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Chapter 1

Introduction

Integrability of dynamical systems is one of classical and important topics in the theory
of differential equations. The most commonly used notion of integrability is the Liouwville
integrability for finite-dimensional Hamiltonian systems. An m-degree-of-freedom Hamil-
tonian system is called Liouville integrable if it has m Poisson commutative first integrals,
where m is a positive integer. Until the nineteen century, some integrable systems, such
as the harmonic oscillator, the two-body problem, and the integrable heavy tops stud-
ied by Euler, Lagrange and Kovalevskaya, were discovered. The general and restricted
three-body problems, whose nonintegrability was proved by Bruns [14] and Poincaré [73],
respectively, in the late nineteen century, are early examples of nonintegrable Hamilto-
nian systems. Although these results discouraged mathematicians from discovering them,
integrable systems have been an central topic in the theory of differential equations again
since the discovery of solitons in the KdV equations [61].

The techniques developed by Bruns and Poincaré are actually applicable to few dy-
namical systems. In the late twenty century, Ziglin [94] developed a technique to prove
nonintegrability of Hamiltonian systems. The method now called the Ziglin analysis
says that if non-resonant monodromy matrices of the variational equation along a par-
ticular solution are not commutative, then the Hamiltonian system is meromorphically
nonintegrable. Using this method, he succeeded in determining when the heavy top is
integrable. Ito [37] also proved nonintegrability of the Hénon-Heiles system using it ex-
cept in their known integrable cases and one particular case which seems nonintegrable.
Subsequently, Morales-Ruiz and Ramis [65] developed a new technique to prove nonin-
tegrability of Hamiltonian systems using the differential Galois group of the variational
equations. Their approach, which is now called the Morales-Ramis theory as the most
strong theory for proving nonintegrability, has almost completely uncovered the noninte-
grability of homogeneous Hamiltonian systems [56]. Moreover, Morales-Ruiz, Ramis and
Simo [66] improved the theory by using the differential Galois groups of higher variational
equations, which was applied to prove nonintegrability of the Hénon-Heiles system in the
remaining case.

Mishchenko and Fomenko [60] generalized the Liouville integrability when first inte-
grals may not be Poisson commutative and its number is not less than the number of
degrees of freedom. Subsequently, Bogoyavlenskij [9] introduced a more general notion
of integrability which admits any number of first integrals but needs a sufficient number
of commutative vector fields instead. He also gave a two-degree-of-freedom Hamiltonian



system which has only one first integral and three commuting vector fields: it is not Li-
ouville integrable but integrable in his sense. It is especially important that his notion
of integrability is applicable to non-Hamiltonian systems. Ayoul and Zung [6] extended
the Morales-Ramis theory to the nonintegrability of non-Hamiltonian systems in the Bo-
goyavlenskij sense. Much work on nonintegrability of non-Hamiltonian systems has been
done since their work [6].

In spite of the powerfulness of the Morales-Ramis theory, there still exist many dynam-
ical systems whose nonintegrability is not determined and the implication of nonintegra-
bility on the dynamics of dynamical systems is largely unknown. The double pendulum
is a typical example which is believed to exhibit chaos but whose nonintegrability has
not been proved. The reason for the former problem is that, to prove nonintegrability
by the Morales-Ramis theory, we need a particular solution around which the variational
equation is so simple that its differential Galois group is computable. Even finding a
particular solution is a high hurdle when applying the Morales-Ramis theory. If such a
solution is not found, then the theory is not applicable.

For the latter problem, what motions dynamical systems exhibit is unclear even if
they are nonintegrable. Poincaré [73] concluded that the restricted three-body problem
is nonintegrable due to the complexity of intersections between the stable and unstable
manifolds. In fact, integrable systems are transformed to simple systems by the action-
angle coordinates as stated in the Liouville-Arnold theorem [59]. This implies that chaotic
dynamical systems are not integrable. On the other hand, the Morales-Ramis theory itself
does not give information about dynamics of dynamical systems. Even after proving
nonintegrability of dynamical systems, mathematicians often have to rely on numerical
simulations to know their chaotic dynamics. So it is a remaining important problem to
uncover a relationship between nonintegrability and chaotic dynamics.

An approach to solve the former problem is to use normal forms dating back to
Poincaré to prove nonintegrability near equilibrium points. The normal forms for general
differential equations and Hamiltonian systems are called Poincaré-Dulac normal forms
and Birkhoff normal forms, respectively. There are many applications of these normal
forms. For example, Arnold [3] used Birkhoff normal forms to prove the stability of the
Lagrange points in the restricted three-body problems. Poincaré-Dulac normal forms
were used to prove the existence of the Lorenz attractor based on numerical verification
methods by Tucker [80] and to analyze Painlevé equations by Chiba [16, 17].

One of the most important problems related to the normal form is on the existence
of analytic transformations. It is known that all differential equations with equilibrium
points can be transformed to the normal forms by formal transformations called normal-
izations, which may be divergent and may not be unique. Poincaré [73] gave conditions for
convergent normalizations of Poincaré-Dulac forms. We should also mention Bruno’s work
[10, 11], which gives the most general condition guaranteeing convergent normalizations.
Some relationships between integrability and existence of convergent normalizations have
been extensively studied [13, 38, 39, 78, 83, 97]. Vey [83] showed that n volume-preserving
commuting vector fields on the n + 1-dimensional plane are simultaneously analytically
transformed to Poincaré-Dulac normal forms. Bruno and Walcher [13] proved that two-
dimensional systems have covergent normalizations if and only if they have commuting
vector fields. Ito [38] showed that non-resonant Hamiltonian systems have convergent nor-
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malizations. He also extended his result when resonance degrees are less than two [39].
Subsequently, Zung [97] proved that analytically integrable systems in the Bogoyavlenskij
sense have analytic normalizations to Poincaré-Dulac normal forms. Moreover, he proved
that Liouville integrable Hamiltonian systems also have convergent symplectic normaliza-
tions to Birkhoff normal forms. The importance of Zung’s results is that no assumption is
needed on the dimension and resonance degrees of dynamical systems. Stolovitch [78] also
studied convergent normalizations when a sufficient number of commuting vector fields
exist.

Zung’s result [97] for Poincaré-Dulac normal forms is useful to study analytic inte-
grability of dynamical systems near equilibria. If there exist convergent normalizations,
then integrability of a given system is reduced to its normal form. If not, the system is
analytically nonintegrable. However, it seems difficult to determine integrability of nor-
mal forms and divergence of all normalizations. Integrability of a special class of Birkhoff
normal forms called 1 : 2 : w resonance normal forms has been studied by Duistermaat
[28], van der Aa and Verhulst [1]. Christov [18] proved nonintegrability of this class by
using the Morales-Ramis theory. Ito [39, 40] dealt with convergent normalization and gave
some important information on superintegrable Birkhoff normal forms. To the author’s
knowledge, integrability of Poincaré-Dulac normal forms in the Bogoyavlenskij sense has
not been studied. Moreover, no dynamical system which does not have a convergent nor-
malization to Poincaré-Dulac normal forms has not been reported in the literature except
for the classical example dating back to Euler [30]. Some Hamiltonian systems whose

normalizations to Birkhoff normal forms are all divergent were also discovered by Gong
[32].

We now discuss relationships between dynamics and integrability. The most typical
mechanism of chaos comes from infinitely many intersections between stable and unstable
manifolds of some invariant sets. Though a one-degree-of-Hamiltonian system is always
integrable, if it has a homoclinic orbit to an equilibrium and is perturbed periodically, then
near the equilibrium there exists a periodic orbits whose stable and unstable manifolds
may intersect transversely. If they intersect transversely once, then infinitely many inter-
sections between them arise and a horseshoe map is embedded so that chaotic dynamics
occurs [68]. Such transverse intersections can be detected analytically by the Melnikov
method [58]. This method has been extended to several situations. Especially, Yagasaki
[89] extended the method to Hamiltonian systems with saddle-centers which may not be
nearly integrable. Here saddle-centers are equilibria at which the Jacobian matrices of
the Hamiltonian vector fields have some pairs of eigenvalues with positive and negative
real parts and some pairs of purely imaginary eigenvalues. Moreover, the method was
extended to heteroclinic orbits [75].

There are some studies about relationships between nonintegrability and chaotic dy-
namics. Lerman [50] considered two-degree-of-freedom Hamiltonian systems with saddle-
centers and homoclinic orbits. He gave a sufficient condition for the existence of horseshoe
dynamics although it seems difficult to check the condition directly. Grotta Ragazzo [34]
linked Lerman’s result to a scattering problem of a Shrodinger equation. He proved that
the sufficient condition equals a condition that the reflection coefficient is not zero and
rephrased it by using monodromy matrices of the variational equations. These results are
related to only sufficient conditions of chaos. Morales-Ruiz and Peris [64] showed that the
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sufficient condition of nonintegrability by the Morales-Ramis theory is equivalent to the
sufficient condition of chaos given by Grotta-Ragazzo. This result is remarkable because
it reveals that Hamiltonian systems proved to be nonintegrable by the the Morales-Ramis
theory also exhibit chaotic motions, though a small error was contained as pointed out
in Chapter 3. Subsequently, Yagasaki [91] showed that the condition for nonintegrability
leads to existence of transverse homoclinic orbits for more general Hamiltonian systems
by using the extended Melnikov method [89].

In this thesis, we first study integrability and nonintegrability of Poincaré-Dulac nor-
mal forms around equilibria. We next consider general systems with heteroclinic orbits
and use the Morales-Ramis theory [6] to obtain sufficient conditions for their noninte-
grability by the monodromy groups of variational equations along the heteroclinic orbits.
Finally, we consider two-degree-of-freedom Hamiltonian systems with heteroclinic orbits
and use the extended Melnikov method [75] along with the result of Chapter 3 to obtain
some relationships between nonintegrability and chaos.

In Chapter 2, we consider dynamical systems in Poincaré-Dulac normal form having
an equilibrium at the origin. We give a sufficient condition for their integrability, and
prove that it is also necessary for existence of the maximal number of first integrals under
some condition. Moreover, we show that they are integrable if their resonance degrees are
zero or one and that they may be nonintegrable if their resonance degrees are greater than
one, as in Birkhoff normal forms for Hamiltonian systems. We demonstrate the theoretical
results for a normal form appearing in the codimension-two fold-Hopf bifurcation.

In Chapter 3, we consider general n-dimensional systems of differential equations hav-
ing (n — 2)-dimensional, locally invariant manifolds on which there exist equilibria con-
nected by heteroclinic orbits for n > 3. The system may be non-Hamiltonian and have
no saddle-centers, and the equilibria are allowed to be the same and connected by a ho-
moclinic orbit. Under additional assumptions, we prove that the monodromy group for
the normal variational equation, which is represented by components of the variational
equation normal to the locally invariant manifold and defined on a Riemann surface, is
diagonalizable or infinitely cyclic if the system is real-meromorphically integrable in the
meaning of Bogoyavlenskij. We apply the theory to a three-dimensional volume-preserving
system describing the streamline of a steady incompressible flow with two parameters, and
show that it is real-meromorphically nonintegrable for almost all values of the two pa-
rameters.

In Chapter 4, we consider a class of two-degree-of-freedom Hamiltonian systems with
saddle-centers connected by heteroclinic orbits and discuss some relationships between
the existence of transverse heteroclinic orbits and nonintegrability. By the Lyapunov
center theorem there is a family of periodic orbits near each of the saddle-centers, and the
Hessian matrices of the Hamiltonian at the two saddle-centers are assumed to have the
same number of positive eigenvalues. We show that if the associated Jacobian matrices
have the same pair of purely imaginary eigenvalues, then the stable and unstable manifolds
of the periodic orbits intersect transversely on the same Hamiltonian energy surface when
the sufficient conditions obtained in Chapter 3 for real-meromorphic nonintegrability of
the Hamiltonian systems hold; if not, then these manifolds intersect transversely on the
same energy surface, have quadratic tangencies or do not intersect whether the sufficient
conditions hold or not. Our theory is illustrated for a system with quartic single-well



potential and some numerical results are given to support the theoretical results.
Finally we provide concluding remarks and give some comments on future work in

Chapter 5.






Chapter 2

Local integrability of Poincaré-Dulac
normal forms

2.1 Introduction

Consider n-dimensional dynamical systems of the form
&= f(x), zeC" (2.1.1)

where n > 1, f: C* — C” is analytic and f(0) = 0, i.e., the origin is an equilibrium.
Throughout this chapter, we assume that f #Z 0. The vector field f is assumed to have
the power series expansion

fa) =3 fa),

where f? represents a homogeneous vector field of degree i for i = 1,2,.... Let A = Df(0)
and write its SN decomposition as A = S+ N, where S and N are semisimple and nilpotent
matrices, respectively. So we have the SN decomposition f(z) = f*(x) + f*(z), where
f?(x) = Sz and f*(z) = Nz. Throughout this chapter, we assume that A is in Jordan
normal form without loss of generality, so that

1=1

where Ay, ..., \, € C are the eigenvalues of A and e; € C" is the unit vector of which
the ith component is one and the others are zero.

Definition 2.1.1. Equation (2.1.1) and the vector field f are said to be in Poincaré-
Dulac normal form if the Lie bracket of f* and f, [f°, f](z) = Df(z)f*(z) — Df*(x) f(x),
vanishes for any x € C*. Henceforth, we simply say “normal form” frequently instead of
“Poincaré-Dulac normal form”.

When equation (2.1.1) is an m-degree-of-freedom Hamiltonian system with Hamilto-
nian H: C*™ — C, i.e.,

fi(@) = 2, fj+m(x):—g—Z($), i=1..m (2.1.3)

axj-‘:—m
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where f;(z) is the jth-component of f(x) and n = 2m, we say that it is in Birkhoff normal
form if

{H*, H} =

— <8HS oH  OH° aH) 0

8@ 8xi+m 8xi+m 61’1

where H® is the semisimple part of H, i.e., the vector field for H® is the semisimple part
of (2.1.3).

We first review previous results for analytic integrability of Poincaré-Dulac and Birkhoff
normal forms. It is a well-known fact (e.g. [12]) that there exists a formal transformation
r = ¢(y) = y + O(|y|?) under which equation (2.1.1) becomes

=9), 9(y)=Do(y) " flo(y)),

in normal form. The transformation ¢ is not generally analytic since small denominators
may appear in its power series expansion. So it is an important problem to determine
when the formal transformation is analytic at least in a neighborhood of the origin,
i.e., equation (2.1.1) has an analytic normalization. Poincaré and Sigel gave well known
sufficient conditions for (2.1.1) to have an analytic normalization: Poincaré’s condition is
that the convex hull of the points A,..., A\, does not contain 0 on C, and Sigel’s is that
there exist Cy, p > 0 such that

Z AiDi — Aj
i=1

for p e Z% = {p € Z" | pp > 0,i = 1,...,n} and |p| > 2, where [p| = " | p; for
p=(p1, ..., pn) € Z". See, e.g., 20, 77]. The former holds only when there are at most
finite number of p € ZZ, with [p| > 2 such that

_ G

> , 1,....n
|p|~

Aj = Zpi)\i for some 7 =1,...n, (2.1.4)
i=1

while the latter does only when \; # " | p;A; for any j and p € Z%, with |p| > 2.

Definition 2.1.2. We say that equation (2.1.1) is in case 1 if the interior of the convex
hull of the points Ay, ..., A\, does not contain 0 on C, and it is in case 2 otherwise.

When there exist an infinite number of p € Z%; with |p| > 2 such that condition
(2.1.4) holds, Bruno [10, 11] obtained the following result (see also [12, 86]).

Theorem 2.1.1 (Bruno [10, 11]). Equation (2.1.1) has an analytic normalization if it is
i case 2 and the following two conditions hold:

(A2) FEquation (2.1.1) is formally transformed to the normal form

gi = o)A + B Ays, i=1,....n, (2.1.5)

where a(y), B(y) are scalar valued power series of y € C* with a(0) = 1, 5(0) = 0;

12



(w) S5, 2% logw; ! < oo, where

n
Wy 1= min { Zpl)\i —Aj
i=1

1<) <n,peZ,

=1 =1

Bruno [10] also gave sufficient conditions for (2.1.1) in case 1 to have an analytic
normalization.

On the other hand, for general dynamical systems which may not be Hamiltonian,
Bogoyavlenskij [9] introduced the following definition of integrability.

Definition 2.1.3 (Bogoyavlenskij [9]). Let m be an integer such that 1 < m < n. Equa-
tion (2.1.1) is called (m, n—m)-integrable if there exist m vector fields fi(= f), fo, -, fm
and n —m functions Fy, ..., F,_,, such that the following conditions hold:

(i) fi,-.., fm are linearly independent and DFy, ..., DF, _,, are linearly independent
almost everywhere;

(11) The vector fields fi,..., fm commute pairwise, i.e., [fi, f;] =0 fori,j=1,...,m;

(111) The functions Fi,...,F,_,, are first integrals of fi,..., fm, t.e., Ly F; = 0 for
i=1,....mandj=1,...,n—m, where ZsF(z) := DF(z)f(z) represents the Lie
derivative of F with respect to f.

