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ABSTRACT. We establish conditions for the existence of a family of piecewise linear invariant
curves in a two-parameter family of piecewise isometries on the upper half-plane known as
Translated Cone Exchange Transformations. We show that these curves are embeddings of
interval exchange transformations and give rise to layers of invariant regions. We also show
the existence of a trapezoidal piecewise isometry for which the dynamics on the top and
bottom edges are distinct 2-interval exchange transformations.

1. INTRODUCTION

An interval exchange transformation (IET) is a pair (Z, f) such that f is a bijective map
that is a translation on each set in a partition Z of an interval I into intervals. If the partition
consists of d then we say it is a d-IET. Such a map can be parametrized in terms of o € Ri

and a permutation o € S({0,...,d — 1}). For some z we set x; = 29 + > 5_, o and f is
defined in terms of a partition into intervals I; O (z;,2;11) by translations
fj (.CE) =z+ T

for x € I;. The 7; := Zk:a(kz)<a(j) Qk — D _pe; Ok, are such that the intervals are reassembled
in an order defined by the permutation o. Note that the set of pre-images and images of the
discontinuities will be countable and so the value of f on the discontinuities can be ignored
if the aim is to characterise a full Lebesgue measure subset of I.

There is a deep theory for the dynamics of iterated TETS; see for instance [16], 17, 19, 20, 23].
It is known that almost all IETs which are not irrational rotations are weakly mixing [23],
though not (strongly-)mixing [16]. They give insight into many related concepts, such as La-
grange’s Theorem [I1], continued fractions and the Gauss map [22], Khinchin’s Theorem [25]
and Sturmian shifts [24]. IETs have deep connections in the study of measurable foliations
and translation surfaces [21].

Piecewise isometries (PWIs) represent a generalisation of IETSs to higher dimensions and
arbitrary metric spaces. They consist of (P, F') where P is a partition of some metric space
P into convex pieces P, and F' is a map that maps the pieces through isometries onto its
image [2, [14], [I5]: on the complex plane this means that, for example, if z € P; then we have

Fj(z) = zexp(it;) + B;.

Even for such orientation-preserving cases, the dynamics of PWIs are much less understood
than IETs. For PWIs that are not bijections, one can reduce to a bijection (almost every-
where) by taking P the maximal invariant set Pp.x = Ng>oF*(P). This maximal invariant
set can be divided into the exceptional set £ - consisting of the orbit of the discontinuity
and the orbits which accumulate on it - and its complement, the regular set R - consisting
of a packing of convex periodic islands.
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It is known that PWIs have zero topological entropy [12] and there are conjectured con-
ditions for a PWI to have sensitive dependence on initial conditions in the exceptional set
[T0]. Mostly it has been specific examples that have been studied [3, 4 [5 6, [7] and PWIs
are known to exhibit a seemingly wide variety of behaviour not seen with IETSs, such as the
appearance of unbounded periodicity which accumulates on the exceptional set. The exam-
ple given in [5] shows that the exceptional set can be a Cantor set on which the dynamics is
minimal and uniquely ergodic.

PWIs have been studied as linear models for the standard map (e.g. [I]), and are known
to exhibit similar phenomena in terms of regions of regular and chaotic motion. Unlike
IETs which are typically ergodic, there is plenty of evidence, for example in [§], that the
exceptional set may not have dense trajectories for many families of PWIs. One of the
obstructions to ergodicity in the exceptional set is the existence of invariant curves that
prevent orbits from crossing. Similarly, [7] presents a PWI on the plane which consists of a
permutation of four cones by rational rotations, which was shown by the authors to admit
an uncountable number of closed, piecewise linear curves on which the dynamics is conjugate
to a transitive IET.

It is clear from [9] that both trivial invariant curves (consisting of unions of line segments
or circle arcs) and nontrivial invariant curves (that are not of this form) can appear as
embeddings of IETs in PWIs. In [9] it is shown that there are no non-trivial embeddings of
2-IETs into 2-PWIs, but and that there is a 3-PWI that admits a non-trivial embedding of
any 3-IET. Beyond these results, there is very little known about non-trivial invariant curves
in piecewise isometries, and even the seemingly simpler “trivial” variety of invariant curves
(those which consist of arcs and line segments) have up until now have been studied very
little.

In this paper we study two particular cases of PWIs: in the first, we exactly describe the
maximal invariant set and the dynamics on it; in the second case, we produce a sequence
of invariant curves that gives useful bounds on the maximal invariant set. Our main results
are as follows. In Theorem we provide an exact description of the maximal invariant
set and global attractor for a class of PWIs. In Theorem [4.2] we prove the existence of a
sequence of 2-parameter families of piecewise linear (polygonal) invariant curves for a class
of PWIs, which are continuous in both parameters; these curves are embeddings of IETs,
and also form part of the boundary of an invariant region. In Theorem (1.5 we establish
sufficient and necessary conditions for the density (or periodicity everywhere) of orbits on
the aforementioned invariant curves due to the underlying IET.

