MINIMAL BUT NOT UNIQUELY ERGODIC
DIFFEOMORPHISMS

ALISTAIR WINDSOR

ABSTRACT. This paper provides a method of constructing smooth minimal
diffeomorphisms whose set of ergodic measures has a given cardinality. The
construction applies to compact manifolds admitting free Sl-actions. The
diffeomorphisms constructed all lie in the closure of the space of periodic diffeo-
morphisms. However they cannot be obtained by Baire Category arguments.

1. INTRODUCTION

If f is a uniquely ergodic transformation on a separable metric space preserving
a Borel measure y then flg,pp(,) is minimal, that is every orbit is dense [7, Propo-
sition 4.1.18]. It was therefore a natural question whether minimality is sufficient
for unique ergodicity. This is one in a series of questions which ask which topolog-
ical properties are sufficient for more abstract metric properties. The unfortunate
answer has been that while metric properties have strong topological consequences
the converse is false. One reason for this is that there exist smooth cocycles which
are measurable coboundaries but for which the transfer functions behave wildly
topologically. This was known by A. N. Kolmogorov [1] who used this method to
construct a time change of a linear flow on T? with pure point spectrum but with
discontinuous eigenfunctions. The same observation was independently made by
H. Furstenberg [3] who used it to construct diffeomorphisms which are minimal but
not uniquely ergodic (see [7, Corollary 12.6.4] for the essence of the construction).
These diffeomorphisms are skew-products, are analytic, and all admit uncountably
many ergodic measures.

A construction of minimal transformations with any given finite number, a count-
able number, or a continuum of ergodic invariant measures was provided by S.
Williams [6] in the case of symbolic dynamics. This serves as very general counterex-
ample to our earlier question in the case of symbolic systems. No such construction
has been published for the smooth category. A construction of topologically tran-
sitive diffeomorphisms preserving a smooth measure and with a given number of
ergodic components was announced by D. V. Anosov and A. B. Katok [4] without
proof. We use a variation of their methods to construct minimal diffeomorphisms
with a given number of ergodic measures. The idea of transversal cutting which
is one of the keys for avoiding the measure zero exceptional set which occurs in
[4] was communicated to the author by A.B Katok in lectures on smooth ergodic
theory given at The Pennsylvania State University during 1998.

Date: March 31, 2003.
2000 Mathematics Subject Classification. Primary 37C40.
The author was partially supported by the NSF grants DMS97-04776 and DMS 98-03129.

1



2 ALISTAIR WINDSOR

2. THE THEOREM

Theorem. Let o € Q, M be a compact and connected smooth manifold admitting
a free C* action of S*, 7 : S' x M — M, and p be a smooth positive measure
invariant under 7. Let d € N

Then there exists a diffeomorphism T, arbitrarily close to 74(-) := 7(«, ) which
s minemal but has exactly d ergodic invariant measures which are absolutely con-
tinuous with respect to L.

3. STRUCTURE OF THE CONSTRUCTION

The required diffeomorphism is constructed using a variant of the fast approx-
imation - conjugation method pioneered by Anosov and Katok [4]. The required
diffeomorphism 7" is obtained as the limit of a sequence of periodic diffeomorphisms,
{T,}, each of which preserve u. Each periodic diffeomorphism T, is smoothly con-
jugate to 14, for some a, € Q,

-1
T, =hpoT,0oh, .

Let
B(M):={hot,oh ' :a €S heDiff*(M)} C Diff™*(M).

By construction T' € B(M). Fathi and Herman showed in [5] that the collection
of uniquely ergodic maps forms a dense Gs in B(M). Thus unique ergodicity is
generic in B(M). This remains true if we restrict ourselves to B(M, p) C B(M)
where the conjugacy h is taken to preserve u. Thus our construction is not generic.

The sequence of conjugacies, {h,}, and “rotation numbers”, {a,} are con-
structed inductively.

hp=A10---0A4,
where each A; preserves u. The “rotation numbers” satisfy
1

M Qnin

where ¢, is the denominator of a,, and m,, and @),, are parameters defined later.
We take a partition of our space into d Borel sets of positive measure. These

naturally support d absolutely continuous probability measures {u;}, given by the

normalized restrictions of p. The required d ergodic invariant measures are con-

structed from the p; as the limits of the sequences

&' = (hn)tti-
Notice that £ is preserved by T,.

Opy1 = Qp +

4. TOPOLOGICAL PRELIMINARIES

The approach of Anosov and Katok applies to trivial bundles. For constructions
in the measurable category this is not really a restriction since every smooth bundle
is trivial in the measurable category. Furthermore any manifold admitting a smooth
periodic flow is measurably a trivial bundle. Unfortunately our construction is not
a measurable category construction and we must perforce deal with non-trivial
bundles. These topological lemmas are part of our extension of the Anosov and
Katok approach to the case of non-trivial bundles.

