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Destruction of invariant circles
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Abstract. Let f be an exact, area-preserving, monotone twist diffeomorphism of the
cylinder and let w be a Liouville number. We will show that arbitrarily close to f
in the C* topology there exists a C™ diffeomorphism g with no homotopically
non-trivial invariant circle of rotation number w.

1. Introduction

This paper continues our series of papers on area-preserving diffeomorphisms of
the cylinder ([9] and references therein, [10] and [11]). We will prove a result about
the possibility of destroying certain invariant circles of such a diffeomorphism by
a C” small perturbation. Our result is a partial converse of the KAM theorem.
However, we obtain such a converse only for (symplectic) mappings of a two-
dimensional manifold, leaving open all the questions which one could pose in higher
dimensions. We also make a ‘twist” hypothesis. This twist hypothesis is often satisfied
in cases of interest, but, of course, one would like to remove it.

The main result of this paper is most easily formulated in terms of exact,
area-preserving, monotone twist diffeormorphisms of an infinite cylinder (R/Z) xR.
We will denote the set of all such diffeomorphisms by J*. The precise conditions
for a diffeomorphism f of (R/Z)xR to be a member of I are the conditions
imposed on f in [9, § 2] and [11, § 2]. We will let 7™ denote the set of elements
of J' which are C*.

For the convenience of the reader, we repeat the definition of " here. Let f be
a mapping of (R/Z) X R into itself. We will say that f € I if the following conditions
are satisfied. First, we require that f be a C' diffeomorphism which maps points
near the top end of the cylinder to points near the top end, and likewise for points
near the bottom end. Second, setting f(8, y)=(8’, y'), we require that the form
y'do’'—ydé on (R/Z) xR be exact. Third, we require that f satisfy a positive
monotone twist condition, i.e. 36’/3y > 0 everywhere. Fourth, we require that f twist
the cylinder infinitely at either end. To express this condition, we use a lift f of f
to the universal cover R? of (R/Z) xR, and set f(x, y) = (x’, y'). The fourth condition
means that for fixed x we have x'»> +00 as y »+00 and x' > —00 as y —» —~00.

We will use the word ‘circle’ in the topological sense, i.e. a subset I' of (R/Z) xR
will be said to be a circle if it is homeomorphic to R/Z. We will say that T is
homotopically trivial if it can be deformed to a point, i.e. there is a continuous
mapping F:T'x[0, 1] (R/Z) xR such that F|I'x0=inclusion and F|I'x1 is con-
stant. Otherwise I' will be said to be homotopically non-trivial. Intuitively, the
homotopically non-trivial circles are the ones which ‘go around’ the cylinder.
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According to a theorem of Birkhoff {2, § 3], if I' is a homotopically non-trivial
circle in (R/Z) xR which is also f-invariant for some fe J'; then I' is the graph of
a Lipschitz function u:R/Z —» R. See [7] for a discussion of this result and [5] and
[4] for a proof. Poincaré defined the rotation number of such a circle as follows.
Let f be a lift of f to the universal cover R” of (R/Z) xR. Let I" be the inverse image
of T under the projection R*~> (R/Z)xR. Let (x, y) eI and set (x,, y,)=f"(x, y).
Poincaré’s rotation number is defined as

p(f,T)= lim x,/n.

It is well known and easily verified that this limit exists and is independent of
(x, y). Birkhoff [2, § 4] proved that if p is irrational, then there is at most one
homotopically non-trivial f-invariant circle of rotation number p. The question of
when there do or do not exist invariant circles is very complicated and has led to
deep studies by Riissmann, Herman and others. See Herman’s two volumes [5, 6]
and the references therein. See also the article of Bullett [3] for some remarkable
results about the ‘piecewise standard map’.

In particular, the question of persistence of such invariant circles has been much
studied. It has been known since the work of Poincaré in the 19th century that a
generic f € 7 has no homotopically non-trivial invariant circles of rational rotation
number. The big breakthrough came in the 1960s with the development of KAM
(Kolmogorov, Arnold, Moser) theory. This theory deals with much more general
situations than area-preserving mappings. But, for the situation we are considering
here, it implies the following. Let fe 7~ and let I' be a homotopically non-trivial
f-invariant circle. Let o = p(f, ') be its rotation number. We say that o satisfies a
Diophantine condition, or w € DC, if there exist positive numbers C, N such that

lgw —p|>Cq ™"

for all g, p e Z\{0}. According to KAM theory, if I' is C™ and p(f,T')e DC, then
there exists a neighbourhood N of f in 7 such that if g€ N and g is its lift to the
universal cover (near f), then there exists a homotopically non-trivial g-invariant
circle A with p(g, A) =p(f, ). This result is due to Moser [12], who also gave a
beautiful exposition [13] of this and related results in classical dynamics. For the
case of invariant circles of area-preserving mappings, improvements in the original
KAM results (in the sense of requiring less differentiability) have been made by
Riissmann and Herman. The best results and a complete survey of the literature in
this direction are contained in [§] and [6]. Salamon [14] gives proofs of the KAM
theorem in all dimensions with careful attention to the differentiability class.

