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ABSTRACT. In this paper, we develop a sufficient condition for the inverse limit
of upper semi-continuous functions to be an indecomposable continuum. This
condition generalizes and extends those of Ingram and Varagona. Additionally,
we demonstrate a method of constructing upper semi-continuous functions
whose inverse limit has the full projection property.

1. INTRODUCTION

A topological space X is a continuum if it is a nonempty compact, connected,
metric space. Unless otherwise specified, all spaces in this paper are assumed to
be continua. For a continuum X, we denote the collection of nonempty compact
subsets of X by 2¥. A continuum Y which is a subset of X is a subcontinuum of
X. For brevity, we will use Y < X to indicate that Y is a subcontinuum of X.

If X and Y are continua, a function f : X — 2V is upper semi-continuous at
provided that for all open sets V' in Y which contain f(z), there exists an open set
U in X with € U such that if t € U, then f(¢t) C V. If f : X — 2 is upper
semi-continuous at each x € X, we say that f is upper semi-contnuous (usc). A
usc function f : X — 2Y is called surjective provided that for each y € Y, there
exists z € X with y € f(z).

The graph of a function f : X — 2 is the subset G(f) of X x Y for which
(z,y) € G(f) if and only if y € f(x). Ingram and Mahavier showed that a function
f: X — 2Y is usc if and only if G(f) is closed in X x Y [4]. This condition is easier
to verify than the definition, and will be used frequently throughout the paper. As
a consequence, it is easy to check that if f : X — 2V is usc and surjective, then
the inverse of f, (f~1 : Y — 2%X) defined by x € f~!(y) if and only if y € f(z) is
well-defined and usc.

As a generalization of the well-studied and well-understood theory of inverse
limits on continua, Ingram and Mahavier introduced the notion of inverse limits
with set-valued functions [4, 5].

Definition 1. Let X1, X5,... be a sequence of continua and for each i € N, let
fi: Xig1 — 2% be an upper semi-continuous function. The inverse limit of the
pair {X;, f;} is the set

Wm{ X5, fi} = {(2:)21 : @i € fi(wiya) for alli € N}
with the topology inherited as a subset of the product space 1132, X;.
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The spaces X; are called the factor spaces of the inverse limit, and the usc
functions f; the bonding functions. An inverse sequence {X;, f;} denotes sequences
X; and f; for which f; : X;41 — 2% is a usc function. We will use T @{Xi, fi} —
X to denote the restriction to yLﬂ{Xi, fi} of the usual projection map on [];~, X;.
For a subset L of the natural numbers, we will use 7, to denote projection from
l'&n{Xi7 fi} to I X;. We will often use the notation [k, n| to denote the subset
of the natural numbers consisting of k,n and all natural numbers between them.

As this is a generalization of the usual notion of inverse limits with continuous
functions as bonding maps, it is natural to investigate the extent to which results
carry over into this new context. Ingram and Mahavier pioneered this inquiry [4, 5],
and many others have continued the investigation. We state some of these results
below.

Theorem 2. [4] Let {X;, fi} be an inverse sequence. Then @{X“fz} is non-
empty and compact.

It is well-known that if the bonding maps in an inverse sequence are continu-
ous functions, the resulting inverse limit will be connected. This is, however, not
the case in the context of usc functions. In particular, examples of non-connected
inverse limits may be found in [4, 5] among others. The following known results
indicate some sufficient conditions for an inverse limit of usc functions to be con-
nected.

Theorem 3. [4] Let {X;, f;} be an inverse sequence and suppose that for each
i € N and each x € X;41, fi(x) is connected. Then @{Xi, fi} is connected.

Theorem 4. [4] Let {X;, f;} be an inverse sequence and suppose that for each
1 € N and each x € X;, f[l(x) s non-empty and connected. Then @{Xi,fi} 15
connected.

The following theorem is as stated in [3]. A more general version can be found
in [8].

Theorem 5. [8] Suppose F is a collection of usc functions from [0,1] to 201 such
that for every g € F and x € [0,1], g(z) is connected, and that f is the function
whose graph is the union of all the graphs of the functions in F. If f is surjective
and G(f) is a continuum, then @f s a continuum.

For functions defined as in this theorem, we will write, f = gerg- The follow-
ing theorem will also be useful.

Theorem 6. [8] Suppose X is a compact Hausdorff continuum, and f : X — 2%
is a surjective upper semi-continuous set valued function. Then lglf 18 connected

if and only ifl'glf_l is connected.

