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CHAPTER 1

Intro duction

We investigate several classes of infinite graphs that turn out to have a tree-
like structure, each in their own way. Although this thesis consists of three parts,
there is a connection from each part to its succeeding one. Before it comes to the
three parts, we recall in Chapter 2 several definitions and aspects of infinite graphs,
hyperbolic graphs, the structure tree theory, and dimension concepts of topological
and metric spaces.

Part 1 deals with hyperbolic graphs. After Chapter 3, in which we discuss sev-
eral known connections between hyperbolic graphs (together with their hyperbolic
boundary) and trees (together with their boundary) and which does not contain
new results, we show in Chapter 4 that every locally finite hyperbolic graph G
whose hyperbolic boundary has finite Assouad dimension has a rooted spanning
tree T with several properties:

e Every ray starting at the root is quasi-geodetic for some global constants.

e The main part of the hyperbolic graphs fits snugly around the described rays in
the sense that for some constant d every geodetic ray of the graph lies eventually
d-close to the tree.

e The identity map from T to G extends to a continuous map from T U! T, the
tree with its boundary, to GU! G, the graph with its hyperbolic boundary, such
that every element of | G has at least one but only boundedly many preimages
under this extension.

This result extends a result of Gromov [46] which says that from every hyper-
bolic graph with bounded degrees one can construct a tree outside the graph with a
continuous surjection from the ends of the tree onto the hyperbolic boundary such
that the surjection is finite-to-one.

We remark that an R-tree as in the result of Chapter 4 also exists in the more
general situation of proper hyperbolic geodetic spaces, see [52]. But to keep this
thesis graph theoretical, we write the chapter in the notations of graphs.

We continue in Part 2 with the investigation of graphs whose automorphism
groups act with certain additional properties on the boundary of the graphs. The
first chapter of Part 2 (Chapter 5) introduces to the whole topic and particularly to
a property, called the fixed set property, that reveals a relation between the group
action on the graph and that on the boundary of the graph. In that chapter we
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2 1. INTRODUCTION

summarize some known results for the better understanding of the new results in
Chapter 6, 7, and 8.

In Chapter 6, we prove that there is no locally finite planar hyperbolic graph
with precisely one end such that a subgroup of its automorphism group acts tran-
sitively on the graph and fixes a hyperbolic boundary point. This gives a partial
answer to a question of Kaimanovich and Woess [61].

We continue in Chapter 7 with characterizing connected graphs, not necessarily
locally finite, that have infinitely many ends and whose automorphism group has a
subgroup that acts transitively on the graph itself but fixes an end of a certain kind,
called a non-local end. These graphs are quasi-isometric to semi-regular trees as in
the case of locally finite graphs, see [80]. This answers a problem of Woess [101].

If we assume that the automorphism group of a connected graph with infinitely
many non-local ends acts transitively on these ends, we obtain in Chapter 8— also as
an answer to a problem of Woess [101]—that there is a metrically almost transitive
subgraph that is quasi-isometric to a semi-regular tree and whose deletion leaves a
rayless graph.

In Part 3, we look at graphs that satisfy various kinds of symmetry conditions.
These conditions lie somewhere between transitivity of the automorphism groups
on the vertices and homogeneity of the graphs. In the first chapter of Part 3
(Chapter 9) we shall discuss known results for some symmetry conditions: We
start with homogeneous graphs and then weaken the assumptions to obtain other
natural symmetry conditions. We also discuss the corresponding known results in
the case of directed graphs and how the new results of Chapter 10, 11, and 12
correspond to the known results.

The main result of Chapter 10 is the classification of the connected distance-
transitive graphs with more than one end. This is a generalization of the results
in [76, 81] to graphs with arbitrary degree.

In Chapter 11 we look at connected K-CS-transitive graphs and classify, for
k > 3, those that have at least two ends. Thereby, we do not only generalize a
result from Gray [42] from locally finite graphs to graphs with arbitrary degree but
also from the case k = 3 to arbitrary k > 3.

Finally, in Chapter 12, we study connected-homogeneous digraphs. The inves-
tigation of these digraphs was started by Gray and Moller [45] where they classified
the two-ended connected such digraphs and gave a list of examples with infinitely
many ends. We classify the connected such digraphs with more than one end and
arbitrary degree, and also the locally finite connected such digraphs with precisely
one end and the finite connected ones. This, then, completes the classification of the
connected-homogeneous digraphs, either finite or infinite, whose vertices have finite
degree. This is the only piece of this thesis in which we study finite (di-)graphs.

Let us say a word about the techniques we use for the proofs in several chapters
whose corresponding theorems for locally-finite graphs are all based on Dunwoody’s



1. INTRODUCTION 3

structure trees corresponding to finite edge-cuts that are invariant under the action
of the automorphism group of the graph. This structure tree theory is described in
the book of Dicks and Dunwoody [25], see also [31]. We refer to [83, 82, 94] for
introductions to this topic. Since those edge-cuts must be finite, these structure
trees can in general only be applied to locally finite graphs.

Recently, Dunwoody and Kron [32] developed a similar structure tree theory
based on vertex cuts, providing a similarly powerful tool for the investigation of
graphs that are not necessarily locally finite. We use this new theory in several of
our proofs.






CHAPTER 2

DebPnitions and preliminary results

In this chapter we give the main definitions that we use throughout the thesis.
Furthermore, we summarize some known results. In the last section of this chapter,
we define some (di-)graphs that play a role in the various classification results of
Part 3. Throughout this thesis we use the graph theoretic terms and notations from
[26] if not stated otherwise.

2.1. Ends of graphs

We introduce some notations for infinite graphs. A ray is a one-way infinite
path. Two rays in a graph G are equivalent if there is no finite vertex set S in
G such that the two rays lie eventually in distinct components of G — S. The
equivalence of rays is an equivalence relation whose classes are the (vertex) endsof
G. If we just talk of ends of graphs we always think of vertex ends. All other end
types—which we shall define in a moment—will be stated concretely.

By replacing the finite vertex set S in the definition of ends by a finite edge set
one obtains edgeends Obviously for every graph there is a canonical map from its
ends to its edge ends which is surjective but in general not injective.

A metric ray is a ray such that no infinite subset of its vertices has finite
diameter. An end is glokal if every ray in that end is a metric ray. If conversely
there is no metric ray in an end this is a local end. If an end is not local, then it is
a non-local end. So an end is non-local if it contains a metric ray.

Two metric rays are metrically equivalent if for every vertex set S of finite
diameter both rays lie eventually in the same component of G —S. The equivalence
classes of metrically equivalent metric rays are the metric endsof a graph. Just as
the ends are a refinement of edge ends, the metric ends are a refinement of non-local
ends. A group acts metrically almost transitively on a graph G if there isanr € N
such that for every x € VG there is G(X, r) = G. See [62, 66, 67] for more details
on metric ends and metrically almost transitive graphs.

A vertex X € VG dominatesan end " if there is a ray R in " and an infinite
set of (except for X) pairwise disjoint X-R-paths and an end " is thin if there is an
n € N such that there are at most n disjoint rays in " .

The proof of the following lemma due to Konig can be found for example in
[26, Lemma 8.1.2].

ot



6 2. DEFINITIONS AND PRELIMINARY RESULTS

LEMMA 2.1. Let Vo, Vi,... be an inPnite sequene of disjoint non-empty bnite
sets,and let G be a graphwith VG =, V;. Assumethat everyvertexv in a set
V,, with n > 1 has a neighlor f (v) in V,,» 1. Then G contains a ray vgv; ... with
v, €V, for all n. !

2.2. Group action on graphs

A group T" actson a graph G if I' acts on the set VG and if for every xy € EG
and for every # € I' the image X“y® of Xy is an edge in G again. Remark that we
denote with X¢ the image of X under #. If I" acts transitively on VG the G is a
transitive graph.

Let T be a group acting on a digraph D and let U C VD. We denote with I'yy
the (pointwise) stabilizer of U, that is the subgroup of I" that fixes each element
of U. The same notion holds for an edge e € ED or a single vertex x € VD. If I'
fixes the set U setwise, then we denote with 'V all the automorphisms of U that
are obtained by restricting elements of I' on U.

For the following well-known proposition see for example [99] or [69, 3.1.2].

ProrosiTiON 2.2. Every sulgroup of S,, with n € N is equalto A,, or hasan
index of at least n. !

For infinite graphs, we have the following theorem which is well-known in the
locally finite case.

THEOREM 2.3. [27, Corollary 4] Connected inbnite transitive graphshaveeither
1, 2, or inpnitely many ends. !

But the case of precisely two ends only happens in locally finite graphs as the
next theorem shows.

THEOREM 2.4. [27, Theorem 7] Every connected transitive graph with precisely
two endsis locally Pnite. !

We call a graph end-transitive if its automorphism group acts transitively on
its ends.

An automorphism # of a graph G is a translation if there is no finite vertex set
fixed by #. A T'-congruene $ is a [-invariant equivalence relation. Its congruene
classesare the equivalence classes of that relation.

2.3. Planar graphs

Planar graphs are graphs that have an embedding of the graph as a 1-complex
into the Euclidean plane. Such embeddings are also called planar embeddings.
Whitney [98] proved the following result for finite graphs. Later it was extended
by Imrich [57] and Thomassen [93] to infinite graphs.

THEOREM 2.5. Planar 3-connected graphshavea unique plane emtedding. !

The next result is due to Babai and Watkins [7], see also [6, Lemma 2.4].
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LEMMA 2.6. [7, Theorem 1] Let G be a locally bnite connected transitive graph
that has precisely one end. Let d be the degree of any of its vertices. Then the graph
has connectivity at least 3(d + 1)/ 4. !

For a planar graph G and a vertex X € VG, we consider the embedding of
the edges incident with X and define the spin of X to be the cyclic order of the set
{Xy |y € N(x)} where Xz is a successor of Xy whenever the edge Xz is the next one
after the edge Xy in the clockwise order around X.

We deduce from Lemma 2.6 and Theorem 2.5 that every locally finite transitive
planar graph with precisely one end has a unique embedding in the Euclidean plane.
So we know that every vertex of a locally finite transitive planar graph with precisely
one end has either a fixed spin or its reversing spin.

An automorphism # of a graph G that is uniquely embeddable into the Eu-
clidean plane is called spin-preservingif for a vertex X € VG the spin of X% is the
same as the image of the spin of X under #. If the spins are not the same, then the
spin of X* must be the reverse of the image of the spin of X under # because of the
unique embedding of G. In this latter case, the automorphism is spin-reversing

2.4. Digraphs

A digraph D = (VD,ED) consists of a non-empty set VD, its set of vertices
and an asymmetric (i.e. irreflexive and anti-symmetric) binary relation ED over
VD, its set of edges

We write Xy for an edge (X,y) € ED and say that Xy is directed from x to y.
For x € VD we define its out-neighlorhood as N *(x) := {y € VD |xy € ED}, its
in-neighborhood as N” (x) := {z € VD | zx € ED} and finally its neighwrhood as
N (x) := NT(x) UN" (x). Two vertices are called adjacent if one is in the other’s
neighborhgpd. For a ﬁertex set X C VD the neighborhood of X is defined as
N(X):= " _ yN(Xx) \ X and N*(X),N" (X) are defined analogously. For all
X € VD we denote with d(x),d" (x) the cardinality of N *(x),N" (), respectively.
The degree d(x) is the cardinality of N (x). So we have d(x) = d*(x) +d" (x).

A (k)-arc is a directed path (of length k). An ancestor (desendant) of a
vertex X is any vertex Y for which there exists an arc from y to X (from X to y).
The desendant-digraph (ancestor-digraphs of x is the subdigraph desc(x) € D
(the subdigraph anc(x) C D) that is induced by the set of all its descendants (its
ancestors, respectively).

If XgX1...X, is a sequence of vertices such that any two subsequent vertices
are adjacent then it is called a walk and a walk of pairwise distinct vertices is called
a path. A path that is also an arc is called a directed path. A digraph is called
connected if any two vertices are joined by a path.

A walk XoXp...X, such that X; € NT(X;11) & Xiz1 € N (Xi42) is called
alternating. If e = xy and €’ = x*y* are contained in a common alternating walk
then they are called reachablefrom each other. This clearly defines an equivalence
relation, the reachability relation, on ED which we denote by A, and for e € ED
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we refer to the equivalence class that contains e by A(e). We call the subdigraph
D[A(e)] induced by A(e) the reachability digraph of D that contains e.

The reachability digraph of an edge e is a bipartite reachability digraph if it is
bipartite, if one class of this bipartition has empty in-neighborhood in D [A(e)] and
if the other class has empty out-neighborhood.

Let ~ be an equivalence relation on a digraph D. With Dg we denote the
digraph whose vertex set is the set of equivalence classes and with edges X Y when-
ever there are representatives X € X,y € Y such that Xy € ED. This is not a
digraph in our restrictive meaning, because it may have loops or for an edge xy
there might also exist the edge yx. However, we just consider such equivalence re-
lations that makes Dg to a digraph, that means its adjacency relation is irreflexive
and anti-symmetric.

The endsof a digraph are the ends of the underlying undirected graph.

2.4.1. Group action on digraphs. A group acts on a digraph if it acts on
the underlying undirected graph and, furthermore, respects the directions of the
edges, that is, if Xy is an edge and %a group element, then X?y” is also an edge.

In an edge-transitive digraph, that is a digraph such that its automorphism
group acts transitively on its edges, all reachability digraphs A, := D[A(e)] with
e € ED are isomorphic, so we may denote a representative of their isomorphism
type by A(D). Furthermore Cameron, Praeger and Wormald proved the following
proposition on the reachability relation in edge-transitive digraphs.

PROPOSITION 2.7. [19, Proposition 1.1] Let D be a connected edge-transitive
digraph. Then A(D) is edge-transitive and connected. Further, either

(a) A is the universal relation on ED and A(D) =D, or
(b) A(D) is a bipartite reachability digraph. !

2.5. Structure trees

In this section we introduce the terms of cuts and structure trees that were
developed in [32] and have their applications, apart from this thesis, in [64]. Com-
pared with Dunwoody and Kron [32] we use a different notation for the cut systems
in order to indicate the relation of cut systems with the well-known graph theoretic
concept of separations, see [26].

Let G be a connected graph and let A,B C V(G) be two vertex sets. The
pair (A, B) is a sefaration of G if AUB =V (G) and E(G[A]) UE(G[B]) = E(G).
The order of a separation (A, B) is the cardinality of its sefarator A N B and the
subgraphs G[A \ B] and G[B \ A] are the wings of (A, B). With (A, ~) we refer
to the separation (A, (V(G)\ A)UN(V(G)\ A)). A cutis a separation (A, B) of
finite order with non-empty wings such that the wing G[A \ B] is connected and
such that no proper subset of A N B separates the wings of (A, B). A cut system
of G is a non-empty set S of separations (A, B) of G satisfying the following three
properties.
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1. If (A, B) € S then there is an (X,Y) € S with X C B.

2. Let (A,B) € S and C be a component of G[B \ A]. If there is a separation
(X,Y) e S with X \'Y C C, then the separation (CUN (C), ~) is also in S.

3. If (A,B) € S with wings X,Y and (A B¥ € S with wings X * Y# then there
are components C in X N X#and D in Y N Y#or components C in Y N X #and
D in X NY#such that both C and D are wings of separations in S.

Two separations (Ag, A1), (Bo,B1) € S are nestel if there are i, j € {0, 1} such
that one wing of (A; N B, ~) does not contain any connected component C with
(CUN(C),~) € S and Ay ;NB1 ; contains (AgNA;1)U(BoNB1). A cut system
is nestal if each two of its cuts are nested.

REMARK 2.8. The following two assertions hold.

1. If, for two C-cuts (Ao, A1), (Bo, B1), the semrator Ag N A; contains vertices of
both wings of (B, B1), then the two cuts are not nestel.

2. In any transitive graph G with an Aut(G)-invariant cut systemcC, any two nested
cuts (Ag,Aq) and (By,B1) with (AcNA1)U(BoNB1) C Ay ;NBy- ; havethe
property that A; N B; is empty by [32, Lemma 3.5].

A cut in a cut system S is minimal if its order in S is minimal. A minimal cut
systemis a cut system all whose cuts are minimal and thus have the same order.

Let us describe two minimal cut systems one of which was introduced by Dun-
woody and Kron [32, Example 2.2]. Both will be used in our proofs.

EXAMPLE 2.9. Let G be a connected infinite graph with at least two ends (two
non-local ends). Let n be the smallest cardinality of a finite vertex set X such that
there are at least two components in G — X that contain a ray (a metric ray) each.
Let S be the set of all cuts (A, B) with order n such that both G[A] and G[B]
contain a ray (a metric ray). Then S is a minimal cut system.

An S-separator is a vertex set S that is a separator of some separation in S.
Let W be the set of S-separators. An S-block is a maximal induced subgraph X
of G such that

(i) for every (A,B) € S thereis V(X) C A or V(X ) C B but not both;

(ii) there is some (A,B) € S with V(X) CA and ANB CV(X).
Let B be the set of S-blocks. For a nested minimal Aut(G)-invariant cut system
S let 7 be the graph with vertex set W U B. Two vertices X,Y of 7 are adjacent
if and only if either X e W, Y e B,and X CY or X € B, Y ¢ W, and Y C X.
Then 7 = T(S) is called the structure tree of G and S.

LEMMA 2.10. [32, Lemma 6.2] Let G be a connected graph, and let S be a
nestal minimal cut system. Then the structure tree of G and S is a tree. !

An S-slice is the induced subgraph G[Z] of a component Z of G — (ANB) with
(A,B) € S such that (ZU(ANB),~) £S.
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A separation (A, B) € S sefratestwo vertex sets, two S-blocks, two ends of G,
or an S-block and an end of G properly if the blocks intersect non-trivially with
distinet wings of (A, B), if each two rays of distinct ends lie eventually in distinct
wings of (A, B), or if each ray eventually lies in that (A, B )-wing that intersects with
the block trivially. If one separator S separates two vertices of another separator S*
the separators S and S* cross It is a consequence of Lemma 3.3 and Theorem 3.5
of [32] that two minimal separations are nested if and only if their corresponding
separators do not cross.

A cut system S of a connected graph G is basicif S is minimal, nested, Aut(G)-
invariant, if S is a subsystem of the minimal cut system given in Example 2.9 and
if all separators A N B with (A, B) € S belong to the same Aut(G)-orbit.

We state here that part of Theorem 7.2 of [32] that we shall use here.

THEOREM 2.11. For every graph G with at least two ends(two non-local ends)
there is a basic cut systemS of G. !

A ray R correspndsto a vertex X of 7 if X is a block and RN X is infinite. A
ray R correspndsto an end " of 7 if for any ray P in "
S on P all but finitely many vertices of R lie in the same component of G — S

and for every S-separator

as that S-block which is in 7 adjacent to S and which separates S from " in G.
Obviously a ray of G corresponds either to a vertex of 7 or to an end of 7. As all
rays in the same end have to correspond to the same vertex or end of 7, we also
say that the end correspndsto that end or vertex of 7.

For a cut (A, B) and a minimal cut system S let mg (A, B) denote the number
of distinct S-separators S such that there is one S-separation that is not nested
with (A, B) and that has S as its separation. By [32, Theorem 3.5, Lemma 4.1]
the value ms (A, B) is finite.

LEMMA 2.12. Let G be a connected graph. Let C be a minimal cut system. Let
S1 and S, be two basic subsystemsof C. Suppse that there are semrations of S;
and S, that are not nestal. Then there is a basic subsystemS of C suchthat SUS is
a nestel cut systemand ms, (A, B) < mg, (A% B for all (A, B) € S, (A%, B# € S».

PRrROOF. Let (A1,B1) € &1 such that (A1, B1) is not nested with all (A, B) € Sa.
We choose (A3, B2) € Sy such that the intersection X of one wing of (Ag, Bs) with
A1NBj is minimal but not empty and such that the S;-block containing X is in the
structure tree 75 adjacent to Ao NBsy. We may assume that X C A,. Then there is
a component C of G—(A;NB1) — (A2NB2) such that X C NC and (CUNC, ~) is
a minimal cut. Let S be the set of all those cuts such that their separator is NC*
for any # € Aut(G). We just have to prove that S fulfills the claims of the lemma,
so we have to prove that S is a nested cut system, that So U S is nested and that
ms, (A, B) < ms, (A* B¥ for all (A,B) € S, (A* B¥) € S,.

By the minimal choice of X it follows that S; U S is nested. So it remains
to prove the inequality and that S is nested. Let us first prove the inequality.
Since each Si-separation which is nested with (As, Bo) also has to be nested with
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(CUNC,~) by the minimal choice of X, the inequality holds with < instead
of <, namely ms, (C UNC,~) < mg, (Az,B3). But on the other hand there is
the Si-separation (Aj,B1) that is nested with (C UNC, ~) but not nested with
(A2,B2) and hence the inequality is strict. Let us finally show that S is nested.
Let S := ANB and let # € Aut(G) with S in the same component of G — S
in which X lies. By the choice of S and X we know that S® does not cross
A1 NB;. Thus there is a component D of G — NC such that S* C D UND. The
separator (A} N B1)® crosses S* and thus it has to lie in the same component of
G — (ANB) as S* does. By a similar argument as before we know that S does
not separate X ¢ from S% and thus both S* and X ® do not intersect with the
component of G — (C UNC) that intersects with X non-trivially. Thus there are
two S-separations with corresponding separators N C and N C® that are nested and
as mentioned before this implies by arguments of [32] that NC and NC* do not
cross. Thus S is a nested cut system. !

LEMMA 2.13. [32, Lemma 4.1] For any k, every pair of verticesin a connected
graph is separated properly by only bnitely many distinct semrators of order k. !

LEMMA 2.14. Let G be a graph and let C be a nestal cut systemof G suchthat
no C-separator contains any edge. For any path P that has both its end verticesin
the sameC-semrator S, there is a C-block with maximal distance to S in 7(C) that
contains edgesof P. This C-block contains at least two edgesof P.

PRrROOF. Any two vertices that are not in a common C-block, are separated by
some C-separator. So we conclude that for each edge of G there is a unique C-block
that contains this edge, as it is not contained in any C-separator. The path P has
only finitely many edges, so there are just finitely many C-blocks that contain edges
of P and we may pick one, X say, with maximal distance to S in 7(C). Let xy be
an edge on P that lies in X. Then either X or y does not lie in that C-separator
S#that separates X from S and lies in X . We assume that this is y. Let z be the
other neighbor of X on P. The edge yz cannot lie further away from S than X in
the structure tree, but since y € S¥, we have yz € EX. So X contains two edges
of P. !

In the context of a digraph D all concepts introduced in this section are related
to the underlying undirected graph G of D except for one definition: We call a cut
system C for a digraph D hasic if it has the following properties.

(i) C is non-empty, minimal, nested and Aut(D )-invariant.
(ii) Aut(D) acts transitively on S.
(iii) For each C-cut (A, B) both A and B contain an end of D and there is no
separation of smaller order that has this property.

Then Theorem 2.11 does not only hold for any graph but also for any digraph

by the results in [32]. We have to define the property of being basic differently,
because we know in general only that we may consider Aut(D) as a subgroup
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of Aut(G), but we do not know whether it is a proper subgroup or not. Thus, our
cut system could have more than one Aut(D)-orbit of separators which would be
more difficult to deal with.

2.6. Hyp erbolic graphs

In this section we define hyperbolic graphs and various other related objects.
For a more detailed introduction to hyperbolicity, we refer to [1, 23, 40, 46, 87]
as well as [12, Chapter III.H] and [103, Chapter 22].

Let G = (VG,EG) be a graph. A geodesicis a path between two vertices X and
y with length d(X, y) and denoted by [X, y]. A triangle is a set of three vertices (not
necessarily distinct)—called corners of the triangle—together with paths between
each two of these vertices. These paths are called sidesof the triangle. The triangle
is gendetic if all sides of the triangle are geodesics. We write [X, Y, z] for a geodetic
triangle with corners X,y and z.

We are investigating G from a topological point of view, so that every edge of
G can be understood as an isometric image of the real interval [0, 1].

The graph G is called &hyperbolic for a & > 0 if for every geodetic triangle
[X, ¥, z] each of its sides lies in a &neighborhood of the other two sides and G is
called hyperholic if there exists a &> 0 such that G is &hyperbolic.

Let 0 be a vertex in G. The Gromov-product (with respect to its base-int 0)
for two vertices X and y is (X, ¥), := 5(d(x, 0) +d(y,0) —d(x, y)). If it is obvious by
the context that we use 0 as the base-point for the product, we simply write (X, y).
An easy proposition is due to Gromov.

PRroOPOSITION 2.15. [46, 1.1B] Let G be a graphand o € VG. If

(X, Y)o = min{(X, 2)o, (¥, 2)o} — &
for all x,y,z € VG, then there is

(X, Y)w > min{(X, 2)w, (Y, 2)w} — 2&
for everyw € VG. !

Another definition of hyperbolicity uses the Gromov-product. So one might
expect that this definition depends on the vertex 0, but Proposition 2.15 has shown
us that this is not the case. See for example [1, Proposition 2.1] for a proof of the
following proposition.

ProprosITION 2.16. A locally Pnite graph G is hypertolic if and only if there
is a vertex 0 and some & € Ry With (X,¥), > min{(X, 2),, (¥,2)o} — & for all
X, ¥,Z€ VG, I

Since we are looking at the hyperbolic boundary from distinct viewpoints, we
state here three different definitions of the hyperbolic boundary all of which are
equivalent. A geodetic ray is a ray $ = XoXi... with d(X;,x;) = [i — ]| for all
i,j >0, and a double ray ...X~ 1XoX1 ... is a geodetic doubleray if d(x;, X;) = |i —j |
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for all i, ] € Z. Two geodetic rays $1, $2 are equivalentif for any sequence (Xy,)n §
of vertices on $; we have liminf,g: d(X;,,$2) <M for an M < co. A well-known
fact is the following proposition.

PROPOSITION 2.17. [103, (22.12)] The equivalen of geodetic raysin hyperbolic
graphsis an equivalene relation. !

Hence we are able to define the hyperlolic boundary of a hyperbolic graph:
A hyperbolic boundary point is an equivalence class of geodetic rays. Let ! G be the
set of hyperbolic boundary points, and let &beGuU!G.

We are also giving a second topological definition of the hyperbolic boundary:
A sequence (X;)i%0 convergesto a vertex X if igm (X4, X) = 0. A sequence (X;)i%o0
convergesto oo if i}%&r’n (Xi,X;j) — oo. Like above, it is independent of the choice

of 0, so we just wrote (X;,X;) instead of (X;,X;)o. Two sequences (X;)ino, (Y;);%0
are equivalentif . l.g.n (X;,Y;) = co. In hyperbolic graphs this equivalence is indeed
an equivalent rela%ion. The hyperbolic boundary can also be defined as equivalence
classes of this equivalence relation. A sequence (X;)i%o tendsto a boundary point
if it is in its equivalence class. In [40] the equivalence of these definitions is shown.

A third way to define the boundary is by defining a metric d. on G and then
defining & as the completion of G induced by d.. Let' > 0 with ' #:= exp('&)—1<

V2 —1. Let
(c(X,y) :=exp(—" (X, ¥)),
9%

and
dy(X,y) :=inf{((c) | ¢ chain between X and y}.

It is easy to check that d. is a metric on G.
An important theorem about the hyperbolic boundary is the following.

THEOREM 2.18. [40, Proposition 7.2.9] If G is a locally bnite hyperbolic graph,
then (@, d:) is a compact metric space. !

We will now define a topology on G, which is compatible with the topology
of & which is induced by d.. For two vertices and/or hyperbolic boundary points
a and b we define the Gromov-product (once more):

(a,b) := sup ljr%linf(xi, \Z2))
0.
where the supremum is taken over all sequences (X;)ipo — @ and (Yi)iwo — b
Obviously it is just the same as the previous definition for vertices, so we were
allowed to use the same symbol. Let N4 (x) := {y € |(x,y) > k} for every x € | G
and every K € Ry and let B,.(X) = {y € VG|d(x,y) < r} for every x € VG and
r e R%o.
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ProrosITION 2.19. [1, Proposition 4.8] Let G be a locally bnite hyperbolic
graph. The union of the setsB,.(x) for all x € VG and all r € Ry, and N (x) for
all x e! G and all k € Ry form a hasis for a topology on 8. !

This topology is compatible with the metrics d., which makes the boundary to
a compact metric space by Proposition 2.20.

PROPOSITION 2.20. [40, Proposition 7.3.10] Let G be a locally Pnite hyperbolic
graph. There exists a metric d. on & suchthat (@,ds) is a compact metric space
and such that the metric is compatible with the just debnel topology in the sense
that

Foexp(—' - (),*) £d(),%) Sexp(— - (),*))
for all ),* € ! G and for ' #= exp('&) — 1.
In addition every' with '# < /2 — 1 hasthis property. !

Proposition 2.20 is the reason why it is possible that we will use the metric
in some place, the topology in some other place, and sometimes use them both
together.

PRrROPOSITION 2.21. [40, Proposition 7.5.17] Let G be a locally Pnite hyperbolic
graph. There exists a continuous surjection from the hypertolic boundary of G to
its set of endswhosebbres are the connected components of ! G. !

We state some further propositions that we shall need later.

PROPOSITION 2.22. [103, (22.11) and (22.15)] Let G be a locally bnite hyper-
bolic graph with two distinct boundary points ) and *. Let o be a vertex in G,
(xi)a v a geodetic ray convemging to ), and (y;); ~ a geodetic ray converging to *.
Then the following two properties holds:

(i) Thereis a gedetic ray in G starting at o and havingonly bnitely many vertices
diler ent from (X;)i n-

(ii) Thereis a geodetic doubleray having only Pnitely many verticesdiler ent from
(x;)a n and (y;); n. One side of the geodetic doubleray convemgesto ), the
other to *. !

PROPOSITION 2.23. [103, Proposition 22.12] If $ = X;X5... and $¥ =yy,...
are equivalent geodetic rays, then there is a k € Z suchthat d(X,, Y, ) < 2& for
all but pnitely many n. !

Let %> 1,c > 0. A (%c)-quasi-isometry from a metric space X to another
metric space Y isamap f : X — Y with

% ldx (x,y) —c < dy(f (x),f(y)) <%x(X,y)+c

for all X,y € X and with sup{dy (y,f (X)) |y € Y} <b Then X is quasi-isometric
to Y.

A (double) ray R in G is (%c)-quasi-gedetic if it is the image of a (% c)-quasi-
isometry from Zoyo (Z, respectively) to R. Hence a (double) ray is geodetic, if it is
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a (1, 0)-quasi-geodetic (double) ray. If the constants % ¢ are not important then we
just speak of quasi-gedesics

The next proposition shows that in every locally finite hyperbolic graph the
geodesics and quasi-geodesics lie close to each other, see also [1, Proposition 3.3],
[46, 7.2.A], [23, 3.1.3], and [40, 5.6, 5.11].

PROPOSITION 2.24. [87, Theorem 2.31], [23, Théoréme 3.1.4] Let G be a locally
Pnite &hypertolic graph. For all % > 1,% > 0 there is a constant + = +(& %, %)
such that for every two vertices X,y € VG every (%, %)-quasi-g@desic between
them lies in a +-neighlorhood around every gendesic between x and y and vice
versa.

Furthermore, this extendsto (%, % )-quasi-gedetic and geodetic rays as well as
doublerays. !

The following is from [1, Proposition 3.2] (see also [46, 8.1.D] and [40, 8.21]).

ProprosITION 2.25. Let G be a locally Pnite transitive &hyperbolic graph. Let
X € VG and # € Aut(G) such that the orbit of x under # is inpnite. Then

the set{...,x> ", x,x?,...} lieson a (+,, )-quasi-gedetic doubleray for constants
+>1,, >0 that depend only on &and d(x, x). !

PROPOSITION 2.26. [103, (22.4)] Let G be a locally Pnite &hyperbolic graph.
Then for all x,y,z € VG we have
(X y): <d(z,[xy]) < (X y): +2& !

Combining Proposition 2.24 and [16, Lemma 2.2.2] we obtain the following
proposition.

PROPOSITION 2.27. Let G ke a locally Pnite &hyperbolic graph, let ) ,* € I G,
and let o € VG. For all gedetic doublerays $ from ) to * we have
(0:%)o <d(0,$) <(),*)o +4& !

PROPOSITION 2.28. Let G be a locally Pnite hypertolic graph with a metric d.
asin Theorem 2.18 with ' > 0 and ' #:=exp('&) —1 < /2 — 1. Leto€ VG be the
base-mint for the Gromov-product of G. Then, for everyq> 0, there existsa - =
-(g,") > 0 suchthat for all )1,)2, M1, M2 € ! X with % <d:(01,H1)dc()2,02) <q
there is |d(0, ) 1, 1]) — d(0,) 2, H2])| < -

PRrROOF. By Theorem 2.18 there is
Fexp(—' ()1, M1)) < d-()1, 11) < qd=() 2, H2) < gexp(—" ()2, Ha2)).

As a consequence we have by symmetry:

101, H1) = 02, 42)| < .1111(%)

The claim follows immediately with Proposition 2.27. !
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Let G be a hyperbolic graph and H a hyperbolic subgraph of G. If the identity
map . : H — G extends to a continuous map . : ¥ — & then we say that the
canonical map ! H — ! G exists and call the restriction of 7 to ! H the canonical
map!H — 1 G.

2.7. Topology

In this section we introduce the Assouad dimension, which is the main dimen-
sion concept in Chapter 4, as well as the asymptotic dimension and the topolo-
gical dimension, and we compare these dimension concepts. For a more detailed
introduction to the Assouad dimension we refer to [5] and in particular to [75,
Appendix A].

Let X be a metric space. For #,- > 0 let S(#,-) be the maximal cardinality
of a subset V of X such that each two distinct elements of V have distance at least
# and at most - . Let n be the infimum of all S > 0 such that there is a C > 0 with
S(#,-) < C(2)* forall 0 < # < -. Then n is called the Assouaddimension of the
metric space X (notation: dima4(X ) =n).

A metric space X is doublingif there exists a + > 1 such that every ball of radius
r can be covered by at most 2" balls of radius at most 5. With dimy(X ) we denote
the infimum of all these +. A subset Y of X has diameter sup{d(x,y) | X,y € Y}
(notation: diam(Y)), and a set ) C P(X ) has diameter diam()) = sup{diam(Y) |
Y € Y}. The radius of a subset Y of X is rad(Y) := inf{sup{d(x,y) | x € Y} |
Y € Y} and the radius of a set Y C P(X) is rad(Y) := sup{rad(Y) | Y € Y}. For
every r > 0, a family B = (B;); 1 of subsets of X has r-multiplicity at most n if
every subset of X with diameter at most r intersects with at most n members of
the family. A point X € X has r-multiplicity at most n in B if B,.(X) intersects with
at most N members of the family B non-trivially.

Our main assumption is that the Assouad dimension of the hyperbolic boundary
of our hyperbolic space is finite. It is easier to use the doubling property instead.
The following theorem guarantees that we treat the same spaces.

THEOREM 2.29. [75, Theorem A.3] Let X be a metric space. Then, X is
doublingif and only if it has Pnite Assouaddimension. !

It is easy to adapt the proof of [73, Lemma 2.3] for Lemma 2.30, see [50,
Lemma 3.2] for details.