The main result of this paper is a partial converse of the KAM result on persistence
of invariant circles. A real number w is called a Liouville number if it is irrational
but does not satisfy a Diophantine condition. In other words, an irrational e is
Liouville if for all positive numbers C, N there exist g, p € Z\{0} such that

lgw —p| < Cq™"™.

The main result of this paper (theorem 2.1) is that if  is rational or Liouville, then
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any f € I can be arbitrarily well approximated in the C* topology by a g€ I~
which has no invariant circle of rotation number w. For the case of rational rotation
number, this is a result essentially due to Poincaré. The precise formulation we have
given uses a notion (C” topology) which was introduced after the time of Poincaré.
A modern rigorous account of Poincaré’s result (in the formulation we have just
given) may be found in [15]). However, a method which is more quantitative than
Poincaré’s is necessary to obtain this result for the case of a Liouville number.

Our method is based on a study of ‘Peierls’s barrier’, defined e.g. in [11]. Suppose
w is a rotation number, or one of p/q+, p/q or p/q—, where p/q is a rational
number. Let fe ' (denoted J in [11]) and let h be the generating function of the
lift £ of f to the universal cover R® of (R/Z)xR. The generating function h was
defined e.g. in [11, § 2]. It is uniquely characterized by the condition f(x, y) = (x’, y')
if and only if y = —3,h(x, x") and y’'=3,h(x, x") for (x, y, x', y') € R*. Peierls’s barrier
P,=P,,=P,;wasdefined in [11, § 6]. For the moment, all we need to recall about
it is that it is a non-negative real-valued function of a real variable, and f has a
homotopically non-trivial invariant circle of rotation symbol o if and only if P, ;
vanishes identically.

It seems worth noting that the function P, =P, , = P,, 7 is closely related to the
number AW, =AW, , =AW, ;7 introduced by the author in [8]. Indeed, AW, is an
upper bound for P,, and f has an invariant circle of rotation symbol @ if and only
if AW, =0 [8, proposition 5.2]. The continuity of AW, at irrational numbers [8,
proposition 5.1] suggested that proposition 5.2 of [8] might be useful as a necessary
condition for the existence of invariant circles. The result of this paper bears out
this hope. We show that it is possible to destroy invariant circles of Liouville rotation
number « by a small perturbation by showing it is possible to increase P,(¢) by
such a perturbation.

We do this by increasing P,,,.(£) by a perturbation (§ 5) and then using a suitable
modulus of continuity for P, (&) as a function of w to apply this result to numbers
which are well approximated by rationals. Indeed, the main technical difficulty is
to obtain the modulus of continuity. The appropriate modulus of continuity is the
content of theorem 2.2. The proof of this modulus of continuity relies on the modulus
of continuity we previously obtained in [11].

It would probably be possible to prove these results by following our original
plan, suggested in [8], and using AW, instead of P,(¢). But it is technically easier
to prove the appropriate moduli of continuity for P, (£) (as a function of ), so we
use P,(£) in place of AW,,. It seems that the moduli of continuity which we prove
for P,(£) (as a function of w) should also hold for AW,,, but the proof involves
extra difficulties, which do not seem very interesting, so we limit ourselves to
considering P, (£).

2. Main results

If fe I, it has a lift f to the universal cover R? of (R/Z) xR, and any two such
lifts differ by a translation (x, y)~>(x+n, y), where ncZ. We let > denote the
space of all such lifts of elements of 7~ and we provide 9 with the C* topology.
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THEOREM 2.1. Suppose w e R\DC, f e I and fis a lift of f to R>. Then there exists
ge g arbitrarily close to f, with respect to the C* topology, such that there is no
homotopically non-trivial g-invariant circle T' with p(g, ') =w. Here § denotes the
unique element of I of which g is the lift.

Conversely, KAM theory implies that if « € DC and f has a homotopically
non-trivial C* invariant circle I' with p(f,I') = w, then so does every ge 9 near f
in the C* topology.

As mentioned in the introduction, the proof depends on a modulus of continuity
for Peierls’s barrier. Here is the result we need:

THEOREM 2.2. There exists a positive real number C such that the following holds.
Suppose h:R*~>R is continuous and satisfies (H,)-(H;) and (Hg,) of [11, §8 3 and
4]. If p/ q is a rational number (in lowest terms) and w is a rotation symbol, then

|Pyyqs(6)— P, (f)l = COlw*q - p|
in the case w = p/q+, and

|Ppyq-(£) — Pu(£)| = COlo*q — p|
in the case w <p/q—. Here w™* is the number underlying w.

The above terminology was introduced in [11]. For the convenience of the reader,
we review this terminology. The space & of rotation symbols is the disjoint union
R1{Q+)1(Q-), where R denotes the set of real numbers and Q the set of rational
numbers. We think of @+ and Q- as copies of Q, disjoint from Q and from each
other. If p/q € Q, we let p/g— and p/q+ be the corresponding elements of Q— and
of Q+. If weR, it is its own underlying number and p/q is the underlying number
of p/q— or p/q+. We denote the underlying number of w by w*. We provide &
with the unique total order for which p/q— < p/q = p/q+ and for which the mapping
w+> w* is weakly order-preserving.

