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ABSTRACT. We define the property of non-composition for rectangle exchange
transformation. Subsequently, we show the existence of a non-composite rec-
tangle exchange transformation that is minimal. Other approaches for more
general results for these types of transformations are discussed.

1. INTRODUCTION

Suppose the space M is the semi-interval [0,1), £ = (Aq,...,4,) is a partition
of M into r > 2 disjoint semi-intervals, numbered from left to right, and let
m = (m,...,7) be a permutation of the numbers (1,2,...,7).

Definition 1.1. Suppose T : M — M is a translation Ty, () = x + a; (mod 1) on
each of the semi-intervals A; and ”exchanges” the semi-intervals according to the
permutation 7, i.e., the semi-intervals T'(A;) = Ty, (A;) = A} adhere to each other

in the order A’ ..., A7 then T is said to be the interval exchange transformation

corresponding to the partition & and the permutation 7.

Under the identification of M = [0, 1) with a circle S, the exchange of two segments
corresponds to rotations S — S'. Clearly, the translation

f:Sl—>S1
0— 0+ 2mw

can be an interval exchange transformation. If w ¢ Q, f is aperiodic.

Definition 1.2. A map f: M — M is recurrent if Vo € M and for some € > 0,
In eNst. |z — f(z)| <e

Definition 1.3. A map f : M — M is minimal if and only if x is transitive
Ve e M.

Definition 1.4. A bijective map f : M — M is an isometry if and only if the map
preserves distance on M.
Here we have a classical result that will be of interest later.
Theorem 1.5. For w ¢ Q, the translation
f:8t— gt
0 — 0+ 27w

18 minimal.
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Proof. Fix € > 0 and choose 7o € S!. Since S' is minimal, it can be covered by
a finite number of intervals of length €. w ¢ Q implies that f is aperiodic. Since
Vz,2' € O(x), z # 2, it follows from the Pigeonhole Principle that 3 x,,, z, € O(zo)
st |Tm — xp| < . We assume m > n, w.lo.g. fis an isometry, so [xg — Zm—n| < €.
ZTm—n € O(z0), and therefore f is recurrent for all e. Then for any x¢, some iteration
of f lands at any given distance to xo, meaning z is transitive and f is minimal. [J

Now let M be the unit square [0, 1)x[0,1). £ is now a partition of M into r disjoint
rectangles. 7 is defined similarly under some index of the rectangles.

Definition 1.6. A map T : M — M is a rectangle exchange transformation if
T, (x) = x + aj(modl)

”exchanges” the subsections according to the permutation 7 as in Definition 1.1.

Analogously, under identification of the space M with a torus T?, the exchange of
two rectangles corresponds to rotations T? — T2. The 1x1 rotation of the torus

f: T2 — T2
(z,y) = (z + 27w,y + 27ws)

is a rectangle exchange map with a suitable partition. If wy or wo are irrational, f
will be aperiodic.

Theorem 1.7. If wi and wo are irrational, f is recurrent.

Proof. Fix € > 0 and choose xg € M. Since M is compact, it can be covered by a
finite number of open balls of radius €. If M is covered by n e-balls, the aperiodicity
of f and the Pigeonhole Principle guarantee that after at most n 4+ 1 iterations,
I Xmy s Xmy €O0(X0) S.t. [Xm; — Xmy| < €. Since f is an isometry, it follows that
|X0 — Xmyz—m, | < €. O

Remark 1.8. This proof does not work for any more complicated torus rotations
(such as the 2x1 case that will be seen later), as those maps are not isometries near
the discontinuity.

2. EXISTENCE OF NON-COMPOSITE RECTANGLE EXCHANGE TRANSFORMATIONS

Definition 2.1. A rectangle exchange transformation is composite if it can be ex-
pressed as the composition of two interval exchange transformations. If a rectangle
exchange transformation is not composite, it is non-composite.

Proposition 2.2. A rectangle exchange map T : M — M is non-composite if and
only if I(xo,y0), (r1,91) € M s.t., w.l.o.g., yo =y1 and Ty(yo) # T, (7).

Proof. Suppose such a set of points exist. Were T" to be expressible as the composi-
tion of two interval exchange maps, all points along a given line would be mapped
to the same line under each interval exchange. But since those points exist s.t. they
do not get mapped to the same line, this is not the case, and so T is non-composite.

