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INTERNAL INVERSE LIMITS AND RETRACTIONS
M.M. MARSH AND J.R. PRAJS

ABSTRACT. We establish equivalences between com-
pacta that admit a sequence of retractions that converge
uniformly to the identity map and compacta that are in-
verse limits on subcompacta with retractions for bonding
maps. We give partial answers to questions of Charatonik
and Prajs, and of Krasinkiewicz. Our results are related to
and use results from another paper of the authors [11].

1. Introduction and definitions. Given a compactum X with
retractions 7, : X — X, converging uniformly to the identity map
on X, under what conditions can X be represented as an inverse limit
of copies of some (or all) of the X,,’s with retractions as bonding maps?
This is a central question to this investigation. More precisely, we want
to find an internal inverse limit structure on X (definition follows), with
some or all of the X,,’s as factor spaces and retractions as bonding maps.
Our results are presented in three cases.

Case 1, presented in Section 2, shows that, if the compacta X,, are
nested and the retractions r,, commute, then all of the X,,’s, with the
corresponding restrictions of the r,’s, form the desired inverse limit
structure.

Case 2, also presented in Section 2, shows that, if the compacta X,
are nested but the retractions r, do not necessarily commute, then
there is an internal inverse limit structure on X with a subsequence
{X,, } of {X,} as factor spaces and the corresponding restrictions of
Tn, s as the bonding maps.

Case 3, presented in Section 3, shows that, if the compacta X,, are
not nested, then we have a positive result under the additional assump-
tion that the X,,’s are graphs of order at most three. Specifically, for
such X,,’s, we find a desired internal inverse limit structure on X made

2010 AMS Mathematics subject classification. Primary 54C15, 54F15, Sec-
ondary 54A20, 54F65.

Keywords and phrases. Internal inverse limit, r-maps, retractions.

Received by the editors on July 17, 2013.

DOI:10.1216/RMJ-2015-45-4-1209 Copyright ©2015 Rocky Mountain Mathematics Consortium

1209



1210 M.M. MARSH AND J.R. PRAJS

of copies of a subsequence {X,,, } of {X,,} as factor spaces, and retrac-
tions, “nearly congruent” to the restrictions of the r,,’s, as bonding
maps.

To better understand the motivation for this study, notice that many
important examples in topology and continuum theory are, or can be
represented as, inverse limits of some simple spaces with retractions as
bonding maps. For instance, inverse limits of arcs with open bonding
maps, also called Knaster continua, are inverse limits of arcs with open
r-maps as bonding maps. From our results in Section 2 it follows
that Knaster continua have internal inverse limit structures of arcs
with open retractions for bonding maps. Moreover, replacing arcs with
trees, this result can be generalized to a similar one for all inverse
limits of trees with open bonding maps, which is a much larger class
of spaces still having very regular properties. One of these properties
is that all the members of this class are absolute retracts for tree-like
continua [4]. Having retractions as bonding maps creates a special
form of convergence of the factor spaces to the inverse limit space. This
convergence was used in the construction of the following examples of
Bellamy.

(i) A planar dendroid M with a connected set of endpoints F, where
only endpoints are accessible from R2 — M, and no single point of
E separates E but each pair of points of E does separate F [1].

(ii) A Hausdorff indecomposable continuum with exactly one com-
posant and a Hausdorff indecomposable continuum with exactly
two composants [2].

Our results are related to a recent study by Marika [9, Theorem 1.1],
in which he has shown that locally connected curves admit e-retractions
onto graphs. Additionally, Manka states [9, page 650] that he has
proved, in a paper presently in preparation, that these graphs can be
chosen to form a nested increasing sequence. Assuming this last result,
it follows from our Corollary 2.3 that each locally connected curve
admits an internal inverse limit structure on graphs with retractions
for bonding maps. This provides a partial answer to a question of
Krasinkiewicz (see [9, pages 650, 651]).

