Taylor & Francis
Taylor & Francis Group

AKCE International Journal of Graphs and Combinatorics

ISSN: 0972-8600 (Print) 2543-3474 (Online) Journal homepage: https://www.tandfonline.com/loi/uakc20

Structural properties of CKI-digraphs

C. Balbuena, M. Guevara, M. Olsen & T.W. Haynes (Communicated by)

To cite this article: C. Balbuena, M. Guevara, M. Olsen & T.W. Haynes (Communicated by) (2014)
Structural properties of CKI-digraphs, AKCE International Journal of Graphs and Combinatorics,
11:1, 67-80

To link to this article: https://doi.org/10.1080/09728600.2014.12088764

© 2014 Taylor & Francis, LLC, trading as
Taylor & Francis Group

ﬁ Published online: 10 Mar 2020.

\]
[:J/ Submit your article to this journal (&

||I| Article views: 5

A
& View related articles &'

@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uakc20


https://www.tandfonline.com/action/journalInformation?journalCode=uakc20
https://www.tandfonline.com/loi/uakc20
https://doi.org/10.1080/09728600.2014.12088764
https://www.tandfonline.com/action/authorSubmission?journalCode=uakc20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uakc20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09728600.2014.12088764
https://www.tandfonline.com/doi/mlt/10.1080/09728600.2014.12088764
http://crossmark.crossref.org/dialog/?doi=10.1080/09728600.2014.12088764&domain=pdf&date_stamp=2020-03-10
http://crossmark.crossref.org/dialog/?doi=10.1080/09728600.2014.12088764&domain=pdf&date_stamp=2020-03-10

AKCE Int. J. Graphs Comb., 11, No. 1 (2014), pp. 67-80

STRUCTURAL PROPERTIES OF CKI-DIGRAPHS*

C. BALBUENA
Departament de Matematica Aplicada III
Universitat Politecnica de Catalunya
Campus Nord, Edifici C2, C/ Jordi Girona 1 i 3
E-08034 Barcelona, Spain.
e-mail: m.camino.balbuena@upc.edu
M. GUEVARA
Departamento de Matematicas, Facultad de Ciencias
Universidad Nacional Auténoma de México
Circuito Exterior, Cd. Universitaria
Coyoacan 04510, México, D.F. México
e-mail: mucuy-kak.guevaraQ@ciencias.unam.mz
and
M. OLSEN
Departamento de Matematicas Aplicadas y Sistemas
Universidad Auténoma Metropolitana Unidad Cuajimalpa
México, D.F. México

e-mail: olsen@correo.cua.uam.mzx

Communicated by: T.W. Haynes
Received 5 March 2013; accepted 12 July 2013

Abstract

A kernel of a digraph is a set of vertices which is both independent and absorbant. Let
D be a digraph such that every proper induced subdigraph has a kernel. If D has a kernel,
then D is kernel perfect, otherwise D is critical kernel-imperfect (for short CKI-digraph).
In this work we prove that if a CKI-digraph D is not 2-arc connected, then D — a is kernel
perfect for any bridge a of D. If D has no kernel but for all vertex x, D — x has a kernel,
then D is called kernel critical. We give conditions on a kernel critical digraph D so that for
all x € V(D) the kernel of D — z has at least two vertices. Concerning asymmetric digraphs,
we show that every vertex u of an asymmetric CKI-digraph D on n > 5 vertices satisfies
dT(u) +d (u) <n—3and d"(u),d” (u) < n—>5. As a consequence, we establish that there
are exactly four asymmetric CKI-digraphs on n < 7 vertices. Furthermore, we study the
maximum order of a subtournament contained in a not necessarily asymmetric CKI-digraph.
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1. Introduction

A kernel of D is a subset K C V(D) which is independent and absorbant [18]. For
undirected graphs the corresponding concept is known as independent dominating set.
This notion of domination in graphs has received extensive attention, see [18, 19]. In terms
of applications, some important questions of Facility Location, Assignment Problems, etc,
are very much related to the idea of domination or independent domination on digraphs.
Furthermore, the notion of kernels (or independent dominating set) has many applications
and several relations to other areas, most notably to game theory [3, 12, 13, 21] and logic
[8, 20]. An interesting survey of kernels in digraphs can be found in [10] and also see
chapter 15 pages 401-437 of [18].

