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Abstract

According to Richardson’s theorem, every digraph G without directed odd cycles that
is either (a) locally finite or (b) rayless has a kernel (an independent subset K with an
incoming edge from every vertex in G — K). We generalize this theorem showing that a
digraph without directed odd cycles has a kernel when (a) for each vertex, there is a finite
set separating it from all rays, or (b) each ray contains at most finitely many vertices
dominating it (having an infinite fan to the ray) and the digraph has finitely many ends.
The restriction to finitely many ends in (b) can be weakened, admitting infinitely many
ends with a specific structure, but the possibility of dropping it remains a conjecture.
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1 Introduction

A kernel of a digraph is an independent subset K of vertices with an incoming edge from every
vertex v € K. The problem whether there exists a kernel for a given digraph is difficult. It
is NP-complete for finite digraphs, ¥1-complete for recursive ones and, in general, equivalent
to consistency of theories in infinitary propositional logic [2, 1]. One can therefore hardly
expect any simple characterization and most cases only specify sufficient conditions for kernel
existence. The fundamental result, due to Richardson, is the following theorem from [8]. In
this paper, “graph” means digraph unless stated otherwise, and all related terms like cycle,
path, etc. refer to their directed versions. A ray is an infinite outgoing simple path.

Theorem 1.1 A graph without odd cycles has a kernel if (a) each vertex has finite outdegree
or (b) the graph has no rays.

In particular, each finite graph without odd cycles has a kernel. For infinite graphs, one
excludes rays or vertices with infinite outdegree, but these are very restrictive conditions.
Few results, weakening these conditions for infinite graphs, identify specific classes possessing
kernels but do not suggest any common pattern preventing their existence [3, 5, 6, 9]. The
recurring example of an infinite graph without a kernel (nor odd cycle) is the countably
infinite, acyclic tournament without a winner, (w, <). Motivated by its multiple variants, we
propose Conjecture 1.2 below, using the following notions. A vertex v dominates a ray R
if there exist infinitely many disjoint, except for v, paths from v to R. A graph is safe if
it has no odd cycles nor any ray containing infinitely many vertices dominating it, and it is
kernel-perfect, KP, if every induced subgraph has a kernel.



Conjecture 1.2 FEwvery safe graph is kernel-perfect.

The paper proves this conjecture for graphs with finitely many ends and for some classes
with infinitely many ends, where an end of a graph is the subgraph induced by all vertices
with a path to some specific ray of the graph. This notion is coarser than that from [12], so
graphs with finitely many ends, as defined there, have also finitely many ends in our sense,
providing a special case of our main result:

Theorem 3.19 A safe graph with finitely many ends is kernel-perfect.

Unlike Richardson’s result, Theorem 3.19 covers many graphs without odd cycles that
have both rays and vertices with infinite outdegrees. For instance, in the graph from (1.3),
every vertex n € w branches to infinitely many vertices {n; | ¢ € w}, all with an edge (or a
path) to the following vertex n 4+ 1. Uncountably many rays and infinite outdegree of each
vertex n € w notwithstanding, each vertex n and n; is separated from tails of all rays by
vertex m, for each m > n. Thus, no vertex dominates any ray and the graph, having no odd
cycles and only one end, is KP.

To sketch the proof of Theorem 3.19, some notation and definitions are needed. The sets of
vertices and edges of a graph G are denoted by Vi; and Ag, so G = (Vi, Ag). We use the
following notation:

AY, — the reflexive transitive closure of Ag;

Ag ={(y,x) € Vg x Vi | (x,y) € Ag} — the converse of Ag;

A%, — the reflexive transitive closure of Ag;

E(x)={ye Vs | (x,y) € E}, for x € Vg and E C Vg x Vg;

E(X)=U,ex E(z) and E[X] = E(X)U X, for X C Vg and E C Vg x V.
An end, determined by a ray R, is the subgraph induced by AZ(V%). The graph G in (1.3)
has only one end, since A% (Vy) = A5(V,) for each pair R and @ of rays. Denoting by G[X]
the subgraph of G induced by X, for X C V,, an end determined by a ray R should be
denoted by G[AZ(V%)], but writing occasionally X for G[X] simplifies notation, hopefully,
without creating any confusion. By H C G, we denote that H is an induced subgraph of G.
Set difference is denoted by X \ Y, while for a graph G and X C V, the induced subgraph
G[Vs \ X] is denoted by G — X.

A subset Vi of Vi, (or a subgraph H of G) is free in G if Ag(Vy) C Vy. A tail of a graph
G is a nonempty induced subgraph T', free in G and such that G — V. has no rays.

Theorem 3.19 follows from a more general result, Theorem 3.1, according to which a graph
G is KP if there is a partition of its vertices, Vo = ;¢ Vs, giving a KP induced subgraph
G[Vg,] for each i € I, and such that for each nonempty subset F' of I, one subgraph G[V, ],
for some k € F, is free in the subgraph induced by the union (J;cp Ve, -

(1.3)
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Theorem 3.1 A graph G is KP if there is a partition Vo = §),c; Vs, such that
1. for eachi € I: Gy is KP, where G; = G[Vg,], and
2. for each nonempty subset ' of I, there is a k € I with Gy, free in G|J;cr Va,]-



This theorem enables a recursive construction of a kernel of G along free subgraphs,
starting with a kernel of some Gy free in the whole G and then, recursively, of a G; free in
G —Vg,, of a G free in G — (VGO UVg, ), ete.. Such kernels of free subgraphs can be combined
into a kernel of the whole graph.

Theorem 3.19 follows by partitioning a safe graph with finitely many ends in the manner
required by Theorem 3.1. More specifically, we apply the notion of a flat graph, namely,
one where every tail of each ray has a path to every other ray, that is, Vx C A% (V) and
Vo, C A% (V) for every pair of rays R and Q. (A flat graph, like that in (1.3), has at most
one end, but an end need not be flat.) The proof of Theorem 3.19 shows that (a) safe flat
graphs are KP, and (b) vertices of a safe graph with finitely many ends can be partitioned so
that the respective induced subgraphs are safe and flat, hence KP by (a), while the property
(2) of Theorem 3.1 holds. Part (a), combined with Theorem 3.1, gives also kernel-perfectness
of many graphs with infinitely many ends, for instance, safe graphs with countably many
ends where each end is flat. Two examples are sketched in (1.4), with double arrows marking
flat ends, which determine also the partition. (Vertices with infinite outdegree may occur
anywhere as long as they do not violate safety or the end structure.)

(1.4)
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Kernel-perfectness of safe flat graphs is shown by two cases. For rays () and R satisfying
Vo, C A%(Vz), a special situation occurs when every tail of @ reaches some vertex r € Vp,
that is, when V, C A%(r), denoted by Q /< R. If a flat graph contains a so related pair of
rays, then it has a bipartite tail, which implies that it is KP.

Lemma 3.3 A flat graph without odd cycles is KP if it has rays Q and R with Q < R.
The difficult part is the other case, which takes most of the proof.
Lemma 3.4 A safe flat graph is KP if Q 4 R for each pair of rays Q and R.

To show this, Definition 3.5 introduces finitary divisions, which allow to view a graph G
as the limit Uiew G; of an w-chain of rayless subgraphs with G; C G;41 C G and where, for
each i € w, all paths leaving G; intersect a finite subset of V.. (Set operations/relations
applied to graphs refer to their pointwise applications to the sets of vertices and edges.) By
Corollary 3.9, a safe flat graph, containing no rays Q and R with Q /< R, has a tail A% (1)
with a finitary division, for some vertex r. The proof of Lemma 3.4 is completed by showing
that such a tail is KP, which follows by the last major result, Theorem 3.10.

Theorem 3.10 A graph G with no odd cycles is KP if G = A%,(v), for some v € Vg, and G
has a finitary division.