The approach of Anosov and Katok allowed for manifolds with boundary. Un-
fortunately our approach cannot deal with these. Obviously there cannot exist
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minimal diffeomorphisms of the disk since the boundary must be preserved and
there is always a fixed point. However it might be supposed that the orbit of any
other point could be made dense. That this is not possible was shown by Le Calvez
and Yoccoz [8]. The ergodic properties of such a diffeomorphism may be more
tractable.

Lemma 1. If N is a connected compact Riemannian manifold then there exist a
constant K such that for all € > 0 there exists K embedded disks {D;} such that

(1) vol(D;) > 1 — e where vol is the normalized Riemannian volume on N.
(2) {Dg} is an open cover of N.

Proof. As N is a smooth compact Riemannian manifold there exists a smooth
triangulation of N [2]. Let {S;}%, be the set of simplices from the triangulation
with the same dimension as N. For each simplex S; construct a smoothly embedded
closed disk K; by taking a slightly smaller simplex within §; and smoothing the
corners. K; can be constructed such that vol(K;) > (1 — €) vol(S;).

Construct a graph with vertices {S;} by putting an edge between S; and S; if
they share a face. This is a connected graph which we will call the adjacency graph.
Construct a maximal tree in the adjacency graph. We will call this the joining tree.

We describe the step by step procedure for constructing the disk D;. Each disk
Dj is constructed by joining the disks K; described above but enlarging one disk
so that the family forms a cover.

(1) Using coordinate charts construct a smoothly embedded disk ; such that
K;Nkj =@ for all i # j and £ is a neighborhood of §;.

(2) For each edge in the joining tree not involving S; construct a smooth tube
which joins the appropriate K; and Kj. Let U be a chart neighborhood
about the center of their common face. Using the smooth coordinates in the
interior of each simplex construct a smooth tube joining the appropriate K
to the neighborhood U. Use the smooth coordinates in U to complete the
tube.

(3) For each edge in the joining tree joining a K; to k; we can construct a
smooth tube using the smooth coordinates in the interior of S;.

This yields a smoothly embedded disk since we can show that the addition of a
tube and disk to an embedded disk constructed by joining K; and K} is again an
embedded disk and then proceed by induction. Let us imagine joining K; C S; to a
smooth embedded disk via a tube which is contained in K; U K}, using the process
outlined in step 2 above. Using the smooth coordinates in the interior of Sy we
can show that the combination of the tube and K, is diffeomorphic to a short tube
with a spherical cap contained within the neighborhood U and this diffeomorphism
extends via the identity. Now use the smooth coordinates in U to contract the tube
and cap to a tube and cap contained in the interior of S;. Finally we use the smooth
coordinates in the interior of S; to show that the smooth embedded disk plus a tube
and cap is diffeomorphic to the original embedded disk. This argument covers the
joining of K; and K; but we can show using coordinate charts that connecting
K; and r; is equivalent to connecting K; and K; whereupon the earlier argument
applies.

Thus we get a smoothly embedded disk with

vol(D;) > Y vol(K;) > (1—€) Y vol(S;) =1—e.
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FIGURE 1. An example of the a triangulation with disks { K} and
disk Rj.

Since D contains a neighborhood of the simplex S; the family {D;} covers N.
The constant K is precisely the number of highest dimensional simplices in the
triangulation of N. O

Let B(r) denote the standard closed disk of radius r in R4m &,

Lemma 2 (Legerdemain Lemma). Let N be a smooth connected compact manifold
without boundary endowed with a smooth positive measure . Given any positive
integer d there exists a cover of N by d sets {N;} such that

(1) each set N; is closed and connected.

(2) N°NN; =@ foralli#j.

(3) N; is a smoothly embedded disk for 1 < i< d— 1. In particular ON; is an
embedded sphere.

(4) there exists K such that for all € > 0 there is a cover of N by K smoothly
embedded closed disks {D;}, such that u(D;) > 1 —e€ and N; C D3 for
1<i<d-—1 and for all j.

