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Abstract. Set-valued functions from an interval into the closed subsets of an interval arise
in various areas of science and mathematical modeling. Research has shown that the
dynamics of a single-valued function on a compact space are closely linked to the dynamics
of the shift map on the inverse limit with the function as the sole bonding map. For
example, it has been shown that with Devaney’s definition of chaos the bonding function is
chaotic if and only if the shift map is chaotic. One reason for caring about this connection is
that the shift map is a homeomorphism on the inverse limit, and therefore the topological
structure of the inverse-limit space must reflect in its richness the dynamics of the shift
map. In the set-valued case there may not be a natural definition for chaos since there
is not a single well-defined orbit for each point. However, the shift map is a continuous
single-valued function so it together with the inverse-limit space form a dynamical system
which can be chaotic in any of the usual senses. For the set-valued case we demonstrate
with theorems and examples rich topological structure in the inverse limit when the shift
map is chaotic (on certain invariant sets). We then connect that chaos to a property of
the set-valued function that is a natural generalization of an important chaos producing
property of continuous functions.

1. Introduction

In [SL] Li showed that with a sole bonding map on a compact space the shift map on
the inverse limit is chaotic in the sense of Devaney if and only if the single bonding
map is chaotic. The shift map on the inverse limit with a single bonding map is a
homeomorphism, and in [CM] Mouran has shown such an inverse limit that admits
a positive-entropy homeomorphism must contain an indecomposable continuum. Taken
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together these results imply that the dynamics of a continuous function on an interval are
linked to the dynamics of the shift map on the inverse limit and that the complexity of
the dynamics will be reflected in the topological complexity of the inverse limit by the
presence of indecomposable subcontinua.

Set-valued functions from an interval into the closed subsets of an interval do arise in
various areas of science and mathematical modeling, most notably economics and game
theory. The dynamics for set valued functions are a little problematic since the orbit of a
point is not well defined, but the shift map, no longer a homeomorphism, is nonetheless a
continuous function. So the shift map and the inverse limit form a dynamical system which
can be chaotic in any of the usual senses.

In this paper we consider the appearance of invariant Cantor sets under the shift map
on the inverse limit in which a sole bonding map is a surjective upper semicontinuous
set-valued function with a connected graph from an interval into the closed subsets of
the interval. This has resulted in a simple and natural method for constructing families
of A-dendroids and dendroids that have uncountably many mutually disjoint dense arc
components, and dendroids where the complement of a single point has uncountably
many dense arc components. These hereditarily decomposable tree-like continua have a
topology that is similar to that of indecomposable continua, and the shift map resulting
from the inverse-limit construction is monotone (i.e. preimages of continua are continua)
and chaotic in the sense that the shift map has positive entropy.

While there are more general settings, we focus on the case in which we are interested.
Suppose for each non-negative integer i, I; is a closed interval and fi 1 : ;11 — 2%,
called a bonding map, is an upper semicontinuous mapping of /; into the closed subsets
of I;. Then the generalized inverse limit, or the inverse limit with set-valued mappings,
associated with these mappings is the set

M =1lim(Z;, f;) :={(x0, x1,...) :foreachi > 1, x;_1 € fi(x;)},
<

which is a subspace of [[;. I; endowed with the product topology.

We make a further simf)liﬁcation: for us, each f; is the same bonding map f, i.e. for
eachi > 1, f; = f. Then the inverse limit space is M = {iLn(Ii, f), which we abbreviate as
M= {ln f. In this setting a natural map o, called the shift map, arises and is a continuous
function from the space M onto itself. Thus, we now have the dynamical system (M, o).

Generalized inverse limits represent a new topic of study in continuum theory. They
first appeared in 2004 in a paper published by Mahavier [M]. Soon thereafter, Ingram
began studying them (see [IM2, I1, 12, I3, I4]). The topic caught the interest of a number
of continuum theorists, and is currently an intensely studied area, with papers from many
authors at this point. See [B, BCMM1, BCMM2, BCMM3, BK, CR, GK1, GK2, 1ll, N1,
N2, N3, N4, V], for example. (This list is far from exhaustive, with the number of papers
on generalized inverse limits now over 60.) Ingram and Mahavier included a chapter on
these spaces in their book Inverse Limits: from Continua to Chaos [IM1], and since then
Ingram has written another book on the topic, An Introduction to Inverse Limits with Set-
Valued Functions [I5]. Most of the work done to-date on generalized inverse limits has
focused on understanding the topology of the spaces. Our goal is to begin studying the
dynamical properties that arise in these inverse limits, while continuing to investigate the
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topology. This relatively new area of research gives us: (1) a new tool for constructing
examples (and we do that in this paper); and (2) a new way of considering some of the old
unsolved problems from topology and dynamics.

Another important motivation for the study of generalized inverse limits is that they
represent a completely new approach to studying multi-valued functions. Set-valued
functions arise in various areas of science and mathematics. When these functions are
‘iterated’ in the usual sense, information is lost—and often lost very fast. For example,
consider the set-valued function f: I — 2! defined by f(x) = {1/2} for x # 1/2, and
f(1/2) = I. Next consider the set-valued function f2 (where f2(x)= Uyef(x) ).
Then, for each x, f2(x) =1 = f3(x) =- - -, and each point maps to the entire space!

On the other hand, for this particular function f, M = 1(&1 f={xo0, x1,...):xi—1 €
f(x;) fori > 0} contains a copy of the Hilbert cube: if 0 < x < 1, then the set {1/2} x
I x{1/2} x I x --- is contained in M. In fact, this particular space is a continuum that
contains many copies of the Hilbert cube.

Information is not lost with this approach to set-valued functions in the sense that all
possible orbits are kept. That is, one doesn’t just take an initial value, iterate a number of
times, then keep only the end value, throwing away all the possibly large number of ways
one got to that ending value.

However, this is no free lunch: now rather than just considering a point (initial value) in
the interval and a set (the ending values) in the interval, there is a closed subspace of the
Hilbert cube, and an initial value leads to a sequence of numbers, which is a point in the
subspace of the Hilbert cube.

Hence, now one must understand the properties of the much more complicated space
(than is the interval), and understand the dynamical behavior that occurs as a point (which
is now an entire sequence) is iterated.

2. Background and preliminaries

Sometimes it is convenient to index our factor spaces, sometimes not. Suppose
for each integer i >0, I; = [0, 1]. The Hilbert cube is I°° =[0, 1]® = ]_[80 I; with
metric d(x, y) :Z?io (|7 (x) — m; (»)|/2"), where x and y are points in [, x =
(x0, X1, ...), y = (o, ¥1, . . .), and for each i > 0, 7;(z) = 7; ((z0, 21, ...)) = z; forz =
(zo, z1, - - -) apoint in .

We will need to talk about various projections from a subset of /°° into an interval or
a product of intervals. Unless it leads to confusion, for a subset X of I°°, and a point
x = (x0, X1, ...) in X, w;(x) = x;. (That is, we do not specify the momentary domain
of 7;.) Likewise, if N is a positive integer, x = (xg, x1, ..., xn), x € X C INT!, then
mi(x) = x; for 0 <i < N. Also, we make following definitions.

e Let m >0 be an integer less than the integer n. Then (m, n) ={m,m+1, ..., n},
and we call (m, n) the integer interval from m to n. If x = (xg, x1, ...) € I*, then
T m,n) (X) = (Xmy Ximg1, - - -, Xn). We define (m, oo) to be the set {m, m + 1, .. .}.

e Suppose x = (xq, X1, ..., X,) is a point in I+ and (yo, y1, ...) is a point in 1.
Then we define x @ y to be the point (xg, . . ., X;, Yo, Y1, - - .) in 1.
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e The shift map o : I*° — [*° is defined by o ((xq, x1, X2, ...)) = (x1, x2, . ..). The
shift map takes 7> continuously onto itself. Also, if f : I; — 2i-1 foreachi > 0, and
M =limf, then 0 (M) = M. Hence, M is invariant under the action of o.
<«

e The graph of the set-valued function f : I — 2! isthe set I'(f) = {(x, y) : y € f(x)}.

e The set-valued function f : I — 2! is upper semicontinuous at the point x in I if for
each open set V in [ that contains f(x), there is an open set U in [ that contains x,
and if z € U, then the set f(z) C V. The function f is upper semicontinuous if it is
upper semicontinuous at each point x in /. The function f is upper semicontinuous if
and only if I'(f) is closed in / x I. (See [A, IM1].)

e The set-valued function f : I — 2/ is called surjective if for each y € I, there is x € I
such that y € f(x).

If S and T are closed subsets of the compact metric space (X, d), the Hausdorff distance
from S to 7T is defined as dy (S, T) = max{sup{d(s, T) : s € S}, sup{d (¢, S) : t € T'}}. Let
2% denote the set of all non-empty closed subsets of X. The Hausdorff distance dy gives
a metric on the space 2%, and under this Hausdorff metric, 2X is a compact metric space.
It is also true that the continua in 2% form a closed subset of 2X. That is if a sequence of
compact and connected subsets in 2% converges in the Hausdorff metric, then the sequence
converges to a compact and connected subset in 2% .

Let Z denote the Hilbert cube /°° or the finite product /" for some positive integer
n > 1. If C is a continuum in Z containing two points x and y, then there is a sequence
X =X0,...,Xp, =y in C which is e-dense in C and such that the distance from x;_; to
x; is less than € for i =1, ..., n. We can then construct an arc from x;_; to x; which
parameterized by a function r; : [0, 1] — Z such that for each ¢ € [0, 1], r;(¢) is a point in
Z whose jth coordinate is 7 (x;—1) + (7 (x;) — 7 (x;—1))t. Therefore we can construct a
piecewise linear map r : [0, 1] > Z withr(¢) =ri(nt — (i — 1)) fort € [ — 1)/n, i/n].
The image r ([0, 1]) is a continuum with Hausdorff distance from C at most €. In this way
we can construct a sequence {Gy} of finite graphs whose Hausdorff limitis C. If F C C
is finite, we may assume that F' C Gy for each k. If A and B are points in G for each
k, then for each k, there is a map f; that maps [0, 1] onto G such that f;(0) = A and
fx(1) = B and 7; o fj is a piecewise linear map from [0, 1] onto [0, 1] for each (allowed)
i. Therefore, if C is a continuum in Z, then there is a sequence { f;} of maps with each
fx 10, 11— Z, fi(A) =0, fix(B) =1 for each k, and limg f; ([0, 1]) =C.