The proof of this theorem uses compactness of Cantor space {1,0}V¢. Theorem 3.10 yields
also Corollary 3.18 extending Richardson’s Theorem 1.1.(a) to graphs without odd cycles



where each vertex is finitely separable from tails of all rays. The graph in (1.3) exemplifies
also this case, as does its generalization where each vertex n € w, except 1, is replaced by
finitely many vertices, each with edges from an arbitrary subset of {(n —1); | i € w} and to
an arbitrary subset of {n; | i € w}. Such a graph can have uncountably many ends and is not
covered by Theorem 3.1 or Theorem 3.19, but is KP by Corollary 3.18.

Section 2 introduces now the remaining notation, concepts and preliminary results, while
Section 3 presents the proofs of the main statements.

2 Notation and preliminaries

Recall that graph-theoretical terms like graph, cycle, path, etc., refer to their directed versions.
Paths are simple, and walks with repeated vertices are encountered only occasionally. We
write z — y for y € Ag(z), # = y for y € A%(x), and 7 : z = y for 7 being a path from x to
y. When the terminal vertex of a path 7w and the initial vertex of a path p coincide, or there
is an edge from the former to the latter, we denote by ; p or (7; p) the path 7 followed by the
path p (which may be a walk). A walk 7 intersects X if Vo N X # @, omits X if V; N X = @,
and a walk 7 : a = b crosses X if (V;\ {a,b}) N X # @.

A ray is an infinite, outgoing, simple path. For a ray R and 1 < i € w, R; denotes the i-th
vertex of R. A ray R crosses a set X if (Vi \{R1})NX # &. A ray R has the associated total
ordering <g, given by R; <r R; if 1 < j. By RIY we denote the tail of the ray R from vertex
v, RV = {z € V4 | v <g z}, by RY its initial segment up to v, R" = {z € Vi | = <g v},
and RY) = {z € Vi | # <g v}. For a finite subset X of Vg, by maxp(X) we denote the
< g-maximal vertex in Vx N X, if it exists, and the first vertex of R if Vz N X = &. The set of
rays in a graph G is denoted by G, and the set of rays starting at « € V; by £. The subgraph
of G induced by all its rays, G[Up.q A%(Va)], is denoted by G|[G].

The set of strong components (with at least two vertices) in a graph G is denoted by
SC(G). The subset ter(G) of terminal (strong) components is {X € SC(G) | A¢(X) = X }.

A Fkernel (introduced as a solution in [10]) of a graph G is a subset K of V such that
A (K) = Vs \ K. A subset X of Vi absorbs a subset Y of V; if Az(X) 2 Y. Thus, K is a
kernel of G if it satisfies two conditions:

Ag(K) C Vg \ K, that is, K is independent, and

Ag(K) D Vg \ K, that is, K absorbs its complement.

The set of kernels of G is denoted by sol(G), and G is solvable when sol(G) # @. By the
second inclusion, only the empty graph (&, @) has & as kernel. Equivalently, a subset K of
vertices is a kernel of G if

Ve €Vg: (z€ K& Ag(z) NK = ),
which can be expressed as an assignment a € 2Y6, where 2 = {1, 0}, subject to the condition

Vo € Vo olz) = [lyeng @) (1 — ay)). !

An assignment « is correct at a vertex v if a(v) satisfies this equation, and it is correct on a
subset X of Vi if it is correct at every z € X.

'This condition determines models of the propositional theory {z < Nyeag W | © € Va}, which is
actually a normal form for propositional theories. A model a € 2V¢ of such a theory determines the kernel of
G given by o' = {v € V& | a(v) = 1}. Thus kernel existence and logical consistency are equivalent problems,

also for infinitary logic. Relations and applications to logic are investigated in [1, 11].



2.1 Some basic facts

Given a graph G, we define sinks(G) = {z € Vi | Aq(x) = @}. All sinks of a graph are
contained in each of its kernels, forcing their predecessors Ag (sinks(G)) out of every kernel.
Such an inducing from sinks continues until it reaches a sinkless residuum G°, which has a
kernel if and only if G has it [1]. The process is captured by the construction in Figure 2.1,
which removes repeatedly sinks and their predecessors, forming successive subgraphs G;. At
each stage, the sinks of G; form the set o} and are assigned 1, while their predecessors form
0? and are assigned 0. The so induced partial assignment @ is defined by ordinal recursion
and is correct on its whole domain, dom(7).

Vo=V
Gi = G[Vj]
ol = sinks(G;)

o) = Ag(o}) NV

Vigi =Vi\ (0} Uc?) and Vy=(;.,V; for limit A
Ve =(),Vi and G° = G[V°] is an induced (sinkless) subgraph
oV =07, forve2

Figure 2.1: The induced assignment is & = (% x {0}) U (¢! x {1}).
Theorem 2.2 ([1]) For every graph G : sol(G) = {a U7 | a € sol(G°)}.

We can also induce from a given assignment « to a subset H of Vi, obtaining its unique
extension @ to a subset of Vi \ H. The process above is then run on the subgraph G — H,
starting with

af ={r € H|a(z) =1} U (sinks(G) \ H)
af ={z € H | a(z) =0} U (Ag(ag) \ H).
The so induced @ is correct on dom(a@) \ H. In particular, every assignment « to the sinks
of a KP graph G can be extended to an assignment correct on Vg \ sinks(G) by inducing @
and, if the remaining G° is nonempty, adding its arbitrary solution, which exists since G is
KP. For a rayless DAG (acyclic digraph), such a (relative) solution is induced uniquely [10, 1].

Solutions must respect the induced values. Two solutions, coinciding on a set H, coincide
also on the part induced from their restrictions to H. As the observation below shows, if
ailg = B = az|g and both a; and s are correct on dom(j), then a1|dom@) = a2|d0m(g).
This follows by uniqueness of the inducing from Figure 2.1, which assigns only values forced
by the prior assignment.

(2.3)

Observation 2.4 Given a graph G, o € 2V¢ and H C Vg, let B = a|g. If « is correct on
dom(B) \ H, then O‘|dom(B) = 0.

Proor. Given ¥ = {z € H | f(x) = v}, for v € 2, all z € A5(B') must obtain value 0
under any correct assignment, in particular, a(z) = 0 = (). Similarly, all y € V5 satisfying
Acg(y) € B9 must obtain value 1 under any correct assignment, in particular, a(y) = 1 = 3(y).

The claim follows by obvious induction. O

For o, H and (8 as in Observation 2.4, if « is correct on Vi \ H, then it is a solution to G
relative to 3. The set of such solutions is denoted by solr(G, j3).

We often apply inducing implicitly, using the following observation where case (b) allows
to ignore sinks and terminal components also without inducing all their consequences.



Observation 2.5 (a) A graph G is KP if and only if it has a free induced subgraph T such
that both T and G — V; are KP.
(b) A graph G without odd cycles is KP if and only if G|G] is KP.

In (a), the implication to the left follows since every induced subgraph H of G can be
solved by solving first H[Vy; N V], inducing values from this solution to Vi \ Vi — since T is
free in G, there are no edges in H from V; NV, to Vi \ Vi — and then solving the remaining
part. The implication to the left of (b) follows from (a), since the induced subgraph of G not
reaching any ray, G — Vg, is free in G and, being rayless and having no odd cycles, is KP
by Theorem 1.1.

A fan from a vertex v to a set of vertices X is a set of paths starting at v, terminating
at X without crossing it (having only the terminal vertex in common with X), and being
disjoint except for the common source v. A fan to a subgraph H is a fan to V. A vertex v
dominates a ray R if v has an infinite fan to R. The set of vertices dominating a ray R is

denoted by dmi(R).
o A ray R is safe if Vi N dmi(R) is finite.

e A graph is safe if it has no odd cycles and no unsafe (not safe) rays.