A compactum is a compact metric space. A continuum is a connected
compactum. A mapping (or map) is a continuous function. If A is a
closed subset of X, a surjective mapping f: X — A is a retraction if
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f(z) = x for each x € A. A map f: X — Y of topological spaces is
an r-map if there is a map ¢g: Y — X such that fog: Y — Y is the
identity map on Y (see [3, page 7]). The class of r-maps coincides with
the class of maps of the form h o r, where h is a homeomorphism and
r is a retraction [3, 2.1, page 10]. For the composition of functions f
after g, we will use both notations f o g and fg.

For the convenience of the reader in the remaining part of this section
we state some definitions and results from [11].

We use inverse sequences and inverse limits throughout this paper.
Definitions and general properties of these notions can be found in [6,
page 7-14], [8, subsections 2.1-2.3], or [12, Section II, part One]. Two
inverse sequences { X,,, 71} and {Y,,, "'} are said to be topologically
equivalent if, for each n > 1, there exists a homeomorphism h,,: X,, —

Y, such that g"*! o h,yq = hy o fRFL

If A, is a sequence of non-empty subsets of X converging with
respect to the Hausdorff distance, then Lim A,, denotes the Hausdorff
limit of the A,,’s.

In the spirit of the Anderson-Choquet embedding theorem (see [12,
Theorem 2.10]), the following definition was introduced in [13, page
104].

Let {X,,} be a sequence of closed sets in a metric space (X,d) and
{fn : Xnt1 — X} a sequence of maps. We say the inverse sequence
{ Xy, fn} converges in X provided that:

(i) Each thread (z1,2,...) of the inverse sequence is a convergent
sequence in X,

(ii) the assignment f defined by (x1,2,...) — limx, is a continuous
map from lim{X,, f,} to X, and

—
(iii) the projections m, : lim{X,, f,} — X, converge uniformly to
—
flim{X,, fn} — Lim X,,.
—

If, additionally, f is an embedding, we say that {X,, f,} converges
exactly in X.

If {X,, fn} converges exactly in X and f(l(iLn{Xn, fn}) = X, that

is, f is a homeomorphism onto the entire space X, we call {X,,, f,,} an
internal inverse limit structure on X. Identifying lim{X,, f,} with X
—
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by f, in this case, we have the projection maps in (iii) converging to
the identity map on X.

We note that this terminology is slightly different from that used in
[13]. What we call here an ezactly convergent inverse sequence in [13]
was referred to as a convergent inverse sequence.

Let X be a space and A a non-empty subspace of X. For any map

f1 A= X, we write d(f) = sup{d(z, f(x)) | z € A}.

Let K be a class of compacta. We say that X is internally KC-like if,
for each € > 0, there is a K € K with K C X, and amap f: X - K
such that g(f) < e. We say that X is internally K-representable if
X has an internal inverse limit structure with factor spaces in K. We
investigated these ideas in our previous paper [11]. If X is internally
K-like and, additionally, the mappings f are retractions, we say that X
is retractably KC-like. If X is internally K-representable and the bonding
maps are retractions, we say that X is retractably K-representable.

A collection S of convergent sequences in a space X is called
uniformly convergent provided, for every € > 0, there is an N such
that d(sm, lim, e $,) < € for each m > N and {s,,} € S. In a similar
way, we define uniformly Cauchy collections of sequences. Clearly, in a
complete metric space, a collection of sequences is uniformly convergent
if and only if it is uniformly Cauchy.

Proposition 1.1. For each n > 1, let X,, be a compact non-empty
subset of a complete metric space X, and let f, : X411 — X, be a
map. The inverse sequence {X,, fn} converges in X if and only if the
threads of { Xy, fn} form a uniformly convergent collection of sequences
in X.

Proposition 1.2. For each n > 1, let X,, be a compact non-empty
subset of a complete metric space X, and let f, : X411 — X, be a
map. The inverse sequence {Xp, fn} converges exactly in X if and
only if it converges in X and the function (x1,x2,...) > limz, from
@{Xn,fn} to X is one-to-one.

