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1. Introduction

Let (X1,...,%Xn, Y1,--., Ym) € R™ be the Cartesian coordinates. A system of singularly perturbed
ordinary differential equations of the form

5‘1:fl(xl,---sxn»}’la~~~,Ym78)a

Xn=faX1,..., %0, Y1, ..., Ym, &),

. (1.1)
yi=¢eg81(X1, ..., X, Y1, -+, Ym, €,

Vm=€8mX1,. ... X0, Y1, -, Ym, ),

is called a fast-slow system, where the dot () denotes the derivative with respect to time t, and where
& > 0 is a small parameter. Fast-slow systems are characterized by two different time scales, fast and
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slow time. In other words, the dynamics consists of fast motions ((x1, ..., x;) direction in the above
system) and slow motions ((y1,..., ym) direction). This structure yields nonlinear phenomena such
as a relaxation oscillation, which is observed in many physical, chemical and biological problems. See
Grasman [13], Hoppensteadt and Izhikevich [16] and references therein for applications of fast-slow
systems. To analyze the fast-slow system, the unperturbed system (fast system) of Eq. (1.1) is defined
to be

X1=f1(x1,.... %0, Y1, -, ¥m, 0),

%n:fn(xl,-~-,Xn:J’17~--7ymaO),

y1=0, (1.2)

ym =0.
The set of fixed points of the unperturbed system is called a critical manifold, which is defined by

M={x1,.... %, y1. ... ym) €R™M| fix1, .. Xn, Y1, ym, 0) =0, i=1,...,n}. (13)

Typically M is an m-dimensional manifold. Fenichel [11] proved that if M is normally hyperbolic,
then the original system (1.1) with sufficiently small & > 0 has a locally invariant manifold Mg
near M, and that dynamics on Mg is approximately given by the m-dimensional system

yi=¢eg1(X1, ..., Xn, Y1, ..., ¥Ym, 0),
: (1.4)

Im=€8mX1,.... X0, Y1, ..., ¥Ym, 0),

where (X1,...,X5, ¥1,..., ¥m) € R"™™™ is restricted to the critical manifold M. The M, is diffeomor-
phic to M and called the slow manifold. The dynamics of (1.1) approximately consists of the fast
motion governed by (1.2) and the slow motion governed by (1.4). His method for constructing an
approximate flow is called the geometric singular perturbation method.

However, if the critical manifold M has degenerate points Xy € M in the sense that the Jacobian
matrix df/ox, f = (f1,..., fn), = (X1,...,Xn) at xp has eigenvalues on the imaginary axis, then
M is not normally hyperbolic near the ¥y and Fenichel’s theory is no longer applicable. The most
common case is that d f/dx has one zero-eigenvalue at xp and the critical manifold M is folded at
the point (fold point). In this case, orbits on the slow manifold M, may jump and get away from Mg
in the vicinity of xg. As a result, the orbit repeatedly switches between fast motions and slow motions,
and complex dynamics such as a relaxation oscillation can occur. See Mishchenko and Rozov [25] and
Jones [18] for treatments of jump points and the existence of relaxation oscillations based on the
boundary layer technique and the geometric singular perturbation method.

The blow-up method was developed by Dumortier [6] to investigate local flows near non-
hyperbolic fixed points and it was applied to singular perturbed problems by Dumortier and Rous-
sarie [7]. The most typical example is the system of the form

{’f=‘y+"2’ (15)
y=e8xy),

where (x, y) € R%. The critical manifold is a graph of y =x? and the origin is the fold point, at which
the Jacobian matrix of the fast system has a zero-eigenvalue. Indeed, the fast system x = —y + x2
undergoes a saddle-node bifurcation as y varies. To analyze this family of vector fields, the trivial
equation & =0 is attached as
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X=-—y + X2,
y=egkx,y), (1.6)
&£=0.

Then, the Jacobian matrix at the origin (0, 0, 0) degenerates as

0 -1 0
(0 0 g(, O)) (1.7)
0 O 0

with the Jordan block. The blow-up method is used to desingularize such singularities based on cer-
tain coordinate transformations. The most simple case g(0, 0) # 0 is deeply investigated by Krupa and
Szmolyan et al. [20,12] with the aid of a geometric view point. Straightforward extensions to higher
dimensional cases are done by Szmolyan and Wechselberger [33] for n =1, m =2 and by Mishchenko
and Rozov [25] for any n and m. Under the assumptions that 9 f/dx has only one zero-eigenvalue at
a fold point and that the slow dynamics (1.4) has no fixed points near the fold point, they show that
in the blow-up space, the system is reduced to the Riccati equation dx/dy =y — x? for any n > 1 and
m > 1, and a certain special solution of the Riccati equation plays an important role to extend a slow
manifold M, to a neighborhood of the fold point, which guides jumping orbits. It is to be noted that
the classical work of Mishchenko and Rozov [25] is essentially equivalent to the blow-up method.

On the other hand, if the dynamics (1.4) has fixed points on (a set of) fold points, for example,
if g(0,0) =0 in Eq. (1.5), then more complex phenomena such as canard explosion can occur. Such
situations are investigated by [7,20,32,22,24] by using the blow-up method. For example, for Eq. (1.5)
with g(0,0) = 0, the original system is reduced to the system X = —y + x2, y = x in the blow-up
space. If the dimension m of slow direction is larger than 1, there are many types of fixed points of
(1.4) and thus we need more hard analysis as is done in [22].

The fast system for Eq. (1.5) undergoes a saddle-node bifurcation at the fold point. Thus we call
the fold point the saddle-node type fold point. The cases that fast systems undergo a transcritical bifur-
cation and a pitchfork bifurcation are studied in [21]. It is shown that in the blow-up space, systems
are reduced to the equations dx/dy = x*> — y?> + A and dx/dy = xy — x>, respectively, whose special
solutions are used to construct slow manifolds near fold points.

Despite many works, behavior of flows near fold points at which the Jacobian matrix 9 f/dx of the
fast system has more than one zero-eigenvalues is not understood well. The purpose of this article is
to investigate a three dimensional fast-slow system of the form

x=f1(x,y,2,¢,98),
v=fa(x,y,2,¢,08), (1.8)
z=¢€g(x,y,2,&,90),

whose fast system has fold points with two zero-eigenvalues, where f1, f>, g are C* functions, &€ > 0
is a small parameter, and where § > 0 is a small parameter which controls the strength of the stability
of the critical manifold (see the assumption (C5) in Section 2). Note that the critical manifold

M) ={(x,y.2) eR | fi(x,y.2,0,8) = fo(x,y.2,0,8) =0} (1.9)

gives curves on R® in general. We consider the situation that at a fold point (xg, yo,z0) € R® on
M, the Jacobian matrix 9(f1, f2)/9(x, y) has two zero-eigenvalues with the Jordan block, and the
two dimensional unperturbed system (fast system) undergoes a Bogdanov-Takens bifurcation. We call
such a fold point the Bogdanov-Takens type fold point. For this system, we will show that the first
Painlevé equation
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appears in the blow-up space and plays an important role in the analysis of a local flow near the
Bogdanov-Takens type fold points. This is in contrast with the fact that the Riccati equation appears
in the case of saddle-node type fold points. It is shown that in the blow-up space, the slow manifold
is extended along one of the special solutions, the Boutroux’s tritronquée solution [1,19], of the first
Painlevé equation. One of the main results in this article is that a transition map of Eq. (1.8) near
the Bogdanov-Takens type fold point is constructed, in which an asymptotic expansion and a pole of
the Boutroux’s tritronquée solution are essentially used. This result shows that the distance between a
solution of (1.8) near the Bogdanov-Takens type fold point and a solution of its unperturbed system is
of order 0(g%°) as & — 0 (see Theorem 1 and Theorem 3.2), while it is of 0(g2/3) for a saddle-node
type fold point (see Mishchenko and Rozov [25]).

It is remarkable that all equations appeared in the blow-up space are related to the Painlevé
theory. For example, the equation dx/dy = y — x* obtained from the saddle-node type fold point is
transformed into the Airy equation du/dy = uy by putting x = (du/dy)/u, which gives classical solu-
tions of the second Painlevé equation. The equation dx/dy = x*> — y?+ A obtained from the transcritical
type fold point is transformed into the Hermite equation

Uy it =0
dy? ydy N
by putting x + y = —(du/dy)/u, which gives classical solutions of the fourth Painlevé equation. For

other cases listed above, we also see that equations appeared in the blow-up space have the Painlevé
property [5,17]; that is, all movable singularities (in the sense of the theory of ODEs on the complex
plane) are poles, not branch points and essential singularities. This seems to be common for a wide
class of fast-slow systems. Painlevé equations have many good properties [5]. For example, poles of
solutions of Painlevé equations can be transformed into zeros of solutions of certain analytic systems
by analytic transformations, which allow us to prove that the dominant part of the transition map
near the Bogdanov-Takens type fold point is given by an analytic function describing a position of
poles of the first Painlevé equation.

We also investigate global behavior of the system. Under some assumptions, we will prove that
there exists a stable periodic orbit (relaxation oscillation) if &€ > 0 is sufficiently small for fixed §, and
further that there exists a chaotic invariant set if § > 0 is also small in comparison with small €.
Roughly speaking, § controls the strength of the stability of stable branches of the critical manifolds.
While chaotic attractors on 3-dimensional fast-slow systems are reported by Guckenheimer, Wech-
selberger and Young [14] in the case of n =1, m = 2, our system is of n =2, m = 1. In the situation
of [14], the chaotic attractor arises according to the theory of Hénon-like maps. On the other hand,
in our system, the mechanism of the onset of a chaotic invariant set is similar to that in Silnikov’s
works [28-30], in which the existence of a hyperbolic horseshoe is shown for a 3-dimensional system
which have a saddle-focus fixed point with a homoclinic orbit. See also Wiggins [34]. Indeed, in our
situation, the critical manifold M (§) plays a similar role to a saddle-focus fixed point in the Silnikov’s
system. Thus the proof of the existence of a relaxation oscillation in our system will be done in usual
way: the Poincaré return map proves to be contractive, while the proof of the existence of chaos is
done in a similar way to that of the Silnikov's system: as § decreases, the Poincaré return map be-
comes non-contractive, undergoes a cascade of bifurcations, and horseshoes are created. When one
want to prove the existence of a stable periodic orbit, it is sufficient to show that the image of the
return map is exponentially small. However, to prove the existence of a horseshoe, one has to show
that the image of a rectangle under the return map becomes a horseshoe-shaped (ring-shaped). Thus
our analysis for constructing the return map involves hard calculations, which can be avoided when
proving only a periodic orbit.

Our chaotic invariant set seems to be attracting as that in [14], however, it remains unsolved. See
Homburg [15] for the proof of the existence of chaotic attractors in the Silnikov’s system.

The results in the present article are used in [3] to investigate chaotic invariant sets on the Ku-
ramoto model, which is one of the most famous models to explain synchronization phenomena. In [3],
it is shown that the Kuramoto model with appropriate assumptions can be reduced to a three dimen-
sional fast-slow system by using the renormalization group method [2].
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This paper is organized as follows. In Section 2, we give statements of our theorems on the ex-
istence of a periodic orbit and a chaotic invariant set. An intuitive explanation of the theorems is
also shown with an example. In Section 3, local analysis near the Bogdanov-Takens type fold point is
given by means of the blow-up method. Section 4 is devoted to global analysis, and proofs of main
theorems are given. Concluding remarks are included in Section 5.

2. Main results

To obtain a local result and the existence of relaxation oscillations, the parameter § in Eq. (1.8)
does not play a role. Thus we consider the system of the form

x=fix,y,2¢€),
y=falx,y,z8), (21)
z=¢g(x,y,2,8),

with C® functions fi, f,g:U x I — R, where U C R? is an open domain in R®> and I C R is a small
interval containing zero. The unperturbed system is given as

X=f1(x,y,2.0),
y=faxy,2,0), (2.2)
z=0.

Since z is a constant, this system is regarded as a family of 2-dimensional systems. The critical mani-
fold is the set of fixed point of (2.2) defined to be

M={(xy.2)eU]| fi(x,y,2,0) = fa(x, y,2z,0) = 0}. (2.3)

The reduced flow on the critical manifold is defined as

z=¢€g(x,Y,7, 0)lx,y,2eM- (2.4)
To investigate a Bogdanov-Takens type fold point, we make the following assumptions.

(A1) The critical manifold M has a smooth component S* = S U{L*} U S, where S} consists of
stable focus fixed points, S; consists of saddle fixed points, and where L is a fold point.

(A2) The LT is a Bogdanov-Takens type fold point; that is, Lt is a Bogdanov-Takens bifurcation point
of the vector field (fi(x, y, z,0), f2(x, y,z,0)). In particular, Eq. (2.2) has a cusp at L.

(A3) The reduced flow (2.4) on S is directed toward the fold point L™ and g(L™, 0) # 0.

A few remarks are in order. It is easy to see from (A1) that the Jacobian matrix d(f1, f2)/9(x, y)
has two zero eigenvalues at L™ since S;” and S} are saddles and focuses, respectively. Thus there
exists a coordinate transformation (x, y, z) — (X, Y, Z) defined near L™ such that L™ is placed at the
origin and Eq. (2.2) takes the following normal form

X=a1(Z) +a2(2)Y* +a3(2)XY + 0(X>, X?Y, XY?, Y?),
Y =b1(Z) +b2(2)X + 0 (X3, X2Y, XY2, Y3), (2.5)
Z=0,

where a1(0) = b1(0) = 0 so that the origin is a fixed point (for the normal form theory, see Chow, Li

and Wang [4]). Then the assumption (A2) means that a;(0) # 0, a3(0) # 0, b(0) # 0. In this case, it is
well known that the flow of Eq. (2.5) has a cusp at the origin (see also Lemma 3.1). Since Eq. (2.5) has
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Fig. 1. Critical manifold and the flow of Eq. (2.1) with the assumptions (B1) to (B4).

a cusp at LT, there exists exactly one orbit @t emerging from LT. The assumption (A3) means that
if the critical manifold is locally convex downward (resp. convex upward), then g(x, y, z, 0) < 0 (resp.
g(x,y,2,0)>0) on S} U{L*}. Thus an orbit of the reduced flow on S reaches L* in finite time. As
a result, an orbit of (2.1) may jump in the vicinity of L™. The next theorem describes an asymptotic
behavior of such a jumping orbit.

Theorem 1. Suppose that the system (2.1) satisfies assumptions (A1) to (A3). Consider a solution x(t) whose
initial point is in the vicinity of S§. Then, there exist to, t1 > 0 such that the distance between X(t), to <t < t1
and the orbit ot of the unperturbed system emerging from L* is of 0 (¢%/%) as ¢ — 0.

Note that for a saddle-node type fold points, the distance between x(t) and an orbit emerging
from a fold point is of O(g%/3). To prove the existence of relaxation oscillations, we need global
assumptions for the system (2.1).

(B1) The critical manifold M has two smooth components S* = ST U{LT}US; and S~ =S; U{L™}U
S;, where ST consist of stable focus fixed points, S consist of saddle fixed points, and where
L* are fold points (see Fig. 1).

(B2) The L* are Bogdanov-Takens type fold points; that is, L* are Bogdanov-Takens bifurcation
points of the vector field (fi(x, y,z,0), f2(x, ¥, z,0)). In particular, Eq. (2.2) has cusps at L*.

(B3) Eq. (2.2) has two heteroclinic orbits ¢t and o~ which connect L*, L~ with points on S, S,
respectively.