Proof. Construct a triangulation, adjacency graph, and joining tree as in Lemma
1. Let {S;} be the set of simplices from the triangulation with the same dimension
as N. Fix e; > 0 and consider the collection of smooth embedded closed disks
L; constructed by taking a smaller simplex in S; and smoothing the corners such
that u(L;) > (1 — €1)u(S;). Now in any cover constructed using Lemma 1 (using
p in place of vol) with € > €; we will have L, C K?. Let {d;} be the family of
embeddings, d; : B(1) — N, given by Lemma 1. There are only finitely many of
these so, by continuity, there exists dp > 0 such that for all 0 < § < §o and each j

the embedded disk d; (B(1 — 4)) is connected and contains UL;. Taking any d — 1

disjoint smoothly embedded disks N; in UL; and adding Ngq = N\ U’;;l1 Ny we

obtain a cover with the required property. O
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5. PRELIMINARY CONSTRUCTION ON A TRIVIAL SUB-BUNDLE

The Legerdemain lemma reduces each step of the construction to several simpler
sub-steps. Each sub-step is free of topological obstructions. Each step in our
iterative construction is built up of a finite number of sub-steps each of which
consists of a construction on a trivial sub-bundle.

Let B(1) x S! be a trivial bundle endowed with normalized Lebesgue measure, .
Let {Ry,...,Rn—1} be a collection of disjoint smoothly embedded closed disks

contained in B(1)° and let R, = B(1)\J/Z; Ri. Define C' := B(1) x S' and
C; == R; x S'. Each C; supports a measure given by

(A) .7 )‘(éj OA)
TETING)

Lemma 3 (Sub-Bundle Lemma). Let o = % € QT, with (p,q) =1, be given, and

D ={p1,...,0n} be a given finite set of continuous functions on C.
Then for all € > 0 there exists 6o > 0 such that for all 0 < § < §¢ there exists
Q € N, and a measure-preserving diffeomorphism A such that
(1) there ezists a To-invariant set ¥ with B(1 — ) x S* C £ C B(1 — §) x §*
such that A is the identity off .
(2) Aoty =740 A.
(3) Vo e @,V € X, and V! = 2 with qd =mQq and (p',q¢') =1

q/

) 1 p Card(I1*)
Ulg&‘?;ga(AOTa,x) — T/gpdl/‘ <e€

where M is the simplex of measures generated by {vi,...,vq}, m € N is
arbitrary, and II* := {i: 7,2 € L}.

(4) Yo/ = Zi:, with ¢ = mQq and (p',q') = 1, the map Ao, 0 A~ is e-minimal,
that is every orbit intersects every ball of radius €.

(5) Vped and 1 <i<d

‘/(pdl/i—/(poAdVi

(6) MAC,AC) <€ for1<i<d.

< €.

5.1. Outline of the Proof of the Sub-Bundle Lemma. This lemma is the key
step in proving Theorem 1. It is proved by constructing appropriate combinatorics
on the bundle and then constructing a smooth realization of these combinatorics.

5.1.1. Combinatorics. In order to define combinatorics on the bundle it must be
discretized. Cover the disk B(1 — §) by closed cubes of side length s, {C;}, such
that CY N C; = @ and CP N B(1 — ) # @. Choose s small enough so that
B(1—4) CUC; C B(1—4/2). Later there with be further restrictions on s.

Associate each cube C; with a region R;. A cube C; can be associated with a
region R; provided CY N R; # @ . Let the sets of cubes associated to each R; be
connected. Let N; denote the number of cubes associated with R;, N =Y N;, and
L = lem(Ny,...Ny,). Renumber the cubes C; so that the first Ny are associated
with Ry, the next Ny with Ry, and so on.
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1

This produces a partial partition of A;, = B(1) x [0, E) into cubes, Q;,; where

1<i<N,1<j<N+EkL,by
J—1 J
i={@t)reC, ——— <t<—2L 1}
Qug =z )2 gl(N + kL) AN i)
This can be envisioned as a tower with the base UC; C B(1) and N + kL floors of
equal height. .
Define A on A, and extend it to all of C' by requiring

Aoty =74 0A.

Outside of the union of the cubes define the map to be the identity. On the union
of the cubes, UQ; ; C Ayq, choose A so that it induces the following permutation

Qai-1(i),j J<N
(Qpi-n-1(;),; Otherwise

(1) A(Qiy) = {

where

a=(1...N)
B=(1...N)(Ny+1... Ny+N3)...(N=N,+1...N,)

are permutations in the symmetric group on N elements. There is no restriction on
the action of A within the cubes. Further properties, such as weak mixing, would
require permuting the cubes between the levels of A,.

The cycle a is applied on the first N levels of N 4 kL total levels in A;,. Though
the entire cycle is traversed only once in A4, there are lg such regions in C. Hence
the frequency of these regions is determined by [. This region will give the e-
minimality. Since the levels all have equal measure, the measure of the area on
which « is applied goes to 0 as k& — oco. The idea behind the construction is to
make this region occur frequently but have small measure, thus making this region
topologically significant but measure theoretically insignificant.

