INDUCING AND UNIQUE ERGODICITY OF DOUBLE ROTATIONS

H. BRUIN AND G. CLACK

ABSTRACT. In this paper we investigate “double rotations”, i.e., interval translation maps that
when considered on the circle, have just two intervals of continuity. Using the induction procedure
described by Suzuki et al., we show that Lebesgue a.e. double rotation is of finite type, i.e., it
reduces to an interval exchange transformation. However, the set of infinite type double rotations
is shown to have Hausdorff dimension strictly between 2 and 3, and carries a natural induction-
invariant measure. It is also shown that non-unique ergodicity of infinite type double rotations,
although occurring, is a-typical with respect to every induction-invariant probability measure in
parameter space.

1. INTRODUCTION

Interval translation maps (ITMs) are a generalisation of interval exchange transformations, first
introduced by Boshernitzan and Kornfeld in 1995, [BK]. They are a class of piecewise isometry
constructed by partitioning an interval, I (usually [0, 1)) into d subintervals and applying a rotation
to each partition element. Unlike IETSs these rotations are not such that the map is surjective.

Thus in order to understand the dynamics upon an ITM, T it is useful to compute the attractor;
Q=INTINT?*IN.... If there exists an n € N such that INTINT?*IN---NT"I =1INTIN
T2IN---NT"INT™ T then we say, following [BK], that T is of finite type, and thus reduces to an
IET. However if no such n exists then €2 is a Cantor set and T is said to be of infinite type. Infinite
ITMs have properties such as minimality, provided € contains a dense orbit, [BT].

In the parameter space P of ITMs, of dimension 2d — 1, we would like to find the set of parameters
for which the corresponding ITM is of infinite type. Boshernitzan and Kornfeld [BK], in analogy
to the well-known Rauzy induction for interval exchange transformations (IETs), introduced an
induction and renormalisation (i.e., first return map rescaled to unit size) method to study their
examples. In [BT] this was extended to a two-parameter slice of the three-dimensional parameter
space for ITMs with two intervals. In the paper Double Rotations, [SIA], Suzuki et al. describe
induction suitable for general ITMs of two intervals, which we shall term Suzuki induction. Using
this method, we confirm the result proved [SIA] for the parameter slices where « and 3 are rationally
independent.

Theorem 1. For Lebesque a.e. parameter in P, the corresponding ITM is of finite type.

In fact, the subset of infinite type ITMs in P has a fractal structure, and our estimates indicate that
its Hausdorff dimension lies in [2, 2.88], see Section 4. Since Suzuki induction S is a non-conformal
map, finding (a S-invariant measure equivalent to) Hausdorff measure is a non-trivial matter, as is
a description of the measure of maximal dimension.

The question of unique ergodicity is a central theme for IETSs. The speciality of early examples of
non-unique ergodicity by Keynes & Newton [KN] and Keane [K] led to conjecture that typically,
an IET (based on an irreducible permutation) is uniquely ergodic. This has been confirmed by the
seminal work of Veech [V] and Masur [M], using the aforementioned Rauzy induction. In [BT] it
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was shown that there are infinite type I'TMs that are not uniquely ergodic, although the number of
ergodic measures is bounded by [(d+1)/2], see [BH]. Hence for the ITMs in this paper, two is the
maximal number of ergodic measure. Although Rauzy induction, and little of the other advanced
machinery of IETs are available for ITMs, non-unique ergodicity turns out to be extremely rare:

Theorem 2. For every S-invariant measure p such that p(Abyss) = 0, p-a.e. parameter corre-
sponds to a uniquely ergodic ITM.

In Section 2 we introduce an I'TM of two intervals, and consider its partitioning. Section 3 contains
a definition of the accelerated version of the map, and the calculations giving us bounded distortion
(i.e., equations (2a) and (2b)). From this we show that with respect to Lebesgue measure, almost
every point is an Abyss point. Section 4 describes results related to the Hausdorff dimension of the
set of non-Abyss ITMs. The symbolic dynamics of the Suzuki map are in Section 5. Finally, the
proof of Theorem 2 occupies Section 6.