Let D be a digraph such that every proper induced subdigraph has a kernel. Then D is
kernel perfect if D has a kernel, otherwise D is critical kernel imperfect (for short CKI or
CKI-digraph). For instance, a directed cycle of odd length has no kernel, but a directed
cycle of even length is kernel perfect. Kernel perfect digraphs have been extensively
studied because their relationship with perfect graphs [1, 5, 6, 9]. Recently Galeana-
Sénchez [14] has given a new characterization of perfect graphs using asymmetric kernel
perfect digraphs. However, CKI-digraphs have been less studied. There are operations on
digraphs that preserve the property of being kernel perfect or CKI. Duchet and Meyniel
[11] prove that splitting a vertex of a digraph D and then subdividing the resulting arc,
these properties are preserved. Moreover, they give another operation that respect these
properties, which roughly speaking consists of replacing an arc a by a directed path of
length 3, whenever D —a has a kernel or be kernel perfect, respectively. Also these authors
point out that changing the directions of every arc of D is not such an operation.

Berge and Duchet [6] proved that a CKI-digraph is strongly connected. A digraph D is
said to be strongly connected (or connected) if for any pair of vertices x,y € V(D) there
exists a path from x to y. An arc cut of D is a subset of arcs S such that D — S is not
strongly connected. The arc connectivity, A(D), is the smallest cardinality of an arc cut.
It is well known [17] that for any digraph D, A(D) < 6(D). In this paper, we prove that if
D is a CKI-digraph and A(D) = 1, then D — a is a kernel perfect digraph for any bridge
a of D.

A digraph D with no kernel is kernel critical if D — x has a kernel for every x € V(D).
Note that a CKI-digraph is a kernel critical digraph but there are kernel critical digraphs
that are not CKI [18]. We find sufficient conditions on kernel critical digraphs such that
for every z € V(D) the kernel of D — x has at least two vertices. Then we focus on
asymmetric CKI-digraphs. We show that every vertex w of an asymmetric CKI-digraph
D on n > 5 vertices satisfies d*(u) + d~(u) < n — 3 which clearly implies that if D is
d-regular, then d < (n—3)/2. Moreover, we state that d*(u),d” (u) < n—>5. These results
allow us to establish that every asymmetric CKI-digraph is a 63, a C_"5, a 67, a 57(1, 2) or
has n > 8 vertices. More characterization results of asymmetric CKI can be founded in
[16]. Finally, for CKI-digraphs D not necessarily asymmetric on n > 4 vertices we study
the maximum order of a subtournament contained in D. We establish that if we remove
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one or two vertices from a CKI-digraph, or any independent set of vertices, the resulting
digraph is not a tournament.

1.1. Notation and known results

For general terminology and definitions see [2, 4].

A digraph is a finite nonempty set of vertices V(D) and a set A(D) of ordered pairs
of distinct vertices (x,y) called arcs. The set NT(x) = {y € V(D) : (z,y) € A(D)}
(resp. N~ (z) = {y € V(D) : (y,x) € A(D)}) is called the out-neighborhood (resp. in-
neighborhood) of x. The out-degree of x is d*(x) = |[NT(x)| and the in-degree of z is
d=(z) = [N~ (z)|. The mazimum out-degree is denoted by AT (D) and the mazimum in-
degree is denoted by A~ (D). Given a subset S C V(D) we denote by D[S] the subdigraph
of D induced by S.

An arc (u,v) € A(D) is called asymmetric (resp. symmetric) if (v,u) ¢ A(D) (resp.
(v,u) € A(D)). A digraph is asymmetric, (resp. symmetric) if for every arc (u,v) € A(D),
then (v,u) ¢ A(D) (resp. (v,u) € A(D)). The spanning subdigraph induced by the set
of asymmetric (symmetric) arcs of D is denoted by Asym(D) (Sym(D)). A digraph is
transitive if (u,v), (v,w) € A(D), then (u,w) € A(D). Clearly, a transitive oriented graph
is acyclic. A tournament is an asymmetric digraph where every pair of distinct vertices are
adjacent. A tournament is transitive if and only if it is acyclic. We denote a tournament
on k vertices as Ty. Let n be a positive integer and A = {ay,as,...,aq} C Z, — 0. The
circulant digraph C,, (A) has set of vertices the integers modulo n, and vertex u is adjacent
to the vertices u + A = {u + a; (mod n) : a; € A}.

