sy near the separatrix loop
I" can be written in the form

ﬂ0=$1+82x%++8mx§n+

(recall that we have assumed the first saddle value s; = 0, which is equivalent
to A = jTy? =1). Let s =+ = 5,1 = 0 and s,, # 0 for some m. In this
case the Poincaré map T = T} o Ty assumes the form

Yo = Yo + nyyInyo| + smyg + -, (13.1.17)

where G,, has the same sign as o,; the ellipsis denote terms of order higher
than at least one of the two leading terms. Finally, if m < n in (13.1.17), then
Yo can be represented by:

Yo="yYo+Smyy + - ; (13.1.18)

or by
Yo =vo+onyy | Inyol + - (13.1.19)

if n <m.

It follows that the fixed point yo = 0 is stable if s, < 0 in (13.1.18), or if
Fn < 0in (13.1.19) (the latter condition is equivalent to o, < 0). Vice versa,
the fixed point is unstable if s, or, respectively, o,,, is positive.

Thus, we arrive at the following result. Consider the series

00,81, 01y« 3 Sy Ony Sntly e - (13.1.20)

called a Dulac sequence. Suppose that not all entries in the sequence are
vanishing. Then, the following theorem takes place:

Theorem 13.3. The stability of a separatriz loop is determined by the first
non-zero entry in a Dulac sequence: if the first non-zero entry is negative, then
the loop is stable. Otherwise, if it is positive, then the loop is unstable.

This theorem in the analytic case is due to Dulac. He had also shown that
if the system is analytic and all entries of the sequence (13.1.20) are zero, then
the system is integrable (Hamiltonian), and a small neighborhood U of the
separatrix loop is filled by periodic orbits. These results had enabled Dulac
to show that in the nondegenerate case of polynomial vector fields limit cycles
cannot accumulate to a separatrix loop.
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13.2. Bifurcation of a limit cycle from a separatrix
loop of a saddle with non-zero saddle value

Two-dimensional systems having a separatrix loop to a saddle with non-zero
first saddle value oy form a bifurcation set of codimension one. Therefore, we
can study such homoclinic bifurcations using one-parameter families.

Consider a continuous one-parameter family X, of C"-smooth (r > 1)
systems on a plane which have a saddle equilibrium state O,. Suppose that at
1 = 0, the system has a separatrix loop of the saddle; i.e. the separatrix I';
coincides with the separatrix I'f” at u = 0.

We assume that the family X, is defined in such a way that for p # 0, the
loop may be broken and split so that if x> 0, the unstable separatrix I'] (1)
goes inwards the loop and enters the inner neighborhood U as t — +00; and
if u < 0, it goes outwards, i.e. it gets into the outer neighborhood V.

Theorem 13.4. (Andronov and Leontovich) Let oy # 0.

(1) If o9 < 0, then for sufficiently small p > 0, there exists a unique stable
limit cycle L(p) in U which as pn — +0 gets closer to the saddle and
becomes the separatriz loop at p = 0 (see Fig. 13.2.1). When pu < 0,
there are no limit cycles.

(2) Ifog > 0, then for sufficiently small pn < 0 there exists a unique unstable
cycle L(p) in U which becomes the separatriz loop T as u — —0 (see
Fig. 13.2.2). When p > 0, there are no limit cycles.

=

pn<0 n=0

Fig. 13.2.1. Planar bifurcation of a stable separatrix loop of a saddle with oo < 0.
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©n<0 nw=20 w>0

Fig. 13.2.2. Bifurcation of an unstable separatrix loop of a saddle with o9 > 0 in R2.

Remark 1. It is obvious that the case o¢p > 0 reduces to the case g9 < 0 by a
reversion of the time variable t — —t. Therefore, the second part of the above
theorem follows immediately from its first part.

Remark 2. The proof by Andronov and Leontovich was given under the
assumption that the system is C'-smooth. This was in fact the first example
where the vector fields had been required to possess only a minimal degree of
smoothness. We will see later that the possibility to work with the case of
low smoothness will become especially relevant for the analysis of the multi-
dimensional case.

The original proof of the Andronov-Leontovich theorem assumes that the
system is defined on the plane. We choose here a somewhat different approach
which can be easily adopted to the case of systems defined on non-orientable
two-dimensional surfaces as well.

Let us introduce coordinates (x,y) near the saddle O. Without loss of
generality we may assume that the saddle resides at the origin for all y. We
may also assume that the unstable separatrices are tangent at O to the y-axis
and the stable separatrices are tangent to the x-axis. Thus, the system can be
written in the following form

:i.c = Mu)x +p(z,y, 1u) = P(x,y, 1) (13.2.1)
v =y +q(z,y, 1) = Qz,y, 1)

where p and ¢ vanish at the origin along with their derivatives with res-
pect to (z,y); the characteristic exponents A(x) and ~(u) are such that
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A(p) <0 < y(p). By definition, the saddle value is given by

oo(p) = A(p) +v(p) -

Let the separatrix I‘f enter the saddle from the half-plane z > 0, and let
the separatrix I'] leave O towards positive values of y. Since we have not
yet straightened the invariant manifolds, the local equations of I‘f and I'] are
given by, respectively,

y=o¢(x,p), x>0, and z=1vU(@y,p), y>0,

where ¢ and v vanish at the origin along with their derivatives with respect
to x and y.

Let us choose a small positive d and consider two cross-sections Sy : {z = d}
and S : {y = d}. Just like in the previous section, we are going to reduce our
problem to a study of the Poincaré map T': Sy — Sy formed by a composition
of the local map Ty : Sy — S7 and the global map T3 : S7 — Sp, both defined
by the trajectories of the system.

As in the preceding section, the flight time of a nearby trajectory from
S1 to Sy along the separatrix loop is bounded. Therefore, the global map
T is a diffeomorphism of a small neighborhood of the point M~ =17 N.S;
into a small neighborhood of the point M+ = I'l N Sy. By our assumption,
TyM~ = M7 at u = 0. Thus, the map 7T is written as

yo—yt =al(p) + A(p)(z1 —27) +o(z1 —z7). (13.2.2)

Here we denote the coordinate on S; by x; and the coordinate on Sy by yo;
then, the z-coordinate of M~ is = = 1(d, p) and the y-coordinate of M is
yT = p(d, ). The coefficient A(y) is non-zero because T3 is a diffeomorphism.
Moreover, A > 0 (always) for systems defined on the plane.

The term a(p) governs the splitting of the separatrix loop (see Fig. 13.2.3):
it follows from (13.2.2) that a(p) is equal to the difference between the y-
coordinates of the points M and T3 M~ (the latter is the point where the
unstable separatrix I'] first intersects Sp). By assumption, the separatrix
splits inwards for > 0, and outwards for p < 0. Thus, sign a(u) = sign p.

Let us now study the local map Tp. It maps the interval yo > yT on the
cross-section Sp into the interval 1 > £~ on S;. Let us represent this map as

a1 —a” =0y —y ). (13.2.3)
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Fig. 13.2.3. An illustration to Theorem 13.4.

We also denote by 7(yo, 1) the flight time from the point (d,yg) on Sy to the
point (n(yo—y™, 1), d) on S1. Obviously, n(yo—y™, 1) — 0 and 7(yg, pt) — +00
as yo — y .

Lemma 13.3. The map Ty is contracting if o9 = A+ v < 0 and expanding if
oo = A+ > 0. Furthermore,

on

yo—yt OYo

0 for o9 <0

= { (13.2.4)

+o0o  for opg >0
uniformly for all small p.

Proof. It suffices to consider the case oy < 0 (the case o¢ < 0 is reduced to
this one by a reversion of time). The idea of the proof is relatively simple:
since we assume that the divergence of the vector field at O is negative, it is
also negative in a small neighborhood of O. This implies that the flow near O
contracts areas. The latter immediately implies that the Poincaré map between
any two cross-sections is indeed a contraction.

Let us be more precise. Denote by u(t) the derivative of the solution
(z(t),y(t)) of the system (13.2.1) with respect to initial conditions (xg,yo).
This is a matrix which satisfies the variational equation

. <Pz Py>
u = u
QG Q)

y=y(t)
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with the initial condition «(0) = I. Therefore, the determinant of u satisfies
the following equation

d P, P,
—detu = tr detu
dt Q Q

which yields

det u(t) = oo Qb Po(@(5).9(9))+Qy (2(5) 0(s))ds

Since we assume that A+~ < 0 and that the derivatives of P and @) vanish
at O, it follows that the determinant of u decreases exponentially all the time
until the trajectory (x(¢),y(t)) stays in a small neighborhood of O:

detu(t) < e’ (13.2.5)

for some & < 0. This means indeed that the flow defined by system (13.2.1)
contracts areas exponentially; namely, for any two vectors e; and eq

[u(t)er, u(t)ea] = detu(t)[er, e2] < e7'[er, €], (13.2.6)

where [eq, e2] denotes the area of the parallelogram spanned by e; and eq, and
[u(t)er,u(t)es] is the area of the parallelogram spanned by the images of e;
and es by the linearized flow.

Another fact we need is (see Sec. 3.11) that the matrix u(t) takes the phase
velocity vector at the point (zg,yo) into the phase velocity vector at the point

(z(t),y(t)):
P(x(t),y(t)) . P(xo,10)
(Q(x(t),y(t))> = ult) <Q(w0’y0)> : (13.2.7)

Let us now choose a point (xg = d,yo) on the cross-section Sg. Its orbit
hits S; at a point (x(7) = n(yo — y"),y(r) = d) at some time 7(yo). The
derivative n’(yo — y™) is given by
ox(t

Yo

n(yo—y*) = ) +&(7)7" (yo) »

where 7/(yo) is found from the condition

dy(7)
Yo

+ ()7 (yo) = 0.
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Hence it follows that

1 (yo —y")y(r) = [€1, €] = [u(r)er, u(r)ez] < e”7[E(0)], (13.2.8)
where e; = (0,1) (the unit vector parallel to Sp), €] = (ag—;z), i}ay—z(lz)) [recall

that it is equal to u(7)e; by definition of u(t)) and ey and e} are the phase
velocity vectors at the points (zo, yo) and (x(7), y(7)], respectively:

ez = (£(0),9(0)) = (P(x0,%0), Q(z0, y0)) ,

and
ey = (#(7),9(1)) = (P(2(1),y(7)), Q(z(7),y(1))) ,

where we have used relations (13.2.6) and (13.2.7) in deriving (13.2.8).
Observe now that since y(7) = d, it follows that ¢(7)(= vd + q(z(7),d)) is
bounded away from zero. Hence, by (13.2.8)

n'(yo—y*)=0(e7),

which gives the lemma because 7(yg) — +00 as yo — y T, and because & < 0
due to the assumption A + v < 0. End of the proof.

Thus, denoting v = yo — y* we have from (13.2.2) and (13.2.3) that the
Poincaré map T : So — Sy can be written in the form

v=a(p) + A(p)n(v,p) +o(n), v>0, (13.2.9)

where a(p) is the splitting parameter of the separatrices I'; and Ff and 7 is an
increasing function which is either strongly contracting (A++ < 0) or strongly
expanding (A + 7 > 0). Recall that a(p) has the same sign as u (in general,
a(y) is proportional to p, but we do not use this property).

The analysis of such maps is obvious. The associated Lamerey diagrams
are shown in Figs. 13.2.4 (A++ < 0) and 13.2.5 (A++v > 0). When A+~ <0,
the fixed point v*(u) of the map exists for g > 0 only. It corresponds to the
limit cycle L™ (u) for p > 0 and to the separatrix loop at u = 0 [formally,
the map 7' is not defined at v = 0, but we define it by continuity, assuming
T(M™*)=T,(M™)]. Since the map T is a contraction, the fixed point is stable
(one-side stable at u = 0). Correspondingly, L~ (u) is a stable cycle and the
loop T is also stable (this generalizes Theorem 13.1.1 of the preceding section
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v v v
7/ a(w) _’7[7/
r' - . ‘
a () v v v M
n<0 nw=20 w>0

Fig. 13.2.4. Lamerey diagram of the Poincaré map corresponding to the bifurcation in
Fig. 13.2.1.

<!

, a(u) f-
a (ll)\/ \4 v v v

pn<0 pn=0 u>0

Fig. 13.2.5. Lamerey diagram of the Poincaré map corresponding to the bifurcation in
Fig. 13.2.2.

for the Cl-case). Note that for 4 > 0, the separatrix I'] (i) tends to L™ (u) as
t — +oo.

In the case A+~ > 0, the fixed point v*(u) is unstable and exists for p < 0
only. It corresponds to the unstable limit cycle L™ (u) for p < 0 and to the
separatrix loop at p = 0, respectively.

Remark 3. When the system is at least C2-smooth one may introduce local
coordinates near O (see Lemma 13.1) so that

77(1}) = ’UU(H) + O(’UV(M)) ,

where v = |A/~v| is the saddle index. In this case the fixed point of the map
(13.2.9) satisfies the following relation:

v = al) + A(p) ()W) 4



18.2.  Bifurcation of a limit cycle from a separatrixz loop . .. 707

whence we have

a(w) for A\ +v <0
vt (p) ~ a(p) \ 7 (13.2.10)
— for A\+~v>0.
< A(u)) !

Remark 4. The above proof can be easily adopted to the case of a separatrix
loop on a general two-dimensional surface, regardless whether it is orientable
or non-orientable. In both cases the map will have the form (13.2.9). Note,
however, that if a small neighborhood of the separatrix loop is homeomorphic
to an annulus, then A > 0; and if a neighborhood of T is a Mdbius band, then
A < 0 (the latter corresponds, obviously, to the non-orientable case). In the
case A > 0, the Andronov-Leontovich theorem holds without changes.

Let us now consider the case A < 0 in more detail. First, let us examine the
associated Lamerey diagram (Fig. 13.2.6) with A < 0 when v > 1 (A4 < 0).
Just as in the orientable case, a stable fixed point exists for g > 0: indeed, the
map T is decreasing and contracting, so the interval [0, a(u) = T'(0)] is mapped
into the inside itself by T, which implies the existence of a unique stable fixed
point on this interval by virtue of the Banach contraction mapping principle.

The Lamerey diagram corresponding to the case v(u) < 1 is shown in
Fig. 13.2.7. Here, in contrast to the orientable case, an unstable fixed point
v*(p) exists for p > 0.

Note that in the orientable case (A > 0), the separatrix loop at =0 is a
limit trajectory (w-limit if ¥ > 1, or a-limit if v < 1) for nearby trajectories
from the inner neighborhood U. On the contrary, in the non-orientable case

v v v

a (p.) I\V _‘D-i v V* N

n<o0 pn=0 w>0

Fig. 13.2.6. Lamerey diagram of the Poincaré map for the non-orientable separatrix loop
with og < 0.
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IS Y N\
\

nw<0 nw=0 w>0

Fig. 13.2.7. Lamerey diagram for the non-orientable separatrix loop to a saddle with o9 > 0.

(A < 0), each point of I' is non-wandering but it cannot be a limit point. This
shows that while limit points are non-wandering (see Chap. 8), the converse is
not true.

Remark 5. The splitting parameter a(y) may be an arbitrary continuous
function of p satisfying the above sign condition. When the system depends on
p smoothly, the family X, is transverse to the bifurcation surface if a’(0) # 0.
In this case, one can always assume that a(p) = p.

Remark 6. It follows from the above analysis that all properties of the
Poincaré map of the transverse family X, are exhibited by the simplified map

J=pnty”, (13.2.11)

where v # 1. The sign “+” corresponds to the orientable case, and the sign
“—” corresponds to the non-orientable case. In essence, the map (13.2.11) is a
kind of a normal form of the Poincaré map near a separatrix loop with non-zero
saddle value.

We can now discuss the bifurcation of an equilibrium state with two zero
characteristic exponents. This bifurcation is worth being distinguished because
its analysis includes nearly all bifurcations of codimension one.

In general, system on the center manifold near an equilibrium state (0, 0)
with a couple of zero characteristic exponents can be represented by

T=y+g(z,y),
y=f($,y),
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where f and g vanish at the origin along with their first derivatives. Note that
we assume that the linearization matrix at the origin has a Jordan box. In this
case, we may introduce y + g(x,y) as a new y-variable and recast the system
into the form

T=y,

13.2.12
§ = az® + bay + b, ), (13:2.12)

where h(z,y) is of third order of smallness.
Let us suppose that the coefficients a and b do not vanish. One can now
rescale the phase and time variables so that the system assumes the form

T=y,

o 5 (13.2.13)
y=x°*xy+h(z,y),

“ )

where the sign “4” corresponds to b > 0, and the sign “—” corresponds to
b < 0. Observe that the transformation ¢ — —t, y — —y reduces the first case
to the second one. Let us choose the sign “—” in front of xy in (13.2.13).
The behavior of trajectories of system (13.2.13) near O(0,0) is shown in
Fig. 13.2.8. To investigate the bifurcations near this point let us consider a
two-parameter family which can be written in the following form:
e 5 (13.2.14)
g = pn + pox + 2% — xy + h(z,y, p1) .

The bifurcation diagram and the corresponding phase portraits are shown in
Fig. 13.2.9. The bifurcational curves Ly, ..., L4 partition the (ui,p2)-plane
into four regions Di,...,D4. Since there are no equilibrium states in the
region D7, all trajectories leave a neighborhood of the origin in the phase
space as t — +oo. When moving from D; across the curves Ly : {u; =
pua/A+ -+ pug >0}, or Ly: {pug = p3/4+ -+, uz < 0}, there arises a saddle-
node equilibrium state. This saddle-node is simple in the sense that the first
Lyapunov value l5 is non-zero on L; and L. However, there is a difference in
the trajectory behavior on these curves: on L; the saddle-node is unstable in
the node region, whereas on Ly it is stable in the node region. Upon crossing
L1, the saddle-node is decomposed into an unstable node and a saddle. As
the parameter varies further, the node becomes an unstable focus, as shown in
Fig. 13.2.9 (region D3). On the curve Lo : {1 = —6/25u% + o(u3), p2 < 0}
the system has a stable separatrix loop. Therefore, in the region D3, there is a
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Fig. 13.2.8. Behavior of trajectories near an equilibrium state with two zero characteristic
exponents.

Fig. 13.2.9. Bifurcation diagram of the Bogdanov-Takens point in the (u1, p2)-parameter
plane.
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stable limit cycle born from the separatrix loop. The focus becomes weak on
the curve Ls : {u1 = 0, ug < 0}; it has a pair of purely imaginary eigenvalues.
The associated Lyapunov value is negative on Ls. When moving from D3 to
Dy, the stable cycle collapses into a weak focus and disappears via a super-
critical Andronov-Hopf bifurcation on the curve L3, so that the focus inherits
the stability of the stable limit cycle. Near the curve L4, the stable focus
transforms into a stable node, and merges with the saddle on the curve Ly.
Both equilibrium states disappear in region D;.

The asymptotics of curves Lq, L3, L4 come from the analysis of the lin-
earization of system (13.2.14) at the equilibrium states. The existence of the
curve Lo corresponding to the separatrix loop is necessary for the completeness
of the bifurcation puzzle; the stable cycle generating from the weak focus on
the curve L3 must disappear in the loop (when moving towards Lo).

The asymptotics for the curve Lo may be found as follows. Assume @1 < 0
in (13.2.14). Upon rescaling variables and time: z — xv/|u1], y — ylu >4,
t — t/|p1|"*, the system takes the form

=y,
y=—1+Cx+ 2% —cxy+ o(e),

where C = pa/+/|u1] and ¢ = |u|'/%. At & = 0, this system becomes a

Hamiltonian system with the first integral
2 1 1

H=%+x—§C’x2—§x3.

It has a saddle equilibrium at z = zg = —3C + £v/C? +4 (and y = 0) with
a separatrix loop which is a component of the level set of the integral H;
namely, I' = {H(z,y) = H(x0,0), v < zo}. For arbitrarily small non-zero
€, this system is no longer Hamiltonian, and H is no longer its first integral
because H # 0 at e = 0. The loop is split, in general. It is sufficiently obvious
that if for some C'

(13.2.15)

+oo
o [ GHEOvOE o,

— 00

e=0

then the loop is split for sufficiently small € # 0 (here, (z = z(t),y = y(t))
yields the homoclinic trajectory at e = 0). By virtue of system (13.2.15), this
inequality can be rewritten as

/xo zy(z)dz # 0,

1
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v/
W

Fig. 13.2.10. The phase portrait of the associated Hamiltonian system with the loop at the
level H(z,y) = H(zo,0).

where z1 is the point of intersection of the loop I'" with the x-axis, H(x,0) =
H(z1,0); and y = y(x) is the equation of T, i.e. H(x,y(z)) = H(xo,0), see
Fig. 13.2.10. Thus, the above inequality reduces to

zo
/ x(xg — )V — x1dT # 0,
x1
which can be easily solved, thereby giving C' # C* = —5/1/6. These values of
C correspond to splitting the loop for non-zero €. On the other hand, one may
prove that there is a curve C' = C*+O(e) which corresponds to the existence of
a separatrix loop for € # 0. Returning to the (u1, pu2)-plane gives the required
asymptotic for the curve Lo: {u2 = —5/v6+/|u1]}.

This bifurcation diagram for the equilibrium state with two zero charac-
teristic exponents had been known for a long time. However, there remained
a problem of proving the uniqueness of the limit cycle. In other words, one
must prove additionally that there are no other bifurcational curves besides
Ly,...,Ls (namely, curves corresponding to semi-stable limit cycles). This
problem was independently solved by Bogdanov [33] and Takens [146] with
whom this bifurcation is often named after.

13.3. Bifurcations of a separatrix loop with zero
saddle value

The question of the bifurcations of a separatrix loop to a saddle with zero
saddle value oy was first considered by E. Leontovich. She had proven the
following theorem:
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Theorem 13.5. (Leontovich) If
op=81=-""=6p_1=0p-1=0, 5,70

in the Dulac sequence, then no more than 2n limit cycles can bifurcate from a
separatriz loop of the saddle.
If

0'0:31:...:871:0, g'n7é07

then the number of limit cycles which can be spawned from the separatrixz loop
does not exceed 2n + 1. These estimates are sharp, i.e., one may perturb the
system so that the resulting system will have, respectively, 2n or 2n 4+ 1 limit
cycles.

In her proof of the above theorem, Leontovich had assumed C"-smoothness
for the system, where r > 4n + 6. First of all, she proved that when the first
saddle value is close to zero, a system near the saddle can be transformed into

- e n_ n+t1

£ w(l+e— oy on(zy)" — (xy)" " F(2,y)), (133.1)

Y=y,
where 1 + ¢ = v is the saddle index, o; are the saddle values, F' is a smooth
function. It is assumed that n|e| < 1. The coordinate transformation is con-
structed in the same way as in the case ¢ = 0 (see Lemma 13.2); the only
difference is that the formulas (13.1.14) are modified as follows:

1 ! ds
a(z) = 1+€/0 1(8) e (13.3.2)

1
d
B(y)=/0 ¢2(y8)81+(++1)5-

One can trace through the proof of Lemma 13.2 that the coordinate transfor-
mation is C"~(7+1) and the function F is C"~(27+3)_smooth.

On the next step of the proof Leontovich had evaluated the local map. She
considered, in fact, the map from the cross-section S; : {y = d} to Sy : {z = d},
i.e. the inverse of the local map Tj in our notations. Note that by assumption of
the theorem only the last saddle value o,, is bounded away from zero, whereas
01,...,0n_1 are small. Therefore, by rescaling time variable the system may
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be rewritten in the form
T=—x,
_ o ~ L= (13.3.3)
y=y(l+é+c1ay+ -+ on(zy)" + (xy)" T F(z,y)),
where the coefficients € and &1, ...,0,-1 are small and &, is bounded away
from zero. Leontovich showed that the map T}, ! for the system (13.3.3) has
the form?

Yo = m1 + E[0z1 + Y1 (21)] + 51[027 + Yo(21)] + -+ + Fn[027 T + g (21)]
(13.3.4)

where B
p="11
5
and ¥ = O(x]er‘s) for some 6 > 0 (moreover, the jth derivative of vy is
estimated as O(xf7j+5) forj=1,...,2n+1).

The Taylor expansion for the global map 77 : S; — S is represented by

Yo = p+ 16" + 5927 + -+ + spaf + Oz ™), (13.3.5)

where p is the small splitting parameter and s1,..., s, are the separatrix val-
ues. By assumption of the theorem, sq,...,s,_1 are small. The nth separatrix
value s,, is bounded away from zero in the first case of the theorem and it is
small in the second case.

If the system has a limit cycle, the zi-coordinate of its intersection with
S, satisfies Ty *(21) = T1(21). Therefore, the problem of the number of limit
cycles is reduced here to the problem on the number of zeros of the smooth
(at least C?"*1) quasi-polynomial

Gw1) = = p +[E(0x1 + O(a1*)) = a1 (e — 1)
+ [61(022 + O(z*1?)) — sp2?]
+ (a1 (027 + O(21)) — 5,27 + 5, [02" T + O(2z" )]
(13.3.6)

(where ¢ is not necessarily an integer). While proving the theorem, Leontovich
developed a calculus of quasi-polynomials of the above kind which allowed her
to show that for small y, €, s1,...,0,-1, the function G cannot have more than

3This formula can be derived by applying the boundary-value problem method as in the
proof of Theorem 13.3.
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2n zeros for small z; if s, is bounded away from zero, or more than 2n + 1
zeros if s,, is small.

To finish the proof, one must also prove the “sharpness” of this estimate.
To do this, Leontovich presented a very detailed construction of the perturbed
system with the given number of limit cycles.

Note that she did not use finite-parameter families. Nevertheless, it is
understood that an appropriate transverse family can be found such that the
governing parameters are ji, €, $1,071, . .. , 01 in the first case of Theorem 13.5,
or u, €, $1,01, - .., Sy, in the second case.

Our review of the proof of this theorem is, of course, too narrative. The
original proof by Leontovich, consisting of two large parts, had been stored at
the VINITT archive in Moscow, and was therefore available only to researchers
from the Soviet Union. More than thirty years later, Roussarie had published
an independent proof of the above estimate for the number of bifurcating
periodic orbits but without proving its “sharpness”. The reader interested
in further details is referred to the review [73]. In the spirit of this review,
the Leontovich theorem can be rephrased as follows: in a generic p-parameter
family of smooth vector fields on the plane the number of limit cycles bifurcating
from a separatriz loop to a rough saddle does not exceed p. Moreover, this
estimate is sharp.

Let us now consider the case of codimension two in more detail. Recall
that this case is distinguished by two conditions: the first is the existence of
a separatrix loop, and the second condition is the vanishing of the first saddle
value og while the first separatrix value s; is non-zero. The latter is equivalent
to A # 1. We will assume that A < 1 because the case A > 1 follows directly
by a reversion of time.

It follows from the results of Sec. 13.8 (see formulas (13.8.30)—(13.8.32))
that the local map Ty can be written as

T1 = yy + ¢(Yo)

in some C"~!-coordinates; here v is the saddle index which equals to 1 at the
bifurcation point. The function ¢ satisfies the estimates

ely) = o(y'*?),
e (y) = o(y' =5 (s=1,...,r—2), (13.3.7)

D (y) = o(y" ="~ Y)

for some positive § bounded away from zero.
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Combining the above formula for the local map with the formula (13.3.5)
(at n = 1) for the global map 77, we obtain the equation

J=p+Alwe)y' ™ +oly), y>0, (13.3.8)

for the Poincaré map T' = Ty o Ty, where v = 1 + ¢, and ¢ is a new function
which still satisfies (13.3.7). We will assume that the system is at least C3-
smooth, so that the Poincaré map (13.3.8) is to be at least C2-smooth.

This map is a monotonically increasing (since A > 0 for systems on the
plane) one-dimensional map. The only possible bifurcation occurring in such
maps is the bifurcation of a fixed point with a multiplier equal to +1. The
y-coordinate of such a point must satisfy

Y=+ Ap, )yt +o(y' ),

13.3.9
1= (1+e)A(m )y +o(y?). ( )

The right-hand side of the second equation is at least C'-smooth. So, the
y-coordinate can be uniquely found from this equation when ¢ < 0:

y =e LAVl 4 o(A0F/lely (13.3.10)
The second derivative of the map at this point is equal to
(1+e)A(p,e)ey™ " +o(y"™1),

and, obviously, it is non-zero. Therefore, the saddle-node fixed point is simple.
By substituting (13.3.10) into the first equation in (13.3.9), we obtain the
equation of the corresponding bifurcation curve Lq

p=cee tA0,e)YIEI1 + o(1)]. (13.3.11)

The bifurcation diagram is shown in Fig. 13.3.1. The curve L; corresponds
to a semi-stable limit cycle. The curve Lo (the negative e-semi-axis) corre-
sponds to a separatrix loop with a positive saddle value, whereas L3 (the
positive e-semi-axis) corresponds to a separatrix loop with a negative saddle
value. These curves divide a neighborhood of the origin on the parameter
plane into three regions. In the region D, there are two limit cycles. Upon
crossing Ly, they coalesce and disappear, so in the region Dy, there are no
limit cycles. Upon moving from D; to Ds, a stable limit cycle bifurcates from
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Fig. 13.3.1. Bifurcation diagram for the homoclinic loop to a saddle with zero saddle value
(A 4+~ = 0) in the orientable case (0 < A < 1). Parameter pu governs the splitting of the
loop; the sign of € is opposite to the sign of the saddle value.

the homoclinic loop on the curve L3 (o¢ < 0). The stable limit cycle exists for
the parameter values from D3, Lo and Dy. Upon crossing the curve Lo towards
D3, one more limit cycle, this time unstable, bifurcates from the homoclinic
loop (g > 0). This bifurcation diagram is due to Nozdracheva [99].

Let us consider next the case where —1 < A < 0 which corresponds to
a separatrix loop I' on a non-orientable surface (the case A < —1 follows
similarly by a reversion of time). A neighborhood of T is then a Mdbius band
whose median is T. The Poincaré map in this case also has the form (13.3.8)
with the function ¢ satisfying estimates (13.3.7). However, now we need more
smoothness. So we assume that the system is at least C*-smooth, i.e. r > 4 in
(13.3.7).

Since A < 0, the Poincaré map is decreasing. The new feature in this case
is that such maps may have orbits of period two, which correspond to the so-
called double limit cycles. They may appear via a period-doubling bifurcation
(a fixed point with a multiplier equal to —1) or via a bifurcation of a double
homoclinic loop. The latter corresponds to the period-two point of the Poincaré
map at y = 0 (see Fig. 13.3.2).
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;Ny

Fig. 13.3.2. Lamerey diagram corresponding to the double separatrix loop.

Since T'(0) = u, the double loop occurs when
0=+ A(p, o) + o(u'+0).

From this constraint we obtain the following equation for the bifurcational
curve Lo corresponding to a double loop:

p=A0,&)Y1 +0(1)], e<0. (13.3.12)

Since € < 0, the saddle value is positive, and hence the periodic orbit bifurcat-
ing from the separatrix loop is unstable here.
Observe that the curve Ly lies above the curve L, defined by the system
(see Fig. 13.3.3)
y = p+ A(p,e)y"e + o(y' ),

—1 = (1+2)A(u,e)y" + o(y°)

which corresponds to the period-doubling bifurcation. Eliminating y from
(13.3.13), we find that the curve L, is given by

(13.3.13)

= §|A(o,e)\1/lf\[1 Fo(l)], e<0. (13.3.14)

The bifurcation diagram (proposed in [38]) for this case is shown in
Fig. 13.3.3. It includes the following four bifurcation curves:

e [, corresponds to a period-doubling bifurcation, i.e. to a structurally
unstable limit cycle with one multiplier equal to —1 and a positive first
Lyapunov value*

4To compute the Lyapunov value we need at least three derivatives of the function in the
right-hand side of (13.3.8), and that is why we require r > 4 in (13.3.7).
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Fig. 13.3.3. Bifurcation diagram of the homoclinic loop to a saddle with zero saddle value
in the non-orientable case (—1 < A < 0). The governing parameters are the same as in
Fig. 13.3.1.

e [ corresponds to a “double” separatrix loop on the Mobius band. The
saddle value oq is positive on this curve;

e L3 (the negative e-semi-axis) corresponds to a simple separatrix loop
with a positive saddle value og; and

e L, (the positive e-semi-axis) corresponds to a simple separatrix loop with
a negative saddle value og.

In the (p,e)-parameter plane thsese curves separate four regions of the
structurally stable behavior of trajectories.

In the region D1, there are no limit cycles. On the curve L4, upon moving
from Dy towards Ds, a stable limit cycle is born from a simple separatrix
loop. An unstable double-loop limit cycle bifurcates from a double separatrix
loop with o¢p > 0 on Ly. Thus, in the region D3, there are two limit cycles:
one stable and the other is unstable. The unstable double limit cycle merges
with the stable limit cycle on the curve L;. After that only one single-circuit
unstable limit cycle remains in region Dy4. It adheres into the homoclinic loop
on the curve Ls.
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Note that one must also prove that there are no other bifurcational curves
in this bifurcation diagram; namely, that there may not be any saddle-node
orbits of period two. An orbit (y1,ys2) of period two of the map (13.3.8) must
satisfy the equation

Yo = 4+ A, e)yi T+ o(y1),

(13.3.15)
y1 = i+ A, e)ys T + o(y2) -

If (y1,y2) is a solution of this system, then (ys, 1) is a solution as well. There
is also the solution y; = yo = yo where yq is the unique fixed point of the map
(13.3.8), which always exists for u > 0. Therefore, to prove that there are no
saddle-node orbits of period two, it suffices to check that system (13.3.8) has
no more than three solutions, including multiplicity. This verification will be
performed in Sec. 13.6 for a more general system (see (13.6.26)), corresponding
to the bifurcation of a homoclinic loop of a multi-dimensional saddle with
gp = 0.

13.4. Birth of periodic orbits from a homoclinic loop
(the case dim W*=1)

Let us now study the bifurcations of homoclinic loops in dimensions higher
than two. Consider a continuous one-parameter family X, of C"-smooth
(r > 1) systems in R™*+! (or, more generally, on an (m+1)-dimensional smooth
manifold) having a saddle equilibrium state O,. With no loss of generality we
may assume that the equilibrium state is at the origin for all y. Assume also
that only one characteristic exponent of O is positive and that the others lie
to the left of the imaginary axis. We denote the characteristic exponents as =y
and A1, ..., A\, respectively, so that

¥y>0>Re N, i=1,...,m.

By this assumption, the unstable manifold W" of the saddle O is one-
dimensional and the stable manifold W* of O is m-dimensional. The unstable
manifold consists of three orbits: the saddle O itself and two separatrices: I'y
and I's. We suppose that at u = 0, the system has a separatrix loop of the
saddle O; i.e. I'y tends to O as t — +oo. Thus,

Ihcws?®.
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Besides, we suppose that the loop splits for p # 0: inwards (above W*) if
> 0 and outward (below W*#) if u < 0.
Let us consider first the case of a negative saddle value o

o =v+maxRe \; <0. (13.4.1)

Geometrically, this means that the linearized flow near the saddle contracts
two-dimensional areas. This implies, in turn, that the local map between any
two cross-sections is a contraction (see the proof of Lemma 13.3). By this
reason, the dynamics of the system near such homoclinic loop remains simple.

Theorem 13.6. (Shilnikov [130]) When the saddle value o is negative at
the saddle, a single stable periodic orbit L is born from the homoclinic loop for
w > 0. The separatriz 'y tends to L ast — +oo. For p < 0, there are no peri-
odic orbits in a small neighborhood U of the homoclinic loop. The trajectories
of X,, tend either to L (or, to the loop T' at u = 0), or to O, or leave U as
t — +o00.

The qualitative behavior described by the theorem is illustrated in
Fig. 13.4.1.

Originally, this theorem was proved for C2-smooth systems. We stress here
that our proof includes the C!-case which allows for a direct use of this theorem
in the situation where the system is defined on a C'-smooth invariant manifold
(see Theorem 13.9).

The proof of the above theorem is based on the study of the Poincaré map
T = Tj oTy. As usual, the local map by the trajectories near O between some
cross-sections Sy and S is denoted by Ty, and the global map from S7 to Sy by
the trajectories close to the homoclinic loop I' is denoted by 77, respectively.

I, r L
I
0/
B [l

n<0 w= w>0

Fig. 13.4.1. Birth of a stable periodic orbit from a separatrix loop to the saddle with o9 < 0.
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Fig. 13.4.2. An illustration to the proof of Theorem 13.6.

Let us introduce coordinates (u,y), u € R™, y € R near O such that
the unstable manifold is tangent to the y-axis at O and the stable manifold
is tangent to the u-space. Thus, the system near O can be written in the
following form

o= B(p)u+ plu,y,p),

(13.4.2)
v =y +q(u,y, 1),

where p and ¢ vanish at the origin along with their first derivatives with respect
to (u,y); the eigenvalues A1(p), ..., Am(p) of the matrix B have negative real
parts by assumption, and the characteristic exponent () is real and positive.

Let M™ be some point of the homoclinic loop T' on W, and let M~
be a point of I' on W% . We choose these points sufficiently close to O so
that we can construct two cross-sections transverse to I';: the cross-section
So goes through the point M, and the cross-section S; goes through M~
(Fig. 13.4.2). Since the stable manifold is tangent to the u-space, it follows
that if M is sufficiently close to O, then 4 # 0 at M*. Recall that u is the
vector of coordinates ui, ..., u,. Since their choice is arbitrary, let us assume
that 1, # 0 at M ™. Hence, we can choose the cross-section Sy as a small area
through M™* at u; = constant. The other cross-section S; through M~ is a
small area at y = constant.

Thus, u* = (u1,...,uy) serve as the coordinates on S; and (y°,u°) =
(y,uz,...,un) are the coordinates on Sy. It was proved in Sec. 6.2 of the first
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part of the book (Lemma 6.1) that
out
A(y°,u0)

where ul = Ty(y°, u°) (i.e. the orbit starting from (u°,y°) on Sy hits S; at the
point u') and 7 is the flight time between corresponding points. The quantity

‘ < CelotoT (13.4.3)

0 can be made as small as necessary by moving the cross-sections closer to O.

The orbits on the stable manifold stay in a small neighborhood of O for all
positive times. Therefore, for the points on Sy close to W2 _, the flight time 7 is
large. Thus, the meaning of the formula (13.4.3) is that the map T is strongly
contracting (recall that o < 0 by assumption). As mentioned previously, this
contraction is a direct consequence of the contraction of areas by the linearized
flow (in Lemma 6.1 the proof of the estimates like (13.4.3) is based on a more
general approach).

Observe that the stable manifold divides the cross-section Sy into two parts,
and that the map Ty is defined only on the upper part S(J{ (all trajectories
starting from the lower part S; leave a small neighborhood of O close to the
other separatrix I's, and, therefore, do not intersect S7).

Just like in the two-dimensional case, the global map T; from S; to Sy by
the trajectories of the system near the homoclinic loop is a diffeomorphism of
a small neighborhood of the point M~ into a small neighborhood of the point
M. Thus, its derivative is bounded.

Hence, the Poincaré map 7" = T3 o Tj is a strongly contracting map from
SS“ to Sg. Obviously, as the point M € Sgr approaches the boundary Sy =
W . N So, its image ToM tends to the point M~ (p) =T'1(p) N S1. Therefore,
by continuity, we can define

TSy = M+(/J) = TlM_(/,L) .

By assumption, the loop is split inward (above W) for u > 0 and outward
(below W} ) for 1 < 0. This is equivalent to the following condition:

Sf forpu>0,
M+(/J’) € SOO at 1% 207
Sy for p<O0.

Lemma 13.4. Let V be a closed convex set in R™ and U be a closed subset
of V. Let T be a contracting map T : U — V. Assume also that the boundary
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OU of U in V is mapped by T into a single point MT. Then, if M+ € U, the
map has a unique fived point M* in U which is the limit of the iterations of
M™* by T. All trajectories which do not enter V\U tend to the fized point in
U. On the contrary, if M € V\U, then there is no fized point in U; moreover
any orbit leaves U after a finite number of iterations of the map.

Note that Theorem 13.6 follows immediately from this lemma. Here V =
Sy, U = Sar, oU = Sy, VAU = Sy, and since T is the Poincaré map, its
stable fixed point in S} corresponds to a stable limit cycle (the fixed point on
Soo = Wi . NSy corresponds to the homoclinic loop I' by construction).

To prove the above lemma, let us continue the map T on V\U so that
TM = M™ for all M € V\U. This extended map remains contracting and
takes V into V. Thus, it has a unique fixed point M* which attracts forward
orbits of all points of V. This fixed point is a fixed point of the original map
T provided it belongs to U; otherwise, it is “a virtual fixed point” if it lies in
V\U. In the latter case, M* = TM* = M™ by construction. Vice versa, if
M* € V\U, then TM* = M™*. This means that M = M* (by uniqueness
of the fixed point). Thus, M* ¢ U if and only if MT ¢ U. We have almost
proven the lemma. The final step to be proven is to show that the iterations
of M never leave U if M* € U (this implies that these iterations converge to
M*). To do this we must observe that by virtue of the contraction property
we have the following relationship

dist (T*M*, M*) = dist (TFTH(0U), T*1M*) < dist (OU, M™)

which proves our claim, and hence completes the proof of Lemma 13.4 and
Theorem 13.6.

This result gives us the last known principal (codimension one) stability
boundary for periodic orbits. We will see below (Theorems 13.9 and 13.10)
that the other cases of bifurcations of a homoclinic loop lead either to complex
dynamics (infinitely many periodic orbits), or to the birth of a single saddle
periodic orbit.

So, let us consider the case of the positive saddle value, i.e.

v+ max Re\; >0
i=1,....m
(where, as before, we denote the only positive characteristic exponent as v and
A1, ... A stand for the characteristic exponents with negative real parts). We
assume that the characteristic exponent nearest to the imaginary axis is simple
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and real, i.e.
0> M\ > _max Re \;.

The case where \; is complex will be discussed later (Theorem 13.8).

Let us make the following nondegeneracy assumptions®:

(1) ' ¢ Wes.
(2) The extended unstable manifold W*E is transverse to the stable
manifold W* at the points of T' (Fig. 13.4.3).

Traditionally, this condition is written as
AF#0.

We will define below the quantity A in terms of the Poincaré map. It is an
analogue of the separatrix value A introduced in Secs. 13.1 and 13.2 for the
two-dimensional case. Recall that A is always non-zero in dimension two.
However, in the multi-dimensional case the non-vanishing of A is an essential
assumption.

ss L =
W
oC
Fig. 13.4.3. Illustration of the non-degeneracy condition of Theorem 13.7: the homoclinic

loop enters the saddle along the leading direction; the two manifolds W*¥ and W intersect
transversely to each other.

5Recall that the strong stable invariant manifold W% is tangent at O to the eigenspace
of the linearization matrix which corresponds to the non-leading characteristic exponents
A2, ..., Am. It is (m — 1)-dimensional and it partitions W*¢ into two components. The orbits
of W# which do not belong to W?*¢ tend to O along the leading direction as ¢ — +oc0. The
extended unstable manifold is a smooth invariant one which is tangent at O to the eigenspace
corresponding to the characteristic exponents v and Aj.
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The situation which we consider here is a particular case of Theorem 13.9
of the next section.® It follows from this theorem (applied to the system in the
reversed time) that a single saddle periodic orbit L is born from a homoclinic
loop; it has an m-dimensional stable manifold and a two-dimensional unstable
manifold. This result is similar to Theorem 13.6. Note, however, that in the
case of a negative saddle value the main result (the birth of a unique stable
limit cycle) holds without any additional non-degeneracy requirements (the
leading stable eigenvalue A; is nowhere required to be simple or real). On the
contrary, when the saddle value is positive, a violation of the non-degeneracy
assumptions (1) and (2) leads to more bifurcations. We will study this problem
in Sec. 13.6.