We simply say that equation (2.1.1) is integrable if it is (m,n — m)-integrable for
some integer m. In particular, we say that equation (2.1.1) is analytically integrable and
meromorphically integrable if the vector fields fy, ..., fm and functions Fy ..., F,_,, are
analytic and meromorphic, respectively.

If a Hamiltonian system is Liouville integrable, then it is also integrable in the sense
of Bogoyavlenskij. Zung [97] obtained the following result.

Theorem 2.1.2 (Zung [97)). If equation (2.1.1) is analytically integrable, then it has an
analytic normalization.

This theorem means that an integrable system is transformed to an integrable nor-
mal form in the analytic framework. Zung [98] also proved that Liouville integrable
Hamiltonian systems are transformed to Birkhoff normal forms in the same framework.
However, normal forms may not be integrable, like Birkhoff normal forms of Hamiltonian
systems [98]: There exists an analytically Liouville nonintegrable Birkhoff normal form
with vy > 2, while Birkhoff normal forms with 75 < 1 are always analytically Liouville
integrable [18, 28], where g represents the resonance degree and is defined as

Zm: Aipi = 0}
i1

for the Hamiltonian vector field (2.1.3) when we take A\, ; = —\;, j = 1,...,m, for the
eigenvalues of D f(0). We recommend [78, 79, 83, 84] and [38, 39, 40, 43] for related results

vr = dimg spang {p ez™
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on the analytic normalization of commuting vector fields and the analytic normalization
of Birkhoff normal form, respectively.

We now define the resonance degree for Poincaré-Dulac normal form. Let 2P = af" -
b abr for p = (p1, ..., pn) € Z" and x = (x4, ..., x,) € C". We easily see that the
normal form f can be expressed as

flz) = Az + Z Z ci(p)aPa;e;, (2.1.6)

=1 pGRi

where ¢;(p) € C is a constant and

ZAjpj:O}, Zp={peZ | pi>—1,p;>0,j#i |p >1}

j=1
fori=1,...,n (see, e.g., [5, 12] and Lemma 2.3.2 below).
Definition 2.1.4. Let R and Ry be subsets of 2" given by

> Api=0, [p| > 1}.

i=1

R:=JR and Rp:= {p € 72,
=1

We call R and Ry the resonance and F-resonance sets of (2.1.6), respectively, and refer
to
v = dimgspangR  and ~r = dimgspang Ry

as the resonance and F-resonance degrees of (2.1.6), respectively.

Note that Rp C R and ¢ < v < n. Moreover, we have v < n — 1 if A has at least
one non-zero eigenvalue. As we will see later, the number of first integrals of the normal
form is not greater than vp (see Corollary 2.3.4).

In this chapter, we study analytic integrability of Poincaré-Dulcac normal forms. We
give a sufficient condition for the normal form (2.1.6) to be integrable, and prove that the
condition is necessary for its (n — vp,yr)-integrability under some condition. Moreover,
we show that the normal form (2.1.6) with v < 2 is analytically integrable and that there
exists an n-dimensional, analytically non-integrable normal form with n = y+1 for v > 2,
as in Birkhoff normal form. We demonstrate the theoretical results for

d I 0 ' ajkxl dl
% i) = ’iw:EQ + Z l’{((%gl'g)k bjle‘Q + Z(Q:ng)l 0 s (217)
T3 —WTs jg}?; CjkT3 >1 0

where aj, bji, cji, d; € C are constants. Equation (2.1.7) is a normal form appearing in
the codimension-two fold-Hopf bifurcations [49] and satisfies 7 = yp = 2.

The paper is organized as follows. In Section 2.2, we precisely state our main results.
We give preliminary results in Section 2.3 and prove the main theorems in Section 2.4.
In Section 2.5, we apply our theory to (2.1.7).
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2.2 Main results
We rewrite the normal form (2.1.6) as

n

f(z) = Z i + Z ci(p)x? + Z ci(q)x? | e + Zpixi_lei, (2.2.1)

=1 pERR qEI:E,'

where p; € {0, 1}, i = 2,...,n, and Ri={qeR; | ¢ =—1},i=1,...,n Note that
R; = RrUR;,i =1,...,n, and that the linear part of (2.2.1) is in Jordan normal form
like (2.1.2).

Proposition 2.2.1. A monomial z", r € R, is a first integral of the normal form (2.2.1)
if and only if the following condition holds:

n

ercj(p) =0 forpe€ Ryp;

C =t .
(©), rici(q) =0 forq€e R;,i=1,...,n;

ripi=0 fort=2,...,n.
Proof. For r € Ry we have

n

L = Z Z rici(p)aPT + Z rici(q)x®T + rypirt T

=1 pERR qERi

Noting that the coefficient of each monomial in the above equation is zero if and only if
condition (C), holds, we obtain the desired result. O

Suppose that p; = 0, i = 2,...,n, in the normal form (2.2.1), i.e., A is diagonal in
(2.1.6). Let R’ be a subset of R such that ¢;(p) = 0,7 =1,...,n for p € R\R'. Then
equation (2.2.1) becomes

n

f(x)zz i + Z ci(p)aP + Z ci(q)x? | xze. (2.2.2)

=1 pEREFNR/ qeRmR’
We state our first main result.

Theorem 2.2.2. Let R’ be a subset of R such that ¢;(p) =0 forpe R\R',i=1,...,n.
Assume that dimg spang R’ = dimg spang(Rp N R') and let 7' = dimg spangR'. If condi-
tion (C), holds for anyr € RpNR', then the normal form (2.2.1) is analytically (n—=', +')-
integrable.

Remark 2.2.1. Suppose that there exist R} C R, C R such that R’ = R}, R}, satisfies
the hypotheses of Theorem 2.2.2. Let v; = dimgspangR}, j = 1,2. Then the normal
form (2.2.1) is analytically (n — 4/, ~/)-integrable for v <+ < ;.
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Suppose that equation (2.1.1) is in case 2 and satisfies conditions (Ay) and (w). Then
by Theorem 2.1.1 it is analytically transformed to the normal form (2.1.5), which is

rewritten as
p=> (Ai + > (dy+ Xid;)yp> e, (2.2.3)

=1 PERR

where a(y) = 1 + Zpezgo\{o} dyy?, B(y) = Zpezgo\{o} dy? and dy, d, € C are con-
stants. For 7 € Ry equation (2.2.3) satisfies condition (C), since Y7, 7:(\id, + Nidy) =
dpy iy ridi +dy " ridi = 0. We take R’ = Rp and apply Theorem 2.2.2 to obtain the
following.

Corollary 2.2.3. If equation (2.1.1) is in case 2 and satisfies conditions (As) and (w),
then it is analytically (n — g, yr)-integrable in a neighborhood of the origin.

This corollary means the condition of Theorem 2.1.2 is weaker than that of Theorem
2.1.1.

Let P be the set of polynomial first integrals of f°. Since P; is a finitely generated
C-algebra, we can write P, = Clgy, ..., ¢,,] for some vp > ¢ [78, 85]. We take the
smallest one as vp. As stated in Corollary 2.3.4 below, the normal form f generally has
~r functionally independent, analytic first integrals at most.

Theorem 2.2.4. Suppose that the normal form (2.2.1) satisfies yp = ~yp. If it has g first
integrals, then condition (C), holds for any r € Rg. In particular, if it is (n — yp,Vr)-
integrable, then condition (C), holds for any r € Rp.

Thus, the condition of Theorem 2.2.2 with R’ = R is necessary for the normal form
(2.2.2) to be analytically (n — ~vp,vr)-integrable if vp = g = 7. Note that the condition
YF = 7 is equivalent to dimgspang R’ = dimg spang(Rr N R') for R = R.

Finally, we give the following result on a relationship between resonance degrees and
integrability of Poincaré-Dulac normal forms as in Birkhoff normal form.

Theorem 2.2.5. If the resonance degree v is less than two, then the normal form (2.2.1)
15 integrable. For v > 2, there exists an n-dimensional, analytically non-integrable normal
form with n =~ + 1.

Proofs of Theorem 2.2.2, 2.2.4 and 2.2.5 are given in Section 2.4.

2.3 Preliminary results

In this section, we give some preliminary results on analytic commutative vector fields and
analytic first integrals for normal forms. These results play essential roles in the proofs
of the main theorems in Section 2.4.

The following result on a relationship between the normal form f and its semisimple
linear part f° for commutative vector fields and first integrals has often been used in
previous related studies (e.g., [85, 86]).

Proposition 2.3.1 (Proposition 1.8 of [85] and Proposition 2 of [86]). The following hold
when f is in normal form:
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(i) If an analytic vector field g is commutative with f, i.e., [f,g] = 0, then it is com-
mutative with the semisimple linear part f* of f.

(ii) If an analytic function H is a first integral of f, then it is a first integral of f*.
Suppose that f* has the expression (2.1.2).

Lemma 2.3.2. The vector field xPxe;, p + e; € 2%, is commutative with f*(x) if and

only if p € R;. Moreover, the monomial x%, q € Z%, is a first integral of f* if and only
@fq S }%F-

Proof. 1t is easy to check that

[f(x), 2Pxie;) = <ij)\j> Pz (2.3.1)

and .
Lps(z)(2") = <sz‘>\i> z”

i=1

for p € ZZ,. Hence, we obtain the result. O
Let H(z) = Epezgo h,xP, h, € C, be an analytic first integral of f°. Then we have
(ZpH)(@) = 3 by (Zm-) =0
PEZL, i=1

so that h, = 0 for p € Z%;\ Rp. Thus, we obtain the following proposition.

Proposition 2.3.3. Any analytic first integral H(x) of f* is written as

H(x) = Z hya?,

PERF
where hy, € C is a constant.
From the definition of y¢ we immediately have the following corollary.

Corollary 2.3.4. The normal form f has vg functionally independent, analytic first
integrals at most.

We write A in Jordan normal form as

Iy (A1) 0 0
. 0 JHQQQ) 0 |
0 0 T, (A)



where Aj, ..., A, are eigenvalues of A and J;(\), A € C, represents the i x i Jordan block

A0O0 ...00
1 A0 ...00
01 X ...00

Ji(A) = L
000 ... A0
000 ... 1A

with r <mn and ny 4+ --- + n, = n. Define the i X ¢ matrix

c1 0 0O ... 0 0

Co C1 0 0 0

. C3 Co C1 ... 0 0

pi(c) =
Ci1 Ci—9 Ci—3 ... (C 0
C; Ci—1 Ci—9 ... Cy (1
for ¢ = (cy1,...,¢;) € C" and the n x n matrix
iy (1)) 0
0 py(@®) . 0
palc) = ,

0 0 oo i, (€M)

for ¢ € C™ and ¢ = (¢, &2, ..., &™) € C". For example, we have

cc 0 0 0 O

Cy C1 0 0 0

palc)=1es 2 ¢ 0 0

0 0 0 ¢4 O

0 0 0 Cr C4

for

2 00 00
12000
A=101 2 0 O
00030
00013

Note that A itself can be written as pua(a) with some a € C". We easily see that the
matrices p4(c) and pa(c’) are commutative and pa(ac+o'c) = apa(c) + o' pa(c’) for any
a,a/ € Cand ¢, ¢ € C™.

Proposition 2.3.5. If bV, v@ . p*) € C*, k < n, are linearly independent, then
pa(ONz, pa(bNx, ..., pa(0*)x are so for almost all x € C™.
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Proof. Since pa(b)x = pa(z)b for any b,z € C"*, we have
(a2, a0z, . pa(O®)) = pa(z) (0,62, p®).

If 2929+ 2, # 0 for © = (21,29,...,2,) € C", then det ua(z) # 0. Hence the rank of
the matrix (pa(b™)z, pa(b®)zx, ..., pa(b*)x) is the same as that of (b, b2, ... b)),
Thus we obtain the result. O

In general, we consider (2.1.1). Zung [97] introduced the concept of a torus action and
proved Theorem 2.1.2. Define

Qz{beZ”

> A =0and b; = b; for \; = Aj}

i=1
and let (b, ... b@) € 29 be a basis of Spang 2. Let

n

Zy(x) = Z bg-e)xjej.

J=1

We refer to an action generated by the diagonal linear vector fields i Z;(x), ... ,iZ4(z) as
a torus action for f. The number d = dim Spany@ is also called the toric degree of f.
For any ¢ there exists a vector ¢ € Z™ such that Z,(z) = pa(c)x. Hence, the vector fields
pa(c)x, ¢ € C", commute with the torus action. However, p4(c)z may not be tangent to
any orbits of the torus action if the toric degree is less than n.

Consider the normal form (2.2.1). The coefficient matrix of its linear part is expressed
as

A 000 0 0
P2 )\2 0 .. 0 0
0 A3 ... 0 0
N R R (2.3.2)
0 0 0 A1 O
0 0 0 Pn
where p; € {0, 1}, 7 =2,...,n. We have the following result on commutative linear vector

fields and first integrals for the linear part Ax.

Proposition 2.3.6. Let R’ C R, o = dimgspangR’ and n' = n — 1/, and assume that
A 0. Then there exist n' — 1 matrices B, ... B®™ =Y such that Ax, BWx, ... B™ Dy
are linearly independent for almost all x € C" and commutative, and the following hold:

(i) The monomial xP is a first integral of the n' linear vector fields Az, BWx, ...,
B™W Nz ifp € Rp and p; = 0 when p; #0 fori=2,...,n.

(i1) The n' linear vector fields Az, BVx, ... B™~"Yx commute with xlxye; for some
ke{l,...,n} if ¢ € Rk, prr1 = 0 and p; = 0 when q; + 0j # 0 fori =2,...,n,
where 0;, denotes the Kronecker delta.

Proof. For the proof of Proposition 2.3.6 we need the following three lemmas.
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Lemma 2.3.7. Under the hypotheses of Proposition 2.3.6, there exist n’ — 1 linearly inde-
pendent b b such that Az, pua(b)z, ..., pa(0™ "Nz are linearly independent
for almost all x € C" and

p-Apa®D) =0 forpeR,i=1,....n -1, (2.3.3)

where p-q =" piq; for p,q € C" and A(B) = (b11, baa, ..., bpy) for an n x n matriz

Proof. Let pV, ... p®) be linearly independent in the vector space V = spanc R C C"
and let 7(c) = (pM - ¢,...,p"") - ¢) € C for ¢ € C". Since the rank of the linear map
mToAopuy: C* — C is not greater than +/, there exist n’ independent solutions of a
system of linear equations (m o Ao ps)(z) = 0. The condition (7m0 Ao us)(xz) =0 means
that p - A(pua(z)) = 0 for any p € R'. Obviously, a vector a € C" satisfying A = pa(a)
becomes a solution of (7 o Ao pa)(z) = 0. Thus, we get linearly independent vectors
b 0™ Y satisfying (2.3.3). O

Lemma 2.3.8. Let p € 7%, and let B = (by;) be a lower triangular matriz such that
Yoo pibi = 0. A monomial x¥ is a first integral of the vector field Bx if bjjp; = 0 for
1>g4,5=1,...,n—1.

Proof. Since B is lower triangular, we have
Bx = Z (Z bijxj> €;.
i=1 \j=1

Hence, we obtain

Loa(@?) =D Y pibyaa? " = (szbzz) 2P =0
i=1 j=1 i=1
under the assumptions. ]
Lemma 2.3.9. Let ¢ € Z} for some k € {1, ..., n}, and let B = (b;;) be a lower trian-

gular matriz such that Z?:l ¢:bii = 0. The vector fields Bx and x%xe;, are commutative
if

and

by, =0  fori>k. (2.3.5)

Proof. From conditions (2.3.4) and (2.3.5) we obtain

D(z%zre,)Bx = Z Z(qz + i) by wjen

i=1 j=1
= Z Z(qz + 6ik)bij$qux;1xj€k = Z(Qz + Oir )bl x ey,
i=1 j=1 i=1
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and
D(Bz)xxre, = xlxy E bire; = x9x; E bire; = brrrizyey,
=1 =

respectively. Hence, we have
[Bx, x9ze] = D(x%ey) Bx — D(Bx)zlxgey

= Z(C]z + 0ir ) biizl ey, — bpprizies
=1

n
= E ¢ibiix'xrer, =0,
i=1

which yields the result. O

Remark 2.3.1. Letting R’ = () and using Lemma 2.3.7, we see that the linear vector
field Az is (n, 0)-integrable if A # 0.

We now prove Proposition 2.3.6. By Lemma 2.3.7, we get the n’ — 1 vector fields

N, ..., ua(d™ )z, By definition, if p; = 0, then the (4, j)-element of the matrix
), b€ C", is zero for j < i. Under the hypotheses of Proposition 2.3.6 (i) and (ii),
) satisfies the hypotheses of Lemmas 2.3.8 and 2.3.9 along with conditions (2.3.4) and
3.5), respectively. We complete the proof of the proposition. O]

pra (b
pra(b
pra(b
(2.