(B4) The reduced flow (2.4) on Si is directed toward the fold points L* and g(L*,0) # 0, respec-
tively.

Assumptions (B1) and (B2) assure that S* are locally expressed as parabolas, and thus they are
of “J-shaped”. Components S* and S~ are allowed to be connected. In this case, ST U S~ is of
“S-shaped”. As was mentioned above, since (2.2) has cusps at L*, there exist two orbits ot and
a~ of Eq. (2.2) emerging from L™ and L~. The assumption (B3) means that these orbits are con-
nected to S; and S, respectively. If ST U S~ is of “S-shaped”, the assumption (B3) is typically
satisfied because at least near the fold points, the unperturbed system (2.2) has heteroclinic or-
bits connecting each point on S;t to Sai, respectively, due to the basic bifurcation theory. Note
that the assumption (B3) also determines a positional relationship between S* and S~. For exam-
ple, if ST is convex downward, S~ should be convex upward. By applying Theorem 1 combined
with the geometric singular perturbation (boundary layer technique), we can obtain the following
result.
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Theorem 2. Suppose that the system (2.1) satisfies assumptions (B1) to (B4). Then there exists a positive
number g such that Eq. (2.1) has a hyperbolically stable periodic orbit near ST Ua™ US; Ua™ if 0 < & < &o.

To prove the existence of a periodic orbit, the local assumptions are not so important, though a
positional relationship between components of the critical manifold and the existence of heteroclinic
orbits a® are essential. Indeed, similar results for fast-slow systems having saddle-node type fold
points are obtained by many authors.

To prove the existence of chaos, we have to control the strength of the stability of Sai. Let us
consider the system (1.8) with C* functions fq, f2,g:U x I x I’ — R, where U and I as above and
I’ C R is a small interval containing zero. The unperturbed system of Eq. (1.8) is given by

x=f1(x,¥,20,9),
y=fax,y,2,0,8), (2.6)
z=0.

The critical manifold M (8) defined by (1.9) is parameterized by §. At first, we suppose that the
assumptions (B1) to (B4) are satisfied uniformly in 8. More exactly, we assume following.

(C1) There exists &g such that for every § € [0, 8g), the critical manifold M (§) has two smooth com-
ponents St(8) = SF () U{LT(§)} U SF(8) and S™(8) = S;(8) U{L™(8)} U S7 (). When § > 0,
Sai(ﬁ) consist of stable focus fixed points, Sri(S) consist of saddle fixed points, and L*(8) are
fold points (see Fig. 1). Further, the § family M (§) is smooth with respect to § € [0, §p).

(C2) For every & € [0, 8y), L=(8) are Bogdanov-Takens type fold points; that is, L*(§) are Bogdanov-
Takens bifurcation points of the vector field (fi(x,y,z0,4), f2(x,y,2,0,8)). In particular,
Eq. (2.6) has cusps at L*(3).

(C3) For every 6 € (0, 8o), Eq. (2.6) has two heteroclinic orbits a*(8) and «~(8) which connect L*(§),
L™(8) with points on S; (8), SF(8), respectively.

(C4) For every 8 € [0, §p), the reduced flow on Sai(B) is directed toward the fold points L*(§) and
g(L*,0,8) #0, respectively.

In addition to the assumptions above, we make the assumptions for the strength of the stability of
S# as follows:

(C5) For every 8 € [0, §p), eigenvalues of the Jacobian matrix d(f1, f2)/9(x, y) of Eq. (2.6) at (x,y,2) €
ST(8) and at (x,y,2) € S; (8) are expressed by —8 - u*(z,8) £v/—1w™(z,8) and =8 - u=(z,8) £
V—=1w~(z, 8), respectively, where u* and w* are real-valued functions satisfying

ut(z,00>0, w¥(z,0)#£0. (2.7)

The assumption (C5) means that the parameter § controls the strength of the stability of stable
focus fixed points on S (8).

Finally, we suppose that the basin of Sai(S) of the unperturbed system can be taken uniformly in
8 € (0,80): By the assumption (C5), there exist open sets VE > S;’E(é) such that real parts of eigen-
values of the Jacobian matrix 8(f1, f2)/9(x, y) on V* is of order O(8). In general, the “size” of V*
depend on § and they may tend to zero as § — 0. To prove Theorem 3 below, we assume following.

(C6) There exist open sets V* > Sai((S), which is independent of §, such that real parts of eigenvalues
of the Jacobian matrix d(fi, f2)/8(x,y) on V* are negative and of order 0(8) as § — 0. The
orbits @ (8) emerging from L* enter the set VT, respectively, in finite time for any & € [0, 8o].

The first sentence of this assumption also assures that the attraction basin of Sai (8) of the unper-
turbed system can be taken uniformly in § € (0, §g), see an example below. For the second sentence,
note that there exist orbits o®(8) emerging from L* even for § = 0 because of (C2), although they
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Fig. 2. Typical bifurcation diagram of (1.8) with assumptions (C1) to (C6).

may not be connected to ST at § =0 because (C3) is assumed for an open interval (0, §o). The second
sentence of (C6) implies that the transition map from the section near L* to the section in VT is
well defined as § — 0.

Theorem 3. Suppose that the system (1.8) satisfies assumptions (C1) to (C6). Then, there exist a positive num-
ber ey and positive valued functions §1(€), 82 (&) such that if 0 < € < g9 and §1(€) < 8 < 82(¢), then Eq. (1.8)
has a chaotic invariant set near S} (8) U™ (8) U S; (8) U™ (8), where 81 2(¢) — 0 as ¢ — 0. More exactly,
the Poincaré return map IT along the flow of (1.8) near S} (8) U™ (8) U Sy (8) U ™ (8) is well defined, and
IT has a hyperbolic horseshoe (an invariant Cantor set, on which IT is topologically conjugate to the full shift
on two symbols).

Theorems 2 and 3 mean that if ¢ > 0 is sufficiently small for a fixed 8, then there exists a stable
periodic orbit. However, as § decreases, the periodic orbit undergoes a succession of bifurcations and
if § gets sufficiently small in comparison with ¢, then a chaotic invariant set appears. In our proof
in Section 4, § will be assumed to be of 0(s(—loge)!/?). We conjecture that this chaotic invariant
set is attracting, although the proof is not given in this paper. In general, given fast-slow systems
do not have the parameter § explicitly. However, Theorem 3 suggests that as ¢ increases for fixed §,
a periodic orbit undergoes bifurcations and a chaotic invariant set may appears, see Fig. 2. Obviously
the assumptions (C1) to (C4) include assumptions (A1) to (A3) and (B1) to (B4). In what follows, we
consider the system (1.8) with the parameter §. When proving Theorems 1 and 2, § is assumed to be
constant, and when proving Theorem 3, § is assumed to be of § ~ 0(s(—1loge)'/2) as € — 0. Note
that ¢ < e(—loge)!/2 « 1 as € — 0. Although 8§ > 0 is also small, uniformity assumptions on § and
the fact € <« § allow us to use the perturbation techniques with respect to only on &.

In the rest of this section, we give an intuitive explanation of the theorems with an example.
Consider the system

5<=z+3(y3—y)+6x(% —y2>,

y=-x (2.8)
zZ=e¢sin >
= 2y .

The critical manifold M = M(8) is given by the curve z=3(y — ¥3),x=0, and the fold points are
given by L = (0, :F%, q:%), see Fig. 3.

It is easy to verify that the assumptions (C1), (C2), (C4) and (C5) are satisfied for (2.8). The as-
sumption (C3) of existence of heteroclinic orbits are verified numerically (we do not give a proof
here).

The assumption (C6) is also verified by a straightforward calculation. Now we show that (C6)
implies that the attraction basin of S;‘E(é) of the unperturbed system can be taken uniformly in § €
(0, 80). We change the coordinates by an affine transformation (x, y, z) — (X, Y, Z) so that the point
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Fig. 3. Critical manifold of the system (2.8).

(0, —2/+/3,2/+/3) is placed at the origin and the linear part of Eq. (2.8) is diagonalized. Then the
unperturbed system of Eq. (2.8) is rewritten as

d (X =1 -1 0\ /X §(1 0\ (X
()= D)6 D) mre

de 2

where the explicit form of the polynomial h, whose degree is greater than one, is too complicated to
be written here. However, one can verify that h is of the form

h(X,Y,8) =+v—1h1(X,Y,8) +6ha(X,Y,9), (2.10)

where h; and hy are polynomials with respect to X and Y such that all coefficients of hy are real.
Note that /36 — §2/2 and §/2 correspond to w™(z, §) and 8§47 (z, §), respectively, in the assumption
(C5).

Now we bring Eq. (2.9) into the normal form with respect to the first term of the right-hand side.
There exist a neighborhood W of the origin, which is independent of §, and a coordinate transforma-
tion (X, Y) + (r,0) defined on W such that Eq. (2.9) is put in the form

f:—gr+a3r3+a5r5+-~,
0=v36-262/2+0().

Note that the equation of the radius r is independent of 6 (see Chow, Li and Wang [4]). In our case,
as is given by

(211)

—180 + 2952

B=0636 0622

(212)

Further, we can prove that a; ~ 0(§), i =3,5,... as § — 0 by using the induction together with the
property that h(X,Y,0) takes purely imaginary values if (X,Y) € R? (see Eq. (2.10)). See Chiba [2]
for explicit formulas of normal forms which are convenient for induction. Thus the derivative of the
right-hand side of Eq. (2.11) is calculated as

%(—gr+a3r3 +) = —g(l +bsr® +bsr* +...) + 0(8?), (213)
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Fig. 4. Numerical results for Eq. (2.8). If (a) € =0.02 and § = 0.06, there exists a stable periodic orbit and if (b) & =0.02 and
§ = 0.03, there exists a chaotic attractor. In (c) and (d), the green points denote the image of the red points under the Poincaré
map from ¥y to ¥, for € =0.02 and § = 0.03. They show that the Poincaré map has a horseshoe and it is attracting. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where bs, bs, ... are §-independent constants. It proves that there exists a §-independent positive
constant C such that if |r(0)| < C, then r(t) decays as |r(t)| ~ 0(e~%/2) for small § > 0. The same
property can be verified for any system with the assumption (C6) by means of the normal form.

Fig. 4 shows numerical results for Eq. (2.8). If ¢ =0.02 and § = 0.06, there exists a stable periodic
orbit (Fig. 4 (a)) while a chaotic behavior occurs if & = 0.02 and § = 0.03 (Fig. 4 (b)). This verifies
Theorems 2 and 3 for Eq. (2.8). As was mentioned, chaos may occurs when ¢ increases for fixed §.
For example, numerical simulations show that chaos also appears for € =0.04 and § = 0.06.

Although Theorem 3 does not state that a chaotic invariant set mentioned is attracting, Fig. 4(c)
corroborates numerically that the chaotic invariant set for our example is actually a chaotic attractor.
Take the Poincaré section X1 ={(x,y,z)|y=0.5, z>0} and X, ={(x,y,2) | y = —0.5, z <0}, like
as ¥, and EJM in Fig. 5, respectively. Since Eq. (2.8) admits the symmetry (x, y, z) — (—x, —y, —2)
and X7 corresponds to X» under the symmetry, we identify them and calculate the Poincaré map
from Xy to X,. The results are represented in Fig. 4(c) and (d). The red points on X1, identified with
X5, are mapped to the green points on X, by the Poincaré map. Fig. 4(c) shows that the Poincaré
map is attracting, and Fig. 4(d) shows that it has a horseshoe.

To ascertain the reason why the periodic orbit or the chaotic attractor occur, we take Poincaré
sections X, X, Zin, o Xy and X as in Fig. 5.

The section E;Lt is parallel to the xz plane and located at the right of LT. Take a rectangle R on
Z‘;Zt and consider how it behaves when it runs along solutions of Eq. (2.8). Since the unperturbed sys-
tem of Eq. (2.8) has the heteroclinic orbit «* connecting Lt and S, the rectangle R also approaches
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Fig. 6. Positional relationship of the rectangle R with the returned ring-shaped area.

to S; along o™ and intersects the section X, as is shown in Fig. 5. Since the velocity ¢ sin(5y/2)
in the direction z is positive in the vicinity of S; and since S; consists of stable focus fixed points,
the intersection area on X, moves upward, rotating around S, . As a result, the flow of R intersects
the section X , which is parallel to the xy plane, to form a ring-shaped area as is shown in Fig. 5.
Further, we can show that the ring-shaped area on ¥; moves to X, along solutions of Eq. (2.8) due
to Theorem 1. The area on X, goes back to the section ¥, in a similar manner because Eq. (2.8)
has the symmetry (x, y, z) — (—x, —y, —z). Thus the Pomcare return map I71 from Eou[ into itself is
well defined and it turns out that I7(R) is ring-shaped.

There are two possibilities of locations of the returned ring-shaped area. If the strength of the
stability of stable fixed points on S , say § as in the assumption (C5), is sufficiently large, then
the radius of the ring-shaped area gets sufficiently small when passing around S;t. As a result, the
returned ring-shaped area is included in the rectangle R as in Fig. 6(a). It means that the Poincaré
map [T is contractive and it has a stable fixed point, which corresponds to a stable periodic orbit of
Eqg. (2.8). On the other hand, if the strength § is not so large, the radius of the ring-shaped area is not
so small and it intersects with the rectangle as in Fig. 6(b). In this case, the Poincaré map I7 has a
horseshoe.

3. Local analysis around the fold points

In this section, we give a local analysis around the fold points L* by using the blow-up method,
and calculate a transition map to observe how orbits of Eq. (1.8) behave near the fold points. To prove
the existence of chaos, we will give a detailed analysis of the transition map, which does not need for
the standard proof of the existence of a periodic orbit. The main theorem in this section (Theorem 3.2)
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will be made in the end of Section 3.1. We will calculate only for L™ because discussion for L™ is done
in the same way.

3.1. Normal form coordinates

At first, we transform Eq. (1.8) into the normal form in the vicinity of L*(§). In what follows, if
a (formal) power series h centered at the origin begins with n-th degree terms (i.e. 3'h(0)/3x' =0
(i=0,1,...,n—1) and 9"h(0)/9x™ +~ 0), we denote the fact as h ~ O ,(n). The notation O(-) is also
used to the usual Landau notation. For example if h(x, y,z) ~ O (x2, yg, Z2,Xy,yz,2X) as X, ¥,z — 0,
we simply denote it as h ~ 0,(2).

Lemma 3.1. Suppose (C1), (C2) and (C4). For every § € [0, &p), there exists a C* local coordinate transforma-
tion (x, y,z) — (X, Y, Z) defined near L*(8) such that Eq. (1.8) is brought into the form

X=2Z-Y?+c1@®)XY + Zhi(X,Y, Z,8) + Y*ha(X, Y, Z,8) + eh3(X, Y, Z, &, 5),
Y =X+ Zha(X. Y. Z.5) + ehs(X. Y. Z. . 6). (31)
7=—¢c+¢hg(X,Y,Z,¢,0),

where c1(8) and h; (i=1, ..., 6) are C* functions such that c1(8) > 0 for § > 0 and

hi,ha,hy ~0(X,Y, 2), he ~0(X.,Y,Z,¢). (3.2)
If we assume (C5), then c1(8) ~ 0(8) as § — 0.

In these coordinates, LT (8) is placed at the origin and the branch S*(8) of the critical manifold is
of the form Z=Y2+0,(3), X=0,(2).