Let us assume further that the system is C" with » > 2.7 In this case, the
system near O may be written in the form [see Sec. 13.8 and formula (13.8.28)]

T = —>\1£C + fll(wvy)x + f12(1',u, y)ua

= Bou+ fa1(z,y)x + foo(z,u,y)u, (13.4.4)
Y=Y,
where # € R! and y € R! are the leading coordinates, u € R™~1! is the vector
of stable non-leading coordinates, the eigenvalues (Az, ..., \y,) of B lie to the
left of the line Re(-) = A1. The functions f;; satisfy
fir(z,0) =0,  f1,;(0,0,y) =0. (13.4.5)

In these coordinates, the stable manifold is locally defined by y = 0, the local
unstable manifold is defined by {z = 0,u = 0}, and the strong stable manifold
is defined by {x = 0,y = 0}.

The extended unstable manifold VVl’éf is tangent to the plane u = 0 at
the points of the unstable manifold. Indeed, the equation for 4 linearized at

{z =0,u = 0} is (here, we have made use of fo; =0 at x =0)
= (B2 + f22(0,0,y(t)))u.

Hence it follows that the plane v = 0 is invariant with respect to the linearized
flow along W, and transverse to W** at O. Therefore, it is indeed the
uniquely defined tangent to W2 at W _ (see Sec. 5.3 of Part I).

6Consider the case of the one-dimensional stable manifold in Theorem 13.9 and make a
reversal of time. After that, the conditions (1) and (2) of the theorem will coincide with the
two nondegeneracy assumptions above.

"The picture we obtain here remains valid in the Cl-case as well; however when the
system is at least C2, the analysis becomes much more explicit.
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By assumption, the loop I' enters O as t — 400 along the z-axis. Mean-
while, it coincides locally with the y semi-axis when it leaves O at t = —oc.
We assume that I adjoins O from the side of positive x and y, respectively.

Choose two cross-sections transverse to I'; namely Sy : {x = d} and S :
{y = d} for some small d > 0. Denote the coordinates on Sy by (yo, ug) and
the coordinates on Sy by (z1,u1). We are interested in what happens in a
small neighborhood of T', and therefore let us assume |lug —u™|| < & on Sy and
|z1,u1]| < 6 on S; for some small § > 0. Here, u™ is the u-coordinate of the
point MT(0,u™) =TNS,.

The local map Ty : Sp — 57 in the given coordinates can be recast as (see
formula (13.8.30) in Sec. 13.8)

z1 = ygd' " +olyy), u=o(yy), (13.4.6)

where v = |A1/7| is the saddle index. Note that only the o(yf)-like terms
depend on ug in the right-hand sides of (13.4.6). The local map Ty is defined
on the upper part S : {yo > 0} of Sy (the orbits starting from yo < 0 leave a
small neighborhood of O along the other unstable separatrix which coincides
locally with the negative y semi-axis). It is immediately seen from (13.4.6) that
the image TOSS' on 57 is a curvilinear triangle (Fig. 13.4.4) with the apex at

M

loc

Fig. 13.4.4. The local Poincaré map Ty transforms the upper part Sar of the cross-section
So into a curvilinear rectangle on the cross-section S1. The points in So N W7  are mapped
into a single point M ~.
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the point M ~(0,0) = I'N S; and with both boundary sides at M~ tangent to
WE' N S; (the zi-axis in our coordinates).

One can see that the map T is strongly contracting in the u-directions
and, since v < 1, (equiv. o = v + A; > 0), it is expanding in y;® i.e.

% >
Yo
The flow outside a small neighborhood of O defines the global map T; :
S1 — Sy by the trajectories close to I'. In a small neighborhood of the origin
M~ on Sy, the map T can be written in the form
Yo = b+ an1ry +appu; + -,

(13.4.7)
up = ut(p) + ag1z1 + agouy + -+ -,

where p is the splitting parameter of the loop. If we denote M ™ (u) = T'y(u) N
So =Ty M~ then (u,ut(u)) are the coordinates of this point. By definition,
M+ e Wg.NSpat p=0. When g > 0, the point M T (u) lies in Sg, i.e. the
loop is split inward. When p < 0, the point M ™ (u) lies in Sy, i.e. the loop
splits outward.

Since 77 is a diffeomorphism, we have

A a11 a2 7&0

a21 22

(moreover, A > 0 when the flow is defined in R"*! or on an orientable mani-
fold). It also follows that both a;; and ajs cannot vanish simultaneously.

8We have already presented this picture in Sec. 2.4 for the case where the system near
the saddle is linear. In the case of a Cl-smooth nonlinear system, this picture follows from
the estimates proven in Sec. 6.2. Indeed, it follows from Lemma 6.3 that in our case the
image by Tp of any line {ug = constant, yo > 0} from Sy is the curve

U1 = Wioe(d, 1, u0), 1 >0

on S7 where wio is a smooth function which vanishes identically at 1 = 0 along with the
first derivative with respect to 1. Thus, for any fixed ug this curve is tangent to the zi-
axis at the point M ~, and hence the whole set TOSO+ is a curvilinear wedge tangent to the
zi-axis. The contraction in the u-directions and the expansion in the y-direction are due to
Lemma 6.1. Note that our notations here and those in Sec. 6.2 are different. To establish the
correspondence with Lemmas 6.1-6.3, one must make the following substitution: the map
Toc of Sec. 6.2 is the inverse of our map Ty, our cross-sections Sg and S are, respectively,
S°ut and S in Sec. 6.2. Finally, the coordinates (u?, y°,w%) on S™ and (u',w') on S°ut
in Lemma 6.3 correspond to our coordinates (y = d, x1,u1) on St and, respectively, (yo, uo)
on Sp.
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Nevertheless, the coefficient a1, alone may vanish. We will denote a1; = A.
By definition,

Az ) (13.4.8)
&vl M-

Observe that the transversality of W*F and W* on I is indeed equivalent to the
condition A # 0. Note that the choice of the coordinates on the cross-sections
is important here: since we take the x1-axis tangent to the line W% N Sy, the
image of this line T3 (W“E N Sy) is transverse to {yo = 0} = W N Sp if, and
only if %2 # 0.

Combining formulas (13.4.6) and (13.4.7), we obtain the following repre-
sentation for the Poincaré map T

p+ AyY +o(y”),
ut (1) + a21y” + o(y")

y

u

(13.4.9)

(we drop the sub-index “0” and rescale variables to make d = 1 in (13.4.6);
the dependence on w in the right-hand side is concealed in the o(y") terms).
Observe that the separatrix value A appears as a coefficient in front of the
leading term y* of the asymptotics for 7 in the Poincaré map.

Hence, if A # 0, then the map T = T} o T has the same property as the
local map Tp, namely: it is contracting in the u-directions and expanding in
the y-direction, i.e. it is a saddle map (see Sec. 3.15). The image T'S;" on
So will have a form similar to that shown in Fig. 13.4.5 at 4 = 0. Observe
that 7S] N S = 0 for A < 0, i.e. any orbit from a small neighborhood of
the homoclinic loop must leave the neighborhood after one iteration performed
near the loop in this case. On the contrary, in the case A > 0, the intersection
T'S§ NSy is non-empty. For any vertical line ug = constant in Sy, its iterations
by the map T will lie in S{}' and converge to the smooth invariant curve IJ of
T emanating from the point M* =T N 9.

Figures 13.4.6 (Au > 0) and 13.4.7 (Au < 0) show how the image of S
by the map T moves when the loop is split. In any case, since the map T
is contracting in the u-variables and expanding in y, it follows that it has a
smooth attracting invariant curve lo(p), transverse to {yg = 0} in Sp.

The trajectories starting from Iy(u) compose a two-dimensional attracting
invariant manifold M,, of the flow. The proof of the existence of such a mani-
fold in a small neighborhood of the homoclinic loop is given by Theorem 6.2
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A>0 A<O

Fig. 13.4.5. The image TSS' of Sg’ on Sp is a wedge which is mapped to Sg’ if A> 0, orit
is mapped upside down about W} N Sp if A < 0. When A > 0, there exists an invariant
curve la‘ of the map.

| *
MW

I (w
TS, k

A>0 p>0 A<O, p<0

Fig. 13.4.6. The map after the spliting of the separatrix loop.

in Sec. 6.1 under assumptions which coincide with our conditions (1) and (2)
in the case under consideration.

The manifold M,, contains all trajectories staying in a small neighborhood
U of I for all negative times. Near O, the manifold M, coincides with an
extended unstable manifold W“Z (not unique). Thus, if we denote I3 (u) =

loc

M,,NS1, then {4 (1) is tangent to the z1-axis at the point M. Since M, is an



18.4. Birth of periodic orbits from a homoclinic loop ... 731

[ o)
W Mw / M’ (W)
M MW
/ 7= My

wW’'ns, T(M(w)

y o 1 ron

l o)
A>0, p<0 A<0,p>0

Fig. 13.4.7. The fixed point M* corresponds to a saddle periodic orbit that emerges from
the homoclinic loop. Its unstable multiplier is positive when A > 0, and it is negative in the
case A < 0.

invariant manifold, the orbits starting from I;(x) must intersect Sy at the
points of lo(u), i.e. Thli(p) = lo(p). It follows from (13.4.7) and (13.4.8) that
at the points of lo(p), the manifold M,, is glued to itself with a reversal of
orientation if A < 0, or with the same orientation if A > 0. So, M, is an
annulus if A > 0, or a Mobius band if A < 0 (see Fig. 13.4.8).

When restricted onto the invariant curve lo(u), the map T is an expanding
one-dimensional map, monotonically increasing when A > 0, or monotonically
decreasing when A < 0. The Lamerey diagrams for such maps are shown in
Figs. 13.2.5 and 13.2.6 in Sec. 13.2. Thus, one can see that all trajectories leave
Sg upon iterations of T if Ay > 0. If Ay < 0, then the map 7" has an unstable
fixed point M*(u) on lp(). Due to contraction in directions transverse to
lo(), the point M* () is a saddle in Sy .

The following coordinates of the fixed point are easily found from (13.4.9):

v ()

Since a fixed point of the Poincaré map T corresponds to a periodic orbit
of the flow, we may formulate the following result (see Fig. 13.4.9).

Theorem 13.7. If a homoclinic loop T' to a saddle with a positive saddle
value satisfies both conditions (1) and (2), then a single saddle periodic or-
bit L(p) is born from the loop for Ap < 0. The unstable manifold of L(u) is
two-dimensional and orientable when A > 0 (then there is only one positive
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Fig. 13.4.8. The invariant manifold M, is an orientable surface when A > 0 (a), or it is a
Mobius band if A > 0 (b).

multiplier greater than one), or non-orientable when A < 0 (then the multiplier
greater than one in absolute value is negative). For Ay > 0, there are no orbits
(besides the equilibrium state O) staying in a small neighborhood U of T for
all times. For Ap < 0, almost all orbits leave U. The exceptions are O, L and
one heteroclinic orbit which is a-limit to L and w-limit to O.%

9This orbit is the stable separatrix of O on the invariant manifold M,,.
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Lw
_ﬂ
o N
A>0
<o >0
Lw
. = (G
0 A0 O
u<0 >0

Fig. 13.4.9. The birth of a saddle periodic orbit from a homoclinic loop to a saddle with the
positive saddle value.

On the cross-section Sy, the local unstable manifold of the fixed point
M*(u) is a small piece of the invariant curve lo(u) through this point. The
entire unstable manifold of M*(u) on Sy can be obtained by iterating the local
unstable manifold under the action of the map 7. Since the domain Sy of
the map T" is bounded by the surface {yo = 0} = W} _(O) N Sy, the unstable
manifold of M*(u) is bounded by the images of this surface. Thus, it is a part
of lo(p1) bounded by the point M+ (u) = TyM~ = T'1(u) N Se if A > 0, or
a part of ly(u) between the points M (u) and T(M™(u)) when A < 0 (see
Fig. 13.4.7). As p — 0, the unstable manifold of M*(u) tends to the invariant
curve lar for A > 0, or shrinks to the point M ™ for A < 0; the stable manifold
of M*(u) tends to {yo = 0}.

By construction, the curve [j is the intersection of the invariant manifold
Mo with Sf. If A > 0, the backward orbits of the points of [ tend to the
point Mt =T'N Sy at © = 0. Thus, in the case A > 0, all orbits from the
upper part (yo > 0) of the invariant manifold My are a-limit to the homoclinic
loop T' (see also Remark 4 in Sec. 13.2). Since the manifold M, is attracting,
it must repel backward semi-trajectories. Therefore, there may not be other
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Fig. 13.4.10. The orientable homoclinic loop (A > 0) to a saddle with the positive saddle
value has unstable invariant manifold.

orbits which are a-limit to I'. It follows that the upper half of M is a uniquely
defined unstable manifold of the loop T" for A > 0 (Fig. 13.4.10).

When p # 0, the fixed point M*(u) of the Poincaré map corresponds
to the saddle periodic orbit L(u) of the flow. The unstable manifold of L(u)
intersects the stable manifold of O, and therefore it is bounded by the unstable
separatrices I'1 2. It follows from the above analysis that, when A > 0, the
unstable manifold of L(u) is a two-dimensional cylinder which tends to the
unstable manifold of I' as 4 — —0. When A < 0, the unstable manifold of
L(p) is a Mobius band which shrinks to I' as y — 0.

As 1 — 0, the stable manifold of L(u) approaches the component W3
of W*(O)\W?=*(0O) which contains I'. The characteristic form of W3 in the
small neighborhood U of T" is sketched in Fig. 13.4.11. Here, the local stable
manifold can be continued along I' in backward time so that it returns to the
small neighborhood of O. Since A # 0, the manifold W* is transverse to W,
and therefore it is limited to the manifold W** as t — —oo. This geometry of
W* is a direct consequence of the non-vanishing of the value of A. We remark,
however, that in some cases, even if A = 0, the manifold W* may be still
limited to W*° in backward time.

Observe also that in the case o0 < 0, we have the same geometrical behavior
provided that the following three conditions hold:

(1) the leading eigenvalue A; is simple and real,

(2) the homoclinic loop T" does not belong to the strong stable manifold, and
A#0.
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wel 11

Fig. 13.4.11. Behavior of the stable manifold Wf in backward time near a homoclinic loop
to the saddle with real A1, provided the non-degeneracy assumptions hold.

loc

Here the map T will still have an attracting invariant curve lo(u), but (in the
case 0 < 0) the map T is a contraction on lo(u). It follows that the homoclinic
loop T possesses a stable manifold when A > 0, i.e. the set of points which are
w-limit to I'. This set consists from all trajectories passing through the upper
part SS' of the cross-section Sy and is bounded by the closure of W3{. Note
that the possible existence of stable or unstable manifolds for homoclinic loops
opens the way for the appearance of the so-called superhomoclinic (homoclinic
to homoclinic) orbits which could enrich dynamics essentially. We refer the
reader to [69, 157, 159].

As we have seen above, the dynamics near the homoclinic loop to a saddle
with real leading eigenvalues is essentially two-dimensional. New phenom-
ena appear when we consider the case of a saddle-focus. Namely, we take a
C"-smooth (r > 2) system with an equilibrium state O of the saddle-focus
saddle-focus (2,1) type (in the notation we introduced in Sec. 2.7). In other
words, we assume that the equilibrium state has only one positive characteris-
tic exponent v > 0, whereas the other characteristic exponents A1, As, ..., Ap
are with negative real parts. Besides, we also assume that the leading (nearest
to the imaginary axis) stable exponents consist of a complex conjugate pair A
and \s:

AMo=—pFiw, Redj<—p<0 (j=3,...,m).

By time rescaling we can always make v = 1, which we will assume to be
throughout this section. So, the case p > 1 corresponds here to the negative
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Fig. 13.4.12. A homoclinic loop to a saddle-focus.

saddle value (and it is hence covered by Theorem 13.6). Thus, we will mainly
be focused here on the case p < 1 (positive saddle value).

The unstable W* and stable manifold W* of O are one-dimensional and
n-dimensional, respectively. The unstable manifold is the union of O and two
separatrices, I'y and I';. By definition, the separatrices I'y 2 tend to O as
t — —oo. Suppose that one of the separatrices (I'1) tends to O as t — 400
thereby forming a homoclinic loop T' (Fig. 13.4.12).

The structure of the phase space in a small neighborhood of I' depends on
the sign of the saddle index p. We will see that the behavior of the trajecto-
ries in a neighborhood of T' differs essentially in the two cases p > 1 (simple
dynamics) and p < 1 (complex dynamics).

Our study is based on the construction of a Poincaré map 7' via a super-
position of a local map T : Sp — S; and a global map 77 : S; — Sy, where Sy
and S are appropriately matching cross-sections to I'.

It follows from the result of Appendix A in Part I (see also formula (13.8.28)
in Sec. 13.8) that a system near O can be recast into the form

1 = —pr1 — wxs + f11(z,y)x + frz(z,u, y)u,
By = wzy — pr2 + fa1(2,y)T + far(z,u,y)u,
4= Bu+ fs1(z,y)z + fa2(z,u,y)u,
y=y,

(13.4.10)

by some C"~!-transformation of coordinates and time. Here, u € R™72 is
the vector of non-leading coordinates, and the eigenvalues of the matrix B are
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(A3, Am). The C"~!-functions fij satisfy
fil(xao) EO, flj(0707y) EO» f2j(0707y) =0. (13411)

In these coordinates the invariant manifolds are locally straightened: their
equations are W, = {z = 0,u = 0} and W, = {y = 0}, respectively.
Moreover, the system in the leading coordinates (z1,x2) is linear on the stable
manifold.

We will assume that T' leaves O at ¢ = —oo towards positive y, i.e. it
coincides locally with the positive y semi-axis. Therefore, we may chose the
cross-section Sy as y = d for some small d > 0.

When the separatrix returns to O, it lies in the stable manifold y = 0. If
the system has order more then three, we will assume that I' does not belong
to the strong stable manifold W?*°. Recall that W?° is a smooth invariant
manifold which is tangent at O to the u-space; and when (13.4.11) is satisfied,
W#¢ = {z =0,y = 0}. Recall from Secs. 2.6 and 2.7 that any trajectory from
We\W** (and hence the separatrix I too) tends to O along the leading plane
u = 0, so that its projection onto this plane is a spiral which intersects, say,
the positive z; semi-axis infinitely many times. Let M (zT > 0,0,u™,0) be a
corresponding point on I'. Let us take the cross-section Sy : {x2 = 0} through
this point.

It follows from Sec. 13.8 [see (13.8.30)—(13.8.33)] that the solution (z(t),
u(t), y(t)) which starts from x = (20,0), u = ug at t = 0 and ends at y = d at
t = 7 must satisfy the relation

y(0) = e "d,

N B[

u(r) = o(e™?7),

where the o(e™?7)-terms denote some C"~!-smooth functions of (xq,uq,T)
which decay to zero faster than e ?7 along with all their derivatives up to
the order (r —1).

We can now evaluate the flight time 7 from the point (zg,uo,y0) € So

tOSl
_m ¥
4

T =
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Substituting this expression into (13.4.12), we obtain the following formula for
the local map Ty : (w0, u0,%0) — (1,72,u1) € S11°0 by the trajectories of the
flow near O:

P d
1 = 3 (@) coswln — + o(yf),
d Yo

Ty = X (@y) sinw In 4 +o(yh), (13.4.13)
d Yo
ur = o(yf) .
Here, the derivatives of the o(yf))-terms with respect to (xo,uo,y0) up to the
order (r—1) are estimated as o(y})?) where ¢ is the number of differentiations
with respect to yg.

Observe that the map T} is defined only for yo > 0. Choose a small § > 0
and let Sy be the rectangle {|zg — 2F| < 4, lup — u*|| < 6,0 < yo < 6} on
So (recall that (z*,u™,0) are the coordinates of the point M = T' N Sy).
We can see from formulas (13.4.13) that the image 7057 in Sp looks like a
“snake” (Fig. 13.4.13) which spirals onto the point M ~(0,0,0) =I'N.S; along

Fig. 13.4.13. The local Poincaré map Ty near a saddle-focus.

10We denote the u-coordinates of a point on S1 by u1 and that on Sp by ug.
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the plane u; = 0 (we have already described this shape in more detail in
Sec. 2.4). By continuity, let us define the map Ty at yo = 0 by To(W3.NSo) =
M.

The global map 717 : S1 — Sy is defined by the trajectories close to that
piece of I" which lies outside a small neighborhood of O. The map T is
a diffeomorphism which takes the point M~ to M™, and can be therefore
represented by

To =t +anz1 + ap®2 + agzug + -,
go = 2121 + a922X2 -+ ag3U1 4+ .- , (13414)

o = ut + ag1z1 + agaTo + agzur + - - - .

We will require that
A=/d3, +a3, #0. (13.4.15)

Note that this condition is automatically satisfied for three-dimensional sys-
tems, where there is no non-leading u-coordinates. In this case the global map
assumes the form

ZTo =t +anzy +apra+ -,

ﬂo = A21%1 + G22%2 + - - .

Since the global map must be a diffeomorphism, it follows that |Z; Z;z | #0,
which indeed implies (13.4.15).

In dimensions higher than three, the condition A # 0 is an essential non-
degeneracy condition. It is important that we use the coordinates in which the
system has locally the form (13.4.10) and that the identities (13.4.11) are hold.
In these coordinates the intersection of W}’ . with Sy is the straightline yy = 0,
and the intersection of the extended unstable manifold W“Z with S is tangent
to the space u; = 0 (the extended unstable manifold is a smooth invariant
manifold which is transverse to W33, at O). Thus, one can see from (13.4.14)
that the condition A # 0 is equivalent to the condition of transversality of
T (WEENS) to W NS at the point M, i.e. to the transversality condition

of the extended unstable manifold W"¢ to the stable manifold W* at the points
of the homoclinic loop T.
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Formulas (13.4.13) and (13.4.14) yield the following expression for the
Poincaré map T = T; o Ty:

1
7y = Azy” cos (w In— + 9) +o(y?),
Yy

8l

1
=atd=! + AjayP cos (w In—+ 91) + o(y”), (13.4.16)
Y

u=utd™! + Ayzy” cos (w lni + 92) +o(y”),

where (z,u,y) = (z0,u0,y0)d ", and Ay, As, 0, 61, 03 are some constants.
The image of TOS(J)r by the diffeomorphism 77 also has a spiraling shape.

It intersects W} _ infinitely many times near M. Indeed, it is immediately

seen from (13.4.16)!! that the preimage T~ (W N Sy) of y = 0 consists of an

infinite sequence of surfaces

I :y = yr(z,u) = Ce ™/ (1 + 0(1)h—to0) » (13.4.17)

where C' = e(?=3)/% and k runs through all sufficiently large positive integer
values. As k — 400, these surfaces accumulate on y = 0. By construction,
they are intersections of the (global) stable manifold of O with Sy. Thus, the
stable manifold is self-limiting here (it has the helicoid-like shape shown in
Fig. 13.4.14).

Fig. 13.4.14. The stable manifold of the saddle-focus continued along the homoclinic loop in
backward time has a helicoid form.

HNote that A > 0 by assumption, and that 2 > 0 because z is close to z+ (the coordinate
of the point M+ = I'N Sp) which is positive. Recall that 1 # 0 because I' does not lie in
the strong stable manifold by assumption.
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T WSy

l2k- 1

0

2%
. Gk+1

WS M

oC 0,

Fig. 13.4.15. The structure of the Poincaré map near a homoclinic loop to the saddle-focus.

Let o be the region in SO+ bounded by l3;_1 and l. By construction, the
images by the Poincaré map T of those points on Sy which do not belong to
the union of the “strips” oy fall into the region y < 0. Thus, their orbits leave
a neighborhood of the loop. Let us therefore restrict our consideration to the
strips og.

The image T'oj, of each strip is one half of a single curl of the “snake” located
on the surface y = 0 (see Fig. 13.4.15). Observe that it has a distinguishable
horseshoe-like form. It follows from (13.4.16) and (13.4.17) that the top of the
kth horseshoe corresponds to

Y~ Yy~ eI
Thus, when p > 1, there is no intersection between o, and Top. On the
contrary, when p < 1, the intersection T'oj N o) is non-empty and consists
of two connected components (Fig. 13.4.16). It is geometrically evident that
there is a fixed point of T' at each of the components.'?

The fixed points of the Poincaré map T correspond to the periodic orbits
of the system. Thus, we have almost proved the following theorem.

Theorem 13.8. If p < 1, then there exists infinitely many saddle periodic
orbits in any neighborhood of the loop T.

I2What we see is analogous to the famous Smale horseshoe.
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T V74 G,
i 7.

p>1 p<i

Fig. 13.4.16. Location of the strip o} and its image T'o} under the Poincaré mapping for
p>1land p<1.

This theorem is a part of a more general assertion [including also the case of
a multi-dimensional unstable manifold as well as saddle-foci of types (2,1) and
(2,2)] on complex dynamics near the homoclinic loop of a saddle-focus [136].
Condition p < 1 also known as the Shilnikov condition is very important here,
because the structure of the phase space near the homoclinic loop is drastically
changed in comparison to the case p > 1 covered by Theorem 13.6. The main
bifurcations in the boundary case p = 1, when a small perturbation trigging the
system into a homoclinic explosion from simple dynamics (p > 1) to complex
dynamics (p < 1) were first considered in [29)].

Proof. The fixed points of the Poincaré map T' given by (13.4.16) are found
from the equation

1

y = AxyP cos (w lng + 9) +o(y?),
1

r=atd™ ! + Ajzy” cos (w In = + 91) + o(y”), (13.4.18)
Y

+g-1 1

u=utd '+ AszyPcos (wln— + 6 | + o(y”).

Y

The values of x and u are uniquely determined from the second and third
equations:

r=x7d ' +0(y), u=uTd ' +0(y"). (13.4.19)
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Substituting these expressions into the first equation of (13.4.18), we obtain
the following equation for the y-coordinate of a fixed point:

A 1 p
y= AFy cos wln; +60 ) +o(y’). (13.4.20)

The graph of the right-hand side of this equation is shown in Fig. 13.4.17.
When p < 1 [Fig. (13.4.17(b)], there are infinitely many roots accumulating to
Zero:

yi = Ce ™ /(1 + 0(1)p—to0) s (13.4.21)

where C' = e(0—%)/v,
The Jacobian matrix of the map 7" at the corresponding fixed point is given
by [see (13.4.16), (13.4.19) and (13.4.21)]

(DHAT G @ o) O(w)) O())
O((y)"™) o)) Owpr) |- (13422)
O((yp)"™) O((yp)*) Oy

Since yf — 0 as k — +oo, it follows that (y;)? — 0 and (y})’~' — +oo
(recall that p < 1). Tt is easy to see now that the matrix (13.4.22) has only
one eigenvalue

+
(estimated as  ~ (—1)k+1A$CdW(yZ)p_l>

which is greater than 1 in absolute value, while all other eigenvalues tend to
zero as k — +o0.

We have shown the existence of infinitely many saddle fixed points of
the map T which correspond to saddle periodic orbits (with two-dimensional
unstable and m-dimensional stable manifolds) of the system. Those with
even k’s have a negative unstable multiplier, and their unstable manifolds are
non-orientable. The periodic orbits corresponding to odd k’s have a positive
unstable multiplier, and hence, orientable unstable manifolds.

The y-coordinate of the kth fixed point tends to zero as k — +oo, which
implies that the z-coordinate tends to z+, and the u-coordinate tends to u™
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<l

45°

45°

|

(b)

Fig. 13.4.17. Modelling one-dimensional Poincaré map for p > 1 (a) and p < 1 (b).

[see (13.4.19)]. Thus, these periodic orbits do accumulate to the homoclinic
loop I'. End of the proof.

Remark. Note that the problem on the fixed points of the Poincaré map near
the homoclinic loop to a saddle-focus is reduced to the study of the fixed point
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of the one-dimensional map

1
7 = Ay’ cos (wln + 0) +o(y”).
Y
In fact, this map indeed captures many (not all, though) features of the dy-
namics near such homoclinic loop.

13.5. Behavior of trajectories near a homoclinic loop
in the case dim W* > 1

Let us consider next the general case where the dimension of the unstable
manifold of O is n > 1. Let 71,...,7, be the characteristic exponents with
positive real parts, ordered so that

0<Rer1 <Rerp<---<Reyy.
Let us assume that the saddle value is negative:
c=Re XA +Rem;1 <0, (13.5.1)

i.e. the characteristic exponent nearest to the imaginary axis has a positive real
part.

It is obvious that if ¢ > 0, we can always make it negative by a reversion
of time.

Generically, we may assume that if the leading exponent 7 is real, then

71 < Re; (i=2,...,n), (13.5.2)
and if - is complex, then
Reyy=Revya<Revy; (i=3,...,n). (13.5.3)

To distinguish between these two cases, we will call the equilibrium state a
saddle in the first case, and a saddle-focus in the second case, for the sake of
brevity. Note that this terminology differs from what we have used throughout
the first part of this book. Namely, in this section we do not take into account
whether the leading characteristic exponent A is real or complex. Thus, in this
particular section, we call O a saddle if (13.5.1) and (13.5.2) are satisfied, even
if A1 is complex.
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Let us now make two more non-degeneracy assumptions. Namely, we as-
sume that

(1) the homoclinic loop T' does not belong to the strongly unstable manifold
WUt Recall (Secs. 2.6 and 2.7) that the unstable manifold of a saddle has
a special subset — an invariant smooth strong unstable manifold W"*. It is
tangent at O to the eigenspace of the linearization matrix which corresponds
to the non-leading characteristic exponents ~s,...,7, in the case of a saddle,
or to vs3,...,7, in the case of a saddle-focus. The trajectories of W* which
do not belong to W"* tend to O as t — —oo along the leading direction (the
eigenvector corresponding to the leading characteristic exponent +1) in the case
of saddle, or they spiral toward O along the two-dimensional leading plane (the
eigenplane corresponding to the leading characteristic exponents v, and 72) in
the case of a saddle-focus.

In other words, we assume that the homoclinic loop behaves in one of the
two ways described above as it approaches O as t — —oo. In principle, this
is not a strong restriction since it defines an open and dense subset on the
bifurcation surface: if I' lies in W** for some system, then by an arbitrarily
small smooth perturbation it may be pushed into W™\ W%,

(2) The extended stable manifold W*E is transverse to the unstable manifold
W at the points lying on T'. Recall (Sec. 2.7) that a two-dimensional local
invariant manifold W*F is tangent at O to the eigenspace of the linearization
matrix corresponding to the stable characteristic exponents A1, ..., A, and the
leading unstable exponents 1 (in the case of the saddle), or 71 2 (in the case
of the saddle-focus), respectively. Since it contains the local stable manifold, it
also contains the homoclinic loop I". Continuation along the backward orbits
near I' defines the invariant manifold W*F globally. The local (hence, global)
extended stable manifolds are not unique, but any two such manifolds are
tangent to each other at any point on the stable manifold. Therefore, our
transversality condition is well-posed.

Note that in the case of a saddle (v, is real) the tangent to the unstable
manifold at any point which does not belong to the strong unstable manifold
Wut is spanned onto the phase velocity vector and the tangent to a leaf of
the strong-unstable foliation F** through the given point.!* Since W*F is
an invariant manifold, it consists of whole trajectories. Therefore, its tangent
contains the phase velocity vector as well. Hence, in the case of a saddle the

13This is the uniquely defined invariant foliation of W* transverse to the leading direction
near O; see Sec. 6.1.
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transversality of W*¥ to W" is equivalent to the transversality of W*¥ to the
foliation F™“*.

One can now notice that in the case of a saddle, the above assumptions
coincide with the conditions of Theorem 6.1 in Sec. 6.1 of Part I of this book.
This theorem constitutes the existence (for the system with a homoclinic loop
itself, and for all nearby systems) of a repelling smooth (Ct) invariant (m+1)-
dimensional manifold M which contains all orbits staying in a small neigh-
borhood U of T' for all positive times. It follows that our problem on the
bifurcations of I can be reduced here to that on the bifurcations on M.

In a small neighborhood of the saddle O, this invariant manifold coin-
cides with some extended stable manifold W*E. Thus, the latter manifold
is tangent at O to the eigenspace corresponding to the characteristic expo-
nents y; and Aq,...,\,. Hence, the saddle equilibrium state of the system
restricted on M has a one-dimensional (corresponding to 1) unstable mani-
fold and an m-dimensional stable manifold (corresponding to A1,..., An,). The
associated saddle value is negative. The bifurcations of the homoclinic loop
in this situations are described by Theorem 13.6. Now, recall that M is a
repelling manifold, i.e. flow is expanding in directions transverse to M. There-
fore, the stable periodic orbit bifurcating from the saddle on M (according to
Theorem 13.6) is indeed a saddle periodic orbit with an n-dimensional
unstable manifold for the whole system. Thus, we arrive at the following result.

Theorem 13.9. (Shilnikov [134]) Let a saddle O with saddle value o < 0
have a homoclinic loop I' which satisfies the non-degeneracy conditions (1) and
(2). Let U be a small neighborhood of T. If the homoclinic loop splits inward on
the invariant manifold M, then a single periodic orbit L with an n-dimensional
unstable manifold will be born. Furthermore, the only orbits which stay in U
for all times are the saddle O, the cycle L and a single heteroclinic orbit'*
which is a-limit to O and w-limit to L.

When the loop splits outward, there are no periodic orbits in U; moreover, the
only entire orbit in U is the saddle O. When there exists the separatriz loop T',
there are no other entire orbits in U, except for I' and O.

This theorem was originally proved without a reduction onto the invariant
manifold (although the original formulation was somewhat different from the
present one, both are equivalent). Its proof was based on a direct analysis

4This is the unstable separatrix I'; for the system on M.
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of the (m + n — 1)-dimensional Poincaré map near the homoclinic loop. This
map was shown to be a saddle map in the sense similar to our definition in
Sec. 3.15 of Part I, and after that a fixed point theorem was applied, analogous
to Theorem 3.28 in Sec. 3.15. In order to obtain suitable estimates on the
Poincaré map, the system was assumed to be analytical in [134]. Note that
the present proof needs only C'-smoothness.

In the case of a saddle-focus the following result holds.

Theorem 13.10. (Shilnikov [136]) Let a saddle-focus O have a homoclinic
loop T' which satisfies the non-degeneracy conditions (1) and (2). Then, in an
arbitrarily small neighborhood of T, there exist infinitely many saddle periodic
orbits.

We do not give its proof here because it is beyond the scope of this book.
A partial case (Theorem 13.8) was discussed in the preceding section. In fact,
the main theorem of [136] contains much more detailed information on the
structure of the phase space in a neighborhood of the homoclinic loop of the
saddle-focus; namely, a description of hyperbolic subsets in terms of symbolic
dynamics.

In the original proof the system under consideration was assumed to be an-
alytic. Later on, other simplified proofs have been proposed which are based
on a reduction to a non-local center manifold near the separatrix loop (such
a center manifold is, generically, 3-dimensional if the stable characteristic ex-
ponent \; is real, and 4-dimensional if Ay = A} is complex) and on a smooth
linearization of the reduced system near the equilibrium state (see [120, 147]).
The existence of the smooth invariant manifold of low dimension is important
here because it effectively reduces the dimension of the problem.'®

13.6. Codimension-two bifurcations of homoclinic
loops

In this and the following sections we will review some codimension-two bi-
furcations of homoclinic loops and heteroclinic cycles which occur in various
models.

15We should however stress that conditions (1) and (2) alone are not sufficient for the
existence of any smooth invariant manifold near the loop in the case of a saddle-focus (what
one really needs for such manifold to exist is the tranversality condition of W*E to Fu; see
[150]). Therefore, the reduction to an invariant manifold cannot give Theorem 13.10 in its
full generality.
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Fig. 13.6.1. The inclination-flip bifurcation (A = 0) is due to a violation of the transversality
of the intersection of W*¥ and W* at the points of the homoclinic loop T'.

Consider an (n + 1)-dimensional C"-smooth (r > 4) system with a saddle
equilibrium state O. Let O have only one positive characteristic exponent
v > 0; the other characteristic exponents A1, Aa, ..., A\, are assumed to have
negative real parts. Moreover, we want the leading stable exponent A\; to be
real:

/\1>Re/\j, ji=2,...,n.

The unstable manifold W* of O is one-dimensional, and the stable manifold
W*# is n-dimensional. Suppose that one of the unstable separatrices (I';) tends
to O as t — 400, thereby forming a homoclinic loop, as shown in Fig. 13.6.1.

We will analyze the following three cases of codimension-two bifurcations
of such homoclinic loops.

Case A.
(1) v=1;
(2) ' ¢ W=2; and
(3) A£0.
Case B.
(1) A=0,
i.e. W“F is tangent to W* at the points of T' (see Fig. 13.6.1);
(2) g W,

i.e. I' enters O as t — 400 along the leading direction; and
(B) s<v<ly>1(=2,...,n).
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Case C.
(1) T cwes,
i.e. T enters O as t — o0 along a non-leading direction (see Fig. 13.6.2);
(2) The extended unstable manifold W*E is transverse to the stable
manifold W* at points on I'; and
B)rv<lv,>1(j=2,...,n).

(Here: v= ‘% , VU= R:Aj
Case A corresponds to the boundary between positive and negative saddle
values. Cases B and C correspond to a violation of the non-degeneracy condi-
tions (1) and (2) of Theorem 13.4.2, respectively (the birth of a saddle periodic
orbit from a homoclinic loop with positive saddle value). Condition (3) in the

last two cases is necessary to exclude the transition to complex dynamics via
these bifurcations (some of the cases with complex dynamics were studied in
[44, 70, 78, 96, 79, 71, 72]).

Codimension-two bifurcations of homoclinic loops are essential for studying
bifurcation phenomena in the Lorenz equation

t=—-o(x—y), y=rex—y+axz, i=-bz+uay.

When ¢ = 10, b = 8/3 and r ~ 13.926, both of the one-dimensional unsta-
ble separatrices I'; and I'y of the saddle O(0,0,0) return to the saddle, along
the same direction (the positive z semi-axis). They form a geometrical con-
figuration called a homoclinic butterfly (Fig. 13.6.3). Note that a homoclinic
butterfly may only occur in R™ with n > 3.

Fig. 13.6.2. The orbit-flip bifurcation — the homoclinic loop I' gets closed along the non-
leading submanifold at the moment of bifurcation.
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Fig. 13.6.3. A homoclinic butterfly. Both separatrices return to the saddle tangentially to
each other.

In general, the bifurcation of a homoclinic butterfly is of codimension two.
However, the Lorenz equation is symmetric with respect to the transformation
(x,y,2) < (—x,—y,2). In such systems the existence of one homoclinic loop
automatically implies the existence of another loop which is a symmetrical
image of the other one. Therefore, the homoclinic butterfly is a codimension-
one phenomenon for the systems with symmetry.

In the Lorenz model, the saddle value is positive for the parameter values
corresponding to the homoclinic butterfly. Therefore, upon splitting the two
symmetric homoclinic loops outward, a saddle periodic orbit is born from each
loop. Furthermore, the stable manifold of one of the periodic orbits inter-
sects transversely the unstable manifold of the other one, and vice versa. The
occurrence of such an intersection leads, in turn, to the existence of a hyper-
bolic limit set containing transverse homoclinic orbits, infinitely many saddle
periodic orbits and so on [1]. In the case of a homoclinic butterfly without
symmetry there is also a region in the parameter space for which such a rough
limit set exists [1, 141, 149]. However, since this limit set is unstable, it cannot
be directly associated with the strange attractor — a mathematical image of
dynamical chaos in the Lorenz equation.



752 Chapter 13. Bifurcations of Homoclinic Loops . ..

In order to resolve this problem, it was proposed in [138] to study the
homoclinic butterflies in the Cases A, B and C above. Namely, it was estab-
lished that the bifurcation of a homoclinic butterfly results in the immediate
appearance of a Lorenz attractor when

(a) the saddle value o = 0 with the additional condition that |[A| < 2 on
both loops; or when

(b) A =0 on both loops with o > 0 and condition 3 of Case B is satisfied;
or when

(¢) both loops belong to the non-leading manifold (with o > 0 and condi-
tion 3 satisfied, as well).

Case (a) corresponds to a codimension-three bifurcation, while Cases (b)
and (c) are of codimension four. However, if the system exhibits some sym-
metry, then all of the above three bifurcations reduce to codimension two. It
was established in [126, 127, 129] that a symmetric homoclinic butterfly with
either 0 = 0 or A = 0 appears in the so-called extended Lorenz model, and in
the Shimizu—Morioka system, as well as in some cases of local bifurcations of
codimension three in the presence of certain discrete symmetries [129)].

We will not consider here the birth of the Lorenz attractor (see [114, 115,
117, 126, 127, 129] for that), but we consider the codimension-two bifurcations
of a single homoclinic loop. The bifurcation diagrams for Case A are the same
as in the two-dimensional case (see Fig. 13.3.1 when 0 < A < 1 and Fig. 13.3.3
for —1 < A < 0, respectively; the situation where |A| > 1 reduces to that of
|A| < 1 upon a reversion of time). This was established in [38], although the
proof of the completeness of the diagrams (the absence of other bifurcational
curves) was not done. We close this problem here (Subsec. 13.6.3).

The bifurcation unfoldings for Cases B and C are identical and shown in
Fig. 13.6.4. Here, p is the splitting parameter of the homoclinic loop, and A
is the separatrix value. Since in Sec. 13.4 the separatrix value A was defined
only when the loop does not belong to W*°, we must specify its meaning for
Case C.

Recall that the non-leading manifold W% is (n — 1)-dimensional. It par-
titions Wy . into two components. If the loop I' lies in W*%, then a small
perturbation may make it miss W}’ so that it enters the saddle from either
component of W .. We will show (Subsec. 13.6.2) that when the loop is moved
from one component to the other, it is accompanied by a change in the sign of
the separatrix value A.
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Fig. 13.6.4. The bifurcation unfoldings for an orbit- and an inclination-flip bifurcation are
identical in the simplest case.

The bifurcation diagram for Case B was proposed, independently, in [126]
(see also [127, 129]) and in [77], for Case C — in [119]. Here, we give a unified
and self-consistent proof for both cases, including the proof of the completeness
of the bifurcational diagram. In the West, the Case B is called the inclination-
flip bifurcation and the Case C is called the orbit-flip.

Let us introduce coordinates near the saddle so that the system assumes,
locally, the following form [see Sec. 13.8, formula (13.8.28)]

T =—-vT + fll(xay)x + fl?(xuu7y)u7
= Bu+ for(z,y)x + foo(x,u,y)u, (13.6.1)
Y=y,

where z € R! and y € R! are the leading coordinates, u € R"~! is the vector
of stable non-leading coordinates; v = |A1/v| is the saddle index, and the
eigenvalues of matrix B are —v»,...,—v,, where v; = |[Re A;/7|. Recall that
1<vj,7=2,...,n. In Case B we have % <v<1l,and v < 1 in Case C. In
Case A, v =1 at the bifurcation point, so we can let v = 1 + € here, where ¢
is a small parameter. The C"~!-functions f;; satisfy

fﬂ(l’,()) = 0, flj((), O,y) =0. (1362)
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In these coordinates, the stable manifold is locally given by y = 0, the local
unstable manifold is given by {z = 0,u = 0}. The equation of the strong
stable manifold is {z = 0,y = 0}.

By assumption, the loop I' coincides locally with the y semi-axis when it
leaves O at t = —oo. Since I' ¢ W** in Cases A and B, it enters O as t — +o0
along the x-axis. In Case C, the separatrix T lies locally in {z = 0,y = 0} as
it returns to the saddle. We assume also that the loop adjoins O from the side
of positive y as t — —oo and, in the first two cases, from the side of positive x
as t — +o00.

Let us choose two cross-sections Sy and S; transverse to the loop I'. Let Sy
be given by {y = d} and Sy be given by {||u|| = d} in Case C, or by {x = d} in
Cases A and B, where d > 0 is small. Denote the coordinates on S; by (x1,u1)
and the coordinates on Sy by (yo,uo) in Cases A and B, or by (yo,xo,up) in
Case C.