The Mountain Climbing theorem is a useful tool in studying generalized inverse
limits over intervals. We make use of a variation of this theorem called Mioduszewski’s
Uniformization theorem [Mi].

THEOREM 1. (Mioduszewski Uniformization theorem) If f, g:1 — I are piecewise
linear mappings with f surjective, then there exist continuous mappings a, b : I — I such
that f oa =g ob and b is surjective. If, in addition, both f and g are surjective, then
both a and b can be chosen to be surjective.

The Mahavier product is a useful tool for studying subsets of a generalized inverse
limit. (See [GK2, BK].) They have nice topological and algebraic properties. A closed
subset of a standard inverse limit (where the bonding maps are single-valued functions—
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so actually a function from the space to itself) is a subinverse limit. Unfortunately, a
closed subset of a generalized inverse limit need not be a ‘subgeneralized inverse limit’.
The Mahavier product allows one to consider closed subsets of the generalized inverse-
limit space, whether or not they are subgeneralized inverse limits. It also makes it easy
to consider ‘finite’ generalized inverse limits and their subsets. Suppose n > 2. Then
{(x0, x1, ..., xp) 1 xi—1 € f(x;) forn >i > 0} is what we mean by a finite generalized
inverse limit. (For standard inverse limits over intervals, these sets are always arcs
topologically, and therefore of limited interest. This is not the case for generalized inverse
limits.)
Suppose X, Y, and Z are sets. Suppose A C X x Y and B C Y x Z. Define

AxB={(x,y,2):(x,y)€ A, and (y, z) € B}

to be the Mahavier product of A and B. Thus, Ax BC X xY x Z. If A={(a, b)} and
B ={(b, ¢)}, then we write (a, b) x (b, ¢) to mean A x B = {(a, b)} » {(b, ¢)}. Note that
AxB=(Ax Z)N (X x B). In the definition, the factor space Y is acting as the ‘link
up’ factor; that is, if a € A, then there is a point ¢ € A x B such that the projection of ¢ to
X x Y is a only if some point b € B has its projection to Y the same as the projection of a
to Y. In particular, if the projection of A to Y does not intersect the projection of B to Y,
then A x B =(.

If, in addition, W is a set and C C Z x W, we can form the Mahavier products (A
B) x C and A x (B % C). One of the nice algebraic properties of Mahavier products is that
they are associative. Hence, (A * B) x C = A x (B % C), and we can just write A x B x C
without ambiguity.

Now suppose that for each i >0, X; is a set, and A; C X; x X;—_1. Then, using
induction, we can form the Mahavier products

AI*A2*~--*A,,CX()X~--X”

for each positive integer n. We often write *;?Z]Ai for Ay x Ay *x---%xA,. We also
define A; x Ay x--- to be the set of points x = (xg, x1,...) € ]—[;’io X; such that
(xi—2, Xi—1, x;) € Aj_1 x A; for each i > 2, and we write 72| A; for Aj x Ay x - - -.

Note that if f: 1 — 2/ is a bonding function with graph I'(f), and G := (I'(f)) "' =
{(y, %) (x, y) €T(f)}, then

M=lmf=G+xG*xGx---=%2,G.

1

Mahavier products make it easy to discuss finite generalized inverse limits and their
subsets without introducing more notation. If n is a positive integer, and f: 1 — 2/ is a
bonding function with graph I'(f), and G := TN ={(y, x): (x, y) eT(f)}, then

n

GxGxGx---xG=x_,G={(x0, x1, ..., %) 1 xi—1 € f(x;) forn >i > 0}.

If X = 1%ty = [7+] then X ¥ = I¥T/*1 a5 the ‘link up’ factor is the last interval
factor of I¥*! and the first interval factor of 7711, (We think of the factors of I¥t! as
running from O to k and the factors of 77! as running from 0 to j. Hence the last
factor of I¥*1 is the kth factor and the first factor of I/*! is the Oth factor.) Suppose
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f:10,1] - X and g : [0, 1] — Y are continuous maps such that 7y o f = 7 o g. Define
fxg:[0,1] > X Y to be the function defined by f(w) x g(w) for each w € [0, 1].
Then f xg is continuous. If f and g are piecewise linear, then f % g is piecewise
linear. Also, if Z = I""" and h : [0, 1] — Z is continuous such that mp o h =7} o g, then
(fxg)xh=fx(gxh)= f*gxhiscontinuous, f xgxh:[0,1] > X xY x Z, and if
f, g, h are all piecewise linear, then so is f x g x K.

For the reader accustomed to inverse limits we introduce a new convention. If
for i >0, f;:I; — 2li-1 with the bonding map f = f; for each i, then if x =
(x0, X1,...) €EM = l(iglf, one usually thinks of xg € f(x1), x1 € f(x2), and so forth; and
(x1, x0), (x2, x1), ... are points in I'(f). Now if G C [0, 1] x [0, 1], whether or not G
is the graph of some bonding function, or the inverse of a bonding function, or neither,
it makes sense, and is more natural, to think of a point x = (xq, x1, ...) in *l?’i] G as,
coordinate by coordinate, (xo, x1) € G, (x1, x2) € G, and so forth.

Let %,, denote the set of all sequences of with members from the set {0, 1, ..., m — 1},
ire. X, ={(s1,82,...):5€{0,1,...,m— 1} foreachi > 1}. The shift on m symbols
is the map oy, : &, — X, defined by

om(s1, 52,53, ...) = (52,83, .. .).

The map oy, takes X, continuously onto itself, and is the exemplar of chaos. (For more
details about its dynamical properties, see [R, D].) In this paper, m only takes the value 2,
although our results generalize easily to other values of m in some cases.

If X is a space, and f is a map from X to itself, by the dynamical system (X, f), we
mean the action of f on X. A set A in X is invariant (strictly invariant) if f(A) C A
(f(A)=A).If f: X — X and g: Y — Y are dynamical systems, f is conjugate to g if
there is a homeomorphism % : X — Y such that ko f(x) = g o h(x) for each x € X. If
two dynamical systems are conjugate, they are dynamically equivalent. If f : X — X and
g Y — Y are dynamical systems, f is semiconjugate to g, or more specifically, f factors
over g, if there is a continuous surjection # : X — Y such that h o f(x) = g o h(x) for
each x € X.

In this paper we find a number of strictly invariant Cantor sets C (contained in spaces
X) such that f|C is conjugate to a shift on 2 symbols, or f|C is conjugate to a subshift of
the shift on 2 symbols. Only one subshift appears in this paper, so we define the one we
use: let

C' ={(x0, x1,...)€Xy:x; =0o0rx; =1, and if x; = 1, then x; ;| = 0}.

Then C’ is a closed subset of ¥, is itself a Cantor set, and 02(C’) = C’. This subshift
of the full 2-shift is also chaotic.

3. Shifts in generalized inverse limits

Unlike standard inverse limits over intervals with bonding map f, which are always
connected, generalized inverse limits over intervals need not be connected, not even when
the maps are surjective with connected graphs. Of course, the same holds for Mahavier
products of continua. Consider the following example.
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Example 1. (Ingram’s example [IM1]) Let G be the closed subset of [0, 1] x [0, 1] that is
the union of four line segments L;, 1 <i <4, where (recall our new convention):
(1) Lj is the line segment from (0, 0) to (%, ‘l‘);
(2) Lj is the horizontal line segment from (0, 0) to (0, 1);
(3) Lj is the vertical line segment from (0, 1) to (1, 1); and
(4) Lg is the line segment from (1, 1) to (}T’ %).

Then G is topologically just an arc with both its projections mapping onto [0, 1], but
G = G is not connected. G * G has two components with one component a tree and the
other a single point.

Proof. Tt is all about how G ‘lines up’ with itself. Note that G« G = | J{L; » L jil=
i, j <4}.Next, L3 x Lj, L3 x Ly, L4 x» L1, and L4 x L, are all empty. The set L1 x L4 =
{(é—lt, %, %)} is degenerate.

The remaining products are all arcs and together form a tree: L L1 = {(x, x, x) :
xe€l0, 3}, LixLy=LyxLy={(0,0,x):x€[0, 1]}, LixLy={(x,x,1):xe
[0, 11}, Lox Ly ={(0,x,x):x€[0, 31}, LaxL3={(0,x,1):x€[0, 1]}, Ly*Ls=
{0, x, x+2)/3):x €[5, 11}, LyxLy=LyxLsa={(x,1,1):x€[0, 1]}, LyxL3=
{(r, @ +2)/3, Dixely, 11}, and Ly Ly={(x, (x +2)/3, (x +8)/9) :x € [}, 11}
are the nine arcs comprising the tree. Since (L% Ly)N(LoxLy)N(Ly*Lj)=
{(0,0,0)}, (LaxLgN(LaxL3)N(L3*L3)={0,1,1)}, (LixL)N(LyxL3)N
(L1 *xL3)=1{(0,0, 1)}, and (L3 % L3) N (Lg*Lg) N (Ly*L3)={(1,1,1)}, the union
of these nine arcs is connected. There are no other intersections, so the result is indeed
a tree and a component of G x G, with the other component consisting of the singleton
Ll*L4={(%, 4]1, %)}- O

However, the next lemma shows that there are continua contained in Mahavier products
of continua

LEMMA 1. Suppose G C [0, 1] x [0, 1] such that for some j >0 (where j is either a
positive integer or 00), *{zlG contains a continuum J such that wo(J) =[0, 1], and K
is any continuum in *leG (where k is a positive integer). Then there is a continuum
K' C *{:]kG such that 7 (K') =K, and wy j1iy(K') C J. If m(K) =0, 1], then
Tk, j+k)(K') = J. (Note that K' C K % J.)