The paper is organized as follows. In Section 2, we introduce definitions and terminology
relevant to the results of this paper. In Section 3, we investigate a class of PWIs with three
unbounded atoms, and state and prove Theorem as well as describe the dynamics on the
maximal invariant set. In section 4, we study a class of PWIs with four unbounded atoms.
We state and prove Theorem and Theorem [4.5] In section 5, we give concluding remarks
and discuss some open questions.

2. INTERVAL EXCHANGE TRANSFORMATIONS AND TRANSLATED CONE EXCHANGES

We consider a particular class of PWIs, Translated Cone Exchange Transformations, in-
troduced in [9]. These are described by a partition of the upper half of the complex plane
divided into cones Fy, Py, ..., Pyy1 (for some d > 2) which share a common vertex at the
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origin. The cones are permuted via rotation and translation while the end cones are only
translated.

Let H = {z € C : Im(z) > 0} C C denote the upper half plane and let B¢ be the
(d + 1)-simplex:

dt1
B2 = {a = (g, ..., 0q41) € (0,7)%2 Zaj = 7T} .
=0

Given a = (ay, ..., aqs1) € B we partition the interval J = [0, 7] into subintervals

JO D) (O,C‘éo), lfj = O,
j=1 .

J; D (Z &k,Zi:Oak) , ifjed{l,...,d+1}
k=0

For such a o € B2 and permutation o € S({0,...,d + 1}) there is a d + 2-IET g with
partition {Jj}?i(l) for j =0,...,d+1 that acts on [0, 71]; we write g;(z) =z +7; if x € J; for
j =0..d+ 1. The partition {.J;} induces a partition of H into cones

(2.1) {27} P, o{zeH : arg(z) € J;}.

for j = 0..d + 1 (for definiteness we assign z = 0 to lie in Fp).

Given a € B2 and permutation o € S({0,...,d + 1}) and (Bo,- -, Bar1) € CH2 we
define similarly to [9] a general translated cone exchange (TCE) with this data as a map
F :H — C such that

Fj(z) = |z exp(ig(arg(2))) + B; = z exp(iT;) + f;
if z € P;. Figure [I| shows an example for d = 4 such a partition into such as set of cones P
P={P;:j€{0,...,d+1}},

We consider, as in [9], TCEs such that ¢(0) = 0 and o(d+1) = d+1 meaning the permutation
only affects the cones in P, - -- P;, and we take the particular set of translations

/60:_17
5j:—77, lfj:].,,d
Bar1 = A

for 0 < A < 1 real, where n =1 — \.

In summary, we consider in this paper a family of TCEs parametrized by 0 < A < 1,
a € B¥! and 0 € S({0,...,d + 1}) where we require o(0) = 0 and o(d + 1) = d + 1. For
this data we define F : H — H by

z—1 ifl'EP(),
(2.2) 7eq:F? F(z) = zexp(it;) —n if z € P;,j€{1,...,d},
zZ+ A if z € Pyyq,

where n =1 — X\ and

(2.3) 7eq:tau? Tj = Z oy — Zak.

o(k)<o(j) k<j
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(b)

FIGURE 1. (a): An example of a partition P of the closed upper half plane
H into d + 2 = 6 cones. (b) The partition P is transformed by a translated
cone exchange F'. Note firstly that the d = 4 cones P;, P», P; and P, have
been permuted via rotation about their shared vertex and translated together
while the outer two cones have been translated to overlap the cone vertex.

This map is such that there is a 2-IET on the interval [—1, \] that permutes the intervals
[—1,0] and [0, A] on in the real axis within H and such that for some region in the upper half
plane, above this interval, the map is invertible: see Figure [T

There are many unanswered questions even for this quite restricted family of TCEs [9]. For
example, it is conjectured that this family of TCEs will have a maximal invariant set with
positive Lebesgue measure. The specific question we address here is whether the maximal
invariant set contains a neighbourhood of the baseline in H.

Now consider any k-IET (Z, f) on I with data o’ and ¢’. If there is a map v : I — H that
is a homeomorphism onto its image such that

(2.4){7} Foy(z)=vo f(z)

except on a countable set of z, then we say (as in [9]) that v(I) is a continuous embedding
of the IET f : I — [ into F': H — H. We say an embedding v of an IET into a PWI is a
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FIGURE 2. A plot of the first 2000 iterates (after removing 1000 iterates to
omit transients) of 1500 points, chosen uniformly within the box [—1, ] x
[0, 1.5], under a TCE of the form ({3.1) with parameters a = (5 —0.9,1,5 —0.1)

and A = \/75 Observe that the attractor here is stratified since the map consists

only of horizontal translations.

linear embedding if v(I) is a union of lines, and it is a fan embedding if v(I) is a union of
segments of circles. Recall from [9] that we call v a trivial embedding if it is a linear or a
fan embedding, and that paper demonstrated that there can be nontrivial embeddings.

3. A TCE INTERPOLATING BETWEEN [ET'S

We start by considering a simple but nontrivial case where d = 1, and we consider the
TCE (2.2)) for parameters

(3.1) ?7eq:parameterst? € B>, 0 < A < 1, and ¢ the identity permutation.