Finally, we give a necessary and sufficient condition for a normal form to have the

maximal number g of functionally independent, analytic first integrals (cf. Corollary
2.3.4).

Proposition 2.3.10. The normal form f with yp = vg has yg functionally independent
analytic first integrals in a neighborhood of x = 0 if and only if all elements of Py are first
integrals of f.

Proof. The sufficiency is obvious by the definition of P;. So we only have to show the ne-
cessity. Let v/ = yp(= vp). Let Fi(x), ..., Fy(z) be v/ functionally independent, analytic
first integrals of f and let ¢y(z), ..., ¢,(x) be 4/ generators of P;. From Propositions
2.3.1 and 2.3.3, any first integral of f is written as a formal summation of elements of F;.
Since F is generated by ¢1,..., ¢, we can write

Fi(z) = Gi(p1(2), ..., oy (2)),

where G;(y1,...,yy), ¢ = 1,...,7/, are analytic power series. Letting
Flz) = (Fi(2),. v'(ﬂf)),
Gly) = (Giy), ..., G,

(y)))% reC" y=(y,...,yy) €CY,

we have F(x) = (G o ¢)(z). Differentiating the above relation with respect to z, we get

¢(x) = (¢1($)7 "'7@57(

DF(z) = DG(6(z)) Do (x). (2.3.6)
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The rank of DF(x) is +' for almost all x € C" because Fi,...,F, are functionally in-
dependent. Hence, by (2.3.6), the rank of the matrix DG(¢(x)) is 7' and DG(¢(z)) is
invertible for almost all z € C". On the other hand, we have

DF(z)f(z) =0

in a neighborhood of x = 0 because Fi, ..., F, are first integrals of f. From (2.3.6) we
get
DG(¢(z))Do(z) f(z) = 0.

Multiplying the above equation by the inverse of DG (¢(z)) from the left, we have Do(z) f(x) =

0 for almost all x € C". Since ¢;(x), i = 1,...,7, and f(x) are analytic, we have
D¢(z)f(z) = 0 near x = 0. Thus, the generators ¢y, ..., ¢, are first integrals of f and
consequently all element of P, are so. O

Remark 2.3.2. (i) Results similar to Proposition 2.3.10 for formal first integrals were
given in [27, 52] although their proofs contained some unclear parts.

(ii) As stated just before Theorem 2.2.4, we generally have vp > ~p. The inequality in
this relation holds for some normal forms. Actually, consider the linear vector field
Ax with
1 0
A= 10 0
0

o = O

—2

We easily see that Ry = {p € Z2; | p1 + p2 + 2p3 = 0} and ¢ = 2. On the other
hand, by Proposition 2.3.3, we have P, = C|xzox3, 2223, x313] so that vp = 3 > .
This example was also discussed in [21].

2.4 Proofs of the main theorems

In this section we give the proofs of Theorems 2.2.2, 2.2.4 and 2.2.5. Now it is easy to
prove Theorems 2.2.2 and 2.2.4.

Proof of Theorem 2.2.2. By Proposition 2.2.1, there exist v/ monomials xi”m, 1=1,...,7,
which are first integrals of the normal form (2.2.2), where p® € R, i = 1,...,7. Let
A = diag(Ay, ..., A,) denote the linear part of (2.2.2). By Proposition 2.3.6, there ex-
ist n — 4 — 1 commuting vector fields BMz, ..., B™®7~Dz such that they commute
with Az. Since A is semisimple, they commute with the nonlinear terms of f by Propo-
sition 2.3.6 (ii). Moreover, the monomials 2 i =1, ..., 7, are also first integrals
of BWg, ..., B"~Yg by Proposition 2.3.6 (i). Thus, the normal form (2.2.2) is
(n —~', 7')-integrable. O

Proof of Theorem 2.2.4. By hypotheses, it follows from Proposition 2.3.10 that all mono-
mials 2P, p € Ry, are first integrals of f. Hence, by Proposition 2.2.1, condition (C),
holds for any p € Rp. Since (n — v, yr)-integrable normal forms have v independent
first integrals, we complete the proof. n

In the rest of this section we prove Theorem 2.2.5.
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of Theorem 2.2.5. If v = 0, then the normal form (2.2.1) only contains the linear part so
that it is (n, 0)-integrable by Remark 2.3.1. Thus, the conclusion holds for v = 0.

We next prove the case of v = 1. Note that 0 < 9 < v = 1. We may also
assume that the normal form (2.2.1) is not linear since non-trivial linear vector fields
are integrable as stated in Remark 2.3.1. Let A be the linear part of (2.2.1) given by
(2.3.2). By Proposition 2.3.6, there exist n — 2 commuting matrices BY, ... B2
that commute with A. By Lemma 2.3.7, we can write A = p4(a), BY = p (bM), ...,
B2 = 1, (b"=?) with linearly independent vectors a,b),... b("=2 ¢ C". Note that
by (2.3.3)

7-A(ua(b)) =0 for any 7 € R and b € spanc{a,b™, ... b2} (2.4.1)
We first consider the case of v = 1.

Lemma 2.4.1. If yg = v =1, then A has distinct eigenvalues.

Proof. Assume that \; = \; for some i # j. Forp € Rp C Rwe have Y ' Ap+X\—Aj =
0 and p+e; —e; € R by definition. On the other hand, since any element of p is positive,
p and e; —e; and hence p and p+e; —e; are linearly independent. This means that v > 2
and gives a contradiction. O]

By Lemma 2.4.1, A is semisimple so that Yoo cilp)rie; = pale(p))r with ¢(p) =
(c1(p), ..., ca(p)). Since R; =0, i =1,...,n, the normal form (2.2.1) is written as

flo)=>" <>\z’ + ) Cz‘(P)l"p> zie; = pala)r + Y aPpalc(p))e,

i=1 pERR pPERE

Using Proposition 2.3.6 (ii), we see that BMx, ..., B""2z commute with f. If Y7 | ¢;(p)r:
0 for all r,p € Ry, then by Propositions 2.2.1 and 2.3.6 (i) the monomial 2" with r € Rg
is a first integral of f, BMz,..., B™® 2z, so that the normal form (2.2.1) is (n — 1, 1)-
integrable. So we now assume that > . ¢;(p)r; # 0 for some r,p € Rp. Since

- Apalc(p))) =r-clp) #0,

we see that a,b™,... ™2 ¢(p) are linearly independent by (2.4.1) and consequently
Az, BWg, ..., B" 2z, f(z) are so for almost all z € C" by Proposition 2.3.5. Thus, the
normal form (2.2.1) is (n, 0)-integrable.

We next consider the case of v = 0.

Lemma 2.4.2. Suppose that vy = 0 and v = 1. Then R has only one element p and there
exists an integer k € {1,...,n} such that p € Ry. Moreover, the following two statements
hold:

(i) If i # k, then \; # Ay,
(11) If pj + 6 # 0 for some j, then N\; # \; fori # j.
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Proof. Suppose that vg = 0 and v = 1. Let p,q € R. Then we see that p = rq for some
re Qandp e }?j, q € Ry, for j,k € {1,...,n} since Rp = (. We see that j = k and
p=q

Assume that \; = \;, for some ¢ # k. Since p € R, we have Y ;" oA+ A\g — N =0,
so that p+ e, —e; € R; C R. This contradicts the fact that R contains only one element.
We obtain part (i).

Assume that p; + d,; # 0 for some j # k and \; = A; for i # j. We have p; > 1 and
Eln:l DA+ A — A =0, so that p+e; —e; € R, C R. This yields a contradiction as in
the above. Thus, we obtain part (ii). O

It follows from Lemma 2.4.2 that we have xper = pa(ex)r and write f as

(@) = Az + cr(p)a’arer = pala)r + cr(p)a’ualer)z, cu(p) # 0

for p € Ry. By Proposition 2.3.6 (ii) and Lemma 2.4.2, Az, BMz, ..., B2z commute
with the nonlinear part z?z,e;, of f. Since

P Apaler)) =p-ex =pr = —1#0,

we see that a,b™,... 6" e, are linearly independent by (2.4.1) and consequently
Az, BV, ..., B" 2z f(zx) are so for almost all z € C" by Proposition 2.3.5. Thus,
the normal form (2.2.1) is (n, 0)-integrable and the conclusion holds for v = 1.

Finally, we give nonintegrable normal forms for any v > 2. Let n > 3 be an integer and
let \y =n, o=n+1,..., \,.1=2n—2and A\, = H?:_ll ;. Consider the n-dimensional
normal form

AMo... 0 0
. . . . n—1
f(z) =co 0 h \ : 0 T+ (Z cl-:v?"/Ai:U;1> Tnen, (2.4.2)
o e n—1 i=1
0 ... 0 M\,

where ¢, ci, ..., ¢,—1 € C\{0} are constants. We easily see that > p;\; # 0forp € zy,
j=1,...,n—1 with |p| > 2 so that Ri=---=R, 1 =0. Let

A A
W= (220,....0-1).p% = 20 0.—1) ...
p (A170’ 707 >7p <O7 )\2707 707 )7 M

An .
p" Y = (o,...,o,—,—1> €R,.
)‘n—l

Noting that p™, p® ... p=1 are linearly independent, we see that v = n — 1. Since
A, ..., A\, are positive, we have Rp = () and 7 = 0. Hence, there are no analytic first
integrals of f except constants by Corollary 2.3.4. Thus, the normal form (2.4.2) is not
(m,n — m)-integrable for 1 < m < n.

Let g be an analytic vector field commuting with f. By Proposition 2.3.1 (i)

[f5, 9] =0, e, [f5¢"]=0 form=1,2, ...,
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where ¢ is a homogeneous part of degree m for g. Hence, the coefficient matrix A of g
is diagonal and by Lemma 2.3.2 the nonlinear part of g is written as

E cqx? | zpen

q€Rn

for &, € C, q € R,,.
From [f, g] = 0 we get

n—

/A — . An/Xi — .
g C;T n/ ’xnlxnemgl] =0, ie., g 1xnen,g1 =0 fori=1,...,n—1.

1

7 % n

=1

Using (2.3.1), we obtain Z?legi)&jj = 0fori =1,...,n — 1, where a;; denotes the

(4, j)-element of A for j =1,...,n. So we have

A1 0 0

A=2g Lo
0 D R |
0 0 A\

for some ¢, € C, so that
A1 0 0
xr) =G S : : x4+ oz, | en.
Sl I 26
0 0 A actin

This means that g(z) € spanc{f*(z),e,} for v € C". Hence, the normal form (2.4.2) is
not (n,0)-integrable. For v > 2, we take n = 7 + 1 to obtain a nonintegrable normal
form. Thus we complete the proof. O]

Remark 2.4.1. (i) Although it is analytically nonintegrable for n > 3, the normal

form (2.4.2) is rationally (2, n—2)-integrable since the semisimple part f* commutes
with f and n — 2 functionally independent, rational functions z32/x3",27% /231, . ..,
:L{\"’l Jx)' | are first integrals for both f and f°. Note that f and f* are linearly

independent almost everywhere.

Assume that equation (2.1.1) is (m, n —m)-integrable and let f1,..., f,, and Fy,.. .,
F,_ ., respectively, denote the m commutative vector fields and n —m first integrals
satisfying conditions (i)-(iii) of Definition 2.1.3. Let g; be the linear part of f;
and let GG; be the lowest homogeneous part of GG;. Then we say that the vector

fields and first integrals (fi, ..., fm, F1, ..., F_m) are non-degenerate if the m vector
fields ¢1,...,9m and n — m functions Gy, ..., G, satisfy conditions (i)-(iii) of
Definition 2.1.3 and g1, ..., ¢m are semisimple. Zung [99] called such an n-tuple a

non-degenerate integrable system and showed that it has several good properties.
However, many integrable normal forms do not have non-degenerate vector fields
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and first integrals. For example, any linear non-semisimple vector field Az, which is
integrable as stated in Remark 2.3.1, does not satisfy the non-degenerate condition.
Another example is the two-dimensional vector field f(z) = zie;+ (222 +cx?)es, ¢ €
C\ {0}. Actually, although f is integrable by Theorem 2.2.5 since its resonance
degree is one, it is shown to have no first integral by using Corollary 2.3.4. Moreover,
if a vector filed f, commutes with f, then it is also shown to be written as fo(x) =
c1wie1+ (2¢1 79+ cox?)eq with ¢p, co € C as in the proof of Theorem 2.2.5, so that the
linear parts of f and fy are linearly dependent. Thus, f never has non-degenerate
vector fields and first integrals.

2.5 Example

We now demonstrate the main results for the concreste example given by (2.1.7). We
have Ry = {(j,k, k) €Z> | j > -1,k > 0,7 +2k > 1} and Ry = R3 = {(J, k, k) € Z3,, |
j 42k > 1}, so that R = Ry and Rp = Ry, Rs. Thus, ¥ = 4 = 2 and the normal form
(2.1.7) may not be integrable by Theorem 2.2.5. Applying Theorems 2.2.2 and 2.2.4, we
obtain the following result.

Theorem 2.5.1. The normal form (2.1.7) is (1, 2)-integrable if and only if
ajk:dl: jk+cjk:0 for]—i—QkZl,j,kZOandlZO (251)
Moreover, if condition (2.5.1) holds, then equation (2.1.7) is (2, 1)-integrable.

Proof. We first have Ry = {(—1,k,k) € Z3 | k > 1} and Ry = Ry = 0. Since ¢,(j, k, k) =
ajk, c2(j,k, k) = bjk, c3(j, k, k) = ¢ for j+2k > 1 and j,k > 0 and 1 (—1,1,1) = d
for [ > 0 in the normal form (2.1.7), condition (2.5.1) holds if and only if (C), holds for
r € Rp. Taking R’ = R and using Theorem 2.2.2, we see that under condition (2.5.1),
equation (2.1.7) is (1, 2)-integrable. On the other hand, it follows from Proposition 2.3.3
that Py = C[zy, zox3] so that vp = 2. Using Theorem 2.2.4, we see that if equation (2.1.7)
is (1, 2)-integrable, then condition (2.5.1) holds.

On the other hand, assume that condition (2.5.1) holds and take R’ = {(0, k, k) € Z? |
k > 1}. We have dimgspang R’ = dimgspang(Ry N k') = 1. Hence, applying Theorem
2.2.4, we show that equation (2.1.7) is (2, 1)-integrable. O

Note that Theorem 2.5.1 does not necessarily mean analytic nonintegrability of (2.1.7)
when condition (2.5.1) does not hold: It may be analytically (2,1)- or (3,0)-integrable.
Moreover, even though it is not analytically integrable, it may be meromorphically inte-
grable. However, Yagasaki [93] used an extension of the Morales-Ramis-Simo theory [66]
due to Ayoul and Zung [6] to show that a similar system

g (% 1 0 az? dryxs
pr o | =0 |+ | (v+iw)as | + | bryza | + 0 , (2.5.2)
T3 0 (v —iw)xs CX1T3 0

where 1, v, a,b, c,d are constants, is meromorphically nonintegrable near the z;-axis for
almost all parameter values. This result suggests that equation (2.1.7) may be meromor-
phically or rationally nonintegrable for almost all parameter unless if condition (2.5.1)
does not hold.
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Chapter 3

Nonintegrability of dynamical
systems with homo- and heteroclinic
orbits

3.1 Introduction

Nonintegrability of differential equations is one of the most important topics in dynamical
systems [31, 33, 62]. It is believed that complicated dynamical behavior such as chaos
may occur in general if differential equations are nonintegrable [33], although there are
several notions of integrability. However, it is difficult in general to determine whether
given differential equations are integrable or not.

For Hamiltonian systems, the notion of integrability has been established and called
the Liuoville integrability [51]: an n-degree-of-freedom Hamiltonian system is said to be
Liuoville integrable if it possesses n independent first integrals ‘in involution’. It is a well-
known result as the Liouville-Arnold theorem that if an n-degree-of-freedom Hamiltonian
system is integrable in this sense and a level set of n first integrals is compact, then the
flow on the level set is diffeomorphic to a linear flow on the n-dimensional torus T", i.e.,
it is quasiperiodic [4]. Much research has been done on nonintegrability of Hamiltonian
systems [31, 33, 62, 63], and two powerful techniques to prove their nonintegrability
have been developed: the Ziglin analysis [94] and Morales-Ramis theory [62, 65]. Both
the techniques rely on some properties of wvariational equations (VEs), i.e., linearized
equations, along particular solutions of the Hamiltonian systems. The former uses their
monodromy matrices and the latter uses their differential Galois groups [42, 23, 81].

For general differential equations which may be non-Hamiltonian, Bogoyavlenskij [9]
introduced a general striking definition of integrability, among several notions (see, e.g.,
[63]). Consider differential equations of the form

= f(x), zeR" (3.1.1)

where f : R" — R” is analytic. His definition of integrability is stated for (3.1.1) as
follows.