Proposition 1.3. Let {X,, f,} be an inverse sequence converging in
a compact space X. If Lim X,, = X, then the map f in the definition
of the convergence of inverse sequences is surjective.
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A set {fo: Xo = Yo | @ €T} of maps is uniformly equicontinuous
if, for each € > 0, there exists a § > 0 such that d(fa(z), fa(y)) < € for
all € T and all z,y € X, such that d(z,y) < 4.

Given a compact space X and a collection of maps {fn: Xo — X |
X, € 2%, a € T}, Theorem 1.4 below provides a general condition
under which X admits an internal inverse limit structure. Proofs of
this theorem and the subsequent two corollaries can be found in [11].

Theorem 1.4. Let X be a compact space and {Y,} a sequence of
closed subsets of X with LimY,, = X, and let F be a collection of
maps. Suppose for each € > 0 there is an N(¢) € N such that for each
n > N(e), there exists a uniformly equicontinuous sequence of maps
™Y, = Y, in F, for m > n, with d(f™) < e. Then there are a
subsequence {Yn, } of {Yn} and maps gy : Yy, ., — Yn, in F such that
the inverse sequence {Yn, ,gx} is an internal inverse limit structure on

X.

Corollary 1.5. Let X be a compactum. FEach sequence of maps
{fn : X = X} converging uniformly to the identity map on X has
a subsequence {gr, = fn, } such that {gx(X),grlg, . (x)} is an internal
inverse limit structure on X.

Corollary 1.6. Let IC be any class of compacta and X any compactum.
The compactum X is internally KC-like if and only if X is internally K-
representable.

2. r-maps, retractions, and internal inverse limit structures.
We begin with a theorem for which special versions have been noted by
others, typically with comments about a proof. For example, Bellamy
notes and uses part (i) of this theorem in the construction of his
examples mentioned earlier. Also, note the implication 5.2.1 = 5.2.2
in [5, page 889]. For completeness, we supply details of a more general
version of these related theorems. We also use this theorem later in the
paper. As an easy application of Theorem 2.1 below, we note that the
“tent map” on [0, 1], or any surjective open map on [0, 1], is an r-map.
Hence, each Knaster continuum is retractably arc-representable.
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Theorem 2.1. Suppose X = hm{X Y where each X, is a

compactum and each r"“. Xn41 — X, is anr-map. Then there exists
a monotone mcreasmg sequence of compacta {X }in X and retractions
il X, 41 — X, such that:

(i) the inverse sequence {X,,7"+1} is topologically equivalent to the
inverse sequence {X,,r" 1},
(ii) {X,,7"*1} is an internal inverse limit structure on X, and
(iii) identifying X with its internal inverse limit structure, the projec-
tion mappings Ty : X — )A(n are retractions satisfying T, oy = Ty
for alln < m.

Proof. For each r-map r"*1: X, 11 — X,,, let g,,: X,, — X,,41 be
the embedding satisfying rﬁ“ o gy, = i Define ¢* = gn—1 0

.0 gm+1 © gm for m < n, and note that each ¢/ : X,,, - X,, is an
embedding. Given a p in X,,, we let

hn(p) = (r1(P), 73 (P), - - s —1(P)s Ps G 41 (P)s Gns2(P), - - )

and note that h,(p) is a thread in X, and h, : X,, — X is an
embedding. Moreover, for ¢ = g, (p), we note

hin(p) = hny1(q)

_ (T?+1( n+1 n+1

Q-9 ¢, 905 (@), 9nts(a), ).

q), 757
So, hp(p) € hpy1(Xnt1). Therefore, letting )A(n = hn(X,), we have
X, C Xp41 for each n > 1.

Given x € )?HH, there is a unique g € X,, 41 such that h,+1(q) = x.
The assignment x — hy, (r"1(q)) defines a map 771 : X171 — X,.
Moreover, for each ¢ € X, 41, we have h,(r Z‘H(q)) =7 (hpy1(q)).
By this last commutativity, the one-to-one maps h,, define an equiva-

lence between the inverse systems {X,,,r"*!} and {X,,,77+!}.