A set S C V(D) is independent if for all z,y € S, (z,y) € A(D). Aset S C V(D) is
absorbant if for every vertex x € V(D) \ S there is a vertex y € S such that (x,y) € A(D).
Let Uy, Us be two subsets of vertices of D. An U;Us-arc is an arc (u1,uz) of D such that
uy € Uy and ug € Us. If Uy consists of a single vertex {u;}, we simply write an u;Us-arc,
and analogously if Uy = {us} we write an Ujug-arc.

In order to prove our results we need the following known results.
Theorem 1.1. [6] A CKI-digraph is strongly connected.
Theorem 1.2. [15] If D is a CKI-digraph, then Asym(D) is strongly connected.

Theorem 1.3. [15] A digraph D is kernel perfect if and only if for every strong component
a of Asym(D), D[V («)] is kernel perfect.

Theorem 1.4. [22] Every digraph with no odd cycle is kernel perfect.
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2. Main results

Applying the above mentioned theorems we obtain the following result.

Theorem 2.1. Let D be a CKI-digraph and a € A(D) a bridge. Then D — a is kernel
perfect.

Proof. By Theorem 1.1, the digraph D is strongly connected. Suppose that a is a bridge
of D and V~,V™* is a partition of V(D) such that the unique V=V T-arc is the bridge
a. Moreover, by Theorem 1.2, Asym(D) is strongly connected yielding that a must be
an asymmetric arc. Thus a is also a bridge in Asym(D). Let a be a strongly connected
component of Asym(D —a), thus « C V™ or « C V*. Therefore D[V («)] is kernel perfect
because D is CKI. By Theorem 1.3, D — a is kernel perfect, so the theorem holds. O

Figure 1 shows a CKI-digraph D different from an odd cycle with A(D) = 1. We can
check that D —(0,1), D — (8,0), D — (7, 8) are kernel perfect digraphs. This CKI-digraph
has the property that changing the direction of its arcs the resulting digraph is kernel-
perfect. It was given by Duchet and Meyniel [11] in order to disprove a conjecture of
Chvatal and Berge claiming that D is kernel-perfect if and only if its reverse D~! is kernel
perfect.

Figure 1: A CKlI-digraph.

As we said in the Introduction, a digraph D with no kernel is kernel critical if D — v
has a kernel for every v € V(D). Let K, be a kernel of D — v for a given vertex v. Clearly,
there is no vK-arc, because otherwise K, would be a kernel of D. Also there is a K,v-arc,
because otherwise K, U {v} would be a kernel of D. Therefore we can write the following
lemma.

Lemma 2.2. Let D be kernel critical and let v € V(D). Let K, be a kernel of D — v.
Then there is no vK,-arc and there is a Kyv-arc.

Let D be a kernel critical digraph and =z € V(D). The following theorem provides
conditions on D so that the cardinality of a kernel of D — z is at least two.
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Theorem 2.3. Let D be a kernel critical digraph. Then any kernel of D — x for all
x € V(D) has at least two vertices if one of the following assertions holds:

(i) Any directed triangle of D has at least two symmetric arcs.

(i) The digraph D is free of directed triangles.

Proof. The unique kernel critical digraph on at most three vertices is D = Cs. But Cs
does not satisfy the requirements of the theorem. So, we assume that |V (D)| > 4. We
reason by contradiction supposing that there exists a vertex z* € V(D) such that D — z*
has a kernel {v}. From Lemma 2.2, it follows that (v,z*) € A(Asym(D)). Let us consider
a kernel K, of D —v. By Lemma 2.2, 2* ¢ K,. Let h € K,, be such that (z*, h) € A(D).
Again by Lemma 2.2, (v,h) ¢ A(D). As {v} is a kernel of D — z* and h # z*, then
(h,v) € A(Asym(D)). Therefore, the directed triangle (v, z*, h,v) in D has at most one
symmetric arc. This is a contradiction to item (i) and clearly to item (7). O

Figure 2: The CKI-digraph Cy(1,2).

The hypothesis of Theorem 2.3 can not be eliminated as shown by the CKI-digraph
C4(1,2) depicted in Figure 2. This digraph has directed triangles with only one symmetric
arc and we can check that for all vertex x of Cy(1,2), Cy4(1,2) — x has a kernel of just one
vertex.

2.1. Results for asymmetric CKI-digraphs

Next, we deal with asymmetric CKI-digraphs. The following result holds for every
strongly connected asymmetric digraph.

Lemma 2.4. Let D be an strongly connected asymmetric C_"3—free digraph onn > 5 vertices.
Then d~(u) + dt(u) < n —2 for every vertezx u.

