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Abstract

Let D be a digraph, V(D) and A(D) will denote the sets of vertices and
arcs of D, respectively.

A (k,1)-kernel N of D is a k-independent (if uw,v € N, u # v, then
d(u,v),d(v,u) > k) and l-absorbent (if u € V(D) — N then there exists
v € N such that d(u,v) <) set of vertices. A k-kernel is a (k, k — 1)-kernel.

This work is a survey of results proving sufficient conditions for the ex-
istence of (k,[)-kernels in infinite digraphs. Despite all the previous work in
this direction was done for (2, 1)-kernels, we present many original results
concerning (k,1)-kernels for distinct values of k and I.

The original results are sufficient conditions for the existence of (k,[)-
kernels in diverse families of infinite digraphs. Among the families that we
study are: transitive digraphs, quasi-transitive digraphs, right/left pretran-
sitive digraphs, cyclically k-partite digraphs, x-strong digraphs, k-transitive
digraphs, k-quasi-transitive digraphs.
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1. INTRODUCTION

In this work, D = (V(D), A(D)) will denote a (possibly infinite) digraph with-
out loops or multiple arcs in the same direction, with vertex set V(D) and arc
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set A(D). A directed walk is a sequence of vertices (vg,v1,...,v,) such that
(vi,vit1) € A(D) for every 0 < i <n — 1. If u and v are two vertices of a walk
W, where u precedes v on W, the subsequence of W starting with u and ending
with v is denoted by uWwv. Union of walks will be denoted by concatenation or
with U. As usual, a directed walk that does not repeat vertices will be called a
directed path. A ray is an infinite sequence of different vertices (vg,v1,...) such
that (vs,viy1) € A(D) for every i € N. A uv-directed walk is a directed walk with
initial vertex u and terminal vertex v; if a uv-directed walk exists in D, we say
that u reaches v in D.

For a vertex v € V(D), we define the out-neighbourhood of v in D as the set
Np(w) ={ueV(D): (v,u) € A(D)}; when there is no possibility of confusion
we will omit the subscript D. The elements of N (v) are called the out-neighbours
of v, and the out-degree of v, de) (v), is the number of out-neighbours of v. Defini-
tions of in-neighbourhood, in-neighbours and in-degree of v are given analogously.
We also define N™"(v) (N~"(v)) as the set of vertices reached from (that reach)
v at distance less than or equal to 7. A vertex v is called a sink if d™(v) = 0 and
a source if d~(v) = 0.

A digraph is wnilateral if for every pair of distinct vertices u,v € V (D),
there exists a uv-directed path or a vu-directed path in D. A digraph is strongly
connected (or strong) if for every pair of distinct vertices u,v € V(D), there
exists a uv-directed path. A strong component (or component) of D is a maximal
strong subdigraph of D. The condensation of D is the digraph D* having the set
of all strong components of D as its vertex set, and (S,7") € A(D*) if and only
if there is an ST-arc in D. Clearly, D* is an acyclic digraph (a digraph without
directed cycles). Hence, if D is finite, then D* has sinks and sources. A terminal
component of D is a sink of D*. An initial component of D is a source of D*.

An arc (u,v) € A(D) is called asymmetric (resp. symmetric) if (v,u) ¢ A(D)
(resp. (v,u) € A(D)). The asymmetric part of D, Asym(D), is the subdigraph
of D formed by the asymmetric arcs. A subdigraph of D (e.g. a directed
path or a directed triangle) is asymmetric (symmetric) if all its arcs are asym-
metric (symmetric). A digraph is transitive if (u,v),(v,w) € A(D) implies
that (u,w) € A(D). A digraph D is asymmetrically transitive if whenever
(u,v), (v,w) € Asym(D), then (u,w) € Asym(D). If D is a digraph, the dual (or
converse) of D is the digraph D obtained from D by the reversal of every arc.

We will denote by G = (V(G), E(G)) a possibly infinite undirected graph
with vertex set V(G) and edge set E(G) without loops or multiple arcs. A
biorientation of the graph G is a digraph D obtained from G by replacing each
edge zy € E(QG) by either the arc (z,y) or the arc (y,x) or the pair of arcs (z,y)
and (y,z). A semicomplete digraph is a biorientation of a complete graph. An
ortentation of a graph G is an asymmetric biorientation of G thus, an oriented
graph is an asymmetric digraph. A tournament is an orientation of a complete
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graph. A complete digraph is a biorientation of a complete graph obtained by
replacing each edge zy by the arcs (z,y) and (y,z). An orientation of the digraph
D is an asymmetric subdigraph of D obtained by deleting exactly one arc in every
oppositely directed arc-pair; thus, an orientation of a digraph is an asymmetric
digraph.

Let D be a digraph with vertex set V(D)={v1, va,...,v,} and Hy, Ho, ... ,H,
a family of pairwise vertex disjoint digraphs. The composition of digraphs D[H,
Hs, ..., Hy,)] is the digraph having J;' ; V(H;) as its vertex set and arc set [ J;",
A(H;) U{(u,v): uweV(H;),veV(H)), (vi,v;) € A(D)}.

Let A and B be non-empty subsets of V(D). If for every a € A and every
b € B we have that (a,b) € A(D), we will write A — B. When A = {v} for
some v € V(D), we will simply write v — B, and analogously if B = {v}. If
S and T are subdigraphs of D we will abuse notation to write S — T instead
of V(S) — V(T). When A — B and there are no BA-arcs in D, we will write
A~ B.

Let D be a digraph and S a subset of V(D). We say that S is k-independent
if for every pair of distinct vertices u and v of D we have d(u,v) > k. We say that
S is l-absorbent (I-dominating) if for every vertex u € V(D) \ S there exists v € S
such that d(u,v) <1 (d(v,u) <1). We can observe that a 2-independent set is
an independent set in the usual sense, and a 1-dominating set is a dominating
set in the usual sense. We say that S is absorbent if it is 1-absorbent. A (k,1)-
kernel (introduced in [25]) is a k-independent and [-absorbent subset of V(D). A
k-kernel is simply a (k, k — 1)-kernel; thus, a 2-kernel is a kernel. Another special
case of (k,[)-kernels that have been studied by some authors are the (2, 2)-kernels,
or quasi-kernels, which were introduced by Chvétal and Lovész in [7] under the
name “semi-kernels” (this notion later received a different meaning, as we will
see shortly). Let us observe that a (k,[)-kernel is an (n, m)-kernel for every pair
of integers n, m such that n < k and m > [.

In [33] von Neumann and Morgenstern introduce the concept of kernel of a
digraph in the context of Game Theory. This concept attracted a lot of attention
since kernels have a deep relation with perfect graphs and thus with the Strong
Perfect Graph Conjecture, proposed by Berge and recently proved by Chudnovsky
et al. [5]. But also kernels are related to winning strategies of some combinatorial
games and even some applications can be found in Mathematical Logic. Also,
the concept seems to have a lot of potential modeling real life situations, for
example, if we have the map of a region modeled by a digraph (where vertices
are locations and arcs are streets or highways between locations), and we want to
find an optimal set of locations to build service centers (e.g. hospitals or schools)
easily accesible to the whole population, a possible solution to this problem is to
find a kernel in the digraph. The absorbence of the kernel will guarantee that
from every location not in our kernel, one of the selected locations in the kernel



434 H. GALEANA-SANCHEZ AND C. HERNANDEZ-CRUZ

can be easily reached. From the independence we will know that we will avoid to
build one center next to another. But we may want to have more precision and
maybe set a maximum allowed distance for a location to reach one of our centers
and also a minimum distance that our centers must have between them; this can
be done using a (k, [)-kernel.

The main problems when we want to find a (k,[)-kernel are, first, that not
every digraph has a (k,l)-kernel for given k and [. And that the problem of
determining if a given digraph has a k-kernel is N P-complete. This was proved
for kernels by Chvatal [6]. So, one of our main interests is to find sufficient
conditions for a digraph to have a (k,[)-kernel. At the present moment there are
some results in this direction, principally the work of Kucharska and Kwasnik
[24], Kwasnik [25, 26], Galeana-Sanchez and Rincén [20], Galeana-Sénchez and
Hernéndez-Cruz [14, 15, 16, 17, 18] and the work of Bréd, Wloch and Wtoch [4].
In a different direction we can highlight the work of Wtoch and Wtoch about
how (k,)-kernels are preserved in distinct types of products, for example with
Szumny in [31, 32].

One concept related to the kernel of a digraph, and very useful when we are
looking for a kernel, is the one of semi-kernel. A subset S C V(D) is a semi-kernel
(or local kernel) of the digraph D if S is independent and S absorbs NT(S). This
concept was introduced by Neumann-Lara [28] and generalized by Kucharska and
Kwasnik in [24] as follows: A subset S C V(D) is a k-semi-kernel of the digraph
D if S is k-independent and for each u € V(D) \ S such that d(S,u) < k —1,
it holds that d(u,S) < k — 1. Clearly, a semi-kernel is a 2-semi-kernel. In [16],
the authors introduce a definition of (k,1)-semi-kernel of a digraph as a set .S,
k-independent and such that, for every vertex v € V(D) \ S, if d(S,v) < k —1
then d(v,S) <. A solution of a digraph is a dual notion of a kernel, it is an
independent, dominating (instead of absorbing) set. Clearly, N is a kernel of
a digraph D if and only if IV is a solution of the digraph D. The concept of
(k,1)-solution is analogously defined for a digraph.

In [7] we find the Chvatal-Lovasz Theorem, one of the oldest existence results
for (k,l)-kernels, stating that every finite digraph has a (2, 2)-kernel. It is proved
in [15] that every finite transitive digraph has a (k,1)-kernel for every integer
k > 2. Also, in [4] it is proved that finite acyclic digraphs have k-kernel for every
integer k > 2. It is also a very well known result that every finite semicomplete
digraph has a k-kernel for every integer k& > 3. In view of these results, it
comes as a surprise the existence of an infinite transitive acyclic semicomplete
digraph without a (k,[)-kernel for every pair of integers k,! such that & > 2 and
[ > 1. The digraph Dy = (Z, <) is the digraph with V(Dz) = Z and such that
(n,m) € A(Dz) if and only if n < m. Clearly, Dz is a tournament and thus a
maximal independent set of Dy, consists of a single vertex. It is also clear that Dy,
is transitive and acyclic. Nonetheless, if £ > 2 is an integer, then for every vertex
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n € V(Dz) and for every m > n, m is not k-absorbed by m. In particular, for
every n € V(Dyz), n+ 1 is not k-absorbed by n, and thus, for every n € V(Dy),
we have that {n} is not a k-kernel of D. The digraph D7z was introduced in [11],
where it is proved that each infinite tournament contains two distinct vertices x
and y such that the set N (z) U N~ (y) is the whole vertex set.