Proof. By assumption, J contains two points Py and P; with 7o(Py) =0 and mo(Py) = 1.
There exists a sequence of maps f, : [0, 1] — /7! such that for each positive integer 7,
fn(0) = Py and f,,(1) = Py, fy is piecewise linear, and J = limg f,, ([0, 1]). Also, there
exists a sequence of maps g, : [0, 1] — I*+1 such that K = limy gn ([0, 1]), and each gi
is piecewise linear.

Then mg o f, : [0, 11— [0, 1] and 7 o g, : [0, 1] — [0, 1] are piecewise linear maps
with g o f,, onto. Therefore, according to Mioduszewski’s Uniformization theorem [Mi],
there are maps «,,, 8, : [0, 1] — [0, 1] with §, onto such that 7g o f;, o @, = 7k 0 g, © By.

Define the map W, : [0, 11— I/ by W, = (g, 0 B,) * (fu o ay). Then W, is
piecewise linear and continuous. Since {W, ([0, 1])} is a bounded collection of continua,
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some subsequence of {W, ([0, 1])} converges in the Hausdorff metric to a continuum K.
Without loss of generality, assume that K’ = limg ¥, ([0, 1]).

Let x € K'. Then there is a sequence {x,} converging to x such that x, € ¥, ([0, 1])
for each n. So for each n, there is a #, € [0, 1] such that x, = [(gn © Bn) * (fu 0 @) ](ty) =
W, (t,). Since {x,} converges to x, o k) (x) =lim,_o0(gn 0 Bn) (tx) and 7w gy jy(x) =
limy,—, 00 (fy © @) (). Letx' =7 0.k (x) = limy,—, 06 (85 © Bn) (tn), and x” = Tk ket jy (X) =
hmn_)oo(fn oay)(t,). Then x' € K, x” € J, and x = x" » x”. We have shown that K/ C

> 1G mox(K") C K, and w4y (K') C J. Also, K’ C K » J. We next show that
K Cmr (K").

Let x € K. Since K =limy g, ([0, 1]), there is a sequence {t,} in [0, 1] such that x =
lim;,—, o gn(t,). Since B, : [0, 1] — [0, 1] is onto for each n, for each n there is an s, €
[0, 1] such that B,(s,) =t,. Then some subsequence {Wy, (s,,;)} of {W,(s,)} converges
to a point x’ € K'. So m k) (x") = limj_ o0 7(0,k) (W (Sp;)) = limy— 00 gn; © B, (Su;) = x.
Hence, K = (0,1 (K").

Finally, suppose mx(K) =1[0, 1]. We must show that 7r<k,j+k)(K/) =J. We have
already shown that 7y x4 y(K') C J, so we must show that J C i j4x) (K’). Since
m(K) =10, 1], each g, and o, from above can be chosen so «, and m; o g, are onto.
Suppose x € J. Since J =limg f,([0, 1]), there is a sequence {x,} converging to x
such that x, € f,([0, 1]) for each n. For each n, there is t, € [0, 1] such that x, =
fn(ty). Furthermore, for each n, there is some s, € [0, 1] such that «, (s,) =1,. Then
(&n © Bn) * (fu o an)(sn) € W ([0, 11). Let 2z, = (gn 0 Bu) * (fu 0 ) (s,). Without loss of
generality, assume that: (1) the sequence {s, } converges to s € [0, 1]; and (2) the sequence
{zu} converges to z € K’. Then the sequence {7k k+j)(zn)} converges to my k4 j)(2).
However, 7 k+jy(zn) = fu 0 0n(sp) = X, SO Ty k+j)(2) =x, and it follows that J C
Tk, jrky (K'). m

Before proceeding to the next lemma, let us introduce some new notation and make
some remarks. In the next lemma and a number of the results that follow in this section,
we are making the assumption that G is a closed subset of [0, 1] x [0, 1] such that for
some positive integer k, *f: 1 G contains continua Jo and J; such that 7o (Jo) = mo(J1) =
[0, 1]. Let A denote the collection of all Mahavier products A x Ay x A3 x--- such
that each member of the sequence A, As, Az, ... is either Jy or J;. Note that because
of the assumption that mo(Jo) = mo(J1) = [0, 1], when each member of the sequence
Ay, Az, Az, .. .iseither Jy or Ji, then the Mahavier product A| x Ay * A3z % - - - is closed
and non-empty.

If, in addition, Jo and J; are disjoint, then A is a Cantor set in the hyperspace 2
(recall, 2M is the space of all non-empty closed subsets of M, endowed with the Hausdorff
metric), where M =72, G. We say that A is a Cantor set of closed sets. If each member
of A is a continuum, we say that A is a Cantor set of continua. However, recall that even if
J and K are continua it may not be the case that J = K is connected, as Ingram’s example,
Example 1 above, shows.

LEMMA 2. If G is a closed subset of [0, 1] x [0, 1] such that for some positive integer
k, *{FZIG contains continua Jo and Jy such that wo(Jo) = mo(J1) = [0, 1], then for each
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s =(s1, 82, ...) in Xy, the set Ay = Js, * Js, *x Js3 % - - - contains a continuum A, such

that wo(A}) = [0, 1. Moreover, we have the following.

(1) If me(Jo) = mp (J1) = [0, 11, then for each n, 7wk, (n+1)k) (As) = Js,.

(2) If Jo and J, are disjoint, then there is a pairwise disjoint collection Ac of continua
A’ such that for each s in £y, A, is a continuum contained in Ay such that wo(A}) =
[0, 11.

Proof. Suppose s = (s1, 52,...) € 2. Apply Lemma 1 repeatedly to produce a
continuum H, in Jg * Jo, x Jg; * - - x Jy, C *:?ilG such that mwo(H,) =[0, 1]. Then
{H, x I°°} is a collection of continua in the Hilbert cube. Without loss of generality, we
can assume that { H,, x I°°} converges in the Hausdorff metric to the continuum H. Then
H is a subcontinuum of Ay = Jy, * Jy, * Js; x - - - such that mo(H) = [0, 1]. Let A, =H.

(D) If mp(Jo) =mr(J1) =0, 1], then the continuum Ag can be chosen so that
7T<ik,(i+1)k>(As) = JS,. for 1 <i <n. Then A; has the property that ”(nk,(n—i—l)k}(As) = an
for each n.

(2) If Jp and J; are disjoint, then for s = (s1, s2,...) and t = (#1, 12, ...) in Xp,
with s # ¢, there is some n such that s, # ,,, and this means that 7, (14-1)k) (As) C Js,,
T n,(n+1)k) (A1) C Jy, and Js, N J;,, =¢. Hence A, N A; =@ and A} N A} = 0. O

Notation and Remarks.

e If we define p:¥p— A by p(s)=A;=J; *Jg, * J;x--- for each s=
(s1, 52, . . .) in X9, then p is continuous, and onto.

e If Jy and J; are disjoint, then p is also one-to-one, so it is a homeomorphism.

e Let A=[J.A. Then A is a closed set in x°°, G, and if Jo and J; are disjoint, A is a
Cantor set of closed sets.

e Furthermore, (rk(Js1 *Joy xSy o) C Uy * Sy x Iy x--+, SO ok o p(s)C po
(o)) (S)

o If m(Jo) = mk(J1) = [0, 1], then ¥ o p(s) = p o o2(s). Hence, if p is continuous
and surjective (and i (Jo) = mr(J1) = [0, 1]), then o, factors over ok; and if pisa
homeomorphism, then o7 is conjugate to o'*.

We can actually strengthen parts of Lemma 2 above. If we choose the continuum A/, in
the closed set Ay carefully, there is a continuous map pc¢ from X, onto Ac¢ :={A} : A €
A}, and | Ac is a closed set in M. We can do this by requiring in the construction in
Lemma 2 that if s = (sq, 52, ...) and t = (#1, f2, . . .) are points in X, that agree in their
first n components, then at step » in the induction, H,, is chosen to be the same set for s
and 7. If Jy and J; are disjoint, then p¢ is a homeomorphism, and the collection A¢ is a
Cantor set of continua in M. Thus, we have the following lemma.

LEMMA 3. Suppose G is a closed subset of [0, 1] x [0, 1] such that for some positive

integer k, *f.‘zlG contains continua Jo and J such that wy(Jo) = mo(J1) = [0, 1]. Then

we may choose the continua A’, (guaranteed by Lemma 2 to exist in Ag) so that | J Ac =

(A} :s € 22} is a closed set in M, mi k) (AY) = Jy,, Tn—1)knk)(A%) C Js, for n > 1,

and O’k(A;) C A’Uz(s). Furthermore, we have the following.

(1) The function pc : o — Ac defined by pc(s) = A for s € ¥y is continuous and
surjective, and for each s in £, Al, C As.
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(2) If Jo and Jy are disjoint, then the collection Ac is pairwise disjoint, and pc is a
homeomorphism.

3)  If m(Jo) =7k (J1) =10, 11, then for each n >0, Tk m+1)k) (Ay) = Js, for s =
(s1, 52, ...) in X».

LEMMA 4. Suppose G is a closed subset of [0, 1] x [0, 1] such that for some positive
integer k, *f.‘zlG contains two disjoint continua Jo and J1 such that wo(Jo) = mo(J1) =
[0, 1], and Ac is the uncountable pairwise disjoint collection of continua constructed
in the previous lemma. (Hence, for each s in i, A, C As, mo(AL) =1[0, 1].) Then
for each continuum W C *?ilG, each positive integer m, and each s € Yo, there is a
continuum Wy, s Cx2, G such that 7w0,my(Wp,s) = w0,m)(W) and o™ (W, 5) C AL If
T (W) = [0, 11, then 7w m, o0y (As) = Al

Proof. This result follows from combining the previous lemmas. Note that it helps a bit
here to index intervals. We are assuming that o ) (W) C ]_[;":0 I; and A, C ]_[?im I;,
and we apply Lemma 1 to obtain the continuum W, ;. The continuum W,, s C 7, )

(W) x AL O
Summarizing these lemmas, we have the following theorem.

THEOREM 2. Suppose G is a closed subset of [0, 1] x [0, 1] such that for some positive
integer k, *f.‘:lG contains continua Jo and Jy such that wo(Jy) = mo(J1) = [0, 1]. (We use
the notation from the previous lemmas.) Then the following hold.