The fundamental example of an unsafe — and unsolvable — DAG is (w, <). The mere absence
of its subdivision is not sufficient for solvability of DAGs, as shown by the unsolvable graph in
Figure 2.6, with edges b; — ¢;,¢; = a;41 and a; — bj, for all ¢ € w and j > 1.

a1 ==b—c1—>ay=by—>cp—>a3 =S b3 —c3—>ag —¥ by >

Figure 2.6: An unsolvable DAG without a subdivision of (w, <).

Fact 2.7 below characterizes safety using the following notion of finite separability. Let
@, F' and R range over subsets of V in any graph G.

e [ separates @ from R if the subgraph G — F has no path from @\ F to R\ F, that is,
if each path in G from @ to R intersects F.

e An infinite Q) is finitely separable from R if there is a finite F' separating ) from R.

o A vertex qis finitely separable from R if some finite F', not containing ¢, separates {q}
from R\ {q¢}.

Finite separability from R is trivial when R is finite — typically, it is not. Separation from a
subgraph R refers to separation from V5.

A vertex ¢ dominates a ray R if and only if ¢ is not finitely separable from R. If each path
from ¢ to R intersects a finite F' ¥ ¢, then there is no infinite fan from ¢ to R. Conversely, if
no finite set not containing ¢ separates ¢ from R, then each finite fan C from ¢ to R can be
extended with an additional path, disjoint (except for ¢) from all paths in C.

Fact 2.7 A graph G without odd cycles is unsafe if and only if it has a ray R which is not
finitely separable from the set dmi(R) of vertices dominating R.

PRrROOF. The implication to the right is obvious, since an unsafe ray gives a required R. For
the opposite, assume a ray R as specified, that is, such that for every finite subset F' of V
there is a path omitting F' from R to some vertex dominating R. To exclude the trivial case,



let R contain only finitely many of such dominating vertices, that is, V; N dmi(R) is finite.
Recall that for a finite subset X of Vi, maxr(X) denotes the <g-maximal vertex in VN X,
if it exists, and the first vertex of R if VN X = @.

We construct a ray Y containing infinitely many vertices dj, € Y, h € w, dominating it. It
starts with a path (f81;71) : s1 — r1, where s is the first vertex of R and

B1: 81 — dj is a path to an arbitrary vertex dy € dmi(R); we set Dy = {d;};

Y1t di = 71 is a path with V,, NV, = {d1}, where r; € Vj is any (e.g., <g-minimal) vertex
with maxg(Vs,) <gr 71, reachable from dy by a path sharing only d; with $;. Such an
r1 and path vy, exist because di, dominating R, is not separated from R by the finite
set Vg, \ {d1}.

Given Y™ = B1; 71, we append successively paths a; : ;1 — 85, 3i : 85 — dy and ; : d; = 1,
for 1 < i < w, as explained below.

Suppose that we have already constructed a path Y"i-1 : s; = r;_q, for some ¢ > 1. It
contains i — 1 chosen vertices, {dy,...,d;_1} C dmi(R) N Y"1, denoted by D;_1, which will
also dominate the constructed ray Y. When ¢ > 2, each d, € D;_1, for 1 < h < i — 1, has
a fan of ¢ — 1 — h paths to Y-, denoted by F}i_l = {¢F | h < k <i—1}. (In Figure 2.8,
dotted arrows mark the paths gbfb S F;L for1 <h<k<i<4.) Welet F*~1 denote the union
of all such fans constructed along Y"i-1, that is, F*~! = Un<i F}i_l.

Figure 2.8:

Given a path Y7"i-1l : g1 = 7,1, for some i > 1, we append three following paths.

Q; 1 Ti_1 — 8; is a segment of R with s; € V5 satisfying maxR(Y’"*l] UF* 1) <g s; and such
that each dj, € D;_1 has a path qbz to Vi, \ {si} which is disjoint (except for its initial
vertex dp,) from Y7i- 1y FZ ! Since each dj, € D;_; has an infinite fan to R, there is a
path ¢} from dj, to R omlttmg the finite set (Y™~ U F*=1)\ {d},}. For each dj, € D;_1,
we extend its fan F,Tl setting F} = F,Zfl U{¢i}.

Bi: s; — d;. Using the Axiom of Choice, AC, we choose a new vertex d; € dmi(R) \ D;_1
reachable from s; by a path 3; omitting the construction up to now, so that Vg, N (Ysi) U
F') = @. Such d; and j3; exist because R is not separated from dmi(R) by the finite set
Y*) U F?, while RI* 0 (Y*) U F*) = @. We set D; = D;_1 U {d;}.

vt di = r;. We find (e.g., <pg-minimal) r; € V, with maxz (Y% U F?) <g r; and a path ~;
omitting vertices used so far, that is, V5, N (Y%) U F*) = @. Such r; and 7; exist since
d;, dominating R, has a path to R omitting the finite set Y'%) U F*. We set Fl=0

The construction continues with Y" and, in the w-limit, yields the ray ¥ = U,

icw Y7il, where
every dp, € J;e,, Di € Vi dominates Y by the infinite fan {¢} | h < i}. O



2.2 Ends of digraphs

The notion of an end of a digraph, as the subgraph induced by A%(Vy) for any ray R € G,
can be given a different description, involving and leading to other relevant concepts.?

Two rays in a graph G are equivalent, R ~ @, if they determine the same end, A% (V) =
A%(Vy). This is actually the largest equivalence contained in the quasiorder given by:

e Q =X Rif V, C A5(Vy), that is, if each tail of @ has a path to R.
The end AZ(R) coincides with the subgraph induced by (the vertices on the rays belonging
to) the equivalence class [R] of R, given by {Q € G | Q < RA R < Q}. This formulation
relates our notion to that from [12], where an end is the equivalence class of rays [R]~ with

respect to the largest equivalence £ contained in the quasiorder defined by:

e () “= R if there are infinitely many disjoint paths from @ to R.
Obviously, “< C =< and for every ray R : [R]” C [R]. The two notions are different when
paths from (each tail of) @ to R are not disjoint so that, in addition to V, C A% (V3), the
rays @ and R stand also in the stronger relation /<, given by:

e Q /< Rif V, C AL(r) for some r € V5.
In general, f< Z “=, while < = f<uw=<. Figure 2.9 illustrates the essentials.

Figure 2.9: P/< R, P“AR, Q4 R, Q“<Rand R4 P,R £ Q.

Unlike in undirected graphs, an end of a digraph can be a subgraph of another end; Q < R
may reflect strict inclusion A%(V,) C A5(Vz). The number of ends refers to distinct (not
necessarily disjoint) such subgraphs. The graph in Figure 2.9 has three ends (of either kind):
AL (Vp) = Vi, AG(V) = Vi, and A% (Vz) = Vg, even though A% (V) U A5(Ve) C AL (Vz).

A related difference from undirected graphs, exemplified by @ and R in Figure 2.9, is that
(rays from) two ends of a digraph need not be finitely separable. For our purposes, a weaker
separation property has to suffice, amounting to the fact that a vertex v dominating a ray Q
dominates also every ray R with @ “=< R.

Fact 2.10 For each graph G, v € V, finite subset F' of Vg, and Q, R € G satisfying Q “=< R :
if I separates v from some tail of R, then F separates v from some tail of Q.

PROOF. Suppose that F' does not separate v from any tail of @ and v € F. Let g € V,, be
such that maxg(F) <g ¢, and 7 be any path from v to the tail Ql omitting F'. Let v be a
path from ¢ along @ until a ¢’ € V,,, from which there is a path p to R omitting F. Such ¢
and p exist since maxq(F) <g ¢ <g ¢’ and @ “=< R. The concatenation 7;~; p gives a path
from v to a tail of R omitting F'. O

The equivalences on rays are used also for defining the following notion. For ~ e {é, ~1
a subset Z of V (or subgraph G[Z]) is ~-flat if Z contains only ~-equivalent rays. For

2We consider only ends induced by rays because ends induced by inverse rays (infinite simple incoming
paths, where Vi € w: R;y1 € A;(R;)) are not significant here; Theorem 1.1 implies that a graph without odd
cycles is solvable if and only if any of its tails is.



instance, the graph G in Figure 2.9 is neither ~-flat nor é—ﬂat, while the graph from (1.3)
is both. When an end A%(V}) is not flat, that is, when 3Q € G : AL (V) C AZ(VR), it may
be relevant to distinguish between the “whole end” induced by A% (V%) and its “proper part”
induced by A%5(Vi) \ A%(Va).