Ifx e X, C Xn_H, there is a unique p € X,, such that h,(p) = x.
Letting ¢ = gn(p), we have h,(p) = h,+1(q) as above. Consequently

X = hnta(q), and TiFH(x) = ha(ri*Hg)) = ha(riH(gn(p))) =
hn(p) = x. Thus, 77! is a retraction for each n > 1.

Let x = (p1,p2,...) € X. Thus (p1,p2,...) is a thread in
{X,,, v}, that uniquely defines a thread h(x) = (xi,X2,...) =

7l7n



INTERNAL INVERSE LIMITS AND RETRACTIONS 1215

(h1(p1), ha(ps),...) in {X,, 7"}, where h is the equivalence estab-
lished above. For each n > 1, by definition,

= (T?(pn)a e 7r271(pn)7pn7 92+1(pn)7 QZ+2(pn)7 . )

= (P, Pn=1,Pn: In41(Pn)s G2 (D), - - ).

Thus, identifying X with lim{)/fn, 7711 by the equivalence homeomor-
—

phism h, the projection on the nth-coordinate, which we denote by 7,,,

leaves the first n coordinates invariant. Therefore, these projections

converge uniformly to the identity. It is also clear that limx, = x. If

x € X, there is a p € X, such that

x = hu(p) = (17 (p), 73 (P)s -, Tn_1(D)s P; Gr11(P)s Grr2(P)s - - )

Since the nth-coordinate of x is p, for h(x) = (x1,X2,...), the nth-
coordinate, X,, is h,(p) = x. Hence, the projections 7, are retractions,
and it is clear that 7,07, = 7, for all n < m. The proofis complete. [

Theorem 2.2. Let X be a compactum, and let {f, : X — X} be a
sequence of retractions converging uniformly to the identity map on X.
Suppose also that:

(i) for eachn >1, fr(X) C fn41(X), and
(ii) for all pairs m,n € N with m > n, f, o frn = fu = fm © fn-

Then the inverse sequence {fn(X), fn
limit structure on X.

Faii(X)) 8 an internal inverse

Proof. Note that the right-side equality in (ii) is immediate for a
nested sequence {f,(X)}. So, the left-side equality is the essential
assumption. We begin with an observation that is straightforward to
verify. Namely,

frnofm=fn forallm>n

if and only if

fnofn+1o"'ofm:fn for all m > n.

For n > 1, let X,, = fn(X), and let f2** = f,|x,.,. Since {X,}

is nested, each f*! is a retraction onto X,. Let f™: X,, — X,, be
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defined by fm = frtlo fif2 oo fm_ . So, by assumption (ii) and
the observation above,

fan:fn

Xpt1 © fn+1 Xpg2 ©77° 0 fmfl Xm — fﬂ|Xm'

Consider M = lim{X,, ). We show that the conditions of

Propositions 1.1 and 1.2 are satisfied for M interpreted as a collection
of sequences in X.

Let (z1,22,...) € M. From above, we have that, for n < m,

ep = [ (@m) = ful@m)-

Since {f, : X — X} converges uniformly to the identity map on X,
given € > 0, for large N and m > n > N, we have that

d(mn,xm) =d(fy" (xm), Tm) = d(fn(xm)amm) <€

Thus, {z,} is a Cauchy sequence and, hence, limz, exists. Let
x = limz,. For fixed n, it follows from the displayed equation above
that the sequence {f,(zm)}m>n is the constant sequence {z,}. So,
lim f,(z) = fu(x), that is, fn(z) = x,.

So if, for points (1, x2,...) € M and (y1,y2,...) € M, we have that
x = limax, = limy, = y, it follows that, for n > 1, z, = fu(z) =
fn(y) = yn, that is, the assignment (21,2, ...) — limz,, is one-to-one.

For € > 0, let N be large enough so that, for n > N, d(f,,id) < e.
Then, for (x1,x2,...) € M and x = limx;, we have that, for n > N,
d(xzp,limax;) = d(fn(z),z) < €, that is, the threads of M form a
uniformly convergent collection of sequences in X. It follows from
Propositions 1.1, 1.2 and 1.3 that {X,, f?™!} is an internal inverse
limit structure on X. ]

We end this section with the result discussed in Case 2 of the
introduction, the case in which the images under the retractions are
nested but the retractions do not have to commute.