LEMMA 2.30. Let X be a doubling metric space, let N = 24im2(X) gnd let
r > 0. Then X has a covering B of closal balls of radius r suchthat 5 is the
disjoint union of at most N2 subsets/3; of B each of which has r-multiplicity at
most 1; so B hasr-multiplicity at most N 2.

Furthermore, it is possibleto chmse a given subsetY of X with d(x,y) > r
for all x,y € Y sothat Y is a subsetof the set of centers of the halls in 5 and
such that each two centers of these balls have distance at least r and each center
has 3r-multiplicity at mostN?2 in B. !
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Let us briefly compare the Assouad dimension with another dimension concept.
A metric space X has asymptotic dimension n (notation: asdim(X) = n) if n is
the smallest natural number such that for every ( > 0 there exists an open cover
U of X such that every x € X lies in at most n + 1 elements of I/, such that
supyy diam(U) < oo, and such that
inf sup d(x, X \U) > (.
z! X gy
In the main theorems (Theorem 4.13 and Theorem 4.14) we are talking about
proper hyperbolic geodetic spaces whose hyperbolic boundary has finite Assoud di-
mension. Since the hyperbolic boundary is a doubling space, we conclude from [16,
Corollary 10.2.4] that the hyperbolic space itself has finite asymptotic dimension.
We refer to [16] for a broader overview of the distinct dimension concepts for hy-
perbolic spaces and to [8, 47] for more about the asymptotic dimension.

Let us define a third dimension, the topological dimension. A rePnementl{ of
an open cover V of X is an open cover of X such that for every U € U there is a
V € V with U C V. X has topological dimension at most n if every open cover has
a refinement such that each X € X lies in at most N 4 1 elements of the refinement,
and X has topological dimension n if it has topological dimension at most n but
not topological dimension at most N — 1. If there exists no n € N such that X has
topological dimension at most n then X has inPnite topological dimension. Remark
that we always have dim X < dimg X by [75, Facts 3.3].

2.8. Some classes of graphs

A tree T is semi-regular if all the vertices in each set of its natural bipartition
have the same degree. Let VT = AUB be the partition. If all the vertices in A have
degree k and all the vertices in B have degree |, then we denote the tree with Ty ;.
If we consider directed trees we denote with Ty ; a tree whose underlying undirected
graph is a semi-regular tree and all whose edges are directed from the vertices in
the set A to the vertices in the set B. We also call this digraph a semi-regular tree.

With X, » we denote a graph with connectivity 1 such that every block, that
is a maximal 2-connected subgraph, is a complete graph on + vertices and every
vertex lies in , distinct blocks.

In the following we describe some classes of digraphs that occur during the
investigation of locally finite C-homogeneous digraphs (Chapter 12). In the context
of digraphs, we usually denote with C,, directed cycles of length m. But if it
is obvious from the context that we are considering a subdigraph of a bipartite
reachability digraph, then we also use C,, to denote a cycle in that reachability
digraph. Cycles of length 3 are triangles.

For two digraphs D, D¥ we denote with D[D# the lexicographic product of D
and D¥ that is the digraph with vertex set VD x VD# and edge set

{(x, y)(x*y" | xx* € ED or (x = x* and yy* € ED")}.
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The complete bipartite digraph is that bipartite digraph that contains all edges
from A to B for the bipartition A U B. The (directed) complement of a perfect
matching CPy, is the digraph obtained from the complete bipartite digraph where
a perfect matching between A and B is removed.

Let Yi be the digraph with vertex set V; UV, UV3 where the V; denote pairwise
disjoint sets of the same cardinality K. There are no edges Xy with Xy € V; for i =
1,2, 3 and the subdigraphs D[V;, V;11] (for i = 1,2,3 with V4, = V;) are isomorphic
to complements of perfect matchings such that all edges are directed from V; to
V;11 and such that the tripartite complement of D is the disjoint union of copies
of Cs, where the tripartite complementof D is the digraph

&
(VD, ( (Vi x Vit1)) \ ED).

i=1,2,3

The complete bipartite digraph K ,; 5 is the digraph with bipartition A UB such
that |[A| =+, |B| =, and all edges point from A to B, and the directed complement
of a perfect matching CP,, is the digraph obtained from K, ,. by removing a perfect
matching.

We call a bipartite graph G with bipartition X U'Y generic bipartite if it has
the following property: For any finite disjoint subsets U and W of X (of Y') there
is a vertex v in Y (in X) such that U C N(v) and W NN (v) = (. Any generic
bipartite graph contains any countable bipartite graph as an induced subgraph,
and thus up to isomorphism there is a unique countable generic bipartite graph
(cp. [26, p. 213] and [35, p. 98]). A generic bipartite digraph is a digraph D whose
underlying undirected graph G is generic bipartite with bipartition A UB and such
that all edges of D are directed from A to B.

With H we denote the digraph depicted in Figure 1.

F1GURE 1. The digraph H
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A tournament is an orientated complete graph. We shall state Lachlan’s clas-
sification theorem of the homogeneous tournaments®, but first, we have to define a
countable tournament P to be the digraph with the rationals in the intervall [—$, $]
as vertex set and direct the edge from X to y if

X—y<$ mod2$

and from y to X otherwise. The generic countable tournament is the unique (cp.
[26, p. 213], and [35, p. 98]) countable homogeneous tournament that embeds all
finite tournaments.

THEOREM 2.31 ([21, Theorem 3.6]). There are up to isomorphismonly 5 count-
able homayen@us tournaments: the trivial tournament on one vertex, the directed
triangle, the generic tournament on " vertices, the tournament that is isomorphic
to the rationals with the usual order, and the tournament P descrited alove. !

For a homogeneous tournament T let X (T ) denote the digraph where each
vertex is a cut vertex and lies in , distinct copies of T.

Given an edge-transitive bipartite digraph A with bipartition A UB such that
every edge is directed from A to B we define DL (A) to be the unique connected
digraph such that each vertex separates the digraph, lies in exactly two copies of
A, and has both in- and out-neighbors (cp. [19, 45]).

FIGURE 2. The digraph M (3, 3)

Now, we define a class of digraphs with connectivity 2 and reachability digraph
CP.. Given 2 < m € N and a cardinal + > 3 consider the tree Ty ,, and let
U UW be its natural bipartition such that the vertices in U have degree m. Now
subdivide each edge once and endow the neighborhood of each u € U with a cyclic
order. Then for each new vertex y let u, be its unique neighbor in U and denote by

LA tournament is homogeneous if every isomorphism between subtournaments extends to an
automorphism of the whole tournament. For a more detailed introduction to homogeneity, we
refer to Chapter 9.
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! (y) the successor of y in N (u,). Then for each w € W and each X € N (w) we add
an edge directed from X to all / (y) with y € N (w) — X. Finally we delete the edges
and vertices of the T ., to obtain the digraph M (+,m). The locally finite subclass
of this class of digraphs coincides with those digraphs M (k, n) for k, n € N that are
described in [45, Section 5]. In Figure 2 the digraph M (3, 3) is shown: once with
its construction tree and once with its set of C-separators.

I

FIGURE 3. The digraph M #(6)

Another class of digraphs with connectivity 2, but this time with reachability
digraph Ko will be defined in the following. For 2 < m € N consider the tree
T22m and let U UW be its natural bipartition such that the vertices in U have
degree 2m. Now subdivide every edge once and enumerate the neighborhood of
each U € U from 1 to 2m in such a way that the two neighbors of each w € W have
distinct parity. For each new vertex X let U, be its unique neighbor in U and define
!/ (X) to be the successor of X in the cyclic order of N (u,). For any w € W we have
a neighbor a,, with even index, and a neighbor b, with odd index. Then we add
edges from both a,, and / (a,) to both b, and / (b,). Finally we delete the T3 o,
With M #2m) we denote the resulting digraph. Figure 3 shows the digraph M #6):
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on the left side with its construction tree and on the right side with the separators
of the two possible basic cut systems.






Part 1

Tree-lik eness of hyp erbolic graphs






CHAPTER 3

Trees and hyperbolic graphs

A spanning tree of a graph is called end-faithful if the tree contains exactly one
ray from each end, starting at the root. Halin [48] proved that every countable
graph has an end-faithful spanning tree. Examples for such trees are the normal
spanning trees (see [13, 58] and [26, Chapter 8]). So it is a natural question to
ask—if we replace the end-compactification of a graph by other compactifications
that refine the end-compactification—how we can expect a spanning tree to behave
with respect to the new compactification: Is it possible that the ends of a span-
ning tree represent the boundary points of this compactification in a one-to-one
correspondence?

In general, arbitrary hyperbolic graphs do not have spanning trees which are
faithful to hyperbolic boundary points instead of ends. An easy example is the
graph G of Figure 4. Its hyperbolic boundary A is homeomorphic to the real unit
interval. Now suppose there is a spanning tree T of G with precisely one ray from
the root to each boundary point of G. Then there is a vertex X that separates T
into at least two infinite components, call them Cq,...,C,. For each i let A; C A
be the set of boundary points to which there is a ray in C;. As G is locally finite,
it is not hard to see 'that the A; are closed in A, hence they have to intersect, since
A is connected and A; = A.

HITHTTTHHH

FI1GURE 4. A hyperbolic graph with its boundary

On the other hand, it is easier to see that for a given hyperbolic graph G there
is not always a tree such that the end space of the tree is homeomorphic to the
hyperbolic boundary of G: In [15, Section 7] (see also [11, 33] or [16, Chapter 6])
it is shown that for every compact metric space X there is a locally finite hyperbolic
graph constructed so that its hyperbolic boundary is homeomorphic to X . As the

25
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end space of any tree is a totally disconnected topological space (see [59]) there
cannot be any spanning tree such that the induced map from the boundary of the
tree to the boundary of the graph is a homeomorphism.

In fact, we shall prove in Section 4.4 that there is a function f : N — N such
that any spanning tree T of a locally finite hyperbolic graph G, for which the
canonical map ! T — ! G exists, has a hyperbolic boundary point with at least f (n)
preimages, where n is the topological dimension of ! G.

Whenever the identity of a hyperbolic graph G extends to a homeomorphism
from GU!G to G with its ends, any normal spanning tree—or more generally
any end-faithful spanning tree—is faithful with respect to the hyperbolic boundary
points.

Hyperbolic graphs in which the notion of hyperbolic boundary points and ends
coincide are for example all locally finite graphs quasi-isometric to a tree (see [67])
or—more generally, compare with [67, Theorem 2.8]—locally finite graphs in which
any end is a thin end in the sense of [26, Chapter 8], as any end of a locally finite
hyperbolic graph that consists of more than one hyperbolic boundary point con-
sists of uncountably many hyperbolic boundary points since this set of hyperbolic
boundary points is a connected set [40, Proposition 7.5.17]. Thus in locally finite
hyperbolic graphs, the hyperbolic boundary is a refinement of the set of its ends
and it is furthermore a compact metric space [40, Proposition 7.2.9]. This is not
the case for arbitrary graphs: neither the hyperbolic boundary has to be compact
in hyperbolic graphs that are not locally finite nor it is a refinement of the set of
ends of such graphs. Because of this we restrict our point of view to locally finite
graphs.

Instead of spanning trees that are faithful to boundary points, we may perhaps
hope that we get spanning trees that have only a finite number of distinct paths
from the root to each boundary point such that the set of these numbers is bounded.
This is indeed true if the boundary has finite Assouad dimension (Theorem 4.14).

The most important examples of locally finite hyperbolic graphs whose hyper-
bolic boundaries have finite Assouad dimension are graphs with bounded degree (see
[10, Theorem 9.2]). These are in particular all Cayley graphs of finitely generated
groups with respect to a finite set of generators.

There are various other results that investigate the relation between trees and
the hyperbolic boundary of locally finite hyperbolic graphs. Several ideas for con-
structions of trees that capture the nature of the hyperbolic boundary of locally
finite hyperbolic graphs can already be found in Gromov’s article [46, Sections 7.6,
8.5.B, and 8.5.C]. They have been elaborated on in [24, Chapter 5]. For each of
these trees there is a continuous map from their own boundary onto that of the
graph. If the hyperbolic graph has bounded degree, then some of these maps are
finite-to-one. However, these trees are not necessarily subtrees of the hyperbolic
graph.
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On the other hand, there are results that construct for a given hyperbolic space
(not only for locally finite graphs) an R-tree whose local structure resembles the
local structure of the hyperbolic space. The best known among these are results
attributed to Gromov (see [23, Chapitre 8] and [40, Section 2.2]) that construct
for a finite subset of the completion of a &hyperbolic space an R-tree in the space
whose completion contains the given set and such that all of its geodesics between
elements of the finite set are quasi-geodesics in the hyperbolic space for constants
that depend only on the size of the set and on & There is also a result by Benjamini
and Schramm [9, Theorem 1.5] for locally finite hyperbolic graphs which states
that there exists a subtree with exponential growth such that the embedding is a
bilipschitz map.

In the Chapter 4, we combine these two approaches. Inside every locally finite
hyperbolic graph G whose boundary has finite Assouad dimension we construct a
rooted spanning tree T such that

e the rays from the root are all quasi-geodetic rays (for the same global constants)
and

e a continuous finite-to-one map from the boundary of the tree onto the one of the
hyperbolic space exists where the bound only depends on the Assouad dimension
of the hyperbolic boundary.

If the hyperbolic graph is visual—that is roughly speaking that every vertex has
bounded distance to a geodetic double ray (see Section 4.2 for more details)—then
every vertex of the graph has distance at most some constant + from some ray of T
that starts at the root (Theorem 4.13). If we consider an arbitrary locally finite
hyperbolic graph, then a + exists with the property that every geodesic outside a
+-ball around the rays of T that starts at the root has finite length (Theorem 4.14).

Remark that the results of Chapter 4 do not only hold in the case of locally
finite hyperbolic graphs but also in the case of proper hyperbolic geodetic spaces
(see [50] and in particular [52] for details).

There are also different approaches exhibiting the tree-likeness of hyperbolic
spaces than constructing R-trees include quasi-isometric embeddings of visual hy-
perbolic spaces into the product of R-trees, see Buyalo et al. [15], or the sub-cones
at infinity, see [40, Proposition 2.1.11] and [88, Lemme 5.6].






CHAPTER 4

Spanning trees of hyperbolic graphs

In this chapter, we prove the graph theoretic version of a theorem of [52]
which is a strengthened form of a theorem in [50]. In the first part of this chapter
(Section 4.1 to Section 4.3) we show that for any locally finite graph G, there exists
a spanning tree T such that the canonical map ! T — | G exists, is onto and for
each ) € ! G, the number of its preimages are bounded in terms of the Assouad
dimension of the hyperbolic boundary. Furthermore, the spanning tree will have
the additional property that it represents the hyperbolic graphs itself in a good way.
There will be constants ¢; > 1, ¢ > 0 such that every ray in the spanning tree
is eventually a (Cq, C3)-quasi-geodetic ray. With these two properties, the spanning
tree satisfies the two distinct approaches of showing the tree-likeness of hyperbolic
graphs that we discussed in Chapter 3.

In the second part (Section 4.4) we show that for any locally finite hyperbolic
graph G there is a function f : N — N depending only on the topological dimension
of ! G such that for any spanning tree T of G the canonical map ! T — ! G exists
and such that there is a boundary point of the graph with at least f (dim(! G))
many preimages und the canonical map.

4.1. Construction of the spanning tree

In this section we construct a rooted spanning tree T inside a locally finite
hyperbolic graph G whose hyperbolic boundary has finite Assouad dimension and
whose hyperbolic constant is not 0.

Let d, = d. be a metric such that ' satisfies the assumptions as in Theorem 2.18
and hence such that (&, d;,) is a compact metric space. By [10, Sections 6 and 9] the
property of G having finite Assouad dimension does not depend on the particular
choice of ' . That means if ! G has finite Assouad dimension for one metric d., then
this holds for all these metrics. That is the reason why we are able just to say that
! G has finite Assouad dimension. By Theorem 2.29, ! G is a doubling metric space.
So let N = 2dim2(9G),

The rooted tree T that we shall construct will have the following properties.
(1) Every ray in T converges to a point in the hyperbolic boundary of G;

(2) for every boundary point ) of G there is a ray in T converging to ) ;
(3) for every boundary point ) of G there are at most N 2+1og2(8N *) distinct rays
in T that start at the root of T and converge to ).

29
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We construct the rooted tree T recursively. So let r € VG be the base-point of
the Gromov-product which we used for the definition of the metric d.. The vertex
r will be the root of T. For the construction of T we construct a strictly descending
sequence (' ;) v in Rsq, two sequences (S;) ;1 v, (Y;);1 v of subsets of | G, a sequence
(U;) 1 n of open covers of ! G, a sequence (B;);1 n of closed covers of | G, and a
sequence (T;);i i of subtrees of G. Our final tree T will be the union of all the T;.
The other sequences will help us in the construction of the trees T; and they will
satisfy the assertions (a) to (k) for every j.

i1
486
herelsS]-lCY cS;;

)

)

) (), > forall) £pe S,

) the set S; has “-multiplicity at most N logz (8N),
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2Wltha— so'; =
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dn(), 1) > Ja for all) ZU € Y;;
The open cover U; consists of precisely the open ' ;-balls around the elements
of S;;

(g) the set B; consists of all closed balls of radius

g1
4416

around the elements of Y;
and it has 35 —multiplicity at most N 2;

(h) every ) €Y; has (3 - Jz%)-multiplicity at most N2 in B;;

(i) T 1 €T

(j) everyray in T; converges to an element of S; and to each one converges precisely

one ray that starts at the root;
(k) every ray in T; is eventually geodetic, in particular, there is a constant ¢ de-
pending only on ' ; such that every ray in T, \ B.(x) is a geodetic ray.

Before we start the recursion step, we first define the elements of all sequences
forj =0. Let i € 1 G, Sp = Yo = {M°} and ' ¢ = Sup{dh(uo ))|) €l G}—recall
that ! G is bounded by Theorem 2.18. Let By = Uy =! G and let Ty be a geodetic
ray from r to u° which exists by Proposition 2.22. Then all properties are satisfied
for j =0.

For the recursion step we set 0; as in (a). Lemma 2.30 shows that there is a
T a6
multiplicity at most N2 and such that the set Y; of centers of these balls contains
S;» 1 and such that every ) € Y; has (3- 5% )-multiplicity at most N2 in B;. Then
(e), (g), (h), and the first part of (b) hold.

Let S; be a subset of ! G with Y; C S, such that dj(p,*) >"; forall g, * € S;,
such that S; has Zt-multiplicity at most N'°&2(8N) “and such that Uf; := {B., (1) |
U € S;} is an open cover of ! G. This set S; exists by applying the doubling
definition log (N '°82(8V)) = log, (8N ) times to the sets in B; and it is finite because

! G is doubling. As a consequence we have (c), (d), (f), and the remaining part of

closed covering B; of | G with balls of radius

such that this covering has

(b). The only element of any of the sequences that remains to be constructed is
the subtree T;.
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We construct the subtree T; recursively. Let T;)’l = Ty 1. We enumerate
the set S; \ S;» 1 in the following way. Let pi, H3,... be the elements with 8 ;» ;-
multiplicity 1 in Bj» 1, let U2, U3,... be the elements with (2 &' j* 1)-multiplicity at

most 2 in Bj+ 1, and so on. As the set B;+ 1 has Z"é!ﬂg -multiplicity at most N2 and

SN2 g = ‘2'5!762 < rad(B;- 1), there are no P} with i > N2 by (g).

e tree T.”" will be the union o e tree TY % and an eventua y geodetic
The tree T/ will be the union of the tree T/ "* and tually geodet

ray from T; Lk to the hyperbolic boundary point pi, where we denote with T;_)vk'
the union of all T;-I’k" ' So let M € S;\ Sj» 1 and assume that we have already
constructed the subtree T; Lk There is a M€ S 1 with dp(ui, 1) <' ;1. Let R
be a geodetic double ray from Hj to 1. Let Q denote the largest distance from r to
any geodetic double ray between two boundary points of distance at most ' j» 1 and
at least ' ; and let q denote the smallest distance of from r to such a double ray.
Then we know that there is - > Q — q for the constant - from Proposition 2.28.

Let us first consider the case that there is a common vertex of R and T; Lk
that has distance at most Q + 5&to r. Then there is a first common vertex X of R
and T]Z Lk such that we have V (Rx) ﬂVT;" LR — {x} for RX, the subray of R from
X to M. In this case we just add the subray Rx to the boundary point W to the
tree TJZ Lk to obtain the tree T;’k. By the choice of X, TJ”“ is indeed a tree. In
preparation of the proof of Lemma 4.8 we denote in this case with $r the vertex X
and for Claim 4.1 we set Xp := X. If X lies during the construction on a geodetic
double ray P, then we say that we have connected P, to that limit point ) of P that
has smaller distance to Wj. If X lies on some $p for a double ray P, then we have
connected P either to the boundary point ) we constructed a new ray to with P
or inductively to one of the possible boundary points we connected ) to, depending
which one has the smallest distance to UZ- Since the hyperbolic boundary has the
doubling property, the described relation is well-defined. If the hyperbolic boundary
point ) to which M is connected lies in S+ 1, then P} is eventualy connected to ).
If this is not the case, then pi is eventualy connected to that hyperbolic boundary
point to which ) is eventually connected.

Now we look at the case that R is totally distinct from T; LE i1 the ball with
center r and radius Q + 5& There is a geodetic ray P in TJZ Lk converging to U
whose first vertex Xp has distance Q 4+ 5& to r. Then d(0,xp) < Q + 5& We
consider a geodesic $r from R to P that has length at most & with the additional
property that for a vertex z on RN Bg(r) we have that dr( », (z,Xp) is minimal.
This exists because every vertex y on P with d(r,y) = Q + 3&is &close to a vertex
on R. As it lies in the ball with center r and radius Q + 6& there is a smallest
connected subpath $r of $5 that contains a vertex of R and a vertex of T; LE Let
X denote the intersection point of $z and R. Then we add the subray of R from
$r to M together with $ to T; Lk to obtain the new tree T;k The property for
W, of being connected is defined analog to the first case.
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Let T; == ik T;k Since the union of a finite sequence of trees T;k with
T; Lk T;k is a tree again, we know that T; is a tree. We remark that the tree
T; satisfies the properties (i), (j), and (k) for c= Q.

We just have defined all sequences as claimed. Set
&

TH= T,
JIN
We want to show that T#is a tree. As each of the trees T, is connected and
T; € Tj41, we know that T#is connected. So we just have to show that T does not
contain any cycle. As a cycle is a finite sequence of vertices such that each vertex
is adjacent to its succeeding vertex and the last is adjacent to the first vertex, such
a cycle has to lie in a tree T; which is impossible. Hence, T#is a tree.

The tree T#is not a spanning tree so far: we still have to add all the vertices
in G — T# with appropriate paths to T# to obtain another tree T that will be a
spanning tree of G. Thereafter, we have to prove the assertions (1) to (3).

Let us add all vertices of G — T# to T# recursively to get a new tree T which
will be a spanning tree of G. In order not to increase the number of rays to each
boundary point, we connect the new vertices without creating any new ray. This
can be done as follows. First we can easily extend the tree by adding all finite
components of G — T#to T#. Then we add every vertex with distance d(r,G — T¥
to T#by a path lying outside Ba(r,c 7)(r). There might be vertices for which there
exist no such path. We do not add these. Let T§ be the new tree. If there is a vertex
in G — Tf with distance d(r,G — T§) that does not lie in any finite component of
G — T, then there is a path from such a vertex to T — Ba(r,c 7)(r) that intersects
with T{ trivially except for its endvertex, because the hyperbolic boundary is a
refinement of the ends in the locally finite case. This path has a last vertex with
distance d(r,G — T{) to r. But this is a contradiction, since this vertex had to be
added with a path to T* So all the vertices in G — T{ with distance d(r,G — T)
lie in finite components of G — Tf. For the following step we keep in mind the
largest distance d; from r to a vertex lying in Tf — T# In the step of recursion we
add all finite components of G — T#. Then we add all paths from vertices X with
d(r,x) = d; 1 + 1 to T that are lying completely outside B4, (r). Once more there
might be vertices X with d(r,x) = d;» ; + 1 that cannot be connected to T#in such
a way. These will be treated at the beginning of the next step of the recursion as
before.

Let T = i N T# Obviously T is a spanning tree of G and in T — T#there is no
ray. Thus to prove the assertions (1) to (3) for T, it suffices to prove them for T#

In order to prove the assertions (1) to (3) we shall prove several claims in which
we use the notation from the construction step (j, K, ).

Cramv 4.1. Thereis dix (R,xp) < &
]
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PrOOF OF CrAIM 4.1. By induction, we know that the corresponding state-
ment holds for all previous trees. If $z does not meet T; Lk except for Xp, then
the assertion holds trivially, so we may assume that $r meets some other R* or
$r (these correspond to R or $5 in a previous step). Suppose first, that it meets
some $r. Then this $5' has to have distance at most &to X p, because otherwise
the corresponding vertex X p' lies at distance at most 2& from X p and thus for the
two hyperbolic boundary points to which P and P# converge, 1 and 1* respectively,
any geodetic double ray between them lies in a 3&neighborhood of PU$rU$r UP#,
so at least Q + &away from r and hence we have dj,(1,1%) < ' ; which is impossible
as soon as 1 # 1% Let us now suppose that $z meets some R*. Then we have chosen
$r so that every vertex on it has distance at most &to Xp in the tree by the same
contradiction as above. By the minimality of dg'( r,. (2% Xp) for the vertex z* that
corresponds to z for R* instead of R, we know that the claim must hold. !

CrAaM 4.2. Let p and uj* be two elementsof S; \ S;+ ; with dy, (U, b)) <
8 1 forann < N2. Then for any B < Bj+ 1 with d, (U7, B) < n8' ;- ; thereis
dh(l..l?,B) <ng "1

ProOOF OF CLAIM 4.2. The ((n—1)8" j» 1)-multiplicity of u}} and the one of !
in Bj 1 has to be n. Thus for every hyperbolic boundary point ) in Y;-; with
distance at most n8' j» 1 to U} we have dp(),u}) < (n —1)8 ;» 1 and hence also
dn(), W) < N8y !

CrAIM 4.3. Let p¥ | be connected to p € S;. Then dj, (W, uf, ;) < 8 ;1. |If
. is eventualy connected to ) € S;- 1 in T, then

dh() s l.,lf_,'_l) <8N 2 1t rad(Bj-- 1) = 16N 2 G 1
Furthermore, ) lies in someB € Bj+ ;1 with dy(uf,;,B) <8N?' ;- ;.

PROOF OF CLAIM 4.3. Let us first prove dj,(u¥,,, 1) < 8 j» 1. An immediate
consequence of Claim 4.1 is, if we inserted a non-trivial geodesic $g, that then the
boundary point we connected ¥, ; to has distance at most ' j» 1 to pF, ;.

So we assume in the following that $5 is only one vertex. Then R meets some
other double ray R¥ or a geodesic $5 where R¥ and $z are as in the proof of
Claim 4.1. If R meets some other double ray R¥ then p is the limit point of R*
and any geodetic double ray [u¥, ;, ] lies in a &neighborhood of R U R¥ so it has
distance at least q — &to r. Then we have with

&= exp(6'&) < (V2)° =8
for any p*e ! X with ' ; < dp(pk, ,,p¥) < 1

(i H) < exp(= (i W)
exp(—" (Hy, 1) +5'&)
% exp(=" (Wj, 1)

8d (M., W)

8' "1

ININ N IA A
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Now we assume the last case, that is, R meets some $5'. Then any vertex on RN$ g’
has distance at most &to X p, where X p denotes the vertex for R* that X p denotes
for R. Let P# be the ray for R¥ that is P for R. We conclude that there is
a hyperbolic boundary point p* such that [“§+1! U lies in a 2&neighborhood of
R U$g UP* This gives us the following inequality for any * € ! X with '; <
dh(“f—&-l'*) <'jou

exp(—" (K} 1))

exp(—" (M}, *) +5'&)

& exp(— (M}, %))

8l (M}, *)

8' j" 1

dr (1)

IN N TN INIA

Let m be minimal such that the ((m —1) -8 ;» 1)-multiplicity of 1 is not m —1
but such that the (m - 8' ; 1)-multiplicity of 4 is m. If m = 1, then the two
boundary points Hf+1 and W lie in the same ball B € B;» ;. We conclude that all
three hyperbolic boundary points “f—&-l’ M, and ) lie in a common ball B € Bj ;
and hence that

dn (), HEy ) < tad(Bjr 1) < 8NZ g,

Let us now assume that m # 1. We may assume that )l # ), that is p € S; \ S;» 1.
By induction we know that ) lies in one of the elements of Bj- 1, say in B, that is
responsible for the (n - 8' ;» 1)-multiplicity of at most n of 4 where n denotes the
corresponding value for 4 that is m for pF, ;. As p¥, , is connected to |, we have
n < m. Thus dy(u¥,;,B) <m-8 ;| and hence there is

dh(u;c-i-l’)) <m-§8 "1 —|—I‘ad(Bj" 1) <m-:8 "1 + &N Q'j" 1-

Since every element of S; \ S;» 1 has (8N 2 ;o 1)-multiplicity at most N 2 in Bj 1,
we have dj,(HF_,)) < 16N 5 . |

By the construction of the trees T;, we have the following property.

(¥) In every step and for every closed ball B € By a boundary point in B can
only be eventually connected to elements of at most N2 different balls in By.
Furthermore, there are at most N 1082 (8N *) distinct boundary points in B that
are eventually connected to elements of the same ball of By.

Now we are ready to prove the assertions (1) to (3) for the tree T*. For a closed
ball B € By let B* be the union of B and all other (at most N 2) closed balls in By,
with distance at most 8N 2' j to B.

Because of (j) we just have prove that any ray that we created without our
knowledge in the limit step converges to some hyperbolic boundary point. Let $
be such a ray in T* That is, there is an infinite subset | C N such that, for every
i €l, wehave $NT; #$NT;1. Since & is compact, the ray $ has at least one
limit point ) in ! G. Thus we have to prove that there exists no second limit point.
Let By € By be one of the closed balls in step k which contains ). Any second
boundary point must lie—like ) does—in , g B# by Claim 8.17. Since Bl N B
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is a set with at most one element, $ has precisely one accumulation point. Thus,
we have proved (1).

For the proof of (2), let ) € ! G. In every construction step K there is at least
one closed ball By € By with ) € By, because By is a cover of ! G. Hence there
is in each step a boundary point ) € Sk N By with dn()«,)) < ' such that Ty
contains a ray to ). Let $; be a ray from r to ) in Ty. For every ( € N there
is a path in Ty, N B,(r) that is contained in infinitely many of the $;, because G
is locally finite. Thus there is a ray $ in G such that every vertex on $ lies on
infinitely many of the rays $;. Because of Claim 4.3 and the choice of the rays
$, the hyperbolic boundary point ) has to be an accumulation point of $. As (1)
holds, $ has precisely one accumulation point, ), and thus $ converges to ).

For every B € By, in the step K there are at most N2 closed balls in the step
k — 1 such that a boundary point in (B N'Sg) \ Sg+ 1 is eventually connected to a
hyperbolic boundary point of such a ball. Furthermore, for each of these balls there
are at most N'°22BN*) many hyperbolic boundary points to which our new ones
are eventually connected. Thus we know that the number of rays to one boundary
point is bounded by N2 . N g (8N *) and hence bounded by a function depending
only on dimy(! G). Thus, we have also proved the remaining assertion (3).

4.2. Visual hyperbolic graphs

As in [15], we call a hyperbolic graph G visual if for some 0 € VG there is a
D > 0 such that for every X € VG there is an ) € ! G with

d(o,x) < (X,))o + D.

Remark that the property for hyperbolic spaces to be visual is independent of the
choice of 0.

An observation is that the definition of visual hyperbolic graphs is equivalent
to the following. For some (and hence every) 0 € VG there is a D*> 0 such that
for every X € VG there is an ) € ! G such that any geodesic between 0 and X lies
in a D*neighborhood of a geodetic ray from 0 to ).

Remark that by [16, Corollary 1.3.5.] hyperbolicity is preserved by quasi-isome-
tries and it is not hard to see that the same holds for visual hyperbolicity.

4.2.1. Hyp erbolic appro ximations of metric spaces. In [16], see also
[11, 15, 33], the authors construct for every metric space X a hyperbolic graph
Y whose hyperbolic boundary is homeomorphic to X . The hyperbolic graph Y is
called a hyperbolic approximation of X. That Y is indeed a hyperbolic graph is
shown in [16, Proposition 6.2.10]. If we assume that the space X is compact, then
the hyperbolic approximation is a locally finite graph (compare [16, Exercise 6.4.4]).
Furthermore one can see from the construction that Y is visual hyperbolic, since any
vertex of Y lies on an infinite geodetic ray that starts at the root of the hyperbolic
approximation.
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PRrROPOSITION 4.4. [16, Proposition 6.2.10] A hyperbolic approximation Y of
any metric space X is a visual hyperbolic graph with 'Y = X. !

If we restrict the metric space X to be doubling, then the degrees of all the
vertices in a hyperbolic approximation of X are uniformly bounded which is shown
in [16, Proposition 8.3.3]. We combine this result with Proposition 4.4 and obtain
the following proposition.

ProposITION 4.5. For any doubling metric space X, its hyperholic approxima-
tion Y is a locally pnite visual hyperbolic graph with 'Y = X and with bounded
degree. I

4.2.2. Rough similarities. We cite a result by Buyalo and Schroeder [16].
In order to do that we have to make a further definition.

Let G,H be two graphs. If there are a map f : VG — VH and constants
k,, > 0 such that

d x(x,y) —dy(f (x),f (y))] <k
holds for all X,y € VG and sup,, vy dy(y,f (VG)) < Kk, then G is (,, k)-roughly
similar to H, or just roughly similar to H, and we call f a (,, k)-rough similarity ,
or just a rough similarity .

In particular, every graph H that is roughly similar to a graph G is also quasi-
isometric to G. As (visual) hyperbolicity is preserved by quasi-isometries, it is also
preserved by rough similarities. The next theorem guarantees that every hyperbolic
graph contains a visual hyperbolic graph with the same hyperbolic boundary.

THEOREM 4.6. [16, Corollary 7.1.5.] Every visual hyperbolic graph G is roughly
similar to a sulgraph of a hypertolic graph H with the same hyperholic boundary,
IG="!H. !

We deduce the following corollary from the previous theorem.

COROLLARY 4.7. Let G be a locally Pnite hyperholic graph whose hyperhbolic
boundary is doubling. Let % > 1,% > 0 be constants. Then there is a sulgraph H
of G suchthat the following statementshold for H.

(1) H is a proper visual hypertolic geodetic space;
(2) every (%, %)-quasi-g@detic ray of G lies eventualy in H;
(3) the identity . : H — G extendsto a homesmorphism . : ¥ — & such that

(H)=1G.

PROOF. Let Z be a visual hyperbolic locally finite graph that is a hyperbolic
approximation of ! G. Let Z# be a graph of G that is (,, kK)-roughly similar to Z
for some constants , > 1,k > 0. This subgraph exists by Theorem 4.6. Let H
be the subgraph of G that is induced by Z# and all vertices with distance at most
+(&%, %) +2+(&,, k) to any vertex of Z#for the constants +(& %, %), +(&,, k) of
Proposition 2.24. As G is locally finite, the same holds for Z#and H. As Z is visual
hyperbolic and this is a property that is preserved by quasi-isometries, assertion
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(1) holds for Z*# and thus also for H as the identity from Z# to H is a quasi-
isometry by the choice of H. The assertion (2) holds because of Proposition 2.24
and the last one, (3), is obvious, because quasi-isometries between locally finite
hyperbolic graphs can be extended to quasi-isometries between their hyperbolic
compactifications. !

