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PARTIALLY CRITICAL INDECOMPOSABLE GRAPHS

ANDREW BREINER, JITENDER DEOGUN, AND PIERRE ILLE

ABSTRACT. Given a graph G = (V, E), with each subset X of V is as-
sociated the subgraph G(X) of G induced by X. A subset I of V is an
interval of G provided that for any a,b € [ and x € V\ I, {a,z} € E if
and only if {b,z} € E. For example, @, {z}, where x € V, and V are
intervals of G called trivial intervals. A graph is indecomposable if all its
intervals are trivial; otherwise, it is decomposable. Given an indecom-
posable graph G = (V, E), consider a proper subset X of V such that
|X| > 4 and G(X) is indecomposable. The graph G is critical according
to G(X) if for every z € V '\ X, G(V \ {z}) is decomposable. A graph
is partially critical if it is critical according to one of its indecomposable
subgraphs containing at least 4 vertices. In this paper, we characterize
the partially critical graphs.

1. DEFINITIONS AND NOTATIONS

A graph G is defined by a finite and nonempty set V of wvertices and by
a family E of pairs of vertices called edges. Such a graph is denoted by
(V, E'). With each nonempty subset X of V associate the subgraph G(X) =
(X, {{z,y} : {z,y} € E;z,y € X}) of G induced by X. For convenience,
given X CV, G(V'\ X) is also denoted by G — X and G —{z} by G — x for
reV.

For instance, given a set V, (V,@) is the empty graph on V whereas
(V,{{z,y};z # y € V}) is the complete graph. Let G = (V, E) be a graph,
and consider a partition p of V. The graph G is multipartite by p if for every
M € p, G(M) is empty. It is bipartite when |p| = 2.

Given graphs G = (V, E) and G’ = (V', E'), a bijection f from V onto V'
is an isomorphism from G onto G’ provided that for any x,y € V, {z,y} € £
if and only if {f(z), f(y)} € E'. Two graphs are then said to be isomorphic
if there exists an isomorphism from one onto the other. Given a graph GG, an
isomorphism from G onto itself is called an automorphism of G. The family
of all the automorphisms of G constitutes a group, called the automorphism
group of G and denoted by Aut(G).
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With each graph G = (V, E) associate its complement G = (V, E) defined
as follows: given v #y € V, {z,y} € E if {z,y} € E.

Given a graph G = (V, E), we define an equivalence relation C on V' in the
following way. For any x # y € V, xCy if there are vertices x = xg, ..., T, =
y such that {z;,x;41} € E for 0 < i < n — 1. The equivalence classes of
C are called the connected components of G. A vertex x of G is isolated if
{z} constitutes a connected component of G. The graph G is connected if
V' is the unique connected component of GG. For example, given n > 2, the
path on n vertices Py, = ({0,...,n — 1}, {{i,j} : |i —j| = 1};jeqo,..n—1}) 18
connected.

A perfect matching (called simply matching in this paper) of a graph
G = (V,E) is a subset of E which realizes a partition of V. Clearly, if a
graph G = (V, E) admits a matching, then |V| is even. For instance, the
family of pairs {{2i,2i + 1};0 < ¢ < n/2 — 1} is the unique matching of P,
when n is even.

Given a graph G = (V,E), a subset I of V is an interval [4, 5] of G
provided that for all a,b € I and z € V \ I, {a,z} € E if and only if
{b,z} € E. For example, &, {z}, where x € V, and V are intervals of G
called trivial intervals. A graph is indecomposable [4, 5] if all its intervals
are trivial; otherwise, it is decomposable. Given a graph G, since G and
G share the same intervals, we obtain that G is indecomposable if and
only if G is indecomposable. Note that the connected components of a
graph are intervals, thus a non-connected graph with at least three vertices
is decomposable. Lastly, we recall that a graph (V| E), with |[V| = 3, is
decomposable and that a graph (V, E), with |V| = 4, is indecomposable
if and only if it is isomorphic to P;. Furthermore, for every n > 4, P, is
indecomposable.

Given an indecomposable graph G = (V, E), with |V| > 2, G is critical
[5] if for each vertex x of G, G — x is decomposable. For instance, the graph
Gan = ({0,...,2n — 1}, E9y,), shown in Figure 1, is critical for n > 2, and
is defined as follows. For z,y € {0,...,2n — 1}, {z,y} € Ey, if there exist
i<jed{0,...,n—1} such that {z,y} = {2i,2j + 1}.

Now, we introduce the following weakening of the criticality. Given an
indecomposable graph G = (V, E), let X be a proper subset of V such
that | X| > 4 and G(X) is indecomposable. The graph G is called critical
according to G(X) (or X-critical [1]) if for every x € V\ X, G — z is
decomposable. Moreover, a graph G = (V, E) is said to be partially critical
if there exists X C V such that |X| > 4, G(X) is indecomposable and G is
critical according to G(X).

In this paper, we characterize the class of partially critical graphs. The
rest of the paper is organized as follows. In Section 2, we review relevant
properties of indecomposable graphs. In Section 3, we give two examples of
partially critical graphs. We introduce preliminary properties of partially
critical graphs in Section 4, and in Section 5, we present our main results.
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2. PRELEMINARIES

In this section, we review relevant properties of indecomposable graphs.
We begin with the well known properties of the intervals of a graph. Then
we examine the indecomposable subgraphs of an indecomposable graph.
Finally, we recall the characterization of critical graphs [5].

Proposition 2.1. Let G = (V, E) be a graph.

(1) Given a nonempty subset W of V', if I is an interval of G, then
INW is an interval of G(W).

(2) If I and J are intervals of G, then I N J is an interval of G.

(3) If I and J are intervals of G such that I N J # &, then I U J is an
interval of G.

(4) If I and J are intervals of G such that I\ J # @, then J \ I is an
interval of G.

We examine the indecomposable subgraphs of an indecomposable graph
in the next results.

Proposition 2.2 (Sumner [6]). Given a graph G = (V, E), with |V| > 4, if
G is indecomposable, then there is a subset X of V' such that | X| =4, G(X)
18 indecomposable and hence is isomorphic to Py.

To construct larger indecomposable subgraphs, we define the following
partition from any indecomposable subgraph.

Given a graph G = (V,E), let X be a proper subset of V' such that
|X| > 4 and G(X) is indecomposable. We consider the following subsets of
VA X.

o Ext(X) is the family of the elements = of V'\ X such that G(XU{x})
is indecomposable;
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e [X] is the family of the elements x of V'\ X such that X is an interval
of G(X U{x});

e For each u € X, X(u) is the family of the elements x of V' \ X such
that {u,z} is an interval of G(X U {z}).