On the remaining levels in the tower the permutation 3 is applied. This cyclically
permutes the cubes corresponding to each region, 2;. This ensures that on some
scale the orbits are uniformly distributed on C'j with the small measure exception
corresponding to the region on which « is applied. This is the key in proving
conclusion 3 of Lemma 3 and is embodied in the main estimate (7).

5.1.2. Smooth Realization. As intuitively appealing as the above construction is,
it is clearly not smooth. To smooth the construction it is necessary to relinquish
control over part of the space. The cubes @; ; are replaced by smaller cores which
can be permuted as above by a C°°-diffeomorphism of M. In order to retain
sufficient control to be able to produce conclusion 3 it is necessary to control a
large proportion of every orbit. This is where the construction leaves the measurable
category since for such a construction it would suffice to control most of the orbits at
each step. This leads to control of almost all orbits of the limiting transformation.
A measurable construction would be able to neglect a measure zero set of orbits.
However for our construction this is fatal. A single orbit could support an ergodic
invariant measure. A construction in the measurable category is sufficient to control
the number of absolutely continuous ergodic invariant measures.
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FIGURE 2. An example of the action of A where d = 3, N1 = 3,
N2:N3:2, and k = 3.

Let s be the side length of our decomposition and v be a diagonal vector of one of
our cubes of side length s. Take a collection of cubes of side length s, {C;}, such that
Utelo,1/2) (B(l — 5) - tv) NC; # (¢ and Utelo,1/2) (B(l — 5) - tv) Cc U;C; C B(l — 5/2)

As before, A is defined on Ay and extended to C by requiring it commute with
TL. Partially partition A;, by parallelepipeds

Ig(N + kL)t +1—j

) — 1
PiJ 3:{(£C,t)2$— 9 v e C; J

J
(N FRD) = gV £ kD) 2
Scale each parallelepiped about its center by a factor «. This gives a family of
identical disjoint parallelepipeds {Qz ;}. These are called cores and play the role of
the @Q);,; in the previous section.

Define the map A to be a diffeomorphism inducing the same permutations as
before (1). Any two adjacent parallelepipeds can be enclosed in a region diffeo-
morphic to a disk such that the images of the two parallelepipeds are related via
a rotation about the center. Since any permutation of cores can be written as a
product of such transpositions A can be taken to be a measure preserving C'°-
diffeomorphism. Defined in the this manner the diffeomorphism A automatically
satisfies conclusions 1 and 2 of Lemma 3.

5.2. Proof of the Sub-Bundle Lemma. There are several parameters of the
construction: dg, s, 7, k, P, and [. The parameters g, s, P, and - are related to

B - kllevels

o - N levels
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Ficure 3. Example of cores. Arrow denotes the fibre direction.
Notice the gaps are transverse to the fibre direction.

the geometry. The parameters k and [ govern the combinatorics. Let k > 1 be a
global bound for |¢| for all p € ®.

5.2.1. Geometric Estimates. Fix dg so that for 1 <j<mn

Vj (B(l — (50)) < ﬁ

and for 1 < i <n —1 we have
R; C B(1— o).
As the boundary of R; is a smooth compact sub-manifold we can choose s suffi-

ciently small such that the union of the parallelepipeds associated to C~’j, denoted
V;, approximates C; in the sense that

MC;AV;) €
? A(]C’j)j pEE

Consideration of the action of A leads naturally to the following partial partition
of Ay, into “columns”,

Uzzl Pa,m b=1
Ka,b = L
Um=1 Pa,N+(b—2)L+m b>2

This is extended to a partial partition of B(1) x S by requiring it to commute with
T Set

Ka,b,c = Tziq Ka,b‘
The columns K, . with b = 1 correspond to levels on which the cycle a-cycle is
applied. The orbit of Ao 7, 0 A™! is almost equidistributed among the {K,p . C

Vi : b # 1}. This observation together with the following local estimate (3) are the
key to proving the main estimate (7).
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From the geometry of the parallelepipeds there exists a constant C' > 0 which
depends solely on the dimension of M such that diam(K, ) < Csdim M Uniform
continuity guarantees that varg, , . ¢ < €/9 for all p € ® given a sufficiently small s.