The results in this section, for example Theorem (3.1} show that the TCE with parameters
is a simple but illustrative example of an “extension” of an IET to a higher dimensional
PWI that is not a product of IETSs or (more generally) a rectangle exchange. In particular,
we show that the maximal invariant set in H is the set depicted in Figure [2|and the dynamics
of this consists of a PWI that interpolates between two interval exchanges, where one is the
first-order Rauzy induction of the other and the interpolation between them is a piecewise-
continuous family of 3-IETs. Case , together with corollary in the case , are
also well-behaved examples of a phenomenon where some PWIs appear to be decomposable
into a stack of layers separated by invariant curves; other examples seemingly displaying this
phenomenon include figures 2 (c) and 2 (d) in [8], and figures 7 (c¢) and 7 (d) in [7].
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Since 1) = 11 = T = 0, the map F' is a piecewise translation which preserves horizontal
lines R+ iy = {t + iy : t € R}, for all y > 0. In particular, the action of F' on R + iy is
conjugate to an interval translation map h, : R — R,

r—1 ifz> Y

hy(x) =< x—n if —tagjjio T < s
r+ A ifzr< —tagw,
via the conjugation
(3.2) 7eq:Fhconjugation? Flriiy(z) = hy(z —iy) + iy.
?(InvSetThm)? Theorem 3.1. Let F be a TCE with parameters and let M denote the set
(3.3) ?eq:M? M=(P,—1)U(P —n)N(Py+ A).
Then M is the mazimal invariant set and global attractor for F'. For all y > 0, let
(3.4) 7eq:foliation? M, :=MnN(R+iy)

and note that this is an invariant set for F'. The dynamics on M consist of an IET on each
M,. Moreover, there is a y* > 0 such that there are 3-IETs for each M, with 0 <y < y*
that interpolate between one 2-IET on My and another 2-IET on each M, with y > y*.

Proof. We will first prove that for all z € H, there is some N € N for which FN(z) € M.
Then it will suffice to show that M is F-invariant.
Firstly, observe that we can segment P, into ribbons (see figure [3))

o0

Py=JPo+n)\ (Po+n+1),

n=0
so that forn > 0
F((Po+n)\ (Po+n+1))=(Fo+n—1)\ (F+n).
Therefore, for all z € Py, there is some n € N for which z € (B +n) \ (Fo +n + 1), from
which it follows that F"™(2) € (Py — 1) \ P, i.e.
F'ili(z) e (P —1)N (P U PR).

Thus, either F"*1(z) € (Py — 1) N P, C M, in which case we are done, or F"(2) € P;.
Now suppose that z € P;. Once again, we can partition P; into a union

o0

P= @ +m)\ (P + (n+1)n).

n=0

with the property that
F((Pr+nn) \ (P + (n+1)n)) = (Pr+ (n = 1)n) \ (P + nn).

It is clear that given z € P, there is some n € N for which z € (P, +nn) \ (P + (n+ 1)n)
so that

FrHi(z) e (Pi—=n)\ Pi=(Pi—n) N (R U P,).
It is clear that P, —n C P, U P, so in fact
F"(2) e (PL—n)NP,C M.
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FIGURE 3. An illustration of a construction used for the proof of Theorem
[3.4] which is a partition of P into ribbons on which F' acts by shifting every
ribbon to the one on its left.

Now suppose that z € P,. Similarly as before we can segment P into ribbons of the form

o

Py=|J(Py=nM)\ (P — (n+ 1)),

n=1
so that
F((P,—nA)\ (= (n+1)A) = (P — (n—1A)\ (P —nA).
It is clear to see that for each z € Ps, there is some n € N such that z € (P, —n\) \ (P> —
(n+ 1)\). Hence,
F'' () e (B+ N\ P=(PR+)NN(PUP).

Now if F"*1(2) € (P, + A\) N Py then we are done, since Py C (Py — 1). Now it remains to
show that P, N (P, + \) C M. But note that P, N (P, —n) = 0, since (P, —n) C P, and
P, N Py = (). Therefore,

PrC(Po—n)U(Pr—n) C(R—1)N(P —n),

from which it follows that P, N (P, + \) C M.

We will now show that M is F-invariant. Recall and let M = M, — iy. Examining
the components of the intersection defining M, we derive the following inequalities.
Firstly, from the P, + A\ component we see that for all z € M,

1
(3.5) 7eq:P2inequality? Re(z) < A — m(z) ’
tan ao
Secondly, from the component (P, — 1) U (P, — n), we find that for all z € M,
Im(2) Im(2) Im(2)

(3.6) ?eq:POPliﬂ%q(la).i?eiQSQ— 1, or —n—

2 — < Re(z) < —n+
tan o tan as

tan ag
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Combining (3.5) and ({3.6]), we see that for all z =z + iy € M,

min{—1+ Y /e Y }<x<)\— Y

tan o’ tan as tan oo

Now to achieve a concrete definition of the map h,| My, we now wish to find similar inequalities
for M N P; for j = 0,1,2. Trivially, we see that x 41y € M N B, if and only if

i <Tr < A\— id ,
tan ay tan ap
and x + iy € M N P, if and only if

min < —1 + J , =1 — J <r<-— v
tan o tan ay tan o

Finally, x + iy € M N P, if and only if

max < min ¢ —1 + J ,—1 — i ,— Y <z < min i S — i .
tan aq tan oy tan ap tan aq tan o

This can be simplified if we observe that

min{-1+—— p-—2 V< p_ Y4 Y
tan aq tan ay tan ap tan oo

Thus, z 4+ 1y € M N P, if and only if

—— Y <2 <mn Y JA— i .
tan as tan aq tan aq

We thus see that the map hy[yy is defined by

r—1 if = <o <A—
an oo tan ao?