In their development of connectedness theorems, Ingram and Mahavier use a
generalized notion of the graph of a function. We will use the following notation
for this idea in this paper.

Definition 7. Let {X;, f;} be an inverse sequence. Then for k < n, define

Gl {Xs, fi} = {(®i)2; € HXi cxi € fi(zig1) B <i<n}

i=1
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and

n
o {Xi fi} = {(@)poy € [ X s i € filwipr) k <i<n}.
i=k
When no ambiguity will arise, the inverse sequence will be suppressed in the nota-
tion, and we will simply write G, ) or Gfk _E

It is not difficult to see that Gfk n] is a compact subset of H:.L:k X;, and that
anyn-s-l] is the graph of f;l. Furthermore,

k—1 0o
G[k,n] = H Xz X Gik,n] X H Xz
=1 i=n+1

Additionally,

Wm{X;, fi} = ﬂ ( l1n] X H Xi) = n (Grim)

n=1 i=n+1 n=1
and
Gl {Xi, fit = e Im{ X, fi}.
The next result appears in [4], and follows immediately from this observation.

Theorem 8. [4] Let {X;, fi} be an inverse sequence. Then G’[l_n] is connected for
all n € N if and only if @{XZ-, fi} is connected.

Notice that this immediately implies that for @{Xi, fi} to be connected, the
graph of each bonding function must also be connected. There are many other
results concerning connectedness of a usc inverse limit. For example, Ingram and
Nall have developed some sufficient conditions in [1] and [7], respectively.

A property of considerable interest in continuum theory is that of indecompos-
ability. A continuum X is decomposable provided that there exist proper subcon-
tinua A, B of X with AUB = X. A continuum which is not decomposable is
indecomposable.

There are several known results providing sufficient conditions for an inverse
limit with single-valued bonding maps to be indecomposable. The main result of
this paper is a generalization of the following well-known theorem (Theorem 2.7 of

[6])-

Definition 9. A single-valued map f : X — Y is indecomposable provided that
for any pair A, B <X with AU B = X, then either f(A)=Y or f(B) =Y.

Theorem 10. Let {X;, fi} be an inverse sequence with indecomposable single-
valued bonding maps. Then @{Xi, fi} is indecomposable.

A key element of the proof of this theorem is the fact that in an inverse limit
with single-valued maps, a subcontinuum K < Um{X,, f;} for which m;(K) = X;
for infinitely many ¢ € N is, in fact, equal to Um{X;, f;}. This is yet another on
the long list of properties that do not hold for inverse limits with usc functions.

Definition 11. An inverse sequence {X;, f;} has the full projection property
(fop) provided that if K < @{Xl,fl} satisfies m;(K) = X; for infinitely many
i1 €N, then K = l.gl{Xi, fz}
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For examples of usc functions for which the inverse sequence fails to have fpp,
see [2] and [3].

Ingram and Varagona [2, 9] have both found conditions in which a usc inverse
sequence has indecomposable inverse limit. We state the definitions and results
below for completeness.

Ingram’s theorem is a generalization of the notion of a two-pass map. A usc
function f : X — 2Y satisfies the two-pass condition provided that there are mu-
tually exclusive connected open sets U and V of X for which f|y and f|y are
single-valued maps and f(U) = f(V) = Y. Recall that a continuum X is a simple
n-od if there is a point p € X such that X is the union of n arcs, each pair of which
has p as their only common point.

Theorem 12. [2] Let {X;, f;} be an inverse sequence such that for all i € N, X;
is a simple n-od for some n and f; satisfies the two-pass condition. If {X;, f;} has
fpp and @{Xi, fi} is connected, then @{Xi, fi} is indecomposable.

In [9], Varagona defines a class of usc functions for which the inverse limit is
indecomposable. Let a € (0,1) and let g, h : [0,1] — [0, 1] be single-valued functions
satisfying the following: ¢ is non-decreasing, ¢g(0) = 0, g(1) = a, g((0,1)) = (0,a)
and h is non-increasing, h(0) = 1, h(1) = a, h((0,1)) = (a,1). A usc function f :
[0,1] — 2191 is a steeple with turning point a provided that G(f~1) = G(g) UG(h).

Theorem 13. [9] Let {X;, fi} be an inverse sequence such that each f; is a steeple.
Then @{Xi, fi} is indecomposable.

