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1 Introduction

Perturbing the germ at the origin of a planar rotation re?™? — re2™(0+w) Jeads
to two celebrated results which describe geometrically the dynamical behaviour
of the iterates of the perturbed diffeomorphism F', that is the structure of the
orbits O(z) = {z,F(2),F%(2),...,F"(2),...}: the Andronov-Hopf-Neimark-
Sacker bifurcation of invariant curves under a generic radial hypothesis of weak
attraction (or repulsion) and the Moser invariant curve theorem under an an-
gular twist hypothesis in the area preserving case. The invariant curves whose
existence is proved are normally hyperbolic with generic induced dynamics in
the first case, with a dynamics smoothly conjugate to a diophantine rotation in
the second one.

Statements and proofs illustrate the notion of mormal form, introduced by
Poincaré in his thesis in 1879. Closely related to the “averaging of pertur-
bations” used by astronomers since the eighteenth century, it generalizes the
Jordan normal form of a matrix to the nonlinear world. Namely, by intro-
ducing local coordinates which reveal an approximate geometry underlying the
situation, it sets the scene for the application of refined analytic tools to the
determination of which features of this geometry do really exist.

After recalling these two classical contexts, say the one of nonlinear self-sustained
oscillations (Lord Rayleigh, Van der Pol) and the one of the 3-body problem
(Poincaré), I shall describe an old result of mine which in some sense makes the
two worlds meet: in generic 2-parameter families of germs of diffeomorphisms
of the plane near a fixed point, the tension between radial and angular (or hy-
perbolic and elliptic) behaviour leads to phenomena where the whole wealth of
the area preserving situation is unfolded along some direction of the parameter
space.



2 Elliptic fixed points

Let F: (S,p) — (S, p) be alocal C* (or analytic) diffeomorphism of a surface S
defined in the neighborhood of a fixed point p = F(p). The fixed point is said to
be elliptic if the spectrum of the derivative dF(p) is of the form {2miw, —2miw}
with w # £1. This is equivalent to the existence of a linear conjugation of dF'(p)
with the rotation of angle 2ww. Hence, after choosing good coordinates, one can
suppose that p = 0 and that F': (C,0) — (C,0) is such that

F(C) =X +O(|¢]*), with =™,

In other words, F' is a perturbation of a rotationﬂ Now, a rotation preserves
each circle centered at the origin. This is a very strong property, very likely
to be destroyed by the non-linear terms in the Taylor expansion of F. Nev-
ertheless, reality is subtler and the study of the fate of these invariant circles
is the starting point of two famous theories which correspond roughly to the
dichotomy between dissipative and conservative dynamics:

1) Andronov-Hopf-Neimark-Sacker bifurcation theory which analyzes what
happens when one considers a genem’(ﬂ diffeomorphism F' with an elliptic fixed
point at 0. The local behaviour of F' itself is quite dull: indeed, the radial
behaviour of the nonlinear terms turns the fixed point into an attractor or a
repulsor and no other invariant object persists in its neighborhood. It is only
when considering “generic” 1-parameter families F}, of local diffeomorphisms
stemming from F = F that the whole richness of the dynamics is regained (see
[ATL[A2]): each small enough circle invariant under the rotation dF'(0) becomes
a normally hypeTboli(ﬁ closed curve invariant under some F), (figure 3).

2) Kolmogorov-Arnold-Moser (K.A.M.) theory which analyzes the case when
F' is area preserving, a hypothesis which is natural for diffeomorphisms with a
mechanical origin, the paradigmatic example being first return mapeﬁ in the
restricted three body problem first studied by Poincaré (see [CIl [C2]). In this
case, it is the angular behaviour of the non-linear terms which plays the key
part, the result being that “many” of the circles invariant under the rotation
dF(0) persist in the form of closed curves invariant under the action of F itself.
Moreover the restriction of F' to such an invariant closed curve is smoothly
conjugated to a rotation whose angle is of the form 27wa with « not rational and
even “far from the rationals” in a precise sense.

IBeware that the notation F'(¢) does not mean that F' is complex analytic, its expression
depends on ¢ and ¢

2We shall not give a formal definition of this word; it means essentially that what is de-
scribed is the general situation and that only special hypotheses could prevent the description
to be correct.