(1)  There is a continuous, surjective map p : Xy — A such that for each s in o, p(s) =
As. If Jy and Jy are disjoint, p is a homeomorphism from %, onto A.

(2) There is a continuous, surjective map pc : Xy — Ac such that for each s in
%), pcls) =A, C Ay and A} is a continuum. If Jo and J; are disjoint, pc is a
homeomorphism from Xy onto Ac. For each s in £, mo(A%) = [0, 1].

(3) For s in Xy, pooa(s) Cokop(s). If m(Jo) Ump(Jy) # [0, 1], then o*(J A) #
U A If m(Jo) = me(J1) = [0, 1], A is invariant under o*, and p o o5(s) = o* o
p(s) for s in £y, or, in other words, o factors over o*.

(4) For each continuum W C %2 ,G and positive integer m and s € X, there is a
continuum Wy, s C %72, G such that w0 m)(Win,s) = m0,m) (W) and o™ (Wy, 5) C
A; CA lf (W) =[0, 1], 0™ (Wp5) = A§ C As.

Proof. This essentially follows by combining the previous results. That o' (LU A) need not
equal | J A is easy to see if ¢ (Jo) U 7 (J1) # [0, 1]. Suppose 74 (Jo) U mx (J1) # [0, 1].
Suppose also xp € [0, 11\ (7x (Jo) U ¢ (J1)). Then there is a point x € | J A such that

mo(x) =xp and 7 xy(x) = (xo, ..., Xx) is in either Jy or Ji. Suppose y € Uk(U A).
Then there is z €| J.A such that o%(z) =y. If z=(z0,21,...), then o¥(z) =y =
(2ks k415 - - -), but zx € g (Jo) U g (J1), 50 2¢ # X0, and x ¢ o* (| A). O

THEOREM 3. Let A=) A and Ac = Ac. Then A and Ac are closed subsets of M,
oX(A) C A, and Ac CA. Let A* = (2, 0"¥(A). Then:

(D) o’k(A*) = A*;

(2) A*NA#@foreach A € A;
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(3)  A* C A, but if mx(Jo) Ui (Jy) # Iy, then A* # A.

Proof. Since (oo, o™ (A) 02, 0¥ (A)C -+, and ADo*(A) Do A)D---,
then o (A*) = A*. Clearly A* C A.
Suppose By, B_1, ... is a sequence each member of which is either Jy or Ji. Let

A=A; %Ay *--- be a member of A. Then By A € A, and, since a¥(Byx A) C A,
there is some point z_; € 6*¥(Bogx A) N A, s0z_1 € 60¥(A) N A. Next, B_; » By» A € A,
and since 0% (B_| » By x A) C By » A then 62K(B_; x By x A) C o¥(By » A) C A. Hence
there is a point z_, € o2k(A) N ok (A) N A. We continue this process, finding for each n
apointz_, e ANcX(A)N---N o"*(A). Without loss of generality, we can assume that
the sequence z_1, z_2, . . . converges to a point z in A. Then, however, by construction z
must be in 6% (A) for each n. So z € A N A*.

Now suppose 7 (Jo) Umg(J1) # Ix. Then for each A e A, while mg(A) = Iy,
no(ak(A)) C mx(Jo) U i (J1), but now this set is in g, rather than I, and it is not equal
to Iy. Then 7o(c¥(A)) # Iy, and A* # A. o

Remarks. Hence, we have the appearance of our invariant Cantor sets carrying shift

dynamics.

e Fors=(s1,82,...) €2y, let Ag=J; »J;, x--- and let A} = A* N A, # . Note
that A* = [ J{A} : 5 € Xp}. Let p* : £y — A* be defined by p*(s) = A¥. If Jy and J;
are disjoint, since o, on X is conjugate to o on A*, A* is a Cantor set in the space
2M | 5k is a map from the space 2¥ to itself, and o*|.A* is conjugate to 0.

e If Jy and J;y are disjoint, and 7 (Jo) = 7 (J1) = [0, 1], then o2 on X7 is conjugate to
o* on A, Ais a Cantor set in the space 2™, ¢* is a map from the space 2 to itself,
and 0| A is conjugate to ;.

e Note that if k=1, it is not possible for the closed set G to satisfy both: (1) Jy
and J; are disjoint; and (2) mp(Jo) = mx(J1) = [0, 1]. If k> 2, it is possible to
satisfy both conditions non-trivially. For example, let H; = {(1/3,x):0<x <1},
H,={12/3,x):0<x<1}, L1 ={(x,1/3):0<x <1}, Lr={(x,2/3):0<x <
1}, and G=H{UHyUL{ULjy. Then Jo={(x,1/3,y):0<x,y <1} and J; =
{(x,2/3,y):0<x,y <1} are disjoint closed subsets of G x G that satisfy both
conditions.

COROLLARY 1. Suppose, in addition, that Jy and J| are disjoint. (Again, use the notation
of the previous results.) Then A is a Cantor set of closed sets in M, and Ac is a Cantor set
of continua in M. Furthermore A* is a Cantor set of closed sets with o*¥(A*) = A*.

It may or may not be the case that A* is a Cantor set as the following examples
demonstrate.

Example 2. Suppose G C [0, 1] x [0, 1] is closed, 0 < p <qg <1, and Jo=[0, 1] x
{p}c G, J1=1[0,1] x{g} C G. (Recall our new convention of listing points in
G with zeroth coordinate first.) Then A ={ly x {t;} x {tn} x--- : foreachi >
1,ti €{p,q}} =Ac, so A=Ac is a Cantor set of arcs. Furthermore, A* = A} =
{(t1,t2,...) : foreachi > 1, t; € {p, ¢q}} is a Cantor set. (Note that k = 1 here.)
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Example 3. Suppose G C [0, 1] x [0, 1]isclosed,0 < p <gq < 1, Ko =[0, p],and K| =
[g, 1]. Let Jo = Ip x Ko be a subset of G, and let J; = Iy x K| be a subset of G. Then
A= Ac is a Cantor set of Hilbert cubes, as each A is a copy of the Hilbert cube.
Suppose s = (s, 82, ...) € X. Then Iy x K x K, x K¢ x - - - = A;. Furthermore,
0(A) = A" = A7, in this example. Hence, A* also consists of a Cantor set of Hilbert
cubes, none of which projects onto Ij.

4. A two-pass condition

In [I1] Ingram defined a two-pass map from a graph G to itself as a continuous function

f 1 G — G such that there exist two non-overlapping closed subgraphs H and K of G such

that f(H) = f(K) = G. In this section we will recycle and generalize this term for use

with set-valued functions, and present a number of results about the topological structure
of the inverse limit when the bonding map has a two pass. These results are in continuum
theory, so we begin with some definitions.

e A continuum is a compact, connected metric space.

e A free is a finite connected graph that contains no simple closed curve.

e A continuum is decomposable if it can be written as the union of two proper
subcontinua. If a continuum is not decomposable, it is indecomposable. A
continuum is hereditarily decomposable if every non-degenerate subcontinuum of it
is decomposable.

e A continuum X is treelike if, for each € > 0, there are a tree T and a surjective
continuous map f : X — T such that, for each ¢t € T, the set f ’l(t) has diameter
less than €.

e A continuum is %—indecomposable if there do not exist two disjoint subcontinua with
non-empty interior in the continuum.

e A continuum is a A-dendroid if it is a hereditarily decomposable treelike continuum.

e A continuum is a dendroid if it is a treelike arcwise connected continuum.

e Suppose x is a point of the space X. The arc component Cy of x is the union of all
arcs in X that contain the point x. If x # y are points in X, then either C, N Cy =
or Cy = Cy.

e A continuum X is unicoherent provided it is true that when X is the union of
two subcontinua H and K, then H N K is connected. A continuum is hereditarily
unicoherent provided each subcontinuum of it is unicoherent. If X is a treelike
continuum, then it is hereditarily unicoherent.

e Suppose X and Y are continua. A continuous function f : X — Y is weakly confluent
if, for each continuum C in f(X), at least one component of the preimage of C is a
continuum that maps onto C.

e A continuum C is irreducible between the points a and b (with a # b) in the space
X if C contains a and b, but no proper subcontinuum C’ of C contains both a and
b. A continuum X is uniquely irreducible if for each pair a, b of distinct points there
is exactly one subcontinuum C in X which is irreducible between a and b. Treelike
continua are uniquely irreducible.

e Suppose n is a positive integer greater than 2. A continuum X is an n-od if there exists
a subcontinuum M of X such that X\ M has at least n components.
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LEMMAS. If Gy, Ga, ..., Gy is a finite sequence of closed sets such that G; C I;_1 X I;
and w;—1(G;i) = I;_1, and there is a component K of G, such that w,_1(K) = I,,_1, then
Ton-1) *_ Gi — *:.1;11 G is weakly confluent.

Proof. Let J be a continuum in *?:_1] G;. The method used in Lemma 4 is easily adapted
to produce a continuum J' in #_, G; such that (9 ,—1)(J") = J and 7,1,y (J)) C K. D

THEOREM 4. [f, for each positive integer i, G; is a closed subset of I;_1 x I;, and there
is a component K; of G; such that w;_1(K;) = I;_1, then for each positive integer j and
each k either a positive integer or 00, where j < k < 00, the projection g, j) : *f:lGi —

*{:1 G is weakly confluent.

Proof. If k is a positive integer, then the projection (g :*i.‘:]Gi — *{:]Gi is the
composition of a finite number of projections that satisfy the conditions of Lemma 5, and
a map that is the composition of weakly confluent maps is also weakly confluent.
Suppose k =oco. Let J be a continuum in *{=1Gi~ Then again using Lemma 5, for
each positive integer n, there is a continuum J, C *l’:l" G; such that 7 jy(J1) =J and
w0, j+i—1)(Ji) = Ji—1 for 1 <i <n.Let H, = J, x I* for each n. Then {H,} is a nested
collection of continua in the Hilbert cube whose intersection is a continuum J’ C *l?‘i] G;
such that 71'(Qj>(]/) =J. O

THEOREM 5. [If, for each positive integer i, G; is a closed subset of I;_1 x I;, and there
is a component J; of G; such that w;(J;) = I;, then for each positive integer j and each
k either a positive integer or oo, where j <k < 0o, the projection (j_1 k) :*leG,- —
*{.‘: ; G is weakly confluent.