Proof. Suppose that there is a vertex u € V(D) such that d™ (u) + d*(u) = n — 1. Since
D is strongly connected, both N*(u) and N~ (u) are non-empty. Moreover, there exists
an arc (z,y) with z € N*(u) and y € N~ (u) because D is asymmetric and strongly
connected. Then (u,z,y,u) is an induced Cs contradicting that D is Cs-free. Therefore
d~(u) +d*(u) <n—2 for all vertex u € V(D). O
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Theorem 2.5. Let D be an asymmetric CKI-digraph on n > 5 vertices. The following
assertions hold:

(i) For all vertez u, d~(u) +d*(u) <n— 3.
(i) The number of arcs of D is at most n(n — 3)/2.

(iii) Let T, be a tournament on n vertices and let M be a set of arcs of T,,. If D is
isomorphic to T,, — M then |M| > n.

Proof. (i) Note that D is Cs-free because it is CKL. By Lemma 2.4, d~ (w)+dt(u) <n—2
for all uw € V(D). Thus, we reason by contradiction supposing that there exists u € V(D)
such that d~(u) + d*(u) = n — 2. Then there exists a unique z € V(D) such that {u,z}
is an independent set and NT(u) U N~ (u) = V(D) \ {u,z}. Since D is Cs-free, there
is no N*(u)N~(u)-arc. Denote by X = NT(u) N N~ (z) and observe that X is non-
empty because D is strongly connected. Note also that X # NT(u) because otherwise
N*t(u) C N~ (z) and {u, z} is a kernel of D, which is a contradiction. Then N*(u)\ X # 0.
Observe that there is wg € N (u) \ X such that N (wg) N X # 0, otherwise there is no
path from N*(u) \ X to X. Hence, {wp,z} is an independent set because otherwise
for z € N*(wo) N X, (2,wp,,2) is a C3 in D which is a contradiction. Let K, be a
kernel of D — u. By Lemma 2.2, K, N N™(u) = () and there is some K,u-arc. Hence,
K, C N~ (u)U{z}. Since {wo, z} is an independent set it follows that there exists a vertex
y € N~ (u) N Ky such that (wp,y) € A(D). This is a contradiction because there is no
N*(u)N~(u)-arc as D is Cy-free. Therefore d~(u) + dt(u) < n — 3 for all u € V(D).

(¢) This results is clear because 2|A(D)| = >_ ey (py(d~ (u) + d*(u)) < n(n - 3).
(#i7) Suppose that a CKI-digraph D is isomorphic to T;, — M where M is a set of arcs.
Then [A(D)| = () — |M| < n(n — 3)/2. Therefore |[M| > n. O

Remark 2.6. The upper bound on the number of arcs given in Theorem 2.5, is attained
for n =5 and C5 is the extremal graph. Also it is attained for n = 7 and the circulant
digraph C7(1,2) of Figure 3, is an extremal graph.

Figure 3: An asymmetric CKI-digraph on 7 vertices and 14 arcs.
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Corollary 2.7. Let D be an asymmetric d-reqular CKI-digraph on n > 5 vertices. Then
d<(n-3)/2.

Proof. By Theorem 2.5 (i) we have |A(D)| = }_,cv(p) dt(u) = nd < n(n — 3)/2. Then
d<(n-3)/2. O

Lemma 2.8. Let D be an asymmetric CKI-digraph and x € V(D) such that N (z) = {y}.
Then {w,y} is an independent set of D for all w € N~ (z).

Proof. Since D is Cs-free, there is no yN~(x)-arc in D. If (w,y) € A(D) for some
w € N~ (z), then any kernel K,, of D — w satisfies that K, "N N*(w) = 0, so z,y € K.
Hence z is not absorbed for any element of K, which is a contradiction. Therefore {w, y}
is an independent set for all w € N~ (x). O]

Theorem 2.9. For every asymmetric CKI-digraph D on n > 6 vertices the mazximum
out-degree is AT < n — 5 and the maximum in-degree is A~ < n — 5.