3Roughly speaking this mean that any attraction or repulsion normal to the curve under
the iterates of F}, dominates any attraction or repulsion inside the curve; this condition insures
the robustness of the curve

4see section 1.4 of [CO] for a brief introduction



3 Preparation: Poincaré’s theory of normal forms

The idea, which goes back to Poincaré’s thesis in 1879, is the following: being a
rotation, the derivative of F' commutes with the whole group SO(2) of rotations.
This is shown to imply that, provided some conditions on w are satisfied, a high
order approximation of F' is locally invariant by an action of SO(2) close to the
standard one. Equivalently, one proves the existence of local coordinates which
reveal the approximate geometry of the map, in a spirit similar to the Jordan
form of a matrix:

Theorem 1 If A = €™ is such that \? # 1 for all integers ¢ € N such that
q < 2n + 2, there exists a local diffeomorphism

H:(C,0) = (C,0), (= z=H()=(+O0(¢P)
such that
HoFoH™'(2) = N(2)+0(|2|*"*2), where N(z) =z (14 f(|2|?)) 2oz,

with f and g real polynomials of degree n such that f(0) = g(0) = 0. If moreover
A28 £ 1, one can achieve a rest which is O(|z|*"+3).

The so-called normal form N, is characterized by the fact that it commutes
with the whole group SO(2) of rotations:

Yo, N(e2™%z) = 62”(’“N(z).

Proof. Let us start with a local diffeomorphism of degree 2,

Hy: (C,0) = (C,0), z=Hy(()=C+ Y. 7;¢T.
itj=2

The direct computation of Hs o F'o Hy ! is illustrated on the diagram below:
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Figure 1. Changing coordinates.
Supposing that F(¢) = A\ + 3, iy ai;C'C + O([¢)?), we get

Hyo FoHy'z) =Xz + Z (0&1']' + ()\ixj - /\)%]) 27+ 0(]2]*).
itj=2



Hence, if no resonance relation of the form MY — X =0 is satisfied with indices
i,j such that i + j = 2, that is if A3 # 1 (otherwise o= 0), the choice of
Yij = —()\ixj — /\)_laij kills all degree 2 terms in the Taylor expansion of the
transformed map Hy o F o Hy'.

If one tries in the same way to simplify the terms of degree 3 in the Taylor
expansion of Hy o F' o H2_1, one stumbles upon an unavoidable resonance

AA—A=0

which merely reflects that |A\| = 1. Hence , if no other resonance of order 3

exists, which amounts to saying that A* # 1 (otherwise o= 0), a local
diffeomorphism Hj of the form Hs(z) = 2+ 3_,,,_5 7i;#'%7 can be found such
thatf]

H3zoHyo FoHy' o Hy'(2) = Az + c12]2]* + O(|2]h).

Now, if A4 # 1 for all ¢ < 2n + 3, one finds by induction a local diffeomorphism
H = Hyy 42 0 Hapqq 0 Hs 0 Hy tangent to Id at 0 such that

HoFoH '(z) =Xz 4 _cnzlo* +O(|2").
k=1

If A?"+3 = 1, there is possibly a monomial vZ>"*2 which cannot be canceled.

Finally, chosing polar coordinates, one writes H o F o H~! as in the conclusion
of the theorem.

Remark. Resonances of the form A? = 1 for 1 < g < 4 are called strong
resonances. They are characterized by the fact that the resonant monomial
7971 is of smaller or comparable order to the first unvoidable resonant monomial
2|z|? and hence could play a role in the geometry of the normal form N which
could become invariant only by rotations by an angle multiple of 27/q. In the
sequel, the hypotheses always exclude strong resonances.

Remark on notations. : Theorem [1] allows us to suppose from the start that
local coordinates z have been chosen so that F' is in the form given, by Theorem
1. In other words, from now on we shall write F(z) instead of Ho F o H™1(z).

4 The dissipative case

4.1 Andronov-Hopf-Neimark-Sacker bifurcation

The first two names are attached to the “continuous” case of a differential equa-
tion, the last two to the present “discrete” case of a map (see [A1, [A2, [1, [CH]).

5in order to avoid too cumbersome notations we still call z the transformed coordinate
H3(z).