The following observation about flat graphs will be used a couple of places.

Fact 2.11 In a ~-flat (or é—ﬂat} graph G, A% (v) is a tail of G, for everyv € Vi with U # &.

PROOF. Af(v) is a nonempty free induced subgraph of G. If it is not a tail of G, then there
is some ray R in G — A%(v), so Vo € A%(Vy) for any Q € 7, that is, R Q (and R % Q). O

2.3 Semikernels

A semikernel of G is a subset L of Vi which is independent, A (L) C Vi \ L, and absorbs its
out-neighbors, Aq(L) € A; (L) [7]. The set of all semikernels in G is denoted by SK(G).

For instance, o' obtained by inducing in Figure 2.1 is a semikernel. Every kernel of a
graph is also a semikernel of that graph, while a semikernel L is a kernel of the subgraph
induced by Ag[L], where A;[L] = Ag(L)U L. A kernel of an induced subgraph H of G need
not be a semikernel of GG, but a kernel of a free induced subgraph is, as the following fact
implies, since sol(H) C SK(H).

Fact 2.12 If H C G and H is free in G, then SK(H) C SK(G).

PRrROOF. Let L be an arbitrary semikernel of H.
1. Ac(L)NVy =A,(L) CVy \L:since HC G and L € SK(H);
Ac(L)\Vy C Vg \ L :since L C Vy;
(L) S (Vg \L)U (Ve \L)=Vs\L:byl, 2., and Vy C Vg;
LyNnVy =A4(L) C Ay(L) : since HC G and L € SK(H);
L)\Vy C Ag(Vy)\Vy = @ :since L C Vi and H is free in G, that is, Ag(Vy) C Vi;
6. Ag(L) = (Ac(L) NVy) U (Ac(L)\ Vi) € Ay (L) € A5 (L) : by 4., 5., and H C G;
Thus, Ac(L) C A;(L) C Vi \ L by 6. and 3., s0 L € SK(G). O

Semikernels are useful for proving (un)solvability, mainly, thanks to the following result.

G o

Theorem 2.13 ([7]) A graph G is KP if and only if every nonempty induced subgraph H of
G has a nonempty semikernel.

This theorem follows also from the iterative construction of kernels below, which general-
izes a technique from [4] to infinite graphs. Also the inducing process in Figure 2.1 specializes
it, by dropping point 5 and, in point 2, taking at each stage L; = sinks(G;).

Definition 2.14 ([4]) A solver for a graph G is a sequence of induced subgraphs and semiker-
nels (G;, Li)1<i<k, for some ordinal K, such that:

1. G =G,

L; € SK(G;) for1 <i<k,

Giq1 = G; — Ag L4,

G = G[Nicr Ve,] — for limit ordinals X,
Ly € sol(Gy,).

SANR NI



Theorem 2.15 ([4]) A graph has a kernel if and only if it has a solver.

ProOOF. =) If K € sol(G), then (G, K) is a solver for G.

<) Let (Gy, Li)1<i<x be a solver for G and K = J;,~, L;. We show that

(a) K is independent, A5 (K) C Vi \ K, and

(b) K absorbs its complement, A;(K) 2 Vi \ K.
To show (a) suppose, toward a contradiction, y € Ag(z) for some z,y € K. Since every
semikernel is independent and K is the union of all semikernels L;, z and y belong to different
ones, say ¢ € L;, y € Lj. If i < j, then y € Ag[L;] and, by Definition 2.14, y & V5, so
y & L. If j <1, then 2 € Ag(y) C Ag[L] since L; is a semikernel and, by Definition 2.14,
r g Vg sox &L
(b) follows because if there is some x € Vg \ Ag[K], then © ¢ A;[L;] for 1 < i < k. In
particular, z € Vi, \ Ag|[Lx], contradicting the fact that L, € sol(G.). O

In particular, if every nonempty induced subgraph has a nonempty semikernel, then one can
easily form a solver. This gives, for instance, the following corollary.

Corollary 2.16 FEwvery bipartite graph G is KP.

This follows because for a nonempty induced subgraph H of G, sinks(H) C SK(H), while
if sinks(H) = @, then vertices at even distances from a fixed vertex of H form a semikernel.

Corollary 2.17 A graph G is KP if and only if G[AL(x)] is KP, for every x € V.

Proor. The implication to the right is obvious. To show the opposite, we start with ¢ = 1
and G1 = G. Given G;, we choose some xz; € Vg,, let L; be a kernel of G[Agi (x;)] and
Giy1 = Gi — Ag[Li]. A kernel L; of G[AF (z;)] exists because G[AF (z;)] is an induced
subgraph of G[Af(z;)], which is KP. By Fact 2.12, L; is a semikernel of Gy, since G[Af, ()]
is also free in G;. For the limit ordinals A, we set G\ = G|, Vs,]. Using AC for the
successive choices of z; and kernels of G[A, (z;)], eventually, we reach Vi, = @, obtaining
a solver (Gj, L;)i<x. Thus G has a kernel by Theorem 2.15. The graph G is KP because
kernel-perfectness of all G[AZ(z)] is inherited by all H[A% (z)], whenever H C G.3 0

3 The main result

The main result, Theorem 3.19, specializes the following general statement.

Theorem 3.1 A graph G is KP if there is a partition Vo = i, Va, such that
1. for each i € I : G; is KP, where G; = G[Vg,], and
2. for each nonempty subset I' of I, there is a k € F with G}, free in G[U;cp Va,]-

Proor. Let H be an arbitrary nonempty induced subgraph of G. By Theorem 2.13, it
suffices to show that H has a nonempty semikernel. Let

F={icl|VsNVy #a},

Vi, = Vg NVg,, for each i € F', and

H; = G[Vy,], for each i € F'.

3 A property P(.) is inherited by — or is hereditary in — induced subgraphs if P(G) and H C G imply P(H).
This holds above if we let P(G) denote that G[Af(v)] is KP for every v € V. A hereditary property, implying
solvability, implies also kernel-perfectness.
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We show first that H[Vy, ] is free in H. Let K = G[J;cr Ve,]. The three facts - H C G,
Vi, € Vi C Vi for k € F given by 2., and K E G — give the respective equalities:

Ap(Ve,) = Ac(Va, ) N Vg = Ac(Viy, ) N Ve N Vg = Ag(Vig, ) N V.

This gives the first equality below, while the following inclusions and the final equality follow
because Vi, = Vi N Vg, and because Gy, is free in K, Ax(Ve,) C Ve, :

Ap(V,) = Ax (Vi) "V € Ax(Ve,) NV C Vg, NV = Vi, .

Thus Ay (Vi,) € Vg, that is, H[Vy, ] is free in H.

Now, H[Vy,| = Gi[Va,] because Gi[Vy, ] C Gy E G, H C G and Vy, C V. (Generally,
if XCG,Y CGandVy CVy, then X = Y[Vy] because Vx = Vy v, by definition, while
Ay = Ay, follows by verifying for every x € Vx : Ax(x) = Ag(z)NVyx = Ag(x)NVyNVy =
Ay vy (). Setting X = Gi[Viy,] and Y = H yields Gi[Vy, ] = H[V4y,].)

Thus H[Vy, ], being the induced subgraph G[Vy, ], has a kernel because Gy, is KP. Since
it is nonempty and free in H, its kernel is a nonempty semikernel of H by Fact 2.12. O

We apply this theorem partitioning a safe graph with finitely many ends into ~-flat sets,
which are shown to be KP by two cases: when a ~-flat set contains a pair of rays with
Q /< P, Lemma 3.3, and when it does not, Lemma 3.4.