We recall from [11, §§ 3 and 4] the conditions imposed on h. It is a continuous
real-valued function on R” which satisfies the following:

(H) h(x,xy=h(x+1,x'+1) for all x, x'eR.
(H,) lélim h(x, x+ §) =+ uniformly in x.

(Hs) There exists a positive continuous function p on R? such that

£ (e
h(& x")+h(x, &) —h(x, x") - h(¢, f')ZI 4J p ifx<¢and x'<¢.

x> 0x%/2—h(x,x") isconvex forany x’,and
(Heo) {x'—> 6x/2—h(x, x') is convex for any x.
Here 6 is a positive number. We say that h satisfies (Hy) if there exists 8 >0 such
that h satisfies (Hg,).
Note that in [11] we also considered conditions (H;) and (H,). However, these
follow immediately from the above conditions, as we showed at the end of [11,
§ 4], so we will not need to consider them here.
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Note that if h is the generating function of a lift f of fe ', then h satisfies the
above conditions with 8 = cot B, provided that 8 is a uniform lower bound for the
amount of twisting of £, in the sense that the derivative of f or ' at any point
turns vertical vector by at least B (in the clockwise direction for f and the counter-
clockwise direction for £™'). The (completely elementary) verification of (H,)-(Hs)
and (Hge) for such k is carried out in [11].

Peierls’s barrier P,,= P,,,, defined in [11, § 6] is a non-negative function defined
on R, associated to a continuous function h:R>->R satisfying (H,)-(Hs) and a
rotation symbol w. Its value at a real number ¢ measures the extent to which o fails
to be in a ‘minimal configuration of rotation symbol @’ associated to h. We recall
the relevant definitions from [11].

A configuration is a bi-infinite sequence x=(...,x;,...)eR% We set
h(x, ... ,x,()=Z::j1 h(x;, x;31). A configuration is said to be minimal (for h) if it
minimizes h(xj,...,x,) subject to fixed boundary conditions for every pair of
integers j < k. A configuration x’ is said to be a translate of x if there exist integers
J» k such that x;= x,,;+ k for all integers i. A basic result of Aubry says that the set
of translates of a minimal configuration is totally ordered. More precisely, we will
write x <y (or x> y) to mean x; <y; (or x;>y;) for every integer i. Aubry’s result
is that if x" and x” are both translates of the same minimal configuration, then one
of the three conditions x' <x”, x’=x" or x’> x" holds [1]. Aubry’s result has the
consequence that if x is a minimal configuration, then there is a number o = p(x),
called the rotation number of x, such that if x; = x,.; + k, with j > 0, then x'> x (resp.
x'<x) if jo+ k>0 (resp. jo+k<0). When p(x) is irrational, it is also called the
rotation symbol p(x) of x. When p(x) is rational, say p/q in lowest terms, ¢ >0,
then there is a further distinction which may be noticed by considering the translate
X} = X;+q — p. In this case we define the rotation symbol p(x) as follows: g(x)=p/q+
if x’>x; p(x)=p/qif x'=x;, p(x)=p/q— if x'<x.

Some further notations from [11] are: # denotes the set of all minimal configur-
ations; 4 = M, , the set of all minimal configurations (for h) of rotation symbol
equal to w or the number underlying w; if x=(..., Xp,...)€ R” is a configuration,
then pro(x) =x,€R; and A, = pro(#,). It follows from Aubry’s theory that A, is
a closed subset of R and pr,: #,—> A, is a homeomorphism, where #,, is provided
with the topology induced from the product topology on R” [1].

Peierls’s barrier P, (£) = P, ,(£) is defined for every real number £ If é€ A, then
P,(&) is defined to be 0. Otherwise, ¢ is in a complementary interval (x,, yo) of A,,
where x, y € #,,. In this case P,(¢) is defined as the minimum of ¥, (A(z;, zi+y) —
h(x;, x;,,)) taken over all configurations z which satisfy x; <z, =<y, z,=¢ and in
the case that o is rational of the form p/q (in lowest terms); also z,,,=z;+p. In
[11, § 6] it is proved that when h is continuous and satisfies (H,)-(Hs), then P, (¢)
exists, is non-negative, vanishes only on A, and is a Lipschitz function of ¢ with
Lipschitz constant 26.

Theorem 2.2 will be proved in § 4. Then in § 5 we will show theorem 2.1, using
theorem 2.2.
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3. Properties of h
In this section we derive various properties of h under the sole hypotheses (H,)-(H;)
and (Hg,).

First, recall from [11, § 4] that the one-sided first partial derivatives of h exist
and are locally of bounded variation. This is a consequence of (Hg,) and the fact
that the one-sided derivatives of a convex function of one variable exist and are
monotone. Second, we have:

LEMMA. If h:R*>R satisfies (H,)-(Hs) and (Hg,), then there exists a unique Borel
measure ., on R? such that

ma([x, €1 [x', €)= h(§, x") + h(x, £) = h(x, x') - h(§ &)

Jor any x < £ and x' < ¢'. Moreover, w, vanishes on every vertical or horizontal line,
is positive on non-void open sets and is finite on bounded sets.