In general, the polynomial f(s) = Y_, ays”® is such that a; # 0. If a; < 0,
one can scale the coordinates so that a; = —1 which, provided \? # 1 for all
integers 1 < ¢ < 4, puts F into the form

F(z) = N(2) + O(|2]*), where N(z2) =z (1 — |z[2) 2™« Htal=),

As well as the rotation dF(0), the normal form N still leaves invariant the
foliation by circles centered at 0 but it sends the circle of radius r onto the
circle of radius r(1 — 72). This implies not only that lim,, .., N™(z) = 0 but
also that lim,, ... F™(z) = 0 as soon as |z| is small enough. Indeed,

m

1 1
if|z] <€, |F(2)] <e€ll-— 562 < ¢, hence by induction |F™(z)| < e[l — 562

One says that 0 is a weak attractor (figure 2), the adjective “weak” recalling
that the attraction is due to a non-linear term.

2w

'
-Ul(w

Figure 2. Weak attraction.

Hence we completely understand the dynamics of F' in some neighborhood V of
the fixed point 0. Things become much more interesting if one perturbs F' by
including it in a smooth one parameter family of local diffeomorphisms F), such
that Fy = F. A direct application of the implicit function theorem shows that,
in the neighborhood of 0, the equation F,(z) — z = 0 has a unique solution z,
depending smoothly on p and such that zp = 0. Hence, after a translation by
z,, of the coordinates, one can suppose that for all  near 0, one has F,(0) = 0.
For values of p such that the spectrum of dF},(0) is not on the unit circle, there
is no resonance and one could get a normal form which is linear up to any
order. However, this would not be of much use: on the one hand the domain of
definition of the conjugating diffeomorphism H,, tends to 0 when the spectrum
of dF,(0) tends to the unit circle and interesting phenomena occur outside of
this domain, on the other hand, this would break the continuity with respect to
 of the coordinate change H,,. In consequence, one chooses to eliminate in F),
only the same terms as the ones we have eliminated in Fj, that is we mimic for
H,, the construction of H in section |3} Doing so one gets a smooth family H,, of
local diffeomorphisms of (C,0) defined in a fixed neighborhood of 0 which put
F,, into the form F,(z) = z(1+ f,,(|2[2))e?™(«+9:(=") 1. given by Theorem 1
except that f,(s) = > i, ars® and g,(s) = Y p_, bu(s)s* now start with terms
of degree 0. Finally, we shall suppose that ao(u) is monotone (say increasing)
for p close enough to zero. This is also a “generic” condition which amounts
to saying that the spectrum of the derivative dF),(0) crosses transversally the



unit circle when g crosses the value 0. It allows us to change parameters and
suppose that ag(p) = p. At the end, we are reduced to study a family F), of
local diffeomorphisms of the form

Fu(2) = Nu(2) + O([2]"), where
Nu(2) =2z (1 + p+ ar(p)|z?) 2ri(bo(m+or(wl=1") - and
ar(p) = =1+ O0(|u]); bo(p) =w + O(|u]).

The rest can be made O(|z|?) except if A5 = 1, which can leave a term vz*.

Due to the commutation of N,, with the group SO(2) of rotations, the study of
its dynamics reduces to an elementary question in dimension 1. The results are
summarized in figure 3: the origin, which is a strong (=linear) attractor when
1 < 0, becomes a strong repellor when g > 0. But points far enough from the
origin are still attracted and in between appears an invariant circle C), of radius

the unique solution 7, of the equation p + ay(u)ry =

unfolded n

Figure 3. Dynamics of the family of normal forms NV,,.

Theorem 2 (Neimark 1959, Sacker 1964) Under the above hypotheses, for
each i > 0 small enough, F), possesses an invariant closed curve I'y, close to
Cy, which attracts a uniform (that is independent of p) neighborhood V of 0
(with 0 deleted). If the local diffeomorpisms F), are of class C*°, these curves
are of class C* with k going to infinity when u tends to 0.

The proof proceeds in two steps: 1) One encloses the invariant circle Cp in an
annulus A, of width O(|u|), say the one bounded by the circles whose radii -
are the two solutions of the equation p + a;(u)r? & 3 = 0. One checks that
every point z # 0 in some uniform (i.e. independent of ) neighborhood V of 0
is eventually sent inside A, under the iterates of F},.
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Figure 4. The attracting annulus A,,.