In fact, Varagona proves that each such inverse limit is homeomorphic to the
well-known bucket-handle continuum .

2. INDECOMPOSABLE USC FUNCTIONS

Our goal in this section is to generalize Theorem 10 in a way which also gen-
eralizes Theorems 12 and 13. As standing assumptions, all spaces X and Y are
continua, and all usc functions f are surjective with connected graph.

The following will be our generalization of the concept of an indecomposable
map.

Definition 14. A usc function f : X — 2Y is indecomposable provided that for
any pair A, B 1 G(f) with AU B = G(f), then either my (A) =Y or my(B) =Y.

This is one of several possible ways to generalize the notion of indecomposable
from functions to usc functions. It is important to note that an indecomposable
function does not necessarily result in an indecomposable inverse limit without ad-
ditional conditions (Theorem 19). The following lemma verifies that this definition
is consistent with the original.

Lemma 15. Let f : X — Y be an indecomposable single-valued function. Then
' X —2Y defined by f'(x) = {f(x)} is indecomposable as a usc function.

Proof. Let f : X — Y be an indecomposable function and let f’ be defined as
stated. Notice that by construction, G(f|¢) = G(f’|¢) for all subsets C of X.

Let A, B<G(f") with AUB = G(f’). Then wx(A) and 7x (B) are subcontinua
of X whose union is X. Since f is indecomposable, one of f(mx(A)) or f(nx(B))
is equal to Y.
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But f’ is single valued, so A = G(f|xy(4)) and B = G(f|y(B)). Thus 7y (A4) =
f(rx(A)) and wy (B) = f(rx(A4)). In particular, one of 7y (A) and 7y (B) is equal
to Y, and so f’ is an indecomposable usc function. ([l

Indecomposability of a usc function is not difficult to check.

Example 16. The usc function f :[0,1] = 20U with graph shown in Figure 1 is
indecomposable.

To see this, suppose that A, B I G(f) with AU B = G(f). If one of A or B
contains both (0,0) and (1,1), then that continuum is equal to G(f), and has Y -
projection equal to Y. Otherwise, we can assume without loss that (0,0) € A and
(1,1) € B. Since AU B = G(f), it follows that (a,1) belongs to one of A or B. If
it belongs to A then A contains an arc from (0,0) to (a,1), and so my(A) =Y. If
(a,1) € B, then (b,0) € B as well, and so B contains an arc from (b,0) to (1,1),
and in this case, 1y (B) =Y. Thus, one of wy(A) and my (B) is equal to Y, and
so f is indecomposable.

FIGURE 1. An example of the graph of an indecomposable usc
function f on [0, 1].

More examples of indecomposable usc functions appear in Section 4.

Lemma 17. Let f : X — 2V be a usc function satisfying the two-pass condition.
If X is a simple n-od for some n € N, then f is indecomposable.

Proof. Let X be a simple n-od and let f : X — 2 be a usc function satisfying the
two-pass condition. Let U and V' be the mutually exclusive connected open subsets
of X on which f|y and f|y are single-valued mappings with f(U) = f(V) =Y
that witness the two-pass condition.

Let A, B<QG(f) with AUB = G(f). Since f|y is single-valued, it is clear that if
U is contained in 7x (A4), then G(f|v) C A, and hence my (A) D 7y (G(f|v)), and
so my(A) 2 f(U) =Y. Similarly, if U C wx(B), or V is contained in 7x(A4) or
7wx(B), then one of 7y (A) or 7y (B) is equal to Y.

Thus, to establish that f is indecomposable, we need only verify that one of U
or V is contained in one of mx (A) or mx(B). Since AUB = G(f), and A, BIG(f),
we know that mx(A) and 7wx (B) are subcontinua of X whose union is equal to X.




6 J. P. KELLY AND J. MEDDAUGH

Since U and V are connected disjoint subsets of the n-od X, there is a point
t € X for which U and V lie in different components of X \ {¢t}. Since X is a simple
n-od, the closure of at least one of these components is an arc in X. Let I be this
arc, and suppose without loss of generality, that U C I.

Let uw € I be the endpoint of I distinct from ¢. Since AU B = X, let us
assume that v € A. If t € A, then U C T C A. Ift ¢ A, then A C I, and so
V C X\ {I} C B. If u were in B, a similar argument would hold.

