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We consider two-parameter families of C"-smooth, r > 6, two-dimensional area-
preserving diffeomorphisms that have structurally unstable simplest heteroclinic
cycles. We find the conditions when diffeomorphisms under consideration pos-
sess infinitely many periodic generic elliptic points and elliptic islands.
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INTRODUCTION

It is well known that role which Poincaré’s “New methods of celestial
mechanics” have played for formation of the modern theory of nonin-
tegrable Hamiltonian systems. Among the numerous problems posed by
Poincaré in this memoir” one of the first is the following: to prove that
models of the classical mechanics possess infinitely many periodic motions.
Moreover, he formulates here the stronger hypothesis: periodic motions are
dense in the phase spaces of such type models. In this connection, it is very
important that Poincaré says about stable periodic motions, since “the
especial value of these periodic solutions is explained by the fact that they
are the only possible breach across which we could penetrate into the topic
considered before as inaccessible.” From this point of view, it is quite clear
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his position that, for the celestial mechanics, a problem on geodesic flows
on convex surfaces,® where the stable geodesics exist, is more important
than a problem on geodesic flows on surfaces with the negative curvature,
where all geodesics are unstable. Saying about a stability of periodic
motions Poincaré meant the “perpetual stability,” i.e., the Lyapunov
stability. From contemporary point of view based on the Kolmogorov—
Arnol’d-Moser theory (the KAM-theory), one can speak about the
Lyapunov stability of periodic motions in Hamiltonian systems only in the
case of two degrees of freedom, actually. Here, at general conditions,
quaranteering the twisting of a Poincaré map (see refs. 3-5), a fixed point
of this map is the elliptic point of the stable type. Such an elliptic point is
called generic. By the KAM-theory, the fixed generic elliptic point will be
enclosed by infinitely many closed invariant curves. Besides, it follows from
ref. 6 for the analytical case that, generally speaking, in any neighbourhood
of the generic elliptic point there exist infinitely many zones of instability,
in the sense of Birkhoff, containing periodic elliptic and hyperbolic points
and, moreover, the latters have transverse homoclinic orbits.

In the case of more degrees of freedom, the situation is more com-
plicated. Unlike the two-dimensional case, a generic n-elliptic point (with
n>1 pair complex conjugate eigenvalues on the unit circle) may be
unstable in the usual, (Lyapunov) sense: at some initial conditions near
this point the orbits can escape a small neighbourhood of the point due to
a mechanism of instability which is called the Arnol’d diffusion. However,
for the majority of initial conditions (the initial conditions on invariant
tori) the orbit never escapes the small neighborhood of the fixed point.

We note at once, that the Poincaré problem has not been solved until
now in any reasonable sense. The attempt of Poincaré, based on the small
parameter method, to prove the existence of infinitely many stable
(isolated) periodic motions in Hamiltonian systems close to nondegenerate
integrable ones was unsuccessful. (This method allows to prove only the
existence of a finite number of such orbits, but this number, however, tends
to infinity as the small parameter tends to zero). An another approach,
based on using the geometrical Poincaré—Birkhoff theorem and the KAM-
theory, allows, in principle, to establish the existence of an infinite set of
periodic motions, but does not exclude a possibility of their nonisolateness.
Naturally, the property of nonisolateness of periodic points is not general.
Combinating results of refs. 7 and 8 based on the typicalness? of maps in
the smooth topology, one can conclude that, in general case, infinitely

2 A property is called typical (and the systems possessing this property are called typical) if
it is carried out for a residual (second category) set of systems, i.e., for such a set which can
be presented as a countable intersection of open everywhere dense sets.



On Two-Dimensional Area-Preserving Diffeomorphisms 323

many generic elliptic points exist in any neighbourhood of the generic ellip-
tic fixed point.?

A weaker variant of the Poincaré problem—to prove the density of
periodic motions—has not been solved till now. But the much more
progress is achieved here. First of all, it is necessary to mention a number
of results about hyperbolic periodic orbits. For example, according to the
Birkhoff-Smale—Shilnikov theory, the set of orbits entirely lying in a small
neighbourhood of a transverse homoclinic orbit is a hyperbolic set contain-
ing infinitely many saddle periodic motions. The same type sets of orbits
can be found in levels of a Hamiltonian close to the level containing saddle
or saddle-focus equilibria with transverse homoclinic loops.®!%

In this connection, we note, that for C'-smooth symplectic dif-
feomorphisms, given on compact manifolds, the following properties are
typical:

(1) Hyperbolic periodic points are dense in the phase space.!¥

(2) Every hyperbolic periodic point has a transverse homoclinic
point in any neighbourhood of any point of the phase space.® 1516

(3) Ifa symplectic diffeomorphism f'is not Anosov, then the 1-elliptic
points* of f are dense in the phase space.(®)

We note especially that essential circumstance that the enumerated
above properties of typical difftomorphisms are established only in
Cl-topology in the space of C!-diffeomorphisms. Moreover, the pointed
out properties can become nontypical if to require a more smoothness. So,
for example, according to the KAM-theory, elliptic periodic points of
C’-smooth two-dimensional symplectic diffeomorphisms are typically stable
at r>5,17 whereas, by property (2), all periodic elliptic points of typical
Cl-diffefomorphisms are unstable.

In the present work we establish the existence of C”-smooth (r>6)
area-preserving symplectic diffeomorphisms which have, in a bounded
domain of the phase space, infinitely many isolated generic elliptic periodic
points and, hence, infinitely many elliptic islands. Note that we study two
parameter families of maps. The main our constructions under consideration
are diffefomorphisms with simplest structurally unstable heteroclinic cycles
(Fig. 1). Earlier,"'® we considered general type diffeomorphisms with
similar cycles for the cases where such diffeomorphisms were contracting

3 Probably, this result for analytical maps can be deduce from ref. 6 at more detailed con-
sideration.

4 A periodic point is called 1-elliptic if it has one pair of complex eigenvalues e with
@ #0, 7, and all other its eigenvalues do not belong to the unit circle. For two-dimensional
case, the 1-elliptic periodic points are elliptic.
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Fig. 1. The example of the simplest structurally unstable heteroclinic cycle.

the area or with “alternating divergence.”> We have established there
conditions of the existence of infinitely many stable periodic points, in the
first case, and conditions of the coexistence of infinitely many stable and
completely unstable periodic points, in the second case. Note that the
closure of a set of such points (in both cases of general and area-preserving
diffeomorphisms) contains points of the closure of a set of saddle periodic
points. In this connection, we could like to mention also one more perspec-
tive direction connected with studying questions of the existence of regions
of dense structural instability, so-called Newhouse regions, in the space of
symplectic maps or Hamiltonian flows. Recently, the existence of such
regions was proved for two-dimensional symplectic maps, namely, for the
families of standard maps*’ and conservative Henon maps."-?*)

1. STATEMENT OF THE PROBLEM AND MAIN RESULTS

Let us consider a C"-smooth (r > 6) two-dimensional area-preserving
diffeomorphism T given in some bounded region G < R Suppose that T
has a simplest structurally unstable heteroclinic cycle (as in Fig. 1). We
assume that 7 has two saddle fixed points O, and O, with eigenvalues 4,

°Le., in the case where the difftomorphism contracts the area in a neighbourhood of one of
saddle fixed pints belonging to the heteroclinic cycle and expands the area in a
neighbourhood of the other point.
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and 4, ' where |4,]<1, i=1,2. Also, we assume that the invariant
manifolds behave in the following way: W*(0,) and W*(0O,) intersect
transversely in the points of a heteroclinic orbit I'},, and W*(0O,) and
W*(0,) have a quadratic tangency along the points of a heteroclinic orbit
I';,. The set C={0,,0,,I'\,, I} is the heteroclinic cycle under con-
sideration.