Proof of Lemma 3.1. We start by calculating the normal form of the unperturbed system (2.6). We
will use the same notation (x, y, z) as the original coordinates after a succession of coordinate trans-
formations for simplicity. Since the Jacobian matrix of (fi, f) at LT(8) has two zero eigenvalues due
to the assumption (C1), the normal form for the equations of (x, y) is of the form (see Chow, Li and
Wang [4])

{x =a18)2 +a2(9)y* +a3()xy +zh1 (.Y, 2.8) + y*ha(x. y.2.9), (33)
¥ =b1(6)x +b2(8)z + zh4(x, y, 2. 9),

where a1 (8), ax(8), asz(8), b1(8), b2(8) and hq, hy, hy ~ O(x, y, z) are C* functions. Note that a;(8) # 0,
b1(8) # 0 for § € [0, 89) because of the assumption (C2). Since we can assume that S*(§) is locally
expressed as z ~ y2, x ~ 0 without loss of generality, by a suitable coordinate transformation, we
obtain a3(8) = —a1(8) and b,(8) = 0. Since fixed points on S7(§) are attracting and since fixed points
on S;(8) are saddles for § > 0, we obtain a;(8)b1(8) <0 and az(8) > 0 for § > 0. If we assume (C5),
then a3 (8) ~ 0(8). We can assume that a;(8) > 0 because we are allowed to change the coordinates
as x+— —x, ¥y — —y if necessary. Thus, the normal form of Eq. (2.6) is written as

x=a18)(z— y*) +az@®)xy + zh1(x,y,2,8) + y*ha(x, ¥, 2, 8),
y=b1(8)x+ zhs(x, y,z,6), (3.4)
z=0,

with a;(8) > 0, b1(8) < 0. The coordinate transformation which brings Eq. (2.6) into Eq. (3.4) trans-
forms Eq. (1.8) into the system of the form
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Fig. 7. Transition map 17,} and the heteroclinic orbit ™.

x=0a1(8)(z— y?) +as(®)xy + zh1(x,y.2,8) + y*ha(x, y,2,8) + eh3(x, y., 2, ., 8),
y=b1(8)x+zha(x,y,2z,8) + ehs(x,y,2,¢,8), (3.5)
z=¢e(g1(8) + he(x,y,2,¢,9)),

where hs3, hs, hg are C* functions such that hg ~ O(x, y, z, &), and where g1(8) := g(L™,0,6) is a
negative constant on account of the assumption (C4). Finally, changing coordinates and time scales as

z_xa1(5)<_ 1(6)? )“/5 y=Y<_ £1(6)? )”5 z=Z<— £1(6)2 )2/5
a@®\ a®bi®/) - a1 (®)b1(®)) a1 (®b1®))

2 2/5
> — t <_ 81(8) ) . (3.6)
g1(®)\ a1(®)b1(8)

and modifying the definitions of his (i =1,...,6) appropriately, we obtain Eq. (3.1). Note that
since g1(8),a1(8),b1(8) # 0 for § € [0, §p), this transformation is a local diffeomorphism for every
§€[0,80). O

Let o be a small positive number and let

Sh={(X,v.0]) | X. V) eR?},  Zf,={(X.p].2)|(X,2) eR?} 3.7)

be Poincaré sections in the (X, Y, Z) space defined near the origin (see Fig. 7). The purpose of this

section is to construct a transition map from E;l' to X},. Recall that there exists an orbit ot (8)

emerging from LT (8), where L*(8) corresponds to the origin in the (X, Y, Z) space.

Theorem 3.2. Suppose (C1), (C2) and (C4) to (C6). If p1 > 0 is sufficiently small, there exists &9 > 0 such that
the followings hold for 0 <& < ggand 0 < § < §p:

(1) There exists an open set U C X near the point X} N SF (8) such that the transition map I} : Ug —
EOJ[” along the flow of Eq. (3.1) is well-defined, C*° with respect to X and Y, and expressed as

X G1(p1,6) G2(X, Y, p1,8)e%5 + 0(cloge)
<Y>=< ot >+< 0 ) (3.8)
o} 0 (2 4+ HX,Y)e*> + 0(cloge)

H+

loc

where §2 ~ —3.416 is a negative constant, and G1, Gy, H are C* functions with respect to X, Y, 8. The
arguments X, Y are defined by
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A ~ P
X=D1(X.Y,p1,6,8)e " exp[—d(pl, 8)—],
& (3.9)

~ ~ )
Y=Dy(X,Y,p1,€,8)& " exp[—d(m , 8)5],

where D1, Dy and d are C° functions with respect to X, Y, § such that d > 0 for § > 0. Functions b4
and ﬁz are not smooth in &, however, they are bounded and nonzero as € — 0 and § — 0.

(1) The point (G1(p1.8), p?, 0) is the intersection of ™ (8) and X,

(IIl) The function H satisfies

H(0,0)=0 H v y)%0 (3.10)
(7)_7 ﬁ(’)# .

(IV) If Ug is sufficiently small, for each ¢ € (0, gg) and § € (0, 8g), we can suppose that

ab](XY £,8)£0 (311)
9X , Y, 01,68, , .

by changing the value of p; if necessary.

This theorem means that an orbit of Eq. (1.8) or Eq. (3.1) running around S} (§) jumps near
Lt(8), goes to the right of LT(8) and the distance of the orbit and the orbit at(8) is of 0(s%?)
(see Fig. 7). In particular, it converges to a™(8) as &€ — 0. We use the blow-up method to prove
this theorem. In Section 3.2, we introduce the blow-up coordinates and outline the strategy of the
proof of Theorem 3.2. Analysis of our system in the blow-up coordinates is done after Section 3.3
and the proof is completed in Section 3.6. The constant 2 is a pole of the first Painlevé equation,
as is shown in Section 3.3. The function H, which is actually an analytic function, also arises from
the first Painlevé equation. To prove Theorems 1 and 2, it is sufficient to show that X and ) are
exponentially small as € — 0. However, we need more precise decay rate for proving Theorem 3. For
this purpose, the factors ¢ =3/°> and ¢~2/> will be derived by means of the WKB theory. Eq. (3.10)
and (3.11) are also used to prove Theorem 3. Thus our analysis involves a harder calculation than a
usual treatment of fold points in fast-slow systems. The assumption (C6) is used to assure that the
domain U, of the transition map is independent of § € (0, §p). The assumption (C5) is used to show
that the argument of exp[---] in Eq. (3.9) is of order O(§). For other parts of the theorem, we need
only (C1), (C2) and (C4).

3.2. Blow-up coordinates

In this subsection, we introduce the blow-up coordinates to “desingularize” the fixed point L*(§)
having a nilpotent linear part. Regarding & as a dependent variable on t, we rewrite Eq. (3.1) as

X=Z—-Y?24+c1(8)XY +Zh1(X,Y,Z,8) +Y*hy(X,Y,Z,8) +eh3(X,Y, Z,¢&,0),
Y=—X+Zha(X,Y,Z,8) +¢ehs(X,Y, Z,¢,9),

Z=—c+¢hg(X,Y,Z,¢,9),

&=0,

(3.12)

with the estimate (3.2). For this system, we define the blow-up transformations K1, K2 and K3 to be
(X,Y,Z, &) = (rix1,riy1, 11, 17 61), (313)

(X,Y,Z,8) = (3x2, 132, 1522, 13), (314)

(X,Y,Z, &) = (r3x3,13, 1523, 13¢3), (3.15)
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respectively, where K1, K2 and K3 are defined on half spaces {Z > 0}, {¢ > 0} and {Y > 0}, respec-
tively. In what follows, we refer to the coordinates (x1, y1,71, €1), (X2, y2,22,12), (X3,13, 23, €3) as K1,
K, K3 coordinates, respectively. Transformations «;; from the K; coordinates to the K; coordinates
are given by

-3/5  _-2/5 _—4 1/5

K12: (X2, Y2,22,12) = (X1€; /,yw] P T e,
: 12 1) g1/4 551

K1t (XLJ’LTLS])—(XZZZ ,yzzz 122", )
725 236545 r3el/®

K32 (X2,¥2,22,12) = (X365 P2 2365 T383/ ),

—5/2
K23: (X3,T3,Z3,83)—(X2yz szz/ 22y, ,y2 /)

)

(3.16)

)

respectively. Our next task is to write out Eq. (3.12) in the K; coordinate. Eqs. (3.13) and (3.12) are
put together to provide

X1 =11 <1 — ¥ +c1®rixyr +hg(x1, y1,11,8) + y2ho(x1, y1, 11, 8)
3
+r1&1thio(x1, y1,11, 81, 8) + ZX181(1 —h7(x1,y1.711.£1,9)) ),

yi=r1 (—X1 +rihi1(x1, y1,71,8) +riethia(xa, y1,11, €1, )

(317)
1
+oyie (1 —h7(x1,y1.11, €1, 5))>,
. 1,
f=—grie (1 =h7(x1, y1,11,£1,9)),
, 5 5
&= Zns](l —h7(X1,y1.71,€1,6)),
where h; (i=7,...,12) are C* functions such that
h7(x1, y1.71, €1,8) = he(rix1, 12 y1, 171, 1761, 8), (3.18)
and hg, ..., hyy are defined in a similar manner through hi, ..., hs, respectively. Thus in these func-
3 .2

tions, X1, y1 €1 are always with the factors ry r],rl, respectlvely This fact will be used in later
calculations. Note that h; ~ O(r ) fori=17,8, 9, 11 because of (3.2). By changing the time scale ap-
propriately, we can factor out rq in the right-hand side of the above equations:

X1 =1—y2 +c1®)rixiy1 +hs(x1, y1,11,8) + y3ho(x1, y1,11, )
3
+riethio(x1, y1.11.€1,8) + ZX181(1 —h7(x1, y1.71.€1,9)),

y1=—x1 +rih11(x1, y1,71,8) +r2ethi2(x1, y1,71, €1, 8)

(Ky) (3.19)

1
+oyier (1=h7(x1,y1,11,€1,9)),

. 1
= —Zrm(l —h7(x1, y1,11. €1, 6)),

) 5
&1 = 4_18%(1 —h7(x1,y1.71,€1,9)).

Since the time scale transformation does not change the phase portrait of Eq. (3.17), we can use
Eq. (3.19) to calculate the transition map.
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In a similar manner (i.e. changing the coordinates and dividing by the common factors), we obtain
the systems of equations written in the K, K3 coordinates as

. 2
X2 =22 — y53 +12h13(X2, ¥2, 22,12, 8),

Lo 2
(1(2) %/2 - X2 +2rzh14(x27 y27227r238)7 (3‘20)
zp = —1+4+r3h1s5(x2, y2, 22,72, 8),
f, =0,
and
. 3 2
Xx3=-14+2z3+c1(8)r3x3 + §X3h16(x3, r3,23,€3,8) +r3h17(X3,713, 23, £3, 8),
. 1
r3 = —=r3h16(x3,13, 23, €3, ),
(K3) .3 5" 16(X3,713, 23, €3, 9) (321)
z3 = —&3 + 223h16(X3, 13, 23, €3, 8) + r3e3h18(X3, T3, 23, €3, 8),
. 5
&3 = 583h16(x3, r3, 23, £3,9),
respectively, where hig(x3, 73,23, €3,8) 1= X3 + r3h19(x3,13, 23, €3,6) and h; (i=13,...,19) are C*®°

functions satisfying

h17,h1g, h1g ~ O(x3,13, 23, €3).

Our strategy for understanding the flow of Eq. (3.1) near the fold point LT (§) is as fol-
lows: In Section 3.3, we analyze Eq. (3.20) in the K, coordinates. We will find it to be a
perturbed first Painlevé equation. Since asymptotic behavior of the first Painlevé equation is
well studied, we can construct a transition map along the flow of it approximately. In Sec-
tion 3.4, we analyze Eq. (3.19) in the K; coordinates. We will see that in the K; coordi-
nates, SF(8) has a 2-dimensional attracting center manifold W¢(§) for § > 0 (see Fig. 8). Since
it is attracting, orbits passing nearby S;(5) approaches W¢(§). Thus if we construct the in-
variant manifold W€(8) globally, we can well understand asymptotic behavior of orbits pass-
ing through nearby S} (8). Although usual center manifold theory provides the center manifold
W€(8) only locally, we will show that there exists an orbit y, called the Boutroux’s tritron-
quée solution, of the first Painlevé equation in the K, coordinates such that if it is transformed
into the K; coordinates, it is attached on the edge of W€¢(5) (see Fig. 8). This means that
the orbit y of the first Painlevé equation guides the manifold W€(§) and provides a global
structure of it. In Section 3.5, we analyze Eq. (3.21) in the K3 coordinates. We will see that
there exists a fixed point whose unstable manifold is 1-dimensional. Since the orbit y of the
first Painlevé equation written in the K3 coordinates approaches the fixed point, the mani-
fold W¢() put on the y is also attached on the unstable manifold (see Fig. 8). The unsta-
ble manifold corresponds to the heteroclinic orbit a*(§) in the (X,Y,Z) coordinates if it is
blown down. This means that orbits of Eq. (3.1) coming from a region above LT (§) go to the
right of L*(8) (see Fig. 7) and pass near the heteroclinic orbit a* (). Thus the transition map
Hl;“C is well defined. The fixed point in the K3 coordinates corresponds to a pole of the solu-
tion y in the K, coordinates. In this way, the value £ of the pole appears in the transition
map (3.8).

Combining transition maps constructed on each K; coordinates and blowing it down to the
(X,Y, Z) coordinates, we can prove Theorem 3.2.
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Fig. 8. The flow in the (X, Y, Z) coordinates and the blow-up coordinates. The dotted line denotes the orbit y of the first
Painlevé equation.

3.3. Analysis in the K, coordinates

We consider Eq. (3.20). Since r, = ¢!/ is a small constant, we are allowed to take the system

X =2 —y3,
V2 =—x2, (3.22)
Z;=-—1,

as the unperturbed system of Eq. (3.20). This is equivalent to the first Painlevé equation:

2
=—-22+Y3, 2
d22 d y2 2
or —— =—-2+Y5. 3.23
dy, dz? 272 (3.23)
- = X2,
de

It is known that there exists a two parameter family of solutions of the first Painlevé equation whose
asymptotic expansions are given by

(Xz(Zz)
y2(22)
_ —%22_1/2 — ((';3—122_9/8 — «/isz;/s)comp - (%22_9/8 + ﬁCﬂ;/S)sin(p +0(z,°)
—z;/z + C122_1/8 cos¢ + szz_l/8 sing + 0(z,%)

’

(3.24)
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i A 22

Fig. 9. The solution y of the first Painlevé equation and the Poincaré sections.
as z; — oo and

(Xz(lz) ) - 20)3 + (25 — 20) + 122 — 20)% 4+ 4C3(22 — 20)% + 0 ((22 — 20)*) (325)
y2(22) ) 7+ 28(27 — 20)% + L (22 — 20)° + C3(z2 — 20)* + 0 ((22 — 20)°)

(zz ¥4))

as zp —> zo + 0, where ¢ ~ 4‘/_ 5/4 (zy — o0), and where Cqy, C2, C3 and zy are constants which
depend on an initial value. The value Zo is a movable pole of the first Painlevé equation (see Ince [17],
Noonburg [26], Conte [5]). In particular, there exists a unique solution y, which corresponds to the
case C; = Cy =0, whose asymptotic expansions as z; — oo and as z; — £2 + 0 are of the form

_l _1/2 0 -3
73<X2):<XZ(22)>: 1/2 +9 ) ) (3.26)
Y2 Y2(22) +O(Z )
and
. <X2> _ (X2(22)> _ (zfé)s +2(z-2)+0(z2 - 2)) 5
V" \»2) " \n2z) = o )2+ 0(22—9)2—1—0((22—9)) .

respectively, where 2 ~ —3.416. The y is called the Boutroux’s tritronquée solution [1,19].
Let 0 and p3 be small positive numbers and define Poincaré sections to be

S=ln=p"). 5= (n=p"), (28

(see Fig. 9). By Egs. (3.26), (3.27), the intersections P, =y N 5%, Qu =y N i of y and the sections
y y 2 y
are given by

P2 = (px. Py, p2) = (—(2/3)205°"> + 0(p3"%). p3 2%, 2 +V6p;° + 0(p3)).  (3.29)
Q2= Gu. qy. 42) = (=03 12+ 0(0, ), —p; 2 + 0 (p5"%), 03 %), (3.30)
respectively.