Thus, f: X — 2Y is indecomposable. ([

Lemma 18. Let f : [0,1] — 2001 pe g steeple with turning point a. Then f is
indecomposable.

Proof. Let f be a steeple function with turning point a. Let A, B be subcontinua of
G(f) whose union is equal to G(f). If one of A or B contains both (0,0) and (1,0),
then that subcontinuum is in fact equal to G(f) and we are done. So, without loss
of generality, assume (0,0) € A and (1,0) € B.

Since AU B = G(f), the point (a,1) belongs to at least one of A or B. If
(a,1) € A, then A contains an arc from (0,0) to (a,1), and hence ny(A4) = Y.
Similarly, if (a,1) € B, then 7y (B) =Y. Thus f is indecomposable. O

Theorem 19. Let {X;, f;} be an inverse sequence for which each f; is indecom-
posable. If {X;, f;} has fpp and @{Xi,fi} is connected, then @{Xi,fi} 1s inde-
composable.

Proof. Let {X;, f;} be an inverse sequence for which each bonding function is in-
decomposable. Furthermore, suppose that {X;, f;} has fpp and @{X,», fi} is con-
nected.

Let A,B J @{Xi,fi} with AU B = @{Xi,fi}. Then, for each i > 1,
the projections 7 ;413(A4) and 7, ;413 (B) are subcontinua of sz‘ 1] for which
Tiit1) (A) U mgiip1y (B) = Gfi 1] As observed earlier, Gfi,i+1] is the graph of
f'. Since f; is indecomposable, it follows that one of 7;(A) or m;(B) is equal to
X;.

Since this holds for all ¢ > 1, it follows that for some Z € {4, B}, m(Z) = X,
for infinitely many ¢ € N. Since {X,, f;} has the full projection property, Z =
@{X“f,} Thus one of A or B is equal to Jm{Xj, f;}, and so im{X;, f;} is
indecomposable. O

Notice that by Lemma 17, Theorem 12 is a corollary of this theorem. We will
see shortly that Theorem 13 is also a corollary of this theorem.

Theorem 10 is sometimes stated as a characterization of indecomposable con-
tinua, in the sense that every indecomposable continuum can be written as an
inverse limit of an inverse sequence with indecomposable single-valued maps. This
follows immediately from the facts that the identity map on an indecomposable
continuum is indecomposable, and that lim{X,idx} is homeomorphic to X. In
light of Lemma 15, a similar statement holds for usc functions.

Corollary 20. A continuum X is indecomposable if and only if there exists an
inverse sequence {X;, f;} with indecomposable usc bonding functions and fpp for

That Theorem 13 is a corollary of Theorem 19 is not so immediate. To see this,
we will establish that inverse sequences {X;, f;} for which each f; is a steeple all
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have fpp and connected inverse limits. That these inverse limits are continua is
straightforward.

Lemma 21. Let {X;, f;} be an inverse sequence for which each f; is a steeple.
Then @{Xi, fi} is connected.

Proof. If f; is a steeple, then there is a nonincreasing map g : [0,1] — [0,1] and a
nondecreasing map & : [0,1] — [0,1] with G(f; ') = G(g)UG(h). It follows that for
all z € [0,1], f(x) is connected. So, by Theorem 3, @{Xi, fi} is connected. O

To see that an inverse sequence of steeple functions has fpp requires significantly
more work. The next section is devoted to developing conditions which guarantee
that an inverse sequence of usc functions has fpp. Additionally, these results will
allow us to construct examples of an inverse sequence {X;, f;} with yLn{Xi, fi} an
indecomposable continuum to which neither Theorem 12 nor Theorem 13 apply.

3. THE FuLL PROJECTION PROPERTY

Recall that given an inverse sequence {X;, f;} where each f; : X; 11 — 2%i is an
upper semi-continuous set-valued function, the notation Gy ;) refers to the subset
of Hfil X; where z; € f;(x;41) for all 1 <14 < n. When we wish to discuss a similar
set but as a subset of H?Zl X, we use the notation Gflm/]. Specifically,

n
El,n] = {(xi)?:l S HXZ' X € fi($i+1), 1<i< n}
i=1
Recall that a continuum X is irreducible between a and b provided that no proper
subcontinuum of X contains both a and b. Given two subsets A and B of X, we

say that X is irreducible between A and B provided that no proper subcontinuum
of X intersects both A and B.

