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ON GRAPHS WITH A METRIC END SPACE

KERSTIN WAAS

ABSTRACT. R. Diestel conjectured that an infinite graph contains a topolog-
ically end-faithful forest if and only if its end space is metrizable. We prove
this conjecture for uniform end spaces.

1. INTRODUCTION

An important structural aspect of an infinite graph is the convergence pattern
of its 1-way infinite paths. This is formalized by the concept of ends and the
associated end space. Since the end structure of a forest is particularly simple, one
is interested in classifying the graphs whose end space is reflected faithfully by a
subtree or subforest.

In particular the end space of a forest is metrizable, so graphs with an end-faithful
subforest have a metrizable end space. This led to the question of Diestel (1990)
whether the converse also holds: Does every graph with metrizable (topological) end
space contain a (topologically) end-faithful forest?

In this paper we prove the analogue of the above for uniform end spaces: Ev-
ery graph with a metrizable (uniform) end space has a (uniformly) end-faithful
subforest.

2. PRELIMINARIES

2.1. Terminology. In the following let G be a connected infinite graph. By V(G)
we denote the set of vertices and by E(G) the set of edges of G. A ray T in G is
a l-way infinite path in G. A tail of a ray T is a connected infinite subgraph of
T. Two or more paths are independent if their interiors are disjoint. For XY C G
we call a path P C G an X-Y path if its endvertices are in X and Y, respectively,
and all inner vertices are in G\(X UY). A subgraph X C G is finitely or infinitely
linked to a subgraph Y C G in G, respectively, if there are finitely or infinitely
many pairwise disjoint X—-Y paths in G, respectively.

A finite vertex set S C V(G) separates two rays T, T’ C G in G if any two tails of
T and T' belong to different components of G—S. We call two rays T, T’ C G end-
equivalent (or briefly equivalent), denoted by T' ~ T"| if they are infinitely linked in
G. In other words, T is equivalent to 7" if there is no finite vertex set S C V(G)
that separates T' and T” in G. The relation ~ is an equivalence relation on the set
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of rays of G. The equivalence classes of this relation are called ends; the set of all
ends is called the end space Q(G) of G.

A subgraph H C G contains an end w € Q(G) if H contains a tail of every ray
in w and if in H every two rays of w are equivalent. If S C V(G) is a finite set
of vertices, then every end of G is contained in a component of G — S. We call
two ends w,w’ € Q(G) equivalent with respect to S if they are contained in the
same component of G — S and denote this by (w ~g w’). Otherwise we say that S
separates these ends.

Let i : Q(H) — Q(G) be the mapping that maps every end of 2(H) to that end of
Q(G) that is a superset of it. The subgraph H is called end-faithful if the mapping n
is bijective. The sets Vg := {(w,w’) € Q(G) x QG)|w ~g w'}, where S is taken over
all finite subsets of V(G), form a base of a uniform structure on Q(G); we denote
this base by V. This uniform structure induces a topology on Q(G). We call the
uniform space Q(G) uniform end space and the associated topological space Q(G)
topological end space. Since for every two ends of G there exists a finite set of vertices
that separates these two ends, we have [y ¢y, Vs = {(w,w) € Q(G) x Q(G)}, i.e.
the uniform space (G) is separated. A subgraph H of G is called topologically
end-faithful if the map 7 is a homeomorphism between the topological spaces Q(H)
and Q(Q), i.e. if n is bijective and 7 as well as n~! are continuous. The subgraph H
is called uniformly end-faithful if n is an isomorphism between the uniform spaces
Q(H) and Q(G), i.e. if n is bijective and 7 as well as ! are uniformly continuous.

If B C G is a tree with root v, we define a partial order on the vertex set V(B)
of B, the tree order <p: For z,y € V(B) we set  <p y if = lies in the unique v—y
path in B. The tree B is called normal in G if the initial vertex and the end-vertex
of any B-B path in G are comparable in the tree order.

We denote a countably infinite complete graph by Ky, and call its vertices branch
vertices. Any subdivided Ky, is denoted by T'Ky,. A fat T Ky, is a subdivided
Ky,, whose branch vertices are pairwise linked by Ny independent paths. (Two
paths are called independent if they have no common inner vertices.) The vertices
of infinite degree are called branch vertices. Let A C G be a Ky, or a fat T Ky,,
respectively; we say A is contained in a subgraph H C G if AN H is a Ky, or a fat
T Ky,, respectively. Since all rays of a Ky, or fat T'Ky,, respectively, are equivalent
in G, we say a Ky, or fat T'Ky,, respectively, belongs to an end.

A finite vertex set S C V(G) separates a vertexx € V(G) and a ray T C G in G
if every z—T path in G meets S. The vertex set S separates a vertex x € V(G) and
a Ky, or fat T Ky, in G, respectively, if the vertex x does not lie in that component
of G— S that contains the Ky, or fat T Ky,. Moreover S separates an endw € Q(Q)
and a vertez v € V(G) in G if w is contained in a component of G — S that does
not contain the vertex x. The vertex set S separates an end w and a ray T C V(Q)
in G if a tail of 7" and the end w are contained in different components of G — S.
We will use the following notation: Let H C G be a subgraph; then we denote by
Ng(H) the set of neighbours of H in G\H. By Hg we denote the subgraph of G
that consists of H U Ng(H) and all H-Ng(H) edges of G.

2.2. The uniform end structure. In a tree, clearly, two rays are equivalent if and
only if they have a tail in common. Thus an end-faithful tree or forest represents
the end-structure of a graph in a very simple way. So it is of interest to study the
following question of Halin, [4]: Does every connected graph contain an end-faithful
spanning tree, or at least an end-faithful forest? Counterexamples of Seymour &
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Thomas [11] and of Thomassen [12] show that this is not the case. However, Halin
[4] proved that every countable connected graph contains an end-faithful spanning
tree.

The end space of a tree B with root v is, as mentioned before, metrizable;
consider for example the following metric: Given distinct ends w,w’, let z, o be
the vertex in B that separates w and w’ and that has maximal distance from v,
say n(w,w’); then d(w,w’) := 1\(n(zy ) + 1). It is easy to show that this metric
generates the topological end space. This leads to the following conjecture stated
by Diestel, [2], as a problem: A graph contains a topologically endfaithful forest
if and only if its end space is metrizable. An answer to this problem is given by
an observation of Diestel [2]: Every normal spanning tree of a connected graph
is topologically end-faithful. But which graphs contain a normal spanning tree?
Jung proved [8] that this is true for every countable connected graph. Furthermore
every connected graph that does not contain 7Ky, and every connected graph that
contains neither a Ky, nor a fat T'Ky, contain a normal spanning tree, as shown
by Halin [5]. Hence these graphs contain a topologically end-faithful tree.

For a metrizable uniform space the associated topological space is also metriz-
able. Since every uniformly end-faithful subgraph is also topologically end-faithful,
also the following version of Diestel’s question is of interest: Does every graph with
a metrizable uniform end space contain a uniformly end-faithful forest? This is the
case:

Theorem 1. Every connected graph with metrizable uniform end space contains a
uniformly end-faithful tree.

It should be noted that, unlike in the topological case, the converse of this
theorem does not hold. It easy to construct a forest whose uniform end space is
not metrizable [13].

3. CONSTRUCTION OF A Ky,- AND FAT T Ky,-FREE SUBGRAPH

3.1. Construction of S*. For the proof of Theorem 1 we need the following two
theorems:

Theorem 2 ([5]). Every connected graph that does not contain a Ky, or fat T Ky,
contains a normal spanning tree.

Theorem 3 ([2]). Fvery normal spanning tree is uniformly end-faithful.