The following fact is used in Lemma 3.3 and then in Definitions 3.14 and 3.15. A digraph
without odd cycles need not be bipartite, for instance, a = b —=c, but a strong component
without odd cycles is (and its bipartition is unique).

Fact 3.2 A strong component without odd cycles is bipartite.

PRrROOF. Vertices of such a strong component C' can be partitioned by choosing any vertex
a € Vg, taking E to be all vertices reachable from a by a path of even length, and O all vertices
reachable from a by a path of odd length. Since C'is a strong component, £E U O = V.. To
show F N O = @, suppose that there is some b € E N O, that is, there is an even path
e - a — b and an odd path 7o : @ = b. Since C is a strong component, there is also a path
p b= a. There is therefore an odd closed walk: either p; o if p is even, or p; g if p is odd.
Since every odd closed walk contains an odd cycle, while C' has none, we conclude ENO = @.
This implies also that both E and O are independent. Hence {E, O} is a bipartition of C. O

A ~-flat graph, containing rays with Q < P, contains a cycle. When none of its cycles is
odd, we show that the graph has a bipartite tail which is KP by Corollary 2.16. The graph
is then KP by Observation 2.5.(a), and this summarizes the proof of the following lemma.

Lemma 3.3 A ~-flat graph G without odd cycles is KP if it has rays P and Q with Q =< P.

PROOF. Let @ and P be as in the statement of the lemma. By Observation 2.5.(b), we can
assume 7 # @ for all z € V. Since G is ~-flat, this implies Vi = A%(Vy) for every R € G, in
particular, Vi = A% (Vy,). For some py € Vp : Vi, € A%(po) and we consider A% (po). It is a tail
of G by Fact 2.11. Also, A%(po) is a strong component of G because each two s,t € A% (py)
are connected by (a; 8;7) : s — t, combining the paths:

a: s> q, for some q € V,, existing since s € Vg = A5(Vy,);

B :q = po, existing since Vi, C A% (po), and

vt po — t, existing since t € A% (po).
Thus A% (po) is a tail and a strong component of G. Having no odd cycles, it is bipartite by
Fact 3.2 and KP by Corollary 2.16. Its complement G — A% (po), having no odd cycles nor
rays, is KP by Theorem 1.1. By Observation 2.5.(a), the graph G is KP. O

11



The proof of the following lemma refers to further results because they take virtually the rest
of the paper, stretching until Corollary 3.18.

Lemma 3.4 A safe ~-flat graph G is KP if for all rays P and Q : P £ Q.

PROOF. Since G is ~-flat and contains no rays with P < @ (especially, no P with P /< P),
G is actually ~-flat, that is, for each ray R € G : [R] = [R]” = G.

According to Corollary 3.9, such a safe = flat G, with no rays P and Q satisfying P 7= Q,
has a tail A% (r), for some r € Vi, with a finitary division (Definition 3.5). This tail is KP
by Theorem 3.10. Its complement G — A% (r) is rayless and has no odd cycles, so it is KP by
Theorem 1.1. The lemma follows by Observation 2.5.(a). O

Constructions and arguments related to finitary divisions, to be defined now, are simplified
by considering graphs with a supersource, namely, a vertex v € Vi, such that Vi = A% (v).

Definition 3.5 A finitary division of a graph G, with a chosen supersource v, is a sequence
(Ci)iew of finite disjoint subsets C; of Vi, where Cy = {v} and Cjit1, for each i, is a minimal
set separating C; (every ¢ € C;) from tails of all rays.

Observation 3.6 Sinks and finite terminal components are irrelevant for forming finitary
divisions. A finitary division of G is a finitary division of its subgraph G|G], and vice versa.

Fact 3.7 If (Ci)icw is a finitary division of G with Cy = {v}, then every ray R € ¥ intersects
every C; fori € w.

Proor. If some R € ¥ omits some C}, then letting j be the least such, 7 > 0 and C; does
not separate C;_1 from tails of all rays, violating Definition 3.5. O

Lemma 3.8 For every graph G and v € Vy, if every x € A% (v) is finitely separable from tails
of all rays, then A% (v) has a finitary division.

PROOF. Let v € V; be arbitrary and, for every x € A% (v), By be a minimal finite subset of
Ve not containing = and separating z from tails of all rays. Let Cy = {v} and, given Cj, let
{H = Uyec B, and
i1 = Ciyn \ Uj<z Cj.
Since C}, ; is finite and separates C; from tails of all rays (as shown below), we can find (using
AC) a minimal subset Ciy1 of Cy/, | which still separates C; from tails of all rays. All C; are
then disjoint and finite. We prove that the resulting (C;)ic, is a finitary division of A} (v),
showing by induction on ¢ that C;;1 separates each C}, for j <14, from tails of all rays.

The claim is obvious for ¢ = 0, since then C{ = C| = B, and B, separates v from tails of
all rays. Since CY is finite, we can choose Cj as described.

Given Cj, separating each C; with j < i from tails of all rays, Cj,; separates C; from
tails of all rays by definition, so it separates each Cj, for j < 7, from tails of all rays. We
show that also C7,; separates C; from tails of all rays. Suppose that some ray, intersecting
Ci, intersects also Cj; at some c € (J;; Cj, and consider its tail

(*) R € ¢, for some ¢; € C; such that VenCi ={c}.

Such a tail R and ¢; exist for every ray intersecting C; because C; is finite and rays are
acyclic. Since C}; separates C; from tails of all rays, R crosses C} 4 but not {J,; Cj. If it
did, it would cross either Cj;, contradicting (*), or U] < Cj, in which case, by the 1nduction
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hypothesis for j < i, it would also cross Cj, again contradicting (*). Thus C}; separates
C; from tails of all rays and, being finite, has a minimal subset C;;; doing the same. Thus,
(Ci)icw 1s a finitary division of A% (v). O

Corollary 3.9 A safe é—ﬂat graph G, having no rays with P < Q, has a tail A% (r), for
some r € Vg, with a finitary division.

ProOF. By Observation 3.6, we can assume the inequality £ # @ for all z € V. Since
G is 2-Aflat, fixing an arbitrary R € G yields Vy = A% (V). Since G is safe, R is finitely
separable from vertices dominating it by Fact 2.7. Hence, there is some r € Vj such that
A% (r) contains no vertex dominating R. (If a vertex dominating R existed in A} (r) for every
r € Vg, then the paths from R to these vertices would all intersect a finite set F, since R is
finitely separable from them. Consequently, for some e € F : V;; C A%(e), that is, R < Q for
each @) € & - contradiction.) For every x € A%(r), there is thus a finite set B, not containing
x and separating x from a tail of R. Since G is é—ﬂat, Q “< R for every ) € é, so B,
separates x from tails of all rays é, by Fact 2.10. By Lemma 3.8, A% (r) has then a finitary
division, while by Fact 2.11, A% (r) is a tail of G. O

To complete the proof of Lemma 3.4, we need kernel-perfectness of A (r) with a finitary
division and no odd cycles, as in Corollary 3.9. The sketch of the proof of the following
theorem, giving this fact, overviews the steps stretching until Corollary 3.18.

Theorem 3.10 A graph with a supersource, a finitary division and no odd cycles is KP.

PROOF SKETCH. Given a finitary division (C});c. of a graph G with a supersource and no odd
cycles, we cover G' by w many rayless subgraphs G; such that G; C G4 and C; C sinks(G}).

For each i € w, given any assignment a; € 2%, we choose (using AC) a solution to G;
relative to this a;. Since C; is finite, and for each o; € 2% one relative solution is chosen, the
set solr(G;) of these selected relative solutions is finite.