Proof. Let D be a CKI-digraph. By Theorem 2.5 (i), d”(v) + d*(v) < n — 3, and by
Theorem 1.1, d~ (v),d" (v) > 1 for all v € V(D). Therefore it follows that d* (v),d™ (v) <
n —4 for all v € V(D). First let us see that the maximum in-degree is at most n — 5.
We reason by contradiction supposing that there is a vertex v such that d~(v) = n — 4,
so N*(v) = {w}. Hence {a,b} = V(D) \ (N~ (v) U {v,w}). Since D is CKI it follows
that D is Cs-free. Therefore N*(w) C {a,b}. W.Lg. suppose that a € N*(w). We have
(b,a) & A(D), because otherwise {v, a} would be a kernel of D; and (a,b) € A(D), because
otherwise {v, a,b} would be a kernel of D. Then, (b,w) ¢ A(D) because D is Ci-free, and
(w,b) ¢ A(D) because {v,b} is not a kernel of D. Then {w,b} is an independent set
and NT(b) € N~ (v). Let v € N~ (v) N NT(b). Then D contains the directed 5-cycle
C = (v',v,w,a,b,v") which can not be induced because D is CKI and n > 6. By Lemma
2.8, {v/,w} is an independent set for all v € N~ (v). Then the only possible arc in D
is (a,v"). Thus assume (a,v’) € A(D). Let K, be a kernel of D — a. By Lemma 2.2,
N*t(a) N K, = (. To absorb b there must exist some vertex v" € K, N N~ (v) such that
(b,v") € A(D). By Lemma 2.8, {v",w} is independent, and since D is Cs-free, {v”,a}
is also independent. Then (v, w,a,b,v”,v) is an induced 5-cycle which is a contradiction.
Therefore d™(v) <n —5 for all v € V(D).

Finally, let us see that the maximum out-degree is at most n — 5. We reason by
contradiction supposing that there is a vertex v such that d*(v) = n —4 so that N~ (v) =
{w}. Hence {a,b} = V(D) \ (N*(v) U {v,w}). Since D is Cs-free, N~ (w) C {a,b}, say
(a,w) € A(D). Let K, be a kernel of D—v. By Lemma 2.2, it follows that Nt (v)NK, = 0,
yielding K, C {w,a,b}. Thus, |K,| = 2 by Theorem 2.3. By Lemma 2.2, K, # {a,b}
because {v,a} and {v, b} are independent. Then K,, = {w, b}. Since D is Cs-free, N (v) C
N~ (b), yielding d~ (b) = n — 4 which is a contradiction. Therefore d*(v) < n — 5 for all
v e V(D). O
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Corollary 2.10. Let D be an asymmetric CKI-digraph on n > 6 wvertices. Then the
mazximum tournament contained in D has at most n — 4 wvertices.

Remark 2.11. The circulant digraph C_"7(1, 2) depicted in Figure 3, shows that Theorem
2.9 and Corollary 2.24 are best possible at least for 7 vertices.

In what follows we apply the above results on asymmetric CKI-digraphs of order at
most 9.

Remark 2.12. [7| The unique 2-reqular digraph of girth 4 is the circulant digraph C_"7(1, 2)
depicted in Figure 3.

Theorem 2.13. Every asymmetric CKI-digraph on 7 vertices is Cr or the circulant di-
graph C7(1,2).

Proof. By Theorem 2.9, A= A" < 2. Hence, if d*(u) = 2 for every vertex u, then D
is 2-regular and it is 67(1,2) by Remark 2.12. We assume that there exists a vertex
x such that N*(z) = {y}. Let us show that d*(y) = 1 in which case D = C; and
the theorem holds. We reason by contradiction supposing that N*(y) = {y1,y2}. By
Lemma 2.8, {z/,y} is an independent set for all 2’ € N~ (x), and {z,y;}, i = 1,2, is
an independent set because d*(z) = 1 and D is Cs-free. Also note that z € K, for
all kernel K, of D —y, Nt(y) N K, = 0 and by Theorem 2.3 there exists a vertex
zeV(D)\ (N (z) UNT(y) U{z,y}) such that {z, 2z} C K,.

If N~ (x) = {x1, 22}, then {z} = V(D) \ (N~ (2) UNT(y) U{z,y}), K, = {z,2} and
(yi,2) € A(D) for i = 1,2. Then {y, z} is an independent set because d*(y) = 2 and D is
Cs-free. Hence, N*(z) C N~ (z), say (z,22) € A(D). Thus, (z,y,y;, z, z, ) is a Cs for
i =1,2. Since D is CKI, these cycles are not induced, so (y1,x2), (y2,z2) € A(D) yielding
d~(z2) > 3 which is a contradiction.

