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ABSTRACT. We continue study of projective Fraissé limit devel-
oped by Irvin, Panagiotopoulos and Solecki. We modify the ideas
of monotone, confluent, retraction and light mappings from con-
tinuum theory as well as several properties of continua so as to
apply to topological graphs. As the topological realizations of the
Fraissé limits we obtain either some known continua, for example
the dendrite D3 or the Cantor fan, or quite new, interesting ones
for which we do not yet have topological characterizations.

1. INTRODUCTION AND DEFINITIONS

In [7], T. Irwin and S. Solecki introduced the idea of a projective
Fraissé limit as a dualization of the injective Fraissé limit from model
theory. In that paper they construct the pseudo arc as the topological
realization of a projective Fraissé limit of a certain class of finite graphs
and epimorphisms between members of the class. Subsequently, D.
Bartosova and A. Kwiatkowska, [2], Kubi§ and A. Kwiatkowska, [8]
and A. Panagiotopoulos and S. Solecki, [11], extended these ideas to
study, repectively, the Lelek fan, the Lelek fan and the Poulsen simplex,
and the Menger curve as Fraissé limits.

In this article we continue this study by considering families of finite
trees and epimorphims (mappings) between them that satisfy certain
properties. We modify the ideas of monotone, confluent, retraction and
light mappings from continuum theory as well as several properties of
continua so as to apply to topological graphs. Tools are developed for
studying projective Fraissé limits and their topological realizations. As
the topological realizations of the Fraissé limits we obtain several known
continua, for example the dendrite D3 or the Cantor fan. However, in
the cases where epimorphisms are restricted to being confluent or con-
fluent and end-preserving we have continua that have many interesting
properties and which may be different from any known continua.
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A graph is an ordered pair A = (V(A), E(A)), where E(A) C V(A)?
is a reflexive and symmetric relation on V(A). The elements of V(A)
are called vertices of graph A and elements of F(A) are called edges.

A topological graph K is a graph (V(K), E(K)), whose domain V (K)
is a O-dimensional, compact, second-countable (thus metic) space and
E(K) is a closed, reflexive and symmetric subset of V(K)2 A topo-
logical graph is an example of topological £ structure. For a general
definition of a topological £ structure see [7].

Given two graphs A and B a function f: V(A) — V(B) is a ho-
momorphism if it maps edges to edges, i.e. (a,b) € E(A) implies
(f(a), f(b)) € E(B). If we consider rooted trees, then we have an ad-
ditional relation, namely an order < on vertices, and homomorphisms
have to preserve the order. Details are in Section 5. A homomorphism
f is an epimorphism if it is moreover surjective on both vertices and
edges. An isomorphism is an injective epimorphism.

Definition 1.1. A finite graph T is a tree if for every two distinct
vertices a,b € T there is a unique finite sequence vy = a,vy,...,v, =
b of vertices in T such that for every i € {0,1,...n — 1} we have
(vi,vi41) € E(T) and v; # vi41. Let n be a natural number, a vertex
p € T has order n (ord(p) = n) if there are n non-degenerate edges in
T that contain p. If ord(p) = 1 then p is an end vertex, ord(p) = 2
then p is an ordinary vertex and if ord(p) > 3 then p a ramification
vertex.

The theory of projective Fraissé limits were developed in [7] and
further refined in [11]. We literally recall their definitions here.

Definition 1.2. Let F be a class of finite graphs with a fixed family of
morphisms among the structures in /. We assume that each morphism
is an epimorphism with respect to F. We say that F is a projective
Fraissé class if

(1) F is countable up to isomorphism, that is, any sub-collection
of pairwise non-isomorphic structures of F is countable;

(2) morphisms are closed under composition and each identity map
is a morphism;

(3) for B, C € F there exist D € F and morphisms f: D — B and
g: D — C; and

(4) for every two morphisms f: B — A and g: C' — A, there exist
morphisms fo: D — B and go: D — C such that fo fo = gogo,
i.e. the diagram (D1) commutes.
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We will refer to the last property above as the projective amalgamation
property.

The class F of finite graphs and epimorphisms is enlarged to a class
F* which includes all topological graphs obtained as inverse limits of
graphs in F with bonding maps from the family of epimorphisms. If
G = lim{G,,a,} € F¥ and a = (a,) and b = (b,) are elements of G
then (a,b) is an edge in G if and only if for each n, (a,,b,) is an edge in
G,. An epimorphism h between a topological graph G = im{G,,, a, }
in F* and a finite graph A € F is in the class F* if and onﬁif there is
an m and an epimorphism h': G,, — A, i’ € F, such that h = h' o a®
where o/ is the canonical projection from the inverse limit space onto
the mth factor space. Finally, if K and L are inverse limit spaces in F*
an epimorphism h: L. — K is in the family /¥ if and only if for any
finite graph A € F and any epimorphism g: K — A in F¥, goh € F“.

In the proof of [7, Theorem 2.4] an inverse sequence satisfying certain
properties, see definition below, was introduced and used to show the
existence and uniqueness of the projective Fraissé limit.

Definition 1.3. Given a projective family F an inverse sequence { F},, a;, }
where F,, € F and «,: F,, 11 — F,, are epimorphisms in F is said to be
a fundamental sequence for F if the following two conditions hold.

(1) For any G € F there is an n and an epimorphism from £, onto
G;

(2) For any n, any pair G, H € F, and any epimorphisms g: H —
G and f: F, — G there exists m > n and an epimorphism
h: F,, — H such that goh = f o o i.e the diagram (D2)
commutes.

o
F, «—— F,

(D2) fl h

~
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Note that the name fundamental sequence has not been standard-
ized. Other names that have been used include generic sequence and
Fraissé sequence.

Theorem 1.4. Let F be a projective Fraissé class with a fized family
of epimorphisms among the structures of F. There exists a unique
topological graph F such that

(1) for each A € F, there ezists an epimorphism from F to A;

(2) for A, B € F and epimorphisms f: F — A and g: B — A there
exists an epimorphism h: F — B such that f = go h.

(3) For every e > 0 there is a graph G € F and an epimorphism
f:F — G such that diam(f~(z)) < & for each x in V(G).

This topological graph F is called the projective Fraissé limit of F.

Proof. The uniquness of F along with the first two conditions are pre-
cisely [11, Theorem 3.1]. For the third condition note that in the proof
of [11, Theorem 3.1] it is shown that the projective Fraissé limit F is
the inverse limit of a fundamental sequence of F. Condition (3) then
follows from the definition of a metric on the inverse limit space. [

Definition 1.5. Given a topological graph K, if E(K) is also transitive
then it is an equivalence relation and K is known as a prespace. The
quotient space K /FE(K) is called the topological realization of K and is
denoted by |K|.

Theorem 1.6. Fach compact metric space is a topological realization
of a topological graph.

Proof. Let X be a compact metric space and let f: C — X be a
surjective mapping from the Cantor set C. Define a topological graph
K by putting V(K) = C and (a,b) € E(K) if and only if f(a) = f(b).
Then K is a compact topological graph, F(K) is transitive, and | K| is
homeomorphic to X. O

2. CONNECTEDNESS PROPERTIES OF TOPOLOGICAL GRAPHS

In this section we propose definitions of some connectedness prop-
erties of topological graphs analogous to respective definitions for con-
tinua. We have decided to keep the terminology original to continuum
theory. Let us start with the definitions of connected and locally con-
nected topological graphs as in [11].

Definition 2.1. Given a topological graph G, a subset S of V(G) is
disconnected if there are two nonempty closed subsets P and @) of S
such that PUQ = S and if a € P and b € @, then (a,b) ¢ E(G). A
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subset S of V(G) is connected if it is not disconnected. A graph G is
connected if V(@) is connected.

Definition 2.2. A topological graph G is locally connected if it admits
a basis of its topology consisting of connected sets in the above sense.

Theorem 2.3. If f: G — H is an epimorphism between topological
graphs and G is connected, then H is connected.

Proof. Suppose H is disconnected. Then there are two disjoint nonempty
closed subsets A and B of V/(H) such that V(H) = AU B and there is
no edges between A and B. So V(G) = f~1(A)Uf1(B) and f~1(A)N
f~YB) = 0. Since G is connected, there are vertices a € f~1(A) and
b € f~1(B) such that (a,b) € E(G), and thus (f(a), f(b)) € E(H), a
contradiction. d

Definition 2.4. Given a graph G, a subset S of V(G), and a ver-
tex a € S the component of S containing a is the largest connected
subset C' of S that contains a; in other words C = |J{P C S : a €
P and P is connected}.

Definition 2.5. A topological graph G is called hereditarily unicoher-
ent if for every two closed connected subgraphs P and ) of G the
intersection P N Q) is connected. The graph G is unicoherent if in ad-
dition PU Q@ = G.

Notice that if a finite graph is unicoherent then it is hereditarily
unicoherent.

(G) by G\S
we mean a topological graph F such that V(F) = V(G)\S and if

e = (a,b) € E(G) then e € F if and only if {a,b} C V(F

The following theorem is known in continuum theory. Here we give
the analogous theorem for topological graphs together with the proof.

Notation 2.6. If G is a topological graph and S C V
V(
)

Theorem 2.7. If G is a hereditarily unicoherent topological graph and
{Gy : o € A} is a family of connected subgraphs of G, then the inter-
section (\{Ga : v € A} is connected.

Proof. Suppose J = ([{G, : @ € A} is disconnected. Then there are
two disjoint closed subsets H and K of V(J) such that HN K = () and
HUK = V(J). Let H* and K* be disjoint open sets containing H
and K repsectively. The collection {G \ G, : @ € A} U (H* U K*) is
an open cover of G. By compactness, there is a finite open subcover
G\ Gayy-..,G\G,,, H*UK* of G. Taking the complements we have
that HUK C G,, N---NG,, € H*"UK* and G,, N--- NG, is, by
hereditary unicoherence, a connected graph, a contradiction.
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O

Definition 2.8. We say that a topological graph G is an arc if it is
connected and there are two vertices a,b € V(G) such that for every
z € V(G)\ {a,b} the graph G \ {z} is not connected. The vertices a
and b are called end vertices of the arc and we say that GG joins a and

b.

In topology there is only one, up to homeomorphism, metric arc,
while for topological graphs we have finite arcs, countable arcs as well
as uncountable arcs.