We now sketch the proof of Theorem 1: Throughout the paper let G be a fixed
connected graph with a metrizable uniform end-space Q(G). Our aim is to construct
a connected uniformly end-faithful subgraph of G that contains neither Ky, nor
fat T Ky,. Then, by Theorems 2 and 3 this subgraph, and hence also GG, contain
a uniformly end-faithful tree. To do this we first construct a countable vertex set
S* C V(G) such that G — S* decomposes into components that contain a Ky, or
fat T Ky, only if they are one-ended. In each of these components we select a ray.
We then link all the other components of G — S* containing ends with the selected
rays via S*. In this way we obtain a connected subgraph of G that is uniformly
end-faithful to G and does not contain a Ky, or fat T Ky,.

The above construction is carried out in two steps: First we construct a graph
G’ C @ that does not contain a Ky,; we then construct a graph G” C G’ that also
does not contain a fat TKy,. Then we show that G” is uniformly end-faithful to
G.



1046 KERSTIN WAAS

Let us recall a few topological properties that we need for the construction of S*.
By assumption the uniform end space is metrizable. So, by the following theorem,
it has a countable base for the uniformity:

Theorem 4 ([10]). A uniform space is metrizable if and only if it is separated and
has a countable base for the uniformity.

If a filter has a countable base, then, as one easily verifies, every base contains a
countable base. For this reason the neighbourhood base V¢ introduced in Section 1
contains a countable base V. We set S := UVseV’G S and Vg := {Vs|S C §,|5] <

No}. Since S is countable, Ve is also countable. Furthermore V¢ is a filter base of
Q(G), since it is a superset of the filter base V(, of Q(G). Thus we have proved the
following lemma:

Lemma 1. There exists a countable vertex set Sc V(G) such that the filter base
Vo :={Vs|S C 5,|5] < Ro} generates the same uniform structure on Q(G) as the
filter base Vg = {Vs|S C V(G),|S] < No}.

Remark 1. If we say that S generates the uniform structure, we mean this in the
sense of Lemma 1. This means in particular that for every two ends of G there
exists a finite subset of S that separates these ends. Furthermore we have the
following: If an end w € Q(G) is separated in G from all other ends by a finite
vertex set S C V(G), then there exists a finite subset S’ C S that separates w in
G from all other ends. To prove this remember that only one element of the set
Vs € Vg contains w, namely (w,w). Since Ve is a filter base, there exists a set
Vg € Vg with Vg C Vg. In this set the end w occurs also only in (w,w). So the
finite vertex set S’ C S separates the end w from all other ends in G.

If S is finite, every end of G is contained in an one-ended component of G — S.
Hence, in this case we can select from every end of G a ray that begins in S such
that all these rays are pairwise disjoint (except for their initial vertices). We link
the vertices in S by a finite tree B C G. The subgraph of G consisting of B and
the chosen rays then contains neither a Ky, nor a fat T Ky,, since all vertices of
infinite degree lie in B; but V(B) is finite. Since V' (B) separates pairwise all ends
of this graph, it is clearly uniformly end-faithful to G. For this reason we assume
in the following that S is infinite.

Construction of S*: We now construct inductively the vertex set S*: Let S :=
{b1,ba,...} and Sy := {b1}. The graph G — S; decomposes into components. Since
S is finite, every Ky, or fat T Ky, is contained in one of these components. Let C;
be the set of components that contain a Ky, or fat T'Ky,. By X1 we denote the set
of all vertices in S that lie in one-ended components of C;. Consider now the set
of all vertices in S that belong to a component of C; or that are adjacent to such a
component. From this set we delete all vertices of X; and denote the resulting set
by S*. To formalize this we set S* := Jgce, (V(C) U Ng(C)) N (S\X).

Suppose X1, ..., X,_1 and S*, ..., 8571 have been defined for some k > 0. Let
Sy = {b1,...,bx}. Then G — (Si\ ;.\, Xi) decomposes into components. Since
S\ U;<p Xi is finite, every Ky, or fat T Ky, is contained in one of these compo-
nents. Let Cj, be the set of those components that contain a Ky, or fat TKy,. By
X}, we denote the set of all vertices in S that lie in one-ended components of Cy.
Then let S* := Joee, (V(C)UNG(C))N(S\ U<, Xi). Finally we set S* := [, 5°.
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Remark 2. By the construction of S* we have S\ U.; Xk € Sj\ Uj; Xk for all
i < j, since (S)\Uype; Xx) N Xy = 0 and Sy 2 S for all I € N. This roughly
means that the graph decomposes step by step into finer components. Thus we
have S* D S for i < j.

In the construction of G’ the graph G — S* decomposes into components, some
of which contain ends. But not every end of G must be contained in one of these
components, since S* may be infinite. So we distinguish different types of ends:
On one hand, those ends of G whose rays are infinitely linked to S* in G and on
the other hand, those ends whose rays are only finitely linked to S*. By definition
of an ‘end’ it is clear that an end belongs either to the first or to the second type.
Furthermore the ends of the second type are contained in a component of G — S*.

Our aim is to construct a subgraph of G that contains neither a Ky, nor a fat
T Ky,. So we distinguish such ends to which a Ky, or fat T' Ky, belongs and such
ends for which this is not the case.

In the construction of G’ we take those components of G — S*, that contain ends
and the vertices of S* and link them by edges. By an arbitrary selection of these
edges it is quite possible that we generate a Ky, or fat T Ky, that is not contained
in one of the components of G — S*. So we have to take care which edges we select
in the construction of G’. Therefore we distinguish those ends that are contained
in a component of G — S* with finitely many neighbours in S* and those ends
that are contained in a component with infinitely many neighbours in S*. We now
characterize the ends of G by four types:

Type 1: An end w € Q(G) is of Type 1 if in G every ray of w is infinitely linked
to S*.

Type 2: An end w € Q(G) is of Type 2 if in G every ray of w is only finitely
linked to S* and a Ky, or fat T'Ky, belongs to w.

Type 3: An end w € Q(G) is of Type 3 if in G every ray of w is only finitely
linked to S*, neither a Ky, nor a fat T' Ky, belongs to w and the set of neighbours
N¢g(C) of the component C' of G — S* that contains w is finite.

Type 4: An end w € Q(G) is of Type 4, if in G every ray of w is only finitely
linked to S*, neither a Ky, nor a fat T Ky, belongs to w and the set of neighbours
N¢g(C) of the component C' of G — S* that contains w is infinite.

Remark 3. Clearly each end of G belongs to one of these four types of ends.

We show now that every end of Type 2, 3 and 4 is contained in a component of
G — §* and furthermore we show that such components are one-ended in the case
of Type 2.

Lemma 2. Let w € Q(G) be an end such that in G every ray of w is only finitely
linked to S*. Then w is contained in a component of G — S*. If furthermore a Ky,
or fat T Ky, belongs to w, this component is one-ended and has only finitely many
neighbours in S*.

Proof. Let w € Q(G) be an end such that in G every ray of w is only finitely linked
to S*. Then every ray T € w contains a tail in G — S*, since T' contains at most
finitely many vertices of S*. Furthermore in G — S* each two rays T, TV € w
are equivalent, since from any infinite set of pairwise disjoint T-T" paths at most
finitely many of these paths contain vertices of S*. This means that w is contained
in a component of G — §*.
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Now let w € Q(G) be such that in G every ray of w is only finitely linked to S*
and such that a Ky, or fat T' Ky, belongs to w. Then there exists a finite vertex set
that separates w in G from all other ends. Suppose this were not the case and let T'
be an arbitrary ray of w. Since there are only finitely many pairwise disjoint 7-5*
paths in G, there exists a finite vertex set S’ that separates w and S* in G (that
means w is contained in a component of G — S’ that does not contain a vertex of
S*). Furthermore there exists an end w’ € Q(G) with w’ # w that is contained in
the same component C,, of G — S’ as w. Then V(C,)NS* =0, but V(C,,) NS # 0,
since S generates the uniform structure (see Remark 1).