2. DEFINITIONS

We consider a map, T(4 g, [0,1) — [0, 1), of the form:

r+a (modl) ifze]|0,c)
T(avﬁ’c)x = 1
x+ L0 (modl) ifxe]el)

with «, 8,¢ € [0,1). These three values give us our parameter space, P = [0,1) x [0,1) x [0,1),
a three-dimensional cube. A double rotation is a piecewise translation defined on two to four
subintervals of continuity (if we identified 0 and 1 to form a circle, there are always two intervals
of continuity, hence the name, but in this paper we will use the interval approach). Upon this
parameter space we can apply Suzuki induction and renormalisation, to produce a new double
rotation. This involves computing the first return map to a subinterval of [0, 1), determined by
order relations between the parameters «, 3, c. This corresponds to a partitioning of P, viz.:

(1) Poy={(x,B,¢):a<p, c<1-p}

(2) Poy={(,B,c):a<p, 1-B<c<1l—a}
(3) Pgy={(,B,c):a<p, 1-a<c}

(4) P(4): (a,ﬂ,C):ﬁ<a, CSB}

(5)  Ppy={(a,B,¢): B<a, B<c<a}

(6)  Pe)={(,B8,¢): B <, a<ch

Any parameter that is in Py) or P will reduce to a rotation. The remaining cases give us the
following map on P:

() wesoen

az1y [B11 erasl) if (4 B 0) € Py,

PO e i) wesoeny :
({es) {5 20)  t@soery

with the induction taking place on [0,1 — /), [1 —«, 1), [0,¢) U[1 — B+¢,1), and [0,c — ) U ¢, 1)
for Py, P3), Py, and Pg) respectively. See [SIA] for more details.

If a point («, 3, ¢) maps to Py or P(5) under iteration of S, then the corresponding ITM is of finite
type. This motivates our next definition: the Abyss is the set of («, 3, ¢) € P such that there exists
n € Ng with S”(a,ﬁ,c) S P(2) @] P(5)

The set P(y) is a tetrahedron with vertices (0,0, 0), (0,1,0), (1,1,0), and (1,1,1). We can divide this
space by the discontinuity lines of the Suzuki induction map S on the space, i.e., when S(«, 3, ¢)
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FIGURE 1. The subpartition of P(;) the brackets referring to the (m,n)

(m,n)

FIGURE 2. Each (m,n) box maps to the entire parameter space.

has an integer component. Let S(aq, 81,¢1) = (ag, B2,¢2). We find f2 = 0 when 16151 = n giving

us the planes § = 7 intersecting Py for all n € N. Similarly from 13}31 =m € N we get the
planes 1 = 1 — - intersecting F(;). This partitions the space Iy into boxes made by the above
mentioned planes and the plane ¢ = 1 — 3 (see Figure 1). We can give every point its address in

the above in the form of (m,n).

For each box (m,n), the boundary d(m,n) = 0U; U Uz U V1 U Vo U OW; U OWs corresponding
to c =0 (0U1), c=1—f (0U), B ==L (0V1), B = ;35 (0V2), a = (m —1)(1 — ), or v = 0 for
m =1, (0W7), and « = m(1 — ) (OW3). These are mapped by Stoc=0,c¢=1, =0, 5 =1,
a = 0, and a = 1 respectively. Thus each of these boxes maps to the entire parameter space, P.
For the cases where m = n we replace 9V and 0Ws with 0D, corresponding to o = 3, this maps
to a = 8 and thus (n,n) boxes map to Py U Pg) U Pg) for all n € N. Within each of the boxes
the function is C?.

There exist symmetries between the four non-Abyss cases acting as involutions

Pay 9. P

g(a,B,¢c) = (B,a,1—c) o N
h(a,B,¢) = (1—-81—a,1—c¢) giving  lh Th
Py 9, Fa

From this it follows that we shall see the same kinds of properties upon F(3), F4), and Fs). Hence
we can partition the space (1)U Py U P4) U Pgy with each box having address (i,m,n) where m
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and n are as above, and i € {1, 3,4, 6} signifying the F;), we refer to such a partition as P; p n)-

Further note that,
U ro\ U U U Pimn

1€{1,3,4,6} 1€{1,3,4,6} neNm<n
has zero Lebesgue measure zero. Thus we have that the Suzuki induction map is a Markov map.

On each of the partition elements the expansion of S is determined by the denominators 1 — 3, a,
B, and 1 — a. It turns out that each of the F(;)s has a line of neutral fixed points, with § = 0 and
a =0, for P(;) and P), and also @ =1 and 8 =1 for Py and P). So in order to obtain uniform
expansion we shall accelerate the map.

Since F(q,1,1) is the part of P(;) where S has neutral fixed points, we shall speed up the subparti-
tioning of Py 1 1). We divide the partition elements into slices: {(a, 8,¢): B € (t%, H%)} NP
for all ¢ € N. If we examine the dynamics upon this box we see it maps to the box {(«a, f,¢): g €

(1, tn%l)’ a < fB,c€]0,1)}. So we can imagine that each of these boxes gets mapped into the area

of the next box away from the neutral fixed point in the  and § directions, and gets its “roof”
c=1— (3 stretched to ¢ = 1.