Theorem 22. Let {X,, f;} be an inverse sequence where for each i € N, f; :
Xiy1 — 2% is usc and li&l{Xi, fi} is a continuum. If for each n € N, there exist
points a,b € X, so that Gfl n] is irreducible between the sets

{(z:)iey € Gyt @ = a} and {(2:)i2y € Gy ) - T = b},
then {X;, fi} has fpp.

Proof. Let H < @{Xi, fi} with m;(H) = X; for infinitely many ¢ € N. Let j € N
such that 7;(H) = X;. Choose a,b € X such that GEM] is irreducible between the
sets
{(zi)i=y € Gly ) 2y = a} and {(2:)]_; € G}y j: x; = b}
Since m;(H) = X}, it contains both a and b, so the continuum m;
intersect both of

{(zi)]_y, € Gy jy wj = a} and {(z;)]_, € G}y, + x; = b}

Therefore 7y ;) (H) = Gfl ;)» and hence k) (H) = G’[1 p forall1 <k <j.
Since this holds for all j € N for which 7;(H) = X, and there are infinitely
many such j, it follows that 7y 4(H) = G’[Lk] for all k € N. Therefore, H =

Wm{X;, fi}. U

j(H) must

1,5
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Corollary 23. Let {X;, f;} be an inverse sequence where for each i, f; : X;11 —
2Xi s usc. Suppose that for each n € N, Gh n] 18 an arc, and whenever (a;)?_; and

(b)), are the end points of Gh,n], filaiz1) = {a;} and fi(biy1) = {bi} for each
1<i<mn. Then l'gl{Xi, fi} is a continuum with fpp.

Proof. We need only check that such an inverse sequence will satisfy the conditions
of Theorem 22. Notice that since each G’[ is an arc, Theorem 8 guarantees that
@{Xi, fi} will be a continuum.

Given n € N, let (a;);_; and (b;);_; be the endpoints of G}, . By assumption,

1,n]

filaiy1) and f;(b;41) are single valued for each 1 < i < n. Therefore, the only point
in Gh ] which has a,, as the nth coordinate is (a;)!, and likewise for b,,, so since

G

h n] is irreducible between its endpoints, it will be irreducible between the sets

{(zi)izy € Gyt w0 = an} and {(2:)i2y € Gy )t T = ba}-
|

Corollary 24. Let f : [0,1] — 219U be usc with the property that f(0) and f(1)
are both single-valued, and f(0), f(1) € {0,1}. Then if for eachn € N, Gy, , is an
arc with endpoints (a;)"_, and (b;)"_, where a;,b; € {0,1} for each i = 1,...,n,
then @1 f s a continuum with fpp.

The following lemma appears in [3].

Lemma 25. [3] Suppose (fi)2, is a sequence of set-valued functions such that
fi : 0,1] — 2191 for each positive integer i. If n € N, then Gl[l,n+1] = {(z;)1 )} €
[0, 1]+ (2)P, € Gly,) and Tnir € It ()}

Lemma 26. Let g1,...,gx :[0,1] = [0,1] be continuous functions such that

(1) g1(0) =0 and g1(x) >0 for all0 < x <1,

(2) gr(1) =1 and gi(z) <1 for all0 <z <1, and

(3) for odd j, g;(1) = gj+1(1), and g;(x) < gj41(x) for all 0 < x < 1, and for

even j, g;(0) = gj+1(0), and g;(z) < gj1(x) for all 0 <z <1,

then if f = (g1U---Ugg)~ ", then f:[0,1] — 210U js usc, and for eachn € N, Gh’n]
is an arc with endpoints (0,0,...,0) and (1,1,...,1). Thus Linf 18 a continuum
with fpp.
Proof. For each 1 < j <k, G(g;) is an arc with endpoints (0, ¢;(0)) and (1, g;(1)).
Moreover, for each 1 < 4,5 < k, G(g;) N G(g;) # 0 if and only if i — j| < 1
and G(g;) N G(gj+1) = (1,g;(1)) for odd j and G(g;) N G(g;+1) = (0,9;(0)) for
even j. Thus G(g1 U--- U gg) is an arc from (0,0) to (1,1), and since GE1,2} (f) =
G(g1U---Ugyg), it is an arc from (0,0) to (1,1) as well.