It is clear that the behavior of infinite digraphs respect to (k,[)-kernels is
different from the finite case. But, how different it is? In this paper we will
explore similarities and differences between the finite and the infinite cases of
certain families of digraphs. Surprisingly (again) some results are generalizable
straightforward from their finite version; in other cases, adding a few new hy-
potheses will get the work done. Sometimes a weak analog is obtained for results
that cannot be generalized.

In previous years, some work has been done in the direction of finding suffi-
cient condition for the existence of kernels in infinite digraphs, let us mention the
most remarkable results in this direction. The first results about the existence of
kernels in an infinite digraph can be found in [28], where Neumann-Lara proved
that every semi-kernel is contained in a maximal semi-kernel. Also he proved a
very powerful result: If every induced subdigraph of D has a non-empty semi-
kernel, then D is a kernel-perfect digraph (a digraph such that every induced
subdigraph has a kernel).

A digraph such that for every vertex v € V(D) we have that N*(v) is a finite
set is called outwardly finite. In [10], Duchet and Meyniel prove, using Godel’s
Compactness Theorem, that an outwardly finite digraph D is kernel-perfect if
and only if every finite induced subdigraph of D has a kernel. As a corolary of
this result, they prove that if D is an outwardly finite digraph such that every
odd directed cycle € has the following property: “if all arcs of € are incident to
a subset T of vertices of %, then some chord of % has its head in 77, then D is
kernel-perfect (let us recall that an arc of D is a chord of a directed cycle ¢ if it
has its endpoints in ¢ but is not an arc of ¥).

In [30] Rojas-Monroy and Villarreal-Valdés prove that if every cycle and every
ray of a digraph D has a symmetric arc, then D is a kernel-perfect digraph. An
immediate consequence of this result is that every symmetric digraph is kernel-
perfect.

A digraph is right (left) pretransitive if (u,v),(v,w) € A(D) implies that
(u,w) € A(D) or (w,v) € A(D) ((v,u) € A(D)). It is proved, also in [30], that if
D is a right/left pretransitive digraph, such that every ray has a symmetric arc,
then D is a kernel-perfect digraph. As an easy consequence it is proved that every
transitive digraph such that every ray has a symmetric arc is kernel-perfect. A
theorem generalizing the first result in Kernel Theory proved by von Neumann
and Morgenstern states that every acyclic digraph without rays is a kernel-perfect
digraph. Another generalization of a classical result, this time due to Richardson,
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states that if D is a digraph such that D contains no rays and contains no odd
cycles, then D is a kernel-perfect digraph.

Let D be a digraph and F' be a subset of A(D); a set S C V(D) is a semi-
kernel modulo F' of D if S is an independent set of vertices such that, for every
z € V(D) \ S for which there exists an (5, z)-arc of D — F, there also exists a
(z,8)-arc. In [13] Galeana-Sanchez and Guevara work with semi-kernels modulo
F'. The following result is proved: Let D be a digraph and D; an asymmetrically
transitive subdigraph of D. If D has no rays contained in Asym(D;), D is I'p,
free, and every induced subdigraph of D has a nonempthy semi-kernel modulo
A(D1), then D is a kernel perfect digraph. In the previous statement, I'p, is a
set of 16 digraphs, that are forbidden to appear as induced subdigraphs of D.
As a consequence of this result, they prove that every quasi-transitive digraph
such that every directed triangle contained in D is symmetric and D has no
asymmetric rays is a kernel-perfect digraph. Another consequence is that every
infinite bipartite digraph has a kernel.

Not exactly about sufficient conditions for the existence of (k,)-kernels in
digraphs, but also related, there is a paper by Erdés and Soukup. It is a well
known result of Chvatal and Lovész [7] that every finite digraph has a (2,2)-
kernel. Once again, the digraph Dy is a counterexample for the infinite version
of this result. In [11], Erd6s and Soukup work in a very interesting conjecture
stating that for any digraph D, there exist a partition (Vp, Vi) of V(D) such
that D[Vp] has a (2,2)-kernel and D[Vi] a (2,2)-solution. This paper contains
several results, generally about infinite digraphs which can be (algorithmically)
constructed from tournaments and locally finite digraphs. Again, not exactly
about sufficient conditions for the existence of (k,l)-kernels in digraphs, but re-
lated to, we can mention the work of Fraenkel [12], where he uses Game Theory
tools to analyze the structure of the kernels of a digraph, and some of his results
are valid in infinite digraphs.

The rest of the paper is structured as follows. In Section 2 we introduce a
technique that will be used to generalize results valid for finite digraphs to infinite
digraphs using ultrafilters and Godel’s Compactness Theorem. In Section 3 we
prove a very important (and general) sufficient condition for a digraph to have
(k,l)-kernel, that will be used later on in the article. In Section 4 we prove that
every symmetric digraph has a k-kernel for every integer & > 2 and propose
two sufficient conditions for acyclic digraphs to have a k-kernel for every integer
k > 2. In Section 5 we find a sufficient condition for transitive digraphs to have
(k,1)-kernel for every integer k > 2; the condition is that every ray {z;};en has
an arc of the form (z;,z;) with ¢ < j. In Section 6 we prove that every cyclically
k-partite strong digraph has at least k different k-kernels; also, we prove that if
D is an unilateral digraph such that every directed cycle has length = 0(mod k),
and every directed cycle with one obstruction has length = 2(mod k), then D is
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cyclically k-partite and thus has a k-kernel. The main result of Section 7 is that
every quasi-trantitive digraph without rays has a (k,l)-kernel for every pair of
integers k,l such that kK > 4 and [ > 3 or £k = 3 and | = 2. Section 8 is about
pre-transitive digraphs. We prove that if D is an infinite right/left pretransitive
strong digraph such that every directed triangle is symmetric, then D has a k-
kernel for every k € N, k > 2. The results of Sections 9 and 10 are straightforward
generalizations from the finite case, we give sufficient conditions for the existence
of (k,l)-kernels in terms of the circumference of a digraph in x-strong digraphs
and in locally in/out-semicomplete digraphs. Section 11 is the final section of the
article, we work with two families of digraphs, k-transitive and k-quasi-transitive
digraphs, generalizing transitive and quasi-transitive digraphs, respectively; the
results of this section are similar to the results obtained for transitive and quasi-
transitive digraphs. The main results are: If £ > 2 is an even integer and D is
an infinite k-quasi-transitive digraph such that for every ray {x;};cn there exists
an arc (xj,x;) with ¢ < j, then D has an (n, m)-kernel for every pair of integers
n,m such that n > 2, m > k4 1. And, if D is an infinite k-transitive digraph
such that every ray (z;)ieny has an arc of the form (z;,z;) with ¢ < j, then D
has an (n,m)-kernel for every pair of integers n, m such that n > 2, m > k — 1.
Moreover, every (n,m)-kernel of D consists in choosing one vertex from every
terminal component of D.

2. COMPACTNESS

As we mentioned earlier, in [10], Duchet and Meyniel prove that an outwardly
finite digraph D is kernel-perfect if and only if every finite induced subdigraph
of D has a kernel. Their proof is a direct application of Goédel’s Compactness
Theorem. They identify each vertex of a digraph D with a propositional vari-
able. Then, an infinite set of propositional formulas ¥ is constructed using these
propositional variables in such a way that a truth function satisfying every for-
mula in ¥ codes a kernel for D (a vertex is in the kernel if the corresponding
propositional variable receives the value 1). Finally, using the known results for
the finite subdigraphs of D, for every finite subset I' C 3, a truth function is con-
structed for the propositional variables occurring in I' such that all the formulas
in I' are satisfied.

This is a classic way of extending results known for finite graphs to infinite
graphs, for example, The Four Color Theorem or Hall’s Marriage Theorem can
be extended in this way.

In this section, we introduce a technique that uses The Ultrafilter Lemma
(suggested by Lajos Soukup), an equivalent form of Gédel’s Compactness Theo-
rem, to generalize results from finite digraphs to infinite digraphs. We begin by
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recalling a definition.

Definition. Let ) be a set. A set U of subsets of ) is an ultrafilter on ) if the
following conditions hold.

(i) The empty set is not an element of U.

(ii) If X, Y C Y such that X CY and X € U, then Y € U.
(iii) f X, Y €U, then X NY € U.
(iv) If X C Y, then either X e Uor Y\ X € U.

Let us recall that the Ultrafilter Lemma is a weak form of the Axiom of Choice,
also equivalent to the Boolean Prime Ideal Theorem, hence, the Axiom of Choice
remains one of our main tools when dealing with infinite digraphs. Before stating
the Ultrafilter Lemma, we need one further definition. If ) is a set and X is a
set of subsets of ), we say that X has the finite intersection property if the
intersection over any finite subcollection of X is non-empty.

Theorem 1 (The Ultrafilter Lemma). Let ) be a set and X be a set of non-
empty subsets of V. If X has the finite intersection property, then there is an
ultrafilter U on Y such that X C U.

The following is a direct remark.

Remark 2. Let D be a digraph. If D has a (k,[)-kernel, then, for each finite
X C V(D) there is a finite X CY C V(D) such that D[Y] has a (k,)-kernel.

The converse of the previous remark is not true in general, a counterexample can
be found in [10]. Recall that a digraph is outwardly finite if the out-neighborhood
of every vertex is finite; the following theorem shows that the converse of Remark
2 is true when restricted to the class of outwardly finite digraphs. Moreover, it
generalizes the main result of [10]. Since this technique is introduced here, the
proof of the following theorem will contain a lot of details that will be omitted in
further applications. The proof of the following theorem is due to Lajos Soukup.

Theorem 3. Let D = (V, A) be an outwardly finite digraph. If for every finite
X C V(D) there is a finite X CY C V(D) such that D]Y| has a (k,l)-kernel,
then D has a (k,l)-kernel.