We are interested in finding out when each point in each of these boxes gets mapped outside of
P(1,1,1). There are three different cases. Firstly, the point might stay in F; 1 1) until Sk e (%, 1),

where we write S¥(a, 3, c) = (S*a, S*B, S¥¢c). In this case k = t and we define the induce time
7(a,B,¢) =t where t is as above.

For the second type of point there exists an iteration where (v, 3, ¢) is mapped outside of P
before S¥j3 € (%, 1). In this case the induce time 7 is defined as,

7(a, B, ¢) = min{k € N: S*(a, 8,¢) € Py} + 1.

Finally we have the Abyss points, of which we need say no more. So using the above we get an
accelerated version of Suzuki induction, Z = 57, with the 7 defined as above.

3. ALMOST EVERY ELEMENT OF THE PARAMETER SPACE IS AN ABYSS ELEMENT

From the above we have a Markov map for S with the partition

U U U Pimm U P U P

1€{1,3,4,6} neNm<n

Thus we can describe an orbit of a point («, 3,c) with the addresses of its iterations: w; = 4 if
Si(a, B,c) € P(;y. Obviously, the non-Abyss cases are those such that w; € {1,3,4,6} for all j € No.

Now we consider the distortion properties of the map. For a map f : X — X with a partition,
® = {By, Ba, ...} of maximal regions of continuity, we say that f has bounded distortion, if there
exists a C' > 0 such that for every partition, B; the x,y € B; obey:

det(J; (x)) '
—= = 1| < C|fz — fy|, 2a
det(75(9)) o= gl 22)
and it has uniform expansion of the Jacobian if there are K > 0 and A > 1 such that
|det(Jpn(z))| > K" (2b)

for all n € N, where J; is the Jacobian matrix of f. Combining (2a) and (2b), we obtain bounded
distortion for all iterates: there is C’ such that

det(Jpx ()
det(J sk (y))
for all £ > 1 and all z,y in the same element of the k-fold refinement ® V f~1® Vv ... Vv f17*® of
the partition .

Ira = 1y

—1‘§C’
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For Suzuki induction we compute the Jacobian matrix for /i)

1 a
=5 e U ]
Js(a, B,c) = 0 a=p2 0 with  det(Js(a, B,¢)) = W
c 1 -
0 o=p T3

Similarly, we have determinants 4, 64’ and )4 for points in F3), Py, and Pg) respectively.

(1-
So now we consider if we can find a C for (2a), using the notation S(«, 8,¢) = (Sa, S3, Sc):
det(Js (a2, B2,¢2)) 1‘ 1- >
1-—

det(Js(aq, B1,c¢1)) N (
B (1+Sﬁz) B
- 1+ SH
1

1+

SB2 — 552> .
1+ 565

< (14882 — SBa|)* —1 < 15|SB; — Spa.
Thus taking C' > 15 suffices to satisfy (2a).

However we also have to consider the accelerated version of Suzuki induction, Z, for the points in the
set P(1,1,1), of the first type mentioned above, those that stay in P;) until it reaches {(a, 3,¢): 8 €

(%, 1)}. Hence we have:

Z(a7ﬁ7c) = ST(O[wBaC) = <1—a7',8’ 1 _57—57 ]__CTIB> ’

This has a Jacobian with determinant:

1
det(JZ(CY,/B,C)) = m
So in this case 1 + 725 = and because Zf32 > 1/2 we have for (2a):

det(Jz(az, B3, c2)) _ 1’ _ (1 —Tﬁl> _
det(Jz(Oq,ﬁl,Cl)) 1 _7'62

B <1+TZ/82> 3

N 1+7Z06

_ ( Zﬁ2—251> .

N 1+7206;

< (142|128~ ZBal)' — 1 < 801252 — 25|

So any C > 80 satisfies (2a).

Finally we have the points of ;1 1) that get mapped to P3) before they hit {(a, 8,¢): 8 € (%, 1},
which can happen only if § < 1/(7 4 1). This will give us the accelerated Suzuki map of the form:

Z(o, ) = <{a+(r—1)ﬁ—1} 7 {Tﬁ—1} | a+(7—1)5+0_1>.

o o [0

This has a determinant of é Notice that this is the same value as we get for a point in F3).

To estimate the distortion in this case, we decompose Z = S o Z where (d,B,é) = Z(Oz,ﬁ,c) =
S™ Y a, B, ¢) is the 7 — 1-fold application of S on Py, and

Z(a, B,¢) = S(&, B, ) = <{a;1} | {Bgl} | é+3_1>
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is the final application of S on F3).