2) One shows that under the iterates of F},, every point inside the annulus
tends asymptotically to some invariant curve I', close to the circle C,,. For this,
we choose coordinates in A, centered on C}, of the form:

z=ru(l+ Vo) e

If A5 # 1, the map F), becomes (we keep the same notation F), for convenience)

Fu(0,0) = (1= 2)0 + O(4*/?), 0 + by + O(*/?))

(If \> = 1 and the term vz* is present, a circle is not a good enough approxima-
tion of the invariant curve and a further change of variables is necessary to get to
the above form, see [I].) Let (0,(0)) be the graph of a function 8 — o = 1(6)
from the circle R/Z to R. If ¢ is small enough, its graph I'y, is contained in the
annulus A, and the image by F), of its graph, also contained in A,,, is the graph
of a function F,1:

Fu(ly) = T7,p.

The map ¢ — F,1) is called the graph transform. Thanks to the contracting
factor 1 — 2p which dominates any contraction along the angular direction (a
manifestation of the fact that the normal hyperbolicity of C,, dominates the
perturbation), one shows that F, is a contraction in a well chosen Banach
space of C* functions provided p is close enough to 0 (a condition more and
more stringent when & tends to 4+-00). The attracting invariant curve I'), C A,
we are looking for is the graph of the unique fixed point of this contraction.

Figure 5. Graph transform.

4.2 Dynamics on the invariant curves

In conclusion, from the “radial” hypothesis a1(0) < 0 we have obtained a com-
plete control on the radial dynamics of F}, in a uniform neighborhood V of 0
(i.e. figure 3 is still pertinent to describe the normal dynamics of F),), but we
have no control of the dynamics restricted to the invariant curves. Indeed, this
dynamics may be a “generic” dynamics of a diffeomorphism of the circle (see
section 4 of [C0O]). To be more precise we should add another “generic” assump-
tion, this time on the “angular” part of F', namely that b1 (0) # 0, for example
b1(0) > 0. This implies that, for p close enough to 0, the restriction of the
normal form N, to its invariant circle C, is a rotation whose angle increases
with u. The two-parameter family f,, , of diffecomorphisms of the circle defined



by the restriction of F), to its invariant curve I',, the other parameter being w,
behaves in general as does Arnold’s family T, ,,, described in [A3]:

To,u(0) =0 +w+ pcos2mb.
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Figure 6 : Typical behavior of a 2-parameter family of circle diffeomorphisms
(figure adapted from [A3]).

In the interior of each of the so-called Arnold’s tongues — values of the parameters
for which the rotation number is rational — f,, , is in general a diffeomorphism of
the circle with two periodic orbits of the same period ¢ if the root of the tongue
is the rotation of angle 2rw = 272). One orbit is attracting, the other repelling.
Such periodic orbits cannot be destroyed by a small enough perturbation and
hence persist over an interval of values of w for each p # 0; the complement
of the union of all these intervals is a Cantor set of values of w for which f, ,
is topologically (but not always smoothly) conjugated to a rotation. Moreover,
for any p # 0, the set of w for which the rotation number of f, , is rational
is in general big in the sense of topology, namely it is open and dense, but its
complement is always big in the sense of measure, namely, its measure tends to
1 when p — 0 (see [H]).

5 The area preserving case

5.1 Moser’s invariant curve theorem ([M])

We now suppose that, in addition to satisfying A? £ 1 for all integers 1 < ¢ < 4,
F is area preserving. It follows that the radial component f of the normal form
N vanishes identically and one can show that it is possible to choose H area
preserving. Hence, one is reduced to the study in the neighborhood of its elliptic
fixed point 0 of an area preserving diffeomorphism of C, 0 of the form

F(z) = N(2) + O(|z|*), N(z)= Se2mi(wtbilz]?)