Proof. For coordinate rectangles, i.e. rectangles R of the form [x, £]x[x’, £'] with
x< ¢ and x'< ¢, we define u,(R) by the above formula. It is easily verified that
My is an additive set function on coordinate rectangles, in the sense that if R is a
coordinate rectangle expressed as a finite union of other coordinate rectangles,
R =Uf=1 R;, and R; intersects R; only in the boundary of R; and R; for i # j, then
;1,,,(R)=Z:‘=l pn(R;). The existence and uniqueness of a measure u, with these
assigned values on coordinate rectangles is then an exercise in measure theory [16].
We omit the details.

The fact that w, vanishes on every vertical or horizontal line follows from the
continuity of h. The fact that u, is positive on non-void open sets follows from
(Hs). The fact that it is bounded on bounded sets is immediate from the definitions.

O

Third, we have, for y <z,

alh(zi, Z)Salh(zi’y)salh(y:t’y)+0(z—y), (
3.1)
aZh(zs Z:t) Sazh(}’, Z:l:) Sazh(.}’, y:t)+ 0(2 _}’),

by (Hs) and (Hg,). Since 9,h(y+, y) and 3,h(y, y+) are periodic of period 1, it
follows that each of these functions has total variation =26 over an interval of

length 1.
Fourth, by (3.1), there are unique Borel measures »}, v, on R such that

V}l(Y9 Z] = 0(2—)’)"'31’1()"", )’) —alh(2+, Z),
vi(y, 2z]1=0(z—y)+9:h(y, y+) —d,h(z, z+).

Obviously v}, is invariant under the translation y > y+1 and »;(y, y+1]=4.
Fifth, we have, for x < §,

(X, E1)=(é-x)vi(x, §), i=1,2. (3.2)
For i =2 this holds because
ma([x, £1°) = h(x, £) = h(x, x) — (h(§, €) — h(£ x))
=8:h(x, x+)(£—x)+0(£—x)°/2=3,h(£ £} (¢~ x)+0(£—x)*/2
= (£~ x)vi(x, §).
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Here the first equation follows from the definition of w,, the inequality is a
consequence of (Hg,), and the last equation follows from the definition of v2. The
case i =1 of (3.2) may be proved similarly.

Since v4(x, x+1]=6 (j=1 or 2), any interval of length <1 may be partitioned
into 2N subintervals, each of length <1/ N and v}, measure <8/ N, for any positive
integer N. Consider such a partition, x5 <x,<- <Xy =Xxo+1.

Sixth, we have, by (3.2) and the choice of partition,

2N-1 2N-1

Eo M ([xi, xi+l]2) = Z:o (X4 _xi)u{n(xi, Xi+1)=26/N. (3.3)

Seventh, we have

k—1 k—1 Xy k—1
Z h(x,-, xi+l): z h(xi’ xi)+J aZh(y’ y+) dy+ Z “’h(Ai)’ (3'4)
i=j i=j x; i=j
where A, is the triangle
{2):xi=sy=z=x,} o {(y2)ixaszsy=x}

according to whether x; or x;,, is greater. Since y—d,h(x;, y+) is a function of
bounded variation by (Hg,), we have obviously

x;

h(x;, Xis1) = h(x;, x;)+ J " 3 h(x;, y+) dy.

Xi

To verify (3.4), it is then enough to check

mn(8) = —J'

Xi

it X

dh(y, y+) dy + j d:h(x;, y+) dy.

Xi

Let S= A,\U] [§], §i+1]2, where X; = £0< e §2N = Xi+1 isa pal‘tition of [x,', x,'+1]
(Here we assume x; <x;,,. The case x;., <x; may be treated similarly.) From the
definitions it follows that

X,

2N-1 §,~+1 i+1
nh<5>=—_zf 5:h(, y+) dy+ J 8:h(xi, y+) dy.

Jj=0 & X;

Thus it is eﬁough to verify that as the mesh of the partition tends to zero, u,(S)
converges to u,(A;) and the first term on the right of the last formula tends to the
first term on the right of the next to last formula. The convergence of wu,(S) to
w1r(A;) follows from (3.3). The convergence of the first term on the right follows from
d:h(y, y+)=0,h(§, y+)=3:h(§, §+)+6(y—§)
=8,h(y, y+)+ vi(§, ¥),
by (3.1) and the definition of »;. The difference of the first terms on the right is then

<¥ (&~ &)vi(§, &1l

which clearly tends to zero as the mesh of the partition tends to zero.
This proves (3.4).
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4. Proof of theorem 2.2

We will consider only the case w = p/q+, the case w = p/q— being similar. First,
using the main result of [11], we show that it is enough to consider the case when
p/q=0and w =1/q’. In other words, it is enough to show that there exists a positive

number C such that
|Po+(§)_P1/q'(§)|5C0/ql (4.1)

for any h satisfying (H,)-(Hs) and (Hg,), any positive number g’ and any £é€R.

The deduction of the case w = p/q+ of theorem 2.2 from (4.1) proceeds in three
steps as follows. First, we consider the case w =p/q+1/qq’, where q' is a positive
integer. This case may be reduced to (4.1) by use of the conjunction operation
introduced in [11, § 5]. We recall its definition: if h, and h, are two real-valued
continuous functions on R satisfying (H,), then we set

hy % hy(x, x') = min hy(x, y)+ ho(y, x').
y

It is easily verified that h, * h, is a real-valued continuous function on R’ satisfying
(H,), and that conjunction is an associative operation on this class of functions.
More to the point for what we want to do, if h, and h, are continuous real-valued
functions on R? satisfying (H,)-(H;) and (Hg,), then h, * h, also satisfies these
conditions (with the same 6) [11, lemma 5.3]. The proof of this is elementary but
not obvious.