We will also show that the choices are compatible in the sense that if 3 is selected for G,
then Sy, is selected for Gj, for every i < j. Thus, for every G; we obtain a nonempty finite set
solr(Gy) of solutions with the property that solr(Gj)|vg, C solr(G;) when G; C Gj;. Viewing
solutions as elements of the product topology 2"¢ and an appropriate extension solr(G;)*
of each solr(G;) as its closed subset, compactness of 2'¢ yields a nonempty intersection
MNic., s0lr(G;)*, containing solutions to G. Solvability gives kernel-perfectness because, as
will be shown, a finitary division of G is inherited by subgraphs with supersources. O

Definition 3.11 For a graph G with a chosen supersource v and a finitary division (C;)icw,
we set Gy = ({v},d) and, for every i > 0, define G; as the subgraph consisting of the union
of all walks from v that do not cross C;.

In general, G; is not an induced subgraph of G. Paths terminating in C; (without crossing
it) belong to Gj;, so C; C sinks(G;). In the example in Figure 3.12, C; = {ay,b1,c1,d1,e1},
Co = {ag, bz, c2,d2}, and edges Ag, are marked by j <.

Fact 3.13 If (Ci)icw is a finitary division of a graph G with a supersource v, then

1. G= <Ui€wVGi’ Uiew AGi>’
and the following facts hold for each subgraph G; from Definition 3.11:
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Figure 3.12: For i € {1,2,3}, edges A, are marked by j <.

2. forj>i: Vg, C Vg, \Cj,

3. aifmea; — x; 1s a path in G with x; € Vg, and xj ¢ Vg,, then V., N C; # 2,
4. Ac(Vs,) € Ve, .,

5. Gy is rayless.

ProoOF. (1) Every = € V is reachable from v by some path 7 which, being finite, does not
cross some Cj, so x € Vg,. For every edge (x,y) € Ag, the finite set V, U{y} does not intersect
some C;. Hence the walk 7; (z,y) is in G; and (z,y) € Ag,.

(2) This holds trivially for i = 0 since Vi, = {v} C Vg, \ Cj, for each j > 0. So let j >i >0
and suppose x € Vg, \V(;j for some z, that is, there is a path 7y : v = z not crossing C; (since
z € Vg,), while every path v = 2 crosses C; (which is the only reason why z ¢ Vs,)- Letting

co # x be such that cg € C; NV, , we can write the path as 7o : v 5oep > .
We claim that for every c; € Cj, there is a ray R € ¢; omitting Cj, for each ¢ < j:

(*) VC]' ECj 3RE€jVi<j2VRﬂCi:®.
If some ¢; contradicts this formula, then also C; \ {c;} separates C;_; from tails of all rays.
This holds trivially if ¢&; = @. Otherwise, every path Cj_1 = ¢; can be extended along any
R € ¢j. If every such R crosses C; for some ¢ < j, then it returns to C; (since C; separates
C; from tails of all rays) and crosses it again at some vertex in C; \ {¢;}. This contradicts
minimality of C; as a member of the finitary division.

In particular, for ¢ € C; N Vy,, there is such a ray R € ¢y, omitting all C; for ¢ < j. Since
7o does not cross Cj, its initial segment 7, : v = ¢ omits C;. The walk (7); R) gives then a
ray in ¥ omitting C;, which contradicts Fact 3.7 yielding Vi, C |

We show Vi, NC; = @. By Definition 3.5, C;NC; = @. If there is some ¢; € C;N(Vg, \C;),
then there is a path 7 : v = ¢; omitting C;. Since ¢; € C;, some R € &; omits C; by (*). The
walk (m; R) gives a ray in ¥ omitting C;. This contradicts Fact 3.7, yielding Vi, C Ve, \ Cj.
(3) If j <4, then Vo, € Vg, by (2), hence if z; € Vg,, then z; € Vg,. So let j > i and, toward
a contradiction, suppose that for some z; € Vi, and x; € VG]. \VGw there is a path 7 : z; — x;
omitting C;. In particular, z; ¢ C;. Since z; € Vg,, there is a path a : v = x; omitting C;.
This yields a walk (a; ) : v = z; omitting C;, so z; € Vi, contradicting z; € Ve, \ Ve,
(4) If there is an z € Vg, and y € Ag(z) \ Vg,,,, then the l-edge path (z,y) leaves Vg, |
(Vg, C Va,,, by (2)) and does not intersect Cj;1 (since Cjy1 C VGi+1)’ contradicting (3).
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(5) If some G contains a ray R, then VN C; = @, for j > i, because Vi, N C; = @ by (2),
and Vi N C; = & because no edge going out of C; belongs to Ag,.

Let 7 : v = r, for some r € Vi, be any path omitting C; (which exists since Vi C Vi, \ C;).
By (3), 7 is contained in G;. The walk 7; RI" gives a ray in # contained in Gj, that is, omitting
Cj, for j > 4. This contradicts Fact 3.7. O

This fact will justify a choice of solutions to G; relatively to o € 2¢. More generally, we
show how to select a solution to a rayless graph without odd cycles, relatively to (i) a fixed
assignment to any subgraph (to be then specialized to C;) and (ii) a given choice of one part
from each strong component (all are bipartite by Fact 3.2). We first define the new concepts.

Definition 3.14 For a strong component X € SC(G) in a graph G without odd cycles, let
{Lx,Rx} denote the bipartition of X. A choice from SC(G) is a function X\ selecting one
part of the bipartition of each component, that is, VX € SC(G) : A(X) € {Lx,Rx}.

Given a choice \ from SC(G) and a subgraph H of G, the induced choice |y is defined,
for each’Y € SC(H), by AM|g(Y) =Y NA(X), where X € SC(G) is the unique component of
G such that Y C X.

Given a rayless graph G without odd cycles, an assignment o to some H C Vg, and a
choice A from SC(G), we generalize the concept of inducing from Figure 2.1 to a choice of
a relative solution for G. It starts with « and keeps it unchanged on H, as in (2.3). (In
the definition below, the initial modification of G to G, ensures only that the first step
induces the assignment « on H, represented by a semikernel of G,.) From this initial point,
the definition follows the induction process (Figure 2.1) with one difference: encountering a
terminal component, its solution is chosen by the choice induced from A. Although A is thus
a parameter to the construction, we drop it from the notation since it is applied only once
for the whole graph and propagated to the subgraphs as the induced choice.

Definition 3.15 Let G be a rayless graph without odd cycles, A be a choice from SC(G),
H C Vg and o € 2. The graph G, is obtained by keeping G unchanged on Vg \ H, while

— adding a new vertexr w, Vg, = Vo W {w},

— for each x € H with a(x) = 0, adding the edge (x,w), and

— for each x € H with a(z) = 1, removing all edges out of x (making it a sink of Gy ).
We proceed now recursively starting with D1 = Gg:

1. If sinks(D;) # @, then induce from them, as described in Figure 2.1, obtaining a

semikernel L; of D;.
2. If sinks(D;) = @, then let T; = |Jter(D;) be the subgraph induced by the terminal

components and L; its semikernel given by the induced choice \|p,, that is, L; =
Uy eter(pyy AMX) NY, where X € SC(G) is unique such that Y C X.

3. Continue with Diy1 = D; — Ay, [Li], and for limit ordinals X let Dy = Go[( ;<) Vp,]-
For Kk being the least ordinal with Vp,, = @, we define L* = J,_,. L;. For each a € 21 :

e(a) = (L \{w}) x {1}) U (Ve \ L?) x {0}).

Since G is rayless, it has sinks or terminal components, and the process starts with these,
terminating with the empty graph in s steps, for some ordinal x with || < |Vg|. The
function € is well-defined because in each encountered subgraph, sinks or the choice from
terminal components determine its values uniquely. For each argument, this function yields
a relative solution.

<K
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Fact 3.16 For a rayless graph G without odd cycles, arbitrary H C Vi and choice A from
SC(G), the function € from Definition 3.15 is such that Vo € 27 : e(a) € solr(G, a).