Let U be a sufficiently small neighbourhood of the heteroclinic cycle:
U is a union of small disks U, and U, containing the points O, and O,
respectively and of a finite number of small disks surrounding those points
of orbits I}, and I',; which lie outside U, and U, (Fig. 2).

The maps T,=T),, i=1,2, are called local maps. We will show (see
Lemma 1) that in U, one can to introduce such C’~' (canonical) coor-
dinates (x;, y;) that the map T, is written in the following form

Xi=2x(1+ux,y;+0(x;y;)) (11)
fi:/lf_lyi(l *”gi)xiyz""o(xiyi)) .

where coefficient u!” is an invariant of C”-smooth (p>3) canonical
changes of variables. Clearly, the equations of manifolds W; (O;) and
Wi (0;) are y,=0 and x,=0 respectively.

Choose two pairs of heteroclinic points: M (x;,0)el,; and
M0, y7)el,in Uy, and M5 (x,0)el’,and M5 (0, y5)el in U,.

Fig. 2. The neighbourhood of the heteroclinic cycle.
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Fig. 3. Rectangle neighbourhoods of heteroclinic points and schematic actions of global
maps 7, and T5,.

Without loss of generality, we assume that x>0, y; >0. Let I, < U,
and /17 < U, be sufficiently small rectangle neighbourhoods of the points
M} and M; (Fig. 3). We will denote coordinates (x;, y;) on IT;} and 1T~
as (xo;, Vo;) and (xy;, yy;), respectively.

Obviously, there are positive integers n; and n, such that 7"(M | )=
MF, T"™(M;)=M; . The corresponding maps T, = T" acting from /7,
to a small neighborhood of M and T,, = T™ acting from I7, to a small
neighborhood of M| are called global maps, they are defined by the orbits
close to a piece of the heteroclinic orbit I";, and a piece of the heteroclinic
orbit I, respectively.

The map T, can be represented as follows

)Eoz*x;:alzxn+b12(J’11*y1_)+0[(|x11|+|J’11*y1_|)2]

_ (1.2)
JVo=cuXy+da(yu—y)+O00xnl+ 1y —yi 7]
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where d,, # 0 since W*(0O,) and W?*(0,) intersect transversally at the point
The map T,, can be written in the form

Xor =X =y X1+ by(yiz—y; )+ OL(|x12] + | yi2— vy |)2]

) (13)
Vo1 =Ca1Xo1 +doy(yio— 5 )?

+O[(xh,+ x| Y=y |+1y—25 IP]

where d,; #0 because W* 0,) and W*(0O,;) have a quadratic tangency at
the point M ; and b,,c,; = —1 since T,; preserves the area.

Diffeomorphisms, which possesses a pair of saddle fixed points close to
0O, and O, and two heteroclinic orbits (transverse one and the other corre-
sponding to quadratic tangency of the invariant manifolds) close to Iy,
and I,,, respectively, form a locally connected codimension one bifurcation
surface H in the space of C’"-smooth area-preserving diffeomorphisms
equipped with C’-topology. We will study, for difftfomorphisms from H, the
structure of the set N of orbits entirely lying in U. Analogously to papers
refs. 18 and 19, where general difftfomorphisms were considered, one can be
established that area-preserving diffeomorphisms with structurally unstable
heteroclinic cycles are divided into three classes by the type of description of
the structure of N.

If 2,>0, 41,>0, ¢, <0, dy; <0 we will say that difftomorphism T
under consideration belongs to the first class. (An example of such a dif-
feomorphism is shown in Fig. 4a). In this case the structure of N is trivial,
namely, N=0,0 0,u ', U .

Diffeomorphism 7 under consideration with 4, >0, 1,>0, ¢,; <0,
d,, >0 belongs to the second class (an example is in Fig. 4b). For such
diffeomorphisms the set N admits a complete description in terms of the
symbolic dynamics and, furthermore, all orbits of N, expect for I',;, are
hyperbolic. It is important also that the structure of N is not changed at
(small) perturbations of 7 inside H.

We group the diffeomorphisms corresponding to the other (different
from 4, >0, 1,>0, ¢,; <0) combinations of signs of 4,, 4,, ¢,; and d,; to
the third class (these are, for instance, the difftomorphisms with the cycles
shown in Figs. 4c, d). Note, that, in the case of difftomorphisms of the
third class, the set N contains nontrivial hyperbolic subsets which, in
general, do not coincide with N\I,, (181

Diffeomorphisms of the third class can be subdivided into several
types each of which corresponds to a specific combination of the signs of
the quantities 4, 4,, ¢,; and d,,. In the cases where 4, or 4, are negative
the signs of ¢,; and d,; may change depending on the choice of the points
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Fig. 4. The examples of diffefomorphisms with structurally unstable heteroclinic cycles: (a) of
the first class; (b) of the second class and (c), (d) of the third class.

M and M : we may assume in this case, without loss of generality, that
¢,; >0 when 4, is negative and d,, >0 when A, is negative. As a conse-
quence, we have 7 possible combinations of signs of quantities 4,, 4,, ¢,
and d,, corresponding to the difftfomorphisms of the third class (Table 1).
The set H of diffeomorphisms of the third class will be labeled as H. To
specify to which of the seven types belong the diffeomorphisms on H; we
will use the notation H, a=1,..., 7.
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Table 1

Hy H3 H3 H3 H3 HS Hj

Moo+ o+ + o+ = = =
e T
e+ +  + o+ o+ =+
by  + -+ -+ o+ o+

The main attention will be concentrated in studying difftomorphisms
of the third class since both elliptic and parabolic periodic points may exist
at such diffeomorphisms.

Recall that a periodic point of diffefomorphism 7 is called the elliptic
point of period p if roots of the characteristic equations (i.e., eigenvalues of
the matrix of the differential D(77)) lie on the unit circle and are complex
conjugate. If, to addition, the map 7% in some neighbourhood of the ellip-
tic point is reduced to the following complex form

F=ez 4 ie"h(y) 2% + O(|z|*) (1.4)

where h(y)#0, W #2r/3, W #n/2, then, as it follows from the KAM-
theory, such a point is the elliptic point of stable type. It is called also
generic elliptic point.

A periodic point is called parabolic if both roots of the characteristic
equations are equal either to +1 or to —1. At general conditions, such a
point is unstable in the first case, and it may be both stable and unstable
in the second case.®

Diffeomorphisms with heteroclinic tangencies are remarkable because
they possess moduli (i.e., continuous invariants of the topological con-
jugacy). In this case, two diffeomorphisms with different values of the
moduli are not conjugate and, as a consequence, a continuum of classes of
topological conjugacy exists. One of the moduli is the quantity

_In |4,

=T | (1.5)

discovered by Palis.®® In the case of area-preserving diffeomorphisms of
the third class, the quantity 6 is an 2-modulus also. More exactly, 6 is a
modulus of topological conjugacy on the set of non-wandering orbits
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entirely lying in a small neighbourhood of the heteroclinic cycle C. Dif-
feomorphisms of the third class have one more Q-modulus®

To=[7—(n; +ny)](mod(1 +0))
where

1 —+
= — n 1€2%2 | (1.6)
In |4,] [yi |

Note, that 7, depends also on coefficients of the global maps T, and T5,.
Nevertheless, 7, is an invariant of 7 (in that sense that 7, does not depend
on both choosing pairs of heteroclinic points (of the orbits '}, and I,;)
and canonical coordinate transformations that preserve form (1.1) of the
local map Ty;).