Theorem 2.3. Let X be a compactum, and let {f, : X — X} be a
sequence of retractions converging uniformly to the identity map on X.
Suppose also that, for eachn > 1, f,(X) C fne1(X). Then there are a
subsequence {Yy, } of {fn(X)} and retractions gy : Y, — Yy, such

MNk+1
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that the inverse sequence {Yn, , gr } is an internal inverse limit structure
on X.

Proof. This result is a consequence of Corollary 1.5. Indeed, let
X, = fn(X) and g; = fn, be the subsequence guaranteed by Corol-
lary 1.5. We note that, since the sequence {X,,} is nested, the restric-
tions gx|Xp, ., are retractions. Thus, the inverse system {gx(X),gx |
Xy} guaranteed by Corollary 1.5 is a desired internal inverse limit
structure on X. O

3. Retractably K-like and retractably K-representable com-
pacta. In this section, we investigate compacta with near-identity re-
tractions to subspaces belonging to some restricted classes of spaces.
We begin with the following result, which is a corollary to Theorem 2.3
from the previous section.

Corollary 3.1. Let X be a compactum and K a class of compacta.
The following are equivalent:

(i) X is retractably K-like onto a nested sequence of compacta.
(ii) X is retractably K-representable.

(iil) X ~ lm{X,,r ™'}, where each X,, is in K and each r** is an
—

r-map.

Corollary 3.1 provides a partial answer to Question 5.3 in [5].
Namely, if the images r(X), for a decreasing sequence {e;} — 0, can
be chosen to be nested, then 5.2.2 implies 5.2.1.

In the remainder of the paper, we show that the nested assumption
in Corollary 3.1 can be removed for the class of graphs that have order
at most three. This is Case 3 as discussed in the introduction. It is
known that each graph-like continuum can be represented as an inverse
limit on graphs with order at most three.

In the proof of the next result we use the notation ab for an arc from
a to b. It may be helpful to draw pictures while reading the proof.

Theorem 3.2. Let G be a graph of order at most three contained in a
space X. For every e > 0, there is a § > 0 such that, if f: G — X is
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a map with d(f) < 0, then there is an embedding h : G — f(G) with
d(h) < e.

Proof. Let G be a graph of order at most three in a space X, and let
€ be a finite collection of arcs in G such that [J€ = G, and each two
different members of £ either are disjoint, or have a common end point
as their intersection. Thus, £ is the collection of edges of a simplicial
complex on G.

Given € > 0, let n be an even positive integer such that each F € £
can be divided by n non-end points into n+1 arcs each having diameter
less than ¢/6. Fix such a set of division points for each E € €&.
We group the resulting division arcs into two categories. Namely,
suppose a and b are the end points of an E € &, and py,...,p, are
the division points of F listed in the ordering from a to b. We call the
arcs ap1, PaPs, - - -, Pn—2Pn—1, Pnb category A division arcs, and the arcs
DP1P2, P3P4, - - - s Pn—1Pn, category B division arcs. Thus division arcs of
category A and category B alternate on E, and at the end points of E
we only have category A arcs.

Let A and B be the collections of all category A and category B
arcs, respectively, for all E € £. Thus, each two different members of
B are disjoint. Two different members of A are either disjoint, or they
may intersect at a common end point, if they are end division arcs of
adjacent edges in £. At most three different members of A may meet
at a point because G has order three, and each of them is disjoint from
any other member of A. If two or three members of 4 meet, we call
them a cluster of A. If A € A contains an end point of G, we call it
an end member of A, and, if A € A neither contains an end point of
G nor is a member of a cluster, we call it a reqular member of A.

Let @ = min{d(z,y) |  and y are in disjoint members of A U B}.
Define § = min{a/3,¢/6}. Let f : G — X be a map with d(f) < 6. By
the choice of a and §, and by the triangle inequality, if x and y are in
two non-intersecting members of A U B, then f(z) # f(y). Thus, two

members of AUB intersect if and only if their images under f intersect.