Suppose that G’[Ln] is an arc from (0,0,...,0) to (1,1,...,1) for some n € N. By
Lemma 25, Gf1’n+1] = {(xi)?:_ll € [0, 1]n+1 : (xi)?:l € Ghm] and T, 41 € fn_l(xn)}
Now f~! =gy U---U gy, so define for each j = 1,...,k, the function h; : Gﬁ n

El,n-s-l] by h;((zi)i—) = (z1,...,%n, g;(xn)), then each h; is a homeomorphism
onto its image, and G{; , ;) = h1(G}; ,)) U+ Uli(Gy )

Since each h; is a homeomorphism, each hj(Gh n]) is an arc, and its endpoints

are (0,...,0,¢;(0)) and (1,...,1,g;(1)), and hj+1(Gan]) is an arc whose endpoints
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are (0,...,0,g,+1(0)) and (1,...,1,¢;41(1)). Then from property 2, if j is odd,
these arcs will intersect only at their common endpoint

(1’ R 1’gj+1(1)) = (17 R 17gj<1))7

and if 7 is even then the arcs will intersect only at their common endpoint

0,...,0,9,41(0)) = (0,...,0, g;(0)).
Thus, Gfl,n+1] is an arc with endpoints (0,0,...,0) and (1,1,...,1). Thus, by
induction, the hypotheses of Corollary 24 are met, and so @ f is a continuum
with fpp. (I

In this last theorem, notice that if Condition 2 were changed to say that g (0) = 1
and gi(z) < 1for all 0 < x < 1, then nothing would change except that GEL n] would
instead be an arc from (0,0, ...,0) to (0,0,...,0,1). Or, if Conditions 1 and 2 were
changed so that ¢g;(1) = 0 and g5(0) = 1, then for even n, Gh’n] would be an arc
from (0,1,0,1,...,0,1) to (1,0,1,0,...,1,0), and for odd n, it would be an arc
from (0,1,0,1,...,0) to (1,0,1,0,...,1). Lastly, if g1(1) = 0 and gx(1) = 1, then
each Gﬁ,n] would be an arc from (1,1,...,1,0) to (1,1,...,1).

Also, notice that Condition 3 in the theorem is equivalent to saying that the
graph of g1 U--- U g is an arc from (0,0) to (1,1).

In light of these observations, we have the following more general version of the
theorem.

Theorem 27. Let a,b € {0,1} (not necessarily distinct), and let gi,...,9x :
[0,1] — [0, 1] be continuous functions such that

(1) g1(a) =0 and g1(z) > 0 for all x # a,

(2) gr(d) =1 and gx(z) <1 for all x # b, and

(3) the graph of g1 U---U gy is an arc from (a,0) to (b, 1),
then if f = (g1 U---Ugk)™t, then for each n € N, GELH] is an arc, and Jim f is a
continuum with fpp.

The proof of this theorem would consist of separate cases for each combination
of a and b in {0, 1}, and the proof of each case would be virtually identical to the
proof of Lemma 26.

The following theorem is a generalization of the above results. It will allow for
the construction of more complicated usc functions with fpp.

Theorem 28. Let A C [0,1] be a closed set containing 0 and 1. Let A’ be the set of
limit points of A, and suppose that A\ A’ is dense in A. Let {gx}rea be a collection
of continuous functions such that for each X € A, gx : [0,1] — [0,1]. Suppose the
collection of functions satisfies the following:
(1) 0 € ga([0,1]) if and only if A=10 and 1 € gx([0,1]) if and only if X =1,
(2) if g5 *(0) either contains more than one element or contains any element
other than 0 or 1, then 0 is a limit point of A,
(3) if g7 1(1) either contains more than one element or contains any element
other than 0 or 1, then 1 is a limit point of A,
(4) if A, p € A with A < p, then gx(z) < gu(x) for all x € (0,1), and G(gx) N
G(gu) #0 if and only if (A, p) NA =0,
(5) if (Mi)ien is a sequence of points in A and \; — p as i — oo, then gx, — g,
pointwise as i — 00.
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Then if f = Uyea 9;1, then I&nf is a continuum with fpp.

Proof. From Theorem 6, we have that lim f will be a continuum if and only if
@ f~'is a continuum, and from Theorem 5 we have that lim f~! will be a con-
tinuum if and only if G(f™') = G(U,cp 91) is connected. To see that G(f~')
is connected, suppose that G(f~') = AU B where A and B are disjoint non-
empty closed sets. Since for each A € A, G(g)) is connected, each G(g)) must
be entirely contained in either A or B, so let A = {A € A : G(g») C A} and
B={\e€ A:G(g\) C B}. If there exists a separation of G(f~1) then there exists
a separation so that gg is separated from g;, so without loss of generality, suppose
that 0 € Aand 1 € B.