Definition 3.1.1 (Bogoyavlenskij). Equation (3.1.1) is called (q,n — q)-integrable or just
integrable if there exist ¢ (> 1) wector fields fi(z)(:= f(x)), f2(x), ..., fy(x) and n —q
scalar-valued functions Hy(x), ..., H,—,(x) such that the following three conditions hold:
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(i) fi,...,f, are linearly independent and DH,,...,DH,_, are linearly independent
almost everywhere;

(11) fi, fay ..., fq commute, i.e., [f;, f] = (Dfi)f; — (Dfi)fr =0, forj,k=1,...,¢;

(111) Hy, ..., H,_, are first integrals of f1, fa,..., fq, t-e., (DHy)f; =0 forj=1,....q
and k=1,...,n—q.

If fi,fo,..., fy and Hy, ..., H,_, are real-meromorphic, then equation (3.1.1) is said to
be real-meromorphically integrable.

Definition 3.1.1 is thought to be the most general at present since equation (3.1.1) can
be integrable even when it has only n — ¢ (< n — 1) first integrals for some ¢ > 1. In
particular, if a Hamiltonian system is Liouville integrable, then it is also integrable in the
meaning of Bogoyavlenskij. Ayoul and Zung [6] extended the Morales-Ramis theory to the
nonintegrability of non-Hamiltonian differential equations in this meaning. Their method
was successfully applied to prove the nonintegrability of the five-dimensional Karabut
system, which is non-Hamiltonian and appears in relation to a fluid of finite depth (e.g.,
[44]), in [19].

On the other hand, Morales-Ruiz and Peris [64] studied a class of two-degree-of-
freedom Hamiltonian systems with saddle-center equilibria connected by homoclinic or-
bits, and applied the Morales-Ramis theory to obtain a sufficient condition for their non-
integrability. Moreover, they used the results of [34, 50] to show that chaotic dynamics
occurs if the condition holds. Their result was extended to more general two-degree-of-
freedom Hamiltonian systems with saddle-centers connected by homoclinic orbits in [91],
based on the result of [89] as well as [64].

In this chapter we extend the result of the first part of [64, 91] to (3.1.1) withn > 3ina
general situation. Equation (3.1.1) is assumed to have equilibria connected by heteroclinic
orbits on an (n — 2)-dimensional, locally invariant manifold .4, but it may be non-
Hamiltonian and the equilibria do not have to be saddle-centers. Here “local invariance”
means that the trajectory z(¢) may pass through 0.4 and escape 4" even if z(0) € A.
The equilibria are also allowed to be the same and connected by a homoclinic orbit. Under
additional assumptions, we prove that the monodromy group for the normal variational
equation (NVE) of (3.1.1), which is represented by components of the VE normal to .4
and defined on a Riemann surface is diagonalizable or infinitely cyclic if equation (3.1.1)
is real-meromorphically integrable. Our assumptions may seem to be more or less limited
but similar ones were assumed in the previous work on homoclinic orbits [64, 91] (see also
Remark 3.4.1). See Section 3.4 for precise statements of our assumptions and main result.
Our approach relies on a classification of algebraic subgroups of SL(2, C) [67] like [64] and
on the extension of the Morales-Ramis theory due to Ayoul and Zung [6]. Generalizations
of the second part of [64, 91] to non-Hamiltonian systems with homoclinic and heteroclinic
orbits will be pursued in subsequent work.

We apply the theory to a three-dimensional volume-preserving system

g [= axs — 8T X9
— o= 1123 4 323 + 23 + Bajas — 3 |, (3.1.2)
T3 —ax + 22003 — Br129
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which was introduced by Bajer and Moffatt [7] as a mathematical model which describes
the streamline of a steady incompressible flow, where a, 5 € R are constants. The right
hand side of (3.1.2) satisfies the Stokes equation for a viscous fluid, and the unit sphere
is invariant under the flow of (3.1.2). Bajer and Moffatt [7] also carried out numerical
simulations and demonstrated that chaotic dynamics occurs for a = 0.01 with 5 = 0 and
for several values of a with 8 = 1. When a, 8 = 0, it has two first integrals H; = z,73
and Hy = (22 + 23 + 22 — 1)/23 [7], so that it is (1, 2)-integrable. Neishtadt et al. [69]
and Vainshtein et al. [82] explained its chaotic dynamics by jumps in adiabatic invariants
when a > 0 is sufficiently small and 8 = 0. See also [70]. On the other hand, Nishiyama
[71, 72] showed that it has no meromorphic first integral when o > 0 and =1, or a = 1,
B> 0and B ¢ {2v/23,8/5,16v/2}. His approach was similar to that of Maciejewski
and Przybylska [53] for the so-called ABC flow, based on the Ziglin analysis [94]. It is
still open to prove whether it is nonintegrable or exhibits chaotic dynamics for the other
parameter values. Here we show that it is real-meromorphically nonintegrable for almost
all values of the pair («, 5) (see Section 3.5).

The outline of this chapter is as follows: In Section 3.2, we state necessary infor-
mation on the differential Galois theory for linear differential equations, including their
monodromy groups. In Section 3.3, a key result for two-dimensional linear systems, which
is used to prove our main result, is given. In Section 3.4, we present our assumptions and
the main result. Finally, we illustrate our theory for the example (3.1.2) in Section 3.5. In
Appendix A, we give definitions of VEs and NVEs in a more general setting and outline
the extension of the Morales-Ramis theory due to Ayoul and Zung [6].

3.2 Differential Galois theory

Differential Galois theory deals with the problem of integrability by quadratures for dif-
ferential equations. In this section we briefly review a part of differential Galois theory
for linear differential equations, which is often referred to as the Picard-Vessiot theory,
including monodromy groups.

3.2.1 Picard-Vessiot extensions

Consider a system of linear differential equations
y=Ay, Acgl(n,K), (3.2.1)

where K is a differential field and gl(n,K) denotes the ring of n x n matrices with entries
in K. We recall that a differential field is a field endowed with a derivation 0, which is
an additive endomorphism satisfying the Leibniz rule. By abuse of notation we write gy
instead of Jy. The set Ck of elements of K for which 0 vanishes is a subfield of K and
called the field of constants of K. In our application of the theory in this chapter, the
differential field K is the field of meromorphic functions on a Riemann surface I' endowed
with a meromorphic vector field, so that the field of constants becomes the field of complex
numbers C.

A differential field extension I D K is a field extension such that L is also a differential
field and the derivations on L and K coincide on K. A differential field extension L. D K
satisfying the following conditions is called a Picard-Vessiot extension for (3.2.1).
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(PV1) There is a fundamental matrix ® of (3.2.1) with entries in L.
(PV2) The field L is generated by K and entries of the fundamental matrix ®.
(PV3) The fields of constants for . and K coincide.

The system (3.2.1) admits a Picard-Vessiot extension which is unique up to isomorphism.
An algebraic construction of the Picard-Vessiot extension was given in a general situation
by Kolchin (see, e.g., [47]).

We now fix a Picard-Vessiot extension . O K and fundamental matrix ¢ with entries
in L for (3.2.1). Let o be a K-automorphism of L, which is a field automorphism of LL
that commutes with the derivation of I and leaves K pointwise fixed. Obviously, o(®) is
also a fundamental matrix of (3.2.1) and consequently there is a matrix M, with constant
entries such that o(®) = ®M,. This relation gives a faithful representation of the group
of K-automorphisms of I on the general linear group as

R: Autg (L) — GL(n,CL), o~ M,,

where GL(n, Cp) is the group of n x n invertible matrices with entries in Cp. The image of
R is a linear algebraic subgroup of GL(n, Cy,), which is called the differential Galois group
of (3.2.1) and denoted by Gal(L/K). This representation is not unique and depends on
the choice of the fundamental matrix ®, but a different fundamental matrix only gives
rise to a conjugated representation. Thus, the differential Galois group is unique up to
conjugation as an algebraic subgroup of the general linear group.

Definition 3.2.1. A differential field extension 1L D K is called

(i) an integral extension if there exists a € L such that @ € K and L = K(a), where
K(a) is the smallest extension of K containing a;

(ii) an exponential extension if there exists a € L such that a/a € K and L = K(a);

(i1i) an algebraic extension if there exists a € L such that it is algebraic over K and
L =K(a).

Definition 3.2.2. A differential field extension L. O K is called a Liouvillian extension

if it can be decomposed as a tower of extensions,

L=K,D>...0K; DKy=K,
such that each extension K, 1 D K; is either integral, exponential or algebraic.

Let G C GL(n,Cp) be an algebraic group. Then it contains a unique maximal con-
nected algebraic subgroup G°, which is called the connected component of the identity or
connected identity component. The connected identity component G C G is a normal al-
gebraic subgroup and the smallest subgroup of finite index, i.e., the quotient group G/G°
is finite. By the Lie-Kolchin Theorem [42, 23, 81], a connected solvable linear algebraic
group is triangularizable. Here a subgroup of GL(n,Cp) is said to be triangularizable
if it is conjugated to a subgroup of the group of (lower) triangular matrices. The fol-
lowing theorem relates the solvability of the differential Galois group with a Liouvillian
Picard-Vessiot extension (see [42, 23, 81] for the proof).

Theorem 3.2.1. Let . D K be a Picard-Vessiot extension of (3.2.1). The connected
identity component of the differential Galois group Gal(IL/K) is solvable if and only if the
extension I D K s Liouwvillian.
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3.2.2 Monodromy group and Fuchsian equations

Let K be the field of meromorphic functions on a Riemann surface I'. So the set of
singularitie in the entries of A is a discrete subset of I', which is denoted by S. We also
refer to a singularity of the entries of A as that of (3.2.1). Let t, € I' \ S. We prolong
the fundamental matrix ®(¢) analytically along any loop v based at tq and containing no
singular point, and obtain another fundamental matrix y*®(t). So there exists a constant
nonsingular matrix M, such that

7 O(t) = (1) M.

The matrix M, depends on the homotopy class [y] of the loop 7 and is called the mon-
odromy matriz of [7].

Let m(I'\ S,to) be the fundamental group of homotopy classes of loops based at t.
We have a representation

R: m(T'\ S,t) = GL(n,C), [y] — M.

The image of R is called the monodromy group of (3.2.1). As in the differential Galois
group, the representation R depends on the choice of the fundamental matrix, but the
monodromy group is defined as a group of matrices up to conjugation. In general, a
monodromy transformation defines an automorphism of the corresponding Picard-Vessiot
extension. We also just write M, for M, below.

A singular point ¢ = ¢ of (3.2.1) is called regular if for any sector a < arg(t —t) < b
with @ < b there exists a fundamental matrix ®(t) = (¢;;(¢)) such that for some ¢ > 0
and integer N, |¢;;(t)] < c|t —#|N as t — € in the sector; otherwise it is called irregular.
Equation (3.2.1) is said to be Fuchsian if all singularities are regular. Any univalued
solution of a Fuchsian equation is meromorphic. This gives us the following result along
with the normality of the Picard-Vessiot extensions (see, e.g., Theorem 5.8 in [81] for the
proof).

Theorem 3.2.2 (Schlessinger). Assume that Equation (3.2.1) is Fuchsian. Then the
differential Galois group of (3.2.1) is the Zariski closure of the monodromy group.

3.3 Key result for two-dimensional linear systems

Now we give a key result for two-dimensional Fuchsian systems, which is used in the
proof of our main result in Section 3.4. Let K be the field of meromorphic functions on a
Riemann surface I', as in Section 3.2.2; and let n = 2. We assume that equation (3.2.1)
is Fuchsian and has regular singularities at t =¢; € I', j = 1,..., k. Let S = {t1,... 1}
be the set of singular points of (3.2.1) and let v; C I'\ .S be an infinitesimal loop around
tj € Sfor j=1,...,k. Let G and M, respectively, denote the differential Galois group
and monodromy group of (3.2.1), and let GY be the connected identity component of G.
If M C SL(2,C), then we can use the following lemma directly to discuss the relation
between G® and M, as in [64] (see, e.g., [62] for the proof).

Lemma 3.3.1. Any algebraic group G C SL(2,C) is similar to one of the following types.
(i) G is finite and G° = {I,};
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(z'z‘)GzGO:{(i ?)'MEC};
(m)G:{@ Agl)‘AisamotOfl,peC} andGO:{(i ?)'NGC};

(iv) G =GO = {(8 Aﬂ)‘A e (C*};

(v)G:{@ ;L),(g _g_l)'/\,ﬂe@‘} andG0:{<g\ A‘L)‘Ae@};
(vi)GzGoz{@ A[zl)‘AeC*,ueC};

(vii) G = G° = SL(2, C),
where I is the 2 x 2 identity matriz.

However, M may not be an algebraic subgroup of SL(2,C) in general. Instead, we
prove the following result for (3.2.1). Let M; = M,,, j=1,... k.

Proposition 3.3.2. Suppose that M; has A\j, \; # 0 as its eigenvalues for j = 1,... .k
such that (\;/ ;)% # 1 for any q; € Z. If GO is commutative, then so is M.

To prove this proposition, we use the following trick. Substituting
1
z = exp (—5 /tr A(t)dt) y

s A(D)e A = Alt) — %trA(t)IQ, (3.3.1)

into (3.2.1), we have

which is also Fuchsian. Note that tr A(¢) = 0. Let G and ~1\~/I, respectively, denote the
differential Galois and monodromy groups of (3.3.1), and let G be the connected identity
component of G.

Lemma 3.3.3. G is an algebraic subgroup of SL(2,C).
Proof. Let Z(t) be a fundamental matrix of (3.3.1). Since det Z(¢) # 0 and

% det Z(t) = tr A(z) det Z(z) = 0,

we see that det Z(z) is a nonzero constant. On the other hand, analytic continuation of
Z(t) along a loop v C T'\ S yields

v * Z(t) = Z(t) M,

Taking the determinant of the above identity and noting that det(y*Z(t)) = det Z(t) # 0,
we obtain det M, = 1, so that M C SL(2,C). Hence, it follows from Theorem 3.2.2 that
G C SL(2,C), since equation (3.3.1) is Fuchsian. O
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Thus, equation (3.3.1) is so nice that Lemma 3.3.1 can be applicable to it. So we
replace arguments of (3.2.1) with those of (3.3.1). We have the following two lemmas on
the relationship between them.

Lemma 3.3.4. G° is triangularizable if and only if so is G°.

Proof. Obviously, the Picard-Vessiot extension of (3.2.1) is Liouvillian if and only if so is
that of (3.3.1). Using Theorem 3.2.1, we immediately obtain the result. ]

Lemma 3.3.5. We have 3
Mj :ijja j = 17...,]{?, (332)

where Mj is a monodromy matriz of (3.3.1) along v; and

1
mj = exp <§/ trA(t)dt> #£0, 7=1,...,k.
»

J
Moreover, M is commutative if and only if so is M.

Proof. Choose fundamental matrices Y (¢) and Z(t) of (3.2.1) and (3.3.1), respectively,
such that
Y(t) = k(t)Z(t), (3.3.3)

K(t) = exp (% / trA(t)dt) .

We prolong Y'(t), Z(t) and x(t) analytically along ~; to obtain

where

v * Y (t) =Y (t)M;,

v Z(t) = Z(t)M;, v, * k(L) = K(t)m;,
which yield

Vi * Y (1) = (75 % 6() (7 % Z(t) = 6(8) Z(tym;M; = Y (t)m; M;
along with (3.3.3). Hence, we have
Y(t)M; = Y (t)m; M,

which results in the first part since Y'(¢) is nonsingular. The second part immediately
follows from the first part since M is generated by M;, j =1,... k. O

Proof of Proposition 3.3.2. Let j be any integer such that 1 < j < k, and let \; = e*™s
and \; = ¢®™ . Let M denote a monodromy matrix of (3.3.1) along ~,. By the hypoth-
esis, we have p; — p; ¢ Q. Recall that M c G c SL(2,C) by Theorem 3.2.2 and Lemma
3.3.3. Hence, we have det ]\ij = 1, so that by Lemma 3.3.5 m? = det M; = e%j(pﬁ”;),
ie., m; = e™itP) and M; has e™ /m; = e™i=P) and > /m; = e i P} as its
eigenvalues.

Suppose that G is commutative. Then it is triangularizable and by Lemma 3.3.4 so
is G°. Thus, G is not of type (vii) in Lemma 3.3.1. Since p; — pj ¢ Q, M; has no root of

1 as its eigenvalue for j = 1,..., k. Hence, G is of type (iv), (v) or (vi) since its element
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x"(2)

Figure 3.1: Assumptions (Al) and (A2).

would have a root of 1 as its eigenvalue if it was of type (i), (i) or (iii). If G is of type
(v), then M c G since M;, j = 1,...,k, have no roots of 1 as their eigenvalues, so that
the Zariski closure of M does not coincide with G. This implies by Theorem 3.2.2 that
G is not of type (v). If G is of type (iv), then M (C G) is also commutative, and by the
second part of Lemma 3.3.5 so is M.