Proof. We define the set
Y={Y CV: Y is finite and D[Y] has a (k,[)-kernel},

which is partially ordered by C.
Also, for every finite X C V| we define the set

Yx={Yey: XCY}.
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If X, X’ C V are finite, then X U X’ is also finite. Hence, there exists a finite X U
X' CYy C V such that D[Yp] has a (k,l)-kernel. Clearly, Yy € Yx N Vx. Thus,
the set {¥Yx: X C V is finite} has the finite intersection property. Therefore,
there exists an ultrafilter U on ) such that

{¥Yx: X CV is finite } C U.
For every Y € Y, let Ky CY be a (k,[)-kernel in D[Y]. We claim that
K={veV: {Ye): ve Ky} eU}

is a (k,1)-kernel of D.

For the k-independence, let us suppose that u,v € K are distinct vertices
such that d(u,v) < k. Let P be an uv-path of minimum length in D. Since U is
closed under finite intersections, we can consider a set

ZeYypyN{Y €Y: ue Ky}n{Y eY: ve Ky}

But now we have reached a contradiction, since D[Z] contains P and has a (k,[)-
kernel K such that u,v € K. Hence, K is k-independent in D.

For the [-absorbence, assume that v € V. Since D is outwardly finite, the
set X = {v € V: d(u,v) < 1} is finite. Since for each Y € Yy is true that
X N Ky # 0, there exists x € X such that

{Yeyxi (EEKy}G[U.

Otherwise, since U is an ultrafilter, for every x € X we would have {Y € Vx: = ¢
Ky} € U. Using again that U is closed under finite intersections we can conclude
that {Y € Yx: X N Ky = 0} € U, contradicting § ¢ U. Finally, U is upward
closed, which implies {Y € V: = € Ky} € U. Therefore, z € K and d(u,v) <.

|

As a final remark, we would like to observe that Theorem 3 is very powerful. It
implies that every hereditary family of digraphs that has been proved to have a
(k,1)-kernel when restricted to finite digraphs, will also have a (k, [)-kernel when
restricted to outwardly finite digraphs.

3. Two USEFUL LEMMAS IN INFINITE DIGRAPHS

We begin with a very simple result wich is vastly used in its finite form in Kernel
Theory. Nonetheless, in the infinite case we depend on the Axiom of Choice to
prove it.
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Lemma 4. Let D be a digraph. If D has a non-empty (k,1)-semi-kernel, then D
has a mazimal (k,l)-semi-kernel.

Proof. Since D has at least one non-empty (k,[)-semi-kernel, the set S of all
(k,1)-semi-kernels of D is non-empty. Clearly the set S with the inclusion relation
C is a partially ordered set (S,C). Let {C;}icr = C C S be a chain in (S, Q).
We will prove that C has an upper bound, and by Zorn’s Lemma we will have
the existence of a maximal (k,[)-semi-kernel in D.

If C = Uc; Cs, then it is easy to observe that C' € S. To prove that C is
independent, let u,v € C, then u € C; and v € C; for some 7,5 € I. Since C is a
chain, we can assume without loss of generality that C; C C, and then u,v € Cj,
but C; is a (k,[)-semi-kernel and hence is k-independent, so d(u,v),d(v,u) > k,
and then C' is k-independent. To prove the second (k,[)-semi-kernel condition,
let v € C and u € V(D) such that d(v,u) < k—1. Recall that v € C implies that
v € C; for some i € I. But C; is a (k,[)-semi-kernel, thus d(v,u) < k — 1 implies
d(u,v) < 1. Then, C € § and clearly C; C C for every i € I. [

We say that a digraph D is kernel perfect if every induced subdigraph of D has
a kernel. Our following lemma is inspired in a result of Victor Neumann-Lara,
[28], stating that if D is a digraph such that every induced subdigraph of D
has a non-empty semi-kernel, then D is kernel-perfect. A finite version of this
lemma was proved by the authors in [16]. It is worth noting that the digraph in
Figure 1 does not have a 3-kernel, despite the fact that every induced subdigraph
has a non-empty 3-semi-kernel. Hence, a direct generalization of the result of
Neumann-Lara is not valid for (k,)-kernels.

Lemma 5. Let D be a digraph. If {v} is a (k,l)-semi-kernel of D for every
v e V(D), then D has a (k,1)-kernel.

Proof. By Lemma 4, we can consider a maximal (k, [)-semi-kernel of D, namely
S C V(D). If S is l-absorbent then S is a (k,l)-kernel of D, so let us assume
that S is not [-absorbent, therefore there must exist a vertex v € V(D) \ S such
that d(v,S) > [. Let us observe that d(S,v) > k — 1 because, by the second
condition of (k,1)-semi-kernel, d(S,v) < k — 1 implies that d(v,S) < but v is
not l-absorbed by S. We will consider two cases.

Casel. If k—1 <lI,then k—1 <1 < d(v,S). So, in view that d(S,v) > k—1,
we have that S” = SU{v} is a k-independent set. It is direct to verify that S’ is
a (k,l)-semi-kernel.

Case 2. If | < k — 1, then we can assume that d(v,S) < k — 1, otherwise
S U {v} would be k-independent and we can proceed as in Case 1. So, since {v}
is a (k,1)-semi-kernel, then d(S,v) <1 < k — 1, a contradiction.

In both cases a contradiction arises from the assumption that S is not [-
absorbent, so S must be l-absorbent and hence the desired (k,)-kernel. |
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Figure 1. A digraph without a 3-kernel and such that every induced subdigraph has a
3-semi-kernel: At most one of the vertices v1, v, v3 can be chosen to belong to a 3-kernel,
hence one of them remains unabsorbed.

4. ACYCLIC AND SYMMETRIC DIGRAPHS

The first sufficient condition for a finite digraph to have a kernel was given by
von Neumann and Morgenstern in [33]. They proved that if D is a finite digraph
without directed cycles, then D has a kernel. This result is easily generalizable
for k-kernels in finite digraphs. As we have seen in connection with the digraph
Dy, the direct generalization for infinite digraphs is not valid, so we propose two
sufficient conditions for an acyclic digraph to have a k-kernel for every integer
k > 2. To simplify the proof we will use a tool first defined by Kwasnik, Wloch
and Wtoch in [27].

Definition. If D is a digraph and k € N, the k-closure of D is the digraph Ci(D)
such that V(Ci(D)) = V(D) and A(Cx(D)) = {(u,v): dp(u,v) < k}.

The finite version of the following lemma was first stated also by Kwasnik, Wtoch
and Wtloch in [27] and a proof can be found in [17]. The proof for finite digraphs
also works for infinite digraphs, so it will be omitted.

Lemma 6. If D is a digraph, then Cy(D) has a kernel if and only if D has a
(k + 1)-kernel.

Now we use Lemma 6 to prove the following theorem; we would like to thank to
Lajos Soukup for pointing out the necessity of transfinite recursion for this proof.

Theorem 7. If D is an acyclic digraph without rays, then D has a k-kernel for
every integer k > 2.
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Proof. The fact that D is acyclic implies that Cx(D) is acyclic for every k € N.
In virtue of Lemma 6 it suffices to prove that if D is acyclic and does not have
rays, then D has a kernel.

Let us observe that if D is an acyclic digraph without rays, then for every
vertex v € V(D), there exists a vertex w € V(D) such that d(v,w) € N and
dt(w) = 0. Tt suffices to consider the terminal vertex in a directed path of
maximum length with initial vertex v. So, by transfinite recursion, for each
ordinal « let us define a set S, C V(D) and a subdigraph D, of D as follows:

[ ] DOID,

e So={veV(D): dj(v) =0},

o Da= D [V(D)\Upey(S:UN~(50))],
* So={veV(D): dj (v)=0}.

Since the sets S, are pairwise disjoint, there exists an ordinal « such that S, = 0.
Then, D, = 0 as well, and so U<<a S¢ is a kernel of D. ]

Although asking for a digraph not to have rays is not very restrictive in the
cardinality sense, because a digraph without rays can has a vertex set of arbitrary
cardinality, we think that is somewhat restrictive in a structural sense. Acyclic
digraphs with finite out-neighborhood (outwardly finite) seem to have a richer
global structure than acyclic digraphs without rays, and the outwardly finite
hypothesis yields the possibility of using compactness.

Theorem 8. If D is an outwardly finite acyclic digraph, then D has a k-kernel
for every integer k > 2.

Proof. It follows directly from Theorem 3 and the fact that every finite acyclic
digraph has a k-kernel for every integer k > 2. ]

As we have already observed, in general, acyclic digraphs not necessarily have a
k-kernel. If we forbid rays or infinite out-neighborhoods, then we can assure the
existence of a k-kernel for every integer £ > 2. We think that further restrictions
on the existence of cycles in a digraph may lead to the existence of k-kernels for
every integer k > 2, even when rays or vertices with infinite out-neighborhood
are permitted. We propose the following conjecture.

Conjecture 9. If D is a biorientation of an infinite tree, then D has a k-kernel
for every k > 2.
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Conjecture 9 was proved true for k = 2, since an infinite tree is a bipartite digraph
and thus it has a kernel [13].

Another sufficient condition for having a kernel is proved by Berge; he gave
the finite version of the following theorem for k = 2, a proof can be found in [3].

Theorem 10. If D is a symmetric digraph, then D has a k-kernel for every
integer k > 2. Moreover, every maximal k-independent subset of D is a k-kernel.

Proof. By Zorn’s Lemma we can choose a maximal k-independent subset of
V(D), say N. We affirm that N is the desired k-kernel. By our choice N is
k-independent. Let v € V(D) \ N be an arbitrary vertex. Since N is a maximal
k-independent subset, then N U {v} is not k-independent. If d(v,N) < k — 1,
then v is (k—1)-absorbed by N. So d(N,v) < k—1, and then, there exists u € N
such that there exists an uwv-directed path of length less than or equal to k — 1,
but since D is symmetric there also exists a vu-directed path of length less than
or equal to k — 1, and thus v is (k — 1)-absorbed by N. |

We want to emphasize that Theorem 10 is equivalent to the Axiom of Choice, as
it is shown in the following theorem communicated to us by Lajos Soukup.

Theorem 11. If every symmetric digraph has a k-kernel for every integer k > 2,
then every family of pairwise disjoint sets has a choice function.