Example 2.9. Let G be the topological graph whose set of vertices
is the Cantor ternary set, and the edges are defined by (a,b) € E(G)
if and only if @ = b or a and b are end vertices of the same deleted
interval. Then G is an uncountable arc, whose topological realization
is homeomorphic to [0, 1].

Definition 2.10. A topological graph G is called arcwise connected if
for every two vertices a,b € V(G) there is a subgraph of G that is an
arc and contains a and b.

Definition 2.11. A hereditarily unicoherent and arcwise connected
finite graph is called a dendroid. A locally connected dendroid is called
a dendrite.

Theorem 2.12. For a connected finite graph G the following condi-
tions are equivalent:

(1) G is a tree;

(2) G is unicoherent;

(3) G is a dendroid;

(4) G is a dendrite;
Proof. The implications (1) = (2) = (3) = (4) follow from
definitions. To see (4) == (1) note that a finite dendrite cannot
contain a cycle, so it is a tree. 0

The following observations follow from the fact that a topological
graph G is connected if and only if its topological realization |G| is
connected.

Observation 2.13. If G is a hereditarily unicoherent topological graph
and E(G) is transitive, then its topological realization |G| is a heredi-
tarily unicoherent continuum.

Observation 2.14. If a topological graph G is an arc and E(G) is
transitive, then its topological realization |G| is an arc or a point.
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Observation 2.15. If a topological graph G is arcwise connected and
E(G) is transitive, then its topological realization |G| is arcwise con-
nected.

Observation 2.16. If a topological graph G is a dendroid and E(G)
is transitive, then its topological realization |G| is a dendroid.

Observation 2.17. If a topological graph G is a dendrite and E(G) is
transitive, then its topological realization |G| is a dendrite.

The following Theorem provides a sufficient condition in order for a
projective Fraissé family to have transitive set of edges in the projective
Fraissé limit.

Theorem 2.18. Suppose that G is a projective Fraissé family of graphs
and for every G € G, for every a,b,c € V(G) such that {(a,b) € E(G)
and (b,c) € E(G) there is a graph H and an epimorphism f&: H —
G such that for every vertices p,q,v € V(H) such that fH(p) = a,
f&(q) = b, and f{(r) = ¢ we have (p,q) ¢ E(H) or (q,r) ¢ E(H).
Then there are not distinct vertices a, b, c in the Fraissé limit G such
that the edges (a,b) and (b,c) are in G hence G has a transitive set of
edges.

Proof. Let G be a family that satisfies the assumptions of the Theorem.
Suppose on the contrary that there are three vertices a, b, c € G such
that (a,b),(b,c) € E(G). Let a graph G € G and an epimorphism
fa: G — G be such that fg(a), fa(b), and fg(c) are three distinct
vertices of G. Then (fs(a), fa(b)), (fa(b), fa(c)) € E(G), and thus,
by our assumption, there is a graph H and an epimorphism f&: H —
G such that for an epimorphism fy: G — H satisfying fo = ff o
fu we have (fu(a), fu(b)) ¢ E(H) or (fu(b), fu(c)) ¢ E(H). This
contradicts the fact that fy maps edges to edges. U

Theorem 2.19. If T is a projective Fraissé family of trees, and T is
a projective Fraissé limit of T, then T is hereditarily unicoherent.

Proof. Suppose T is not hereditarily unicoherent. Then there exist
closed connected subsets P and @ of V(T) such that P N @ is not
connected. Let p € P\@ and ¢ € Q\P. By Condition 3 of Theorem
1.4, choosing € small enough, there exists a tree G and a epimorphism

Ja: T — G such that fa(p) & fc(Q), felq) € fo(P), and fa(P)N
fa(Q) is not connected. This contradicts the fact that G is a tree. [
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3. MONOTONE EPIMORPHISMS

First, we want to show an example that usually epimorphisms be-
tween trees do not have amalgamations that are connected graphs.
That is why we need to restrict considered classes of epimorphisms.

Example 3.1. There exist a triod T', arcs I and .J for which there is no
connected graph G and epimorphisms fy and gq such that the diagram
below commutes.

The triod T has the center b and the end vertices a, ¢, and d; the
arc I has vertices p1, po, p3, ps4, and ps, similarly the arc J has vertices
q1, 92,93, qs, and g5. The epimorphisms f and ¢ are pictured below.

Precisely, we have f(p1) = d, f(p2) = b, f(ps) = ¢, f(ps) = b, and
f(ps) = a; similarly, g(q1) = d, g(q2) = b, g(q3) = a, g(qs) = b, and
9(gs) = c.

bs g5

P4 44
o b . P3 43 b D 2
D2 q2
d d
D1 q1

f: 1 =T g: JJ =T

Suppose that there is a connected graph G and epimorphisms fy: G —
I and go: G — J such that the diagram (D2) commutes. Let zy €
(fo) '(p1) and let zg,zy,...x, be a sequence of vertices of G such
that:

(1) for each i € {0,1,...,n — 1} we have (z;, 2,11) € E(G);
(2) 2o, 21, .. Tp1 € (fo fo) r({b,d});
(3) @n ¢ (f o fo) 7' ({b.d}).

Then we have



PROJECTIVE FRAISSE LIMITS OF TREES 9

(1) fo(l'o) =D,
(2) fo($o),f0($1)> o folwn—r) € {p1,p2}§
(3) fo(zn) = ps;
(4) go(wo) = a1,
(5) go(z0), go(1), - - go(®n—1) € {q1, @2 };
(6) 90<In) =4qs3

By conditions (3) and (6) we have that f(fo(z,)) = ¢, while g(go(z,)) =
a, so the diagram (D2) does not commute, a contradiction.

In this section we consider the category Ty, of trees with morphisms
being monotone epimorphisms. We start with necessary definitions.

Definition 3.2. Given two topological graphs G and H an epimor-
phism f: G — H is called monotone if the preimage of a connected
subset of V(H) is a connected subset of V(G), or, equivalently (see [7,
Lemma 1.1]) if the preimage of every vertex in V' (H) is connected.

The following example shows that the concept of monotone epimor-
phism for graphs is not exactly how continuum theory sees monotone
maps between continua.

Example 3.3. There is a monotone epimorphism from a cyclic graph
onto an arc.

Let G be a complete graph with three vertices a,b, and ¢, i.e. a
graph where E(G) = V(G)?, and let H be an arc with two vertices p
and ¢, and E(H) = V(H)? Define f: G — H by f(a) =p and f(b) =
f(c) = q. The reader can verify that f is a monotone epimorphism.

The following theorem is well known in continuum theory but we
include it in this new setting of topological graphs.

Theorem 3.4. If f: G — H 1is a monotone epimorphism between
topological graphs and G is an arc, then H is an arc and the images of
end vertices of G are end vertices of H.

Proof. Denote the end vertices of G by a and b. We need to show
that every vertex in V(H) \ {f(a), f(b)} disconnects H. Let y €
V(H) \ {f(a), f(b)}; then, since G is an arc the graph G \ f~'(y)
is disconnected. Let G\ f~!(y) be the union of two disjoint graphs
G\ fYy)=UUV. Thus V(H) \ {y} = f(U)U f(V), so it is discon-
nected as needed. O

Theorem 3.5. If f: G — H is a monotone epimorphism between finite
graphs and G s a tree, then H is a tree and the images of end vertices
of G are end vertices of H.
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Proof. Suppose on the contrary that there are two vertices f(a) and
f(b) in H and two different arcs I and J joining f(a) and f(b). Since
f7YI) and f~'(J) are connected, there are arcs A C f~(I) and B C
f7Y(J) joining the vertices a and b. Then f(A) =1 and f(B) = J, so
A and B are two different arcs joining a and b in G, contrary to the
assumption that G is a tree. U

Theorem 3.6. If f: G — H is a monotone epimorphism between
trees and K is a subtree of G, then f|x: K — f(K) is a monotone
epimorphism.

Proof. Let y € V(f(K)); we need to show that (f|x) ! (y) is connected.
It is enough to observe that (f|x) ' (y) = f~'(y)N K, so it is connected
as the intersection of subtrees of G. O

Theorem 3.7. If G is a projective Fraissé family of graphs with mono-
tone epimorphisms and G is a projective Fraissé limit of G, then for
every G € G any epimorphism fo: G — G is monotone.

Proof. Suppose the contrary; then there is a graph G € G, a vertex
a € G and an epimorphism fg: G — G such that f5'(a) is the disjoint
union of two nonempty closed subsets A and B. Choose € > 0 such
that d(a,b) > ¢ for every a € A and b € B. By conditions (2) and (3)
of Theorem 1.4 and amalgamation we may obtain a graph H € G, an
epimorphism f#: H — G, and an epimorphism fr: G — H be such
that fg = fH o fg and fg is an € epimorphism. Then fr(A) and fz(B)
are two disjoint nonempty subsets of H and (f&)~'(a) = fu(A)Ufu(B)
contrary to monotonicity of f. O

Theorem 3.8. If T is a projective Fraissé family of finite arcs with
monotone epimorphisms, and T is a projective Fraissé limit of T, then
T s an arc.

Proof. First we claim there are two vertices a and b in T such that
for any T' € T and any monotone epimorphism fr: T — T, fr(a) and
fr(b) are end vertices of T'. Let {T,,, v, } be a fundamental sequence for
7. The monotone epimorphisms «,, take end vertices to end vertices
so there are exactly two vertices a = (a,) and b = (b,) in T such
that for each n, a,, and b, is an end vertex for T,,. For T' € T and
fr: T — T there is an n and monotone epimorphisms ¢: 7,, — T and
fr,: T — T, such that fr = go fr,. Thus fr maps the vertices a and
b to end vertices of T" as claimed.

We need to show that any vertex = € T \ {a, b} disconnects T. For
an arc T' € T and a given monotone epimorphism fr: T — T de-
fine Uy, and Vy, as components of T'\ {fr(z)} containing the ver-
tices fr(a) and fr(b) respectively. Note that for T,S € T and a
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monotone epimorphism fZ: T — S such that fs = fI o fr we have
(fH~Y(Us,) C Uy, and thus fo'(Up) € f7'(Uy,). Letting U =
U{U¢, : fr is an epimorphism between trees in 7} and V = [J{V}, :
fr is an epimorphism between trees in 7} we have T \ {z} = UUV
and UNV =0, so T\ {x} is not connected as required. O

Theorem 3.9. If T is a projective Fraissé family of finite trees with
monotone epimorphisms, and T is a projective Fraissé limit of T, then
T is arcwise connected.