On the upper part Sy : {yo > 0} of Sy, the local map Ty : S — S is
defined by the orbits of the system. It follows from the last equation in (13.6.1)
that the flight time from S to S is

r=—In %} . (13.6.3)

It was shown in Sec. 13.8 [see formulas (13.8.30)—(13.8.36)] that the fulfillment
of identities (13.6.2) implies the following estimates for the solution of the
system starting from a point (xg,ug) at ¢ = 0 and ending on {y = d} at t = 7:

x(7) = e " Txg + &1 (20, w0, T) + &1 (uo, 7)

? (13.6.4)
u(1) = &2(x0, uo, 7) + &2(u0, 7),
where
£1,2(0,up,7) =0,
1€12llor2 = 0(e™T),  [|€12llor2 = o(e=(+)7), (13.6.5)
€1 2llor-1 + [[€12llor1 = o(e™7),
where 7 may be taken arbitrarity close from below to min{2v, 1+ v,vs,...,v,}

(so 7 > v and, moreover, 7 > 1 in Case A and B where we have 2v > 1) and
d is such that 0 < 6 < min{v, vy —1,..., v, — 1}.

Substituting formula (13.6.3) for the flight time into (13.6.6) and (13.6.5),
we obtain the following estimate for the local map Ty : SS' — 51 in Case C
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(where the cross-section Sy is |lug = d||)

1 = zoYpd ¥ + ©1(w0,Y0,u0), w1 = P2(Zo, Yo, Uo) , (13.6.6)
where
_ 7 146
¢ =o(lzolys +4o"")

oPtip o 146—

aurayr — Olwolve " + T (p+g<r—3),
6’“*2@ - 8S+p+q<p - (13.6.7)
6ugayg O(yO )7 8!E8U86y8 O(y ) (S +p + q=r ) )

orta e
Loyl ) atp+g=r—1.

(xo, ug)POyd

In both Cases A and B, where xg = d on Sy, we have the following formula
for Ty:

1 =yyd' "+ o1(yo,uo), w1 = @2(Yo, uo) (13.6.8)

where the functions ¢ o satisfy

oty (13.6.9)

dupdyg

87"71()0 veg

=o(yy™ ) (p+qg<r—2),

Recall that # > 1 here, contrary to (13.6.7) where we have only 7 > v.

13.6.1. The case A = 0 —inclination-flip

The flow outside a small neighborhood of O defines the global map 77 : 51 — S
by the orbits close to I'. In Case B the map 77 in a small neighborhood of the
point M~ (0,0) = W} NS can be represented by

Yo = p+ Ary +appur + -+,
’ (13.6.10)
o =u" + anwy + agui + - -,

where A is the separatrix value which is assumed to vanish at the bifurcation
point. In this formula, (u,u*(u, A)) are the coordinates of the point M+ =
T1 M~ where the separatrix I'y first intersects Sy. The homoclinic loop exists
at =0 (since M € W _N Sy in this case).
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Combining formulas (13.6.8) and (13.6.10), we obtain the following repre-
sentation for the Poincaré map T in Case B:

y=p+ Ay +oi1(y,u), y=>0,

i (13.6.11)
o =u" 4+ any” + p2(y,u)

(we drop here the sub-index “0” and also rescale variables to make d = 1 in
(13.6.8); the modified functions ¢ o still satisfy estimates (13.6.7) — note that
the second-order terms in the Taylor expansion for the global map 77 make a
contribution of order O(y*”) in the new functions ¢; 2, but it is negligible in
comparison with (13.6.7) because v > 1/2).

Let a be the root of the equation

(5)2 + (aflyf =1. (13.6.12)

Observe that a, which is uniquely defined by (13.6.12), converges to zero as
i, A — 0. One can see from (13.6.11) that § < y for y > a/(1 — v). Thus,
upon iterating the map T, the value of y decreases until it becomes of size

O(«). Therefore, it is reasonable to rescale the variables and parameters via:

y—ay, u—ut+a’u, p=asng, A=al"Vcose,
where (a, ¢) are a kind of polar coordinates on the (p, A)-plane. We can then
recast this map into the form
Yy =sing+cosopy” +---
’ (13.6.13)
u=axany’ +--,
where the ellipsis stand for the terms which vanish along with the first deriva-
tives with respect to y” and v as o — +0; moreover, all their derivatives up
to order (r — 1) tend to zero uniformly on any interval of values of y bounded
away from zero. This type of convergence is sufficient for one to show that the
map (13.6.13) undergoes the same bifurcations as the limiting one-dimensional
map
y=sing+cosopy”, y=>0. (13.6.14)

The Lamerey diagrams for this map are shown in Fig. 13.6.5. The right-hand
side of the map is either monotonically increasing (when —7/2 < ¢ < 7/2), or
monotonically decreasing (when 7/2 < ¢ < 37/2). Such maps may have only
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Fig. 13.6.5. The Lamerey diagrams for the map (13.6.14).

fixed points and orbits of period two, respectively. Moreover, the only possible
bifurcations occurring in such maps are saddle-node bifurcations and primary
period-doubling’s (“primary” is applied to fixed points only). In addition, a
fixed point or a period-two orbit may vanish on the boundary (given by y = 0)
of the domain of definition of the map. This corresponds to the bifurcation of
a homoclinic loop (simple or double, respectively) in the original system. The
bifurcation values of ¢ are found from the system

y =sing 4+ y” cos ¢,

13.6.15
+1 =vy’ tcoso, ( )

where “+” corresponds to a saddle-node bifurcation of a fixed point, and “-”
corresponds to a period-doubling of a fixed point. This system can be recast
as

T i » sing,
(1—v)tv cos ¢

v ~ (—sing)l-v

y=-
(13.6.16)
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for the saddle-node bifurcation case, or as

y= 1_H/smgi),
13.6.1
_(1+V)1_” _ coso (13.6.17)
vY o (sin¢)t—¥

for the period-doubling case. Here, y is the coordinate of the bifurcating fixed
point. One can see that these equations define a unique value of ¢ for each
bifurcation. Moreover, both bifurcations are non-degenerate: the Lyapunov
value is non-zero at a saddle-node bifurcation, and is non-zero and positive at
a period-doubling bifurcation.

Thus, the saddle-node bifurcation leads to the appearance of a pair of
fixed points, stable and unstable, whereas the period-doubling leads to the
appearance of an unstable orbit of period two. An unstable fixed point vanishes
at y = 0 (corresponding to a single-circuit homoclinic loop) when ¢ = 0 and
¢ = . An unstable orbit of period two approaches y = 0 (a double homoclinic

loop) when
Cos ¢

(sing)t—v "
To make sure that there are no other bifurcation values (which might also
give rise to saddle-node bifurcations of period-two orbits), just note that the
third derivative of the second iterate of the map (13.6.14) never vanishes. This
means that the second iteration of the map cannot have more than three fixed
points, including their multiplicity. Hence, this guarantees the absence of other
orbits of period two in the map.

We have completed our analysis of the one-dimensional map (13.6.14). The
phase portraits for the degenerate multi-dimensional map T

0=1+ (13.6.18)

g=sing+cospy”’, u=any” (13.6.19)

can be easily constructed. Since the Poincaré map T is close to the above
map [see (13.6.13)], every orbit which does not escape from the region 0 <
y < 2/(1 — v) must come to a small neighborhood of a— or w— limit sets of
the map T given by (13.6.19). As the analysis above shows, these limit sets
are fixed points or periodic orbits of period two. When they are not close to
y = 0, the map T is close to T along with at least three derivatives [for this
purpose we have assumed above that the system under consideration is C"-
smooth with 7 > 4; see comments after the formula (13.6.13)]. This guarantees
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that the two maps have the same phase portraits when all periodic points of
(13.6.19) are rough, and that these maps undergo the same bifurcations near
the values of ¢ for which the map T undergoes a non-degenerate saddle-node or
period-doubling bifurcation. Near the values of ¢ for which a fixed point or a
period-two orbit of T comes close to y = 0 [these values are, given, respectively,
by the equations sin ¢ = 0 and (13.6.18)], this fixed point or period-two orbit
is always of a saddle type. Moreover, the first or, respectively, second iteration
of the map T is a saddle map near y = 0 in the sense of Sec. 3.15. The same
is true for the map T": since its first derivative with respect to y* is uniformly
close to that of T, one can find y as a function of § and u and check, for
the obtained cross-map, that conditions (3.15.10) of Definition 3.7 are fulfilled.
Since a saddle map can have only a single saddle fixed point, it follows that
the map 7" may have only a single saddle periodic orbit close to y = 0, and
this periodic orbit is close to that of the map T.

Thus, the map T undergoes (for small «) the same bifurcations as the
one-dimensional map (13.6.14). Returning to the original parameters (u, A)
we obtain the following asymptotics for the bifurcational curves (13.6.16)—
(13.6.18):

X
1—v

o [~ _ly Aﬁ, A > 0 — a saddle-node;
—v
f=
o U~ 1V+ (_A)ﬁ7 A < 0 — a period-doubling bifurcation; and
v

o i~ (—A)T%, A<0— adouble loop.

Recall also that the line ;4 = 0 corresponds to the primary homoclinic loop.
Summarizing, we have obtained the following description of the bifurcations
on the (A, u)-plane in Case B (see Fig. 13.6.4):
in the region D; there is no orbit (except the saddle) staying inside a small
neighborhood U of the homoclinic loop T for all times. Upon crossing the curve
Ly corresponding to a saddle-node bifurcation, a stable and a saddle single-
circuit periodic orbits are born. The saddle periodic orbit adheres to a homo-
clinic loop with A > 0 on the curve Lo. After this, the single stable periodic
orbit exists in the region D3. Upon crossing the line L3, a saddle double peri-
odic orbit bifurcates from a double homoclinic loop. This double-circuit peri-
odic orbit coalesces with the single-circuit periodic orbit on the line L4, so that
the latter periodic orbit looses its stability (the reverse period-doubling bifurca-
tion) and becomes of the saddle type. The new saddle periodic orbit disappears
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in a single non-orientable/twisted (A < 0) homoclinic loop on the bifurcation
curve Ls.

13.6.2. The case I' ¢ W** — orbit-flip

Let us show next that the bifurcations in Case C (I' C W**) proceed in the
exactly same way. Here, the cross-section Sy is given by {|Ju| = d}. The global
map 717 : S; — Sy defined by the orbits close to I' is now represented by

Yo =+ a1z +agur + -,
To =N+ a21%1 + ag2u1 + -+ -, (13.6.20)
o = ut 4+ az1@1 +azpur + -0,

where (u,n,u™(u,n)) are the coordinates of the point M* =T, M~ =T1NS,.

At (u,m) = (0,0), the system has a homoclinic loop lying in W** (since M* €

W2 NSy in this case). Thus, we must consider bifurcations for small  and p.
Note that the assumed transversality of W*F to W# is equivalent to the
condition ay; # 0 (see Sec. 13.4).
Combining formula (13.6.20) with formula (13.6.6) for the local map, we

obtain the following representation for the Poincaré map T in Case C:
g=p+anzy’ +ei1(z,y,u), y>0,
T =n+anzy’ + p2(z,y,u), (13.6.21)
u=u"+az1zy’ + @3(z,y,u)

(we omit here the sub-index “0” and also rescale variables to let d = 1 in

(13.6.6); the functions ¢ o3 satisfy estimates (13.6.7), i.e. ¢123 = o(|z|y” +
146
y ).

Let us define the separatrix value as
A= naiq -

Note that at © = 0 and n # 0, the separatrix I'; forms a homoclinic loop,
approaching one of the two components of W5 \W% depending on the sign
of 1. Since the non-degeneracy conditions of Theorem 13.7 are satisfied for
1 # 0, the Poincaré map T has a smooth invariant curve through the point
M™(0,n,u™), transverse to the stable manifold. When restricted to this curve,
the map T assumes the form

y=anny” +o(y”),



18.6. Codimension-two bifurcations of homoclinic loops 761

A>0 A<0

Fig. 13.6.6. Orbit-flip homoclinic bifurcation: the change of the way the separatrix I' tends
to the saddle results in the change of sign of separatrix A.

i.e. our definition of the separatrix value A is consistent with the definition
in Sec. 13.4 for the case of a non-degenerate (codimension one) homoclinic
loop. Observe that when the homoclinic loop moves from one component
of W \W to the other, the separatrix value changes its sign as shown in
Fig 13.6.6.

Let us transform the z-variable: z — x +n. The map T can then be recast
as

y=p+ Ay’ +anzy’ + o1z +n,y,u), y>0,
T = agny” + a1y’ + p2(x +1,y,u),
u=ut +azny’ + az1zy’ + p3(x+n,y,u).

After rescaling y — yoa, ¥ — ax, u — uT + au (where « is taken from
(13.6.12)) the map is brought to a form analogous to (13.6.13). After this
point, all considerations may now proceed in the same way as in Case B and
leading to the exactly same result.

13.6.3. The case 6 =0

Let us now examine Case A — bifurcations of a homoclinic loop with ¢ = 0.
Here, the local map from Sy to S; is given by the formula (13.6.8) where
v = 14 ¢e. The global map from S; to Sy is defined by formula (13.6.10)
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(where A is no longer assumed small; moreover, it depends now on the small
parameters (u,€)). We also assume that |A| < 1 (the case |[A > 1 can be
similarly obtained by reversing of time). Combining formulas (13.6.8) and
(13.6.10), we can write the Poincaré map T in the form

y=p+Ape)y' T +oi(yu), y>0,
(13.6.22)
@ =ut + any' T + pa(y, u),

where @1 5 satisfy the estimates (13.6.7) (in which the dependence on x must
be suppressed).

Note that conditions 2 and 3 in Case A coincide with the conditions of
Theorem 6.2 (see detailed explanations in Sec. 13.4) which guarantees the
existence of a smooth attracting two-dimensional invariant manifold M for
all small p. It is only C!, in general. Therefore, we cannot apply the two-
dimensional results from Sec. 13.3 directly to our case because the former
requires a higher order of smoothness. Nonetheless, the intersection of the
invariant manifold M with Sy is a smooth attracting invariant curve Iy (trans-
verse to y = 0) for the Poincaré map T. The Poincaré map, when restricted
to this curve, is a one-dimensional map with either a monotonically increas-
ing (when A > 0), or a monotonically decreasing (when A < 0) right-hand
side. This gives us an important qualitative information on the anticipated
bifurcations of the original map 7T": they may include only a saddle-node and
a period-doubling bifurcation of a fixed point when A > 0 and, virtually, a
saddle-node bifurcation of an orbit of period two when A < 0. In addition,
a fixed point, or an orbit of period two when A < 0, may migrate to the
boundary {y = 0} of the domain of definition of the map (this corresponds to
a homoclinic loop, simple or double, respectively).

A simple homoclinic loop corresponds to i = 0. A double homoclinic loop
exists for A < 0if TM*T e W§ _, ie.

0=p+ A(p, o)™ + o1 (p,uh)

(see (13.6.22)). This gives the following asymptotics for the corresponding
bifurcational curve:

p=A0,&)|E1 4+ 0(1)], e<0.
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The bifurcations of the fixed point are found from the system (compare

with (13.6.22)):

y=p+Ayte+oi(y,u), y=0,

u=ut +any'* +pa(y,u),

i<1> ( A(l+e)y® + #h, dm) (1)
z az1(1+¢e)y® + @5, 5,/ \*

Here, “4+” corresponds to a saddle-node bifurcation and “—” corresponds to a
period-doubling bifurcation; (y,u) are the coordinates of the bifurcating fixed
point, and (1, z) is the eigenvector corresponding to the multiplier +1.

Since ¢, o), = o(y?) and P2y = o(y'*?)
in terms of y:

(13.6.23)

, one can easily express z and u

2z~ tan(1+e)y®, u~ut.

Thus, the system takes the form

y=p+ Ay +o(y't), y=>0,

) (13.6.24)
+1=A1+¢e)y® + o(y°),

which is analogous to systems (13.3.9) and (13.3.13) which define the bifur-
cation curves of the fixed points of the map T in the two-dimensional case
(Sec. 13.3). This system gives the following asymptotics for the bifurcation
curves (e < 0):

1
o = EA(O,a)%(l + 0(1)) — a saddle-node fixed point (A > 0); and

2
o /= g|A(()75)|%(1 + 0(1)) — period-doubling (A4 < 0).

It can also be shown that these bifurcations are non-degenerate, i.e. the first
Lyapunov value is non-zero in both cases. Moreover, at the period-doubling
bifurcation the Lyapunov value is positive. Therefore, a saddle orbit of period
two is born at this bifurcation.

All of these results coincide with those we have obtained in the two-
dimensional case. Therefore the bifurcation diagrams are the same. The re-
maining final step is to verify that there may not be saddle-node bifurcations
of the orbits of period two for A < 0. A period-two orbit {(y1,u1), (y2,us2)}
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must satisfy the equation

Yo = U+ A(p7 E)y}J’E + @1(y1, Ul) >

y1 = p+ A(p, €)y%+s + p1(y2, u2) ,
(13.6.25)

uy = ut 4+ anyi ™ + po(y1, 1),
up = ut + anya T + olyo, ug),

where y; > 0 and y2 > 0.

Since ¢4,, is small for small y, one can find (u1,uz2) as functions of (y1,y2)
from the two last equations in (13.6.25). The equations for y; 2 can be written
as

yo = p+ Al €)yit + o(y1,2)

) (13.6.26)
y1 = i+ A, )y ™ + @(y2,41), y1 >0, y2 > 0.
Here, the function ¢ is estimated as follows:
p(y1.y2) = oy ™),
e 1-q+6
T?Jtlzzo(qu ) (q:17"'a7"_2)7
ot 2—rte
2~ oy, (13.6.27)
oy~
9Py 1—q+6 1—pte
07Ty =o(yy "y ") (I<ps<r—2-g9q),
oPtip 1—g+e, 1—pte
Fyiayr — o ) atptg=r-lp>1.

Recall that we have assumed —1 < A < 0. Therefore, for ¢ > 0, the right-
hand side of (13.6.26) is a contraction. Hence, the system may have only one
solution for ¢ > 0. By symmetry, we have y; = yo at this solution; i.e. it
corresponds to a fixed point of the map 7. Thus, the map T does not have
orbits of period two for ¢ > 0 and we will now restrict our consideration to
negative €.

Since A < 0, the right-hand side of the first equation in (13.6.26) decreases
as y1 increases. Therefore, yo < p. Analogously, y; < p as well. Thus, we may
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rescale variables: y; — yi1u, y2 — yau. The resulting system takes the form

c 1
Yo =1-Cy; ™ + ;@(M?Jhﬂ?&) ,
1 (13.6.28)
y=1-Cyy*t* + ;tp(uyz, 1)
where A
C= qu , (13.6.29)

and both rescaled variables y; 2 belong to the interval [0, 1]. With no loss of
generality we may assume that y; > o, and y; is bounded away from zero for
bounded C.

It is easy to see, that if C' remains bounded away from C' = 1, then system
(13.6.28) has a unique solution for small ¢ and €. Observe that the symmetry
of the system implies y; = yo in this case, which means that the map T cannot
have orbits of period two when C' is not close to 1.

Thus, the only relevant region in the parameter plane corresponds to plél ~
|A|. Since |A] < 1 by assumption, it follows that p is exponentially small with
respect to €; namely,

1 < e K/l

for some positive K. It follows that the ¢-terms in (13.6.28) are negligible and
it can be easily checked that solving y; in terms of ¥ from the second equation
of (13.6.28) and substituting the resulting expression into the first equation,
the third derivative of the right-hand side of the resulting equation will never
vanish for small € < 0.

This implies that the system cannot have more than three solutions. Each
orbit of period two gives two solutions [(y1,y2) and (y2,y1)]. Therefore, the
map 7T cannot have more than one period-two orbit, even accounting for mul-
tiplicity, i.e. there may not be saddle-node orbits of period two either.

13.7. Bifurcations of the homoclinic-8 and
heteroclinic cycles

In this section, we will review the bifurcations of a homoclinic-8, as well as
of heteroclinic cycles including a pair of saddles such that they do not induce
complex dynamics. We skip all proofs here just because our goal is only to
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Fig. 13.7.1. A homoclinic-8 — the separatrices leave the saddle from opposite directions.

acquaint the readers with the results obtained in [148, 149, 151] and [50] for the
homoclinic-8, and in [121-125] and in [34-35] for heteroclinic cycles of various
kinds which have not yet been widely known.

The homoclinic-8 consists of a pair of homoclinic loops to a saddle such that
the unstable separatrices I'y and I's come out from the saddle in the opposite
directions at ¢ = —oo (Fig. 13.7.1). We will consider the case where the
unstable manifold of the saddle O is one-dimensional; i.e. the saddle has only
one positive characteristic exponent ~ > 0; all other exponents are assumed to
have negative real parts: ReA; < 0, j = 1,...,n. Moreover, we assume that
the saddle value o is negative:

o =v+max Re \; <0.

We assume also that the system is C"-smooth with » > 1, and can hence ex-
amine its bifurcations under C"-smooth perturbations. Consider a sufficiently
small neighborhood U of the homoclinic-8 I'; U 'y U O. Denote by N the
set of all orbits lying entirely in U. The following theorem asserts that the
set N contains no other orbits except for the two homoclinic loops and O at
the bifurcation point. It also describes the structure of this set in any nearby
system.
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Theorem 13.11. For any system sufficiently close to the system with a
homoclinic-8 with o < 0, the set N is the closure of the union of the sepa-
ratrices I'y UTs and may be of the following six possible types:

(1) N\O contains two stable periodic orbits, one of which is the w-limit set
of I'y and the other is the w-limit set of I's;

(2) N\O contains one stable periodic orbit which is the w-limit set of both
separatrices I'y and T's;

(3) N\O contains a stable periodic orbit which is the w-limit set of one of
the separatrices, and the second separatriz forms a homoclinic loop;

(4) N =T1UT'2UO, where one of the separatrices forms a homoclinic loop
and the second separatriz is w-limit to this loop;

(5) N =T1UT'2UO, where both separatrices form homoclinic loops (thereby
forming a homoclinic-8); and

(6) N is an attracting quasiminimal set which contains two PT-stable sep-
aratrices I'y and T'y, one P~ -orbit in W*(O) and a continuum of un-
closed Poisson-stable trajectories.

Note that only cases (1) and (2) correspond to structurally stable systems;
the other cases are non-rough. In essence, a bifurcation of a homoclinic-8 with
a negative saddle value is an internal bifurcation in the Morse-Smale class.

Of special consideration are systems with symmetry where both separatrix
loops approach together the saddle point. Such a situation is rather trivial;
namely: when the loops split inwards, each gives the birth to a single stable
limit cycle, in view of Theorem 13.4.1. When the loops split outwards, the
stability migrates to a large-amplitude symmetric stable periodic orbit that
bifurcates from the homoclinic-8 as shown in Fig. 13.7.2. And that is it. This is
the reason why the theory below focuses primarily on non-symmetric systems.

Introduce a neighborhood U of the homoclinic-8 as a small ball Uy with two
handles U; and U, glued to Uy containing the saddle O and the separatrices
inside. Thus, for any orbit lying entirely in U, there exists a natural code — a
sequence of symbols 1 and 2 which describes an itinerary according to which
the orbit cruises along inside the handles U; and U;. The codes for homoclinic
loops are finite; furthermore we will also assign the codes of a finite length to the
limit cycles, defined modulo a cyclic permutations of the symbols. To describe
the possible codes for periodic orbits, as well as for homoclinic loops, which
can be born from the homoclinic-8, let us construct a binary tree analogous to
the Farey tree from number theory. We will assign the symbol pair (1, 2) at the
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Lw
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\do
~
Lw \
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L,w

Fig. 13.7.2. The bifurcations of the homoclinic-8 in the symmetric case. An “outward”
breakdown of both homoclinic loops gives birth to a large symmetric periodic orbit. When
the loops split inwards, a periodic orbit bifurcates from each of the loops.

1,2)

N

(1,21) (12, 1)

SN SN
o
(ps/p)\(ps 8)
AN

Fig. 13.7.3. A binary tree describing possible types of periodic orbits and homoclinic loops
which can be born from the homoclinic-8 in the asymmetric case.

first vertex; from which two arrows descend to the vertices (1,21) and (12, 1),
and so on by following the rule that from a vertex (p, s), there are arrows going
to the vertices (p, sp) and (ps, s) (as depicted in Fig. 13.7.3), where p and s
denote finite words made up from the alphabet {1,2}. We call a pair (p, s)
admissible if it is at one of the vertices of the tree so constructed. A pair
of infinite sequences (p, s) of symbols 1 and 2 is admissible if there exists an
infinite path formed by the edges of the tree which passes through the vertices
(pi, i) such that p; — p and s; — s as i — +o0o. A word is called admissible
if it is an element of an admissible pair.
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Theorem 13.12. For any system sufficiently close to a system with the
homoclinic-8 with a negative saddle value, the periodic orbits or homoclinic
loops in U must have admissible codes. If there is a pair of periodic orbits, or
a pair of homoclinic loops, or a limit cycle and a homoclinic loop, their codes
must form an admissible pair. If the separatrices I'y and Ty are PY-stable
(i.e. N is a quasi-minimal set), then their codes form an admissible pair of
infinite sequences.

The local structure of the quasiminimal sets here is completely determined
by the codes of the separatrices. Let us introduce a rotation number ((s) for
an infinite sequence s = {s;};°5 of symbols 1 and 2 by the formula:

1
B(s) = lim —{number of 1’s in the sequence {s;}I"_,}, (13.7.1)
n—-+oco N,
assuming that this limit exists. It is easy to show that if a pair of infinite
sequences (p, s) is admissible, then the rotation numbers 8(p) and 5(s) indeed
exist; moreover, they are equal to each other:

and are irrational. For any irrational number § from the interval [0, 1], there
exists a unique admissible pair of infinite sequences with a rotation number
equal to (.

Thus, one can assign a rotation number § to each quasiminimal set born
from bifurcations of a homoclinic-8.

Theorem 13.13. If the set N of Theorem 13.11 is quasiminimal with a rota-
tion number 3, then the flow on N is topologically conjugate to a special Cherry
flow (restricted to its quasiminimal set) with a rotation number (.

The Cherry flow is a flow on a two-dimensional torus with two equilibrium
states: a saddle and an unstable node; both unstable separatrices are PT-
stable; one stable separatrix is a-limit to a node and the other lies in the
closure of the unstable separatrices and it is P~ -stable [see Fig. 13.7.4(a)].
The closure of the unstable separatrices is a quasiminimal set which contains
the saddle O and a continuum of unclosed P-stable trajectories. The rotation
number for such flows is defined in the same way as for flows on a torus
without equilibrium states. Since there is no periodic orbits in a Cherry flow,
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(a) (b)

Fig. 13.7.4. (a) The Cherry flow on a torus. (b) A quasiperiodic flow obtained from the
Cherry flow by identifying the separatrices of the saddle.

its rotation number is irrational. The Cherry flow is special, if it contracts
areas everywhere except for a small neighborhood of the unstable node. Two
special Cherry flows are topologically conjugate, if and only if, their rotation
numbers coincide (see more details in [104, 16]). We see that Theorem 13.13
gives a complete characterization of quasiminimal attractors which can be born
from a homoclinic-8 with a negative saddle value. Note that one can glue the
unstable separatrices I'y and I's together so that the flow on the quasiminimal
set after this “gluing” operation becomes topologically conjugate to the system

i=a*+y?, y=(a"+1°)8
on the torus {|z| <1, |y| <1} [see Fig. 13.7.4(b)].
Generically, one must distinguish between the following two cases:
Case 1. saddle-focus: A1 2 are complex and
0>ReAd =ReX>Re ), (1=3,...,n).
Case 2. saddle: )\ is real and
0>X>Re); (j=2,...,n).
In both cases, let us assume that at the bifurcation point,

e the homoclinic loops I'1 2 do not lie in the strong stable manifold W*?,
and
o the separatrix values A; 2 do not vanish on both loops.
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The latter condition can be interpreted as the transversality of the two-
dimensional extended unstable manifold W"¥ to the stable manifold along
both loops. The separatrix values are defined by formula (13.4.8) in the case
of a saddle, and by formula (13.4.15) in the case of a saddle-focus.

Consider a smooth two-parameter family X, ,,, which is transverse to the
codimension-two bifurcation set of systems with a homoclinic-8 with a negative
saddle value, and which satisfy the above non-degeneracy conditions. The
governing parameters y; o are the splitting parameters for the homoclinic loops:
when p; > 0, the loop T'; is assumed to split inwards.

Let C, denote the bifurcation set on the (u1, ps2)-plane that corresponds
to the existence of a homoclinic loop with a code s. By definition, {y; = 0}
defines the curve C; and {us = 0} corresponds to the curve Cy. For the
other codes in the cases below, C; is either a curve defined by an equation
w1 = hgs(pe) (if the last symbol in the word {s} is 1) or ps = hs(u1) (if the
last symbol in {s} is 2) where hy is a smooth function defined for 4 < 0 whose
first derivative tends to zero as gy — —0 (uniformly for all possible codes {s}),
or it is an infinite set of open arcs (intervals) of such a curve.

In the case of a saddle-focus, all possibilities allowed by Theorems 13.11
and 13.12 are encountered in any transverse family X, ,,. The bifurcation
diagram for this case is shown in Fig. 13.7.5. Observe that the bifurcation
curves which correspond to the homoclinic loops whose codes are ending by
“1” are close to the negative uo semi-axis and, therefore, they all lie in the
sector |p1| < |pz|. The curves that correspond to the homoclinic loops whose
codes are ending by “2” lie within the sector |ua| < |u1]. Since the picture in
both sectors is symmetric here, it suffices to describe only the configuration
of the bifurcational curves corresponding to homoclinic loops with the codes
ending by “1”.

Here, 7 = 0 corresponds to the curve Cy; the curve Cs; also leaves the
point (0,0) towards negative values of uo; the curves Cy; and Ly intersect at
infinitely many points. Then, one may continue inductively according to this
rule: let (p,s) be an admissible pair of words ended by 1; then C), and C;
intersect at infinitely many points, and if P and @ are neighboring points of
intersection of C), and Cy such that h, > hy on the interval between P and @,
then P and @ are further connected by arcs of Cps and Cs, which intersect
Cs and, respectively, C, infinitely many times, etc. In the region bounded by
these arcs of Cps and Cs,, a stable limit cycle exists with the code {ps}. On
the contrary, if h, < h, on the interval between P and @, then for these values
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Fig. 13.7.5. A bifurcation diagram for a homoclinic-8 of a saddle-focus with a negative saddle
value.

of o there cannot be homoclinic loops with the codes composed of the words
p and s. Moreover, if h, < hg, then everywhere in the region bounded by the
segments of the curves C), and C, from P to @, there exists a pair of stable
limit cycles with the codes {p} and {s}.

The quasiminimal attractors correspond to the limit points of the union of
the curves Cj.

In the case of a saddle (the leading characteristic exponent Ay is real), the
bifurcation diagram depends on the signs of the separatrix values A; and As, as
well as on the way the homoclinic loops I'; and I's enter the saddle at t = +oc.
Let us consider first the case where I'y and I'; enter the saddle tangentially to
each other, i.e. bifurcations of the stable homoclinic butterfly.
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Fig. 13.7.6. A bifurcation diagram for an orientable (A1 2 > 0) homoclinic butterfly of the
saddle with a negative saddle value.

Here, if A; > 0 and Ay > 0 (see Fig. 13.7.6), the region (u1 > 0, ps > 0)
corresponds to the existence of a pair of cycles with the codes {1} and {2},
and the region py; > 0, uo < 0 corresponds to the existence of a unique cycle
with the code {1}. The region (u; < 0, po > 0) corresponds to the existence
of a unique cycle with the code {2}. In the region (u1 < 0, p2 < 0), the
bifurcation set is a Cantor pencil of curves emanating from the origin, and
composed of a countable number of curves corresponding to homoclinic loops
and a continuum of curves corresponding to quasiminimal sets. This region
has the following structure: for any admissible pair of finite words (p, s) there
exist curves Cp and Cj; in the region bounded by C}, and Cs, the curves Cp,
and Cj), are positioned in such a way that C,, lies between C,, and Cp,. The
region bounded by the curves C),s and Cj, corresponds to the existence of a
single stable limit cycle with the code {ps}. On each curve Cs, one of the
unstable separatrices forms a homoclinic loop with the code s whereas the
second separatrix tends to this homoclinic loop (i.e. it belongs to the stable
manifold of the homoclinic loop; see the end of Sec. 13.4).
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For each admissible pair (p, s) of infinite sequences, there exists a curve
C(p, s) corresponding to the existence of a quasiminimal attractor with the
rotation number ((p) = B(s). The curve C(p, s) is found from

lim Cs, =lim Cp, ,

where (p;, s;) is a sequence of admissible pairs of finite words approximating
(p,s).

In the other remaining cases, quasiminimal attractors do not appear. In
the case A1 > 0 and Az < 0 (see Fig. 13.7.7), there exist cycles only with the
codes {1}, {2} and {21*}, k = 1,2,... (here {1¥} denotes the word consisting
of k “ones”), and the parameter plane is partitioned into a countable number
of regions by the curves Cy, Co, Cia, Cy1x and Ciox (K =1,2,...). Note that
these curves accumulate onto the negative uo semi-axis where the separatrix
I'y forms a simple homoclinic loop and the separatrix I's tends to the loop as
t — +o0.

Y
cycle 2 cycles I and 2
C, o
o0
'
5 ClZl
cycle 21
e
\ ¢
C 7
N

cycles 21 and 2

G,

Fig. 13.7.7. A bifurcation diagram for a semi-orientable (A1 > 0 and A2 < 0) homoclinic
butterfly of the saddle with a negative saddle value.
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Fig. 13.7.8. A bifurcation diagram for a non-orientable (A1 2 < 0) homoclinic butterfly of
the saddle with a negative saddle value.

In the case A; < 0 and Az < 0 (see the diagram shown in Fig. 13.7.8)
there exist cycles only with codes {1}, {2} and {12}; the parameter plane is
partitioned into 6 regions.

The bifurcation diagrams for the case where I'y and I's arrive at the saddle
from opposite directions are shown in Figs. 13.7.9-13.7.11. In this case there
cannot be quasiminimal attractors and the codes of the limit cycles can only
be {1}, {2}, {12}, {1(21)*} and {2(12)*} (k = 1,2,...). In the cases A; >
0, Ao > 0 and A; < 0, Ay > 0, the bifurcation set consists of a finite number
of curves. In the case A7 < 0, Ay < 0, it consists of a countable number of
curves which accumulate at the curves Ci5 and Cs;. On these curves, one of
the unstable separatrices forms a double-circuit homoclinic loop and the other
separatrix converges to it as t — +o0.

We remark that a systematic study of the bifurcations of a homoclinic loop
which is a limit set for the other separatrix was undertaken in [69].
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Fig. 13.7.9. A bifurcation diagram for a non-orientable (A1 2 < 0) homoclinic-8 of the saddle
with a negative saddle value.
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Fig. 13.7.10. A bifurcation diagram for a semi-orientable (A; > 0 and A2 < 0) homoclinic-8
of the saddle with a negative saddle value.
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Fig. 13.7.11. A bifurcation diagram for an orientable (A1,2 > 0) homoclinic-8 of the saddle
with a negative saddle value.

Note also that these results can be extended immediately to the case of a
saddle with a multi-dimensional unstable manifold. Namely, if O has several
characteristic exponents with positive real parts but the leading characteristic
exponent 7; is real, i.e. if

it < Re Vi

and if both the homoclinic loops do not belong to the strong unstable man-
ifold W** and leave the saddle in opposite directions, and if the extended
stable manifold is transverse to the unstable manifold on both loops, then
Theorem 6.3 can be applied to guarantee the existence of a repelling (n + 1)-
dimensional C!'-smooth invariant manifold. Since the system on the invariant
manifold has only one positive characteristic exponent at O, it follows that all
of the above results can be used here with the only difference that the limit
cycles and the quasiminimal sets will no longer remain attracting but have
become a saddle instead.

Let us now consider the case of a heteroclinic cycle with two saddles O,
and Os. Let the unstable manifolds of both saddles be one-dimensional and
let an unstable separatrix I'; of O; tend to Os as t — +oo and an unstable
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separatrix I's of Oy tend to O; as t — +o00. The union I't UT2 UO; U O3 is a
heteroclinic cycle. The question of bifurcations in a small neighborhood U of
such a cycle was considered in detail in [121].

We assume throughout this section that the saddle values are negative in
both saddles. In this case, no more than one periodic orbit can bifurcate from
the heteroclinic cycle. Moreover, this unique orbit is stable (attracting).

When the system has a symmetry such that O; is symmetric with respect
to Oy and the separatrix 'y is symmetric with respect to the separatrix I's,
then the bifurcations are rather simple: a stable periodic orbit is born when the
separatrices split inwards; when the separatrices split outwards, all trajectories
(next to O1,2) leave U.

In the general case the picture may be more involved due to the appearance
of multi-circuit heteroclinic connections.

Let us take a smooth two-parameter family X, ,, transverse to the
codimension two-bifurcational surface of C"-smooth (r > 1) systems with a
heteroclinic cycle of the type under consideration. Let p; and us be the split-
ting parameters governing the heteroclinic orbits I'y and I'y so that the hete-
roclinic connection T'; splits inward for p; > 0.

On the plane (u1,us2), there exist two curves L; and Lo, corresponding
to the homoclinic loops of the saddles O; and Os respectively. These curves
are the graphs of some smooth functions p; = hy(u2) and pe = ho(pr), re-
spectively, which are defined for positive p and such that h(0) = 0, A'(0) =
0. A stable periodic orbit exists in the region between L; and Ls. Note
that multi-circuit homoclinic loops cannot appear when the saddle values are
negative.

The bifurcation diagram for the family X, ,,, may also contain the curves
Ck, and C%, (k = 1,...) such that at p € C’fj the unstable separatrix I'; of
O; (i = {12}) makes k complete rotations along U and enters the saddle @Q;
(i # j), thereby forming a heteroclinic connection. The curves C’fj are defined
by the equations p; = hg;j(1i), where hy;; is some smooth function defined
on an open subset of the positive u;-axis such that the first derivative of hy;
tends uniformly (with respect to k) to zero as p; — 0. The exact structure of
the bifurcation set corresponding to heteroclinic connections is quite different
depending on whether the equilibria O; are saddles or saddle-foci.

The bifurcation diagrams for the case where both O; and O5 are saddles are
shown in Figs. 13.7.12-13.7.15. Here, if both the separatrix values are positive,
the only possible heteroclinic connections are the original ones which exist at
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Fig. 13.7.12. A one-dimensional two-way heteroclinic connection between two saddles.
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Fig. 13.7.13. The (1, p2)-plane for the bifurcation of the heteroclinic cycle in Fig. 13.7.12
for the case A1 > 0, A2 > 0, and v1,2 > 1. Only one stable periodic orbit exists in regions 1,2

and 3.
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1
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Fig. 13.7.14. Same as in Fig. 13.7.13, but A; < 0, A2 < 0. The system has one stable
periodic orbit in region 1, and has no periodic orbits elsewhere.

0 1
/“2 [ 012 c21

Fig. 13.7.15. Same as in Fig. 13.7.13, but A1 > 0, A2 < 0. The system has one stable
periodic orbit in regions 1-3, and has no periodic orbits elsewhere.

p1 = 0orat ugo = 0. When A; > 0 and As < 0, the only new bifurcation
curve is that labeled by C3;. In the case where A; < 0 and A, < 0, there exist
infinitely many bifurcational curves corresponding to all possible heteroclinic
connections. The curves C’fj accumulate to the curve C; such that, for € Cj,
the separatrix I'; forms a simple homoclinic loop to O; and the separatrix I';
of O; tends to the loop as t — +oc.

The separatrix values A; 2 on the heteroclinic orbits are defined in the same
way as in the case of homoclinic loops. Note that both cases {4; > 0, A3 > 0}
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(c)

Fig. 13.7.16. Three types of heteroclinic cycles: (a) A1,2 > 0; (b) A1,2 < 0; (c) A semiori-
entable heteroclinic connection between two saddles on a Mobius band A; < 0, Aa > 0.

and {4; < 0, Ay < 0} are possible in systems defined on the plane (see
Fig. 13.7.16) but in the latter case both orbits I'; and 'y are wandering.

The bifurcation diagram for the case where both Oy and O, are saddle-foci
is shown in Fig. 13.7.17. Here, the curves L; and Ly which correspond to
the homoclinic loops intersect the curves C9; : {u1 = 0} and C% : {us = 0}
infinitely many times. Next, for each k = 0,1,2,..., for any two neighboring
points of intersection of L; with a connected component of C%, (Ly with a
connected component of CF,) such that the inequality k() > hri2(po) (re-
spectively, ha(p1) > hyi(py) holds between these points, there is a component
of the curve C5;™! (respectively Ch!
this component intersects L (respectively L) infinitely many times, etc.

The limit points of this process correspond to the existence of a homoclinic
loop which is the w-limit set for a separatrix of the other saddle-focus.

The bifurcation diagrams for the case where O; is a saddle-focus and Os is
a saddle are shown in Figs. 13.7.18 and 13.7.19. Here, the picture depends on

) which connects these points. In turn,



782 Chapter 13. Bifurcations of Homoclinic Loops . ..

¥
r
y
FZ
wi
(&
0
Y
(a)
L A Ko
\ 2
Ci2
1
Ci2
0 2
Ci2 Ci2
2
Ci2
2
Caq ,
1
c12 C21
§ 2
C 1
12 2
2 C2q c
5 21
€21 g,
2
Ly

(b)

Fig. 13.7.17. (a) A one-dimensional two-way heteroclinic connection between a pair of saddle-
foci. (b) The corresponding bifurcation diagram.
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Fig. 13.7.18. (a) A two-way heteroclinic connection between a saddle-focus and a saddle.
The corresponding bifurcation diagrams for the case A2 < 0 (b) and A2 > 0 (c).
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Fig. 13.7.18. (Continued)

the sign of the separatrix value A, computed along the heteroclinic orbit I's.
There are no curves like C§; with k > 1 for A3 > 0. When A < 0, the curve
C3, intersects L infinitely many times and the structure of the set of curves
C’§1 for Ay < 0 is the same as in the case where both O; 5 are saddle-foci.

The set of curves Cf, is organized as follows. Observe that the curve
Lo : py = ho(p1) intersects the line CJ, : {us = 0} infinitely many times. Let
P(u4,0) and Q(uf,0) be two neighboring points of the intersection such that
ha > 0 between these points. Let p} > p. Then, infinitely many curves C¥,
emanate from the point P when As > 0 (or from the point Q when As < 0)
each of which intersects Ly at one point. The curve Cf, ends at @ (at P if
Ay < 0), the curve C%, ends at the point of intersection Cf, N Lo, etc: the
curve CF ends at the point CF, N Ly.

All these intersection points correspond to a non-orientable homoclinic loop
of Oy (the separatrix value on the loop is negative), and they accumulate at
the point where the separatrix value vanishes on the loop. The segment of Lo
between this point and the point P (the point @ at A < 0) corresponds to
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an orientable homoclinic loop onto which the separatrix I'y of O; winds around
as t — +oo. The curves CF, accumulate to this segment from the left.

We must note that this picture is proven to hold only if the system is at
least C? and providing

20v < pv 4+ 2.

Here p is the saddle index at the saddle-focus O, and v is the saddle index at
the saddle Oy and 7 = |Re A2 /7|, where  denotes the positive characteristic ex-
ponents of Oy, and Ag is the non-leading characteristic exponent of Os nearest
to the imaginary axis (A1 is the leading exponent so v = |A1/y| and 1 < v < 7;
recall also that p > 1 by assumption — the saddle values are negative).