Proposition 3.3. If p, and ps are sufficiently small positive numbers, there exists an open set Uy C E;” such
that the transition map Hé"c :Up — X9 along the flow of Eq. (3.20) is well defined and expressed as
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X2 Dx Hi(x2 —qx, Y2 — qy, p2,12, 03,98)
y2 Py 0
me | Zis | = + , (331)
2 1% / Dz Ha(x2 —qx, Y2 — qy, p2,12, 03,98)
) 0 )

where H1(x, ¥, p2,71, p3,8) and Ha (X, y, p2,T1, p3,8) are C* functions with respect to x, y, r and § satisfying
the equalities H1(0, 0, p3, 0, p3,8) = H2(0, 0, p2, 0, p3,8) = 0 for any small p,, p3 > 0and § € [0, 8p).

Proof. This is an immediate consequence of the differentiability of solutions with respect to initial
values x, y2 and parameters 17, 8. Note that at this time, we did not prove differentiability at p3 =0,
which will be proved in the next lemma. O

Since Hqy and H, are C* with respect to r and 8, we put them in the form

Hi(x, y, 02,7, p3,8) = Hi(x, y, p2, p3) + O(r), i=1,2, (3.32)

where we use the fact that when r; =0, the system (3.20) is independent of §. Then, the value
limp, 0(pz + H2(X — qx, ¥y — qy, 02, p3)) gives a pole zg of a solution of Eq. (3.23) through an initial
point (x, y, ,02_4/5); that is, x2(22), y2(z2) — 00 as zy — zo. Proposition 3.3 implies that H; are C* in
x and y when p3 > 0. Now we show that H; can be expanded in p;/s and they are C* even if p3 =0.
This means that a position of a pole is also smooth with respect to initial values. In the proof, the
Painlevé property will play a crucial role. Part (ii) of the next lemma is used to prove Theorem 3.2(III).

Lemma 3.4.

(i) The functions Hy and Hy are analytic with respect to (x, y) € Uy, p;/s > 0 and p;/s > 0, though they
are singular at ,0;/5 =0.
(ii) H2(0,0, p2,0) =0, % Ha(x.y. p2.0) #0.

Proof. Let x; = x2(z2; p2. X0, Yo) and y; = y2(z2; p2, X0, Yo) be a solution of the system (3.23) with
the initial condition

x2(07 Y5 02, %0, v0) =%0,  ¥2(p3 %5 2, X0, ¥o) = Yo.

Suppose that y,(z) = ,03_2/5 for some z = z(xo, Yo, P2, p3). When p3 > 0, the statement (i) immedi-
ately follows from the fundamental theorem of ODEs: Since the right-hand side of the system (3.23)
is analytic, any solution is analytic in time zy, initial time ,02_4/5 and initial values (xg, yo). Applying

the implicit function theorem to the equality

2(2(X0, Yo, 02, p3); P2, %0, Yo) = p3 ', (3.33)
one can verify that
2(x0, Yo, p2, p3) = Pz + Ha(x0 — qx. Yo — ay, p2. p3) (3.34)
is analytic in xg, yo, p;/s >0 and p;/s > 0. Thus
X2(2(X0. Yo. p2. P3); P2. X0, o) = Px + H1(Xo — qx. Yo — qy. p2. p3) (3.35)

is also analytic in the same region. Since z— oo as p; — 0, H; and H; are singular at p;/s =0.



H. Chiba /]. Differential Equations 250 (2011) 112-160 131

When p3 =0, z(xg, Yo, 02, 0) gives a pole and x; = y, = 0o at zp = z(Xo, Yo, P2, 0). Thus we should
change the coordinates so that a pole becomes a regular point. For (3.23), change the dependent
variables (x, y2) and the independent variable z, to (§,n) and 7 by the relation

2 kPt okt , 5 5
Xz=—3+777+777 — K8,

"K3 (3.36)
YZ:—?y

and z = k7, respectively, where « := (—=6)!/> < 0. Then, (3.23) is brought into the analytic system

dn T 1 1

=1t g - o,

T 4 T4 T -
® Loy e (re - D)ip = 2t 4 22 .
dt 8 8 4 4 2T

Since any pole of y,(z2) is second order [17], a pole of y; is transformed into a zero of n(t) of first
order. Let n = n(t; s, no, &) and & = &(t; s, no, &) be a solution of the system satisfying the initial
condition

n(s; s, o, &0) = Mo, &(s; s, Mo, &o) = o,

where (70, o) and the initial time s correspond to (xp, yo) and o, 4/ 5, respectively, by the transfor-
mation (3.36). Suppose that

n(2(s, 70, €0, 3); 5, M0, &0) = (—«) /2 pa

for some © = 7 (s, no, &0, p3), which corresponds to a value of z(xo, yo, 02, p3) by the relation z=«Tt

so that y»(z) = p;Z/S (note that when y, = p;Z/S, then n = (—K3)1/2p31/5). Since

an
0T iyl

=1+0(p3").

the implicit function theorem proves that 7 is analytic in s, ng,& and small ,0;/5 > 0. Since the
transformation (19, &) — (xo, yo) defined through (3.36) is analytic when yg # 0, it turns out that
Z(xo0, Yo, P2, p3) is analytic in (xg, ¥o) € Uy, p;/s >0 and p;/s > 0. Now Eqgs. (3.34), (3.35) prove the
part (i) of lemma.

To prove (ii), let us calculate the asymptotic expansion of Z(s, 19, &0, 0), at which n = 0. We rewrite

(3.37) as

dr 1

A T It I — o

dé g+ g’ — (- pn’ — gns + 30’8’
dn T+ It + 15— Inse )

(3.38)
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A general solution of this system is obtained in a power series of 1 as

&1

137 00,

1 6
T=Ti4n— - —nf 4
20 12 (3.39)

2
57
-+ — 0
£= S+]6n+24n+ ).

where 71 and &; are constants to be determined from an initial condition. By using the initial condi-
tion (7,7, &) = (s, Mo, &), T1 is determined as

1 -§0
T1=S—10+ ﬁ ng+ 770 ng +0(nd). (3.40)

When 1 =0, T = 77. This means that the above t; gives the expansion of (s, 19, &0, 0). Then we
obtain

dH;

0z
— (X0 — qx, , 2,0) = — (0, Yo, 02,0
2% (X0 — qx, Yo — qy, p2,0) 0% (X0, Y0, 02,0)

T
=K—(S, 1o, é0,0)

ar 0 T
o, 9% 0%
87]0 9xo 9&g dxo

= +o( ) !
=K 14170 Mo Kzng’

which is not zero for small 59 (thus for large yo). The equality H» (0,0, pz,0) = 0 is obvious from the
definition. O

Remark. Since H; is analytic in p3/ >0, it is expanded as

Hi(x, y. p2. p3) = Hi(x. y, p2) + 0(p3"), (3.41)
for i =1, 2. Indeed, one can verify that
36
Hix. y. p2. p3) = Hix. y. p2.0) + V63" + =0 (Hix. y. £2.0) + p2) p3 35 + 0(3"°)

by using the expansion (3.25). Further, H; are expanded in a Laurent series of p;/s. In particular,
Eq. (3.40) show that the expansions are of the form

45 4/5)’ (3.42)

Hix. y, p2) = Hi(x. ) + p; " Fi(x, v, p,

because s = p, ~4/5 /K, where Fq, F» are analytic functions. The proof of the above lemma is based on

the fact that a pole of (3.23) can be transformed into a zero of the analytic system by the analytic
transformation. This property is common to Painlevé equations, and the transformation (3.36) is used
to prove that (3.23) has the Painlevé property [5,17].
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Fig. 10. Poincaré sections to define the transition map 17{‘”.

3.4. Analysis in the Ky coordinates

We turn to Eq. (3.19). It is easy to verify that Eq. (3.19) has fixed points (x1,y1,r1,€1) =
(0,+£1,0,0). By virtue of the implicit function theorem, we can show that there exist two sets of
fixed points which form two curves emerging from (0, +1, 0, 0), and they correspond to S;(§) and
S7(3), respectively (see Fig. 8). On the fixed points, the Jacobian matrix of the right-hand side of
Eq. (3.19) has eigenvalues given by

1
0, 0, E(q Griy1+0(r}) £ \/8y1 —4c1(8)rixg + 0(r?)). (3.43)

In particular, the eigenvalues become 0,0, +4/2i at the fixed point Q1 = (0, —1,0,0), but at fixed
points in S} (§)\Q1, they have two eigenvalues whose real parts are negative if r is small and § > 0.
Eigenvectors associated with the two zero eigenvalues at points on S;(8§)\Qq converge to those at
Q1, which are given by (0,0,1,0) and (—1,0,0,2), as r; — 0. The vector (0,0, 1,0) is tangent to
ST (). Thus (—1,0,0,2) is a nontrivial center direction.

Lemma 3.5. If § > 0, there exists an attracting 2-dimensional center manifold W¢(8) which includes S} (8)
and the orbit y of the first Painlevé equation written in the K1 coordinates (see Fig. 10).

Proof. Let B(a) be the open ball of radius a centered at Q1. Since at points in S} (8)\B(a) the Jaco-
bian matrix has two zero eigenvalues and the other two eigenvalues with negative real parts, there
exists an attracting 2-dimensional center manifold W¢(8, a) emerging from S; (5)\B(a) for any small
a > 0. Let y be the solution of the first Painlevé equation described in the previous subsection. Its
asymptotic expansion (3.26) is written in the K; coordinates as

—5/4 —15/4
X —1z, / +0(z, /4
—5,2
y: Jr” = —1+0@z™) (as 2y — 00), (3.44)
1 0
&1 255/4

by the coordinate change k31 (3.16). The curve (3.44) approaches the point Qq as z; — oo and
its tangent vector converges to the eigenvector (—1,0,0,2) at Q1 as z; — oo. Thus W) :=
limg_,o W€(8,a) Uy forms an invariant manifold. O
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Note that y is included in the subspace {r; = 0}. This lemma means that the orbit y guides global
behavior of the center manifold W¢(§).

Let p1, p2 > 0 be the small constants referred to in Theorem 3.2 and Proposition 3.3, respectively.
Take two Poincaré sections 2{” and X9 defined to be

S={Gny1.r.en | =p1 [l <pr, ly1+11< p1, 0<e1 < p2},
I ={(x1, y1.11.€0) | 0< 1 < p1, X1 < 1, Iy1 + 11 < o1y €1 = o2}, (345)

respectively. Note that E{” is included in the section ZJ; (see Eq. (3.7)) if written in the (X,Y, Z)
coordinates and X9 in the section Z‘é" (see Eq. (3.28)) if written in the K, coordinates.

Proposition 3.6. Suppose (C1), (C2) and (C4) to (C6). .
(I) If p1 and py are sufficiently small, the transition map H{"C : X — xoU along the flow of Eq. (3.19) is
well defined for every & € (0, 8p) and expressed as

1/5 —1/5
" o1(p1ey°p; ', 02, 8) X
1/5 —1/5 s
1 01 ,016‘1/5/0—1/5 o )
&1 1 2 0
P2

where @1 and ¢, are C* functions such that the graph of x1 = ¢1(r1, €1, 8) and y1 = ¢a(r1, €1, 8) gives the
center manifold W (8). The second term denotes the deviation from W€(§8), and X1 and Y are defined to be

3/5
F)

X1=D1(X1,y1,p1,81,pz,8)<%> eXD[—d(m,sl,pz,(S)g—}

1 ! (3.47)

2\ 5
Y1 =Da(x1, y1, 1, €1, 02, 6) o exp —d(Pl,é‘LPz,B)a .

where D1, Dy and d are C* functions with respect to X1, y1, o1 and 8. Although D1, D, and d are not C*®
in &1 and py, they are bounded and nonzero as €1 — 0 and § — 0. Further, they admit the expansions of the
form

Di(x1, ¥1, p1, €1, P2, 8) = Di(x1, y1, p1, €1,8) + 0((e1/p2)'/), (3.48)
d(p1. €1, p2.8) =d(p1.8) + 0((e1/p2)'?). (3.49)

fori=1,2.
(1) The first term in the right-hand side of Eq. (3.46) is on the intersection of Zif”t and the center manifold
W€(8). In particular, as 1 — 0, H{"C()q, Y1, P1, €1) converges to the intersection point of Ef”t and y.
(111) If the initial point (x1, y1, p1, €1) is sufficiently close to W€ (§),
3D
—(X1,¥Y1,01,€1,8) #0 (3.50)
0Xq

except for a countable set of values of &1.

Remark. To prove the existence of a periodic orbit, it is sufficient to show that X; and Y; are expo-
nentially small as £; — 0. However, to prove the existence of chaos, we need more precise estimate
as the factors (02/£1)%° and (p3/€1)%/. Eq. (3.50) is used to prove Eq. (3.11).
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Proof. At first, we divide the right-hand side of Eq. (3.19) by 1 — h; and change the time scale ac-
cordingly. Note that this does not change the phase portrait. Then we obtain

. 3
x1=1- Y% +c1(drixyr + Rk +hg + Y%hg +r1&1hio
+ (1= y5 +c1(®r1x1y1 + hg + yiho + r1&1h10)ha1.
. 1
yi=-x1+-yié +rihin 4+ rigthiz + (—x1 +rihiy +riethiz)has, (3.51)
= 1r e
1= nen
> 2
&1 =2¢g2,
1 4 1

where hy =Y 024 h¥, and arguments of functions are omitted. Equations for r; and &1 are solved as

1/5
4 —5¢1(0)t 4e1(0)
rnt)=rQ)| ——— , t)y=—"—, 3.52
1(t) 1()( ) 1(t) 256,00 (3.52)
respectively. Let T be a transition time from 2{” to X% Since &1(T) = py, T is given by
4 £1(0
_ (1_ 1 )). (3.53)
5£1(0) 02
To estimate x1(T) and y1(T), let us introduce the new time variable T by
1/5
4 —5¢1(0)t
_ <741( ) ) . (3.54)

Then, r1(t) = r1(0)7, &1(t) = £1(0)T . Note that when t =0, 7 =1 and when t =T, one has 7 =
(£1(0)/p)'/>.

Claim 1. Any solutions (x1, y1) of (3.51) are of the form x; = T 3uq(7), y1 = T %u»(t), where u; and
uy are C* with respect to .