The family {Ext(X), [X]} U{X(u);u € X} is denoted by px. Further-
more, [X] is divided into X~ and X as follows.

e X~ is the set of the elements x of V' '\ X such that for every y € X,
{z,y} & E;
e X7 is the set of the elements z of V' \ X such that for every y € X,
{z,yt € E.
Similarly, for each v € X, X(u) is divided into X~ (u) and X (u) as
follows.
e X (u) is the set of the elements = of X (u) such that {u,z} ¢ F;
e X' (u) is the set of the elements x of X (u) such that {u,z} € F.

We then introduce the three families below.
o gx = {Ext(X), X, X T} U{X " (u), X" (u) }uex;
gy = {X7U{X (u);u e X},
° q}"( = {X+} U {X*(u);u € X}

The family px is used as follows.

Lemma 2.3 (Ehrenfeucht and Rozenberg [2]). Given a graph G = (V, E),
let X be a proper subset of V' such that |X| > 4 and G(X) is indecompos-
able. The family px realizes a partition of V' \ X. Moreover, the following
assertions are satisfied.
(1) Given z #y € Ext(X), if G(XU{x,y}) is decomposable, then {z,y}
is an interval of G(X U{x,y}).
(2) Given z € X(u) andy € V\ (X UX(u)), where w € X, if G(X U
{z,y}) is decomposable, then {u,x} is an interval of G(X U{x,y}).
(3) Givenz € [ X]| andy € V\(XU[X]), if G(XU{x, y}) is decomposable,
then X U{y} is an interval of G(X U {z,y}).

Corollary 2.4 (Ehrenfeucht and Rozenberg [2]). Given a graph G = (V, E),
let X be a subset of V' such that | X| > 4 and G(X) is indecomposable. If G
is indecomposable and |V \ X| > 2, then there exist x #y € V\ X such that
G(X U{xz,y}) is indecomposable.

Given a graph G = (V, E), let X be a subset of V' such that | X| > 4,
|[V'\ X| > 2 and G(X) is indecomposable. This corollary leads to the
definition of the graph Gx = (V' \ X, Ex) in the following manner. For any
x#yeV\X,{z,y} € Ex if G(X U{z,y}) is indecomposable.

Remark 2.5: Given a graph G = (V, E), let X be a subset of V such that
| X| > 4, [V\ X| > 2 and G(X) is indecomposable. Consider distinct
elements x and y of V\X. If z,y € [X], then X is an interval of G(XU{z, y}).
Given u € X, if z,y € X (u), then {u,z,y} is an interval of G(X U {z,y}).
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Consequently, for each M € px \ {Ext(X)}, Gx(M) is empty. In other
words, if Ext(X) = &, then Gx is multipartite by px.

Now, we study the intervals of Gx.

Lemma 2.6. Given a graph G = (V, E), let X be a proper subset of V
such that | X| > 4 and G(X) is indecomposable. If Ext(X) = &, then the
following two assertions hold.

(1) If I is an interval of G such that I N X = &, then I is an interval
of Gx which is included in an element of qx.

(2) Given M € px and N € qx such that N C M, if I is an interval of
Gx such that I C N and if I is an interval of G(M), then I is an
interval of G.

Proof. Let I be an interval of G such that IN X = &. Given i # j € I, we
have IN(XU{4,j}) = {i,7} is an interval of G(XU{4, j}). Consequently, the
function, defined on XU{i} by i — j and k — k for k € X, is an isomorphism
from G(X U {i}) onto G(X U {j}). It follows from the definition of px and
of gx that i and j belong to the same element of ¢x. Therefore, there exists
N € qx such that I C N. The unique element of px containing NV is denoted
by M. By Remark 2.5, G x (M) is empty and thus I is an interval of G x (M).
Consequently, consider an element z of (V' \ X)\ M. Firstly, assume that
M = X(u), where u € X, and, for instance, that {u,z} € E. By Lemma
2.3, for every i € I, {i,z} € F if and only if {i,x} ¢ Ex. Secondly, assume
that M = [X] and, for example, that N = X~. It follows from Lemma 2.3
that for every i € I, {i,z} € E if and only if {i,z} € Ex. Thus the first
assertion of the lemma follows.

Given M € px and N € gx, N C M, let I be an interval of Gx such that
I C N and I is an interval of G(M). Consider an element x of V'\ M. When
x € (V\X)\ M, we proceed in a way similar to the case of first assertion.
Consequently, assume that z € X. If M = [X], then either ] C X~ or
I C X*. In both cases, I is an interval of G(I U {z}). Lastly, assume that
M = X(u), where v € X. As {u} U X (u) is an interval of G(X U X (u)),
I is an interval of G(I U {z}) when = # u. When x = u, it is sufficient to
distinguish N = X~ (u) and N = X+ (u). O

To continue, we examine the isolated vertices of Gx.

Lemma 2.7. Given a graph G = (V, E), let X be a proper subset of V' such
that | X| > 4 and G(X) is indecomposable.

(1) If I is an interval of G such that X C I, then the elements of V' \ I
are isolated vertices of Gx .

(2) Given u € X, if I is an interval of G such that I N X = {u}, then
the elements of I\ {u} are isolated vertices of Gx.

Consequently, if G admits a non trivial interval I such that INX # &, then
Gx possesses isolated vertices.
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Proof. Firstly, let I be an interval of G such that X C I. We have V' \ I C
[X]. Let = be an element of V' \ I. For every y € [X], X is an interval
of G(X U {z,y}). Furthermore, for every y € (V' \ X)\ [X], vy € I and
hence I N (X U{z,y}) = X U{y} is an interval of G(X U{x,y}). Therefore,
{z,y} & Ex for every y € (V\ X) \ {z}.

Secondly, given u € X, let I be an interval of G such that I N X = {u}.
We have I\ {u} C X(u). For every y € X(u), {u,z,y} is an interval of
G(X U{z,y}). Moreover, for every y € (V \ X)\ X(u), y € I and thus
IN(XU{z,y}) ={u,z} is an interval of G(X U {x,y}). It follows that for

every y € (V\ X)\{z}, {z,y} € Ex. 0

Lastly, we recall the characterization of the critical graphs and some of
their properties.

Theorem 2.8 (Schmerl and Trotter [5]). Given G = (V, E), an indecom-
posable graph with V| > 2, G is critical if and only if G is isomorphic to
Gop, or to Gayp, where n > 2.