Let H(x, x")=h*I(x, x'+p), where h*?=h * - - - % h (g times) denotes the g-fold
conjunction of h with itself. It is easily verifiedthat A, , = A,,_,n and P, , = P,,_, u,
as long as w is a rotation symbol which is not a rational number, or is a rational
number whose denominator is divisible by g. As we just remarked, [11, lemma 5.3]
implies that H is continuous and satisfies (H,)-(Hs) and (Hg,), with the same 6.
Thus we may reduce the case w =p/q+1/qq’ to the case p/q=0,w =1/q’ (i.e. 4.1),
by replacing h with H.

For the second step we consider the case p/q+=w =(p+1)/q. Here we use the
main result (theorem 7.1) of [11]. Recall that it states that |P,(£)— P,/ (&)=
C8(q~'+|w*q —p|), where C =1200. We apply it, however, with p/q replaced by
p/q+1/qq’, where q' is the positive integer such that p/q+1/qq'=w*=<
p/q+1/q(q’'—1). Assuming theorem 2.2 for w =p/q+1/qq’', we may then deduce
it for p/qg+=w=(p+1)/q:

|Pw(§) - Pp/q+(§)| = IPw(f) - Pp/q+1/qq'(§)l + IPp/q+1/qq'(f) - Pp/q+(§)|
= Col(qq") ' +|w*qq'—(pg'+1)[1+ Co/q’'<4Co/q’
=4C8lw™q—p|.

Finally, the case p/q+ = w follows trivially from the case p/gt+=w=(p+1)/q.
This shows that the case w = p/q+ of theorem 2.2 follows from (4.1).

In the first step above, note that even if h is C* it is not generally the case that
H is C'. Thus it seems that the mathematics forces us to consider non-differentiable

functions. Of course we could try to avoid this reduction to the case p/q=0 and
w=1/q', and we have tried this. However, it seems that this reduction simplifies
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matters, even taking into account the fact that it forces us to consider non-differenti-
able functions.

The rest of this section is devoted to proving (4.1).

By definition A, is the set of xR for which h(x, x) takes its minimum value.
For simplicity we will assume until the end of this section that the minimum value
of h(x, x) is 0. We may make this normalization, because we may add a constant
to h(x, x) without changing anything.

For each complementary interval J=[J~, J*] of A, we define a number K, as
follows. Choose a minimal configuration (..., x;,...) of rotation symbol 0+ such
that x; > J~ as i > ~co and x; > J* as i > +00. Theorem 5.8 of [1] asserts the existence
of such a configuration. For such a configuration we set

K, = ) Y h(x;, x;4y)-
(Note that k(J~,J7)=h(J*, J")=min h(x, x)=0.)
To show that this is well defined, we observe that we may sometimes extend (3.4)
to infinite sums. For example, if y is a monotone increasing configuration such that
y; > J* as i—> +00, we have

J* e}
JI_ 3,h(y, y+) dy= _Zw h(yi, yi+1)-

Here the sum on the right is well defined, although it may be +o0. This inequality
follows from (3.4) because h(y;, y;)=0 by our assumption that min h(x, x) =0. In
fact, we have the same inequality when we replace the sum on the right with the
same sum over any subset of Z and the integral on the left by the integral over the
corresponding subset of [J~, J*]. This shows that the sum on the right is well
defined: the absolute value of the integral is bounded by jjt l8.h(y, y+)| dy, and
consequently the sum of all terms on the right having negative value is bounded
below by the negative of this quantity.

We will write h(y) for Y k(3 yie1) (when this is defined). Clearly
K, =min h(y), where the minimum is taken over all monotone increasing configur-
ations which limit on J~ and J* (as above). We may obtain an upper bound for
K, by comparing it with the sequence defined by y,=J~ for i<0 and by y,=J"
for i > 0. We obtain the second inequality below:

Jt J*
J &k, yH)dy=K,=h(J7,J")= J _8:h(y, yt) dy +pa(By),

J J
where A, is the triangle {(y, z): J < y=_z=J"}. The last equation follows from
(3.4) and our normalization h(J~,J7)=0.

If (R, we set K,(&) =K, if ¢¢2J+Z and K,;(£) =min h(y) if ¢€J, where the
minimum is taken over all monotone increasing configurations y limiting on J*,
with y, = & For any integer n we set K, ,(£) = K;(£). This defines K, (¢) for every
complementary interval J of A,.
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Note that for £€ J we have the following bounds on K;(¢):

J' Ch(y, yH) dy=K,()=h(J7,§)+h(£J")

J
J+
= I _0:h(y, y+) dy+h(§ &)+ a8 ) + pn(Bresy),
J

where for any closed interval [a, b] we denote by A, ;; the triangle
{(y,2):a=y=z=b}.