Thus for all p € ® and y € K, C f/] the following local estimate holds

1 €
(3) ’Vj(Kaych) /K pdvj —oy)| < 3
Choosing P, the minimum number of points of 7, within a level of our tower
(corresponding to m = 1), to be large enough we can make the proportion of the
orbit contained within cores arbitrarily close to the proportion of the fiber contained
within the cores. This can be made arbitrarily close to 1 by choosing v sufficiently
close to 1.
Let Q := (N + kL)P.

a,b,c

5.2.2. Combinatorial Estimates. Let
lg—1
. N 1
Ir:= Y| B(1 [7, —) .
H)sz< W | N+ * L Iq )
Choose k sufficiently large that the proportion of a 7-orbit which lies in the levels
of the tower which correspond to the cycle « satisfies

(4) MOVD) = 57 < 9%

Given the orbit of x under 7,/ denote by 7«7 the collection of points on the orbit
which lie in levels on which the cycle « is applied, 75 the collection of points which
are not contained in the cores, and 7§ the collection of points in cores in levels which
correspond to the permutation §. Let 1% = {i : Ao 7/, (x) € n¥}. By choosing
sufficiently close to 1, P large enough, and k large enough we can guarantee for all
[ that

(5)

Let the proportion of 75 that lies within f/] be w;. The proportion of 75 contained
in a column K, C Vj is, for b # 1

Card(II7 UII%) < £ Card(I13) S Card(Il*) €

q R q q 3k

. L i
Pi = 1N+ kL) N;°
Taking the sum over II7 U II§ yields
(6) ‘ Z p(Ao T(i/SC)‘ < k Card(II{ UTIS).

i€l UTIE

Taking a similar sum over II§ and using the local estimate (3) yields

d
(7) ’Z o(Aorl,x) — Card(I1%) Z Vj/()JK) / pdv;

< < Card(I2).
3 7 9
The geometry of the construction means that the measure of a column on which
the permutation 3 is applied, K = Kg . with b # 1, is given by
(VL
Vj (K) — VJ ( J)
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where f/J is the “cylinder” containing the column.
This reduces the main estimate (7) to

(8) ‘ Z o(Aori,x) — Card(IT%) i el / pdy;

i€llg i=1 Vz(‘/’b) \N/iﬁf

< g Card(I13).

Use (2) and (4) to get

1 / 2e
= pdv; — /(pdui < —.
vi(Vi) JUnr 9
Define v := Y1 | w;v; and apply (8) to get
9) ‘ Z o(AoTh,x) — Card(Hg)/gadl/’ < § Card(TI35).

icllz
The cardinality estimate for II§ , (5), implies that
Card(IT* Card(11%
’ ard(Il*)  Card(II5) /(pdl/’<£.
q q 3
Taking the estimates for the sums over II¥ UTII3, (6), and II3, (9), dividing by ¢/,
and applying the previous estimate yields the desired property

1 : Card(IT*
- Z (p(AOTé;.T)-M/(pdV‘ <e.

E—— q

To prove e-minimality it is convenient to use the metric on C given by
d((z,t), (2',t") = max{d(z,z’), |t — |}

In this metric, which is equivalent to the usual metric, the e-ball is a cylinder.
Choosing | > 2/e guarantees that the cylinder passes through a collection of levels
on which the entire a-cycle is traversed. If s is chosen small enough then the cylinder
must contain an entire column from this collection. Since every orbit meets every
column, every orbit meets every e-ball.

Observe that A preserves the decomposition into {f/z} except on the levels cor-
responding to the cycle a. From (4) it follows that

AViAAV;) _ 2
\(eh) 9%k’
By the triangle inequality and (2) we have

= < .
AGi) 3K
This implies conclusions 5 and 6.

This completes the proof of the lemma. g

6. EXTENSION TO THE ENTIRE BUNDLE

In this section we state and prove a proposition which extends the lemma above
to the entire bundle. The proof is an induction over the disks provided by Lemma
2 applying Lemma 3 at each step.

Choose a cover of N by a d sets, {N;}, using Lemma 2.
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Proposition 4. Let a = % € Qt, with (p,q) = 1, be given, and ® = {p1,...,pn}
be a given finite set of continuous functions on M.
Then for all € > 0 there exists Q € N, and a diffeomorphism A of M such that
(1) Vo!' = Zi:, with ¢ = mQq and (p',q') = 1, the map Ao, 0 A~ is e-minimal,
that is every orbit intersects every ball of radius €.
(2) Vo € ®,Vz € M, and Vo' = %,, with ¢ = mQq and (p',q¢) =1

q -1

. 1 i
ulenagt' E ; (p(AOTa/:L') - /gpdu’ <e
where M’ is the simplex of measures generated by {p1, ..., un}-

(3) Aota =Ta0A.
(4) W(AN;AN;) < e for 1 <i<d.