COROLLARY 2. If G is a closed subset of [0, 1] x [0, 1], and there is a component J of
G such that wo(J) = [0, 1], then the shift map o : %72 G — %2, G is weakly confluent.

A set-valued function f: [ — 21 with graph G has a two pass {Jy, J1} if, for some
natural number m, there are disjoint continua Jy and J; in *:."ZIG_l such that mg(Jy) =
mo(J1) =[O0, 1].

THEOREM 6. For a set-valued function f:1— 2! with graph G the following are

equivalent.

(1)  f has atwo pass.

(i) There is an integer m such that *!_, G~ ! contains disjoint continua Ko and K| such
that mo(Ko) = [0, 1] and 7, (Ko) C mo(K1).

(iii) *?ilG_l contains disjoint continua Ly and L such that mo(Lo) = mo(L1) = [0, 1]

Proof. 1t follows easily from Lemma 2 that (i) implies (iii). It is also easy to see that (i)
implies (ii).

Assume (iii). That is, assume *°, G ~! contains disjoint continua Lo and L; such that
mo(Lo) = mo(L1) = [0, 1]. Then there is an integer m such that 7o ;) (Lo) N 7(0,m) (L1) =
@. It follows that {70 m)(Lo), m(0,m)(L1)} is a two pass for f. Therefore (iii) implies (i).
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Now assume (ii). That is, assume there is an integer m such that »}* |G I contains
disjoint continua K¢ and K such that 7o(Kp) = [0, 1] and m,,(Ko) C mo(K1). Then by a
slight modification of Lemma 1 (because rather than 7o(K1) = [0, 1] we have only that
7 (Ko) C mo(K1)), *1.2;”1G_1 contains a continuum Jy C Ko * K1 such that 7 ,,,) (Jo) =
Ko, and *f;”lG_l contains a continuum J; C Ko » Kq such that 7 ) (J1) = Ko. Thus
Jo N Jy =0 and 7o (Jo) = 79(J1). Therefore {Jy, J1} is a two pass for f. Therefore (ii)
implies (i). O

For inverse limits with one continuous single-valued function from [0, 1] to [0, 1]
there is a well-studied connection between chaos in the shift map and the presence of
an indecomposable continuum in the inverse limit [I1]. Such inverse-limit spaces are
chainable, and therefore cannot contain a simple triod, much less an n-od for every #n. In
the case of a set-valued bonding map with a two pass the inverse limit can be hereditarily
decomposable, even hereditarily arcwise connected, and the shift map can be chaotic, but
there must be an n-od for each n.

THEOREM 7. Suppose f : [0, 11 — 2% is an upper semicontinuous function with graph
G such that f has a two pass and *;’ilG_l is a decomposable continuum. Then *;?ilG_l
contains an n-od for each n € N.

Proof. Assume M = *?i1G_l is decomposable. Then there is a proper subcontinuum K
of M with non-empty interior. Also M contains an uncountable pairwise disjoint collection
of continua each having Hausdorff distance from M so small that each of these continua
intersects K and M\ K. It follows that M contains and r-od for each n. O

Even when the existence of a two pass does not lead to an indecomposable continuum,
it does, in important cases such as treelike continua, lead to %—indecomposability.

THEOREM 8. Suppose f : [0, 11— 2I°U is an upper semicontinuous function with graph
G such that f has a two pass and 72 | G~ is a hereditarily unicoherent continuum. Then
*2 G lis %—indecomposable.

Proof. Assume G is a closed subset of [0, 1] x [0, 1] for which there is a k such that
*{leG_l contains disjoint continua Jy and Ji such that mo(Jo) = mo(J1) = [0, 1]. Also
suppose M =*§’21G_1 is a continuum but not %-indecomposable. Thus M contains
disjoint continua H and K each having non-empty interior. For each € > 0, there is an
m such that 1/2™ < ¢, and if L C I®° is a continuum such that 7o(L) = [0, 1], then
dp (%" G~y = L, *°,G1) <1/2™. Then by Lemma 4, M contains an uncountable
pairwise disjoint collection of continua such that the Hausdorff distance from each of them
to M is less than €. So there are disjoint continua C and D in M such that C N H # ,
CNK#W, DNH#W, and DN K #@. It follows that HUCUD and KUCUD
are both subcontinua of M, and (H UC U D)N (K UC U D) = C U D is not connected.
Thus M is not hereditarily unicoherent. O

5. Examples

Suppose f : I — 2! is a surjective upper semicontinuous bonding map such that the graph
G of f is composed of two line segments Jy and J; such that wo(Jo) = mo(J1) =1
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and Jo N Jp consists of exactly one point. Let M = Lln f. We consider the topology and
dynamics of some families of inverse limits satisfying these requirements. It follows from
results from the literature that each member of this family of inverse limits is connected,
treelike, and one-dimensional. (In [CC] it was proven that a one-dimensional continuum
with trivial shape is treelike. In [CR] it was proven that when the factor spaces have
trivial shape and the graphs of the bonding maps have trivial shape, then the inverse limit
has trivial shape. In [N2], it was shown that if the graph of a set-valued function on an
interval does not contain a vertical line and a horizontal line then the inverse limit is one-
dimensional.) There are many cases to consider (and we do not consider them all). First,
however, a proposition.

PROPOSITION 1. The space M consists of the union of all arcs A1 x Ay x Az x - - - such
that each member of the sequence Ay, Az, Az, ... is either Jy or Jy.

Remark. This proposition suggests that M always consists of a Cantor set of arcs. This is
not the case. In some of the cases for this family many of the arcs A; x Ay x Az % - - -

turn out to represent the same arc. That is, it can happen that A, A>, A3, ... and
B1, By, B3, ... are different sequences each member of which is either Jo or Ji, and
Al x Ay *x Az *---=B{xBy* By x---.

Our findings suggest that: (1) if for some k > 1, *f.‘: h G ! contains two disjoint continua
each of which projects onto Iy, then the dynamics and topology of M are quite interesting;
and (2) if, for each k > 1, *i.‘: 1 G~! does not contain two disjoint continua each of which
projects onto Iy, then the dynamics and topology of M are relatively simple and not so
interesting. With Theorem 6 in the previous section, we have already turned this into a
mathematical statement.

Example 4. For each c in [0, 1], let f.:[0, 1] — 21%! be the upper semicontinuous,
surjective map whose graph G, is the union of (1) the straight line with endpoints (0, 0)
and (c, 1), and (2) the straight line with endpoints (c, 1) and (1, 0).

(1) Consider the case where 0 < ¢ < 1, first. (We note that each f; in this case is just an
asymmetric version of the tent map.) For ¢ in (0, 1), G, is the graph of the continuous
function f., where f.(x)=x/c for x €[0,c], and f.(x)=1+4 (¢ —x)/(1 —c¢) for
x € [c, 1]. Clearly, G, does not contain two disjoint continua whose projection onto the
0-coordinate is [0, 1]. However, consider the two sets Jo = {(xg, x1, x2) € *,2:1Gc_1 1Xp €
[0, cz]} and J; = {(xo, x1, x2) € *,-2=1Gc_1 xp €le+ (1 — c)2, 11}

Since f. is a continuous function, Jy and J; are continua. Since ¢~ <c<c+
(1—¢)?, JoNnJi=¢. Since f20)=0 and f2(c*) =1, mo(Jo)=I0, 1]. Since
fcz(c +(1=¢)®)=1and fcz(l) =0, 7o(J1) = [0, 1]. So even though G does not contain
disjoint continua whose projection onto the 0-coordinate is [0, 1], G;l * G;l does contain
two such disjoint continua. That is, f. has a two pass. It is well known that *7° Gc_1 =
M= l(ln fc is indecomposable, homeomorphic to the Knaster bucket handle continuum,
and that the dynamics of both f. and o are chaotic.

2

So here we have two disjoint continua G, !xG_ ! whose projection onto the O-
coordinate is [0, 1], and both the dynamics and topology are interesting.
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(2) Now suppose ¢ =0. In this case, G, = Go is not the graph of a continuous
(single-valued) function. Let Jo = {(x, 0, 0) e *_, G ' :x € [0, 1]} and J; = {(x, 0, 1) €
x> G lix €0, 1]}

These are two disjoint arcs in G, '« G! both of whose projections onto the 0-
coordinate is [0, 1]. So again we have disjoint continua at stage two (i.e. in Gc_1 * G;l)
with projections onto the 0-coordinate being [0, 1], that is, fy has a two pass.

Indeed, the continuum 2, G’ l=m= l(ln fo has been given the name the ‘Monster’
by Banic. Several authors have studied it, including Bani¢ [BCMM1] and Ingram [IS].
It contains an invariant Cantor set, is treelike, and has both complicated dynamics and
topology. (We discuss in detail more interesting properties of an entire family of maps of
which it is a member later.)

(B)Forc=1and n > 1, *;‘:lel consists of the union of a collection of n 4 1 arcs
L, whose first j coordinates are the same x in [0, 1] and whose remaining coordinates
are equal to 1. Also, each continuum C in *?Zlel such that 7o (C) = [0, 1] contains the
point each of whose coordinates is 1. So there are no disjoint continua projecting onto I
here.

*° lel consists of the union of a countably infinite collection of arcs A;, whose
first j coordinates are the same x in [0, 1] and whose remaining coordinates are equal
to 1 together with the arc Ay, = {(x, x, x, ...) : 0 <x < 1}. In fact, this inverse limit is
homeomorphic to a harmonic fan with vertex (1, 1, 1, .. .). Under the shift, A; maps onto
the point (1, 1, 1, .. .); for j > 1, A; maps onto A;_1; and A maps onto itself with each
point fixed.

So, in this case with no two pass we have no invariant Cantor set, and simple topology
and simple dynamics. For this family of functions interesting topology and interesting
dynamics both depend on having a two pass.

Next we turn to the exploration of another family of graphs composed of two line
segments Jo and Ji such that mo(Jo) = mo(J1) = [0, 1] and Jp N J; consists of exactly
one point. This family overlaps with the family above, as it contains G from the previous
family.