Let B € B. There are exactly two different members, A; and As, of
A intersecting B at its endpoints. The set f(B) is a locally connected
continuum intersecting both f(A4;) and f(As), and f(A1) N f(A2) =0

because A; and As are disjoint. Thus, there is an irreducible arc B
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in f(B) connecting f(A;) and f(A2). Fix a point pg € B\ (A1 U A43)
such that f(pg) € B\ f(A; U Ay). Choose such B and pp for each
BeB. Let H=J{f(A) | Aec AJUU{B | B € B} and note that
H C f(G). We write h(pg) = f(pp) for each B € B. We will extend
this last notation to define the desired embedding h.

If A is an end member of A, with an end point ¢ € A of G, there
is exactly one member B of B intersecting A. The arc B contains a
unique irreducible arc B, connecting f (pp) with f(A). The continuum
B,uU f(A), being the union of two locally connected continua, is locally
connected. Thus, it contains an arc L(A) from f(pg) to f(q). We fix
a homeomorphism from the arc ppq in G to L(A) that sends pg to
f(pp) and ¢q to f(q), and we denote by h(x) the image of any = € ppq
under this homeomorphism. If = € ppq, then h(z) = f(y) for some
y € AUB. Thus, d(z, h(z)) < d(z,y)+d(y, f(y)) < diam (AUB)+4 <
€/6+¢€/6+¢€/6 <e.

Let A; and A form a cluster of exactly two members of A. There are
exactly two members, By and By, of B intersecting the union A; U As.
Assume A; N 31 # () # As N By (the other case is similar). The
arcs 31 and 32 contain irreducible arcs Bl* and Bg*, respectively,
connecting f(pp,) with (A1), and f(pp,) with f(Az), correspondingly.
The continuum Bj, U f(A1) U f(Az) U Bs,, being the union of four
locally connected continua, contains an arc L(Ap, As) from f(pg,)
to f(ps,). We fix a homeomorphism from the unique arc pp,pp, in
B1UA1UA3UBs to L(Aq, Ag) that sends ppg, to f(pp, ), and we denote
by h(x) the image of any = € pp,pp, under this homeomorphism. If
X € pp,PB,, then h(x) = f(y) for some y € By U A; U Ay U By. Thus,
d(z,h(z)) < d(z,y) + d(y, f(y)) < diam (B; U A1 U As U Bs) +0 <
4e/6 4 €/6 < €.

The case of a regular member A of A is similar to the case of a
cluster of two members of A but simpler. The role of A; U Ay from
the previous case is played by A. Again, we have members B; and
By of B on both sides of A. The definition of h on the arc pp,pp, is
almost identical as in the previous case, and so is an estimation of the
supremum of d(x, h(z)). We leave the details to the reader.

Let Ay, A3 and A3 form a cluster of exactly three members of A.
There are exactly three members, By, By and Bj, of B intersecting the
union A; U A U A3. Without loss of generality, assume A; N By #
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0 # Ay N By and A3 N By # (). The arcs f?l, .§2 and LA33 contain
irreducible arcs El*, ég* and 33*, respectively, connecting f(pp,) with
f(A1), f(pp,) with f(A2), and f(pp,) with f(As), correspondingly.
The continuum By, U f(A;)Uf(A3)UBs,, being the union of four locally
connected continua, contains an arc K from f(pp,) to f(ps,). This arc
intersects f(A1) U f(As). The continuum Bs, U f(A1) U f(As) U f(As)
is also locally connected. Thus, it contains an irreducible arc L
connecting f(pp,) with K. The junction point with K may be neither
f(pp,) nor f(pp,). Thus, the union 7= K U L is a simple triod in
f(A1) U f(A2) U f(A3) U Bix U Ba, U By, having f(ps,), f(pp,) and
f(pB,) as its end points.