(37) ?eq:IE@&lMG(‘-’YJ) = = if _tanag <2 < min {targljoc()’)\ B tarzllaz }’
T+ A ifmm{ 1+ }<ZE<— 4

tanao N = tanag tan oo’

Let y* > 0 such that tanao =\— tana . Then through classic trigonometric identities, we
can deduce that

sin o sin «
(3.8) ?eq:ystar? Y= S

sin(ag + )’

Now we can examine the map h,[y; in the cases where y = 0, 0 <y < y* and y > y*.
Firstly, in the case of y = 0, the definition (3.7)) simplifies to

holap () = r—1 if0<x <A,
OMA T e )N if—1<a2 <0,

from which it is trivial to see this is a IET of two intervals. Secondly, the case y > y*
corresponds to the inequality > A\ — —2— and equivalently —1 + > —n — y

tan ag tan a2 tan oo *

By combining these inequalities with (3.7]), we see that

tan (o7

h| () r—=n if—tana <$<)\_tanoc2
1) =
yIM, r+ A if —n— <z < -—

tan a9 tan ag’?
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which is trivially also an IET of two intervals. Finally, we also see that for all 0 < y < y*,

r—1 if 22— <z< -

tan ag tan asg’
_ _ Y Yy
hy|Mé (l’) o x 77 lf tan a <x < tanag’
i — Y _ Y
r+ A if 1+ o <2< —mias

We see that

Y ) A— J —1 -1 =+ J T/ J )
tan o tan as tan aq tan o
) Y Y Y
- ) - - y + )
( tan ap tan a0> 7 ( 1 tan as " ta a0>

n
S [N A A [\ (NI S pp—" -
tanqg  tan s tan ag tan as

It is clear from this that for 0 < y < y*, h,| My is length-preserving, hence it is invertible, and
therefore is an IET of three intervals. In all three cases, the set M, is h-invariant. Therefore,
since (3.2) and M = Uy>0 M, we conclude that M is F-invariant, which completes the
proof. O

The conjugation (3.2)) implies that M is the maximal invariant set and attractor for h,,.
To re-frame the one-dimensional slices M, into a two-dimensional perspective, we can
observe that the set

<xr < \N— ,
tan ag tan as

T:{x—i-iyEC:—l—f- O<y<y*},

which is also clearly equal to the union |J, <y<y My, is an invertible PWI of three atoms
T NPy, TNP and T N Py, for which the bottom and top edges (M, and M, respectively)
are IETs of two intervals. In fact, the map h,- M, is conjugate (via translation) to the

first-order Rauzy induction of ho|ay, that is the first return map of hg to [—1,0]. See figure
for an illustration of this mapping. One could say that the map (z,y) = hy[u(2) is a
form of “homotopy” between the IETs hoyy and h,- M. however the map is only piecewise

continuous and thus does not achieve the criteria to be a homotopy in the usual sense.
On the other hand, the set

T'=R3az+iyeC:—n— Y >ye,
tan oo tan ay

is a strip on which for every y > y*, the map h,| My 1s conjugate via translations to by« |y,
Y

i.e. F' acts on T by exchanging the strips

r+iyeC:—n— b cp<c-Y N T
tan as tan as

and

{x+iy€@:— <xr < A— Y yzy*}.

tan as tan oy’
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FIGURE 4. (a): The partition of the trapezium 7, with cone angles o =
(r/2,1,7/2 — 1) and translation parameter A = /2/2, which gives rise to
a piecewise translation. Note that the discontinuity lines split the top and
bottom boundaries into two subintervals. (b) The partition from (a) now
transformed under the PWI. Note that the subintervals of the top and bottom
boundaries in each atom have exchanged like an TET.

4. SOME ROTATIONAL TCES WITH FAMILIES OF POLYGONAL INVARIANT CURVES

For any value of 0 < ¢ < 7 and 0 < A < 1 we consider the TCE (2.2)) for d = 2 with
0 T

o= <§_¢?¢7¢7§_¢>>

o= (0)(12)(3)

(4. 1) ?parameters?

Define n:=1— X and

A
4.2) 7eq: ? N\ @) =|—]|.
( ) eq Ndef ( 7¢) \‘277(1 +COS¢)J
and note that N € N can be arbitrarily large by choosing X close to 1 (i.e. i close to zero).
We claim that for each n = 1,..., N there will be a linear embedding of an IET into the
TCE with this data.
To this end we define

1™ = X —2n(1 + cos )7,
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and note that 0 < ™ < (=D forall 1 < n < N.