Since S’ is finite, C, contains branch vertices of the Ky, and fat T Ky, that
belong to w. We denote by H the set of these branch vertices. Let W be an
arbitrary H-S path in C. By vy we denote the initial vertex of W in H and by
ew the end-vertex of W in S. The vertices ew and vy are not separable by a finite
subset of S\{ew} and hence the vertex ey is not separable from the associated
Ky, or fat TKxy,.

Now we show that ey & (J;cny Xi- Suppose the converse and let j € N be
minimal with ey € X;. Then by definition of X; the vertex ey lies in an one-
ended component C? of G — (S;\ i<, Xi) that contains a Ky, or fat TKy,. Let w*
be the end of G that is contained in C?. Then the Ky, or fat T Ky, belongs to w*.
We will show that C7 is a component of G — S*. Therefore we consider again the
construction of 5*: For every k > j let C* be the component of G — (Si\ U, -, Xi)
that contains w*. As shown in Remark 2 we have Sp\ U, Xi 2 S;\U,; Xi

and hence C* C CJ for all k > j. On the other hand we have V(C) N S C X
by definition of X;. So Ck D (€7 for all k > j, since C* is a component of
G — (Sk\ U,y Xi). Hence C* = C7 for k > j. That means CV is a component of
G — (Sk\U;<p Xi) for all & > j. Since C7 contains a Ky, or fat TKy, we have
Ng(C9) C S* for all k > j. Furthermore we have S* D S7 for all k < j (see
Remark 2). So we have Ng(C7) C ;o S* = S*, which means C7 is a component
of G — S*.

By assumption C7 is one-ended. So the vertex ey lies in the one-ended com-
ponent C7 of G — S*. But as we assumed above ey lies in the component C,, of
G — S’ that contains more than one end but no vertices of S*. This means C,, is
a subgraph of the one-ended component C7. Because of this contradiction we have
ew & UieN Xi.

Since there is no finite subset of S\ {ey} that separates ey in G from the branch
vertex vy, we have ey € S* for all k € N. Thus, ey € S*, in contradiction to
S*NV(C,) = (. Hence there exists a finite vertex set of G that separates w in G
from all the other ends.

Since S generates the uniform structure on Q(G), there exists a finite subset of
S that separates w in G from all the other ends (see Remark 1). Thus, there exists
a minimal j > 0 such that w is contained in an one-ended component K of G — 5.
We show now that K is also a component of G — (S;\ U,;; Xi). This is clear for
j = 1. Hence in the following let j > 1. For all k¥ < j let K* be the component
of G — (Sk\ U, Xi) that contains w. Furthermore let K7~! be a component of
G—S;_1. Since S;\ Ui<j Xi 2851\ UKJ._1 X;, we have K7 D K7=1. So K7 is also
a component of G — (S;\X;_1). But since j —1 < j, the component K7~ contains
more than one end. Hence V(K7~!)N X;_; = 0. Thus K7 is also a component of
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G — Sj, so K/ = K. That means K is the component of G — (Sj\ U,; Xi) that
contains w. We have shown above that a one-ended component of G — (5;\ U, ; Xi)
that contains a Ky, or fat T Ky, is also a component of G — S*. Thus K is a
component of G — S* and Ng(K) is finite. |

Remark 4. As we have just seen, the ends of Type 3 and Type 4 are contained in
components of G — S*. We denote the set of these components by C. Furthermore
the ends of Type 2 are contained in one-ended components of G — S* that have a
finite neighbourhood in S*. We denote the set of these components by C*. By the
definition of C and C* we have CNC* = ). Furthermore we have ;. Xi € Ugee- €,
by the proof of Lemma 2.

3.2. Construction of G’ by removing every Ky, of G. We counsider the sub-
graph (Joce € and link the components of this graph by the vertices of S* :=
{50, 81, 82,...}: Set tg := sp and t; := s; and choose an arbitrary but fixed ¢;—
to path Wi in G; furthermore let r(x) := 1 for all x € V(W;). Suppose the
vertices tg, ...,tx_1 and the paths Wy, ..., W;_1 have been chosen for some k£ > 1
and for all ¢ < k let r(x) = i for all z € V(B;\B;—1); here B; := Uj<i W; and
Bi_1 = Uj<i_1 W;. Let t; be the vertex with minimal index in S*\Bk_l. We
choose a ty—By_1 path Wy by the following rules:

R1) The end vertex vy, € Bi—1 of W should have maximal possible value r(vg).
R2) When selecting Wy, according to rule R1) select vy such that in Bg_; it has
maximal distance to the vertex tg.

Then B := [J;c Wi is a tree with root v := t5. We now consider the ends of Type 2:
As we have seen in Lemma 2 each of these ends is contained in a one-ended com-
ponent of G — S*. As mentioned before we denote the set of these components by
C*. For every end w of Type 2 we now select a ray T, that lies in the component
C,, € C* that contains w. Let ¢, be the vertex of Ng(C,,) with maximal index (by
Lemma 2 the set Ng(C,,) is finite). We link the ray T, and the tree B by a T,,~t,
path W, in c,¢ (here C.,,¢ denotes the graph that consists of C,, U Ng(C,,) and
all C,—Ng(C,,) edges of G). Now we add all C—S* edges of the components C' € C.
We denote the resulting graph by G’.

Remark 5. The graph G’ is composed of four different types of subgraphs of G:
First it contains the end-containing components of G—5* that contain neither a Ky,
nor a T' Ky, ; second it contains subgraphs of the components of G — S* that contain
a Ky, or T Ky,; third it contains edges between S* and all these components; and
fourth it contains a tree B linking the vertices of S*. By construction this graph is
connected. However, one should mention that the tree B is not necessarily disjoint
to the components of G — S*.

Definition 1 ([1]). Let H be a tree with root b and let + € V(H). Then the
unique xz-b path in H is called down-closure [z] of x.

Definition 2. Let H be a tree and x,y € V(H). Then the vertex x lies above the
vertex y if y lies in the down-closure of z. The vertex x lies below y if x lies in the
down-closure of y.

We now prove several lemmata, that we need later on:

Lemma 3. Let H be a rooted tree and W a path in H and v a vertex in H\W. If
v lies in the down-closure of a vertex of W, then v lies in the down-closure of every
vertex of W.
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Proof. Let t and t' be two vertices of W; then the unique t—t' path W, in H is a
subpath of W. This path consists of the vertices of [¢]\[t'], [t']\[t] and the vertex
of [t] N [¢'] with maximal distance to the root. We now assume that there exists a
vertex v from H\W and two vertices ¢ and s of W such that v lies in the down-
closure of the vertex ¢ but not in the down-closure of the vertex s. Then v lies in
[t]\[s] and hence in the path W; ,. Thus v lies also in W, in contradiction to the
assumption. O

Lemma 4. The tree B is normal in G.

Proof. We use the same notation as in the construction of G'. For all i € N we
denote by t; the initial vertex and by v; the end-vertex of the path W;. Suppose
there exists a B—B path W in G with end-vertices h, h’ € V(B) such that neither
h nor A’ lies in the down-closure of the other. Let r(h) =4, r(h') = k and w.l.o.g.
i > k. Furthermore let m > k be minimal, such that the unique t¢,,—h path of B
contains only vertices  with r(z) > k. We denote this path by W. Due to the
minimality of m we have r(v,,) < k. Thus v, does not lie in w. But, since v,, is
in the down-closure of ¢,,, by Lemma 3 the vertex v,, is also in the down-closure
of h. If r(vy,) < k =r(h'), then W, does not obey rule R1), since the ¢,,—h’ path
W’ := W UW contains only vertices  with r(x) > k and such vertices that do not
lie in B. Hence (v, ) = k. Then v,, is in the down-closure of ' or conversely. The
latter means that h' lies in the down-closure of h, since v,, lies in the down-closure
of h. This is a contradiction to our assumption.