Let n € N be such that {O‘T_l} = %_1 Then for &1, &2 in the same region of continuity of S we

have,
~ ~ ~ nééz—l ndl—l @2—6&1
p—Q1 = ~ - — —(n—1)——
a1 a1 a1
. Qg — 01, . Qg —an
= ((1 + — )Ség — Say — (n—1)—— )
Oél al
. . . N R
= al(Sag—Sal—(n—l—Sag) 2 1),
a1
S0 |qo — G| = nfgé@ |Séa — Séq]. By a similar computation,

By —B1| < @
< dl

Since det J; = (det Jg o Z) - det Jy = (

1882 =SBl + (1 - )| Sz — Séa)

Z,BQ — ZB1| + |ZO(2 — ZOélD .
1

=

|

) 6)4’ we obtain for the distortion

al—(r—1
det Jz(an, B c1)  det Js(bn, B1,é1) Jy(an, B 1)
det Jz(a, B2, c2) det Jg(Ga, B2, &) J5 (a2, B2, c2)
a4
< <1+ |Zoy — ?0@!)4 " (r=DI|p —AﬁQ|
n — Ség 1+ (r—1)p
<

(1 i |ZO£1 — ?042’
n— Sés

T—1
L+ (r =1
< (1+3[|Z(az, B2, c2) — Z(an, B1,c1)loo)*
< 1+ 269 Z(, Ba, c2) — Z(au, Br, 1) l|oos
where we used a1 < Bl for the third inequality. Therefore

det Jz (a1, B1,c1)
det Jz(az, B2, c2)

It follows from the symmetries that the results for Suzuki induction and accelerated Suzuki induc-
tion will work on P3), P4), and P also. Thus (2a) is satisfied. Now we consider (2b) for P (as
before this will be sufficient to demonstrate it holds for the parameter space). For Z we have that

|det(Jz(x))| = |det(Js(z))| > (§)4 = (%)4. So for (2b) we have that:
[det(Jzn (z))] = A"

4
+ (14 )dl(\Zﬁ2—251!4-!2042—2041\))

-1

< 269(|Z(az, B2, c2) — Z(at, B1,c1)]co-

where A = (%)4. Hence accelerated Suzuki induction Z satisfies the bounded distortion conditions
above.

From [Man] we have the Folklore Theorem:

Theorem 3 (Folklore Theorem). Let f: M — M be a C* piecewise expanding map of a compact
(n-dimensional) manifold M, with bounded distortion. Assume also that f is topologically mizing
and preserves a Markov partition with finite image partition. Then f has an absolutely continuous
invariant probability measure . Furthermore, p is ergodic, its density is bounded and bounded
away from zero and p(A) = lim,— o Leb(f~"(A)) for each measurable set A.

Hence accelerated Suzuki induction Z has a finite, invariant probability measure. It follows quite
readily that the set of non-abyss cases has measure zero.
6



This result also follows from work by Suzuki et al. [SIA]. They show that for any («, 5) such that «
and (3 are rationally independent, there exists subset of the ¢ € [0, 1], I' which correspond to values
of ¢ where (a, 3, ¢) is not an Abyss element. They then prove that I' is a Cantor set with measure
Zero.

Corollary 4. Lebesgue-a.e. point in the phase space belongs to the Abyss.

Proof. Define the following map of the parameter space:
Z(a, B, ¢) if (o, B,¢) € Py for i € {1,3,4,6}
Z(o, B,c) = Z(a, B,{c},_5) if (o, B,c) € P
Z(a, B, {C},B) if (o, 8,¢) € Pps)
This map will have an ergodic, invariant measure by the Folklore theorem. Hence by ergodicity,
p-a.e. (a, B,c) € Py U Ps) will visit every point in the parameter space. Thus p-a.e. (o, 8,¢) € P

is an Abyss element, and as p is absolutely continuous with respect to Lebesgue, we get the desired
result. ]

4. HAUSDORFF DIMENSION OF NON-ABYSS CASES

We can consider the dimension of the set of non-Abyss points, NA. Noting that the set Py N
{(a, B,¢): ¢ = 0} is invariant we can deduce that the dimension of the non-Abyss set must be at
least 2. For an upper bound we compute an estimate for the box-dimension. This gives us the
estimate 2.88. Thus we conclude that the Hausdorff dimension of N A satisfies dimpg N A € [2,2.88].

Let € = 27" and
{ Gpgr(€) = [ep, (p + 1)) X [eq, (g + 1)€) X [er, (r + 1)e),
NGp,q,r(G) = Zp,q,rE{O,...,Q”fl} T(GP,QJ’(E))?

where
1 if NANGpgr(e) # 0

0 otherwise.

T(Gp,gr(€) = {

The approximation of the box-dimension comes from approximating

_ log(Ng, . .(e)

e—0 log(e)
using grids, Gpq,(27") for a finite range of n € N. Figure 3 shows a graph of log(Ng, . (c))
versus log(e). Our approximation was based upon computing the values of Na, . (0) for the 420th
iteration of Suzuki induction on the parameter space. With the parameter space divided up into
302 = 27000, 313 = 29791,..., 300% = 27000000 cubes. The line on the plot was given by the
polyfit function in Matlab, which uses the least squares method. See e.g. Barnsley [Ba] for more
details on the algorithm.