To complete the proof, we show that G is not of type (vi) in Lemma 3.3.1 if G? is com-
mutative. Suppose that G° is commutative and G is of type (vi). Then by Theorem 3.2.2
the monodromy matrices of (3.2.1) can be represented by

Y o)
My=m; . ~_,), =1,... k,
: l(ﬂl /\zl

where ), = N\/my is not aroot of 1 and jiy € Cfor I=1,...,k Oneof iy, [ =1,... k, is
not zero at least since G would not be of type (vi) by Theorem 3.2.2 if it is not true. We
assume that fi; # 0. So the cyclic group M, generated by M, becomes

AL 0
m ! . leZ
{ ’ (ﬂjpz()\j) )‘jl) }
(A

A=\
We see that M; is infinite since p;(A) = 0 if and only if [ = 0. In particular, the nondiagonal

and infinite, where
ST

entries of its elements, /jjmé-pl()\j), | € Z, take an infinite number of values. Moreover, it
follows from Theorem 3.2.2 that

GOC{(S g,)‘A,/\’e(C*} or {(2 g)‘)\ec*,ue@}

since it is commutative. If the former is true, then G° is a subgroup of finite index
in G D M, (see, e.g., Proposition 3.2.1 of [23]), which contradicts to the fact that the
nondiagonal entries of elements of M; take infinitely many values. If the latter is true, then
we also have a contradiction since the ratios between two diagonal entries for elements of
M, :\fl , | € Z, also take infinitely many values and G° is a subgroup of finite index in

G D M;. Hence, G is not of type (vi). Thus, we complete the proof. ]

3.4 Main result

In this section we give our main result. We consider (3.1.1) for n > 3 and make the
following assumptions (see Fig. 3.1):

34



Figure 3.2: Riemann surface I' = #(U) U %, U%._.

(A1) There exists an (n — 2) dimensional analytic locally invariant manifold with bound-
ary, .4, such that its interior .4\ 0.4  contains a pair of equilibria z+ and a
heteroclinic orbit #(¢) with limy 1. Z(t) = 4.

(A2) There exist one-dimensional analytic locally invariant manifolds with boundaries,
@+, such that xo € €1 \ 064 and z(t) € €, for |t| > T with T'" > 0 sufficiently
large.

When n = 3, assumption (A2) immediately follows from (A1) with €. = A4". We also
allow that z, = x_ and #(¢) is a homoclinic orbit.

Let A+, ps and vy be eigenvalues of D f () such that the eigenvectors associated with
A+ belong to the one-dimensional tangent spaces 7, %+ and the eigenvectors associated
with py and vy belong to the two-dimensional complementary spaces of T,,.4". From
(A1) and (A2) we see that Ay € R. We also assume some of the following:

(A3) Ar #£0and 22— 7% “i £ ¢Q;

(A4) P T Vi €

Consider the complexification of (3.1.1) which is defined in a neighborhood of R™.
Suppose that (A1)-(A3) hold. Let %, and A be the complexifications of €, and A,
respectively, such that €y contain no other equilibria than x.. Let R > 0 be sufficiently
large and let U be a neighborhood of (=R, R) in C such that #(U) contains no equilibrium
and €1 N#(U) # 0. Obviously, Z(U) is a one-dimensional complex manifold with bound-
ary. We take I' = 2(U) U %, U%_ and the inclusion map as immersion i : I' — C". See
Fig. 3.2. If z; = x_ and Z(¢) is a homoclinic orbit, then small modifications are needed
in the definitions of I and 7. Let 0. € I" denote points corresponding to the equilibria x..

We now define the VE and NVE of (3.1.1) along I'. See Appendix A.1 for a more
general treatment. Since i(I") is locally invariant, the vector field f can be written as

d

f’i(l‘) = h(s>£>

where s is a local coordinate on T and k(s) is a holomorphic function. Let A(s) = Df(i(s))
for s € I'. We take t and sy with sz = 0 at 01 as the local coordinates on z(U) and
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%, respectively. Here t is the original independent variable of (3.1.1). The VE of (3.1.1)
along I' is given by

g n
— =A@, cec, (3.4.1)
on #(U) and
hi(si)ﬁ = A(s)E, €eC, (3.4.2)

on %y, where hi(s+) are holomorphic and satisfy hy(0+) = 0. Since ,/If is of dimension
n — 2, there exist local coordinates (yi,...,yn) = T(z) € C" for x € .4 such that 4" is
represented by y, 1 =y, = 0 and T'(z) is holomorphic on .4". Using the coordinates, we

have Df(i(s)) = (A%(S) 228) 7

where f(y) = DT(T~'(y))f(T~'(y)). So the components of the VE given by (3.4.1) and
(3.4.2) normal to 4, i.e., the NVE of (3.1.1) to .4 along I', are written as

dn
—=A C?
5, = Al ne
on #(U) and
d
hi(si)d—" = Ai(se)n, neC? (3.4.3)
S+
on %, where A(t) = Agy(t) on &(U) and Ai(ss) = Agy(sy) on €. These VE and NVE
of (3.1.1) along I', which are the same as those given by (A.1.3) and (A.1.7) in Appendix
Al for #4 = A& and m = 2 (cf. Equations (A.1.4), (A.1.5), (A.1.8) and (A.1.9)), have
only two singular points 04 since there is no other equilibrium than x. on (T).

Lemma 3.4.1. The NVE of (3.1.1) along I" is Fuchsian with regular singularities at 0.

Moreover the eigenvalues of monodromy matrices My around Oy are given by e2™i#=/2+
and 627ril/i/)\i_

Proof. By (A1) and (A2), hy(sy) in (3.4.3) are written as hy(s+) = Apsy +O(|s+|?) with
A+ # 0. Recall that Ay are eigenvalues of D f(x) such that the associated eigenvectors
belong to T, ¢+. Thus, the singular points 04 € I' are regular and the NVE is Fuchsian.
Since the eigenvalues of A4 (0) are p+ and vy, the characteristic exponents of (3.4.3) are
given by pus /Ay and vy /Ay and their difference is not an integer by (A3). Hence, we
compute the local monodromy matrices of (3.4.3) around sy = 0 as

which means that the eigenvalues of M, are given by e*™#+/*+ and e?mv+/ = O]

Let M be the monodromy group of the NVE of (3.1.1) along I', which is generated by
two elements M. Now we state our main result.
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Theorem 3.4.2. Suppose that (A1) - (A3) hold and equation (3.1.1) is real-meromorphically
integrable. Then the monodromy matrices My are simultaneously diagonalizable, i.e., M
is diagonalizable, and their eigenvalues are not roots of 1. Moreover, if (A4) and (A5)
hold, then

M,=M"' or M,=M_, (3.4.4)

so that M is infinitely cyclic.

Proof. To prove this theorem, we use the extension of the Morales-Ramis theory due to
Ayoul and Zung [6], which is briefly reviewed in Appendix A.2 (especially Corollary A.2.2).

Suppose that (A1)-(A3) hold and equation (3.1.1) is real-meromorphically integrable.
Then the complexification of (3.1.1) is meromorphically integrable on i(I"). Let G be
the differential Galois group of the NVE of (3.1.1) along I'. From Corollary A.2.2 we
see that the connected identity component G° of G is commutative. By Lemma 3.4.1
the monodromy matrices My have e2™(#+/2%) and e2™(v+/2+) ag their eigenvalues, and by
(A3) pse /Ay —vie/Ay = (pe —va)/Ax ¢ Q, which means that the eigenvalues of M, are
not roots of 1. Using Proposition 3.3.2, we obtain the first part.

We turn to the second part. Suppose additionally that (A4) and (A5) hold. Then by
(Ad)

det My = e2milue/Ax) | 2milve/Ae) _ o2m(patve)/Ax — 1

Thus, M C SL(2,C), so that G C SL(2,C) by Theorem 3.2.2. Since G has an ele-
ment whose eigenvalues are not roots of 1 and G° is commutative, G is of type (iv) in
Lemma 3.3.1, as in the proof of Proposition 3.3.2. Hence, we can write

(M0 (X O
M+ - (0 )\1—1) > M- = (0 )\2—1> )
where A\, Ay € C are some constants which are not roots of 1. Since e2™i(r+/2+) —

e¥mi=/2-) by (A5), M, and M_ have common eigenvalues. This means that A\; = A,
or A\; = A, ', i.e., the second part holds. O

Remark 3.4.1. Consider the situation in which equation (3.1.1) is a two-degree-of-
freedom Hamiltonian system and has a saddle-center equilibrium with a homoclinic orbit,
as in [64, 91]. So we take A\_ = —A; = A, pux = +iw and v+ = Fiw with A\,w > 0, so that

— 21 _
= Vi:jF%%@’ Peve o B B g,

e At N A

Hence, we can apply Theorem 3.4.2 to conclude that condition (3.4.4) holds if equa-
tion (3.1.1) is real-meromorphically integrable in the meaning of Liuoville. The second
case of (3.4.4) was overlooked in [64, 91]. Theorem 3.4.2 also says that for a large class of
integrable systems which may be non-Hamiltonian and have homo- or heteroclinic orbits
to equilibria which may not be saddle-centers, the same condition (3.4.4) holds.

3.5 Application

We now demonstrate the theoretical result of Section 3.4 for the three-dimensional system
(3.1.2). We first see that the zy-axis {(0,x2,0)|zs € R} is invariant under the flow of
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(3.1.2), and that it contains equilibria at x+ = (0, F1,0) and a heteroclinic orbit to them,
z(t) = (0, — tanh 3¢, 0).

Thus, (Al) and (A2) hold with A = €. = {(0,22,0)] — 2 < zo < 2}. Moreover, the

eigenvalues of D f(z+) are computed as

A =F6, pr=43—/25—alaFp), vi==43+/25—alaTFp).

Hence, (A3) is equivalent to

V25— g‘(a £5) ¢ g (3.5.1)

since A+ = F6. We also note that (A4) holds but (A5) does not necessarily since

Petve 0 He M—:\/25—a<04—5)+\/25—04(04+5)
A DV 6

The formal NVE along 2(t) is given by

. 8 tanh 3t o cC?
= —a+ ftanh 3t —2tanh 3t Y ’

which is transformed to the NVE on the (trivial) Riemann surface C,

dn 1 —8s o)
ds  3(s2—1) <—a — fBs 23) 777 (3:5.2)

by the transformation s = — tanh 3¢. Letting { = 7y, we rewrite (3.5.2) as

d*¢ ds d¢  a(a+ Bs) +8s* —24
ds*>  s?—1ds 9(s2—1)2

¢ =0, (3.5.3)

which has regular singularities at s = 41, co on the Riemann sphere P!. Let M., be the
monodromy matrices of (3.5.3) around s = +1. The monodromy matrices M. of (3.5.2)
aroud s = F1 are simultaneously similar to M.

We compute the characteristic exponents of (3.5.3) at s = —1,1 and oo as (¢4, ),
(¢4,1_) and (1/3,8/3), respectively, where

1 1 1 1
bo= 5t /Bala—f), ts=—3F VB alatp)
Solutions of (3.5.3) are expressed by a Riemann P function (see, e.g.,[41]) as
-1 1 o0
Plo. v 1 sy
¢+ Vi 3
which are transformed to
0 1 oo
PLo_ Y % z
¢+ Y+ 3
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by the transformation z = (s + 1)/2. Using the identity

0 1 oo
20 (z=1)""Po_ Yo i 2z
¢+ U+ 3
0 1 %9
=P 0 0 s+o-+Y- zp,

br— 0o Y-t S4o_tu
we rerwite (3.5.3) as the hypergeometric equation

&C (a+b+1)z—cdC  ab
dz? 2(z—1) dz  z2(z-1)

¢=0, (3.5.4)

where . .
a:§+¢—+¢—a b:§+¢—+¢—, l—c=0¢4 —o-.

Hence, M_; = e(¢p_)My and My = e(yp_)M;, where My, My are monodromy matrices of
(3.5.4) at z = 0,1 and e(a) = €*™@. Thus, M_; and M, are simultaneously diagonalizable
if and only if so are My and M;. We have the following lemma on monodromy matrices
of the hypergeometric equation (3.5.4).

Lemma 3.5.1. Ifc,c—a—b ¢ Z, then My and My are not simultaneously diagonalizable.

Proof. Assume that ¢,c —a — b ¢ Z. By Theorem 4.7.2 of Chapter 2 of [41], we obtain

Mo = (3 e&)) ’

1 (£11€22 — 6126216(C —a — b) 612822(6(0 —a — b) — 1) )

M= -
! Uy10y9 — lioloy \ l11lo1 (1 —e(c—a—10)) Lli1lage(c —a — b) — l19ly

where

L(e)l'(c—a—10) o — r'2—-col(c—a—>b)

Fc—a)l(c—b) 7 TA-al(l—b)

L(e)(a+b—c) I'2—cl'(a+b—c)
L(a)T(b) Fla—c+I'(b—c+1)

611 =

ly = by =

Here I'(a) represents the gamma function. If My and M; are simultaneously diagonaliz-
able, then ¢1105; = 0 and {1225 = 0 because e(c),e(c —a — b) # 1. Note that 1/T'(z) =0
if and only if x € Z and x < 0. Easy calculations yield that #1125, # 0 or {12f59 #* 0 under
the assumptions. O

Applying Theorem 3.4.2, we obtain the following result.

Proposition 3.5.2. If condition (3.5.1) holds, then the system (3.1.2) is not real-meromorphically
integrable.
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Proof. Assume that condition (3.5.1) holds. It follows from the relations

S Y
¢+ - >\+ ) ¢— >\+ 9 ¢+ A\ ) ¢— A\

that
o+ — - ¢Q, Y —9_¢Q.
Hence, we use Fuchs’ relation ¢4 + ¢ + ¢_ +19¥_ + 3 = 1 to show that

c=1-(¢4~0¢.)¢2Z c—a—b=vy,—y_ ¢

This means that M_; and M., are not simultaneously diagonalizable since so are M, and

M by Lemma 3.5.1. Applying Theorem 3.4.2, we complete the proof.

Condition (3.5.1) holds when a = 1 and 8 € {2v/23,8v/5,16v/2} or when 3 = 0 and
a? # 24—9¢? for some g € Q. The former case was excluded in [71] and the latter case was
studied in [82, 69]. Proposition 3.5.2 says that the system (3.1.2) is real-meromorphically

non-integrable in both the cases.
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Chapter 4

Heteroclinic orbits and
nonintegrability in
two-degree-of-freedom Hamiltonian
systems with saddle-centers

4.1 Introduction

Chaotic dynamics and nonintegrability of Hamiltonian systems are classical and funda-
mental topics in dynamical systems, as seen in the famous work of Poincaré [73], and they
have attracted much attention [48, 59, 62, 68, 76]. A Hamiltonian system is nonintegrable
if it exhibits chaotic dynamics (see, e.g., [68]), but the converse is not always true: it
may not exhibit chaotic dynamics even if it is nonintegrable. Chaotic dynamics is also
very often closely related to the existence of transverse homo- and heteroclnic orbits. For
example, if there exist transverse homoclinic orbits to periodic orbits, then a Poincaré
map appropriately defined is topologically conjugated to a horseshoe map, which has an
invariant set consisting of orbits characterized by the Bernoulli shift, i.e., chaotic dynamics
occurs [35, 68, 88]. Morales-Ruiz and Peris [64] and Yagasaki [91] discussed a relation-
ship between nonintegrability and chaos for a class of two-degree-of-freedom Hamiltonian
systems with saddle centers having homoclinic orbits. They showed that if a sufficient
condition for nonintegrability holds, then there exist transverse homoclnic orbits to peri-
odic orbits. Here we extend their results to a similar class of Hamiltonian systems with
saddle centers connected by heteroclinic orbits.

More concretely, we consider two-degree-of-freedom Hamiltonian systems of the form

&= JD,H(z,y), y=JD,H(z,y), (v,y)€R xR (4.1.1)

where H: R? x R? — R is analytic and J represents the 2 x 2 symplectic matrix,

()

We make the following assumptions.

(B1) The z-plane, {(z,y) € R* x R?|y = 0}, is invariant under the flow of (4.1.1), i.e.,
D,H(z,0) = 0 for any = € R2.
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x"(2)

Figure 4.1: Assumptions (B2) and (B3).

(B2) There exist two saddle-centers at (z,y) = (x, 0) on the z-plane such that the matrix
JD2H (z1,0) has a pair of real eigenvalues A\, —\+ and the matrix JD;H(xi, 0)
has a pair of purely imaginary eigenvalues iw., —iws (AL, ws > 0), where the upper
and lower signs in the subscripts are taken simultaneously.

Assumption (B2) implies that there exist one-parameter families of periodic orbits near
the saddle-centers (x4, 0) by the Lyapunov center theorem (see, e.g., [59]). In addition,
the system restricted on the z-plane,

& = JD,H(z,0), (4.1.2)

has saddles at © = xy. The reader may think that assumption (B1) is too restrictive but
quite a few important Hamiltonian systems satisfy this assumption. See, e.g., [75, 90] for
such examples.

(B3) The two saddles z = x4 are connected by a heteroclinic orbit z"(t) in (4.1.2), as
shown in Fig. 4.1.

In (B3), if x_ =z, then 2"(¢) becomes a homoclinic orbit.