Thus we may assume that v,, lies in the down-closure of h’. But then the path
W, does not obey rule R2), since the path W’ := W UW contains (except for
the end vertex h') only vertices x with r(x) > k and vertices that do not lie in
B and ends in A/, where h' has larger distance to the root as v,,. But this is a
contradiction to the construction of B. O

Since B is normal in G, there are two interesting structural properties that we
need for the proof of Theorem 1:

Lemma 5 ([1]). For any two vertices x,y € V(B) we have [x]N[y] separates x and
y in G.

Lemma 6 ([1]). If W = x;...z, is a B-B path in G, then 21 and x,, are comparable
in the tree order <g.

Lemma 5 and Lemma 6 are equivalent to results of the paper Normal Tree Orders
For Infinite Graphs by J.-M. Brochet and R. Diestel [1]. The proofs given there
may be easily modified to prove the above presented versions.

Lemma 7. Let H O B be an arbitray subgraph of G and let T C H be a ray that
is infinitely linked to S* in H. Then in H the ray T is equivalent to a ray of B.

Proof. Since T is infinitely linked to S* in H, we can choose infinitely many pairwise
disjoint T—S* paths W; in H. For all 7« € N we denote by v; the initial vertex of the
path W; in T and by e; the end-vertex in S*. Furthermore we set F := {e1, e2,...}
and denote by v the root of B (see construction of G’). For all i € N we denote by
W; the unique e;—v path in B and set B’ := Uien W;. Then B’ is a tree with root
v. Since the paths W; are pairwise disjoint, the set F is infinite; hence also B’ is
infinite. Then by Koénig’s Theorem [9] B’ contains either a vertex of infinite degree
or a ray. Suppose the first is the case; then there exist infinitely many pairwise
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disjoint (except for the vertex v) v—FE paths in B’ whose associated end-vertices
ei;,j € N, lie in B” above v. W.lo.g. let these be labeled in such a way that the
associated end vertices v;; of the paths W;, are ordered on T in the order of their
labels. For each two vertices v;,;, vi,,,, let Wy, ;,.., be the unique vy, —v;,,,, path
in T'. Due to the ordering of the v;, on T' these paths are pairwise disjoint. Since
the paths W; are pairwise disjoint for all ¢ € N and contain no vertices of T' (except
for the end-vertices), also the e;,,—e;,,,, paths Wizj =W, UW; uw;
are pairwise disjoint.

Since B is normal in G, also B’ C B is normal in G. Then, by Lemma 6 every
path W;,, must contain a vertex of [e;,,] N [es,,,,] = [v]. Since [v] is finite (it even
contains only the vertex v), this is a contradiction to the pairwise disjointness of
the paths V_Vizj.

So B’ contains a ray R; w.l.o.g we asssume that it starts in the root of B’. Let
us show that there are infinitely many pairwise disjoint T—R paths in H. Suppose
every set of pairwise disjoint T—R paths in H is finite. Let WV be a set of such paths;
then V(W) is finite, say |V (W)| = n. Then there exists a vertex x € V(R)\V (W)
such that no vertex of V(W) lies above z. Since R is a ray, all except finitely many
vertices of R lie in B above . We show now that infinitely many vertices e;; € E,
j € N, lie in B above z. Suppose not; then either there exists a vertex y € V(R)\E
that lies in B above x but no vertex in F lies above y or no vertex of F lies above
2 (in this case we set y := x). But this is a contradiction to the construction of
B’, since y lies in at least one of the paths W;. Hence infinitely many vertices of E
lie in B” above x. We select n + 1 of these vertices e, , ..., e;,,,. From assumption
the associated Te;; paths W;, are pairwise disjoint. Since V(W) contains only n
distinct vertices, at least one of these paths, say W;,, is disjoint to the paths of W.
Since all vertices of R that lie above z (including z) do not lie in V' (W), the unique
ei,—x path W in B does not contain a vertex in V/(W). Thus also the path W;, UW
does not contain a vertex of V(W). This path, however, contains a T—R path as
subpath (since it starts in 7' and ends in R) which is disjoint to V' ()V). But this is
a contradiction to the maximality of WW. Thus there exist infinitely many pairwise
disjoint T—R paths in H, and hence, R is in H equivalent to 7. O

255825 4+1 2541

Remark 6. By Lemma 7 the tree B contains a ray of every end of Type 1 and hence
also G’ O B does so. Hence by Lemma 2 and Lemma 7 each end of G is represented
by a ray in G'. Later on we will show that in G’ an end of G does not split into
several ends.

We show now that G’ does not contain a Kxy,:

Lemma 8. The components of C and C* NG’ do not contain a branch vertezx of a
Ky, or fat TKy, of G'.

Proof. By construction of G’, we have G'\B C C U (C* N G’). Furthermore for
C,, € C* the subgraph C, N G’ consists of a ray T, a T,,—S* path (except for its
end-vertex in S*) and (again except for their end-vertices in S*) of at most finitely
many S*—S* paths of B (since Ng(C,,) is finite and B is composed of S*—S* paths).
Since all vertices of C,, N G’ have only finite degree, no branch vertex of a Ky, or
fat TKy, of G’ lies in C, N G'.

Let C be a component of C. Suppose a branch vertex of a Ky, or T Ky, of G’
lies in C'. We denote by w the end to which the Ky, or fat T'Ky, belongs. By the
definition of C, the component C' contains an end w’ to which neither a Ky, nor
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a fat TKy, belongs, so w # w'. Since S generates the uniform structure of Q(G),
there exists a finite subset of S that separates w and w’ in G' (see Remark 2). Since
C' contains w’ and a branch vertex of a Ky, or fat T Ky, belonging to w, we have
SNV(C) #0.

We denote by H the set of all branch vertices of all Ky, or fat T Ky, that lie in
C. Then C contains an H—S path and we denote by v its end-vertex in S. Since
C e Cand J;eny Xi € Upee- C and CNC* = 0, we have v & |Jcny Xk Then in
every step of the construction of S* the vertex v lies either in the same component
as a Ky, or fat T Ky, or is adjacent to that component. Thus v € Sk for all k € N
and hence v € S*. But this is a contradiction to v € V/(C). O

Lemma 9. The graph G’ does not contain a Ky, .

Proof. By Lemma 8 the branch vertices of a Ky, of G’ lie in G'\(C U C*)
B\(CUC*). Since this subgraph is a forest, it does not contain a Ky,.

O

3.3. Construction of G”. By Lemma 9 the graph G’ does not contain a Ky, .
But it is quite possible that G’ contains some fat T'Ky,. We will show that their
branch vertices lie in S*. The vertices of S* lie in B and in G’ they are adjacent to
the components of C UC*. But each two branch vertices of a fat T Ky, are linked
by uncountably many pairwise independent paths. Since the tree B is countable,
in G’ uncountably many pairwise independent paths can only run through the
components of CUC*. Thus, if we delete in G’ sufficiently many edges between the
components of CUC* and the vertices in S* such that there are only countably many
pairwise disjoint S*—S* paths in the resulting graph G”, then this graph neither
contains a Ky, nor a fat T Kxy,.
For the construction of G” we need some further lemmata:

Lemma 10. The branch vertices of a fat TKy, of G' lie in S*.

Proof. By Lemma 8 the branch vertices of a fat TKy, of G’ lie in G'\(CUC*) =
B\(CUC*). By construction the tree B is countable. But a branch vertex of a
fat T Ky, has uncountable degree. Thus only such vertices of B\(C UC*) that are
adjacent in G’ to the components of C UC* can be branch vertices of a fat T Ky, .
But only the vertices in S* have this property. O

Lemma 11. Each component C € C with infinite Ng(C) contains vertices of S.