Proof. Let a,b be two vertices of T. We will construct an arc joining a
and b. Let us use notations as is the proof of Theorem 3.8: that is, for
trees T, 11,15 € T, fr is a monotone epimorphism that maps the limit
T onto the tree T', while f%;l is a monotone epimorphism between trees
in 7. For a given T' € T, let Jr be the arc between fr(a) and fr(b)
and observe that f7!(Jr,) C Jr,, and thus {Jr : T € T} is a projective
Fraissé family, whose limit J is, by Theorem 3.8, an arc joining a and
b. O

Corollary 3.10. If T is a projective Fraissé family of trees with mono-
tone epimorphisms, and T is a projective Fraissé limit of T, then T is
a dendrite.

Proof. The limit T is arcwise connected by Theorem 3.9, it is heredi-
tarily unicoherent by Theorem 2.19, and it is locally connected by [11,
Theorem 2.1]. O

Theorem 3.11. The category Ty is a projective Fraissé family.

Proof. Conditions (1) and (2) are obvious.

For condition (4) we will use induction on the sum of the number
of edges in B and C'. If B and C each have just one degenerate edge,
that is, B and C' are singletons, then A has only one vertex and we can
take D to be just a single vertex.

Now assume there is a natural number N and such that for any
trees A, B, and C with the sum of the number of edges in B and C' is
less than or equal to N and f: B — A and ¢g: C' — A are monotone
epimorphisms then there exists a tree D and monotone epimorphisms
a: D — Band : D — C such that foa=gop.

Suppose A, B and C' are trees such that the sum of the number
of edges in B and C' is N 4+ 1 and there are monotone epimorphisms
f:B— Aand g: C — A. Let {(a,b) be an edge in B such that b is
an end vertex of B. Let B’ be the finite subtree of B without the edge
(a,b) (still containing the vertex a). There are two possibilities, f|p: is
surjective or it is not.
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Consider the case that f|p: is surjective. By the inductive hypothesis
there exist a tree D’ and monotone epimorphisms «': D' — B’ and
f': D' — C such that f|g oo’ = go ' (see the diagram below).

fle a

A D' ey D
ot

Note that f(b) = f(a) otherwise if f(b) # f(a) then there exist
¢ € B’ such that f(c) = f(b). But then {b,c} € f~(f(b)) and
a & f7Hf()) so f7H(f(b)) is not connected, contradicting f being
monotone.

Chose ¢ € (o) (a) and let D = D’'U{c,d) where d is a vertex not in
D’. Let a: D — B be the extension of o with a(d) = b and § be the
extension of 5’ with 8(d) = '(c¢). Then D is the desired amalgamation.

Now consider the case that f|g = A’, a proper subtree of A. So
B(A) = B(A)U{(f(a), /(b)) }. Let ' = g~ (A) and F = g~ ({f(b)})
Then A’, B" and C’ together with f|p: B' — A" and g|c:: C" — A’
satisfy the inductive hypothesis. So there exist a tree D’ and monotone
epimorphisms «: D' — B’ and f': D' — (C’ such that f|p od =
glcr o B’ (see the diagram below).

B
; 2 a
A+— A D <...sD
, w §
C

Let (p,q) be an edge in C with p € ¢"'(f(a)) and ¢ € F. Next
let F” be an isomorphic copy of F' and D = D' U F' U (p/,¢’) where
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p € '71(p) and ¢ is the image of ¢ under the isomorphism. If « is the
extension of o with a(c) = b for all ¢ € F’ and  is the extension of f’
such that for all z € F’, (z) is the image of z under the isomorphism
between F' and F’, then the tree D together with o and (3 is the desired
amalgamation.

Finally, to prove condition (3) we may let A be the tree consisting
of a single vertex and f and g be constant maps, then the tree D and
maps a and § from the previous part satisfy condition (3). U

Recall (see [4, (6), p. 490]) that there is only one, up to homeomor-
phisms, dendrite, called D3, that satisfies the following conditions:

(1) each ramification point is of order 3;
(2) the set of ramification points is dense.

We want to show that the topological realization of the projective
Fraissé limit of the category T is homeomorphic to the dendrite Ds.
We divide the proof into two steps.

Theorem 3.12. The projective Fraissé limit of Tag has transitive set
of edges and the topological realization of the Fraissé limit of Ty is a
dendrite with a dense set of ramification points.

Proof. First we show that the family Ty, satisfies the hypothesis of
Theorem 2.18 and thus has a transitive set of edges. Let G € T¢
and a,b,c € V(G) such that (a,b), (b,c) € E(G). Define H € 7¢ by
V(H) = V(G{d, ¥}, E(H) = E(G)U{(a,a), (", ), (0, ) }\{{a, b}
and the epimorphism f& where f¥(a') = a, f& (') = b and f# is the
identity otherwise. Then, for p € {a,a'}, ¢ € {b,0'}, and r = ¢ we have
either (p,q) ¢ E(H) or (¢q,7) ¢ E(H).

The projective Fraissé limit D of Ty, is a dendrite by Corollary 3.10,
so its topological realization |D| is a (topological) dendrite by Corollary
2.17. It remains to show that the set of ramification points of |D| is
dense.

Let us introduce the necessary notation. Let ¢: D — |D| be the
quotient mapping. To prove the density of the set of ramification points
of |D| suppose on the contrary that U is an open connected subset of |D|
that contains no ramification point, i.e U is homeomorphic to (0,1).
Then ¢~ !(U) is an open subset of D. By Property (3) of Theorem
1.4, there is a tree (G, a monotone epimorphism fs: D — G, and
a € V(G) such that f;'(a) C ¢~}(U). Define a graph H by putting
V(H) = V(G) U {b,c,d} and E(H) = E(G) U {{a,b), (b, c), (b,d)}.
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Finally, define the monotone epimorphism f4: H — G by

g, JrifzredG
Jo (@) = {aif:r; € {b,c,d}.

Let fi: D — H be an epimorphism such that fo = ff o fy; note
that by Theorem 3.7 the epimorphisms fs and fy are monotone.
Thus, the three sets A = o(fy ({a,b})), B = o(f5' ({b,c})), and
C = o(f;'({b,d})) are continua that satisfy AUBUC C U, A ¢ BUC,
BZAUC,CZ AUB,and AN BNC # (). This contradicts the fact
that U is homeomorphic to (0, 1).

O

Definition 3.13. Denote by Ty s the subfamily of Tp, such that each
member of Ty satisfies:

e cach vertex is of order at most 3;
e no two vertices of order 3 are connected by an edge.

Proposition 3.14. The family Tiys is cofinal in Ty and thus the
projective Fraissé limits of Taps and Tag are isomorphic.

Proof. Tt is enough to construct, for any graph G in Ty, a graph H in
Twms and a monotone epimorphism f: H — (. The idea is pictured
below: we replace each ramification vertex with a set of vertices of
orders 2 and 3 as pictured. The epimorphism f shrinks the subgraph
of H pictured by dotted lines to the central vertex of G. The details
are left to the reader.

4

Theorem 3.15. The topological realization of the projective Fraissé
limit of Ty 1s homeomorphic to the dendrite Dy .
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Proof. By Theorem 3.12 the topological realization |D| of the projective
Fraissé limit of T4 is a dendrite with a dense set of ramification points;
it remains to show that every ramification point of |D| has order three.
Suppose on the contrary that p € |D| is a point of order four or more.
Then there are four arcs A, B,C, D in |D| such that the intersection
any two of them is {p}.

Note that the transitivity of the edge relation on D implies that
o 1(p) is a complete graph; on the other hand, by hereditary unico-
herence of D the set ¢ '(p) has at most two points. Denote ¢! (p) =
{p1, p2} with a possibility that p; = p, and note that the sets ¢~1(A),
0 1(B), p~1(C), and p~!(D) contains arcs a, 3,7,d in D and that the
intersection of any two of these arcs is {p1, p2}.

Let G be a tree and fs: D — G be a monotone epimorphism such
that:

(1) fola), fa(B), fa(v), and fe(d) are nondegenerate subsets of
V(G);

(2) G € Tams;
By Theorem 3.4 the sets fq(a), fo(B), fa(v), and fo(d) are arcs.
We claim that the intersection of any two of them is {fa(p1), fa(p2)}-
Suppose on the contrary that r € fa(a)N fe(8)\{fc(p1), fa(p2)}; then
fo'(r) is a connected subset of V(D) that intersects both a \ {p1,p2}
and S\ {p1,p2} contrary to hereditary unicoherence of . The claim
contradicts the condition that both fg(p1) and fo(ps) are points of
order at most 3 and not both of them are of order 3. O

4. CONFLUENT EPIMORPHISMS

Motivated by the definition of a confluent map between continua (see
[3]) we give an analogous definition for graphs.

Definition 4.1. Given two topological graphs G and H an epimor-
phism f: G — H is called confluent if for every connected subset
Q of V(H) and every component C' of f~}(Q) we have f(C) = Q.
Equivalently, if for every connected subset @ of V' (H) and every vertex
a € V(G) such that f(a) € @ there is a connected set C of V(G) such
that a« € C and f(C) = Q. Clearly, every monotone epimorphism is
confluent.

Observation 4.2. If f: X — Y and g: Y — Z are confluent epimor-
phisms between topological graphs, then go f: X — Z is a confluent
epimorphism.

Theorem 4.3. Given two finite graphs G' and H the following condi-
tions are equivalent for an epimorphism f: G — H:
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(1) f is confluent;

(2) for every edge P € E(H) and for every vertex a € V(G) such
that f(a) € P, there is an edge E € E(G) and a connected
set R C V(G) such that ENR # 0, f(E) = P, a € R, and
f(R) =A{f(a)}.

(3) for every edge P € E(H) and every component C of f~1(P)
there is an edge E in C' such that f(E) = P.

Proof. (1) = (2): Let P € E(H) and a € V(G) such that f(a) € P.
Then there exists a connected subset C' € V(G) such that a € C' and
f(C) = P. Since C is connected there is an edge E € C' such that
f(E)=P. If a € Elet R = {a} otherwise let R be the component of
f7Y(f(a)) containing a. In either case (2) is satisfied.