It would seem natural to use the measure of maximal dimension on NA as a reference measure to
express the typicality of dynamic behaviours of T, g ). The distortion properties of the accelerated
Suzuki induction, Z, are such that much of the standard theory of thermodynamic formalism should
apply for the potential —log|det(Jz)|. Hence, it can be expected that the pressure:

P(t) = sup {hg(,u,)t/bg |det(Jz)|dp: p is Z-invariant and supp(u) = NA} (3)

is an analytic, convexly decreasing function for ¢t > 0, and that for each ¢ there is a unique equilib-

rium measure ; that maximises the right hand side in (3). However, since S is a non-conformal

map, it does not follow, even for the minimal value ¢ = ¢y where P(tp) = 0, that p; is equivalent to
7
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FIGURE 3. A plot of log(Ng, . (¢)) versus log(e).

the measure of maximal dimension. Hence there is no good motivation to single out such equilib-
rium measure among all other probability measures. Fortunately, in the case of unique ergodicity,
there is a stronger notion of typicality that holds, and we will discuss this in the next sections.

5. SYMBOLIC DYNAMICS

The usual way of applying symbolic dynamics is by assigning a label b to each continuity interval
I of T, and then forming itineraries (strings of labels) for each = € I by

i(x) =ig(x)ir(z)iz(x) ..., where iy(z) =b if TF(z) €.
Renormalisation then takes the shape of a substitution on the space of itineraries, as follows. If
T :J — J is the first return map of T' to a subinterval .J, then T'(z) = T7®)(z) for the first return
time 7(z) of x € J, and if b is the label of the continuity interval of T containing x, then we write

t(b) = bob1 ... br(z)—1 where T (z) € I, for 0 <i < 7(x).
This substitution acts on strings of labels by concatenation:

t(boby ... . by) = t(bo)t(b1) . .. t(by).

In order to repeat this procedure for all subsequent renormalisation steps, i.e., for all iterates S*
of the Suzuki induction, we require an alphabet A;, of labels at stage k, generating the space Aj
of finite words of these labels, and substitutions

Let Ji C [0,1) be the interval of the first return map which is represented by the k-th renormali-
sation. If © € NgJg, then the itinerary of x can be found as

’L(.T) = n}gnoo 751 o) t2 e tm(bm),

where by, is the label of the continuity interval of J,, that contains x. By minimality of T": 2 — €,
each y € Q will have its itinerary in the orbit closure ¥ = {¢"(i(z)) : n € N}, where o denotes the
left-shift.

The sequence of substitutions (tx)ren, is determined by the addresses of S¥(a, 3,¢), as shown in
equation (5), below. The shape of the renormalisation map (especially where the symmetries g
8



and h are concerned) makes it convenient to sometimes use more labels than there are intervals of
continuity, but this doesn’t affect the method.

It is obvious that all of the non-Abyss maps have either three or four intervals, so it might seem
natural to use an alphabet {1,2,3} (with 4 in some cases). However we need to divide the intervals
into pieces such that the involutions g and h cannot split any of them into two pieces. As we will
have problems for computing the substitution shift of, say P, or F3y into P4y or Pg). So for each
map we need the alphabet {1,2,3,4} (and in some cases 5).

Firstly we require a new partitioning of P:

Quy ={(a,8,¢): B=a>c} Quy={(a,B,¢):1-B=21-a=c}
Qe ={(a,B8,¢): B>c>a} Q(s):{( Bye)il—=B>c>1—a}
Q) ={(a,8,0): c2 B >0} Qo) ={(a,B,c):c21-F=21-a}
and from this and the P-partitioning we have the y-partitions:
X(ij) = Pay N Qgj)- (4)
g h
X(1,1) 7 X(6,6) X(1,1) < X(3,3)
X(1,2) <7 X(6,5) X(1,2) < X(3,2)
X(1,3) 7 X(6,4) X(1,3) < X(3,1)
X(3,1) 7 X(4,6) X(4,4) < X(6,6)
X(3,2) < X(45) X@45) 7 X(6,5)
X(3,3) 7 X(4,4) X(4,6) 7 X(6,4)