Proof. Let C be a component of C with infinite Ng(C). If C contains rays from
several ends, we clearly have V (C) NS # (), since S generates the uniform structure
(see Remark 1). Otherwise by definition of C the component C' contains exactly
one end w of Type 4. Each ray T' € w has by definition only finitely many pairwise
disjoint T—-S* paths in G. Thus, there exists a finite vertex set of C' that separates
w from S*. Suppose this were not the case and let T' € w be chosen arbitrary but
fixed. Let W be a maximal set of pairwise disjoint 7—S* paths in G. Since V(W)
is finite, w is contained in a component of G — V(W). This component does not
contain vertices of S*, since otherwise there exists a T—S* path that is disjoint to
the paths of W, which is a contradiction to the maximality of W.

Hence there exists a finite vertex set S C V(@) that separates in G the end w and
the vertex set S*. Since Ng(C) C S*, the component of G — S that contains w is a
subgraph of the component C'. So S separates the end w in G from all other ends,
since C' is one-ended. Then there exists a finite subset of S that separates w in G
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from all other ends, since S generates the uniform structure (see Remark 1). For all
j € Nlet S; be defined as in the construction of S* and let ¢ be minimal such that S;
separates w in G from all other ends. Suppose this is not the case for S;\ U i X
Let w’ be an end that is not separated from w and let T € w and T" € w’ be rays
in G — (S;\U;<; X;). Then there exists a T-7" path W in G — (S;\U;,; X;).
Since S; separates the two ends, W contains a vertex =z € |J i<i X;. By definition
of the Xj, there is a minimal k < ¢ such that the vertex x lies in a component of
G — (Sk\U,<x X;) that contains exactly one end and a Ky, or fat T'Ky, belong
to this end. Since this is not the case for w (w is of Type 4), the end w is not
contained in this component. Then 7'U W must contain a vertex of S\ ;4 Xj-.
But Si\ U, Xj € Si\U,;; X; for k < (see Remark 2), i.e. T'UW contains a
vertex of S;\ J;; X, in contradiction to the choice of W and T'. Hence the vertex
set S;\ U i X, separates w in G from all other ends.

Suppose now that C' does not contain a vertex of S. Then C does not contain a
vertex of S;\ i X C S. But since this set is finite, it separates at most finitely
many vertices of Ng(C') from C, and thus from w. The other vertices are separated
from all the other ends. Since neither a Ky, nor a fat T'Ky, belongs to w (w is of
Type 4), C contains neither a Ky, nor fat TKy,. Then all except finitely many
vertices of Ng(C) lie in a component of G — (S;\ U,<; X;) that does not contain a
Ky, or fat TKy,. So in the construction of S* these vertices of Ng(C) lie not in S°
and hence also not in S*, which is a contradiction to the definition of Ng(C). O

Remark 7. Since the vertex set S is countable and the components of C are pairwise
disjoint, by Lemma 11 there are only countably many components C' € C with
infinite Ng(C).

Definition 3 ([3]). Let X be a subgraph of a graph G and let v be a vertex of
G\X, such that G contains infinitely many pairwise disjoint (except for v) v—X
paths. Then the subgraph of G consisting of these paths is called a v-X fan in G.

Lemma 12 ([3]). Let U and C be disjoint subgraphs of a graph G such that U is
infinite, every vertex of U has a neighbour in C and C is connected. Then G either
contains an v=U fan for a v of C, or there exists a ray R C C with infinitely many
pairwise disjoint R-U paths in G.

In the following we denote by C¢ for every component C' € C the subgraph of
G that consists of C'U Ng(C) and all C—-Ng(C) edges of G.

Lemma 13. For all C € C the graph C does not contain a v-S* fan with v €
V(C).

Proof. Suppose there exists a component C' € C such that C¢ contains a v-S*
fan with v € V(C). Then Ng(C) must be infinite and C' contains by Lemma 11
vertices of S. Thus we can choose a v—S path in C. Let s be the end-vertex of this
path in S. Then no finite subset of S\{s} separates s and Ng(C). Since in any
step of the construction of S* only a finite set of vertices is deleted in G, either the
vertex s lies in each of these steps in a component that contains infinitely many
vertices of Ng(C) C S* or s is adjacent to such a component. Since all but finitely
many vertices of S* lie in any step of the construction of S* in a component that
contains a Ky, or fat T Ky,, in any of these steps either the vertex s lies also in
such a component or it is adjacent to such a component. But then s € S*, in
contradiction to s € V(C). O
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Corollary 1. For C € C the neighbourhood Ng(C) is infinite if and only if C
contains a ray T with infinitely many pairwise disjoint T—S* paths in G.

Proof. Let C € C be a component with infinite Ng(C). By definition Ng(C) is
disjoint to C' and every vertex of Ng(C') has a neighbour in C. Furthermore C is
connected. So by Lemma 12 and Lemma 13 there exists a ray 7" C C with infinitely
many pairwise disjoint T—N¢g(C) paths in G. Since Ng(C) C S*, this proves the
‘if” part of the proposition. To see the converse remember that V(C') N .S* = () but
Ng(C) C S*. |

Definition 4. Let R be an infinite set of pairwise disjoint rays that belong to ends
of Type 1 and that all start in a vertex v € V(G); furthermore let all rays of R be
pairwise disjoint (except for the vertex v). Then the subgraph of G that consists
of all rays of R is called a big star with center v.

Lemma 14. The components C' € C do not contain a big star.

Proof. Suppose there exists a component C' € C that contains a big star with center
v. Since every ray T of a big star belongs to an end of Type 1, it has infinitely
many pairwise disjoint T—S* paths in G. Then via an inductive process indexed
over the branches of the big star we can select infinitely many v—S* paths which
are pairwise disjoint except for the initial vertex v. But then C® contains a v—S*
fan with v € V(C), in contradiction to Lemma 13. O

Now let C' € C be an arbitrary but fixed component with infinite Ng(C'). Then
by Corollary 1 C' contains a ray of an end of Type 1. Consider C' as a subgraph
of G' and let 2(C) be the end space of C. This end space consists of two sorts of
ends: on one hand ends of Type 4 that are contained in C' and on the other hand
ends that are in G subsets of an end of Type 1. In the following we denote by ¢
the set of ends of the second sort.

Definition 5. Let E be a subset of Q(G), and let M be a set of rays in G such that
the map f: M — E that maps every ray of M to that end of Q(G) that contains
this ray is bijective. Then M is called a set of representatives of E.

Remark 8. Definition 5 means that M contains exactly one ray of every end of £
but no further rays.

Definition 6. Let M be a set of rays in G. Then we call a countable vertex set
Y C V(G) that contains infinitely many vertices of every ray in M an M-cover.

We now select one ray from every end of £c. Let I'c be the set of these rays.
Then I'¢c is a set of representatives of £c. We show now that there exists a I'o-cover:

Lemma 15. For each component C € C with infinite Ng(C) there exists a I'c-
cover.

Proof. Let C be a component of C with infinite Ng(C) and let vg € V(C) be an
arbitrary but fixed vertex. For every ray T € I'c we select a ray T, C C that
begins in vy and that contains a tail of 7. Then let I'y, := {T,,,|T € T'c'}. Let “C”
be an order of I'y, and let @ be the ordinal number of (I',, C). We set T := Tp, if
T is in the position § of the order “C” of I"c.