If this inequality is not satisfied, then the structure of the set of curves C¥,
may differ: there will be still infinitely many curves C%, starting from P or Q
but, in some cases, only a finite number of them will have an intersection with
L5 and the rest of the curves will end at the last intersection point.

Note that all of these results (except for the subtle structure of the set of
curves CF, in the case where O is a saddle-focus and O, is a saddle) are proven
for C'-smooth systems. Therefore, just like in the case of a homoclinic-8, these
results can be directly extended to the case where the unstable manifolds of
01 and Oy are multi-dimensional (but they must have equal dimensions in this
case), provided that the conditions of Theorem 6.4 in Part I of this book, which
guarantee the existence of an invariant C'-manifold near the heteroclinic cycle,
are satisfied.

Another case studied in [121] corresponds to the bifurcations of a hetero-
clinic cycle when the saddle values have opposite signs at equilibrium state O
and Oy (the case where both saddle values are positive leads either to com-
plex dynamics, if O; and Oy are both saddle-foci, or reduces to the preceding
one by a reversal of time and reduction to the invariant manifold). The main
assumption here is that both O; and O, are simple saddles (not saddle-foci).

In particular, let the dimension of the unstable manifold of O; be equal
to the dimension of the unstable manifold of Oy. Besides, let both the stable
and unstable leading characteristic exponents at both O; and O be real. As-
sume also that both heteroclinic orbits I'; o enter and leave the saddles along
the leading directions. We also assume that the extended unstable manifold
of one saddle is transverse to the stable manifold of the other saddle along
every orbit I'y 2, and that the extended stable manifold of one saddle is trans-
verse to the unstable manifold of the other saddle along I'y 5 as well. Under
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these assumptions, Theorem 6.4 constitutes the existence of a two-dimensional
invariant manifold which captures all orbits staying in a small neighborhood
of the heteroclinic cycle for all times. Thus, the dynamics here is essentially
two-dimensional. Note once again that because the invariant manifold is, in
general, only C'-smooth, in order to study the problem one has to perform
computations for the original multi-dimensional system.

Let v1 and v be the saddle indices at O; and Os, respectively. Assume
that vy # 1, vy # 1 and 1115 # 1. Then, no more than two periodic orbits can
bifurcate from the heteroclinic cycle under consideration.

The bifurcation diagrams are shown in Figs. 13.7.20-13.7.23. The sepa-
ratrix values A; and A, are defined as derivatives of the global maps near
the heteroclinic orbits I'; and I'; on the two-dimensional invariant manifold.
Note that the other cases of combinations of the signs of A; o and of saddle
values can be obtained similarly by a reversal of time and a permutation of
the sub-indices “1” and “2”.

One may see that the peculiarity of this case, in contrast to the case where
the saddle values have the same sign, is the possibilities of a saddle-node

1
C 122
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SN 27
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Fig. 13.7.20. The bifurcation diagram for the case where both equilibrium states of the
heteroclinic cycle are saddles (see Fig. 13.7.12) provided A1 2 > 0, 11 > 1, vr2 < 1 and
vive > 1. The system has one limit cycle in regions 1-3, two limit cycles in region 4, none in
regions 5—7. A pair of limit cycles are born from a saddle-node on the curve SN; the unstable
one becomes a homoclinic loop on the curve Lo, whereas the stable limit cycle terminates
on Ll.
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koA

Fig. 13.7.21. The bifurcation diagram for the heteroclinic cycle in Fig. 13.7.12 for the case
A12 <0, v > 1, v2 <1and vive > 1. This system has one limit cycle in region 1, two
limit cycles in region 2, none elsewhere.
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Fig. 13.7.22. The bifurcation diagram for the heteroclinic connection in Fig. 13.7.12 when
A1 >0, A2 < 0, 11 > 1, 12 < 1 and vive > 1. The system has one simple periodic
orbit in regions 1, 2, 3 and 5, two periodic orbits (one simple and one of double period) in
region 4, and no periodic orbits elsewhere. The stable periodic orbit loses stability on the
curve PD corresponding to a period-doubling (flip) bifurcation. The unstable limit cycle of
double period becomes a double-circuit separatrix loop on L%. The stable simple limit cycle
terminates on Lj.
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Fig. 13.7.23. The bifurcation diagram for the heteroclinic connection in Fig. 13.7.12 when
A; >0, A3 <0,v1 <1, v >1and vive > 1. This system has one simple periodic orbit in
regions 1, 2, 3 and 5, two periodic orbits (one simple and one of double period) in region 4,
and no periodic orbits elsewhere.

bifurcation and a period-doubling bifurcation of single-circuit periodic orbits,
as well as of the appearance of double-circuit homoclinic loops.

The heteroclinic cycles including the saddles whose unstable manifolds have
different dimensions were first studied in [34, 35]. This study mostly focused on
systems with complex dynamics. Let us, however, discuss here a case where the
dynamics is simple. Let a three-dimensional infinitely smooth system have two
equilibrium states O, and O, with real characteristic exponents, respectively,
v >0> X >Ny and 7y > > 0> £ (i.e. the unstable manifold of Oy is one-
dimensional and the unstable manifold of Oy is two-dimensional). Suppose
that the two-dimensional manifolds W*(0O1) and W*(O2) have a transverse
intersection along a heteroclinic trajectory I'g (which lies neither in the cor-
responding strongly stable manifold, nor in the strongly unstable manifold).
Suppose also that the one-dimensional unstable separatrix of O; coincides with
the one-dimensional stable separatrix of Oz, so that a structurally unstable
heteroclinic orbit I' exists (Fig. 13.7.24). The additional non-degeneracy as-
sumptions here are that the saddle values are non-zero and that the extended
unstable manifold of O; is transverse to the extended stable manifold of Oy at
the points of the structurally unstable heteroclinic orbit I'.

This bifurcation has codimension two: the governing parameters (1, o)
are chosen here to be the coordinates of the point of intersection of the one-
dimensional unstable separatrix of O; with some cross-section transverse to
the one-dimensional stable separatrix of the other saddle Os. Since the
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~
f

Fig. 13.7.24. A heteroclinic cycle between two saddles. Notice that the heteroclinic trajectory
I"1 connecting O; with Og is structurally stable.

corresponding bifurcation diagrams are rather complicated, we do not present
them here but refer the interested reader to the original works [34, 35].
Nonetheless, in this case no more than two periodic orbits (always saddle) bi-
furcate from such a heteroclinic connection.

13.8. Estimates of the behavior of trajectories near a
saddle equilibrium state

In this section, we prove our estimates of the solutions near a saddle equilibrium
state which we used throughout this chapter.

Consider a C"-smooth (r > 3) system in a neighborhood of a saddle equi-
librium state with m-dimensional stable and n-dimensional unstable invariant
manifolds.

Let the characteristic exponents of the saddle be (A1, ..., A) and (74, ..,
Yn), where Re\; <0 (i =1,...,m)and Rey; >0 (i =1,...,n). Assume that
the real parts of (A1,..., A\, ) are equal to some —\ < 0 and the rest of the

stable characteristic exponents (Ap;4+1,--.,Am) lie strictly to the left of the
line Re () = —A. Concerning the unstable characteristic exponents we assume
that Rey; = -+ =Re~y,, =+ >0 and Rey; > v for ¢ > n;.

As shown in Appendix A of the Part I of this book, a system in R*+t™,
satisfying to the above assumptions, can be reduced by a C"~!-transformation
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of variables to the form

T = le + fll(w7 y?”) + f12($,u7yaU)U,
U = BQU + f21(xa y)”) + f22(z7u7yﬁv)u7
. (13.8.1)
Yy = Cly + gll(x7 u, )y + 912(1', u,y, ’U)U 3
V= 027] + 921(1'7 u, )y + 922(1'7 u,y, U)U
where the eigenvalues of By are (A1,. .., Am, ), the eigenvalues of By are (A, 41,

.-y Am), those of Cy are (91,...,7n,) and those of Co are (Yn,41,---,Vn)-
Moreover, the C"~!-smooth functions f;; and g;; satisfy

f11(2,0,0) =0, ¢11(0,0,y) =0,
fi2(z,u,0,0 0, ¢12(0,0,y,v) =0,
12( )= 12( ) (13.8.2)
fjl(o Yy,v ) 7 gjl(x U 0)
f22(0,0,0,0) = (0000) 0.
Let Ag > 0 and vy > 0 be such that for all t > 0
|eBrt|| < ePot | |le=Crt|| < et (13.8.3)

For example, when there is only one stable leading characteristic exponent
(my =1 and A\ = —\ is real), or if there is a pair of complex-conjugate stable
leading characteristic exponents (m; = 2 and Ay = A} = —\ +iw with w # 0),
then A\p = A. Analogously, 7o = v if ny =1, or if ny = 2 and v; = +3 is not
real.

Let us also choose some quantities A’ and v/, satisfying

0 <X <X <min{2Xp,\"} and 0<y <~ <min{2y,7"}, (13.8.4)
where X’ and +" are such that for all £ > 0
[eB2t]| < e |lem Rt < et (13.8.5)
We also take some A and 4 such that

0<Xo<A<min{N,Ag+7} and 0<~y <45 <min{y, v +Ao}.
(13.8.6)
Let two points My (xo, o, Yo, vo) and Mi(x1,u1,y1,v1) be in a small neigh-
borhood of the saddle, and let the orbit of My reach M; at the time ¢t = T,
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without leaving the neighborhood of the saddle. It is shown in Sec. 2.8 that
(21,u1) and (yo,vo) are uniquely defined for any small (g, ug, y1,v1) and 7 > 0.
Moreover, (1,1, Yo, Vo) depends smoothly on (zg, uo, 1, v1, 7).

Lemma 13.5. (Ovsyannikov-Shilnikov [101]) Denote

z1 = eB17xo + &1 (w0, vo, Y1, v1,7)

Yo = €_ClTy1 + 771(550;”07:[/17’0177—)7

(13.8.7)
Uy = 52('r0a Ug, Y1, V1, T) )
vo = 12(0, U0, Y1,V1,7) -
If identities (13.8.2) hold, then the following estimates are valid:
[€illcr—2 = 0(e™7),  [lmller—2 = o(e™77), (13.8.8)
I€aller—= = o(e™7),  lmaller—2 = o(e™7), (13.8.9)

where || ||cr-2 denotes the mazimum of the norm of the function itself and the
norms of all of its derivatives up to the order (r — 2).

Proof. Let us denote
fi=fax+ fiou and g; = gny + giov. (13.8.10)

Tt is sufficient to show (see Sec. 2.7) that, given small (zg,ug,y1,v1), the
solution (z(t),u(t),y(t),v(t)) of the system

o(t) = Ptan + [ P fu(a(s),u(s),y(s), (o))
0

ult) = Pt + / P25 £, ((5), u(s), y(5), v(s))ds
0 (13.8.11)

y(t) = ey, — /;6%”gl@:(s),u<s>,y<s>,v<s>>ds,

v(t) = e” 0 — /;6_02(8_”92(96(8)7U(S)vy(S)vv(S))ds
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satisfies the following estimates

[(t) — ePrizo|| < Kye tote= (Aol

)

u(t)|| < Kqe™ 't

lo()|] < Kze™' 1

(13.8.12)

(
(t)

y(t) — e~ Cilr— ty1|| < Kje™ Yo(r=t) o= (7= ’YO)T’
(

for t € [0, 7]; here K; » are some constants.!©

Moreover, analogous estimates must hold for all derivatives of the expres-
sions in the left-hand side of (13.8.12) with respect to (z¢, ug, y1,v1) while the
values of K’s may depend on the order of the derivatives. Note that there
is no need to evaluate the derivatives with respect to ¢ and 7 because they
are related to the other derivatives by simple identities (see Lemma 5.1 and
explanations in Sec. 5.2).

As shown in Sec. 2.8, the solution of (13.8.11) is the limit of successive
approximations (2 (t), u(®)(t),y*) (t),v*) (t)) (k — +00) computed as

t
e () = ePrtag +/ P i (@M (5),uM (), 5y ®) (5), 0™ (5))ds

0

t
ul () = e +/ P27 fo (@) (5),uM (), y®) (5), 0™ (5))ds ,

0

y () = ey, — /e’cl(s’”gl(rc(k)(S),u(’“)(S),y(’“)(S),v(k)(S))ds,
t

D (1) = e=Calr=0)y, _ /Te—cz(s—t)QQ(x<k>(S)’u(m(s)?y<k>(s),v(k>(8))ds

' (13.8.13)
starting with the initial guess (™ (¢),u™ (t),y M (¢),vM(t)) = 0.

Thus, to prove some estimates of the solution of (13.8.11), we may assume
that the kth successive approximation satisfies these estimates and then, based
on this assumption, we must check that the (k + 1)th approximation satisfies
them too; of course, the estimators must be independent of k.

16Strictly speaking, this gives O(-)-type estimates in the right-hand side of (13.8.8) and
(13.8.9), but the O-symbol can be replaced by o by just moving A, X, 7, v slightly closer
to zero.
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Let us now assume that the kth approximation satisfy (13.8.12) for some
K 5. It follows that

[+ (O] < 206700, [y (1) < 2e70 ), (138.14)

independently of the value of K7, provided 7 is large enough; here ¢ is the size
of the neighborhood of the saddle under consideration (so ||zo|| < ¢, |1 < €).
Based on identities (13.8.2), the function f; can be estimated as

£ < sup |1y | N2l lly, ol + sup (| fiagy ol - lull -y, ol (13.8.15)
Thus, it follows from (13.8.14) and from the assumed validity of (13.8.12), that
for sufficiently small ¢

1112 (5),u® (s), ™ (5), 0™ (5))]

< e 2osew0(T=9) 4 R Ze= N sem0(7=9) (13.8.16)

<1+ K0K22)e_5‘56_7°(7_5) ,

where K is some constant; note that we use here the relations (13.8.4) and
(13.8.6) between the \’s.
Analogously, if ¢ is sufficiently small, then

1225 (5), u®) (5),y*) (5), 00 (s)) ]| < (€ + 6K2)e ™, (13.8.17)

where 0 = sup || f22|| may be choosen as small as necessary by decreasing the
size of the neighborhood of the saddle.
By (13.8.16) and (13.8.17) we obtain, respectively,

/t eAOSfl (I(k) (S), u(k) (S), y(k) (5)7 v(k) (5))d$

0

< (1+K0K22)67%T/ e(’YoJr)\o*S\)SdS
0

and

/t exlsfg(x(k) (s), u(k)(s)7 y(k) (s), o) (s))ds
0

t
< (€+5K2)/ N "N
0
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Thus [see (13.8.13), (13.8.3) and (13.8.5)], (x, u)*+1) satisfy (13.8.12) with the

same K1 and K» if
1
K >0+ KK2))——MM—
( 2)/\0+%_)\

and
1

KQ 25+(€+5K2)m
By the symmetry of the problem, we obtain immediately the inequalities on
K, 5 which are sufficient for (y,v)**+1) to satisfy (13.8.12). Altogether, this
gives
1

Xo + 70 — max{7, A}’

K1 > (1+ KoK3)

(13.8.18)
1

K2 Z e+ (6+5K2)max{7”1_7,7>\/,_)\/} s
where § tends to zero as the size £ of the neighborhood of the saddle is
diminished.

These inequalities are easy to satisfy for Ko = O(e) and Ky = O(1). Thus,
one can indeed choose appropriate constants K2 such that the estimates
(13.8.12) are satisfied. To complete the proof of our lemma we must show that
analogous estimates hold for all derivatives of the solution (x(¢), u(t), y(t), v(t))
of (13.8.11).

It is shown in Sec. 2.8 that the successive approximations converge to the
solution of the boundary-value problem along with all derivatives. Thus, we
may assume that the kth approximation satisfies!”

||Dp$(k) (t) — D, (eBlta?o) | < K{P)e—kote—(X—Ao)T

)

ID,u® ()] < K et
(13.8.19)
||Dpy(k) (t)— D, (e—cl(r—t)yl) | < K{P)e—w(r—t)e—(ﬁ—w)f,

1D, ®) (1) < KP e =0,

for some K 2 which are independent of £ but may depend on the order p of the
derivative. Then, based on this assumption, we must show that the derivatives

oP

17We use the notation D, = 300, gy
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of the next approximation (x(**1) (¢), u(*+1) (), 4+ (2), v+ (1)) satisfy the
same estimates.

In fact, it suffices to make computations only for z(*+1(¢) and u*+1)(t);
the formulas concerning y*+1)(¢) and v**+1 (¢) will follow from the symmetry
of the problem.

The differentiation of (13.8.13) gives

t
Dpx(kH)(t) =D, (eBltxo) +/ eBrlt=s)
0
XDpfl(x(k)(s)vu(k)(s)’y(k)(s)vU(k)(s))dsa
t
D,u (1) =Dp(eB”u0)+/ Ba(t—s)
0

XDpr(J?(k)(S), u(k)(s),y(k)(s),v(k)(s))ds.
By (13.8.3) and (13.8.5), we have
1D, 1) — Dy (Bt

t
S 67}\0t / e}\os
0

1D+ D (1))

Dy fi(a®)(s), uP(s), 5 (5),00 ()| ds,

< e [1 + | Dy e ®(5), 1 (5), 5 (9, 5| ds] |
0
(13.8.20)

Now, in the same way as done earlier in proving our lemma we must check
that the estimates analogous to (13.8.16) and (13.8.17) hold for the derivatives
D, f1,2 for any p:

1D, f1(2% (s),u®) (5),y®) (5), 08 (5))]| < Ky~ T3 (13.8.21)
and
1Dy fo (2% (5),u® (5), 5@ (5),0®) (8))| < (Ko + 6K )e™,  (13.8.22)

where 6 may be chosen arbitrarily small by decreasing the size of the neigh-
borhood of the saddle under consideration; K5 is independent of the specific
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choice of the constants K{pQ) in (13.8.19), and K, is independent of Kfp)

(nevertheless, I~(172 may depend on K s corresponding to the derivatives of
lower orders).
By the chain rule, the derivatives

Dy fi(x®(s),ul (s),5®) (s), v ()
can be estimated by the sum

o fi
O, u)10(y, v)®

(@®(s), u® (s), 5 (), v<k><s>>H

% [ Dy, (2®) (s), ™ ()] [ D, (@ (), u™ (5))]
% ([ Dty s (0 (), 0 (D 1Dty 0™ (5), 0P ()] (13.8.23)

where g1 2 are non-negative integers such that 1 < g; + g2 < p, and I’s are
positive integers such that Iy 4+ -+l 44, = P-

By assumption, the estimates for the derivatives || Dju®)(s)|| and || Djv®*)
(s)|| are given by (13.8.19). For large 7, the estimates (13.8.19) imply

D™ ()| < 267205, || Dyy™) (s)|| < 267709 (13.8.24)

Thus, the estimate (13.8.23) can be rewritten as

P f; k k k k
const - Z Oz 0) 1 0(y. 0) = (™) (s),u™ (s),y*(s),v*)(s))
q1,92
% e—q1)\056—Q2V0(T—S) . (13.8.25)

Obviously, in the estimate for fi, the terms with ¢; > 2 and ¢ > 1 fit
(13.8.21), and all terms with ¢; > 2 in the estimate for f, fit (13.8.22). Note
also, that

orfi _ 0%fa 0% fiz (k)
A(y,v)e — O(y,v) A(y,v)e

Here, we use (13.8.12), (13.8.14), (13.8.4) and the identities (13.8.2) which give

8?22,15?32 =0atz=0. Since go0 <7 —2 and f;; € C"1, the derivative of order

g2 of fi1 is a smooth function. Thus, once it vanishes at = 0, it can be

estimated by 8?225)132 = O(x).

2 () + (s) =0(e ™). (13.8.26)
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Hence, it follows from (13.8.26) that the terms with ¢ = 0 and ¢2 > 1 in
the estimate (13.8.25) for f1, and all terms with ¢; = 0 in the estimate for f,
also fit (13.8.21) and (13.8.22), respectively.

Analogously, since f; vanishes identically at (y,v) = 0, it follows that

o0 fl
Oz, u)

Hence, all terms with ¢; > 2 in the estimate (13.8.25) for f; fit (13.8.21).
The last remaining terms to examine in (13.8.25) are (¢; = 1)

= O(e= (=),

AP
and

Note that f/, = 0 at (z,u) = 0 [see (13.8.2)]. Hence, it is of order O(x, u) along
with all of its derivatives with respect to (y,v) up to the order g5 < r—3. Thus,
it follows from (13.8.12), (13.8.14) and (13.8.4) that both terms above can be
estimated by constant - e=270(7=5)e=A's. j o they fit (13.8.22), and if g > 1,
they fit (13.8.21).

It remains to consider the case g1 = 1,¢g = 0 for f;. To satisfy (13.8.21)
we have to show that

e—)\gs 8f1 _ O(e—'yo(f—s)e—)\s)

Oz, u)

but this obviously follows from (13.8.14) and (13.8.12) because f1 = f112+ fia2u
and both fi; vanish at (y,v) =0 [see (13.8.2)].

We have proven that the derivatives D, fi(x*)(s),u®)(s),y*)(s),v*) (s))
satisfy estimates (13.8.21) and (13.8.22). Note that for the derivatives of z(¥)(s)
and y™*)(s), we used only estimates (13.8.24) which are independent of the
choice of K 5 in (13.8.19). Thus, the estimator Ki in (13.8.21) is indeed inde-
pendent of Kfp). The only terms in (13.8.23) which might give a contribution
in (13.8.22) depending on KEDQ) are

)

1F5ull - 1Dpu™ (s)] - and | f3, ] - [1Dpo ™ (s)]]

The first term here can be estimated by 5K§p)e*>‘ls where § may be chosen
arbitrarily small by diminishing the size € of the neighborhood of the saddle
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under consideration. The second term can be estimated [see (13.8.14), (13.8.12)
and (13.8.18)] by

K e T () 50, 112® ()] + (| fao 1™ (s)])
=K 0(|lz®(5)2 + [[u®) (5)])) = K - O(ee™*) .

All this is in complete agreement with (13.8.22).

Now, the validity of estimates (13.8.19) for the next approximation
(D (@2), wFD(t), yEFD(@), v+ (1)) follows from (13.8.21), (13.8.22)
exactly in the same way as the validity of (13.8.12) follows from (13.8.16), and
(13.8.17).

This completes the proof of the Lemma 13.5.

Remark 1. Following exactly the same procedure as in Appendix B of Part I
for the trajectories near a saddle fixed point of a diffeomorphism, one may
show also that

€ 2ller— = o(e™),  flmzller— = o(e™™7), (13.8.27)

and this estimate is valid at r = 2 as well.

Remark 2. Recall that when the system depends smoothly (C") on some
parameters, the coordinate transformation which brings the system to the form
(13.8.1) and (13.8.2) depends on the parameters C"~2-smoothly (precisely, it
has continuous derivatives with respect to all variables and parameters up to
the order (r — 1), except for the last (r — 1)th derivative with respect to the
parameters alone which may not exist). In this case the matrices By 2 and Ci 2
are C"~2-smooth functions of the parameters.

The estimates of Lemma 13.5 remain valid in this case. Indeed, it is easy
to trace throughout our proof (compare also with the analogous statement in
Appendix B of Part I) that an additional ¢-times (¢ < r — 2) differentiation
with respect to the parameters may only lead to the appearance of a factor
7% in the right-hand side of the estimates (13.8.8) and (13.8.9), but this factor
can be absorbed by the o(e™*7) and o(e~?7) terms by pushing the \’s and 7’s
closer to zero.

The derivatives of the order (r — 1) of the functions £ and 1 can now be
estimated by o(79%¢~*7) and o(1%¢~7°7), respectively (the proof follows exactly
the same procedure as in Appendix B). Here ¢ = 0,...,r — 2 is the number
of the differentiations with respect to the parameters; A\g and 7y depend now
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on the parameters in such a way that the estimates (13.8.3) for the matrix
exponents are always satisfied.

Remark 3. Let us draw more attention to the case where the unstable mani-
fold of the saddle is one-dimensional. There is no v-variables here and y € R*.
By rescaling time, the system (13.8.1) can be reduced to the form

i; - le + fll(xay)‘r + flz(.T,U,y)U,

= Bou+ for(z,y)x + foo(x,u,y)u, (13.8.28)
Y=y,
where all eigenvalues (v1, ..., vy, ) of By have the same real part —v < 0, and
all eigenvalues (Vpm, 41, - ., Vm) of B lie to the left of the line Re (1) = —v" <

—v. The C"~!-smooth functions f;; must satisfy

fin(z,0)=0, f1,;(0,0,9) =0. (13.8.29)
Lemma 13.5 asserts here that the solution of the boundary-value problem
is given by
Yo=¢eTyi,
r1 = BT + & (w0, w0, y1,7) (13.8.30)
uy = §2(x0, 0, Y1,7)
where
I61lcr2 = o(e™),  [l&2llcr2 = o(e™7). (13.8.31)
Here,
v<v <min{2v,V"}, v<v<min{/,v+1}. (13.8.32)

The estimates (13.8.27) can be written as follows

[€1,2lcr-1 = o(e™7). (13.8.33)

Remark 4. One may obtain slightly refined estimates for the functions &; o
in (13.8.30). Namely, let

51,2(“07241,7') = 5172(O,u0,y1,7) . (13.8.34)

Then the functions 5_172 satisfy some better estimates than those for & o re-
spectively. Indeed, we have

T Ty, (13.8.35)

||€_1Hcrf2 =o(e ) ||§T2||crf2 =oe
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for any 7 and © such that

v<v<min{v"2(1+v)}, v<v<min{r’ 1+v}. (13.8.36)

For a proof note that & = x(7) and & = u(7), where (z(t),u(t),y(t)) is the
solution of the boundary value problem {z(0) = 0,u(0) = uo,y(7) = y1} for
system (13.8.28). It satisfies the system of integral equations (see (13.8.11)):
t
x(t) :/ B9 £ (2(s), u(s), yre* " )ds,
0
(13.8.37)

t
u(t) = eBZtUO + / 632(7575)]02(*%(8)7 ’LL(S), ylesi‘r)dsa
0

which can be solved by successive approximations, starting with (z,u)(t) =
0. One can check (in the same way as Lemma 13.5 was proved) that every
successive approximation satisfies the inequalities

z(t)||cr—2 < Kie™"  |Jut)|or-2 < Kye™ "t (13.8.38)

for all ¢ € [0, 7], with some constant K, the same for every approximation step.
Thus, the limit of approximations satisfies the same inequalities, and this gives
(13.8.35) (see comments on the inequalities (13.8.12)).



Chapter 14

SAFE AND DANGEROUS
STABILITY BOUNDARIES

The material presented so far in this book covers the theoretical foundation
for the analysis of two non-transient phenomena: stationary states and self
(auto)-oscillations. The mathematical image of the former is a stable equi-
librium state, and that of the latter is a stable periodic orbit. Theoretically,
the observable state of a system that is associated with the position of a rep-
resentative point in the phase space is not necessarily located precisely at an
equilibrium state, or on a periodic orbit but can be only infinitesimally close
to it.! One must also take into account possible variations of the parameters
of the system. If a parameter varies sufficiently slowly, then the representative
point is able to follow the evolution of the limit regime within the stability
region. However, while studying a concrete dynamical system and choosing
parameter values, one must care not only about the requirements concern-
ing the stability of regimes but also about other problems. For instance, it
may turn out that the optimal working conditions of a device can be achieved
only near the threshold of its stability region. Another matter is that the
parameters of the system may evolve in a quasistationary way towards the
stability boundary. Any further trespassing beyond this boundary may lead
to rather non-trivial dynamics.? To analyze such situations, we now arrive at

1The process of convergence of a representative point to a limiting state is called the
transient regime. Formally, the limit regime and a nearby transient process cannot be
clearly distinguished. Nevertheless, the intuitive understanding of these processes in each
specific field of nonlinear dynamics and their separation in time usually cause no difficulties.
2Such a situation is literally called “on the edge of chaos.”
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the main topic of this final chapter: how does the representative point behave
while cruising over the boundary of the stability region?

14.1. Main stability boundaries of equilibrium states
and periodic orbits

To answer the question raised in the preceding paragraph, we must first itemize
the main types of boundaries of stability regions of equilibrium states and
periodic orbits. To do this we must undertake a systematic classification of
the information we have presented in all previous chapters. We will pay special
attention to the features that distinguish each type of boundaries.

Consider a p-parameter family of n-dimensional systems described by

t=X(z,e), e=(e1,...,¢p). (14.1.1)

Let us assume that the system has an equilibrium state (in the origin,
for simplicity, i.e. X(0,e) = 0). The principal boundaries of the stability
region of the equilibrium in the parameter space R? are two codimension-one
surfaces defined by the conditions given below, on which the equilibrium states
becomes

(1) A saddle-node
X(0,e) =0, Ay(e)=0,
A1(€)>0,...,An,1(8)>0, 12(6)7&0,

where A;(e) is the ith Routh-Hurwitz minor, and la(e) is the first
Lyapunov value.
(2) A weak focus

X(0,e) =0, A,_1(e)=0,
Ar(e) >0,...,An2(e) >0, An(e) >0, Li(e) #0,
where L (g) is the first Lyapunov (focal) value.

Suppose next that system (14.1.1) possesses a stable periodic orbit in some
parameter region. Here, the boundaries of the stability region may be of two
principally different types depending on whether the periodic orbit exists on the
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boundary or not. If the periodic orbits exists on the stability boundary, then
the problem reduces to the study of stability conditions of the corresponding
fixed point of the Poincaré map.
Let

Ep,e)=p" P rar(@)p 4 Fan1(e) =0 (14.1.2)
be the characteristic equation of the linearized map at the fixed point. Then
the stability boundaries of the first type are given by the following conditions
corresponding to

(1) A saddle-node periodic orbit (fold bifurcation) Z(+1,¢) = 0, la(e) # 0.

Moreover, except for p = +1, all other roots of the characteristic
Eq. (14.1.1) must lie strictly inside the unit circle.
(2) A period-doubling bifurcation (flip bifurcation) Z,(—1,e) = 0,

I3(e) # 0. Except for p = —1, the remaining roots of (14.1.1) must
lie strictly inside the unit circle.

(3) A birth of an invariant torus Z(e*™, ¢) = 0, w # {0,7/2,27/3, 7},
Li(g) # 0. Except for p; o = e* all other roots of (14.1.1) must lie
strictly inside the unit circle.

There are also four known types of the principal stability boundaries on
which the periodic orbit no longer exists.

(4) A periodic orbit collapses into a weak focus (the length of the peri-
odic orbit shrinks to zero while it approaches the bifurcation point).
This condition coincides with the condition defining the boundary of
an equilibrium state with a single pair of pure imaginary eigenvalues
provided that the Lyapunov value Ly (g) < 0.

(5) A periodic orbit merges with a homoclinic loop I'(e) to a saddle-node
equilibrium state O., where I'(e) ¢ W*5(O,).

(6) A periodic orbit merges with a homoclinic loop I'(¢) to a saddle equilib-
rium state O, whose characteristic exponents A1(g),..., A\, (&) satisfy
the following conditions:

ReXi(e) <0, (i=1,...,n—=1), X(e)>0

max  A;(e) + An(g) < 0.

1<i<n—1

The period of the periodic orbits in this case, and in the previous one,
increases unboundedly whereas its length remains finite.
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(7) The fourth and last situation corresponds to the “blue sky
catastrophe”, i.e. when both period and length of the periodic orbit L.
go to infinity upon approaching the stability boundary. This bound-
ary is distinguished by the existence of a saddle-node periodic orbit £*
under the assumption that all trajectories of the unstable set W*(L*)
return to £* as t — 400, where W¥(L*) N W*5(L*) = (. The tra-
jectories in W*(L*) define the so-called essential map f (see details
in Chap. 12). It is the map of a circle and the blue sky catastrophe
emerges upon crossing that part of the saddle-node boundary where
the degree of f is zero and, max |f']| < 1.

The computing algorithms of most of these bifurcations have been well
developed and can therefore be implemented in software; we mention here
the packages designed to settle these bifurcation problems: LOCBIF [76],
AUTO [46] and CONTENT [83]. The exception is the “blue sky catastrophe.”
Despite the fact that it is a codimension-one boundary, this bifurcation has
not yet been found in applications of nonlinear dynamics although an explicit
mathematical model does exist [53].

14.2. Classification of codimension-one boundaries of
stability regions

The notion of safe and dangerous boundaries of stability was suggested by
Bautin [24] who studied the stability boundaries for equilibrium states.

Safe boundaries are such that crossing over them leads to only small quan-
titative changes of the system’s state. Dangerous boundaries are such that ar-
bitrarily small perturbations of the system beyond them cause significant and
irreversible changes in the system's behavior.

We should notice here that in the case of safe boundaries, a slow drift of
the parameters back into the stability region brings a system back into the
original response, whereas in the dangerous case this is generally impossible.

Obviously, safe and dangerous boundaries are distinguished mainly by the
stability or instability of the corresponding equilibrium state, or periodic tra-
jectory, on the boundary.

Definition 14.1. A point ¢ on the stability boundary of an equilibrium state
O¢ is said to be safe if O, is asymptotically stable.
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Definition 14.2. A point g on the stability boundary of a periodic trajectory
L. is said to be safe if L, is asymptotically orbitally stable.

In the latter case the corresponding fixed point of the Poincaré map is
asymptotically stable.

On such a stability boundary, a bifurcating equilibrium state O, (or pe-
riodic trajectory L.,) still possesses a basin of attraction. Therefore, after
crossing the boundary, a small attracting “cloud” (whose size depends on how
far away we are from the boundary) will inherit the stability of O, (or L.,).
A reverse evolution of the parameters which returns to the stability boundary
will make the spot shrink back to a point (or periodic trajectory).

In such a case we have the so-called soft loss of stability. The newly estab-
lished regime inside the attracting spot may be either a new equilibrium state,
a periodic trajectory, a non-resonant torus, or even a strange attractor (a sit-
uation generally referred as instant chaos). The latter option is possible when
O, has three zero eigenvalues (see [18], or [129] for systems with symmetry).

Definition 14.3. A point €y on the stability boundary of an equilibrium state
O: is said to be dangerous if O, is unstable in the sense of Lyapunov.

Definition 14.4. A point g of the stability boundary of a periodic trajectory
L. is said to be dangerous if the corresponding fixed point of the Poincaré map
is unstable in the sense of Lyapunov.

Remark that Definitions 14.2 and 14.4 apply only to the cases where the
periodic orbit exists on the stability boundary.

Here, the following scenarios is played when approaching the stability
boundary: the attraction basin of O.(L.) is getting smaller and smaller, and
in the limit at € = ¢q, it degenerates into a stable set W?*(Og,)(W?(Le,))-
This set is not empty because, by definition, O, € W?*(O,)(Le, € W*(Le,))-
However, it may also consist of one point O, only: this, for example, occurs
on a plane when an unstable cycle collapses into a stable focus. In the general
case, W*(O,,)(W?#(Le,)) is non-trivial. Moreover, it may have a full dimension
(the dimension of the phase space) in some cases: if O, is a saddle-node, for
example.

After the dangerous point has passed, the behavior of the representative
point may be as follows:
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(1) If no new limit set appears in a small neighborhood of O, (L., ), then
the representative points diverges from the neighborhood. In such case
we have the so-called rigid loss of stability.

(2) If new attractors do appear, there still exists the possibility that a
representative point can escape from the neighborhood, rather than
choose one of the stable regimes which has emerged. Hence, one can
also refer to this case as a rigid loss of stability.

The latter comment is only heuristic. It reflects the influence of small noise,
which always persists in real systems (moreover, it is well-known that fluctua-
tions near bifurcational thresholds are amplified). Therefore, a representative
point may break loose from an old regime even before the system reaches the
dangerous boundary.

It follows from the above reasoning that the question concerning the dy-
namics of a system while crossing a stability boundary depends on the system’s
behavior in the critical cases. This is why the study of critical cases is very
important even without a further investigation of the associated bifurcation
phenomena. Moreover, a complete bifurcation analysis in a number of cases
(e.g. an equilibrium state with at least three characteristic exponents on the
imaginary axis, or a periodic trajectory with three multipliers on the unit
circle) is unrealistic in principle (see [60]).

For the case of the safe/dangerous points on a stability boundary where
periodic trajectories do not exist (the case of global bifurcations), the situation
becomes less definite and cannot yet be well specified in general. However, it
is well understood in the main cases (see below).

For the remainder of this section we consider only safe and dangerous sta-
bility boundaries of codimension one. This allows us to use only one bifurcation
parameter. We therefore assume that at € = 0, the system

&= X(z,¢) (14.2.1)
lies on a boundary of the stability region; when € < 0, it is inside the region
of stability and outside when € > 0.

14.2.1. Criteria for safe boundaries

(1) Let O, be an equilibrium state and let O.— have a single pair of purely
imaginary eigenvalues. In this case, the system X(e) is written in the
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form

i = p(e)r —w(e)y + (Li(e)z — Q(e)y)(a® +y*) + -,
g =wle)r+ple)y + (Qe)x + Li(e)y)(@® +y*) + - -, (14.2.2)
2= (A(e) + h(z,y,2,¢))z,

where z, y € R, 2 € R"™2, w(0) # 0, p(0) = 0, p(e)e > 0 at € # 0; and the
eigenvalues of the matrix A(e) have negative real parts. The corresponding
boundary S is safe if the Lyapunov value L;(0) is negative. When ¢ increases
from zero, a unique stable periodic trajectory emerges from the weak focus
Oc—o (Fig. 14.2.1).

(2) Let one multiplier of a periodic trajectory L. become equal to —1 on
the stability boundary. The Poincaré map 7 on a cross-section transverse to
the periodic trajectory may be represented in the form:

T = p(e)r + az(e)z? + az(e)xd + - - -,

) (14.2.3)
v =(A(e) + 9(z,y,¢))y,

where z € R, y € R"72 p(0) = —1, |p(e)| < 1 when € < 0,|p(g)| > 1 when
€ > 0, and the eigenvalues of A(¢) lie strictly inside a unit circle. The stability
boundary S, is safe if the Lyapunov value Iy = —a3(0) — a3(0) is negative.

Fig. 14.2.1. Super-critical Andronov—Hopf bifurcation occurs on the safe boundary.
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i

Fig. 14.2.2. A period-doubling bifurcation or a flip.

It follows from the form of the Poincaré map that the invariant center man-
ifold, corresponding to y = 0, is a Mobius band in this case, with the periodic
trajectory as its median line. At € > 0, another, double-round periodic trajec-
tory appears which inherits the stability and attracts all nearby trajectories,
see Fig. 14.2.2.

(3) Let the system have a periodic trajectory with a pair of multipliers
equal to e where ¢(0) # {0,7/2,27/3,7}. The Poincaré map is then
written in the form

7 = p(e)(zcosp(e) —ysinp(e)) + (Li(e)r — Qe)y) (@® +y*) + -+,
y = p(e)(zsing(e) +ycosp(e)) + () + Li(e)y) (@ +y?) + -+, (14.2.4)
z = (A(e) + h(z,y, 2,¢))z,

where z, y € R, 2 € R"73|p(¢)| < 1 when € < 0, |p(¢)| > 1 when € > 0,
and the eigenvalues of A(e) lie strictly inside the unit circle. In this case, the
boundary Sj3 is safe provided that the Lyapunov value L1(0) is negative. Upon
crossing Ss, a stable two-dimensional invariant torus emerges from the periodic
trajectory, “the cycle loses its skin” as Andronov described this bifurcation,
see Fig. 14.2.3. This is a mechanism responsible for a soft transition from
self-oscillation to a beat modulation.

(4) In this case the limit of a periodic trajectory L. as ¢ — 0 is a ho-
moclinic cycle I'* composed of a simple saddle-node equilibrium state and its
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Fig. 14.2.3. Soft birth of an invariant torus. The cycle loses its skin.

. N

Fig. 14.2.4. The disappearance of the stable cycle may result in the appearance of a saddle-
node with a bi-asymptotic trajectory.

separatrix, see Fig. 14.2.4. We also assume that the I'* is a smooth curve
(i.e. the homoclinic trajectory does not lie in the non-leading manifold of the
saddle-node). The given stability boundary S, is safe since the curve I'* is
stable (it attracts every trajectory located inside a small neighborhood T'*).
Beyond the bifurcation point, when & > 0, a stationary regime emerges due to
the appearance of the stable point.

(5) One more codimension-one boundary of stability of periodic trajectories
which corresponds to the “blue sky catastrophe” [152]. It may occur in n-
dimensional systems where n > 3.

In this case, the topological limit of the bifurcating periodic motion L. as
¢ — —0 contains no equilibrium point, but a periodic trajectory L£* of the
saddle-node type which disappears when € < 0. The trajectory L£* is a simple
saddle-node in the sense that it has only one multiplier, equal to 1, and the
first Lyapunov value is not equal to zero.

The following conditions of general position are needed to define the sta-
bility boundary Ss: let us denote the unstable set of £* by Wg.. It is locally
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Fig. 14.2.5. A sketch of the blue sky catastrophe; the shape of the periodic orbit L(e) looks
like a helix condensed near a saddle-node cycle.

homeomorphic to a semi-cylinder R! x S'. We suppose that all trajectories in
WE. tend to L* as ¢ — +oc and none lies in the strong stable subset W71,
ie. Wi NWE. = 0. We require additionally that W¥. adjoins to £* from the
side of the node region in such a way as it shown in Fig. 14.2.5; plus, some
quantitative restrictions are imposed (see Sec. 12.4 for more detail).

The boundary S5 is safe; when € > 0, the periodic orbit £* is split into
two components: a stable cycle £ and a saddle £Z. The new stable limiting
regime will therefore be given by £T.

14.2.2. Criteria for dangerous boundaries

(6) In this case, the topological limit of a periodic trajectory L. is a separatrix
loop T biasymptotic to a saddle equilibrium state. It is required that the
roots pi1, pa,.-.,pn of the characteristic equation at the saddle are such that
Rep, <--- <Reps <0 < p; and the saddle value o = Re p3 + p1 is negative.
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Fig. 14.2.6. A periodic orbit bifurcates into a homoclinic loop to a saddle.

The boundary Sg is dangerous because the loop I is unstable: some trajectories
will escape from its small neighborhood as ¢t — £o00, see Fig. 14.2.6.

(7) Let one eigenvalue of an equilibrium state O, vanish at ¢ = 0. The
system then can be represented in the form

& = R(z,e)+ f(z,y,€)y,
(14.2.5)

y=(Ale) +9(z,y,¢))y,

where z € R, y € R"2, R(0,¢) = ¢, R,;(0,¢) = 0. The generic case is selected
by the condition lo = R,,.(0,0) # 0. Since we have supposed that the transition
over the boundary starts from negative values of ¢, let us assume ls > 0. The
associated stability boundary S7 is dangerous: when € — —0, another saddle
equilibrium state is approaching O. and merging with it at ¢ = 0. When
e > 0(R(z,e) > 0), the resulting saddle-node point O* disappears and all
trajectories diverge from it, see Fig. 14.2.7.

(8) This is similar to Case 1, but with L;(0) > 0. As ¢ — —0, a saddle
periodic trajectory shrinks into a stable point O.. Upon moving through ¢ = 0,
the equilibrium state becomes a saddle-focus: it spawns a two-dimensional
unstable invariant manifold (i.e. the boundary Ss is dangerous).

(9) This is the same as Case 2 but with [; > 0. The instability occurs
because a period-two saddle periodic trajectory merges with a stable periodic
orbit. When € > 0, the latter becomes a saddle so that its unstable manifold
is homeomorphic to a Mdbius band.

(10) Same as Case 3 but L;(0) > 0. The stable periodic orbit becomes
unstable when an unstable two-dimensional invariant torus shrinks into it.
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Fig. 14.2.7. A saddle-node bifurcation without homoclinics.

When € > 0, the unstable invariant manifold W* of the periodic trajectory
has dimension three.