Since each gy is continuous, then with Property 5, if g : A x [0,1] — [0, 1] x [0, 1]
is defined by g(\,x) = (z,gx(z)), then g is continuous. In particular, g=1(4) =
A x [0,1], and g~ 1(B) = B x [0,1] are closed sets (and disjoint), so A and B are
closed and disjoint. Since they are both subsets of the compact set [0, 1], they are
also compact, so there exists a maximum element a € A and a minimum element
B € BN (a,1]. Thus the interval («, 8) does not intersect A, which from Property 4
implies that g, (z) = gg(z) for some x € [0,1], which in turn implies that ANB # ()
which is a contradiction. Therefore, G(f) (and hence lim f) is connected.

Now, to appeal to Theorem 22, it must first be shown that GI[1,2] is irreducible.
Let (a,0) and (b, 1) be points in GE1,2}' Suppose that K is a proper subcontinuum
of G, 5 containing both (a,0) and (b, 1). Then there exists Ao € A, zo € [0, 1] with
(ZO, Ixo (ZO)) ¢ K.

Case 1: If Ay ¢ A/, then G(gy,) is an arc. Also, 0 < gx,(20) < 1. This is
because, gx,(z0) could only possibly be zero if \g = 0, but then g, '(0) would
contain multiple points meaning 0 € A’. We are supposing A ¢ A’ however, so
ro(20) > 0. Similarly, gx,(20) < 1. Then from Property 4, in order for K to
contain both (a,0) and (b, 1)-a point whose second coordinate is less than gx,(20)
and a point whose second coordinate is greater than gy, (zo)-then K must contain
both endpoints of G(gy,). This then means that K must contain (2o, gx,(20)), and
we have a contradiction.

Case 2: If A\g € A/, then since A \ A’ is dense in A, there exists a sequence
(Ai)ien in A\ A’ converging to Mg, so (2o, g, (20)) = (20, 9x, (70)) as i — co. Since
(20, 9x0(20)) ¢ K and K is closed, there exists a neighborhood U of (29, gx,(%0))
which is disjoint from K. Thus, there exists some j € N for which A\; ¢ A’ and
(20,9x,;(20)) ¢ K, which then from case 1 yields a contradiction.

As we have a contradiction in either case, no such K exists, so GELQ] is irreducible
between the sets

{(z1,22) € Gy )+ w2 = 0} and {(z1,72) € G g 1 72 = 1}
Now, fix n € N, and suppose that Gfl,n] is irreducible between the sets

{(@)1y € Gyt 20 = 0} and {(2)]y € Gy ¢ = 1),
For each A\ € A, define h) : Gfl,n] — Gfl,n-ﬁ-l} by

hk((xi)?:l) = (1'1,1'2, cee $n7g)\(xn))'
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The map h) is a continuous injection, and if we define G = h,\(G’[Ln]), by Lemma
25,
Gl[l,nJrl] = U G
AEA
As in the proof of Lemma 26, each h) is a homeomorphism onto its range, and
hence, for each A\, G, is irreducible between the sets

GA(0) = {(z)iF]" € Gy iy 1 0 = 0, 21 = 92 (0)}
and
Gr(1) ={(@)i € Gy iy s on =1, @1 = ga(1)}-

It is worth noting that these sets are 7, 1(0) N G and 7, 1(1) N Gy respectively
where m, : G}, 1 — [0, 1] is projection onto the nth coordinate.

Now, suppose that K < Gh’nﬂ} intersects both { ()"} € Gfl-,nﬂ} Ty =0}
and {(z;)] € Gli,n41) * @n+1 = 1}, and suppose that p € G[; , ;) \ K. Then
there exists a A\g € A and zg € Gfl,n] with hy,(20) = p.

Now, consider Ko = T, n1] (K). Since K is connected, K is a connected subset
of an,n+1] = GELZ]' In particular, Ky contains a point with second coordinate 0
and a point with second coordinate 1, and so from the base step of the induction,
we know that Ko = G, ,. This means that Ko contains the points (0, gx,(0)) and
(1,9x,(1)), which in turn, implies that K intersects both Gj,(0) and G,(1). As
earlier, there are two cases.