The normal form N is called a truncated Birkhoff normal form. Dynamically, it
is an integrable monotone twist: as well as the rotation dF'(0), it leaves invariant



each circle C,. centered at 0 but the angle of rotation 27 (w + b;7?) on C,. varies
now monotonically with the radius r of this circle

Poincaré, while studying the three body problem, became aware of a funda-
mental difference between the invariant circles on which N induces a periodic
(w + byr? rational) or non periodic (w + by7? irrrational) rotation: in the first
case (angle 2rw = 2mp/q) the invariant circle is simply the union of a continous
family of ¢-periodic points z (i.e. of points z such that N9(z) = z); in conse-
quence, a small perturbation should in general break such a circle, with only a
finite number of periodic points surviving the perturbation. On the other hand,
if w is irrational, the invariant circle being the closure U,>oN™(z) of an orbit
has a dynamical origin and hence has more chance to resist a perturbation. In
the first volume of his famous book The New Methods of Celestial Mechanics,
Poincaré even ventured to write that some arithmetic condition on w could per-
haps grant resistance to perturbations of such an invariant circle but that he
considered such a possibility as quite improbable.

N

Figure 7. Perturbation of a monotone twist 777

Nevertheless, after the pioneering work of Kolmogorov in 1954, the so-called
K.A.M. theory (from the names of Kolmogorov, Arnold and Moser) showed that
indeed, what Poincaré deemed improbable was in fact a dominant phenomenon.
In the present case, the pertinent statement is the following

Theorem 3 (Moser 1962) Given an area preserving diffeomorphism F as
above, given C > 0 and B > 0, there exists ¢(C, 3) > 0 such that each invariant
circle Cy, of the normal form N such that its rotation angle 2mw,, = 27 (w+b1rd)
satisfies the diophantine condition

Vg €Q, and |wr, —w| < €(C,B)

p| o Clwr, —w|

will give rise to a smooth (resp. analytic) closed curve Ty, invariant under F
and such that the restriction F\pro of F is smoothly conjugate to the rotation of
angle 21wy, .

The most transparent proof of theorem 2 is based on a version of the so-called
“hard implicit function theorem” adapted to the problem of small denominators
well known to astronomers since eighteenth century. The following consequence
of area preservation, named intersection property, is crucial: the image F(I") of
a curve I' surrounding the origin cannot be disjoint from I'. Note that such a



property is preserved even under changes of coordinates which do not preserve
area. Fixing r = r( satisfying the hypotheses of the theorem, one chooses
coordinates centered on C., of the form:

2z =719V1+ 0¥,

The map F is now (as before we keep the same notation F')
F(0,0) = (04 O(rg), 0 + wyy + birgo + O(ré)) )

As a further simplification, one replaces o by p = o+ O(r2) so that the formula
for F takes the form

F(p,0) = (p+¢(p,0), 6+ wr, +b175p) .

where the perturbation ¢ is O(rg). Following Riissmann, it is enough to look
for a curve of the form p = (#) which is sent by F' to the translated curve
p = ¥(0) + 7 for some 7 € R. This is because the intersection property, still
valid after the changes of coordinates, implies that 7 must be equal to 0. This
leads to the equation

w(g(H)) +7=1(0) + 90(1/)(6’), 9), where g(0) = 0 + w,, + b2 (6).

Recall that in the dissipative case, the radial hypothesis a1(0) # 0 implied the
existence of a curve invariant under F), with a prescribed normal dynamics.
Having now an angular hypothesis by # 0, it is natural to look for invariant
curves of F with a prescribed angular dynamics. It turns out that the right
constraint to impose to the (translated) curve we are looking for is the existence
of a diffeomorphism & of the circle R/Z such that g(6) = h=" o Ry, o h(f).

Finally, defining ¢ by ¢(6) = = [lfl o Ry, oh(0) —0— wro], we must solve

2
bl 7’0

F(p,7,h) == (0) — (A" o Ry, 0 h(B)) — 7+ (¥(6),0) = 0

in the neighborhood of the solution (¢ = 0, 7 = 0, h = Id). This is typically a
“hard implicit function problem” because even the best diophantine condition
allows us only to invert the “derivative” of F in a weak sense (i.e. with loss of
a finite number of derivatives on the target space of the inverse).

Warning. Examples in [AK] show that an area preserving C'*°-diffeomorphism
of the disk D? with an elliptic fixed point such that w is a Liouville number, too
well approximated by rational numbers, may have a very wild dynamics, with
dense orbits.