PrOOF. First, we show that e(a) U {(w,1)} € sol(D;), for any o € 27, In point 1 of
Definition 3.15, L,, is a semikernel of D,,, being the result of inducing from sinks(D,,), while
in point 2, L, is a kernel of T;, since T, consists of mutually unreachable strong components
Y € ter(D,,), each with the bipartition {A\(X) NY,Y \ A(X)}, where X is the unique strong
component of G containing Y. Since T, is a free induced subgraph of D,,, L, is a semikernel
of D,, by Fact 2.12. Thus, for the ordinal k as in Definition 3.15, adding G, = (&, &) and
L,, = @, the sequence of subgraphs (D;);<, with the semikernels (L;);<, is a solver, yielding
by (the proof of) Theorem 2.15 the kernel L* = |J,,. L; for Dy, that is, for G,.

Since for every = € Vi \ H : Ag(x) = Ag, (z), the obtained e(a) is correct in G at every
x € Vi \ H. The modification of G to G, ensures that e(a)|g = @, so e(@) € solr(G,). O

Given a graph G with a supersource, a finitary division (C;);e., and no odd cycles, we apply
this fact to the rayless graphs G; from Definition 3.11, covering G according to Fact 3.13.1.
Fixing a choice from SC(G) and using the induced choice for each Gj;, Definition 3.15 gives
the function ¢; : 2¢¢ — 2Y¢ providing a solution ei(a;) to Gy, relatively to every assignment
a; € 2%, These relative solutions to different subgraphs G; are compatible; restriction of a
relative solution for G to Gj, for any 0 < i < j, is a relative solution for G, as shown in the
following lemma. More precisely, for each pair 4, j with 0 < ¢ < j and any a; € 205,

€i(aj) € solr(Gj, o) by Fact 3.16. Let

o = ¢j(aj)le;, and

B = €i(o), where 3 € solr(G;, o) by Fact 3.16. Finally, let

v = €i(y)lvg, -
With this notation, 8|c, = ¢ = 7v|¢;, and the following lemma gives the equality 5 = 7.

Lemma 3.17 For a graph G with a supersource, a finitary division (C;)ic, and no odd cycles,
— let X be an arbitrary choice from SC(G), and
~ for eachi >0, let ¢; : 2 — Uaezcs solr(Gi, a) be the function from Definition 3.15
(with the induced choice \; = Ng, ).
For every i and j, with 1 <i < j € w, and every a; € 2% : ¢;(e;(aj)|c;) = ej(aj)lve, -

Proor. By Fact 3.13.5, each Gj is rayless, so we can use Definition 3.15 and Fact 3.16.
With the notation introduced just before the lemma, both 3 and v are correct on Vg, \ Cj:
B by Fact 3.16, while ~y is correct on Ve, \ Cj by the same fact, and hence on Vg, \ Cj, since
VGi \CZ - ng \Cj, by Fact 3.13.2.

The claim § = « follows by induction. Starting with Ky = C; and o¢ = o, we extend in
each step the induction hypothesis 8|k, = 0, = 7|k, to some nonempty subset of vertices in
the remaining subgraph D,, = G; — K,,. Two cases depend on the result ,, of inducing from
op, to Dy,

i. o, # 7,, that is, o, C 7.

Since S|k, = on = 7|k, and both  and ~ are correct on D,,, Observation 2.4 yields
Blk: = Gn = Y|k, where K], = dom(c,) NVp, # @. We continue with 8|k, , = V[x,1>
where K11 = K,, UK],.

ii. 0, = @, that is, no inducing from o,, takes place; in particular, sinks(D,) = @.
In this case, the rayless D,, has terminal components, denoted ter(D),,), and we show that
the assignments agree on the subgraph T;, consisting of all these components. Let X € ter(D,,)

16



be arbitrary.
(a) The assignments agree on Ag, (X )\ X since they agree on K, by the induction hypothesis,
while Ag, (X)\ X C K. This inclusion follows since X € ter(D,,) implies Ap, (X) = X, while
Ap, (X) = Ag,(X)NVp,,s0 X = A (X)NVp, and hence Ag, (X)\ X C Vi, \ Vb, = K.
Since no inducing from o, to D, takes place, all vertices in K, with edges from D,, are
assigned 0, that is, Vy € Ag, (Vp,) \ Vb, : 7(y) = 0 = S(y). This holds, in particular, for all
vertices in Ag, (X) \ X.
(b) Since X € SC(D,,), for some Y € SC(G;) and Z € SC(G): X CY C Z.
e If X =Y, then by (a) and Definition 3.15.2, 8|x = \(X) = AM(Z)NX = \;(X) =Y x.
e If X # Y, then, since no inducing occurs from o, to X, in particular, from o,|ynx,
to X, we have v'|x = N (Y)NX = A(Z) N X, while A\(Z) N X = \(X) = Bx, by
Definition 3.15.2. Thus v!|x = 8Y|x.

In either case, also 3%|x = X \ A\i(X) = ~°|x, so v|x = fA|x.

In a rayless and sinkless D,,, all X € ter(D,,), having no outgoing edges, are mutually
unreachable, so this argument works simultaneously for all of them. Thus § and ~ agree on
T, and we continue with 8|k, ., = 7|k, where K, 11 = K, UV, . This completes point ii
and the successor case.

Setting K\ = (J;, Ki, in any limit A, yields 8|k, = 7|k, because if not, then 3|k, # ¥|x,
for some i < A\. We continue with K and this equality.

Eventually, K1 = K, for some ordinal p with cardinality |u| < |Vg,|. Then K, = Vg,
for suppose K,y = K, and some = € Vg, \ K,. If there is a y € Ag () N K, such that
v(y) =1 = B(y), then x obtains the induced value 0 in step +1, so x € K11, contradicting
K, +1 = K. If there is no such y while A¢ (z) C K, then x € sinks(D,), so x € K, by i,
contradicting K11 = K. Hence, all y € Ag, (z) N K, are assigned 0 and Ag,(z) € K. This
implies that D, is sinkless. It is also nonempty (since 3z € V;, \ K,) and rayless (since G; is
rayless), so ter(D,) # @. This contradicts K1 = K, because ter(D,) € K,41 by point ii.
Thus, K, = Vg, and 8 = f|k, = V|k, =7 O

n+1

We can now complete the proof of Theorem 3.10, according to which a graph with a super-
source, a finitary division and no odd cycles is KP.

PrROOF OF THEOREM 3.10. (a) We show first solvability of such graphs. Let G = A% (v)
and (Cj)ie, be a finitary division of G. Definition 3.11 gives an w-chain of rayless subgraphs
G1 C Gy C ..., such that G = (U, Vo, Uicw, Ac,) by Fact 3.13.1. Using AC, we obtain a
choice X from SC(G) and, for each i € w, we let function ¢; : 2¢4 — 2"6i be as in Definition
3.15. By Fact 3.16, ¢;(a) € solr(G;, a) for each o € 2. Let solr(G;) denote the set of such
relative solutions:

— s0lr(G;) = {ei(a) | a €29} # @, and

— solr(G;)* = {B € 26 | Bly,. € solr(G;)}.
Since each C; is finite and since we have fixed a global choice A from SC (@), each solr(G;)
is finite. Hence solr(G;)* is a closed set in the product topology on 2¢ (with the discrete
topology on 2). For every finite subset F' of w : ;o solr(G;)* = solr(Gmaxr)* # @, since
s0lr(Gm)|v, C solr(G;) for all m,i € F with m > i, by Lemma 3.17. Since 2'¢ is a
compact space, Nicw, s0lr(G)* # @. Finally, (., solr(G;)* C sol(G). Take an arbitrary
@ € (g, s0lr(G;)* and x € Vg. For some i € w:x € Vg, so Ag(z) C Vg, , by Fact 3.13.4.
Because a\VGi+1 € solr(Giy1), the value a]VGiH(:r) is correct. Thus « € sol(G) since it is
correct at every x € V.
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(b) To show that a graph G with a supersource, a finitary division (C;);c,, and no odd cycles is
KP, let H be an arbitrary nonempty induced subgraph of G. We show that H has a nonempty
semikernel, which implies that GG is KP by Theorem 2.13.