6.1. Preliminaries. Construct D; using Lemma 2 so that for all ¢, j
_ . € €
(10) 1—i;,(Dj) < mln{m,vol(g)}

where vol(%) is the least measure of a $-ball in M and K is the number of disks
required for V. Consider the normalized pull-back of the measure [i via the embed-
ding d;. This gives a smooth positive measure on B(1) which, by Moser’s Theorem
[7, Theorem 5.1.27], is the push-forward of the Lebesgue measure on B(1) by a
diffeomorphism m;. Let p; = d; o m; be the new measure-preserving embedding.
Consider its extension to a map g; : C — M defined by p;(z,t) = 7pi(x). By
uniform continuity of p; there exists an € such that the pull-back of any e/2-ball
centered at x € DZ— contains a ball of radius €. ‘ ‘

Let ¢ denote the push-forward of v; on via p;. The measures (f,...,(} on the
cylinder Dj =n"Y(D;) C M are related to the measures y;, ..., pqg by

_ mi(D;NA)

(A .
Q( ) ,ui(Dj)

it is immediate that

(10)
; €
oic— [ wan|< | [ edni— [ pau
‘/D b, 6K b, M

and thus we have for each Dj

(11) ’/Djwd@/Msadui

Henceforth Lemma 3 will be treated as applying to the Dj and giving diffeo-
morphisms on M. The diffeomorphisms given by Lemma 2 are identity on a neigh-
borhood of the boundary and hence can be extended by the identity to diffeo-
morphisms on M. Since {D$} is an open cover of N there exists §; > 0 so that
{Dj} :=d;(B(1 —61))} still cover N. For each application of Lemma 3 we will take
d < min(dp,01). We adopt our earlier convention and denote the associated trivial
bundles by D;.

From

<e
6K

<e
3K

6.2. Details. Denote the a given in the Proposition by «p.
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6.2.1. Induction Hypotheses. Assume there are diffeomorphisms A;,..., A; with
their associated sets X1,...,3; from Lemma 3 such that

(1) for all z € | J/_, D} and for all p € ®

a1
. 1 ; €
(12) ulena:fn' Z ;:0 @(Alo---oAjOT;jx)—/Mtpdu‘<3E

where ¢; = m;Q;q;—1 with m; € N arbitrary, 9’ is the simplex generated
by {u1,... n}, and K is the number of disks required to cover N.

(2) for all z € ngl D; the orbit of  under Ajo0---04;0 Téj is e-dense.

(3) for all ¢ € @ and all ¢

(13) ‘/gpoAlooAJd,ul—/god,ul

(4) (A1 o 0 AIN;AN;) < j£ for 1<i<d.

<J

£
3K?

6.2.2. Induction Step. We need to construct a diffeomorphism Aj;; such that the
above properties hold with j replaced by j + 1. Fix m;, let A := A; o...A;, and
let € := min{¢’, 55} i )

Apply Lemma 3 to Djy1 with a = a;, e = ¢, and ®,41 = {90 A: ¢ € ®}. For
all x € Djy; and ¢ € ® this gives

(14)
_ . Card(Hz- 1) _ €

inf (Ao Aji107). x)—iﬁ/ gaoAdC‘<€<—
CeEM;p1lgjp1 H;_ZH ’ It qj+1 Djia 3K?2
where 91,1 1s the simplex of measures generated by ' NG . By Property
here ;1 is the simplex of g d by {¢IT J+1} By P
5 of Lemma 2

_ - €
‘/gpvoAde,ui—/gDOAd,ui <W-
This together with the induction hypothesis, (13), yields
_ € €

1 | [wodoasndu— [ wdu| < (+1)505 < 5%
(15) /<PO o Aj1du /Sﬁﬂ <(U+V3: < 37

as required. Combining (11), (14), and (15) yields

1 inf
( 6) ulenfm/

- . Card(II%
p(AoAjir1o7, @) — M/ @du‘ <<
M

G+l 5 qj+1 K

i+l

For orbits contained in ¥ 1, which includes the orbit of any x € D}, Card(Il;;1) =
gj+1 the previous estimate reduces to

gj+1—-1
_ _ .
17 inf |—— AoAj o7 ,/ du‘< L
(17) e go p(AoAjiroT,, 7)) L7 U+

which is the next step for (12). It remains to prove (17) for points in ngl D;\D;H
Orbits in |J/_, D} but outside of ;. are unaffected by A;1; and hence (17) follows
from (12) since m; was arbitrary. Consider an orbit in |J/_, D} which intersects
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but is not contained in ;. By Property 1 of Lemma 3 it follows that the portion
of the orbit outside ¥ can be decomposed into IV Ty -orbits where

N :=— C:= Card((H;ﬁrl)c).
45
Applying (12) to one of the 7, ;-orbits produces

qa;
1 - . €
inf ’— E AocA; 10T x1) — du‘ < j—.
ueMm’ q] P (10( J+1 aj l) /]M(ID jK

Multiplying by ¢; and dividing by ¢;41 yields

q;
. 1 - i C q; . € g5
S e [ ()| <t

4+1 = d+1 Jm ¢ K qj41

Summing over the N orbits and using the convexity of 9" gives

- ; C €
m ga(AoAjJAO'rZYHl:c)— - / gadu‘ <]?.
j+1 (Eg?+1)c dj+1 J M
J

inf
ueM’

Adding (16) to this gives (17) as required.
Since A;11 only affects D;y; Lemma 3 gives

[L(A]JrlNzANZ) < )\(A]JrlézAéz) < %

By induction hypothesis 4 and the triangle inequality the result follows.