(11) Let one multiplier of a periodic trajectory L. become equal to +1 at
€ = 0. The associated Poincaré map can be represented in the following form:

8l
I

r + R(x,
(e (14.2.6)

y=(A(e) +9(z,y,¢))y,

where © € R, y € R"2. Let Iy = R;,(0,0) > 0. Then, the boundary Si;
exhibits a dangerous character because L. coalesces with a saddle periodic
trajectory as € — 0. The bifurcating trajectory L£* is of saddle-node type and
has an unstable invariant manifold W* homeomorphic to a cylinder S' x R¥,
see Fig. 14.2.8.

Summary: The set of principal stability boundaries of equilibrium states
consists of surfaces of three kinds: 57, S7 and Sg. Only the S;-like boundaries
are safe. As for periodic orbits, there are nine types of principal stability
boundaries: among them Sg, Sg, S1g, S11 are dangerous, while S5, S3, S4 S5
and 51, S, are safe (the latter two correspond to the subcritical Andronov—
Hopf and flip bifurcations, respectively).
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(s

Fig. 14.2.8. A saddle-node (fold) bifurcation of periodic orbits in R3.

14.3. Dynamically definite and indefinite boundaries
of stability regions

In this section we will attempt to answer the following question: where is the
representative point heading for upon crossing over a stability boundary? Or,
in other words, what is its Q-limit set?

The answer is obvious when we deal with principal safe boundaries of sta-
bility regions: the representative point tends to a new stable regime which,
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emerges from a soft bifurcation. The situation is dramatically different when
a system passes through a dangerous boundary: the point escapes the old
regime and runs away. In this situation the theory of local bifurcations does
not provide a straightforward answer to the above question. Nevertheless, to
figure out what may happen beyond the bifurcation it is useful to introduce two
subtypes of the stability boundaries — dynamically definite and dynamically
indefinite boundaries [137, 26]. Let us consider first a few examples.

The first example illustrates one of the most typical bifurcations which
occur in dissipative systems; namely a stable periodic orbit L; adheres to the
homoclinic loop of a saddle. Denote the unstable separatrices of the saddle by
I'y and I's. Let I'y form a homoclinic loop at the bifurcation point. Denote
the limit set of the second separatrix by 2(I'z). In the general case 2(I'9) is an
attractor; for instance, a stable equilibrium state, a stable periodic trajectory,
or a stable torus, etc. Since immediately after bifurcation a representative
point will follow closely along T's, it seems likely that Q(T'3) will become its
new attractor.

The second example exhibits a stable equilibrium state which merges with
a saddle to spawn a saddle-node. Denote by I', the only unstable trajectory
leaving the saddle-node as t — +o00, and its limit set by Q(T). If Q(T) is an
attractor, then the representative point will tend to it after the saddle-node has
disappeared. However, another scenario is also possible; namely, when I'" tends
to the same saddle-node as ¢t — Foco0. Then we have the situation described
in the previous sections: a stable periodic trajectory that bifurcates from T'
becomes a new limit regime for the representative point.

Both cases have much in common in the sense that the unstable set of both
bifurcating equilibrium states is one-dimensional. If the unstable set of the
critical equilibrium state is of a higher-dimension, then the subsequent picture
may be completely different. Figure 14.3.1 depicts such a situation. When
the unstable cycle shrinks into the equilibrium state we have a dilemma: the
representative point may jump either to the stable node O or to the stable
node Oy. Therefore this dangerous boundary must be classified as dynamically
indefinite.

Consider the other hypothetical example. Let a two-dimensional diffeo-
morphism at ¢ = 0 have a phase portrait as shown in Fig. 14.3.2. Here,
Os and O3 are stable fixed points, and O; is a saddle. The unstable set
W§ of the saddle-node O intersects transversely the stable manifold Wg,
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(a) (b)

Fig. 14.3.1. Uncertainty occurs when the unstable cycle vanishes at the origin.

~/o
/

_/Ot\\

Fig. 14.3.2. Dynamical uncertainty due to heteroclinic wiggles.
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of the saddle. When the saddle-node disappears there is an uncertainty on the
choice of the new regime for a representative point because it may converge to
either Oy or Os.

We can now assert that a stability boundary is dynamically definite if upon
crossing over the boundary the behavior of the representative point is uniquely
defined. This situation does occur in the case where the unstable set W* of
the equilibrium state (the periodic trajectory) contains at most one attractor
at the critical parameter value.

In contrast, if the choice of the new regime for the representative point is
ambiguously defined, then we can assert that such a boundary is dynamically
indefinite. This occurs if at least two attractors belong to the boundary of the
unstable set. It must also contain saddles whose unstable invariant manifolds
separate the basins of the attractors.

Next, let us consider a particular case typical of symmetrical systems. For
example, consider the family

LiZ'ZEZC—.T37

which is invariant with respect to  — —x. The stability boundary € = 0 is
easily seen to be safe for the equilibrium state at the origin. When ¢ > 0,
the origin looses its stability, which is inherited by two new equilibrium points
O1(z = /2) and Oz(x = —/2). So, ¢ = 0 is a dynamically indefinite safe
boundary in view of the above arguments.

A more complicated example is the pendulum-like equation

i = f(z,z,¢€),

where f(z, %, ¢) is a periodic function in x, and f(z,%,e) = —f(—x, —&,¢). The
transition through the boundary of the stability region of an “oscillating” limit
cycle in this example results in the appearance of two stable periodic orbits
which span the cylinder and correspond to two opposite directions of rotation of
the pendulum. Here, an exit across the boundary occurs when the oscillating
cycle merges with a heteroclinic connection between two saddles, as shown
in Fig. 14.3.3. Observe from this picture that this boundary is dynamically
indefinite.
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SSelPry

Fig. 14.3.3. Evolution of the phase cylinder. Anyone has experienced with the devil’s wheel in
fairs knows how it feels when situated up-side-down at the top point. For a fleeting moment
which seems forever, you cannot tell which way the wheel will roll over down, clock-wise
or counter-clock-wise. A.L.S. had, personally, made it once, and thereby had dramatically
improved his qualitative understanding of the behavior near a saddle point.

@




Appendix C

EXAMPLES, PROBLEMS AND EXERCISES

We hope the examples presented in this appendix will provide some pedagogi-
cal illustrations and applications of the “qualitative” theory developed in this
book. The range of instances varies from phenomenological problems to appli-
cations. Since very few nonlinear systems can be analyzed without computers,
we will perform numerical computations where necessary. At some points,
our de facto presentation will bear a descriptive character, avoiding techni-
cal details of computations. The two packages which have been used in the
preparation of this appendix are Content [182] and Dstool [164].

C.1 Qualitative integration

C.1.#1. | Classify the trajectories shown in Figs. 1.3.1, 1.3.2 and C.1.1 in
the following terms: non-wandering, Poisson-stable, periodic, and homoclinic.
What are the corresponding - and w-limit sets of these trajectories? (|

C.1.#2. | For different parameter values of a, construct the phase portraits
for the following planar systems

(a) i=r(a—r?), ¢=1;
2 3 2
—x—(y? =1 o vy _ =
y=z—(y )(2 yt3 -3
(b) 2 .2 y
e (Y2
v Y x<2 T3 3)’
(c) i=y, §=1-ar’+y(z—2);

819
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(d) the van der Pol equation:
i+a(x® —1)i+x=0;
(e) the Duffing equation:
P4at+x—23=0;
(f) the Bogdanov-Takens normal form:
b=y, §=-r+ay+a*;

(g) the Khorozov-Takens normal form:

t=vy, y=-xz+ay+a>. O
C.1.#3. | Discuss the phase portraits of the cells shown in Fig. C.1.1.
What are the special trajectories here? O

(a) (b) (c)

Fig. C.1.1. Examples of cells.

C.2 Rough equilibrium states and stability
boundaries

C.2.1 Routh-Hurwitz criterion

Here we will formulate the rule that allows one to determine the structural sta-
bility of an equilibrium state and its topological type without solving explicitly
the characteristic equation.

The problem in question is how many roots of the characteristic equation

EN) = ao\" + a N 4y,
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lie to the left or to the right of the imaginary axis and how many roots lie
on that axis. The number of zero roots is determined easily: there are s zero
roots if and only if a,, = --- = ap—s+1 = 0 and a,,—s # 0. So, if we have a zero
root of algebraic multiplicity s, we can just divide the characteristic equation
by A® and proceed to the case where the last coefficient of the characteristic
equation is non-zero, as we will assume to be the case. The next step is to
compose the following Routh-Hurwitz matrix:

ao; az; aq;

ai; as; as;
aj1az — apas . a1a4 — apas .

ay ' ay '

(C.2.1)
ajas — (Zoaga a1y — aoa5a
3 —

1
a1 ai

a1Gz — apas ’

a1

Let us describe the algorithm for constructing the above matrix in detail.
The entries of the first two rows are the coefficients of Z(\) with even and odd
subscripts, respectively. The k-th row is built as follows: the entry r; at the
j-th column is equal to the fraction

Tk—11Tk—2,j+1 — Tk—2,1Tk—1,5+1
Tk—1,1

Tkj =

whose numerator is taken with opposite sign of the determinant of the (2 x 2)-
matrix at the intersection of the two previous rows with the first column and
the (j41)-th column, whereas the denominator is the entry located in the first
column of the previous row. The algorithm is subsequently applied until the
overall number of the rows in the matrix becomes equal to (n + 1).

Such a construction for the matrix becomes possible only if all entries of
the first column do not vanish. This is the regular case. Here, the number of
the roots of Z(A) (including multiplicity) with positive real parts, is equal to
the number ¢ of sign changes of the entries in the first column. The polyno-
mial Z(A) has no purely imaginary roots in the regular case. Therefore, the
corresponding equilibrium state O is structurally stable in the regular case,
and its topological type is given by (n — ¢, q).
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One can verify that the first column in (C.2.1) can be expressed through
the main minors A; of the Routh-Hurwitz matrix (2.1.10) as follows

Ay As A,

ap, Ay, =2 =8 .
b ) A1’ A27 ’An_l

In particular, if ap > 0 and A; > 0 (¢ = 1,2,...,n), then the Routh-Hurwitz
conditions hold (see Sec. 2.1).

While constructing the matrix (C.2.1) it may turn out that some entry
Tm+1,1 (1 < m < n) of the first column vanishes. In this irregular case one
should find the first non-zero entry ry,11 g+1 in the (m + 1)-th row, as well
as the last non-zero entries ry, , and 7,11 ¢ in the m-th and (m + 1)-th rows,
respectively. Compute the deficiency number S, 11 by the following rule:

k ifk<s—p
Sma1 =X 8$—p if k>s—pand (—1)° Pry, prmi1s <0
s—p+1 ifk>s—pand (=1)° Pry, prmi1,s > 0.

Then, shift the (m + 1)-th row to the left over k positions, so that the element
Tm+1,k+1 becomes the first one in the line, and multiply all other entries of this
row through by (—1)*. Since the first entry is now non-zero, one proceeds as
in the regular case. Eventually, the number of roots of Z(\) with positive real
parts will be equal to the number of sign changes in the first column added to
the sum of deficiency numbers over all irregular rows.

There still remains a special case where for some m the entire (m + 1)-th
row of the matrix consists of zeros, i.e. 7p,41,; = 0 at all j. This is the only
situation when pure imaginary roots are possible. If this case is encountered,
we should replace the (m + 1)-th row by a row consisting of the following
numbers

P—1)7rm1; 0—2)rme2; (P—3)Tms; -,

where p is the number of the last non-zero entry in the m-th row, and proceed
as before. Upon completing the construction (there may be other vanishing
rows that should be replaced too) we count the number of sign changes in the
first column plus the sum of deficiency numbers (if some irregular rows have
appeared). The result equals the number of roots with positive real parts. The
number of purely imaginary roots here is equal to 2(p — 1 — 1), where p is the
ordinal number of the last non-zero entry in the row which precedes the first
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vanishing one, and [ is the number of sign changes in the first column plus
the sum of deficiency numbers computed after this row. The corresponding
equilibrium state will be structurally stable only if p =1+ 1.

C.2.#4. | Determine the stability and the topological type of an equilib-

rium state whose characteristic equation is given below:
EAN) =AM +2X3 422 80 —20=0.

Solution. The corresponding Rough-Hurwitz matrix is given by

1 1 =20

2 -8
5 =20 (p=2)
5 (zero entry replaced by (p — 1)rp, 1 = 5)
—20

Here there is one sign change in the first column, i.e. Z(&) has one root in
the right open half-plane. Let us count the number of purely imaginary roots:
2(p—1—-1)=2(2—1—-1) =0. Thus, the equilibrium state O is structurally
stable, and its topological type is saddle (3,1). O

C.2.2 3D case

Consider a three-dimensional system

7= aﬁ”yl + aé”yz + a;(gl)

9o = aPys + ays + af)

g3 = aVyr +aVyo + af?

ys + P1(y1,y2,v3),
ys + Pa(y1,y2,v3), (C22)
ys + Ps(y1,y2,v3) -

Here, the functions P; contain no linear terms. The characteristic equation of
the system (C.2.2) is given by

agl) - A aél) aél)
E() = |af? a? —x o = 0. (C.2.3)
agg) aég) aéB) - A

Equation (C.2.3) can be rewritten in the form of a cubic polynomial:

M4 p\2+gr+r=0, (C.2.4)
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where (1) (2) (3)
p=—(a;’ +ay +ag )

agl) aél) agl) aél) aéZ) az(),Z)
q= )
(2) (2) (3) (3) @3 6
a a a a ay’ a
1 2 1 3 2 3 (C.2.5)
agl) aél) a{(),l)
r=— a§2) aé2) ai(f)
agi’)) ag?;) aéB)

Here, the Routh-Hurwitz stability condition reduces to the following
relation:
p>0, ¢g>0, >0, and R=pg—r>0. (C.2.6)

The boundaries of the stability region are two surfaces given by (r = 0,
p>0,¢g>0)and (R =0,p > 0,q > 0). The characteristic equation has
at least one zero root on the surface » = 0, and a pair of purely imaginary
roots on the surface (R =0, ¢ > 0).

C.2.#5. | Show that the characteristic exponents of the equilibrium state
on the bifurcation surface R = 0 are (—p, i,/q, —i,/q). O

The number of real roots of Eq. (C.2.4) depends on the sign of the discrim-
inant of the cubic equation:

A = —p’¢® + 4p°r + 4¢° — 18pgr + 27r°. (C.2.7)

(1) If A > O, the cubic equation has one real root and two complex-
conjugate ones;

(2) If A < O, the cubic equation has three distinct real roots;

(3) When A = 0, the equation has one real root of multiplicity 3 if ¢ = %p
and r = 2%]93, or two real roots (one of multiplicity 2).

2

The equation A = 0 can be resolved as follows:

1

2 5.2 4 3/2
= Cpg— —pP+ —(p? -3 <
r 3pq 27]3 27(]? Q) ) q >

Hence, the characteristic equation has all the three roots real if and only if

»
=

2
q< % and r~(p,q) <r <rt(p,q), (C.2.8)
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where we denote

r = %pq - 237133 + 227(172 —3¢)°°.

When the equilibrium state is topologically saddle, condition (C.2.8)
distinguishes between the cases of a simple saddle and a saddle-focus. However,
when the equilibrium is stable or completely unstable, the presence of complex
characteristic roots does not necessarily imply that it is a focus. Indeed, if the
nearest to the imaginary axis (i.e. the leading) characteristic root is real, the
stable (or completely unstable) equilibrium state is a node independently of
what other characteristic roots are.

The boundary between real and complex leading characteristic roots is
formed by a part of the surface A = 0 which corresponds to the double roots

P 2p2 p2
- _ > 2.
r—3<q 9>, 7275, (C.2.9)

and by the surface

which joins the surface A = 0 along the line of triple roots. This surface
corresponds to the existence of a pair of complex-conjugate roots whose real
part is equal to the third root. When we cross this surface towards decreasing
|r| this pair is moved farther from the imaginary axis than the real root, so
the equilibrium state becomes a node. To the other side of this surface the
complex-conjugate pair becomes closer to the imaginary axis than the real
root, so that the equilibrium state becomes a focus.

When studying homoclinic bifurcations, an important characteristic of sad-
dle equilibria is the sign of the saddle value o defined as the sum of the real
parts of the two leading characteristic exponents nearest to the imaginary axis
from the left and from the right.

In the case of a saddle, when both leading exponents A; o are real, the
condition o = 0 is a resonance relation A\; + A2 = 0. In terms of the coefficients
of the cubic characteristic equation, this condition recasts as

R=pg—r=0, —p><q<0. (C.2.10)

Observe that when ¢ > 0, the surface R = 0, corresponds to the Andronov-
Hopf bifurcation, whereas the part of the surface where ¢ < —p?, corresponds
to the vanishing of the sum of one leading exponent and a non-leading one of
opposite sign.
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In the case of a saddle-focus of a three-dimensional system the condition
o = 0 reads as A\; + ReAy = 0 where \; is a real root and Ag 3 are the pair of
complex-conjugate roots. This can be written as

r=-plg+20%), —p*<q. (C.2.11)

When crossing this surface towards increasing r, the saddle value becomes
positive.

Another important characteristic of saddle equilibria of three-dimensional
systems is the divergence of the vector field at the equilibrium state. It is equal
to the sum of the characteristic roots, i.e. to —p.

Summarizing, we can classify the rough equilibrium states in R3 as
follows:

(1) The case p > 0 (div < 0) (See Table C.1).
(2) The case p < 0 (div > 0) (See Table C.2).
(3) The case p =0 (div = 0) (See Table C.3).

C.2.#£6. | Draw the corresponding bifurcation diagrams on the (g, r)-plane
with fixed p. O

Let us consider next a few examples. We will focus our consideration on
the Lorenz equation, the Chua’s circuit, the Shimizu-Morioka model and some
others.

The Chua’s circuit [179] is given by

& =aly — f(x)),
j=z—y+z, (C.2.12)
zZ= _by7
with cubic nonlinearity f(z) = —x/6 + 23/6. Here, a and b are some positive
parameters. System (C.2.12) is invariant under the transformation (z,y, z) <

(_mv Y, —Z)
Let us find the equilibrium states in (C.2.12) by solving the following sys-
tem:
0=a(y+ /6 —2%/6),
O=z—-y+z,

0= —by.
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Parameter regions

Types of equilibria

Eigenvalues
N, i=1,2,3

+ < r
" (p, q) for 0 < g < 3 Stable node 0> A1 > Reh;
0<r< o2 ) dimW* =3 — ,
P s B dim W = (=23
3 3
p2
rt(p,q) for 0 < ¢ < i Stable focus
pg > r > 92 5 dimW?® =3 — 0> ReAj2 > A3
4 q,L forq>p_ dim W =0
3 3

{ rT(p,q) for g <0
>

Saddle-focus (1,2) | ¢ <0 | Relz,3 > 0> X\
Pq for g > 0
Saddle
o<r<rt(p,q), ¢g<o0 dim W* =1 g <0 | A1 <0< A2 < A3
dim W"* =2
— Saddle
r~(p,q) for q < —p? . )
0>r> R dim W* =2 og>0]| A1 >0> X3 > A3
pq for —p* <g¢g<O Am W = 1
pq for —p® <q <0 Saddle
r(p,q) <r< 2 dim W =2 c<0| A1 >0>X2 > A3
0 f0r0§q<% dim W* =1
2
_ p
r(p,q) for —p? <gq< T
—p(q + 2p2) <r< 5 Saddle-focus (2,1) | ¢ <0 | A1 > 0> ReXa 3
p
0 for ¢ > —
~ 4
r=(p,q) for ¢ < —p?
r < { ’ Saddle-focus (2,1) | ¢ >0 | A1 > 0> ReXa 3

—p(q +2p?) for g > —p?
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Parameter regions

Types of equilibria

Eigenvalues
Ai, 1=1,2,3

2
p
for 0 < — i
r~(p,q) or 0 < q 3 Rgpelhnf; node 0 < A1 < Re);
R I 2p* »° amw =0 a (i=2,3)
-|lqg—— for ¢ > — dim W% =3 ’
3 9 3
P2
= (p,q) for 0 < ¢ < i’y Repelling focus
pg < T < 02 9 dim W =0 — 0 < Reri2 < Az
r q__p forq>p_ dim W% =3
3 3
r~ (p,q) forg <O
r< (p, ) Saddle-focus (2,1) | ¢ >0 | Rela 3 <0< Ay
pq for g > 0
Saddle
0>r>r (p,q), g<0 dim W*® =2 c>0| A1 >0> X2 > A3
dim W" =1
r(p,q) for ¢ < —p? Saddle
0<r< 5 dimW?® =1 c<0| A1 <0< A3 < A3
pq for —p= <¢g<O0 dim WY = 2
pq for —p? <g<0 Saddle
rHp,a)>r> 02 dim W =1 c>0 | A1 <0< A< A3
0 forOSq<I dim W =2
2
P
T (p,q) atqe (*pg, I)
—p(g+2p%) > r > ) Saddle-focus (1,2) | ¢ >0 | A1 <0 < ReXz3
p
0 at g > —
~ 4
+( _p2
T (p,q) for ¢ < —p
> Saddle-focus (1,2) o <0 A1 <0< ReX23
—p(a +2p®) for ¢ > —p°
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Table C.3
. R Eigenvalues Dimensions of
Parameter regions Types of equilibria A i=1,2,3 W and W
2 dimWs =1
2 3/2
0<r<9\/§|q\ , <0 Saddle M <0< <Az | o
2
~/3|q|3/? for ¢ <0 imWe =
rs ] gVl forg < Saddlefocus (1,2) | A1 <0< Redgy | GmW*=1
’ dim W =2
0 for g >0
2
—=4/3|q|?/? for ¢ <0 im WS =
r< 9\/_|q| ora= Saddle-focus (2,1) Rela3 <0< A1 d.1mW 2
’ dimW* =1
0 forg>0
2 . dimWs =2
_Z 3/2
0>r> 9\/§|q| ,q<0 Saddle M>0>X> X | o
a
From these equilibrium equations, we find that y = 0, 2 = —z and z(1 — z2) =
q q ) Y s

0. Thus, there are always three equilibria: O(0,0,0) and O 2(£1,0,F1). The
Jacobian matrix at the origin is given by

a/6 a 0
1 -1 1
0 -b 0

The characteristic equation at O(0,0,0) is

a/6— X\ a 0
det 1 ~-1-X 1 |=0,
0 -b =
or
N4+ (1—a/6)A\? + (b—Ta/6)\ — ab/6 = 0. (C.2.13)

One can see that since the constant term is negative, it follows immediately
from the Routh-Hurwitz criterion that the origin is an unstable equilibrium
state. Furthermore, it may have no zero characteristic roots when a and b are
positive. The codimension-2 point (a = b = 0) requires special considerations.
We postpone its analysis to the last section, where we discuss the bifurcation
of double zeros in systems with symmetry.
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The condition R = pq — r = 0 reads here as
b="Ta/6— Ta’/36.

We have ¢ = —7a?/36 < 0 at R = 0. This means that the point at the
origin cannot have a pair of purely imaginary eigenvalues. Thus, it is always
structurally stable when (a,b) # 0. In accordance to the above classification
table, its topological type is a saddle with a two-dimensional stable manifold,
and a one-dimensional unstable manifold.

In the (a,b)-parameter plane, find the transition boundary:
saddle — saddle-focus for the origin, and equations for its linear stable and
unstable subspaces. Detect the curves in the parameter plane that correspond
to the vanishing of the saddle value o of the equilibrium state at the origin.
Find where the divergence of the vector field at the saddle-focus vanishes. Plot
the curves found in the (ab)-plane. O

Let us examine next the stability of the non-trivial equilibria O 2(+£1,0,
F1). First, we linearize the system at either O or Oz. The associated Jacobian
matrix is given by

—a/3 a O
1 -1 1
0 -b 0

The characteristic polynomial is given by
N+ (1+a/3)\ + (b—2a/3)\+ab/3 =0. (C.2.14)

Like O, the equilibria O; 2 cannot have a zero characteristic exponent for
ab # 0. The condition R = 0 reads here as

bz%a(BJra).

This bifurcation boundary is plotted in Fig. C.2.1. The corresponding expres-

sion for ¢ is ¢ = 2a%/9 > 0. Therefore, at R = 0, the equilibria O; 5 have a

pair of pure imaginary characteristic exponents, namely,

a\/i
3

)\1,2 =41 and M\3 = —(1 + CL/3)

This corresponds to the Andronov-Hopf bifurcation. When R > 0 the equi-
libria. O 2 are stable foci, and when R < 0, they are saddle-foci (1,2). The
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stability of O;2 in the critical case depends on whether the corresponding
Andronov-Hopf bifurcation is sub- or super-critical (see Secs. 9.3 and 11.5),
i.e. whether the point O; 5 is a stable or unstable weak focus. To find out
what occurs here we will need to determine the sign of the first Lyapunov
value L;. When L; < 0, O 2 are stable, and they are unstable if L; > 0. If
the Lyapunov value vanishes on the Andronov-Hopf bifurcation curve, the sign
of the next Lyapunov value Ly must be computed, etc.

Consider the Lorenz equation [87]

&t =—-o(zx—y),
y=rr—y—az, (C.2.15)
z=—-bz+uay,

where o, and b are positive parameters; we will assume, moreover, that ¢ >
b+ 1. Notice that this equation is invariant under the involution (z,y,z) <
(—z,—y, 2).
Let us find the equilibrium states of this equation by solving the following
system:
0=—-0(z—vy),
O=rz—y—zz,

0=—-bz+uzy,

We find that = y, 2(r — 1 — 2) = 0 and bz = 22. Plugging the last relation
into the middle one, we arrive at the equation for the coordinates of equilibria:

z(b(r —1) —2%) =0. (C.2.16)

One can see that the Lorenz equation always has one equilibrium state O at
the origin. When r > 1, along with O there are two more equilibrium states
01,2(.%‘1’2 =Yi2 = :tbl/Q(T — 1)1/2, 212 =T— 1).

The Jacobian matrix at the origin is given by
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The characteristic equation
—0— A o 0
det r —-1-A 0 =0
0 0 —b—A

has three real roots:

—(c+1) £/ (c+1)2+4o(r—1)

5 .
Thus, when r < 1, the origin is a stable equilibrium state. When r = 1, the
equilibrium state has one zero root. When r > 1, the origin becomes a saddle
with a one-dimensional unstable manifold, and its stability is inherited by the
stable equilibria Oy 2.

The unstable manifold W§ is composed of the saddle point itself and two
trajectories I'y o that come from O as ¢ — 4o00. The stable manifold W is two-
dimensional. The leading stable direction in W is given by the eigenvector
corresponding to the smallest negative characteristic root. In our case, this is
A1 = —b, and the corresponding eigenvector is (0,0, 1). Note that there is an
invariant line x = y = 0 in W§.

C.2.#8. | Find the equations of £5 and £ at the origin. O

Let us carry out the stability analysis for O; 2. We can choose either one;
let it be O;. The Jacobian matrix at O is given by

)\1 =—b and )\2,3 =

—o o 0
r—z -1 -z
1 y1 b

The corresponding characteristic equation is given by
N4 (e+b+ 1A +b(0+7)A+2bo(r —1) =0.
The stability boundary of the equilibria O 2 is determined by the condition:
R=bloc+r)(c+b+1)—2bo(r—1)=0. (C.2.17)
Thus, provided o > b + 1, the equilibrium states O, o are stable when

o(oc+b+3)

1
<r< ot b_1
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10
b /
B -
6 -
R=0 {AH)
4 |
2+ L= o=0 (saddle)
a
0 . ! . . .
0 1 2 3 4 5 6

Fig. C.2.1. A part of the (a,b)-bifurcation diagram of the Chua’s circuit; AH denotes the
Andronov-Hopf bifurcation curve; o = 0 corresponds to the vanishing of the saddle value
when the origin is a saddle.

60

sigma |
i |
i !
507 ;
! |
i
40
30
i
205 |
|
AH (R=0) |
104 |
i |
! |
o=t ‘l
0 i 1 L L L il 1 1 J
0 10 20 30 40 50 60 70 80

Fig. C.2.2. The Andronov-Hopf bifurcation curve AH and a pitch-fork curve r = 1 in the
(7, 0)-plane of the Lorenz model at b = 8/3.
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They become saddle-foci (1,2) when R < 0. This happens on, and to the right
of the Andronov-Hopf bifurcation curve AH in the (r,o)-parameter plane in
Fig. C.2.2.

The stability of the bifurcating equilibria O, 2 at the critical moment R = 0
is determined by the first Lyapunov value L;. We will derive its analytical
expression in Sec. C.5.

C.2.#9. | Find a point in the (r,a)-parameter plane in Fig. C.2.3 where
an equilibrium state of the asymmetric Lorenz model [189]

z=-10(z —y),
y=rz—y—zz+a, (C.2.18)
z= fgz +x

has a pair of zero eigenvalues. O

Consider next the following third-order system from atmospheric physics
[128] and [183]
=—y?—22—azr+al,

y=zy—brz—y+G, (C.2.19)
Z=bry+xz—12,

where (a, b, F, G) are positive parameters. To find its equilibrium states (x¢, yo,
20), we equate the right-hand side of (C.2.19) to zero:

0=—y%— 22 —arg+aF,
0 =xoyg — bxozo —yo + G, (C.2.20)
0 = bxoyo + To20 — 20 -

From the second and the third equations, we obtain

- G(l — 1‘0)
vo = 1— 2z + (14 b2)2d’
(C.2.21)
bG.’L‘Q
Z0 =

1— 2z + (14 b2)2d”
Substituting (C.2.21) into the first equation in (C.2.20), we obtain

(1+b6H)xy — 2+ (1 + %) Flad + (1 + 2F)zg + (Cf - F> =0. (C.2.22)



C.2.  Rough equilibrium states and stability boundaries 835

Next, we introduce the new parameters

1, G F

B=—_ e —
14062’ ¢ a 1402’

and make a translation
2B+ F

To =T+

Then (C.2.22) transforms into the cubic canonical equation

P rsz4+t=0, (C.2.23)
where B2
2
t:B(1+2F)—%,
B 3
oo (1+2F)(2B+ F) e 22B+F) .
3 27
The discriminant of Eq. (C.2.23) is given by
28
A=—+—.
4 * 27

The corresponding bifurcation curve determined by the condition A = 0 is
plotted in Fig. C.2.4. It breaks the parameter plane (F,G) into regions where
system (C.2.19) possesses either one or three equilibrium states (inside the
wedge in Fig. C.2.4). The precise location of the cusp, where all three equi-
librium states coalesce, is determined by the simultaneous vanishing of s and
t (the point labeled C'P). This occurs when

oo 2VIVab o 1+V3b
CO3(1+b2) 1462

C.2.#10. | Show that the system possesses an equilibrium state with char-
acteristic exponents (0, +iw) (Gavrilov-Guckenheimer bifurcation) at

B 3a2 4 3a2b? + 12ab? + 1262 + 4a
B 4(a + ab? + 2b2)

ot — Va(a? + a?b? + 4ab® + 4b%)

B 4va + ab? + 2b2

F*
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15 I I | 1 ¢ : I H I r
0 3 6 9 12 15 18 21 24 27 30

Fig. C.2.3. A partial bifurcation diagram for the asymmetric Lorenz model. The point
CP is a cusp, at BT the system has a double-degenerate equilibrium state with two zero
characteristic exponents (see Sec. 13.2).

Il L G
0 0.5 1 L5 2 25 3 3.5

0 I I ! |

Fig. C.2.4. A fragment of the (F,G)-bifurcation portrait derived from a linear stability
analysis for a =1/4 and b = 4.
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Hint: use the fact that at this bifurcation point the trace and the determinant
of the Jacobian matrix must vanish simultaneously. O

C.2.#11. | Carry out a linear stability analysis of the following system

i =r(u +az + %),
3= g+ 22 +br?,
p=w+cz,

where r, ¢ and z are cylindrical coordinates, 1 2 are control parameters, and
a, b, c assume the values £1. This is a truncated normal form for the Gavrilov-
Guckenheimer bifurcation. O

C.2.#12. | Find the transformation of coordinates and time which brings
the Lorenz system (C.2.15) to the following form

T=y,
=1z —xz—ay+ B3, (C.2.24)
Z=—b(z—12%).

Hint: the corresponding relation between the parameters of both systems is
b 140 b

=— 4=—, B=——.

Vo(r—1) Vo(r—1) 2b—o

The system (C.2.24) is the asymptotic normal form appearing in the study
[129] of local codimension-three bifurcations of equilibria and periodic orbits
of systems with a symmetry (see Sec. C.4). When B = 0, system (C.2.24) is
the Shimizu-Morioka model [127], [191]

bl

T =y,
y=z—xz—ay, (C.2.25)
= —bz+a?,

which can be viewed as the approximation of the Lorenz equation for large
Raleigh numbers r. In a slightly different form, it can also be derived from
PDEs describing a weekly nonlinear magneto-convection in the limit of tall,
thin rolls [187].
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The Shimizu-Morioka model has three equilibria when b > 0. The origin
0(0,0,0) is a saddle of type (2,1) with the characteristic exponents

Mo =—a/2+ (a®/4+1)V2 A3=—b.

The change of the leading direction in £° occurs on the curve a = (b> —1)/b
when Ay = A3. The saddle value 0 = A\; + A3 vanishes on the curve a =

(1 —b2)/b.

C.2.#13. | Write down the equations of the eigenspaces £°%, &%, £5F for
the saddle at the origin. O

The characteristic equation at the non-trivial equilibria 0172(:&:\/5, 0, 1) of
the Shimizu-Morioka model is given by

A+ (a+D)N2 4+ abA+2b=0.

The Andronov-Hopf bifurcation curve AH in Fig. C.2.5 is given by (a +
b)a — 2 = 0. The characteristic exponents at O 2 on it are

)\3:72/(1, )\172::|:Z.\/27042.

Above the curve AH the equilibria O; 5 are stable foci; they are saddle-foci of
type (1,2) below the curve.

The equilibrium states in the Rossler system [172, 188]

T=-y—=z,
y=x+ay,
z=br—cz+zxz,

are 0(0,0,0) and O1(c — ab, b — ¢/a, ¢/a — b). The characteristic equation at
O is given by

N4 (c—a))®+(1+b—ac)\+ (c—ab) =0.

It has the roots (iw, —iw, A) when

(1+e2) + /(1 +c2)2 — 4bc2 \/c2+1—1<b<(1+62)2
2¢ ’ 4 2 4c2
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or
1 1
a:(1+c2)_ A+ 27?2 ) \/62+Z—§f0r02\/2 V5,
2c ’ 1 212
ﬂ for c < V2 ++5.
4c2

This equilibrium state has one zero root when a = ¢/b.
The characteristic equation at O; assumes the form

X2+ alb— 1A% + (1+ ¢ —a2b) A+ (ab—¢) =0.
a
It has a pair of purely imaginary roots on the curve
C L b-1)a, @ <14+
c=—+ —Da a —.
b ’ b
In addition, this equilibrium state may have a single zero root when a = ¢/b.

Thus, the equilibrium states O; and Os coalesce when ab = ¢. The two other
characteristic exponents of this degenerate point are given by

N a(l—b) £ /a2(b+1)2 —4(b+ 1)
1,2 = 5 .

Hence, the exponents A; » become pure imaginary when
b=1, 0<a<V2.

The Réssler system and the new Lorenz system (C.2.19) are remarkable in
that both have a doubly degenerate equilibrium state with characteristic ex-
ponents equal to (0, tiw). The feature of this bifurcation is that the unfolding
may contain a torus bifurcation curve along with curves corresponding to ho-
moclinic loops to saddle-foci, and therefore non-trivial dynamics may emerge
instantly in a neighborhood of the bifurcating equilibria. O

C.2.#14. | Study the equilibria of the Hindmarsh-Rose model of neuronal
activity [177]
t=y—z—a>+322+1,
y=—y—2—5z%, (C.2.26)
2=e(2(x+1.6)—2),
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0 4 1
0 0.5 1 15 2

Fig. C.2.5. The (a,b)-bifurcation diagram in the Shimizu-Morioka system derived from a
linear stability analysis. AH labels the Andronov-Hopf bifurcation curve; o = 0 corresponds
to zero saddle-value; HB — H8 corresponds to the change of the leading direction at the
origin.

-4 z
-12. 5

Fig. C.2.6. The x-coordinate of the equilibrium state versus z in the fast planar system at
I =5 and e =0. AH and SN denote, respectively, the Andronov-Hopf and the saddle-node
bifurcations of the equilibria.
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where I and e are two control parameters. Start with the case ¢ = 0 (see
Fig. C.2.6).

C.2.#15. | Perform the linear stability analysis of the following systems
describing bifurcations of an equilibrium state with three zero characteristic
exponents in the case where the Jacobian matrix has a complete Jordan block
[162, 163]:

T=y, T=y,
y=2z, Y=z, (C.2.27)
2 =ax—x%—by — z; i=ax—x3—by—z.

How does the cubic term change the symmetry properties of the system? O

C.2.#16. | The following “dimensional” perturbations of the Lorenz equa-
tion and the Shimizu-Morioka model are given by the following augmented
systems

& =—o(r—y), =y, &=y,

y=rr—y—axz, Yy=-—-ay+zx—2xz, y=—-ay+z—zxz2,

w =z, 3= —bz+ pw + 22, Z=w,

z=—-bw—az+zy, W=-bw-—pz, W= —bw — pz+ 2+ cz?.

Find equilibrium states of these system and determine their types. a
What are the minimum dimensions of W# and W*" of the

equilibrium state shown in Fig. C.2.77 |

Fig. C.2.7. Trajectory homoclinic to a saddle-focus (2,2).



842 Appendiz C

C.3 Periodically forced systems

Consider an n-dimensional system
= Ax+ f(t), (C.3.1)

where f(t) is a continuous periodic function of period 2.

Construct a Poincaré map of the plane (z,y,t = 0) onto the
plane (z,y,t = 7 = 2m).

Solution. According to the Lagrange method of variations of parameters,
the solution of (C.3.1) is given by

t
z(t) = ey +/ A=) f(r)dr .
0

Assuming ¢t = 27, we obtain the mapping

27
z; = e gy + / eAC™=T) f(1)dr . (C.3.2)
0
O
C.3.#19. | Determine the condition under which the above map has: (1) a
unique fixed point and, (2) no fixed points.
Solution. The equation for the fixed points is given by

[I—e* e =0,
where C' denotes the integral in (C.3.2). The two cases possible here are:

(1) det(I — e274) # 0. In this case there exists only one fixed point.

(2) det(I — e*4) = 0. Then, it follows from the Kroneker-Capelli
(consistency) theorem that if the rank of (I — e?™4) is equal to that
of the augmented matrix (I — e2"4|C), then there are infinitely many
fixed points. Otherwise, there are no fixed points. O

C.3.#20. | Show that the roots z1,..., 2, of the characteristic equation

2T\ 27 Ay,
b

det(zI — e*™) = 0 are given by e , where \1,..., )\, are the

eigenvalues of the linear system

e

&= Azx. (C.3.3)
O
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C.3.#21. | Prove that if the origin is a structurally stable equilibrium
state of the system (C.3.3), then the corresponding fixed point of the map
(C.3.2) is structurally stable as well. Furthermore, show that the topological
types of the equilibrium state of (C.3.3) and the fixed point of (C.3.2) are the
same. O

C.3.#22. | Show that det(] — e2™) = 0 if only one of the eigenvalues
Al,...,An 1S zero or is equal to iw with integer w. O

C.3.#23. | Determine the condition under which the two-dimensional
system

C.3.4
y=wzx+g(t), ( )

where f and g are continuous functions of period 27, has an infinite number
of periodic orbits of period 2mqg, where ¢ > 1 is some integer.
Solution. The mapping T: t = 0 — ¢t = 27 can be written in the form

T1 = X Cos 2w — Yo sin 27w + C1 ,

Y1 = T Sin 27w + yg cos 2nw + Cy

where

2

Cr= /0 (f(r)cosw(2r — 1) — g(7) sinw (2w — 7))dT,
2

Cy = / (f(r)sinw(2r — 1) + g(7) cosw(2m — 7))dr .

0
When
cos2mw —1  —sin(2rw) | ] 2 o
¢ ( sin(27w) cos(2rw) — 1) = (cos2mw — 1)" +sin” 2mw 7 0

this map has a unique fixed point. This condition is violated when w is an
integer. In the latter case, the map is recast as

1 =z + (1, y1 =10+ Co.

Therefore, if C? + C2 # 0, it is clear that the map can have neither fixed nor
periodic points; and if Cy = Cy = 0, all points are fixed ones.
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Consider now the case where w is not an integer. Let (z*,y*) be the
coordinates of the fixed point. Applying the transformation x = z* 4+ £ and
y = y* + v we translate the fixed point to the origin. Introducing polar
coordinates, the map T assumes the form

P1 = Po,
01 =0y + 2w mod 27 .

One can see that every circle 7 = constant is invariant here and that the map
on every circle is the same:

01 =0y + 27w mod 27 .

The last one has no periodic points when w is irrational. When w = p/q with
integer p and ¢, all the points are periodic with period q. O

Let us consider next a quasi-linear system
&= Ar+ pf(z,y),
y = By+py(z,y),

where x € R™ and y € R™. The spectrum of A is supposed to lie on the
imaginary axis, that of B lies in the left half-plane, and f, g € C*.

(C.3.5)

C.3.#24. | Prove the following theorem, which is analogous to the center
manifold theorem:

Theorem C.1. For any R > 0 there is a pg, such that for |u| < po the
sphere ||(z,y)|| < R contains an attracting invariant Ck-smooth manifold

y = po(z, ). O
It follows from the above theorem that the study of (C.3.5) is reduced to the
study of the n-dimensional system

& = Az + pf (z, pp(x, 1) = Az + pf(z) + o(p)
where f(z) = f(z,0).

C.3.#25. | Consider the analogous case of quasi-linear maps. a

C.3.#26. | Prove the analog of Theorem C.1 for the following (n 4+ m)-
dimensional system

. (C.3.6)
Y = By + ha(t) + pug(x,y,t),
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where all functions are smooth and 27-periodic. The spectra of A and B are
supposed to lie on the imaginary axes and to the left of it, respectively.
Note that the truncated equation

§ =By + ha(t)
has a unique 27-periodic solution y = «(t). Thus, we can always make ha(t) =
0 (using the change § — y + a(t)). ]
Let us consider the system
&= pf(z,t), (C.3.7)

where f(z,t) = f(z,t + 27) is a continuous function with respect to ¢ and
smooth with respect to x, x € R™.

C.3.#27. | Find the Poincaré map up to the terms of order u2.
Hint: the solution is found from the integral equation

t
o(t) a0+ [ falr)r)dr
0
using the method of successive approximations:
1st approximation is given by z(t) = zo,

t
2nd approximation is given by x(t) = xo + u/ f(xzo,7)dT,
0

t
n-th approximation has the form  x,41(t) = zo + u/ f(zo, 7)dT + O(p?) .
0

Solution:
27

r1=xo+ f(zo, 7)dT + O(p?). (C.3.8)
0 a

Denote fo(z) = fo% f(xo,7)dr.
C.3.#28. | Show that the time 27 shift along the trajectories of the system
b= fo(a) (C.3.9)
27

coincides with (C.3.8) up to the terms of order u?. The system (C.3.9) is called
an averaged system. O
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C.3.#29. | Prove the following theorem

Theorem C.2. Structurally stable equilibrium states of the averaged system
correspond to structurally stable periodic orbits of the original system: if x* is a
structurally stable equilibrium state in (C.3.9), then the Poincaré map (C.3.8)
for the system (C.3.7) has a structurally stable fized point close to x* for all
sufficiently small . ]

Proof. Let 2* be a structurally stable equilibrium state of the system (C.3.9);
ie.

fo(z™) =0

and the roots Aq, ..., A, of the characteristic equation do not lie on the imag-
inary axis. Hence, we can seek them as A = 3o

det (%(I*) - a[) =0. (C.3.10)

T

The fixed points of (C.3.8) can be found from the equation

fo(z) +O(p) =0.