Case 1: Suppose that \g ¢ A’. Then G,, \ 7, *({0,1}) is open in Gl[l,n-‘rl]’ and
so [Ga, \ 7, 1({0,1})] N K is open in K. Since K is connected, by the Boundary
Bumping Theorem [6] the closure of each component of [G, \ 7, *({0,1})] N K
meets the boundary of [Gy, \ 7, *({0,1})] N K. But the boundary of this set in K
is precisely [G,(0) UGy, (1) N K.

In particular, the closure of each component of Gy, \ 7, 1({0,1}) N K meets at
least one of G,(0) and G, (1). However, at least one such component must meet
both G, (0) and Gy, (1), else we would have a separation of K. Let L be one such
component. Then the closure of L would be a subcontinuum of G, which meets
both G, (0) and Gy, (1). Since G, is irreducible between these two sets, it follows
that L = G, and so p € G, = L C K, contradicting our assumption that p ¢ K.

Case 2: If \g € A/, let U > p be an open subset of Gl[l,nJrl] which does not meet
K. Proceeding similarly to Case 2 earlier, since U is open and A\g € A’, there exists
A1 € A\ A with py = ga,(20) € U. In particular, p; ¢ K, so applying the argument
from Case 1 to p; yields a contradiction.

Thus, K is not proper, and G’[Ln 1) must be irreducible between the sets
{(@i)i1 € Gl 1)t Tns1 = 0} and {(z:)i € Glint1) t Tnsr = 1}

Thus, by induction, Gh,n] satisfies the hypotheses of Theorem 22 for all n € N,

) I&H f has fpp. O

4. EXAMPLES

The purpose of this section is to demonstrate the utility of Theorem 19. To
do so, we will provide examples of usc functions on the interval [0, 1] which yield
inverse limits.
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Example 29. Let f: [0,1] — 209U with graph given as in Figure 1 in Section 2.
As already observed, f is an indecomposable usc function. By Theorem 27,
I'&H{[O, 1], f} is a continuum with fpp. Thus by Theorem 19, @{[0, 1], f} is inde-

composable.

Notice that f does not satisfy the two-pass condition, as there are no connected
open sets on which f is single valued which map onto [0,1]. Notice also, that f is
not a steeple, and thus neither Theorem 12 nor Theorem 13 apply to this example.
The following is another example of a usc function with indecomposable inverse
limit which does not satisfy the two-pass condition and is not a steeple.

Example 30. Let g : [0,1] — 20U with graph given as in Figure 2.

It is not difficult to see that g is an indecomposable usc function. In fact, the
argument is identical to those seen in Fxample 16 and Lemma 18. Theorem 27
again gives us that Um{[0,1], g} is a continuum and has fpp. Once again, Theorem
19 tells us that it is indecomposable as well.

FIGURE 2. The graph of a usc function g on [0,1] with indecom-
posable inverse limit

The following examples are constructed using Theorem 28.

Example 31. Let h : [0, 1] — 209 with graph given as in Figure 3, i.e. the product
of the Cantor set and [0,1], along with curves from the top of the left endpoint of
each removed interval to the bottom of its right endpoint. (Note that these curves
must be inverses of graphs of functions).

It is not difficult to see that h is an indecomposable usc function. Again, the
argument is very similar to the previous arguments. Theorem 28 (with A being the
union of the Cantor set and the midpoints of the deleted intervals) gives us that
@1{[0, 1], h} is a continuum and has fpp. Once again, Theorem 19 tells us that it
15 indecomposable as well.

This next example is particularly interesting as it is nowhere single-valued.
Example 32. Letp : [0,1] — 2001 with graph given as in Figure 4, i.e. the union of

countably many piecewise linear functions which limit to the arcs (0,1), (0, %), (%, 0)
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FIGURE 3. The graph of a usc function h on [0,1] with indecom-
posable inverse limit

and (1,0), (1, %), (%, 1). Notice that this usc function is nowhere single-valued. The
continuum Jm{[0, 1], p} is indecomposable.

It is not difficult to see that p is an indecomposable usc function. Again, the
argument is very similar to the previous arguments. Theorem 28 again (in this
case A ={0,1} U{L =1 . n e N}) gives us that l(iLn{[O, 1],p} is a continuum and

has fpp. Once again, Theorem 19 tells us that it is indecomposable as well.

=

N|—=

FIGURE 4. The graph of a usc function p on [0,1] with indecom-
posable inverse limit
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