Proof. Let {A;: i € I} be a family of pairwise disjoint sets. Let
V=i iel} and A=J{[AixA\Aa): ieT},

where Ay, = {(z,z): = € A;}. Hence, D = (V, A) is a symmetric digraph. Let
us observe that K C V' is a k-kernel if and only if |K N A;| = 1 for each ¢ € I.
Clearly, K codes a choice function for {A4;: i € I'}. |

5. TRANSITIVE DIGRAPHS

As we have already mentioned in previous sections, there are infinite transitive
digraphs (even transitive tournaments) that do not have a k-kernel for any k& > 2.
In [30] and independently in [13] it is proved that if D is a transitive digraph
such that every ray has at least one symmetric arc, then D has a kernel. We will
generalize this result, weakening the condition of the existence of a symmetric arc
in every ray and proving the existence of a (k, 1)-kernel for every integer k > 2.
But before stating and proving our generalization we need to define a relation.
Let D be a digraph with set of strong components €. We define the relation
< on € in the following way. For every Cy,Cy € € we have that C; < Cs if and
only if there exists a C;Co-directed path in D. In [30] it is observed that (€, <)
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is a reflexive partial order whose maximal elements (in the case that there exist)
are the terminal strong components of D.

Remark 12. It is straightforward to observe that if D is a transitive digraph,
Cy,Co € € and C; = Cy, then for every u € V(Cy) and every v € V(Cy), we have
that (u,v) € A(D).

Theorem 13. Let D be a transitive digraph. Then D has a (k,1)-kernel for
every integer k > 2 if and only if for every strong component S of D, there exists
a terminal component T of D such that S +— T.

Proof. The theorem is obviously valid for finite digraphs, let us prove the infinite
case.

For the “if” implication let S be a strong component of D. If T is a terminal
strong component of D such that S — T, then every vertex in S will be absorbed
by every vertex in T. Also, if we choose one vertex in every terminal strong
component of D, the set of the chosen vertices will be k-independent for every
integer k£ > 2, because every vertex is in a distinct terminal component. So,
every set consisting of one vertex from every terminal component of D will be
k-independent and absorbent.

For the “only if” part, let D be a transitive digraph that has a (k, 1)-kernel
for every integer k > 2, and N be a (2,1)-kernel of D. Let us assume that
there exists a strong component S of D such that no terminal component of D
can be reached from S by a directed path. Since N is a kernel of D, and by the
transitivity of D it follows that there must exists a vertex v € N such that S — v.
Moreover, if R is the strong component of D containing v, then S — R. By our
assumption, R is not a terminal component. If R’ is a strong component reached
by R, then R — R’, in particular v — R’. Now, R and R’ are different strong
components, thus, vertices in R’ cannot be absorbed by v. But N is a kernel
of D, and then, there must exist another vertex u € N contained in a strong
component Ry such that R" — w. But D is transitive, which implies that R — Ry,
in particular, (v,u) € A(D), contradicting the independence of N. Thus, for
every strong component S of D, there exists a terminal component T of D such
that S — T. |

Corollary 14. Let D be a transitive digraph such that every ray (x;);en has an
arc of the form (xj,x;) with i < j. Then D has a (k,1)-kernel for every integer
k > 2. Moreover, every (k,1)-kernel of D consists in choosing one vertex from
every terminal component of D.

Proof. 1t suffices to prove that if Cy is a strong component of D, then there
exists a terminal component T of D such that Cy < T. This is because, since D
is a transitive digraph, Remark 12 implies Cq — T and the result follows from
the previous Theorem.
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We will proceed by contradiction. Assume that for every C € € such that Cy < C
there exists C' € € such that C' # C and C < C’. In virtue of the Axiom of
Choice we can build a sequence {C;}; . satisfying Co < Cy and, for every i < j,
C; # Ciy1 and C; < C;. Appealing again to the Axiom of Choice, let us choose a
vertex v; € V(C;) for every i € N. Since D is transitive, by Remark 12, (v;);en
is a ray in D. Moreover, if i < j, (xj,2;) ¢ A(D). In the contrary case we
would have that (z;,;) is a CjC;-arc and thus a C;C; directed path, which by
the definition of < implies that C; < C;. Since C; < C; by the construction of
{Cy }nen it would follow from the antisymmetry of < that C; = C;. Again, by the
construction of {Cy}, oy, we know that j # i + 1, but this implies the existence
of a directed cycle (C;, Cit1,...,Cj4,C;) in D*, which is a contradiction, because
D~ is acyclic. Therefore (x;)ien is a ray in D such that (x;,z;) ¢ A(D) for each
1 < j, a contradiction. Since the contradiction arises from assuming that for
every C € € such that Cy < C there exists C' € € such that C' ## C and C < C/,
there must exists a strong component T such that Cy < T and for every C' € €,
C'=TorT# C. Hence, T is a <-maximal element of €, and thus a terminal
component of D.

As noted before, if N C V(D) has one vertex from every terminal component
of D, then N is a (k, 1)-kernel for every integer k > 2. [ |

Corollary 14 gives us a sufficient structural condition for an infinite transitive
digraph to have a (k,[l)-kernel. It is easy to observe that this condition is not
necessary. As an example take the digraph Dz and add one new vertex v along
with the arc (n,v) for every n € Z. This digraph clearly has the (k, 1)-kernel {v}
for every integer k > 2, but does not fulfill the condition given in Corollary 14.

Although Theorem 13 characterize transitive digraphs with (k, 1)-kernel for
every integer k > 2, we do not have a characterization in terms of structural
properties of the digraphs like in Corollary 14. So, we propose the following
problem.

Problem 15. Find a structural characterization of transitive digraphs with
(k,1)-kernel for every integer k > 2.

6. CYCLICALLY k-PARTITE DIGRAPHS

A digraph D is cyclically k-partite if there exists a partition of V(D) into k
subsets, V1, Va, ..., Vi, such that every arc of D is a V;V;11 arc (mod k). One
of the most general results for cyclically k-partite finite digraphs and k-kernels
remains valid for infinite digraphs.
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Theorem 16. Let D = (Vi,..., Vi) be a cyclically k-partite digraph. If there
exists 1 € {1,...,k} such that all the sinks of D are contained in V;, then V; is a
k-kernel of D.

Proof. We may assume without loss of generality all the sinks of D belong to V;.
Since every arc of D is a V;V;11-arc (mod k), it is clear that V; is k-independent
for each i € {1,...,k}. If w € V(D) \ V1, then u € V; for some ¢ € {2,...,k}.
Since D is cyclically k-partite and every w € V(D) \ Vi has dt(w) > 1, there
exists a uVj-directed path of length less than or equal to k — 1. Hence, V; is a
k-kernel for D. ]

Let us recall a definition.

Definition. A closed walk ¢ = (xq,...,Tn, Tnt1 = o) is directed with an ob-
struction at vertex x,, if there exists a directed walk ¢’ = (z¢, z1,...,x,) and an
arc (zg,x,) € A(D) \ A(%¢") such that € = €' U (zg, z,,).

Recall that a digraph D is unilateral if for every u,v € V(D) there exists a
uv-directed path or a vu-directed path. In [14], the following theorem is proved.

Theorem 17. Let D be a finite unilateral digraph. If every directed cycle has
length = 0(mod k) and every directed cycle with one obstruction has length = 2
(mod k), then D is cyclically k-partite. Thus, D has a k-kernel.

This sufficient condition for a unilateral digraph to be cyclically k-partite is in
fact a characterization. This result was obtained inspired in the generalization
of Richardson’s Theorem by Maria Kwasnik. Richarsdon proved that if every
directed cycle of a digraph D has even length, then D has a kernel. In [25],
Kwasnik generalizes this result in the following way.

Theorem 18. Let D be a finite strong digraph. If every directed cycle of D has
length = 0(mod k), then D has a k-kernel.

The most efficient way to prove Theorem 18 is to prove that, under such hypothe-
ses, a digraph D is cyclically k-partite. In this section we present generalizations
for Theorems 17 and 18. Moreover, in either case we prove the existence of a
cyclic k-partition for the given digraph.

The following lemma will be stated without proof since the proof for the
statement about finite digraphs also works for infinite digraphs.

Lemma 19. Let D be a digraph. If every directed cycle of D has length = 0
(mod k), then every directed closed walk of D has length = 0 (mod k).

Theorem 20. Let D be a strong digraph. If every directed cycle in D has length
= 0(mod k), then D is cyclically k-partite.
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Proof. Since D is strong, for every u,v € V(D), d(u,v) € N. Let v € V(D) be
a fixed vertex and V; = {u € V(D): d(v,u) =i(mod k)} for each 1 <i < k. We
affirm that {V;}%_, is a cyclic partition of V(D). First we will prove that {V;}¥_,
is a partition. Clearly V; NV, = 0 if and only if i # j, because d(v, u) is uniquely
determined for every u € V(D). Also, it follows from the first observation of
the proof that U§:1Vi = V(D). It remains to prove that V; # 0 for every
1 <4 < k. So, it follows from the fact that D is strong that d~(v) > 1. Thus, let
u € N7 (v) be an in-neighbour of v. Again by the strongness of D, there exists
a vu-directed path, say € = (v = xp,z1,...,2, = u), and then €' = € U (u,v)
is a directed cycle in D. Without loss of generality we can choose € to realize
the distance from v to u. It follows by the main hypothesis of the theorem that
n = 0(mod k). Since ¥ is a uv-directed path of minimum length, we have that
d(v,z;) =i(mod k) for 1 < i < k. Thus V; # 0 for every 1 < i < k. We have
already proved that {V;}le is a partition, let us prove that it is cyclic.

Let (u,w) € A(D) be an arbitrary arc and let us assume that v € V; and
w € Vj for some 1 < i,j < k. We will prove that j = i 4+ 1(mod k). Let €
and Z be vu and vw-directed paths of minimum length, respectively. By the
strongness of D it also exists a wv-directed path, say 2’. Clearly 2 U 2’ and
€ U (u,w) U P are closed directed walks in D. Hence, by Lemma 19, we have
that £(2 U 2') = (€ U (u,w) U Z') =0(mod k). But £(Z2U D) = (D) + (D)
and (€ U (u,w)U D) =U(E)+ 14 (D). Therefore £(P) = £(€) + 1. Since €
and Z realize the distances from v to u and from v to w respectively, we have
that d(u,v) = i(mod k) and d(w,v) =j =i+ 1.

Thus, every arc of D is a V;V;i-arc (mod k) and hence {V;}£_| is a cyclic
k-partition. [ |

Corollary 21. Let D be a strong digraph. Then D is bipartite if and only if
every directed cycle has even length.

Theorem 22. Let D be a strong digraph. If every directed cycle of D has length
= 0(mod k), then D has at least k distinct k-kernels.