Remark 4.1. The conditions that (™ > 0 and A < 1 are equivalent to the inequality

1
4.3) ?initialineq? 1— <A A<1.
( ) initialineq om (1 —|—COS§Z5) 1=
This confirms that as A 7 1, N(A,¢) > n for arbitrarily large n € N, and in fact for any
n € N N(\, ¢) = n if and only if
1 <A<l L
2n(l+cosp)+1 — 2(n+1)(1+cos¢p) + 1

Our aim is to prove the existence of a family of linear embeddings of IETs into TCEs of
the kind (4.1)), and to do this we will first note that piecewise linear curves can be specified
by the vertices that form the endpoints of each linear segment of the curve.

We will now define a finite sequence of points (a,(c ))ﬁnz?’ (see figure [5)) by
(n) 1+ cos ¢

1 -1+
ag nn(1 + cos @) +inn tang
n n n 1+ cos
ag ) = a(() Uy (COR—. —nn(1+ cos @) —i—mnT(ﬁgb,
(4.4) ?points? a](c”) + 7 if k is odd,
a,(:gl = a,(cn) + nexp(ig) if kiseven, 1 <k <2n+1,
afj) +nexp(—i¢) if kiseven, 2n+ 1 <k <4dn + 2,

az(;z)—% = az(L:Lz)-i—Q +1
Let 1™ = [0,20™ + (4n + 1)n) and define the points tk , for k € {0,...,4n + 2}, by

0, it k=0,
1 =1 4 (k—1)y,  ifke{l,... 4n+2},
20 4 (dn +1)n  if k= 4n + 3.

The sequence (aén)) defines the vertices for a piecewise linear curve 4™ : I — H, that is

(n)
t—1 (n) (n)

YUt = s (@) — ) + 0 for Y <t <),
by — Ui
The curve 7™ is the linear interpolation of the points a(()n), agn), a4n 5. We shall call v

an n-stepped cap.
Given points g, 1, ...,x3—1 € C, we will denote the open and bounded M-sided polygon
with vertices zg,...,xy 1 and edges (zg, xg+1) and (zp-1,20) by

(4.5) ?polygon? [xo, ce :EM_l].
When N(X, ¢) >n > 1, let Y™ denote the polygon
(4.6) ?Yregion? y ™ = [ 1, a(n) gn) CLZ(LZ)_’_?), )\}

We call Y™ an n-stepped pyramid. See figures E and @



2/ ?
?(morecurves)?

riantcurves)? Theorem 4.2. Consider the TCE (P, F) defined by with parameters and define
N = N(\ ¢) as in . Then for each 0 < n < N there is an n-stepped cap v which is
F-invariant and is a linear embedding of a 4-IET into (P, F'). Moreover, when N > 1, for
each 1 < n < N there is an n-stepped pyramid Y™ that is F-invariant.

NOAH COCKRAM, PETER ASHWIN AND ANA RODRIGUES

FIGURE 5. An illustration of n-stepped caps for n = 1,2, 3,4 ascending from
the bottom curve, with the same parameters as in figure [7, which each form
the “cap” of the boundary for their respective n-stepped pyramid. Each vertex

of the curves represents one of the points a,(gn), though only some points have

been labelled. The curves 4™ have been coloured into the segments ™ (I ,ﬁ”))
from (.10, i.e. 7™(I) is partitioned according to which cone the segment
belongs to.

F1GURE 6. The n-stepped caps as in figure , but mapped under the TCE
F with the same parameters. Observe that the curves seem to be preserved,
although the individually coloured pieces are rearranged within each curve
into the partition v (I ,g")’ ) as in (£.11)), which is akin to an interval exchange
transformation. Additionally note that the n-stepped pyramids also appear to
be preserved under F.
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Proof. Let 0 < n < N be an integer. Observe that

a0 — o™ 4
1
= —nn(1 + cos ¢) —I—mnﬂb
tan ¢
4.7) 7227 1
(4.7 :nn%og;qb(—sinqﬁ—kicosgb)
1 -
=nn —’—_COS(bexp( (¢+ )) e P,NP;.
sin ¢

Secondly, noting that

1 1 1
B

sin ¢ +

we have
asly = ad" +3 n+ > nexp(io)
j=1 j=1

1
= —nn(l+cos¢g) + innm
(4.8) 7a2n? tan ¢

1
=inmn (singb + m)

tan ¢
. 1+4-cos
:ZTL?]SIT(ng5 lePQ

+ nn + nnexp(ig),

Thirdly, we have

ain+2 = a2n+2 + Z n+ Z nexp(—i¢)

1
%(ng) + nn + nnexp(—ig),

14 cos¢
tan ¢

(sin¢ + i cos @)

=inn <Sin o+

(4.9) 7a4n?

= innsin ¢ 4 1nn + nn + nncos ¢ — innsin ¢

1+ coso
~ M sing
L (15 -0)) eTin

We will partition the interval I into four subintervals

> 5.

=nn

¢
(4.10) ?curve partition? 2 ’ 2"+2)

D (ty
(t2n+2’ t4n+2)
2

t4n+27 t4n+3)

13

so that (I ](")) C Ps_; for each j by the above discussion, in particular (4.7), (4.8) and (4.9).
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1.0

~1.00 -0.75 —0.50 -0.25 0.00 0.25 0.50 0.75

FIGURE 7. A plot of the first 1500 iterates (after removing 1000 iterates to
omit transients) of 1000 points, chosen uniformly within the box [—1, \] x[0, 1],

under the TCE with parameters ¢ = 7/4 and \ = Sii§ + 0.01. Note the

appearance of more curves with an increasing number of steps.