(2) = (3): This is immediate.

(3) = (1): Given a connected set @) in H start with an edge in @
and use condition (3) edge-by-edge to build a connected set containing

one of the end vertices of the initial edge that maps onto Q).
O

Theorem 4.4. If F is a projective Fraissé family of graphs with con-
fluent epimorphisms and F is a projective Fraissé limit of F, then for
every graph G € F every epimorphism fg: F — G is confluent.

Proof. Let {F,, a,} be a fundamental sequence for F. It is easy to see
that the proof of [9, Theorem 2.1.23] can be adapted to the present
language to show that the canonical projections agy : @{Fn, ap} —
F,, are confluent. Because {F,, o, } is a fundamental sequence there is
an m and a confluent epimorphism f: F,,, - G. Then fg = foa,, is

confluent.
O

Definition 4.5. An epimorphism f: G — H between graphs is called
light if for any vertex h € V(H) and for any a,b € f~'(h) we have

(a,b) ¢ E(G).

Definition 4.6. Recall the diagram (D1).

(D1) A b
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For given graphs A, B,C and epimorphisms f: B — A, g: C — A
by standard amalgamation procedure we mean the graph D defined by
V(D) = {(bc) € Bx C: f(b) = g()}: E(D) = {{(b,c), (,)) :
(b,b') € E(B) and (c,d) € E(C)}; and fo((b,c)) = b, go((b,c)) = c.
Note that fy and gg are epimorphisms and f o fy = g o go.

Proposition 4.7. Using the standard amalgamation procedure and the
notation of diagram (D1), if the epimorphism f is light, then the epi-
morphism go 1s light.

Proof. Suppose go is not light. Then there is a vertex h € V(C') such
that (a1, h), (ag,h) € gy'(h), and {(a1,h), (as,h)) € E(D). Then,
(a1, as) € E(B) and ay,ay € f~*(g(h)), contradicting f being light. O

Proposition 4.8. Using the standard amalgamation procedure and the
notation of the diagram (D1), if the epimorphism f is monotone, then
the epimorphism gy is monotone.

Proof. Fix a vertex ¢ € V(C) and consider gy '(c) = {(z,¢) : f(z) =
g(c)}. This set is isomorphic to f~!(g(c)) which is connected by mono-
tonicity of f. O

Proposition 4.9. Using the standard amalgamation procedure and the
notation of diagram (D1), if the epimorphism f is confluent, then the
epimorphism go 1s confluent.

Proof. Let (c,d) € E(C) and (b,c) € V(D). By Theorem 4.3 we need
to find an edge (dy,d2) € D that is mapped by gy onto (¢, ) and a
connected set R such that (b,c),d; € R, and go(R) = {c}. Since f is
confluent, there are vertices b1,b, € B and a connected set Rp such
that (by,be) € E(B), b,by € Rp and f({b1,b2)) = (g(c),g(c)). It is
enough to put d; = (by,¢), do = (be, ), and R = Rp x {c}.

]

Corollary 4.10. Using the standard amalgamation procedure and the
notation of diagram (D1), if the graphs A, B, C are connected and the
epimorphisms f and g are confluent, then for each component P of the
graph D we have fo(P) = B and go(P) = C.

Corollary 4.11. Using the standard amalgamation procedure and the
notation of diagram (D1), if the graphs A, B,C are connected and the
epimorphisms f and g are confluent, then there is a connected graph
D and confluent epimorphisms fo and go that make the diagram com-
mutative.

Proof. This follows from Corollary 4.10 by taking one of the compo-
nents as the graph D. 0
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Proposition 4.12. Given an epimorphism f: G — H between graphs
there is a graph M and epimorphisms m: G — M, l: M — H such
that f =1 om, m is monotone, and l is light.

Proof. Define an equivalence relation ~ on V(G) by x ~ y if and only
if f(z) = f(y) and x and y are in the same component of f~(f(x)).
Putting V(M) = V(G)/ ~, m: V(G) — V(M) as the projection,
([z]~, [yl~) € E(M) if and only if (z,y) € E(G), and I([z].) = f(z)
one can verify that the conclusions of the Proposition are satisfied. [J

Proposition 4.13. Consider the epimorphisms f: F — G and g: G —
H between topological graphs. If the composition go f: F — H is con-
fluent, then g is confluent.

Proof. Let E be a closed connected subset of H, and let a € G be a
vertex such that g(a) € E. We need to find a closed connected subset
of S of G that contains a and such that g(S) = E. Since go f is
confluent, there is a closed connected subset C' of F' that contains a
vertex in f~!(a) and such that (go f)(C) = E. Then S = f(C) satisfies
the requirements. O

Corollary 4.14. Under the hypothesis of Proposition 4.12 if the epi-
morphism f is confluent, then both m and | are confluent.

Proof. The epimorphism m is confluent since it is monotone, while [ is
confluent by Proposition 4.13. O

5. ROOTED TREES

The following example shows that confluent epimorphisms on trees
does not behave well.

Example 5.1. Let A consist of just one edge (0,1), B be an arc with
three vertices {a, b, c} and two edges (a, ¢), (¢, b), and C be again an arc
with three vertices {p, q,r} and two edges (p,r), (r,q). Let f: B — A
be such that f(a) = f(b) =0 and f(c) =1 and let g: C — A be such
that g(p) = g(q) = 1 and g(r) = 0, see figure below. It is easy to see
that f and g are confluent epimorphisms.

ll //\g "f'o--»D
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Note that the standard amalgamation procedure gives the graph D
to be the cycle (¢,p), (a,7), (¢,q), (b,7), (c,p) hence not a tree.

In fact, no amalgamation of the trees A, B, and C' yields a tree. To
see this assume there is an amalgamation of A, B, and C, that is, there
is finite tree D and confluent epimorphisms fo: D — B and go: D — C
such that go gg = f o fp.

We will show there must then exist an infinite sequence of distinct
vertices in the finite tree D. To this end, let (ay,p;) be an edge in D
such that fy, maps onto the edge (a,c) in B with fo(a1) = a, fo(p1) = ¢
and go(p1) = p. We can select a vertex p; that satisfies the last equality
since f(c) = 1. Next let (p1,b;) be an edge in D that g maps onto the
edge (p,r) in C. So go(b1) = r and we may select by so that fo(by) = b.
Note that a; # b;. In the same manner we can select a vertex ¢ in
D such that fy maps the edge (b1, q;) onto the edge (a,c) in B with
go(q1) = q and ¢ # p1. Inductively we obtain sequences of vertices
(an), (bn), (pn), and (g,) where unicoherence of the tree D guarantees
that no vertices in a sequence equals a vertices earlier in the sequence.
Since D is a finite tree we have a contradiction to our assumption that
there was an amalgamation of A, B, and C.

Because of Example 5.1 we will consider rooted trees and whenever
we have an epimorphism between rooted trees we will assume that the
epimorphism preserves orders defined by the selected points. Precise
definitions are given below.

Definition 5.2. By a rooted graph we mean a finite graph G with a
distinguished vertex 7(G). By a rooted tree we mean a rooted graph
which is a tree. On a rooted tree we define an order < by z < y if every
arc containing r(7") and y contains . We require epimorphisms f: 7" —
S between rooted trees to preserve orders, in particular f(r(77)) = r(S).

Epimorphisms between rooted trees need not be confluent as the
following example shows.

Example 5.3. Let S be a triod with vertices {A, B,C, D}, edges
{(A, B),(B,C), (B, D)}, and A is the root of T'. Let T be another triod
with vertices {a, by, ba, ¢, dy, do}, edges {(a, b1), (a, ba), (b1, c), (b1, dy), (ba,ds)},
and a is the root of S. Let f: T — S be given by f(a) = A,
f(b1) = f() = B, f(¢) = C, and f(dy) = f(ds) = D. Then f is

an order preserving epimorphism on rooted trees but is not confluent.
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a A
bi N2 ——> B
c di M2 C D
T S

Definition 5.4. By an ordered graph G we mean finite rooted graph
with a partial order < such that:

e the root 7(G) is the least element in V(G) i.e. r(G) < x for
each z € V(G);

o if (a,b) € E(G), a #bthena <borb<aandifceV(QG)\
{a,b} then a < ¢ < b is not true.

The standard amalgamation of rooted trees with order preserving
epimorphisms need not be a tree as the following example shows.

Example 5.5. Let A consist of a single vertex, B and C' be edges then
the standard amalgamation gives a complete graph on four vertices.

Definition 5.6. By a chain in an ordered graph GG we mean sequence
ai, as, . ..a, of vertices of G such that:

(1) a1 = r(G);

(2) a1 <ag < - < ay,.
A chain is proper if moreover it satisfies the condition

(3) al#aQ#...#an.

Theorem 5.7. Consider epimorphisms f: B — A and g: C" — A
between rooted trees (in particular preserving the orders) and suppose
f s light. Then the standard amalgamation procedure gives a rooted
tree D, epimorphisms fo: D — B, go: D — C, and the epimorphism
go 1 light.

Proof. The lightness of the epimorphism g¢q is a consequence of Propo-
sition 4.7. First we show that D is a rooted tree. We put the root of
D at ((r(B),r(C)). Suppose on the contrary, that the graph D is not
a tree. Then there are two proper chains (b, ¢1), (b, ¢2) . .. (by, ¢,) and
(b, ch), (b, ) ... (b, c) of vertices of D such that:

m?m

(1) (b cn) = (U, 1)
(2) there is an index k such that (by,cx) # (b, c}).

We are heading toward contradiction by two Claims.
Claim 1. The chains (b, ¢1), (b2, ¢2), . .. (bn, c,) and (b, ), (by, &), . ..

(b, cl ) have the same length, i.e n = m, and ¢; = ¢}, ¢ = ¢, ...

mm
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¢, = c,. To see this note that the epimorphism go is just the projec-
tion onto the second coordinate and it is light, therefore it is one-to-one
on chains. Since there is only one chain in C' joining r(C') and ¢, we
have c; = ¢}, co =}, ...cn =,

Claim 2. If (bg,cr) # (b}, ck), then by and b} are incomparable, i.e.
by £ U, and b, £ by. Assume on the contrary that by, < bj.. Then,
by commutativity of the diagram (D1) we have f(by) = f(b}.) = g(cx)
and because f preserves orders we have also f(bx) = f(bgy1) = -+ =
f(b,) = g(cx), which contradicts the lightness of f.