Since fo(z*) = 0 and |%(m*)| # 0 because (C.3.10) has no zero roots, it
follows that there exists a fixed point * = z* + O(u). The corresponding
characteristic equation at this point is written in the form:

det (I—l—u%(x*) +O0(u?) — zI) =0.

We seek the roots of this equation in the form z =1+ po. Then we find that
it recasts as
dfo

det <%(9:*) +O0() — 01> ~0.

Therefore, for all small ;4 the roots o will be close to those of (C.3.10). Thus,
the fixed point will be structurally stable. Moreover, it has the same topological
type as the equilibrium state of the averaged system. O

C.3.#30. | Prove that in the general case

i:Ao:Jr,uf(:c,t),
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where f(x,t) is a continuous function of time, smooth with respect to x, the
associated Poincaré map is given by
2

xp = ez + ,u/ eACT) f(eATxg, T)dT + O(1?) . O
0

C.3.#31. | Verify that if det(e2™ — I) # 0, it follows that for any given
R, if 1 is small enough, in the sphere of radius R there is a single fixed point
x*(u) such that z*(u) — 0 as p — 0. a

Let us examine the system of two equations

T = —wy + /’('f(x7yat)7

. (C.3.11)
Yy = w:chug(x,y,t) :
C.3.#£32. | Compute the map up to the terms of order p2.
Solution:
T1 = T cos 2mw — Yo sin 2w + p®q (zo, yo) + p3(-+ ),
(C.3.12)

Y1 = T sin 27w + Yo cos 2mw + uPs(wo, yo) + p2(-++ ),

where
2m
P, = / [f (zg coswT — yo sinwT, 2o Sin WT + Yo COS WT, T) COS WT
0
+ g(xg coswT — Yo Sinwt, o sinwt + Yo cos wt, 7) sinwr|dr

2
Dy = / [— f (2o coswT — yo sin w, To Sin wT + Yo cos w, T) sin wr
0

+ g(zg coswT — Yo sinwT, zo Sin w7 + Yo cOSwWT, T) cos wT|dT . O
C.3.#33. | Write the system (C.3.11) in polar coordinates © = rcos¥,
y=rsind.
Solution:
7= pR(r,0,t),

0 =w+pw(r,0,t),
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where

R = f(rcosf,rsinf,t)cosf + g(rcosf,rsind,t)sinf

1
U = —[—f(rcosf,rsind,t)sind + g(rcosf,rsinb,t) cosb]. O
r

R(r,0,t) = et (mé+nt)

G (1)

K

i (T)ei(m0+nt) ]

Me 1
M 10

U(r,0,t) =

3
I
<
3
I
<

Construct the Poincaré map up to O(u?) for the case where w is an integer.
Solution:

T =70+ 2mp Z A (10) €™ + 12 (- )

mw+n=0

01 =00 + 27 Z bnm(TO)eimeo + /’LQ( o ) . 0

mw+n=0

If w is an integer, the map (C.3.12) can be represented as follows
z1 = 20 + p®1 (0, y0) + p2(- ),
y1 = Yo + P2 (0, y0) + p>(+)

C.3.#35. | Prove the following theorem:

Theorem C.3. (Averaging Theorem) If w is an integer, then for suffi-
ciently small pp > 0 structurally stable equilibrium states of the system

.M
= 7@
z o 1(x7y)a

. M
=—o
Yy om 2($7y)

will correspond to structurally stable fized points of the Poincaré map.
Moreover, stable equilibria correspond to stable fixzed points. a
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In polar coordinates the averaged system is given by

= [ Z anm (r)e™ = puRy(r,0),

mw+n=0

é =p Z brm (r)eimﬁ = /U'\IIO(T? 9) :

mw+n=0

One should take into account that r = 0 is a singularity here.

C.3.#36. | Find the associated averaged system for the van der Pol

equation
&+ p(l —2?)i + w?r = pAsint

provided that w? = 1+ pA (where A is called a detuning). Examine the types
of equilibrium states as A and A vary. |

Consider now the case where w is not an integer. According to C.3.#31,
the map (C.3.12) has a unique fixed point close to zero in this case.

Find the periodic motion (x*(¢),y*(t)) corresponding to this
fixed point and find the equations of the system after straightening this periodic
solution (translate the origin into (z*(t), y*(¢))).

Solution:

i = —wy+ pF(z,y,t)+p°(-),
§ = wz + pG(z,y,t) + p?(-+),
where
F(z,y,t) = f(z,y,t) — f(0,0,1),
G(z,y,t) = g(z,y,t) — g(0,0,t). |

Assume now w = p/q where p and q are integers, ¢ > 1. In this case, one is to
find periodic motions of period 27¢q that correspond to the fixed points of the
map 7'9. This map is written in the form

T4 = zo + pP1 (20, y0) + L2(-++),

Yq = Yo + u®a(z0,y0) + (),
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where

2mq
o) = / [f(-) coswT + g() sinwr]dT,
0

2mq
by = / [—f()sinwT + g(+) cos wT]dT,
0

where (-) stands for (xzgcoswT — yosinwT, xg sinwt + Yo coswT) as above in
(C3.12), and w = L.

In the same manner as in the previous case, we can treat the averaged
system

.
= —@
x 27Tq l(xay)a

W
- "3 .
=g 2(z,y)

In polar coordinates, the map T'? can be recast as

rq =10+ 2mqpu Z A (10)€™00 + 12 (),
mp+ng=0

0, = 0o + 2mqpu Z b (1) e™% 4 p2(-- ).
mp+nqg=0

Here, the averaged system is given by

7 = uRo(r,0),
0 = uWy(r,0),
where Ry = 3, 1o A (7)™ and Wy = > mptng=0 brm (1)e™0. Tt

should be noted that f(0,0,¢t) = 0 and ¢(0,0,¢) = 0 in this case, i.e. the
averaged system in polar coordinates no longer has a singularity at » =0. O

C.3.#38. | Consider the case of irrational w. As above, one may assume
£(0,0,t) =0, g(0,0,¢) =0 in (C.3.11). The system in polar coordinates takes
the form

= 'ui i anm(r)ei(mGJrnt)’ 0 = w4 Hi i bnm(r)ei(mGJrnt)

n=0 m=0 n=0 m=0
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with non-singular (smooth) coefficients apnm, bpm. Prove that for any given
N, M there exists a smooth coordinate transformation which brings the system

to the form

7= pago(r) + O(u?) + p Z Z A (1) 1O
n=N m=M

0=w+ 1boo (1) + O(ILLQ) + Z Z b7lm(7“)ei(m0+"t) '
n=N m=M

Note that since the series here tend to zero as N, M — +o0, it follows that for
an arbitrarily small § the map T in appropriate coordinates can be written as
follows

r1 = 1o + 2mpago(ro) + 60(u) ,

01 = 90 + 27w + 27TILLb00(T0) + 50([14) . d

C.3.#39. | Examine the shortened map

ryL =179+ 27‘(,[1,@0()(7‘0) s
91 = 00 + 27Tw —+ 2’/T[Lboo(7"0) .

Show that in addition to the trivial fixed point (0,0), the above map may have
invariant closed curves determined by the zeros of the equation

apo (7‘0) =0. O
C.3.#40. | Prove that for small y > 0, each root r* of the equation
ago(ro) =0,

for which
ago(r*) <0

corresponds to the stable invariant closed curve r = r*(u) = r* + O(p).
Direction: take ¢ sufficiently small and apply the annulus principle. a

In the case of irrational w, the averaged system is given by
7 = pago(r),

6 = w+ pboo(r) -
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Here » = 0 is an equilibrium state, while the non-zero roots of ago(r) = 0
correspond to the limit cycles.

C.3.#41. | The next problem is almost equivalent to the previous one:
show that for small u > 0 stable (unstable) limit cycles of the averaged system
correspond to stable (unstable) invariant tori of the original system. |

Let us return to the resonant case (w = p/q,q > 1). The corresponding
averaged system can then be recast as

7 = puRo(r,0),
0 = uWy(r,0).
Assume that the system
7 = Ro(r,0),
iy car

has a structurally stable periodic orbit L : {r = a(t), 8 = 3(¢)} of period 7,
and let

\ = /OT [%(a(t)aﬂ(t)) + %(a(t),ﬁ(t)) dr < 0.

This implies that the averaged system has a periodic solution {r = a(ut), § =
B(ut)} of period 7/p.

Prove that the original system has a stable invariant torus for
small g > 0.

Hint: modify (C.3.13) first. Introduce the normal coordinates (u, ) near
L (see Sec. 3.10). Then the system is written in the form

i = Alp)u+ 0(s?),
p=1+0(),

where the right-hand side is a periodic function of period 7. Note that

and therefore



C.3.  Periodically forced systems 853
where [ Ag(p)dp = 0. Having introduced v = ue_fA"(“’)d“’, the system as-
sumes the form

= v+ 0(v?),

p=110().

It follows from here that the averaged system in the new coordinates (v, ¢) can
be recast as

b= ulv + 0(?)],
¢ = ull+0W).
The corresponding shift map over 2mq is given by
v1 = vo + p2mgivg + O(v3)] + O(p?),
¢1 = o + 2mqu + O (o) + O(p?) .

The same form has the 27g-shift map of the original system (C.3.11). Introduce
v = pw, after which the Poincaré map becomes

wy = wo + 2mquAwo + O(1?)

Y1 = o + 2mqu + O(/Lz) .

To complete the solution, apply the annulus principle. O
C.3.#43. | Examine the Mathieu equation written in the following form
=y, g = —w?(1 +ecoswot)x. (C.3.14)

Show that the instability zones, which correspond to the parametric oscil-
lations, are adjoined to the points w/wy = k/2 (k = 1,2,...) in the plane
(w/wo, €) on the surface ¢ = 0 [20].

The solution of (C.3.14) starting from an initial point (z¢,yo) has the fol-
lowing form at ¢ = 0:

x(t) = P Gnwt + xgcoswt

y(t) = yo coswt — wxg sinwt .
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Next we construct the map of the plane (x,y,t = 0) onto the plane (z,y,t =
T = 2w /wpy). To do this, we substitute ¢t = 27/wy into (C.3.15) and replace
(z(t),y(t)) by (z,7), and (zo,y0) by (x,y). The resulting operator (z,y) —
(Z,7) is given by

w 1 . w
— cos 2m— —sin2r—
(x> = wo oW wo (x> . (C.3.16)
Y —w sin 27Ti cos 27ri y
wo wo

The characteristic equation of (C.3.16) is
P +pp+q=0,

where

p=trT = —2cos2r  and qg=detT =1.
Wo

This is an area-preserving map. The multipliers of the fixed point O(x = y = 0)
satisfy the relations

pr+p2=—p and pipp=qg=1.

Therefore, when |p| < 2, the above map is a rotation through the angle 27w /wq
such that all of its trajectories are stable.

Find a correction of the first order in € to formula (C.3.15) (use C.3.#30).
Note that the origin of the perturbed map becomes a saddle when |p| > 2.
Furthermore, it is a saddle (+,+) or a saddle (—,—) if p > 2 and p < -2,

respectively. O
C.3.#44. | [166] Consider the system
7/}1 = w1,
1/.)2 = w2,

where wy 2 > 0, which can be interpreted as a pair of two non-interacting
harmonic oscillators.
The above system can be reduced to one equation

dy _ w14

— T.

dipy  wo
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We can always assume r < 1. The above system has the solution 1; = rtps+19.
Introducing the normalized coordinates § = 19/27 and 6 = (r27 + vJ) /27,
one obtains the circle map

0=0+r, mod 1, (C.3.17)

which can also be represented by the following map on the interval [0, 1]:

(C.3.18)

_ 0+r for0<o0<1—r,
0—(1—-r) forl—-r<6<1,

where the end points # = 0 and = 1 are identified.

Let r be a rational number, i.e. r = p/q where p and ¢ are some mutually
prime integers. Let us partition the segment [0, 1] into p intervals of length
1/p: [0,1/p], (1/p,2/p],...,[(p —1)/p,1]. Choose an initial point 0y € [0,1/p].
The positive semi-trajectory of (C.3.17) starting from 6y is the sequence of
iterates

9 )
(90,91:90+£(m0d1),92:90+—p(modl),...,ei:90+@(m0d1),...).
q q q

The cycle of period n is given by
{90_90+@ mod 1, 6; # 6, i—1,2,...,n—1}.
q

Under the above condition imposed on p and ¢ it follows that the minimal
period n = p. Therefore, there is only one point on the cycle on each interval
[(k—1)/p,k/p|, k =1,...,p because the number of points on the cycle and
that of the intervals both equal p. Otherwise n < p, but this is impossible
because two iterates of the cycle cannot belong to the same interval. Since 6
is an arbitrary point of [0,1/p], it follows that the segment [0, 1] is filled in by
p-period cycles entirely. Thus, when the rotation number is rational there is a
continuum of coexisting cycles of period p in the system under consideration.
If the number r is irrational, it can be represented as

. aq

r= lim —

l—o0 Py
such that pj — oo as I — oo. In addition, the number of intervals
[(k—1)/pi, k/pi] on [0, 1] also increases without bound. Therefore, the length
of each interval decreases, and as [ — oo the whole segment [0, 1] is filled out

by a quasi-periodic covering. O
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C.3.#45. | Examine the circle map:

0=60+w+ksind mod (27), (C.3.19)

where w is a frequency and k is some parameter.
Compute numerically the rotation number R(w):

1 1 N1
SIS DO
n=0
for w € [0, 27].
Hint: compute the iterates of the following two-dimensional mapping

Ont1 = (0 +w+ ksinz,) mod 27,

Oni1 = On (C.3.20)
o2 ’

R, = (an +w+

n+1

as w varies from 0 to 2.
As n — 400, the iterates of R,, converge to the rotation number R at the
given w. Next plot the bifurcation diagram of R versus w as in Fig. C.3.1. O

i L I
o 1 2 3 4 5 6 7

Fig. C.3.1. “Devil staircase” in (C.3.20).
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C.4 Derivation of normal forms

In this section, we will discuss some algorithms for constructing normal forms.
Due to the reduction principle, it is sufficient to construct the normal forms
for the system on the center manifold only. Therefore, in order to consider
bifurcations of an equilibrium state with a single zero characteristic root, we
need a one-dimensional normal form. If it has a pair of zero characteristic
exponents, one should examine the corresponding family of two-dimensional
normal forms, and so on.

In certain situations the global properties of the original system must be
taken into account. So, for instance, if the original system restricted to the cen-
ter manifold is symmetric, the associated normal form will inherit this property
as well. In essence, a normal form for a given bifurcation is a parameterized
system of differential or difference equations, depending on what the problem
under consideration is, whose right-hand sides are in the simplest form but
sufficient to describe the main bifurcations in the given family.

In order to study bifurcations near a stability boundary one must introduce
small governing parameters the number of which is at least equal to the order
of degeneracy of the linear problem, or this number may even be greater pro-
vided that there are extra degeneracies due to the nonlinear terms. Since the
unfolding parameters are small, the orbits on the center manifold may stay in a
small neighborhood of the equilibrium state for a rather long time (there is no
fast instability in the center manifold because all characteristic exponents of
the reduced linearized system are nearly zero). Thus, it is reasonable to rescale
the parameters and phase variables so that they assume finite values instead
of asymptotically vanishing ones; the time variable must then be rescaled too.

This approach is a rather general one. Its advantage is that when the rescal-
ing procedure has been carried out, many resonant monomials disappear. The
most trivial example is a saddle-node bifurcation with a single zero eigenvalue.
In this case the center manifold is one-dimensional. The Taylor expansion of
the system near the equilibrium state may be written in the following form

d=p+a g+,

where p is a small governing parameter. The rescaling x — +/|u|z, t — t/+/| 1]
brings the system to the form

i =+14+22+0/|ul),

so that the second degree monomial only survives in the limit 4 — O.
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An analogous algorithm can be applied to the multi-dimensional case. The
limit of the rescaled system as governing parameters tend to zero gives a de-
scription “in the main order” of the behavior of the system near a bifurcation
point. Such a limit system is called an asymptotic normal form.

The asymptotic normal forms that arise in the study of equilibria with
single or double zero eigenvalues are one- or two-dimensional, respectively.
The analysis of such forms is often very comprehensive so most effort is ap-
plied to establishing the rigorous correspondence between the dynamics in the
asymptotic normal form and that in the original system [20, 64]. However, the
analysis of bifurcations in two-dimensional normal forms may already require
consideration of some other global bifurcations, sometimes of codimension two.
Moreover, accounting for the dropped terms of higher order may also destroy
the idealized picture occurring in truncated normal forms. The most vivid
example is the bifurcations of an equilibrium state with exponents (0, +iw)
where the normal form possesses a rotational symmetry. If the original system
does not support this symmetry, the simple dynamics in the shortened normal
form may transform into chaos in the enlarged system.

The situation becomes different when one considers normal forms of higher
dimensions. Three- (and higher) dimensional asymptotic normal forms may
exhibit non-trivial dynamics by themselves. For example, a homoclinic loop
to the saddle-focus was found in the asymptotic normal form

T=y,

)

i=—z—by+azx—2?,

corresponding to the bifurcation of triple zero eigenvalues with a complete
Jordan box [163]. Notably, the equations in some asymptotic normal forms
coincide with some well-known models coming from different applications: the
third-order Duffing equation, the Chua’s circuit, the Shimizu-Morioka system
and the Lorenz equation.

C.4.#46. | Derive the normal form for the Shimizu-Morioka equation in
the form [187]

=1y,
y=ax—ky—zz, (C4.1)
z=—z+x°,

near the codimension-two point (k = a = 0).
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First we should determine the characteristic exponents at the origin. It is
easy to see that there is a pair of zero exponents and one equal to —1. The
eigenspace corresponding to the zero pair is given by {z = 0}. The center
invariant manifold, tangent to this plane at the origin, is written as

z=a% 22y + 2%+

where the dots stand for the cubic and higher order terms in (z,v, z, a, k). The
system on the center manifold thus takes the form

T=y,

) (C.4.2)
¥ =azr—ky — x> +22%y — 2zy% + - - -,
where the dots stand for the terms of the fourth order, at least.
Let us next rescale
(ZL’, Y, ta ka a) - (Exnewv 52ynewv tnew/ga 5knew7 62afnew) .
The system recasts as
T=y,
(C.4.3)

Y = azx + ky — 23 + 2ex?y + O(?),

where the new parameters kpew and apew can now be arbitrary. Observe that
the reflection symmetry (z,y) — (—z,—y) in (C.4.3) is inherited from the
original system (C.4.1). Due to this fact the Taylor expansion of the functions
in the right-hand side does not contain quadratic terms (and other terms of
even order) in (z,y). In contrast to the generic Bogdanov-Takens bifurcation,
which we analyze in Sec. 13.2, the bifurcations in the symmetric system are
somewhat different: the equilibrium state at the origin always exists, and it
undergoes a pitch-fork bifurcation instead of a saddle-node one. The bifurca-
tion unfolding of the symmetric system also contains an additional curve which
corresponds to the double semi-stable periodic orbit with multiplier equal to
+1. The signs of the Lyapunov values on the Andronov-Hopf stability bound-
ary for the origin and for the non-trivial equilibria are determined by the sign
of e. Note that when € = 0 and k = 0, the system (C.4.3) becomes integrable

with Hamiltonian
x? n xt -
2

2
Yy
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C.4.#47. | Let us consider next the following version of Chua’s circuit

[168]
&= P9y —x)— fx)),
y=gl@—y)+z,
z=-y,

where «, 3 and ¢ are some positive parameters. Here f(z) = ax(2? — 1) is
the cubic approximation for the nonlinear element, and therefore this system
possesses odd symmetry (z,y,2) — (—z,—y,—2). When g > «, there is a
single equilibrium state O at the origin. When g < «, there also exists a pair
of symmetric equilibrium states O 2(£+/1 — g/a,0,Fg+/1 — g/a). On the line
g = a, the characteristic equation at O has a single zero root when 3 # 1/¢2,
and two zero roots at 8 = 1/g? (the third root is equal to —g in this case).
Like the case of the Shimizu-Morioka system, the structure of the bifurcation
set in a plane transverse to this curve in the parameter space is determined
by the Khorozov-Takens normal form with reflection symmetry. The outline
of the reduction to this normal form on a two-dimensional center manifold is
discussed below.
The Jacobian matrix corresponding to two null roots is given by

0 1 0
D=]0 0 0
0 0 —«a

The linear part of the system reduces to the form

3 3
n|l=D]ln
¢ ¢

at « = g = 1/+/B by means of the transformation

T 1 0 1

=&l 0 [+n| g |+¢| -4

z —g g’ —g
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It is easy to compute and verify that in these coordinates the system assumes

the form
. 1
fnt (1o )
n= _F7
g
1
C: _Fa
g2
where

F=~5&+vn+ (v — g72)¢ — Ba(é +¢)?,

and 7y 2 are small parameters:

n=0a-g), r=p"-1.
The center manifold has the form
71 72 71
=B (B )y
g9 A
where the dots stand for the cubic and higher order terms with respect to
(&,m,71,72). The system on the center manifold is written as

éorfor (- ) (v (3-2)
i) e m) e

. 1 Y2 M 1 7
n=mn- (’Yz + (m1 = 972) (—3 - —)) +&- <71 + (= 972) 5
g g g g

94
1 3

where the dots denote terms of order higher than three with respect to
(&,m,71,72). Now the last step is to change the variable 1 so that the first
equation would become £ = n. The final form of the system is given by

§=mn,

, 1.5 ,1-¢°
77:€1§+€277*?§3+3T3g§277+'“7
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where ) )
€1 = n (1"‘71—3 + 72 <1——2>>
g g g
and s 1 )
g+
g2 =7 — (1 —972) 5 (- 972)29—5- O

C.4.#48. | The equation of Chua’s circuit can be re-parametrized in a way
so that the system is written as

i = a(y + cor — c12%),
y=x—y+z, (C.4.4)
z=—by.

Then, y becomes a fast variable in the limit (a,b) — 0, and all the dynamics of
the original system (C.4.4) concentrates on the slow manifold y = x + z. The
corresponding slow system is given by the following set of equations

&=+ 2+ cor —c123), (C.45)

z=—-x—2z,
where v = a/b is a parameter. Let us solve the first equation for z:
z=%/y—2x—cox + 13,
and substitute this expression into the second equation in (C.4.5)
= —3/y+cox —cr2®.
Since
= i/y— (1+co — 3e12%)a
we obtain
#— (y(1 +co — 3c12%) — )i 4+ y(cox — c12%) = 0.
Letting & = u, we can rewrite this equation in the form
T =u,
= cox+ (v — 1 + 7o)y — 3ycrz’y — yera®,

which can be identified as the Khorozov-Takens normal form. O
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Derivation of the normal form for an equilibrium state with
three zero characteristic exponents in the model of a laser with saturable
absorber [191]:

E=—-FE+P +P;,

Py = —6P — E(my + M),

Py = —0,Py — E(my + M), (C.4.6)
My = —p1 My + EPy

My = —py My + BEP;.

Here E, P, and P, are the slow envelopes of electric field and atomic polar-
izations in the active and passive media. M; and My are the deviations of
the population differences in the active and passive medium from their values
m1 < 0 and my > 0 in the absence of a laser field. d; and d2 (p; and ps) are
transverse (longitudinal) relaxation rates in the active and passive media nor-
malized by the cavity relaxation rate, § is the ratio of the saturation intensities
of the intracavity media.
Linear stability of the trivial steady state

E=P =P,=M, =My=0
is determined by the eigenvalues of the Jacobian matrix

-1 1 1 0 0
—ma —(51 0 0 0

which are the roots of the characteristic equation
(A% 4+ a2X? + ar A+ ag) (A + p1) (A + p2)
where
as =1+ 61 4 99,
ap =my +ma + 1 + 62 + 01 02,

ag = m2§1 + m152 + 6152 .
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Let 1 — d2 > 0, then at the codimension-three point given by

_ _ 0i(1469)
mip =1moy = — 51—(52 <07 (047)
82(1+6 o
mg = Moz = 726(1 —621) >0, p1 =0,

the Jacobian matrix J has a triply degenerate zero eigenvalue with geometric
multiplicity two:

)\172’3:0, )\4:[)2, )\5:7/\:*(14’514’52).

By introducing the linear transformation of the coordinates

X1 E
T2 P1
z3 | =U| P2 |,
X4 Ml
Is M2
where
61(1+3d2)—6
143, i +22) 1 0 0
o7
d2
é = 1 0 0
2 5
U:
0 0 0 1 0
1+6;
—(1+96 1 0 O
( + 1) 1+ 69
0 0 0 0 1
is such that
0 1 0 0 0
0 0 0 0 0
uJut=(0o 0 0 o0 o |,
0 0 0 -—-A 0
0 0 0 0 —p2
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the system (C.4.6) assumes the form

PO [Mm L) + (o +52>] S(ar,an,00).

A? 5,2
by = — s (2 (5 +€1) + (25 + €2) ) S( )
T2 =~ 53 5 r3+ & x5 + & T1,T2,T4),
. mo1
T3 = —p123 — F[Aﬂh — (1 + A)zo + 4]S (21, 22, 4) ,
. 1 /146
T4 = —Azy — 2 (T(i(xz +&) + (a5 + 52)) S(xy, w2, 14),
) m 2m
Ty = —pPals — % |:5—(2)2(A51(52£L’1 — (A(Sl — 52)(1 —+ 52)1’2) — 25201 Ty
3 i

X S(I1,1’2,$4) .

Here mg; and mgz are defined in (C.4.7), & = my — mo1, &2 = ma — mao and
p1 are small parameters, and

S(xl, $2,.’E4) = (51[\(%1 - .’EQ) + (]. + 52)(.%2 — (E4) .

After reduction to center manifold (we simply substitute 4 = x5 = 0 into the
first three equations) we obtain (the dots stand for the terms of order 3 and
higher):

& =z + axi(w3 + &) + baa(vz + &) + Eos(rr, x2) + -+,

By = —cwi(z3 + &) + dra(zs + &) + Eas(zr,22) + -0

i3 = —p1xs +exi + friza + g5+,
where
(21,09) = — 0Ly, — LH 02 —0iA _ 9 -(-0)%
s(@1,x2) = ——an Az 0= AS, ’
y— (01— (1= 61)02)(Ad) — (1 +02)) o2
A252 ’ AT
g 200 —1-0) __Sima

A26, A
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and

m01(51(1—|—2A)—1—52) __m01(1—|—A)(A51—1—52)

F= A3 ’ A%

Finally, applying the coordinate transformation

Tl = 21,
To = 23 — az1(z3 + &1) — bza(zs + &1) — &25(21, 22)

f o2
r3 = z3+ =21 + 92221,

2
we obtain
Zr=z2+- -,
Zog = €121 + €229 —Ccz123 +d 2223 + -+, (C.4.8)
Zy=—przytezi+---,
where
0 _ 0imo1 J — 1+6;
c= Ka €= - A2 ) - A2 )

and the small parameters €; o are given by

§102 + 0162 (1 +01)6 + (14 62)
A 2T A2 '

1=

We can rescale the small parameters as follows:

2
€1 =¢ €2 = €, p1 = pe.

By neglecting the third order terms and rescaling the variables z; = ze3/2 //ce,
29 = yeb/? /\/ce, z3 = z&2 Jc, we arrive at the following asymptotic normal form

dz dy dz 9

> A — - = 4.

=Y =0 + py — 2, o pz+x (C.4.9)
which coincides with the Shimizu-Morioka model. O

C.4.#50. | Let a Jacobian of the system linearized at the equilibrium state

have three zero eigenvalues. In addition, let the system on the center manifold



C.4. Derwation of normal forms 867

possess the symmetry (z,y,z) — (—x,—y,2), where y, z are the coordinate
projections on the eigenvectors and x is the projection onto the adjoined vector.
Then, generically, the system may be reduced to the following form

=y,
g =ali—az(1+9g(z,y,2) —ar(@® +y*) (1 +---)]

(C.4.10)
—yla+az(1+---)+azg@®+y?)(1+--)],

F= B0 ) + b Fy?) (o),

where a; # 0,1 =1,2,3 and b # 0. Here, fi, @ and (3 are small parameters, and
g and the dots denote the terms which vanish at the origin. Suppose ab > 0.
Let 72 = p+av/B(1+ g(0,0,—/B)) > 0, 3 > 0. By scaling the time ¢t — s/,
changing the variables

73 73 ~ 2
A TV RS ;A
ab ab a

and defining the new parameters as @ = at and 3 = (37/2)2, we obtain the
following system
T =y
y=z(l—2)—ay+0O(7), (C.4.11)
i=—Bz+ 22+ 0O(1),

where o and (3 are parameters which are no longer small. Dropping the terms
of order 7, we obtain the Shimizu-Morioka model. O

C.4.#51. | In addition to the conditions of the above case, let the sys-
tem be invariant with respect to the involution (z,y,2) — (x,y,—z), i.e. it
possesses two symmetries. The normalized system can then be recast as

T =y,
y = x[p—az®(1+g(z,y,2%)) = b(a® + y*)(1 +-- )]

(C.4.12)
—yla a4 ) +hu(@® +y?) (4]

2(B—c?2(1+--)+d@® +y*)(a+ ).

N
Il
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Suppose ¢ > 0 and ad > 0. In the parameter region 72 = i — ch(l +
g(0,0,3/c)) > 0 and 3 > 0, let us introduce the renormalization:

c 9 c 8 T2
t—s/T, T—=aT\/—, Y—=TY/—, 2=+ —z
ad ad c a

and @ = 7a, 8 = 73/2. Denoting B = % and omitting the terms of order 7

we arrive at the following system

T=y,
y=x(l —2)—ay+ Bx?, (C.4.13)
2= —B(z —2?).

The above system is remarkable because the Lorenz equation can be reduced
to it when r > 1. The relations between the parameters of two systems are

given by
b 140 b

b= “Tor-y PTmop

It follows from the above relations that the region of the positive parameters
(r,b,0) in the Lorenz equation is bounded by the plane § = 0 and the surface

4 = 3(g + 1), which tends to =0 as B — 0.
We should also note that the Shimizu-Morioka system is a particular case

(i.e. B =0) of the Lorenz system in the form (C.4.13). O

The bifurcation of a periodic orbit with three multipliers +1.
On the center manifold we introduce the coordinates (z,y, z,1), where ¥ is
the angular coordinate and (z,y, z) are the normal coordinates (see Sec. 3.10).
Assuming that the system is invariant under the transformation (z,y) —
(—z, —y), the normal form truncated up to second order terms is given by

T =y,
y=2a(p—az) —y(@+ azz),
E= B+ b +y?),

Y=1,

where the periodic orbit is supposed to be of period 1. Because the first three
equations in the above system are independent of the fourth one, the resulting

(C.4.14)

normal form is analogous to the Shimizu-Morioka system. a



C.4. Derwation of normal forms 869

Below we present (following [185]) a list of asymptotic normal
forms which describe the trajectory behavior of a triply-degenerate equilibrium
state near a stability boundary in systems with discrete symmetry. We say
there is a triple instability when a dynamical system has an equilibrium state
such that the associated linearized problem has a triplet of zero eigenvalues. In
such a case, the analysis is reduced to a three-dimensional system on the center
manifold. Assuming that (x,y, z) are the coordinates in the three-dimensional
center manifold and a bifurcating equilibrium state resides at the origin, we
suppose also that our system is equivariant with respect to the transformation
(LU, Y, Z) A (—{)37 -Y, Z)

We note that the listed systems have a natural “physical” meaning and do
appear in some realistic applications, see for example the above laser equations.
Thus, this method may be viewed as a recipe for exclusion of irrelevant terms
in the nonlinearity as well as for selection of those nonlinear terms which are
responsible for specific details of such behavior.

In addition to the symmetry assumption, we will also suppose that the
linear part of the system near the origin O restricted to the invariant plane
z = 0 has a complete Jordan block. Then, the system in the restriction to the
center manifold may locally be written in the form

T=y,
v =x(az + F(22,2y,9% 2)) + yG (42, 2), (C.4.15)
Z. = H(x27xy, y2,z)7

where neither H(0,0,0, z) nor F(0,0,0,z) contain linear terms.

Let us consider a three-parameter perturbation of the system in the form

T = Y,
y = 'r(,ul +az + F(JTQ,Z‘y,yQ, Z)) + y(_,u'Q + G(yQa Z)) ) (0416)
zZ= —H3Z + H($2,£L'y7y272) 3

where u = (p1, 2, 1#3) are small parameters, and the functions F'; G and H
may also depend on p.

Let us also suppose that
a#0. (C.4.17)
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It is then obvious that a change of the z-coordinate reduces (C.4.16) to the
following form (with some new functions G and H)

T=y,
§ = ol — 2) +y(—pa + G2, 2), (C.4.18)
2= —uzz + H(2% xy,92,2).
Let us rescale the variables and time:
T — 0z, Y— 0y, z—0z, t—t/T,
where d,, 6y, 0, and 7 are some small quantities. We assume p; # 0 and let
Oy =70y, 0, = 2= 1] -

Then (C.4.18) assumes the form

T =y,
y=uz(xl—2)— ) y+O(7), (C.4.19)
= —az+ H(02 2% 162 2y, 7262 y%, 722) /73,

where v and A are new rescaled parameters, which are no longer small:

o= pz/VIpl, A= p2/v |l

The asymptotic normal form is a finite limit of the system (C.4.19) as
u — 0. Note that different choices of proportion between the scaling factors
0, and 7 yield different normal forms.

In the last equation of (C.4.19), the terms which contain 22, y® and yz, tend
to zero as T — 0. Thus, by cutting out small terms, we transform (C.4.19) to

=y,

y=z(£l-2) - Ay,

i = —az+ 8222 H (6222) /73 + 0220y Ho(6222) /72
+ 62y? H3(022%) /7 + 6222® Hy (6222) /7.

(C.4.20)

The right-hand side in (C.4.20) is to be finite, i.e. if the Taylor expansions of
the functions H; begin with 22 for zero values of the perturbation parameters
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11, w2, and w3, then the following inequalities must hold
5i(m1+1)/73 < 00,
63(7”2'“)/7'2 < 00,
5§(m3+1)/7 < 00,

5z(m4+1)/7 < 0.
Therefore, we can choose 7 so that
T~ 6P (C.4.21)

where
3 = min {;(ml 1), ma 41, 2(ms + 1), 2(ms + 1)} . (C.4.22)

For example, in the most generic case where H;(0) #0 (i = 1,...,4), the
exponent 3 = 2/3 in (C.4.21) and (C.4.22). Then, system (C.4.20) reduces to
the form

r=1Y,
y=a(£l —z)— Ay, (C.4.23)
2= —az+22H,(0) + O(7).

In the limit 7 — 0, this system becomes the Shimizu-Marioka model, where
the parameters o and A may take arbitrary finite values.

Let us now consider an extra degeneracy: H;(0) = 0 and H{(0) # 0. In
order to study bifurcations in this case one should introduce a new independent
governing parameter which is the constant term of the Taylor expansion of H;.
If we set § = 1 according to relation (C.4.22), then system (C.4.20) reduces to
the following asymptotic form:

T=y,
y=a(£l —z)— Ay, (C.4.24)
3= —az+22hio + Hay(0)xy.

This is equivalent to the Lorenz equations. Here, hig = H;(0)/7 is the third
rescaled governing parameter which may take arbitrary finite values.
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The next degeneracy H»(0) = 0, H5(0) # 0 modifies the third equation in
(C.4.24) in the following way:

i = —az 4 22h1o + hooxy + H} (0)z* (C.4.25)

where hig = H,(0)/7%/% and hyg = Hy(0)/7'/2. Here, 3 = 4/3.
By repeating this procedure we can get a hierarchy of the asymptotic nor-
mal forms. Let us denote

Hi(l‘Q) = ZHijZ‘Qj .
J

We assume that at the moment of bifurcation the values of H;; for j =
0,...,m; — 1 vanish. As before, we can treat these non-zero H;; as additional
independent small parameters.

It is obvious that in the rescaled system (C.4.20) there are non-zero co-
efficients in front of those terms which correspond to such m; for which the
minimum in (C.4.22) is achieved; all terms of higher order vanish in the limit
7 — 0. The terms of degree less then 2m;, which appear in H; for non-zero
parameter values, also survive after the rescaling; their normalized coefficients
appear as the independent parameters that may assume arbitrary finite values.

Thus, if we get rid of all asymptotically vanishing terms, system (C.4.20)
takes the form

T=y,
y=uz(£l—2)— Ay, (C.4.26)
5= —az + 22H (2?) + zyHy(22) + y2 Hs(22) + 222 Hy(22)

where H;’s are polynomials of degree n; such that

2
max{g(nl—l—l), ng + 1, 2(ng + 1), 2(n4—|—1)}

1 2
=3 < min{g(nl +2), no+2, 2(ng+2), 2(ng + 2)} (C.4.27)
(if some H; vanish identically, then we let n; = —1). The coefficients of ﬁij
are defined as follows:

~ 2(j+1)
.
hij = Hij /75777,

where s1 = 3,85 = 2,83 =54 = 1.
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It follows immediately from (C.4.27) that n3 = ny, i.e. the degrees of H,
and H, are always equal. Hence, the list of asymptotic normal forms which
are given by (C.4.26) and (C.4.27) can be ordered as the common degree n(=
n3 = ny4) increases.

The first in the list are the systems given by (C.4.23), (C.4.24) and (C.4.25),
which correspond to n = —1. For each of the greater values of n there are four
sub-cases below. Each consecutive case corresponds to additional degeneracies.
This is a cyclic list: after the fourth case, we return to the beginning with
n =mn+ 1 and so forth.

(1) n1 = 3n+2, ng = 2n + 1; at the moment of bifurcation the first
(n —1) coefficients vanish in both Hs and Hy, the first 2n and (3n+1)
coefficients vanish in Hy and Hq, respectively.

(2) n1 = 3n+ 3, ng = 2n + 1; at the moment of bifurcation the first n
coefficients vanish in both Hs and Hy, the first (2n + 1) and (3n + 2)
coeflicients vanish in Hy and Hy, respectively.

(3) n1 = 3n+ 3, ng = 2n + 2; at the moment of bifurcation the first n
coefficients vanish in both Hs and Hy, the first (2n + 1) and (3n + 3)
coeflicients vanish in Hy and Hy, respectively.

(4) n1 = 3n+4, ng = 2n + 2; at the moment of bifurcation the first n
coefficients vanish in both H3 and Hy, the first (2n + 2) and (3n + 3)
coefficients vanish in Hs and Hi, respectively. m|

C.5 Behavior on stability boundaries

C.5.#54. | A stable limit cycle bifurcates from infinity in the system

i=a—y—a(e®+ya,

) (C.5.1)
y=z+y—alz®+y?)y,
at a = 0. At this value, the system becomes linear
r=x—-v,
, (C.5.2)
y=z+y,

and it has an unstable focus at the origin. One can compose the Lyapunov
function V(x,y) = 2% + y? and verify that all the orbits diverge to infinity
(i.e. the infinity is stable) since the time derivative of the Lyapunov function
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s | SV

(a) (b)
Fig. C.5.1. Limit cycle in (C.5.3) for a > 0 (b) and at a =0 (a).

V(x,y) = 2(22 + y?) is positive, and hence each level (22 + y?) = C' is a curve
without contact and every trajectory must flow outside of every such curve C
as time increases.

When a # 0, we have

d(z% +y?)

Y~ 2?4 )1 - ala? + ).

It is apparent that V(z,y) < 0 if 22 + y®> > 1/a, and V(z,y) > 0 when
V < 1/a. Thus, 22 + y? = 1/a is a stable invariant curve (a limit cycle), and
all trajectories (except for the equilibrium state at the origin) tend to it as

t — +o0.
C.5.#55. | [25] Explain how the stable limit cycle in Fig. C.5.1 of the
system
&=y —az(az® +y° - 1),
(C.5.3)
y = —ay —ylaz® +y* - 1)
evolves as a — +0. O
C.5.#56. | Find a Lyapunov function for Khorozov-Takens normal form
r=1y,
O
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C.5.#57. | Reveal the role of the cubed y in making the following system
asymptotically stable: find a proper Lyapunov function.

i:ya

y=ay+az—a>—by.

Here a and b are some control parameters. O
C.5.#£58. | Prove the global asymptotic stability of solutions of the Lorenz
equation
i =—o(r—y),
y=rr—y—az, (C.5.4)
z=—-bz+uy,

when r <1, ¢ >0 and b > 0.
The following function

Volz,y,2) = %(xz +oy? +02?)
is a Lyapunov function, since its time derivative
Vo = —o(z? — (1 — r)zy + 3 + b2?)
is a negatively defined quadratic form. O

C.5.#£59. | Prove that the infinity is unstable in the Lorenz system.
Solution. The time derivative of the function

2

X
V(x7yvz):7+ 2

2
%—l—(z—r—a)

is given by

2
. r b
V(z,y,2) =ai+yy+(z—0—r)i = —ox®—y*—b <z — —’2_0) —1—1(7“—}—0)2.
The condition V = 0 determines an ellipsoid outside of which the derivative is
negative. Therefore, all “outer” positive semi-trajectories of the Lorenz system
flow inside the surface

2
b
Ux2+y2+b(z—r—ga) :Z(r—i-a)g.

O
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C.5.#60. | Prove that infinity is unstable in a Chua’s circuit modeled by

i =a(y+z/6—2%/6),
y=x—y+=z, (C.5.5)
Z=—by.

Use the Lyapunov function

2?2 2
\% =—+ =4 =
O($7y7z) 2a+ 2 +2ba
and analyze its time-derivative
. . -
Vo = %ﬂ;zﬁ% = 5($2—$4)+2wy—y2

for large = and y. |

C.5.#61. | Consider the following perturbation of the Bogdanov-Takens

normal form:
rT=Y,

S, ) ) (C.5.6)
U= py —e’x + anr’ + anzy + any’ + Q(z,y),

where p and € are small, and Q(xz,y) starts with cubic terms. One can see
that the origin O(0,0) is a weak focus for the above system at u = 0 and
small € # 0: the characteristic roots are +ic. To determine the stability of the
weak focus, let us rescale first the variables  +— &2z, y + &3y, and the time
t s e~ 1t. The system will take the form
T=y,
) ) ) (C.5.7)
Y= —x+ agor® + caxy + O(e?).
The following normalizing coordinate transformation

a0 € .
Tnew = T — 7(1'2 + 22/2) + gallxya Ynew = Tnew

brings the system to the form

T=y,

4 4
§ = —x + 2a3, (a:3 - 3zy2> + €aga11 <5$2y - 3y3) +0(E*) + -+,
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where the dots stand for the terms of order higher than three. So, we eliminate
all quadratic terms (up to O(g?)-terms) and now the first Lyapunov value
can be immediately computed. Thus, let us introduce the complex variable
z = x + iy so that the system will recast as

. . € .5
Z2=—iz+ (gagoall + zﬁago + 0(52)> 2225

where the dots stand for negligible cubic and higher order terms. The first
Lyapunov value is the real part of the coefficient of 22z*, i.e. it is equal to

L= %[azoau +0(e)].

It follows that the weak focus is stable when asga;; < 0, and unstable for
agoaq; > 0 for small e. At & # 0, only one limit cycle is born from the weak
focus, provided aggaq; # 0. O

C.5.#62. | Let us give a general formula for the first Lyapunov value at a
weak focus of the three-dimensional system

€ + PE+ QE+ RE = f(£,6,€)

where f is a nonlinearity, i.e. its Taylor expansion at the origin begins with
quadratic terms, and the coefficients P, @, R satisfy the relation

PQ=R, Q>0.