In [75] a Melnikov-type technique (see, e.g., [35, 58] for its original version) was devel-
oped for (4.1.1) to detect the existence of transverse heteroclinic orbits connecting periodic
orbits near the saddle-centers (x,y) = (74,0), when H(z,y) is only C™! (r > 2). The
Melnikov function was defined in terms of a fundamental matrix to the normal variational
equation (NVE) along the heteroclinic orbit (z,y) = (2"(¢),0),

n=JD.H ("(t),0)n, neR’ (4.1.3)

and such transverse heteroclinic orbits were detected if it has a simple zero. See Sec-
tion 4.2.1 for more details. This is an extension of a technique developed in [89], which
enables us to show that there exist transverse homoclinic orbits to such periodic orbits
and chaotic dynamics occurs [35, 88|, when z_ = x, and z"(t) becomes a homoclinic
orbit. Moreover, if there exist transverse heteroclinic orbits from periodic orbits near
(x_,0) to those near (z,0) and vice versa, i.e., transverse heteroclinic cycles between the
periodic orbits, then so do transverse homoclinic orbits to those near (x,,0) and (x_,0),
so that the Hamiltonian system (4.1.1) exhibits chaotic dynamics and is nonintegrable.
We also point out that Grotta Ragazzo [34] obtained a concrete sufficient condition for
the occurrence of chaotic dynamics in a special class of (4.1.1) with z_ = =, using a
general result of [50], a little earlier.

On the other hand, Morales-Ruiz and Ramis [65] presented a sufficient condition for
meromorphic nonintegrability of general complex Hamiltonian systems. Their theory,
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which is now called the Morales-Ramis theory, states that complex Hamiltonian systems
are meromorphically nonintegrable if the identity components of the differential Galois
groups [23, 81] for their variational equations (VEs) or NVEs around particular noncon-
stant solutions such as periodic, homoclinic and heteroclinic orbits are not commutative.
See also [62]. Ayoul and Zung [6] used a simple trick called the cotangent lifting to show
that the Morales-Ramis theory is also valid for detection of meromorphic nonintegrability
of non-Hamiltonian systems in the meaning of Bogoyavlenskijj [9]. Moreover, Morales-
Ruiz and Peris [64] studied a special class of (4.1.1) with x_ = 2z, and showed that if
the Hamiltonian system (4.1.1) is determined by the Morales-Ramis theory to be real-
meromorphically nonintegrable, then chaotic dynamics occurs, using the results of [34].
See also [62]. Their result was extended to (4.1.1) with x_ = z in [91], based on the result
of [89]. A further extension on sufficient conditions for real-meromorphic nonintegrability
to general dynamical systems having homo- or heteroclinic orbits was accomplished in
Chapter 3. See Section 4.2.2 for more details.

In this chapter, based on [75] and Chapter 3, we extend the results of [64, 91] and
show the following for (4.1.1) under assumptions (B1)-(B3).

e Assume that w, = w_. If sufficient conditions obtained in Chapter 3 for real-
meromorphic nonintegrability near the heteroclinic orbit hold, then the stable and
unstable manifolds of periodic orbits on the same Hamiltonian energy surface near
the saddle-centers (z4,0) intersect transversely, i.e., there exist transverse hetero-
clinic orbits connecting the periodic orbits.

e Assume that w; # w_. Then these manifolds intersect transversely, have quadratic
tangencies or do not intersect whether the sufficient conditions hold or not. More-
over, under an additional condition, if the sufficient condition does not hold, i.e., a
necessary condition for real-meromorphic integrability holds, then these manifolds
do not intersect. This may be surprising for the reader since they do not coincide
even if the Hamiltonian systems are integrable.

Here the associated Hessian matrices of the Hamiltonian are assumed to have the same
number of positive eigenvalues: otherwise there exist no periodic orbits near (z+,0) on
the same energy surface, as shown in Proposition 4.3.1 below. Our theory is illustrated
for a system with quartic single-well potential and some numerical results by using the
computer software AUTO [24] are given to support the theoretical results.

The above results are remarkable since a relationship between the existence of trans-
verse heteroclinic orbits and nonintegrability for Hamiltonian systems, both of which are
important properties of dynamical systems, is addressed for the first time, to the au-
thors” knowledge. If not only transverse heteroclinic orbits but also heteroclinic cycles
exist, then chaotic dynamics occurs (see the last paragraph of Section 4.2.1), so that the
Hamiltonian systems are nonintegrable. However, if transverse heteroclinic orbits exist
but heteroclinic cycles are not formed, then chaotic dynamics may not occur and it is
not clear that the systems are nonintegrable. See, e.g., an example in [95, Section 1.1.2].
We remark that in different settings the non-existence of first integrals when transverse
heteroclinic orbits to hyperbolic periodic orbits exist was discussed in [26, 95]. Moreover,
transverse heteroclinic orbits may not exist even if the systems are nonintegrable. Thus,
our problem is more subtle, so that our conclusions are more complicated as stated above,
compared with the previous one discussed for homoclinic orbits in [64, 91].
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Figure 4.2: The right branch of the unstable manifold of v~ and the left branch of the
stable manifold of 7", denoted by W*(v27) and W (7}"), on a Poincaré section.

The outline of this chapter is as follows. In Section 4.2 we briefly review the previous
results of [75] and Chapter 3 on the existence of transverse heteroclinic orbits to periodic
orbits near (z4,0) and on necessary conditions for real-meromorphic integrability, i.e.,
sufficient conditions for real-meromorphic nonintegrability. We state the main theorems
and prove them in Section 4.3, and give the example stated above along with numerical
results in Section 4.4.

4.2 Previous results

4.2.1 Melnikov-type technique

We first review the result of [75] for the existence of transverse heteroclinic orbits in (4.1.1).

Suppose that assumptions (B1)—(B3) hold. As stated in Section 4.1, near the saddle-
centers (x4, 0), there exist one-parameter families of periodic orbits, which are denoted
by 7¢*, ax € (0,ax], with az > 0. As ay — 0, they approach (z,0) and their periods
approach 2m/wy. Let W (v%7) (resp. W§ (74")) denote the right branch of the unstable
manifold of 7%~ (resp. the left branch of the stable manifold of 7{") near the heteroclinic
orbit (z"(t),0). See Fig. 4.2.

Let ¥(¢) denote the fundamental matrix of the NVE (4.1.3) along (z"(t),0). Let ®4(t)
be the fundamental matrices of the NVEs around the saddle-centers (z,0),

1) = JD,H(zx,0)n, (4.2.1)

with ®4(0) = idy, where idy represents the 2 x 2 identity matrix. We easily show that
the limits

B_= lim ®_(—t)U(t), B.= lim &, (—t)¥(t) (4.2.2)

t——o00 t——+o00

exist (cf. [89, Lemma 3.1]) and set By = By B~'. We define the Melnikov function M (t,)
as

M (to) = m_(no) — my(Bo®_(to)no), (4.2.3)
where 7y € R? with |ng| = 1 and

1
my(n) = 3 D;H(xi, 0)n. (4.2.4)

We have the following theorem (see [75, Appendix A] for the proof).
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Figure 4.3: Riemann surface I' = 2"(U) U W5 U W™,

Theorem 4.2.1. For some ay € (0,a4], let vi* be periodic orbits sufficiently close to
(x+,0) on the same energy surface. Suppose that M(ty) has a simple zero. Then the
right branch of the unstable manifold W™ (v27) and the left branch of the stable manifold
w; (73‘_*) intersect transversely on the energy surface, i.e., there exist transverse hetero-
clinic orbits from v~ to 77".

Remark 4.2.1. Theorem 4.2.1 is also valid when z, = z_. In this situation, if M ()
has a simple zero, then the stable and unstable manifolds of periodic orbits near the
corresponding saddle-center intersect transversely on the energy surface, i.e., there exist
transverse homoclinic orbits to the periodic orbits and consequently chaotic dynamics

occurs (e.g., [35, 88]). See also [89].

Suppose that there also exists a heteroclinic orbit #%(¢) from z, to x_ on the z-
plane and that the hypothesis of Theorem 4.2.1 holds for both of "(¢) and 2"(¢). Then
the unstable manifolds of vj‘f intersect the stable manifolds of y$* transversely on the
energy surface and these manifolds form a heteroclinic cycle. This implies that there exist
transverse homoclinic orbits to v+ (see, e.g., [88, Section 26.1]), so that chaotic dynamics
occurs in (4.1.1).

4.2.2 Necessary conditions for integrability

We next briefly describe the result of Chapter 3 for integrability of (4.1.1) in our setting.

Suppose that (B1)-(B3) hold. Let I'r = {(2"(¢),0) € R? x R?|t € R} U {(z,0)}.
Consider the complexification of (4.1.1) in a neighborhood of I'g in C*. TLet W}" be
the one-dimensional local holomorphic stable and unstable manifolds of (z4,0) on the -
plane. See [36] for the existence of such holomorphic stable and unstable manifolds. Let
R > 0 be sufficiently large and let U be a neighborhood of the open interval (—R, R) C R
in C such that z"(U) contains no equilibrium and intersects both W and W*. Here for
simplicity we have identified 2%(U) € C? with 2(U) x {0} in C*. Obviously, z"(U) is
a one-dimensional complex manifold with boundary. We take I' = z™(U) U W5 U W
and the inclusion map as immersion i: I' — C*. See Fig. 4.3. If z, = 2_ and z"(¢) is a
homoclinic orbit, then small modifications are needed in the definitions of I and 4. Let
0+ € I" denote points corresponding to the equilibria x.. Taking three charts, Wi" and
2" (U), we rewrite the NVE (4.1.3) along T as follows (see Section 3.4 for the details).

In z(U) we use the complex variable t € U as the coordinate and rewrite the
NVE (4.1.3) as

dn

i JDZH (i(t))n, (4.2.5)
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which has no singularity there. In W3 and W" there exist local coordinates s, and s_,
respectively, such that s4(01) = 0 and d/dt = hy(sy)d/dss, where ho(sy) = FAisy +
O(|s+|?) are holomorphic functions. We use the coordinates sy and rewrite the NVE
(4.1.3) as

dse hi(l&)JDzH(i(Si))n’ (4.2.6)

which have regular singularities at s = 0. Let M. be monodromy matrices of the NVE
along I' around s = 0.

Let X, = =Xy and A = A_, and let py = +iwy and vy = Fiwy be eigenvalues of
JD2H (z+,0). Then we have

Mt — Vi 2iwy pt + Ve
=F ¢ Q, —

N, A N,

—0€e2Z,

which mean that conditions (A3) and (A4) of Chapter 3 hold. Applying Theorem 3.4.2
of Chapter 3, we obtain the following result.

Theorem 4.2.2. Suppose that assumptions (B1)~(B3) hold and the Hamiltonian system
(4.1.1) is real-meromorphically integrable near U'r. Then the monodromy matrices My are
commutative. Moreover, if

%f-—ggzz—f§f-%%%lztx (4.2.7)
then
My=M"' or M =DM_ (4.2.8)
Remark 4.2.2.

(i) Let Ur and Uc be, respectively, neighborhoods of I'g in R* and in C*. By real-
meromorphic integrablity we mean that the real Hamiltonian system (4.1.1) has an
additional first integral which is a restriction of some meromorphic function defined
in Uc onto Ug. If the Hamiltonian system (4.1.1) is real-meromorphically integrable
in Ug, then its complexification is also meromorphically integrable in Ug. Such real-
meromorphically nonintegrable Hamiltonian systems were also discussed by using a
different approach in [54, 55, 96].

(i) Under the hypothesis of Theorem 4.2.2, the identity component G° of the differen-
tial Galois group for the NVE (4.1.3) along I' is commutative if and only if so is
M. Moreover, if condition (4.2.7) holds, then condition (4.2.8) is necessary and
sufficient for G° to be commutative.

(iii) If 2, = x_, then condition (4.2.7) automatically holds, so that conclusion (4.2.8) is
necessary for the real-meromorphic integrability of (4.1.1). We also note that the
latter case in (4.2.8) was overlooked in the early results of [64, 91].
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4.3 Main results

Let o7 and o3 be ecigenvalues of D2H (x4, 0). We have oi0; = w3, so that o7 and o3

are of the same sign, where the upper and lower signs in super- and subscripts are taken
simultaneously. Recall that there are one-parameter families of periodic orbits y$* near
the saddle-centers (z,0), as stated in Section 4.2.1.

Proposition 4.3.1. If o have the opposite signs, then there does not exist a pair (o, )
with 0 < ax < 1 such that the periodic orbits vi* around (x+,0) are on the same energy
surface.

Proof. Since the saddle-centers (2, 0) are connected by the heteroclinic orbit (z"(¢),0),
we assume that H(z;,0) = H(z_,0) = 0 without loss of generality. Using the center
manifold theorem [35, 88|, we see that there exist center manifolds of (z4,0) on which
8t = (2f(t), y2* (t)) lie. Moreover, on the center manifolds, the relations z — x4 =
O(|yl?) hold near (z,0). Hence,

H (1) = S*(0) - D3 H (s, 0048 (1) + O™ ()

which implies that for ay > 0 sufficiently small there does not exist a pair (o, a_) with
H (fyf_*) =H (fyf’) if o and o, have the opposite signs. O

Henceforth we assume that O'it have the same sign. From the proof of Proposition 4.3.1
we can take oy € (0,a4) for a_ € (0, a_) sufficiently small such that H(v{*) = H(v*"),
i.e., there exist periodic orbits 7$* near (x4,0) on the same energy surface. Let M. be
the monodromy matrices of the transformed NVE (4.2.5) and (4.2.6) around sy = 0, as

defined in Section 4.2.1. We state our main theorems as follows.

Theorem 4.3.2. Assume that o are of the same sign. Let ax > 0 be sufficiently small
and satisfy H(ﬁf*) = H(yg’). Then the following hold:

(1) If wy = w_ and the monodromy matrices My are not commutative, then the right
branch of the unstable manifold W} (Vf_) intersects the left branch of the stable
manifold W; (vf) transversely on the energy surface, i.e., transverse heteroclinic
orbits from v*~ to vt exist.

(i) If wy # w_, then W2 (72_) and W} (7?) intersect transversely on the energy sur-
face, have quadric tangencies or do not intersect. In particular, they do not coincide.

Theorem 4.3.3. Assume that oi are of the same sign and w, /Ay = w_/ _. Let ay >0
be sufficiently small and satisfy H(’yi*) = H(’yf’). Then the following hold:

(1) If wy = w_ and My # M~*, then W" (72’) intersects W; (’yff) transversely on the
energy surface.
(i1) If wy # w_ and My = MZ", then W2 (y27) does not intersect W§(v4").
Remark 4.3.1.

(i) The hypothesis of Theorem 4.3.3(i) does not coincide with the sufficient condition
given in Theorem 4.2.2 for real-meromorphic nonintegrability while the hypothesis
of Theorem 4.3.2(i) does. Similarly, the hypothesis of Theorem 4.3.3(ii) does not
coincide with the necessary condition for real-meromorphic integrability.
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(ii) Assume that rz_ = z, and z"(¢) is a homoclinic orbit. Then wy = w_ and A; = A_.
Hence, we apply Theorem 4.3.2(i) to recover the result of [91] with a necessary
correction stated in Remark 4.2.2(iii): If M, # M-’ then the stable and un-
stable manifolds intersect transversely on the energy surface. In particular, by
Theorem 4.2.2 and Remark 4.2.2(iii), we see that under the sufficient condition for

real-meromorphical nonintegrability, the same conclusion holds.
(iii) In Theorem 4.3.2(ii) and Theorem 4.3.3(ii), by saying that W (7)) and W} (v5)
do not intersect, we mean that W*(7%") and Wj(+}") do not intersect near the

heteroclinic orbit (z"(t),0) before going away from it. It is difficult to generally
exclude the case in which they intersect after that.

In the rest of this section we prove the main theorems. We first provide some necessary
properties of the Melnikov function M(ty). Using (4.2.4), we can rewrite (4.2.3) as

M(to) = %(@—(to)UO)T(D;%H(x—a 0) — By Dy H (1, 0)Bo) (D (to)m0), (4.3.1)

where the superscript T represents the transpose operator. Since the matrix DSH (x,0)
is symmetric, there exist a pair of orthogonal matrices P, such that

T2 0'i 0
PID2H(x4,0)Py = ( ! i) (4.3.2)

0 o3

and det P = 1. Hence, we have

o) (5 o) -85 (4 o) Bo] (PP (em)

)

M(to) =

— DN =

= 577(750)TR77@0)> (4.3.3)

where By = PYByP_, 7i(ty) = PT®_(to)no and

_ (o1 O AT ‘71+ 0 5
R_(O 02) BO(O U;)BO'

On the other hand, there exist a pair of nonsingular matrices ()4 such that

—1lW4

Qi JDyH (x+,0)Qx = (“g* X ) .
So we have
9 eiwit 0 1
(I):I:(t) = exp (JDyH(']::b O)t) = Q:t 0 e—iwit Qi : (434>

Noting that R is symmetric and using (4.3.3) and (4.3.4), we immediately obtain the
following result.

Lemma 4.3.4.