Proof. By Theorem 20, D is cyclically k-partite with partition {V;}¥ . By
Theorem 16, every V; is a k-kernel for D. [

The proof of Theorem 20 is valid whether we are considering finite or infinite
digraphs. On the other hand, the proof we propose for Theorem 24 relies heavily
in Theorem 17. The reason is that the widely known characterization of finite
unilateral digraphs does not work for infinite digraphs: There are unilateral di-
graphs without a directed spanning walk. Less important to our concern, but
also worth of mention, the characterization of strong digraphs neither works in
the infinite case. There are infinite strong digraphs without a closed directed
spanning walk. An example of this fact is the digraph depicted in Figure 2.
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Figure 2. A flower with an infinite number of petals, example of an infinite strong digraph
without a closed directed spanning walk.

So, we will proceed using Godel’s Compactness Theorem. The following lemma
is a necessary tool for our theorem.

Lemma 23. Let D be an infinite unilateral digraph. Then, for each finite X C
V(D) there is a finite X CY C V(D) such that D[Y] has a directed spanning
walk, and so, D[Y] is unilateral.

Proof. By induction on |X|. If X = {u,v}, then there is a walk P from u to v
or from v to u. So, Y = V(P) works.

Assume that X = X' U {v}. By the induction hypothesis, we can assume
that D[X'] has a spanning walk W = (ug, ..., u,). If there is a walk P from v to
ug or from uy, to v, then X' UV (P) works.

So, we can assume that there is a ugv-walk, Py, and a vu,-walk, Q,. Thus,
there is an 0 < 7 < n such that there is a walk P; from u; to v and there is a walk
Qi+1 from v to u;y1. Hence, V((uoWu;) U P U Qg1 U (uir1Wuy,)) works as Y.

|

Theorem 24. Let D be a unilateral digraph. If every directed cycle of D has
length = 0 (mod k) and every directed cycle of D with one obstruction has length
= 2(mod k), then D is cyclically k-partite.

Proof. Using ultrafilters. Define ) as the set

Y ={Y C V: DI[Y] has a spanning directed walk}.
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For a finite X C V define YVx as the set
Yx={Yey: XCY},
and let U be an ultrafilter on ) such that
{¥Yx: X CV is finite} C U.

Foreach Y € Y, let fy : Y — {1,...,k} be a cyclic k-partition of D[Y].
Define the function f: V — {1,...,k} as follows:

f(v)=1tiifand only if {Y € V: fy(v) =i} € U.
Then f is a cyclic k-partition of D. |

When dealing with cyclically k-partite digraphs we are interested not only in the
existence of k-kernels, but in the general structure of this family as well. Cycli-
cally k-partite strong and unilateral finite digraphs have been characterized in
terms of the length of directed cycles and directed cycles with one obstruction
respectively. A characterization of cyclically k-partite digraphs (without connec-
tivity restraints) by Hell and Nesetfil, in terms of graph homomorphisms and
algorithms, can be found in [23]. We think that it would be enlightening to give
a characterization of cyclically k-partite digraphs analogous to the existing ones
for strong and unilateral digraphs, at least to identify or characterize the cycli-
cally k-partite digraphs with k-kernel. From the k-kernel point of view there is a
lot of work to do with this family. There are few general sufficient conditions for
the existence of k-kernels in cyclically k-partite digraphs. We have already seen
that if all the sinks of a cyclically k-partite digraph are contained in the same
part, then the digraph has a k-kernel. In [22], it is proved that if all the sinks
of a finite cyclically 3-partite digraph are contained in at most two parts of the
cyclic partition, then D has a 3-kernel. It is also proved that the 3-kernel problem
restricted to the class of finite cyclically 3-partite digraphs is NP-complete. In
this context we state the following problem.

Problem 25. For a given integer k£ > 2, find an integer ¢(k) such that every
cyclically k-partite digraph with all its sinks contained in at most (k) parts of
the cyclic partition has a k-kernel.

As we have already observed, ¢(2) = 2 and, for finite digraphs, ¢(3) = 2.

7. QUASI-TRANSITIVE DIGRAPHS

We begin this section with the definition of a quasi-transitive digraph.
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Definition. A digraph D is quasi-transitive if (u,v),(v,w) € A(D) implies
(u,w) € A(D) or (w,u) € A(D).

Since their introduction by Ghouila-Houri in [21], quasi-transitive digraphs have
been largely studied. Two of the most important results about quasi-transitive
digraphs are the one of Ghouila-Houri, who characterized asymmetric quasi-
transitive digraphs as precisely those digraphs which underlying graph can recieve
a transitive orientation; and a recursive structural characterization of this family
due to Bang-Jensen and Huang found in [2]. This structural characterization was
a central part of the proof that the authors gave for the finite version of the prin-
cipal result of this section. Nonetheless, the aforementioned characterization only
works for finite digraphs, and since a fundamental part of the proof is done by
induction, we were unable to find an analogous characterization theorem for infi-
nite digraphs. In the present article, a different approach is considered. We will
prove that every quasi-transitive strong digraph has a (k,[)-semi-kernel and use
local properties of quasi-transitive digraphs to prove that this (k,[)-quasi-kernel
is also a (k, l)-kernel.
We begin with some technical results.

Lemma 26. Let D be a quasi-transitive digraph and u,v € V(D). If d(v,u) =
or4 <d(v,u) €N, then d(u,v) = 1. If d(v,u) = 3, then d(u,v) < 3.

Proof. The proof of the finite case remains valid since it is proved by induction
on d(v,u) € N. |

Lemma 27. Let D be a quasi-transitive digraph. If A and B are strong com-
ponents of D such that there is an AB-arc in D, then A — B. Hence, the
condensation of D, D*, is transitive.

Proof. Since there is an AB-arc in D, for every a € V(A) and every b € V(B),
there is an ab-directed path in D. The proof of the finite case of the first part
of the lemma remains valid since it is proved by induction on d(a,b) € N that
(a,b) € A(D). To prove that D* is transitive, let (A, B) and (B,C) be arcs
of D*. Then, by the first part of the lemma, there are vertices a € V(A),
b € V(B) and ¢ € V(C), such that (a,b),(b,c) € A(D). Since D is quasi-
transitive, (a,c) € A(D) or (¢,a) € A(D). But since D* is acyclic, (¢,a) ¢ A(D).
Thus, (a,c) € A(D) and this implies that (A, C) € A(D*). |

The following lemma is “one half” of Bang-Jensen and Huang’s characterization
theorem. The strong case is the one that could not be obtained for infinite
digraphs. In the following lemma, T'[Q;];c; denotes the composition of the family
of digraphs {Q;}ier over the digraph 7.
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Lemma 28. Let D be a non-strong digraph. Then D is quasi-transitive if and
only if there exist an acyclic transitive digraph T with vertex set V(T') = {v; }ier
and a family of strong quasi-transitive digraphs {Q;}icr such that D = T[Q;)ier-

Proof. The sufficiency is straightforward to verify. For the necessity, let D be a
quasi-transitive digraph. Let T be the condensation of D, i.e., T'= D*. Hence,
T is acyclic. Recall that V(T') = {C;}ier is the set of strong components of D.
Since D is quasi-transitive, C}; is a quasi-transitive strong digraph for every ¢ € I.
So, let Q; = C; for every ¢ € I. It follows from the definition of D* and Lemma
27 that D = T[Q;)icr and T is transitive. [

From this point on, our results aim to prove that every quasi-transitive digraph
has a (k,[)-semi-kernel. Maybe some lemmas like the following one may look a
bit odd.

Lemma 29. Let D be a quasi-transitive digraph. Then, for every directed cycle
€ of D, there are at least two arcs of €, say (ui,v1), (ug,v2) € A(€) such that
d(Ui,UZ') <2,1€ {1,2}

Proof. By induction on ¢(%). If {(¢) = 2 or £(€¢) = 3, the result is clear. Let
¢ = (xo,x1,...,2n, = o) be a directed cycle of length n > 4 in D. Since D is
quasi-transitive and (zo, z1), (x1,22) € A(D), then (zg,z2) € A(D) or (x2,x0) €
A(D). In the latter case it is clear that d(x1,x¢),d(z2,21) < 2 and we are
done. In the former case, let us apply the induction hypothesis to the cycle
€' = (x0,x2)U(22€ 10), which has length n—1, to obtain two arcs with the desired
condition in A(%”). Since A(€” — (w0, z2)) C A(%), if the two arcs obtained from
the induction hypotesis are different from (zg,z2) we are done. Let us assume
that one of the arcs is (zp,x2). Hence, d(za,x0) < 2. If d(ze,z¢) = 1, it is the
case we have already analyzed. So d(x2,x9) = 2. Let v € V(D) be a vertex such
that (z2,v), (v,z9) € A(D). If v = x1, then the arcs (zg,x1), (z1,22) € A(D)
are symmetric and we are done. If not, we have that (x1,x2), (z2,v) € A(D).
Since D is quasi-transitive, (z1,v) € A(D), which implies that d(x1,z¢) < 2; or
(v,21) € A(D), which implies that d(z2,z1) < 2. In either case we reach the
desired conclusion. ]

Lemma 30. If D is a quasi-transitive digraph without rays, then for every S C
V(D) there exists a vertex v € S such that, if u € S and (v,u) € A(D), then
dp(u,v) < 2.

Proof. Let S be a subset of V(D) and suppose that there is no vertex in S
with the desired property. Then for every x € S there exists a vertex y € S
such that (z,y) € A(D) and dp(y,z) > 2. Since every vertex in S has at least
one neighbour in S with this property and there are not rays in D, then there
must exist a directed cycle € = (zg,21,...,2, = xg) such that V(%) C S



452 H. GALEANA-SANCHEZ AND C. HERNANDEZ-CRUZ

and dp(x;,x;—1) > 2 with 1 < ¢ < n. This contradicts Lemma 29. Since the
contradiction arose from the assumption that there is no vertex in S with the
desired property, then there must exist at least one such vertex. [

Lemma 31. Let D be a quasi-transitive digraph without rays. If D has a non-
empty 3-semi-kernel, then D has a 3-kernel.