Note also, that in the case of general two-dimensional diffeomorphisms
with a homoclinic tangency the following quantity (introduced in ref. 24)

In ||
In [y]

0=

is a modulus, where A and y, |4| <1, |y| > 1, are multipliers of a periodic
orbit whose invariant manifolds have the tangency. But ,=1 for area-
preserving diffeomorphisms with a homoclinic tangency since y=Ai"L
Moreover, such difftomorphisms (with the tangency) can possess elliptic
(parabolic) periodic points only in the case where some quantity 7
(analogous to 7) will be close to an integer (see refs. 25 and 26 for more
detalils).

It follows from definition of ©2-modulus that arbitrary change of its
value leads to bifurcations of nonwandering orbits (in particular, periodic
and homoclinic ones). First of all, we will interest in bifurcations of so-
called single-round periodic orbits. Recall, that fixed points of the following
maps

Ty=Tm+/+m+i: [T+ - I} (1.7)

defined in one round along the neighbourhood of the heteroclinic cycle C,

corresponds to such orbits. (In other words, the maps T; are the Poincar¢

maps (or the first return maps) for single-round periodic orbits).®

6 The map T is represented as the following superposition of the local and global maps
T;=T5 ThTiTo M1 — 1

where powers i and j of the local maps 7, and T, can be how much large here.
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We consider the map T at sufficiently large i and j. Let 6 and 7 be
such that the following inequality takes place

o XSV cu Xy
v}j<z—jﬁ+r—]}v§1n2|}j|<u(12)—9u(11)2;21><v;. (1.8)

where quantities v};* are of the order O(4}' + 43).

Theorem 1. Let 0 and 7 satisfy inequality (1.8). Then the map T
has a generic elliptic fixed point.

Note, that inequality (1.8) has infinitely many integer solutions (with
respect to i and j) for every 6 and 7 from a set of points (6, t) which is
dense in the half-plane 6>0. Such 6 and 7 are connected by strong
arithmetical relations: they admit so-called “abnormally good” nonhomo-
geneous approximations (exponential ones) by rational numbers. In other
words, for such 0 and t, the straight line i= j0 —t approach abnormally
(exponentially) close to points of the integer-value lattice: here, the
minimum of the distance has the order O(ji}), when it is “normally” if
this minimum is of the order O(j~!)). We will call abnormally well
approximated those 6 and t for which inequality (1.8) has infinitely many
integer solutions.

Theorem 2. If 0 and 7 are abnormally well approximated, then dif-
feomorphism 7 has infinitely many single-round generic elliptic periodic
points (each of which lies inside the own elliptic island). Moreover, the
closure of these points contains the heteroclinic cycle C.

This statement’ admits also the following additional refinement:

If the quantity Q=u'® —0uV(cy x; /y5) is not equal to zero, then values of 0 in
hypothesis of Theorem 2 are irrational.

Note, that the quantity Q is an invariant in that sense that it does not
depend on a choose of pairs of heteroclinic points of the orbits I, and I,
(see Lemma 5 below).

Consequence. Diffeomorphisms with infinitely many elliptic
islands are dense in Hj.

7 Note, that analogous result was established in refs. 25, 26, and 27 for the case of dissipative
systems with homoclinic tangencies. It was proved there that if main 2-moduli are abnor-
mally well approximating, then the corresponding system possesses infinitely many
asymptotically stable periodic orbits (sinks).
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Since 6 is an Q-modulus of difftomorphisms of the third class, it is
naturally to consider 6 as a control parameter at studying bifurcations in
the set of diffeomorphisms from H;. The following theorem takes place

Theorem 3. Let T, be a one-parameter family of diffeomorphisms
in H; depending smoothly on the parameter 6. Then, in any interval of
variation of 0, values of the parameter are dense at which diffeomorphism
T, has a single-round parabolic periodic point. Such points are both types:
with eigenvalues v; =v,= +1 and v; =v, = — 1. Furthermore, the point is
unstable in the first case and stable in the second case.

2. PROPERTIES OF THE LOCAL MAPS

Suppose that a C"-smooth two-dimensional area-preserving map F
has a saddle fixed point O with eigenvalues A and A~! where || <1. Let
F, be a parameter family which is C"-smooth in both variables and param-
eters and F,|  =F,. One can assume that, for all sufficiently small ¢, the
fixed point 0 is in the origin and that the coordinates, x and y, are such
that the axes x and y correspond to the proper subspaces for A(¢) and
A(e) ™!, respectively. In this case the map Ty(e) = Fy, . where U, is a small
neighbourhood of the point O,, can be written in the form

X=Me)x+olx, pe),  F=4e) T y+i(x, y.e) (2.1)

where functions ¢ and s and their first derivatives in coordinates vanish at
x =y =0 for all small ¢. In this case the equations of the local stable and
local unstable manifolds can be written as y="/hy(x, &) and x=h,(y, ¢),
respectively, where &, and %, are C"-smooth and such that

oh,(0,¢) om0, ¢)

hs(oa 8) = ax - Os hu(oa 6) - ay = 0

If to make two consecutive changes of variables of the form
é:x_hu(yag)a ”:yandé:xa n:y_hs(xag) (22)

each of which is C’-smooth and area-preserving, then the map T(e) is
brought to the following form (we retain the old coordinate notation):

X=Me)x+ flx, y,e)x,  y=ie)" y+glx, 8y (2.3)

where £(0, 0, &) =0, g(0, 0, ¢) =0. Form (2.3) corresponds to the case where
both the local stable and local unstable invariant manifolds of the point O,
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are straightened: the equation of W; (O,) and Wi (O,) are y=0 and
x =0, respectively (for all sufficiently small ¢). Form (2.3) of the map T(¢)
is more convenient than (2.1) but its using gives some technical difficulties.
This is connected, in particular, with the fact that “too much” nonresonant
terms are in the right-hand side of (2.3). Thus, the question is very impor-
tant on a reduction of map (2.3) to a more simple form by means suf-
ficiently smooth and area-preserving changes of coordinates.

It is clear that the simplest form is the linear form of 7y(e). But only
C'-linearization is possible here.*® On the other hand, for the analytical
case, J. Moser® has established that the map T, can be reduced to the
following normal form

X=AB(xy) x, y=i"1B7Yxy) y (2.4)

where

Bxp)=1+4f1-xp+fo- (xp)+ - 4 B, (xp)"+ - 25)
+ .. '

Bl xp)=14B,-xp+ By (xp)2+ - + B, (xp)"+ -

are serieses in monomials (xy) converging in some neighbourhood of the
origin. Since the Jacobian of (2.4) is equal to one identically, it follows that
coefficients f; and f, are connected by some relations. For example,
Br=—P1, fr=p1— B, etc.

In the general smooth case (r < oo0) the map Ty(¢) can be brought to
some finitely smooth “normal forms” which, in some sense, are similar to
(2.4). For our goal it will be sufficient the first order “normal form” whose
existence is proved in the following lemma

Lemma 1. For all sufficiently small ¢ there exists a canonical
C"~l-change of variables (C"~2-smooth in parameters) bringing T,(¢) to
the form

X

Ae) x(1+ By(e) xy+ OLx* | y| + x| »*1)

o (2.6)
y=2"Ye) (1= pi(e) xy + O[x? |y + |x] ¥°1)
Proof. By (2.3), the C™-map Ty(¢) at r>=3 can be written in the
following “extended form”

X=e) x +oi(x,e) + Yy, &) X+ filx, y, &) X%y

B , (2.7)
y=A7(e) y+@aAx, &) y+ ¥y, &)+ gi(x, y, &) xy
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where P15 lp2 € Cr’ QDI(O, 8) = a(pl(o» 8)/8)(: = 0’ lp2(0» 8) :alpZ(O’ 8)/ay = 07
¢5(0,¢)=1,(0,e)=0. Lemma 1 states that T,(¢) can be brought to the
form where ¢,;=0, ;,=0, i=1, 2. Note, that functions ¢, and ; are non-
resonant (i.e., they do not contain resonant monomials).