(i) M(to) has a simple zero if and only if det R < 0.

48



(1) M(ty) has no zero if and only if det R > 0.

(141) (tg) is not identically zero but has double zeros if and only if det R = 0 and
wR £ 0.
(iv) M(to) is identically zero if and only if det R = 0 and tr R = 0.

This lemma enables us to easily determine by det R and tr R whether M(ty) is not
identically zero or not, whether it has a zero or not, and whether its zero is simple or

double if it has.
= bii bio
By = .
0 (b21 522)

Denote
Since ¢ (¢) and U (t) are fundamental matrices of linear Hamiltonian systems and ®(0) =
idy (see Section 4.2.1), we have det By = det ¥(0) by (4.2.2), so that

det By = det By = 1. (4.3.5)
Hence, we compute
tr R = — (07}, + o b7, + 05 b3, + 05b3,) + 01 + 05
and
2
det R = (wy —w_)* — (blm/afag - bgm/a;af) (b12 ofo; + bgﬂ/a;a;) :
(4.3.6)

Here we have used the relations oi oy = w?.

Lemma 4.3.5. If wy = w_, then M(ty) is identically zero or it has a simple zero.

Proof. Assume that w, = w_. Obviously, det R < 0 by (4.3.6). If det R = 0, then

[+ - _ [ ot 5 / /

trR= —y/o] o) (N/U—l_vwla—z_) (b11bg2 — b12ba1) + 07 + 0y
) 01
0,09 (”Ul U )+01+02—O
)

Here we have used the relations 01 02 = 0, 0, and det Bo = by1byy — b12bo; = 1. Using
parts (i) and (iv) of Lemma 4.3.4 we obtain the result. O

so that

We also need the following result on the monodromy matrices My defined in Sec-
tion 4.2.2.
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Lemma 4.3.6. The monodromy matrices can be expressed as

27

.
M, = By exp (—AllJDf/H(er, 0)) Bo, M. =exp (A—JDjH(x_, 0)) (4.3.7)
+ p—

for a common fundamental matriz.

Proof. Let
(t) = U(t)B~ .

Then W(t) is a fundamental matrix of (4.1.3) such that

lim ®_(—t)¥(t) = idy and lim &, (—t)¥(t) = B,.

t——o0 t——+o0

For the transformed NVE on I', we take a fundamental matrix corresponding to W(t).
Since by (4.3.4) its analytic continuation yields the monodromy matrices

.
exp (;%;JD;H(% 0))

along small loops around 0., we choose the base point near 0_ to obtain (4.3.7). O

Now we prove the main theorems.

Proof of Theorem 4.3.2. Assume that M (o) is identically zero. It follows from (4.3.1)
that
D>H(z_,0) = ByD2H(x,.,0)B.

Since det By = 1, we have ByJBy = J, so that
JDH(x_,0) = By ' JD2H(x,0)B,. (4.3.8)

Hence, JD;H(z_,0) and JD?H(z,0) have the same eigenvalues, i.e., w, = w_. This
implies that if w; # w_, then M (ty) is not identically zero. Using Lemma 4.3.4 and
Theorem 4.2.1, we obtain part (ii).

On the other hand, using Lemma 4.3.6 and (4.3.8), we see that if M(ty) is identically
zero, then

27

M, = exp <—)\—JD§H($_,0)> ;
+

so that My are commutative. Hence, if My are not commutative, then M(%y) is not
identically zero. This yields part (i) by Lemma 4.3.5 and Theorem 4.2.1. ]

Proof of Theorem 4.3.3. Assume that w, /Ay = w_/A_. From Lemma 4.3.6 and (4.3.2)
we have

- 2mi (0 of -
M+:BOIP+eXp(_Z (—O'Ir 02)>P+1B0,

o _
M_ = P_exp (—All (_(()71 002 )) P
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Using the relations oifof = w? . we easily compute
109 T

exp (_ 27i ( 0 af)) B ( cosh 2mp i\/o3 Jof sinh 27r,u>
—i ’

A \—of 0 Voi /o3 sinh 2mp cosh 2mp

where p = w, /A, = w_/A_. So the condition M, = M~"' is equivalent to

cosh 27y i\/o, /o] sinh 2wy
—iy/oy Joy sinh 2mp cosh 27y

B cosh 27y iv/oy /o sinh 27y B
—iy/o] /oy sinh 27y cosh 2 o

OU:Jz

so that

buy/oi oy —buny/ogor =0, buy/osoy +biay/orof = 0.

Hence, if M, = M~", then by (4.3.6)
det R = (wy —w_)>

Thus, we obtain part (ii) by Theorem 4.2.1 and Lemma 4.3.4. Moreover, when w, = w_,
the above observation along with (4.3.6) shows that det R = 0 (if and) only if M, = M~".
This implies part (i) by Theorem 4.2.1 and Lemma 4.3.5. O

4.4 Example

To illustrate our theory, we consider the two-degree-of-freedom Hamiltonian system

. . 3,173 ,.2 2
T1 = To, Ty = —x1 + ) + 561y1 + Bawryy,

=y =Wy + by + Beriy — (4.4.1)
with the Hamiltonian
H = 4+ 48) + (e + ) — § (ot i) — Buauad — e,
where 31, 2, w € R are constants such that
w? — By > |Bi]. (4.4.2)

We easily see that assumption (B1) holds, i.e., the z-plane is invariant under the flow
of (4.4.1). On the z-plane, the Hamiltonian system (4.4.1) has two saddles at x = (%1, 0)
with A\r = /2, and they are connected by a pair of heteroclinic orbits,

2 (t) = (i tanh (%) ,i% sech” (%)) :

lim z'}(t) = (£1,0) and lim 2} (t) = (1,0).

t—+o0 t——o0

satisfying
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Thus, assumption (A3) holds for xy = (£1,0) or (¥1,0), where the upper and lower
signs are taken simultaneously. Moreover, by (4.4.2), the two equilibria in (4.4.1) are
saddle-centers, so that assumption (A2) holds. In the following, we describe the details
of computations for x4 = (£1,0) and 2! (¢), from which the corresponding results for
r1 = (F1,0) and 2" (¢) also follow immediately.

Let x4 = (£1,0). Then

wir = Vw2 F [ — o, o =1, oy =w F B — B> 0.

We see that w, = w_ if and only if i = 0 and that o7 are of the same sign. The NVE
(4.1.3) becomes

=1, = —(w = By () — Borly (1)), (4.4.3)
which reduces to the second-order differential equation
m + (w2 - 51$111+(t) - 52$}11+(t)2)771 =0, (4-4-4)
where 28, (¢) represents the z;-component of z'} (¢), i.e., z}, (t) = tanh (¢/v2). Letting
p+ = —iws /v/2 and using the transformation

o aslf+(t) +1

2 m=r(-e (1.45)

we rewrite (4.4.4) as the Gauss hypergeometric equation [41, 87]

d? d
(1 — T)d—Tg + (3 — (1 + 2+ 1)7’)£ — 166 =0, (4.4.6)
where
1 =x++prt+p, oy = X-+psy+p-, c3=2p_+1

with y4+ = %(1 + 1+ 862). The equilibria z_ and x, correspond to 7 = 0 and 1,
respectively. Singular points of (4.4.6) are 7 =0, 1,00 and all of them are regular.

The necessary condition for real-meromorphic integrability given by Theorem 4.2.2
holds only in a limited case for (4.4.1) as follows.

Lemma 4.4.1. If the monodromy matrices My are commutative, then

51 =0, By = tn(n—1) for some n €N (4.4.7)

2
and M, = M~

Proof. Let My and M; be the monodromy matrices of (4.4.6) around 7 = 0 and 7 = 1,
respectively. Using (4.4.5), we compute M_ = e(p_ )My and M, = e(p,)M;, where
e(p) = ™ for p € C. Tt is a well known fact (see, e.g., [41, Chapter 2, Theorem 4.7.2])
that the monodromy matrices of (4.4.6) are given by

Mo = ((1) 6(—063)) ’

1 (511622 - 6125216(03 —C — 02) 612522(6(03 —C — 02) - 1) )

M, = —
! b 511521(1 - 6(03 —C1 — Cz)) 5115226(63 —C — 02) — l1905
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where (g = (11099 — (15051,

0 = [(cs)l(cg — 1 — ¢2) 0 — ['(2 —c3)l(cg — 1 — o)
F(Cg — Cl)F(Cg — CQ)7 F(l — Cl)F(]_ — Cg) ’
I'(e3)l(eg + o — ¢3) ['(2 = e3)(c1 + o — c3)

['(e)T(ca) ’ L(c; —e3+ Dl (cg —e3+ 1)’

and I'(p) represents the gamma function. Since c3 =2p_+1and cg—c; —cy =1 —py are
not integers, we see that if My and M; are commutative, then M; must be diagonal and
consequently l190o9 = (11051 = 0. Moreover, ¢; and ¢, are not integers, so that £1o, {5, # 0,
since 1/I'(p) = 0 if and only if p € Z and p < 0. Hence, if M, are commutative, then
11,022 = 0.

If 81 # 0, then ¢3 —c; and c3 — ¢y are not integers, so that ¢11, f39 # 0 and consequently
M are not commutative. On the other hand, if 5; =0, thencz—c; =1—xy =co—c3+1
and ¢3 — o = x4 = ¢1 — c3 + 1, so that £11, 05 = 0 if and only if x, € N. Hence, if M,
are commutative, then $; = 0 and x; € N, so that the second condition of (4.4.7) holds.
Moreover, if condition (4.4.7) holds, then £11, ¢ = 0 and py + p_ = 0, so that

o= (U5 o) = (7 e<19p>)_1:M—_1'

Thus, we obtain the desired result. O

621 = 622 =

Obviously, the statement of Lemma 4.4.1 is also true for x3 = (F1,0) and 2" (¢). Let
7+* denote periodic orbits around the saddle-centers at x = (+1,0) and let W?* ('yf’)
and W (’yf_*) be the right and left branches of the stable and unstable manifolds of v~
and 7", respectively. Note that wy /Ay = w_/A_ holds if and only if 8; = 0. Using
Theorems 4.2.2, 4.3.2 and 4.3.3 and Lemma 4.4.1, we obtain the following proposition.

Proposition 4.4.2. Suppose that condition (4.4.7) does not hold. Then the Hamiltonian
system (4.4.1) is real-meromorphically nonintegrable near the heteroclinic orbits (x,y) =
(2%.(¢),0). Moreover, let o > 0 be sufficiently small and satisfy H(7{") = H(v*).
If Bi = 0, then Wru(vf_) and W (W_Off), respectively, intersect W} (yff) and W? (73_)
transversely on the energy surface, i.e., there exists a heteroclinic cycle. If 51 # 0, then
Wr“('yf’) and Wgu(fyf), respectively, intersect Wf(’ﬁ*) and Wrs('yf’) transversely on
the energy surface, or these manifolds have quadratic tangencies or do not intersect.

Remark 4.4.1. The existence of such a heteroclinic cycle implies that chaotic dynamics
occurs in (4.4.1), as stated at the end of Section 4.2.1. From Proposition 4.4.2 we imme-
diately see that when [ # 0, the system (4.4.1) is real-meromorphically nonintegrable
near the heteroclinic orbits although there may not exist a heteroclinic cycle.

We next compute the Melnikov function M(ty) for (4.4.1). Let x4 = (£1,0). The
NVE (4.2.1) becomes

=12, 1 = —(w* F B1 — Bo)m,
of which the fundamental matrix with ®.(0) = id, are given by

< cos wit sin wit/wi)

(t) = —w4 Sinw4t  coswyt

(4.4.8)
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Let F(cq, ¢, c3;7) be the Gauss hypergeometric function,

cala+1)---(aa+k—1cy(ca+ 1) (ca+k—1) ,

F . — .
(e T) kz:% kleg(es +1) -+ (c3+k—1) '

Then
§:TI—C3F(CI —c3+1,0 —03—1—1,2—03?7')

is a solutions to (4.4.6) as well as £ = F(¢y, ¢o, ¢3;7) (see, e.g., [41, Chapter 2, Section 1.3]
or [87, Section 14.4]). So we obtain the complex valued solution to (4.4.4),

1+ tanh(t/v2)\ " [1— tanh(t/v2)\""
(t) e 9 2

n=1

14 tanh(t/ﬁ))

XF(01—63+1,62—C3—|—1,2—63, 5

and the fundamental matrix of (4.4.3),

Req(t) Ima(t)/w-
U(t) = (ReZ(t) Img(t) /w_). (4.4.9)

We easily see that

—p- P+
1 h 2 1-— h 2 :
( + tanh(t/v2 >) 1l ad ( tanh(t/ /2 >) e
2 2
as t — oo and
—p- P+
1 + tanh(t//2) gt g 1 — tanh(t/v/2) o
2 2
as t — —oo. Thus, we have
n(t) — e“-! as t— —o0 (4.4.10)

since
lim F(e; —c3+1,co—c3+1,2—c37) = 1.

T—0

Using a well-known formula of the hypergeometric function (see, e.g., [41, Chapter 2,
equation (4.7.9)]), we obtain

Tlich(Cl—C3+1,CQ—03—|—1,2—C3;7) 2612F<01,C2,Cl+02—03+1;1—T)

+ 622(1 — T)C3_CI_C2F(63 —C1,C3 — C9,C3 — C1 — (9 + 1; 1-— ’7'),
so that

N(t) — €19 t" + loge ™+ as t— oo. (4.4.11)
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Substituting (4.4.8) and (4.4.9) into (4.2.2) and using (4.4.10) and (4.4.11), we compute

B, — Reﬁlg + Reggg (Im 612 + Imégz)/w_ B —id
T —w+(Im 612 -+ Im€22) w+(Re€12 — Re 622)/0.}, ’ -y

which yields

(4.4.12)

By = B:lB+ _ ( Rel15 4+ Re ly (Im 19 4 Tm lg9) Jw_ ) |

—wy (Imlyy + Imlas) wy(Relis — Reloy)/w_
Equation (4.2.4) becomes
my(n) = %((WZ F B — 52)77% + 773)
Using (4.2.3) and (4.4.12), we obtain the Melnikov function as

M<t0) == (— Re 612 Re 622 + Im 612 Im gQQ)Wi COSs 2w_t0
+ (Re 612 Im 622 + Im glg Re gzg)wf_ sin 2w_t0 + %(wz — (|€12|2 + |€22|2)wi)
= wi|€12||€22| COS(2w_t0 - ¢0) + %(wz - (|€12|2 + |£22|2)w3_),

where
Re 612 Im 622 + Im 612 Re 622

—RelisRelyy +ImlipImlyy

tan ¢y =

Let

G(Br, B2, w) = (wi|512||€22|)2 - %(WE - (|€12|2 + |522|2)wi)2

= wiw? [los|® — 1? (wy —w ).

Here we have used the relation |¢15|> — |f92|* = w_ /w, obtained from (4.3.5) and (4.4.12).
The Melnikov function M (¢y) has a simple zero (resp. no zero) if and only if G(51, B2, w) >
0 (resp. G(f1, f2,w) < 0). Obviously, the above arguments are valid for x4+ = (F1,0) and
2" (t). Applying Theorem 4.2.1, we obtain the following proposition.

Proposition 4.4.3. Let ar > 0 be sufficiently small and satisfy H(yi*) = H('ya‘).

If G(B1, B2,w) > 0, then W(v27) and W (74"), respectively, intersect Wi (v4") and
we (’yf’) transversely on the energy surface, i.e., there exists a heteroclinic cycles. If
G(f, fa,w) < 0, then Wru(vf’) and Wé“(yf), respectively, do not intersect Wf(ﬁf*)
and W? (7C_¥_).

Remark 4.4.2.

(i) As expected from Proposition 4.4.2, when 3; = 0, we see that G(81, f2,w) > 0 if
and only if the second condition of (4.4.7) does not hold, i.e.,

Bo # %n(n -1) for any n € N. (4.4.13)

This follows from the fact that o5 # 0 if and only if condition (4.4.13) holds (see
the proof of Lemma 4.4.1).
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Figure 4.4: Numerical computation of the Figure 4.5: Periodic orbits near the

curve given by G(By, B2,w) = 0 with w = saddle-center with z = (—1,0) for §; =

2 in the (B4, B2)-plane. 50 x 1073, B = 2 and w = 2.
Their projections to the y-plane are plot-
ted, and their energy values are H =
0.28,0.35,0.45, 0.6, 0.8 from the inside.

(ii) When f; # 0, Proposition 4.4.2 means that the Hamiltonian system (4.4.1) is
always real-meromorphically nonintegrable as stated in Remark 4.4.1, but there
may not exist heteroclinic cycles for periodic orbits: the function G(8;, f2,w) may
be negative.

In Fig. 4.4 we plot the curve given by G(Bi,82,w) = 0 in the (i, B2)-parameter
plane for w = 2. Here we have used the function fsolve of Maple to numerically solve
G(Bi, f2,2) = 0 for B, varied. By Proposition 4.4.3, heteroclinic cycles on energy surfaces
near the saddle-centers exist (resp. do not exist) for the parameter values of ;, 3, in the
left (resp. right) side of the curve since G(f, B2,2) > 0 (resp. < 0) there.