Proof. Changing the time t to t, the system (3.51) is rewritten as

dx; 3
——s Oy 4= - =1-y2 41O Tx1y1 + 4X181(0)‘L’ >+ hg + y2hg 4+ 1r1(0)e1(0)T ~*hyo
+(1- y3 +c1(8)r1(0)tx1y1 +hg + y3he + 11 (0)81(0)174h10)h21,
1 d 1
281 (@r*“% =~ + 5107 Y1 + 1O Thiy +11(0)%61 O hy

+ (=x1 +r1(0)Th11 +11(0)%61(0)T >h12)ha;.
Putting x; = 7 3uq, y1 = v 2u;y yields

1 d
—381O T = (7 = T + 1 Or O uruz + T h + Tudho

+r1(0)e1(0)T3h10) (1 + ha1), (3.55)
duz

- 1(0)— (=7%u1 +r1(0)t7h11 +11(0)%61(0)T>h12) (1 + hay).
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Recall that h7 is defined through (3.18), and thus

h7(x1, 1,71, €1,8) = he(r1(0)>u1, 11(0)*u2, 11 (0)*7*, 11 (0)°£1(0), 6), (3.56)

which implies that hy is C* with respect to uq, uy, r1(0), €1(0), § and t. Functions hg, ..., h1
and hy; have the same property. Hence the right-hand side of Eq. (3.55) is C* with respect to uq, ua,
r1(0), § and 7, which proves that solutions u1(t) and uy(t) are C* with respect to r1(0), § and 7. O

Next thing to do is to derive the center manifold and how x1(t) and y1(t) approach to it. The local
center manifold W€(3) is given as a graph of C* functions x; = ¢1(r1, €1,98), y1 = ¢2(r1, €1,98). By
using the standard center manifold theory, we can calculate @1 and ¢, as

1
01(r1,€1,8) = 58 + O(T%,HSu 8%) @2(r1,€1,8) =—-1+ O(r%,r181, 8%) (3.57)

To see the behavior of solutions x; and y; near the center manifold W¢(8), we put x; and y; in the
form

x1(0) = @1(r1 (1), 1(1).8) + T3v1(x),  y1(@) = @2(r1(1). 1(7), 8) + T 2v2(x).  (3.58)

Since 73x1(t) and 72y (r) are C* in 7 for every solutions x; and y1, so are solutions 73¢;(r{(1),
e1(t),d) and t2<p2(r1 (1), £1(1), 8) on the center manifold multiplied by 73 and 72, respectively. This
implies that v{(t) and v,(7) are also C* in 7. Substituting Eq. (3.58) into (3.51) and expanding it in
vy, v and €1(0), we obtain the system of the form

dv
&1 e = —8T5V2 +4C]T1T5V1 + r?‘c7h22(r1, T,8)Vq +r%7:7h23(r1, T,8)va

+ 81(v1, V2,11, 61,6, T), (3.59)
dV2
81> =4TV1 + 11T ha(r, T, 9)vi + 1T has (1, T, 8)va + 82(ve, V2,11, 61,8, T),
where gq, g2 ~ O(v%,vw;,v%,a) denote higher order terms, hyy,...,hy; are C* functions, and

where r1(0), £1(0) and c1(§) are denoted by ri, &1 and cq, respectively. This is a singular perturbed
problem with respect to &1.

Claim 2. Any nonzero solutions of this system are expressed as

. d*(t,r,0)
vy = Dj(t,r1, €1, 8; V1o, V20) €XP T |
d*(t,r,6
vy = D}(t,r1,61,8; vlo,Vzo)eXP[——( - : )]7 (3.60)
1

where v1p =v1(1) and v3o = v(1) are initial values, and where D7, D; and d* are C* in 7, r1, V1o,
vao and é. Although D} and D3 are not C* in &1, they are bounded and nonzero as &1 — 0, § — 0.
If v10, V20, 11 and 7 are sufficiently small,

aD*
— (7,11, €1,8; V10, V20) # 0, (3.61)
V1o

except for a countable set of values of &7.
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Proof. At first, we consider the linearized system of (3.59) as

dv

&1 d—‘L'] = —87:51/2 +4C11‘11—5v] +r?t7h22(r1, T, 8)Vvq +1’%‘L’7h23(r1, T.8)va+ 0(e1).
dv

€1 d_fz =473y, +rff7h24(r1, 7,8)vq ~|—rfr7h25(r1, 7,8)vy+ 0(e1),

(3.62)

which yields the equation of vq as

2 d2V1

dv
el gz — (4c1r17° +4r3t"hos + 0(8]))(1_1'1 4 (320° — 4t hy; + O(en))v1 =0,  (3.63)

where hyg(rq, T,8) and hy7(rq, T,8) are C* functions. According to the WKB theory, we construct a
solution of this equation in the form

1 o0
vi(T) = exp[a Zs?Sn(r):|.
n=0

Substituting this into Eq. (3.63), we obtain the equation of So(7),

2
ds ds
=200 (4ciriT° + 4r?t7h25)—0 +321% —4r2t7hy; =0,
dt dt
which is solved as Sg = S§(r) =V(t)£iW(r), where

T

V(1) =/(2c1r155 +2r3s”hag) ds,
1

T
858 —r2s7hy;
W) = | (2cir18° +2r3s7h 1 —1ds,
© 1/( b 15 has) (c1718% + 1357 h6)2

are real-valued functions for small rq. If r{ > 0 is sufficiently small and if ¢;(§) >0, 0 < T <1, then
V(1) < 0. For these Sar(r) and S, (1), Sf(r), S;C(T), ... are uniquely determined by induction, re-
spectively. Thus a general solution v1(t) is of the form

v1(t) =k exp[V (r)/e1]exp[iW (v)/e1] exp[ST +e15F + -]
+ k™ exp[V(1)/e1]exp[—iW (v)/e1] exp[S] + €155 + -]

where kT, k= e C are arbitrary constants. Put

D}, =exp[iW (t)/e1]exp[ST + 155 + -], D;_ =exp[—iW (1)/e1]exp[S] + €155 +-+].

Then, v is rewritten as

vi(r) =kT exp[V (1)/e1]D}, + k™ exp[V(r)/e1]D}_,
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where D}, and Di_ are C* in v1g, V20, 7, 11 and §. They are not C* in &; because of the factor
1/€&1, however, they are bounded and nonzero as €1 — 0. In a similar manner, it turns out that v, is
expressed as

va(t) =kt exp[V(r)/e1]D5, +k™ exp[V(r)/e1]D5_,
where D’z‘Jr and D3_ are C* in vqo, V20, T, 71,4, and are bounded and nonzero as &; — 0. Therefore,
the fundamental matrix of the linear system (3.62) is given as

F(r)= (DT+ b1 > exp[V (1)/e1]. (3.64)

D3+ D3

Now we come back to the nonlinear system (3.59). We rewrite it in the abstract form as

dv
g1-—=A(T)v+ g, 1),
dt

where v = (vq,Vv2), g = (g1, &2), and A(t) is a matrix defining the linear part of the system. To
estimate the nonlinear terms, the variation-of-constants formula is applied. Put v = F(t)c(t) with
¢(7) = (c1(7), c2(1)) € C2. Then, ¢(7) satisfies the equation

de 1 4

i e F(t)~'g(F(1)c, 7). (3.65)
Let ¢ = ¢(t, 1) be a solution of this equation. Since F(t) ~ 0(eY(™/¢1) tends to zero exponentially
as €1 — 0 and since g is nonlinear, the time-dependent vector field defined by the right-hand side of
(3.65) tends to zero as &1 — 0. Since solutions c¢(t, &1) are continuous with respect to the parameter
€1, it turns out that ¢(t, &1) tends to a constant as €1 — 0, which is not zero except for the trivial
solution ¢(t, &1) = 0. This proves Eq. (3.60) with the desired properties by putting d* = —V (t) and
DY =D}, c1 + Df_ca (i=1,2). Note that since the right-hand side of (3.59) is not zero at § =0,
D}#0,D5#0as § — 0.

When r; = v19 = v0 = 0, the derivatives dv;/dv1g, (i =1, 2) with respect to the initial value vqg

satisfy the initial value problem

d vy 5 AV vy
&15--—1(7,0,61,8;0;0) = —87°——(7,0,61,6;0;0), ——(1,0,€1,4;0;0) =1,
dt 9v1o dvio V1o (3.66)
d vy 3 dVq vy )
&15-+7—(7,0,61,8;0;0) =47t° —(7,0,61,6;0,0), ——(1,0,81,4;0;0)=0.
dt dvip V1o V1o
This is exactly solved as
av 42
71 (7,0, €1,8;0;0) = cos i(rf’ -1)). (3.67)
V1o 5¢e1
In particular,
av 42
271 (0,0, 1,8;0; 0) = cos 4v2 (3.68)
dvio 5&1

is not zero except for a countable set of values of 1. This and the continuity of solutions of ODE
prove Eq. (3.61). O
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Let us proceed the proof of Proposition 3.6. For v{(t) and v,(7) in (3.60), x1(tr) and y{(t) are
given as (3.58). Since T = (£1(0)/p2)!/> when t = T, we obtain

x1(T) = ¢1(r10)(10)/02)'"°, 2, 5)

3/5
+ (Sl’fo)) D3((61(0)/p2)"°, 11(0), £1(0), 8; V10, v20)

“ exp[_ d*((£1(0)/p2)"/>, 11(0), 3)]
€1(0) ’

Y1(T) = @2 (r1(0)(£1(0)/p2)'"°, p2, 6)

2/5
+( p2 ) D3((£1(0)/02)""°, 11(0), £1(0), 8; V10, v20)
£1(0)

* 1/5
o exp[_d ((€1(0)/p2) ,r](O),s)]

€1(0)

Put

D¥((£1(0)/02)'""°, 11(0), £1(0), 8; v10, v20) = D; (x1(0), y1(0), 71 (0), £1(0), p2, 8)

for i =1,2. Since D is C* in v1g, v20,71(0) and §, D; is also C* in x1(0), y1(0),r1(0) and §. Since
Df is C* in 7, D; is bounded and nonzero as &1(0) — 0. Finally, let us calculate

d*((£1(0)/p2) ', 11(0), 8) = / (2¢1(8)r1(0)T° +2r1(0)> T has (11 (0), 7, 8) ) dt.
(e1(0)/p2)1/?

Due to the mean value theorem, there exists a number t* > 0 such that

1 0 6/5
d*((gl (0)//02)1/5, 5] (0), 8) = §C] (5)1»] (0) (1 _ <St;2 )> )

3 8/5
@79 (1= (57) )

By the assumption (C5), an orbit of (3.51) near the center manifold W¢(§) approaches to W¢(§)
with the rate O(e“smf). By the assumption (C6), such an attraction region (basin) of W¢(§) exists
uniformly in § > 0 at least near the branch S} (8). Thus hys(r1(0), T*,8) is of order O(8) as well as
c1(8) if pp > 0 is sufficiently small. Therefore, there exists a function d, which is C*° with respect to
r1(0) and &, such that

d*((61(0)/p2)"">, 11(0), 8) = d(r1(0), £1(0), p2,8) - 5.

Since 17 (z,0) # 0, d(r1(0), £1(0), p2,0) # 0. Since D} and d* are C* in T = (¢1/p2)"/, they admit
the expansions (3.48, 3.49). This proves (I) of Proposition 3.6. Proposition 3.6 (II) is clear from the
definition of @1, @2, and (I1I) follows from Eq. (3.61). O
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in
23

X3
Fig. 11. Poincaré sections to define the transition map 17;‘".
3.5. Analysis in the K3 coordinates
We come to the system (3.21). This system has the fixed point (x3, 13, z3, €3) = (—+/2/3,0,0, 0)
(see Fig. 8). To analyze the system, we divide the right-hand side of Eq. (3.21) by —hig(x3,13, 23, €3, 8)

and change the time scale accordingly. Note that this does not change the phase portrait. At first, note
that the equality

1 /3 /3 /2
=— /(1 = — h V2/3,r3,23,€3,8 3.69
hie(x3, 13,23, €3, 8) 2( * 2<X3+ 3)+ 0l +v2/3,13, 23,63 )> (3:69)

holds, where h3; ~ 0,(2) is a C* function. Using Eq. (3.69) and introducing the new coordinate by
X3 + +/2/3 = X3, we eventually obtain

. - 3 -
X3 =—3X3+ \/;23 —c1(8)r3 +h3a(x3,13, 23, €3, 6),

3= 1r

T (3.70)
73 =—223 — \/§€3 + &3h33(X3, 23, €3, 8) + £313h34(X3, 73, 23, €3, 8),

. 5

&3 = _5837

where h3; ~ 0,(2) and h33, h3g ~ 0, (1) are C* functions. Note that h33 is independent of r3. This
system has a fixed point at the origin, and eigenvalues of the Jacobian matrix at the origin of the
right-hand side of Eq. (3.70) are given by —3,1/2, —2, —5/2. In particular, the eigenvector associated
with the positive eigenvalue 1/2 is given by (—2c1(58)/7,1,0,0) and the origin has a 1-dimensional
unstable manifold which is tangent to the eigenvector. The asymptotic expansion (3.27) of the solution
y of the first Painlevé equation is rewritten in the present coordinates as

(R3,713,23,83) = (0((22 — 2)*), 0, 0((22 — 2)*), 0((z2 — 2)°)), (3.71)
which converges to the origin as z; — £2 (see Fig. 11).

Let o1 and p3 be the small constants introduced in Section 3.1 and Section 3.3, respectively. Define
Poincaré sections 3" and 5" to be

T =1(%3.13,23.83) | R3] < p1. 0 <13 < 1, I23] < 1, €3 =3}, (3.72)

I ={(R3.13,23,83) | R3] < p1. 13 = p1. |z3| < p1. 0 < &3 < 3}, (3.73)
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respectively (see Fig. 11). Note that 2;" is included in the section Z$" (see Eq. (3.28)) if written in
the K, coordinates and Eé’“t in the section 2(;;[ (see Eq. (3.7)) if written in the (X, Y, Z) coordinates.

Proposition 3.7. (1) If p1 and p3 are sufficiently small, the transition map Hé"‘ : Z‘é" — X9 along the flow
of Eq. (3.70) is well defined and expressed as

%3 B1(p1,8) +13B2(R3, 13, 23, p3, 1, 8)
loc| T3 | _ £1
115 z3 | T | @ —V6p3+ p3B3(Rs, 23, p3, ) () 413 -logrs - Ba(Rs, 13, 23, p3, 01,8) |
Pr3 P3(:,—31)5

(3.74)
where 81 and B3 are C* in their arguments, B, and B4 are C* with respect to X3, z3, p3 and § with the
property that B, and B4 are bounded as r3 — 0.

(I)Asr3 — 0, Hé"c(ig, r3, 23, p3) converges to the intersection point (B(p1,8), p1,0,0) of Egut and the
unstable manifold of the origin.

Before proving Proposition 3.7, we need to derive the normal form of Eq. (3.70).

Lemma 3.8. In the vicinity of the origin, there exists a C° coordinate transformation

X3 X3+ ¥1(X3, Z3, €3, 8)
r3 r3

=P (X3,13,73,€3,8) := 3.75
z3 (X3,73, 23, €3,9) Z3 + &3vY2(X3, Z3, €3, 8) (3.75)
€3 €3

such that Eq. (3.70) is transformed into

. 3
X3=-3X3+ \/;23 —c1(8)r3 +r3h3s(X3,13, Z3, €3, 6),
i 1r
3= T3,
2 (3.76)
. 3
Z3=—273— \/;83 + £3r3h36(X3, 13, Z3, £3, 8),
&3 = 58
3=—583,
where v, h3s, h3g ~ 0, (1) and ¥r1 ~ 0,(2) are C*° functions.
Proof of Lemma 3.8. When r3 =0, Eq. (3.70) is written as
- . 3 -
X3 =—3X3+ 723 +h32(x3,0, z3, £3, 8),
. 3 -
73 =—223 — \/;83 +e3h33(X3, 23, €3, 9), (3.77)
&3 = 58
3=—563.