Let G = (V, E) be a graph with |V| > 3. The indecomposability graph of
G ([3]) is the graph Ind[G] defined on V as follows: given x # y € V, {z,y}
is an edge of Ind[G] if G — {z,y} is indecomposable. An indecomposability
matching of G is a matching M of Ind[G] such that for every nonempty
subset N of M, G(UN) is indecomposable, where UN denotes the union
of the elements of N. Consider a subset X of V satisfying |X| > 4, [V \
X| > 2 and G(X) is indecomposable. An indecomposability matching of G
according to G(X) is a matching M of Gx such that for every subset N of
M, G(X U (UN)) is indecomposable.

We use the following properties of the critical graph Ga,.

Observation 2.9. Consider an integer n > 2. The following assertions are
easy to verify.

(1) Gay, is bipartite and
B(Ga,) = {{2i;i € {0,...,n —1}},{2i + 1;i € {0,...,n — 1}}}

18 the corresponding bipartition.

(2) Aut(Gan) = {Idgo,... 2n—1}, fon}, where fa, denotes the permutation
of {0,...,2n — 1} which interchanges i and (2n — 1) — i for i €
{0,...,2n—1}.

(3) For any distinct elements i and j of {0,...,2n — 1}, if Gop, — {1, 7}
is not connected, then Gop, — {i,j} admits isolated vertices.

(4) For every subset X of {0,...,2n — 1}, with |X| > 4, if Gap(X)
is indecomposable, then Ga,(X) is critical and hence isomorphic to
Gaom, where m = |X|/2. Furthermore, when n > 3, consider a sub-
sequence ig < --- < ip—1 of {0,...,n — 1} with p > 2. The subgraph
Gon({2i0,2i0+1,...,2ip—1,2ip—1 + 1}) is isomorphic to Gop. It suf-
fices to consider the function defined on {2ig, 2i0+1, ..., 2ip—1,2ip—1+
1} by 2ij +— 25 and 2i; +1— 25+ 1 for j €{0,...,p—1}.
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(5) For every j € {0,...,2n — 1}, Ga, — j admits a single non trivial
interval I; determined by: In = {2,...,2n—1}, In,—1 = {0,...,2n—
3} and I = {j— 1,j+ 1} for 1 < j < 2n—2.

(6) When n > 3, we have Ind[Gay] = P2, so that {{2i,2i + 1}; 0 <
i < n — 1} is the unique matching of Ind|[Gay]. It follows from
the fourth assertion that {{2i,2i + 1};0 < i < n — 1} is the single
indecomposability matching of Go,.

Let G be a critical graph. Then by Theorem 2.8 there exists an iso-
morphism f from G onto G, or Ga,, where n > 2. Since Aut(Ga,) =
{Idyo,...2n—1}, fon} and since fa, interchanges {2i;i € {0,...,n — 1}} and
{2i+1;i € {0,...,n — 1}}, the bipartition

{1 ({2i5i€{0,...,n—1}}), f ({20 + ;i € {0,....,n—1}})}
does not depend on the isomorphism f. It is denoted by B(G).

Given an indecomposable graph G = (V, E), let X be a proper subset
of V such that |X| > 4 and G(X) is indecomposable. In this paper we
characterize the graph G that is critical according to G(X), by using the
partitions px and gx of V'\ X together with the criticality of the subgraphs
of the graph G x induced by the connected components of Gx.

3. TWO EXAMPLES

For our first example, as shown in Figure 2, we begin with the graph Ps5 de-
fined on X = {0, 1,2, 3,4}. Distinct elements o, . .., 2,1 and yo, - . . , Y2n—1,
where m,n > 1, are added to X. We define the graph G = (V, E), where

V=XU{zo,...,z2m-1U{yo,---,Y2n—1}
and
E={{0,1},{1,2},{2,3},{3,4}}

U{{l,z;};:€{0,...,2m —1}}
U{{3,m2i41};i € {0,...,m — 1}}
U{{3,y2};k€{0,...,n—1}}
U{{z2, 22511 };1<je{0,...,m—1}}
U{{yek, ya+1}:k <1€{0,...,n—1}}.

From our definition of G, we deduce the following assertions about the
structure of G.

(] G(X) = P5;
e The function, defined on {0,...,2m — 1}, that associates x; with
each ¢ € {0,...,2m — 1}, realizes an isomorphism from G, onto

G({zo, -, T2am-1});
e The function, defined on {0,...,2n — 1}, that associates y; with
each k € {0,...,2n — 1}, realizes an isomorphism from Gg, onto

G({yos- - Y2n-1});
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FIGURE 2. px = ¢y = {X7(0),X(2),X (4),X"} and
Gx = G — X has two connected components.

7(0) = {.rgi;i S {0,... , M — 1}};

7(2) = {x2i+1;i S {0,.. LM — 1}};
“(4) ={yar; k€ {0,...,n—1}};

X~ ={ya+1;k€{0,...,n—1}}

px =qy ={X7(0),X7(2),X"(4), X}
Gx =G - X.

Now, we want to show that the graph G is indecomposable and critical
according to G(X). We establish this in the following two claims.

e b e

Claim 3.1. The graph G is indecomposable.

Proof. Let I be an interval of G such that |I| > 2. First, if IN X = &,
then [ is included in X~(0), X~ (2), X~ (4) or X~. Thus I would be a
non-trivial interval either of G({xo,...,z2m—1}) or of G{yo,-.-,Y2n-1}),
which are indecomposable. Secondly, if I N X = {u}, then u € {0,2,4} and
IN\{u} € X~ (u). However, given = € I'\{u}, there exists y € V\(XUX ™ (u))
such that {z,y} € E, which is impossible because {u,y} ¢ E. It follows that
X CI. If x € V\I, then, by Proposition 2.1, IN(XU{z}) = X is an interval
of G(X U {z}), that is, x € [X]. Therefore, X~ (0)UX~(2)UX~(4) C I.
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Given k € {07 s, 1}7 we have {y2k73/2k:+1} € E but {07y2k+1} € E. As
0,yor € I, we obtain that yox11 € I. Consequently, I = V. O

Claim 3.2. The graph G is critical according to G(X).

Proof. It suffices to observe the following.
(1) {2,z1} is an interval of G — xp and {0,x2,-2} is an interval of

G — Tom—1;

(2) if m > 2, then for 1 < p < 2m — 2, {zp—1,2p41} is an interval of
G — xp;

(3) V\{vo,y1} is an interval of G — yp and {4, y2,—2} is an interval of
G — yon—1;

(4) if n > 2, then for 1 < ¢ < 2n—2, {yg—1,Yq+1} is an interval of G—yj.