Suppose 0 < p < 1, and the line Jy is a vertical line in [0, 1] x [0, 1] with 1 (Jo) = {p}.
Suppose Jp is another line in [0, 1] x [0, 1] and G = Jy U J;. Then, in order for Jy U Jj
to be the graph of an upper semicontinuous function, J; must be either the diagonal line
given by y = x or the line y =1 — x, or with our order convention the line x = y or the
linex=1—y. Let H=G~'. Then M = *° |H.If Jy is the diagonal line, then both the
topology and dynamics are simple, and we leave the investigation of this case to the reader.
The case where J; is the line x = 1 — y is more interesting. The dynamics and topology
are quite different for p =1/2 and p # 1/2.

Example 5. (p =1/2) Suppose the line Jy is a vertical line with w1 (Jp) = {p} = {1/2},
and the line J; is the line given by x =1 — y. The topology and dynamics are relatively
simple for the case when p = 1/2, but this case is the limiting case for the topology and
dynamics when p # 1/2, as it is a ‘collapsed’ version of the topology and dynamics that
occur when p # 1/2.
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Note that if x = (xg, x1, ....) is a point in M with n > 0 such that x,, # p, but x, 11

=p, then x; =1 —x;_1 for 0 <i <n and x; = p for each i > n. For each n > 0, x €
n

[0, 1], let x, =(x,1—x,x,1—x,...) and let x denote the point (x, 1 —x, x, 1 —
X,..)inM.Forn>0,letT,={x, ®p:x€[0, 1]} and let Too = {x: x € [0, 1]}. Then
M =\ J{T, :n e Norn =00}, so M is again a countably infinite union of arcs, each of
which contains the point p. In fact, the space M in this example is homeomorphic to the
space obtained by using the vertical line from (0, ¢) to (1, g¢), g # 0, 1, together with the
diagonal line to make the closed set G: in this example, M is a ‘double’ fan. The shift
map o maps each point of 7} to p, and for co > n > 1, maps T, onto T,,_1, but here the
points are ‘flipped’ since a point x,, @ p is mapped to the point (1 — x),—1 @ p. The arc
T~ is mapped onto itself with each point x mapped to (1 — x). Hence the dynamics and
the topology are simple, and there is a ‘flip’ of the space under the action of o.

It is also important to note that in this case the function does not have a two pass since
every continuum in the inverse limit with first coordinate % contains the point each of
whose coordinates is %

Example 6. (p # 1/2) Suppose p # 1/2, but as before Jj is the vertical line with 79 (Jy) =
{p} and J is the line given by x = 1 — y. Note that when p = 0, we get the inverse limit M
that has been called the ‘Monster’ by Bani¢ [BCMM1]. Now the topology and dynamics
become more complicated. Indeed, if Ko = Jo and K| = {(p, 1 — p)}, then K¢ and K|
satisfy Theorem 6 (part (ii)), so these functions do have a two pass. Again we find that
for this family having interesting topology and interesting dynamics depends on having
a two pass. However, in the case of these functions, the inverse limits are all hereditarily
decomposable treelike continua, illustrating that at least in this family interesting dynamics
and topology are not related to indecomposability.

We shall see that an invariant Cantor set arises, and M is connected, but in a more
complicated way. First there are two fixed points: 1/2 = (1/2, 1/2,...) on the arc J; x
JixJix---,andp=(p, p, p,...)onthearc Jox Jo*x Jox---.

Now consider

C={(xp,x1,..0€eM:xj=porxi=1—p, andifx; =1 — p, then x;41 = p}.

Thus, C is a Cantor set contained in M, and o (C) = C, so it is a strictly invariant Cantor
set contained in M, with the action of o on C conjugate to the subshift of finite type of the
full shift on two symbols discussed in the introduction.

The dynamics on o on M are also fairly easy to describe. Let K denote the arc J; »
Jix Jy x---. Clearly, 0 (K) = K, with o “flipping” points on K. More precisely, each
point of K is a period 2 point. (The point 1/2 is fixed, but all other points on this arc
have prime period 2.) For any point x = (xg, X1, ...) in M\K there is least n such that
xn € {p, 1 — p}. Then for m > n, we also have x,, € {p, 1 — p}. Hence, 0™ (x) € C for
m > n. Thus, all points of M\ K are eventually pulled into C and, once pulled in, they stay
there.

In the results that follow, we investigate the interesting topology of this family of
spaces.
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Let M={A;xAyxA3zx---:A; €{Jy, J1},i >1}. For each positive integer n,
let M, ={A1* Ay x A3 x---x A, : A; € {Jo, J1},n>i > 1}. Also, let M), =|J M, =
*?:1G' Note that the arc Jo x J; * Jy is the same arc as Jo » J; x J1. Both arcs consist of
the points of the form (x, p, I — p, p) for 0 <x < 1. It follows that if A := A1 x Ay
Az x--- € M and there is some n such that A, = Jy, A,+1 = J1, Apy2 = Jo, and B :=
By xByx B3 x---€ M such that B = A; for i #n+ 2, and B, = Ji, then B = A.
Hence, many sequences of continua Jp and Jj result in the same arc in M.

LEMMA 6. There is a decomposition G of the inverse-limit space M into an uncountable,
mutually disjoint collection of dense, arcwise connected sets.

Proof. For ease of notation, let Jo=L and J; = K. Let K denote the arc K x K %
K x--.e M. For each positive integer n, let gm = {x = (x9, X1, ...): foreachi >
1, xpqi =1 —xpqi—1}. Let G = U Gx .- Note the following.

e  For each positive integer n, G, C G, 1-

e For each positive integer n, Gg, is arcwise connected since Gg , =
M, = K. Hence, gm is a tree in M. (This is because v : M, - M, *K
defined by v ((x0, X1, ...,%n)) = (X0, X1, .-, Xn, | =Xy, Xp, l —Xp,...) is a
homeomorphism.)

o Let (p,1—p)=(p,1=p,p.1=p,p,..) and (I—p,p)=1—p,p,1-
p,p,1—p,...). The points (p, I — p) and (1 — p, p) are in G , for each n. Thus,
Gy is connected and arcwise connected.

e Since JM, »K)=J Gx n =G> G is dense in M.

Now for each x = (xq, x1,...) € M\gf, there is least N = N, such that xy = p, and

there is a sequence N < nj <np < --- such that (x,;, xp,4+1) = (p, p).

For each positive integer n > Ny, let Gy , = {z = (20, 21, - - .) : Zm = Xm for each m >
n}.Let Gy, = {x} for 1 <n < N,.Let G, = Gx.n. Note the following.

e For each positive integer n, Gy, C Gy n+1-

e For each positive integer n such that x, = x,4+1 = p, Gy, is arcwise connected since
Gen =M, ®" T (x)={(20, 21, .. ) € M : (Znt1, Znt2s - - ) = K1, Xnt2, - - s
and Gy , is a tree in M. Since, for infinitely many n, (x,, x,4+1) = (p, p), then, for
infinitely many n, G, , is arcwise connected.

e The point x is in Gy , for each n. Thus, G, is arcwise connected, since G, = J Gy.n =
U{gx,n : (Xns Xu+1) = (p, p)}-

e Since (M, ® 0" (x) : (xn, Xn11) = (P, P)} = Gr.n = G, Gy is dense in M.

Now suppose x ¢ Gi. If ze€ Gz NGy, then there is sufficiently large n such
that z € gm N Gy n. Further, there are infinitely many m such that (2, zm+1) =

(p, p) = (Xm, Xm+1), since z € G,. However, since z € G, (Zm, Zm+1) = (Zm, 1 — z;) for

sufficiently large m. This is a contradiction, so G N Gy = .

Suppose x, y are points in M\G, and z € G, N Gy. There is N such that if n > N,

2 €Gx.n NGy n. Then foreachn > N, z, = x, = y,. Then G, = G,.

Let G = {Gx} U {Gy : x ¢ Gg}. Then G is a mutually disjoint, uncountable collection of

dense, arcwise connected sets whose union is all of M. O
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Next we consider the structure of certain basic closed sets. Specifically, suppose 7 is

a positive integer, and A € M,,. (We continue to use the notation developed previously

for the case p #1/2.) The properties of (A x I®°) N M are very different for A =
n n

———— ———
KxKx---xKand A# K xK %---x K, as in the following lemma.

LEMMA 7.

(1) Suppose A=A xAy*x---xA, € M, and, for some 1 <i <n, Aj=L. Then
(A x I%®) N M consists of a Cantor set of arcs.

(2) Forn apositive integer, let XK'= *!_ K. Then K" % M is the closure of an open set in
M2 Furthermore, K" % M is a continuum homeomorphic to M, and M D Fl * M D
K «M>---.

Proof. (1) Suppose A=A x Ay *x---xA, € M,,andforsome 1 <i <n, A; = L. Then

either (1) for each x = (xq, ..., x,) € A, x, = p, or (2) for each x = (x¢, ..., x,) € A,
xp=1—p.LetCo={s=(s1,8,..)€C:sy=p}andletC; ={s =(s1,52,...) €C:
s1=1-p}.

If for each x = (xg, ..., xy) € A, x, =p, then (A x I®)NM =J{Axs:s € Cp}
and (A x I®) N M consists of a mutually disjoint Cantor set of arcs, as follows. If z =
(zo, 21, - - ) € (A X I®)N M, then (z¢g, ..., 2n) € A and z, = p. Then (2, Zn+1, - - -)
€ Co. Let t = (2, Zn+1, - - -)- Then z € A x 1, and z € | J{A x5 : s € Cp}. If, on the other
hand, z € | J{A % s : s € Cp}, there is some s € Cp suchthatz € Axs.Thenz € M, z, = p,
(20, 21, --->2zn) € A,and z € (A x I®°) N M. Thus, (A X I®)NM = J{Axs:5 € Cp}.
Since Axs N A xt = for s # t with both s, t € Cy, the result follows.

The proof is similar if for each x = (xg, ..., x,) € A, x, = 1 — p, so we omit it. In this
case, (A x I®°)NM =|J{A xs:s € C;}and again (A x I°°) N M consists of a mutually
disjoint Cantor set of arcs.