Since eigenvalues of the Jacobian matrix at the origin of the right-hand side of the above are
—3,—2,—-5/2 and satisfy the non-resonance condition, there exists a C* transformation of the form
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(%3, 73, €3) = (X3 + ¥1(X3, Z3, €3, 8), Z3 + V2 (X3, Z3, €3, 8), €3) such that Eq. (3.77) is linearized (see
Chow, Li and Wang [4]). The v is of the form v = €3, where v is a C* function, because if
e3 =0, Eq. (3.77) gives z3 = —2z3 and it follows that Z3 = z3 when &3 = 0. This transformation brings
Eq. (3.70) into Eq. (3.76). O

Proof of Proposition 3.7. Note that even in the new coordinates (X3, 3, Z3, £3), the sections Z‘;” and
Z‘é’“[ are included in the hyperplanes {¢3 = p3} and {r; = p1}, respectively.

Let us calculate the transition time T from Z‘é" to Z‘g“t. Since r3(t) = r3(0)e'/2 and e3(t) =
£3(0)e™>/2 from Eq. (3.76), T is given by

2
_ L1
T _log(r3(0)) . (3.78)

By integrating the third equation of Eq. (3.76), Z3(t) is calculated as

t
Z3(t) = Z3(0)e 2 + V6p3 (e ™2 —e7) y e / p3r3(0)hsg(X3(s), 8) ds, (3.79)
0

where X3(s) = (X3(s),13(s), Z3(s), €3(s)). Owing to the mean value theorem, there exists 0 < T =
T(t) <t such that Eq. (3.79) is rewritten as

Z3(6) = (Z3(0) — V6p3)e ™ + V/6p3e /% + p3r3(0)e > hs (X3(7), 8)t. (3.80)

This and Eq. (3.78) are put together to yield

0\* 0\’ 0)°
za(T)=(zs<0)—~/6p3)<r3pﬁ> +~/€p3<r3p(l)) +p3r3[()4) has(X3(z (1)), 8)T.  (3.81)

1 1

Next, let us estimate X3(T). Since (X3, r3)-plane is invariant, the unstable manifold of the origin is
included in this plane and given as a graph of the C* function

2
X3=9(r3.8) = —Zc1(®)rs + 0 (r3). (3.82)

To measure the distance between X3(t) and the unstable manifold, put X3 = ¢(r3, §) + u. Then, the
first equation of (3.76) is rewritten as

U= (—3+hs7(u,r3, Z3, €3,8))u + Z3hsg(u, 13, Z3, €3, 8) + €3h39(u1, 13, Z3, €3, ),

where h37 ~ 0, (1) and hs3g, h3g are C*° functions. This is integrated as
t
u(t) =e3E®) (u(O)+/e3SE(s)_1(23(s)h33(u(s),5) +83(s)h39(u(s),8))ds>, (3.83)
0

where u(s) = (u(s), r3(s), Z3(s), €3(s)) and E(t) = exp[fot hs7(u(s), 8) ds]. Substituting Eq. (3.80) and
£3(t) = p3e>!/2 and estimating with the aid of the mean value theorem, one can verify that u(T) is
of the form
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u(T) =r3(0)*hao(X3(0),73(0), Z3(0), p3, p1,9), (3.84)

where hyg is bounded as r3(0) — 0 (the factor Z3(s) in Eq. (3.83) yields the factor r3(0)*, and other
terms are of O(r3(0)°logrs(0))). Since the transition time T is not C® in p1 and r3(0), hgo is C*°
only in X3(0), Z3(0), p3 and §. Thus the transition map ﬁé"c from X' to X9 along the flow of
Eq. (3.76) is given by

¢ (p1.8) +r3hao(X3,13, Z3, 3. p1,8)

X
- r33 P1
[loc — s s
1z (23 = V/Bp3) (72)* + VBp3(22)° — 203 2 log(()har (Xs, 73, Z3, p3, 1. 8)
P3 315
P3(5)

(3.85)

where hs1(X3,13, Z3, p3, P1,8) = h36(X3(t(T)),8) is bounded as r3 — 0 because Xs3(t(T)) is
bounded. Since the transition time T is not C*° in p; and r3(0), hs; is C* in X3(0), Z3(0), ps3
and 8. Now Eq. (3.74) is verified by calculating @ o ﬁé"c o @1, Note that f3 in Eq. (3.74) is inde-
pendent of r3 and p; because it comes from the inverse of the transformation (3.75), which is of the
form

X3 + B5(X3, 23, 03, 8)
r3

73+ p3B3(X3, 23, 3, 8)
03

&7 (R3,13,23, p3) =

with C* functions 83 and Bs. The unstable manifold 81 (p1,8) in (X3,13, 23, £3) coordinate is obtained
from that in (X3,rs3, Z3,¢3) coordinate as B1(p1,8) = ¢(p1,8) + ¥1(¢(01,98),0,0,8). This proves
Proposition 3.7(I). To prove (II) of Proposition 3.7, note that the hyperplane {r; = 0} is invariant and
included in the stable manifold of the origin. Since a point (xs3,r3, z3, p3) converges to the stable
manifold as r3 — 0, 17;‘”()?3, 3, z3, p3) converges to the unstable manifold as r3 — 0 on account of
the A-lemma. This proves Proposition 3.7(1l). O

3.6. Proof of Theorem 3.2

We are now in a position to prove Theorem 3.2. Let t,: (X,1,2,&) — (x — \/2/3,1,2,¢) be the
translation in the x direction introduced in Section 3.5. Eq. (3.8) is obtained by writing out the map

I} =1 0 T o T71 0 k3 0 1€ 0 k12 0 ¢ and blowing it down to the (X, Y, Z) coordinates. At

first, I72°€ o k12 o ITP€ is calculated as

X1 @1+ X Py o+ py X
I '17_{0; (p?/—;— Y;11/5 lﬂ) ng/S(pz + p;2/5 Y]
P1 P1E1"7 0y py
&1 02 ,018}/5

—-3/5 -3/5 -2/5 —2/5 1/5
px+ Hi(p, /§01+p2 /Xl—QX,/Oz /902+,02 /Yl—ny,Oz,Plsl/ , 03, 6)

—2/5
A N
-3/5 -3/5 —-2/5 —-2/5 1/5
pz+Ha(py o1+ 05" X1 — 4w 03 P02+ 05 Y1 —ay. 2. 181" p3.8)
1/5
P1€4

(3.86)
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where o1 = @1 (181>, /%, 02.8), @2 = 02(p161°p; °, p2.8), and Xy, Yy are defined by Eq. (3.47).
In what follows, we omit the arguments of H; and H;. The last term in the above is further mapped
to

03 px + 03 Hy 273+ 03 py+ p3°Hi %

o pipy /3 }/5 - pro; V15 s
o4 a5, = 4/5 a/5 Sl IR (3.87)

P3Pz 3 P3Pz 0 3

03 03 p3

Let us denote the resultant as (X3, r3, z3, p3) as above. Then, ﬁ,‘gf proves to be given by

X1 —V273+ B1(p1,8) + 152 (X3, 13, 23, p3, P1. )
a+ yi | _ ; 1 5
loc| oy | ™ (23—\/5,03+p3ﬁ3(x3,23,p3,8))(r—3)4+r5~logr3~ﬂ4(><3,r3,23,,03,p1,8)

€1 ,03(r3)5

—V273 4 Bi1(p1.8) + pt o5 43 4/Sﬁz(?@ 103 1P 81/5723,/)3,/?1,3)
_ oM o145 . (3.88)
(Z3—\/6,03+,03/33(X3,23,,03,5))(p—]3) + 0(eqloger)
&1

By using the definition of p; in (3.29), the third component of the above is calculated as

4/5
3 €
(23 — V6p3 + p3B3 (X3, 23, p3, 5))(/0—]3) + 0(e1loger)

= (2 +0(p3) + H2(X. Y, p2. ,018}/5, 03, 8) + ,031/5,33(5(3,23, 03, 5))8?/5
+ 0(e1logey), (3.89)

where
N —-3/5 —-3/5 5 -2/5 -2/5
X=p, / ©1+ 0, PX1 —qx, Y =p, / ¥2+ P, / Y1—qy.
From Egs. (3.32) and (3.41), Eq. (3.89) is rewritten as
(24 0(p3) + Ha(X, ¥, p2) + 0(p3"°) + p3'° B3 (%3, 23, p3, 8))° + O(e1 logen).  (3.90)

Since Hloc(x1 , Y1, P1, €1) is independent of p3, which is introduced to define the intermediate sections

T and Z”", all terms including p3 are canceled out and Eq. (3.90) has to be of the form

(2 + Ha(X, ¥, p2))e® + 0 (1 log e1). (3.91)

Now we look into X and V. Since ¢1(r1,€1,8) and @;(r1, €1,8) give the graph of the center man-
ifold W€(8) and since the orbit y of the first Painlevé equation is attached on the edge of W€(§),
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x1 = ¢1(0,€1,8) and y; = ¢2(0, €1,68) coincide with y written in the K; coordinates. Thus we
obtain

o -3/5
X=p, /

= (050100, p2,8) — ax) + 0, X1+ p, >0 ((e1/p2)'°)

=0, X1+ p, > 0((e1/02)"°)

. 35 a1
=p;°Dy <&> EXP[_E] +py %0 ((e1/p2)"?)

1/5 —1/5 -3/5
(pl(pl‘g]/ Py / 7)02’8)+l02 / X1 —qx

&1

_ sl
=De;° exp[—a:| +0,°70(&1/p2)'). (3.92)

The f( is calculated in the same manner. Functions D1, D> and d are expanded as Egs. (3.48), (3.49),
and H; is expanded as (3.42). Since Eq. (3.91) should be independent of p;, which is introduced to
define the intermediate sections Ef”t and X%, Eq. (3.91) is rewritten as

(2 + Ha(x, ))&y + 0(e1 log ). (3.93)
where
. _ d(p1,8)8
X =D1(x1, Y1, p1, €1, 8)€; 3 exp[—(p;i;)}
. _ d(p1,8)8
Y =Dy(x1,y1, 01, 61,86, > exp[—(p;il)]. (3.94)

Similarly, since the first component of Eq. (3.88) is independent of p, and p3, we find that it is
expressed as

23+ B1(p1.8) + C(X, Y, p1,8)ey” + O(e1 loger) (3.95)

with some C* function G.

Our final task is to blow down Eq. (3.88) with Egs. (3.93), (3.95) to the (X,Y, Z) coordinates to
obtain Eq. (3.8). By the transformation (3.13), a point (X, Y, ,0{‘, g) in (X,Y, Z, &)-space is mapped to
the point (X,ol’3, Y,ol’z, P1, 8,01’5) in Ki-space. Further, it is mapped by the transition map 7, to

loc

~V273+ B1(p1,8) + G(X, Y, p1,8)e* p;* + 0 (eloge)

£1
(2 + Hy(x, ¥)e*>p* + 0 (e loge) ’
8,01_5
in K3-space, in which
A3 5 o d(p1,8)8
X =D1(Xp;>, Y2 proep;®,8)e 3/5pfexp[—? :
1

Y =Da(Xp;3, Yo% p1, 60y, 8)e P p} eXp[—i,5
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Finally, it is blown down by (3.15) as

—V273P} + B1(p1, 8)p3 + py 1 G(X, Y, p1,8)ey” + O (g1 loger)
5
(2 + Ha (X, V))e}” + 0(erloger)
&

By changing the definitions of D1, D, and d appropriately, we obtain Theorem 3.2 (I) with

G1=—V2/3p} +B1(p1.8)p;,  Ga=p;'G, H=H,.

Theorem 3.2(II) follows from the fact that the unstable manifold described in Proposition 3.7(II)
coincides with the heteroclinic orbit et (8) if written in the (X,Y, Z) coordinates. Theorem 3.2(III)
follows from Lemma 3.4, and (IV) follows from Eq. (3.50) because €7 in Eq. (3.50) is now replaced by
epy >. This complete the proof of Theorem 3.2

4. Global analysis and the proof of main theorems

In this section, we construct a global Poincaré map by combining a succession of transition maps
(see Fig. 5) and prove Theorems 1, 2 and 3.

4.1. Global coordinate

Let us introduce a global coordinate to calculate the global Poincaré map. In what follows, we
suppose without loss of generality that the branch ST and S~ of the critical manifold are convex
downward and upward, respectively, as is shown in Fig. 1. Recall that (X, Y, Z) coordinate is defined
near the fold point L™ and that the sections E$ and Z‘;{M are defined in Eq. (3.7). We define a global
coordinate transformation (x, y, z) — (X, Y, Z) satisfying following: We suppose that in the (X, Y, Z)
coordinate, L*(8) = (0,0, 0), L~ (8) = (0, yo, o) with yo >0, zg > 0, and that Y coordinates of S; are
larger than those of S; just as shown in Fig. 12. Let z1 > zp be a number and put z; = ,of +e Ve,
Define the new section

st={z=p+e V), (41)

which lies slightly above Ei:. Change the coordinates so that the segment of S in the region z; <
Z < z7 is expressed as

{X=0,Y=-n, 220<Z< 2z}, (4.2)

where 1 is a sufficiently small positive constant (if p; is sufficiently small). We can define such a
coordinate without changing the local coordinate near L™ and the expression of Hl;“c given in Eq. (3.8)
by using a partition of unity. We can change the coordinates near S; U {L™} in a similar manner
without changing the coordinate expression near S U {L™}. Let

X=f1(X,Y,Z,¢&,9),
Y=F(X,Y,Z,¢3), (4.3)
Z7=6g(X,Y,Z,¢,9),

be the system (1.8) written in the resultant coordinate, where the definitions of f1, fo and g are
accordingly changed.
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Sy ,
Zl Zout
e Si
— X/
+ z
Y —=2
VA
+
Zin
Y
+
X Zout

Fig. 12. Coordinate for calculating the global Poincaré map, and a slow manifold M, corresponding to the segment S; (z2,z1) =
{(X,Y,Z)e S} | z2 < Z < z1} of the critical manifold.

4.2. Flow near the slow manifold

Put S}(z2,21) ={(X,Y,Z) € S} | z2 < Z < z1}. Then, S; (z2,21) is a compact attracting normally
hyperbolic invariant manifold of the unperturbed system of (4.3), see Fig. 12. In this subsection, we
construct an approximate flow around the slow manifold M, corresponding to S} (z2,z1). If the
parameter § is a constant, the existence of the slow manifold immediately follows from Fenichel’s
theorem:

Theorem. (See Fenichel [8].) Let N be a C" manifold (r > 1), and X" (N) the set of C" vector fields on N with
the C! topology. Let F be a C" vector field on N and suppose that M C N is a compact normally hyperbolic
F-invariant manifold. Then, there exists a neighborhood U C X" (N) of the origin such that if € is a small
positive number so that G € U for a given vector field G € X7 (N), then the vector field F + G has a locally
invariant manifold M¢ within an e-neighborhood of M. It is diffeomorphic to M and has the same stability as
that of M.