These bounds may be proved in the same way as the bounds for K, were proved
above.
We set

K=§K1, K(§)=§:KI(§),

where in each case the sum is taken over all complementary intervals of A, in an

interval [x, x +1] of unit length, with x € A,. It is easy to see, as a consequence of

the bounds that we deduced on K|, that these sums are absolutely convergent.
Next we show

Py, (§)=K(§)-K (4.2)

The only case we need consider is when £ Ay, since otherwise both sides clearly
vanish. We let £_ and &, be as in the definition of P,(£) in [11, § 6], i.e. £_ and ¢,
are minimal configurations of rotation symbol 0+, and (&,_, &) is the complemen-
tary interval of Ay, which contains £ By definition

Py (&) =min {Go.(x): &_=x; <&, and xo= £},
where
Goi(x)= ) Zw h(x;, x;41) —h(&_, &) =—K+ ) Zco h(x;, Xis1)-

Thus, in order to prove (4.2), it is enough to prove that the configuration
x=(...,x;,...) which achieves the minimum in the definition of K,(¢) satisfies
&_=x;=< ¢, . In fact, the Aubry graphs of £_, x and £, do not cross. For example,
the fact that the graphs of ¢_ and x do not cross is a consequence of the fact that
&_ is minimal, the fact that x is minimal, subject to the condition x,= ¢, and the
fact that x and £_ are a-asymptotic, since x; > J_ and &_-J_ as i > —0o0, as well as
w-asymptotic, since x; > J, and §&_-J, as i > +00. The proof that these conditions
imply that the graphs of £_ and x do not cross is the same as the proof of [1, lemma
3.9]. This proves (4.2).

We observed above that it is enough to prove (4.1) in order to obtain theorem
2.2. Our next step in the proof of (4.1) is to obtain an expression for P,,,(¢) similar
to (4.2).

We set

L=min h(x,,...,x,),

L(&)=min h(yo, ..., ¥,),
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where the first minimum is taken over all configurations x which satisfy x,., = x,+1
and the second is taken over all configurations which satisfy y,, . = y;+1 as well as
¥Yo= & An argument similar to the proof of (4.2), which we omit, shows

Py, (¢)=L(¢)—- L. (4.3)

Next we will show
K=<L<K+1660/q', (4.4a)
K(&)=L(&§)=K(¢)+160/4'. (4.4b)

In view of (4.2) and (4.3), this will be enough to prove (4.1), with C =16, and
thereby complete the proof of theorem 2.2.

To prove K = L, we consider a configuration x which satisfies x,,, = x;+1 and
minimizes h(x,, ..., X,—;) subject to this condition. For each complementary interval
J of A, we let x” denote the configuration defined by

xI=JT"vxaJ*.
Weset L, =Y. h(x], x!,)). All but finitely many terms in this sum vanish, because

all but finitely many terms have the form h(J~,J7)=0 or h(J*, J") =0. Obviously
K; = L,, so we have the first inequality below:

K=YK,=YL,=1,
7 7

where the sums are taken over all complementary intervals of A, in an interval
[x, x +1] of unit length, with x e A,.

The last inequality is a consequence of (3.4). In comparing ¥ ; L, with L, we find
that the contribution of the first two terms on the right of (3.4) is the same. In fact,
the contribution of the second term is Ijﬂ d,h(y, y+) dy. The contribution of the
first term apparently differs by a number of terms of the form h(J~,J ) or h(J*,J™)
which appear in the expression associated to )., L, but not in that associated to L.
However, these all vanish by our normalization.

The only difference is the contribution of the third term. In both cases the
contribution has the form u,(\, A;). For L, the I are the complementary intervals
to {xy,..., x,} in the interval [x,, x,+1]; for }, L,, they are the complementary
intervals to {xo, ..., X,} U A, in the same interval. Thus the contribution of the third
term to )., L, is smaller than the contribution of the third term to L, because it is
the measure of a smaller set.

This proves K < L. The proof that K(§) =< L(¢) is similar.

To prove L= K+160/q’, we consider xR which minimizes h(x, x), so that,
according to our normalization, h(x, x)=0. We let N=(q'+1)/4. If N=1, we let
X=Xxu<-: <X,y =x-1 be a partition of [x, x+1] such that

2N-1

Z:o pn([Xiy X1 1P) <26/ N.

Such a partition exists by (3.3). For each complementary interval J=[J",J "1 of
A, in [x, x+1], we choose a minimal configuration ¢’ =(..., £l ... of rotation
symbol 0+ such that & >J asi>—coand & > J " as i >+, Let B denote the set
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of ye[x, x+1] such that y€ A, or y is one of the £/. We let B’ be a subset of B
with ¢’ +1 points such that B’ contains x and x+1 and such that for 0<i<2N we
have that B’ n[x;, x;,,] contains the least and greatest point of B [x;, x;.,], unless
the latter is empty. Such a set clearly exists. Welet x = yo <y, <- - <y, <y,=x+1

be the points of B’ arranged in increasing order. We have
2N-1

LS h(yO’ e ’yq')S K + ‘20 F‘h([xi’ xi+l]2)

<K+20/N=K+166/q".