7(094345)7?
Define another partition of 7" by
o (15 1),
D (tgn) t2n+1)
(4.11) ?gammaprime? (n) (n
"D (tymyrs tamrn);
D (t4n+1a 4n+3)

Then to prove the F-invariance of fy(" (I (n))’ it suffices to show that
(4.12) ?proofcondition? F(fy( )([(n)>) ’}/( )(1-:)()1i)j()7

for y =0,1,2,3.
Since the curve 7™ is determined by the points a,(g"), we need only prove that (4.12)) holds

on the appropriate a( ),
Observe that by (4.9 ,

n 1
al™ = nn(1 + cos ) — 1 + mn%ﬁ
1
:nnm (sing +icos¢) — 1
sin ¢

= Qupyo —
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Hence,
af” = af” +1" = az(LTrLL)Jrz — 141 A(L:LL)Jr?) L
so by (4.10) we have

Similarly, we have
aiﬁll = az(LZ)JrQ — 1=y — 1+ A= aén) + A,
from which we deduce
ai’élg—aiﬁlﬁnﬂ”)—a("’+A+n+l = af” + )\,
and thus by (4.10 , we get
FOO 7)) =707 + A =1 (1),
We know that
POy (1) = exp(—io}y™ (1) = n,
since 7(")(I£n)) C P». Recall from that for 1 <k <2n+1

NON al + 1 if £ is odd,
bl a,(:) +nexp(i¢p) if kis even.

From this, it follows from distributing and rearranging terms that

. (n) e
. n exp(—i¢)(a; " +n) — if £ is odd,

(4.13) ?inductioni ? eXP(_i¢)(a§:) +nexp(ig)) —n if k is even,
. finductionlstep!

_ {(exp(—igb)a,im —n) +nexp(—igp) if kis odd,

(exp(—iqﬁ)a,(gn) —n)+n if k is even.
In addition, we can see from comparison of (4.7) and (4.8))
(4.14) ?comparison? G;Z)Jr2 = exp(—igb)aén).
By using (4.4) in the case k = 2n + 1, we see that

(4.15) ?inductionibase? agﬁl = agn)H n= exp(—icb)agn) —n.

Using (4.15)) and (4.13)), we can use an inductive argument to show that for 1 < k < 2n+1,
(4.16) ?shiftingal? exp( Z¢)ak+1 n = agfl)%
Recalling the definition of IS in ([@.11), we know that ™ (I, (") is the linear interpolation
of the points, in order, ag,?ﬂ, . aflz 1. Thus, it follows from this and (4.16) that

F(y"(I™) = exp(=ig)y™ (I") =0 = 4" (1),
In a similar fashion, recall from (4.10]) that ™ (I, (")) C Py, so

F(Y"(1")) = exp(io)y™ (13") —n.

Recall from (4.4) that for 2n + 1 < k < 4n + 1 that

(n) { (n) +n if kis Odd,

a
R ) nexp(—i¢) if k is even.
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We thus have

. (n) e
, n exp(ig n if k is odd,
exp(ig)ay’, — 1 = (. @ “ ) - o
exp(ip)(a;” + nexp(—ip)) —n if k is even,
(4.17) ?induction2step?
(exp(ig)a ,(g —n)+nexp(ip) if kis odd,
(exp(ig)a ,(f —n)+n if k is even.
Recalling (4.14)), and using (4.4) in the case k = 1, we see that
(4.18) ?induction2base? agn) = agn) -n= eXp(igZﬂaéZ)_i_Q —n.

Combining (4.17)) and (4.18]), we can use another inductive argument to show that for 2n+1 <
kE<d4dn+1,

(4.19) ?shiftinga2? exp(ig)ayy —n = "y,

It is clear from the definition of Iln in (4.11)) that ~ ")(12 )/) is the linear interpolation of
the points, in order, agn), o agﬁrl. Therefore, it follows from (.19) that

F("(1Y)) = explio (L) =0 =" (1),
We have thus proven (4.12)), from which it follows that
F(y™ (1)) = F(y"™(I5") U F(y™(I) U F(y™(1$7)) U F (™ (1)),
=) VA ) U U (1)
= 7( )<[)’

up to a set of zero one-dimensional Lebesgue measure. It is clear from the definitions in

that
1<">’ =M, =1 - (z<"> + (4n + 1)),
I =1 =, + 4 = 1Y — 20+ 1),
1‘ & :ﬂ )—t§)+t§n)+1 =" )—1—27177,
[ =1 4 =1 4 4n77.

Hence, 2) implies that the mapping (y™)™' o F o~ : [™ — [ is an IET of four
subintervals with combinatorial data

=(03)(12)
¢ = (1™ 4, 2nn, 2nn, 1™).

Note that the superscript n here is not to be confused with Rauzy induction. To prove that
Y (™ is F-invariant, it suffices to show that each atom in Q™ = PvY ™ = {PNnY ™ : P ¢ P}
intersects the others at most on its boundary, that their image under F is contained in Y
Recall the notation in for denoting open polygons in C. Note that if £': C — C is any
Euclidean isometry on C, then

E([Io, PN ,ZL’N_l]) = [E(.l’o), ce ,E(ZEN_l)].