O

For our second example, shown in Figure 3, we begin with the graph Py de-
fined on X = {0,1,2,3}. Distinct elements xq, ..., Zom—1 and yo, ..., Y2n—1,
where m,n > 1, are added to X. Thus, we define the graph G = (V| E),
where V = X U{zg,...,22m-1}U{vo,...,y2n—1} and

E={{0,1},{1,2},{2,3}} U {{1,22;};:€{0,...,m —1}}
U{{z2, 225111 <j€{0,....,m—1}}
U {{92k7y2l+1};k S l S {07 cee,— 1}}

The next assertions follow immediately:

o G(X) =Py
e The function, defined on {0,...,2m — 1}, that associates x; with
each ¢ € {0,...,2m — 1}, realizes an isomorphism from Gg,, onto

G({zo,- - Tam—1});
e The function, defined on {0,...,2n — 1}, that associates y; with
each k € {0,...,2n — 1}, realizes an isomorphism from Gg,, onto
G({y07 ey an—l});
X(0) ={xe;:€{0,....,m —1}} U{yar; k €{0,...,n—1}};
X = {.CCQZ‘_H;i S {0, , M — 1}} U {yng; ke {0,...,77,— 1}};
px =qx = {X7(0), X"}

e Gx =G - X.

In Claims 3.3 and 3.4 below, we prove that G is indecomposable and

critical according to G(X).

Claim 3.3. The graph G is indecomposable.

Proof. Let I be an interval of G such that |I| > 2. First, if IN X = &,
then I is included either in X~(0) or in X—. If I € X7(0), then, since
G({zo,...,ram-1}) and G({yo, ..., y2n—1}) are indecomposable, there exist
i€{0,...,m—1} and k € {0,...,n — 1} such that I = {xa;,yor}. This
is impossible because {x9;, z2;+1} € E and {yop, x2;41} ¢ E. Similarly, if
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0 1 2 3

FIGURE 3. px = ¢y = {X7(0),X "} and Gx = G — X has
two connected components.

I C X, then, since G({zo,...,x2m-1}) and G({yo,-..,Y2n—1}) are inde-
composable, there exist ¢ € {0,...,m — 1} and k € {0,...,n — 1} such
that I = {x9;41,y2k+1}. This is impossible because {x9;y1,22;} € F and
{yok+1,22:} & E. Secondly, if INX = {u}, then u=0and I\ {0} C X~ (0).
However, given z € I\ {0}, there exists y € X~ such that {z,y} € FE,
which is impossible because {0,y} ¢ E. It follows that X C I. There-
fore, V'\ I C [X] and thus X U X~(0) C I. Given i € {0,...,m — 1}, we
have {x9;,22i+1} € E and {0,211} ¢ E. As 0,z9; € I, we obtain that
x2i+1 € I. Consequently, {zg,...,Tam-1} € I. In the same manner, we
verify that {yo,...,y2n—1} C I. O

Claim 3.4. The graph G is critical according to G(X).

Proof. Tt suffices to observe the following.

(1) V' \{zo,z1} is an interval of G — xy and {0, z2,,—2} is an interval of
G — wom-—1;
2) if m > 2, then for 1 < p < 2m — 2, {x,_1,ZTp11} is an interval of
p p+
G — xp;



50 ANDREW BREINER, JITENDER DEOGUN, AND PIERRE ILLE

(3) V' \ {yo0,91} is an interval of G — yo and {0, y2,—2} is an interval of
G — yan—1;

(4) if n > 2, then for 1 < g < 2n—2, {y4—1,Yq+1} is an interval of G—y,.

(|

4. THE FIRST PROPERTIES

In the section, we consider an indecomposable graph G = (V, E) and
a proper subset X of V such that |X| > 4 and G(X) is indecomposable.
Moreover, we assume that G is critical according to G(X).

Lemma 4.1. For every proper subset Y of V' which includes X, if G(Y)
is indecomposable, then |V \ Y| is even. In particular, |V \ X| is even and
Ext(X) = 2.

Proof. By applying Corollary 2.4 several times, we obtain G(Z) from G(Y)
such that Y C Z C V, G(Z) is indecomposable and either |V \ Z| = 1 when
[V\Y]isoddor |V\ Z| =2 when |V \ Y] is even. O

It follows from Remark 2.5 that Gx is multipartite by px. The next
result is a simple consequence.

Proposition 4.2. For every subset X CY CV, if G(Y) is indecomposable,
then G(Y') is critical according to G(X).

Proof. By the last lemma, |V \ Y| is even. Consequently, for all z € Y\ X,
[V \ (Y\ {z})| is odd and thus G(Y) — z is decomposable. O

Lemma 4.3. Given distinct elements a,b,c of V\ X, if {a,b},{a,c} € Fx,
then {b,c} is an interval of G(X U {a,b,c}) and hence there exists M € qx
such that b,c € M.

Proof. By the definition of Gx = (V\ X, Ex), G(X U{a,b}) is indecompos-
able. By Lemma 4.1, ¢ € Ext(Y"), where Y = XU{a, b}. If ¢ € [Y], that is, if
Y is an interval of G(Y U{c}), then Y N (X U{a,c}) = X U{a} is an interval
of G(X U{a,c}), which contradicts {a,c} € Ex. Therefore, there is u € Y
such that ¢ € Y'(u), that means, {u,c} is an interval of G(Y U {c}). Since
G(X U{a,c}) is indecomposable, {u,c} N (X U{a,c}) is a trivial interval of
G(X U{a,c}) and thus u = b. O

Lemma 4.4. Given M, N € px, consider a € M and b # ¢ € N such that
{a,b} € Ex and {a,c} € Ex. Then the following two assertions hold.
(1) If N = [X], then X U{a,b} is an interval of G(X U {a,b,c}).
(2) If N = X(u), where w € X, then {u,c} is an interval of G(X U
{a,b,c}).