We can use the above to make connections between properties of different partition elements. So
now we have to consider the symbolic dynamics the Suzuki induction of each partition to every
other partition. Firstly we ask the question of whether every element maps to every other element.
This is not the case. For the cases X (1,1), X(3,3)s X(4,4), and X(6,6) all map to all the other partitions.
However, consider the partition element x(;9) (Where c<1—-a <1—-fand a <c< ﬁ) in this @
is less than ¢, hence a < 1 — 3. From the definition of Suzuki induction we know that 7 B <1 5
Hence X(1,2) cannot map to points where ¢ < « thus it cannot map to X(1,1)> X(3,1)s (474), X(4,5)
and X (46)- In the case of the partitions that don’t map to all the other partitions we have:

X(1,2) PP OX(1,2)) X(1,3)) X(3,2)> X(3,3)s X(6,4)> X(6,5): and X(6,6)
X(3,2) T X(,1)s X(1,2)s X(3,1)s X(3,2)5 X(4,4)s X(4,5)s and X(4,6)
X(@4,5) T X(3,1)s X(3,2)> X(3,3)s X(4,5)5 X(4,6)s X(6,5)> and X(6,6)
X(6,5 7 X(1,1)s X(1,2)) X(1,3)s X(4,4)> X(4,5)> X(6,4) and X(6,5)
X(1,3) F X(1,3), and x(33)
X@3,1) 7 X, and X3
X(4,6) T X(4,6), and X(6,6)
X(6,4) F X(4.4), and X (g 4)

For x(1,1) we have the subintervals; [0,¢), [c,1 — ), [l — 8,1 — 8+ ¢), and [l — 3 + ¢, 1), labelled
1, 2, 3, and 4 respectively. In the case of x(; ) the intervals are [0,c — a), [c — a,c¢), [¢,1 — ),
[1-8,1-B+c¢), and [1 — +¢,1). With x(1 3) we have the intervals [0,c —a), [c—a,c), [¢,1 - ),
and [1 — (3,1) see figure 4.

So we consider Suzuki induction on x(q,1). For x(1,1) = Xx(1,1) the first interval will be mapped to

[0,1—p) after a — 1 = [ﬁ-‘ — 1 iterations in the fourth interval. The second interval splits into

three, the left part maps to [0,1 — 3) after b — 1 = % — 1 iterations in the fourth interval.

The centre part spends b — 1 iterations in the fourth interval and then in the third interval before
returning. The right part spends b iterations in the fourth interval.
9



FIGURE 4. The division of x(11), X(1,2), and x(1,3) (from left to right).

For the case x(1,1) = X(1,2) the first interval in this case has a right and a left part. The left part
spends a — 2 in fourth interval before going to the third. The right part behaves the same as the
first interval in the case above. These two cases correspond to the substitution shifts below:

1 — 14971 1 — 149723

2 — 24b-1 2 — 14971

3 — 24413 3 — 2441

4 — 24P 4 — 24413
5 —» 24°

In total there are 84 different cases. The other cases are listed in the appendix.

6. UNIQUE ERGODICITY

In [BK, Theorem 11] it was shown that the slice ¢ = 1—« of the parameter space contains parameters
(a, B) for which the ITM is of infinite type, but not uniquely ergodic. Also some weak conditions
were given [BK, Theorem 12| that imply that T,, 5 :  — € preserves only one probability measure,
showing that unique ergodicity is the typical situation in that parameter slice. It would be natural
to express typical behaviour on the space of infinite type ITMs, in terms of S-invariant measures
uon P. One might take p to be equivalent to measure of maximal dimension, if available, but in
case of unique ergodicity, we can express its typical occurrence in a stronger way.

Theorem 5. For any measure u, invariant with respect to Suzuki induction S,

pi{(o, B,c) € P\ Abyss: Ty, g.c is not uniquely ergodic} = 0.

The matrices Ay, associated to the substitutions t; can be used to keep track of the number (and
frequency) of symbols appearing in strings. Indeed, if Ni(w) is the vector in N#A’“ indicating
the number of appearances of the i-th symbol of Ay in w, then Ni_q(tx(w)) = Ax_1Ng(w) is the
vector in I\Ifé““k*1 indicating the number of appearances of the i-th symbol of Ax_; in tx(w). By
normalising these vectors, we obtain the frequency of these symbols in w, etc. Alternatively, we
can use the positive cone C}, = Rf&‘k and projective (Hilbert) metric H to investigate whether the
symbol frequencies in itineraries i(x) are independent of the point x € Q. This is important to
determine if 7' : © — Q is uniquely ergodic, and we can easily extend Lemma 17 of [BT] to the

following:
Proposition 6. Let (o, 3,c) correspond to an infinite type ITM T, 3.. Then (T,Q) is uniquely
ergodic if and only if

Fy = mmZk:Ak: : Ak+1 T Am(Cm-H) (5)

is a single line (i.e., single point in projective space) for all k € N.
10



We will use Hilbert Metric on cones C', defined as

inf{a: axz —y € C}

Hw,y) =log sup{b: y —bx € C}’

In fact, H is only a semi-metric, since H (z,y) = 0 if and only if z and y are on the same line through
the origin, but H is a proper metric on projective space. In addition [Bi], it is a contraction under
linear transformations: namely, if A : Cy — C is a linear transformation between cones (equipped
with Hilbert metric Ho and Hj respectively), then

Hy(Az, Ay) < tanh(g)Hg(x,y) where D = diamp, A(C?).