We will use canonical changes of variables. Recall, that the canonical
change is constructed by means of the gemnerating function as follows. Let
V(x, n, ¢) be a sufficiently smooth function of variables x, # and parameters
¢ and such that 7(0,0,0)=0 and V,,(0,0,0)#0. Then, the canonical
change of variables with given generating function » is the change
(x, ¥) = (&, n) of the form

oVix, n,¢) aVix, n,¢)
g2 syl
x

If V is sufficiently smooth, then, for small x, # and ¢, the canonical change
is a diffeomorphism and preserves the area. Note to the point, that changes
(2.2) are both canonical with generating functions

xn + f: h,(t, ¢)dt and xn — f: hyt, &) dt

respectively.®
For proving the lemma we will make two consecutive canonical
changes with generating functions of the following form

Vi=xn+uvx,e)n and Vy=xn+uvy(n,¢)x

where v,(0, &) =0v,(0, £)/0x =0, v,(0, ¢) = 0v,(0, €)/0n =0. As we will show,

the first and second changes (with appropriate functions v; and wv,)

annihilate functions ¢, and ¥, in (2.7), respectively; after that, as we will

show, functions ¢, and /; vanish automatically because symplecticity.
The first change is

_aVi(x,m,¢)

aI/l(xa 17, 8)
0 Y=
n

¢ ox

=x+0y(x, &), =n+0(x,e)n  (28)

where 7, = 0v,(x, €)/0x and (0, ¢)=0.

8 Note, that these changes are C’-smooth in variables but C"~! in parameters. This is one of
causes that the smoothness of next changes in parameters are less than the smoothness in
variables.
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The first equation of (2.7) is transformed as & = X 4 v,(X, ¢). Note that

(X, &) =01 (2x + @1(x, &), &) + [01(AxX + @y (x, &) + Y 1(p, ) X+ f1x%p, ¢)
- Ul(}“x + gol(xa S)a 8)]
=0,(Ax + ¢4(x, &), &) + O(x?y)
since v,(0, &) =0v,(0, ¢)/0x=0. Also

Uiy, e) x=y(n+0i(x,e)n,€) x
=y e) x+ [ (n+01(x,e)m &) —yi(n, e)] x
=,(n, &) E+ O(E%n)

since #,(0, &) =0. Then, one has

E=MeNE—vi(x, €) + @r(x, ) + (. ) x
+ui(Ae) x +@i(x, &) + (. &) X+ fixPy, e) + -
=A&) E+[oi(x, &) — Ae) vi(x, &) +v(Ae) x + @ (X, €),¢))]
+ya(n,e) S+ - (2.9)

where the ellipsis denote terms of the order O(&%).
Assume now that the expression in the square brackets in (2.9) is
equal to zero, ie., v;(x, ¢) satisfies the following equation

vi[A(e) X + @1(x, ¢), e] = A(e) v1(x, &) — @(x, &) (2.10)

Let us show that Eq. (2.10) has a solution in the class of C”-functions. Note
for this, that (2.10) can be considered as some functional equation which
defines an invariant curve of the form u=uv(x, ¢) for the following map of
the plane:

u=xre)u—aepx,e), x=Ae) x+pq(x,¢) (2.11)

where ¢4(0, &) =0¢,(0, ¢)/0x =0. Show that map (2.11) has such an
invariant curve. Consider the variables z=u+ x. Then, (2.11) can be
rewritten as

z=1Ue) z, Xx=Me) x+¢q(x,¢€) (2.12)

Since |4]| #1, ¢, € C" and r >3, this map (as one-dimensional in x) admits
a C’-linearization®® for all sufficiently small x and e. The corresponding
linear map, Z=A(¢) z, X=1A(¢) x, has a fixed point, which is so-called a
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“diacritic node.” In this case, every straight line, passing through this point,
is invariant. Thus, map (2.12) has a C"-smooth invariant curve, z=
x 4 v4(x, &), that touches the line z=x. As a consequence, map (2.11) has
a C"-smooth invariant curve whose equation is u = v,(x, &) where v,(0, &) =
0v,(0, £)/0x =0, as was to be proved.

Thus, after change (2.8) the first equation of (2.7) is transformed as

E=Me) E+yln, &) €+ O(E) (2.13)

(but functions in the right side of (2.13) is C"~!-smooth, in general, since
change (2.8) is C"~1). The second equation of (2.7) after change (2.8) takes
the form 7= y(1 + 6,(X, ¢)) where

b, = _lj—ﬁ and 71(0,6)=0
Thus,
=)~ y+ sy, &) + @a(x, &) ¥)(1 +8,(X, &) + O(&n?)
=e) " n+a(n, &)+ @a(& ) n+ O(En?)
since

Yo(n(1 +61(x, ¢)), &) =a(n, &) + [Wa(n(l +61(x, ¢)), &) —a(n, )]
=y,(n, &) + O(&n)

So, after canonical C"~'-change (2.8), map (2.7) takes the form (for
the old coordinate notations)

x=Me)x+yy(y, &) x+ f1(x, p, &) x%y
J=Me) Ty oy, )+ dax, &) y+ gi(x, y, &) xp

Where ‘»026 Cra l//2(0’ 8) = awa(Oa 8)/6_}/ = O’ lpl(oa 6) = Oa @2(07 ‘9) =0.
Conduct now the second canonical change of coordinates (i.e., with
the generating function V, =xn + v,(#, ¢) x). This change has the form

(2.14)

2

C=x+0y(n,8)x, y=n+uvyn,e) (2.15)

where ©, = 0v, /0. Since v,(0, ¢) =00,(0, ¢)/0n =0, the second equation of
(2.15), by the implicit function theorem, can be solved with respect to #:
n=y+ryy, ). Furthermore, r,(y,e)+v,(ry(y,¢),e)=0 and r,(0,¢)=
0r,(0, &)/0y =0. Thus, change (2.15) can be represented as

§=X+172(77,8)X, ’7=y+r2(y98)
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Note, that this change is of the same type as (2.8). Therefore, in the
same way, it is shown that the second equation of (2.14) is transformed as
follows

7=2e)""n+ @& &) n+ O0(Cn?) (2.16)

Finally, we obtain that, after two consecutive canonical changes (2.8)
and (2.15), map (2.14) takes the following form (in the old coordinate
notations)

X=Ae) x +(y, &) X + [1(x, ) Xy

T . N (2.17)
V=Ae)T y+@a(x,e) y+ &i(x, y, &) xy

2

where the right side is C"~', in general, and (0, &) =0, ¢,(0, ) =0.
Since the map (2.17) preserves the area, its Jacobian is equal to one
identically, i.e.,

~

J(x, yoe) =1+ 2e) " Py, &) + Ae) Pa(x, &) + O(xy) =1

One has J(0, y,e)=1+Ae) " Y, (r,e)=1. It implies that ,(y, ) =0.
Further, J(x,0,¢)=14A(¢) @,(x,¢)=1, that is @,(x,¢)=0. This com-
pletes the proof of the lemma.

Coordinates of Lemma 1 are very convenient since iterations of the
map T,, which is given in form (2.6), are asymptotically close to iterations
of the map 7, in the case where it is represented in the Birkhoff-Moser
normal form (2.4). Namely, the following lemma takes place

Lemma 2. If T,(¢) has form (2.6), then T%(¢) can be represented as
follows
xe=Me)  xXo(1+kA(e)* Bi(e) xop) + O(A(e)*)

(2.18)
Yo =Me)* yi(1+ki(e)* Bi(e) xopi) + O(A(£)*)

where the functions in the right-hand side of (2.18) are C"~!-smooth and
uniformly bounded in k& with all derivatives up to order (r —2).