Therefore N~ (z) = {x1} and {21,232} = V(D) \ (N~ (z) U N*(y) U {x,y}). It follows
that Ky = {x, 21, 22} because if K, = {x, z;} for some ¢ € {1, 2}, then d~(2;) > 3, which is
a contradiction. Moreover, if N7 (2;) = {y1,92} for some i € {1,2}, then N*(z;) = {z1}
(because z; and 2o are independent). By Lemma 2.8, {z1,y;}, j = 1,2 is independent,
yielding (x,y, y;, zi, 21, z) is an induced Cs for j = 1,2, which is a contradiction. Therefore,
we may assume that (yi, 21), (y2, 22) € A(D). Then, {y, z;}, 7 = 1,2 is an independent set.

Let K, be a kernel of D — z. By Lemma 2.2, x; € K, and y ¢ K,, yielding {y1,y2} N
K, # (). Without loss of generality, suppose y; € K,. Then 21 ¢ K, and clearly (z1,x1) ¢
A(D) because otherwise (z,y,y1, 21, 21, x) is an induced 65 which is a contradiction. Hence
N*(21) = {y2} and yo € K, to absorb 21, that is K, = {x1,91,y2}. Therefore N~ (z1) =
{22} and (z,y,y2, 22, 1, z) is an induced Cs which is a contradiction. O

In the following corollary we establish that there are exactly four asymmetric CKI-
digraphs on n < 7 vertices.
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Corollary 2.14. Every asymmetric CKI-digraph is a C_"g, a 65, a 67, a C_"7(1,2) or has
n > 8 vertices.

Proof. Let D be an asymmetric CKI-digraph on n vertices. By Theorem 1.4, D has an
odd cycle. If D contains a directed triangle, then D = 53 and we are done. Suppose that
D contains a cycle of length 5, say Cs = (zo,x1, X2, X3, 4, x0). For n =5, by Theorem 2.5,
d~(x;) + d*(z;) < 2. Then by Theorem 1.1, d~(z;) = d*(z;) = 1 yielding D = C5 and we
are done. For n =6, d”(x;) > 2 for some z;. However, from Theorem 2.9, it follows that
d~(z;),d*(x;) <1 which is a contradiction. For n = 7 the result follows from Theorem
2.13. Then n > 8. O

Corollary 2.15. Every arc (u,v) of an asymmetric CKI-digraph on 8 vertices satisfies
d~(u) +dt(v) <5.

Proof. By Theorem 2.9, AT, A~ < 3. Hence, the result holds if A* < 2. So, assume that
there is a vertex v € V(D) such that N*(v) = {v1,v2,v3} and let us show that every
vertex u € N~ (v) has d~(u) < 2. So assume that |N~(u)| = 3 for some (u,v) € A(D).
Then V(D) = N~ (u) U Nt (v) U{u,v} and d*(u) > 2 because if not, every kernel K,
of D — v must be K, = {u} contradicting Theorem 2.3. Thus, we may assume that
N*(u) = {v,v1}, by Theorem 2.5. Since D is Cs-free, there is no v1 N~ (u)-arc. Hence
Nt (v1) C {va,v3}. If {vg, v3} is independent, then {u,vs,v3} is a kernel of D because both
{u,v9} and {u,vs} are independent sets, which is a contradiction. We can assume that
(ve,v3) € A(D). If v3 € NT(vy), then {u,vs} is a kernel of D which is a contradiction.
Therefore N*(v1) = {v2} and by Lemma 2.8, {v,v2} must be independent which is a
contradiction. Therefore every vertex u € N~ (v) has d™(u) < 2. O

Corollary 2.16. Fvery asymmetric CKI-digraph on 8 vertices has a vertex u such that
d~(u) +d*(u) < 4.

Proof. By Theorem 2.5, d™(u) + d*(u) < 5 for all u € V(D). Suppose that there is an
asymmetric CKI-digraph D on 8 vertices such that d~(u) 4+ d*(u) = 5 for all u € V(D).
By Theorem 2.9, AT A~ < 3. Then, by our assumption we have {d~(u),d"(u)} = {2,3}.
Since > cvpyd (W) = Xuev(p) d*(u) there are 4 vertices with out-degree 2, and 4
vertices with out-degree 3. Let (u,v) € A(D) be such that d*(u) = 2 and d*(v) = 3. Since
D is Cy-free, N~ (u) N NT(v) = 0. Let {v1,v,v3} = N*(v) and assume {v;} = N*(u) N
N (v). Note that, since D is Cs-free, there is no v; N~ (u)-arc. Hence Nt (v1) = {vy, vs}.
If {vg, v3} is independent, then {u, v, v3} is a kernel of D because both {u, v} and {u,vs}
are independent sets, which is a contradiction. We can assume that (v, v3) € A(D) which
yields {u,vs} is a kernel of D which is a contradiction. Hence, D does not exist. O