Denoting y = (y1, Y2, y3) = (€,€,€) we can rewrite the above equation as

0
y=Ay+fy)- (0],
1
where
0 1 0
A= 0 0 1
-R —-Q -P

The eigenvalues of the matrix A are —P and %iw, with w? = Q. The corre-
sponding eigenvectors are
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and the eigenvectors of the adjoint matrix are respectively given by

Q Pw Pw
01, w—1P |, and w+iP
1 —1i i

Thus, we can introduce the new variables u € R' and z € C! as follows:

1 1 1
y=u| —P | +z| iw |+2"]| —iw
p? -Q -Q

The derivatives @ and 2z are computed by the following rule

(Qur + 93), z (Pwii + (w —iP)j2 — i93),

_ 1
YT o+ P = 9Pw

so that we arrive at the system whose linear part is already diagonal

U =—Pu+a;2? +agzz* + -,
) (C.5.8)
2 =iwz + (122 + Bozz* — Biz* + quz — yruz* + 8222 + - -

where the dots stand for the nonlinear terms which are negligible for the com-
putation of the first Lyapunov value. If we expand the nonlinearity up to the
third order in y:

fly) = chjyjyk + dejzykyjyz +-, (C.5.9)
then the coefficients «, 3,7, in (C.5.8) are found as follows:
(Q + P?)ay = 2iPwf =Y cpj(iw)r+i=2,
(Q + P?)ay = 2iPwfy = — S ((—1)F + (=1)7 )ep; (iw)F 72

N = % S er ((—P)F2(iw)i =2 + (= P)i2(iw)k=2) (C.5.10)

1

"= opge

> dija (i) I ((=1)F + (=1)7 + (-1)").

System (C.5.8) has a center manifold given by

a1 a2
224 =

S Priws TP

u
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On the center manifold the system assumes the form

. . 2 * * %2 a2 x Q1 2 %
= — =l § -, (Ch.11
2 =iwz+ 127+ P22z =Pz —|—<7P ~ Priv + )z 2+ ( )

The normalizing transformation

ﬂl 2 «ﬁQ -ﬁZ*Q

Znew = 2 + z;z - zzzz* +1

kills all quadratic terms, so that the system on the center manifold takes the
form

3 =dwz + (L +iQ)2%2% + - -,

where

. { 2 e e
Li+iQ = - (ﬁlﬂz — |[31|2 — 552|2) +’YF2 - P—l—liw +0. (C5.12)

By definition, L, is the first Lyapunov value. o

Let us apply the above algorithm to determine the stability of
the structurally unstable equilibria O, 2 in the Lorenz model, see Sec. C.2. To
find whether the corresponding Andronov-Hopf bifurcation is sub- or super-
critical on the stability boundary of these equilibria we will compute the ana-
lytical expression for the first Lyapunov value L.

Following [165, 186], let us first bring the original system

= —O'(LU - y) ;
y=rr—y—zxz,
Z=—-bz+uxy

to a single third-order differential equation

o
UH0)d” 38 i o3 (C5.13)

T4+ (o+b+1)E+b(14+0)E+bo(1—r)z =
T x

Then, we introduce the new variable £ = & — xg, where zyp = £+/b(r — 1)
for O 2, respectively. We stress that only quadratic and cubic terms in the
nonlinearity are needed and hence the first order terms of the expansion of
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(o + &)~ ! are sufficient in order to find the first Lyapunov value. Taking into
account the needed terms, the equation (C.5.13) can be rewritten as follows

E4(o+b+1)E+ b1+ o)+ 22)¢ + [bo(1 — 1) + 3o22)¢
= —3ox€? — 2:1:055 + H—gé2 + ifﬁ — o — 525
i) i)

1

;—30652 - x%féé# Th (C.5.14)

The stability boundary for both O; and Os is given by
r=o(c+b+3)(c—b-1)"".
The first Lyapunov value computed by the above algorithm is
Ly = b[p°q(p® + ) (P> + 4g)(0 —b—1)] ' B, (C.5.15)
where
B = [90* + (20 — 18b)0® + (2002 + 2b + 10)0>
— (26 — 12b% — 10b + 4)o — b* — 66> — 12b* — 100 — 3].

On the stability boundary, the inequality o > b+1 is fulfilled. Upon substitut-
ing 0 = 0, +b+1, the expression for B becomes a polynomial of o, and b with
positive coefficients. Hence, if o, > 0 and b > 0, then L; > 0. Thus, both equi-
libria Oy 2 are unstable (saddle-foci) on the stability boundary. The boundary
itself is dangerous in the sense of the definition suggested in Chap. 14. There-
fore, the corresponding Andronov-Hopf bifurcation of O 3 is sub-critical. O

Compute the first Lyapunov value in the Chua’s circuit (C.5.5).
Verify that for ¢ = ¢3 = 1/6 it vanishes at the point (a ~ 1.72886,
b ~ 1.816786), labeled by L; = 0 on the Andronov-Hopf curve in Fig. C.2.1.
This is the point of codimension two from which a curve of saddle-node periodic
orbit originates. m|

C.5.#65. | Find the expression for the first Lyapunov value in the Shimizu-
Marioka system (C.2.25) reduced to the following third order differential equa-
tion .

F 4+ (a+b)i + abi — br +2° — 232 — 2 = 0. (C.5.16)
x x
Show that it is negative (positive) to the right (left) of the point (a ~ 1.359,b ~

0.1123) on the Andronov-Hopf bifurcation curve given by (a + b)a —2 =0. O



C.6. Bifurcations of fixed points and periodic orbits 881

C.6 Bifurcations of fixed points and periodic orbits

C.6.#66. | Consider the logistic map

Z=azx(l—2x)= f(x),

with 0 < a <4 and z € I = [0,1]. When 0 < a < 1, the origin is a unique
stable fixed point. It is semi-stable at a = 1 since f/(0) = 1. It becomes
unstable as a increases, and another fixed point O;(xz; = (a — 1)/a) bifurcates
from the origin (hence we have a transcritical bifurcation here). The point
O, is stable when 1 < a < a; = 3 [see Fig. C.6.1(a)]. It flip-bifurcates when
f'(01) = a—2ax; = —1 at a = 3. The first Lyapunov value at this point
is equal to —£(f”(O1) + 3 f"(01)*) = —2a1 = —2. Since it is negative, the
point is asymptotically stable at a = 3. Thus, a stable cycle C5 of period 2
bifurcates from O; as a exceeds 3, as shown in Fig. C.6.1(b).

The cycle of period two consists of a pair of period-two points

(1,2) a—l—li\/a2—2a—3
2= 2a ’

which are the roots of the equation x = f?(z) other than those corresponding
to O and O;. The direct computation of the multiplier of the cycle, which is
given by f’(a:él)) : f’(asg)), reveals that it is stable when 3 < a < 1 + /6.
Moreover, the multiplier is positive when 3 < a < 1 4 /5, and negative
when 1+ /5 < a, but still less than 1 in absolute value. This cycle becomes
repelling when a > 1+ /6, and its stability switches to the cycle Cy of period
4, shown in Fig. C.6.1(c). When this cycle goes through the flip bifurcation
at a = ag ~ 3.54, then a stable period-8 cycle is born, and so forth [see
Fig. C.6.2(d)—(1)].

Note that the first Lyapunov value is always negative for a flip-bifurcation
of any periodic orbit in the logistic map. Indeed, the Schwarzian derivative:

£ 3/f" 2
s =17 -2 (5)
is negative everywhere within the interval [0, 1] where the map is defined. Tt is
easy to check that if for some map S(f) < 0 everywhere, then S(fofo---of) < 0
everywhere too, i.e. it is negative for every power of the map. It remains to
note that %S (f) coincides with the first Lyapunov value at the fixed point at
the moment of flip-bifurcation (when f'(x) = —1).
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Fig. C.6.1. Period doubling in the logistic map.
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Fig. C.6.1. (Continued)

This sequence of period-doubling bifurcations ends up at approximately a ~
3.569, after which the logistic map exhibits chaotic behavior, see Fig. C.6.1(g)
and (i).

Feigenbaum [170] noticed that the bifurcation values of a,, n = 1,2,...
increase asymptotically in geometrical progression with the multiplier

Ap — Ap—1

~ 4.66920 . O

0 = lim
n—=00 Up41 — Gn

C.6.#67. | Find the critical value of a that corresponds to the situation
depicted in Fig. C.6.1(h). Can this map have stable orbits at this moment?
To answer this question reduce it first to a piece-wise linear map.
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o 0.4 0.8 12 1.6 2 2.4 2.8 32 3.6 4

Fig. C.6.2. (x versus a) bifurcation diagram of the logistic map in the period-doubling
process.

Evaluate the values of a, that correspond to the flip bifurcations of the
orbits of period 16, 32, respectively. Find the corresponding maximal z-
coordinates of these cycles and plot them on Fig. C.6.2. O

Examine the map
=+ aa(l —2) - b(l—2)%) = f(a),

where a and b are some positive parameters. Find its fixed points, and detect
the corresponding stability boundaries. Determine the asymptotic stability of
the fixed points and period-2 cycle at critical cases. O

Examine the maps Z = p; + Az 42 and T = pg — poz” + 22,
where 0 < v < 1, and |u1| < 1. Consider the subcases 0 < v < 1/2 and
1/2 < v separately. What happens at v = 1/2? Analyze bifurcations of
symmetric periodic points in the two maps Z = (u; + Alx|*T#2)sign(z) and
T = (11 — pe2lz|” + |2[*)sign(z), |p12| < 1. Such maps appear in the study
of homoclinic bifurcations of codimension two (see Sec. 13). O

C.6.470. | Consider the Hénon map:

=y, J=a—bx—1y>.
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Fig. C.6.3. Horseshoe in the Hénon map for a = 2 and b = 0.4 and in its inverse.

This map is a canonical example illustrating the chaotic behavior. For certain
parameter values the Hénon map models the mechanism of the creation of the
Smale horseshoe as illustrated in Fig. C.6.3, for the map and for its inverse:

y==2,
(a—75—2%)/b,

T

defined for b # 0.
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The Jacobian of the Hénon map is constant and equal to b. Therefore, when
b > 0, the Hénon map preserves orientation in the plane, whereas orientation is
reversed when b < 0. Note also that if |b| < 1, the map contracts areas, so the
product of the multipliers of any of its fixed or periodic points is less than 1 in
absolute value. Hence, in this case the map cannot have completely unstable
periodic orbit (only stable and saddle ones). On the contrary, when |b] > 1, no
stable orbits can exist. When |b| = 1, the map becomes conservative. At b= 0,
the Hénon map degenerates into the above logistic map, and therefore one
should expect some similar bifurcations of the fixed points when b is sufficiently
small.

Next, let us find the fixed points in the Hénon map and analyze how they
bifurcate as the parameters a and b vary. The bifurcation portrait is shown
in Fig. C.6.4. It contains three bifurcation curves: SN: a = —1(1+b)?, PD:
a=3(1+b)? and AH: b=1,-1<a < 3. For (a,b) € SN the map has a
fixed point with one multiplier +1; when |b] < 1, this point is a saddle-node
with an attracting sector, while when [b] > 1, this is a saddle-node with a
repelling zone. For (a,b) € PD the map has a fixed point with multiplier —1;
when |b| < 1, the other multiplier is less than 1 in absolute value and the first
Lyapunov value is negative, so the bifurcating point is stable. For |[b] > 1,

25+ \ PD J
e
i ; AH
o N\ B |
n FoaY
el
5 L u T B
D
CoN
0+ D 1 B
0.5 SN _ﬁl\ /1} ‘ /‘\‘ i
= [ N4
" - E 0 i 2

Fig. C.6.4. Bifurcation portrait of the fixed points in the Hénon map.
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the other multiplier is greater than 1 in absolute value and the first Lyapunov
value is positive, so the bifurcating point is completely unstable. (Check the
equations for the bifurcation curves and compute the Lyapunov values.)

In the region D, there are two fixed points, one of which is a saddle, and the
other one is stable for (a,b) € D$, and repelling when (a,b) € D}. Transition
from D; to D, is accompanied with the period-doubling bifurcations of the
fixed point, correspondingly, stable on the route Dj — D3, and repelling on
the route DY — DY¥. Meanwhile the point becomes a saddle (—), and in its
neighborhood a stable cycle of period two bifurcates from it when (a,b) € D3;
in the region D¥, this period-two cycle is repelling.

When b = 1, the Hénon map becomes conservative, as its Jacobian equals
4+1. At b =1 and a = —1, it has an unstable parabolic fixed point with two
multipliers +1; at b = 1 and a = 3, it is a stable parabolic fixed point with
two multipliers —1. In between these points, for —1 < a < 3 (i.e. (a,b) € T),
the map has a fixed point with multipliers e**¥ where cos®) = 1 — va + 1.
This is a generic elliptic point for ¢ & {n/2,2n/3,arccos(—1/4)} [167]. Since
the Hénon map is conservative when b = 1, the Lyapunov values are all zero.
When we cross the curve AH, the Jacobian becomes different from 1, hence the
map either attracts or expands areas which, obviously, prohibits the existence
of invariant closed curves. Thus, no invariant curve is born upon crossing the

curve AH. O
C.6.#£71. | Let us consider the following map
z=y+ay?,
(C.6.1)
g=a—br—y>+ pry

with small o and 5. This map can therefore be treated as a slight pertur-
bation of the Hénon map. We may wonder what bifurcations occur in some
bounded subregion in the (z,y)-plane which remains of finite size as both «
and (0 tend to zero. This question is typical in the study of bifurcations of
a quadratic homoclinic tangency between the stable and unstable manifolds
of a neutral saddle fixed point (with the multipliers |v| < 1 < |v| such that
vyl = 1) [175).

Let us derive the equations of the bifurcation curves SN , PD and AH
for (C.6.1) for small @« and 3; these curves correspond to the saddle-node,
period-doubling and torus creation, respectively.
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Consider the characteristic equation for (C.6.1)

—-A 1420y
det =0.
—b+ By —2y+Fr—A

Since = y + ay? at a fixed point, this equation recasts as
M+ N2y — By — aBy?) + b+ y(2ba — ) — 2a8y* = 0. (C.6.2)
The equation for the coordinate y of a fixed point of (C.6.1) is given by
a—y(1+0b) —y*(1+ba — B) +afy® = 0. (C.6.3)

Let us derive the equation of the curve SN of saddle-node fixed points.

Since one of the eigenvalues of such points equals 1, plugging A = 1 into
(C.6.2) yields
14+b+2y(1+ba—fF)—3a8y>=0. (C.6.4)

This equation has only one solution in any fixed finite region, provided that
«a and § are sufficiently small:

1+
=40 .
Y= 30 5ba—g T O
Substituting this in (C.6.3) gives the following equation for SN

(1+ b)?
4

a=— (1 —ba+ B)+0(a®+5%). (C.6.5)
Analogously, the equation of the curve PD corresponding to a period-
doubling bifurcation is given by
3 B

o=+ b)? <1 + gba - 3) +0(a® + 3%). (C.6.6)

Note that the curves SN and PD are close to the curves SN and PD of the
original Hénon map.
Let us derive next the equation for the curve AH which corresponds to

the creation of an invariant curve (the Andronov-Hopf bifurcation for maps).
Since eigenvalues of such a point are A\j o = et it follows that the Jacobian
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of the map at the fixed point equals 1 and the trace of the Jacobian matrix
equals 2 cos ¢. This yields the following system for solving y and b:

2y — By — afy® = —2cos ¢

b+y(2ba — B) —2apy®> =1. (C6.7)
We obtain from the first equation that
y=— 1‘3_05;;2 +0(af), (C.6.8)
and from the second one that
b=1— (8 —2a)cosp+O(a® + (%). (C.6.9)
Finally, we find from (C.6.3) that
a=cos’p[l+ 8 —a]—2cosp[l + (/2] + O(a® + 5%). (C.6.10)

The curve AH is given by (C.6.9)—(C.6.10). Since the Jacobian of the
map (C.6.1) is no longer constant, one should expect that the corresponding
bifurcation of the birth of the invariant curve will be non-degenerate at the
fixed point. To make sure, let us compute the first Lyapunov value L.

Let (a,b) € AH. Thenb = —1+O0(a, 8) and —14+0(a, 8) < a < 3+0(a, B).
The bifurcating fixed point with multipliers e** has coordinates

z = —cosp(l+(/2) +acos?p+ O(a? + %),

C.6.11
y = —cosp(l+5/2)+0(a®+ ?). ( )

Let us translate the origin to the fixed point. The map (C.6.1) then assumes
the form

T=y(l+p)+ay’+---,
gy=—2/(1+p)+2ycosp—y* + Py +---.

where p = 2acosp + O(a? + 3?) and the dots stand for nonlinear terms of
order O(a? 4+ 3?). By rescaling the z-variable to (1 + p), the map is brought
to the form )
r=ytay®t-o,
, (C.6.12)
g=—x+2ycosp —y~+ PBry+---.
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Now, make a linear transformation x = £ and y = (cos ¢)& — (sin )7 after
which the linear part of the map becomes a rotation through an angle ¢:

€ =¢cosp—nsing + a(fcosp —nsing)? +--- |

1
7= &Esing +1ncosp + ——(Ecos — nsin)?(1 + acos p)
sin ¢

—&(Ecosp —nsing) + - . (C.6.13)
sin

Denoting z = £ + i1, we obtain
Z = 2" + co02% + c1122" + coa(2F) 2+ -, (C.6.14)

where z* is complex-conjugate to z and the coefficients c¢;; are given by

1 1 [cos2 cos
ca0 = 1[~2cosp—a+ ]+ - | o 4 2P gl
4 4 | sing sin ¢

« 7 1 cos
‘=57t Ling@ - Sinz(a_m] 7
(C.6.15)
1
cor = [2c0s 9 + a3 cos® ¢ —sin’ o) - f]
i 2
4 | singp sin @ S @

According to Sec. 3.13, the quadratic terms are eliminated by the following
normalizing transformation (when ¢ # 27/3):

o €20 2 ‘nu % €02 2
Pnew = 2= ookt — y ok (z")*+---. (C.6.16)
This transformation does not change the linear part and it is known to elimi-
nate all quadratic terms. Thus, we need only to collect the coefficients in front
of the cubic term z2z*. This gives

Znew = €% Znew + €922 2k (L +iQ) + 03(2), (C.6.17)

new
where O3(z) stands for the remaining cubic and higher order terms, and

1 — 2et 1 2
L+iQ = —copepre 29— — e P—— — |cpo|>———.
+ 20C11 = oiv lc11] 1= o |coz] 1= o3

(C.6.18)
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Taking the real part of the right-hand side we arrive at the following formula
for the first Lyapunov value Ly [184]

cos 3¢ — 3cos2¢ + 2cos @
2(1 — cos )

L1 = RB(CQQCH)

sin 3¢ — 3sin 2¢ 4 2sin ¢
2(1 — cos )

1
+ Im(CQ()CH) — |002|2 — 5‘611|2. (0619)

When we plug (C.6.15) into the above formula, we finally obtain the following

expression:
1

L= —1——
"7 16(1 — cos )

[B—2a] +O(a? + 7). (C.6.20)
Observe that L; vanishes at @« = # = 0 as it is to be identically zero in the
Hénon map.

Thus, when « and (§ are small, the sign of the first Lyapunov value equals
the sign of the difference (8 —2«). If it is negative, the stable invariant curve is
born through the super-critical Andronov-Hopf bifurcation when crossing the
curve AH towards larger (3. m|

Using a computer, trace the evolution of the invariant curve
as b grows (choose av = = 0.001).

Let us first discuss the case L1 < 0. In the region to the left of AH the point
O is stable, see Fig. C.6.5. The point O becomes unstable to the right of the
Andronov-Hopf bifurcation curve AH , and a stable invariant curve bifurcates
from it. The stable curve evolves in the following way: as the parameter
increases further, it “glues” to a homoclinic loop to the saddle fixed point O;.
By the term “gluing” we mean that the stable invariant curve becomes a part
of the non-wandering set of the complex homoclinic structure existing due to
intersections of the stable and unstable manifolds of the saddle fixed point O.
As the parameters vary further, this non-wandering set vanishes as the result
of the homoclinic tangency.

Such a scenario of stability loss is often referred to in the literature as “soft”
(see Chap. 14). In the case L; > 0, the loss of stability develops in a dangerous
way: the point O is stable initially; meanwhile an unstable invariant curve
“materializes” from the homoclinic tangles of O1, and shrinks to the origin as
the curve AH is reached. The fixed point at the origin becomes unstable upon
crossing AH , and all nearby trajectories escape from its neighborhood. O
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L,<0

Fig. C.6.5. Bifurcation portrait of the perturbed Hénon map.

C.6.#73. | Examine the following map

=y,
g = p1 + poy +dy® — bz,

where pq, o, b are control parameters, and d = +1. Such maps appear in
the study of the Lorenz attractor, as well as in modeling the behavior of the
periodic forced equations with cubic nonlinearity, like the Duffing system [176,
184].

The Jacobian of the map is equal to b, and therefore, when b # 0, it is a
diffeomorphism. The inverse is given by

<
Il

)

T = —(puy + pox +da® —y).

S = B

One can easily see from the above formula that the cases [b] > 1 and |b] < 1 are
symmetric. When b = 0, the original map becomes “one-dimensional” in the
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sense that it has an invariant curve y = dx®+ oz + 1y to which any point of the
plane is mapped onto after one iteration. It should be noticed that the map is
invariant with respect to the transformation (z,y, p1, p2) — (—x, —y, —p1, 2),
and hence bifurcations curves in the (p1, p2)-parameter plane are symmetric
with respect to the uo-axis. |

C.6.#74. | Find analytically the equations of the basic bifurcation curves
of the fixed points and period-2 cycles of these maps.
Partial solution: the curve SN corresponding to a fixed point with multi-

plier 41 is given by
1
2 /(—1+b— 2
= =+= (M) :

3 3d
that with multiplier —1 is given by
1
2 —]. —+ b — /1,2 2
=4+ ——= 2+2b— .
p =g ( 3 > (2+ 20— p2)

The bifurcation curves of the period-2 cycle with multiplier 4+1 are given by

p1=+——(—ps —2(b+1))%,  atd=+1,

2
3v3

2 3 2
= +—— 2b—1)2 >——(b+1 td=—1
251 3\/§(M2+ )2, p2 3( +1), a )

Those corresponding to period-4 doubling are given by
1

2 _ 2(_ _
ul——216d(b(b+1)+uziq)( Suz —6(b+1) £q),

where ¢ = /(32 +2b + 2)2 — 8(b2 + 1). O

C.6.#75. | The following system is an asymptotic normal form for the
bifurcation of an equilibrium state with triple zero characteristic exponent
[162, 163]

t=ar—2>—by—z,

in the case of complete Jordan block (continued from Sec. C.2). Here a and b
are control parameters. A fragment of the bifurcation diagram of this system
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Fig. C.6.6. A part of the bifurcation diagram. AH labels the Andronov-Hopf bifurcation
of the non-trivial equilibrium state O1; PD labels a flip-bifurcation of the stable periodic
orbits that generates from O;.

is shown in Fig. C.6.6. For a,b > 0, this system has two equilibrium states:
0(0,0,0) and O4(a,0,0). The origin a = b = 0 corresponds to the Bogdanov-
Takens bifurcation of codimension two (see Sec. 13.4).

Let us describe the essential bifurcations in this system on the path b = 2 as
w1 increases. On the left of the curve AH, the equilibrium state O; is stable. It
undergoes the super-critical Andronov-Hopf bifurcation on the curve AH. The
stable periodic orbit becomes a saddle through the period-doubling bifurcation
that occurs on the curve PD. Figure C.6.7 shows the unstable manifold of
the saddle periodic orbit homeomorphic to a Mdbius band. As a increases
further, the saddle periodic orbit becomes the homoclinic loop to the saddle
point O(0,0,0,) at a ~ 5.545. What can one say about the multipliers of
the periodic orbit as it gets closer do the loop? Can the saddle periodic orbit
shown in this figure get “pulled apart” from the double stable orbit after the
flip bifurcation? In other words, in what ways are such paired orbits linked in
R3, in R*? a

C.6.#76. | Using a computer detect the bifurcation curve in the (a,b)-
parameter plane that corresponds to the pitch-fork bifurcation of a symmetric
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Fig. C.6.7. Shown is a piece of the stable manifold of the saddle periodic orbit (dark circle)
at a = 3.2; courtesy of H. Osinga and B. Krauskopf [181].

periodic orbit in the Shimizu-Morioka model [191]:

T=y,
y=z—zz—ay, (C.6.21)
= —bz +a?,

at a ~ 0.4 and b ~ 0.45. Can a symmetric limit cycle go through a period-
doubling bifurcation in this system? In the Lorenz equation? In a Chua
circuit? What makes the difference? a

C.6.#77. | Let us consider an example of a system with torus bifurcation.
Our example here is the following model coming from meteorology [128, 183]

i =—y?—2%>—ax+aF,
y=zy—brz—y+G, (C.6.22)
Z=bry+axz—2.

It follows from the linear stability analysis (see Sec. C.2) that the (a,b)-
parameter plane has a codimension-two point corresponding to an equilibrium
state with characteristic exponents (0,+iw). Therefore, the dimension of the
center manifold in such a case must be equal to 3 at least. For the complete
account on this bifurcation the reader is referred to [51, 64]. Below, we will
give its brief outline.

Observe that at such a codimension-two point the Andronov-Hopf and
saddle-node bifurcations occur simultaneously. Let p; and ps be the same
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parameters that govern these bifurcations in each versal family, respectively:

i=r(p + Lir®) 4+ -,
@ = wlpn) + Qua)r* + -+,

Z:M2—22+...,

where w(0) # 0, ©(0) # 0, and Ly denotes a Lyapunov value. Taking the
interaction into account, the resulting normal form can be written as

= (i + Lir? +az + 2%) + O(|(r, 2)[*)
£=fia+ 2+ b +0(|(r,2)]),
¢ =w+cz+0(|(r,2)]?),

where a,b may be set +1. Note that if we drop the O(|(r,2)|*)-terms, the
system becomes invariant with respect to rotation around the z-axis, so its
trajectories lie on integral surfaces determined by trajectories of the planar
system consisting of the first two equations, which are decoupled from the
third one. In this planar system, equilibrium states with » = 0 correspond to
equilibrium states of the three-dimensional normal form, those with r # 0 cor-
respond to periodic orbits, and a structurally stable limit cycle will correspond
to an invariant torus. Depending on the signs of a and b, there may be four
essentially different cases. We will focus on the case ¢« = —1 and b = 1 only
where the torus-bifurcation takes place, and leave the other ones for exercises
on linear stability analysis. The corresponding bifurcation diagram is shown
in Fig. C.6.8. Let us describe next the corresponding bifurcations in terms
relevant to the original three-dimensional system (C.6.22).

The point Oy is repelling in the region to the right of AH. On the left of AH
it becomes a saddle-focus (2,1) and a repelling periodic orbits generates from
it. This periodic orbit is the edge of the stable manifold of O; (Fig. C.6.9(a)).
This periodic orbit becomes stable upon crossing T'B, and a repelling two-
dimensional invariant torus bifurcates from it (see Fig. C.6.9(b)). This torus
becomes the heteroclinic connection between both saddle-foci (Fig. C.6.9(c))
on the curve H in Fig. C.6.8.

The bifurcations described above are subject to the condition of invariance
with respect to rotation around the z-axis. The straight-line » = 0 is then
an integral curve, and in the case where O; and O, are both saddles, this is
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Fig. C.6.8. Unfolding of the planar system with a = —1 and b = 1.

their common one-dimensional separatrix. Moreover, in such symmetrical sys-
tems, both two-dimensional stable and unstable invariant manifolds of these
saddles may either coalesce or have no common points. In generic systems
which are not rotationally invariant, one-dimensional separatrices of the sad-
dles may coincide at particular (codimension-two) parameter values, whereas
two-dimensional manifolds of the saddles may cross transversely each other
along some trajectories for an open set of parameters. Taking into account the
terms destroying the rotational symmetry may significantly change the struc-
ture of the heteroclinic connection, namely it may split. If this is the case, the
situation is likely where a one-dimensional separatrix becomes bi-asymptotic
to either saddle-focus shown in Fig. C.6.9(d). Moreover, if the saddle value is
positive at either saddle-focus, the separatrix loop will give rise to a homoclinic
explosion when the neighborhood is filled by infinitely many saddle periodic
orbits (see Sec. 13). O

C.6.#78. | The Medvedev’s construction of the blue-sky catastrophe on
the torus [95] is illustrated by Fig. C.6.11. It is supposed that there exists a pair
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Fig. C.6.9. Phase portraits of system (C.6.22): (a) (F = 1.77,G = 1.8); (b) (F =1.8,G =
1.65); (c) (F =1.8,G = 1.5); (d) (F ~ 1.416,G ~ 2.195).

of saddle-node cycles C'; and Cy on the torus at some p = 0. By introducing
the direction of the motion of the torus, one can assign that one cycle rotates in
the clockwise direction whereas the other one spins in the opposite direction.
Discuss the way on how the blue-sky catastrophe may flow in. How many
cycles of what stability can appear through this bifurcation? Let nq(u) and
na(p), 1 > 0 be the number of gyrations which a closed trajectory on the torus
makes near the ghosts of Cy 5. What is lim,,_, 0 n12(@)? O

C.6.#79. | Challenge: following the underlying idea on the development
of the blue-sky catastrophe in a two time scales system which is discussed in
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Fig. C.6.11. Blue-sky catastrophe on a torus.

Sec. 12.4, find the blue-sky catastrophe in the modified Hindmarsh-Rose model
of neuronal activity

t=y—z—a>+322+5,

§=-y-2-527, (C.6.23)

. A
Z=e(2x+21)—2)— (z —1.93)2 + 0.003’

where A and ¢ are two control parameters. Figure C.6.12 represents the bifur-
cation diagram of the slow system. Prove the stability of the resulting periodic
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Fig. C.6.12. Plot of the z-coordinate of the equilibrium state versus z at ¢ = 0. The
symbols Zmin, Tmax and (z) denote, respectively, the maximal, minimal and averaged values
of the z-coordinates of the stable limit cycle which bifurcates from a stable focus at AH
and terminates in the separatrix loop to the saddle O (see the next figure) at the point H:
z =~ 2.086.

1 JUT

-20 -
3 3

Fig. C.6.13. A separatrix loop to the saddle O at z ~ 2.086 and ¢ = 0.
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Fig. C.6.14. Shift map over 2m/w: ideal bifurcation puzzle (a) and numeric result (b) for
a = 04, w = 0.893, and at 8 = 0.0,0.37,0.37409,0.375,0.376,0.3761. Both figures are
courtesy of B. Krauskopf and H. Osinga [180].

orbit. How can you explain the delayed loss of stability of the equilibrium
state Op: contrast the corresponding diagram at zero and small nonzero €.
The curious reader is advised to consult [21] for more details concerning this
phenomenon. O

C.6.#80. | Study a mechanism of the appearance and breakdown of an

invariant torus in the periodically forced Van der Pol equation

T=y,
= —x—a(z®— 1)y + Bcoswt, (C.6.24)
t=w,

as [ increases from zero; Start with the Andronov-Hopf bifurcation of the
origin in the unperturbed equation. What occurs with the limit cycle at a =
27 The phenomenological scenario of the evolution of the torus is shown in
Fig. C.6.14. What bifurcations precede its breakdown, and when does it lose
its smoothness? Attention should be drawn to the behavior of the separatrices
of the saddle near the stable resonant cycle. 0O

C.7 Homoclinic bifurcations

Homoclinic bifurcations are a priori not a local problem. The detection of a
homoclinic bifurcation in a specific set of ODE’s is an art in itself. Besides,



902 Appendiz C

it often requires performing rather sophisticated numerical computations.
However, as we have seen in our study of the Bogdanov-Takens normal form,
in some specific cases one can prove analytically the existence of a homoclinic
loop. This concerns systems close to integrable ones. Another instance is that
of systems with piece-wise linear right hand sides, as well as by two time scales
systems with slow and fast variables. Nevertheless, these examples are excep-
tions. As for generic nonlinear dissipative systems are concerned, the situation
is quite non-trivial, especially if the saddle in question has unstable and sta-
ble manifolds of dimensions equal or exceeding two (so far, the known regular
numerical methods are applied well to saddles with one-dimensional stable or
unstable separatrices). What really simplifies the problem is that there are
not so many bifurcation scenarios that usually precede the appearance of the
homoclinic loop. We will illustrate some of them below. However, this list is
undoubtedly incomplete, and we hope that the lucky reader will run into novel
bifurcations in further research.

A homoclinic bifurcation is a composite construction. Its first stage is based
on the local stability analysis for determining whether the equilibrium state is
a saddle or a saddle-focus, as well as what the first and second saddle values
are, and so on. On top of that, one deals with the evolution of w-limit sets
of separatrices as parameters of the system change. A special consideration
should also be given to the dimension of the invariant manifolds of saddle
periodic trajectories bifurcating from a homoclinic loop. It directly correlates
with the ratio of the local expansion versus contraction near the saddle point,
i.e. it depends on the signs of the saddle values.

C.7.#£81. | Following the same steps as in the study of the generic
Bogdanov-Takens normal form, analyze the structure of the bifurcation set

near the origin g1 = o = 0 in the Khorozov-Takens normal form with reflec-
tion symmetry:

T=y,
§ = mz+ poy £ 2° — 2%y,
The rescaling

r—eu, y—ev, |ui|—e% py— ey, t—t/e
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gives
U=,

v =yu+vv £ ud —euv,

where 7 = sign py = +1. Then, at € = 0, the system becomes a Hamiltonian
one

. OH
U=
. OH
V=S
with the first integral , , .y
v u u
H = ?+77i1.

The most interesting case is when the sign of «y is opposite to the sign of the
coefficient of the fourth-order term in H, so let us assume further

v? u? u?

=24
5 T 777y

This integrable system has three equilibrium states O(0,0) and O; 2(%£1,0).
When 7 = 1, the origin is a center while O; 5 are the saddles [see Fig. C.7.1(a)].

The saddles have a closed symmetric heteroclinic connection at the level
H = 1/4. The equations of the trajectories connecting the saddles can be
found explicitly, and for the upper one it is given (verify this) by

eV2t 1 24/2¢ V2t

U:—, v .
eVt 41 (eV2t +1)2

In the case v = —1, the origin becomes a saddle and O, 2 are centers [see
Fig. C.7.1(b)]. The distinguishable figure-of-eight lies at the zero level of the
associated Hamiltonian. The equation of its right lobe is given by

2v/2¢t 2y/2e! (1 — %
u(t) = ﬁ, o(t) = M.
14+ e2t (1 + e2t)2
The heteroclinic connection or the homoclinic-8 in a perturbed system persists
on the curve us = vy + O(p?), where v is found from the condition

T 9 d
/ o %H(u(t),v(t))dt =0.

—00 e=0
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Fig. C.7.1. Integral curves of the Hamiltonian systems: cases v = 1(a) and v = —1(b).

The latter can be rewritten as

TR (b(t)dt
RO

N
which gives
1 4
v= R and 5

respectively, for each case. Compute the saddle value on the curve H8 in the
case v = —1. Show that the stable symmetric limit cycle cannot terminate
in the homoclinic-8 on this curve. See the complete bifurcation diagrams in
Fig. C.7.2.

C.7.4£82. | Apply the Shilnikov theorem and explain what kind of behavior
one should anticipate in the Rossler system [172, 188]

T=-y—2z,
y=z+ay,
z2=03x—cz+zz,

near the homoclinic loops of the saddle-foci O shown in Fig. C.7.3. Determine
the corresponding characteristic exponents, and evaluate the saddle values.



C.7.  Homoclinic bifurcations

My

(b)

Fig. C.7.2. Bifurcation diagrams of the Khorozov-Takens normal form.
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(a) (b)
Fig. C.7.3. Homoclinic loops to the saddle-foci O and O; in the Réssler model for
(a = 0.380,c = 4.820) and (a = 0.4853,c = 4.50), respectively. Initial conditions are
chosen on the unstable manifolds at a distance of about 0.47 from O on the plane y = 0,
and about 0.14 from O1, respectively.

Direct computation reveals that for the given parameters the saddle-focus
O has the exponents A\; o ~ 0.1597 £ 40.9815 and A3 ~ —4.7594. Since the
complex exponents A\ o are nearest to the imaginany axis, the homoclinic loop
implies the emergence of infinitely many saddle periodic orbits. Moreover,
since the second saddle value o9 = A3 + 2Re); 2 is negative (here it is equal
to the divergence of the vector field at O), it follows that near the homoclinic
loop there may also exist stable periodic orbits along with saddle ones. These
stable orbits have long periods and weak attraction basins, and therefore they
are practically invisible in numerical experiments.

In the second case, the equilibrium state Oy has the characteristic exponents
(—0.0428 + 3.1994,0.4253). In contrast to the first case, there are no stable
periodic ordits in a small neighborhood of the loop, because the divergence of
the vector field at O, is positive. a

C.7.#83. | Consider the following Zs-symmetric Chua’s circuit with cubic

nonlinearity [179]:
i=aly— > + ;v_?’
- Y 6 6 i

. 7.1
j=r-y+z, (©7.1)

z= _bya
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Fig. C.7.4. Bifurcation diagram for the Chua’s circuit.

where a > 0 and b > 0 are control parameters. When a = b = 0, the bifur-
cation unfolding of (C.7.1) is the same as that of the Khorozov-Takens nor-
mal form. In particular, it includes the bifurcation of a homoclinic-8. Thus,
the corresponding bifurcation curve, labeled H8, starts from the origin in the
(a,b)-parameter plane in Fig. C.7.4. Of special consideration here are the four
codimension-two points on this curve at which the following resonant condi-
tions hold (after Sec. C.2):

(1) NS (a~1.13515,b ~ 1.07379) corresponds to the saddle (at the origin)
with zero saddle value o. Below this point, o is positive.
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(2) The point S — SF (a ~ 1.20245,b ~ 1.14678) corresponds to the
transition from a saddle to a saddle-focus (2,1). It is important that
o < 0 at this point.

(3) The abbreviation NSF' stands for the neutral saddle-focus at which
the saddle value o vanishes.

(4) Introduce the second saddle value oy as the sum of the three leading
characteristic exponents at the saddle-focus. In the three-dimensional
case, it is the divergence of the vector field at the origin. Here, the
curve g9 = 0, given by the equation a = 6, intersects H8 at (a = 6,b =
7.19137). Above this point, o5 > 0.

These points break the bifurcation curve HS8 into the four segments the tra-
jectory behaviour on which is described next.

Segment (0, N.S):

On this interval, the homoclinic-8 bifurcates in the same way as in the
Khorozov-Takens normal form. Both loops, which form the homoclinic-8 are
orientable. The dimension of the center homoclinic manifold is equal to 2. The
third dimension does not yet play a significant role. Therefore, it follows from
the results in Sec. 13.7 that on the right of HS8, there are two unstable cycles
(cycles 1 and 2 in Fig. 13.7.9). To the left of H8, a symmetric saddle periodic
orbit (cycle 12) bifurcates from the homoclinic-8 (see also Fig. C.7.5).

The point NS. This point is of codimension two as ¢ = 0 here. The
behavior of trajectories near the homoclinic-8, as well as the structure of the
bifurcation set near such a point depends on the separatrix value A (see formula
(13.3.8)). Moreover, they do not depend only on whether A is positive (the
loops are orientable) or negative (the loops are twisted), but it counts also
whether |A] is smaller or larger than 1. If |A| < 1, the homoclinic-8 is “stable”,
and unstable otherwise. To find out which case is ours, one can choose an
initial point close sufficiently to the homoclinic-8 and follow numerically the
trajectory that originates from it. If the figure-eight repels it (and this is the
case in Chua’s circuit), then |A] > 1. Observe that a curve of double cycles with
multiplier +1 must originate from the point N.S by virtue of Theorem 13.5.

On the segment between NS and NSF, the saddle value is negative, i.e.,
o < 0. Moving up along HS8, we go through the point above which the ori-
gin becomes a saddle-focus. By virtue of Theorem 13.11, in either case (i.e.,
when the origin is a saddle, or a saddle focus with o < 0), only two stable
cycles, or a single symmetric stable cycle bifurcate from the homoclinic-8 on
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Fig. C.7.5. Period T of the periodic orbit born through a sub-critical Andronov-Hopf bifur-
cation versus the parameter a (b = 1), as the cycle approaches the homoclinic loop. The
origin is a saddle with o > 0.

the opposite sides from H8. Therefore, the point S — SF is not a bifurcation
point. However, by introducing a small perturbation, that breaks down the
symmetry of Chua’s circuit, one can make the resulting bifurcation unfolding
essentially different (see the contrast in Figs. 13.7.5 and 13.7.9). It should
be merely noted that the transition from saddle to saddle-focus would cause
dramatical changes in the dynamics of the system if ¢ were positive at such a
point. Taking into consideration one homoclinic loop only, this would cause a
homoclinic explosion from a single saddle periodic orbit in the case of a saddle
to infinitely many ones in the case of a saddle-focus (see Theorems 13.7-10
and [29]).

The point NSF: o = 0 corresponds to a neutral saddle-focus. At this
codimension-two point the dynamics of the trajectories near the homoclinic
loops to the saddle-focus becomes chaotic. This bifurcation indeed preceeds
the origin of the chaotic double scroll attractor in Chua’s circuit. In the general
case, this bifurcation was first considered in [29]. The complete unfolding of
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Fig. C.7.6. Dependence of period T of the periodic orbit generating via a super-critical
Andronov-Hopf bifurcation on the parameter a (b = 6) as the cycle approaches the homoclinic
loop to a saddle-focus with o > 0.

such bifurcation is unknown. The brief outline of [29] is as follows: there is
an infinite series of codimension-1 bifurcation curves that accumulate to the
curve H8 above the point NSF. These curves correspond to subsequent ho-
moclinic bifurcations, saddle-node and period doubling bifurcations of periodic
orbits close to the primary homoclinic one. To understand this phenomena
(homoclinic explosion) one may examine a simplified picture of the evolution
of the one-dimensional map with the saddle index v > 1 (corresponding to
o < 0), and v < 1 (¢ > 0) shown in Fig. C.7.6. Recall that in the case
under consideration, v = |ReA*|/A\1, where Ay > 0 and \* is the real part of
the complex-conjugate pair of the exponents at the saddle-focus. One can see
from this figure that the period of the periodic orbit tends to infinity as the
parameter converges to the critical value. In the saddle-focus case with v < 1,
it has a distinctive oscillatory component. Every turning point, corresponds
to the saddle-node bifurcation which is followed by a period-doubling bifur-
cation. Therefore, there takes place an infinite sequence of such bifurcations
accumulating to the homoclinic one [173].
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Thus, in a neighborhood of the homoclinic loop to the saddle-focus with
v < 1, there may exist structurally unstable periodic orbits, in particular
saddle-nodes. This gives rise to the question: does the saddle-node bifurcations
of periodic orbits result in the appearance of stable ones?

To answer it, one must examine the two-dimensional Poincaré map instead
of the one-dimensional one, and evaluate the Jacobian of the former map. If
its absolute value is larger than one, the map has no stable periodic points,
and hence there are no stable orbits in a neighborhood of the homoclinic tra-
jectory because the product of the multipliers of the fixed point is equal to
the determinant of the Jacobian matrix of the map. One can see from formula
(13.4.2) that the value of the Jacobian is directly related to whether 2v—1 > 0
or 2v — 1 < 0, or, equivalently, v > 1/2 or v < 1/2. Rephrasing in terms of
the characteristic exponents of the saddle-focus, the above condition translates
into whether the second saddle value o5 = A\; + 2Re\* is positive or negative.
It can be shown [100] that if & > 0 but 03 < 0 (a < 6 in Fig. C.7.4), there
may be stable periodic orbits near the loop, along with saddle ones. However,
when o3 > 0 (0 > 0, automatically), totally unstable periodic orbits emerge
from the saddle-node bifurcations.