We then have a contradiction to the fact that B is a tree, since
by, b, ...b, and b, bS, ... b, are two chains in B from r(B) to b, passing
through two incomparable points b, and b) respectively.

Finally, if follows from the definition of the standard amalgamation
procedure that fy and gy preserve order. O

Proposition 5.8. Under the hypothesis of Proposition 4.12 if G and
H are rooted trees and f is an epimorphism between rooted trees, i.e.
it preserves the order, then M 1is a rooted tree, and the epimorphisms
m and | preserve orders.

Proof. First, observe that hereditary unicoherence of trees implies that
every monotone epimorphism preserves orders. This implies that M
is a rooted tree and that m is an epimorphism between rooted trees.
Since f and m preserve orders, [ preserves the order as well. O

The family of rooted trees with order preserving epimorphisms were
considered in [2]. The authors show there that the topological realiza-
tion of the projective Fraissé limit of the family is homeomorphic to
the Lelek fan.

Observation 5.9. If f: G — H is an epimorphism between rooted
trees and C'is a chain in G, then f§|c is monotone.

Theorem 5.10. Let F be a projective Fraissé family of rooted trees
and let T be a projective Fraissé limit of F. For any x,y € T, v <y
if and only if for any T € T and for any epimorphism fr: T — T,
fr(@) < fr(y).

Proof. Denote by T the projective Fraissé limit of 7. By the root r(T)
we denote the only point of T such that for any tree T' € T and any
epimorphism fr: T — T we have fr(r(T)) = r(T).

First assume for any epimorphism fr: T — T that fr(x) < fr(y).
Let Iy be the arc from fr(r(T)) to fr(y). Then fr(z) € Ir because
fr(z) < fr(y). The family A = {Ir : T € F} forms a projective
Fraissé family with monotone epimorphisms by Observation 5.9. By
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Theorem 3.8 the projective Fraissé limit of A is an arc from r(T) to y
that contains x, so x < y as needed.

To see the other implication let {7},, a,,} be a fundamental sequence
for T. Take z,y € T such that x < y and suppose, by contradiction,
that there is an m such that x,, £ y,,. For any n let I, be a chain
in T,, from r(T},) to y,. Then z,, & I,,. Since the epimorphisms in 7
preserve order, we have I = l'gl{[n, a1, } is an arc in T containing y
and 7(T). Since x <y, z € I, so x,, € I, contrary to the assumption
that x,, &€ I,,. For any T € T and fr: T — T there is an m and a
monotone epimorphism f: T, — T such that fr = f o, so fr(z) =

foan(z) < foan(y) = fr(y).
O

Corollary 5.11. If T is a projective Fraissé family of rooted trees, and
T is a projective Fraissé limit of T, then T is arcwise connected.

Proof. By Theorem 5.10 the root r(T) is the least element in the order
< on T, in particular there is an arc in T joining 7(T) to any point in
T. 0

By Theorem 2.19 and Corollary 5.11 we get the following Corollary.

Corollary 5.12. If T is a projective Fraissé family of rooted trees, and
T is a projective Fraissé limit of T, then T is a dendroid.

Recall the following definition for continua.

Definition 5.13. A continuum X which is a dendroid is said to be a
smooth dendroid if there exists a point p € X such that if z,, € X is a
sequence of points that converges to a point € X then the sequence
of arcs pz, converges to the arc pxr. This is equivalent to saying the
order <, defined by x < y if every arc joining p and y contains z, is
closed.

We now give an analogous definition for topological rooted graph to
be a smooth dendroid.

Definition 5.14. A topological rooted graph X with the root r(X)
is called a smooth dendroid if X is a dendroid according to Definition
2.11 and the order <, defined by = < y if every arc joining 7(X) and y
contains z, is closed.

Observation 5.15. If a rooted topological graph G is a smooth den-
droid and E(QG) is transitive, then its topological realization |G| is a
smooth dendroid in the topological sense.

Corollary 5.16. If T is a projective Fraissé family of rooted trees, and
T is a projective Fraissé limit of T, then T is a smooth dendroid.
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Proof. First note that by Corollary 5.12 T is a dendroid. It follows
from Theorem 5.10 that the order < is closed on T, so the dendroid is
smooth. O

The Lelek fan can be characterized as a smooth fan with a dense set
of end points, [5]. In [2], it is shown that the topological realization of
the Fraissé limit for the family of all rooted trees with order preserving
epimorphisms is the Lelek fan.

6. KELLEY TOPOLOGICAL GRAPHS

Notation 6.1. For a given metric space X with a metric d, the r-
neighborhood of a closed set A C X is N(A,r) = {x € X : thereisa €
A :d(xz,a) < r}. The Hausdorff distance H between closed subsets of X
is defined by H(A, B) =inf{r >0: AC N(A,r) and B C N(A,r)}.

Definition 6.2. A continuum X is said to be Kelley continuum if for
every subcontinuum K of X, every p € K, and every sequence p, — p
in X there are subcontinua K, of X such that p,, € K, andlim K,, = K.
By compactness, this definition is equivalent to saying that for every
g > 0 there is § > 0 such that for each two points p,q € X satisfying
d(p,q) < 0, and for each subcontinuum K C X such that p € K there
is a subcontinuum L C X satisfying ¢ € L and H(K, L) < e.

Below we adapt the definition of Kelley continuum to the setting
of topological graphs in order to prove properties of the topological
realization |T¢| where T¢ is the projective Fraissé limit of 7.

Definition 6.3. A topological graph X is called Kelley if X is con-
nected and for every closed and connected set K C V(X), every vertex
p € K, and every sequence p,, — p of vertices in X there are closed and
connected sets K, such that p, € K,, and lim K,, = K. By compact-
ness, this definition is equivalent to saying that for every € > 0 there
is 0 > 0 such that for each two vertices p,q € X satisfying d(p, q) < 6,
and for each connected set K C X such that p € K there is a connected
set L C X satisfying ¢ € L and H(K, L) < . Note that every finite
graph is Kelley.

Observation 6.4. If a topological graph G is Kelley and E(G) is tran-
sitive, then its topological realization |G| is a Kelley continuum.

Theorem 6.5. If G is a projective Fraissé family of graphs with con-
fluent epimorphisms, then the projective Fraissé limat is Kelley.
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Proof. Let {G,,, a,,} be a fundamental sequence for G so G = I'LH{GM ap}.
The proof that the inverse limit of Kelley continua with confluent bond-
ing maps in [6, Theorem 3.1] is a Kelley continuum can be adapted to

the present setting to show that G is Kelley.
O

7. END VERTICES AND RAMIFICATION VERTICES IN TOPOLOGICAL
GRAPHS

Definition 7.1. For a topological graph D that is a dendroid, we say
that a vertex v has order at least n, in symbols ord(v) > n if there
are arcs Ay, Ay, ... A, such that A, N A; = {v} for 4,5 € {1,2,...n}
satisfying ¢ # j. We define ord(v) = n if ord(v) > n and ord(v) > n+1
is not true. If ord(v) > n for each positive integer n, then we say that
v has infinite order, in symbols ord(v) = oco. Vertices of order 1 are
called end vertices and vertices of order > 3 are called ramification
vertices.

Note that these definitions agree with Definitions 1.1 in case of finite
graphs. We call an end vertex isolated if it belongs to an edge. Note
that, according to this definition, every end vertex in a finite graph is
isolated.

Let us recall a continuum theory definition.

Definition 7.2. For a continuum X a point p € X is called a ramifi-
cation point of X in the classical sense if there are three arcs A, B, C
in X such that ANB =ANC = BNC = {p}. Similarly, a point
p € X is called an end point of X in the classical sense if it is an end
point of every arc in X that contains p.

Proposition 7.3. Suppose D is a topological graph that is a dendroid,
the set of edges of D 1is transitive and e is a non-isolated end vertex of
D. Let ¢ be the quotient map from D onto its topological realization
|D|. Then (e) is an end point of |D| in the classical sense.

Proof. Assume the conclusion is not true. Then there exists an arc
A C |D| such that A\ {¢(e)} = H U K where H and K are non-
empty separated sets. The set p~'(H U K) is not connected since the
image of a connected set is connected. However the sets p~!(H) and
@ 1 (K) are each connected. Let a and b be vertices in ¢~ '(H) and
o 1(K) respectively and Ay and Ag be arcs in D from a to e and b
to e. The arcs Ay and Ak then lie in o' (H) U {e} and ¢~ (K) U {e}
respectively. The intersection of Ay and Ax is ¢ !(p(e)) = {e} since
e is a non-isolated end vertex of D. So ¢ '(H)U ¢ '(K) U {e} is an
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arc containing e but e is not the end vertex of this arc. Thus e is not
an end vertex of D contrary to the hypothesis. U

Proposition 7.4. Let f: X — Y be an order preserving epimorphism
between smooth dendroids. Then, for every end vertexr y € Y there is
an end vertex v € X such that f(z) =y.

Proof. Let z be any vertex in X such that f(z) = y, and let = be an
end vertex of X satisfying z < z. Since f is order preserving we have

f(z) =y < f(z), but y is an end, point, so f(z) = f(z) =y. O

Proposition 7.5. Suppose D is a topological graph that is a dendroid,
the set of edges of D is transitive and r is a ramification vertex of D.
Let ¢ be the quotient map from D onto its topological realization |D|. If
0 Y p(r)) contains no isolated end vertices, then p(r) is a ramification
point of |D| in the classical sense.

Proof. Suppose r is a ramification vertex of D and let A, B, and C
be arcs in D such that AN B =BNC =CNA={r}. The images
©(A), ¢(B), and ¢(C) are arcs or degenerate with pairwise intersec-
tions equaling ¢(r). Suppose ¢(A) is degenerate then A consists of a
single edge (r,e) and A = ¢ ~!(p(r)) contains the isolated end vertex e
contrary to the hypothesis. Thus () is a ramification point of | D).
0

The following Observation follows from Theorem 5.10.

Observation 7.6. Suppose that T is a projective Fraissé family of
rooted trees and that a vertex e € T has the property that for every
T € T and every epimorphism fr: T — T the image fr(e) is an end
vertex of T'. Then e is an end vertex of T.