(2) Since K'\(U{A:Ae My, A=K ) =K \{mom(p. 1= p). mom({ — p. p)}
is open in M,, K" « M is the closure of an open set. Next we show that K « M is a
continuum homeomorphic to M, and M D K «M>K «M>---.

For a point x = (xg, x1, ...) in M, define ¢ (x) to be the point z = (z9, 21, ...) in
K" * M such that (Zny Zn41s - - ) = (x0, X1, ...) and z,—1 =1 — X0, Zp—2 = X0, Zn—3 =
1 — xp, ..., until the process ends at z,_,. Then ¢ is a homeomorphism from M onto
K" «M. (This wouldn’t work with any other arc than K" in M,,.) Then K'«Mis a
continuum homeomorphic to M.

In fact, it is easy to check that (En x I®)NM = XK'« M.

Then K" + M is a continuum, and it is a copy of M. Also, we have M DK« M D

K «M>- - =
LEMMA 8. M is decomposable, and

—1 —2 —3
M2OK «MDK «M2K «M--- .

However, (E" * M)° ;_éfm * M form >n.
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Proof. 1t suffices to show that M contains a proper subcontinuum with interior. For each
positive integer n, let K" * M be defined as in the previous lemma. Then for each n,
K" * M is a continuum homeomorphic to M (from the previous lemma). So XK' «M is
a proper subcontinuum of M, since XK' % M does not contain the point p. Since ?1 * M
contains the open set (7, 1([0, 1I\{p}) N M), it has a a non-empty interior. Hence, M is
decomposable.

For a point x = (xg, x1, .. .) in M, define ¥ (x) to be the point z = (1 — xg, xo, X1, . . .)
in K' %+ M. Then ¢ is a homeomorphism from M onto K M. Also, ¥ (K" M) =
f"“ * M for each n. For each n, ¥" (p) is in K" « M butnot in an * M, so ?’H_l * M
is a proper subset of K" +M. Since (LxK)NK ={(1— P, p)}, but no other point of
LxKisin K" M for any m, any neighborhood u of (1 — p, p) must contain a point in
L x K thatis notin K = M for each m. Hence, (f" * M)° 2 K" x M form > n. O

LEMMA 9. For each x € M such that x ¢ G, Gy is an arc component of M. The set G
is the only other arc component of M.

Proof. Each Gy, for x € M\G, is arcwise connected and dense, as is Gg. To finish the
proof it must be shown that each arc in M is contained either in G, for some x € M \Qf,
or it is contained in G. So assume x and y are elements of M that are contained in distinct
members of G.

First suppose neither x nor y is contained in Gz. Then x € Gy and y € G, and
G NG, =0.Letx = (xq, x1, .. .). There is a subsequence n, na, . . . of the non-negative
integers such that for each n;, (xy;, xn;,,) = (p, p), and for m not in this subsequence,
Xm, Xm41) # (p, p). Let S=J;, * J;, x--- be a member of M that contains x (so
(s1, 52, . . .) is a sequence such that each s; € {0, 1}). Then let x! be the following point:
x,lll =1- p,xi1 =1 —xl.1+1 fori < nl,andxi1 = x; fori > n;. Then x! € G,, so there is an
irreducible arc By from x to x! contained in G,. Note that x! € K" * anz a*xJs
and x! € C. The point x*> € C defined by x,%z =1-p, xi2 =1- xl.2+1 for i <ny, and
x}=ux; for i >ny is also in CNK > Jy, . *Js, ., %+ and is different from x'.

Thus, there is an irreducible subarc B; in K ~ * s * Js x--- from x! to x2.
2+1 ny+2

Then x2 e K" * an3+1 * Jg
x[.3 =1- xl.3+1 fori < n3, and xi3 = x; fori > n3. We can continue, obtaining a sequence of
subarcs Bj, By, . . . intersecting only at their endpoints, and whose union is (topologically)
aray in G, with endpoint x!. Furthermore, | ;.o Bi = (U;~ Bi) U K, where K is the
irreducible arc with endpoints (p, 1 — p) and (1 — p, p) in K.

ny+2 Foo

py2 X0 and so is the point x> defined by x33 =1—-p,

Similarly, there is a subsequence m1, m», . .. of the nonnegative integers such that for
eachm;, (ym;, Ym; ;) = (P, p), and for k not in this subsequence, (yx, yx+1) # (p, p). Let
T = Jy x Ji, - - - be amember of M that contains y (so, again, (1, 2, . . .) is a sequence
each member of which is in {0, 1}). The point y! defined by y,ill =1-p, yi1 =1- yl.l+1
for i <my, and yl.1 =y; for i > m is in Gy, so there is an irreducible arc Dy from y to
y!in Gy. Note that y! € K™« Jimys1 * Jiyyip -+ and y! € C. The point y? € C defined
byy,%,zzl—p, yizzl—yl.zJrl for i <mpy, andyl.2:y,~ fori >myisalsoin CNK > *
Jimys1 * Jiyyio * - - - and is different from y!. Thus, there is an irreducible subarc D; in
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K™ « Jimyir * iy o %+ -+ from y! to y Then y ek« Jiysr * Jiyyn %+ -+ and so
is the point y* defined by ym3 =1-p, ylr =1- yl.+1 fori < m3, and yl.3 =y; fori > ms.
We can continue, obtaining a sequence of subarcs D1, D, ... intersecting only at their
endpoints, and whose union is (topologically) a ray in G, with endpoint y!. Furthermore,
Ui~o Di = (U9 D) U XK', where K is the irreducible arc with endpoints (p, 1 — p)
and (1 — p, p)in K.

Then Bo U ((J;.¢ Bi) U KU (U;~0 Di) U Dy is a continuum in M from x to y, and it
contains an irreducible subcontinuum from x to y which must be topologically the union
of a ray in Gy, the arc X in Gz, and a ray in G,. Since M is treelike, M is uniquely
irreducible, and thus M does not contain an arc that contains x and y.

Finally suppose y € G, and x ¢ G%. Then by the construction above for x, there is a
t0p010g1ca1 ray in G, with endpoint x and whose closure is the topological ray unlon the
arc K . Since y is in G, there is an irreducible arc from y to some point of X in O%-
Thus, the unique irreducible continuum from x to y in M is not an arc in this case either.
So each arc in M is contained in some member of G. O

LEMMA 10. M is hereditarily decomposable and 1/2-indecomposable.

Proof. If M contains a non-degenerate indecomposable continuum D, then D is
irreducible between any two points in different composants of D. This contradicts the fact
that for any two elements x and y of M there is a hereditarily decomposable continuum that
is irreducible from x to y, and since M is tree-like this irreducible continuum is unique.
That M is %-indecomposable follows from Theorem 8 and the fact that treelike continua
are hereditarily unicoherent. O

Summarizing these lemmas, we have the following theorem.

THEOREM 9. The continuum M is hereditarily decomposable, %-indecomposable,
treelike, and has uncountably many distinct dense arc components which are permuted
under the shift map o on M, and M is a A-dendroid.

Remark. In fact we have an entire parameterized family of these continua. If 0 < p <1,
let line ](f denote the vertical line segment in [0, 1] x [0, 1] with 7y (Jop ) = {p}. Suppose
J1 = K is the line y = 1 — x, or with our order convention, the line x =1 — y. Let G =
Jp U Ji. Let M, = #2,G . Then for p ;é , M, is a A-dendroid, is %—indecomposable, is
heredltarlly decomposable has uncountably many dense arc components, and has a strictly
invariant Cantor set under the shift map o on which the dynamics are chaotic. For p = é,
M, = M is a double fan with relatively simple topology and dynamics. So it is again the
case with this family of set-valued functions that complicated dynamics and complicated
topology depend on having a two pass.

LetM={M,:0<p<1}.
THEOREM 10. There are at most three topologically different continua in the family .

Proof. Clearly, M/, is not homeomorphic to M, for p # % Suppose 0 < p <%

and 0<gq < % There is a homeomorphism 4 :[0, 1] — [0, 1] such that A(0) =0
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h(p)=q, h(1—p)=1—g¢q, h(l)=1; h is piecewise linear; and h(l —x)=1—
h(x) for x €[0, 1]. Define the transformation H :M, — M, by H((xo, x1,...) =
(h(xp), h(x1),...), for (xo,x1,...)€eMp,. It is easy to check that H(Cp,) =
Cy, where Cp ={(s1,52,...):8;€{p,1—p}, ands; 1 =pifs;=1—p} and Cy =
{(s1,82,..):81€{q,1 —q}, ands;y1 =¢q if s; =1 — g}, that H(K)=K, and that H
is a homeomorphism.

fo<p< %, then the transformation that sends (xg, x1,...) € Mp to (1 —xp, 1—
X1, ...) €M_ p 18 ahomeomorphism. Then each member of 91 is homeomorphic to either
Mo, Mi,4, or My 2. o

Finally, we consider a related family of generalized inverse limits. This time one of the
two continua forming the closed set G, for 0 < ¢ < 1 in Iy x I; does not project onto Iy,
and the resulting inverse limits are dendroids. There is again an invariant Cantor set, and
the dynamics of o on this Cantor set are equivalent to the dynamics of the subshift of the
full shift on two symbols discussed in the introduction.

Example 7. We consider set-valued functions whose graph D, for 0 < ¢ < 1 is the union
of the vertical line {(0, y)|0<y<1}C I} x Iy and the graph of L.(x)=c(l — x)
(again, where we consider this graph as a subset of I} x Ip—so temporarily we go
back to the old order convention). Let G, = (D) ™! = {(x0, x1) : (x1, X9) € D.}. Note that
L.(c/(1+c))=c/(1 4+ c),andso the pointz, = (¢/(1 +c¢), c/(1 +¢),c/(1 +¢),...) €
*°,Ge.

We discuss below the properties of this family of spaces and systems. However, first
notice that if K is the vertical line {(0, y) |0 <y < 1} and K1 = {(0, 1)}, then K¢ and K
satisfy the conditions of Theorem 6 part (ii), so for all values of ¢ € [0, 1] the set-valued
function with graph D, has a two pass.