Lemma 3 proves that any orbit contained in X,4;1 is €¢/2-dense on D,yq; the
orbit of any point in Dg_ﬂ meets any €/2-ball centered at a point in D]‘Jrl. By (10)
any €/2-ball in M must intersect Dj+1. Thus any e-ball in M contains an €/2-
ball centered at a point in D]‘Jrl. By the argument used above any other orbit in

5:1 D; contains a 7,;-orbit which is unaffected by A;,1 and e-dense by induction
hypothesis 2.
This completes the proof of the proposition. O

7. THE PROOF OF THE THEOREM
The proof follows from induction using Proposition 4.

Lemma 5. Let T = ho T, 0 h™' where h is a smooth measure preserving diffeo-
morphism of M and o« € Q. Let ® be a finite set of continuous functions on M.
For all ¢ > 0 there exists a smooth measure preserving diffeomorphism of M, A,
and o =p'/q" with (p’,q') =1 such that
T :=hoAotyoA loh™!

satisfies

(1) de<(T,T) < €

(2) dy(T,T") := maxzem maxo<i<q d(Tx, (T")'x) < €

(4) for allp € @

’
qg —1
1

q

min
fe=

~

p(()0) = [ o] <o

=0
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where Z is the simplex generated by {&1,...,&n} where & = h* ;.

Proof. Apply Proposition 4 to 7, with the set of functions {¢ o h : ¢ € ®} to get
A. Define o' by

1
mQq
wherem is arbitrary, @ is given by Proposition 4, and ¢ is the denominator of a.
Observe

o =a+p 3=

T'=hoAory oA toh™!
=hoAor,0omg0 At o}
:hO'rOLvomoA*loif1

using the fact that A commutes with 7,. Now as m — oo by definition § — 0 and
hence Ao 7150 A~! — Id smoothly. Therefore we can find m large enough that

dos (T, T') < e and dy(T,T') < e.
Furthermore, directly from Proposition 4

Similarly Proposition 4 generates the following inequality

-1
15 ,
nin 7 ; @(hoAOT;,x)—/cpohdu’ <e.
Replacing by A~ o h 'z we get the desired property. 0

Proof of the Theorem. Let {¢,} be a summable monotone decreasing sequence and
{©n} a dense set of continuous functions. Applying the previous lemma inductively
we can produce a sequence of numbers {«,} and transformations {h,} such that
the sequence of induced transformations {7}, } satisfies

(1) doee (Tny Tnt1) < €nt1

(2) dg, (Thy Th+1) < €41 where gy, is the period of T,

(3) N(thrlNzAhnNz) < €pt1

(4) for o € {p1,...,on}

qn+1—1
min o(T! |z —/(pd«f”‘<e 1
€20 | gni1 ; ( n+1 ) n+

where =2, is the simplex generated by {£7,...&7}
The first condition guarantees that the sequence {7, } has a limit 7. T is a C*®
diffeomorphism.
The second condition means that the sequence {hnNi};’f:l is a Cauchy sequence
in the metric on the associated measure algebra. Since this space is complete there
is a limit in the measure algebra.

lim h,N; = B;

n—oo

As a consequence we have weak convergence of the measures {£'},

lim &' =&

n—oo
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where
4y MANB).
' 1(Bi)

Notice that, as h, is measure-preserving, u(B;) = M(Nz) Notice also that conver-
gence in the measure algebra is not adapted to the original topology. Although the
support of £ is h,, N; the limiting measure &; is supported on the whole space. This
is another manifestation of the disjunction between the topological setting and the
measure-theoretic. Although measure-theoretically B; is the limit of hnNi the first
is a dense set while the sets in the sequence are all closed proper subsets. Since the
sets N; and Nj are measurably disjoint so are the limits B; and B;.