Theorem 7.7. Suppose that T is a projective Fraissé family of rooted
trees and for every T € T, for every end vertex e € V(T) \ {r(T)}
and every a € V(T') such that (a,e) € E(T) there is a tree S, an
epimorphism f7: S — T such that for every p € (f2)"'(a) there are
vertices q,r € V(S) satisfyingp < q <r, g #r, and f2(q) = f2(r) =
e. Then the projective Fraissé limit of T has no isolated end vertices.

Proof. Let T be a family that satisfies the assumptions of the Theorem,
and let T be the projective Fraissé limit of 7. Suppose e is an isolated
end vertex of T then there exists a € V(T) such that (a,e) € E(T). Let
T €T and fr: T — T be an epimorphism such that fr(a) # fr(e)
then (fr(a), fr(e)) € E(T). From the hypothesis we know there is
a tree S and an epimorphism f2: S — T such that for every p €
(f2)"Y(fr(a)) there are vertices ¢, € V(S) satisfyingp < g <r,q #r,



26 W. J. CHARATONIK AND R. P. ROE

and f2(q) = f2(r) = fr(e). Let fs: T — S be an epimorphism such
that fr = f7o fs. Then fs(a) € (f7)~'(fr(a)) and r = fs(e), since fs
is an order preserving epimorphism, but these vertices are not members
of an edge in S contrary to the fact that fg is an epimorphism. O

8. MONOTONE RETRACTIONS AS EPIMORPHISMS

This section is devoted to the family of trees with monotone retrac-
tions as epimorphisms. We will show the the family is a projective
Fraissé family, we will prove a characterization of its projective Fraissé
limit, but the set of edges is not transitive, so there is no topological
realization of the limit.

First, let us make an important observation that allows us to use the
results from previous sections.

Observation 8.1. Any monotone epimorphism between rooted trees is
order preserving.

Definition 8.2. An epimorphism f: F' — G between topological graphs
is called a retraction if there is a monomorphism i: G — F' such that
the composition f o7 is the identity on G. One may think of G as a
subgraph of F' and ¢ as the inclusion.

Definition 8.3. The symbol Ty denotes the family of trees with
monotone retractions as epimorphisms.

Theorem 8.4. The family Tyr is a projective Fraissé family.

Proof. Again, conditions (1) and (2) are obvious, condition (3) fol-
lows from (4) if we take the one vertex graph as A and constant epi-
morphisms as f and g. So we only need to show the amalgamation
condition (4). Suppose trees A, B, and C, epimorphisms f and g of
diagram (D1) are given. We may assume that B and C are disjoint.
Let i: A— B and j: A — C be such that f o7 =1idg and go j = id¢
(see the diagram (D3)).

B
/y C’f:"-._.fo
(D3) A7 " tp
\‘ Jo\T
g L90
o -

Let D’ be the disjoint union of BUC, and define an equivalence relation
~ on D' in the following way: if b € V(B) and ¢ € V(C), then b ~ ¢ if
and only if b = i(p) and ¢ = j(p) for some p € V(A). Define ~ as the
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smallest equivalence relation that satisfies the above condition. Finally,
define D = D'/ ~, fo|p = idp and fo|c = g|c similarly, go|p = f|B,
and go|c = ide. One can verify that D is a tree. To see that that f
and go are retractions define ig: B — D and jo: C — D by io(b) = b
for b € V(B) and jy(c) = ¢ for ¢ € V(C) and note that ig and jo send
edges to edges, and that fy o1y =idg and gg o jo = idc. U

Observation 8.5. The monotone epimorphisms fg from the Fraissé
ltmat T pm are retractions.

To see how the projective Fraissé limit of Tyr looks like we need
the following characterization.

Theorem 8.6. There is unique (up to isomorphisms) topological graph
P that satisfies the following conditions:

(1) P is a dendrite;

(2) the set of end vertices of P is dense;
(3) the set of ramification vertices of P is dense;
(4) each vertex of P is either an end vertex or it has infinite order;
(5) for each two ramification vertices a,b € V(P) there is a finite

sequence ag = @, ay,...a, = b joining a and b and such that
(a;,a;11) € E(P) forie{0,1,...,n—1}.

A picture of an approximation of the graph P is presented below.

FiGURE 1. The dendrite P

Proof. Let X and Y be two topological graphs that satisfy conditions
(1)~(5). We use the idea of [1, Theorem 4.5]. Choose ramification ver-
tices a € V(X) and b € V(Y). Denote by aj,as, ... all the vertices
adjacent to a and by by, bs, . .. all the vertices adjacent to b. We define
the isomorphism f: X — Y by steps. We start with putting f(a) = b
and f(a;) = b;. For a fixed index i let a; 1, a; 2, ... be all the vertices ad-
jacent to a;, except a, and let b; 1, b;2,... be all the vertices adjacent to
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b;, except b; we put f(a; ;) = b; ;. We continue in this manner; by con-
dition (5) each vertex of X is of the form g, ... a, for some numbers
n,ag,...,q, € {1,2,...}. We define indexes of the vertices of Y in
the same manner, so each ramification vertex is of the form by, a,....an,
for some numbers n,aq,...,a, € {1,2,...} and we define the isomor-
phism f on ramification vertices by f(@a,.as...an) = Dar.as....a,; then we
extend f to end vertices by continuity.

O

(0]

Lemma 8.7. If h: F — G is a monotone epimorphism between den-
drites and e is an end vertez of G, then h™'(e) contains an end vertex.

Proof. This follows from Observation 8.1 and Proposition 7.4. 0

Lemma 8.8. Ifv is a vertex in T ,yr which is not an end vertex, then
there is a graph G € Tymgr, a monotone retraction fg: Tyr — G, and
an inclusion i%: G — T g such that fgoi® = idg and v = i%(fq(v)).

Proof. Suppose the contrary, i.e. there is a vertex v in Tz which
is not an end vertex, such that for every a graph G € Tyur, every
monotone retraction fgo: Tamr — G, and the inclusion i%: G — Tz,
i%(fg(v)) # v. Then there are two arcs A and B in Ty such that AN
B = {v} and there is a graph G and a monotone retraction fg: Tyr —
G such that fg(A) and fe(B) are nondegenerate arcs in G. If i%: G —
Tz is the inclusion, then i%(fg(A)) and i%(fg(B)) are subarcs of A
and B respectively. This implies that i“(G) is a closed and connected
subgraph of T intersecting both A and B. Then AU B Ui%(G) is
a connected, but not unicoherent subgraph of Tz contradicting the
fact that T is a dendrite.

O

Theorem 8.9. The projective Fraissé limit Ty of the family Tar is
1somorphic to P.

Proof. We need to show that the Fraissé limit T y(x satisfies conditions
(1) — (5) of Theorem 8.6. First, Tz is a dendrite by Corollary 3.10.
We will show conditions (2) and (3) simultaneously: let v € Tyr and
let € > 0; we need to find an end vertex and a ramification vertex in a
e-neighborhood of v. Let F' be a tree in Ty and let fr: Toyqr — F
be an e-epimorphism. Construct a tree G and a monotone retraction
fS: G — F such that there are vertices v, and v, in V(G) such that
fS(v.) = fS(v.) = fr(v), v is an end vertex while v, is a ramification
vertex of G. Let i¢: G — Tur be, by Observation 8.5, the inclusion
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monomorphism, so i%(v,) is a ramification vertex of Ty which is in a
e-neighborhood of v, while (fg) ™" (v.) contains an end vertex by Lemma
8.7, where fg: Ty — G is an epimorphism satisfying f% o fg = fr.

To see condition (4) suppose v is a vertex of T \4z which is not an end
vertex, ord(v) = n < oo, and by Observation 7.6 we may let F' be a tree
such that fr(v) is not an end vertex of F' where, as previously, fr is a
monotone retraction of Tz onto F. Construct a tree GG, a monotone
retraction f%: G — F, and an inclusion monomorphism i%: F — G
such that f& oif = idp and ord(iE(fr(v))) > n. Let fo: Tar — G
be an epimorphism satisfying f$ o fg = fr and let i%: G — Ty be
the inclusion monomorphism. Then ord(v) = ord(i®(iL(fr(v)))) > n,
a contradiction.

To see condition (5), let a,b be vertices in Tyr, let G € Tyur, let
fa: Tyr — G be a monotone retraction, and let i%: G — Tz be, by
Lemma 8.8, the inclusion such that fgoi® = idg, a = i%(fg(a)) and b =
i%(fa(b)). We choose a sequence pyg = fa(a),p1,...pn = fa(b) joining
fe(a) and fg(b) and such that (p;, pir1) € E(G) fori € {0,1,...,n—1}.
Then i%(py) = a,i%(p1),...i%(p,) = b is the required sequence. O

Remark 8.10. The set of edges of Tr is not transitive, so there is
no topological realization of it.

Proof. One can show that the epimorphisms from Tz onto trees
in Ty are retractions. Let G be a tree, fg: Tmgr — G be an
epimorphism and (a,b), (b,c) € E(G). Then there is an monomor-
phism i: G — T such that fg o4 is the identity map on G. So,
since 4 is a monomorphism, (i(a),i(b)), (i(b),i(c)) € E(Tmr), but
(i(a),i(c)) & E(Tmr) since T yz is unicoherent. O

9. ROOTED TREES AND EPIMORPHISM PRESERVING END VERTICES

In this section we consider order preserving epimorphisms on trees
which also preserve end vertices.

Definition 9.1. We say that an epimorphism f: S — T between
rooted trees preserves end vertices if, beside preserving order, we have
that an image of an end vertex in S is an end vertex in 7.

Definition 9.2. A branch of a rooted tree T is a maximal chain in T,
the length of a branch is the number of vertices in the branch.

Definition 9.3. A rooted tree T is a fan if for every s,t € T which
are incomparable in the order, if p & {s,t} such that (p,s) and (p,t)
are in E(T') the p is the root of T.



30 W. J. CHARATONIK AND R. P. ROE

Definition 9.4. A fan F' is uniform if the length of all branches in F
are equal.

The following observation was noted in [2, Remark 2.2].

Observation 9.5. For any rooted tree T’ there is a uniform fan S and
an epimorphism preserving end vertices f: S — T.