(1) Consider the function L.:[0, 1]— [0, c]. As a dynamical system on [0, 1],
every point in [0, 1] is attracted to the fixed point c¢/(1 + ¢), that is, for 0 <
x <1, limy00 LI (x) =c/(14+¢), with L.(x) >c/(14+¢) if x <c/(1+¢), and
vice versa. Then for each 0 <x <c¢, x #¢/(1 4+ c¢), there is M € N such that
(L7HM(x) ¢ [0, c], but (L7H(x) € [0, clfor 1 <n < M.

(2) Now D, is the graph of an upper semicontinuous set valued function f. from [0, 1]
to 21911, Again, we know from [CR] that N, := »«rl‘,’il(Dc)_1 =*2,G. has a trivial
shape. We know from [CR] that N, is one-dimensional, and therefore we know
from [CC] that N, is treelike. Since f,(x) is connected for each x € [0, 1], we know
N, is a continuum. We will show that N is hereditarily decomposable, and N, is
arcwise connected and therefore N, is a dendroid. We will also see that N.\{z.} has
uncountably many arc components each of which is dense in N..

(3) Let V=1Iyx{0}CIyx I denote the vertical line, and S, = {(x,1—x/c) €
Ip x I :0 <x <c} denote the graph of Lc_l. Let Vo ={A;1xAyx---:A; €
{V, S.} for each i}. Note that, because the projection of S, to Iy is not equal to I, we
are not guaranteed that each A| x Ay x - - - #= {J. Indeed, if A; = V and there is j > i
such that (Aj, Aj11) = (S, Sc), then Ay x Ay - ={). However, N, := *?2106 =
(J NV, with some members of N, empty, some members of A, consisting of one
point, and the remainder of the members being arcs.
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4) Let C={(s1,52,...):8 €{0, 1} foreachi, andifs; =1, thens;;; =0}. Then
C C N,, and under the shift o on N, C is strictly invariant and conjugate to the
subshift of the full shift on two symbols discussed in the introduction. So again
we have chaotic dynamics on this set. Also, unless x = z., there is M, such that if
m > M,, then ¢ (x) € C. So C is not only an attracting invariant set, it actually
‘sucks’ all points into it, except for the repelling fixed point z..

(5) Notice that for each x € N, if w,(x) € {0, 1}, then m,,(x) € {0, 1} for each m > n,
andif m,(x) =t € (0, 1), then g »y (x) = (LL(2), . .., Lc(t), t). Moreover the only
element of N, with 7, (x) € (0, 1) foreachnisz, = (¢/(c+ 1),c/(c+ 1), ...).

(6) Perhaps it is worth mentioning the two limiting cases, whenc =0andc=1.Ifc =1,
then Ny = My is Bani¢’s ‘Monster’, and it actually occurred in both the previous
families of systems. If ¢ =0, then N, = Ny is an infinite-dimensional continuum
containing many copies of the Hilbert cube. For 0 < ¢ < 1, the Cantor set C is an
invariant subset of N, on which the dynamics are chaotic. For ¢ > 0, this Cantor set
is attracting, but for ¢ = 0, this Cantor set is not attracting. Also, for ¢ = 0, the fixed
point zg has ‘merged’ with the fixed point (0, 0, 0, . . .) and is no longer repelling.
So, the dynamics and topology change a great deal from the case where 0 < ¢ < 1 to
the case where c =0orc=1.

(7) Suppose ce€(0,1) and x € N.. Then either x =z.=(c/(c+1),¢c/(c+ 1),
c¢/(c+1),...)orthere is some s = (s, 52, ...) € C,t € [0, 1], and n € N such that
x= (L), ..., Lc(t), 1) @ o’ (s). If t #0, then 5,1 =0.

(8) Suppose c€(0,1) and d € (0, 1). The transformation ¢ that sends (L7 (z), ...,
Le(t),t,81,82,...) to (L@, ..., Lg(t),t,51,52,...) and z. to z4 is a
homeomorphism from N, onto Ny, and it is also a conjugacy. (That is, for x € N,
¢o(oln.)(x)=(oln,) o ¢(x).) From here on we will consider only the case where
c= % Let N =Njy,2 and L = Ly, and note that the fixed point of L is % Let
z=(4 1. 100,

(9) Forte[0,1]andn e NU{0},letL; , = (L"), ..., L), t). Ifs=(s1,82,...) €
C,thenL; , & 0" (s) € N provided thatif  # 0, then s, 1 =0.Fors € C andn € N,
let Gsn ={L, ®0"(s) € N :t [0, 1]}. Each G; , is either an arc (if 5,41 = 0) or
a point (if sy41=1). Forse C let Gs = J{L4n @™ (r) e N:r€[0,1],n e NU
{0}, r € C, and for some m € N, 0™ (r) = 0™ (s)}. Note that if r, s € C, then either
Gy =GrorGsNG, =0. Also, N = {z} U (U,cc Gs)-

LEMMA 11. Ifn e Nand s = (s1, $2, . ..) € C, then Gy n N Gy 1 # 0.

Proof. There are three cases: s,+1 = 0and s, =0; s,4+1 =0and 5,42 = l;and s,y =1
and 5,42 =0.

Suppose s,+1 =0 and s,42 =0. Then G, , ={L;, ® " (s) e N : 1t € [0, 11}, G n+1 =
(Lt nt1 @ o"tl(s)e N:telo, 1]}, and both are non-degenerate arcs contained in N. In
this case Gy,n N Gy i1 = {Lij2,0 @ 0" (5)} = {Lo,ut1 © 0" ()}

Suppose s,+1 =0 and s,42 = 1. Then G , ={L;, ® 0" (s) € N : t € [0, 1]} is an arc,
and gs,n—H = {LO,n+1 S ot ()} = {L1/2,n ®o'(s)) C gs,n-

Finally, if 5,41 = 1 and sp42 = 0, then Gy (5).n+1 = {Ls n+1 @ o"tl(s)eN:telo0, 1]}
isanarcin N, and G5, = {Lo» ® 0"(s)} = {L1 n+1 ® 0" (s)} C Gy np1- O
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So far the situation is quite similar to that of the A-dendroids in the previous example
(e.g. with ¢ = 1). The next lemma points out the major difference.

LEMMA 12. Foreachn € Nand each s € C, diam(G;s ,) <n/2", and B := UmZO Gs.n+m
contains a topological ray (i.e. a set homeomorphic to [0, 1)), call it B, and the closure
of B’ equals B" U {z} and is an arc.

Proof. Note that if 0 <a <b <1, then L([a, b]) is the interval [%(1 —b), %(1 —a)l.
Thus the length of the interval L([a, b]) is %(b —a). So in the case where G;, is
a non-degenerate arc, 7,(Gs,) =1[0, 1], and m,—;(Gs,n) = L(7wn—j1+1(Gs,0)) for j =
1,2,...,n. Thus diam(Gs,) < 37, ((1/2)"~/2)) = ($)" I 1 =n/2". Therefore
the diameters of the sets Gy , have limit zero as n goes to infinity. Also, in the case where
Gs.n 1s a non-degenerate arc, if (%)”“ denotes the point with n + 1 coordinates, each of

which is _%, then the point (%)"Jrl @ 0" (s) € Gs.n- For these reasons, if x € g; , for some
n and some s, then there is a sequence of arcs in Uj’in Gs.i whose union is homeomorphic
to [0, 1) with the one endpoint equal to x and whose closure is an arc with endpoints x
and z. 0O

LEMMA 13. For each s € C the set G is an arc-component of N\{z}.

Proof. Assume s € C and x and y are elements of G,. Let m, n, r, ¢ and M be such that
x €Grm, ¥y €Gyn, and M € N such that oM (r) = oM (q) = oM (s). It can be assumed
that M > max{m, n}. By Lemma 11 the sets G, , UGy nt1U -Gy 1, Grm U Gr g1 U
- - G, m are arcwise connected. Moreover G, y = G, y = Gy, i Therefore Gy is arcwise
connected for each s € C.

To finish the proof it must be shown that if there is an arc from x € G to y € G, and that
arc does not contain z, then Gy = G,. So assume x and y are elements of N such that x € G;
and y € G, where G # G,. Suppose x € Gy ,, such that Gy, C G,. Then z is not contained
in U2, Gy.i» (U2, Gs.i) NG =0, and G, contains a ray R such that the closure of R
which equals R U {z} is an arc with endpoints z and x. Similarly, G, contains a ray R’ such
that the closure of R’ which equals R’ U {z} is an arc with endpoints y and z. So there is an
arc in N that is irreducible from x to y which contains z. Since N is treelike, N is uniquely
irreducible, and thus N\ {z} does not contain an arc that contains x and y. O

LEMMA 14. N\{z} has uncountably many arc components, each arc component of N\{z}
is dense in N, and the shift map o permutes the arc components of N\{z}.

Proof. That N has uncountably many arc components follows immediately from
Lemma 13.

Let x be an element of N\{z}. Let s € C. For each m € N, let y,, be the element of G;
such that 70 ) (Y ) = 7(0,m) (x) and 7y 1; (Ym) = Sm+i for each i € N. The sequence {y,,}
converges to x. Therefore Gy is dense in N\ {z} for each s € C.

For s € C, itis easy to verify that o (G;) = G, (5), and that if Gy # G, then Gy (5) 7 Go (r)-
Also, 0 (z) = z. It follows that o permutes the arc components of N\{z}. O

LEMMA 15. N is hereditarily decomposable and %-indecomposable.
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Proof. If N contains a non-degenerate indecomposable continuum K, then K is
irreducible between any two points in different composants of K. This contradicts the fact
that for any two elements x and y of M there is a hereditarily decomposable continuum
that is irreducible from x to y, and since N is tree-like this irreducible continuum is unique.

That N is %-indecomposable follows from Theorem 8. O

Summarizing these results, we have the following theorem.

THEOREM 11. For each c € (0, 1), the continuum N, is a hereditarily decomposable, %—
indecomposable dendroid such that N\{z} has uncountably many arc components, each
arc component of N\{z} is dense in N, and the shift map o permutes the arc components

of N\{z}.
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