Proof. As observed in the preceding proof, where Y = X U {a,b}, G(Y)
is indecomposable and ¢ ¢ Ext(Y). As {a,b} € EYx, it follows from Re-
mark 2.5 that M # N. If ¢ € Y(a), that is, if {a,c} is an interval of
G(X U{a,b,c}), then a and ¢ would belong to the same element of px by
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Lemma 2.6. Therefore, ¢ € Y(a). Furthermore, suppose that ¢ € Y (b)
or, equivalently, that {b,c} is an interval of G(X U {a,b,c}). By Lemma
2.6 applied to G(X U{a,b,c}), {b,c} would be an interval of Gx({a,b,c}),
which is impossible because {a,b} € Ex and {a,c} ¢ Ex. It follows that
either ¢ € [Y] or ¢ € Y (u), where u € X. Clearly, we have [Y] C [X] and
Y(u) € X (u) for every u € X. Firstly, assume that N = [X]. Since px is a
partition of V'\ X, ¢ ¢ X (u) and hence ¢ € Y (u) for every u € X. It follows
that ¢ € [Y]. Secondly, assume that N = X (u), where u € X. As ¢ € X(u),
¢ ¢ [X] and thus ¢ € [Y]. Therefore, there is v € X such that ¢ € Y (v).
Consequently, ¢ € X (v) and, as px is a partition of V' \ X, u = v. O

Corollary 4.5. The graph Gx has no isolated vertices.

Proof. The family of the isolated vertices of Gx is denoted by W. Since
Ext(X) = @, it suffices to prove that V' \ ([X] N W) is an interval of G
and {u} U (W N X(u)) is an interval of G for each u € X. First, we claim
that, given z € [X]NW, X U{y} is an interval of G(X U {z,y}) for every
ye (V\X)\ ([X]NnW). Indeed, as x is isolated in Gx, G(X U {x,y}) is
decomposable. If y ¢ [X], the claim follows from Lemma 2.3. Therefore, let
ye [ X]\W. Asy ¢ W, there is z € V' \ X such that {y,z} € Ex. Since
x € W, {x,z} € Ex and the claim follows from Lemma 4.4. Secondly, we
claim that, given x € W N X (u), {u,z} is an interval of G(X U {z,y}) for
every y € (V\ X)\ (W NX(u)). Similar to our proof of the first claim, the
second claim follows from Lemma 2.3 when y € (V' \ X) \ X (u). Otherwise,
Lemma 4.4 can be used by considering an element z such that z € V' '\ X
and {y, z} € Fx. O

Corollary 4.6. The partitions px and qx coincide.

Proof. Tt is sufficient to show that X~ = @ or X+ = @ and that for every
uwe X, X (u) =2 or XT(u) = @. By contradiction, suppose firstly that
there area € X~ and b € X . By Corollary 4.5, there exist ¢, d € V'\ X such
that {a,c},{b,d} € Ex. It follows from Lemma 4.3 that {a,d},{b,c} & Ex.
In particular, ¢ # d. By Lemma 4.4 applied to a, b, ¢, X U{a, c} is an interval
of G(X U {a,b,c}) and, since b € X, {a,b} € E. Similarly, by applying
Lemma 4.4 to a,b,d, we have X U {b,d} is an interval of G(X U {a,b,d})
and, since a € X, {a,b} ¢ E. Secondly, suppose that for u € X, there
exist a € X (u) and b € X*(u). Again, consider ¢ # d € V' \ X such that
{a,c},{b,d} € Ex and {a,d},{b,c} ¢ Ex. We arrive at a contradiction
similar to first claim. Indeed, by Lemma 4.4 applied to a,b,c, {u,b} is an
interval of G(X U {a,b,c}) and, since a € X~ (u), {a,b} &€ E. Again, by
Lemma 4.4 applied to a,b,d, {u,a} is an interval of G(X U {a,b,d}) and,
since b € Xt (u), {a,b} € E. O

Corollary 4.7. For every M € gy, G(M) is empty, and for every M € q%,
G(M) is complete.

Proof. By interchanging the graph G = (V, E) and its complement G =
(V, E), we only need to consider the case for M € ¢y . It suffices to establish
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that each connected component M’ of G(M) is an interval of G. Clearly,
M’ is an interval of G(M). Moreover, it follows from Corollary 4.6 that
M € px. Consequently, by Lemma 2.6, it is sufficient to show that M’ is
an interval of Gx. Since Gx(M) is empty, M’ is an interval of Gx(M).
Therefore, consider an element = of (V \ X)\ M. As G(M') is connected,
it suffices to verify that for a,b € M’, with {a,b} € E, {a,2} € Ex if and
only if {b,2} € Ex. Otherwise, there are a,b € M’ such that {a,b} € E,
{a,z} € Ex and {b,z} ¢ Ex. A contradiction follows from Lemma 4.4.
That is, if M = X, then X U{a, z} would be an interval of G(X U{a,b,z})
and thus {a,b} ¢ F and if M = X~ (u), where u € X, then {u,b} would
be an interval of G(X U {a,b,z}). This implies that {a,b} ¢ E because
a€e X (u). O

Discussion. It follows that G — X is entirely determined by px and by Gx.
More precisely, let a and b be distinct elements of V' \ X. Denote by M
(resp. N) the element of px which contains a (resp. b). It follows from
Corollary 4.6 that M, N € qx. Consequently, if M = N, then Corollary 4.7
is used. Indeed, either M € qy and {a,b} € E or M € q;g and {a,b} €
E. Now, suppose that M # N and, for instance, that M = X~ (resp.
M = X*). It follows that {a,b} € E if and only if {a,b} € Ex (resp.
{a,b} & Ex ). Finally, suppose that M = X (u) and N = X (v), where u and
v are distinct elements of X such that {u,v} ¢ E (resp. {u,v} € E). The
same equivalences are obtained.

Consequently, we examine the connected components of Gx in the next
section.

5. THE MAIN RESULTS

Proposition 5.1. Given an indecomposable graph G = (V, E), let X be a
proper subset of V' such that |X| > 4 and G(X) is indecomposable. If G
is critical according to G(X), then for each connected component C of Gx,
there exist distinct elements Mo and No of px satisfying C N Mo # O,
CNNg+#@ and C C Mo U Ng.

Proof. By Corollary 4.5, there exist a # o’ € C such that {a,d’} € Ex. By
Remark 2.5, there are M¢ # N¢ € px such that a € Mg and @’ € N¢. For

every b € C, there exists a sequence a = ag,...,a, = b of elements of C
such that {a;,a;41} € Ex for 0 < i < n — 1. From Lemma 4.3 it follows
that a = ag,a9,... € Mg and aq,as, ... all belong to the same element of

px. Therefore, it suffices to verify that a; € N¢g. It is obviously the case
if a; = a/. Otherwise, Lemma 4.3 may be applied because {a,a’},{a,a1} €
Ex. U

Remark 5.2: Given an indecomposable graph G = (V, E), let X be a proper
subset of V such that |X| > 4 and G(X) is indecomposable. Assume that G
is critical according to G(X). It follows from Remark 2.5 and Proposition
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5.1 that for each connected component C' of Gx, Gx(C) is bipartite by
{C NMa,CnN NC}.