(4.20) 71ET?

For y =0,1,2,3, let

. () _ v (n
(4.21) ?Qpartition? Qj =yY®n PJ
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By the deﬁnmon of Y™ in (4.6 and the properties (4.7} and (4.9) of the points ag ),

(n) (n)
ay, and ay,’ , respectively, we have

[O a42)+2, 4Z)+37 /\]7

0, (n) (n) (n)
= | a2n+27a’2n+37" a4n+2]
[O CL2 7a3 ) aén)-i-2]7

= [-

1 aén , s () 0].
Since (); C P; for each j = O, 1, 2,3, we have
F(Q4") = [0, 0l afy) s N = 1= [<1,a”, @, =],
PQSY) = [1oay” a5, 0+ X = [=n, a1, s, AL
Recall (4.16)), then it is clear to see that
F(QL") = exp(i)[0, agy)a, - ali)a] 1

(4.22) 7q03?

(4.23) 717 — [=n,exp(ig)a? y — 1, .., expli¢)al,, — n]
= [_777 agn)’ .- ag?—f-l]

Similarly by recalling (4.19) we get
F(Q") = exp(=ig)[0, 05" ..., ag)n] =1

(4.24) 7027 = [, exp(—ig)ag” — ... exp(—ig)as,)., — ]

= [_777 ag??—{-la s >a4(17:z)-i-1]‘
It is clear from (#.22)), (#.23), (4.24) that F(Y™) C Y™ and the only nonempty intersec-
tions are

FQS™) N FQY) = {—nt + (1 —t)al” : t € [0,1]},
FQI)NF(QY) = {—nt + (1 — t)al,, : t € [0,1]},
(
)

FQS) N F(QY) = {—nt + (1 — t)al,, : t € [0,1]},

and F(Q, YA FQM™) N FQM) N F(Q3 ') = {=n}. All of these intersections are on the
boundarles of the atoms and thus have 0 two-dimensional Lebesgue measure. Therefore
Y™ is F-invariant up to zero measure. 0]

Remark 4.3. Note that when n = 0, we have [(’) = )\, and the sequence (aéo))izo consists
only of the four points

aéo) =—1, ago) = -7, ago) =0, ago) =\

The curve 4% is therefore simply the baseline interval [—1, \] = I — 1 = 4(I¥), the action
of T on [—1, )] is almost-everywhere equal to the baseline IET, and the region Y is the
empty set (it is open with empty interior).

When N > 2, this result has the following consequence.

ciant; Layers)? Corollary 4.4 (Invariant Layers). Suppose that N(\,¢) > 1. Then Y™ \ Y= 45 [
wwvaritant for all1 <n < N.
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Proof. If n = 1, then YN \ YO = Y which is already F-invariant by Theorem 4.2 .
So suppose N > 2 and n > 2. Let Leby denote two-dimensional Lebesgue measure. Since
11 > 1" > 0, by Theorem , Y™ and Y=Y are F-invariant. Thus, Flym and Flym-1
are invertible, and we have that

Yol =PIl (v D),
up to a set of zero Lebs-measure. Thus, we know that
Leb, (Y™ \ YD) 0 R[4, (YD) =0.
By the invariance of Y™, this implies
Leby (YN Y=Y A P4 (Y \ YD) = Leby (Y \ YD) |
but Fl|y @ is area-preserving since it is invertible, so in fact
YO YD < L (e ),
up to a set with Lebesgue measure zero. O

4.1. Dynamics on the Invariant Curves. For each integer 0 < n < N(\, ¢), recall that
I =10,21" + (4n + 1)), and from Theorem recall that there is a 4-IET (Z™, f)

defined by
(I 5 (0,1 + 1),
7m — LY S (10 40,010 + (20 + 1)),
£Y 5™ 4 20+ D, i™ + (4n+ 1)n), [
(4.25) 71ETinterval? LIS D (10 4 (4n + 1), 200 + (4n + 1))
(241 + dnn if r e [én)’
F™(g) = z+ (2n—1)n ?f x € I{:i,
z—(2n+1)n ifeel)”,
(2 =1 — (dn+ 1)y ifweny”

given by the combinatorial data (o, &™) from (4.20]).
P(densitythm)? Theorem 4.5. Either the F-orbits of all points on v (1) are dense in v (1) or they
are pertodic. Furthermore, F-orbits along ’y(")(I(”)) are dense if and only if

)4 p+2n(1 + cosp)q
p+ (1+2n(1+cosd))q’

for any p,q € Z with ¢ > 0.
Proof. By Theorem , we have that for all z € 1,
Fon®(a) =4 o {0(a).
The first return map of f™ to the first subinterval I\ is a 2-IET f\" with data
¢=1(01),
o0 = (109 )

It is not so difficult to show that under fén), the subinterval [én) visits all of I in 4n
iterations, and that the dynamics of f™ is determined by the first return map fé"). It is
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known that 2-IETs are conjugate to circle rotations. Hence every orbit is either periodic or
every orbit is dense. Moreover, orbits under £ are dense in I™ if and only if they are

dense in Ién) under fé”).