4.3. Tree-lik eness of hyperb olic graphs

In this section we shall prove that every ray in the tree, that was constructed
in Section 4.1 and that starts at the root, is a quasi-geodetic ray for some global
constants.

LeEMMA 4.8. Let G be alocally bnite hypertolic graph whosehyperbolic boundary
has bnite Assouaddimension and let T be the spanning tree with root r that was
constructed in Section 4.1. Then there exist constants % > 1,% > 0 such that
everyray in T starting at the root is a (%, %)-quasi-gedetic ray in G.

PROOF. We use all the assumptions and notations as in the construction step j
of Section 4.1. By Proposition 2.28 there is a constant - depending only on the quo-
tient Eﬁ—’l and not depending on the particular j such that for every four boundary
points )1,)2,) 3,) 4 With

"1 20001,)2),dn()3,)a) >

there is

d(r,D1.)2]) —d(r.Ds.)al)] < -

Recall that - > Q — q with Q, g as defined in Section 4.1. In the first step of
the proof we shall prove that for every two vertices W,y with y &€ T;’k \ T; 1’k,
W e T;’k N [r,y]r there is

dy (w,y) < d(w,y) + (M +n)(75&+ 4-)

with Y := T;k for an n < M := N2+1°8(8N*) that represents the number how
often we have already enlarged the tree T;+ ; by additional rays whose intersection
with [r, y]r is not empty. As we have proved, n is bounded by M and since we add
just in this step a ray, we have n < M.

Let y € Y and let R be the geodetic double ray, as in the recursion step and let
P be that geodetic ray with P C R that we added together with $5 to T; Lk o
obtain T;’k. Let X be the unique vertex in T; Lk $r, let x* be the unique vertex
in $g NP, and let a be a vertex on R with minimal distance to r. By the choice
of $r we have d(x, x¥) < &as we already saw in Section 4.1.

Let) := pi and let 4 be the other limit point of R. Let b€ R with d(b,[r,)]) < &
and d(b,[r,pn]) < &

Cram 4.9. d(a,b) <4&
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PROOF OF CLAIM 4.9. Let c € [r,)] and ¢ € [r, U] each with minimal distance
to b. By the choice of b we have d(b,c),d(b,c) < &

Because of the hyperbolicity of G the geodetic double ray R is contained in the
&neighborhood of the subset Z := [), cJU[c,blU[b,cU[c? Y] of G. In particular we
have d(@,Z) < & Thus, there is a vertex on Z with distance at most d(r,a)+&tor.
Let @ € Z with d(a,a) < & Then there is d(r,a% < d(r,a) + & By symmetry
we may assume that a* € [),c] U [c,b. If @* € [c,b], then we have d(a%c) < &
Otherwise, since € is the vertex on [r,*] N Z with minimal distance to r, and since
d(r,c),d(r,c* > d(r,a) — & we have d(a% c) < 2& The inequality

d(a,b) < d(a,a”) +d(@ c) +d(c,b) < &+ 2&+ &= 4&
proves Claim 4.9. !

For any another vertex & on R with distance d(r,a) to r we conclude from
Claim 4.9 that d(a,$) < 8&

Cram 4.10. d(a,x¥) <- + 15&

PROOF OF CLAIM 4.10. There is a unique vertex x*with d(r,x™ = d(r,a) — &
that lies on [r,x". In particular we have d(x* x* < - + 6& Since G is hyperbolic,
there is a vertex on [r,a] U [a,x¥ with distance at most & to x** If this vertex lies

n [r,a], then d(x*¥a) < 3& and if it lies on [a,X", then it has the same distance
to r as a and hence distance at most 8&to a. Thus d(X##f a) < 9& Hence we proved
Claim 4.10. !

Let a,, be a vertex on R with d(w, a,,) = d(w, R).
CrLamM 4.11. d(w,y) > d(w, a,,) + d(a,,y) — 6&

PROOF OF CLAIM 4.11. Let y* a vertex on [w,y] with distance at most & to
both [w,a,] and [a,,Yy]. Let y; be such a vertex on [w, a,] and ys such a vertex
on [a,,Y]. Then d(w,y,) > d(w,a,) and hence d(y, a,) < 2& This immediately
implies d(w, y¥ > d(w, a,,) — 3&and also d(y, y¥) + 3&> d(a,, y). Hence we proved
Claim 4.11 !

CrLamM 4.12. d(a,a,) < 19&+ - .

PROOF OF CLAIM 4.12. Since G is a hyperbolic graph, we conclude that [a, a,,]
lies in a 2&neighborhood of [a,r] U [r,w] U [w,a,]. But as d(r,a) = d(r,R) and
d(w,a,) = d(w,R), a subpath of length at most 4& of [a,a,] lies in the 2&
neighborhood of [r, a] and a subpath of length at most 4&lies in the 2&neighborhood
of W, a,]. The vertex w lies in [r,y] N T; LE and hence d(r,w) <d(r,a) +- +5&
So there is a subpath of length at most 11&+ - of [a,a,] in a 2&neighborhood
of [r,w]. Thus, d(a,a,) is at most 19&+ - . This proves Claim 4.12. !
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Let a? be a vertex on P with minimal distance to w. By analog arguments as
in Claim 4.10 we have d(a,,a%) < - + 15& Thus, we conclude

dy (w,a},) +dy(af,,y)

dy (w, x) +d(x, x) + d(x*, a) + d(a, a,,) + d(a,, a;,)
+d(aj,y)

dy (W, X) 4+ &+ - + 15&+ - + 19&+ d(a,, Y)

dy (W, X) + 34&+2- +d(a,,y)

dw,X) 4+ (G — (F+1D)M 4 n)(#1&+ #2-)
+34&+ 2- +d(ay,y)

d(w,a,) +d(ay, a) + d(a,x) + d(ay, y) + 34&+ 2-
(= (F+1))M +n)(#1&+ #2-)

ay) +d(ay,y) + 19&+ - +- + 16&+ 34&+ 2-
(G —(GFF1))M +n)(#, &+ #o-)

+6&+ 69&+4- + ((j — ((F+1))M 4 n)(# 1 &+ #2-)
(1 =G+ )M + (n+ 1)) (#1&+ #2-)

with #, = 75 and #5 = 4. And in particular we have
dy (w,y) <dWw,y) + (( = (*+ )M + (0 + 1))(75&+ 4- ).

dy (w,y)

IN A IA IA I

IN

IN
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Let $ be a ray in T that starts at r. Since every step affects at most its
previous and its successive step directly, there are constants ¢;,C2 (independent
from the choice of $) such that $ is a (¢;, C2)-quasi-geodetic ray. For example, we
may choose ¢; = (M + 1) - (75&+ 4- ) and ¢; = 0. !

This lemma enables us to prove the main results of this part of the thesis. We
shall prove them in two different cases. First, we prove the result for locally finite
visual hyperbolic graphs and then for arbitrary locally finite hyperbolic graphs.

4.3.1. The case: visual hyperbolic graphs. Visual hyperbolic graphs seem
to have a treelike-structure, because there is a maximal distance from each point
to any ray that starts in one particular vertex. This in fact is the main reason why
spanning trees similar to those constructed in Section 4.1 point out the tree-likeness
of locally finite visual hyperbolic graphs. This is specified in Theorem 4.13.

THEOREM 4.13. Let G be a locally Pnite visual hyperbolic graph whosehyper-
bolic boundary has bnite Assouaddimension. Then there is a rooted spanning tree
T in G suchthat the canonical map %from ! T to ! G exists and has the following
properties.

(i) It is surjective;
(ii) there is a constant M < oo depending only on the Assouaddimension of ! G
suchthat % *() ) hasat most M elementsfor each) € ! G;
(iii) thereis a constant A < oo dependingonly on &and on the Assouaddimension
of I G suchthat every vertex of G has distance at most A to aray in T that
starts at the root of T.
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PRrROOF. Let T be the spanning tree of G constructed in Section 4.1 and let r
be its root. A direct consequence of the assertions (1) to (3) in Section 4.1 is, that
T has the properties (i) and (ii). For the remainder of this proof we remember from
Lemma 4.8 that there exist constants C;, C; such that each ray in T that starts at
the root is a (Cy, Cz)-quasi-geodetic ray. Because G is visual hyperbolic, there is a
D > 0 such that for every x € VG there is an ) € ! G with d(x,$) < D for all
geodetic rays $ from r to ). Let $, be a vertex on $ with d(X, $,) < D. In T there
is a ray $7 from r converging to ). We know from Proposition 2.24 that there is
a vertex Xy on $7 with d($,,xr) < + for a constant + that depends only on &
1, and C;. Hence we have d(x, Xr) < + 4+ D and we have proved the remaining
assertion (iii). !

4.3.2. The case: hyperbolic graphs. The final aim of this section is to
demonstrate the tree-likeness of locally finite hyperbolic graphs in terms of spanning
trees. For that we combine the result for the locally finite visual hyperbolic graphs
with the theorems from Section 4.2.

Before we can state the result, we have to make a further definition. A subset
X of the vertex set of a hyperbolic graph G has Pnite geodetic out-spread in G if
every geodesic in G — X has finite length.

THEOREM 4.14. Let G be a locally Pnite hyperbolic graph whose hyperkolic
boundary has Pnite Assouad dimension. Then there is a rooted spanning tree T
of G such that the canonical map %from ! T to ! G exists and has the following
properties.

(i) It is surjective;
(ii) thereis a constant M < oo depending only on the Assouaddimension of ! G
suchthat % *() ) hasat most M elementsfor each) €!G.

Furthermore, there is a constant A suchthat, for the subtree 7 of T that consists
of all rays of T starting at the root, BA(7) has Pnite geodetic out-spread in G.

ProOOF. By Corollary 4.7, there is a locally finite visual hyperbolic subgraph H
of G which has the property that every geodesic in G—H has finite length, so H has
finite geodetic out-spread in G. In H there is a spanning tree T#as in Theorem 4.13.
For this tree the canonical map ! T# — | G exists and is surjective and continuous
by property (i) of Theorem 4.13. Furthermore, (ii) also holds because it holds for T#
and H. Now, we can add all the vertices in G — H with appropriate paths to T#as
in Section 4.1 to obtain a spanning tree T of G all whose rays lie eventually in T
Thus, the spanning tree T has the properties (i) and (ii).

The remaining part is a consequence of the fact that H has already finite geo-
detic out-spread in G, so for the tree 7 obtained from T#by taking all rays starting
at the root, we conclude that Ba'(7) (with the constant A* from Theorem 4.13)
has finite geodetic out-spread in G, because G —H 2 G — Ba(7). !
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4.4, Spanning trees and the top ological dimension of the boundary

Before we compare the topological dimension of the hyperbolic boundary of
a locally finite hyperbolic graph with any spanning tree of the graph, we prove a
lemma on quotient spaces of totally disconnected compact metric spaces.

LEMMA 4.15. Let X be a compact metric space suchthat there exists a totally
disoonnected compact metric space Y and an equivalen@ relation ~ on Y with
at most M < oo elementsin each equivalen@ class such that X and Y/ ~ are
homeomorphic. Then X hastopological dimension at mostM — 1.

PROOF. Let U be a finite critical open cover of X . Let U* be that open cover
of Y that is induced by U, that is a U € U corresponds to precisely one U* € 1/*
and y € U¥if and only if [y] € U (where we assume that X = Y/ ~). As Y has
topological dimension 0, there is a finite open cover V¥ of U# with pairwise disjoint
elements, since it is a well-know fact, that any totally disconnected compact metric
space has topological dimension 0. For any V#€ V¥*let V be the set of all [y] with
y € V¥ Let V be the set of all such sets V for V¥ € V% Any V is an open set
and thus V is an open cover of X . By the construction V is also a refinement of I/
and has multiplicity at most M. Thus the topological dimension of X is at most
M —1. !

Now we can easily deduce the main result of this section from Lemma 4.15.

THEOREM 4.16. Let G be a locally bnite hyperholic graph and let T be a span-
ning tree of G suchthat the canonical map from ! T to ! G exists and is surjective
and suchthat there is an M < oo suchthat any boundary point of G has at most
M preimages. Then the topological dimension of ! G is at mostM — 1.

PrOOF. Since! T and ! G are compact metric spaces and ! T is totally discon-
nected, the theorem is a direct consequence of Lemma 4.15. !

4.5. Remarks on trees in hyperbolic graphs

Our two main results of this chapter (Theorem 4.14 and Theorem 4.16) depend
on distinct dimension concepts. We know that dim(X ) < dim4 (X ) for any metric
space X and that there are compact metric spaces X with dim(X) < dim4(X)
(that are the fractals, compare with the introduction of [75]) In particular, there
are compact metric spaces with infinite Assouad dimension but finite topological
dimension. This is for example the closure of H? equipped with the hyperbolic
metric. This is because on the one hand, the topological dimension of H 2, and thus
also the one of its closure, is 2 and on the other hand the Assouad dimension of H 2
is oo (this is proved in [75, Example 3.5.2.]) and the one of its closure is the same
(see [75, Theorem A.5.(2)]).

Because of this different behavior of the two dimensions for some compact
metric spaces, it would be nice if there is one particular dimension such that we have
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the two following properties for locally finite hyperbolic graphs G whose hyperbolic
boundary has finite dimension.

e There is a spanning tree such that Theorem 4.14 holds for this dimension instead
of the Assouad dimension.

e For every spanning tree T there is a function f : N — N such that whenever the
canonical map ! T — ! G exists and the dimension of the hyperbolic boundary
is n, then there is a hyperbolic boundary point of G with at least f (n) many
preimages under the canonical map.
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CHAPTER 5

The bxed set prop erty

In this part of the thesis we discuss several aspects of the so-called fixed set
property. It is a property that has been of interest not only for trees with their ends
[85, 95] but also for locally finite graphs with their end-compactification [82, 100],
for arbitrary infinite graphs with their ends [60, 65] and even for proper metric
spaces with an appropriate compactification, see [102]. Let us define this property:
A group I' has the bxal set property if there is a graph G with boundary ! G such
that I' acts on GU! G and such that one of the following assertions holds.

(a) There is a finite vertex set of G fixed by T

(b) There is a unique element of ! G fixed by T

(¢) There is a unique pair of elements of ! G invariant under I' that are the direc-
tions of a hyperbolic element and its inverse.

In analogy to the statements (a), (b) and (c), we define distinct classes of
elements of the automorphism group of a graph G, where ! G is again an appropriate
boundary for G.

(i) An automorphism is called elliptic if it fixes a finite set of vertices.

(ii) An automorphism # is called hyperbolic if it is not elliptic and fixes precisely
two boundary points ), 1 and if (x®" ),  converges to ) and (Xa! ")t N cOn-
verges to 1 for every X € VG.

(iii) An automorphism # is called paratolic if it is not elliptic and fixes precisely
one boundary point ) and if (Xo‘n )t N and (XO‘! ! )t § both converge to ) for
every X € VG.

If # is a hyperbolic element, then we call the boundary point to which all the
sequences (X ), X € VG, converge the direction of #.

The following theorem holds for the ends of G as boundary and also in the
case that G is a locally finite hyperbolic graph for the hyperbolic boundary as ! G.
Woess [102] offers a proof in the hyperbolic case. The case for arbitrary graphs is
due to Jung [60, Corollary 1.3 and Theorem 1.4].

THEOREM 5.1. Let G be a graph with boundary ! G and let " act on G. Then
either one of (a), (b), (c) holds or there are two hyperbolic elementsthat geneate
a free sulgroup of T. !

Considering just single elements instead of the whole automorphism group, in
all above described cases for G and ! G we have also the following theorem, see
[49, 95, 102].
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THEOREM 5.2. Let G be a graph with boundary ! G and let I" act on G. Then
each elementof I is either elliptic, hyperbolic, or paralolic. !

The fixed set property will be discussed in three different situations. In Chap-
ter 6, we investigate the case that G is a locally finite hyperbolic graph and for
a subgroup I' of Aut(G) that acts transitively on G, the statement (b) holds as
in [39]. The case that G has more than one end turns out to be already solved
[80], so we just have to look at locally finite one-ended hyperbolic graphs. It is a
problem of Kaimanovich and Woess [61] whether such a graph exists. We make
some progress by showing that no planar such graphs exists (Theorem 6.3).

In Chapter 7, we generalize the mentioned result by Moller [80] by charac-
terizing the infinitely-ended graph with arbitrary degree and with a subgroup of
their automorphism group that acts transitively on the graph and satisfies the
assertion (b). We show that they are—in analogy to the locally finite case—quasi-
isometric to semi-regular trees (Theorem 7.1), see also [53].

The situation in Chapter 8 is a different one compared with the other two. We
suppose—just like in [53]—that for an infinitely-ended graph (again with arbitrary
degree) its automorphism group satisfies neither (b) nor (c). Particularly, we as-
sume the automorphism group to act transitively on the ends of the graph. Then
we conclude that either a generalization of (a) holds, that is that a vertex set of
finite diameter is invariant under the automorphism group, or that the graph is
again similar to a semi-regular tree (Theorem 8.1).



CHAPTER 6
Fixed set prop erty in hyperbolic graphs

In this chapter we describe our partial solution [39] to the following problem
of Kaimanovich and Woess:

PROBLEM. [61, Section 6.4] Does there exist a one-endel locally Pnite hyper-
holic graph and a group acting transitively on the graph and bxing precisely one
hyperbolic boundary point?

The assumption having just one end seems to be a huge restriction. But the
stabilizer of the hyperbolic boundary point also stabilizes the end that contains the
hyperbolic boundary point. Such graphs with more than one end have infinitely
many or precisely two ends, see Theorem 2.3. Locally finite graphs with infinitely
many ends and with an end whose stabilizer acts transitively on the vertices of
the graph are characterized in [80] before the above question arose. It was shown
that they are quasi-isometric to trees (see Chapter 7 for more details). So, by
Theorem 2.3, the only other case is that the graph has precisely two ends. But it is
well-know that two-ended transitive graphs are quasi-isometric to the double ray.
Hence, the only case that has to be discussed is the one-ended case as it is posed
in the problem.

In this chapter we give some further results towards a general solution of the
above problem. The first known result regarding the situation of that problem can
be found in [102, Section 4.D]. It is shown there that, for a locally finite Cayley
graph of a finitely generated hyperbolic group, the group itself does not have the
property (b) on its Cayley graph.

We shall prove that every planar locally finite hyperbolic graph answers Ques-
tion 6 in the negative. Before we directly attack the question in the situation of
planar graphs, we prove a general lemma, which might help to find a solution in
the general case for a negative answer to the question. But, so far, it still remains
open.

LEMMA 6.1. Let G be a locally bnite hyperbolic graph. Then Aut(G) contains
no parakolic element.

PROOF. Suppose that Aut(G) contains a parabolic element #. Then there is an
€ ! G such that for any X € VG the sequences (X"‘i )a n and (X“! i)i! N both con-
verges to " and they lie on a (€1, C;)-quasi-geodetic double ray by Proposition 2.25
for some ¢; > 1,C > 0. This double ray lies in a +(& 1, C3)-neighborhood around
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a geodetic double ray for the constant +(& ¢y, Cy) as in Proposition 2.24. Since any
hyperbolic boundary point is the equivalence class of geodetic rays, no geodetic
double ray can have both of its sides converging to the same hyperbolic boundary
point. Thus, we conclude that no parabolic element of Aut(G) exists. !

LEMMA 6.2. Let G be a locally Pnite one-endel &hypertolic graphand I be a
group acting transitively on G suchthat I" Pxesa hyperholic boundary point " of G.
Then the following statementshold.

(i) For every two vertices x,y € VG with d(x,y) > 2&that lie on a common
geodetic doubleray between " and another hyperbolic boundary point, there
exists a hyperbolic elementh in T with x* =y.

(ii) There existsa non-trivial elliptic elementin T that Pxesa vertex of G.

(iii) There exist two non-trivial distinct elliptic elementsin T' whose product is
also non-trivial and elliptic and suchthat all thesethree automorphismspbx a
common vertex of G.

PROOF. To prove (i) let X, y lie on a common geodetic double ray $ as in the
assertion with d(x, y) = 2&+d for a d > 0 and let $y be the subray of $ that starts
at y and converges to ". As I' acts transitively on G, there is an automorphism
# € I' with X* =y. We deduce from Theorem 5.2 and Lemma 6.1 that # is either
a hyperbolic or an elliptic element. So we just have to exclude the case that # is an
elliptic element. Let us suppose the contrary, that is, that # is an elliptic element.
Then the orbit of X under # is finite. Let n > 0 be minimal with x®'~ = x. We
consider the rays $8“ with i = 0,...,n. Each of these rays converges to " and

. . i+1 i+2 i . i+1 .
contains the vertices X®  and x® . For x® , there is a vertex z; on $8" with

i+l

d(X"‘i ,Z;) < & as we are &hyperbolic. Because of d(XO‘i ,X* ) = 2&+ d we have
d(XO‘i . ,2;) > &+ d. Furthermore, z; does not lie on xe' $8‘i " . Inductively, xe' ™
lies in an (nN&)-neighborhood of a vertex on $3i whose distance on that ray is at
least N(&+ d) > n& a contradiction. Hence, # has to be a hyperbolic element.

For the proof of (ii), let # be a hyperbolic element in I'. Then # fixes " and
precisely one further boundary point )o. We assume that the direction of # is ) q.
For any Xg € VG, there are constants ¢; > 1,C; > 0 such that the vertices Xf{i,
i € Z, lie on a (cq, Cy)-quasi-geodetic double ray $ by Proposition 2.25. Remark
that ¢; and ¢; depend only on & and d(Xg, X§). If Xo lies on a geodetic double ray
$o between " and ) ¢, then we may choose the two constants independently from X.
Let + = +(& ¢y, C2) be the constant from Proposition 2.24, that is, every (cy, Cz)-
quasi-geodesic lies in a +-neighborhood of a geodesic with the same endpoints and
vice versa.

Let x; € VG with d(X1,$0) > 2+ and let % € I’ with X' = x;. Then $; := $]*
cannot lie 2+-close to a geodetic double ray between " and ). Thus, we have
)1:=)g" # )o. Since # is a hyperbolic element, so is #; := % #% Recursively,
we find a sequence (X;); y of vertices in G, a sequence ($;)s n of (C1, Cy)-quasi-
geodetic double rays, a sequence ();)s n of hyperbolic boundary points, and a
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sequence (#;); n of hyperbolic elements of " such that the orbit of X; under #; lies
on $;, such that the subrays of $; converge either to " or to );, and such that x;
has distance more than 2+ to all $; with j < i.

Consider an infinite sequence (B;); n of balls of radius 2+ around elements of $
that converge to " . Because I' acts transitively on VG, there is a finite number n
such that each of these balls consists of n vertices. Hence there is a ball B,,, such
that some vertex b € B, lies on two distinct double rays $;,$; (with i < j) and
such that it has the property bi ' = b and such that band X;, band x; lie in the
same #;-orbit, the same #;-orbit, respectively. Let us look at the automorphism
#Z 1#j. This automorphism obviously fixes b, so it is an elliptic element and it is
non-trivial, because #; # #;.

It remains to prove (iii). We continue with the same notation as in the proof
of (ii). Let %:=#, '#; be the elliptic element we constructed in the proof of (ii).
Then, for each k € N, % := #*%¢" * is an elliptic element that is not trivial but
acts trivially on b# *. Each such elliptic element has to act on the set of (¢, Cy)-

quasi-geodetic rays from b# * to " . Let us consider the sequence of balls (Dy)x N
with center b# ¥ and radius 2+. As in the proof of (ii), there is an m € Z such that
two distinct %, %, with k # I, both fix a vertex y € B,,,. Then 0/;% 19p also fixes y

and it is again non-trivial because % # %. So 0/;% Lop satisfies the assertion (iif). !

THEOREM 6.3. There exists no planar locally bnite one-endel hyperbolic graph
G and a sulgroup T" of the automorphism group of G suchthat I" acts transitively
on G and bxesa hyperholic boundary point " of G.

PROOF. Let us suppose that there is a planar locally finite one-ended hyper-
bolic graph and a subgroup I' of Aut(G) acting transitively on G and fixing a
hyperbolic boundary point " . Let & be the hyperbolicity constant of G and let d
be the degree of any vertex of G. Then we have d > 3 and, thus, so we know from
Lemma 2.6 and Theorem 2.5 that G has a unique planar embedding. Hence, every
automorphism of the graph can be extended to an automorphism of the plane and
we have the notions of spin-preserving and spin-reversing automorphisms. Let uvw
be a subpath of a path P. We say that a vertex x € N (v) \ {u, w} lies to the right
of P if in the spin of v, we have vX between vw and vu. If X does not lie to the
right of P then it lies to the left of P.

There is a non-trivial elliptic element 2 € T by Lemma 6.2. Let us assume that
its homeomorphic extension to the plane is a rotation, that is, it is a spin-preserving
automorphism of the graph. Let y be a vertex with y¥ #£Yy. As 2 is elliptic, there
is a minimal n € N such that yWn =y. Foralli =1,...,n, let g; be a geodesic
from y;» 1 := y%"” " to y; such that g7 = g;+1 and let $; be a geodetic ray from y“’i
converging to " such that $7 = $;;1. Then C := ¢y... 0, 1 is a cycle of length
n-1(g). We distinguish between two cases: Either $; and $;,; intersect infinitely
many often or in at most finitely many vertices. If they have at most finitely many
common vertices, then we may choose a vertex y* on $, instead of y such that the
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corresponding rays y;$; and y;11$;+1 have no common vertex. So we assume that
this holds for y.

For every vertex zy on $y with distance larger than 1(g;) + &to Yo there is a
vertex z; on $; with distance at most & to zg. We fix a geodesic between zy and
z; whose intersection with $y, $1, respectively, is a connected subpath. Then we
may assume that the geodesics from all these vertices to $; lie eventually on the
same side of $ (that is its first vertex not on $, lies either to the right or to the
left and for all the vertices it is the same), because otherwise we may assume that
infinitely many of these geodesics lie eventually to the right and infinitely many lie
eventually to the left of $y. This implies that all the rays of G converges to " or that
G has at least two ends each of which is a contradiction by assumption and because
any transitive locally finite hyperbolic graph has at least two hyperbolic boundary
points. We may assume that all the above described geodesics lie eventually to the
right of $y. Let Vy be a subset of VG consisting of all the vertices from the paths
$o, $1, 9o and from all the paths from $g whose first vertex lie to the right of $g
and that has only vertices not in $y U $; U gy except for its first vertex. Then any
ray in G[Vp] has to converge to " . Similarly we find Vi, ..., V, 1, always taking the
vertices to the right of $; to obtain V;, because # acts on the plane as a rotation.
We conclude that any other hyperbolic boundary point is separated by C from "
which is impossible, since G has at most one end.

Thus, the only case left is that $5 and $; have infinitely many common vertices.
By Proposition 2.23 there is a k € N such that for all but finitely many vertices X
on $y we have d(x, x?) < k + 2& Let us first suppose that there are also infinitely
many vertices in $9 — $1. Let (X;)i n be a sequence of pairwise distinct vertices on
$o N$; such that the predecessor of X; on $y lies not in $; and such that $; comes
at X; from the same side to $y, say from the right. Then there is an M € N such
that we have for all i > M that x;$:X;,2%-.. .an! 1$0Xi is a cycle separating C
from " . Since G has precisely one end, this contradicts the transitivity of G as all
these cycles have length at most 2n(k + 2&), as d(Xi,an! 1) < n(k + 2&), and we
find a sequence of these cycle that are pairwise disjoint.

Thus, there are only finitely many vertices in $5 — $; and we may assume by
replacing y by another suitable vertex on $g, that all the vertices of $¢ lie on $; or
vice versa. But then either

$n = y0$nyn" 1-- -Y1$1YO$0
or
$0 = YoSoy1$1 ... Y 150" 1Yo$n

is no geodetic ray, contrary to the assumption. !



CHAPTER 7

Fixed set prop erty
in graphs with inbnitely many ends

In [101], Woess posed the problem whether there is a classification of the locally
finite connected graphs with infinitely many ends such that the stabilizer of one
end acts transitively on the vertices of the graph. He conjectured that such graphs
are quasi-isometric to trees, which was subsequently proved by Moller [80]. This
was generalized by Kron [63] to graphs of arbitrary cardinality with infinitely many
edge ends. We prove here the corresponding theorem from [53] for vertex ends:

THEOREM 7.1. Let G be a connected graph with inPnitely many endsand with
automorphism group I" suchthat for someend" of G its stabilizer I',, acts transi-
tively on the vertices of G. Then G is quasi-isometric to a semi-regular tree with
minimum degree 2. Furthermore, everynon-local end of G is a thin glotal end of G.

A further result of Méller [80] is that in graphs such that the stabilizer of an
end acts transitively on the vertices this stabilizer also acts transitively on the other
ends. In graphs that are not necessarily locally finite this is not the case. But every
orbit of the ends (other than the fixed end) is dense in the end space:

THEOREM 7.2. Let G be a connected graph with inPnitely many endsand with
automorphismgroup T". If T, for someend" acts transitively on VG, then for any
end"#+£" the I' -orbit of " #is densein the set of all endsof G.

We mention here that—with the above notions—on one side the regular trees
are examples of graphs with I',, # I", but on the other hand Soardi and Woess gave
an example [92, Example 2] of a graph with I',, = T for some end " .

7.1. The pro ofs of Theorems 7.1 and 7.2

For the Lemmas 7.3 to 7.7, let G be a connected graph with infinitely many
non-local ends such that the stabilizer of some end " acts transitively on the vertices
of G. Let T' := Aut(G), let S be a I',-invariant, not necessarily I'-invariant, basic
cut system such that every S-separation separates ends of G, and let 7 be the
structure tree of G and S. We remark that the end " has to be a global end since
otherwise it would be dominated by some vertex X and thus by every vertex as I',,
acts transitively on the vertices of G.

LEmMA 7.3. The end" of G correspndsto an end of 7 and not to a vertex
of 7.
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PROOF. Let us suppose that " corresponds to a block vertex X of 7. Let
X € AN B for some separation (A, B) € S with ANB C X. Let y be some vertex
of G not in A N B which is separated by ANB from " . Since T',, acts transitively
on VG, there is some # € I',, with y* = x. Then (ANB ) is a separator separating
X =y from ", a contradiction to the choice of ANB and X. Hence " corresponds
to an end of 7. !

LEMMA 7.4. The diameters of all S-blocks are glokally bounded. Furthermore
each vertex of an S-block X hasdistance at most 1 to that semrator that seprates
X from".

PROOF. Let X be some S-block and let (A, B) be a separation in S with
ANB C X such that AN B separates X from ". We will prove that any vertex
x € X \ (ANB) has distance 1 to ANB.

Suppose d(X, ANB) = 2. Let y be a vertex in X with d(y,ANB) = 1. There
is some # € T',, with y* = x. Then (AN B)O‘! " is a separator with distance 1 to
X such that X and " are separated by (A N B)al ". By the choice of X and (A, B)
this is a contradiction. Thus we know that diam(X ) < diam(A NB) + 2. Since all
S-separations have the same order, the claim follows. !

A vertex X in G determinesan S-block (with respect to the end ") if for the
unique S-separator S that separates X from " and is contained in X there is X € S
and no S-separator separates X from S.

LEMMA 7.5. For every S-block X there is a vertex x which determinesthe black
X (with respect to the end " ). Additionally for every vertex x there is a unique S-
separator S seprating x from" with x € S, and suchthat no S-separator sefarates
x from S.

PROOF. These are direct consequences of Section 7 from [32]. !
LEMMA 7.6. The group I',, acts transitively on the S-blocks.

PRrROOF. Let X and Y be S-blocks. By Lemma 7.5 there are vertices X € X
and y € Y such that X and " determine X and y and " determine Y. Let # € ',
with X =y. Then X* =Y. !

Let us define the tree order on the vertices of 7 with respect to the end " 1
x <y if and only if X separates y from " 1. Let X,Y
be the blocks or separators corresponding to X, Yy, respectively. Then x <y if and

of 7 that corresponds to " :
only if X separates Y from " in G. As for rooted trees let |x| denote all vertices
y in 7 with y > x.

LEMMA 7.7. Any glolal end of G correspndsto an end of 7 and vice versa.

PRrROOF. By Lemma 7.4 any global end " # of G corresponds to an end of 7.
Suppose that there is some end of 7 whose corresponding end " #in G is not a
global end. Then the end " # must be dominated by some vertex. Let S;,So,...
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be a sequence of separators such that S; separates S;» 1 from S; 11, S; separates Sy
from " , and every S; separates " #from " . Then there is no infinite pairwise disjoint
subsequence of the S; and hence there is some vertex X contained in infinitely many
S;. We may assume that X € S; for all i € N and that Sy is an S-separator that
contains X and that is minimal in the tree order with this property. Let S := S;.
Since I',, acts transitively on S, the stabilizer of S in T',, acts transitively on the
vertices in |S| with equal distance to S. There is a ray in |S| such that every
vertex contains X. Thus every vertex in |S] contains an element of S. Hence for
every ray in |S| that starts in S the intersection of all vertices on that ray is not
empty and thus contains an element of S. As I',, acts transitively on VG, every
vertex Y that is separated from " by S lies in the intersection of the vertices of a
ray of 7. Hence all S-separators S* € |S| with d(S,S% > 2i have to contain a
vertex from the finite set

{Se|s]|d(S3) < 2i}\& (Se[S]|d(S,S)< 2(—1))

But then all S-separators S* with d(S, S¥) > 2|S| have to contain more than |S|
vertices which is impossible. !

Let us now prove Theorem 7.2.

PRrROOF OF THEOREM 7.2. Let S be a basic cut system and let 7 be the struc-
ture tree of G and S. By the Lemmas 7.3 and 7.7 all non-local ends are global
ends and also |S|-thin ends for all S-separators S. Thus it suffices to prove the
denseness condition for G. We will first prove this condition for 7. Let us identify
the unique end in 7 that corresponds to the end " of G with ". Let (,$ be any
two distinct ends of 7 that are both different from " . We have to show that in any
open neighborhood of { there is some I',,-image of $. It suffices to show this for
any neighborhood of the form |t] for somet € V7.

Let X be a vertex on the unique double ray in 7 between ( and $ such that x
is minimal in the tree order. As I',, acts on V7 with precisely two orbits, there is
an automorphism g € I',, such that either x9 =t or d(x9,t) = 1 and X9 € [t]. Since
g fixes ", the end $9 has to lie in [t|. As any open neighborhood of " contains
an end of 7 that is different to ", any neighborhood of " contains some $9 with
geT,. Thus $" is dense in the set of non-local ends.

Let { be a local end of G. As for every S-separators S the group T, acts
transitively on those S-separators that have distance 2 in 7 to S and that are
separated from " by S, each ray R in ( meets at least infinitely many of those
S-separators. There is a block vertex X € V7 such that { corresponds to X.
Then X must have infinitely many neighbors in 7 and also in G. As $!" is dense
in Q7 , for each finite vertex set S of G there is an end $9 with g € I that is not
separated from X by S and thus that is also not separated from $.