Observation 9.6. For any uniform fan F and a number n bigger
then the length of branches in F there is a uniform fan F' and an
epimorphism preserving end vertices f: F' — F such that the lengths
of all branches in F' are bigger than n.

Definition 9.7. Denote by 7¢ the family of rooted trees and epimor-
phisms preserving end vertices. Similarly, F¢ is the family of uniform
fans and epimorphisms preserving end vertices.

Theorem 9.8. The families T¢ and Fg are projective Fraissé families
and their Fraissé limits are isomorphic.

Proof. For amalgamation in Tg first move to Fg by Observation 9.5,
then pass to fans with the same lengths of branches by Observation
9.6, and then amalgamate the fans. By Observation 9.5 the family Fg
is cofinal in Tg¢, so their limits are isomorphic. U

Theorem 9.9. The projective Fraissé limit Fe of Fg is a smooth den-
droid with only one ramification vertex, namely r(Fg).

Proof. Suppose on the contrary that there is vertex ¢ € Fe \ r(F¢) that
is a ramification vertex. Then there are arcs A, B, and C' such that
ANB=ANC = BNC = {q}. Choosing ¢ small enough and an e-
epimorphism fg: Fe — G we have that fg(A), fo(B), and fg(C) are
three connected subsets of G \ 7(G) such that fo(A) € fa(B)U fa(C),

fa(B) € fa(A)Ufe(C), and fo(C) € fa(B)U fe(C). This contradicts
the fact that G is a fan. O

Let us recall the notion of a dense in itself set.

Definition 9.10. A metric space (X, d) is called dense in itself if for
every point p € X and for every £ > 0 there is a point ¢ € X, ¢ # p
such that d(p,q) < e.

Theorem 9.11. A vertex e € Tg is an end vertex if and only if for
every T € Te and every epimorphism fr: Te — T the image fr(e) is
an end vertex of T.

Proof. One direction is just Observation 7.6. To see the other im-
plication, suppose on the contrary that e is an end vertex of Tg,
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fw: Te — W is an epimorphism and fy (e) is an not an end vertex of
w.
Consider an arc A in W that satisfies the following conditions:
(1) fw(e) € A
(2) fw(e) < x for every x € A;
By [7, Theorem 2.4] there is a Sequence Ty =W, T, ... of members of
Te and epimorphisms fi, fo,... with f;: T;11 — T; such that the inverse
limit space @{E, fi} is isomorphic to Te. We define, by induction, a

sequence Ay, Ay, ... of arcs of 11,75, ..., with end vertex fr,(e) and e;
such that the following holds:
(1) A1 =4

) Z( ’H‘l) A’M
) fr,: Te — T; is an epimorphism such that fr, = f;o fr,,,;

(2
(3
(4) fTH( e) <z < e for every z € Ajyg.
(5) fila, .1 1S a monotone epimorphism;

Assume A;’s and ¢;’s for 1 < ¢ < n are found so that these condi-
tions are satisfied. Let C' be the component of f,'(A,) that contains
fr.,.(e), and define D = {z € C': fr,,,(e) < z}. Since f,(fr,,,(e)) is
not an end vertex of T},, the set D is nondegenerate. Let e, 11 be an end
vertex in D and define A, to be the arc from e, to fr,,,(e). Note
that e,.1 is an end vertex of 7},.1; since the epimorphisms f,, preserve
end vertices we have f,(e,11) = e,. Then the image f,(A4,+1) = A,
and conditions (1)-(5) are satisfied for i < n.

Finally, by Theorem 5.10, im{A,, fu|4,,,} is a monotone arc with
end vertices e and (eq,es...), contrary to the fact that e was an end
vertex of Tg. O

Theorem 9.12. The set of end vertices of the projective Fraissé limit
Te of Te is dense in itself.

Proof. Let p be an end vertex of Tg, let ¢ > 0, let G € T¢ be a
tree, and let fg: Te — G be an e-epimorphism. Observe that, by
Theorem 9.11 the image fo(p) is an end vertex of G. Define a tree H
which is the one point union of two copies GG; and G5 of G such that
r(H) =r(Gy) = r(Gs). Define p; and ps as end vertices in G; and G
that correspond to the vertex fg(p). Let f&: H — G be the natural
identification epimorphism and let fy: Te — H be an epimorphism
such that fo = ff o fy and fg(p) = p1. By Proposition 7.4 there is
an end vertex ¢ € (fg) '(p2) and we have that both p and ¢ are end
vertices in Tg and d(p, q) < € as needed. O

Theorem 9.13. The set of end vertices of the projective Fraissé limit
Te of Te is closed.
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Proof. Denote the set of end vertices of a topological tree T" as EV (T)).
It follows from Theorem 9.11 that EV(Tg¢) = O{f " YEV(T)) : T €
Te and f: T¢ — T is an epimorphism} showing that the set of end
vertices of Tg is closed. O

Theorem 9.14. The topological realization |Te| of Te is the Cantor
fan.

Proof. Collecting results of this section we see that the set of end ver-
tices of T¢ is closed and dense in itself, i.e. a perfect set and Tg is a
smooth fan since T¢ is isomorphic to Fg and Fg is a smooth fan.

By Corollary 5.16 |T¢| is a smooth dendroid. It follows from The-
orems 7.7 and 7.5 that ¢(r(T¢)), where ¢ is the quotient map, is a
ramification point of |T¢| and from Observation 2.14 that ¢(r(Ts)) is
the only ramification point of |Tg| hence |Tg| is a smooth fan. That
the set of end points of |T¢| is perfect follows from the continuity of
. The Cantor fan is characterized by being a smooth dendroid with
a perfect set of end points so |T¢| is a Cantor fan as claimed.

O

10. CONFLUENT EPIMORPHISMS AND ROOTED TREES

In this section we will use results obtained in the previous sections to
investigate the family of rooted trees with confluent order preserving
epimorphisms.

Notation 10.1. The family of all rooted trees and confluent order
preserving epimorphisms is denoted by 7¢.

Theorem 10.2. The family of all rooted trees and confluent epimor-
phisms Te is a projective Fraissé family.

Proof. We need to verify condition (4) of Definition 1.2, the other con-
ditions are straightforward.
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To do so, apply the monotone-light factorization, Theorem 4.12, to
functions f and g of diagram (D1). Then working the diagram (D3)
above from left to right, closing the diagrams by using Theorem 5.7
if one of the epimorphism is light or Theorem 4.8 if one is monotone.
Finally we can use Theorem 3.11 when both of the epimorphisms are
monotone to construct the needed tree D. Note that all considered
epimorphisms in the diagram (D3) are confluent by Theorems 4.14
and 4.9.

O

Theorem 10.3. Let T¢ be the projective Fraissé limit of the family T¢.
A vertex r € T¢ is either an end vertex or a ramification vertex of Te.

Proof. Suppose a vertex r € T¢ is not an end vertex. Then there are
vertices a,b € V(T¢) such that a <r <banda#r #0b. Let 0 <e <
min{d(a,r),d(r,b),d(a,b)}, Z € Trc, and epimorphism fz: Tee — Z
be an e-map. Define a tree W by V(W) = V(Z) U {d} and E(W) =
E(Z)U{{fz(r),d)}, and an epimorphism [} : W — Z by [} (z) = x if
v € Z and f}(d) = fz(r). Let fy: Tec — W be an epimorphism such
that fz = f} o fw and let C be the component of (fy)~*({fw(r),d});
by confluence of fy, see Theorem 4.4, f(C) = {fw(r),d}, so there is
an arc A in T¢ with r as one of its vertices, such that the three arcs:
A, ra, rb witness that r is a ramification vertex of Te. 0

Proposition 10.4. Let Te be the projective Fraissé limit of the family
Te. Then the set of end vertices is dense in Te.

Proof. Let p € T¢ and let € > 0 be given. We want to find an end
vertex e € T¢ such that d(p,e) < e. Let G be a tree and fg: Te — G
be an e-map. Define a tree H such that V(H) = V(G) U {q} and
E(H) = E(G)U{(fa(p),q)}, and let ff be an epimorphism defined
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by f&|ve) is the identity and f&(q) = fa(p). Let fu: Te — H be
an epimorphism such that ff o fi = fo. By Proposition 7.4 there is
e € T¢ which is an end vertex and fy(e) = ¢. Then d(p,e) < e since
fa(p) = fa(e) and fg is an e-map.

]

We summarize the results of this section in the following Theorem.

Theorem 10.5. The projective Fraissé limit Te of the family Te has
transitive set of edges and its topological realization |T¢| is a Kelley
dendroid (thus smooth) with a dense set of end points and such that
each point is either an end point or a ramification point in the classical
sense.

Proof. Proceeding as in the proof of Theorem 3.12 we may show that
the family 7¢ satisfies the hypothesis of Theorem 2.18. Hence the set
of edges is transitive. Knowing that F(7¢) is transitive we see from
Corollary 5.16, Theorem 6.5 and Observation 6.4 that the topological
realization |T¢| is Kelley.

To see that the set of end points is dense in |T¢| assume there exists
an open set U in |T¢| which contains no end points. The set ¢~1(U),
where ¢ is the quotient map, is open in T¢. So by Proposition 10.4
there is an end vertex e € = 1(U). If follows from Theorem 7.7 that Te
has no isolated end vertices. Then by Proposition 7.3, ¢(e) is an end
point in U contrary to our assumption. Hence the set of end points is
dense in |T¢|.

To complete the argument we need to show that every point in |T¢|
is either an end point or a ramification point. Note that if p is a
point in |T¢| then ¢~!(p) contains at most two vertices otherwise T¢
would not be hereditarily unicoherent. If o~!(p) is a single vertex ¢
then, by Proposition 10.3, ¢ is an end vertex or a ramification vertex
of T¢. If ¢ is an end vertex then Proposition 7.3 and Theorem 9.9
shows that p is an end point of |T¢|. If ¢ is a ramification vertex then
Proposition 7.5 tells us that p is a ramification vertex of |T¢|. Finally,
if o7 '(p) = {q,r} then if follows from Proposition 7.7 that both of
these vertices must be ramification vertices and hence, by Proposition
7.5, that p is a ramification point of |T¢].

O

Problem 10.6. Give a topological characterization of the dendroid
| Tel-
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11. CONFLUENT EPIMORPHISMS PRESERVING END VERTICES

In this section we consider the family 7c¢ of rooted trees and conflu-
ent, order preserving epimorphisms that also preserve end vertices of
the trees.