Let T be the simple triod in A; UAsUA3UB; UByU Bs having pp, ,
pB, and pp, as its end points. We fix a homeomorphism from Ty to T
that sends pp, to f(ps,), P, to f(pp,) and pp, to f(pp,). We denote
by h(z) the image of any = € Ty under this homeomorphism. If z € Tj,
then h(z) = f(y) for some y € A1 U Ay U A3 U By U By U Bs. Thus,
d(z, h(z)) < d(z,y)+d(y, f(y)) < diam (A;UAUA3UB1UBsUB3)+4d <
4e/6 4+ €/6 < e.

Combining together this construction for all members and clusters of
A, a homeomorphism A : G — h(G) is defined with h(G) C H C f(G)

and d(h) < €, as needed. O

Below, we apply this theorem to the study of internal inverse limits.
However, this result seems to be of interest in its own right. What
other spaces may have the property concluded in the above theorem?
First, notice that G cannot be a graph having order greater than or
equal 4. Indeed, a 4-od in the plane admits, for each € > 0, a map onto
a graph homeomorphic to the letter H such that each point is moved
to the e-neighborhood of itself. Obviously, this last graph contains no
4-od, and thus the conclusion of the theorem does not hold for a 4-od.

Question 3.3. Suppose G is a graph satisfying the conclusion of the
above theorem. That is, for every copy G' embedded in a space X, and
for every € > 0, there is a 0 >0 such thatif f : G' - X is a map with
d(f) < 4, then there is an embedding h : G' — f(G') with d(h) < e. Is
G a graph of order at most 3¢



INTERNAL INVERSE LIMITS AND RETRACTIONS 1221

Theorem 3.4. Suppose X is a continuum and G = {G1,Ga,...} is a
sequence of graphs in X, each having order at most three. Suppose also
that {ri: X — Gy} is a sequence of retractions converging uniformly
to the identity map on X. Then X can be represented as an inverse
limit of members of G with retractions as bonding maps.

Proof. Given positive integers m and n, let g : G, — G, be
the restriction r,|g,,. Given an n, the maps ¢7 : G, — G, for
m > n, satisfy lim,, gf(g%) = 0. By Theorem 3.2, for fixed
n and sufficiently large m, there are embeddings A}, : G, — Gn,
such that limp,_, d(h™) = 0. Note that it suffices to prove the
conclusion for a subsequence of {G,,}. Thus, by replacing {G,, } with an
inductively selected subsequence, without loss of generality, we assume
the embeddings A7, : G,, = G, are defined for all n and m > n. Using
the embeddings h7,, for each n, we want to slightly modify maps g;;"

to r-maps [ : G, = G, and then apply Theorem 2 to complete the
proof.

Consider the product X = X x {0, 1,4} with Xo = X x {0}
and the projection mp to X. To define f)*’s, we fix an n. For m > n,
let Uy, be a sequence of open ¢,,-neighborhoods of H,, = hl' (Gy) in
G, respectively, with €, < 1/n and lime,, = 0. Let F;, = G, \ U,

and let Y and Z be the following two subsets of X:
Y = XoU| {Gniw x {1/k} [k €{1,2,.. }}
Z = Xo U\ J{(Hpir U Fopr) x {1/k} [ k€ {1,2,.. }}.

We define a retraction rg : Z — G, x {0} as follows. For (z,0) € X,
let rq(x,0) = (0,7, (x)). For p = (x,1/k) with € H,, and m = n+ k,
we let ro(p) = ((h?)~"(x),0). For p = (x,1/k) with y € F,, and
m =n+k, we let 7o(p) = (9" (y),0). Verifying that ro is well defined
and continuous is straightforward. Since G,, is an absolute retract for
one-dimensional compact spaces [7, page 354, Theorem 1], and Y and
Z are one-dimensional and compact, the retraction ry can be extended
to a retraction r : Y — G,, x {0}.