The diameter diam g, (AC>) is finite if only if A(C?) is compactly contained in C (i.e., 0C1NIA(Cs)
is only the origin of C1). In our case, the C), are cones within ]RfAm and the linear transformations
are those represented by the matrices A,,. Only when A, is positive (at every entry) we find

diampg,, (AmeAm“) < 00, and for this reason, we consider compositions Ay --- A,, of blocks of
matrices rather than single matrices. Let

P, ={(a,B,¢c) € P\ Abyss: Ay --- A, is a positive matrix},

where the matrices Ag, k = 1,...,m are uniquely determines by the itinerary of (o, 3, ¢) under
Suzuki induction S. We have

Lemma 7. P\ Abyss = J,,cny Pn-

Proof. Since T' = T, g is of infinite type, T': Q@ — Q is minimal, see [ST] and [BK, Theorem 1].
Due to compactness of €2, there is m > 1 such that the first return map 77 to the interval .J,, that
is associated to the m-th Suzuki induction has the following properties:

e The first return time 7 is bounded,;
e For each z € J,, NQ and each interval I; with label j € A;, there is 0 < k < 7(x) such that
T*(z) € I;.

This means that the matrix composition Ap - -- A,, is positive. ]

Proof of Theorem 5. Let p be any S-invariant measure such that p(Abyss) = 0; without loss
of generality we can assume that u is ergodic. By Lemma 7, there is m such that u(P,,) > 0. By
taking a smaller U C P, if necessary, but still with p(U) > 0, we can assume that the sub-labels
(a,b) in the addresses of cells x;; used for the substitutions t; (and hence matrices Aj) are all
bounded. Thus, for each (o, 3,¢) € U, a the corresponding m matrices are chosen out of a finite
collection, and hence Aj --- A,, is not only positive, but also bounded. Therefore

D = sup{diamp, (A; - - - ApnR¥A+1): (o, 8,¢) e U} < o0

uniformly on U. By the Ergodic Theorem, p-a.e. (o, 5,c¢) € P has a sequence (n;);j>1 with n;yq >
n; + m, such that S™ (o, §,c) € U for all j € N. At each visit to U, Hilbert distance will decrease
by a factor A := tanh(D/4) within the next m iterates, so we find

diampy, (A; - - A, RFAm+1) < W=1D,

It follows that F; := ) ;AL Anj]R#A”J’ *1 is a single line, and the same argument gives that also

Fy = ﬂj A - -Aan#Am“ is a single line for each k € N. Therefore Proposition 6 implies that
T 8, is uniquely ergodic. O
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APPENDIX