If H has a sink, then it is a semikernel of H, so assume sinks(H) = @. Let h € V be
arbitrary and k € w be the least index for which h € Vi, , where indexing and Gy, refer to the
division of G into subgraphs according to Definition 3.11. Set Dy = {h} and, for each i > k,
let D;_, = C;N A} (h). Since Cj1 separates Cj from tails of all rays, and all paths leaving
G, intersect C), by Fact 3.13.3, all rays in hn H cross D). Likewise, for ¢ > 1, since Cj
separates C;yr—1 from tails of all rays in é, each D) separates D;_; from tails of all rays in
hnH. Starting with ¢ = 1 and using AC, we choose as D; a minimal subset of D) separating
D;_; from tails of all rays, obtaining a finitary division (D;);e,, of A% (h). By (a), the graph
A% (h) has a kernel, which is nonempty since so is A} (h). Since A} (h) is also a free induced
subgraph of H, this kernel is a nonempty semikernel of H by Fact 2.12. O

Local finiteness implies finite separability of each vertex from tails of all rays (implying safety,
in the absence of odd cycles), so the following extends Richardson’s Theorem 1.1.(a).

Corollary 3.18 A graph G is KP if it has no odd cycles and satisfies any of the conditions:
1. A% (v) has a finitary division for every v € Vg, or
2. every v € Vg is finitely separable from tails of all rays.

PRrROOF. 1. By Theorem 3.10, every A% (v) is KP, so the claim follows by Corollary 2.17.
2. For each v € Vg, each x € A% (v) is finitely separable from tails of all rays in A% (v), since

x is finitely separable from tails of all rays in G. Each A (v) has then a finitary division by
Lemma 3.8, so G is KP by point 1. O

The proof of Theorem 3.10 concludes also the proof of Lemma 3.4: a safe ~-flat graph is KP
if P f£ Q for every pair of rays. Lemma 3.4 together with Lemma 3.3 give kernel-perfectness
of every safe ~-flat graph. This fact, together with Theorem 3.1, lead to the final result.

Theorem 3.19 A safe graph G with finitely many ~-ends is KP.

Proor. Each ~-flat subgraph of G is KP by Lemma 3.3 or Lemma 3.4, so the claim follows
by Theorem 3.1 if we find a partition, Vi = [#;c; Ve,, such that (1) each G; is ~-flat or rayless,
and (2) each nonempty subset F' of I has some k € F with G}, free in K, where K = G[Vk]
and Vi = J;cp V,- By Observation 2.5.(b), we can assume

i.Vee Vo : 7 # 2.

ii. Let {E1,..., E,} be a finite set of ends of G, and consider their strict partial order C. Let
Ej denote the set of strict subends of Ej, that is, E]i ={E; | E; C Ej} and F] = Ej \ UEj
Define F/ < FJ’ & E; C Ej, for 1 <i<mnand1<j<n. It follows that

(*) F{ < Fj & F{ C Ag(F}) and F < Fj = Ag(F))NF; = 2.
Distinct F] and FJ’ may still intersect, when so do the C-unrelated ends E; and E;. We
modify them obtaining disjoint sets as follows:

Fy = U1§i<j§n F!'n FJ{7 and

F;,=F]\ Fy for1 <i<n.
We define Fy 4 F; for 0 < i < n and, for 7,5 > 0, apply (*) defining

(**) F; < Fj & F; C AG(F;).
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iii. The set {F; | 0 < i < n} partitions V. It covers V because every x € V; belongs to some
end by i and, since G is finite, to some C-minimal end E;\ UEj = I} So Vo =Ui<j<n Fj
but also Ulgjgn Fj’ = Uogjgn F;. Distinct F;, F; are disjoint since Fy N F; = @ for all ¢ > 0,
while for 0 < i < j <n:FyNF; = (F/\ Fo) N (F]\ Fy) C (F,NF)\ Fy = .

iv. G[Fp] is rayless. Toward a contradiction, suppose Vi C F] N Fj, for some F # I and
ray R. Then Vi C E; N Ej, giving an end E, = AZ(VR) with B, C E; N E;. If E; C Ej (or
E; C Ej), then F < F} (or Fj<' F}), hence I/ N Fj = @ by ii.(*), contradicting the existence
of R. Since neither E; C Ej nor E; C E;, both E, C E; and E, C Ej, but then Vx N F] = &
by definition F} = E; \ U E}, so Vi € F/ N FY.

Thus, F} N Fj contains no ray, for each pair 7, j with 1 <4 < j < n. Since Fp is the union
of finitely many such intersections, if Fjy contains any ray R, then R contains infinitely many
vertices from [ N F, for some pair of distinct i, j, that is, Vi C AL(F)N A%(FJ’) C E;NE;.
Then A:(Vz) = E. C E; N E;, yielding a contradiction as in the previous paragraph.

Having no odd cycles and no rays, G[Fp| is KP by Theorem 1.1.(b).

v. F;is ~flat for every 1 < i < n. If R; is a ray for which E; = A5(Vy,) and Q a
ray such that V, C Fj, then Ag(Vy) € AG(F;) C A5(Vg,). If Az (Vo) # A5(Va,), then
A5 (V) C AZ(Vi,), so Ag(Vg) € EZi and A%(V,) N F; = @ by ii.(**), contradicting Vi, C Fj.
Hence AG(Vy) = AG(Vyg,), that is, @ ~ R;. By Lemma 3.3 or Lemma 3.4, G[F}] is KP.

vi. Since the number n of ends is finite, if @ # S C {Fy,..., F,,}, then S has a <-maximal
element F,. Setting Vi = {J,cq Fi, K = G[Vk], and F = G[F,;,], we claim that F' is free in
K. Toward a contradiction, suppose that for some x € Fy,, there is some F; € S, F; # F,,
with some y € F; N Ag(x). Note that i # 0 because Fy N Ag(F;) = @ for 1 < j < n.
Since y € F; C E; and F; = Ag(VRi) for some ray R;, the edge x — y implies also x € E;.
Maximality of F,, in S gives two cases, each leading to a contradiction:

(a) If F; < Fy,, then E; € Ey,, 50 © € Fy C By \ U Erp.

(b) If F; A Fy,, then let E; be the C-minimal subend of E; containing z. By its minimality,
:cGFJ’». ThenxeF]{ﬂFmgFJfﬂFglgFo, sox & F,, =F) \ Fo.

Hence, F}, is free in K.

The set {Fy,..., F,} partitions thus Vg by iii, each of its nonempty subsets S has an
element free in the subgraph G| S|, vi, and each G[F;] is KP: for i = 0 by iv, while for i > 0
by v. The graph is thus KP by Theorem 3.1. O

Consequently, for any definition of a digraph minor admitting subgraphs and edge contractions
along directed paths, a digraph is KP if it has finitely many ~-ends, no odd cycles and no
(w, <)-minor.

A special case is a graph with finitely many é—ends7 which are finer than ~-ends. On
the other hand, a safe graph with infinitely many rays, each two satisfying R; f=< R; and

R; “Z Rj, has infinitely many Z_ends but is KP by Theorem 3.19, having only one ~-end.
Also, many safe graphs with infinitely many ~-ends can be shown KP by Theorem 3.1,
Theorem 3.10 or Corollary 3.18, as exemplified by (1.4). Conjecture 1.2, that safety ensures
solvability of arbitrary graphs, seems plausible but proving it remains an open problem.
Besides safety, parities of the involved paths play the obvious role. One can, for instance,
admit arbitrary dominating vertices as long as subgraphs reachable from them have bipartite
tails. More specific parity conditions on acyclic paths might therefore deserve closer attention.
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