Proof. Since D has a non-empty 3-semi-kernel, by Lemma 4 we can consider S
to be a maximal 3-semi-kernel of D. If S is 2-absorbent, then S is the desired
3-kernel. If S is not 2-absorbent, we can consider T' C V (D), the set of vertices
not 2-absorbed by S. It follows from Lemma 30 that there exists of a vertex
v € T such that if w € T and (v,u) € A(D), then d(u,v) < 2. As a consequence
of Lemma 26, whenever v € T and d(v,u) = 2 it follows that (u,v) € A(D).
Besides, d(v,S) > 3 and d(S,v) > 3, as a matter of fact, in virtue of Lemma
26 we have that d(v,S) = 3 = d(S,v). So S U {v} is a 3-independent subset
of V(D). By the choice of v and since S is a 3-semi-kernel, S U {v} fulfills
the second property of 3-semi-kernel, so it is a 3-semi-kernel properly containing
S, contradicting the maximality of S. Therefore, .S is 2-absorbent and thus a
3-kernel. [

Lemma 32. Let D be a quasi-transitive strong digraph and k,l be a pair of
integers such that k > 4,3 <1< k—1. If D has a (k,l)-semi-kernel, then D has
a (k,l)-kernel.

Proof. Since D has a non-empty (k, [)-semi-kernel, by Lemma 4 we can consider
S to be a maximal (k,)-semi-kernel of D. If S is l-absorbent, then S is the (k,1)-
kernel we have been looking for. If it is not [-absorbent, then let v € V(D) be
a vertex not [-absorbed by S. Since D is strong, there must exist a vS-directed
path of length greater than or equal to [+ 1 > 4. Let s € S be the final vertex in
such directed path. In virtue of Lemma 26 we have that (s,v) € A(D), and since
S is a (k,l)-semi-kernel of D, a vS-directed path of length less than or equal to
I must exist in D, contradicting the choice of v as a vertex not l-absorbed by S.
Hence S is l[-absorbent and it turns out to be the desired (k,)-kernel. |

Lemma 33. Let D be a quasi-transitive digraph without rays and k,l be a pair
of integers such that either k > 4 and 3 <[l <k—1ork =3 andl =2. Then
there is a vertex v € V(D) such that {v} is a (k,l)-semi-kernel of D.

Proof. 1t suffices to consider S = V(D) and an application of Lemma 30 to
find a vertex v € V(D) such that whenever u € V(D) and (v,u) € A(D) then
d(u,v) < 2. It follows from Lemma 26 that the set {v} is a (k,[)-semi-kernel. m

We finish this section with our two principal results.
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Theorem 34. If D is an infinite quasi-transitive strong digraph without rays,
then D has a k-kernel for every k € N, k > 3.

Proof. 1t is an immediate consequence of Lemmas 31, 32 and 33. [

Theorem 35. If D is an infinite quasi-transitive digraph without rays, then D
has a (k,l)-kernel for every pair of integers k,l such thatk >4 and 3 <1 <k—1
ork=3andl=2.

Proof. In virtue of Theorem 34 every terminal strong component of D has a
(k,l)-kernel. If D has {D;};cs as set of strong terminal components (where I
can be an infinite set), it suffices to choose a (k,1)-kernel N; for every D;. The
union N = (J;c; Ni is a (k,l)-kernel of D. Since N; € D; and D; is a terminal
component for every i € {1,2,...,t} it is clear that N is k-independent. In
addition, if v € V(D;), then v is [-absorbed by N;, 1 < i < t. So it suffices to
prove that if v is in a non-terminal strong component then it is l-absorbed by some
vertex in N. But by Lemma 27, D* is an acyclic transitive digraph. Since D does
not have rays, D* does not have rays. Thus, by Lemma 28 every non-terminal
strong component of D is 1-absorbed by a terminal strong component of D in
D*. Therefore, by Lemma 27 every vertex in a non-terminal strong component is
1-absorbed by every vertex in at least one terminal strong component of D, and
then is [-absorbed by N. So N is a k-independent, [-absorbent set, and thus the
desired (k,)-kernel. |

8. PRETRANSITIVE DIGRAPHS

Another well-known generalization of transitive digraphs are right and left pre-
transitive digraphs.

Definition. A digraph D is right (left) pretransitive if (u,v),(v,w) € A(D)
implies (u, w) € A(D) or (w,v) € A(D) ((v,u) € A(D)).

This family of digraphs have been previously studied in the context of Kernel
Theory. Duchet proved in [9] that finite right/left pretransitive digraphs are
kernel perfect. In [15] it is proved that if D is a finite right /left strong pretransitive
digraph such that every directed triangle is symmetric, then D has a k-kernel for
every integer k > 2. In the finite case, the strong connectivity can be dropped
from the hypotheses at least in the right case. For the left case, a similar result
is obtained by means of dualization, stating that every left pretransitive digraph
such that every directed triangle is symmetric has a k-solution (k-independent,
(k — 1) dominant subset of V(D)) for every integer k > 2.

The main result of this section is proved with the aid of Lemma 5 in a very
similar way that the finite version is proved.
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Lemma 36. Let k > 2 be an integer. If D is a right pretransitive strong digraph
such that every directed triangle is symmetric, then every vertex of D is a k-semi-
kernel of D.

Idea of Proof. Let k > 2 be an integer. Let v € V(D) be any vertex, consider
w € V(D) such that there exists a vw-directed path of length less than or equal
tok—1and let € = (v =g, v1,...,v, = w) be a vw-directed path of minimum
length. For every such w, € is a directed path of finite length. Also, since D is
strong, d(w,v) € N. So, the same argument as used in the finite version of this
theorem (found in [15]) can be used to prove that d(w,v) < k — 1. |

Theorem 37. If D is a right pretransitive strong digraph such that every directed
triangle is symmetric, then D has a k-kernel for every k € N, k > 2.

Proof. It follows from Lemmas 5 and 36. ]

The analogous results for left pretransitive digraphs can be easily obtained like
in finite digraphs by means of dualization.

Lemma 38. If D is a left pretransitive strong digraph such that every directed
triangle is symmetric, then {v} is a k-semi-kernel of D for every v € V(D).

Proof. Exactly like the finite case, see [15]. |

Theorem 39. If D is a left pretransitive strong digraph such that every directed
triangle is symmetric, then D has a k-kernel for every k € N, k > 2.

Proof. The result follows from Lemmas 5 and 38. [

In [15], it is also proved that if D is a finite right pretransitive digraph such that
every directed triangle is symmetric, then D has a k-kernel for every k € N,
k > 2. However, the proof of this fact was done by induction on |V (D*)|, which
can be uncountable if D is infinite. So, since we were unable to find a proof for
infinite digraphs, we state the following conjecture.

Conjecture 40. If D is a right pretransitive digraph such that every directed
triangle is symmetric and does not contain rays, then D has a k-kernel for every
keN, k>2.

Obviously, D must have a restriction on its rays because, since the digraph Dy
is transitive, is right/left pretransitive and every directed triangle is symmetric
(provided that it has none) but we already have observed that it does not have
k-kernel for any integer £ > 2. One remarkable observation is that, in Theorems
37 and 39 this condition is not necessary, the digraphs may contain rays and the
results remain valid.
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To have an overall state of the current situation with pretrantive digraphs, we
would like to point out two problems previously proposed in [15] for finite di-
graphs.

Problem 41. Is it true that every left pretransitive digraph such that every
directed triangle is symmetric has a k-kernel for every integer k > 27

Problem 42. Are the hypotheses in Theorems 37 and 39 on the directed triangles
sharp?

It is worth mention that it can be easily proved that if T is a directed triangle
in a right/left pretransitive digraph, then T has at least two symmetric arcs. So
the restriction in Theorems 37 and 39 is weaker than it seems at a first glance.

9. K-STRONGLY CONNECTED DIGRAPHS

The results of this section have somewhat technical proofs and are direct gener-
alizations of the respective finite versions. Once again, the main tool to change
from finite to infinite digraphs is Lemma 5.

Definition. For a strong digraph D, aset S C V(D) is a separator (or separating
set) if D'\ S is not strong. A digraph D is k-strongly connected (or s-strong) if
|[V(D)| > k + 1 and has no separator with less than x vertices.

As a first observation, let us notice that if D is a x-strong digraph with circumfer-
ence [, then [ > k+1. To prove this, let € be a longest cycle in D. If |V (%)| < &,
then fix an arc (x,y) in € and delete all vertices of ¥ — {z,y} and the arc (x,y).
The resulting digraph is strongly connected (since |V (%)| < k), so there is an
xy-path of length at least 2 in D. Thus, a cycle longer than % can be constructed
in D, contradicting the choice of €.

The proofs of some results will be omitted for the sake of brevity since, as
many of them are local properties, the proof is just like in finite digraphs.

Lemma 43. Let D be an k-strong digraph with circumference I, k > 2 a fized
integer and € = (xo,21,...,Tm) a directed path of length m. If m = gk +r,
where q and v are given by the division algorithm, then:

(i) If r =0, then d(xm, o) < (I — K)q.

(i) Ifr >0, then d(zm,zo) < (I—1) + (1 — r)[ 2L ].

Proof. The proof is by induction on ¢, which is finite. So the proof for the finite
case remains valid. n

The proof of the following theorem is also like the one of the finite version, we
will reproduce it to emphasize that it is also valid for infinite digraphs.
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Lemma 44. Let D be a k-strong digraph with circumference . Then for every
veV(D), {v}isa (k,(I—1)+ (I —K) [E2])-semi-kernel for every integer k >
2.

Proof. Let us recall that kK <1 — 1. Let k > 2 and v € V(D) be fixed and let
¢ = (v=2x0,21,...,Tm) be a vry,-directed path of length m < k — 1. In virtue
of Lemma 43, d(zp,v) < (1-1)+ (I — &) | 2] < (1 —1)+ (I — k) LL;QJ and

then {v} fulfills the second (k, (I — 1) 4+ (I — k) | =2 |)-semi-kernel condition. m

K

The principal theorem of the section is proved next. It explores what kind of
(k,)-kernels exists with given values of circumference and strong connectivity.

Theorem 45. Let D be a o-strong digraph with circumference . Then D has a
(k,(I-1)+(—o0) L%J)—kernel for every integer k > 2.

Proof. It follows immediately from Lemmas 5 and 44. [
We would like to point out a special case which give us sufficient conditions for a

digraph to have a k-kernel. This corollary also follows immediately from Theorem
45.

Corollary 46. Let D be an infinite (k — 1)-strong digraph with circumference k.
Then D has a k-kernel.

10. LOCALLY IN/OUT-SEMICOMPLETE DIGRAPHS

This section is very brief. We only remark which of the existing results for locally
in/out-semicomplete finite digraphs remain valid for infinite digraphs. Once again
in this section, Lemma 5 makes the proofs for the infinite case possible.