5.2 Periodic orbits, Aubry-Mather sets and homoclinic
tangles

The curves I'y,, given by theorem [3|form a Cantor family for which 0 is a density
point (the relative measure of the Cantor set in smaller and smaller neighbor-
hoods of 0 tends to 1). Nevertheless, this is far from being the whole story. The

10



dynamics of such a generic area preserving F' in the complement of the invariant
curves (the so-called Birkhoff domains of instability) is extremely complicated
and, if the works of Birkhoff, Aubry, Mather, Herman, have shed considerable
light on the way invariant circles of the normal form break (periodic points,
invariant Cantor sets, see [C7]), many questions remain open.

Some of the complexity of a generic area preserving map of the disc is roughly
suggested in figure 8. This figure, taken from [CI], originates from [C§]. It illus-
trates the dynamics of the monotone twist map of the annulus which arises when
studying the restricted three-body problem at high values of the Jacobi constant
(see for explanations). To the periodic points are attached invariant stable
(resp. unstable) manifolds along which the images of a point under the posi-
tive (resp. negative) iterates of F' converge exponentially fast to the periodic
orbit. The homoclinic tangles (see [S| [CI]) created by the intersections of such
invariant manifolds produce invariant Cantor sets on which the dynamics of F'
is the same as the one of throwing a dice (more technically, a Bernoulli shift,
see [CO, [KH]) and hence possesses positive topological entropy. Also, orbits go
from one boundary of a domain of instability to the other, but their diffusion is
blocked by the invariant curves.
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Figure 8. The return map of the restricted 3-body problem at high Jacobi constant
(figure reproduced (slightly modified) with the kind permission of Encyclopedia Universalis).
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Remark. One can check ([K|[C2]) that Moser’s invariant curve theorem applies
to the Poincaré first return map on a surface of section of the planar circular
restricted three body problem with any large enough energy in the rotating
frame (i.e. Jacobi constant). This implies stability in a strong sense as the
invariant tori corresponding to the invariant closed curves are of codimension 1
in the energy surface and hence serve as barriers confining the solutions. This is
precisely because he lacked such a theorem that Poincaré tried to prove such a
stability result using barriers made from invariant manifolds of periodic orbits,
which lead to the famous error in the first version of his prize winning Memoir
on the Three-body problem (see [C1]).

6 When radial and angular behaviours compete

Area preserving maps form a subspace of infinite codimension within the set of
all smooth maps and the same is true of rotations. If one views Neimark-Sacker
bifurcation as an unfolding, due to the nonlinear terms, of the continuum of
circles invariant by the rotation along the parameter p (fig. 3), the infinite
codimension reflects the infinite number of events which happen for one and the
same map while generically they happen for different values of y. In a similar
but subtler way one shows ([C3], summarized in [C4 [C5 [Y][AP]) that the whole
complexity of the dynamics of an area preserving map happens unfolded along
some curve I' of the parameter space in generic 2-parameter families F), , of
diffeomorphisms of the plane in the neighborhood of a degenerate elliptic fixed
point which is a wvery weak attractor. Along the lines of section 2, provided
F = Fy satisfies the non resonance relations \* # 1 for all integers 1 < k < 6,
such a family can be written

Fu,a(z) =Nyaq+ O(|Z|6)7 where

Nua(2) = 2 (L+ p+ alz + az(p, a)]2])) @7l thlelloaGua i),
b
a2(0,0) = 1, b1(0,0) # 0, b1(0,0) +272(0,0) #0.
a
Figure 9 shows the dynamics of N, , in the different regions of the parameter
plane around (0, 0). Along the curve I, N, ,possesses a non normally hyperbolic
invariant curve, attracting from the outside and repelling from the inside. This
is in some sense the closest dissipative approximation to an invariant curve of
an area preserving normal for

6All figures in this section are reproduced with the kind permission of Publications
mathématiques de 'IHES.
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Figure 9. Dynamics of Ny, 4

The complement of some cusp neighborhood of I" belongs to the hyperbolic
domain: here, the “normal” dynamics of F}, , is similar to the one of N, , and
the methods of proof are the ones of section On the contrary, in the cusp
domain along I', the control is more on the angular dynamics of F), , and the
methods of proof are the ones of section [pl This is a first approximation of the
elliptic domain.
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Figure 10. Hyperbolic and elliptic domains