Theorem 5.3. Given a graph G = (V, E), let X be a proper subset of V' such
that | X| > 4 and G(X) is indecomposable. The graph G is indecomposable
and critical according to G(X) if and only if the three assertions below are

fulfilled.

H1: The partitions px and qx coincide.

H2: For every M € qy, G(M) is empty, and for M € q%, G(M) is
complete.

H3: For each connected component C' of Gx, G(XUC) is indecomposable
and critical according to G(X).

Proof. To begin, assume that G is indecomposable and critical according to
G(X). Assertions H1 and H2 are Corollaries 4.6 and 4.7 respectively. For
Assertion H3, consider a connected component C of Gx. By Proposition 4.2,
it is sufficient to establish that G(X UC) is indecomposable. More precisely,
we prove that if G(X U C) admits a non trivial interval I, then I would be
a non trivial interval of G as well. By Lemma 2.7 applied to G(X U C), if
INX # @, then Gx(C) admits isolated vertices. Consequently, C' reduces
to a singleton, which contradicts Corollary 4.5. It follows that I N X = &.
By the last proposition and by Corollary 4.6, there exist Mo # No € qx
such that C' € McUN¢. By Lemma 2.6 applied to G(XUC), I is an interval
of Gx(C) and, for instance, I C M. As C is a connected component of
Gx, I is an interval of Gx. Moreover, it follows from Corollary 4.7 that I is
an interval of G(M¢). Lastly, by Lemma 2.6 applied to G, I is an interval
of G.

Conversely, we start with two simple observations. Firstly, a connected
component C of Gx does not reduce to a singleton because G(X U C) is
critical according to G(X). It follows that Gx does not have isolated ver-
tices. Secondly, given x € V' \ X, denote by C the connected component of
Gx which contains z. By Lemma 4.1, since G(X U () is critical according
to G(X), G(X U{x}) is decomposable, and thus, Ext(X) = @&. To continue,
by contradiction suppose that G possesses a non trivial interval I. It follows
from Lemma 2.7 that I N X = @. Let ¢ be an element of I. Denote by
C the connected component of Gx containing ¢. Since ¢ is not an isolated
vertex of Gx, there exists x € C such that {i,x} € EFx. We obtain that
IN(X U{i,x}) is a trivial interval of G(X U{i,x}) and necessarily = ¢ I. It
follows that x € C'\ I. By Lemma 2.6, [ is an interval of Gx. Consequently,
for j € I, {j,x} € Ex and hence j € C. It follows that I C C'\ {z} and I
would be a non trivial interval of G(X U C).

To complete the proof, we demonstrate that G is critical according to
G(X). Consider an element = of V' '\ X. Denote by C the connected com-
ponent of Gx containing x. As G(X U C) is critical according to G(X),
G(X U C) — = admits a non trivial interval I. Firstly, if X C I, then
(C\I)\{z} C [X] and we verify that V' \ (C'\ I) is an interval of G — z.
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Given y € (C'\ I) \ {z}, we claim that for every z € V' \ (C'\ I), X U{z} is
an interval of G(X U{y, z}). If z € X UC, then IN (X U{y,z}) = X U{z}
is an interval of G(X U{y,z}). If z € (V\ X)\ C, then {y,z2} ¢ Ex, im-
plying G(X U {y, z}) is decomposable. If z ¢ [X], then the claim follows
from Lemma 2.3. If z € [X], then, by Hypothesis H1, either y,z € X~
or y,z € X*. It is then sufficient to apply Hypothesis H2. Secondly, if
INX = {u}, then I\ {u} € X(u) and we prove that I is an interval of
G — x. Given y € I\ {u}, we claim that for every z € (V \ I) \ {z}, {u,y}
is an interval of G(X U{y, z}). If z € X UC, then I N (X U{y, z}) = {u,y}
is an interval of G(X U{y, z}). If z € (V' \ X)\ C, then {y,z} € Ex, that
is, G(X U{y, #}) is decomposable. If z ¢ X (u), then the claim follows from
Lemma 2.3. If z € X(u), then, by Hypothesis H1, either y,z € X~ (u)
or ¥,z € X*(u). Hypothesis H2 is then applied. Thirdly, if I N X = &,
then we establish that I is an interval of G — x. By Lemma 2.6 applied to
G(X UC(C) — z, there exists N € gx such that I C N. Furthermore, I is an
interval of Gx(C) — z. Since C is a connected component of Gy, I is an
interval of Gx — z. By Hypothesis H2, I is an interval of G(N) — z. By
Hypothesis H1, we have N € px. Lastly, by applying Lemma 2.6 to G — «,
I is an interval of G — . ]

Given a graph G = (V, E), let X be a proper subset of V such that | X| > 4
and G(X) is indecomposable. We now characterize the cases where G is
indecomposable and critical according to G(X), assuming G x is connected.
If [V\ X| = 2, then the following is evident. The graph G is indecomposable
and critical according to G(X) if and only if Ext(X) = @. Consequently,
we assume that |[V'\ X| > 3.

Theorem 5.4. Given a graph G = (V, E), let X be a proper subset of V' such
that | X| > 4, |V \ X| > 3, G(X) is indecomposable and Gx is connected.
The graph G is indecomposable and critical according to G(X) if and only
if the following four assertions are satisfied.

K1: Ext(X) = 2.

K2: The partitions px and qx coincide.

K3: For every M € ¢y, G(M) is empty, and for M € ¢k, G(M) is

complete.
K4: The graph Gx is critical and B(Gx) = px.