The last comment on the Chua circuit concerns the bifurcations along the
path b = 6 (see Fig. C.7.4). Notice that this sequence is very typical for
many symmetric systems with saddle equilibrium states. We follow the stable
periodic orbit starting from the super-critical Andronov-Hopf bifurcation of the
non-trivial equilibrium states at a ~ 3.908. As a increases, both separatrices
tend to the stable periodic orbits. The last ones go through the pitch-fork
bifurcations at a ~ 4.496 and change into saddle type. Their size increases and
at a ~ 5.111, they merge with the homoclinic-8. This, as well as subsequent
bifurcations, lead to the appearance of the strange attractor known as the

double-scroll Chua’s attractor in the Chua circuit. O
C.7.#84. | Homoclinic bifurcations in the Shimizu-Morioka model [127]:
=1y,
y=z—ay—zz, (C.7.2)
Z=—bz+2x2.

We will be seeking homoclinic bifurcations by starting from the Andronov-Hopf
bifurcation at the non-trivial equilibria O; o that takes place on the curve AH:

b= (2%3) (see Sec. C.2). This bifurcation can be super-critical — the first
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Lyapunov value is negative to the right of the point GH, and it is subcritical to
the right of the point GH. Let us consider next the evolution of the behavior of
the separatrices of the saddle O at the origin as the parameter a decreases while
keeping b = 0.9 fixed. Above AH the separatrices tend to the stable equilibria
O 2 which looses stability via an Andronov-Hopf bifurcation at a ~ 1.0341.
In the region between AH and H B the separatrices are attracted to the new-
born stable periodic orbits. As a decreases further, the amplitude of the stable
orbits increases, and they both merge with the origin at a ~ 0.8865, thereby
forming a homoclinic butterfly. Such a symmetric homoclinic bifurcation with
o < 0 is often called a gluing bifurcation regardless of the geometry the ho-
moclinic configuration which can be a butterfly or a figure-eight. One can see
that the leading direction at the saddle in the given parameter values is the
z-axis corresponding to the eigenvalue Ao = —b. Therefore, in our classification
we are dealing with a homoclinic butterfly: both separatrices enter the sad-
dle touching each other. The homoclinic butterfly transforms into a figure-8
when the separatrices enter the saddle from the opposite direction given by
the eigenvector of the other negative eigenvalue which becomes leading when
A2 < A3 = —a/2 — y/a?/4+ 1 on HB. In both cases, upon exiting from the
homoclinic bifurcation a stable symmetric periodic orbit appears. Thus, the
results of the homoclinic metamorphosis is always the same if o < 0. This is
not the case when o > 0 where the geometry of the homoclinics is a key factor.

The more important resonant condition on H B takes place at (a ~ 1.044,
b ~ 0.608) where the saddle value o vanishes (see Sec. 13.6). Near such a point
the local consideration reduces to the corresponding truncated “normal form”
— a one-dimensional Poincaré map

T = (—p+ Alz[*T9) sign(z) , (C.7.3)

where ||u, o] < 1, A is a separatrix value. In our interpretation, the fixed
point at the origin at g = 0 corresponds to the homoclinic butterfly. It fol-
lows from Sec. 13.6 that the structure of the bifurcation unfolding near such a
codimension-two point counts strongly on the magnitude and the sign of A. We
have earlier emphasized the role of A, but it is worth repeating that the sign
of A determines the orientation of homoclinic loops. Moreover, in the “linear
case” (i.e. at 0 = 0), the value of A also determines the stability of the homo-
clinic butterfly. There is almost no way to find the value of A in the specific
set of ODE’s without computer simulations. The simplest way to do that is to
carry out a numerical experiment analogous to that we have already used in the
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Fig. C.7.7. Fragment of bifurcation diagram of the Shimizu-Morioka model.

analysis of the Chua’s circuit. The separatrix value will satisfy |A| < 1 if the
separatrices of the saddle remain in a small neighborhood of the homoclinic
butterfly after it splits. The other issue is how to determine the “orientation”
condition, i.e., to find whether A is positive or negative; and we will return to
this question later.

It is not hard to conclude from numerical experiments, which reveal the
manner in which the separatrices converge to the homoclinic butterfly that A
must be within the range (0,1). In this case, when ¢ < 0, everything is
simple: the homoclinic butterfly splits into either two stable periodic orbits
(Fig. C.7.8(g)), or just one stable symmetric periodic orbit (Fig. C.7.8(i)).
It follows from Sec. 13.6 that when o > 0, two bifurcation curves originate
from this codimension-two point. They correspond to the saddle-node bifur-
cation (Fig. C.7.8(d)) and to the double homoclinic loop (Fig. C.7.8(f)). The
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(2) (h) @)
Fig. C.7.8. Bifurcations in one-dimensional map near the codimension-two point o = 0;
(a)—(f) corresponds to the case o > 0, whereas (g)—(i) correspond to o < 0.

symmetry adds to the problem a plethora of other bifurcation phenomena. Of
very special interest is the bifurcation shown in Fig. C.7.8(c). It leads to the
formation of the closed interval which is mapped onto itself. Furthermore,
since the derivative of the map is larger than 1 on this integral, it contains no
stable periodic points but infinitely many unstable ones. This is the moment
of the appearance of the invariant attractive set without stable trajectories —
a Lorenz-like attractor. In terms of the flow, this bifurcation occurs when the
one-dimensional separatrices of the saddle at the origin lie on two-dimensional
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Fig. C.7.9. The Lorenz-like attractor in the Shimizu-Morioka model near the point o = 0.

Fig. C.7.10. The Lorenz attractor does not appear if A < 0 on the curve LA.

stable manifolds of the saddle periodic orbits that have earlier bifurcated from
each loop (see an analogous bifurcation for the Lorenz equation shown in
Fig. C.7.14). Since A > 0, these manifolds are homeomorphic to a cylinder.
This bifurcation occurs on the curve LA in Fig. C.7.7. Near the codimension-
two point ¢ = 0, the Lorenz attractor is very thin, and looks like a stable
periodic orbit (see Fig. C.7.9). Note that one should verify that the separatrix
value A does not vanish anywhere on the curve LA. If so, there may arise the
situation sketched in Fig. C.7.10 which shows schematically how the primary
bifurcation of the Lorenz attractor can be ruined when the separatrix value A
becomes negative. We will discuss this possibility below.

So far an important conclusion: since there is a homoclinic butterfly with
|A] < 1, the region of the existence of the Lorenz attractor adjoins to the
codimension-two point in the parameter space. The interested reader is ad-
vised to consult [127, 129, 187] on the bifurcations of Lorenz attractor in the
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Fig. C.7.11. Twisted (A < 0) and orientable (A > 0) double homoclinic loops. The two-
dimensional Poincaré map has a distinctive hook-like shape after the separatrix value A
becomes negative.

Shimizu-Morioka model, and [114, 115, 117, 161] for the original Lorenz and
some other Lorenz-like equations. O

Consider the bifurcations of the symmetric cycle as o evolves
from positive to negative values. Can it undergo a period-doubling bifurcation?
saddle-node one? Exploit the symmetry of the problem. For the map (C.7.3),
find the analytical expression for the principal bifurcation curves. Does the
saddle-node bifurcation here precede the appearance of the Lorenz attractor
(i.e. can chaos “emerge through the intermittence”)? Vary A from positive to
negative values. Examine the piece-wise linear map with A > 1, and determine
the critical value of A, after which the Lorenz attractor emerges. a

Another codimension-two homoclinic bifurcation in the Shimizu-Morioka
model occurs at (a ~ 0.605,b ~ 0.549) on the curve Hy corresponding to
the double homoclinic loops. At this point, the separatrix value A vanishes
and the loops become twisted, i.e. we run into inclination-flip bifurcation [see
Figs. 13.4.8 and C.7.11]. The geometry of the local two-dimensional Poincaré
map is shown in Fig. 13.4.5 and 13.4.6. To find out what our case corresponds
to in terms of the classification in Sec. 13.6, we need also to determine the
saddle index v at this point. Again, as in the case of a homoclinic loop to the
saddle-focus, it is very crucial to determine whether v < 1/2 or v > 1/2. Simple
calculation shows that v > 1/2 for the given parameter values. Therefore,
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the bifurcation unfolding for each of the homoclinic loops in the butterfly
is the same as in Sec. 13.6. The following four bifurcation curves originate
from such a point. They correspond to a saddle-node bifurcation (labeled
“+1” in Fig. C.7.7), the period doubling (“—17), and to two curves of the
doubled separatrix loops (these curves end up spiraling to T-points in the
(a,b)-plane). The dashed curve in the (a,b)-plane corresponds to the A = 0-
axis in the bifurcation diagram in Fig. 13.6.4. Above this curve all homoclinic
loops of the origin are orientable, and they are twisted below it. At each
point of intersection of the curve A = 0 and a homoclinic bifurcation curve the
structures of the bifurcation sets are similar, unless v < 1/2. The importance
of this ratio becomes evident upon studying the one-dimensional Poincaré map

z = (u+ Alz|” + |=|7) sign(x), (C.7.4)

where |pu, A| < 1, v = |A2|/A1, and v = | max{2A2, As}|/A1; here Ao are,
respectively, the leading unstable and stable characteristic exponents at the
saddle, and A3 is a non-leading stable characteristic exponent.

When A = 0, the stability of the trajectories of the above map is determined
by the third term. It is clear that depending on -y, the map for the parameter
values on the curve A = 0 may be either a contraction if v > 1, or an expansion
if v < 1. Assuming 22 > A3, the condition on 7 reduces to either v < 1/2 or
v > 1/2. Thus, it is not hard to see that the map may have the form shown
in Fig. C.7.8(a) at ¥ < 1/2 and in Fig. C.7.8(h) at v > 1/2. If v < 1/2, there
can be no stable points for zero values of A.

The structure of the bifurcation set of the truncated map (without the
term |z|7) with 1/2 < v < 1 and A > 0 is the same as in the above resonant
case v = 1. The case A < 0 is presented in Fig. C.7.12(a)—(c). The reader is
challenged to examine the bifurcations in this map. The feature of the case
A < 0 is that the map may have an invariant attracting interval, which is
mapped onto itself (Fig. C.7.12(c)). We can identify the chaotic behavior on
this interval with a “non-orientable Lorenz attractor” [127, 129].

In terms of the flow, this means that for the parameter values from an
exponentially narrow region in the parameter space, which adjoins to the point
A = 0 on HS8 from the side of A < 0, there exists a Lorenz-like attractor
containing infinitely many saddle periodic orbits whose stable and unstable
manifolds are homeomorphic to a Mobius band.

The one-dimensional map (C.7.4) has, when A < 0, a parabola-like graph
shown in Fig. C.7.12(d)—(f). Obviously, one should foresee the period-doubling



918 Appendiz C

T
R
\
-
‘ s /
,'/ //
\ /
[ — e
i‘\ Ve ‘ /
' @;J g

(d) (e) )
Fig. C.7.12. Transformations of the map (C.7.4) near A < 0.

Fig. C.7.13. Homoclinic doubling cascade in the Shimizu-Morioka model, as the parameter a
varies (b = 0.40). Using the shooting approach, find the corresponding values of parameter a.
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cascades (Figs. C.7.12(c) and C.7.11(e)) similar to those that appear in the
study of the purely quadratic map in Sec. C.11. The contrast is the infinite
derivative at the discontinuity point that guarantees strong expansion near the
origin.

The period-doubling cascade is closely related here to the homoclinic dou-
bling cascade [71, 120, 126], see Fig. C.7.13.

The two-dimensional map has the shape of a distinguishable “hook” for
the parameter values along the curve H8 in the region A < 0, as shown in
Fig. C.7.10. In fact, this observation suggests the simplest recipe for computing
the orientation of the homoclinic loop; namely, having chosen a point on the
cross-section close to the stable manifold and computing the corresponding
trajectory, one verifies if the initial and the final points of the trajectory lie on
the same side from W* on the cross-section. If this is the case, then A > 0,
and A < 0 otherwise. The initial point should be reasonably close to W*
because when A changes its sign one more time and becomes positive again,
the loop becomes twice twisted and so forth. Figure C.7.7 shows two such
secondary bifurcation curves which originate from the point A = 0 and end
up spiraling to two T-points in the (a,b)-parameter plane (examine the fine
structure of T-point in [35, 174]). Such codimension-two point (approximately
a ~0.781,b ~ 0.39 in Fig. C.7.7) corresponds to a heteroclinic cycle involving
the saddle at the origin and the non-trivial saddle-foci. It follows from [35]
that near the primary T-point there is an accumulating series of similar ones
that lie within a sector bounded by the bifurcation curves corresponding to
homoclinics and heteroclinics to these saddle-foci. This, in part, explains why
the separatrix value A alters its sign here, and as a result, the loops change
orientation (remember the 2D Poincaré map near a saddle-focus).

Assume there is a homoclinic loop to a saddle-focus in the
Shimizu-Morioka model (like a T-point). Without computing the characteristic
exponent of the saddle-focus, what can we say about the local structure: is it
trivial (one periodic orbit), or complex (infinitely many periodic orbits)? O

The classical Lorenz equation
T = —U(l’ - y) )
y=rr—y-—zz, (C.7.5)

2*f§z+m
= 3 y'
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Fig. C.7.14. Famous path to the Lorenz attractor. The T-point is located at (r ~ 30.4,
o ~10.2,b = 8/3).

A fragment of its (r,0) bifurcation diagram is shown in Fig. C.7.14. Detect
the points where the path ¢ = 10 intersect the curve HB of the homoclinic
butterfly and the curve LA on which the one-dimensional separatrices of the
saddle tend to the saddle periodic orbits. Find the point on the curve LA
above which the Lorenz attractor does not arise upon crossing LA towards
larger values of r. The dashed line passing through the T-point in Fig. C.7.14
corresponds to the moment of the creation of the hooks in the two-dimensional
Poincaré map when the separatrix value varishes: A = 0 (see discussion on the
Shimizu-Morioka model). O

We have seen that homoclinic bifurcations in symmetric systems have much
in common. Let us describe next the universal scenario of the formation of
a homoclinic loop to a saddle-focus in a “typical” system. In particular, this
mechanism works adequately in the Rossler model, in the new Lorenz models,
in the normal form (C.2.27), and many others.
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Fig. C.7.15. An attracting whirlpool.

The first step on the route to such a homoclinic bifurcation is a super-critical
Andronov-Hopf bifurcation: the stable equilibrium states losses its stability
and becomes a saddle-focus. The edge of its two-dimensional unstable mani-
fold is the new-born stable periodic orbit. Next, let a real leading multiplier of
the stable periodic orbit coalesce with the other one after which they become
a complex conjugate pair remaining inside the unit circle. Then, the unstable
manifold of the saddle-focus starts winding to the stable periodic orbit thereby
forming an attractive “cup” or “a whirl-pool”, as shown in Fig. C.7.15. As a
parameter of the system varies further, the sizes of the scrolls increase, and
eventually the unstable manifold of the saddle-focus touches its stable mani-
fold. Usually, this homoclinic bifurcation follows the preceding stability-loss
bifurcations of the periodic orbit via either a flip- or a torus-bifurcation. More-
over, if the saddle value is positive at the saddle-focus, then the whirlpool will
contain an attracting set of non-trivial structure.

Let us visualize these steps using the example of the new Lorenz model [128]

t=—y?—22—ar+aF,
y=ay—brz—y+G, (C.7.6)
z=bxy+xz—2,

where (F,G) are control parameters and (a = 1/4,b = 4.0) (see Fig. C.7.16).

The new Lorenz model is very rich in the sense of bifurcations. One of them
is a non-transverse homoclinic saddle-node bifurcation. In Sec. C.2, we have
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Fig. C.7.16. Creation of a whirlpool in the new Lorenz system.

already found the regular saddle-node bifurcation curve SN. Figure C.7.17
is the enlargement of the bifurcation diagram of the system near the upper
branch of SN, compare with Figs. C.6.10 and C.2.4. This branch corresponds
to a structurally unstable equilibrium state with one zero characteristic expo-
nent, the other two have a negative real part. To the left of SN, this critical
equilibrium disappears, whereas to the right of SIV it splits into two: a stable
one and and a saddle-focus (2,1). The curve H; corresponds to the homoclinic
loop of the saddle-focus. The points where H; merges with SN correspond
to the non-transverse homoclinic saddle-node bifurcations of codimension two.
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SN
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Fig. C.7.17. Enlargement of the bifurcation diagram in Fig. C.6.10. The marked points
correspond to the non-transverse homoclinic saddle-node bifurcation.

At such a point the unstable manifold of the saddle-node returns to the equi-
librium state along the strongly stable manifold. The rest of the curve SN is
a bifurcation surface of codimension-one broken by these points into alternat-
ing intervals of two types. Bifurcation sequences on the route from the right
to the left over these intervals differ significantly. In the first case, this is a
plain saddle-node bifurcation: two equilibrium states coalesce and vanish. A
point on the second type segments corresponds to the saddle-node equilibrium
state with a homoclinic orbit which becomes an attractive limit cycle after
the saddle-node point disappears on the left of SN. It is curious to note that
this bifurcation sequence is reversible: having crossed over SN from the left to
the right, the stability of the periodic orbit returns to the attractive equilib-
rium state. In this connection, see the discussion on “safe” and “dangerous”
bifurcations in Chap. 14. O

Let us complete this section by an illustration corresponding to the homo-
clinic butterfly of the saddle-focus in the four-dimensional case. Let us consider
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Fig. C.7.18. Homoclinic explosion caused by a homoclinic butterfly to a saddle-focus in
system (C.7.7) at a =2,b=0.5,p = 1.2.

a four-dimensional perturbation of the Lorenz equation
& =-10(z —y),

Yy=rr—y—T2,

8
z':—§z+uw+xy7

w = —gw ke,
and that of the Shimizu-Morioka model
T=y,
y=—-ay+z—zx2,
. (C.7.7)
Z=w,
W= —bw — pz+x?,

where a new parameter p > 0 is introduced so that the saddle equilibrium
state at the origin restricted to the (z,w)-subspace becomes a stable focus.
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Find the stable, strongly stable and unstable linear subspaces
of the equilibria at the origin. Detect numerically the primary homoclinic
loops to the origin (x = 0 is a good initial guess). Classify them in terms of a
homoclinic butterfly or a figure-eight. What are the first and the second saddle
values at homoclinic bifurcations? What can you say about the dimensions of
the stable and unstable manifolds of the periodic orbits that appear through
a homoclinic explosion in both models? Construct the Poincaré maps. O
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counter-clockwise concentric circle, 60

counter-clockwise spiral, 28, 31

coupled map, 241

covering, 264

criterion of chaos, 422

critical case, 270, 451, 452, 458, 465,
477, 531, 804

critical equilibrium state, 452, 456,
532

critical fixed point, 478, 485, 515, 527

critical periodic orbit, 532

critical saddle, 486

cross form, 227, 228, 243, 252, 422

cross-section, 5, 112, 241

curvilinear triangle, 49

cusp, 550, 556, 557, 633, 835, 836

cusp bifurcation, 550, 633

cusp edge, 556, 557, 835, 836

cycle, 7, 14, 423

cyclic variable, 236

dangerous boundaries, 799, 804, 808,
810, 812, 880

dangerous point on the stability
boundary, 805

dangerous stability boundary, 811,
812

degeneracy, 873

degenerate, 452, 462, 464

degenerate case, 124

degenerate equilibria, 452, 483

degenerate fixed point, 483

Index

degenerate map, 123, 124

degenerate saddle-node, 649

Denjoy theorem, 265

dense diffeomorphism, 266

dense rough diffeomorfism, 398

devil staircase, 267, 856

devil’s wheel, 817

dicritical node, 26

diffeomorphic, 413

diffeomorphism, 7, 115, 129, 211, 236,
242,398, 417, 422, 438, 478,
597, 666, 702, 739

dimension of manifold, 65

discrete dynamical system, 7

dissipative system, 403

double circuit separatrix loop, 787

double cycle, 607

double homoclinic loop, 759, 762, 775,
916

double limit cycles, 717

double separatrix loop, 718, 719, 787

double-scroll attractor, 24

double-scroll Chua’s attractor, 909,
911

Dulffing equation, 236

Dulac form, 103, 106

Dulac sequence, 699, 713

Dulac theorem, 101, 102

dwelling time, 643

dynamical systems, 6

Dynamically definite boundaries, 811,
812, 814, 816

dynamically indefinite boundary, 814

eigen-direction, 327, 328

eigenspace, 328

eigen-subspace, 73

eigenvalues, 23, 38, 115, 125, 126, 199,
270, 328, 414, 418, 432, 537,
579, 598

elliptic sectors, 528, 529

embedded map into the flow, 681, 682

embedding, 685
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empirical chaotic character, 406

entire trajectory, 4, 6

equilibria, 429, 548

equilibrium point, 426, 430

equilibrium state of the saddle type,
45

equilibrium state, 3, 14, 21, 44, 56, 78,
270, 272, 280, 315, 395, 404,
416, 446, 454, 458, 464, 524,
598, 607, 633, 637, 677, 708,
808

equimorphism, 264

equivalent trajectory, 18

essential map, 656, 658, 663, 804

Euclidean norm, 42

Euclidean space, 231

exponential, 37

exponentially asymptotically stable
equilibrium state, 44

exponentially completely unstable
equilibrium state, 45, 78

exponentially completely unstable
fixed point, 141

exponentially stable equilibrium state,
69

exponentially stable fixed point, 119

exponentially stable solution, 202

exponentially unstable, 45

exponents, 598

extended, 128

extended phase space, 2

extended stable eigenspace, 330, 352

extended stable eigen-subspace, 154

extended stable invariant subspace,
46, 128

extended stable manifold, 84, 154,
329, 330, 746

extended stable subspace, 56

extended unstable eigen-subspace, 154

extended unstable invariant subspace,
46, 128

extended unstable manifold, 84, 154,
331, 332
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extended unstable subspace, 49, 50, 56
extra degeneracy, 871

families, 534

family of maps, 611

Farey tree, 767

fast periodic orbit, 678

fast system, 677

fast-slow system, 680

Feigenbaum multiplier, 883

figure-eight, 350

finitely-smooth change of variables,
103

finite-parameter family, 105, 106, 214,
216

first critical case, 458, 480

first Lyapunov value, 538, 587, 618,
763, 877, 879, 891

first separatrix value, 695

first type stability boundary, 803

fixed point, 114, 115, 125, 245, 418,
422, 478, 497, 519, 541, 610,
620

flight time, 659, 682, 684, 691

Floquet multipliers, 195

Floquet theorem, 198

foci, 838

focus equilibrium state, 74, 76

focus fixed point, 140, 238

focus, 74, 140, 825

fold bifurcation, 801, 803, 813

foliation of neighbourhood, 446

foliation, 279, 282, 453

formal change of variables, 218

formal series, 101

Fourier series, 407

fractal, 407

Franklin-Markov theorem, 409

frequency regime, 633

frequency spectrum, 634

fundamental matrix, 195

Gavrilov-Guckenheimer bifurcation,
835
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general, 328

general case theorem, 284

general position, 532, 535, 539, 546

global, 325

global bifurcation, 325, 637

global map, 335, 641, 646, 689, 694,
702, 739, 760

global phase portrait, 526

global saddle-node bifurcation, 658

global stable, 79

global stable invariant manifold, 79

global unstable, 79

global unstable invariant manifold, 79

global unstable manifold, 651

globally dichotomic system, 287, 288,
302, 315, 509

gluing bifurcation, 912

gluing term, 770, 891

governing parameter, 533

Grobman-Hartman theorem, 61, 79,
95, 129, 132

group property, 2

Hadamard’s theorem, 142

half-plane, 413

helicoids form, 740

Henon map, 884, 887

heteroclinic 397, 415, 424, 496, 520

heteroclinic connection, 778, 787, 896

heteroclinic contour, 348

heteroclinic cycle, 325, 348, 352, 437,
519, 777, 786, 789

heteroclinic point, 426

heteroclinic trajectory, 348, 416

hierarchy of non-leading manifolds,
73, 140

high-dimensional linear maps, 125

high-dimensional, 37

Hilbert’s 16-th problem, 112

Hindmarsh-Rose model, 839, 899

holomorphic integral, 472

homeomorphic, 264, 411, 414, 485, 500

homeomorphic to a Mébius band, 811

Index

homeomorphism, 6, 17, 59, 129, 207,
395, 411

homoclinic, 415

homoclinic bifurcations, 637, 688, 901,
911

homoclinic butterfly, 350, 351, 750,
773, 924

homoclinic cycles, 325

homoclinic doubling cascade, 918

homoclinic figure-eight, 350, 351, 355

homoclinic loop I'(¢), 801

homoclinic loop to a saddle focus, 736

homoclinic loops, 104, 325-327, 330,
334, 355, 397, 446, 475, 637,
646, 687, 720, 734, 760, 766,
906

homoclinic orbit, 413

homoclinic tangency, 438

homoclinic to saddle foci, 107

homoclinic to saddle, 107

homoclinic trajectory, 9, 214, 327,
330, 416, 424, 634, 638

homoclinic-8, 766, 767, 903

homoclinic-8 connection, 766, 767, 903

homoclinic-8 connection of a saddle-
focus, 772

Homogeneous polynomial, 96, 97, 209

Homogeneous system, 222

horizontal strip, 420

identity map, 124, 259

inclination-flip bifurcation, 749, 753

infinite set of resonances, 108

infinitely degenerate equilibrium
state, 465

infinitely degenerate fixed point, 488,
492

integral curve, 2, 238

integrating a system, 13

internal bifurcation, 438

intersect transversely, 416, 419

invariance of a set, 8

invariance of the manifold, 137



Index

invariant, 9, 282, 747

invariant center local manifold, 274

invariant center manifold, 271, 282

invariant center stable manifold, 281,
284

invariant circle, 123

invariant curve, 260, 614, 618, 621,
623, 629, 634, 644, 661, 888,
893

invariant extended stable manifold,
328

invariant foliation, 271, 278, 302, 310

invariant leading manifold, 77

invariant manifold, 64, 79, 135, 142,
147, 154, 248, 280, 413, 415,
453, 464, 483, 500, 510, 521,
653, 677

invariant non-leading manifold, 69

invariant set, 9, 12, 402

invariant stable, 584

invariant subspace, 44, 126

invariant surface, 611

invariant tori, 235

invariant torus, 236, 239, 242, 243,
256, 258, 263, 406, 449, 611,
618, 623, 633, 649, 801, 809,
852

inverse map, 171, 253

irregular case, 822

isolated equilibrium state, 21

Jacobian matrix, 21, 117, 189, 216,
829, 831

Jordan basis, 39, 138, 456

Jordan block, 40

Jordan form, 104, 125, 199, 641

jumping direction, 170

Khorozov-Takens normal form, 860,
862, 874, 902, 905

Klein bottle, 258, 637, 653, 655, 666,
668

k-parameter family, 536

Kroneker-Capelli theorem, 842

949

Lagrange method, 842

Lagrangian equation, 429

Lamerey diagram, 116, 480, 490, 561,
578, 581, 588, 705, 756

Lamerey spiral, 116, 118, 491, 583

Lamerey stair, 116, 117, 130

Landau-Hopf scenario, 633

leading axis, 118

leading characteristic exponents, 74

leading coordinates, 83

leading direction, 25, 31, 120, 137

leading eigenvalues, 168, 183, 275

leading invariant, 126

leading invariant manifold, 141

leading invariant subspace, 44, 128

leading local manifold, 77

leading manifold, 65

leading multipliers, 126, 140

leading plane, 32

leading saddle invariant subspace, 128

leading saddle submanifold, 154

leading saddle subspace, 46, 126

leading stable invariant submanifold,
154

leading stable, 84

leading subspace, 45, 73

leading unstable eigen-space, 84

leading unstable invariant
submanifold, 154

leaf of the foliation, 279

leaf of the strong stable foliation, 354

Leontovich theorem, 713

Leontovich, 105, 106, 325

Leontovich-Mayer theorem, 435

lifting, 264

limit cycle, 16, 111, 396, 435, 473, 484,
521, 607, 700, 712, 714, 771,
874

limit-quasiperiodic, 404, 407

linear form, 101, 103, 212

linear map, 115, 116, 134, 229

linear systems, 24, 37

linearized map, 114
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linearized system, 21, 22, 24

Lipschitz condition, 142, 232, 245

Lipschitz curve, 624

Lipschitz function, 245, 248

Lipschitz invariant manifold, 248

local bifurcations, 271, 445, 531, 641

local case, 269

local center manifold, 276, 284

local extended stable manifold, 337

local instability, 483

local invariant manifold, 317

local map, 335, 337, 641, 646, 689,
698, 702, 738, 760

local stable invariant manifold, 509

local stable manifold, 64, 80, 132

local theory, 19

local unstable manifold, 64, 80, 132,
483

locally invariant set, 70

locally reduced system, 283, 285

locally straightened center manifold,
653

locally topologically equivalent
periodic trajectory, 135

locally topologically equivalent
system, 63, 65

logarithmic spirals, 53, 123

logistic map, 881, 884

loops, 325

Lorenz attractor, 24, 752, 915, 920

Lorenz equation, 750, 826, 831, 868,
919

lose of cycle’s skin, 808, 809

lose of smoothness, 534, 617, 634

lose of stability, 452, 584, 594, 609,
816, 912

Lyapunov (focal) value, 800

Lyapunov exponents, 104, 197, 199

Lyapunov function, 455, 475, 479, 496,
512, 519, 524, 622, 874

Lyapunov stable, 410, 454, 455, 472,
479

Lyapunov surfaces, 203

Index

Lyapunov theorem, 199, 202

Lyapunov value, 431, 433, 452, 459,
469, 480, 490, 496, 497, 538,
599, 608, 632, 718, 763

Maier theorem, 266

main stability boundary, 802

manifold, 71, 747

map, 170, 182, 641

Markov theorem, 410

Mathieu equation, 853

maximal chain, 424

maximal open set, 270

maximal rank, 535

Mayer’s theorem, 398

Medvedev’s construction, 897

Medvedev’s example, 669

metric, 398

m-~fan, 500

minimal set, 10, 14, 241, 265, 405

Mobius band, 207, 414, 490, 584, 707,
719, 808

Mobius manifold, 414

Mobius strip, 587

moduli, 440, 442

Morse-Smale class, 438, 445, 767

Morse-Smale diffeomorfism, 417, 426,
439

Morse-Smale flows, 417, 427

Morse-Smale systems, 413, 417, 419,
422,437

motions, 404

multi-dimensional system, 437

multiple limit cycle, 609

multiplier +1, 559

multiplier -1, 578, 595, 604

multipliers (complex-conjugate), 476

multipliers, 112, 115, 125, 127, 204,
219, 261, 414, 476, 602

mutual intersection, 449

natural code, 767
negative Poisson stable point, 9, 401
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negative semi-trajectory, 6, 64

Newhouse regions, 489

nil-manifold, 409

node (—), 140

node (+), 140

node, 825

node equilibria, 911

node equilibrium state, 74

node fixed point, 140

node point, 629

node region, 62, 649

non-autonomous system, 236, 310,
504, 509, 522, 587

non-degeneracy assumptions, 725,
760, 788

non-degenerate bifurcation, 763

non-degenerate homoclinic loop,
761

non-homogeneous boundary value
problem, 93

non-homogeneous system, 93

non-homotopic diffeomorphism, 256

non-leading axis, 119

non-leading direction, 25, 32, 56

non-leading invariant manifold, 137

non-leading invariant subspace, 76,
126, 128

non-leading local manifold, 77

non-leading manifold, 65, 69, 70, 74,
76, 82, 137, 316, 638

non-leading multipliers, 126

non-leading plane, 31

non-leading stable invariant manifold,
154

non-leading subspace, 45, 73

non-leading unstable invariant mani-
fold, 154

non-leading unstable sub-manifold,
327

non-leading, 44, 84, 126

non-local, 325

non-local center manifold, 325

non-orientable case, 707, 708
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non-orientable circle map, 258

non-orientable homoclinic butterfly,
775

non-orientable homoclinic loop, 783

non-orientable homoclinic-8, 776

non-orientable Lorenz attractor, 917

non-orientable separatrix loop, 707

non-orientable surface, 717

non-periodic trajectory, 124

non-quasiperiodic motion, 404

non-resonant, 432, 436, 496, 499, 515,
579, 612

non-resonant case, 496

non-resonant eigenvalues, 101

non-resonant function, 106, 215

non-rigorous methods, 444

non-rough equilibrium state, 544

non-rough system, 397, 412, 429, 446,
451

non-roughness system, 429, 439

non-singular Jacobian matrix, 117

non-singular map, 132

non-smooth Klein bottle, 669

non-smooth unstable manifold, 352

non-transverse homoclinic orbit, 439

non-transverse intersection, 446

non-trivial attractor, 449

non-trivial equilibrium state, 602, 894

non-trivial fixed point, 602

non-trivial Jordan block, 25

non-trivial motions, 404

non-unique leading manifold, 79

non-uniqueness, 272

non-wandering orbit, 423

non-wandering point, 9, 399, 400, 402,
411, 417

non-wandering set, 265, 449

normal coordinates, 186, 188, 192, 201

normal form for the second critical
case, 468, 469

normal form method, 276, 531

normal forms, 103, 857, 866, 912

not topologically equivalent system, 60
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on-edge bifurcation, 646

on-edge homoclinic loop, 645, 646

one-dimensional Poincaré map, 744,
762

one-parameter family, 539, 604, 613,
623, 672

one-side stability, 688, 690

open region, 412

orbit superhomoclinic, 735

orbital normal form, 469, 470

orbital stability, 204

orbitally stable periodic trajectory,
204

orbit-flip bifurcation, 750, 753

orbit-flip homoclinic bifurcation, 759,
760

order of the resonance, 96, 209

ordinal number, 402

ordinary differential equations, 1

orientable case, 708

orientable circle diffeomorphism, 265

orientable curve, 6

orientable homoclinic-8, 777

oriented graph, 424

oscillatory regimes, 394

Ovsyannikov-Shilnikov theorem, 108

pair of complex-conjugate multipliers,
623

Palis and Smale theorem, 419

partial order, 100

period, 7, 111

period-doubling bifurcation (flip
bifurcation), 801, 803, 808,
881, 894

period-doubling bifurcation, 587, 607,
668, 717, 759, 787, 803, 882

period-doubling cascade, 438, 884, 919

period-doubling of a fixed point, 757

periodic fixed point, 119

periodic orbits, 111, 396, 404, 416,
422, 475, 484, 498, 521, 621,
637, 720

Index

periodic point, 111, 238

periodic regime, 629

periodic solutions, 111

periodic trajectory, 3, 4, 14, 111, 115,
135, 192, 195, 205, 272, 284,
475, 477

periodically forced self-oscillating sys-
tems, 235

persistence, 258

phase diagram, 424

phase portrait, 465, 517, 523, 528

phase space, 6, 401, 610

phase trajectory, 2,6

pitch-fork bifurcation, 462, 558, 859,
894

planar bifurcation, 542

Poincaré form, 103

Poincaré map, 112, 114, 119, 134, 172,
175, 262, 310, 334, 432, 475,
489, 584, 604, 618, 658, 667,
689, 807

Poincaré region, 101

Poincaré return time, 10, 14, 189

Poincaré rotation number, 265, 266

Poincaré rotation number, 265, 266,
442, 618, 624, 629, 653, 661,
768

Poincaré theorem, 101, 265

Poincaré, 101, 265

Poincaré-Bendixson theory, 397, 404

Poincaré-Dulac theorem, 212

Poisson stability, 411

Poisson-stable point, 401, 404

Poisson-stable trajectories, 9, 397,
401, 403, 410, 767

Poisson-stable, 9

polynomial change, 96, 100

positive Poisson-stable point, 9

positive semi-trajectory, 6, 64, 400

positively stable, 401

properly periodic motion, 404

pseudo-projection, 47

p-trajectory, 10, 401, 410, 413
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Pugh theorem, 411
Pugh’s closing lemma, 411

quadratic tangency, 441
qualitative integration, 12
qualitative investigation, 24
quasiminimal attractors, 770, 775
quasi-minimal set, 10, 14, 405, 767,
769
quasiperiodic, 618
quasiperiodic attractors, 770, 774
quasi-periodic flow, 11, 770
quasi-periodic function, 239
quasiperiodic motion, 404
quasiperiodic orbit, 618
quasiperiodic regime, 624, 629
quasi-periodic solution, 241
quasi-periodic trajectory, 11

real Jordan form, 125

recurrent trajectory, 10, 405

reduction principle, 658, 660, 682

reduction theorem, 277, 278, 531

regime, 430

regular case, 821

repelling, 458, 484, 487, 566, 620, 674,
747

repelling equilibrium state, 458, 532,
541

repelling fixed point, 482, 620

repelling periodic trajectory, 205

repelling zone, 886, 896

representative point, 4

rescaling of time, 5, 186, 187

resonance relation, 95, 96, 209

resonances, 696

resonant (hyper) plane, 101

resonant case, 497

resonant fixed point, 503, 511, 528

resonant periodic orbits, 536, 618,
623

resonant polynomial, 104

resonant relations, 494
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resonant set, 96

resonant torus, 626

resonant wedges, 625, 629

resonant zone, 624, 629, 634, 661

reverse period-doubling bifurcation,
759

reversion of time, 34, 281

Riemannian surface, 270

rigid generation, 603

rigid loss of stability, 600, 615, 804,
806

Rossler system, 838, 904

rotation number, 265, 769

rotation of the vector field, 396

rough, 24, 115

rough cycle, 394

rough diffeomorfism, 398

rough equilibria, 438, 554

rough equilibrium states, 395, 826

rough fixed point, 578

rough focus, 603

rough periodic trajectory, 115

rough saddle, 458, 486

rough stability, 454, 469, 485

rough stable periodic orbit, 660

rough systems, 394, 398, 419, 429

rough unstable cycle, 485

roughness/structural stability, 395,
398, 399, 412

route to the blue sky catastrophe,
676

Routh-Hurwitz criterion, 23, 24, 820,
829

Routh-Hurwitz determinant, 451, 477,
802

Routh-Hurwitz matrix, 821

saddle, 28, 34, 46, 78, 119, 128, 395,
413, 426, 507, 514, 584, 637,
745, 770, 823

saddle equilibrium state, 24, 28, 34,
46, 57, 79, 357

saddle equilibrium, 687, 788
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saddle fixed point, 119, 121, 122, 128,
141, 142, 153, 154, 168, 439,
517, 519, 522

saddle in the first case, 745

saddle index, 105, 691, 706

saddle map, 160, 169, 228, 230, 420,
729

saddle periodic orbit, 604, 663, 748

saddle periodic trajectories, 111, 201,
207, 208, 516

saddle point, 526

saddle region, 62

saddle type, 45

saddle value, 105, 690, 696, 712, 717,
825

saddle with 2m separatrices, 500

saddle-foci, 169, 447, 781, 830

saddle-focus (1,2), 46

saddle-focus (2,1), 46

saddle-focus (2,2), 46

saddle-focus, 437, 443, 446, 498, 603,
618, 674, 687, 736, 745, 770,
841

saddle-focus equilibrium state, 34, 35,
46, 53, 58, 84, 104

saddle-focus fixed point, 128

saddle-focus in the second case, 745

saddle-node, 61, 431, 460, 483, 525,
542, 564, 588, 629, 637, 639,
651, 759, 802

saddle-node bifurcation of a fixed
point, 757, 763, 812

saddle-node bifurcation of periodic or-
bit, 567

saddle-node equilibrium state, 61, 73,
638, 647, 674

saddle-node fixed point, 650, 673, 763,
888

saddle-node periodic orbit, 655, 666,
681, 801

safe boundary, 804, 810

safe point on the stability boundary,
804

Index

safe stability boundary, 802, 807, 816

safe, 799

schematic portrait, 18

scheme, 18, 396, 430, 439

Schwarzian derivative, 881

second critical case, 465, 471, 489

second Lyapunov value, 619

self oscillations, 394, 430, 603

self-limit, 410, 413

self-limited trajectory, 14

self-limiting manifold, 740

semi-orientable homoclinic butterfly,
774

semi-orientable homoclinic-8, 776

semi-stable, 433, 434, 484, 548, 590,
607, 881

semi-stable curve, 622

semi-stable cycle, 566, 674, 685

semi-stable equilibrium state, 556

semi-trajectories, 14, 399, 480, 497

separatrices, 396, 431, 500, 516, 525,
645, 761

separatrix, 18, 29, 396, 431, 500, 516,
525, 645, 761

separatrix loop, 105, 435, 688, 694,
700, 712, 761, 900

separatrix value, 771

set(minimal), 10, 14, 241, 245, 405

shape of a roulette, 54

shift map, 853, 901

Shilnikov condition, 742

Shilnikov theorem, 721, 748

Shimizu-Morioka model, 826, 837,
840, 858, 866, 895, 911

shortened normal form, 110

Siegel region, 101, 102, 103

simple dynamics, 412, 437, 736, 742

simple equilibrium state, 808

simple homoclinic loop, 762

simple leading eigenvalues, 183, 184

simple saddle-node, 431, 460, 651,
671, 681, 709, 716

single valued inverse map, 253
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single-circuit homoclinic loop, 758

singularly perturbed system, 675

sink, 64

skeleton, 18

Smale horseshoe, 741, 885

small denominators problem, 102

small lobe condition, 662, 669

smooth annulus map, 631

smooth attractive invariant curve, 762

smooth attractive invariant manifold,
677, 762

smooth conjugacy theorem, 276

smooth diffeomorphism, 114

smooth dynamical system, 8

smooth foliation, 280, 453

smooth invariant closed curve, 239

smooth invariant curve, 616, 620, 631

smooth invariant foliation, 282

smooth invariant manifold, 79, 84

smooth leading saddle manifold, 84

smooth manifold, 419, 653

smooth torus, 665

soft birth of an invariant torus, 809

soft generation of an invariant cycle,
614

soft loss of stability, 600, 803, 805

solid torus, 407, 662

solution, 1

special trajectory, 17, 769

spectrum, 142

spiral attractor, 24

S-property, 409

stability boundaries, 451, 475, 531,
579, 604, 799, 800, 832

stability in the sense of Lyapunov,
202, 203

stability of the torus, 262

stability region, 270

stable complex equilibrium state, 469

stable eigen-subspace, 148

stable equilibrium state, 23, 65, 76,
126, 604, 677

stable fixed point, 614, 618, 648
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stable focus, 600, 605

stable focus equilibrium state, 26, 32,
33, 45, 74, 76

stable focus fixed point, 123, 127

stable invariant curve, 618

stable invariant manifold, 132, 134,
142, 168, 261

stable invariant sub-manifold, 84

stable invariant subspace, 29, 46, 128

stable leading manifold, 128

stable leading subspace, 46

stable manifold, 161, 208, 414, 431,
446, 460, 485, 510, 605, 618,
634, 735

stable node (—), 127

stable node (+), 127

stable node equilibrium state, 25, 26,
27, 31, 33, 45, 75

stable node fixed point, 119, 120, 127

stable periodic orbit, 603, 629, 677

stable periodic trajectory, 111

stable solution, 202

stable subspace, 36, 119

stable topological node equilibrium
state, 64

stable topological sink equilibrium
state, 64

stable, 128

standard form, 453

stationary regime, 633

Sternberg theorem, 103, 212

straightening, 71, 162, 183, 278

strange attractor, 12, 24, 411, 412,
685, 751, 911

strong resonances, 500, 515, 612,
635

strong stability, 453, 460

strong stable foliation, 272, 279, 280,
284

strong stable invariant foliation, 272,
319

strong unstable invariant foliation,
282, 322
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strongly resonant value, 499

strongly stable, 44, 126

strongly stable axis, 119

strongly stable invariant manifold,
137, 168, 280, 314

strongly stable invariant subspace,
126

strongly stable manifold, 431, 453,
478, 483, 485, 648, 725

strongly stable sub-manifold, 331

strongly unstable manifold, 746

strongly unstable sub-manifold, 327,
329

strong-stable foliation, 651, 662, 672
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