This criterion is easier to check for than the definition itself, and we make use
of it later.



Lemma 2.3. If f and g are rectangle exchange transformations, h := go f is a
rectangle exchange transformation.

Proof. Let &7 be a partition of M in the domain of f, and £, a partition of M in
the domain of g s.t. f(§y) =&} and g(&y) = & {goy 1= &} N &, is a partition of M
in the range of f and the domain of g. Therefore, we have

f(f71(590f)) =&gof = 971(9(59#))
and so

h(f_l(&mf)) = 9(590]”)

It’s easy to see that h exchanges the rectangles according to 7y and then m,, and
so it is a rectangle exchange map.

Theorem 2.4. The transformation
T:M—M
r—x+f

+wi, z<a
yH{Z—I—Wl r>a 7a€(0a1)7w17éw2

is a non-composite rectangle exchange transformation.

Proof. Consider the following functions:

f-M—-M
r—x+p,
g:M—M

+wi, z<a
yH{Z—I—Wl r>a 7a€(0a1)7w17éw2

These are both rectangle exchange transformations, as noted earlier, since they are
equivalent to rotations on T?. T' = fog, and so by Lemma 2.3, T is also a rectangle
exchange map. Take the two points x = (a — ﬁ,y) and X' = (a + ﬁ, y). After
applying T', we have:

T(x) = (0= 7o + B,y + 1)

1
AN
T(X)—(a+—100+57y+w2)

Since wy # wa, the map is non-composite. [J

3. MINIMALITY

Here we consider T with 8 = % + ﬁ + Zn}ng 4+ €N nggr >ng, a = %,
and w1, wy € Q. B converges since as k — oo, {ng} — 0 and it is well approximated

by rational numbers, it converges to an irrational number. So T" will be aperiodic.
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The goal of this section is to show that for suitably chosen {nx}, T' is minimal.
This will be done in Theorem 3.8. We introduce two sets:

1 1 1 1 1

B2 — z, c M|= — + + . §$<_

{ = A eMz -G+ ——+ ) <u<y)
1 1

By = {(z,y) € M|1 —( + +-)<z<1}

NE4+1 Mk1ME+2
1
Proposition 3.1. Vo € M \ (B U B}), T?(x) is an isometry.

Proof. Pick a point x = (z,y) € M \ (BO% U B}). We get that

1 1 1
T?*(z) —x =1+ — + + - (modl) = — + e

ni nin2 ni nin2

By supposition, this is a very small translation. Since both 7" and T2 move the
point to a different section of M, T?(y) — y = w1 +wsz (mod 1). As these distances
are independent of = and y, T2 is an isometry. O

1
Lemma 3.2. Vo € M \ B2 U B}, T*"* (x) is an isometry.

Proof. This follows from Prop. 3.1. For some (z,y) € M \ Bk% U Bi,

TQ""(CCQ)ZCCQ-F + ..

Nk+1
which is extremely small. As in the proof of Prop. 3.1, T?"*(yo) = ng(w1 + wa)
(mod 1). O
Remark 3.3. Lemma 3.2 makes it obvious why we require the exclusion of the points
1 1
in B? and B}. Consider, w.l.o.g., an xg € B?. T?(yo) —yo = 2w1. Since this differs
from the rest of the points in M, T2, and so T?"*, is not an isometry Va € M.

1
Proposition 3.4. B} — () and B} — 0 as k — oo.

Proof. Since {n;} — oo as k — o0, {nik +—L _4+...} — 0. By definition,

NENE+1

card(Bj2)— 0 and card(B})— 0 as k — oco. Therefore, both approach (). [J

1
Remark 3.5. Prop. 3.4 also gives us that diam(B?) and diam(Bj}), and so their
cardinalities, both go to 0 as ny4+; — oc.

Definition 3.6. A map f: M — M is e-dense for some ¢ if and only if for any
open covering of M with balls of radius €, every orbit contains at least one point
in each ball.

Theorem 3.7. T is 1or-dense Vk with suitably chosen {ny}.

Proof. M is compact, so it can be covered by a finite number of balls of radius 10%.