Proof. To begin, assume that G is indecomposable and critical according to
G(X). Assertions K1, K2 and K3 are respectively Lemma 4.1 and Corollaries
4.6 and 4.7. Concerning the fourth assertion, K4, we first prove that Gx is
indecomposable. More precisely, we prove that if I is a non trivial interval
of Gx, then I is a non trivial interval of G. By Proposition 5.1, px admits
two elements denoted by M and N. By Remark 5.2, Gx is bipartite by
{M,N}. Since Gx is connected, we have either I C M or I C N. For
instance, assume that I C M. By Corollary 4.7, I is an interval of G(M)
and, by Corollary 4.6, M, N € ¢gx. By applying Lemma 2.6 to G, [ is an
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interval of G. Now, we prove that Gx is critical. Given, for example, an
element x of M, consider a non trivial interval I of G —x. By Lemma 2.7, if
INX # &, then Gx — x admits isolated vertices and thus is decomposable.
Consequently, assume that I N X = @. It follows from Lemma 2.6 applied
to G — x that either I C M or I C N and I is an interval of Gx — x.
Conversely, it follows from Hypotheses K2 and K4 that B(Gx) = px =
gx has two elements denoted by M and N. By Hypothesis K1, M # Ext(X)
and N # Ext(X). To begin, we verify that G is indecomposable. More
precisely, we verify that if I is a non trivial interval of G, then I would be
a non trivial interval of Gx also. It follows from Lemma 2.7 that TN X =
& and it suffices to apply Lemma 2.6. Therefore, we want to show that
G is critical according to G(X). Let x be an element of M. Following
Observation 2.9.(5), we distinguish three cases. First, assume that there
exists y € N such that y is an isolated vertex of Gx —x and N = [X]. For
each ' € M\ {z}, {2/,y} € Ex and, by Lemma 2.3, X U{2'} is an interval
of G(X U{2/,y}). For every ¢ € N\ {y}, it follows from Hypothesis K3
that X U{y'} is an interval of G(X U{y, y'}). It follows that V' \ {z,y} is an
interval of G —z. Now, assume that there is y € N such that y is an isolated
vertex of Gx —x and N = X (u), where u € X. For each 2’ € M \ {z},
{2',y} € Ex and, by Lemma 2.3, {u,y} is an interval of G(X U{2/,y}). For
every y € N \ {y}, it follows from Hypothesis K3 that {u,y} is an interval
of G(X U{y,y'}). It follows that {u,y} is an interval of G — x. Lastly,
assume that there are y # z € N such that {y, 2z} is an interval of Gx — x.
By Lemma 2.6 applied to G — z, {y, z} is an interval of G — x. O

Given an indecomposable graph G = (V, E), consider a proper subset X
of V such that |X| > 4 and G(X) is indecomposable. Assume that G is
critical according to G(X). We use the following notation to describe the
indecomposability matching of G according to G(X). Consider a connected
component C' of Gx. By Theorem 5.3, G(X U C) is indecomposable and
critical according to G(X). By Lemma 4.1 applied to G(X U C), we have
|C| is even. Denote |C|/2 by n(C). If |C| = 2, then we denote by gc an
isomorphism from P, onto Gx(C). Assume that |C| > 2. By Theorem 5.4
applied to G(X U C), there exists an isomorphism, denoted by g¢, from
Gon(cy onto Gx(C). Moreover, for any connected component C' of G,
M denotes the family {{gc(2i),9c(2i +1)}; 0 < i < n(C) — 1}. Lastly,
we denote by Mg the union of the families Mo over all the connected
components C of Gx.

Proposition 5.5. Given an indecomposable graph G = (V, E), consider a
proper subset X of V' such that | X| > 4 and G(X) is indecomposable. If
G s critical according to G(X), then Mg is the unique indecomposability
matching of G according to G(X).

Proof. Consider an indecomposability matching M of G according to G(X).
For any = # y € V \ X such that {z,y} € M, we have G(X U {z,y}) is
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indecomposable, that is, {z,y} € FEx and hence x and y belong to the
same connected component of Gx. Given a connected component C' of
G x, denote by (M) the family of the elements of M contained in C. We
proved that M is the union of the families (M) over all the connected
components C' of Gx. Clearly, for each connected component C' of Gy,
(M) is an indecomposability matching of G(X U C') according to G(X).
To show that M = Mg, it suffices to verify that (M)c = M for every
connected component C of Gx. If |C| = 2, then (M)c = {C} and thus
(M)c = Mc. Now, assume that |C| > 2. Let « and y be distinct elements
of C such that {z,y} € (M)c. We have

G (XU U(M)e\ {{z,y}}) = GXUCO) —{z,y}

is indecomposable. By Proposition 4.2, G(X U C) — {x,y} is critical ac-
cording to G(X). Firstly, assume that |C| = 4 so that Gx(C) — {x, y} has
two vertices 2’ and y’. We have G(X U C) — {z,y} = G(X U {2/,y'}) is
indecomposable, that is, {2/,y'} € Ex. Since g¢ is an isomorphism from
G4 onto Gx(C), we obtain that {z,y} = {9c¢(0),9c(1)},{gc(1),9c(2)} or

{9¢(2),9¢(3)}. Necessarily, (M)c = {{gc¢(0),9c(1)}, {9c(2),9¢(3)}} be-
cause (M) is a partition of C'. Secondly, assume that |C| > 4. By Corollary

4.5 applied to G(XUC) —{z,y}, Gx(C)—{z,y} does not have isolated ver-
tices. By Observation 2.9.(3), Gx(C) — {z,y} is connected because Gx (C)
is isomorphic to G, (). By Theorem 5.4 applied to G(X U C) — {z,y}, we
have Gx(C) — {z,y} is indecomposable. But, by Observation 2.9.(6), we
have Ind[Ga,(cy] = Pon(c)- Consequently, there exists i € {0,...,2n(C) -2}
such that {z,y} = {gc(i),9c(i + 1)}. It follows that

(M)e € {{ge(@),go(i+1)}; 0 <i < 2n(C) -2}

Since (M)¢ is a partition of C, we obtain that (M)c = M.

To complete the proof, we establish that Mg constitutes an indecompos-
ability matching of G according to G(X). Given a nonempty subset N of
Mg, we have to show that G(X U (UN)) is indecomposable. By applying
Theorem 5.3 to G(X U (UN)), it suffices to prove the following. For each
connected component D of Gx(UN'), G(X UD) is indecomposable and crit-
ical according to G(X). By Proposition 4.2, it is sufficient to verify that
G(X U D) is indecomposable. As Gx (D) is connected, there is a connected
component C' of Gy such that D C C. Therefore, D C UN¢, where N
denotes the family of the elements of N included in C. Clearly, if [N¢| = 1,
then D = UN¢ and thus G(XUD) is indecomposable. Consequently, assume
that |[No| > 2. Since Gx(C) is isomorphic to Gap(c), it follows from Obser-
vation 2.9.(4) that G x (UN¢) is isomorphic to Gy, where p(C) = [Ng|/2.
In particular, Gx (UN¢) is connected and hence D = UN¢. Furthermore, it
follows from Theorem 5.4 applied to G(X U (UN¢)) that G(X U (UN¢)) is
indecomposable. O
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The existence of such an indecomposability matching of G according to
G(X) is obtained in [1] without its uniqueness. An immediate consequence
follows.

Corollary 5.6 (Deogun et al. [1]). Given an indecomposable graph G =
(V,E), let X be a proper subset of V' such that | X| > 4 and G(X) is inde-
composable. If G is critical according to G(X), then for each x € V \ X,
G —x admits a unique non trivial interval I and either |I| =2 or |[V\1I| = 2.