More precisely, for a Cantor set of points (p,a) near I' the dynamics of F), ,
is similar both in radial and angular directions to the one of N,/ . for some
(1/,a’) € T. Moreover, the hyperbolic domain extends to the complement of
a countable number of bubbles having this Cantor set in their closure. The
union of these bubbles is precisely the elliptic domain, the only place where
complicated dynamics occurs. Figure 11, to be compared to figure 3, shows that
one can describe heuristically the dynamics of F, , along this elliptic domain as
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the unfolding of the dynamics of a generic area preserving map as represented

iy

X2
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Figure 11. “Unfolding” the dynamics of a monotone twist

Finally, in the neighborhood of an elliptic fixed point, generic one-parameter
families of planar diffeomorphims displaying the elimination of a pair of invariant
closed curves, one repelling and one attracting, may be thought of as being
the dissipative analogues of the invariant subsets of a generic area preserving
diffeomorphism : in particular, to the Cantor set of KAM curves corresponds a
Cantor set of families along which the elimination proceedes as simply as in the
case of normal forms (or equivalently of time one maps of differential equations)
with a single value of the parameter for which the diffeomorphism posesses a
smooth invariant closed curve which is non normally hyperbolic and on which
F), o is smoothly conjugate to a diophantine rotation, while to the well ordered
periodic orbits with rational rotation numbers p/q such that ¢ is not too large
with respect to the distance of the orbit to the fixed point 0, correspond one-
parameter families along which the elimination process, much more complicated,
is represented on figure 12.

The condition on p/q amounts to asking that in some annulus A containing the
periodic points of rotation number p/q, the gth iterate F}l , of the map still be a
small perturbation of the gth iterate N , of its normal form. The said periodic
points are then interpreted as the trace left by a nearby resonant elliptic fixed
point (compare section and resonant normal forms provide local coordinates
(0,y) in the annulus A which make the one parameter subfamily F), , depicted
in figure 12 appear as a perturbation of the composition of the rotation R, /,
(of angle 27p/q) with the time 1 map of a differential equation of the form
do dy

TV = o+ yy? + J cos 2mqh,

where v < 0 and § > 0 are fixed and « is the parameter.
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Figure 12. Resonant elimination of a pair on invariant curves (from [C3]III)

Finally, a surprizing consequence of this study is the strong organizing power of
diophantine rotation numbers: if some F), , possesses a closed invariant curve
encircling 0 on which it induces a diffeomorphism with such a rotation number, it
behaves like a normal form in a uniform (independent of (i, a)) neighborhood of
the origin, the sole possibly more complicated dynamics occuring in restriction
to the second invariant closed curve when that curve exists.

Acknowledgements This text was written at the occasion of lectures given at
IRMA (Université de Strasbourg), Southwest Jiaotong University (Chengdu),
Tsinghua University and Capital Normal University (Beijing). The author
warmly thanks the colleagues in these institutions who gave him the occasion
to revisit these topics. Finally, thanks to both anonymous referees for a thor-
ough reading which led to some clarifications and the elimination of typos.

15



References

[AK] D.V. Anosov and A.B. Katok, New examples in smooth ergodic theory.
Ergodic diffeomorphisms, Trans. Moscow Math. Soc. Vol 23 (1970)

[A1] V.I. Arnold, Geometrical Methods in the Theory of Ordinary Differential
Equations, Grundlehren vol. 250, 1983 Springer-Verlag

[A2] V.I. Arnold (editor) Encyclopedia of Mathematical Sciences, Dynamical
Systems V: Bifurcation theory, Springer 1994

[A3] V.I. Arnold, Small denominators. 1: Mappings of the circumference onto
itself, AMS Translations, Ser. 2, 46 (1965), 213-284.

[AP] D.K Arrowsmith & C.M. Place, An introduction to Dynamical Systems,
Cambridge University Press 1990

[CO] A. Chenciner, Discrete dynamical systems, Tsinghua, february—march
2017 https://www.imcce.fr/fr/presentation/equipes/ASD/person/
chenciner/polys.html

[C1] A. Chenciner, Poincaré and the three-body problem, in “Poincaré 1912-
20127, Birkhauser 2014 http://www.bourbaphy.fr/novembre2012.html

[C2] A. Chenciner, The planar circular restricted three body problem in the lunar
case, minicourse at the Chern Institute of Mathematics, Nankai Univer-
sity, may 2014 https://www.imcce.fr/fr/presentation/equipes/ASD/
person/chenciner/polys.html