Now for all # < a we inductively define a tree Bg: Let By := T and suppose that
for arbitrary 3 > 0 the trees B, are defined for all v < 3. Then we set Bg := B’B
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if [V(B; NTp)| = oo and Bg := Bj U xT, otherwise. Here Bj; :=J,_ 5 Bg and =
is the last vertex of T3 in Bj; and 2T} is the tail of T beginning in x. (The vertex
x exists, since T begins in vy € By C B’B)

We set B := UB <o Bs- Then B is a tree and every T € I';; has infinitely many
vertices in B. Since B is a subgraph of C' by Lemma 14, every vertex in B has
finite degree, i.e. V(B) is countable. But then the vertex set V(B) is a I'{--cover,
and hence also a I'¢-cover. O

We now construct a subgraph G” of G’ such that G” does not contain a fat
TKy,. As mentioned before this can be achieved by deleting sufficiently many
edges between S* and the components of C UC*. For every component C' € C we
denote (in analogy to C%) by C%" the subgraph of G’ consisting of N (C)UC and
all C—Ng/(C) edges of G’. Since Ng(C') = Ng/(C) and since in the construction of
G' all C~Ng(C) edges are inserted, we have C¢ = oY,

Construction of G”: We delete in G’ all edges between S* and the components
C € C, except those that lie in B. We consider first the components C' € C with
infinite Ng(C): Let & and T'¢ be defined as above. By Lemma 15 there exists a
set Yr, C V(C) that is a T'c-cover. Let P := Yp, x Ng(C). Since Yr, and Ng(C)
are countable, P is also countable. For every finite subset P of P for which this
is possible we now choose for every pair (a,b) € P an a-b path in C% such that
these paths are pairwise independent. Two paths that are chosen to different finite
subsets of P, however, must not be independent. We now reinsert all Ng(C)-C
edges of all chosen paths. For the components C' € C with finite Ng(C) we proceed
as follows: Let t,,(c) be the vertex with maximal index in Ng(C'). For each of these
components we insert a t,,(oy~C edge. The resulting graph is the graph G".

Remark 9. Since for every component C' € C with infinite N (C') for every singleton
of P a path is chosen, every vertex of Ng(C') is connected with C. Furthermore
for every component C' € C with finite Ng(C) a C—S* edges is chosen. Hence G”
is connected.

We now prove that the resulting graph G” contains neither a Ky, nor a fat
T Ky,. The proof requires the following lemma:

Lemma 16. Fuvery set of pairwise independent S*-S* paths of G" is countable.

Proof. In G” the components C € C with finite Ng(C) are linked with Ng(C)
by exactly one S*~C edge (apart from the edges of B). Since B is countable
and the components of C are pairwise disjoint, at most countably many pairwise
independent S*—S* paths run through these components. By the same argument,
this holds also for the components of C*. By Lemma 11 there are only countably
many components C' € C with infinite Ng(C). In G” each of these components
is linked with its neighbourhood only by countably many edges that lie not in B.
Since B is countable, there exist only countably many pairwise independent S*-S*
paths in G” that run through these components. Alltogether it follows that there
are at most countably many pairwise independent S*—S* paths in G”'. O

Corollary 2. The graph G" does not contain a Ky, or fat TKy,.

Proof. By Lemma 9 the graph G” does not contain a Ky, since it is a subgraph
of G’. In Lemma 10 we have shown that the branch vertices of every fat T Ky, of
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G’ lie in S*. Since for every pair (v,v’) of branch vertices of a fat T Ky, there exist
uncountably many pairwise independent v—v’ paths, by Lemma 16 the graph G”
does not contain a fat T'Ky,. O

3.4. Proof of the uniform end-faithfulness of G’ and G. In this chapter
we prove that the graph G” is uniformly end-faithful to G. To do this recall
the meaning of the term uniformly end-faithful. The subgraph G” C G is called
uniformly end-faithful if the map 7 : Q(G”) — Q(G) that maps every end of G”
to the end of G that it contains as subset is an isomorphism between the uniform
spaces Q(G) and Q(G"”). We thus have to show that 7 is a bijection and that n as
well as its inverse 7! is uniformly continuous.

The map 7 is 1-1 if and only if two rays of G” that are equivalent in G are also
equivalent in G”. The map 7 is onto if and only if G” contains a ray of every end
of Q(G).

The map 7 is uniformly continuous if and only if for every neighbourhood V' of
the uniform end-space (G) there exists a neighbourhood V" of the uniform end-
space of Q(G") such that V" C n~! x n~1(V). Due to the filter-properties of the
uniformity it suffices to show this for the elements of the base Vg. But an element
of the base Vg has the form Vs = {(w,w’) € Q(G) x Q(G)|w ~s w'}. The same
holds for the corresponding filter base of the uniformity of Q(G”). So it suffices
to show that for every finite vertex set S C V(G) there exists a finite vertex set
S’ C V(G") that separates those ends in G” whose associated ends are separated
by S in G. Since G” is a subgraph of G, the vertex set S’ := S N V(G"”) has this
property. Hence the map 7 is uniformly continuous for every subgraph of G. For
the inverse map 1~ the situation is different; it is not always uniformly continuous.
To summarize, we have to show the following;:

1) The subgraph G” contains a ray from every end of Q(G) (that means 7 is
onto);

2) Two rays of G” that are equivalent in G are also equivalent in G” (that means
nis 1-1);

3) For every finite vertex set S C V(G") there exists a finite vertex set S’ C
V(G), such that S’ separates those ends in G whose associated ends are
separated by S in G” (that means n~! is uniformly continuous).

The following two lemmata are needed to show the bijectivity of n. We denote
by CC" (in analogy to CC) the subgraph of G” that consists of C' U Ng(C) and
all C~Ngn (C) edges of G”.

Lemma 17. Let C' be a component of C and R a ray of C such that there are
infinitely many pairwise disjoint R-S* paths in C¢. Let W be a set of such paths
and let A be the set of their end-vertices in S*. Then there exist infinitely many
pairwise disjoint R—A paths in o

Proof. By assumption N¢(C) is infinite and we define E¢,T'¢c and Yr . as above.
Since there exist infinitely many pairwise disjoint R—S* paths in G, the ray R
belongs to an end of Type 1. Then by definition of - the ray R belongs to an end
of £- and by definition of I'c there exists a ray Tr € I'c that is equivalent to R
in C. Hence there exist infinitely many pairwise disjoint Tr—A paths in C“. Since
Yr, = Yr, NV(TR) is inifinte by the definition of Y., there exist also infinitely
many pairwise disjoint Y7, ~A paths in C.
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For every finite subset P C P = Yr, x Ng(C) for which this is possible in G,
the graph G’ contains a set of pairwise independent paths, whose initial and end-
vertices can be identified with the pairs of P. Since A is a subset of Ng(C) and
Y7, is a subset of Y, for every ¢ € N there exists a set of pairwise disjoint Y7,-A
paths in C%" with cardinality strictly larger than i.

Suppose that in ce” every set of pairwise disjoint Tr—A paths is finite. Then
also every set of pairwise disjoint Y7,—A paths is finite. So we can select a finite
set M of pairwise disjoint Y7,—A paths, such that there exists no set of such paths
in CY" that is a strict superset of M. Then V(M) := Uwen V(w) is finite, say
|V (M)| = n, and it separates the vertex sets Y1, and A in CS". Thus there exist at
most n pairwise disjoint Y7, —A paths in CS". But this contradicts the construction
of G”. Hence there exist infinitely many pairwise disjoint Tr—A paths in C¢" C G”
and, since R is equivalent to Tgr, there exist also infinitely many pairwise disjoint
R-A paths in C¢" C G”. O

Lemma 18. Every two rays T,T' C B that are equivalent in G have a common
tail.