Corollary 2.17. If D is a d-regular asymmetric CKI-digraph on 9 vertices, then d < 2.
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Proof. By Corollary 2.7, d < 3. Suppose that there is an asymmetric CKI-digraph D on 9
vertices such that d~(u) = d*(u) = 3 for all u € V(D). Let (u,v) € A(D). Since D is Cs-
free, N~ (u)NNT(v) = 0. Let {w} = V(D)\(N~ (v)UN T (v)U{u,v}), NT(v) = {v1,v2,v3},
N~ (u) = {u1,uz2,us}. Since N*(u) —v C {w,v1,v2,v3} and d*(u) = 3, we may assume
v1 € N*t(u)NNT(v). Then there is no vy N~ (u)-arc because D is Cs-free. Hence Nt (v;) =
{v9,v3,w} and {v,w} is an independent set. W.l.g. let N~ (v) = {u,uy,us}, then there
is no N*(v){uy,us}-arc. Reasoning as above we have N~ (u1) = {ug,ug,w}. It follows
that N~ (u2) C {us, w} which is a contradiction because we are assuming that d~(ug) = 3.
Therefore there is no 3-regular asymmetric CKI-digraph on 9 vertices. O

The digraph D depicted in Figure 1, shows that there are CKI-digraphs on 9 vertices
which are not regular.

2.2. Results for not necessarily asymmetric CKI-digraphs

In this subsection we deal with not necessarily asymmetric CKI-digraphs. In this case,
there are infinite families of CKI-digraphs of any order n > 4. Galeana-Sanchez and
Neumann-Lara [15] proved that C,(1,42,...,+(s 4+ 1)), where s > 1 and s + 2 does not
divide n, is a C'KI-digraph, and clearly it is not asymmetric. Then the results of the
above subsection do not hold in general, and particularly we emphasize that Corollary
2.14 does not work.

Concerning the maximum order of a tournament contained in a not necessarily asym-
metric CKI-digraph of order n, Corollary 2.24 does not apply for the general case. Thus,
in the following results we establish that if we remove one or two vertices from a CKI-
digraph, or any independent set of vertices, the resulting digraph is not a tournament.
With this aim we recall that a mazimal path is a directed path that cannot be extended to
a longer directed path from either beginning or ending. First, we show that if we remove
a vertex x from a CKI-digraph D, then D — z is not a tournament.

Lemma 2.18. Let D be a CKI-digraph on at least 4 vertices and x € V(D). Then D —x
1s not an asymmetric digraph having mazimal paths of length one.

Proof. We reason by contradiction assuming that there exists a vertex x such that D —xz is
an asymmetric digraph containing maximal paths of length one. Let (z1,z5) be a maximal
path of length one of D —uz, i.e., then d, _(z1) =0 and d}, _(zs) = 0. Furthermore, as D
is CKI, Asym(D) is strongly connected by Theorem 1.2. Hence, the arcs (z,z1), (x5, 2) €
A(Asym(D)) and thus (z,z1, 24, 2) form an induced Cs of D. This contradicts that D is
a CKI-digraph. Thus, the theorem is proved. ]

Proposition 2.19. Let D be a CKI-digraph on at least 4 vertices and x € V(D). Then
D — x is not a tournament.
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Proof. Suppose that there exists a vertex = such that D — z is a tournament which must
be transitive because D — z is kernel perfect. Thus D — x has maximal paths of length
one which is a contradiction to Lemma 2.18. Thus the result holds. 0

Let D be a digraph with vertex set {vi,ve,...,v,}, and let G1,Go, ..., G, be digraphs
which are pairwise vertex-disjoint. The composition D[G1,Ga,...,Gy] is the digraph with
vertex set V(G1) UV (G2)U---UV(G,) and arc set U | A(G;) U{gigj : gi € V(Gi),9; €
V(Gj), ViV € A(D)}

The following theorem generalizes Proposition 2.19.

Theorem 2.20. Let D be a CKI-digraph on at least 4 vertices and H an independent
set of vertices of D. Then D — H is not a composition Ty[G1,Ga,...,Gg|, where T}, is a
tournament and G1,Go, . .., Gy are pairwise vertex-disjoint digraphs.