Here the first inequality is an immediate consequence of the definition of L. The
second inequality follows from (3.4), the definition of K and the definition of the
sequence Yy, ..., Y, . For, by definition of K and (3.4), we have

K=3 h(y,y)+J 02h(y, y+) dy+ uy(Ag)

yeB x

and, by (3.4),
x+1
h(yO’ .. ’yq') = Z h(y’ Y)+J aZh(y, y+) dy+/‘"h(AB')’
veB'

where A (resp. Ag) = U Ay, the union being taken over all complementary intervals
I of B (resp. B’) in [x, x+1]. As usual, A; ={y = z: y, z€ I'}. By our normalization,
h(y,y)=0,50 %5 h(y, )=, h(y,y), as B'< B. Clearly Ag\Ap = ;55 [x;, Xii T
by definition of B’, so we obtain the second inequality. The third inequality is a
consequence of the choice of the partition x =x,<---<x,y=x+1 of [x, x+1].
The fourth inequality follows from the definition of N. This proves L= K +166/q’

in the case that N=1, i.e. ¢'=3. But, in any case,

x+1
sz ah(y,y+)dy+0=<K+86,

since u,([x, x+1]?)=< 6. Thus L=< K +168/q’ is true in every case.

The proof that L(£) = K(§)+166/4q’ is similar and will be omitted.

Clearly (4.1) follows from (4.2), (4.3) and (4.4). This completes the proof of
theorem 2.2. O

5. Proof of theorem 2.1

We may assume without loss of generality that there is a uniform lower bound B
for the amount of twisting of f. For, in any case, for any compact subset K of the
infinite cylinder, there exists f'e€ = such that f|K = f'| K and such that there is
such a uniform lower bound for the amount of twisting of f. If K is large enough,
any invariant circle of any small perturbation of f or /' whose rotation number is
o lies in K. It follows that if we can find g’ near f’ with no invariant circle T
satisfying p(g, I') = w, we can construct such a § near f by letting it agree with g’
on a sufficiently large compact set.

From now on we assume that there is such a uniform lower bound 8 for the
amount of twisting of f. We have verified in [11, §§ 3 and 4] that the generating
function h of the lift f or f to the universal cover satisfies (H,)-(Hs) and (Hg,).
Therefore we have the modulus of continuity of theorem 2.2 for such h.
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In order to prove theorem 2.1, it is enough to show that for every £ > 0 and every
positive integer r, there exists A" in an e-neighbourhood of h, with respect to the
C"™' norm, such that the Peierls’s barrier P?, for h” does not vanish identically.
Here we require that h” satisfy the periodicity condition h"(x+1, x'+1) = h"(x, x'),
so that it is the generating function of the lift g of an e-perturbation g of f, with
respect to the C" norm. Clearly h" satisfies (Hgq') with 8'=60+1if r=1 and ¢ is
small enough. Therefore we will still have the modulus of continuity of theorem 2.2
for P”, with 6 replaced by 8'. Recall that g has a homotopically non-trivial invariant
circle of rotation number o if and only if P/, vanishes identically.

Our method of producing the perturbation h” of h consists of first choosing a
rational number p/q very close to w. This is possible because w ¢ DC. Then we
choose a minimal configuration x of rotation symbol p/q and a complementary
interval J of length =q~' to the set {x;+j: i, j € Z}. This is possible because this set
intersects each unit interval [a, a+1) in exactly g points. We choose a C* non-
negative function u of small C"™"' norm such that u(z+1) = u(t) and u has support
in {J+i:ieZ}. We set h'(x, x")=h(x, x")+ u(x).

Since u vanishes on {x; +j: i, j € Z} and is non-negative, the Peierls’s barrier P,
associated to h’ satisfies

P (€)= Py, q(€) +u($),
where P,/, is the Peierls’s barrier associated to h.

We next explain how to construct h” when w>p/q. We set B'(x,x')=
h'*9(x, x'— p)+const. Here h'*? denotes the conjunction of h’ with itself g times.
Note that since x is a minimal configuration of rotation symbol p/q for h, it is also
one for h’ (by the choice of u), and hence it is a minimal configuration of rotation
symbol 0 for H'. We choose the constant in the definition of H' so that H'(x;, x;) =0.
Since h’ satisfies (H,;)-(Hs) and (Hge), so does H' by [11, lemma 5.3].

We may suppose ¥ was chosen so that it is positive on the interior of J. Then
there is a minimal (for H'’) configuration y of rotation symbol 0+ such that y;,>J*
as i > 00, where J~<J" are the endpoints of J.

In order to obtain a suitable k", we need a lower bound on max; |y;+, — y;|- Such
a lower bound depends on choosing u to be large enough. In fact, we may choose
u, as above, with C"*! norm =¢/2, such that

u(@)=Ce/q™', &€l
where J' denotes the middle third of J, and C, is a constant depending only on r.