Further, Fenichel [9,10] proved that M, admits a fibration: there exists a family of smooth mani-
folds {F¢(p)}pem, such that

(i) if p # p’, then Fe(p) N Fe(p') =0;
(ii) Fe(p) N Me = {p};
(iii) the family {F¢(p)} is invariant in the sense that ¢:(Fz(p)) C Fe(¢:(p)), where ¢; is a flow gen-
erated by F + &G € X"(N);
(iv) there exist C > 0, » > 0 such that for g € Fz(p), ll¢:(p) — ¢:(q)|| < Ce™™t, where we suppose for
simplicity that M (and thus M;) is attracting.

See also Wiggins [35] for Fenichel theory. These theorems are applied to fast-slow systems by Fenichel
[11] to obtain a slow manifold Mg and a flow around M. Roughly speaking, these theorems state that
for a fast-slow system, there is a locally invariant manifold M, called the slow manifold, within an
e-neighborhood of the critical manifold M if € > 0 is sufficiently small. A flow near M. is given
as the sum of the slow motion (dynamics on M) and the fast motion. If M, is attracting, the fast
motion decays exponentially to zero and eventually a flow is well approximated by the dynamics
on Mg.
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Applying these results to our fast-slow system (4.3), when § is independent of &, we obtain an
attracting slow manifold M, and we can construct an approximate flow around M. However, if §
depends on ¢, Fenichel theory is no longer applicable in general even if ¢ « 8. To see this, let us
recall how the existence of M. is proved.

For simplicity of exposition, suppose that vector fields are defined on R™ x R". We denote a point
on this space as (x,z) € R™ x R". Suppose that a given unperturbed vector field F has an attracting
compact normally hyperbolic invariant manifold M on the subspace {x = 0}. We denote a flow ¢
generated by the perturbed vector field F + ¢G by

o (x,2,8) = (¢t1 (x,2,€), P2 (x, z, £)).

From the assumption of normal hyperbolicity, we can show that there exists a positive constant T
such that

gl dp> 1
—¢T(0,z,0) . —¢T(O,z,0)_1 <—, for(0,2)eM, (4.4)
0x 0z 4

because 8¢>t1 /dx decays faster than 8¢[2/8z. Since M C {x =0} is F-invariant, we have

9 1
$1(0,2,0) =0, %(0, 2,0)=0, for(0,2) € M. (4.5)

Since the flow is continuous with respect to x, z and ¢, for given small positive numbers 71 and 173,
there exist &g > 0 and an open set V D M such that the inequalities

31 39t ) 1

H o (x,z,€) H . H P (x,z,€) < > (4.6)
[#1x,z.&)| <m. (4.7)
9 1

H%(x, z,8)|| <n, (4.8)

hold for 0 <& < &g and (x,z) € V. Let S be the set of Lipschitz functions from M into the x-space
with a suitable norm. Let S¢ be the subset of S consisting of functions h such that (h(z),z) € V and
their Lipschitz constants are smaller than some constant C > 0. We now define the map G: S, — S
through

(Gh)(¢7 (h(2), 2,€)) = ¢} (h(2), 2, €).

By using inequalities (4.6), (4.7), (4.8) (and several inequalities which trivially follow from com-
pactness of M), we can show that G is a contraction map from Sc into Sc¢. See Lemma 3.2.9 of
Wiggins [35], in which all inequalities for proving Fenichel’'s theorem are collected. Thus G has a
fixed point h satisfying hg (¢% (he(2),z,8)) = ¢} (he(2), z, €). This proves that the graph of x = h¢(z),
which defines Mg, is invariant under the flow ¢ (-, -, &). The existence of a fibration {F¢(p)}pem, can
be proved in a similar manner.

If the unperturbed vector field F = Fs smoothly depends on § and if § depends on ¢, the above
discussion is not valid even if ¢ « 8. The inequality (4.4) for Fs does not imply the inequality (4.6)
for Fs + &G in general. For example, consider the linear system X = AoX + §A1X with matrices
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Suppose that § = ,/¢. Eigenvalues of Ag+ 8A1 are given by —§ (double root), so that the derivative of
the flow at the origin is exponentially small for t > 0. Next, add the perturbation €A to this system,

where
00
)

Although €A, is quite smaller than Ag + §Aq if € is sufficiently small, the eigenvalues of Ag + §A1 +
€Ay are § and —34, so that the derivative of the flow of the perturbed system diverges as t — oo.
This shows that Eq. (4.4) does not imply Eq. (4.6) in general if § depends on &. Further, the open set
V above also depends on ¢ through § and it may shrink as € — 0. For this linear system, it is easy to
see that such a stability change does not occur if Ap has no Jordan block. For our fast-slow system,
the assumption (C5) allows us to prove that such a stability change does not occur.

Lemma 4.1. Let A(8, z) and B(e, 8, z) be 2 x 2 matrices which are C* in their arguments. Suppose that
eigenvalues of A(8, z) are given by —8u(z, 8) £ ~/—1w(z, §) with the conditions ((z,§) > 0 and w(z,§) #0

for § > 0. Further suppose that § depends on € as € ~ o(§) (that is, ¢ < § as € — 0). Then, eigenvalues of
A(8,2) + €B(g, §, z) are given by

=8 (z,8) vV —1w(z,8) + 0 (¢) (4.9)
ase— 0.
Proof. Straightforward calculation. O

Now we return to our fast-slow system (4.3). Put X = (X, Y), f = (f1, f2) and rewrite Eq. (4.3) as

X=f(X,Z¢,56), Z=¢8(X,Z,¢,96). (4.10)

The flow generated by this system is denoted as

(X, Z,6,8) = (d) (X, Z,8,8),9}(X, Z,8,95)). (411)

Recall that Sj(zz,zo is expressed as X =0, Y = —n; that is, f(0,—n,Z,0,8) =0 for z; < Z < z;.
When ¢ =0, $?(X, Z,0,8) = Z, which proves that ||(3¢Z(X, Z,0,8)/8Z)~!|| = 1. Next, the derivative
of ‘Pr] satisfies the variational equation

d d¢; of a9

——(X,Z,0,86) = — X,Z,0,%),2,0,8)— (X, Z,0,0).

dt ax( ) ax(d’f( ) )ax( )
On S} (z2, z1), this is reduced to the autonomous system

d 3¢/ af g

——(0,-1n,2,0,8) = ——(0,—-n,Z,0,8)—-(0,—n, Z,0,9).

dtax( n ) ax( n )ax( n )

The assumption (C5) implies that the eigenvalues of the matrix %(0,—n,2,0, 8) are given by
—8ut(z,8) £V—1wt(z,8). Thus

ag¢

o 01 2,0.8) ~ 0(e™)
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on S (z2,z1). This proves the inequality

”%

(0—;7203)'%(0—;7205)*1
ax (0 —1-2.0, 57 (0-—1.Z.0,

1
-, 412
<3 (412)

for some large T > 0. In general, this does not imply Eq. (4.6) as was explained. However, in our
situation, by applying Lemma 4.1 to

a
A@S,2) = —f(O,—TI,Z,O,(S),
X

it turns out that eigenvalues of the matrix g—,f((o, -n,Z,¢&,8) are of the form (4.9) for small ¢ > 0.

Therefore, %}1(0, —n,Z,¢,8) also decays with the rate 0(e~*") on S+ (z2,z1). Further, the assump-
tion (C6) proves that there exists a neighborhood V1 of S (22, z1), which is independent of §, such
that real parts of eigenvalues of 3 f/3X are also of order O(—8) on V. This yields the inequality
(4.6) on V. Inequalities (4.7) and (4.8) are easily obtained. In this manner, all inequalities for prov-
ing Fenichel’s theorem are obtained, and the existence of the slow manifold M, and a fibration on
M, for our system are proved in the standard way as long as ¢ <« § (to prove Theorem 3, we will
suppose that § ~ 0 (e(—loge)!/2) > ). Note that the existence of a neighborhood V* of the critical
manifold, on which eigenvalues of d f/9X have negative real parts, are also assumed in the classical
approach for singular perturbed problems to estimate the dynamics of fast motion, see O’'Malley [27]
and Smith [31].

Remark. Another way to construct an approximate flow near S;*L is to use the blow-up method near
cylinders by adding the equation é = 0, which may allow one to obtain approximate solutions even
for § ~ O(¢). In this paper, we adopt Fenichel’'s argument by noting the assumption ¢ < § because
the extension of Fenichel’s theorem itself is important.

We have seen that a solution of (4.10) on V7T is written as the sum of the slow motion on the
slow manifold and the fast motion which decays exponentially. To calculate them, it is convenient to
introduce the slow time scale by 7 = ¢t, which provides

dX dz

e—=Jf(X,Z¢,9), —=8(X,Z,¢,9). (413)
dt dt

A solution of this system is given by

X(T,¢,8) =%:(7,¢,8) +X(7,¢,9),
{Z(r,s,é)=zs(r,8,8)+zf(r,s,8), (4.14)

where X;, zs; describe the slow motion and xf,zf describe the fast motion. They are C*® in ¢ (see
Fenichel [11]) and their expansions with respect to & are obtained step by step according to O’'Mal-
ley [27] as follows: We expand them as

o0 o
%t e.0) =y x5,  xpr.e0=) P9,
k=0 k=0

[o.¢] o¢]
z(r.e.0) =y 2.8,  z(r.en=) P9,
k=0 k=0
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with the initial condition
X(0,6,8)=%0(8)+0(¢),  Z(0,&,8) =20(8) + O(e),

in VT, At first, xéo) and z(o) are determined to satisfy the system (4.13) for € = 0. Thus x§°> is given
by x(o) (0, —7n) and z ) is given as the solution of the equation

020
dt

=g(0,-1,22,0,9) (4.15)

with the initial condition ZSO) 0,8) = z9(9). ThlS system is called the slow system. Next, from the
system (4.10) for ¢ = 0, we obtain 20 = 0, and X0 f ) is governed by the system

0 =
' gx dx
T{ S (€.0.8) - = F(0.-m +x0.27(1).0.9) (4.16)
with the initial condition
*(0,8) = %0(8) — %5(0, 0, 8) = X0(8) — (0, —1). (4.17)

Fenichel's theorem (Part (iv) above) shows that if x(fo) (0,8) € VT, then x(fo) decays exponentially as
t — oo. In the classical approach [27], the existence of VT is used to estimate Eq. (4.16) directly
to prove that x}o) decays exponentially, see also Smith [31]. To investigate behavior of a solution as
& — 0, we rewrite Eq. (4.16) as

dx(fo) 19f

o= a0, 29(1),0,8)x <°)+ - Qi x0.5), (418)

where Q1 ~ O((x(fo))z) is a C* function.
Lemma 4.2. A solution of the system (4.18) is given by

K1(t, &) cos[ LW (1)1 + K2(7, &) sin[LW (T)]  K3(T, &) cos[ 1 W (T)] + K4 (T, &) sin[1 W ()]
(Ks(r, &) cos[ LW (1)1 + Ke(, &) sin[2W ()] K7(t.€)cos[1W (T)]+ Ks(T. €) sin[%W(t)])

xexp|:—g/u+(z§0)(s),5)dsi| (*70,8) +u(r,£,8:%7(0,9)), (4.19)

0

where W (1) = for ot @0(s),8)ds, Ki (i=1,...,8) are C* functions, and u ~ O(x(fo) (0, 8)%) denotes
higher order terms with respect to the initial value.

Proof. We use the WKB analysis. Put x =(v1,Vv2) and

af

X (4.20)

O (0 29).0,6) = (a(r) b<r>>.

c(t) d(t)
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Let us consider the linearized system

d (vq of ) vy a(t) b(r)\ [ v1
- =_(0,— 0.8 = ) 421
dr (vz> BX( - =125 (1), 0,9) vy c(r) d(r)) \vy (4.21)
Then, v1(t) proves to satisfy the equation
5 5b ab’
vy — (e(a +d)+¢ g>v’1 + <ad —bc+ 8(7 - a’)>v1 =0. (4.22)

We construct a formal solution of the form

_l o0
vi(T) = exp[g Zs”Sn(r)j|.
n=0

Substituting it into Eq. (4.22), we obtain an equation of S,

(So)? = (a+d)Sy + (ad — bc) = 0.

This is solved as
T T
So(t) = / A (5)ds, / A (s)ds,
0 0

where

ra(0) = =5u(20 (1), 8) £ V=10t (20 (1), 5)

are eigenvalues of the matrix (4.20). For each fof A4+(s)ds and for A_(s)ds, S1,S2,... are uniquely
determined. Thus a general solution v1(7) is given by

vi(t) =C1 exp[%fk+(s)dsi|l<11(r,s)—|—C2exp|}/)\(s)dsi|1<12(r,8),

0 0

where Cq, C; € C and Ky, K12 are C* functions. In a similar manner, it turns out that v, is expressed
as

T

v (1) =Cq exp[%/k+(s)ds:|l<21(r,s)+C2 exp[é/)»_(s)ds}lﬁz(t,s).
0 0

T

Therefore, a general solution of the system (4.21) is written as

<v1> B (exp[;fof A (s)ds]K11(T,€) exp[l fOTA_(s)ds]I<12(r,8)) (q)
va)  \expll [y A+ (s)dsIK21(T, &) exp[l [ A_(s)dsIKn(T &) ) \C2 )"
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The fundamental matrix of (4.21) is given by

(exp[g Jo k() ds1K11(t, &) exp[i [7 A-(s)dsIKqa(T, s)) <1<n 0,8) K12(0,8) >—1
exp[L [o A4()ds]Ka1(T, ) exp[L [i A—(s)ds]Kz(T, )/ \K21(0,8) K22(0,¢)

This shows that each component of the fundamental matrix is a linear combination of

T T
exp|:_§/-'u+(z§0)(s),8) ds:| cos[%W(r)] and exp[_S/MJr(ng)(s),a) dsi| sin[%W(r)].
0 0

Finally, the variation-of-constants formula is applied to the nonlinear system (4.18) to prove
Lemma 4.2. O

With this x(fo). the zeroth order approximate solution is constructed as

0(e)

©
G- (o)
e 29z, 8) + 0(e), 0

as long as the orbit is in V. The first term in the right-hand side denotes the position on M, and

the second term denotes the deviation from M,. It is known that all terms x(fk), z(fk) in the expansions

of the fast motion decay exponentially as well as x}o) [11,27,31].
Combining this approximate solution near the slow manifold with the transition map near the fold
point, Theorem 1 is easily proved.

Proof of Theorem 1. To prove Theorem 1, § is assumed to be fixed. For the system (2.1), take an initial
value in V. Then, a solution is given by (4.23) with (4.19). These expressions show that when t > 0,
the solution lies sufficiently close to the critical manifold S; if ¢ is sufficiently small. Because of the
assumption (A3), z; decreases (where we suppose that ST is convex downward) with the velocity of
order & (with respect to the original time scale t). Thus the solution reaches the section Ei: after
some time, which is of order O(1/¢). The intersection point is mapped into E;{,t by the transition
map H,ﬁc given in Theorem 3.2, and it proves that after passing through Z‘jut the distance between
the solution and the orbit ot is of order 0(¢%/°). O

4.3. Global Poincaré map

In Section 3, the transition map H,;rc around the fold point L*(8) had been constructed. The tran-

sition map around the fold point L~ () is obtained in the same way. The sections ¥; and X, are
defined in a similar way to E; and Z‘;’;t (see Fig. 5), respectively, and the transition map /7. from

an open set in X, into X, along the flow of (4.3) proves to take the same form as H?:C, although
functions G1, G, and higher order terms denoted as O(eloge) may be different from one another
(note that £2 and H are common for H,jc and [7;. because they arise from the first Painlevé equa-
tion).