Proof. For every x € V '\ X, there exists y € V' \ X such that {z,y} € Mg.
Let Y = V \ {z,y}. Since Mg is an indecomposability matching of G
according to G(X), G(X U(UM¢g\ {{z,y}}))) = G(Y) is indecomposable.
As G is critical according to G(X), G — z is decomposable, that is, y ¢
Ext(Y). Therefore, G — 2 admits a unique non trivial interval which is
V\{z,y}ify € [Y] and {u,y} if y € Y(u), where u € Y. O

Observation 5.7. We can specify the non trivial interval I of G—x. Recall
that we proved the following in the last part of the proof of Theorem 5.5.
Denote by C' the connected component of Gx which contains x. As G(X U
C) was assumed to be indecomposable and critical according to G(X) by
Assertion H3, G(X U C) — x admits a non trivial interval J. Then, we
established:

o if X CJ, then V\ (C\J) is an interval of G — x;

o if | X NJ| <1, then J is an interval of G — x as well.
Assume that there is y € V' \ X such that C = {z,y}. If y € [X], then
J=X and I =V \{z,y}. Ify € X(u), where u € X, then I = J = {u,y}.
Now, assume that |C| > 4. By Proposition 5.1 and Corollary 4.6, there
exist Mo # N¢o € qx such that C C Mo U Ng. By Theorem 5.4 applied to
G(XUuQ), Gx(C) is critical and B(Gx(C)) = {McNC,NcNC}. Assume
that © € Mc. It follows from Observation 2.9 that if Gx(C) — x admits an
isolated vertex y, then y € No N C. Otherwise, there are y # z € No N C
such that {y, z} is an interval of Gx (C) — x. In the last part of the proof of
Theorem 5.4, we obtained the following interval J of G(X UC) — .

o IfGx(C)—x admits an isolated vertexy € NoNC' and if No = [X],
then (X UC)\ {x,y} is an interval of G(X UC) — x. Consequently,
I =V \{z,y}.

o IfGx(C)—x admits an isolated vertexy € NcNC' and if No = X (u),
where u € X, then {u,y} is an interval of G(X UC) —x. Therefore,
I ={u,y}.

o If there are y # z € Ngc N C such that {y,z} is an interval of
Gx(C) — x, then {y,z} is an interval of G(X UC) — x. It follows
that I = {y, z}.

To conclude, we compare the structure of the indecomposability graph of a
critical graph and of a partially critical graph.
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Corollary 5.8. Given an indecomposable graph G = (V, E), let X be a
proper subset of V' such that |X| > 4, [V \ X| > 2 and G(X) is in-
decomposable. If G is critical according to G(X), then Ind[G] — X and
Gx share the same connected components. Furthermore, for each con-
nected component C' of Gx, Ind[G](C) is isomorphic to the path Pc| and
Ind[G](C) = Ind[Gx (C)] when |C| > 4.

Proof. If |V \ X| = 2, then V' \ X is the unique edge of Ind[G] — X and of
Gx. Consequently, assume that [V \ X| > 2. Given z € V' \ X, denote by
C' the connected component of G x containing x. Consider an element x’ of
V' \ X such that {z,2'} is an edge of Ind[G]. The next three cases follow
from Observation 5.7. Firstly, there exists y € C such that V' \ {z,y} is an
interval of G — x. Necessarily, ' = y. Secondly, there are y # 2z € C such
that {y, z} is an interval of G — z. Consequently, 2’ = y or z. Thirdly, there
exist y € C' and u € X such that {u,x} is an interval of G —x. As 2’ ¢ X,
we have 2’ = y. In the three cases, we obtain that ' € C. Therefore, each
connected component of Ind[G] — X is contained in a connected component
of G X-

Consider a connected component C' of Gx. Let x and z’ be distinct
elements of C'. By Proposition 4.2, {z, 2’} is an edge of Ind[G] if and only if
G — {z,2'} is indecomposable and critical according to G(X). Clearly, the
connected components of Gx — {x, 2’} are the connected components of Gx
distinct from C' together with the connected components of G x (C)—{x,2'}.
By Theorem 5.3, for every connected component D of Gx such that D # C,
G(XUD,) is indecomposable and critical according to G(X). In particular, if
C = {z,2'}, then {z, 2’} is an edge of Ind[G] by applying Theorem 5.3 to G—
{z,2'}. Therefore, assume that |C| > 2. By Theorem 5.3 again, we deduce
that {z, 2’} is an edge of Ind[G] if and only if for every connected component
C’" of Gx(C) — {z,2'}, G(X U ') is indecomposable and critical according
to G(X) or, equivalently by Proposition 4.2, G(X U C”) is indecomposable.
Consequently, by assuming that Gx(C) — {z,2'} is connected, we have:
{z, 2} is an edge of Ind[G] if and only if G(XUC)—{z, 2} is indecomposable.
Firstly, assume that |C| = 4 so that Gx(C) —{x, 2’} possesses two vertices y
and y'. We obtain that {z, 2’} is an edge of Ind[G] if and only if {y,y'} € Ex.
Since g¢ is an isomorphism from G4 onto Gx(C), {y,y'} € FEx if and
only if {z, 2’} = {9c(0), gc (1)}, {gc(1), 9¢(2)} or {gc(2), 9c(3)}. Secondly,
assume that |C| > 4. To begin, assume that {z,z'} is an edge of Ind[G].
By Corollary 4.5 applied to G — {z,2'}, Gx — {z,2'} and thus Gx(C) —
{z,2'} do not have isolated vertices. Since G'x(C) is isomorphic to Gapn(c),
it follows from Observation 2.9.(3) that Gx(C) — {z,2'} is connected. As
previously seen, we deduce from Theorem 5.3 applied to G — {z, 2’} that
G(X UC) — {x,2'} is indecomposable and critical according to G(X). By
Theorem 5.4 applied to G(X UC) — {z,2'}, Gx(C) — {x, 2’} is critical. In
particular, Gx(C) — {z,2'} is indecomposable, that is, {z,z'} is an edge
of Ind[Gx(C)]. Conversely, assume that {z,z'} is an edge of Ind[Gx(C)].
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By Observation 2.9.(4), Gx(C) — {x, 2’} is critical. In particular, Gx(C) —
{z,2'} is connected. It results from Theorem 5.4 applied to G(X UC) —
{z,2'} that G(X U C) — {z,2'} is indecomposable and critical according
to G(X). Finally, it follows from Theorem 5.3 applied to G — {x, 2’} that
G — {z,2'} is indecomposable. O
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