We consider an i such that y; € J'. (If no such i exists, we may take the length of
J' as our lower bound on max; |y;,, —yl.) Since H’ satisfies (H,)-(H;) and (H,'),
we may apply the results of § 3, in particular (3.4). Here we will apply (3.4) to the
infinite sum H'(y) = Zz_w H'(y;, yi+1)- The fact that we can do this has been justified
in the discussion of the definition of K, in § 4. (In fact, H'(y) is K, for h replaced
by H'.) We will compare H'(y) with H'(y’), where y’ is the configuration obtained
from y by removing y;, i.e. y;=y; for j<iand y;=y,, for j=i. Since y is minimal,
H'(y')= H'(y). On the other hand, by (3.4),

H'(y)—H'(y)=p(Alyi-1, yin1 D "I-L(A_[.Vi, Via) —p(Alyioy, yi)—H'(y;, yi),
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where Ala, b]={(y,z):a=y=z=<b} and p = puy . Thus
Ce/q ™ su(y)=H'(y;, y) =< p(Alyicr, yia1]) = 01 = yial-
Here the first inequality follows from the fact that y, € J', the second inequality is
a consequence of the definition of H’, the third inequality follows from the above
equation and the fact that H'(y') = H'(y), and the last inequality is a consequence
of (3.2) and the fact that ¥}, (y, y +1) = 8’. Obviously this lower bound on |y, — y;_i|
gives alowerbound of Ce/q" "' (where C,= C,/26') onone of |y;,., — yilor |y, — yi_il.
To summarize, )
max |y —yl= Cre/q"™".

Choose i such that |y,.,—y;]=C.e/q""", let I denote the interval [y;, yi,,] and
let v by a C™ non-negative function such that v(¢+1) = v(¢) and v has support in
the union of the intervals I+ i with i€ Z. Since the length of I is =C'e/q""", we
may choose v so that it has C"*' norm <¢/2 and so thatmax v= C,e(C'e/q ') =
Cre™'/q"”, where y(r)=(r+1)> and C”"=C.(C.)*". We set h"(x,x')=
h'(x, x")+ v(x).

Since v vanishes outside of the union of the intervals I+ i with i€ Z, we have
that the Peierls’s barrier P, ,,. associated to h” satisfies

Ppq+(§) = Py qi(€) +v(§).
If we choose ¢ where v takes its maximum, we then obtain
Py (&) z0(§)=Cle™ /g™,

Recall that C;=C,(C,/26')""" depends only on r and 0'=60+1, and y(r)=
(r+1) In particular, C/ and y(r) are independent of the choice of p/g. In the
case that @ is Liouville, we can choose p/q so close to o that

CO'lwg—p|<Cre™'/q"",
where C is the constant in theorem 2.2.

Suppose w > p/g. Then we perform the construction above, getting h” which
differs from h in C™' norm by <e, with P}, .(¢§)=C’e""'/q""". Moreover, if ¢ is
small enough, it is clear that h” satisfies (H,)-(H;) and (Hg, ). By theorem 2.2,

P.(£)= Py 4 (§)~ CO'log—p|= Cle™' /47" ~ CO'lwg ~ p| > 0.

When p/q < w, we proceed in a similar way, making P,,,_(£) = Cre™/q"". In
either case we obtain h” for which P, does not vanish identically.

This proves theorem 2.1. O

6. A problem

Suppose w € DC. The infinum of the set of all N for which there exists C >0 such
that |gw —p|> Cq~ " for all g, peZ\{0} is called the Diophantine exponent of w.
The proof of theorem 2.1 in § 5 shows that for every positive integer r there is a
number y such thatif f € I, fis its lift to the universal cover, and @ has Diophantine
exponent =7y, then in any C” neighbourhood of f in 9 there is a g such that g
has no homotopically non-trivial invariant circle I' such that p(g,I') = w. (Here g
is the unique element of I of which g is the lift to the universal cover.) Let y(r)
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be the infinum of all such y. Let a be the infinum of all positive numbers a such
that y(r)=0(r") as r—-> 0. The proof of theorem 2.1 in § 5 shows that a <2. On
the other hand, KAM theory shows that @ =1 (see e.g. Salamon [14]).

Problem. Find a.

7. Related results and problems

Can one destroy many invariant circles by a C* small perturbation? Given fe g
and a countable set X of Liouville numbers, one can find ge g arbitrarily close
to f in the C™ topology such that there are no g-invariant circles I' with p(g, ') e 3.
It is enough to repeat the construction in § 5 countably many times.

J. Yoccoz has told us of the following result which he has obtained. Let fe 7
and let K be the closure of the union of all homotopically non-trivial C* f-invariant
circles. By a theorem of Birkhoff [2, § 3], every homotopically non-trivial f-invariant
circle is the graph of a Lipschitz function u:R/Z - R with Lipschitz constant which
depends only on the amount of twisting of f. Consequently K is the union of
homotopically non-trivial f~invariant circles. Let p(f, K) denote the set of rotation
numbers of such circles. By Birkhoff’s theorem, p(f, K) is a closed subset of R.
Yoccoz has shown that the set of Liouville numbers in p(f, K) is residual in p(f, K)
in the sense of Baire category, by simple application of KAM theory.

Yoccoz’s result suggests the following problem which we have been unable to
resolve.

Problem. Let ¢ be a positive function, defined on the positive integers, and suppose
¢ grows faster than every polynomial. Let A denote the set of real numbers @ such
that | —p/q| < ¢(q)~" for infinitely many rational numbers p/q. Let 9 denote the
set of fe > for which no homotopically non-trivial invariant circle has rotation
number in A. Is @ dense in § (with respect to the C™ topology)?
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