Since the unperturbed system has a heteroclinic orbit ¢~ connecting L~ (8) with a point on S; ()
and since S} (8) has an attraction basin VT which is independent of 8, there is an open set U, C
X,ue» Which is independent of § and ¢, such that orbits of (4.3) starting from U,,, go into V* and are
eventually approximated by Eq. (4.23). Let zg be the Z coordinate of L~ (§). Define the section 2,}“ to

be

Zi=vin{X.Y.2)|Y=—n, 1Z — 20| < pa}, (4.24)
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hoys

Fig. 13. The sections X}, ¥/ and an orbit of Eq. (4.3).

where pq4 is a small positive number so that a solution of (4.3) starting from U, intersects Z‘,T only
once (see Fig. 13).

The global Poincaré map is constructed as follows: Let Hlfou[, I f'u, Hi',‘;_ ; be transition maps from

Ugut C Zoye into X, X into X}, X} into X, respectively. Then, the transition map 7+ from U,,,
into X}, is given by

+ oot

+ _ g+ +
I =1, o IT; ,1°H1,11 Il out

loc in
The transition map I7~ from an open set in ZJ;L[ into X, is calculated in a similar manner and it
has the same form as I7*. The global Poincaré map is given by IT+ o IT~. However, it is sufficient to
investigate one of them by identifying X}, and X,,,. If 1T : U, — X, is a contraction map, so is
T oIl~, and if [T has a horseshoe, so is ITT o IT~ because IT* and IT~ have the same properties.
To identify two sections X, and Z‘;Lt, recall that L~ = (0, yo, zo) in the (X, Y, Z)-coordinate, and

define X, to be {Y = yo — p?}. Let U, be an open set in X, such that the transition map I e

Ugue — X is well defined. The set U,,, includes the point X, Na~. We identify U,,, with an open
set U}, in X, by the translation

X X
T:|\p? | |yo—r?]. (4.25)
V4 Z+ 29
Then, the transition map 7,/ from U, C X7, into X,/ is obtained by combining the translation

and I7;7 . Since the velocity in the Z direction is of order &, it is expressed as

Il,out*

X X PY(X,Z, ¢,6)

= 2 + 2

Mo | 7| =Hyou e | PT | = =N , (4.26)
zZ 4 Z+2z20+0(¢)

where P* is a C* function. Since IT; . is C*°, we expand it as
X p@®)+0(X,Z,¢)

Mg | PT | = -1 : (4.27)

z Z 420+ 0(e)
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To prove Theorem 3, we will use the fact that there exists a positive constant pg > 0 such that
[p(8)| > po for 0 < & < &g, which is proved as follows: Since § controls the strength of the stability of
S7, if § is sufficiently small, orbits which converge to (0, —7, zo) (the intersection of the heteroclinic
orbit ¢~ and S7) rotate around this point so many times. In particular, they intersect with EIT before
reaching (0, —n, zp). If p(§) were zero, the right-hand side above tends to (0, —n, zg) as X, Z,& — 0,
which yields a contradiction.

Next thing to do is to combine the above T, with IT;",. By Eq. (4.23), the transition map 17",

from X, into X," is given by

+ X e xO(1(X,2,£,8),8) + 0(¢)
oyl -n = -n+0e |[+("/ 0 , (4.28)
Z Vap)

where x(fo) = X}O)(t, 8) is given by (4.19) with the initial condition x(fo) (0,8) = (X,0), z2 = p} e /8
is the Z coordinate of the section 2,+ as defined before, and t = t(X, Z, ¢,8) is a transition time
(with respect to the slow time scale) from a point (X, —n, Z) to E,*. This transition time t is de-
termined as follows: Let zgo)(r, 8) be a solution of Eq. (4.15) with the initial condition z§°> 0,8)=Z.

Then, Eq. (4.23) implies that T = 7(X, Z, €, §) is given as a root of the equation

2, =2(1,8)+ 0(e).

Let T be a root of the equation z; = zgo)(r, 8). By virtue of the implicit function theorem, 7 is written
as T =1 + 0(¢). Since Eq. (4.15) is independent of X and ¢, so is 7. Thus we obtain

T(X,Z,8,8) =%(Z,8) + 0(e). (4.29)

Further, 7 is bounded as § — 0 because g # 0 on SI uniformly in 0 < § < §¢. Therefore, I'[,f,, proves
to be of the form

X 0(¢)
oy -n|={-n+o0(
VA Z2

X(K1(2, &) cos[ LW ()] + Ka (2, &) sin LW () ) expl—2 fif 1t (2% (s), 8) ds1(1 + O (e, X))
+ | X(Ks(z, &) cosl LW ()1 + K (%, &) sin[ LW () expl—2 [ (@2 (5), 8)dsI(1 + O (e, X))
0
(4.30)

The first line denotes the intersection point My N E,* and thus it is independent of X and Z. The
second line denotes the deviation from the intersection. Note that the transition map 17;; ; from 2,+

into X} is 0(e~1/¢*)-close to the identity map. Thus I3 o Iy o T, 0 T s calculated as

II,out
X 0(¢)
Hi:,lonf,rnonltoutoT pil=|-n+o0(
z pf

PO (K1(2. &) cos[ LW (B)] + Ka(2. &) sin[ LW ()] expl—2 [ 117 (2 (5), 8) dsI(1 + O (e. X. 2))

| pO)(Ks(E, &) cosl LW (£)] + Ko (2, &) sin[2 W ()] expl—2 [ ut (2 (), 8)dsI(1 + 0 (e, X, 2)) | »
0

(4.31)
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where T = 7(Z + z9,6) and zgo)(t) is a solution of (4.15) satisfying the initial condition z§°’ 0 =
Z + zp. Finally, the transition map

— “Tloc T.out ©

+ + gt + +
I =11 oﬂin,,oHL"oHI T

from U,,, into X}, is obtained by combining the above map with H;“C.

At this stage, we can prove Theorem 2.

Proof of Theorem 2. To prove Theorem 2, it is sufficient to show that the map /7T has a hyperbol-
ically stable fixed point. Then, the global Poincaré map (without identifying E(;Zt and X,,,) has the
same property because I7~ takes the same form as I7%. Indeed, if ¢ is sufficiently small for fixed §,
Theorem 3.2 and Eq. (4.31) show that the image of the map 71 is exponentially small, and thus 7"
is a contraction map. Further, eigenvalues of the derivative of /7" is of order O (e~1/¢), which proves
that 7+ has a hyperbolically stable fixed point. O

4.4. Derivative of the transition map

If § is fixed, it is obvious that the transition map I71 is of order O(e~!/¢) as & — 0. However,
when § is small as well as ¢, the action of T+ becomes more complex. In what follows, we suppose
that § depends on € and ¢ ~ 0(8)(e <« 8) as € — 0. A straightforward calculation shows that the
derivative of ITT is of the form

Tt (Li(X,Z.e,8)e'° Ly(X,Z,e 8
(X, 2)  \L3(X,Z, &8 ” 14X, Z e 84>

T
x exp[—a(p,s)g] ~exp|:—§ /;ﬁ(zg")(s),a)ds} (14 1Ls(X,Z,8,8), (432)
0

where L; (i=1,...,4) are bounded as € — 0, and L5 denotes higher order terms such that L5 ~o(1)
as X,Z,e — 0.
Eigenvalues of the derivative are given by

o\w

A o= Lae™° exp[—&(p, 5)2} : exp|:—i 1wt (22 (s), 9) ds:| (1+0(1)), (4.33)

and

T
Ay = m‘uﬁel/f’ exp[—&(p,&)g] -exp|:—g/,u+(z§0)(s),8) ds:| (1+0(1). (434)
4
0

If § is fixed, they are exponentially small as € — 0, although if § is small as well as &, |A1| may
become large. For example, if § = Ce(—loge)!/2 with a positive constant C, and if L4(X, Z, &,8) #0,
|n1] is of order 6=4/5¢=C(=108&)'* \yhich is larger than 1 if ¢ is sufficiently small. On the other hand,
[A2| is always smaller than 1. The function Lg4 is given by
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oH A 5 aD
La(X,Z,€,8) = X(D 1673/ d‘*/S,Dza*Z/Se*d“/f) p(s) - —W(r)
N .1 . . 1 .
x | —=K41(T, &) sin gW(t) + K> (7, &) cos EW(‘L') , (4.35)

in which arguments of ﬁ,- = Di(- ., P1,&,8) are given by the first and second components of
Eq. (4.31). From Theorem 3.2 (Ill) and (IV), we obtain dH/9X # 0, 8ﬁ1/8X # 0. The value p(§) is
also not zero as was explained above. Recall that 7(Z + zg, §) is defined as a transition time along the
flow of Eq. (4.15). Since g <0 uniformly on S; and 0 < § < §p, T is monotonically increasing with
respect to Z. Further, W (%) is monotonically decreasing or monotonically increasing because w™ # 0
uniformly. This proves dW (7)/dZ # 0. Therefore, L4 = 0 if and only if

R |1 N N 1 .
_Kl(r(Z—|—zo,8),s)sm[gw(r(z—kzo,(ﬁ))]+K2(1'(Z+zo,8),8)cos[gw(r(2+zo,8))]

. N . 1. ..
=—Ki(t(20.6),¢€) sm[gw(r(z + 20, 8))] + K2(%(20,6), €) cos[gw(r(z + 20, 8))] +0(2)

is zero. If there exists Z such that the above value is zero, then it is zero for a countable set of val-
ues of Z because of the periodicity. For these “bad” Z, A1 degenerates and |A1| may become smaller
than 1. Now we have the same situation as the proof of the existence of chaos in Silnikov’s sys-
tems. In the proof of Silnikov’s chaos, an eigenvalue of a transition map degenerates if and only if
an expression ki sin(log(z/¢)) + ko cos(log(z/€)) is zero, where ki and kp are some constants, see
Wiggins [34].

4.5. Proof of Theorem 3

Now we are in a position to prove Theorem 3. The proof is done in the same way as the proof
of Silnikov’s chaos. At first, we show that the transition map /7T has a topological horseshoe: We
show that an image of a rectangle under I7+ becomes a ring-shaped area and it appropriately
intersects with the rectangle. Next, to prove that the horseshoe is hyperbolic, we investigate the
derivative of ITT. We can avoid “bad” Z, at which the derivative degenerates, because they are at
most countable.

Proof of Theorem 3. Suppose that § = C;e(—loge)'/2 with some positive constant C;. Recall that
there exists a slow manifold within an & neighborhood of S;. Since it is one dimension, the slow
manifold is a solution orbit of the system (4.10). By virtue of Theorem 3.2, this orbit intersects with
Zout near at. Let Q € X, be the intersection point of this orbit and X. Take a rectangle R on
Eou[ including the point Q, whose boundaries are parallel to the X axis and the Z axis (see Fig. 5).
Let hg = C2& be the height of R, where C; is a positive constant to be determined. The image of R
under the map 17, ;= Hou[ o7 is a deformed rectangle whose “height” is also of order O(¢) since
dZ/dt ~ 0O (e).

Next thing to consider is the shape of IT ,” Jzir.u(R)- It is easy to show by using Eq. (4.30) that
the image of /77

out,l
e~%¢_ Since the “height” of Hout ;(R) is of order ¢, the rotation angle of the ring-shaped area is
estimated as

{(R) under the map IT, ,, becomes a ring-shaped area whose radius is of order

) ) ) £(Z+20+0(8))
SW(EH(Z +20+0(2)) = —W(HZ +20) =~ / " (27 (s),8)ds~ 0(1).  (4.36)

t(Z+z0)
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- o (D @

0(6—6/5) O(Elfse—S/s)

Fig. 14. Images of the rectangle R under a succession of transition maps.

Thus we can choose C so that the rotation angle of the ring-shaped area is sufficiently close to 27
as is shown in Fig. 14.

Finally, we consider the shape of ITT(R) by using Theorem 3.2. Since dH/3X (0, 0) # 0, the ex-
pansion of H is estimated as

H(X, V) ~ xe 3> exp[—ds/e](1+ 0 (e'/°)). (4.37)

This and Eq. (3.8) show that the radius of ITT(R) is of order O(e!/°e~%¢). Since we put § =
C1e(—loge)l/2, the inequality

hg = C2e < 0 (/5 7%/%) (4.38)

holds if ¢ is sufficiently small. Further, the ring I7+(R) surrounds the point Q because the image
of the rectangle R under the flow rotates around the slow manifold when passing between the sec-
tion E,‘[ and E;nr. This means that two horizontal boundaries of R intersect with the ring I71(R)
as is shown in Fig. 6 (b). It is obvious that the vertical boundaries of R are mapped to the inner
and outer boundaries of the ring, and the horizontal boundaries are mapped to the other bound-
aries in radial direction. This proves that the map IT" creates a horseshoe and thus has an invariant
Cantor set.

To prove that this invariant set is hyperbolic, it is sufficient to show that there exist two dis-
joint rectangles Hy and H; in R, whose horizontal boundaries are parallel to the X axis and vertical
boundaries are included in those of R, such that the inequalities

| DXty | <1, (4.39)
[(Dzm13) 7 <1, (4.40)
1= |(D=115) ™" | - | DetTy | > 2/ | D21y | - Dty | - | (D2r1) |, (441)
1= (|0t | + [ (D115) 7 ) + [ Dt | - | (D2175) 7|

> [ Datty | - |01 | - [ (D7), (4.42)

hold on Hq{ U H, where 1'11+ and 172+ denote the X and Z components of ITT, respectively, and Dy
and D, denote the derivatives with respect to X and Z, respectively. See Wiggins [34] for the proof.
We can take such Hy and H; so that “bad” Z, at which L4 = 0, are not included. Then, inequalities
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stable nodes

Fig. 15. Critical manifold consisting of a saddle-node type fold point, stable nodes, and stable focuses and an orbit near it.

saddles 7~

S

Fig. 16. Two connected components of critical manifolds. One is similar to that of our system (1.8) and the other consists of
only saddles.

above immediately follows from Eq. (4.32): [|DxJ1," || and ||DxI7, || are sufficiently small, and || D17, ||
and ||D2172+|| are sufficiently large as € — 0. This proves Theorem 3. O

5. Concluding remarks

Our assumption of Bogdanov-Takens type fold points is not generic in the sense that the Jacobian
matrix has two zero eigenvalues. However, this assumption is not essential for existence of periodic
orbits or chaotic invariant sets.

At first, we remark that Theorems 2 and 3 hold even if we add a small perturbation to Eq. (1.8),
since hyperbolic invariant sets remain to exist under small perturbations.

Second, we can consider the case that one of the connected components of critical manifolds con-
sists of stable nodes, stable focuses and a saddle-node type fold point (i.e. a saddle-node bifurcation
point of a unperturbed system), as in Fig. 15. In this case, Theorem 2 is proved in a similar way and
Theorem 3 still holds if the length of the subset of the critical manifold consisting of stable focuses is
of order O(1). However, analysis of saddle-node type fold points is well performed in [20,25,12] and
thus we do not deal with such a situation in this paper.

We can also consider the case that one of the connected components S of critical manifolds has
no fold points but consists of saddles with heteroclinic orbits a®, see Fig. 16. In this case, analysis
around the S is done by using the exchange lemma (see Jones [18]) and we can prove theorems
similar to Theorems 2 and 3. Such a situation arises in an extended prey-predator system. In [23],
a periodic orbit and chaos in an extended prey-predator system are numerically investigated with the
aid of the theory of the present paper.
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