Proof. The proof is based on the method of boundary value
problem.*®32) By Lemma 1, the map T,(e) (C"~'-smooth) can be written
in the form

X=Me) x+ f(x, y, &) = &) x(1 + Bi(&) xp) + O(x** + |x%y]) (2.19)
F=Me) " y+ &x, y )= Ae) T p(1—Bi(e) xp) + O+ [xp%])
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Consider the following operator P:

j—1
=) xo+ Y Me) T J(xy, yye8)

S:‘,’H (2.20)
i =) y— Y, Me) T Exy, pys6)

s=j

(where j=0, 1,..., k) defined on the set

R(O)={z=[(x;, )1} 0. 2l <O}

where [|z]| is the maximum of the absolute value of components x;, y; of
vector z and J is a positive small quantity. If zo=[(x7, y?)15_, is a fixed
point of P, then the following diagram takes place

(x5, ¥ =2 (x9, y) = oo = (7, 2D
It was proved in ref. 32 that, for all sufficiently small ¢ and 6 =J, and
X0l <¢/2, |yil <Jy/2, operator P maps region R(J,) into itself and is
contractmg Thus, map (2.20) has a unique fixed point ZO= [(x (xo, Vi)
y](xo, v 1% i—o- Due to the contractibility, its coordinates x and yj can be
found, for example, by the method of successive approx1mdt10ns As an
initial approximation one takes the following solution of the linear problem

MO =ie) xo, YO =6 g,

In virtue of (2.19) and (2.20), for the first approximation we have such a
representation

—1

(1)_/L/x + Z /1] s ﬂ /L2s/1k sxoyk+0(lzs/1k+/h2k)}

s=0
= Mxo+ 1A TRy + O(ATTF)
1 (2.21)
y}1)=)»k_"yk— Z ;»S_j_'—l{ —l_lﬂlﬂfi%_hxoyi-i- 0(22k+)fﬂ3k_3s)}
s=j
= ATyt Palk — ) A2 xopi+ O(A% )
where A=4(¢), f;=p,(¢). It is clear that next approximations have the

same form. Thus, we have the following representation for coordinates of
the fixed point of P
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X9 =1x,

Ye=Yi

X7 =xo(14 1 jA xoyi) + O/ HF)

V9 =27y (14 Bolk — j) Mxopi) + O ),  j=0,1,.,k

(2.22)

Formulas (2.18) follow now from (2.22) (the first for j=k and the second
for j=0).

Estimates for derivatives of functions x]‘? and y;’ with respect to the
boundary conditions x, and y, and parameters ¢ are found as follows (see
ref. 27 for more details). First, we note that functions xj and y has the
same smoothness as the map T,. Indeed, x and y can be solved with
respect to x) and yJ as jth iterations of smooth map Ty: x = %,(xg, Vo 0)

= J;(xg, ¥9). The equation yk—yk(xo, »9) is solved w1th respect to y9
by the implicit function theorem, since H(@yo/@yk)’l\l is bounded and
separated from zero.®*? Thus, yJ=)'(xy, y,)€C ', in general. Since
X, J;€ C"~! too, the functions

X; J(xo, yi) = X;(X0, YilXo0> Vi) )’,q(xm Vi) = 7;(Xo, Yi(Xo, i)

are C"~'-smooth also.
Let us show that for derivatives

0'x° 0'y?
Ol =S wpl = I pigip<r—2
P4 Oxp Oyl Oe® P47 Oxp Oy Oe® praTest

the statement of the lemma is also true. The formal differentiation of both
sides of operator P (p times in x,, ¢ times in y, and v times in &) gives us
the following formula

= j—s— af s af s
dj;’qv = SZO A ' <ax ¢qu + 5 yquv> + fjl

(2.23)
_ Z /ls Jj+1 QDS + aig ys I
qu ax pqv ay pqv gj

where the functions f j and g]l. depend only on derivatives of orders less than
[. Under hypothesis that norms of these last derivatives satisfy, estimates of
Lemma 2 we can calculate that the norms of functions f' j’ and g]’. satisfy the
same estimates but with new weight coefficients. Now, since operator (2.23)
is linear and contracting for d <d,, the norms of derivatives of the order
[ will also satisfy required estimates. By induction in /, we obtain required
proposition. This completes the proof of the lemma.
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3. CONSTRUCTION OF THE MAPS T

We will find here formulas for the first return maps 7, (see formula
(1.7) above) for various sufficiently large i and ;.

The set of initial points in /7}, a =1, 2, whose orbits get into 7,
consists of infinitely many horizontal strips ay* =11} T *IT . These
strips accumulate on W3, (0,) as k + oo (Fig. 5a). Images of strips a* with

loc

M 1T
T
k . : T 0
T( ) (IT) cSk

Tk +
U Ty b
Fig. 5. Schematic actions of local (saddle) maps: (a) at backward iterations and (b) at
forward iterations.
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respect to the maps Tk, are vertical strips o,*=T+% (6*) in I1, which

accumulate on Wi (0,) (Fig. 5b). Without loss of generality, we may
assume that 7} and I1; contain entirely the strips ¢0* and ¢, with
numbers k >k, and T& 1T} NI = & if k <k,, where k, and k, are some
sufficiently large integers.

By Lemma 2, the map 7'§,: o0* — ¢,* can be represented in the follow-

ing form:

X,=Ax, (1 + kA x, y,ul)+ O(A2F)
Vo= Vo1 +kA5x, yui™) + 0(22F)

where (x,, y,) €0V, (X,, V) €0,%.

Evidently, orbits from N must intersect the neighbourhood I75 in
intersection points of images T'j,(a,!) of the strips from 7, with the strips
a2 for all possible m >k, and k> k,. Analogously, intersection points of
orbits from N with the neighbourhood /7" must belong to the intersections
of images T,(c;?) of the strips from I7, with the strips ¢}' for various
izk,and j>k,.

Since I}, is the orbit of transverse intersection of manifolds W*(O,)
and W*(0,), the intersection of any strip T),0,' with any strip ¢)”
consists of one connected component if k and j are sufficiently large (see

1,

TZJ(GjZ) Tzz(GkU) ‘ i‘

Tzl(Wuloc(Oz); Wuloc(o2)

1\/[1+ Wsloc(Ol)

Fig. 6. The images T5(c}*) = I} of the strips o> = IT; have a shape of horseshoes.
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(1.2)). It is seen from (1.3) that the images T21( %) of the strips a 2 have
a shape of horseshoes accumulated on the parabola” Tzl(W;‘OC(O ) <
W*(0,) n I} (Fig. 6). Orbits of the set N must intersect the nelghbourhood
I/ at pomts of intersection of the horseshoes T,,(c 12) and the strips ¢!
for i>k, and j>k,. Hence, the structure of N depends essentially on the
structure of the set of these intersections.

We will speak that the horseshoe T21( 2) has a regular intersection
with the strlp c?', if the following condrtrons are fulfilled: (1) the set
T 21( 2)na?' consists of two connected components, A3 and Ai, (2) the
map T 51 T%,, restricted onto the preimage (7, T%,) " A;c a? g 2 of the com-
ponent A7, a=3,4, is a saddle map in the sense of ref 30 (roughly
speaking, this map is expanding with respect to coordinate y,, and contrac-
ting with respect to coordinate x,).