The measures §; are invariant under the limiting diffeomorphism 7'. Using the
triangle inequality and the invariance of £/ under T),

&= lim &= lim T;¢& = T7,.
n—oo n—oo

It remains to establish that the measures &; exhaust all invariant ergodic prob-
ability measures for T'. Suppose there exist an invariant measure ¢ which is not in
the simplex determined by {&;}. Without loss of generality we may assume that
¢ is extremal, that is ¢ is an ergodic invariant measure. By the Birkhoff Ergodic
Theorem for ¢ € L*(¢) and for (-almost every x

n—1

1 _
lim — Tix) = [ wdc.
nggon;w( x) /wC

Since {p;} is dense an approximation argument shows that for any continuous
function ¢ and any x in a set of (-full measure

n—1 qn—1
1 - 1 -
d¢ = lim — T'z) = lim — T'xz) = lim dgm
[ oac=tim 23 er) = tim -3 ot = i [ o

where £ is in the simplex given by {¢/'}. Furthermore the sequence of measures
{¢"} depends only on the point z and not on the function . Thus
lim [ pdé" = / pdC

n—oo

but this means that ¢ is in the simplex generated by {&;} since this simplex is
weakly closed. Contradiction.

This proves that the only possible ergodic measures are {{;}. Since the sets
{B;}L_, are measurably disjoint the measures &; are linearly independent. However
any non-ergodic measure can be written as a linear combination of ergodic measures
so all the &; are ergodic. (I

8. FURTHER RESULTS

The method used here to establish the result where d is finite also suffices to
produce a diffeomorphism with a countable number of ergodic components. The
only differences in the argument occur in the construction of the domains {N;} and
in the induction step. We define the sets {N;} given by the Legerdemain Lemma
by embedding one disk d; : B(1) — N and defining

{d1(3(1))c i=1

di (A7, 1) i>1

i =
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where A(r1,7m2) = {z : 11 < ||z|| < r2}. On the n-th step of the induction we will
take the decomposition of N by { N/}, given by

' Ujoian i=n.

The permutation « is defined and applied as before but the permutation (3 is taken
to be the identity permutation on parallelepipeds associated to N/,.

The argument to produce a diffeomorphism which is minimal but which has
power of continuum ergodic measures is the simplest of the arguments. In this
case we can dispense with the permutation 3 altogether. Instead of 3 we apply
the identity. The singular measures on the fibers converge to the required ergodic
measures.

Though the theorem here produces ergodic measures which are absolutely con-
tinuous it is possible to modify the construction to give a mixture of absolutely
continuous and singular measures. To do this the diffeomorphisms A,, must be
taken non-measure-preserving. Constructing the required A,, for this case can be
envisioned as a two step process whereby we first construct a measure-preserving
diffeomorphism exactly as was done in this paper and then compose it with a diffeo-
morphism which takes the cylinder N; to a smaller cylinder contained within it.
This smaller cylinder will serve as the N; for the next step. This diffeomorphism
can be chosen to be the identity on Nj for 1 < j <d-—1 with ¢ # j. If the mea-
sure of the cylinder N; becomes 0 in the limit then the limiting measure &; will be
singular.



(1]

MINIMAL BUT NOT UNIQUELY ERGODIC DIFFEOMORPHISMS 17

REFERENCES

A. N. Kolmogorov, On dynamical systems with integral invariant on the torus. Doklady Akad.
Nauk SSSR, vol 93, 1953, 763 — 766

H. Whitney Geometric integration theory. Princeton University Press, Princeton, N. J., 1957
H. Furstenberg, Strict ergodicity and transformation of the torus. Amer. J. Math. 83 1961
573-601.

D. V. Anosov and A. B. Katok New examples in smooth ergodic theory. Ergodic diffeo-
morphisms Trudy Moskov. Mat. Obs¢. 23 (1970), 3-36

A. Fathi and M. R. Herman Ezistence de difféomorphismes minimauz. Dynamical systems,
Vol. I-——Warsaw, pp. 37-59. Asterisque, No. 49, Soc. Math. France, Paris, 1977 (French)

S. Williams Toeplitz minimal flows which are not uniquely ergodic. Z. Wahrsch. Verw. Gebiete
67 (1984), no. 1, 95-107.

A. Katok and B. Hasselblatt Introduction to the modern theory of dynamical systems. With
a supplementary chapter by A. Katok and L. Mendoza. Encyclopedia of Mathematics and its
Applications, 54. Cambridge University Press, Cambridge, 1995

P. Le Calvez and J.-C. Yoccoz Un théoréme d’indice pour les homéomorphismes du plan au
voisinage d’un point fire Ann. of Math. (2) 146 (1997), no. 2, 241-293 (French)

DEPARTMENT OF MATHEMATICS, UNIVERSITY PARK, THE PENNSYLVANIA STATE UNIVERSITY
E-mail address: windsor@math.psu.edu
URL: http://www.math.psu.edu/windsor