Proof. From Theorem 1.1, D is strongly connected, and so |V (D) \ H| > 2. We assume
by contradiction that D — H = Ty[G1,Ga, ..., G|, where T}, is a transitive tournament
having the hamiltonian path (v1,...,v;). Note also that G; are kernel perfect, because
D — H is kernel perfect. As a transitive tournament is disconnected, the composition
Tx[G1,Ga, . .., Gg] is disconnected too. Thus H must be a cut set of D and also a cut set
of Asym(D) (recall that by Theorem 1.2, Asym(D) is strongly connected). As every vertex
gr € V(Gy) is disconnected from every vertex g € V(G1), there exist h € H, z € V(Gj)
and y € V(G,;) with ¢ < j such that (gk,...,2z,h,y,...,g1) is a path in Asym(D). Since
D — H is a composition and i < j, it follows that (z, h,y, x) is an induced 63, which is a
contradiction because D is CKI. O

As a direct consequence of Theorem 2.20, we obtain the following corollary.

Corollary 2.21. Let D be a CKI-digraph and Ty, a tournament. Let Tx[G1,Ga,...,Gg] be
a composition of the same order as D, and U an induced subdigraph of Ty[G1,Ga, . .., Gy].
Then D % Tk[Gl, GQ, ey Gk] — A(U)

Note that if G; is a single vertex for every i = 1,... k, then Tx[G1,Ga,...,Gi] is a
tournament. In this case Theorem 2.20 and Corollary 2.21 can be written in the following
way.

Corollary 2.22. Let D be a CKI-digraph on at least 4 vertices and H an independent set
of vertices, then D — H is not a tournament. Moreover, D % Ty, — A(U) where U is an
induced subdigraph of a tournament T},.

Theorem 2.23. Let D be a CKI-digraph on at least 5 vertices. Then D — {x,y} is not a
tournament for every two vertices x,y € V(D).

Proof. From Theorem 1.1 and Theorem 1.2, both D and Asym(D) are strongly connected.
We assume by contradiction that there exist z,y € V(D) such that D —{x,y} is a tourna-
ment which must be transitive. Therefore from Corollary 2.22, it follows that {z,y} is not
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an independent set of D. Also {z,y} is a cut set because D — {z,y} is a transitive tourna-
ment. Let (v1,...,v,—2) be the hamiltonian path in D — {z,y}. Since {x,y} is also a cut
set in Asym(D), it follows that D has at least an asymmetric v,_o{x, y}-arc and an asym-
metric {z,y}vi-arc. Without loss of generality suppose that (v,_2,y) € A(Asym(D)).
Then (z,v1) € A(Asym(D)), because otherwise (y,v1) € A(Asym(D)) implying that D
contains the induced triangle (y,v1,v,—2,y), which is a contradiction. Moreover, there
must be a vertex z € V(D) such that (y,z) € A(Asym(D)). If z = v;, then the induced
triangle (y,v;, vn—2,y), produces a contradiction, so z = z and (y,z) € A(Asym(D)).

Let K; be a kernel of D — v;. Since (vi,v;) € A(Asym(D)) for all i € {2,...,n — 2},
v; ¢ K1 by Lemma 2.2. Thus, K7 C {z,y} and since (y,z) € A(Asym(D)), the kernel
of D —wy is Ky = {x}. Then (v;,x) € A(D) for all j with 1 < j < n — 2. This implies
that (z,v;) € A(Sym(D)) for all j with 1 < j < n — 2 because otherwise (z,v1,vj, ) is
an induced Cs and D is CKI, see Figure 4.

vlm _—

V2 Vj Un—3
—> 00— 00— 00— 0 —> 0 —> 0

Figure 4: Case K; = {z}.

Let K, be a kernel of D — z. By Lemma 2.2, v; € K, for all j with 1 < j <n —2,
hence it is forced that K, = {y}. Then (vj,y) € A(D), for all j with 1 < j < n —2
and by Lemma 2.2, (y,x) € A(Asym(D)). Moreover, (vi,y) € A(Sym(D)), otherwise an
induced triangle 63 is formed in D by (v1,y,v,v1), see Figure 4. Since D has at least
5 vertices and (vn_g,y) € Asym(D), the set {v1,vp_2,2,y} induces a proper subdigraph

of D isomorphic to Cy(1,2) (the digraph of Figure 2) which is a contradiction because
C4(1,2) has no kernel.

Thus, D — {z,y} is not a transitive tournament and the theorem is proved. O

Corollary 2.24. Let D be a CKI-digraph on n > 4 vertices. Then the maximum tourna-
ment contained in D has at most n — 3 vertices.
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