T? moves all x = (z,y) € M\ Bk% U B} by a very small amount. Thus, we can
consider the difference negligible between x and its image under 72. By Lemma
3.1 and Theorem 1.5, we know IN € 2N s.t. TN (y)—y < gz’ Since § (in
particular, N - 3) is dependant on the elements of {n,,}, we can choose ny41 so

that TN (2)—2 < 54 This takes care of all of the balls solely in M \ Bk% U B;.

LThis corresponds to which we choose since it’s much smaller than the desired radius.

11
100 10k



5

1
The points in B U B} are taken care of by adding another requirement on the
selection of ngy1. By the observation in Remark 3.5, we know we can control the

size of these two ”"bad” sets by using ngy1. So we choose ngy1 so diam(Bk%) and
diam(B}) < 10,6%. This means that for any covering of M, the two ”"bad” sets
are contained well within several balls of radius 10%, all of which have already been
accounted for. So even if we have a point in one of these sets, if we wait for its
orbit to exit the set (since f is not affected), we will still hit all of the balls with

points in the orbit. .

Theorem 3.8. T is minimal on M with suitably chosen {ny}.

Proof. This follows directly from Theorem 3.7. Since the appropriately constructed
T is mik—dense Vk, every point is transitive, since we can make the points be e-dense
for any € we want. O

Remark 3.9. The previous results therefore give us the three conditions we want
on {ny} to construct T as a minimal map. They are:
(i) k41 should be s.t. TN (z)—z < 10)@%;

(ii) mg4+1 should be s.t. diam(Bk%) and diam(B}) < 15t}

(iii) mg+1 should be large enough so that the results from the previous stage are
not undone.

Condition (iii) is not that important in the construction, since it follows from
the other two.

Under this construction, 7" is a minimal non-composite rectangle exchange trans-
formation. However, even for all 7" in the class brought up in Section 2, this con-
struction produces a small number of Os that work, let alone for all other possible
non-composite maps. We think there should exist more maps of this sort, but we
did not have time this summer to explore some other approaches we thought had
promise for more general results. Section 4 mentions two such approaches oriented
around results from related areas.

4. OTHER APPROACHES

The first such result we looked at is from Keane [1], concerning interval exchange
maps.

Definition 4.1. A permutation 7 is irreducible if for each 1 < j <n —1,

m({1,2,...,4H) #(1,2,...,5)

Definition 4.2. An interval exchange transformation T is irrational if 7 is ir-
reducible and if the only rational relations between the numbers ag,...,a, are
multiples of a1 + -+ + oy, = 1.

Definition 4.3. T satisfies the minimality condition if and only if:
(i) T is aperiodic;
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(ii) if F is a finite union of half-open intervals whose endpoints all belong to the
countable set

D> = D 0(5;) U {1}
1=0

where §; is the right endpoint of the sub-interval A;, then TF = F implies F = M
or = 0.

Theorem 4.4. T satisfies the minimality condition if and only if O (x) is dense in
M for each x € M.

Theorem 4.5. If T is irrational, then T satisfies the minimality condition.

The first problem we ran into in generalizing this result is that we did not notice an
obvious natural extension of irreducibility for rectangle exchange transformations
where the partition is non-symmetric. There is a good generalization to those
rectangle exchange transformations that are composite, but as we are not dealing
with those, we do not mention it. Even so, this result is quite powerful in describing
which interval exchange maps are minimal, and even a weakened version could
provide a large group of minimal rectangle exchange transformations.//.

The second result we found in Katok & Hasselblatt [2]. It gives a criterion for a
continuous torus shift to be minimal.

Proposition 4.6. Consider the torus T2, a function ¢(z) : S' — R, and a map
fil(wy)— (x+a,y+ o)) of T2. Then either ¢(x) = ®(x + a) — ®(x) +r for

some continuous ® : S +— R and r € Q or f is minimal.

The discontinuity in the general class of 2x1 rotations we looked at in Section 2 is
the reason this result needs to be modified. We ran out of time trying to consider
how to modify the result so as to not use continuity. This approach seems more
promising than that from Keane due to the stronger similarity between torus shifts
and non-composite rectangle exchange maps than between interval exchange maps
and rectangle exchange maps.
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