Proof. W.l.o.g let T and T” be rays starting at the root of B. Since they are
equivalent in G there exists an infinite set W of pairwise disjoint T-T" paths W; C
G, i € N. We denote by ¢; the initial vertex of W; in T and by t; the end-vertex
of W; in T’. Furthermore let v be the vertex in B with smallest distance to the
root that separates T and T’. Then in B — {v} all tails of T lie in a component
C whose vertices all lie above v. The same holds for 77 and a component C’ # C
of B — {v}. Otherwise a vertex v’ that lies below v would separate the two rays
in B, in contradiction to the minimality of the distance between v and the root of
B. Thus two vertices z € V(C) and y € V(C”) are incomparable in the order <p.
Futhermore [z] N [y] = [v] for all z € V(C), y € V().

Since [v] is finite, all but finitely many of the vertices ¢; and ¢, lie in the com-
ponents C and C’. But only finitely many of the paths W; contain vertices of [v],
since these paths are pairwise disjoint. Thus there exists a path W; = z1...xzy,
whose end-vertices are incomparable with the tree order <p and that contains no
vertex of [t;]N[t;] = [v]. Let ) be the vertex of W;NC with maximal index. Then
k < n, since y = x, ¢ V(C). Let z; be the vertex with minimal index I > k of
W; N B. Since z; does not lie in C' and also not in [v], the vertices z; and zj, are
incomparable in the tree order. Then x...x; is a B-B path of G with (in the order
<) incomparable end-vertices. But this is a contradiction to Lemma 6. O

First part of the proof of Theorem 1, bijectivity of n. To prove that the map 7 :
QG") — Q(G) is onto, we have to show that G” contains a ray of every end
of Q(G). We first consider the ends of Type 3 and 4: By construction the graph
G" contains the components of C. Since every end of Type 3 and 4 is contained in
one of these components, G” contains rays from each of these ends. By Lemma 7
the tree B contains a ray from each end of Type 1. Since B is a subgraph of G”,
it follows that G contains also rays from each of these ends. By definition every
end w of Type 2 is contained in a component C, € C*. By the construction of G’
and G we have V(C,,) N G"” DT, where T, is a ray of w. Thus G” also contains
rays from every end of Type 2. Since every end of GG is of one of the four types, the
map 7 is onto.
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To prove that the map 7 : Q(G”) — Q(G) is 1-1 we have to show that any two
rays of G” that are equivalent in G are so in G”. By the definition of ‘contained’ it
follows immediately that each two rays of an end of Type 3 or 4, respectively, have
equivalent tails in a component of C. Since every component of C is contained in
G", each two rays of such an end are equivalent in G”.

By Lemma 2 each end w of Type 2 is contained in a one-ended component
C, € C* with finite Ng(C,). In the construction of G” for every end of Type 2
a ray 1, C C, was selected and was linked with B by a finite path. Since the
tree B consists of S*—S* paths, but the vertex set Ng(C,,) is finite, it follows that
V(Cy,) NV (B) is finite. Hence the set V(C, N G")\V(T,,) is also finite. Since w is
contained in C,,, in G” every ray of w has a common tail with T,,. Thus in G” any
two rays of w are equivalent.

Now let w be an end of Type 1 and let T' € w be a ray in G”. Then by definition
of Type 1 there exist infinitely many pairwise disjoint 7-S* paths in G. We show
now that there are also infinitely many of such paths in G”. If T has a tail in B,
then by construction of B there exist infinitely many pairwise disjoint 7T-S* paths
in B. Suppose this were not the case and let T" := z1x3... C B be a ray with
only finitely many pairwise disjoint T—S* paths in B. Let W be a maximal (by
inclusion) set of such paths. Then V(W) is finite and there is a j € N such that no
vertex of V(W) lies in B above z;. But, by construction of B, the vertex x; lies in
a path Wy that joins a vertex t; € S* with UKk W;. Thus t; lies in B above z;,
in contradiction to the assumption. So there are infinitely many pairwise disjoint
T-S* paths in B and since B C G” they are also in G”.

If B contains no tail of T" either there are infinitely many vertices of S* in T" and
then there are also infinitely many pairwise disjoint T—S* paths in G”, or a tail
of T is contained in a component C' € C. Since there are infinitely many pairwise
disjoint 7—S* paths in G, but the component C is linked to the rest of the graph
only via the vertices of S*, all but finitely many of these T—-S* paths lie in C¢.
Then by Lemma 17 there are also infintely many of these paths in G”. Hence by
Lemma 7 in G” the ray T is equivalent to a ray of B. So in G any two rays T,
T’ € w are equivalent to two rays of B and those have a common tail by Lemma 18.
So the two rays of B are equivalent in B and thus also in G”. Hence the rays T
and T’ are also equivalent in G”. O

Lemma 19. Let S C V(B) be a finite vertex set that separates in B two vertices
x,y € V(B). Then S':=|J,cg[t] separates the two vertices in G.

Proof. If S separates the two vertices x and y in B, then S contains a vertex v of
the unique z—y path W in B. This path consists of [z]\[y], [y]\[z] and the vertex
of [z] N [y] with maximal distance to the root. Thus [v] D [z] N [y] and by Lemma 5

the vertex set S’ separates the vertices z and y in G. O

Corollary 3. Let S C V(B) be a finite vertex set that separates a vertex x € V(B)
and a ray T C B in B. Then S" := J,c4[t] separates these in G.

Proof. Since S is finite, there exists a component of B — S that contains a tail of T
but not the vertex x. By Lemma 19 the vertex set S’ separates in G every vertex
of this tail from x. Since S’ is finite, all (except for finitely many) of these vertices
lie in a component of G — S’ that does not contain the vertex z and form there a
tail of T'. O



ON GRAPHS WITH A METRIC END SPACE 1059

Corollary 4. Let S C V(B) be a finite vertez set that separates two rays T,T' C B
in B. Then S" :=J,cs[t] separates these two rays in G.

Proof. Since S is finite, there exist a component C' of B — S that contains a tail 7'
of T and a component C’ # C of B — S that contains a tail T’ of T7’. By Lemma 19
the vertex set S’ separates in G each two vertices of T' and T”. Since S is finite,
there exist different components of G — S that contain tails of T and T”, i.e. the
vertex set S’ separates T and T” in G. |

Second part of the proof of Theorem 1, the uniform continuity of n~'. In the fol-
lowing we denote by w,w’ ends of G and by a := n71(w),a’ := n~1(w') the as-
sociated ends of G”. (Since 7 is a bijection, this is a unique association.) We now
show that the map n=! : Q(G) — Q(G”) is uniformly continuous. Therefore we
have to show that for every finite vertex set S C V(G") there exists a finite vertex
set S C V(G) that separates those ends in GG, whose associated ends are separated
inG" - 8.

For the construction of the vertex set S we prove the following: Let C be a
component of C with infinite Ng(C). Moreover, let S” C V(G) be a finite ver-
tex set and let Ko/ (C) be the set of components of C — S’. Then there ex-
ists a finite set Ag/(C) C Ng(C) such that for all K € Kg/(C) we have Sk :=
NG—S’(K)\NG”—S/ (K) - AS/(C) (Note that by the definition of ICS/(O) we have
Ngr_g/(K) C Ng(C) for all K € Kg/(C).)