As seen in Example 5.5 above or Example 11.2 below, when the
standard amalgamation procedure is used on rooted trees the resulting
graph may not be a tree. Next we will describe a modification of
the standard amalgamation procedure, which we call the standard tree
amalgamation, that does yield a rooted tree.

Definition 11.1. Suppose A, B and C are rooted trees. If D’ is
the graph obtained via the standard amalgamation procedure then
D’ can be viewed as a rooted partially ordered graph where r(D’) =
(r(B),r(C)) and a partial order on D’ is given by (b1, c1) < (ba, c2) if
b1 S bg and C1 S Cy.

We obtain a rooted tree D derived from D’ by the following proce-
dure. Let V(D) be the set of all proper chains in D’ (see Definition
5.6), (c1,co) € E(D) if and only if when ¢; C ¢, then ¢\ ¢; has at most
one vertex or when ¢o C ¢; then ¢; \ ¢y has at most one vertex. The
root of D is the chain containing just the one vertex r(D’). Further, a
partial order on D is given by ¢; < ¢3 if ¢; C ¢y. Note that D contains
no cycles. Hence D is a rooted tree.

For ¢ € V(D) define fo: D — B and ¢go: D — C by fo(c) =
m(max(c)) and go(c) = me(max(c)). Clearly then f o fo = g o go
so D is an amalgamation of the rooted trees B and C'. One should
note that if the standard amalgamation, D’, of a pair of rooted trees
is a rooted tree then the standard tree amalgamation, D, of the pair is
isomorphic to D’.

Note that f, and gg are order preserving epimorphisms.

The whole procedure can be seen in the following example.

Example 11.2. Let A be an edge with the two vertices 0 and 1, let B
be a triod with four vertices a, b, c,d, and let C' be an arc with three
vertices p,q,r; edges in all graphs are pictured below. The function
f: B = A is defined by f(a) = 0 and f(b) = f(c¢) = f(d) = 1;
similarly, g: C'— A is defined by conditions g(p) =0, g(q) = g(r) = 1.
In the picture below you can find the standard amalgamation D', that
is not a tree and standard tree amalgamation D defined above. In
the standard tree amalgamation the vertices are labeled by the end
vertices of the chains, so for example, there are three vertices labeled
(¢,7) because there are three chains in D’ from the root (a,p) to the
vertex (¢, 7).
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Note that in this example the epimorphisms f and g are monotone,
but the epimorphisms fy and gy are not, therefore this amalgamation
procedure could not be used in Theorem 3.11

fo

(a,p) (a,p)

Proposition 11.3. If in the standard tree amalgamation f and g are
confluent and preserve end vertices then fy and gy preserve end vertices.

(b, ¢n) = € is a maximal proper chain in D’. Suppose fy(e) = b, is not
an end vertex of B. Then there is a vertex b,;1 € V(B)\{b,} such that
by < bpy1 and (bp,bpy1) € E(B). If f(bpy1) = f(by) then (by,c;) <
(by,ca) < ooo < (bn,cn) < (bns1,¢n) is a chain in D’ containing e
contradicting the maximality of e.

So f maps the edge (b, b,+1) to the edge P = (f(b,), f(byt1)) in A.
Because g is confluent we know, by (3) of Theorem 4.3, that the compo-
nent of g~!(P) that contains ¢, contains vertices ¢, 1, . . ., Cm, Cmy1 such
that Cp < Cn+1 < <oy < Cm41 and g(cn) = 9(0n+1) == g(cm)
and g(¢mi1) = f(bpy1) Thus we have the chain (by,c1) < (bg, ) <

< (b, ) < (bny nr1) < (bnyem) < (bpt1, Gmy1) in D' that contains
e again contradicting the maximality of e. So fy(e) is an end vertex of
B. A similar argument shows that go(e) is an end vertex of C. O

Proof. Let e be an end vertex in D then (by,¢;) < (bg,c3) < -++ <

Example 11.4. In the standard tree amalgamation if f and g preserve
end vertices it may not be the case that f, and gy preserve end vertices.
To see this let A be a triod with end vertices 1, 2, 3, ramification vertex
0, and let 1 be the root of A. Let B and C' both be arcs consisting
of 5 vertices, d, b, a,c,e and s, q,p,r,t with the end vertices of B being
d, e, the end vertices of C' being s, t, and the roots of B and C' being
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r(B) = a and r(C) = p. Finally, define f(a) = g(p) = 1, f(b) =
fle) = glg) = g(r) = 0, f(d) = g(s) = 2, and f(e) = g(t) = 3.
So f and g are end vertex preserving. The standard amalgamation
procedure results in D’ being a 4-od with the root (a,p) which is also
the ramification vertex of the 4-od. Since, in this case, the rooted tree
D obtained by the standard tree amalgamation is isomorphic to D’ we
just consider D’. Two of the branches of D’ are the edges {((a,p), (b, 1))
and ((a,p), (¢,q)). So (b,r) and (¢, q) are end vertices in D’ but f; and
go applied to these vertices are not end vertices in B and C'. Note that
here f and g are not confluent.

) /\N

1 d . (a,p)

2 3 p (d75)
S t

Proposition 11.5. Using the standard tree amalgamation procedure
and the notation of diagram (D1), if the epimorphism f is confluent,
then the epimorphism gg is confluent.

Proof. We will use the characterization in Theorem 4.3 (2) to show that
go is confluent. Let (¢, ') € E(C) and let d = {(b1,¢1), ..., (bn,cn)} be
a vertex in D that such that go(d) = ¢, i.e. ¢, = ¢. We need to find
vertices d', d” € V(D) such that go(d') = ¢, go(d") = ¢, (d',d") € E(D),
and d, d’ are in the same component of (gy)~!(c). Because f is confluent,
by Theorem 4.3 (2) there is an edge (0',0") € E(B) such that

(1) f(b') = f(bn) = g(c);
(2) f(0") = g(c);
(3) ', b, are in the same component of f~*(f(b,)).

Let byy1,-..by € V(B) be such that b,, = b and (b;, b;11) € E(B) for
i€ {n,...m—1}. We may define
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d :<b17 Cl)7 R (bnu Cn>7 (bn+17 Cn)a SR (bmu Cn>)
d" =(bi,c1)y s (bnycn), (bns1sn)y ooy (b, cn), (b7, )

and verify that such defined chains, points of D, satisfy all the required
conditions.

U

The following theorem follows from Propositions 11.3 and 11.5.
Theorem 11.6. The family Tee is a projective Fraissé family.

The following Proposition is analogous to Proposition 10.3, but this
time we need to have light epimorphisms.

Proposition 11.7. Let Tee be the projective Fraissé limit of the family
Tee. A vertex r € Teg is either an end vertex or a ramification vertex

Of Tcg .

Proof. Suppose a vertex r € Tee is not an end vertex. Then the set
P ={x € Tee : v <z} is a connected nondegenerate subtree of Tee.
Let 0 < ¢ < diam(P), and let an epimorphism fz: Tee — Z be an
e-map thus fz(P) is nondegenerate.

Define a tree W by V(W) = V(Z) x{1,2,3}/ ~, where (z,7) ~ (y,7)
ifandonly ifx = yand x & Porx = fz(r) and ((z,1), (y,i)) € E(W) if
and only if (z,y) € E(Z), with f}}': W — Z being just the projection.
In other words, W is the graph Z with three copies of fz(P) attached
at fz(r).

By [7, Theorem 2.4] there is a sequence T} = W, Ty, ... of members
of Tee and epimorphisms fi, fo,... with f;: T,y 1 — T; such that the
inverse limit space I&H{Tl, fi} is isomorphic to Tee. We define, by
induction, a sequence A?, A2 ..., j € {1,2,3} of subtrees of T}, Tb, . . .,
respectively such that the following holds for j € {1,2,3}:

(1) Ay = P x{j};

(2) fi(Ai,) = Al

(3) fr,: Tee — T; is an epimorphism such that fr, = f; o fr,,;

(4) A] N AF = {fr,(r)} for k # j;
Assume that {A], ..., A7} satisfy these conditions. Then, since the epi-
morphisms in 7¢¢ are confluent, define A7, as components of ( f;)~'(A)
containing the point fr, (7). One can verify that conditions (1)-(4) are
satisfied. Then the trees A7 = 1&1{145, fi|AZ+1} satisfy A7 N AF = {r},

for j # k, so r is a ramification vertex of Tcg. 0
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Theorem 11.8. The projective Fraissé limit of Tee has transitive set
of edges and the topological realization |Tg| of the limit Tee is a Kelley
dendroid (thus smooth) with a closed set of end points and such that
each point is either an end point or a ramification point in the classical
sense.

Proof. The results used in Theorem 10.5 to show that T, has a tran-
sitive set of edges and its topological realization is a Kelley dendroid
only required that the family T¢ consisted of rooted trees with conflu-
ent order-preserving epimorphisms. Since this is also true for Tee we
see that T¢e has a transitive set of edges and |Te¢| is a Kelley dendroid.

Theorem 9.13 shows that the set of end vertices of T¢¢ is closed. Since
Tee is compact and ¢ is continuous it follows that ¢(EP(T¢g)) is closed.
Using an argument similar to that in Theorem 10.5 we can see that only
end vertices map to end points under ¢ so EP(|Tce|) = o(EP(Tee)).

Finally, that |Tcg| contains only end points or ramification points
follows from Theorem 11.7 in the same manner as in Theorem 10.5. [

The class of dendroids known as Mohler-Nikiel dendroids, first con-
structed in [10], have all of the properties |T¢g| was just shown to pos-
sess. The authors do not know if |T¢g| is homeomorphic to a Mohler-
Nikiel dendroid. This leads to the following problem.

Problem 11.9. Give a topological characterization of the dendroid
|Teel-

We are currently working on two more articles in the subject: one
on homogeneity properties of Fraissé limits and a second on the Fraissé
family of all graphs with confluent epimorphisms.

The authors would like to thank Aleksandra Kwiatkowska for discus-
sions which helped to improve this article. We also thank Alessandro
Codenaotti, a student of Dr Kwiatkowska, for their careful reading of
an early version of this article. Finally, we need to thank the referee
for catching several errors, including a rather major one, and for the
clear and well thought out report.
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