Definition. Let D be a digraph. Then D is:

e Locally in-semicomplete if (v,u), (w,u) € A(D) implies that (v, w) € A(D)
or (w,v) € A(D).

e Locally out-semicomplete if (u,v),(u,w) € A(D) implies that (v,w) €
A(D) or (w,v) € A(D).

e Locally semicomplete if it is both, locally out-semicomplete and locally in-
semicomplete.

The following lemma is a technical one that will be needed to prove the one after
it.
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Lemma 47. Let | > 1 be an integer, D a locally out-semicomplete digraph and
(o, @1, ..., Tpn) 1S an xoTp-directed path of length n < I. If vg € V(D) is such
that (zg,v9) € A(D) and (zy,v9) ¢ A(D), then d(vg, x,) <.

Proof. The proof of the finite case remains valid since we only work with the
vertices of the zgx,-directed path. [ |

Lemma 48. Let D be a locally out-semicomplete digraph such that, for a fixed
integer | > 1, whenever (u,v) € A(D), then d(v,u) < l. Then {u} is a (k,l)-
semi-kernel for every integer k > 2 and every u € V(D).

Proof. Consider a vertex w € V(D) such that a vw-directed path exists in D.
It is proved by induction on d(v,w) that d(w,v) < I. The proof of the finite case
remains valid. ]

Theorem 49. Let D be a locally out-semicomplete digraph such that, for a fired
integer | > 1, whenever (u,v) € A(D), then d(v,u) < l. Then D has a (k,l)-
kernel for every integer k > 2.

Proof. Is a direct consequence of Lemmas 5 and 48. [
The two following corollaries are straightforward from Theorem 49.

Corollary 50. Let D be a locally out-semicomplete digraph such that, for a fixed
integer | > 1, whenever (u,v) € A(D), then d(v,u) < 1. Then D has a k-kernel
for every integer k > 1+ 1.

Corollary 51. Let D be a locally out-semicompete strong digraph with circum-
ference | + 1, then D has a (k,l)-kernel for every integer k > 2.

The results of Lemma 48 and Theorem 49 can be dualized by means of the next
lemma. Its proof is exactly the same as in the finite case.

Lemma 52. A digraph D is locally in-semicomplete if and only if E 1s locally
out-semicomplete. As a consequence, a digraph D is locally semicomplete if and
only if D is locally semicomplete.

The principal result obained by means of dualization is stated next.

Theorem 53. Let D be a locally out-semicomplete digraph such that, for a fized
integer | > 1, whenever (u,v) € A(D), then d(v,u) < l. Then D has a (k,l)-
kernel for every integer k > 2.

One of the main results obtained in [16] states that every locally out-semicomplete
digraph with circumference [+ 1 has a (k, [)-kernel for every k > 2. This is, in the
finite case the condition of strong connectivity can be dropped in Corollary 51.
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Nonetheless, the proof of the finite case was done by induction on |V (D)|, and we
were unable to find a proof that works for the infinite case. In the same article,
it is conjectured that if D is a finite digraph with circumference [, then D has a
k-kernel for every k <. In [22] it is proved that if D is a finite digraph such that
every directed cycle has length 3, then D has a 3-kernel. For the infinite case it
seems that there should also be a condition on the rays. Proving the result for
some families such as locally out-semicomplete digraphs would be a good start
point. Also, a weaker version of the conjecture can be stated.

Conjecture 54. Let D be a digraph without rays. If every directed cycle of D
has length k, then D has a k-kernel.

As we have mentioned, Conjecture 54 is true for finite graphs when k € {2, 3}.
It is also true for infinite graphs when k = 2.

11. E-TRANSITIVE AND k-QUASI-TRANSITIVE DIGRAPHS

In [17] three new families of digraphs are introduced, two of them generalizing
transitive digraphs and one of them generalizing quasi-transitive digraphs. In
this section we will focus on k-transitive and k-quasi-transitive digraphs.

Definition. A digraph D is k-transitive if whenever ¢ = (xg,x1,...,2x) is a
directed path of length k in D, then (xg,zy) € A(D).

Clearly, a 2-transitive digraph is a transitive digraph in the usual sense. Surpris-
ingly, most of the results stated for transitive or quasi-transitive digraphs have a
very good analog for k-transitive or k-quasi-transitive digraphs respectively. We
begin our results with a simple technical lemma.

Lemma 55. Let k > 2 be an integer, D a k-transitive infinite digraph and
u,v € V(D). If there exists a uv-directed path in D, then d(u,v) < k — 1.

Proof. Let u,v € V(D) be arbitrary distinct vertices and let ¢ = (u = zg, z1,. . .,
xn, = v) be a uv-directed path. We will prove by induction on n that d(u,v) <
k—1. If n < k—1 then we are done. So let us assume that n > k, then, by the k-
transitivity of D, since xo@xy, is a directed path of length k in D, (z9, xx) € A(D),
so (xo,xp) Uz, € xy is a uv-directed path of length strictly less than n. We can
derive from the induction hypothesis that d(u,v) < k—1. The result follows from
the principle of mathematical induction. [

The following theorem generalize the result of Theorem 14.

Theorem 56. Let D be an infinite k-transitive digraph such that every ray (x;);eN
has an arc of the form (xj, x;) with i < j. Then D has an (n,m)-kernel for every
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pair of integers n,m such that n > 2, m >k — 1. Moreover, every (n,m)-kernel
of D consists in choosing one vertex from every terminal component of D.

Proof. This proof is very similar to the proof of Theorem 14, so we will use
the same notation for the relation <. It suffices to prove that if Cy is a strong
component of D, then there exists a terminal component T of D such that Cp < T.
This is because, since D is a k-transitive digraph, by Lemma 55 every vertex in
Co will be (k — 1)-absorbed by every vertex in T. Also, if we choose one vertex in
every terminal strong component of D, the set of the chosen vertices will be k-
independent for every integer k > 2, because every vertex is in a distinct terminal
component. So, every set consisting of one vertex from every terminal component
of D will be n-independent and (k — 1)-absorbent, and thus, m-absorbent, for
every pair of integers n, m such that n > 2, m > k — 1.

We will proceed by contradiction. Assume that for every C € € such that
Co < C there exists C' € € such that C' # C and C < C'. In virtue of the Axiom of
Choice we can build a sequence {C;}, . satisfying Co < C; and, for every i < j,
C; # Ciy1 and C; < C;. As in the proof of Theorem 14, we want to obtain an
infinite outward in D from this sequence. Let us choose a vertex z1 € V(Cy).
Since D is k-transitive, using the Axiom of Choice we can recursively construct
a ray in D in the following way: The first vertex is x1; If x,, has been chosen in
V(C;) for some i € N, choose x,+1 as any vertex such that (z,,x,11) € A(D)
and 41 € V(Cj) with i < j. We affirm that such vertex exists because D is
a k-transitive digraph and {C;};cn is an infinite chain in the partial order <.
Clearly, x,, can reach (at a finite distance) C;, for every r € N, so we can choose
a vertex x,41 € V(C;) for ¢ < j such that a z,,x,41-directed path of length =0
(mod k?) exists. Thus, the k-transitivity of D implies that (z,,2,41) € A(D).

Now, we have a ray {z;};cn. Moreover, if i < j, then (z;,2;) ¢ A(D). This is
because, by the construction of {z;}en, if ¢ < j, then 2; € V(C,) and z; € V(Cy)
for some r < s. Then we would have that C; < C, for some » < s and it
would follow from the antisymmetry of < that C, = C,. By the construction of
{Ci}iens we know that s # r+1, but this implies the existence of a directed cycle
(G, Crg1,y ..., Cs, Cp) in D*, contradicting that D* is acyclic. Therefore, (z;);en
is a ray in D such that (z;,2;) ¢ A(D) for each i < j, a contradiction. From this
point we can conclude as in the proof of Theorem 14. [

Now we introduce a definition generalizing quasi-transitive digraphs.

Definition. A digraph D is called k-quasi-transitive if, whenever (xg, x1,. .., k)
is a directed path of length k, then (xo,zx) € A(D) or (x,x0) € A(D).

Once again, 2-quasi-transitive digraphs are quasi-transitive digraphs in the usual
sense. We use a very similar technique that the one we used to work with quasi-
transitive digraphs, using local properties, to prove the existence of (n,m)-semi-
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kernels in strong k-quasi-transitive digraphs. Then we prove that such (n,m)-
semi-kernels are indeed (m,m)-kernels. The three following lemmas originally
stated in [17] for finite digraphs, trivially remain valid for the infinite case. Al-
though they are only a tool for our immediate concern of finding (n, m)-kernels,
we think that they are very interesting on their own.

Lemma 57. Let k € N be an even natural number, D a k-quasi-transitive infinite
digraph and u,v € V(D) such that a uv-directed path exists. Then:
(i) If d(u,v) =k, then d(v,u) = 1.
(i) If d(u,v) =k +1, then d(v,u) < k+ 1.
(iii) If d(u,v) >k +2, then d(v,u) = 1.

Lemma 58. Let k € N be an odd natural number, D a k-quasi-transitive infinite
digraph and w,v € V(D) such that a uv-directed path exists. Then:
(i) If d(u,v) =k, then d(v,u) = 1.
(i) Ifd(u,v) =k+1, then d(v,u) < k+ 1.
(iii) If d(u,v) =n >k + 2 with n odd, then d(v,u) = 1.
(iv) If d(u,v) =n >k + 3 with n even, then d(v,u) < 2.

It can be observed that k-quasi-transitive digraphs have a “better” behavior when
k is an even integer. This fact will have important consequences to our concern.

Lemma 59. Let D be a k-quasi-transitive digraph. If A # B are strong compo-
nents of D such that there exists an AB-directed path in D, then A =B,

The following lemma ressembles Lemma 29.

Lemma 60. Let D be a k-quasi-transitive digraph. Then, for every directed cycle
€ of D, there are at least r arcs of €, say (ui,v;) € A(€), such that d(v;,u;) < k,
i€{1,2,...,r}, where r = min{k, {(%)}.