Now let $ be a local end of G. By Lemma 7.7 there is an S-block X such that
$ corresponds to X . Let first { be a global end of G. Then for each S-separator S
there is an X 9 with g € ', in the same component of G — S in which { lies. So let
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( be a local end of G. Analog to $, there is an S-block Y such that { corresponds
to the 7-vertex Y. Since I',, acts transitively on the S-blocks, every finite vertex
set can separate Y only from finitely many X ¢ with g € T',, and thus { lies in the

closure of $. !

The following theorem immediately implies Theorem 7.1.

THEOREM 7.8. Let G be a connected graph with inPnitely many ends such
that for someend " of G the stabilizer of " in the automorphism group I" of G
acts transitively on the vertices of G. Then G is quasi-isometric to any structure
tree of G and a hasic cut systemof G which is a semi-regular tree with minimum
degree 2. Furthermore, every non-local end of G is a thin glokal end of G.

PrROOF. Let S be a basic cut system and let 7 be the structure tree of G and
S. By Lemma 7.6 the tree 7 is a semi-regular tree and by Lemma 7.4 all vertices
of 7 have bounded diameter in G and thus the claim holds. !



CHAPTER 8

End-transitiv e graphs

In [101], Woess asked for a classification of locally finite connected graphs with
infinitely many ends and with an end-transitive automorphism group. Moller [79]
and Nevo [86] independently described these graphs. The essence of their work
is that they are quasi-isometric to semi-regular trees. In this chapter we prove a
theorem of [53] which is a generalization of the results of Méller and Nevo to graphs
that are not necessarily locally finite. Before we state the theorem let us briefly
define an abbreviation: For a graph G, a vertex X € VG, and R € N let G(x, R)
denote the union of the balls B g(x¥), where 2 ranges over all automorphisms of G.

THEOREM 8.1. Let G be a connected graph with inPnitely many endssuchthat
G is end-transitive. Either Aut(G) bxesa vertex set of bnite diameter or there is
for everyx € VG an R € N suchthat G(x, R) is quasi-isometric to a tree and
G — G(x, R) doesnot contain a ray.

The assumptions of Theorem 8.1 (infinitely many ends, end-transitivity, no ver-
tex set of finite diameter fixed by the automorphism group) are necessary. When-
ever we omit one of them, the conclusion of Theorem 8.1 fails.

Throughout the remainder of this chapter we shall prove Theorem 8.1 with the
aid of the theory of structure trees, see Section 2.5, and we shall discuss the general
situation in this setting, for example that the structure tree of a basic cut system
is essentially unique (Section 8.3).

8.1. Structure trees and semi-regular trees

In this section we prove that every structure tree with regard to a basic cut
system of any connected graph whose automorphism group acts transitively on the
non-local ends and fixes no vertex set of finite diameter is a semi-regular tree or a
subdivided semi-regular tree.

Although the proof of the following lemma is similar to arguments in [86, 92]
we proof it here because of the last part claimed.

LEMMA 8.2. Let T beatreeand I' < Aut(T) suchthat I' acts transitively on
one set A of the natural bipartition A UB of VT. Then for every path x;...x4 of
length 4 between two vertices of A there is an automorphismg € I" suchthat g is a
translation on T and either xJ = x5 or x§ = X4.

PROOF. There is an automorphism g € I' with XJ = Xo. If X{ # x; then gis a
translation as claimed. So let us assume that x§ = x;. There is an automorphism
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h € T with X2 = x4. If X4 # X5 then h is a translation as claimed. Thus let us
assume that X% = x5. Let f := gh. Then X(J; = Xo and X{ # X1. Hence f is a
translation and the lemma is proved. !

LEMMA 8.3. Let G be a connected graph with inPnitely many non-local ends
suchthat I' := Aut(G) acts transitively on the non-local endsof G. Let S be a basic
cut systemsuchthat each S-separation sefrates metric rays. If I' Pxesno vertex
set of bnite diameter, then no end of 7, the structure tree of G and S, correspnds
to a local end of G.

PRrROOF. We first remark that for every n € N there is a pair of S-separators
with distance at least n as otherwise the union of all S-separators is a vertex set
of finite diameter. Let us suppose that there is an end of 7 that corresponds to a
local end of G. Then there is a ray in 7 and a vertex X of G such that X lies in all
the vertices of that ray as otherwise there are infinitely many disjoint S-separators
on that ray and thus the end of 7 corresponds to a non-local end of G. Similar
to Lemma 8.2 there is an # € I',, the stabilizer of X in I, that acts on 7 like a
translation and thus X lies in all vertices of the uniquely determined #-invariant
double ray R. If 7 has just two ends, then all separators lie on R and thus the
intersection of all the separators is non-empty, of finite diameter, and I'-invariant,
but no such vertex set exists by the assumptions. Hence we know that 7 has
infinitely many ends.

Let Sy, S1, S be three distinct S-separators such that Sy and S; lie on R, such
that Ss is disjoint from Sy U Sy, and such that

dr (So, S1) +dr (S1,S2) = dr (So, S2).

By a similar argument as in the proof of Lemma 8.2 there is an automorphism -
of G that acts on 7 like a translation either with Sg = §; or with SQ’B = Sy. Hence
there is a double ray P in 7 and an m € N such that each vertex of G lies in at
most M vertices of P. The ends of G which contain subrays of P have to correspond
to non-local ends of G.

By using the double rays P? and R” for some %e¢ T, it is not hard to construct
a ray Q such that the S-separators on infinitely many subpaths of length more
than m do not intersect trivially but such that every vertex of G lies in only finitely
many S-separators on Q. Thus the end that contains Q corresponds to a non-local
end of G. But this end cannot be mapped by an automorphism of G onto an end
that contains a subray of P. We conclude that no local end of G can correspond
to an end of 7. !

By changing the cut system to a cut system S such that every wing of every
separation just contains a ray we obtain the following corollary of the proof of
Lemma 8.3.

COROLLARY 8.4. Let G be a connected graph with inPnitely many local ends
suchthat I' := Aut(G) acts transitively on the ends of G. Let S be a hasic cut
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system such that each S-separation semrates rays. Then either I' bPxesno vertex
set of pPnite diameter or 7, the structure tree of G and S, does not contain any
ray. !

By the next lemma we show that every structure tree of a basic cut system
that contains a ray is essentially a semi-regular tree.

LEMMA 8.5. Let G be a connected graph with inPnitely many non-local ends
suchthat I' = Aut(G) acts transitively on the non-local ends of G and bxesno
vertex set of pPnite diameter. Let S be a hasic cut systemof G suchthat each S-
sepration seprates non-local endsand let 7 be the structure tree of G and S. If
T contains someray, then the set of S-blocks consists of at most two I'-orbits.

In particular then there are two diler ent cases: either I" has precisely two orbits
on V7, or the semrator verticesin 7 have degree 2 and there are precisely three
I'-orbits on V7.

PRrROOF. Let us first suppose that every S-separator lies in at most 2 S-blocks.
Then there are at most two I'-orbits on §. Thus there are at most two I'-orbits on
the set of S-blocks.

Let us now suppose that every S-separator lies in at least 3 distinct S-blocks.
If there are at least two I'-orbits on the set of S-blocks, we can construct two rays
R and P such that the ends " p and " p defined by R and P, respectively, are not
in the same I'-orbit: There is a ray R such that every fourth vertex lies in some
I-orbit X of S-blocks which is avoided completely by a second ray P. As the ends
"gand " p of 7 corresponds uniquely to some non-local ends $r and $p of G by
Lemma 8.3 and I' acts transitively on the non-local ends of G, there is some # with
$% =%p and thus " § =" p. As 7 is a tree, there has to be some vertex in X on
P, in particular every fourth vertex of P must be an element of X. Since this is
not the case, we get a contradiction. !

LEMMA 8.6. Let G be a connected graph with inPnitely many non-local ends
suchthat ' = Aut(G) acts transitively on the non-local endsof G. If there is no
vertex set of Pnite diameter invariant under I', then the structure tree 7 of G and
any basic cut systemS hasinbnitely many ends.

PrOOF. We just have to prove that 7 has some end " . If this is the case,
then we know that the non-local end $ of G corresponding to " has infinitely many

images under I and thus also " must have infinitely many images under I' as any
end of 7 corresponds to precisely one non-local end of G.

So let us suppose that 7 has no end. As I' acts transitively on the separator
vertices of 7, the diameter of 7 is at most 4. If the diameter is 2, then there is a
unique S-separator S in G and thus S is a vertex set of finite diameter invariant
under I' in contradiction to our assumption. Hence we know that 7 has diameter
4. Our aim is to show that also in this case the vertex set of all those vertices that

lie in any S-separator is a vertex set of finite diameter.
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Let X be that S-block that is in 7 adjacent to all separator vertices. We
will prove that X contains some non-local end of G. If this is the case, then
the assumptions, that G contains infinitely many non-local ends and that I" acts
transitively on those ends, implies that all non-local ends must lie in X since X is
fixed by the whole automorphism group of 7. But as the separations are chosen so
that in both wings there are non-local ends, there is some vertex in 7 different to
X that contains a non-local end of G, a contradiction.

Since I' fixes no vertex set of finite diameter, for every S-separator S and every
r € N there is an S-separator S* with dx (S, S = d(S,S*) > r. Let us say that a
component C of X — B,.(S) has the property (x) if

(%) the S-separators in C have unbounded distances to S.

In a first step we show that for any r > 0 there is a component C of X —B.(S) with
property (*). So let us assume that there is an r > 0 such that in each component
of X —B,.(S) all S-separators have bounded distance to S. Let S*be an S-separator
with d(S,S*) > 2r. Then X — B,(S% contains a component C with the property
(¥) with respect to S* instead of S, a contradiction to S* = S for some # € T
Thus for every r > 0 there is a component C of X — B,.(S) with property ().

If on the other hand there is an r > 0 such that two components Cy,Cs of
X —B.,.(S) have the property (%), we construct a metric ray in X and thereby show
that X has to contain a non-local end. Let Sy be an S-separator. Assuming that
we have already chosen S-separators S; and components C; of X — B,.(S;) with
C; CCjq forj < i,let S; be an S-separator in C; ¢ with d(S;,X —Cy 1) > 1.
Then there are at least two components of X — B,.(S;) with (x). One of those has
to lie completely in C;» 1. Let C; be that component. Fix some vertex X; € S; and
let R; be a path from X;» 1 to X;. Then there is a ray R in the union of all the R;.
This ray has to be a metric ray as there are only finitely many vertices on the R;
that have distance smaller than nr for all n € N. Thus X contains some non-local
end.

Let us finally suppose that for all r > 0 there is precisely one component C,. of
X —B,(S) with (x). Then C,; C C, for all r. Let S; be some S-separator with
d(S,S;) > i, and let X; be some vertex of S; and R; some path from X; to X;41.
Then there is a ray R in the union of all the paths R;. Again R has to be a metric
ray and thus X contains a non-local end of G.

So in all cases we either got directly a contradiction or some non-local end
in X which also leads to a contradiction as indicated before. Thus the lemma is
proved. !

By replacing the cut system we used for Lemma 8.6 by a cut system such that
each separation separates local ends we obtain the following corollary.

COROLLARY 8.7. If G is a connected graph with inbnitely many local endssuch
that the automorphism group I' of G acts transitively on the endsof G, then either
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I" bxesa vertex set of bnite diameter or any structure tree of G and of a basic cut
systemS suchthat each S-separation sefarates endsof G hasa ray. !

A direct consequence of the Corollaries 8.4 and 8.7 is the following theorem.

THEOREM 8.8. Let G be a connected graph with inPnitely many endssuchthat
its automorphism group acts transitively on the ends of the graph. If all endsare
local ends, then there is a vertex set of bnite diameter that is bxel by Aut(G). !

Motivated by the fact that for any graph G with the assumptions on its non-
local ends as in this section we have that its structure tree is either a semi-regular
tree or a subdivided semi-regular tree, we show in Section 8.3 that the semi-regular
tree is uniquely determined up to subdivision for each such graph.

8.2. Metric ends of end-transitiv e graphs

In this section we will show that for every connected graph with infinitely many
non-local ends such that no vertex set of finite diameter is fixed by its automorphism
group it is equivalent that its automorphism group acts transitively on the non-local
ends or on the metric ends of the graph. Furthermore if the automorphism group
of such a graph G is transitive on the non-local ends or on the metric ends, then
all non-local ends of G are thin global ends of G.

Throughout this section let G be a connected graph with infinitely many non-
local ends such that its automorphism group I' acts transitively on the non-local
ends of G and such that no vertex set of finite diameter is fixed by I'. Furthermore
let S be a basic cut system such that each S-separation separates non-local ends,
and let 7 be the structure tree of G and S.

LEMMA 8.9. Any thin glotal end of G correspnds to an end of 7 and vice
versa. In particular all non-local endsare glokal ends.

PrOOF. By Lemma 8.6 the structure tree 7 has infinitely many ends. We will
show that there is a sequence of separations (A;,B;) € S such that A; C A;4; and
A;NB;11 =0 for all i € N. Suppose that this is not the case. If any two distinct
S-separators are not disjoint, then the set of all those vertices that lie in any S-
separator is a vertex set of finite diameter, its diameter is bounded by 2-diam(S) for
any S-separator S. Thus we may assume that there are two disjoint S-separators
S1,Sy. Let S3 be another S-separator such that dr (S;,S;) = dr (Sg, S3) and
d(S;,S3) =2-dr (S1,Sz). By a similar argument to the one of Lemma 8.2 there is
an automorphism g € I' that acts on 7 like a translation with S{ = S, or S{ = S3.
Thus the sequence (SfI )ar N 18 a sequence of pairwise disjoint S-separators such that
each element of that sequence separates its predecessor from its successor. !

We can reformulate the statement of Lemma 8.9 for the following corollary.

COROLLARY 8.10. Let G be a connected graph with inbnitely many non-local
endssuchthat I' := Aut(G) acts transitively on the non-local ends of G and bxes
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no vertex set of bnite diameter. An end of G is dominated if and only if it is a
local end. I

THEOREM 8.11. Let G be a connected graph with inPnitely many non-local
endsand let I' := Aut(G). I' bxesno vertex set of Pnite diameter. Then I' acts
transitively on the non-local endsof G if and only if T acts transitively on the metric
endsof G.

PRrROOF. Let S be a basic cut system and let 7 be the structure tree of G and
S. Every global end of G must be a metric end since by the transitivity of I on the
S-separators the ray of 7 it corresponds to has to define precisely one metric end.
By Lemma 8.9 I acts transitively on the metric ends of G. On the other hand for
every metric end there is a unique non-local end it corresponds to. Since I' acts
transitively on the metric ends, I' also has to be transitive on the non-local ends,
as for every non-local end of G there is at least one metric end corresponding to
it. !

The following lemma can be found in [89, Corollary 2.5].

LeEmMA 8.12. For every connected graph G with a semration (A, B) of G such
that A NB is bnite and with an automorphism# € Aut(G) with A* C A\ B there
is some power of # that bxesa geodetic doubleray with one endin A and one end
in B. !

8.3. Uniqueness of the structure tree

Our aim is to show that the structure of the tree 7 is essentially independent of
the choice of §. But Example 8.13 shows that in general it is not unique. The graph
of the example has two different structure trees one of which is the subdivision of
the other tree. But in Theorem 8.14 we show that this is always the only ambiguity
that could occur.

EXAMPLE 8.13. Let T be a subdivision of a semi-regular tree T# that is not
regular. We suppose that VT#C VT and that 2dz (X, y) = dz(X,y) for all X,y €
VT# Let AUB = VT#be be the natural bipartition of T#and let C = VT \ VT
Then all the sets A, B, C are Aut(T)-invariant. Let A = {{a} | a € A} and let B
and C be the corresponding sets for the sets B and C. Let Sa,Sg, Sc be Aut(T)-
invariant cut systems such that the corresponding sets of separators are A, B, C,
respectively. Then the structure trees 7a and 7g are isomorphic to T# and the
structure tree 7¢ is isomorphic to T. Thus not all structure trees are isomorphic.

THEOREM 8.14. Let G be a connected graph with inbnitely many non-local ends
such that the automorphism group I of G acts transitively on the non-local ends
of G and bxesno vertex set of bnite diameter. Then the structure treesfor any two
hasic cut systemsS;, S; suchthat each S;-semration for i = 1, 2 sefratesnon-local
endsare either the sameor one is the suldivision of the other.
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We will prove the theorem by a series of claims.

CraAmM 8.15. It is su"cient to prove the theorem for any two cut systemssuch
that their union is a nestal cut system.

PROOF. Let 81, S be two distinct basic cut systems such that their union is not
a nested cut system. By Lemma 2.12 there is a nested cut system S which is nested
with Sy and such that mg, (A, B) < ms, (A* B¥) for all (A,B) € S, (A* B¥) € Ss.
By induction on the value mg, (A, B) the structure trees for S and S; as well as
the structure trees for S and Sy are essentially the same, that means either they
are isomorphic or one is the subdivision of the other, and by Lemma 8.5 we also
know that the claim holds for the structure trees of S; and of Ss. !

So let S := &1 U S, be a nested cut system and let 7, 77,75 be the structure
trees of G and S, 51, 82, respectively.

CrLamM 8.16. For eachtwo S;-seprators with distance 2 in 7; there are at most
two S»-separators semrating them.

PROOF. Suppose that this is not the case. Let A, A*be two Si-separators with
distance 2 in 77 and let Bq, Bo, B3 be three Ss-separators such that each of them
separates A and A% By Lemma 8.2 there is a translation # € I' such that one of
B1,Bs, B3 is mapped by # onto another one of those three separators. Furthermore
# fixes the Si-block X between A and A* Thus there is an end of 73, namely both
ends fixed by #—compare that by Lemma 8.12 there are precisely two such ends—,
and hence a corresponding global end in G by Lemma 8.9 that lies in X. This is a
contradiction to the same lemma, as all non-local ends of G corresponds to ends of
the structure trees 7; and 7s. !

So there are at most two Sy-separators B; and By separating A and A*

CrAIM 8.17. If there are two S,-separators B; and B, seprating A and A*
then there are two orbits on the Sp-blocks of G in one of which all S;-blocks contain
Si-semrators and in one of which no S,-block contains any S;-separator.

PROOF. Let us suppose that this is not the case. It is not possible that there
are several distinct I'-orbits on the Ss-blocks that contain Si-separators as I' acts
transitively on the Sj-separators. Furthermore there cannot be distinct I'-orbits on
the So-blocks that do not contain any Si-separator by the transitivity of I' on the
Si-separators and by Claim 8.16.

Let Y1B1Y2B2 be a path in 75. Then there is an # € I such that Y, = Ys. If
# does not act like a translation on 73, then B = B; and Bé"! ' C Y; and thus
there are the three Sp-separators BQQ! 1, B1,B; separating two Sj-separators with
distance 2 in 77 or there is again a non-local end in X . This contradicts Claim 8.16
or Lemma 8.9 and thus # is a translation. Hence there is a unique double ray R in 75
invariant under #. Let " 1," o be the ends that are defined by R. By Lemma 8.9
there are two non-local ends of G corresponding to "1 and "5 and thus there is
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- €T with"? =" 2. Then there are two infinite subrays R; and Ry of R such that
R? = R5. The automorphism - has to map Ss-separators onto Ss-separators and
So-blocks onto Sa-blocks. So let R; = XgX; ... and Ry = ygYy; ... such that X¢ and
Yo are Sa-blocks and X? =Y,;. We show that the double ray R has an orientation
in 7 and thus the ends defined by R cannot be mapped onto each other by some
%¢e T': For each X; with odd i there is another Sy-separator in X;» 1 but not in X;11
that is separated from X; by no Si-separator. Conversely for each y; with odd i
there is another Sy-separator in y; 41 but not in y;» ; that is separated from y; by
no Si-separator. Thus the ends "1 and "5 do not lie in the same I'-orbit. This
proves that no # with Y, = Yy exists. !

We separate the remaining part of the proof of Theorem 8.14 into three cases:
In the first one there are two I'-orbits on the S;-blocks for i = 1,2, in the second
case there is just one I'-orbit on the Si-blocks but two on the Sp-blocks, and in the
third case there is just one I'-orbit on the S;-blocks, for i = 1,2. In each case we
show the conclusion of Theorem 8.14 which we denote by (x).

Let G;, i = 1,2, be the set of all S-blocks such that each element only contains
S;-separators, and let Gs be the set of all other S-blocks which contain both &3-
and Ss-separators.

CrLaiMm 8.18. If there are two I'-orbits on the S;-blocks and on the S;-blacks,
then (%) holds.

PrOOF. All S-separators must have degree 2 in 7 and there are at least three
I-orbits on the S-blocks. Hence we know that Gs # 0.

The elements of Gz must have degree 2 in 7 as otherwise there would be three
S;-separators (i = 1 or 2) between two Sj-separators of distance 2 in 7, i #j, a
contradiction to Claim 8.16. Let X1, X2 be S1-blocks of distinct I'-orbits, let Y7, Yo
be distinct Sp-blocks of distinct I'-orbits, and let Z; € Gy, Z5 € G5. Then there is
w.lo.g. dr, (X1) = dr (Z1) = dr, (Y1) and dy, (X2) = dr (Z2) = dr,(Y2) and thus
(%) holds. !

CLamM 8.19. If T acts transitively on the S;-blocks but if there are two I'-orbits
on the Sy-blocks, then (x) holds.

PROOF. In this case there is G = () and Go,G3 # (). All elements of G, must
have degree 2 in 7 and thus for every Sy-separator S there is dr, (S) = dr, (X1) for
one (and hence every) Sa-block X1 containing an Sp-separator and for every Si-
block Y there is dr, (Y ) = dr,(X2) for one (and hence every) Sz-block containing
no Si-separator. Thus the claim follows. !

Cram 8.20. If T' acts transitively on both the S;- and the Ss-blocks, then (x)
holds.

PROOF. In this case there is G; = G = ) and for all Sj-separators S; and all
Sj-blocks X ; the equality dr; (S;) = dr, (X;) with i #j holds by Claim 8.17. !



8.4. END-TRANSITIVE GRAPHS 63

This was the last one of the three cases by Lemma 8.5 and thus Theorem 8.14
is proved.

8.4. End-transitiv e graphs

Throughout this section let G be a connected graph with infinitely many non-
local ends on which I' := Aut(G) acts transitively. Furthermore I' fixes no vertex
set of G of finite diameter. Let S be a basic cut system and let 7 be the structure
tree of G and S.

LEMMA 8.21. The distancesbetween any two S-semarators in a common S-block
are bounded.

PrOOF. We have to show that there is a constant m < oo such that for all two
S-separators Sy, Se in a common S-block X there is d(Sy, Sg) < m.

By Lemma 8.2 there is a translation in G such that on the double ray Q defined
by that translation the distance between any two S-separators with distance 2 in 7
has at most two distinct values. Let us suppose that no such m as conjectured exists.
Then there is a ray R in 7 such that there is a sequence (S;); n of separators on R
with d(S;, S¥) > i where Sf is that S-separator on R following on S;. But the two
described ends, one defined by R and the other one defined by some translation,
cannot be mapped onto each other. This is a contradiction and thus the lemma is
proved. !

LEMMA 8.22. Thereis an M < oo such that for each vertex x of G and for
eachray R in T there are at most M S-blocksin R which contain x.

PROOF. Suppose the claim does not hold. We construct a sequence (P;); n of
finite paths with P; C P; 11 such that there is a subpath of length i of P; such that
the intersection of the blocks and separators on that subpath is not empty. Then for
every finite path P; of length at least i with end vertex X in 7 there is an infinite
component C of 7 —P; that is adjacent to X and in which there is a ray containing
2i + 2 separator vertices with a non-trivial intersection as I'" acts transitively on
the separator vertices of 7. The elements of that non-trivial intersection might
intersect trivially with any separator of the path P;. We may extend P; and get
a finite path P;;; such that there is a sequence of at least i + 1 ;separator vertices
containing a vertex y;11 € VG. By recursion we get aray R =, (P; in 7 such
that for each i € N there is a sequence of length i of separator vertices on R that
intersect non-trivially.

By Lemma 8.9 there is a global end " of G defined by R. By Lemma 8.2 there
is an automorphism of G that acts on 7 like a translation. The unique double ray
of 7T fixed by that automorphism has an infinite subray R*. Let " # be the end of G
defined by R*.  Since I acts transitively on the non-local ends, there is some g € I'
with "9 = "# But then we may assume that RY has only finitely many vertices
not contained in R¥ and thus we may also assume that R C R*
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If we finally show that on R¥ any vertex of G lies in only m separator vertices
of R*for a constant m, then we get a contradiction and this would prove the lemma.
But if there is a sequence (X;)s n such that X; lies in at least i separators on R,
then each separator must contain infinitely many vertices, as the translation maps
any separator at most 2 separators apart, in contradiction to the definition of the
S-separators. !

LEMMA 8.23. Let G be quasi-isometric to a semi-regular tree T. Then the set
of all S-blocks and all S-slices has bounded diameter.

PRrROOF. Suppose the lemma is false. Let us first assume that the set of all
S-blocks has bounded diameter. By Lemma 8.5 there is an S-block X that has
no finite diameter. Then with Lemma 8.21 there is a sequence (X;); y in X such
that min{d(x;,S) | S S-separator} > i for all i € N. Let X be a vertex in S for
an S-separator S C X and let t € VT be the vertex with x¥ =t for the quasi-
isometry 2 : G — T. Let (t;)a v be a sequence in VT with x{ =t;. This sequence
has an infinite subsequence (t;); r with | C N of pairwise distinct elements. By
Lemma 8.21 there is d(X, y) < M for some constant M < oo and all y € S*for some
S-separator S* in X . Thus there is an r € N such that B,.(t) contains the images
of all the vertices y € S* for all S-separators S* C X . Then there is a component
C of T — B,(t) that contains at least one vertex t;. Since T is a semi-regular tree,
C contains a ray R. Let R* be a set of vertices in X such that there is an r# € N
with R C B,»((R¥)%). As G is quasi-isometric to T, there is at least one non-local
end of G defined by R* and this has to lie in X, a contradiction to Lemma 8.9.

So let us assume that the S-slices have unbounded diameter. Let S be an S-
separator and let Y be the set of all those slices which are components of G — S.
Then X := ) contains no metric ray as otherwise there would be a non-local end
in X but all such ends corresponds to ends of 7 by Lemma 8.9. Thus there is no
ray of T whose preimages lie in X by a similar argument as in the first case. Hence
X has only finite diameter. !

LEMMA 8.24. Assumethat there is some&> 0 suchthat any vertex of G lies
at distance at most & to the union of all geodetic doublerays. Then the set of all
S-blocks and all S-slices has bounded diameter.

PRrROOF. By Lemmas 8.2 and 8.12 the intersection of each S-separator with all
geodetic double rays is not empty. As all S-separators have the same diameter
and the distances between any two S-separators in the same S-block are bounded
by Lemma 8.21, there is an upper bound on the distance from each vertex in any
S-block to any S-separator.  Additionally the distance from each vertex of any
S-slice to any S-separator is bounded by &+ S where m denotes the diameter of
any S-separator. !

All the previously proved lemmas enable us to prove Theorem 8.25.
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THEOREM 8.25. Let G be a connected graph with inPnitely many non-local
endssuchthat T' := Aut(G) acts transitively on the non-local ends. Either T' bxes
a vertex set of pnite diameter or the following assertions hold:

(a) For everyx € VG thereis anr € N suchthat G(x, r) coversall geodetic double
rays of G.
(b) For everyx € VG thereis an R € N suchthat the graph G — G(x, R) contains
no metric ray of G.
(c) The following statementsare equivalent:
(i) Thereis anr € N suchthat everyvertexis r-closeto somegendetic double
ray;
(ii) ' acts metrically almost transitively on G;
(iii) there is a I'-congruene $ suchthat a vertex set of bnite diameter meets
every congruene classof $;
(iv) G is quasi-isometric to any structure tree of G and a basic cut system
of G;
(v) G is quasi-isometric to a semi-regular tree with minimum degree 2.
(d) All of the properties of part (c) hold for the sulgraph G(x, R) of property (b).

PRrROOF. Let S be a basic cut system and let 7 be the structure tree of G and S.
Let m be the constant of Lemma 8.21 and let S be the diameter of any S-separator.
Let B be the (2m + 2s)-ball around an arbitrary S-separator S. Then B covers the
intersection of each geodetic double ray in G with every S-block X with S C X
and B covers also the intersection of each geodetic double ray with every S-slice Y
such that Y is a component of G—S. So if we set d as the minimum over all d(x, S)
for S-separators S, then the statement of part (a) holds for r := 2m + 2s + d.

If we set R := 2m+2s+d (where d denotes the same value as before), then any
R-ball around X covers all S-separators and since no metric ray lies in any S-block
by Lemma 8.9 and by definition no metric ray lies in any S-slice. Thus we just
proved part (b).

The assertion (d) is an immediate consequence of (b) and (c) as the graph
G(x, R) of (b) is by construction a metrically almost transitive graph. So we just
have to prove the equivalences of (c¢). The equivalence of (i) and (ii) follows with
Lemma 8.12 and Lemma 8.21 from the definition of metrically almost transitive
graphs. The equivalence of (ii) and (iii) is just the definition of metrically almost
transitive graphs.

By the Lemmas 8.22 and 8.24 the condition (i) of this theorem immediately
implies (iv). So let us assume that (iv) holds, that is G is quasi-isometric to 7.
Then there is some constant K such that every vertex of G lies at distance at most K
to some S-separator. By Lemma 8.12 each S-separator meets some geodetic double
ray of G and thus if the S-separators have diameter S, then every vertex of G lies
at most S+ K apart from any geodetic double ray.

As the last part of the proof of Theorem 8.25 we show the equivalence of (iv)
and (v). If G is quasi-isometric to a semi-regular tree, then the Lemmas 8.22 and
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8.23 imply that G is quasi-isometric to any structure tree of G and a basic cut
system of G. So let us assume that G is quasi-isometric to a structure tree 7 with
respect to a basic cut system of G. By Lemma 8.5 the structure tree 7 is quasi-
isometric to a semi-regular tree and thus G is also quasi-isometric to a semi-regular
tree. !

If we just require I' to act transitively on the ends of G instead of the non-local
ends of G, we get Theorem 8.1 as a corollary of Theorem 8.25.

We finish this chapter with an observation: Let G be a graph as in Theorem 8.1
and let H be any rayless graph. If we add to each vertexy € VG a copy H, of H
with an additional edge, then for the constructed graph G* there is a component of
G — G(X, R) (where x and R are as in the theorem) that is isometric to H. So any
rayless graph can occur as a component of G — G(x, R).
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CHAPTER 9
Transitivit y in graphs

In this chapter we shall describe various kinds of transitivity and homogeneity
for graphs and digraphs. First we discuss them in the situation of graphs, and then
we extend our discussion to digraphs and look at different situations that occur by
orientating the edges. For example, whether for every homogeneous graph there is
an orientation of its edges such that the resulting digraph is also homogeneous.

We have a rather weak form of symmetry obtained by the automorphism group
of a graph if the group acts transitively on the vertices of the graph, hence, if the
graph is transitive. This is a very rich class, as it contains all Cayley graphs. On the
other side of symmetry, that of homayen@us graphs is very strong, that is every
isomorphism between two finite induced subgraphs extends to an automorphism
of the graph. Whereas there is no problem to classify the countable homogeneous
graph—these are the Cs, the line graph of K 5 3, countably many copies of a complete
graph, a generic K ,,-free graph or the generic graph, see [22, 34, 37, 72, 90]—, the
condition of transitivity is too weak to obtain a classification of such graphs.

That is the reason, why we look at kinds of symmetry that are stronger than
transitivity but not as strong as homogeneity. There is the natural question of
how much we can weaken the assumptions of homogeneity still being able to give
a classification of such graphs.

One way to weaken homogeneity is the K-homageneity, that is, to assume only
isomorphisms between induced subgraphs on at most K vertices to extend to an
automorphism of the graph. So 1-homogeneity is the same as transitivity and K-
homogeneity for all kK € N is the same as homogeneity. There are not many results
in this direction, for example the classification of the finite 2-homogeneous graphs
is a consequence of [74]. We can also consider a homogeneity notion between
homogeneity and k-homogeneity, the <k-homageneity, that is that the graph is I-
homogeneous for all | < k. There is a result due to Droste and Macpherson [30] that
says that for every kK there are uncountably many countable graphs that are <k-
homogeneous but not (k + 1)-homogeneous. Another result is due to Cameron [17]
who proved that <5-homogeneous graphs with diameter 2 are already homogeneous.

A different way of weakening the notion of homogeneity is to suppose that for
two finite induced isomorphic subgraphs there is an isomorphism that extends to an
automorphism of the whole graph. This is the notion of set-homa@eneity. In fact,
for finite graphs, the notion of homogeneity and set-homogeneity coincides [90].
But for infinite graphs, the class of set-homogeneous graphs is larger than the class

69
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of homogeneous graphs, see [28, 29]. A question posed in [29] seems to be still
open: Do there exist further countable set-homogeneous graphs except for the two
described in [29] that are not homogeneous? As for homogeneity, we can consider k-
set-homa@eneity (also called k-S-transitivity in Chapter 11) and <k-set-homaeneity
to obtain a kind of symmetry between set-homogeneity and transitivity.

Another symmetry condition is to require the automorphism group of a graph G
to act transitively on the set {(X,y) € VGxVG | d(X,y) =i} for some i € N. If this
holds for all i <k for a fixed k € N then we say that G is k-distance-transitive, and
if it holds for all i € N then G is called distance-transitive. The classification of the
distance-transitive graphs is close to be finished in the finite case (see [14, 18, 96]),
but the infinite (countable) case is far from being solved. A good survey of the topic
of distance-transitive graphs can be found in [18]. One result we have to mention
is the classification of the connected locally finite distance-transitive graphs due to
Macpherson [76]. He proved that these are precisely the graphs Xy, ; for finite K, I.
Later, Moller [81] proved that we can relax the assumptions to 2-distance-transitive
and require the graph to have at least two ends, to obtain the same class of graphs.
We shall generalize their result in Chapter 10, see in particular Theorem 10.1, to
arbitrary graphs with at least two ends, that is, also in this case we just obtain the
graphs X, x, only for arbitrary cardinals + and , this time.

Instead of mapping any two vertices with the same distance onto any other two
such vertices, we can assume that the same holds for any two paths of length k.
For a given k € N, a graph is k-(arc)-transitive if its automorphism group acts
transitively on all paths of length k and arc-transitive if it is k-transitive for all
k € N. As infinite K-transitive graphs cannot have cycles of length at most K,
the only connected arc-transitive graphs are the r-regular trees for an arbitrary
cardinal r > 2. If we consider—as a relaxation as in the case of the distance-
transitive graphs—just the locally finite 2-transitive graphs with at least two ends,
then Thomassen and Woess [94] proved that the connected such graphs are precisely
the r-regular trees for finite r > 2. We generalize their result in Chapter 10 to
graphs of arbitrary degree and obtain also just the regular trees as such graphs.