Recall that n > 0, so orbits are periodic on the curve if and only if
[()
— e Q.
n
Because 1™ = X\ — 2nn(1 + cos ¢), this is equivalent to
A
— €2ncoso+ Q.
U]
Further recalling that n = 1 — A\, we see that this is equivalent to the statement that there
exist p,q € Z, q > 0 such that

=X q
A 2ngcosdp+p’

Adding 1 to both sides reciprocating gives us

~ p+2n(l4cos)q
 p+(1+2n(14cose))g’

Conversely, f(™-orbits are dense on 1™ if and only if

p+2n(1l+ cosd)q
p+ (1+2n(1+cosd))q’

AF#
for every p, q € Z such that ¢ > 0. O

Observe that the IET given by data (0,£0) as in (#20) does not satisfy the Keane
condition. In particular, recall from (4.25)) that

ajfn) =1 4+ 5 and alé”) = 1™+ (2n+ 1)

where d[a, b) = a. Then, by using the formula for f in (4.25)), a simple inductive argument
shows that for 0 < k <n — 1, we have

(f(n))Qk—i—l(l(n) +n) = (f(”))%(l(”) + 2n1)
= 1™ 4 (2n — 2k)7.

Specifically, when k = n — 1 we get
(fON A 4 ) =109 + 29,
and finally,

(SN2 (1M ) =1 4 2p + (2n — 1)y = 1" 4+ 2n + 1)n = 0L,
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5. DISCUSSION

The existence of a new concrete example of a family of TCEs that have invariant curves
that are embeddings of IETs makes Theorem the most important result of this paper,
particularly as through Corollary we conclude that these curves have the effect of re-
stricting the distribution of orbits in the phase space. In particular, the invariance of Y
as in Theorem and the invariance of the layers Y¥) \Y(k_l) as per Corollary suggest
that if the exceptional set intersects the interior of more than one layer, it cannot support
an ergodic invariant measure. However, determining the set of parameters such that the ex-
ceptional set intersects in this way remains an open problem. Although the curves we study
here are trivial embeddings in the sense of [9], they are nonetheless interesting because they
divide the phase space. They also potentially give information about nontrivial embeddings
that may accumulate on them.

For such polygonal embeddings of IETs into PWIs, there is a connection between the
renormalization structure of the IET and the geometry of its embedding, namely that the
piecewise linear nature of some IET-embeddings could arise from a failure for the underlying
IET to meet the Keane condition, and that the number of pieces in a piecewise linear
embedding roughly corresponds to the number of iterates it takes for two interval boundaries
to coincide. This leads us to conjecture that when an IET-embedding does not consist of
line segments or circle arcs, the underlying IET must satisfy the Keane condition.

Recall the PWI defined by (Q™), F|y ), where Q™ is as in (4.21)). Despite the appearance
of non-convex atoms, we conjecture that the non-convex atom breaks down into convex cells
after a finite number of dynamical refinements. This appears to be the case because the edges
that “produce” this non-convexity are and remain on the boundary of Y for all iterates. See
figures [§] for example.

Consider the first return map F of (Q™, F|ym) to the trapezium atom Qén) =P;NnY ™,
This mapping is a PWI, though the partition seems to depend on the angle, and it is not
guaranteed that the partition is finite. In all cases, however, the mapping has the property
that its action on the top and bottom edges of Qg") are two distinct 2-IETs. Thus the

mapping on the trapezium an’ could be viewed as a transition map between these two
IETs, though this map is unstudied. See figure [9] for an example of such a mapping on the
trapezium. In a similar way, as discussed in Section 3, PWIs withd =1, a € B3, 0 < A < 1
and o the identity permutation also induce mappings on a trapezium between the IET on
the baseline and its first-order Rauzy induction. A natural question is whether these PWIs
are uniquely defined by the 2-IETs on their top and bottom edges. Broadly, let f; and f5 be
IETSs on the intervals Iy = [0,{1] and Iy = [a, a + l5], respectively, for a € R, I;,l; > 0. Set
h > 0, and let X denote the closed trapezium defined by the vertices (0,0), ({1,0), (a,h),
and (a+la, h). Then we ask how many PWIs (P, F') exist on X which satisfy the boundary
conditions

F(z,0) = (fi(2),0) for all 0 < x < Iy,
and

F(z,h) = (fa(x),h) for all a < x < a + 15?
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FIGURE 8. An illustration of the first dynamical refinement of the partition
QW under the map F|ya), where ¢ = 7/5, p = 1 and A = ;i;ig:i + 0.01.
Observe that the non-convex atom appears subdivided into convex pieces,
meaning that the non-convexity is not pathological in this case, in that the

encoding associated to each n-cell is unique.

Data Access Statement. No new data were generated or analysed during this study.
The figures in this study were produced by Python programming code written by NC. This
code is publicly available at: https://github.com/NoahCockram/pyTCE/tree/main. For
the purpose of open access, the authors have applied a Creative Commons Attribution (CC
BY) licence to any Author Accepted Manuscript version arising from this submission.
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