For any k € {1,2,...}, let qx : Gpyr, — Y be defined as p — (p, 1/k).
Given p € G, = Gpyk, we let f(p) = mo(r(qr(p))). Note that
fm . G — G, are well defined r-maps, and the sequence {f"} is
uniformly equicontinuous.
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We are almost ready to apply Theorem 1.4 to complete the proof. A
careful reader notices, however, that by taking an arbitrary extension r
of rg, we have possibly lost the uniform convergence of the sizes d(f")
to 0 with respect to n, which is a condition of Theorem 1.4. Neverthe-

less, observe that, for each n, we have lim,,_, o sup{d(g(x), fi*(z)) |

z € Gp} = 0 and lim,_,o sup{d(g™) | m > n} = 0. By choosing
a correct subsequence of {G,,} and the corresponding maps, we can

ensure that lim,_, . sup{d(f") | m > n} = 0. Applying Theorems 1.4
and 2.1, the conclusion follows. O

We have the following corollary to Theorem 3.4.

Corollary 3.5. Let X be a compactum, and let G be a class of graphs
of order at most three. The following are equivalent.

(i) X is retractably G-like.
(ii) X is retractably G-representable.
(iil) X ~ lim{X,,,r" "}, where each X,, is in G and each v+ is an
—
r-map.

Corollary 3.5 provides another partial answer to Question 5.3 in [5].
Namely, if the images r(X), for a decreasing sequence {ex} — 0, can
be chosen to be graphs of order at most three, then 5.2.2 implies 5.2.1.

We do not know whether, in our results, the assumption that the
graphs have order at most three is essential. We end the paper with
the following two natural questions.

Question 3.6. Given a class G of graphs, is every retractably G-like
continuum retractably G-representable?

Question 3.7. Does there exist a class P of polyhedra and a retractably
P-like continuum which is not retractably P-representable?

REFERENCES

1. D.P. Bellamy, An interesting plane dendroid, Fund. Math. 110 (1980), 191—
208.



INTERNAL INVERSE LIMITS AND RETRACTIONS 1223

2. D.P. Bellamy, Indecomposabe continua with one and two composants, Fund.
Math. 101 (1978), 129-134.

3. K. Borsuk, Theory of retracts, Polish Scientific Publishers, Warszawa, Poland,
1967.

4. J.J. Charatonik, W.J. Charatonik and J.R. Prajs, Hereditarily unicoherent
continua and their absolute retracts, Rocky Mountain J. Math. 34 (2004), 83-110.

5. J.J. Charatonik and J.R. Prajs, AANR spaces and absolute retracts for tree-
like continua, Czech. Math. J. 55 (2005), 877-891.

6. W.T. Ingram, Inverse limits, Aport. Matem. 15, Sociedad Matematica Mex-
icana, Mexico, 2000.

7. K. Kuratowski, Topology, Vol. 2, Academic Press, New York, 1968.

8. S. Macfas, Topics on continua, Chapman and Hall/CRC, Boca Raton, FL,
2005.

9. R. Manka, Locally connected curves admit small retractions onto graphs,
Houston J. Math. 38 (2012), 643-651.

10. S. Mardesi¢ and J. Segal, e-mappings onto polyhedra, Trans. Amer. Math.
Soc. 109 (1963), 146-164.

11. M.M. Marsh and J.R. Prajs, Internally K-like spaces and internal inverse
limits, Topol. Appl. 164 (2014), 235-241.

12. S.B. Nadler, Jr., Continuum theory, An introduction, Marcel Dekker, Inc.,
New York, 1992.

13. J. Prajs, Continuous pseudo-hairy spaces and continuous pseudo-fans,
Fund. Math. 171 (2002), 101-116.

CALIFORNIA STATE UNIVERSITY, SACRAMENTO, DEPARTMENT OF MATHEMATICS AND
STATISTICS, 6000 J STREET, SACRAMENTO, CA 95819
Email address: mmarsh@csus.edu

CALIFORNIA STATE UNIVERSITY, SACRAMENTO, DEPARTMENT OF MATHEMATICS AND
STATISTICS, 6000 J STREET, SACRAMENTO, CA 95819 AND OPOLE UNIVERSITY,
INSTITUTE OF MATHEMATICS AND INFORMATICS, UL. OLESKA 48, 45-052 OPOLE,
PoLAND

Email address: prajs@Qcsus.edu