[C3] A. Chenciner, Bifurcations de points fizes elliptiques

I. Courbes invariantes, Publications mathématiques de I'LH.E.S. tome 61,
p. 67-127 (1985)

II. Orbites périodiques et ensembles de Cantor invariants, Inventiones math-
ematicae 80, p. 81-106 (1985)

III. Orbites périodiques de “petites” périodes et élimination résonnante des
couples de courbes invariantes, Publications mathématiques de I'l.LH.E.S.
tome 66, p. 5-91 (1987)

[C4] A. Chenciner, Resonant Elimination of a Couple of Invariant Closed
Curves in the Neighborhood of a Degenerate Hopf Bifurcation of Diffeomor-
phisms of R?, in Dynamical Systems, Proceedings of an IIASA Workshop
on Mathematics of Dynamic Processes, Sopron 1985, Springer LN in Eco-
nomics and Mathematical Systems 287

[C5] A. Chenciner, Hamiltonian-like phenomena in saddle-node bifurcations of
invariant curves for plane diffeomorphisms, in Singularities and dynamical
systems, S.N. Pneumaticos ed. North Holland 1985

16


https://www.imcce.fr/fr/presentation/equipes/ASD/person/chenciner/polys.html
https://www.imcce.fr/fr/presentation/equipes/ASD/person/chenciner/polys.html
http://www.bourbaphy.fr/novembre2012.html
https://www.imcce.fr/fr/presentation/equipes/ASD/person/chenciner/polys.html
https://www.imcce.fr/fr/presentation/equipes/ASD/person/chenciner/polys.html

[C6] A. Chenciner, Bifurcation de difféomorphismes de R? au voisinage d’un
point five elliptique, in Chaotic Behaviour of Dynamical Systems (G. Tooss,
R.H.G. Helleman, R. Stora editors), Les Houches Session XXXVI (1981),
North Holland 1983

[C7] A. Chenciner, La dynamique au voisinage d’un point fize elliptique : de
Poincaré et Birkhoff a Aubry et Mather, Séminaire N. Bourbaki, 1983-1984,
exp. 622, 147-170

[C8] A. Chenciner, Systémes dynamiques différentiables, Encyclopeedia Univer-
salis 1985

[H] M. Herman, Mesure de Lebesgue et nombre de rotation, in Geometry and
Topology, Lecture Notes in Mathematics 597, 271-293, Springer 1977

[I] G. Tooss, Bifurcation of Maps and Applications, North-Holland 1979

[KH] A. Katok & B. Hasselblatt, Introduction to the Modern theory of Dynam-
ical Systems, Cambridge University Press 1995

[K] M. Kummer, On the Stability of Hill’s Solutions of the Plane Restricted
Three Body Problem, American Journal of Mathematics, Vol. 101, No. 6
(Dec., 1979), 1333-1354

[M] J. Moser, Stable and random motions in dynamical systems, Princeton Uni-
versity Press 1973

[S] S. Smale, Differentiable Dynamical Systems, Bull. Amer. Mat. Soc. 1967

[Y] J.C. Yoccoz, Bifurcations de points fizes elliptiques, Séminaire N. Bourbaki,
1985-1986, exp. 668, 313-334

N.B. Study of the dynamics inside resonance bubbles has been further studied
in [BmK], while the phenomena inside the bubbles were recently applied to
a model of El Nirio in [KK] :

[BmK] C. Baesens and R. MacKay Resonances for weak coupling of the unfold-
ing of a saddle-node periodic orbit with an oscillator, Nonlinearity 20, 2007,
1283-1298

[KK] A. Keane and B. Krauskopf, Chenciner bubbles and torus break-up in
a delay differential equation model for the El Nino Southern Oscillation
system, https://arxiv.org/abs/1708.02334

17


https://arxiv.org/abs/1708.02334

	Introduction
	Elliptic fixed points
	Preparation: Poincaré's theory of normal forms
	The dissipative case
	Andronov-Hopf-Neimark-Sacker bifurcation
	Dynamics on the invariant curves

	The area preserving case
	Moser's invariant curve theorem (M)
	Periodic orbits, Aubry-Mather sets and homoclinic tangles

	When radial and angular behaviours compete