If we return to the definition of homogeneity and ask the finite induced sub-
graphs to be connected then we obtain the notion of connected-homaen@usgraphs,
or C-homayen@us graphs for short. The finite and countably infinite such graphs
are classified, see [34, 38, 43, 56, 97]. In Chapter 11 we classify the connected
C-homomgeneous graphs with more than one end. This class coincides again with
the class of the distance-transitive graphs with at least two ends. Our result in
Chapter 11 also states that these graphs are precisely the connected C-transitive
graphs, that are those where we replace the assumption that every automorphism
between two finite induced connected subgraphs extends to an automorphism of
the graph by the assumption that there is an isomorphism between these graphs
that extends to an automorphism.
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We can also require that, for any two isomorphic induced connected subgraphs
on K vertices, every isomorphism extends to an automorphism of the graph. Then
we obtain the notion of k-CS-homaene®us graphs. Graphs with the property that,
for any two isomorphic induced connected subgraphs on Kk vertices, there is an au-
tomorphism of the graph mapping one of these subgraphs onto the other are called
k-CS-transitive. Gray [42] classified the connected locally finite 3-CS-transitive and
also the connected locally 3-CS-homogeneous graphs with at least two ends. We
generalize his result in Chapter 11 not only to graphs with arbitrary degree, but
also to arbitrary k > 3, that is, we classify for every k € Nyy3 the connected k-CS-
transitive graphs with at least two ends and obtain as a corollary the classification
of the connected k-CS-homogeneous graphs with at least two ends.

When we consider digraphs instead of graphs, mostly the same notion of the
distinct kinds of symmetry applies. This holds in particular for the notions of
(k-)homogeneity, (k-)set-homogeneity, and (k-)C-homogeneity. But instead of k-
transitivity we have k-arc-transitivity, that is, the automorphism group of the
digraph acts transitively on the arcs of length k. We call a digraph highly-arc-
transitive if it is k-arc-transitive for every k € N.

Although the definitions of the kinds of symmetry do not differ much from
the undirected case, the class of digraphs for each of these conditions is in most
situations harder to determine and, particularly, the arc-transitive graphs—a class
that consists only of the regular trees—has a directed counterpart which is far from
being understood, see [2, 3, 4, 19, 36, 45, 77, 78, 84, 91].

The countable homogeneous digraphs are classified in [20, 21, 22, 70, 71].
This class contains the homogeneous tournaments, see [21, 71] and compare The-
orem 2.31. The finite such digraphs are the Cy, K,,, C3[K ], K,,[C3], and H (recall
that we defined the particular digraph H in section 2.8). Here, three typical things
happen when we consider digraphs instead of graphs:

1. There are homogeneous graphs that are the underlying undirected graphs of
homogeneous digraphs, for example K3 and Cs.

2. There are homogeneous graphs with no orientation of their edges such that these
orientations make them a homogeneous digraph. An examples is the graph K4,
because there is no homogeneous tournament on four vertices.

3. There are homogeneous digraphs whose underlying undirected graphs are not
homogeneous. For this situation, the digraph H is an example.

Similar situations occur for the other kinds of symmetry.

For graphs, the notions of set-homogeneous and homogeneous graphs coincides,
but for digraphs this is not the case. But by the classification of the finite set-
homogeneous digraphs [44], there is just one digraph that is set-homogeneous but
not homogeneous: the directed cycle Cs.

Considering C-homogeneous digraphs, the only known result is due to Gray and
Moller [45]. They classified the infinite connected two-ended digraphs and offered
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a list of examples for the connected locally finite C-homogeneous digraphs with
infinitely many ends. In Chapter 12 we prove that their list is complete. Further-
more, we classify the finite as well as infinite locally finite connected C-homogeneous
digraphs with at most one end. Thereby, we complete the classification of the (con-
nected) locally finite C-homogeneous digraphs. It remains to classify all countable
such digraphs, although it would mean to extend Cherlin’s classification of the
countable homogeneous digraphs, see [22].



CHAPTER 10

Distance-transitiv. e graphs

In this chapter, we prove a theorem of [55], that is, we classify the connected
(2-)distance-transitive graphs with at least two ends. Thereby, we generalize the
classification results of Macpherson [76] and Moller [81] as discussed in Chapter 9.

Thereafter, we obtain the classification of the connected 2-transitive graphs
with more than one end as a corollary.

THEOREM 10.1. Let G be a connected inPnite graph with more than one end.
The following properties are equivalent:
(i) G is distance-transitive;
(i) G is 2-distance-transitive;
(i) G =X, for somecardinals + and , with +,, > 2.

PRrOOF. Since the graphs X, \ are distance transitive, it suffices to prove that
every connected 2-distance transitive graph with at least two ends is some X »
(with +,, > 2). So let G be a connected 2-distance-transitive graph with more
than one end. Let & be a minimal cut system of G such that the structure tree of
G and S is basic. Then S is a nested cut system—in particular for every separation
(A, B) € § and every automorphism # of G, the cuts (A, B), (A%, B®) are nested—
and both wings of any cut in S contain a ray.

CramM 10.2. All S-blocks are complete.

ProOF OF CLAIM 10.2. Let (A,B) € S, andlet ac A\ B and be B \ A be
vertices with distance 2 in G. Suppose that some S-block X is not complete. Let
X, Y be two non-adjacent vertices in X , and let P be a shortest Xx—y path in G. Let
T# be the minimal subtree of 7 containing X such that its vertices cover P. All
leaves of 7% are S-blocks. Let Y be a leaf of 77 different from X , if available, and
Y = X otherwise. Then there are two vertices a*, b* € Y with distance 2in G. As G
is 2-distance-transitive there is an automorphism # of G with a® = a* and b* = 1.
Then Y meets both wings of (A%, B®)—mnamely a%, b* € Y —which contradicts the
fact that Y is an S-block. !

Cramv 10.3. Any two S-separators are equal or disjoint.

PRrROOF OF CLAIM 10.3. Let S, S*be any two distinct S-separators, (A, B) € S,
and # € Aut(G) such that S =A NB and S* = S* As (A, B) and (A%, B%) are
nested we may assume (by symmetry) that A NA® C B NB<, and that there is a
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vertex V€ ANA®—SNS*= () otherwise. As (A, B) is a cut of minimal order and
all blocks are complete there are vertices X € A*\ S* and y € A \ S with distance
two. There is a vertex x* € S\ S, since S # S* and both separators have the
same (finite) order. As yx* £ E(G) and X, y* are adjacent to V at a time, they have
distance 2. Thus there is an automorphism - of G with x? = x# and y” =y. This
is a contradiction according to Lemma 2.13 as there are more cuts in S—all of the
same size—separating X from y than x* from y. !

Let us show that all S-separators have order 1. Suppose not, then there are at
least two vertices in some S-separator S and, as all S-blocks are complete, there is
an edge e in G[S]. On the other hand, there is an edge €” that has precisely one
of its end vertices in S. Since G is 2-distance-transitive, it is 1-distance-transitive
and thus there is an automorphism of G that maps e to € This is a contradiction,
as the S-separators intersect trivially.

As G is 1-distance-transitive any two blocks have the same order and every
vertex lies in the same number of blocks. The size of an S-block is at least 2, since
there are edges in G. Every S-separator lies in at least two different S-blocks, as
there are at least two different ends in G. Thus G is isomorphic to X » for some
cardinals +,, > 2. !

COROLLARY 10.4. Let G be an inbnite connected graph with more than one
end. Then G is 2-transitive if and only if it is a , -regular tree for some cardinal
> 2.

PRrROOF. A 2-transitive graph with at least two ends is also 2-distance-transitive
and hence an X, y with +,, > 2. If + > 3 there is a path of length 2 in every block
whose (adjacent) endvertices can be mapped onto vertices with distance 2. This is
a contradiction and hence + = 2. The graphs X, y with , > 2 are precisely the
, -regular trees. !



CHAPTER 11
k-CS-transitiv e graphs

This chapter deals with the classification of the k-CS-transitive graphs, a result
n [55]. We prove the following theorem. To state it, we should define a class of
graphs & m . first, but we refer to Section 11.1 instead.

THEOREM 11.1. Let k > 3. A connected graph with more than one end is
k-CS-transitive if and only if it is isomorphic to one of the following graphs:

(1) X, A(KY) with arbitrary + and , ;

(2) x”( ") with arbitrary , andn < & 4 1;

(3) X ,..2(K™) with arbitrary + and m < "“ +1;

(4) X22( ) With E € Emn, m<k—2andn< LB 4,

(5) Y, with arbitrary + (if k is odd);

(6) Zo (K™, K™) with 2m +n <k + 1 (if k is even);

(7) ZoA(K1,K™) with n < k, arbitrary +,, with + =2 or, =2 (if k is even);
(8) Zo2(KLE) With E € Ek o, Mm<k—2,n <k 5 + 1 (if k is even).

Since neither Y, for + > 3, nor Z, »(H1,H2) for any distinct graphs Hi, Hs
or distinct cardinals +,, are k-homogeneous, but any K-CS-transitive X, x(H)
is k-homogeneous for homogeneous finite graphs H, Theorem 11.1 allows us to
extend Gray’s classification of the 3-CS-homogeneous graphs to arbitrary k-CS-
homogeneous with at least two ends, as follows:

COROLLARY 11.2. Letk > 3. A connected graph with more than one end is k-
CS-homa@en®usif and only if it is isomorphicto X, y(H ) for one of the following
valuesof +,, and H:

(1) arbitrary + and, andH =K ;

(2) +=2, arbitrary , , n < g andH =K™;

(3) arbitrary +,, =2, m< £andH =K™;
(4)+:2:,,Heé’k,m’nformgk—2andn§%+l. !

Gray and Macpherson [43] classified the countable C-homogeneous graphs with
at least two ends, as those described in our Theorem 10.1. As a further corollary

of Theorem 11.1 we can extend their classification to arbitrary graphs with more
than one end.

COROLLARY 11.3. For connected graphswith at least two endsthe notions of
being distance-transitive, C-transitive, or C-homagen@us coincide. !

75
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11.1. The local structure for some Pbnite subgraphs

In some k-CS-transitive graphs the finite homogeneous graphs play a role as
building blocks. Enomoto [34] gave a combinatorially characterization of these
homogeneous graphs. We apply a corollary of his result [34, Theorem 1] in our
proofs. '

For a subgraph X of agraph GletI'(X) =, v N (X), which is the set of all
vertices in G that are adjacent to all the vertices in X . A graph G is combinatorially
homayen@us if [T'(X)| = |I'(X#)| for any two isomorphic subgraphs X and X*
Furthermore, a graph G is |-S-transitive if for every two isomorphic subgraphs of
order | there is an automorphism of G mapping one onto the other.

Enomoto [34] showed that the finite combinatorially homogeneous graphs are
precisely the finite homogeneous graphs.

THEOREM 11.4 ([34, Theorem 1]). Let G be a bnite graph. The following prop-
erties of G are equivalent.
(1) G is homgen®us;
(2) G is combinatorially homaggeneus;
(3) G is isomorphic to
(a) a disjoint union of isomorphic complete graphs,
(b) a complete t-partite graph K ! with r vertices in each partition class and
with 2 <t,r,
(c) Cs, Or
(d) L(K33) (the line graph of K 3). !

Whenever we need finite homogeneous graphs as building blocks for k-CS-
transitive graphs we use Corollary 11.5 to handle them.

COROLLARY 11.5. Letk >3, m <k —2,andn < g be integers. Let G be a
Pnite graph with maximum degree m that is neither complete nor the complement
of a complete graph. If G is |I-S-transitive for all | < k — 1, any induced sulgraph
of G on n verticesis connected, and two non-adjacent vertices do not havek — 2
common neighlors, then G is (combinatorially) homayeneus and isomorphic to
(a) tdisjoint K" with 2 <t, 1<r—-1<m,andtr <n-1,

(b) KL with 2<t,2<r<n-1,and (t — 1)r <min{m, k — 3},
(¢) Cs with 2<mand4 <n, or
(d) L(Ks3) with4<mand6 <n.

PROOF. Theorem 11.4 provides that, ignoring the boundaries, there are no
other cases as (a) to (d). The specific boundaries for each case can be checked easily.
For example, in case (b) the ‘k—3’ in the inequality (t—1)r < min{m, k—3} ensures
that K! does not contain two non-adjacent vertices with k — 2 common neigbours
fm=k-2=(t—-1)r. !

Let & . be the class of all those graphs that satisfy the assumptions of
Corollary 11.5 with the values k, m and n.
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11.2. The Kk-CS-transitivit y for special graphs

In this section we show that any graph G from Theorem 11.1 is indeed k-CS-
transitive for the specific values of K. The general idea behind the following proofs
is that any connected induced subgraph of G on Kk vertices contains an anchor like
part.

To clarify, let G be a graph and let X be a connected induced subgraph of G.
A subgraph A of X is an anchor of X in G if for every induced subgraph Y in G
isomorphic to X there is some isomorphism %from X to Y such that the restricted
map %4 extends to an automorphism of G that maps X to Y.

REMARK 11.6. If every induced connected subgraph of order k of some graph
G contains an anchor, then G is k-CS-transitive.

The anchors we commonly use are either induced paths of length 3 or smallest
separators.

The building blocks of X, x(H) and Z, x(H1,H2) are the isomorphic copies
of H, Hy, and Hs that are used for the construction of these graphs.

LEMMA 11.7. Let G and k belong to one of the classes(1) to (8) of Theo-
rem 11.1. If some connected induced sulgraph X of G on k vertices has diame-
ter 1Ni. e. X is complete, then it itself is an anchor.

PROOF. The only graphs from Theorem 11.1 that may contain complete graphs
on k vertices are isomorphic to some X y(K™), X, (K1), Ys, Z,2(K1,K™), or
Zoa(KL K™).

e In X2 5 (K™) any complete graph on K vertices consists of precisely two building
blocks or precisely two building blocks without one vertex depending on the
parity of K.

e In X, ,(K1') and Y, any complete graph on k (> 3) vertices lies completely in
some K *.

e InZ,»(K',K™)and Z5 (K !, K™) any complete graph on k vertices consists of
precisely two adjacent building blocks.

In all these cases every isomorphism between complete subgraphs on K vertices that

respects the building blocks (or any K * if G 2 Y,.) extends to some automorphism

of the whole graph. !

LEMMA 11.8. Let G and k belong to one of the classes(1) to (8) of Theo-
rem11.1. If someconnected induced sulgraph X of G on k verticeshasdiameter 2,
then it contains an anchor.

PrROOF. Let X be a connected induced subgraph of G on Kk vertices with
diameter 2. If G 2 Y,, then X is isomorphic to some K*" ! with one edge at-
tached. This edge is an anchor. Thus we may assume that G 2 Y.

Since all building blocks are homogeneous we may assume that X meets at least
two building blocks. If X meets precisely two building blocks, then G & Z5 5(K 1, E)
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for some graph E € & 1 withm <k—-2and n < §+1 or G = X3 9(E) for some
graph E € & p» 2, withm <2 and n < k"|2E| + 1, by cardinality means. In the
first case there is one vertex v with k — 1 neighbors (the building block K ') which

is an anchor, since the maximum degree of E is at most m < k —2 and X — Vv is

connected. In the second case E = C5 or E = L(K33), again by cardinality. If
E =~ Cs, then k = 10 and X itself is an anchor. If E = L (K3 3), then 15 <k < 18.
Both of the maximal subgraphs of X that lie completely in one of the building
blocks are anchors, since L (K3 3) is 4-connected and at most three vertices (for
k = 15) of these two building blocks do not lie in X .

We may assume that X meets at least three building blocks. Let B be the
building block that touches all vertices of X, which exists by the small diameter
of X. If a separator in X does not contain every vertex of X N B, then it must
contain at least all the vertices in X \ B. In all possible cases |[X N B]| is smaller
than |X \ B| and X N B is indeed the unique smallest separator. Thus for every
isomorphic induced copy Y of X in G precisely the vertices of X NB are mapped to
the smallest separator S in Y. We may assume that Y meets three building blocks,
as it contains an anchor otherwise. Since S is a smallest separator, S =Y ND for
the unique building block D of G that touches all vertices of Y. Since the building
blocks are homogeneous and B is mapped to D by some automorphism of G, every
isomorphism from X to Y extends to an automorphism of G. In particular X N B
is an anchor. !

LEMMA 11.9. Let G and k belong to one of the classes(1) to (8) of Theo-
rem 11.1. If someconnected induced sutgraph X of G on k vertices has diameter
at least three, then it contains an anchor.

PRrROOF. If G & Y,, then every minimal separator is a single vertex and an
anchor.

For the other cases, let X be some connected induced subgraph of G on k
vertices with diameter at least three, and let P be an (induced) path of length 3
in X that meets four building blocks of G. Such a path exists since there is no
building block B such that X N B contains an induced path of length 3 whose end
vertices have distance 3 in X.

Let %: X — Y be some isomorphism for an induced subgraph Y of G. We
further require that v and v for each vertex v € P belong to building blocks in the
same orbit of the automorphism group of G. This is a legitimate request, since the
number of vertices in P is even, and if P embeds into P? uniquely, then there are
stars or triangles in X and Y that force P and P” to be aligned or P is a path of
length k — 1 and thus it itself is an anchor.

Let us recursively construct an automorphism of G that maps X to Y. Let #q
be an automorphism of G with #(|p = %such that vertices in the (homogeneous)
building blocks containing P are mapped to Y if and only if they lie in X .



11.3. THE GLOBAL STRUCTURE OF k-CS-TRANSITIVE GRAPHS 79

To define the automorphism #; of G for | > 1 let #; be defined for i < |. First,
let W Dbe the set of vertices in G with distance at most | — 1 to the building blocks
that contain P. The graphs X and Y induce graphs Xq,...,X, and Y1,...,Y,
with X;-Y =Y; for all 1 <j < n in the components of G — W and G — W' 1,
respectively. Let #; be an automorphism of G with w® :=w™' 1 for w € W, that
maps the component of G — W containing X ; to the component of G — W' 1
containing Y; for all ] < n such that the vertices of X adjacent to W are mapped
precisely to those vertices of Y adjacent to W 1. Since the diameter of X is less
than K, the automorphism #; of G maps X onto Y. !

These three lemmas show that in all cases there are anchors as needed and,
thus, every graph in Theorem 11.1 is k-CS-transitive for the specific value of k.

11.3. The global structure of k-CS-transitiv e graphs

The following two lemmas can be shown for k < 2 easily. As the lemmas with
k < 2 do not play any role in the proof of Theorem 11.1, we do not provide the
corresponding proofs for smaller K.

LEMMA 11.10. If G is a connected k-CS-transitive graph with at least two ends
and k > 3, then every basic structure tree of G has no leaves.

PRrROOF. Let S be a minimal cut system of G such that the structure tree 7
of G and S is basic. Suppose that 7 contains a leaf. Let X be some S-block
representing a leaf in 7, and let (A,B) € S be a separation with X C A and
ANB C X. Then ANB is the only S-separator in X and X = A. Since there is a
ray in G[A], the block X is infinite. There is no vertex in X that has distance k +1
to B, as an induced path starting in ANB could be mapped into X \ (ANB) and as
this would contradict the fact that A NB is the only S-separator in X . Thus there
are vertices of infinite degree in X . Let the vertex X € X have infinite degree and
minimal distance to B with this property. Let N be the infinite set of neighbors of
x with d(v,B) > d(x, B) for all v € N. Then there is a K)° or its complement in
G[N]. As k — 2 independent vertices in N together with X and one neigbour of x
that is neither contained in N nor adjacent to any vertex in N induce a subgraph
that could be mapped onto a subgraph induced by k — 1 independent vertices in
N and X, there has to be a K¢ in G[N]. This yields to a contradiction, too. Let
H be a complete graph on k vertices in G[N]|, and let v € V(H). Then there is
no automorphism of G that maps H — v + X to H, which is a contradiction to the
k-CS-transitivity of G. !

LEmMA 11.11. For k > 3, every connected k-CS-transitive graph G with at
least two ends has inbPnite diameter.

PRrROOF. Let S be a minimal cut system of G such that the structure tree 7
of G and § is basic. Then there is a double ray R in 7 as there is no leaf in 7 by
Lemma 11.10. This ray hits infinitely many different (finite) S-separators. Suppose



80 11. k-CS-TRANSITIVE GRAPHS

that there is a vertex X in G that lies in infinitely many of these separators. Since
X has neighbors in infinitely many S-blocks on R, this results in two induced stars
with k — 1 leaves in G whose corresponding S-blocks (regarded as vertices in 7')
induce vertex sets with different diameter in 7. This is a contradiction according
to Lemma 2.13, since the leaves of these two stars that are furthest away in 7 are
separated by a different number of separators of the same (finite) order. Thus we
conclude that there are infinitely many pairwise disjoint S-separators on R. Two
S-separators S, Sp that have n disjoint S-separators on their S;—S, path in 7 have
distance at least n in G. !

The separators come in very handy. With an application of Menger’s Theorem
one may construct order of the separators many disjoint rays in G following any
ray in a basic structure tree of G. Every such ray in G induces a (connected) path
in every block and contains at most one vertex from each separator. This implies
that every vertex lies in some block.

LEMMA 11.12. Let k > 3, let G be a connected k-CS-transitive graph with at
least two endsand let S be a minimal cut systemof G suchthat the structure tree
of G and § is basic. Let S be an S-seprator. If everys € S has for every S-
block X containing S an adjacent vertexin X \ S, then S is disjoint to any other
S-semrator S*.

PROOF. Suppose that distinct S-separators S, S* contain a common vertex S
and for every S-block X containing S there is an edge between s and X \ S. Let
(A, B), (A%, B¥) € S be cuts with separators S and S respectively. We may assume
that S*C B and S C B#since S is nested.

There is an induced path P of length k — 2 ending in S whose other vertices
lie in A \ B. By assumption S has at least two neighbors x and y such that X
lies in B#*\ A* and y lies in A*\ A. The paths Px and Py of length k — 1 can be
mapped onto each other with an automorphism of G by the k-CS-transitivity of G.
But the endvertices of Px and of Py are separated properly by a different number
of S-separators, since any S-separator separating the endvertices of Py properly
separates also the endvertices of PX properly as S is nested, and on the other hand
the separator S* separates only the endvertices of Px properly. This contradicts
the choice of X and y. !

Let k > 3, let G be a connected k-CS-transitive graph with at least two ends,
and let S be a minimal cut system of G such that the basic structure tree of G and
S is basic. There are two profoundly different cases. In the first case the graph is
covered with S-separators while in the second case there are vertices in G that do
not belong to any S-separator.

Before we begin investigating these cases we need some definitions. For an
S-block X we define the open (8-)gl3|00k

o

X=X\ {ANB|(AB)eS).
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A k-spoon is an induced subgraph of G that consists of a triangle and a path starting
in one of its triangel vertices with all in all precisely k vertices. A spoon H pokes
in an S-block X , an S-separator S, or two S-separators S, S*if its degree 2 vertices
of the triangle are contained in )2, S, or one in S and one in S¥ respectively. A
k-fork is another induced subgraph of G that consists of its prongs a pair of two
non-adjacent vertices, and of its handle, a path such that both prongs are adjacent
to the same endvertex of the handle, and has k vertices. A fork H pokesin an
S-block X, an S-separator S, two S-blocks X,Y, or two S-separators S, S¥if its
prongs are contained in X ,in S, meet X and YD7 or meet S and S¥ respectively.

11.3.1. Empt y open blocks. This is the slightly simpler case. If k is odd
this is the only possible case as we will show in Lemma 11.18.

LEMMA 11.13. Let k > 3, let G be a connected k-CS-transitive graph with at
least two ends, and let S be a minimal cut systemsuch that the structure tree of
G and S is hasic and such that for some S-block X its open block X is empty. If
S, S*are distinct S-separators that both lie in X, then ss*€ E(G) for all s € S and
s € S*\ S, and any two distinct S-segrators in X are disjoint.

PROOF. In the case that all vertices lie in S-separators, there is a path of
arbitrary length (following a path in the structure tree of G and S) such that any
two vertices with distance 2 or greater do not lie in the same S-block. There is
also an induced s-s” path P whose inner vertices do not meet the component C
of G — S* that contains S\ S* If the length of P is less than k — 1 we elongate P
from s into C. Thus there is an induced subpath P* of P of length k — 1. By the
k-CS-transitivity any two vertices of distance at least two on P# and hence also on
P lie in different blocks. This implies d(s,s*) < 2. With Lemma 11.12 it follows
that any two distinct S-separators in X are disjoint. !

LEMMA 11.14. Let k > 3, let G be a connected k-CS-transitive graph with
at least two ends, and let S be a minimal cut system such that the structure tree
of G and S is basic. If every open S-block is empty, then any two S-blocks are
isomorphic, or k is odd and there is a cardinal + suchthat G = Y,.

PROOF. Suppose that there are two S-blocks X and Y that are not isomorphic.
Since there is an automorphism # of G with X N Y # (), we may assume that
X NY # (. If X NY contains two distinct vertices, there is either a k-fork with
both prongs in X and one K-fork with both prongs in Y, or there is a K-spoon
with its triangle—the subgraph isomorphic to a K3—in X and one k-spoon with
its triangle in Y. This contradicts the k-CS-transitivity of G. Thus the S-blocks
intersect in at most one vertex, and every S-block is complete by Lemma 11.13. If
there are two S-blocks with more than 2 vertices each, then for both these S-blocks
there is a K-spoon poking it, which implies that they are Aut(G)-isomorphic. As
every S-block contains an edge we know that there are precisely two different kinds
of S-blocks: one S-block is isomorphic to a K 2 and another one is isomorphic to a
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K * for some + > 3. This yields to the Y,. No Y, with + > 3 is k-CS-transitive for
even K since there is a path of length k — 1 with both outermost edges in S-blocks
isomorphic to a K 2 and there is a path of length k — 1 with both outermost edges in
S-blocks isomorphic to a K* with + > 3. There is no automorphism of G mapping
the first onto the second path. This completes the proof. !

LEMMA 11.15. Let k > 3, let G be a connected k-CS-transitive graph with at
least two ends, and let S be a minimal cut systemsuchthat the structure tree of G
and S is hasic and every open S-block is empty. If any two S-blocks are isomorphic,
then there are precisely two S-segarators per S-block and every S-serator lies in
precisely two S-blocks, or there are cardinals +,, > 3 and integers2 < m < % +1
and2 <n< £ 41 suchthat G2 X, ,(K™) or G2 X, 5(K™) or G =X, \(K?).

ProoOF. We already know that G = X, y(H) for some finite graph H and we
may assume that + > 2 or , > 2. If there are edges in H and , > 3 then there
are two kinds of k-spoons: one with its triangle meeting 3 S-separators and one
meeting precisely two S-separators. If there are two non-adjacent vertices in H and
+ > 3 then there are two kinds of k-forks: one pokes in a single separator and one
pokes in two different separators. Thus there is G = X ,(K™), G 2 X, 2(K™), or
G 2 X, (K1) with m,n > 2. It remains to show that m < % and n < % Suppose
that m > % + 1 and let S;, Sy be S-separators in different S-blocks both adjacent
to some S-separator Sy. Let A; C'S; for i = 0,1,2 with |Ag| = |A;| = £ +1 and
As| =% —2. Let B; C S, for i =0,1,2 with [B,| = % +1—i. Then there is no
automorphism of G from G| A;] to G[ B,] although both induced subgraphs are
isomorphic. Thus there is m < % + 1.

Suppose n > g + 1. Let Sy, S; be two adjacent S-separators. Let A; C S; with
|Ag| = %—l— 1 and |A4] = % — 1, and let B; C S; with |B;| = % Then there is no
automorphism of G frolm the complete graph on K vertices G| A;] to the complete

graph on Kk vertices G[ B;]. Thus n < & + 1 follows. !

LEMMA 11.16. Let k > 3, let G be a connected k-CS-transitive graph with at
least two ends, and let S be a minimal cut systemsuch that the structure tree of
G and S is basic, every open S-block is empty and all S-blocks are isomorphic. If
every S-block contains precisely two S-separators and every S-separator is contained
in precisely two S-blocks, then G = X5 2(E) with E € & 1, M < k — 2, and
n>HE L ExKmwith1<m<&4+1,orE=K with1<n< k41,

PROOF. As the open S-blocks are empty it is obvious that G = X, 2(E) for
some finite graph E. If E is a complete graph or the complement of a complete
graph, then the same proof as in Lemma 11.15 shows that 1 < m < %—&—1 ifE xKm
orl <n< £4+1ifE =K" By Theorem 11.5 it suffices to show that (a) E is
[-S-transitive for all | <k—1, (b) A(E) < k-2, (c) any vertex set of order % +1
in E is connected, and (d) no two non-adjacent vertices of E have kK — 2 common
neighbors.
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Let A,B C S be isomorphic graphs with at most k — 1 vertices for some
S-separator S (22 E). Then there is a common neighbor v of these vertices in
an adjacent S-separator. Adding a path of suitable length that starts in v and
that is only in v adjacent to S, one gets two connected subgraphs of order k
and an automorphism of G mapping one to the other. If |A| # 1, then this
automorphism must map the vertices of A onto vertices of S and hence onto
B. If |JA| = 1, let S* be an S-separator such that some induced path of length
k — 1 starting in A ends in S* Let 2, 2% be the isomorphisms from E to S, S,
respectively. Let A* C S# be (A“”! 1)*"". Then we may assume that the path
ends in A* Thus there has to be an automorphism of G mapping A to B or A*
to B.

Let S (2 E) be an S-separator. Suppose there is a vertex vV of degree at least
k—1in G[S]. Let A C S contain v and k — 1 of its neighours. Let w be
some vertex from an S-separator that is adjacent to S. Then G[A — v + w] is
isomorphic to G[A] but there is no automorphism of G mapping the one onto
the other. Thus no vertex in S has degree kK — 1 or greater.

Finally, suppose there is a vertex set X C V(E) of order at least % +1
that is not connected. Let S,S* S™be three distinct S-separators such that
S*is adjacent to the other two. Let A C S,A®™ C S*¥he copies of X in S
and S™that contain the components C,D C A and CH D#C A# respectively.
Let ¢ € C and ¢ c C*be two vertices such that C — ¢ and C*— ¢ are
isomorphic. Let d € D be any vertex. Then the graphs G[A U S*UA* — {c,d}
and G[A U S*UA# — {c*d} are isomorphic but there is no G-automorphism
mapping one to the other. There are Kk or k + 1 vertices in these subgraphs,
depending on the parity of |E|. Since the argument stays valid even if we ignore
one of the vertices in S” there is such a CS-transitivity contradicting graph with
precisely kK vertices.

Suppose that there are two non-adjacent vertices X, y in some S-separator S* (=
E) with k —2 common neighbors and let N C S#be k —2 of these neighbors. Let
S, S*be distinct S-separators adjacent to S* and let s € S and se S Then
G[N +x +Yy] and G|N + s+ s* are isomorphic, but there is no automorphism
of G mapping one onto the other. !

As a corollary of Lemma 11.14, Lemma 11.15, and Lemma 11.16 we may finish

the first case.

THEOREM 11.17. Let k > 3, let G be a connected k-CS-transitive graph with

at least two ends, and let S be a minimal cut systemof G suchthat the structure
tree of G and S is hasic and every open block is empty. Then there are cardinals

+l )
(1)
(2)
(3)

> 2 and integersm, n suchthat G is isomorphic to one of the following graphs:
XK,)\(K 1)1

X2(K™) with n< & 41,

Xo(K™) with m < & 41,
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(4) X2}2(E> with E € Sk,m,n. m < k —2 andn < k"|2E| +1,
(5) Y. (if K is odd). !

11.3.2. A non-empt y open block. Let us discuss the connected k-CS-
transitive graphs with at least two ends for k > 3 such that no orbit of any smallest
S-separator, that separates ends, covers the whole graph. In other words, there is
a non-empty open S-block. As mentioned before this case restricts K to be even.

LEmMA 11.18. Let k > 3 and G be a connected k-CS-transitive graph with at
least two endsand let S be a minimal cut systemsuchthat the structure tree of G
and S is basic. If someopen S-block is non-empty, then k is even.

PROOF. Recall that there is an induced ray and a path with K vertices whose
middle vertex lies in some S-separator if K is odd. We may map the path anywhere
into the ray and, thus, we know that there are k succeeding vertices on the ray
that belong to an S-separator. Since the diameter is infinite, in every vertex starts
an induced path of length k — 1 and, thus, every vertex lies on a path all whose
vertices lie in some S-separator. Thus, if K is odd, then every vertex lies in some
S-separator. !

LEMMA 11.19. Let k > 3 and let G be a connected k-CS-transitive graph with
at least two endsand let S be a minimal cut systemsuchthat the structure tree of
G and S is basic and someopen S-block is not empty. If verticess,s” € G belong
to diler ent S-seprators then s and s* are not adjacent.

PROOF. Suppose S and s* are adjacent. Then there is some induced path P
of length k — 1 in G such that the innermost (K is even) edge is ss”. Mapping this
path with the edge ss” to successive edges on an induced ray, we obtain a ray all
whose edges have end vertices only in S-separators. This is a contradiction since
in every vertex starts an induced path of length k — 1 and at least one vertex lies
in an open S-block. !

LEMMA 11.20. Let k > 3 and let G be a connected k-CS-transitive graph with
at least two endsand let S be a minimal cut systemsuchthat the structure tree of
G and S is basic and someopen S-block is not empty. If verticess,x € G lie in
the same S-block with s in someS-semrator and x not, then s and x are adjacent.
Furthermore, any two distinct S-separators are disjoint.

PROOF. There is a path of arbitrary length such that any two vertices with
distance at least 3 on the path do not lie in the same S-block and every other vertex
on this path lies in an S-separator. As there is some induced path between S and
X which can be extended if necessary to an induced path of length k — 1, we know
that d(x,s) < 3. Since X does not lie in any S-separator and every path enters
and leaves S-blocks through S-separators d(x, S) < 2 holds. By Lemma 11.12 and
Lemma 11.13 we may conclude that distinct S-separators are disjoint. !
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The final step to show that these k-CS-transitive graphs with non-empty open
blocks resemble some Z, x(H1, H2) is, that their automorphism group acts transi-
tively on its open blocks.

LEMMA 11.21. Let k > 3 and let G be a connected k-CS-transitive graph with
at least two endsand let § be a minimal cut systemsuchthat the structure tree of
G and S is basic and someopen S-block is not empty. The automorphism group of
G acts transitively on the open S-blocks.

PROOF. Since 7 has no leaves, every induced path in G of length 2 through
some S-block X can be elongated to an induced path P of length k — 1 such that
the innermost edge (K is even) of P lies in no other S-block than X . A similar path
P# can be found for any other S-block X # and hence there is an automorphism #
of G with P® = P*# and thus also X * = X * !

Thus every connected k-CS-transitive graph for k > 3 with more than one end
and some non-empty open block is isomorphic to Z,, »(H1, H2) for some graphs H4
and Ho. It remains to specify the building blocks and possible values for + and ,
of these graphs.

LEMMA 11.22. Letk >3 andlet G = Z,, »(H1,H2) be a k-CS-transitive graph
and let S be a minimal cut systemsuchthat the structure tree of G and S is basic
and someopen S-block is not empty. The following holds:

(i) At leastoneof + or, is 2.
(i) If H; contains two non-adjacent vertices, then H; (j # i) is complete and
+ = = 2.

(iii) If H; contains an edge,then H; (i #j) contains no edge.

PrOOF. Recall that H; 22 Hy or + # , since the copies of H; and Hy are not
Aut(G)-isomorphic. Suppose +,, # 2, then there are two k-forks. One that pokes
in two distinct open S-blocks, and one that pokes in two distinct S-separators. But
there is no automorphism of G mapping one to the other. This proves (i).