First we show that the set Ng_g/(K) is infinite only for finitely many components
K € Ks/(C). In order to show this, we prove that every component K € Kg (C')
with infinite Ng_g/(K) contains a ray of an end of Type 1. Then this implies
together with Lemma 14 the assertion: If infinitely many components of Kg/(C)
contain a ray of an end of Type 1, then there exists a vertex in S’ that lies in
the neighbourhood of infinitely many of these components, since S’ is finite. But
then C contains a big star, in contradiction to Lemma 14. Now let K € Kg/(C)
be an arbitrary component with infinite Ng_g/(K) . We denote by K¢=5" the
subgraph of G that consists of K U Ng_g/(K) and all K-Ng_g/(K) edges. Since
K is connected, by Lemma 12 and Lemma 13 this component contains a ray T
with infinitely many pairwise disjoint T—S* paths in K G=5, By definition this
ray belongs to an end of Type 1. Hence Ng_g/(K) is infinite for only finitely
many components K € Kg/(C). We now show that the set Sk is finite for every
component K € Kg (C) with infinite Ng_g/(K). Let K € Kg/(C) be such that Sk
is infinite. Since K¢~ is connected and contains by Lemma 13 no v—S* fan, by
Lemma 12 there exists a ray T of K with infinitely many pairwise disjoint T—-Sk
paths in KG=5". Clearly, all these paths are contained in C%, since C¢ D K&=5".
Hence, by Lemma 17 there are also infinitely many pairwise disjoint T—-Sk paths
in C%". Since S’ is finite, there are also infinitely many such paths in cc"-5",
Then also infinitely many pairwise disjoint T—S}, paths are contained in K G”_S/,
since the ray T is contained in K. But this is a contradiction since in G the finite
vertex set S’ separates the vertex set Sk from K. (Here K¢ =5 and ¢¢"-5
are defined in the same way as C".) Thus we have shown that the set Sk is
finite for every component K € Kg/(C) with infinite Ng_g/(K). As we have seen
above, the set Ng_g/(K) is infinite only for finitely many components K € Kg:(C).
Hence there exists a finite set AY, (C') C S* such that for these components we have
Sk C AL (O).
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Let K% (C) :={K € Ks/(C) : [Ng—s/(K)| < No}. Next we show that a finite set
A%,(C) C S* exists, such that Ng_g/(K) C A%,(C) for all K € K/, (C). Suppose
that every subset of S* for which this holds is infinite. Then K%, (C) is also infinite,
because for each K € K4, (C) the set Ng_g/(K) is finite. Since the components
of Kg:/(C) are disjoint and S’ is finite and C is connected, there exists a vertex
v of C that is adjacent to infinitely many components of K, (C) such that all
these components together have infinitely many neighbours in S*. Then we can
inductively construct a v—S* fan in C¢, since Ng_g/(K) is finite for all K €

's/(C). But this is a contradiction to Lemma 13. We now select a finite vertex set
A%,(C) C S* such that Ng_g/(K) C A%, (C) for all K € K/, (C). Furthermore we
set Ag/(C) := AL, (C) U A%, (C).

Now let S be an arbitrary finite subset of V(G"). For the definition of the vertex

set S we define three further vertex sets:
Sti=Uesltl, 82 := {t1,....ts}, where | := max{r, s,m} with ¢, := mazien{t; €
S*| there exists C € C* with t; € Ng(C) and V(C) N (S U S # 0}, ts =
mazien{t; € S*| there exists C' € C with t; € Ng(C), |[Na(C)| < ¥p and V(C) N
(SUSY) # 0} and t,, := maz{t; € S* N (SUSY)}. Furthermore let C := {C €
C||Na(C)| = No, V(C) NS # B}. For every C € C let the sets K4(C) be defined
as above. Since S is finite and the components of C are disjoint, C is finite. As we
have seen before, for each C' € C there exists a finite set Ag(C') C Ng(C) such that
Na-s(K)\Ngr_s(K) C Ag(C) for all K € Kg(C). Then also 5? := (s es As(C)
is finite. We set S := SU ST US?U S3. Clearly, S is finite.

We now consider two ends « and o’ of G” that are separated by S in G”. Let w
and w’ be the corresponding ends of G. Before we show that the set S separates w
and w’ in GG, we examine again the different types of ends: If w is an end of Type 1,
then w is reperesented by a ray in B (see Lemma 7). From now on we denote by
R,, such a representing ray of w. To show that S separates in G the end w and the
end «’, it suffices to show that S separates in G the ray R, and the end w’.

If w is an end of Type 2, we denote by C,, the component of C* that contains
w. By T, we denote the ray that was selected as representing ray of w in the
construction of G'; by ,,,) we denote the vertex of Ng(C,,) with maximal index.
Note that in the construction of G’ the ray T,, was linked with the vertex t,,,) by a
path in c.C. (Here C.,,¢ denotes the subgraph of G that consists of C, U Ng(C.,)
and all C,—Ng(C,) edges of G.) Hence S U S! separates the ray T, and the
vertex ty( if and only if t,) € SUS! or V(C,) N (SUS') # 0. But then
Ne(Co) C {t1, - tp@w)} € S? € S. Thus, in this case S separates in G the
complete component C,, from the rest of the graph. Since C,, is one-ended, then S
separates in G the end w from all other ends. So in G—S the end w is separated from
all other ends whose associated ends are separated in G” — S from the end «.. Hence,
in the following we consider only the case t,(,) ¢ SUS! and V(C,,)N(SUSH) = 0.
In this case in G — (S U S!) the end w is contained in the same component as the
vertex ty(,). The same holds for the corresponding end o in G” — S. This means
if S separates in G” the end « and the end o', then S separates the vertex t,.,
and the end . To show that S separates in G the end w and the end w’ it suffices
to show that S U S! separates in G the vertex tn(w) and the end W'

If w is an end of Type 3, then we denote by C,, the component of C that contains
w and by K, the component of C, — S that contains w. Furthermore let ,.,
be the vertex of Ng(C,,) with maximal index (by the definition of Type 3 the set
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Ne(Cy,) is finite). If w is separated in G” — (S U S*) from the vertex ¢, either
tn(w) € SUST or V(C)N(SUS!) # 0. In both cases it follows from the definition of
S? that Ng(C.,) C {t1, e tnw)} C S2 C S, which means that in G the vertex set
S separates the complete component C from the rest of the graph. Since S D S,
C — S decomposes into finer components than C — 5. So in G — S the end w is
separated from all other ends whose associated ends are separated in G — S from
the end a. Thus in the following we consider only the case V(C)N(SUS!) = () and
to(w) € SU S1, which means that in G” — S and in G — (S U S?) the vertex tn(w)
is adjacent to the whole component C. So, if S separates in G” the end « and the
end o, then S separates the vertex n(w) and o’. To show that S separates in G
the end w and the end w’ it suffices to show that S U S! separates in G the vertex
tn(w) and the end w'.

If w is an end of Type 4, then let C,, be the component of C that contains w.
Let K, be the component of C,, — S that, considered as subgraph of GG, contains w.
Let K, be the corresponding component of C,, — S. Since S C S, it follows that
K, 2 K,.

We now show that Ng»_s(K,) 2 Ng_g(K,). By the construction of G” we
have Ng»(C) = N¢(C) for each component C' € C with infinite Ng(C'). Hence
V(C)NS # 0 if No—s(C)\Ngr_g(C) # . As shown above, we have Ag(C) 2
Ng-s(K)\Ng_s(K) for every component K of C'— .5, thus also for the component
K., But this means Ng»_g(K,) 2 Ng_s(K,)\As(C). Since Ag(C) C S2 C S, it
follows that Ng»_g(K,) 2 Ng_g(K,). So the component K, is in G — S linked
with G\ K, only by vertices of Ng»_g(K,); the same holds for the component K,
in G’ — 8. If S separates in G” the end o’ and the end «, then o' is contained in
a component of G” — S that is different from K, and S separates the vertex set
Ngr_s(K,) and the end . Since K, C K, also ' is not contained in K,, but in
another component of G — S. Thus, for the proof that S separates in G the end w’
and the end w it suffices to show that S separates in G the vertex set Ng_g(K,)
and the end w’.

We show now that S separates w and «’ in G. By the above considerations it
suffices, depending on the type of ends, to show that S separates in G two vertex
sets of the type Ngrv_s(K.,) or {t,(.)}, or separates such a vertex set and a ray,
or separates two rays. But, since S O S U S!, this is proved by Lemma 19 and
Corollaries 3 and 4. So the proof of Theorem 1 is complete. O
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