To support the above theoretical results, we give numerical computations of the stable
and unstable manifolds of periodic orbits near the saddle-centers with z = (%1, 0) for the
Hamiltonian system (4.4.1). Our numerical approach was described in [75, Section 4.3]
and similar to that of [15]. The calculations were carried out by using the numerical com-
putation tool AUTO [24], as in [15, 75], although the monodromy matrix (the derivative of
the Poincaré map) was computed by numerically solving the variational equation around
the corresponding periodic orbit directly.

Fig. 4.5 shows numerically computed periodic orbits near the saddle-center with z =
(—1,0) for B, =5 x 1072, B, = 2 and w = 2. Similar pictures for periodic orbits were
also obtained for the other cases, and periodic orbits far from the saddle-centers could
be computed like Fig. 4.5 although the Lyapunov center theorem only guarantees their
existence near the saddle-centers.

Fig. 4.6 shows numerically computed the stable and unstable manifolds, W* (fyii) and
wu (qfii), of periodic orbits 7}* near the saddle-centers on the Poincaré section {(a:, y) €
R? x R?|y; = 0} for B, = 2, w = 2 and H = 0.28. In Fig. 4.6(a) for B, = 5 x 1073,
we observe that W} (’)ff_) and W} (qff), respectively, intersect W; ('yi’“) and W} (’yf_)
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Figure 4.6: Stable and unstable manifolds of periodic orbits near the saddle-centers with
z = (£1,0) on the Poincaré section {(z,y) € R? x R?|y; = 0} for f5 = 2, w = 2 and
H =0.28: (a) /1 =5x107% (b) 1.32x107% (c) 2x 10~*. These manifolds near (z"(¢), 0)
and (x}j (1), O) are plotted as solid and dashed lines, respectively, and blue and red colors
are used for the stable and unstable manifolds, respectively.

transversely, and there exists a heteroclinic cycle. In Fig. 4.6(b) for 3, = 1.32 x 1072,
W ('yf’) and W, (’yf_*), respectively, seem to be quadratically tangent to W} (’yi*) and
WE(v27). In Fig. 4.6(c) for B = 2 x 1071, W2 (7%") and W (71"), respectively, do
not intersect W; (73“_*) and W? (72’). We see that for (52, w) = (2,2), G(B1, f2,w) = 0 at
B1 ~ 1.5x 1072 in Fig. 4.4, and predict by Proposition 4.4.3 that a heteroclinic cycle exists
or not, depending on whether f; is less or greater than the value. Thus, the theoretical
prediction fairly agrees with the numerical observation in Fig. 4.6. The agreement becomes
better when the periodic orbits 7{* are closer to the saddle-centers. In Fig. 4.6(c) we also
observe that W5({*) and W (fyf_*) still intersect transversely. Hence, the Hamiltonian
system (4.4.1) exhibits chaotic dynamics and it is nonintegrable. This consists with the
results of Proposition 4.4.2.

o7






Chapter 5

Conclusions

5.1 Concluding remarks

In this thesis, we first studied integrability and nonintegrability of Poincaré-Dulac normal
forms around equilibria. We next considered general systems with heteroclinic orbits and
used the Morales-Ramis theory [6] to obtain sufficient conditions for their nonintegrability
by the monodromy groups of variational equations along the heteroclinic orbits. Finally,
we considered two-degree-of-freedom Hamiltonian systems with heteroclinic orbits and
used the extended Melnikov method [75] along with the result of Chapter 3 to obtain
some relationships between nonintegrability and chaos.

In Chapter 2, we considered dynamical systems in Poincaré-Dulac normal form having
an equilibrium at the origin. We introduced condition (C), and proved that it is a sufficient
condition for their integrability as in Theorem 2.2.2. This implies that systems satisfying
conditions (Ay) and (w) for having convergent normalizations are integrable and that the
assumptions of Theorem 2.1.2 is weaker than those of Theorem 2.1.1. We also proved that
condition (C), is also necessary for existence of the maximal number of first integrals under
some condition. Finally, we proved an analogous relationships between resonance degrees
and integrablity already known in Birkhoff normal forms for Hamiltonian systems. We
demonstrated the theoretical results for a normal form appearing in the codimension-two
fold-Hopf bifurcation.

In Chapter 3, we considered general n-dimensional systems of differential equations
having (n — 2)-dimensional, locally invariant manifolds on which there exist equilibria
connected by heteroclinic orbits for n > 3. The system may be non-Hamiltonian and
have no saddle-centers, and the equilibria are allowed to be the same and connected by
a homoclinic orbit. Under assumption (A3), we proved that the monodromy group for
the normal variational equation, which is represented by components of the variational
equation normal to the locally invariant manifold and defined on a Riemann surface, is
diagonalizable if the system is real-meromorphically integrable in the meaning of Bogoy-
avlenskij. We can reagard the result as an extension of the Ziglin analysis [94] for general
dynamical systems. In fact, assumption (A3) corresponds to a non-resonant condition
of the Ziglin analysis. We applied the theory to a three-dimensional volume-preserving
system describing the streamline of a steady incompressible flow with two parameters,
and showed that it is real-meromorphically nonintegrable for almost all values of the two
parameters.
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In Chapter 4, we considered a class of two-degree-of-freedom Hamiltonian systems with
saddle-centers connected by heteroclinic orbits and discussed some relationships between
the existence of transverse heteroclinic orbits and nonintegrability. By the Lyapunov
center theorem there is a family of periodic orbits near each of the saddle-centers, and the
Hessian matrices of the Hamiltonian at the two saddle-centers are assumed to have the
same number of positive eigenvalues. We showed that if the associated Jacobian matrices
have the same pair of purely imaginary eigenvalues, then the stable and unstable manifolds
of the periodic orbits intersect transversely on the same Hamiltonian energy surface when
the sufficient conditions obtained in Chapter 3 for real-meromorphic nonintegrability of
the Hamiltonian systems hold; if not, then these manifolds intersect transversely on the
same energy surface, have quadratic tangencies or do not intersect whether the sufficient
conditions hold or not. Our theory was illustrated for a system with quartic single-well
potential and some numerical results are given to support the theoretical results.

5.2 Future work

In Chapter 2, we discussed integrability and nonintegrability of Poincaré-Dulac normal
forms. To complete the study of integrability for general systems around equilibria, we
need to show the existence of convergent normalizations. Especially, if all normalizations
for a given dynamical system are divergent, then it is analytically nonintegrable by Zung’s
result [97]. As stated in Chapter 1, there are only few studies on systems whose normal-
izations are all divergent. It is well known that Ecalle’s theory [29, 74] is useful to study
normalizations for non-resonant cases. On the other hand, normalizations of resonant
systems are well studied only when its dimensions are two [57, 74]. So it is expected to
extend Ecalle’s theory so that we can discuss normalizations for resonant systems whose
dimensions are greater than two.

To clarify a relationship between the divergence of normalizations and the Ecalle

theory, we consider
d T l’%
— = 5.2.1
dt (132) (372 — F(x1))” ( )

where F(z1) = 1) - janz} € 11C{z1}. When F(z;) = 0, (5.2.1) is one of the normal
forms. When F(z;) = z1, (5.2.1) was discussed in some references [12, 22|, and it is well
known that it has no convergent normalizations. Following the approach of [22], we can
easily show that (5.2.1) has no convergent normalization if Y > ja,/n! # 0. Moreover,
using the result of Chapter 2, we can show that (5.2.1) is analytically integrable if and
only if > /7 a,/n! = 0 because its resonance degree is one.

On the other hand, Martinet and Ramis [57] studied analytic classification of differ-
ential equations of the form

% (i;) - (A(xﬁ@)) : (5.2.2)

0*A
A0, 29) = o, m@o) =0.

They also demonstrated their theory for Riccati-type equations, i.e., A(x1, z2) is a polyno-
mial over C{z} of degree 2 with respect to x5 in (5.2.2). Sauzin [74] reformulated their
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result using the mould calculus and resurgence theory established by Ecalle [29]. The
mould calculus enables us to calculate normalizations explicitly. The resurgence theory
deals with singular points of the Borel transformations of normalizations. He determined
an infinite number of constants {C;},7 = —1,1,2,..., called Ecalle invariants for (5.2.2).
For A(z1,2) = 29—21 )" @, 7, the invariants are computed as C_y = =271 2 a,/n!
and C; = 0,7 > 1. He also proved that two vector fields written in the form (5.2.2) are
analytically conjugate if and only if they have the same invariants. Hence we see that
(5.2.1) is analytically conjugate to the normal form with F(z;) = 0, i.e., (5.2.2) with
A(z1,22) = 9, if and only if > _;a,/n! = 0. Moreover, when > _ a,/n! # 0, the
normalization is divergent as stated in the above paragraph. To discuss a more general
case, we need to extend Ecalle’s theory.

We next focus on a relationship between Theorem 3.4.2 and Theorem 4.3.3 (i). By
Theorem 3.4.2, under assumption (A5), a sufficient condition for nonintegrability (4.1.1) is
M, # M~" and M, # M_. By Theorem 4.3.3 (i), a condition for existence of transverse
heteroclinic orbits is M, # M~' when w, = w_. So we conjecture that M, = M~*
if (4.1.1) is integrable. In fact, this is true for our example (4.4.1). The condition of
Theorem 3.4.2 was obtained from classification of algebraic subgroups of SL(2; C), while
the condition of Theorem 4.3.3 was obtained from a geometric approach. Combining the
Morales-Ramis theory with a geometric method, we may be able to improve Theorem
3.4.2 as the condition M, # M_ is not included for nonintegrable systems.

In Chapter 4, we study some relationships between nonintegrability and chaos for
Hamiltonian systems. It is a remaining problem to extend the result to non-Hamiltonian
systems such as reversible systems. Here dynamical systems are called reversible if they
are of 2n dimensions with n € N and have linear involutions R: R?" — R?*" such that
f(Rz) + Rf(z) = 0 and dim{z € R*" | Rz = x} = n. The situation treated in Chapter
4 is almost the same for reversible systems: There exist families of periodic orbits near
saddle-centers by the Lyapunov theorem [25] and we can apply the result of Chapter 3.
To solve the remaining problem, we need to extend the Melnikov method [92] to detect
transverse heteroclinic orbits in reversible systems.
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Appendix A

Generalization of the Morales-Ramis
Theory

In this appendix, we review the extension of the Morales-Ramis theory [65] due to Ayoul
and Zung [6] for integrability of general differential equations in the meaning of Bogoy-
avlenskij. Throughout this section, we consider general complex differential equations of

the form
t=g(z), z=€D, (A.0.1)

where D is a domain in C" and g: D — C" is holomorphic.

A.1 Variational equation

We begin with definitions of VEs and NVEs for (A.0.1). Let I' be an abstract Riemann
surface such that there is an immersion i: I' = D. We frequently identify i(I") with I.
Following [2, 65], we define VEs and NVEs of (A.0.1) along I" as follows.

Let E be a meromorphic section of TC"|r. The VE of (A.0.1) along I' is given by the

pullback by ¢ of
L,X=0, XeF, (A.1.1)

and it is a linear differential equation whose coefficient matrix has only entries in K,
where L, represents the Lie derivative with respect to g and K is a differential field of
meromorphic functions on I' with derivation L,. Since any meromorphic vector bundle

over a Riemann surface is trivial (see e.g., Appendix A of [62]), we have a basis {e1, ..., e,}
of E and write . .
X = ij@j, Lgej = ijk6k7
j=1 k=1
where §;, b, €K, 7,k =1,...,n, are uniquely determined. Hence, we obtain

LX =) (Lo&i+ > bii&iles,
j=1 k=1

so that the VE of (A.0.1) is written as

L&+ BT¢ =0, (A.1.2)
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where B = (bx), £ = (&1,...,&,)" and the superscript “T” represents a transpose opera-
tor. 5 5
We take {8_ 8_} as the basis {e1,...,e,} of E, where x = (21,...,2,)T € C".
L
Since

0 Ogr 0
Zrrs Oz, [Z 9 our oz’ 8%] Z 8% Bxk

o)
It 5o that the VE (A.1.2) becomes

we have b, = ———,
al’j

L =A®)¢, teT (A.1.3)

where A(t) = =BT = Dg(i(t)) and [ -, -] represents the Lie bracket, as in Definition 3.1.1.
Note that A(t) is holomorphic in t. Let t = ¢y be a point on I'. If g(i(ty)) # 0, then we

can choose a local coordinate s near ¢y on I' such that s(tp) = 0 and L, = 75 and rewrite
s
(A.1.3) as
as .
—=A Al4
= = A, (A14)

which has no singularity near s = 0. Assume that g(i(tp)) = 0. Then there exist a

local coordinate s near to on I' such that s(tg) = 0 and L, = h(s)—, where h(s) is a

holomorphic function on I' with A(0) = 0. Hence, we rewrite (A.1.3) as

€ g1

h(s )ds A(s)E, e, 7= h(S)A(s)g, (A.1.5)

which may have a singularity at s = 0.

Suppose that equation (A.0.1) has an (n — m)-dimensional locally invariant manifold
A containing i(T'). Let E be a meromorphic section of (T'C"/T.#)|p. Since . is
invariant under the flow of (A.0.1), we have L,: F — E. The NVE of (A.0.1) to .#
along I' is given by the pullback by ¢ of

L,X=0, XeEFE. (A.1.6)

Letting {é1,...,&,} be a basis of E, we write

n n
X = E ’I]jéj, Lgéj = E bjkéka
j=1 k=1

so that equation (A.1.6) becomes

L+ By =0, (A.1.7)
where B = (bj) and n = (n1,...,m,)T. Since .# is of n—m dimensions, there exists local
coordinates (y1, ..., y,) in C" such that .# is represented by yr, =0, k =n—m+1,...,n

0 0 _
We take {8_’ el 8_} as the basis {ej,...,e,} of E and identify £ with the vector
n Un
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0 0 0 0
bundle spanned b ey ,so that ey = — ...,¢é, = —. Usin
P Y { ayn—m-l—l ayn } ' ayn—m—l-l ayn &
the local invariance of .#, we express (A.1.3)

&1 &

& :<A11(t) Am<t>> i
m 0 Ax(t) m

i I
A (t) Apl(t)
0 Axn()

(n—m), (n —m) X m and m x m matrices. Equation (A.1.7) is locally written as

where A(t) = ( ) and Aq1(t), A12(t) and Ags(t) are, respectively, (n—m) x

Lgn = A(t)n, A(t) := Axn(t), tel,

which is also represented by

% = A(s)n (A.1.8)
and
h(s)% = A(s)n, ie., Z—Z = %A(s)n, (A.1.9)

by the same coordinate s near t = to on I' as (A.1.4) and (A.1.5) if g(i(ty)) # 0 and
g(i(to)) = 0, respectively. Notice that A(s) is holomorphic in s and the eigenvalues of
A(0) are the same as those of Dg(i(0)) for which the associated eigenvectors are normal
to A .

Let G and G be the differential Galois groups for the VE (A.1.3) and NVE (A.1.7),
respectively. As in Section 3.2, we denote their connected identity components by the
superscript “0”.

Proposition A.1.1. If G° is commutative, then so is GO.

The proof of this proposition is found in that of Theorem 3.4 of [2].

A.2 Necessary condition for integrability

The Morales-Ramis theory [62, 65] is a powerful technique to prove nonintegrability of
Hamiltonian systems based on the differential Galois theory. Ayoul and Zung [6] extended
the theory to general dynamical systems. Their fundamental idea is as follows.

We first introduce a new state variable p € C" and define a Hamiltonian function

H(z,p) =p'g(x).

The associated Hamiltonian system is given by
& =g(z), p=—Dg(x)"p. (A.2.1)
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We can apply the original Morales-Ramis theory to (A.2.1).

Let Z(t) be a non-stationary solution to (A.0.1). We take an abstract Riemann surface
corresponding to the solution Z(t) as I' (see e.g. [62, 65, 46]). For example, Z(t) is doubly
periodic, i.e. Z(z +wi) = Z(2 + we) = Z(2), then I' = C/{njwy + naws|ni,ny € Z} is a
complex torus and the associated immersion ¢: [' — C" is given by i(t) = Z(¢). If Z(¢) is a
homoclinic or heteroclinic orbit, then I is extended such that i(I") contain the associated
equilibria under some appropriate condition. See Section 4.1 of [62] or Section 4 of [65]
(see also Section 4). According to the recipes of Section A.1, we obtain the VE and NVE
of (A.0.1) along T and its differential Galois group G and G, respectively. In this situation
we state the result of Ayoul and Zung [6] for (A.0.1) as follows.

Theorem A.2.1. If equation (A.0.1) is meromorphically integrable on i(T), then GO is
commutative.

A more general situation is treated in [6]. From Proposition A.1.1 we immediately
obtain the following result as a corollary of Theorem A.2.1.

Corollary A.2.2. If equation (A.0.1) is meromorphically integrable on i(T), then G is
also commutative.
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