With an analog argument follows (ii): Suppose + or , is greater than 2. Then
there is a k-fork that pokes just one copy of an H; and one that pokes two distinct
S-separators (, > 2) or two distinct open S-blocks (+ > 2). Suppose on the other
hand that there are two non-adjacent vertices in H ;, then there are two incompatible
k-forks, too. One pokes an open S-block and the other one an S-separator.

For (iii), suppose that H; as well as H; contains edges. Then there are k-spoons
that poke an open S-block and others that poke an S-separator. !

From the previous lemma we immediately get the following corollary:

COROLLARY 11.23. Letk > 3 andlet G = Z,, \(H,H2) be a k-CS-transitive
graph and let S be a minimal cut systemsuch that the structure tree of G and S
is basic and someopen S-block is not empty. If both H; and H, have at least two
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vertices, one is a completegraph and the other oneis the complementof a complete
graphand + =, =2. !

To finish the proof in the situation that both H; and Hs have at least two
vertices, we will restrict the order of those graphs:

LEMMA 11.24. Letk > 3 andlet G = Z, 5(H1,H2) be a k-CS-transitive graph
and let S be a minimal cut systemsuchthat the structure tree of G and S is basic
and someopen S-block is not empty. If H; contains two non adjacent vertices or
H, contains an edge,then H; = K™ and H, =2 K™ with 2m +n < k + 1.

Proor. By Corollary 11.23 it suffices to show that the boundaries for m and
n hold. Let H; be the complement of a complete graph and let Hy be a complete
graph. Let S be some S-separator, and let X and Y be two distinct S-blocks with

S C X,Y. Then any graph with precisely Kk vertices that consists of S, more than
Eon (41 if nis odd) vertices in X and less than %5 vertices in Y can be mapped

onto a graph consisting of S, an (—i—% if n is odd) many vertices in X and an
(=1 if n is odd) many vertices in Y. Thus
k—n 1 k—n 1

= — )< .
5 +2)+( 5 2)_k+1

2m+n <1+4n+(

We seemingly loose one vertex in the case that n is even. Since 2m + n and K are
even then, this is not a true loss. !

LEMMA 11.25. Letk > 3 andlet G = Z,, »(H1,H2) be a k-CS-transitive graph
and let S be a minimal cut systemsuchthat the structure tree of G and S is basic
and someopen S-block is not empty. If [H;| =1 and one of + and , is not 2, H,
is a complete graph on at most k — 1 vertices.

PRrOOF. The first part follows directly from Lemma 11.22 (ii). For the second
part, suppose that Hy has more than k — 1 vertices. Then every open S-block X
contains an isomorphic copy of a K * and there is a second isomorphic copy of a K *
with k — 1 vertices in X and one vertex in some S-separator S C X . Since there
is no automorphism of G mapping the one onto the other, Ho has at most k — 1

vertices. ]

As the last part in this case of the proof (that there is some non-empty open
block) we will determine the graphs Hy if Hy is only one vertex and the open blocks
are neither complete nor complements of complete graphs.

LEMMA 11.26. Letk > 3, let G = Z, 5(H1, H2) be a k-CS-transitive graph with
at least two ends, and let S be a minimal cut systemof G suchthat the structure
tree of G and S is basic and that someopen S-block is not empty. If [H;| =1 and
H, is neither complete nor a complementof a complete graph, then Hy € & .
withm<k-—2andn < £ 4+1.
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Proor. By Corollary 11.5 it suffices to show that (a) Hg is I-S-transitive for
all| <k—1, (b) A(H2) < k—2, (c) any vertex set of order £ +1 in Hy is connected,
and (d) no two non-adjacent vertices of E have K — 2 common neighbors.

The proofs of (a), (b) and (d) are analog to those of Lemma 11.16 (a), (b)
and (d).

(c) We follow the argument of Lemma 11.16 (c). The boundary of n is slightly
different, since there is only one vertex in an S-separator available. Thus every
k1

set of order "5~ + 1 is connected, since K is even and since a set with at least

K1 +1 vertices has at least & + 1 vertices. I
These lemmas let us finish the case for non-empty open blocks.

THEOREM 11.27. Letk > 3, let G = Z35(H1,H2) be a k-CS-transitive graph
with at leasttwo ends,and let S be a minimal cut systemof G suchthat the structure
tree of G and S is hasic and that someopen S-block is not empty. Then k is even
and G is isomorphic to one of the following graphs:

(6) Z22(K™,K™) with 2m +n <k +1andm < n;
(7) Z,A(K1,K™) with n <k — 1 and cardinals +,, with +=2or, =2;
(8) Z22(KY E) With E € &y, Mm<k—2andn < & 41. !

With Section 11.2 the Theorems 11.17 and 11.27 imply one of our main results,
Theorem 11.1.

11.4. Ends of k-CS-transitiv e graphs

Gray [42] asked whether every locally finite k-CS-transitive graph (with k > 3)
is end-transitive. With Theorem 11.1 we may answer his question.

THEOREM 11.28. Let k > 3 and let G be a connected locally bnite graph. If G
is k-CS-transitive, then it is end-transitive. !

Thus, this class of graphs belongs to those graphs discussed in Chapter 8. Theo-
rem 11.28 does not extend to graphs with vertices of infinite degree. For example
the graphs X, » with + > Ry,, > 2 contain fundamentally different ends: local
ends and global ends. Theorem 11.1 shows that in K-CS-transitive graphs with
k > 3 every end is either local or global.

THEOREM 11.29. Let k > 3 and G be a connected k-CS-transitive graph with
more than oneend. Then everyendof G is either local or glokal. The automorphism
group of G acts transitively on the local ends, as well as on the glokal ends. G is
end-transitive if and only if it hasno local end. !

Considering the metric ends, we obtain the following corollary.

COROLLARY 11.30. If k > 3, then the automorphism group of any k-CS-
transitive graph with at least two ends acts transitively on the metric ends of the
graph. !






CHAPTER 12

Connected-homogeneous digraphs

This chapter deals with C-homogeneous digraphs. As we have already writ-
ten in Chapter 9, we do not only investigate the infinite C-homogeneous digraphs
but also the finite such digraphs and thereby, we prove the classification theorems
of [51] and [54]. The chapter is structured as follows. First, we determine the infi-
nite connected C-homogeneous digraphs with infinitely many ends whose underlying
undirected graph is a C-homogeneous graph those of Type | (Section 12.3), followed
by those with infinitely many ends whose underlying undirected graph is not a C-
homogeneous graph that are the digraphs of Type Il (Section 12.4). Thereafter we
turn our point of interest to the finite and locally finite C-homogeneous digraphs
with at most one end. The first results in this part are obtained in the case that
the out-neighborhood (or in-neighborhood) of any vertex is not independent (Sec-
tion 12.5) and then we look at the more difficult case, where the out-neighborhood
and also the in-neighborhood is independent (Section 12.6 and Section 12.7). This
latter case also divides into two parts: either the directed triangle embeds into the
digraph or not.

It is well known that a transitive connected locally finite graph either contains
one, two, or infinitely many ends. For arbitrary transitive connected infinite graphs,
this was proved by Diestel, Jung and Méller [27]. Since the underlying undirected
graph of a transitive digraph is also transitive, the same holds for infinite transi-
tive digraphs. As two-ended connected transitive digraphs are locally finite [27,
Theorem 7] we refer to Gray and Moller [45, Theorem 6.2] for the classification
result in this case. Consequently, we complete the classification of the locally finite
C-homogeneous digraphs and of the connected C-homogeneous digraphs with more
than one end.

12.1. C-homogeneous bipartite graphs

In this chapter we complete the classification of connected C-homogeneous bi-
partite graphs, which was already done for locally finite graphs, by Gray and Mdéller
[45]. They already mentioned that their work should be extendable with not too
much effort—and indeed this section has essentially the same structure.

The proof of the locally finite analog [45, Lemma 4.4] of Lemma 12.1 is self
contained and does not use the local finiteness of the graph. Thus we can omit the
proof here.

89
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LEMMA 12.1. Let G be a connected C-homagen@us bipartite graph with bipar-
tition X UY. If G is not a tree and has at least one vertex with degree greater
than 2 then G emteds C4 as an induced sulgraph. !

Let G be a bipartite graph with bipartition X UY. Then for each edge xy € EG
we define the neighborhood graph to be:

Q(x,y) == G[N(X) + N (y) = {x,y}]

A C-homogeneous graph G is, in particular, edge-transitive. Hence there is a unique
neighborhood graph (G).

LEMMA 12.2. Let G be a connected C-homagen@us bipartite graph. Then Q(G)
is a homagyen@us bipartite graph, and therefore is one of: an edgelessbipartite
graph, a complete bipartite graph, a complement of a perfect matching, a perfect
matching, or a homaeneus generic bipartite graph.

PRrOOF. If we do not ask Q(G) to be finite, the proof of the locally finite
analogue [45, Lemma 4.5] carries over. Compared to the locally finite case, we only
have to deal with one other ’type’ of graph, due to [41, Remark 1.3] !

LEmMA 12.3. Let G be a C-homaen®us generic bipartite graph. Then G is
homayenaus bipartite.

PrOOF. Let VG = A UB be the natural bipartition of G, let X and Y be two
isomorphic induced finite subgraphs of G, and let 2 : X — Y be an isomorphism.
Let a € A\ X be a vertex adjacent to all the vertices of X NB and let b€ B\ X be a
vertex adjacent to all the vertices of X NA and to a. Let a” b be the corresponding
vertices for Y. Since G is bipartite, both G[X +a+b| and G[Y +a*+1| are connected
induced subgraphs of G that are isomorphic to each other. Furthermore there is
an isomorphism 3 : G[X +a+ b — G[Y + a*+ ] such that the restriction of 3
to X is 2. As there is an automorphism of G that extends 3, this automorphism
also extends 2 and G is homogeneous. !

THEOREM 12.4. A connected graph is a C-homageneus bipartite graph if and
only if it belongsto one of the following classes:
(i) Tk, for cardinals +,, ;
(ii) Cqp for m € N;
(iif) K, » for cardinals +,, ;
(iv) CP, for a cardinal +;
(v) homayeneus generic bipartite graphs.

PrOOF. The nontrivial part is to show that this list is complete. So consider
an arbitrary connected C-homogeneous bipartite graph G with bipartition X U Y.
If G is a tree then it is obviously semi-regular and hence a T, . So suppose G
contains a cycle. Then, since G is C-homogeneous, each vertex lies on a cycle. Now
G is either a cycle, which is even since G is bipartite, or at least one vertex in G
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has a degree greater than 2 and G embeds a C4, due to Lemma 12.1. Thus Q(G)
contains at least one edge and by Lemma 12.2 we have to consider the following

cases:

Case 1: Q(G) is complete bipartite. Suppose that there is an induced path P =
uxyVv in G. Then Q(X,y) gives rise to an edge between u and v, a contradiction.
Hence G is complete bipartite.

Case 2: Q(G) is the complement of a perfect matching. Consider X € X and
y € Y such that {X,y} is an edge of G. Since (X, Yy) is the complement of a
perfect matching and G is not a cycle, there is an index set | D {1,2} such that
N(x)={ylu{yiliel}, N(y) = {x} U{x;li €1} and for i € | the vertex X; is
nonadjacent to y; but adjacent to all y; with j €| \ {i}. Since Q(x, y;) is also the
complement of a perfect matching there is a unique vertex a € N (y1) \ N (y). Since
X; with i # 1 is adjacent to y; it is contained in Q(X, y1) and therefore y; is adjacent
to @ Thus for all i € | we have N(y;) = N(y) — X; + @ Now by symmetry there
is a unique vertex b adjacent to all x; with i € | but non-adjacent to X and for all
i €1 thereis N (x;) = N(x) —y; + b If we look at (X1,Y2) we have X, a € N (yz)
and y,b € N (x1) which implies {a,b} € EG and hence N(a) = N(X) -y +b
and N (b) = N(y) — x +a. Because G is connected we have X = N(y) + a and
Y = N (x) + b which means that G is itself the complement of a perfect matching.

Case 3: Q(G) is a perfect matching. For the same reason as for locally finite graphs
this case cannot occur (cp. [45, Theorem 4.6]).

Case 4: Q(G) is homaen®us generic bipartite. Let U and W be two disjoint
finite subsets of X (of Y). Since G is connected there is a finite connected induced
subgraph H C G that contains both U and W. By genericity, we find an isomorphic
copy Hg of H in Q(G). Because G is C-homogeneous there is an automorphism 2 of
G with HZ = H. Now there is a vertex vin Y (in X ) that is adjacent to all vertices
in U9 " and non-adjacent to all vertices in W¢ . Hence V¥ is adjacent to all
vertices in U and none in W which implies that G is generic bipartite. Furthermore
G is homogeneous bipartite by Lemma 12.3, as it is C-homogeneous. !

12.2. Local structure of C-homogeneous digraphs
of Typel and Type Il

In this section we summarize some preliminary results of the relation between
a C-homogeneous digraph and a basic cut system C of this digraph. In particular
we investigate the local structure around C-separators.

LEMMA 12.5. Let D be a connected C-homagen@us digraph with more than one
end. Let C be a basic cut systemand let S be a C-segarator. Then there is no edge
xy in D with both verticesin S. In particular, no two C-blocks can share an edge.

PrROOF. Let (A,B) € C with ANB = S and let us suppose that there is
xy € ED with X,y € S. By the minimality of C each vertex in a C-separator has
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neighbors in both wings of the corresponding separation. Let a € A\B and be B\A
be such neighbors of y. Then there are different possibilities for the direction of
their connecting edges. Let us first consider the case that ay,by € ED. Then there
is an automorphism # that maps Xy onto by. Then S¢ lies in B, since C is nested
and b € S, and we have either A C A® or A C B¢ by the nestedness of C. So we
have a vertex by, which is either a® or b, that lies either in B "B or in B N A®
such that bpyy € ED and Sy := S* separates a and by. Let {Ag,Bo} = {A*,B*}
such that a € Ag and by € By.

Now let #(; be an automorphism of D such that a* = a and (by)* = hyy.
Hence the vertex by := bf° lies in B1 \ A1, where A; := Ag° and By := B{°, and we
have biy € ED. Since Ag meets A1, Sy := S;° # Sy lies in By, and C is nested, we
know that Ag is a proper subset of A1, B is a proper subset of By and Sy lies in A,
which implies X € A;. Furthermore b; and a are separated from each other by both
Sy and S;. By repeating this process recursively, we have an #; that fixes a and y
and maps by 1 onto b; and we get a further vertex by, = B € B;4q \ Aj41 that
is separated by S;y1 := S from a € A;41 \ B;+1. And with the same argument
as before we have that A; is a proper subset of A; 1 := A", that B, 11 := B[ is
a proper subset of B; and that b; € A;11. Hence, b; € A;4; for all j < i, which
implies b # b; for all i #j.

Thus, after the step m := |S|+1 there has to be some k < |S| such that by, is not
contained in S,,, and therefore lies in A,,, \B,,. That is, by is also separated from b,
by S,, and | := {a, b, b,,} forms an independent set. Note that by construction all
elements in | have y as a common out-neighbor. Hence, due to the C-homogeneity
of D, there is an automorphism - of D which interchanges a and by, and fixes y and
b,,. Note that a € A\B C Ag41 \Bgt1 and b, € B, \ Ay € Brg1 \ Ag1. Thus,
Sk+1 is a separator containing by, that separates a and b,,, which implies that S,f 1
is a separator containing a that separates b and b,,. But due to the minimality
of C, there is a by-b,,-path in By that meets Siy1 only in by and therefore S,’f_H
meets both Ag1\Bgi1 and Bii1 \Agt1, contradicting the nestedness of C (confer
Remark 2.8).

So let us suppose by, ya € ED. Let # be an automorphism of D with (xy)® = ya
and choose {X,Y} = {A% B} such that be X \ Y. Then there is a neighbor ¢
of y in Y \ X, which is separated from b by S®. Note that by nestedness, and
since both X and Y meet A, we have that either X N B or Y N B is empty. So
be X NB yields c € A. If cy € ED then we may take the vertices c,b instead
of a,b and get a contradiction by the first case above. Thus we may assume that
yc € ED. But then we can map the digraph D[b,y,a] onto Db,y, ] such that the
number of separators that separate b from a without containing one of them equals
the number of separators that separate b and ¢ without containing one of them.
Due to [32, Lemma 4.1] this number is finite. Because of the nestedness of C, every
separator that separates the vertices b and a lies entirely in X, and since a and ¢
are joined by a path that lies except for ain Y \ X, it also separates b and ¢. But
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S contains a and separates b from C, a contradiction. The case ay,yb € ED is
analogous.

Let us finally suppose that ya,yb € ED. By considering the digraph D" !
instead of D we also may assume that there are a* € A\ B and b* € B \ A with
a’x, b’ € ED. Let # be an automorphism of D with (xy)® = yb. Then there is a
vertex b€ B \ A that is separated by S® from a and such that b € ED. But
then we have the situation of the previous case and thus we know that no such edge
Xy exists.

Let X and Y be distinct C-blocks, then there is x € X \ Y. Since Y, being a
C-block, is maximally C-inseparable, there is a C-separator S that separates X from
Y. As X is also C-inseparable, we have X N'Y C S. Therefore X and Y cannot
share an edge. I

LEMMA 12.6. Let D be a connected C-homageneus digraph with more than
one end and let C be a hasic cut system. Then for each 2-arc P in D we have
[P NS| <1 for all C-semarators S.

PrOOF. Let P = xay be a 2-arc in D and S a C-separator. By Lemma 12.5
we only have to show that S cannot contain both X and y. So assume {X,y} C S.
Let (A,B) € C with ANB =S and a € A. Since D is transitive there is an arc zx
in D. If z lies in A consider a neighbor z* of X in B. Now either zxa, zxz* or z%a
is an induced 2-arc in D, which we denote by Q, with one vertex in A \ B and one
vertex in B \ A. Because D is connected-homogeneous there is an automorphism #
with P® = Q. Then S* contains vertices of both wings of (A, B). By Remark 2.8,
this contradicts the nestedness of C. !

LEMMA 12.7. Let D be a connected C-homageneus digraph with more than one
end, let C be a basic cut systemof D, and let S be a C-semrator. Then there is no
directed path in D with both endverticesin S.

PROOF. Suppose that there is such a path P. We may choose the path such
that it has minimal length. Then all of the vertices of P lie in the same C-block X .
By Lemma 12.6 the endvertices of any directed path of length 2 are separated by a
C-separator. Hence no directed path of length at least 2 can lie in any C-block. !

LEMMA 12.8. Let D be a connected C-homayeneus triangle-free digraph with
more than one end, and let C be a basic cut system. Then for any cut (A,B) € C
there is no path xyz in D [A] withy € ANB.

PrROOF. By Lemma 12.5 we only have to show that given a cut (A,B) € C
there is no 2-arc Xyz in D such that y € S:= ANB and X,z € A\ B. So let us
suppose there is such a path. Then y has a neighbor b € B\ A. We may assume that
their connecting edge is pointing towards Y, since otherwise changing the direction
of each edge gives a digraph D# which is C-homogeneous and has this property.

Suppose that there is a second neighbor ¢ € B\ A of y. If yc € ED, then there
is an # € Aut(D) that fixes b,y,z and with Xx* = ¢, ¢* = X, as D is triangle-free.



94 12. CONNECTED-HOMOGENEOUS DIGRAPHS

But then the separations (A, B) and (A%, B%) are not nested. Thus we may assume
that cy € ED. In this situation let - be an automorphism of D that fixes X, y,b
and maps z onto € and vice versa—a contradiction as before.

So b is the unique neighbor of y in B. We may assume that there is another
vertex @, say, that lies in S, since otherwise we could map the 2-arc byz onto xyz,
as D is C-homogeneous and triangle-free, and, thus, y would seperate X from z,
contradicting the fact that X and z lie in the same component of D — S. Now
consider a path P in D connecting a and y and let 7 denote the structure tree of D
and C. Let M be the set of C-blocks containing edges of P. Since C-separators
do not contain any edge, distinct blocks cannot contain a common edge. Thus we
choose a block M € M whose distance to S in 7 is maximal with respect to M.

Now each nontrivial component of P MM has to contain exactly two edges: An
isolated edge would either be contained in a separator, in contradiction to Lemma
12.5, or it would connect M to two distinct neighbors in 7 N M, contradicting
the choice of M. If there is a segment of P in M with a length of at least three,
then it contains either a directed subsegment, isomorphic to byz, or a subsegment
isomorphic to by U xy. In each case there exists an isomorphism 2 such that S¥
separates the endvertices of this subsegment, which is impossible since M is a C-
block.

Considering an arbitrary nontrivial component of P N M, its two edges have a
common vertex which we denote by m. With an analogous argument as above, both
edges are directed away from m. Let us denote their heads by u and v, respectively.
By construction, u and Vv lie both in the separator Sy; C M that lies on the unique
shortest path between M and S in 7. Consider an arbitrary cut with seperator Syy.
Then u has a neighbor u”in the wing not containing m. Let 3 be an automorphism
with (mu)¥ = by and either (uu®)¥ = yz, if uu” € ED or (Uu)¥ = xy, if uu € ED.
Since C is nested we have S}CI C B which means that X and z are separated from b
by Sx[. By relabeling S := S}\[} and a := v¥, if neccessary, we may assume that ba
is an edge.

Then there is a neighbor z* of bin B \ A, and we can find an automorphism
%with (by)” = baand either X” = z# or 27 = z* depending on the orientation of
the edge between b and z*. Again by the nestedness of C we have SY C B and also
B?Y C B. And since X is separated from b by S” we have y € S”. But that implies
that y and a both have b as their unique neighbor in B7. Hence, S7 \ {y,a} U {b}
is a seperator in D that seperates ends and has smaller cardinality, contradicting
the fact that C is basic. !

LEMMA 12.9. Let D be a connected C-homageneus triangle-free digraph that is
not a tree and that has more than one end, and let C be a basic cut systemof D. Let
S be a C-semrator and let s € S. Then there is precisely one C-block that contains s
and all edgesdirected away from s, and there is precisely one C-block that contains
s and all edgesdirected towards s. Furthermore there is d*(s) > 1 and d" (s) > 1.
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ProOOF. By Lemma 12.8 there is at most one kind of neighbors in each C-
block. Suppose first that there is a C-block Z with only one neighbor a of s. We
may assume that as € ED. By C-homogeneity, we can map each edge XS onto as.
As there is by Lemma 12.5 precisely one C-block Y that contains XS, Y contains
no other neighbor of S, because the same holds for s and Z. Thus each component
of each C-block is either a single vertex or a star the edges of which are directed
towards the leaves of the star. If each C-block is a tree and every C-separator
consists of one vertex, then the digraph D has to be a tree. Since we excluded
this case, there is a second vertex t € S. For every component C of D — S, there
is an (undirected) s-t-path P with all its vertices but s and t in C. Let X be a
C-block with maximal distance to S in the structure tree of G and C such that there
are at least two edges from P in X . This C-block exists by Lemma 2.14. As each
component of X that contains edges is a star, the longest subpath of P that lies
completely in X has length 2. Let xyz be such a subpath. Then due to Lemma 12.6
we have Xy,zy € ED and y is the only X -neighbor of both X and z. Let S* be the
C-separator in X that separates X from S. Then, S* contains X and z. But, as in
the previous lemma, S*\ {X, z} U {y} would be a separator of smaller cardinality
separating two ends, a contradiction.

Thus a C-block cannot contain S together with a single neighbor of s and by
C-homogeneity there has to be one C-block that contains all in-neighbors of s and
one that contains all out-neighbors of s. !

LEMMA 12.10. Let D be a connected C-homagen®us triangle-free digraph that
is not a tree and that has more than one end, and let C be a basic cut systemof D.
Then each C-semrator has degree two in the structure tree 7 for D and C.

PROOF, Let S be a C-separator. Then for each component X of 7 — S the
vertex set ( X )\ S is the union of components of D — S. Since each s € S has
a neighbor in each component of D — S, it also has at least one neighbor in each
component of 7 — S. With Lemma 12.9 we have dr (S) = 2. !

If we combine Lemma 12.9 and Lemma 12.10 we get the following

COROLLARY 12.11. Let D be a connected C-homageneus triangle-free digraph
that is not a tree and that has more than one end, and let C be a basic cut system
of D. Let B be a C-block, S € B a C-semrator and s € S. If s hasno neightor in
B, then there is exactly one C-semrator S* ¢ B suchthat s € S*n'S. If s hasa
neightor in B, then S is the only C-seprator in B that contains s. !

LEMMA 12.12. Let D be a connected C-homagen@us digraph with more than
one end that emteds a triangle, and let C be a basic cut systemof D. Then every
C-block that contains edgesis a tournament and D has connectivity 1.

PROOF. Let S be a C-separator and let X € S. Then X has adjacent vertices
in both wings of each cut (A,B) € C with ANB = S. As D contains triangles,
each edge lies on a triangle. We know that each wing of (A, B) contains both an in-
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and an out-neighbor of X, as any triangle contains a 2-arc and D is edge-transitive.
Thus every induced path of length 2 in D can be mapped on a path crossing S,
i.e. a path both end vertices of which lie in distinct wings of (A, B). Hence no two
vertices in the same C-block can have distance 2 from each other and, in particular,
every component of every C-block has diameter 1.

To prove that each C-block has diameter 1 we just have to show that each
C-block is connected. So let us suppose that this is not the case. Let X be a C-
block and let P be a minimal (undirected) path in D from one component of X to
another. Let Y be a C-block with maximal distance in the structure tree of D and C
to X that contains edges of P. By Lemma 12.5 the block Y has to contain at least
two edges and there are two non-adjacent vertices in the same component of Y.
This contradicts the fact that these components are complete graphs. Hence each
C-block that contains edges has precisely one component which has diameter 1.

For any C-block X, there is a C-separator S with S C X. By Lemma 12.5,
S contains no edge and thus precisely one vertex. !

12.3. C-homogeneous digraphs of Type |

In this section we shall completely classify the countable connected C-homoge-
neous digraphs of Type I with more than one end and give—apart from the clas-
sification of infinite uncountable homogeneous tournaments—a classification of un-
countable such digraphs. As a part of the countable classification we apply the
classification of Lachlan [71], see also [21], of the countable homogeneous tourna-
ments (see Theorem 2.31).

The underlying undirected graph of a digraph X 5(T) for a homogeneous tour-
nament T is a distance-transitive graph as described in [55, 76, 81]. Thus, if a
digraph X 5(T) is C-homogeneous, then so is its underlying undirected graph.

THEOREM 12.13. Let D be a connected digraph with more than one end. Then
D is C-homagen®us of Type | if and only if one of the following statementsholds:

(1) D is a tree with constant in- and out-degree;
(2) D is isomorphic to a X »(T*), where + and, are cardinals with , > 2 and +
either 3 or inPnite and T* is a homayeneus tournament on + vertices.

PROOF. Let us first assume that D is a C-homogeneous digraph of Type I. Then
the underlying undirected graph is isomorphic to a X, » for cardinals +,, > 2. If
+ =2, then D is a tree with constant in- and out-degree, so we may assume + > 3.
As each block is a complete digraph, it is homogeneous and, thus, we conclude from
Theorem 2.31 that the cardinal + has to be either 3 or infinite. This proves the
necessity-part of the statement.

Since the digraphs of part (1) are obviously C-homogeneous of Type I, we
just have to assume for the remaining part that D is isomorphic to X ,(T*) for
a cardinal , > 2 and a homogeneous tournament T"* on + vertices for a cardinal
+ that is either 3 or infinite. Let C be a basic cut system of D. Let X and Y
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be two connected induced finite and isomorphic subdigraphs of D. Let 2 be the
isomorphism from X to Y. If X has no cut vertex, then X lies in a subgraph of D
that is a homogeneous tournament and the same is true for Y, so 2 extends to
an automorphism of D. So let X € VX be a cut vertex of X. Hence X?¥ is a cut
vertex of Y. It is straight forward to see that for any C-block B the image of X NB
in Y is precisely the intersection of Y with a C-block A. Since the C-blocks are
all isomorphic homogeneous tournaments, the isomorphism from X NB to Y NA
extends to an isomorphism from X to Y. Thus the isomorphism from X to Y
easily extends to an automorphism of D. Since the underlying undirected graph is
C-homogeneous by Corollary 11.3, D is C-homogeneous of Type 1. !

Lachlan’s theorem together with Theorem 12.13 enables us to give a complete
classification of countable connected C-homogeneous digraphs of Type I and with

more than one end:

COROLLARY 12.14. Let D be a countable connected digraph with more than
one end. Then D is C-homagenaus of Type | if and only if one of the following
assertionsholds:

(1) D is a tree with constant countablein- and out-degree;
(2) D isisomorphicto a X »(Y), where + is a countablecardinal greater or equalto 2

and Y is one of the four non-trivial homayeneustournaments of Theorem 2.31.
!

12.4. C-homogeneous digraphs of Type Il

12.4.1. Reachabilit y and descendant digraphs. In this subsection we
prove that, if a connected C-homogeneous digraph D with more than one end
contains no triangles, then D is highly-arc-transitive, each reachability digraph of
D is bipartite, and, if furthermore D has infinitely many ends, then the descendants
of each vertex in D induce a tree. All these properties were proved to be true in
the case that D is locally finite, see [45, Theorem 4.1].

THEOREM 12.15. Let D be a connected C-homagen®us triangle-free digraph
with more than one end. Then D is highly-arc-transitive.

PRrROOF. Let C be a basic cut system. It suffices to show that each directed
path is induced. Suppose this is not the case. Then there is a smallest k such that
there is a k-arc A = Xg...Xy that is not induced. Hence there is an edge between
Xo and Xj. Consider a C-separator S that contains X;. By Lemma 12.7 we have
X, € S and by Lemma 12.5 we have Xo € S; hence Xg and Xy, lie on the same side
of S. But then the same holds for X;+ 1 and so on. So finally Xy and X5 have to lie
on the same side of S, in contradiction to Lemma 12.8. !

THEOREM 12.16. Let D be a connected C-homagen@us triangle-free digraph
with more than one end. Then A(D) is bipartite and if D is not a tree, then each
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A, with e € ED is a component of a C-block. Furthermore, if D has inPnitely
many ends, then every desendant digraph desc(x) with x € VD is a tree.

PROOF. Let C be a basic cut system. We first show that either D is a tree
or any A, with e € ED is a component of a C-block. Let us assume that D is
not a tree. Lemma 12.9 immediately implies that A, for any e € ED, cannot be
separated by any C-separator and, thus, each A, lies in a C-block. As there are
induced paths of length 2 crossing some C-separator and as D contains no triangle, a
component of a C-block X cannot contain more vertices than A, with e € E(D[X])
contains. Thus A, is a component of a C-block.

Suppose that A(D) is not bipartite. Then there is a cycle of odd length in
A(D). Thus there has to be a directed path of length at least 2 on that cycle. By
Lemma 12.6 this path lies in distinct C-blocks. This is not possible as shown above
and thus A(D) has to be bipartite.

Now suppose that there is X € VD such that desc(x) contains a cycle. So by
transitivity there is a descendant y of X such that there are two X-y-arcs that are
apart from X and y totally disjoint. Thus, since we are C-homogeneous, any two
out-neighbors of X have a common descendant. Assume that there are two distinct
C-separators S, S* such that both Y := S\ S* and Y# := S*\ S contain an out-
neighbor of Xx. Then it exists a vertex z in D with Y-z- and Y*z-arcs. But by the
Lemmas 12.7 and 12.8 the vertices X and z cannot lie on the same side of S and S*
respectively, hence S and S* meet on both sides, a contradiction to the nestedness
of C. Thus there is a C-separator S;; that contains the whole out-neighborhood
of x. This implies that all descendants of distance K are contained in a common
C-separator S, since either all distinct k-arcs originated at X are disjoint, and we
can apply the same argument as above, or each two of those k-arcs intersect in a
vertex X*in D that has the same distance to X on both arcs by Lemma 12.7, and
we are home by induction.

With a symmetric argument we get that each k-arc that ends in X has to start in
a common C-separator S+ . For a path P in D that starts in X, let / (P) denote the
difference of the number of edges in P that are directed away from X (with respect
to P) minus the number of edges of the other type. Then one easily checks that
the endvertex of P lies in S,(py. Since all C-separators have the same finite order s,
say, there can be at most 2s rays that are eventually pairwise disjoint. Hence D
has finitely many ends, which proves the last statement of the theorem. !

LEMMA 12.17. Let D be a connected C-homageneus triangle-free digraph with
more than one end and let C be a basic cut systemof D. Then for each C-semrator
S of order at least 2 there is a reachability digraph A. and a C-block K such that
ISNA>2 A, CK,and S CK.

PROOF. Let S be a C-separator with |S| > 2. Suppose that there is no reach-
ability digraph A, with |[SNA.| > 2. Let X,y € S and let P be an X-y-path in
a component of D — S. Let B be a C-block that contains edges of P and such
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that dt (S,B) is maximal with this property. Then the C-separator Sg C B that
separates S and B in 7 has the desired property and thus each C-separator has it,
in contradiction to the assumption. !

We have roughly described the global structure of C-homogeneous digraphs. To
investigate the local structure of these graphs, we show that the underlying undi-
rected graph of each reachability digraph is a connected C-homogeneous bipartite
graph. Such graphs were already described in Section 12.1.

LEMMA 12.18. Let D be a connected C-homageneus digraph suchthat A(D) is
bipartite. Then the underlying undirected graph of A(D) is a connected C-homage-
neous bipartite graph. !

12.4.2. The classibcation. As a first result we prove that no connected C-
homogeneous digraph of Type II with more than one end contains any triangle.

LEMMA 12.19. Let D be a connected C-homagen@us digraph of Type Il with
more than one end. Then D contains no triangle.

PROOF. Let C be a basic cut system and suppose that D contains a triangle.
By Lemma 12.12, every C-block of D that contains an edge is a tournament and
D has connectivity 1. Hence, each C-block contains edges and the C-blocks have
to be homogeneous tournaments. Thus, D is of Type I in contradiction to the
assumption. !

Now we are able to classify the connected C-homogeneous digraphs of Type I
with at least two ends and connectivity 1.

LEMMA 12.20. Let D be a connected C-homayeneus digraph of Type Il with
more than one end. If D has connectivity 1, then D is isomorphicto DL (A(D)).

ProoF. This is direct consequence of Lemma 12.19 and Lemma 12.9. !

In the next two theorems we prove that in the cases that the reachability
digraph is either isomorphic to CP,; or to K 2 the digraph has connectivity at most
2. Thus, in this case it remains to determine those with connectivity exactly 2.

THEOREM 12.21. Let D be a connected C-homageneus digraph of Type Il with
inPnitely many ends and with A(D) = CP,, for a cardinal + > 3. If D has con-
nectivity more than one, then D is isomorphic to M (+,m) for an m € N with
m > 2.