Proof. By induction on £(%). If (%) < k + 1, the result is clear. Let ¥ =
(zo,21,...,2n = Tg) be a directed cycle of length n > k4 2 in D. Since D is
k-quasi-transitive and (xg, x1, ..., x%) € A(D), then (xg, ;) € A(D) or (zk,xo) €
A(D). In the latter case it is clear that d(z;,z;—1) < k for 1 < i < k and we
are done. In the former case, let us apply the induction hypothesis to the cycle
€' = (x0, ) U (xx%Cx0), which has length n — k 4+ 1 < n, to obtain k arcs with
the desired condition in A(%¢”). Since A(¢" — (z0,xx)) C A(€), if the k arcs
obtained from the induction hypotesis are different from (zo,xy), then we are
done. Let us assume that one of the arcs is (zg,zx). Hence, d(zk,zo) < k. If
d(xp,xo) = 1, it is the case we have already analyzed. So d(zy,z¢) > 1. Let
7 = (zx = Yo,Y1,---,Ys = o) be a zpxo-directed path with s < k. If y; = x4,
then d(xg,rr_1) < k and we are done. Let us assume that y; # z1. Since
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D is k-quasi-transitive and z1%xy U (zg,y1) is an z1y;-directed path of length
k, it follows that (yi,z1) € A(D), which implies that d(zy,zr—1) < k because
(k,y1,71) U (£1Fxk_1) is an xpxp_1 directed path of length k; or (x1,y1) €
A(D), which implies that d(z1,x0) < k because (x1,y1) U (y1Zx0) is an xprg_1
directed path of length less than or equal to k. In either case we reach the desired
conclusion. ]

Lemma 61. Let k > 2 be an integer and D be an infinite k-quasi-transitive
digraph such that for every ray {x;}icn there exists an arc (xj,z;) with i < j.
Then there exists a vertex v € V(D) such that whenever (v,u) € A(D), then
d(u,v) < k.

Proof. We will proceed by contradiction. Let us assume that for every vertex
v € V(D) there exists an arc (v,u) € V(D) such that d(u,v) > k + 1. Then,
since the subdigraph H of D induced by these arcs has 67 (H) > 1, we have
two possibilities. There exists a directed cycle € in D such that for every arc
(v,u) € A(¥), d(u,v) > k+ 1, which clearly results in a contradiction by Lemma
60. Or there exists a ray € = {z; }ien such that for every arc (z;,x;41) € A(%),
d(zi+1, ;) > k+1. But by hypothesis there is an arc (z;, x;) € A(D) with i < j.
So, (z;€xj) U (xj,x;) is a directed cycle in D. By Lemma 60, at least one arc
(i, xiy1) € A(%) is such that d(z;41,2;) < k, a contradiction. |

Lemma 62. Let K > 2 be an even integer and let D be a k-quasi-transitive
digraph such that for every ray {x;}icn there exists an arc (xj,z;) with i < j.
Then D has a (k + 2)-semi-kernel consisting in a single vertex.

Proof. By Lemma 61 we can choose a vertex v € V(D) such that for every
arc (v,u) € A(D), d(u,v) < k. So let u € V(D) be a vertex such that 2 <
d(v,u) < k+ 1. It cannot happen that d(u,v) > k + 2, because this would imply
by Lemma 57 that d(v,u) = 1, but 2 < d(v,u), so d(u,v) < k+ 1 and thus {v}
is a (k + 2)-semi-kernel of D. |

Lemma 63. Let k > 3 be an odd integer and D be a k-quasi-transitive digraph
such that for every ray {x;}ien there exists an arc (xj, ;) with i < j and such
that at least one vertexv € S = {u € V(D): (u,w) € A(D)impliesthatd(w,u) <
k + 1} is such that whenever d(v,z) = 2, then d(z,v) < k+ 1. Then {v} is a
(k + 2)-semi-kernel for D.

Proof. By Lemma 61 the set S is non-empty and also there is a vertex v € §
such that whenever d(v,z) = 2, then d(z,v) < k+1. So let u € V(D) be a vertex
such that 3 < d(v,u) < k+1. It can not happen that d(u,v) > k42, because this
would imply, by Lemma 57, that d(v,u) < 2, but 3 < d(v,u), so d(u,v) < k+1
and thus {v} is a (k + 2)-semi-kernel of D. |
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Lemma 64. Let D be an infinite k-quasi-transitive strong digraph. If D has a
non-empty (k + 2)-semi-kernel S, then S is a (k + 2)-kernel of D.

Proof. Let S C V(D) be a (k + 2)-semi-kernel for D and N~(*+1D(S) the set
of all vertices in D which are (k 4 1)-absorbed by S. Define T' := V(D) \
(SUN-CGFD(S)). If T = 0, then S is a (k + 2)-kernel of D. If T # {), then we
can consider a vertex v € T which, by the definition of T, is not (k + 1)-absorbed
by S, but since D is strong, there exists a vS-directed path. Let u € S be a vertex
such that d(v,u) = d(v,S). Then d(v,u) > k + 2 because v ¢ N~F+1D(S) but
from Lemmas 57 and 58 it can be derived that d(u,v) < 2. This fact, altogether
with the second (k + 2)-semi-kernel condition implies that v € N~ +1(8), a
contradiction. Since the contradiction arises from assuming that 7' # (), we can
conclude that T'= () and then S is a (k + 2)-kernel for D. [ ]

Theorem 65. Let k > 2 be an even integer and let D be a k-quasi-transitive
strong digraph such that for every ray {x;}icn there exists an arc (xj,x;) with
i < j. Then D has an (n,m)-kernel for every pair of integers n,m such that
n>2 m2>k+1.

Proof. By Lemma 62, D has a (k+2)-semi-kernel NV consisting in a single vertex,
but by Lemma 64, N is indeed a (k + 2)-kernel of D. But since N has only one
vertex, then N is n-independent for every n > 2, and since it is (k+ 1)-absorbent,
then it is m-absorbent for every m > k + 1, so N is an (n, m)-kernel for every
pair of integers n, m such that n > 2, and m > k + 1. [

Theorem 66. Let k > 2 be an even integer and let D be a k-quasi-transitive
digraph such that for every ray {x;}icn there exists an arc (xj,x;) with i < j.
Then D has an (n,m)-kernel for every pair of integers n,m such that n > 2,
m>k+1.

Proof. Once again it suffices to prove that if Cg is a strong component of D, then
there exists a terminal component T of D such that Cy < T. This is because,
in virtue of Lemmas 59 and 65, if we choose a subset N C V(D) consisting
in an (n,m)-kernel for every terminal component of D, then this set will be n-
independent for every n € Z* because every such (n, m)-kernel consist in a single
vertex and terminal components are path-independent. Also N will be (k + 1)-
absorbent because every (n,m)-kernel is inside its component and every vertex
of D not in a terminal component is (k — 1)-absorbed by every vertex in some
terminal component.

Let us observe that the same proof as of Theorem 56 works for k-quasi-
transitive digraphs. The only part of the proof where the hypothesis of being
k-transitive is used is when we recursively construct a ray in D (using the Axiom
of Choice). When z,, € V(C;) has been chosen and we choose x,,11 as any vertex
such that (2, zp11) € A(D) and z,41 € V(C;) with i < j.
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Using k-quasi-transitivity instead of k-tramsitivity, we affirm that such vertex
exists because {C;};cn is an infinite chain in the partial order <. Clearly, x,, can
reach (at a finite distance) C;y, for every r» € N. Moreover, for every C; such
that ¢ < j and « € V(C;) we have that d(z,,z) < k — 1. Otherwise, by Lemmas
57 and 58 we would have an zxz,-directed path, but there are not C;C;-directed
paths for i < j because we would have a cycle in D*. Now, let [ be an integer
greater than i and y € V(C;) an arbitrary vertex. Then d(x,,y) < k — 1. If
d(xn,y) = 1, then y = xp41. If not, let € be an x,y-directed path of minimum
length and consider an arbitrary vertex z € V(C;) for some j > [ such that a yz-
directed path 2, internally disjoint with 4" and of length k —d(zy,, y), exists (such
vertex always exists since {Cy, },en is an infinite sequence). Clearly, € U & is an
xnz-directed path of length k. By the k-quasi-transitivity of D, (z,,z) € A(D)
or (z,z,) € A(D), but since z € V(C;) with ¢ < j, it follows that (x,, z) € A(D),
and thus we can choose z,11 = z. So, the ray can be constructed and the rest of
the proof is just like the aforementioned proof. [

Theorem 67. Let k > 3 be an odd integer and let D be a k-quasi-transitive strong
digraph such that for every ray {z;};cn there exists an arc (z;,z;) withi < j and
such that at least one vertex v € S = {u € V(D): (u,w) € A(D) implies that
d(w,u) < k+1} is such that whenever d(v,z) = 2, then d(xz,v) < k+1. Then D
has an (n, m)-kernel for every pair of integers n,m such thatn >2, m > k+ 1.

Proof. 1t is analogous to the proof of Theorem 65. [

Theorem 68. Let k > 3 be an odd integer and let D be an infinite k-quasi-
transitive digraph such that for every ray {x;}icn there exists an arc (xj, x;) with
i < j and such that at least one vertex v € S = {u € V(D): (u,w) € A(D)
implies that d(w,u) < k + 1} is such that whenever d(v,x) = 2, then d(z,v) <
k+1. Then D has an n-kernel for everyn >k + 2.

Proof. It is analogous to the proof of Theorem 66. |

As a final comment, we would like to point out again that, in virtue of Lemma 61,
the set S ={u e V(D): (u,w) € A(D) implies that d(w,u) < k + 1} in Lemma
63 is always non-empty. So, it would suffice to prove that there is a vertex v € S
such that whenever d(v, x) = 2, then d(x,v) < k+ 1 for every x € V(D) to have
as a consequence that, for every integer k > 2, every k-quasi-transitive digraph
has an (n, m)-kernel for every pair of integers n,m such that n > 2, m >k + 1.

From the various properties that k-quasi-transitive digraphs have proved to
have, we state the following conjecture.

Conjecture 69. If k > 3 is an odd integer and D is a k-quasi-transitive strong
digraph, then D has a non-empty (k + 2)-kernel.
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In the finite case it is proved in [17], by means of a structural characterization of
3-quasi-transitive digraphs, that every 3-quasi-transitive digraph has a 4-kernel.
Since the structural characterization works only for finite digraphs, an analogous
for infinite digraphs could not be obtained. Nonetheless, we believe that the
existence of a (k+2)-kernel can be replaced by the existence of a (k+ 1)-kernel in
Conjecture 69. Once again, a good starting point would be to prove the result for
infinite 3-quasi-transitive digraphs. Also, recently, it has been proved in [19] that
Conjecture 69 is true for finite digraphs. Nonetheless, the proof relies heavily in
the fact that finite digraphs have bounded out-degree, and hence, it is not valid
for infinite digraphs.
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