Different types of intersections of the horseshoe T(c 12) with the
strips lying in I7;" are shown in Fig. 7. The horseshoe has regular inter-
section with the strip ¢?', irregular intersection with ¢}' and empty
intersection with ¢?'.

The following lemma, which has been proved in ref. 19 (see also
ref. 18), gives sufficient conditions for regular and empty intersections of

the horseshoes and the strips.

Lemma 3. There are a positive constant S, and sufficiently large
integers k; and k, such that for any i>k,, j >k,

Fig. 7. Types of intersections of the horseshoe T 7,( %) with the strlps The horseshoe has
a regular intersection with the strip ¢%', an irregular mtersectlon o0?' and empty intersection
with %!
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(1) if the inequality
d21()“i1y1_7621/‘L£x;)>sij(]€17]€2) (3.2)

is fulfilled where S; = S,(|41)"+ |A2]/)(14,]% + |2+ i |4,]'+ j | 25]7). then
the intersection of the horseshoe 75,(;?) with the strip ¢}" is regular;

(2) if the inequality

dzl(}vliyl_ —6211§x;)< _Sij(klaIEZ) (3.3)

is fulfilled, then T,(a;%) no?y' = &.

Note, that for diffeomorphisms of the first class (4, >0, 1, >0, d,; <0,
¢, <0) inequality (3.3) is fulfilled for all i>k,, j>k,; ie., in this case
Ty(0;*)nay' =& for all i and j large enough. (In fact, the horseshoes
T,,(0;?) and the strips o' lie in different components of I7; \W3,(0,).)
On the other hand, for diffeomorphisms of the second class (4, >0, 1, >0,
dy, >0, ¢,y <0) inequality (3.2) is fulfilled for all i>k,, j>k,; ie., in this
case the intersections of the horseshoes 7,,(c;?) and the strips o}' are
regular for all sufficiently large i and ;.

Unlike two above cases, diffefomorphisms of the third class can possess
also irregular intersections of the horseshoes and the strips. This implies a
possibility of the existence of nonhyperbolic periodic orbits. The main
attention will be give to single-round periodic orbits of such a type.

Recall, that a single-round periodic orbit has exactly one intersection

point with every of neighbourhoods I7} and I7,, s=1, 2. Let

M01(x01sJ’01)€‘7?1» M11(x11,)’11)€‘7}1 (3.4)

02 12
Moy(Xo2, Yo2) €07, M y(x12, y12) €0;

be intersection points of the orbit with the corresponding strips where

i>]€1> Jj=k,. Then, My = Tfn(Mm), My =T,(Myy), M= T{)z(Moz),
My, = T, (M,). Thus, the point M, is a fixed point of the following map

Ty=TuTyTnThy: ot > 11}
In virtue of (3.1), coordinates of the points M, and M, satisfy equations

X1y = A Xou(1 + U 23 X0y y11) + O(AT) (3.5)
Yo =41 yu(l+ D A xe y11) + O(2F)
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and coordinates of the points M, and M, satisfy equations

X12 = M xop(1 + jul? 2 xor y12) + O(2F) 16
Yoo =2yl + ju$P A5 x05 y12) + O(1F) (30
Thus, in virtue of (1.2) and (1.3), the map T; can be written in the form
Koy — X5
=ap A xoi(1+ VA x01 y11) + D12 Y11 — ¥17) + (o1, y11)
M3l + juP 45X 0 712+ O(23))

=cpMixo(1+ P A xe1 yi1) +dia( i — ¥1 )+ ha(Xo1, ¥11) (37)

Kor — X1
=ay M xop(1 + juP 14 Xo2 ¥12) + bar(F12— ¥5) + h3(Fozs F12)
2 (1 + D 2, Koy 71y + O(47))
= A4 X1+ juP 25 %0z 712) + doi (P12 — 3 ) + hal X2, F12)
where
hy, 2= OL(12 %01l + [y11 — y1 D?1, hy=O[ (|23 X0x| + 1712— 5 |)?]
hy=O[2FX5, + |5 X 0| 1712 —y5 | + 2= y5 1]

Lemma 4. The map T;, by means of a linear change of coor-
dinates, can be brought to a C”"~!-smooth area-preserving map of the

following form

X=Y+¢,(X,Y)

Y=M;—Y*+A4,Y—X+¢%(X, Y) (33)
where
Ay=bycinh5 72+ biacy AT
M, =d,d3, 7% %1 —I—oc,])[cnxlzxz (1+jAu®x;y5) (39)

— Ay (A +i2iuVxtyr) + 0¥ +2%)]

and ¢;— 0, a;— 0 as i, j— oo. In addition, the domain of definition of map
(3.8) contains the rectangle |X|< Cy [A1] 7" |42 7, 1Y < Co A1 7 A =%
where C, is a positive constant independent of i and j.
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Proof. Introduce the following coordinates

xm*xr:fla xoz*x;:fza yu—JrYi =11, Yo=Y =12
(3.10)
where
&1 <ei, Il <er, &) <ef, 2l <ey (3.11)

and ¢ and ¢ are diameters of the neighbourhoods I7; [T, respectively,
s=1,2.

In virtue of (3.7), the map T; has the following form in coordinates
(3.10)

Er=aplié +bpm
tapAixi(1+ilixtyr(1+--0)
+O(AF(1E |+ Imil) +07)

M1+ jAL OS] + 12])) = o i1+ diany + e dix (14 )
— 3y, (L4 jixs y, (14 1))
+ O(AF(1& |+ Iml) +07) 312)

C1=ax 585+ by,
+a21)v§x2+(l + xSy (L4 --0)

O(AF(1E] + 1)) +173)
AL+ 25 O(|E | + 1171)) = a1 A5 + doy 173 + ey ASx (1 + jAsx S vy ut®)
— Ay (I +idixFyrul)
+ 003 +23) + 0(2F(1 & + 17a1) +173)

where we denote by ellipsis, here and below at the proving the lemma,
terms which are independent of coordinates and tend to zero as i, j — oo.
Shifting coordinates

: b ) .
52_’62_012”1x+1+d712(012/1'1x1+—/%J’z_)(l + )
12

& =& —anMxy (14 --0)

m—m+—(cpiixi =AMy )1+ )

i
di
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brings (3.12) to the form

Sy=ap 1 &r+ b + OGAT(E | +Iml) + m)?)
M1+ A0 G| + 1721)) = ep 24 &1+ diany + OGAT(1E ] + Imi]) + 11])?)
1=y 258, + by ila + 0241 Eal + 177a]) + 175)
ML+ 25 O(E | + 1711)) = €1 A58 + doy 715+ 11
+0(j 125 (1&] + 172]) + 1721) (3.13)
where
=[x 3x3 (14 jaguPx3 yy ) = 24y (L4 i25uiVx i yi) + 0(AF + 29)]

We solve now from the first and second equations of (3.13) coor-
dinates &, and 7, with respect to &; and #,:

Er=ap A& +byny + OGAT(IE | + Iml) + 1m])?)