ProoF. By Lemma 12.19 the digraph D contains no triangle. Let C be a basic
cut system and let 7 be the structure tree of D and C. Let S° be a C-separator,
let X% = A, for an e € ED such that |[S°N X% > 2, and let K° be a C-block with
SO C K% and A, € K9, which all exists by Lemma 12.17. Let AUB be the natural
bipartition of X ® such that its edges are directed from A to B. For each a € A let
us denote with b, the unique vertex in B such that ab, is not an edge in X °. By
symmetry we may assume that A NS% # (), so let a € A NSO,
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First we will show that X° N S% = {a,b,}. Since S° contains no edges by
Lemma 12.5 it suffices to show that A N S® = {a}. So let us suppose that there
is another vertex a* # a in A N SY. Since any two vertices in A have a common
successor in B, we have A C S° by C-homogeneity. Let a” € A be distinct from
a and P an induced a-a“path whose interior is contained in D — K °. Denote the
unique neighbor of a on P by ¢. Taking into account that X © is a CP,, there is
a common successor for each pair of A-vertices; let b be such a common successor
of a and a* Since S° separates both, b and by, from the interior of P, the paths
cPb and cPb, are isomorphic and,by C-homogeneity, we can map cPb onto cPh,
by an automorphism 2 of D. Then a¥ is a successor of ¢ that sends an edge to h,.
Hence a” lies in A and is distinct from a, contradicting the fact that desc(c) is a
tree. Thus we know that XN SY = {a,b,} for a vertex a € A.

For the remainder let X ° N S® = {Xg,X;}. Because each vertex clearly lies in
exactly two distinct reachability digraphs, there is a unique reachability digraph
X1t # X0 that contains X;. If Xo € X! then it is straight forward to see that
D = M (+,2). So assume X &€ X ! and let 3 be an automorphism of D mapping X °
onto X ! and X to X;. Let S, K ! denote the image under 3 of S°, K 9, respectively,
and let Xy = X}p. Since C is basic there is an induced Xg-Xi-path P the interior of
which lies in D — K 9. We shall show that P contains Xs.

Suppose that P does not contain X and has minimal length with this property.
Let u be the neighbor of X; on P, which clearly lies in X !, and let v be a neighbor
of u in X! distinct from X;. If v does not lie on P, then Puv is a path of the
same length as P which is induced by the minimality of P and Theorem 12.16,
contradicting the fact that Xg and v cannot lie in a common reachability digraph.
On the other hand, if v lies on P then consider a neighbor W of X in X ! distinct
from v. Remark that since X! is a CP, there is an edge between v and X,. Thus
by the choice of P the path Pvx,w is induced and of the same length as P, which is
impossible since Xg and w do not belong to a common reachability digraph. Hence
P contains Xs.

We have just proved that {X1,X2} separates Xo from any neighbor of X; in X 1.
Hence all C-separators have order 2 and thus the blocks which contain edges consist
each of a single reachability digraph. Now we repeat the previous construction to
continue the sequences (X )i n, (S%)a n, (K%)a n and (X;)a n, respectively. Since
PX, is an induced Xo-Xz-path the interior of which lies in D —K !, we can apply the
same argument as above to assure that P contains X3. Hence by induction we have
X; € P for all i € N, and since P is finite there is an m € N such that x,, = Xq.
Furthermore we have X™ = X0, S™ = S0 and K™ = K°. One can verify that
{X0,X1,.+,Xm 1} forms a maximal C-inseparable set—a C-block—which means
that D is isomorphic to M (+,m). !

THEOREM 12.22. Let D be a connected C-homageneus digraph of Type Il with
inPnitely many endsand with A(D) = K, ,. If D has connectivity more than one,
then D is isomorphic to M #2m) for 2 <m e N.
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PROOF. Lemma 12.19 implies that D contains no triangle. Let C be a basic
cut system of D. Let S° be a C-separator and let X = A, for an € € ED such
that |[S N XY > 2. Such an X exists by Lemma 12.17. As A(D) 2 Ky and as
no C-separator contains any edge by Lemma 12.5, there is |[S° N X 9| = 2. So let
X0, X1 be the two vertices in X% N'SY Let X! be the other reachability digraph
that contains X; and let X5 be the unique vertex in X ! that is not adjacent to X;.
Let 3 be an automorphism of D that maps X © onto X ! and let S' be the image
of SY under 3.

With the same technique as in the previous proof, we can verify that {X1, X2}
separates D and so S” = {X¢,X;}. We can continue the sequences (X;); n and
(S") 4 n so that ST = {X1, X2} and S* = {X;,X;11}, and there is an n € N such that
X, = Xg. Since D has infinitely many ends we have n > 3, and as X; € S* only holds
for all even integers i we have n = 2m with m > 2. Now analog as in the proof
of Theorem 12.21 ,S* forms a C-block that contains no edges. Hence there are

precisely two Aut(D )-orbits on the C-blocks and D is isomorphic to M #2m). !

If we assume A(D) to be one of the other possibilities as described in The-
orem 12.4, then the C-homogeneous digraphs have—in contrast to the other two
cases—connectivity 1.

LEMMA 12.23. Let D be a connected C-homayeneus digraph of Type Il with
inPnitely many endsand suchthat A(D) is isomorphic to a T, for cardinals +,, ,
a Cyy with 4 <m € N, a K, , for cardinals +,, > 2, or an inPnite homayen®us
generic bipartite digraph. Then D has connectivity 1.

PrROOF. Since D is of Type II, it contains no triangle by Lemma 12.19. Let us
suppose that D has connectivity at least 2 and let C be a basic cut system of D.
Let S be a C-separator and let X be a reachability digraph with [SNX| > 2 as in
Lemma 12.17. We investigate the given reachability digraphs one by one and get
in each case a contradiction and, thereby, we get a contradiction in general to the
assumption that D has connectivity at least 2. So let us assume that X = T,
for cardinals +,, . By Lemma 12.9 we know that +,, > 2, as D is not a tree. Let
X,y € SNX such that dx (X, y) is maximal. Such vertices exist as S is finite. Let ;
be the first edge on the path from X to y in X and let e; be another edge incident
with X. There is an # € Aut(D) with e = €. But then y® lies in a common
separator with X, as Xx® = X. By Corollary 12.11 the separator S“ has to be the
same as S. But this contradicts the maximality of dx (X, ¥), as dx (y*,y) > dx (X, y).

Let us now assume that X = Csy,, for a 4 < m € N and let X,y be distinct
vertices in SN X . Then there is an induced path P from X to y that lies apart from
X and Yy in a component of D — S that intersects trivially with X. We first show
that we may assume that dx(X,y) > 4. Let €1, e; be the two edges in D[X] that
are incident with x. If dx(X,y) = k < 3, then let # € Aut(D) with e = ;. Then
there is dx (y,y®) = 2k, as m > 4. Thus we have shown that there are X,y € SNX
with dx(X,y) > 4. Let s; and Sy be the vertices in X that are adjacent to y and
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let t be a vertex in X that is adjacent to X. Since dx (X, y) > 4, the graphs txP ys;
for i = 1,2 are induced paths. Hence there is an automorphism # of D that maps
txP ys; onto tXP ysy and thus dx(S1,X) = dx(Sg,x) and dx(s;1,t) = dx(sg,t), a
contradiction as X is a cycle.

For the next case let us assume that X = K ) for cardinals +,, > 2. Let
A U B be the natural bipartition of X. Since |S N X | > 2, the vertices in SN X
lie in the same partition set, A say. By the C-homogeneity it is an immediate
consequence that A C S. As the C-separators have minimal cardinality with respect
to separating ends, there is |A| < |B|. If there is a C-separator S* with |S*NB| > 2,
then B C S* If in addition the intersection of B with another reachability digraph
distinct from X is B, then it is a direct consequence that + =, is finite and that
D has two ends. Thus there are two distinct reachability digraphs X, X5 that
intersect with B non-trivially and that are distinct from X . Let A1,B1,A2,Bs be
the natural bipartitions of X1, X9, respectively. Let P be an induced path from
A1NB to A;NB in a component of D — S*that intersects non-trivially with X . Let
a be the vertex on P that is adjacent to the vertex in P N Ay and let b be a vertex
in B NA; not on P. Then there is an automorphism # of D that maps P onto
baP. But this contradicts the fact that the endvertices of P lie both in B but the
endvertices of baP do not lie in in any common reachability digraph as |[A1NB| = 1.
Thus we conclude that |B N S#] = 1. So let X,y,Z € B be three distinct vertices.
There is a shortest induced path P from X to y in that component of D — S that
contains B. Let a € A and let bbe the vertex on P with distance 2 to y. Then there
is an automorphism # of D that maps zaxP b onto yaxP b. Thus we conclude that
d(b,z) = 2. But then z has to have incident edges that are directed both towards
or both from distinct C-blocks. This contradicts Lemma 12.9.

Let us finally assume that X is isomorphic to an infinite homogeneous generic
bipartite digraph. Let again A U B be the natural bipartition of X. Since X is
homogeneous, all vertices in the same set A or B have distance 2 to each other.
We conclude that [S N A| > 2 immediately implies A C S which contradicts the
finiteness of S. Conversely we also know |B N'S| < 1. Since D has connectivity at
least 2, there is [ANS| =1 = |B NS|. Let a,bbe the vertices in ANS,B NS,
respectively, and let abfa’h be a path of length 3 from a to b. This path exists
because each two vertices in the same set A or B have distance 2 to each other as
before. Since there are infinitely many vertices in A that are adjacent to b¥ but not
to b, all these vertices have to lie in S, a contradiction. Thus we conclude that D
has connectivity 1. !

Let us summarize the conclusions of this section in the following theorem. In
its proof we will finally prove that all the candidates for C-homogeneous digraphs
are really C-homogeneous.

THEOREM 12.24. Let D be a connected digraph of Type Il with inPnitely many
ends. Then D is C-homayen@us if and only if one of the following holds:
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)= CP,, for acardinal + >3 and D 2 DL(A(D)).

)=Cyy for 2<meNandD =DL(A(D)).

) =2 K, for cardinals +,, >2and D = DL(A(D)).

) is isomorphic to an inPnite homayen@®us generic bipartite digraph and
DL(A(D)).

=CP, and D = M (+,m) for a cardinal + >3 and2 <m € N.

=Kz and D 2M#*2m) for 2<m e N.
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PROOF. By the Lemmas 12.19, 12.20, and 12.23 and by the Theorems 12.21 and
12.22, it remains to show that the described digraphs are indeed C-homogeneous.
Remark that the underlying undirected graph of DL (T, ) is a regular tree and thus
DL (Ts,») is not of Type IL It is straight forward to see that the graphs of the part
(1)-(4) are C-homogeneous. So let D =2 M (+,m) for an m € N with m > 2 and a
cardinal +. Let C be a basic cut system of D. Let A and B be two connected induced
finite and isomorphic subdigraphs of D and let 2 be an isomorphism from A to B.
Let us first consider the case that A contains no 2-arc. Then both A and B lie in
a reachability digraph, each. Without loss of generality we may assume that they
lie in the same reachability digraph A of D. But, as the reachability-digraphs are
obviously C-homogeneous, it is straight forward to see that the isomorphism 2 from
A to B first extends to an automorphism of A and then also to an automorphism
of D. So let us assume that A contains a 2-arc. Let us consider the case that A
is a k-arc for some k > 2. Let A1,As be two induced subdigraphs of A that have
one common vertex, are both connected, and whose union is A. Then both are
shorter arcs and, by induction, we can extend both restrictions, 2|4, and 2]4,, to
automorphisms 31,35 of D, respectively. Let S be a C-separator that contains the
common vertex of A; and As. There are two possibilities for S if m > 3, and one
possibility if m = 2. If m = 2, then it is an immediate consequence that S¥* = S¥2
and that we can combine the two automorphisms to one that extends 2 by setting
2|k, = 3i|k,, where K; is the component of D — S that contains vertices of A;,
and 2|s = 31|s. So we assume that m > 3. We choose in this case S so that it
lies in a common C-block with an edge of A;. Let S* = S¥1. As we had just two
possibilities for the choice of S, the image of S under 3, has to be S¥ too. In the
same way as above, we can combine appropriate restrictions of 3; and 35 to an
automorphism of D that extends 2.

Now let us assume that A is no k-arc. Then there is a C-block X that contains
two edges of A that have a common vertex. Let us first assume that X contains
three edges of A. Then, since A = CP,, we know that X N A is connected. Thus,
(X NA)? lies in a C-block Y of B and we have (X NA)? =B NY. We have already
shown that we can extend 2| 4+ x to an automorphism 3 x of D. If each component
of D — X contains at most one component of A, then we have the extensions of
the restriction of 2 to these components and we can construct, as in the case of
k-arcs, an automorphism of D. So we assume that there is at least one component
C of D — X such that, for the C-separator S C X that separates X and C, the
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digraph A* = AN(CUS) contains at least two components. As the C-separators have
cardinality 2, A¥ consists of precisely two components. Let Z # X be the second
C-block that contains S. If Z contains edges, that means m = 2, then ANZ consists
of precisely two edges that have their other incident vertices again in a common
separator. Since the same must be true for Z¥* N B, we may assume inductively
that we have extended 2|4+ x so that 3 x coincides with 2|z« 4 on Z NA. Thus, we
can consider the case that Z does not contain any edge. There is an enumeration
Zy,...,Zy, of the vertices of Z such that {z,,,z;1} and for all i < m also {z;,Z;41}
are all the C-separators in X. We may assume that S = {z;,2,,}. Let C; be the
subdigraph induced by z;,7;,1 and that component of D — {z;,7;,1} that contains
no other z;. If C; N A consists of one component and contains z; and z;41, then
we can extend the restriction of 2 to that component to an automorphism 3; of D
and we may suppose that we have chosen 3 x so that they are equal on C;. If there
is one C; that has at least two components of A N C;, then it is unique and we can
suppose that 3 x|c, = 3;|¢, on all C; such that AN C; is connected. By induction,
we can assume that the same holds also for a component C; such that A N C; is
not connected. So the only remaining case is if C; N A is connected but contains
only one of the vertices z;,2; 1. But in this case we know that this situation occurs
in at most one other C; with i # j. Then 2|4+ ¢, with k € {i,] } extends to an
automorphism 35 of D by induction. Because these two automorphisms exist, we
know that S;’Z’ ¥ contains only one vertex of B, and hence we can assume that 3 x
and 3 coincide on Ci. Thus, if we extend this to all the components of D — X,
we know that 3 x extends 2.

The final case that remains is when the block X contains only two edges. Then
it might be the case that X N A is not connected. If it is not connected, then there
has to be a C-block that contains at least three edges, so we assume that X N A
is connected. If, for the C-block Y that contains (X N A)¥, we have that Y NB is
connected, then we can construct an automorphism that extends 2 as in the case
where X contained three edges of A. On the other hand, if Y NB is not connected,
there has to be a C-block that contains three edges of B, and the same must be
true for a C-block and A. Since we know that in this case there is an automorphism
of D that extends 2, we have proved that M (+,m) is C-homogeneous.

In the case that D = M#2m) for an m € N the arguments used are analog
ones as in the case D 2 M (+,m) and therefore we omit that proof here. !

12.4.3. Line digraphs of C-homogeneous digraphs. It is well known
(see [19]) that line digraphs of highly-arc-transitive digraphs are again highly-
arc-transitive. In some cases also C-homogeneity is preserved under taking the
line digraph: Gray and Moller [45] stated that the line digraph of a DL(Cayy,) is
C-homogeneous. In terms of our classification:

REMARK 12.25. For eachm € N we haveL (DL (Cy,,)) = M #2m).
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ProoOF. Consider the digraph D = DL(Cs,,) for a m € N. By construction
the deletion of each single vertex v of D splits the digraph into two components
such that v has two out-neighbors in the one and two in-neighbors in the other
component. Thus the four edges that are incident with v form a Ko in L(D)
whose independent vertex sets separate L (D). Furthermore the edges of each Cs,,
in D form an independent set in L(D) so that any two adjacent edges lie in a
common K 5 in L (D). One can easily verify that this digraph is indeed isomorphic
to M#2m). !

Interestingly, our classification of the C-homogeneous digraphs with infinitely
many ends implies that C-homogeneity is not generally preserved under taking line
digraphs. Indeed, for all m € N the line digraph of M #2m) is triangle-free, has in-
finitely many ends, and has connectivity 4, hence it is not of Type II. Thus, by The-
orem 12.24, we know that L(M*2m)) = L(L(DL(Ca,,))) is not C-homogeneous.
This had remained an open question in [45].

12.5. The non-indep endent case
for C-homogeneous digraphs with at most one end

Now we turn our point of view to the C-homogeneous digraphs all whose vertices
have finite degree and that is, if it is an infinite digraph, at most one end. It is a
straightforward argument that the out-neighborhood as well as the in-neighborhood
of any vertex of a C-homogeneous digraph has to be a homogeneous digraph. We
state the classification result of Lachlan in Theorem 12.26. We investigate which of
the homogeneous digraphs of Theorem 12.26 may occur as a subdigraph induced
by N*(x) or by N" (x) for a vertex X € VD. In this section we take a look at those
cases that contain an edge and show that there is precisely one such case that may
occur. This case is a generalization of the digraph H that occurs in the case (v) of
Theorem 12.26.

THEOREM 12.26. [70, Theorem 1] A Pnite digraph is homayen®us if and only
if it is isomorphic to one of the following digraphs:

(1) the Cy;
(ii) aK, for ann > 1;
(iii) a [Cg] for ann > 1;
(iv) aCslK,] forann > 1;
(v) the digraph H. !

Let X be a vertex of a connected locally finite C-homogeneous digraph. Our first
aim is to show that N *(x) and N (x) are both not isomorphic to H. Therefore, we
define a dominated directed triangle to be a digraph that is isomorphic to a directed
triangle together with a vertex that sends edges to all its vertices (Figure 5).

LEMMA 12.27. For every connected locally Pnite C-homageneus digraph D
thereis N*(x) 2 H and N" (x) 2 H for all x € VD.
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FIGURE 5. A dominated directed triangle

PROOF. Let X € VD and suppose by symmetry that N *(x) 2 H. Then there
is a dominated directed triangle embedded in N" (y) for all y € N*+(x). Hence we
also have N" (x) = H.

If two vertices X, Y are adjacent, say Xy € ED, then [N T (x) N *(y)| < 3 since
N*(y) = H. Furthermore, there exists a vertex Z € N" (y) N N T(x).

CraiM 12.28. No neightor of y liesin N+ (x) "N *(z).

PROOF OF CLAIM 12.28. Suppose that there is a vertexa € N T (x)NN T (z)N
N (y). By mapping DX, Y, z] onto D[, a,z] by an automorphism of D, we get
recursively a directed cycle in N 7 (x)NIN *(z). We already mentioned that [N *(x)N
N *(z)| < 3. Hence there is a directed triangle in N T (x) NN T(z). Let v; be a
vertex in N T(x) that has two neighbors in N T (x) NN *(z), let Vo be a vertex in
N T (x) with NT(x) " NT(z) € N*(v3), and let V3 be a vertex in N ™ (x) with
NFT(X)NN*(z) €N (v3). Such vertices exist because N *(x) = H. Then either
two of these vertices are adjacent to z—and hence lie in N* (z)—or two of them are
not adjacent to z. Let v;,V; (i # ] ) be two vertices either both of the first or both of
the second kind. Then Dz, X, v;] = Dz, X, v;], and thus there is an automorphism
of D mapping the first onto the second subdigraph. But this is a contradiction by
the choice of v; and v;. !

As N*(x) = H, there are two out-neighbors of z that are adjacent to y in
contradiction to Claim 12.28. Thus the lemma is proved. !

The next case that we exclude is that neither the out- nor the in-neighborhood
induces a subdigraph isomorphic to Cj.

LEMMA 12.29. Let D be a connected locally Pnite C-homagen®us digraph and
let x € VD. Then N*(x) 22 C4 and N (x) 2 Cy.

Proor. By regarding the digraph whose edges are directed in the inverse way,
if necessary, we may suppose that N7 (x) = C4. Let us denote with vq,...,Vy
the four vertices in N *(x) with v;v;47 € ED for 1 <i < 3 and v4v; € ED. Since
X, V4 € N (v1) and since N (vp) is homogeneous, there is another vertex in N (v;)
distinct from both X and vy4.

We know by Lemma 12.27 that N (v;) 2 H.

Craim 12.30. There is no other vertexthan x in N* (vi) NN " (V).
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PROOF OF CLAIM 12.30. Let us suppose that there is a vertex y € N" (v) N
N" (v2). Then an immediate consequence of the C-homogeneity is N *(x) = N *(y).
But then neither Xy nor yx can be an edge of D. The subdigraph induced by
{X,y,4} is a subdigraph of N (v;) and thus N" (v;) = K,,[C3] with n > 1. Then
there is Z € NT(x) "N" (v;) which is distinct from v4. This is not possible and
hence no such y exists. !

Craim 12.31. There is no vertexin N" (vi) NN *(vz).

PRrOOF OF CLAIM 12.31. Suppose that there is a vertexy € N" (vi)NN +(vy).
If y is neither adjacent to X nor to vy, then N" (v;) has to be isomorphic to K ,,[C3]
with n > 1. Then there is an automorphism # of D with v§ = v4, V§* = vy, and
vy =y and hence X # X* € N" (v1) "N (v4). This contradicts Claim 12.30 with
v4 and Vv; instead of v; and Vo. So Y is adjacent to at least one of X and Vvj.

If y is adjacent to X but not to vy, then N* (v;) =2 C4 or N (V1) = H since an
induced path of length 2 embeds into N" (v;). As we already saw, only the first
case can occur and then there is an automorphism # of D with v§ =y, v{ = vy,
and V§ = Vo. So X # X® and X® is a second vertex in N" (v;) " N" (vz), which is
impossible by Claim 12.30.

If y is adjacent to V4 but not to X, then we distinguish two cases: in the first
one yv4 € ED. But then by C-homogeneity applied to D[y, X, v4] and D]y, X, v4]
also Vo € N T(y) contrary to the case we are discussing. In the second case we
have v;y € ED and thus N (v;) = C4. Then there has to be a vertex z €
N (vi) \ {v4,X,y¥}. If Z is not adjacent to Vo, then there is an automorphism
of D that maps D|[va,Vq,2] onto D[va,Vvq,Vy]. Since this automorphism cannot
fix X, the image of X also lies in N" (v{) N N" (v2) contrary to Claim 12.30. If
Voz € ED, then there is an automorphism of D that maps the cycle D[va,Y, vi]
onto D[va,z,v;]. This is again a contradiction and the final contradiction in the
case that y is adjacent to v4 but not to X is given directly by Claim 12.30 since, if
zvy €ED, then z€ N" (vi) NN" (vg).

Let us now consider the case that both X and v4 are adjacent to y. By the
same arguments as above there has to be vuy € ED and not yvy € ED. By C-
homogeneity we have yv3 € ED and since y € N *(x), we have yx € ED. But then
D[v1,X, v3] is a subdigraph of N T(y) but this digraph cannot be embedded into a
C4 and thus we just have proved the final contradiction of this claim. !

Cramm 12.32. Thereis no vertexin N* (v;)NN *(v,) that is not adjacent to v,.

PROOF OF CLAIM 12.32. Let us suppose that there existsy € N" (v{)NN *(vy)
such that y is not adjacent to vo. Then V3 is not adjacent to y, too, and hence
there is an automorphism # of D that maps D [vs, V4, V1] onto Dvs, vy, Y]. Since
y € NT(x), we have X # x* € N" (v3) " N" (v4) and thus a contradiction to
Claim 12.30. !

Craim 12.33. Thereis N (vi) NN T (va) # 0 or N* (vi) NN *(vy) # 0.
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ProOOF oOF CraiM 12.33. Suppose that both intersections are empty. Let y €
N (v;) with X # y # v4. If X and y are not adjacent, then N" (v;) has to
be isomorphic to K,[C3] for an n > 1. Hence there is z € N*(v4)) N N" (x) N
N" (vi). This is a direct contradiction to the assumptions. Thus X and y have to
be adjacent and hence yx € ED. So there is an induced path of length 2 in N" (v;)
and thus N" (v;) 2 C4 or N" (v;) & H, whereas the second case cannot occur
by Lemma 12.27. So N" (v;) = C4. Then both D[v4, Vi, V2] and DIy, vy, Vs] are
isomorphic subdigraphs of D and thus there is an automorphism # of D that fixes
v; and Vo and maps V4 onto y. We conclude that x* € N" (v;) "N (V) which is
untenable because of Claim 12.30. !

By all the claims we showed that there is no vertex in N" (v;) distinct from
x and from v, in contradiction to the homogeneity of N* (v;) by Theorem 12.26.
Thus we proved Lemma 12.29. !

LEMMA 12.34. Let D be a connected C-homagen®us digraph with N T (x) =
K,.[Cs] and N" (x) = K,,[C3] for all x € VD and for somem,n > 1. Then
m=n=1.

PROOF. Let Xy € ED. Then there exists z € N" (y) "N" (x). By regarding
N" (y), we obtain an a€ N" (y) "N *(x) with az € ED. Let b be the third vertex
of N *(x) in that isomorphic image of Cg, that contains y and a. We have neither
zb nor bz in ED since otherwise there is an edge either in N *(x) NN (z) or in
N *(x)NN" (z) and by applying the C-homogeneity we obtain the whole isomorphic
image of C3, D[a,b,y], in N T (X)NN*(z) or in N *(Xx)NN" (z) which is impossible.

Let us suppose that n > 1. Then there exists a vertex y* € N*(x) that is
distinct from @, b, and y. Then there is a vertex v € {a,b,y} such that Dz, X, v] =
D [z, X, ¥] and hence the isomorphic image of C3 in N *(x) that contains y* contains
a vertex of N*(z). We may suppose that y¥ € N*(z). But then D[y,x,y" is a
digraph that cannot be embedded into N *(z). Son ¥ 1. By a symmetric argument
we also have m = 1. !

LEMMA 12.35. Let D be a connected locally Pnite C-homageneus digraph and
x € VD. If N*(x) = C3[K,,] or if N" (x) = C3[K,,] for an n > 1, then there is
D =H[K,]

PROOF. We assume that N T(x) =& C3[K,,] for ann > 1. Let y € N ¥(x). Then
X together with n vertices of N T(x) lie in N" (y) and hence N" (y) = C3[K ,,,] for
anm>norn=1and N" (y)=K,,[Cs] for an m > 1 which has to be equal to 1
by Lemma 12.34, so in each case N (y) = C3[K ,,,] for an m > n. By symmetry we
conclude that m = n. Then there is a vertex Z € N (X) "N " (y).

Cram 12.36. N T (x) NN *(z) is an independent set of cardinality n.

PRrROOF OF CLAIM 12.36. This is a direct consequence of the fact that N *(z)

is isomorphic to C3[K ,]. !
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An immediate consequence of the C-homogeneity of D is N*(x) NN" (z) # 0.
CramM 12.37. N*(x) NN" (z) is an independent set of cardinality n.

PROOF OF CLAIM 12.37. We already know that the set N *(X)NN" (2) is not
empty. So let us suppose that there is an edge ab with both of its incident vertices
in N*(x) "N" (z). Then the digraphs D [z,X, @ and D [z, X, b] are isomorphic and
hence there is an automorphism of D mapping the first onto the second one. As a
consequence of Claim 12.36 both, a and b, have to be adjacent to all the vertices in
N *(x)NN *(z). Hence there is y*a € ED and by* € ED for all y*€ N *(x)NN *(2).
Thus no such automorphism can exist and we conclude that no such edge ab can
exist. Since there are at least n vertices in N" (y) that lie in N*(x) "N" (z) and
since there are at most n vertices in N 7 (x) that are pairwise not adjacent, the
assertion follows. !

Cramm 12.38. Thereis INT(X) NN F(z)]=n=|NT(xX)NN" (y)|.

ProoOF oF CrLAIM 12.38. This is a direct consequence of the fact that the
subdigraph induced by N *(x) is isomorphic to C3[K ,]. !

CramM 12.39. There is an eguivalene relation ~ on VD whoseequivalene
classeshave precisely n independent vertices each and suchthat Dg is isomorphic
to H and Dg [K,,] is isomorphic to D.

ProoOF OF CLAIM 12.39. Let us define a relation ~ via
a~b:=N (@=N" (@nN" (b=N"(b).

Then ~ is obviously an equivalence relation.

If we consider two of the equivalent classes of ~, then all of the edges between
these two classes must be directed in the same direction and furthermore the digraph
induced by these two classes is a complete bipartite digraph. Hence D induces a
C-homogeneous digraph on Dg with D = Dg [K ]

It is a straightforward argument to show that D =2 H if N *(x) = C3. So if we
consider Dg , then we may instead assume that N T(x) = Cj3 for all x € Dg and

hence we obtain the isomorphism. !

The lemma is a direct consequence of the previous claim. !

12.6. The indep endent case
for C-homogeneous digraphs with at most one end

In this section we consider the situation that every out-neighborhood—and
hence by the results of Section 12.5 also every in-neighborhood—is independent.
The first case we classify is if every vertex has in- or out-degree 1.

LEMMA 12.40. Let D be a locally Pnite connected C-homageneus digraph and
let x € VD. If N*(x) or N" (x) consists of precisely one vertex, then D is either
an inbnite tree or a directed cycle.
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PROOF. By symmetry we may assume that N T(x) consists of precisely one
vertex. Let F be the subdigraph of D that is induced by all descendants of X.
Then either this contains a directed ray or a directed cycle. If F contains a directed
cycle, then, by the C-homogeneity, X has to lie on such a cycle, say C. Suppose
that a vertex y exists that does not lie on C but has a successor on C. Let # be
an automorphism of D with x® =y. Then C® N C contains the successor of y and
hence y has to lie on C since every vertex of C has its unique successor on C. So
in this case we conclude that D is a directed cycle.

We now assume that no directed cycle lies in F. Let H be the digraph that is
induced by all ancestors of vertices of F. As [NT(x)| =1 and as D is connected,
H has to be the whole digraph D. Now let us suppose that there is an undirected
cycle in D. Then there has to be a vertex on that cycle that has out-degree at
least 2 since F is a ray, contrary to the assumption. Hence D is an infinite tree. !

In the following we will at first suppose that our digraphs suffice the assump-
tions of Lemma 12.18 to apply the result of Section 12.1 and to obtain partial
classification results which will be completed in Section 12.7. Recall that the as-
sumptions of Theorem 12.18 is that the reachability digraph of the digraph is bipar-
tite. Thereafter we shall prove in the lemmas 12.47 and 12.53 that the connected
locally finite C-homogeneous digraphs indeed always satisfy these assumptions.

LEMMA 12.41. Let D be a locally Pnite connected C-homagen®us digraph such
that N+ (x) and N" (x) are independentsetsfor all x € VD. If A(D) is bipartite,
then either A(D) is a Pnite digraph or C; emtedsinto D and A(D) = Ty 5.

PROOF. Suppose that A(D) is not finite. Since D is locally finite, we conclude
from Theorem 12.4 that A(D) = Ty ; for integers k,| > 2. We distinguish two
cases: Either C3 embeds into D or not. So let us first suppose that C3 does not
embed into D. Let A1, As be two distinct reachability digraphs with non-empty
intersection and let us denote with d; the distance in A; between vertices of A;.
If A; and A, intersect in at most one vertex, let X,y,z € VD with xz,yz € ED,
X, ¥,Z € VA1, Z € VA,y. Then there is a ray R in Ay starting in z and such
that no vertex on R except for z is adjacent to X or y because none of the out-
neighbors of z is adjacent to X or y. Let a € VA; with r := dy(a,x) > 2 and
di(a,x) < di(a,y),d;(a,z). Then there is a path P outside B,,2(x) from a to R.
Let P#be the (induced) path in P UR from a to z. Then the subdigraphs P*U {x}
and P*U {y} are isomorphic—we can map X, z,z; onto X, z, Z, for any two successors
of z and thus we may conclude that no vertex of A, except for z is adjacent to X or
to y. But there is no automorphism of D mapping the first onto the second since
di(a,x) < di(a,y). Thus we have |A; NA,| > 2 and hence there are infinitely many
vertices in A; N Ay because of the C-homogeneity of D.

If there are two vertices U,V in AN Ay with minimal distance d;(u, v) and with
d;(u,v) > 3 and d;(u,v) > 2 (i # ), then we get a contradiction by two analog
paths as before.
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So we conclude that for all u,v € VA; N VA, with minimal distance in A;
there is dyi(u,v) = 2 = dy(u, V). Now we shall construct a cycle in As. Let X1 be
the vertex in A that is adjacent to both u and v and let X5 be another neighbor of
Uin A;. Let y; and Y be analog vertices in As. Then there is an automorphism
of D that fixes U,y; and Yo and maps X; onto X, and vice versa. Hence X; has
another neighbor v¥in A; that is also a neighbor in Ay of y,. But as di (v, V#) =2,
there is a neighbor y3 of v and v¥in Ay. Then the digraph induced by the vertices
U,V, V¥ y1,¥s,ys induces a cycle of length 6 in A, which is impossible.

For the last case we suppose that C3 embeds into D. Let A7, Ay be as above
and Xz,yz € EA; with z € A; N Ay. Let us suppose that d* >3 ord” > 3. Then
we obtain a contradiction similar to the first one, if there is an out-neighbor of z
that is adjacent neither to X nor to y. So we may assume that there are at least
two elements of N T(z) that are adjacent to Xx. As D is C-homogeneous, each two
elements of N *(z) have a common successor, and since A(D) = Ty, there is a
vertex adjacent to all elements of N+ (z). This vertex has to be X by the choice
of X. But by C-homogeneity this also holds for y, so there is a cycle in Az which is
impossible. So in this case we have d* =d’ = 2. !

LEMMA 12.42. Let D be a locally Pnite connected C-homagen@us digraph with
at most one end suchthat N +(x) and N (x) are independentsetsfor all x € VD.
If A(D) is bipartite and if the intersection of any two reachability digraphsdoes not
separate each of them, then no reachability digraph sef@ratesD.

PRrROOF. Suppose that there is a reachability digraph A; that separates D. Let
A, be a reachability digraph with VA1 NVAs # (), let X € VA NV A, ¥ be a
neighbor of X in A, and let C;, i = 1,2, be the component of D — A; that contains
y or is adjacent to Yy by an edge that lies not in EA;. If C5 does not contain any
vertex of Ay, then Co C C; with Cy # Cy. So both C; and Cs have to be infinite
since they are isomorphic. Thus D has one end in C; N Cy and symmetrically also
another one in (D — C1) N (D — Cq) contrary to the assumptions. So Ca contains
a vertex of A; and Co ¢ C;. But then, as A; \ VA is connected, there is another
component C¥ of D — A, that is completely contained in C; and contains no vertex
of A. The component C¥ does not have to be isomorphic to Cy, but since there is a
reachability digraph As in C¥, we obtain a component Cz of D — A3 with C3 C C¥
and so on. Because the degree of any vertex is finite, there are m, n such that C,,
and C,,—or C¥ if m or n is 2—lead to an analog contradiction as before. !

The following lemma is the main lemma for the case that there is no isomorphic
copy of Cg in the C-homogeneous digraph. After its proof, we show in Lemma 12.47
that in the case that the out-neighborhood and the in-neighborhood each are in-
dependent sets the connected locally finite C-homogeneous digraphs that contains
directed triangles always satisfy the assumptions of Lemma 12.43, so that in this
case the conclusion of Lemma 12.43 holds.
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LEMMA 12.43. Let D be a locally Pnite connected C-homayen®us digraph that
contains no directed triangle and suchthat N +(x) and N" (x) are independent sets
for all x e VD. If A(D) is bipartite, then either D has at least two endsor D is
isomorphic to C,,[K,, for anm >4, n > 1.

PrOOF. Let A(D) be bipartite. We suppose that D contains at most one end
and, by Lemma 12.40, that d*,d" > 2.