The table in this appendix lists the possible transitions between regions in parameter space P that
are allowed by the Suzuki induction S. In each of the boxes (there are in total 84 cases), we give
the symbolic substitution that Suzuki induction represents in these regions, so the whole table
indicates which substitution can be followed by which other substitution. Note that the exponents
a and b stand for the ceiling function of Sa and S8 respectively.
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X(1,1) X(3,3) X(4,4) X(6,6) X(1,2) X(3,2)
Xy | 1= 1470 131712 [ 112070 | 1513712 1— 310712
2 — 2441 | 2 5 4192 2 — 420 2 — 439722 2 — 42
3 — 24b-13 | 3 — 41 3 —420-13 | 3 — 4301 34
4 — 24b 4419722 | 4 — 420-1 | 4 — 439712 45
X(1,2) | 1—14°723 [ 1 — 317 1—-12¢713 15131 |11 1—31°
2514971 | 25310712 (2512071 |2 5130712 |2 52 2 — 310712
32401 |3 5419712 | 3 — 42b 343722 |3 53501 |3 542
45245713 | 4 - 41971 |4 420713 | 4 5 43%71 |4 5250714 |4 54
5 — 24° 5— 419712 | 5 —42b-1 | 5 5439712 | 5 — 25° 5—5
X3 | 1214723131071 [15122713 15131 |11
2 14%71 |2 531012 | 2 512071 |2 5130712 |2 52
32401 | 35410712 | 3 — 42b 3 — 439722 | 3 — 3501
45242713 | 4 5 41971 | 4 5420713 | 4 5 43% 1 | 4 — 35014
X@o | 1= 1470 [1 =317 12 [ 112771 [ 1137712 1 — 310712
2514713 |2 - 3101 | 25129723 |2 — 13b 2 — 3101
324713 | 3 5 41°71 | 3 - 420-13 | 3 — 43¢! 34
42451 | 4 419722 | 4 — 42071 | 4 — 439712 45
X@32) | 1— 14723 [1—31° 1—-127713 1131 |11 1—41°
2 14%71 |2 531012 | 2 512071 |2 5130712 |2 2 2 — 41012
314713 |3 =311 |3 —-512923 |3 — 13 324 3 — 3101
45242713 | 4 541971 |4 5420713 |4 5 43%1 |4 535714 |44
5 — 24° 5419722 | 5 — 420-1 | 5 432712 | 5 — 35° 5—5
X33 | 1— 14723 [ 1 - 31° 112271315131 |11
2514971 |2 531712 2512071 | 25130712 | 252
3—14°713 |3 -5 31%-1 |3 5129723 |3 - 13° 324
4245713 | 4 - 41971 | 4 - 420713 | 4 - 43%1 | 4 — 350714
Xaa) | 1= 1471 [1 531712 [1— 12771 [ 1137712 1— 317712
2 — 241 | 2 5 410712 | 2 — 42b 2 — 439722 2 — 42
3— 240713 | 3 541971 | 3 5420713 | 3 — 43¢1 34
4 — 24b 4 - 419722 | 4 — 42b-1 | 4 — 439719 45
X | 1= 1471 [1 =317 12112771 [ 113712 1— 317712
214713 |2 - 3101 |2 5129713 | 2 — 13 2 — 3101
32401 |3 5410712 | 3 - 42b 3 — 432722 3 — 42
4 — 24713 | 4 5 41971 | 4 — 420713 | 4 — 4301 44
5 — 24° 5 — 419722 | 5 — 420=1 | 5 — 43912 5—5
X | 1= 1471 [1 31712 [1—1271 [1 1312 1— 31712
2 14°713 | 2 » 31b-1 | 2 - 120723 | 2 — 1301 2 — 3101
3— 24713 | 3 541971 | 3 5420713 | 3 - 43¢1 34
4 — 24b 4 - 419722 | 4 — 42b-1 | 4 — 439719 45
X(6,4) | 1— 142723 [ 1 — 317 1—127713 1151371 |11
2 14%71 |2 5 31v-12 | 2 512071 |2 5130712 |2 52
3—24b-1 |3 5410712 | 3 5 420-1 | 3 5439722 | 3 — 3501
4245713 | 4 - 41971 | 4 - 420713 | 4 - 43%1 | 4 — 350714
X(6,5 | 1— 14723 [ 1 — 317 1—-12713 15131 |11
251491 |2 531012 25120 | 2513012 | 252
314713 |3 =311 |3 —-129723 |3 — 13 324
4 — 2451 | 4 419712 | 4 — 420 4 — 439722 | 4 — 3501
5—24b-13 | 5 » 41971 | 5 5420713 | 5 43¢ 1 | 5 350714
X@6,6) | 1 —14°723 [ 1= 31° 11271315131 |11
2 14%71 |2 531012 | 2 512071 |2 5130712 |2 52
3— 1413 |3 - 31b"! |3 —-129723 |3 — 13b 324
45245713 | 4 - 41971 | 4 - 420713 | 4 - 43%1 | 4 — 350714
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X(4,5) X(6,5) X(1,3) X(3,1) X(4,6) X(6,4)

X(1,1) 1— 130712 1—21
24 2—31
3—5 3—3
4 — 52 4 — 4
X(1,2) 1 — 1301
2 — 13012
3—4
4—5
5— 52
X(1,3) 1—-131 |11
251312252
3—4 3—3
45 4 — 34
X(3,1) 1—1 1—21
2—=2 2—=2
3 — 53b-14 33
4 — 53b-1 44
X(g’z) 1—14
21
3—2
4 — 53b-14
5 — 5301
X(373) 1—14 1—=1
2—>1 2—2
32 3— 24
4 — 53b-14 434
X(4,4) 1— 13712 1—12
2 >4 23
3—5 3—4
4 — 52 4 — 42
X5 | 1—1 1— 137712
252 2 — 13°

3 13° 34
4131445
5—53-1 | 5552

X(4,6) 1—-1 1—1
22 22
3 — 5314 3 —43
4 — 53b-1 4 —4
X(6,4) 1— 131 1—1
2 — 13012 212
3—4 3—3
4 —5 4 —4
X(6,5 | 1 — 14 1 — 131
21 2 — 53b—19
32 3 — 53b

4 — 53b 44
555314555

X6 | L — 14 1—13
2—1 2—1
3—2 3—2
4 — 13414 4 — 43
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