) ) . ] . 3.14)
Ta=257[ 1A E 4+ dany + O 1Al (Im] + 1418 +n7)} ]
Consider the following linear change of coordinates
1 i
u=d751, =478 Hdpm (3.15)
12
We have from here
1 i
¢ =dpu, ”IZTU_CIZ)“IM
12

In virtue of (3.14) and (3.15), coordinates &, and 77, depends on « and v in
the following way

- ) ) b )
Co=ap S +bpn + - :alzdlzillu"‘dilzv_blzclzlll”)+
12
_ g b _ i b 52 >
—;Llu(alzdlz_blzClz)+ U“F R —/Llu U+O(l;»1(|u|+|v|)+li )
di» di»

My=7A3"Tv+ O] | 2ol (1ol + 1241 Jul) + 0%+ 24| |ul Jvl} ]
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Using these relations we bring 7'; to the following form (in coordinates u
and v):

u

by ,_; . ; . oo
== 2570+ O j |22 (vl + 2417 [ul) + 02 + | 44| [ul |v]
s 2L {] 2|7 ( 1 1 }] (3.16)

v

012}v1'151+d12’71
=dyydy A7 25 ¥ [0+ O{j 2ol (Jo] 4 | 2417 Jul) + 02 + | A4] 7 Jul Jv]} 17

F0(baycindy /A +bipca ATTAL) + dipeay Au(l 4 O(id u)) + piy

Where ﬂ2=d12;\,1—i(1 "F e )'ul.
Now, we rescale the coordinates in the following way

ba o o
U= ———"—MNAX, v=— AFY (3.17)
d%2d21 . d12d21 .
Then, the map (3.16) is written in the form
X=Y+ ...
(3.18)

Y: - Y2+ Y(bz]Clzlz_jlil+b12C21;Ll_ilé)+b21C21X+ MU+ tr

=—Y’+ A, Y—X+M;+ -

where formula (3.9) takes place for 4,; and M; and the dots stand for terms
tending to zero as i, j — 0.

We note finally, that the map T, written in coordinates (X, Y), has
a big domain of definition. Really, it follows from (3.11), (3.15) and (3.17)
that variables X and Y may take any values from the following intervals
IX|<Cy A7 A e and |Y|<Cy A 7 Ayl ¥ ey where C; is a
positive constant. This completes the proof of the lemma.

It is seen from (3.9) that the rescaling parameter M; can take any
finite values only for those i and j at which the quantity ¢, A5x; — A}y
can be made how much small in order to compensate the how much big
factor ;% A;¥. By Lemma 3 it is possible only for those i and j at which
the intersection of the horseshoe T, 0> with the strip o}' is irregular.
Below we will consider only those i and j which satisfy the inequality

|earddxy =T <1l |4, (3.19)
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First of all, we will prove that inequality (3.19) can have infinitely
many integer solutions with respect to i and j. For this end, we rewrite
(3.19) in the following form

MyT(L=2Py7) < eodgxy <A yr (L4272 /y7)
and take the logarithm. As result, we obtain the inequality

24172

li—j0+7t|<————
yi In |2 l|

(3.20)

which is equivalent to (3.19) (modulo terms in (3.20) of the order O(|4,]%)).
Here, 0 and 7 are the quantities from (1.5) and (1.6).

Lemma 5. For any 7 and any functions v}j and vfj which are con-
tinuous in # and 7 and such that v;<v} and vj, v;—0 as i, j— oo, the
inequality

VE<i—j0+T<vi (3.21)

has infinitely many integer-valued solutions for a set of values of @ which
is dense in R'.

Apparently, this result is well known in the arithmetical number
theory (in any case, similar results are in refs. 33 and 34), but we give its
proof for completeness. Let us show that in the interval 6,=(0,—¢, 0, +¢),
for any 6, and &> 0, there exist such values of @ that inequality (3.21) has
infinitely many integer-valued solutions. Let 6, € §, and 6, > 6,. Then, the
straight lines y — x0; + 1 =0 and y —if, + 7 =0 form an angle inside which
a countable set of points with integer-valued coordinates lies. Since v;— 0
as i, j— oo and v; are continuous in 0, there exists an interval J, <
(09, 0,) = Jy such that inequality (3.21) has an integer-valued solution
(i=1i,, j=J;) for every 6 ed,. Analogously, in the interval ¢, we find a
subinterval ¢, such that for # e, inequality (3.21) has now two integer-
valued solutions (i, j;) and (i,, j,). Acting in this way, we obtain an
infinite sequence of embedded intervals 6>, > --- 9, > --- such that
inequality (3.21) has » integer-valued solutions (i1, j;), (2, J2)ses (ins Ju)
for 6e,. Let 0* be a value of 6 such that 8* € J,, for any n, then inequality
(3.21) has infinitely many integer-valued solutions at 6 =60*. This com-
pletes the proof of the lemma in virtue of the arbitrariness of choice of
initial 6, and e.

By Lemma 5, inequality (3.20) (and, hence, (3.19)) has solutions with
how much large i and ;.
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Lemma 6. Letand; satisfy (3.19). Then, M takes values from the
interval

(= Gz ¥ (2|72, Gy ¥ 24|77 (3.22)
2 2

where C, is a positive constant independent of i and j, and A4, is represented
in the form

— +
by, Xy

T
Xy V1

A + O(|4,]7?) (3.23)

i

Proof. If to substitute into (3.9) the boundaries of interval (3.19),
then we obtain inequality (3.22).
It follows from (3.19) that

yT = eaxy AT <A |7
and, hence, for such i and j the following equality takes place

j g —i y_ i
M =——"—+ 0(|4]") (3.24)
21X

Thus,

_ vig—j iy —i
Ay=byicip A\ 257 +biyca AL A1

Cn X5y v ;
=byC1z 2;1_2 +b1x02 0211x2+ + O(|2,17%)
b,y cppxit )
=225 SR L 01,1
X Y1
The lemma is proved.
Lemma 7. The quantities
biyy CioXy Co X
—, —, — (3.25)
Xy V1 V2

do not depend on choice of pairs of heteroclinic points of the orbits 7,
and I'y;.
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Proof. Note, that the first two quantities in (3.25) depend only on
coefficients of the global map T,,. Hence, it is sufficiently to check the
invariance of these quantities with respect to choice of pairs of heteroclinic
points of the orbit I',. It is clear also that for this end it is sufficiently to
prove the invariance with respect to choice of the following pairs of
heteroclinic points: (a) To,'(M ;) and M ; and (b) M| and Ty, M ;.

In the case (a), the map T, =T, To, : T o, I17 — 115 will play a role
of the global map T,. In virtue of (2.6) and (1.2), T}, can be written as
follows

Xop— X3 =aph X+ A7 by — Ay )+ -
Voo =Croh Xy + A7 (Vi — A )+ -

Thus, b, =A7 b1y, Cla=71C12, Y1 =21 Y7, x5 =x5. This implies that

biayi’ _/Abflbu;hlyf =b12Yf

x5 x5 x5

! +7 bl + —+
CioXo MCipXy  CipXy

!

yr VSRS rr

In the same way there is proved the invariance of the quantities b,, y; /x5
and c¢,x, /y; in the case (b). Here, a role of T, will be played by the map
12=To Ty 117 — Tell}, for which by, =2by,, clo=2;5"¢cp, yi'=
Vi X = daxt
The quantity ¢, x;" /y, (the third quantity in (3.25)) depends only on
coefficients of the map T,,. Its value is not changed if to choose instead the
pair M, and M| the following ones: (a) T, (M) and M ; and (b)
M5 and To, M. Indeed, in the case (a) Th =Ty Tor: T, Iy, > I}
and, in virtue of Lemma 1 and (1.3),

r —r — +r_ o+
Ch1 = /2Co, V2 =y, X1 =X

In the case (b) Th =T T», : 15 — Ty I} and

g 7—1, — 4, — +r __ 9 +
=4y €, Y2 =DYa2 Xy =41X

!