CrLAIM 12.44. Let Ay, Ao be two reachability digraphswith non-trivial intersec-
tion. Then either their intersection is contained in the sameside of the bipartition
of Ay or A(D) = CPy, for a k > 3 and the intersection consists of precisely one
unmatched pair in CPy.

PrOOF OF CLAIM 12.44. Suppose that the claim does not hold. We remember
that the reachability digraphs are induced subdigraphs. So D consists of at least 3
reachability digraphs. We also conclude that A(D) cannot be a complete bipartite
digraph, so it is either the complement of a perfect matching or a directed cycle.
Let X,y € A1 N Az be on distinct sides of Ay (and hence also of Ay) with minimal
distance in Ay. If Ay = Cy,, for an m > 4, then we choose a minimal path P in
Ay from X to y. Let x* be a neighbor of X in A; and y;,Y> two neighbors of y
in A;. Then by mapping Pyy; onto Pyys we obtain da, (X, ¥) = m and hence the
subdigraphs induced by x*Pyy; and x*XP yy, are isomorphic paths. We conclude
that also da, (x*y) = m, a contradiction. So A(D) is isomorphic to CPj for a
k > 3. Then A; N Ay consists of precisely two vertices that are not matched as
claimed. !

Since each vertex lies in at most two reachability digraphs, we consider the
following two relations: Let X ~ y for X,y € VD if x and y lie on the same side
of a reachability digraph, that is, both have the same out-degree and the same
in-degree in that reachability digraph and one of these two values is 0. Let X =~y
for X,y € VD if x and y lie on the same side of two reachability digraphs.

CrAM 12.45. Letx,y e VD. Then x ~y if and only if x = y.

Proor oF CLAIM 12.45. Let X,y € VD. It suffices to prove that X ~ y im-
plies X &~ Y. So let us suppose that X ~y but X %y and let A be the reachability
digraph that contains both vertices, X and y, on the same side. Since A(D) is finite
by Lemma 12.41, we know from Theorem 12.4 that both sides of the reachability
digraph have the same size. Hence there is a vertex with two successors in distinct
reachability digraphs and one with two predecessors in two distinct reachability
digraphs. We conclude by the C-homogeneity that for every vertex each two suc-
cessors lie in precisely one common reachability digraph and the same holds for
each two predecessors. So we may assume that X and y have distance 2. Let v; be
a vertex in the same reachability digraph as X and y that is adjacent to both X and
y. By symmetry we may assume that xvi,yv; € ED.
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The next aim is to show that no reachability digraph separates D. Let us
suppose that the converse holds. By Lemma 12.42 each two reachability digraphs
that have at least one common vertex, have at least two common vertices. We
conclude from Lemma 12.42 and Claim 12.44 that the intersection of each two
reachability digraphs is contained in one side of the bipartition of each one. But
then Theorem 12.4 implies that A(D) is a cycle of length 2m with m > 4. So let
a,b be two vertices in the same two reachability digraphs I'y and I'; with minimal
distance. Then there is a minimal path P between a and b in I'y. Let wq, Wy be
the neighbors of bin I's, let u; be the vertex on P that is adjacent to @, and let Uy
be a vertex in I'; that is adjacent to a. Then the paths u;Pbw; and u;Pbws are
isomorphic and thus there is an automorphism of D that maps the first onto the
second one. This automorphism has to fix a and thus the distance in I's from a
to wy is the same as the one from a to wy. But since m > 4, we can also map the
path usaPbw; onto usaPbw,. Then also Uy and w; have the same distance in I's
as Uz and We. But this cannot be true. Thus we know that no reachability digraph
can separate D.

Hence we find an (undirected) induced path R from v; to y whose only vertices
in A are vy and y and that does not use the edge yvi. We may choose R so that the
only vertex on R that is adjacent to X is v; by applying the C-homogeneity to an
automorphism that maps D[X, v, y] onto D[y, vy, X]. Let Vs, Va,Y be the last three
vertices on R. If v3 ~ y, then we conclude that vs o0 X. But then yv;RvVs can be
mapped onto XvViRVv3 by an automorphism of D and we obtain a contradiction by
X ~ Vj.

So v3 4 y. By an analog automorphism to the one above—one that maps
yVviRvVv3 onto XviRv3—we obtain that v and X have a common neighbor v4. Let
w; be the neighbor of v; on R. Since D contains no directed triangle, there is an
automorphism # of D that fixes wiRvy and also v4X pointwise, but with y* #vy.
But then y© has to lie in the reachability digraph A as y and X which is impossible
as we already saw. !

We conclude from Claim 12.45 that ~ and = are equivalence relations on VD.
Let ' be a digraph on the equivalence classes of ~ such that there is an edge from
one class X1 to another X5 if and only if there are vertices X; € X1 and Xo € X5
with X;Xo € ED. By Claim 12.45 each vertex of I" has precisely one successor
and one predecessor. It is a straightforward argument that I' is a C-homogeneous
digraph. Since D has at most one end, I' must be a directed cycle C,, for an n > 3
by Lemma 12.40.

It remains to show that the inverse images of any edge of I', that is the subdi-
graph of D induced by the equivalence classes that are incident with that particular
edge of ', and that is precisely one reachability digraph, induces a complete bipar-
tite digraph. Let Vi,...,V,, denote the equivalence classes such that V;V;;; € ET
fori < n and V,V; € ET with n > 4.
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It follows from Lemma 12.18 and Theorem 12.4 that A(D) is either a semi-
regular tree Ty, a cycle Cy,,, the complement of a perfect matching CPy, or a
complete bipartite digraph Ky ;. To prove the lemma, we have to show that none
of the first three cases can occur where the first one was already excluded by
Lemma 12.41.

Let us suppose that A(D) = Cy,, for an m > 4. Let X € V; and let a,b be
its successors. Let P be a shortest a-b-path in A, the subdigraph induced by Vs
and V3, and let P* := P — b, Let P#be a path of the same length as P* in A,
that starts in a and is, except for a, distinct from P. By mapping XP * onto xP #
we obtain da, (a,b) = m. But then the same holds for the other predecessor y # X
of a and thus y also has to be adjacent to b and hence m = 2, a contradiction.

Let us now suppose that A(D) = CPy for a k > 3. Let x € V;. Then there
exists a unique vertex in Vy that is not adjacent to X and this vertex itself has a
unique vertex y € Vs it is not adjacent to. Now let X be the digraph D [(V3\{y})UP]
where P denotes a path that consists of one vertex from each V;, i > 4 and of X
such that the vertex in Vj is the only vertex incident with all of V5 but y. Let x*
be another vertex of V; that is adjacent to the predecessor of X on P and let Y
be the digraph D[(VX \ {x}) U {x*}]. Then X and Y are isomorphic subdigraphs
of D but there is no automorphism of D mapping the first onto the second one
since for X and Yy there is a unique vertex in Vo that is not adjacent to both, but
for x* and y there is no such vertex. Hence A(D) 2 CPy and thus we conclude
from Theorem 12.4, since we excluded all other cases, that A(D) is a complete
bipartite digraph. As all equivalence classes have the same size, A(D) = Ky, for
ak>1. !

The following proposition is similar to a result by Malni¢ et.al., see [77, Propo-
sition 3.2]. Since we apply it in a situation where its original assumptions need
not to be satisfied, we formulated the result with different assumptions. But the
general idea of the proof of Proposition 12.46 is quite similar to the one of the
proof of [77, Proposition 3.2]. Because our assumptions are to handle differently,

we prove it here.

ProrosiTION 12.46. Let D be a connected C-homagen®us digraph such that
in-degree and out-degree of any vertex are at most a bxal integer d and such that
both N *(x) and N" (x) are independent sets. Let ' = Aut(D), xy € ED and
Q C N*(x) with || =d suchthat H =T',,, bxes() setwisebut stabilizesno vertex
of Q.

Then there is no alternating walk whoseprst edgeis xy and which endsat a
vertex of (.

PROOF. Since D is C-homogeneous, the group H acts on € like Sg, i.e. H =
Sq. Let P be an alternating walk with initial edge Xy. Suppose that H$ = H®.
Let e € ED such that Pe determines an alternating walk, and let z be the vertex
incident with e but distinct from the end vertex of P. Then there are at most d—1



12.6. THE INDEPENDENT CASE 115

vertices in {z® | # € Hp}. Since H® = HE, either we have d = 2 or we have
[H® : H®| < d. Let us first assume that d # 2. Then, by Proposition 2.2, H$
is either H® or isomorphic to Ag. We shall now show that the latter case cannot
occur. So suppose that H® = Aqg. Then H, acts transitively on Q but there is
no automorphism fixing |2 — 2 elements and switching the other two. Since D is
C-homogeneous and  is independent, this is impossible. Hence H! = H® and
thus no vertex of € is fixed by H,. So let us now assume that d = 2. But in this
case we immediately deduce from the fact that the orbit of z under H contains
only z, that H = H,. So we conclude in each case that no vertex of {2 can lie on
an alternating walk. !

LEMMA 12.47. Let D be a connected locally Pnite C-homagen®us digraph such
that N *(x) and N" (x) are independent setsfor all x € VD and assumethat D
contains no directed triangle. Then the reachability relation of D is not universal.

PROOF. Let Xy € ED. By symmetry we may assume that d*(x) > d" (x). Let
Q = N7 (y). By applying Proposition 12.46 we conclude that no vertex of € lies
on an alternating path that starts with the edge Xy and thus that the reachability
relation of D cannot be universal. !

LEMMA 12.48. Let D be a connected locally bPnite C-homageneus digraph such
that N *(x) and N (x) are independentsetsfor all x € VD. If C3 emtedsinto D,
then we haved*(x) =d" (x).

PrOOF. Lety € N*(x) and z € N" (x) "N *(y). The number n; of directed
triangles that contain Xy is equal to the number of all 2-arcs from y to x. By C-
homogeneity this is the same as the number of all 2-arcs from X to z which is again
equal to the number ns of all directed triangles that contain zx. Let ns denote
the number of all directed triangles that contain X. Then we conclude from the
C-homogeneity

IN*(x)In1=nz = |N" (x)[na.

Since N1 = Ny, the claim follows. !

LEMMA 12.49. Let D be a locally bPnite C-homagen®us digraph that contains a
directed triangle. Then for every edgexy € ED the number of directed cyclesthat
contains Xy is either 1 or at least (d* — 1).

PROOF. Let d; be the number of elements of N T (y) that lie on a common
directed triangle with Xy and let dg be the number of elements of N *(y) for which
this is not the case. Then d = d; + dy where d := d* which is the same as d’
by Lemma 12.48. Let ; be the set of all vertices of N T (y) that lie on a common
directed triangle with xy and let Qo = NT(y) \ Q. Let Q3 := N*(x) \ {y}. We
consider the action of H := Aut(D),, on Q3. Because N T(x) is an independent set,
H acts on Qg like Ag,. Forz € Q;,i = 1,2, we have |[H : H,| =d; < d* —1 = |Q3].
Thus and by Proposition 2.2, H, acts on Q3 either like Sq, or like Sp,. Let us
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first consider the second case. By a similar argument as in Proposition 12.46, we
know that |Q3] = 2. But then d* = 3 and the assertion trivially holds. So we
assume that H, acts on Q3 like Sp,. In that case either no vertex of N T (y) lies in
N *(y# for any y # y* € N*+(x) or every vertex of N ¥(y) lies in N *(y¥ for every
y # y# € NT(x). We conclude that each edge lies either on precisely one or on d
distinct directed triangles. !

The following lemma is the main lemma for the case that the C-homogeneous
digraph contains a directed triangle. The assumption that A(D) is bipartite in this
case shall be verified in Lemma 12.53 and the case (iv) of the conclusions shall be
investigated in Section 12.7.

LEMMA 12.50. Let D be a locally Pnite connected C-homageneus digraph that
contains an isomorphic copy of C3 and that hasthe property that N +(x) and N " (x)
are independentsetsfor all x e VD. If A(D) is bipartite, then one of the following
casesholds.

(i) The digraph D hasat least two ends.
(ii) The reachability digraph A(D) is isomorphic to K, for ak > 3 and D is
isomorphic to C3[K ).
(iii) The reachability digraph A(D) is isomorphic to CP, for a k € N and D is
isomorphic to a Y;, for a k > 3.
(iv) The reachability digraph A(D) is isomorphic to Cs,, for anm >4 or to To o.

PROOF. Let us assume that the digraph D has at most one end, that case
(iv) does not occur, and that d*,d" > 2 by Lemma 12.40. By Theorem 12.4, we
know that A(D) is either a semi-regular tree—which is impossible in our situation
because of Lemma 12.41—, a complete bipartite digraph, a CPy, or a cycle Co,,,—
which we also excluded. Let us first assume that A(D) is a complete bipartite
digraph Ky for k,I € N but not Ky 2. By Lemma 12.48, we know that k = I.
If, for two reachability digraphs A, A% there is |[A N A# > 2, then it is a direct
consequence of the C-homogeneity that A N A*is a complete side of each of A, A*
Thus it is—like in the proof of Lemma 12.43—a direct consequence that (ii) holds
in this case. So let us suppose that A N A# has cardinality 1. If an edge lies on
more than one directed triangle, then we know from Lemma 12.49 that it lies on at
least k — 1 distinct such triangles. But then, the intersection A N A% has to contain
at least K — 1 elements which is a contradiction. So every edge lies on a uniquely
determined directed cycle of length 3.

Crav 12.51. For everyfour distinct reachability digraphs A, Ay, Az, A4 such
that A; N A1 (i =1,2,3) is not empty and suchthat (A 1 UA;+1) NA; lies on
the sameside of A; for i = 2,3, A; NA4 is not empty, too, and its intersection lies
on the sameside of Ay as Az N Ay.

PRrROOF OF CLAIM 12.51. Let us suppose that Ay N Ay is empty. Since every
edge lies on a directed triangle, there has to be a vertex X with successors in A
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and As. Let y be its sucessor in Ay, Z be its successor in Ay and let a be the vertex
in As N As, bthe vertex in Az N A4. Then there is no automorphism of D that
maps a to b and fixes all of X, Y, z, because A; N Ay # ) but Ay N A4 = 0. Hence
we proved the claim. !

Now we are able to show that the whole situation cannot occur. Let X,y be
two vertices on the same side of a reachability digraph such that their out-degree
is 0. Let a,b be successors of X, Y, respectively, such that they lie in a common
reachability digraph. As k > 3 and as every edge lies on precisely one copy of Cs,
there is a successor € of @ and bsuch that neither D [X, &, ¢ nor D [y, b,c] are triangles.
Furthermore, there exists a predecessor z of b such that z and ¢ are not adjacent.
The vertices a and z cannot be adjacent, because otherwise y and X have to lie in two
common reachability digraphs which we supposed to be false. Then D[x, &, c,b,y]
and DX, &,¢,b,z] are isomorphic, but there is no automorphism of D that maps
one onto the other just by fixing all of X, a,¢,b. Thus we showed that there are no
two reachability digraphs whose intersection consists of precisely one vertex. This
finishes the case A(D) = Ky ;.

The next and final situation which we consider is A(D) = CPy, for a k > 4.
Let Ay, Ay be two distinct reachability digraphs of D with non-trivial intersection.
We prove that |[A; N As| > 2. So suppose that |A; N Ag| = 1. Let be VD and let
a, ¢ be two predecessors of b. Let X, y be two predecessors of a and let v (w) be a
vertex such that av,vx (aw,wy, respectively) lie in ED and such that cw but not
cv lies in ED. Then the digraphs D[a,b,c,x] and D[a,b,c,y| are isomorphic but
there is no automorphism of D that maps them onto each other because such an
automorphism has to map v onto W but w is adjacent to ¢ and V is not.

CraIM 12.52. The set A1 N Ay is one whole side of each of Ay, As.

PROOF OF CLAIM 12.52. Let us first suppose that A; N As is not contained
in any of the sides of A;. Then A; N As consists of precisely two vertices that are
adjacent in the bipartite complement of A;. Let us consider the subdigraph of A;
with vertices a, b,c,d, with edges ba,bc,dcsuch that a,d € A;NAs. Let X, ¥ be two
predecessors of d in A; with i # j and let z be the neighbor of X in the bipartite
complement of A;. Since each edge lies on a directed triangle, we may assume that
b,a,z form such a triangle and, since k > 4, we also may assume that ¢ and y do
not lie in a common reachability digraph. Then neither ¢ nor y lies in a common
reachability digraph with b and z. So each of the subdigraphs D [a,b,c,d,x] and
D[a,b,c,d,y] contains precisely 4 edges and they are isomorphic to each other.
Hence there is an automorphism # that fixes each of a,b,c,d and maps X onto y
which is impossible because y and b do not lie in any common reachability digraph
in contrast to X and b. Thus we proved that A; N As is contained in one side of
Al =1,2.

The C-homogeneity directly implies that Ay N Ay is a whole side of A;, i =1, 2.
Thus we proved the claim. !
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We shall now show that D 22 Y}. Let D denote the tripartite complement of D .
Since A(D) = CPy, the digraph D is a union of directed cycles. We want to show
that every component of D is a directed cycle of length 3. So let us suppose that
this is not the case. Then there are X,y € V; that lie on a common directed cycle
of length at least 6 and have distance 3 on that cycle in D. Since k > 3, there is a
vertex a € Vo that is adjacent to both X and y. We conclude that for every vertex
z € Vi, distinct from X, X and z lie on a common cycle and have distance 3 on
that cycle. It is a direct consequence that k = 3 and D = Cy. But then there are
edges of D that lie on precisely one copy of C3 and some lie on two copies which
contradicts the C-homogeneity. Hence we have D 22 Y. !

LEMMA 12.53. Let D be a connected locally Pnite C-homageneus digraph that
contains a directed triangle. Furthermore, assumethat N *(x) and N" (x) are in-
dependentsetsfor all x € VD. Then the reachability relation of D is not universal.

PRrROOF. Let d = d*. By Lemma 12.48 we have d = d . Suppose that the
reachability relation of D is universal. Let D1 be the digraph depicted in Figure 6.

FIGURE 6. The digraph D,

CrLAIM 12.54. D contains an isomorphic image of D ;.

ProOOF OF CLAIM 12.54. Since the reachability relation of D is universal, there
is an induced cycle such that for an edge Xy on that cycle the other path between
X and Yy is an alternating path but such that the whole cycle is not alternating.
Such a cycle shows that the reachability relation is not universal. To show that
such a cycle exists, suppose that it is not the case. We choose a counterexample C
with minimal length. Since there is always a cycle that shows that the reachability
relation is not universal, we may assume that C is not induced. So there is a chord
in C and hence one of the smaller cycles is a counterexample of smaller length,
contrary to the assumption. Thus a cycle as described exists.

Let us first assume that such a cycle C has odd length. Then it has length at
least 5. By symmetry we may assume that for the edge Xy described above we have
di-(x) = 1 and di,(y) = 2. Let z be the other vertex in N” (y) NV C. Then there is
an automorphism # of D that maps C — x onto C —y. The digraph D[X, Y, z, X®]
is isomorphic to Dy because N (x) and N T(x) are independent sets.



12.6. THE INDEPENDENT CASE 119

Let us now consider the case that C is an induced cycle of even length and
let Xy be again the above described edge. Let a # y be the vertex on C adjacent
to X, let b X be the vertex on C adjacent to Y, let P¢ be the path on C between
a and b that contains neither X nor y, and let ng denote the path inverse to Pc.
Since C has odd length, we have P = Pc Then we can map XP < onto yPé by
an automorphism of D and obtain an induced subdigraph isomorphic to D1 by the
two paths of length 2 between a and y. !

Cramm 12.55. Thereis [N*(y)NN" (x)| = 1 for all edgesxy € ED.

PROOF OF CLAIM 12.55. By Lemma 12.49 we know that either [N*(y) N
N" (x)]=1or IN*T(y)NN" (x)| > d—1. So it suffices to prove that N+ (y)\N" (x)
contains at least two vertices. Let u,V, a,b be the four vertices of the digraph D4
such that u has the two predecessors a and b. Since there is an automorphism of D
that fixes U and maps a onto b and vice versa, there is a directed path of length 2
from a to b and one from b to a. Since N*(v) and N" (v) are both independent
sets and the same holds for V¥, the image of v under the described automorphism,
there is no edge between v and v¥. We may assume by symmetry that va is an
edge in D. Then both v¥ and u are vertices in N (@) that do not lie on a common
directed triangle with va, so we conclude that N *(a) "N" (V) contains precisely
one vertex. !

Let D4 be the digraph shown in Figure 7.

FI1cURE 7. The digraph D,

CramM 12.56. There is an isomorphic image of D, in D.

PRrOOF OF CLAIM 12.56. By an analog argument as in the proof of Claim 12.55,
we immediately see that either D5 is an induced subgraph or D5 together with an
edge from the vertex on the right hand to the vertex on the left hand is an induced
subgraph of D. But the latter cannot be the case since the additional edge would
lie on at least two copies of Cg, contrary to Claim 12.55. !

Now let D# be an isomorphic copy of Dy in D. Let X be the vertex on the left,
y the one on the right and a,b,u, v the vertices of the cycle such that X and y are
adjacent to @ and U. Since C3 embeds into D, there is a vertex a* € N *(a)NN" (x).
Then a” is adjacent neither to b, nor to v, nor to y, since the only directed triangle
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that contains aa”is D [X, @, a’] and since directed cycles are the only cycles of length
3 that embed into D. Then there is an automorphism of D that fixes a” x, and
u, and maps V onto Y. This automorphism also has to fix a, since it fixes together
with X and a” the unique vertex in the directed triangle that contains the edge a*.
Hence such an automorphism cannot exist. !

12.7. An imprimitiv e case

In this section we investigate the following situation. Let D be a C-homogeneous
digraph that contains directed triangles of length 3 and whose reachability digraph
is either T2 or Cgy, for an m > 2. There exists a well-known such digraph, the
digraph T5(Cs) that was defined in the introduction. This digraph has infinitely
many ends. But although we are interested only in digraphs with at most one end,
this particular digraph turns out to be very important in this case. We shall show
that every digraph with the above described properties and with at most one end
is a homomorphic image of To(Cs) in a very particular way.

THEOREM 12.57. The following two assertions are equivalent for any locally
Pnite connected digraph D.

(i) The digraph D is C-homagen@us, contains directed cyclesof length 3, and its
reachability digraph is either Ty o or C,,,, for an m > 2.

(ii) There exists a sulgroup H of Aut(T2(Cs)) acting transitively on VT5(Cs)
and an H-invariant equivalene relation ~ on VT3(C3) suchthat T2(Cs)s is
isomorphic to D.

Furthermore, the digraph has at most one end if and only if each equivalen® class
consists of more than one element.

In the situation (ii) we may always choose H to be the whole automorphism
group of D.

PRrROOF. First, let us assume that (ii) holds. We choose H so that it is maximal
such that ~ is H-invariant.

Cramm 12.58. The stabilizer H, of any vertex x of To(C3) has order 2.

PrOOF OF CrAaIM 12.58. There are two possibilities for an element of H,.
Either it fixes both directed triangles that meet X or it changes the two triangles.
As every isomorphism between two directed triangles of T5(Cj3) extends uniquely
to an automorphism of T2(Cs), |Hz| < 2. So we have to prove that the element
# # id of Aut(T2(C3)), is also contained in H. Because H is the maximal subgroup
of Aut(T2(Cs)) such that ~ is H-invariant, we have to prove that # maps one
equivalence class onto another. Let y,Z be the two predecessors of x. If they
lie in the same equivalence class, then this is fixed by # and the same holds for
the equivalence class that contains both successors of X and this extends to all
equivalence classes because of the transitivity of H on VT2(C3). Soy and z lie in
distinct equivalence classes. But then # maps the equivalence class of y onto the one
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of z and vice versa, and the same holds for the two equivalence classes of the two
successors of X. By induction on d(X, a) for any vertex a of Ty(Cj3) its equivalence
class is mapped onto the one of the unique vertex b with d(x, b) = d(x, a) and for
which the shortest path from X to bis isomorphic to the shortest path from X to a.
So # acts on all equivalence classes and ~ is #-invariant. !

To show that D 2 T5(Cj3)s is C-homogeneous, let A, B be isomorphic induced
connected subdigraphs of D and 2 : A — B be an isomorphism. Then there are
induced subdigraphs A* B# of T,(C3) with A = A% B = B# and such that the
equivalence classes of the vertices of A (of B) are the vertices of T3(Cs)s that
induce the digraph A (the digraph B, respectively). Let 2 be the isomorphism
A# — B¥ that maps the equivalence class of X € VA to the equivalence class of X¥.
We may assume that A contains an edge Xy. Let U, v be vertices in To(Cj3) such that
uv € ET2(C3) and such that the equivalence class of U,V is X, Yy, respectively. Since
H. has order 2 by Claim 12.58, there is an automorphism # € H with u® = u¥°
and with v® = v¥0. But then the claim immediately implies A%** = B# and that the
canonical image #% of # maps A onto B like 2. Furthermore, #*is an automorphism
of D because # € H.

For the other direction, let D satisfy the assumptions of (i). Let $ be the
map T3(C3) — T2(Cs)s that maps X € VT (2) onto its equivalence class. We may
assume that D is not isomorphic to C3. Let xy € ED, ab € ET5(C3). For every
vertex U in To(Cs) there exists a unique shortest path P; from a to u. In D there
are precisely two paths isomorphic to P; with the property that no two endvertices
of any subpath of length 2 are adjacent. If the second vertex of the path Py is b
or is adjacent to b, then let Py that one of the above described paths in D whose
second vertex is y or is adjacent to y, and in the other case for P; let Py also be
the other one in D. Let up denote the last vertex of Ps.

We are now able to define the equivalence relation. Let u ~ v for two vertices
u,v € VT5(Cs) if up = vp. This is obviously an equivalence relation. It remains to
show that it is Aut(T2(Cs))-invariant. So let u and v be arbitrary vertices of To(Cs)
and let 3 be an automorphism of Ty(C3) with u¥ = v. We have to show that the
equivalence class of U is mapped onto the one of V. So let w ~ u. It suffices to
consider the case where the shortest path from u to w does not contain any other
vertex of the equivalence class that contains u. Let P be the shortest path from
U to w. We look at the paths P™ and (P¥)™. The path P™ starts and ends at
the same vertex. We can map Q¥° for every subpath Q of P that starts in U onto
(Q¥)™ inductively, because on the one hand D is C-homogeneous and on the other
hand for such a Q its succeeding vertex is uniquely determined in D by the two
digraphs Q™ and (Q¥)™. So we conclude that also (P¥)™ has the same endvertices.
But then u¥ and w¥ have to be equivalent. It is an immediate consequence that
this holds also for any z ~ u.

The only remaining part to show is the additional claim on the multi-ended
digraphs which is a direct consequence of [45, Theorem 7.1]. !
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F1GURE 8. A finite and an infinite one-ended C-homogeneous digraph

Figure 8 shows two C-homogeneous digraphs that arise as factor digraphs in
Theorem 12.57 one of which is finite and the other being infinite and one-ended. In
the finite digraph every reachability digraph, which is isomorphic to Cyg, is drawn
in a different shade of gray. The reachability digraphs of the infinite digraph are
the cycles of length 6.

As the automorphism group of T(2) is a free product of the cyclic groups
Cso and Csg, it is isomorphic to the modular group. If we consider the Cayley
graph of Co * C3 = (X) * (y) with respect to the two canonical generators X, y (and
with directed edges) and contract the edges by the involution, then we obtain the
digraph T(2). Hence, instead of giving a precise list of the digraphs that may
occur as quotients in Theorem 12.57 it is equivalent to describe all those subgroups
of Cy % C3 that contain X. By Kurosh’s Subgroup Theorem [68] every subgroup of
the modular group is a free product of cyclic groups of orders 2, 3, or oco. So any
such subgroup with at least one generator of order 2 provides us with an example
of a C-homogeneous digraph that is finite or locally finite and contains the directed
triangle as a subdigraph and whose reachability digraph is either Ty » or Cy,, for an
m > 2. Conversely, every such digraph gives us a subgroup of the modular group
that contains an involution.

12.8. The classibcation result
for locally Pbnite C-homogeneous digraphs with at most one end

Let us now state our main result. We shall prove it by applying all the results
of the previous sections.

THEOREM 12.59. Let D be a locally bnite connected digraph with at most one
end. Then D is C-homagen®us if and only if one of the following casesholds.
(i) D=C, [ n) for integersm > 3,n > 1;
(ii) D 2 H[K,] for an integern > 1;
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(iii) D =Y for an integerk > 3;
(iv) there exists a non-trivial Aut(T2(Cs))-invariant eguivalene relation ~ on
VTQ(C?,) suchthat D = T2(C3)$

PrROOF. Let D be a connected locally finite C-homogeneous digraph with at
most one end. If the out-neighborhood (or symmetrically the in-neighborhood)
of any vertex of D is not independent, then we conclude from Theorem 12.26,
Lemma 12.27, Lemma 12.29, Lemma 12.34, and Lemma 12.35 that D is finite and
isomorphic to an H [K ,,] for an n > 1. So we may assume that the out-neighborhood
of every vertex is independent. Since D is in particular l-arc transitive, we con-
clude from Proposition 2.7, Lemma 12.47, and Lemma 12.53 that the reachability
digraph of D is bipartite. Thus one direction of the theorem follows directly from

Lemma 12.43, Lemma 12.50, and Theorem 12.57.

To prove the remaining part of Therorem 12.59 it suffices to prove that the
digraphs Y are C-homogeneous, because it is an easy consequence of the fact that
H is homogeneous, that H[K,] is C-homogeneous, and, furthermore, an immedi-
ate consequence of the fact that K, , is a homogeneous bipartite graph is, that
C.n[K ] is C-homogeneous. That the graphs in part (iv) are C-homogeneous was
already proved in Theorem 12.57. To prove that the digraphs Yy with k > 3
are C-homogeneous, let A and B be two isomorphic connected induced subgraphs
of D := Y. Let Vi, Vo, V3 be the three vertex sets as in the proof of Lemma 12.43
and let Ay, As, Az be the corresponding reachability digraphs. Let # be an isomor-
phism from A to B. It is straightforward to see that (VA NV;)® is precisely the
intersection of VB with a V;. So we may assume that (VANV;)* =VB NV,. If A
and B have at most six vertices, then it is easy to see that every isomorphism from
A to B extends to an automorphism of D. So we may assume that there is at least
one V;, say Vi, that contains at least three vertices of A. Then both subdigraphs
A1 NA and A3 NA are connected subdigraphs. Let A% be a minimal subdigraph
isomorphic to a CP; with | < k such that ANA; = ANA%. By replacing B by B7,
for an automorphism %of D, we may assume that also B N A; = B N A% holds.
Since CP; is a C-homogeneous bipartite graph, we can extend every isomorphism
from A¥ N A to A¥ N B to an automorphism of A% and hence, in particular, the
restriction of #. Let #” be the automorphism of A% that extends the above restric-
tion of #. Let V3# C V3 be the set of those vertices which are not adjacent to all
vertices of A%. As each vertex in Vi is uniquely determined by two non-adjacent
vertices one of which lies in V; and the other in Vs, #% has precisely one extension
- on D*:= D[VA¥ UV{]. By the construction of - it is easy to see that the re-
striction of # to D¥ is again an isomorphism from A N D*to B N D* and is equal
to the restriction of - to AN D% Since all vertices of A N (V3 '\ V) are adjacent to
all vertices of A N (V; UVz) and since the same holds for B instead of A, - can be
extended to an automorphism of D whose restriction to A is #. !
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12.9. Final remarks on C-homogeneous digraphs

Let us take a closer look at two specific kinds of digraphs that occur as ‘building
blocks’ in our classification of the infinitely-ended C-homogeneous digraphs. The
first kind are the homogeneous tournaments, which feature in our classification
of the connected C-homogeneous digraphs of Type I. While Lachlan [71] classi-
fied the countable homogeneous tournaments, no characterization is known for the
uncountable ones. The second kind of building blocks that deserve a closer look
are the generic homogeneous bipartite graphs, which occur in the classification of
the connected C-homogeneous digraphs of Type II. There is exactly one countable
such digraph ([41, Fact 1.2]), but it is shown in [41] that the number of isomor-
phism types of homogeneous generic bipartite graphs with Ry vertices on the one
side of the bipartition and 2)° vertices on the other side is independent of ZFC.
Hence, classifying the uncountable generic homogeneous bipartite graphs remains
an undecidable problem.

As we mentioned in Chapter 9, we have finished the classification of the lo-
cally finite C-homogeneous digraphs. But the classification of the countable C-
homogeneous digraphs is not yet complete. In fact, it might be that we just have
solved a smaller part of it, because this classification would generalize the classifica-
tion of the countable homogeneous digraphs, that were determined by Cherlin [22].
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Zusammenfassung

In der vorliegenden Dissertation untersuchen wir im ersten Teil die Baumahnlichkeit
hyperbolischer Graphen. Dazu konstruieren wir fiir jeden lokal-endlichen hyper-
bolischen Graphen, dessen hyperbolischer Rand eine endliche Assouad-Dimension
hat, einen Spannbaum, sodass einerseits der hyperbolische Graph selbst durch den
Baum gut dargestellt wird: jeder Strahl des Baumes ist schliellich quasi-geodétisch
und jeder geodatische Strahl des Graphen liegt schliellich in einer konstanten Umge-
bung des unendlichen Geriists des Baumes. Andererseits gibt der Rand des Baumes
uns auch eine gute Darstellung des hyperbolischen Randes des Graphens, indem sich
die Einbettung des Baumes stetig auf den Rand zu einer surjektiven Abbildung fort-
setzen ldsst, sodass jeder Randpunkt des Graphens beschrénkt viele Urbilder unter
dieser Fortsetzung hat.

Im zweiten Teil der Arbeit werden Graphen studiert, die gewisse Gruppenop-
erationen auf ihrem Rand realisieren: zuerst zeigen wir, dass kein lokal-endlicher
ein-endiger hyperbolischer plattbarer Graph existiert, auf dem eine Gruppe derart
opertiert, dass sie einen seiner Randpunkte fixiert und auf seinen Knoten transitiv
operiert. Danach werden zusammenhédngende unendlich-endige Graphen charak-
terisiert, auf denen eine Gruppe transitiv operiert und gleichzeitig einen der Enden
fixiert. Wir erhalten, dass diese Graphen quasi-isometrisch zu Baumen sind. Der
letzte Abschnitt des zweiten Teils charakterisiert Graphen mit unendlich vielen
Enden, sodass die Automorphismgruppe des Graphen transitiv auf dessen Enden
operiert. Auch in diesem Fall erhalten wir eine Bauméahnlichkeit: es existiert ein
Teilgraph, der quasi-isometrisch zu einem Baum ist und dessen Loschung aus dem
urspriinglichen Graphen einen strahlenlosen Graphen iibrig lésst.

Im dritten Teil dieser Dissertation erhalten wir Klassifikationsresultate fiir
Graphen, die spezielle Transitivitats- oder Homogenitatseigenschaften besitzen. So
werden zunéchst mehr-endige Abstands-transitive Graphen klassifiziert und an-
schlieflend mehr-endige K-CS-transitive fiir k > 2. Im letzten Kapitel klassifizieren
wir zusammenhéngend-homogene Digraphen, die entweder endlich oder lokal-endlich
oder zusammenhédngend und mehr-endig sind.
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