Evidently, that the value of quantity ¢y x{' /v
both cases. The lemma is proved.

is equal to ¢, x; /y; in
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These lemmas show that, for a countable set of integers i and j (satis-
fying (3.20)), the map T; is close to the following map #,,

xX=y
(3.26)
y=M-—y"+Ay—x
where A= (b, y; /x5 )—(c1nx; /yy) (Lemma 6) and coordinates (x, y)

and parameter M can take arbitrary ﬁmte values (Lemmas 4 and 6). Note,
that map s, by shifting origin and changing the parameter, can be
brought to the following standard conservative Henon map

X=y, y=1—ay’—x

Fig. 8. The structure of fixed points for the conservative Henon map: (a) the parabolic point
(vi=v,=+1) at M= M,; (b) the saddle and elliptic fixed points at M, <M <M ; (c) two
saddle fixed points and elliptic cycle of period 2 at M > M.
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The map #,, is remarkable in that sense that bifurcations of its fixed
points are well known. Namely, 2, has no fixed points at M < M, where
My= —(A—2)%4; it has a parabolic fixed point (unstable) with eigen-
values v; =v,=1 at M = M, (Fig. 8a) and a parabolic fixed point (stable)
with eigenvalues vi=v,=—1 at M=M_ =(A4+2)(6 —A)/4; at M>M,
the last point becomes the saddle-minus fixed point (with negative eigen-
values) in whose neighbourhood an elliptic point of period 2 is appeared
(Fig. 8c). Especially, we turn our attention to the fact that s, has an ellip-
tic fixed point (Fig. 8b) at My< M < M, (its eigenvalues are v, ,=e*" at
M=M,=}(A—2cosy)(4—A—2cosy)). It was established in ref. 35
that in a neighbourhood of this point (if y ¢ {7/2, 27/3} ) the map #;, can
be written in the complex form (1.4) where

(14+cosy)(4cosy+1)
(2cosy+1)siny

h(y)= -2

Hence, the coefficient 4(y) is not equal to zero if {y # arccos( — 1/4). There-
fore, according to the KAM-theory, the pointed out fixed point is generic,
except for the cases where Y € {n/2, arccos( — 1/4), 2r/3}.

4. PROOFS OF THE THEOREMS

As we noted in Section 1, there exist seven types of diffeomorphisms of
the third classes (see Table 1). We will prove Theorems 1, 2 and 3 only for
the case of diffeomorphisms from Hj (ie., for the case where parameters
A1, A, €51 and d,; are positive), since in other cases the proofs are rather
analogously.

Let i and j satisfy inequality (3.19). As it follows from Lemmas 4-7, in
this case the map 7T; is brought to a C"~'-smooth area-preserving map of
the following form

F=y+ahix y)

(4.1)
V=M;—y*+ Ay —x+¢5(x, y)
where functions @;(x, y) tend to zero together with derivatives (up to
order (r—2)) as i, j—> 00; A=b,y; /x5 —cpx, /vy is a constant inde-
pendent of choice of heteroclinic points (Lemma 7). By Lemma 4 the
domain of definition of this map contains the rectangle

IX| < Co [~ 1Al VIS Co |44 2] 7%
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Recall also (Lemmas 4 and 6) that the range of values of the parameter M ;
contains the interval

(= Gz ® (2|77, Gy ¥ 24|77

Here C, and C, are some positive constants independent of i and ;.

Note, that the map #,, has a generic elliptic fixed point at every value
of M from the interval My <M <M, where My= —3(4A—2)* M,,=
3A(4— A). Then, there exists such ¢;>0, ¢; — 0 as i, j— co, that the map
T; (which can be brought to form (4 1)) has a generic elliptic fixed point
for all values of M satisfying the inequality My +e; <M;< M,/ —¢;. In
virtue of (3.9), this inequality can be written in the form

M,
dipd3,

W30F <y MxS(1+ jAu®Pxty; +--0)

—yr (I + ik uVxryr 4+ ) <—"2-2%% (42)
d12d21

Taking the logarithm of (4.2) we obtain the following inequality

1 1+ jAuPxtys e 43)

l .
<i—j0+71— ;
/ In |2y 14+idiuPxfyr 7

where the functions 17}1. and 17l.2j depend continuously on 8 and 7 and are such
that

(1) ¥5=007+13),

(2) v < V,,a

(3) BT~ (147)

Note, that for such i and j inequa}lities (3.20) and (3.19) are fulfilled
automatically. Since i~ j6 and ¢, x5 A5 ~ A]y; in this case, it follows that

Ini,  14+iuPxiFyr 772 Iny

a;=

i@ty ~
L, 1+ jijui’ x5y, ~/1jx2+y2 <”(12) OulV CauX >+0(,1)

Yo

and inequality (4.2) coincides with (1.8). This completes the proof of
Theorem 1.

By Lemma 5, inequality (4.3) has infinitely many integer-valued solu-
tions at a dense (in the plane (6, 7)) set I of values of 8 and . Let (6*, t*)e [
and (i,, j,), n=1,2,.., be the corresponding countable set of integer-
valued pairs such that inequality (4.3) is fulfilled at i=i,, j=j,. Then,
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diffeomorphism Ty«,« € H; possesses infinitely many single-round elliptic
periodic orbits each of which has exactly one intersection point with every
strip 7' = IT" and 67 = I1 . These strips are with different numbers and do
not intersect. Hence "the smgle round elliptic periodic orbits are isolated
and since they are generic, every of these elliptic periodic orbits is surroun-
ded by the own elliptic (periodic) island. Thus, diffeomorphism 7'y« « € H;
possesses infinitely many elliptic periodic islands. Since i,, j, — o as
n— oo, the closure of the pointed out countable set of elliptic orbits
(islands) contains the saddles O, and O, and also the heteroclinic orbits
I'y, and I',. Note, that functions 7 and ¥, (from (4.3)) are, by conditions
(1)—(3), exponentially small. This means that if difftfomorphism 7 has
infinitely single-round elliptic periodic orbits, than its invariants 6 and 7 are
connected by strong arithmetical relations: § and t must admit “exponen-
tially good nonhomogeneous approximations by rational numbers.” This
completes the proof of Theorem 2.

By Lemma 7, coefficient Q = (u$® — 0u'{"(c, x; /y; ), does not depend
on choice of pairs of heteroclinic points. (Moreover, the quantity x; y; O
does not depend also on rescaling the variables). If Q #0, then inequality
(4.3) can possess infinitely many integer solutions at irrational 6 only.
Indeed, for a rational 0 the straight line j=i0 — 7 either lies on a finite dis-
tance from the points of the integer-valued lattice or contains a countable
set of such points. In the first case, inequality (4.3) can not have solutions
for large i and j since |alj| + [V =0 as i, j— oo. In the second case, this
fact is true also because vj;=o(ay), ie., here the set (on the plane) defined
by inequality (4.3) does not contam any points of the straight line
y=x0—r1.

We will prove now Theorem 3. Let T e H;. We include T into a one
parameter family 7' of diffeomorphisms on Hj and assume that T=T, .
By Lemma 4, in the case where diffeomorphism 7'y has a parabolic single-
round periodic orbit with multipliers v, =v,= 41 (whose point in [T} is
a fixed parabolic point for the map 7;) the following equality is fulfilled

d12d§1;“1 21/1 Y1 +O('y)[621;"2x2 _;vliyl_ + O(M%i*‘jﬁj] =M, +ﬁij
(44)
where f;— 0 as i, j— oco. Equality (4.4) can be rewritten in the form
e 25x3 (1+ 0(jAy) =21yy (1+ O(id)) (4.5)
If to take the logarithm of (4.5), then one can easily found the corre-

sponding value of 6 =0 !, Namely,

07! =Jf_+§+ O(idi + j24) (4.6)
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Evidently, such values of # are dense in an interval (6,—¢, 6, + ¢) for any
e>0.

It is shown analogously that values 0 =0, are dense in the interval
where 07 ' is a value of @ at which the map T, possesses a parabolic fixed
point with eigenvalues v;=v,= —1. In this case relations are fulfilled
which differ from (4.6) in terms of the order O(2}1%).
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