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Abstract

In this paper, we give several approaches to construct new End-regular (-orthodox) graphs by means of the join and the lexicographic
product of two graphs with certain conditions. In particular, the join of two connected bipartite graphs with a regular (orthodox)
endomorphism monoid is explicitly described.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction and preliminary concepts

Endomorphism monoids of graphs (or just monoids of graphs) are a generalizations of automorphism groups of
graphs (or just groups of graphs). In recent years much attention has been paid to endomorphism monoids of graphs
and many interesting results concerning graphs and their endomorphism monoids have been obtained. The aim of the
research in this line is to establish the relationship between graph theory and algebraic theory of semigroup and to
apply the theory of semigroups to graph theory. Just as Petrich and Reilly pointed out in [13], in the great range of
special classes of semigroups, regular semigroups take a central position from the point of view of richness of their
structural “regularity”. So it is natural to ask for which graph G the endomorphism monoid of G is regular (such an open
question was raised in [11]). However, it seems difficult to obtain a general answer to this question. So the strategy for
solving this question is finding various kinds of regularity conditions for various kinds of graphs. In [14], the connected
bipartite graphs whose endomorphism monoids are regular were explicitly found. The joins of two trees with regular
endomorphism monoids were characterized in [9]. The split graphs with regular endomorphism monoids were studied
in [10]. In this paper, we give several approaches to construct End-regular graphs by means of joins and lexicographic
products of two graphs with certain conditions. In particular, we determine the End-regular (End-orthodox) joins of
two connected bipartite graphs.

The graphs considered in this paper are finite undirected graphs without loops and multiple edges. Let X be a graph.
The vertex set of X is denoted by V (X) and the edge set of X is denoted by E (X). If two vertices x; and x; are adjacent
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in graph X, the edge connecting x| and x is denoted by {x1, x} and write {x1, xo} € E(X). For a vertex v of X,
denote by Nx (v) (or briefly by N(v)) the set {x € V(X)|{x, v} € E(X)} and call it the neighborhood of v in X. A
subgraph H is called an induced subgraph of X if for any a, b € V(H), {a, b} € E(H) if and only if {a, b} € E(X).
A graph X is called bipartite if X has no odd cycle. It is known that, if a graph X is a bipartite graph, then its vertex
set can be partitioned into two disjoint non-empty subsets, such that no edge joins two vertices in the same set. A
set S C V(X) is called an independent set of X if for any a, b € S, {a, b} ¢ E(X). We call the length of a shortest
cycle in X the girth of X and denote it by girth(X). We call the length of a shortest odd cycle in X the odd girth
of X.

Let X and X, be two graphs. The join of X| and X, denoted by X| + X», is a graph such that V(X| + X») =
V(X1) UV(Xp) and E(X| 4+ X2) = E(X1) U E(X2) U {{x1, x2}|lx1 € V(X1),x2 € V(X3)}. The lexicographic
product of X1 and X, denoted by X[X»], is a graph with vertex set V (X([X2]) = V(X1) x V(X3), and edge set
EX1[X2]) = {(x, ), (x1, yD}{x, x1} € E(X1), or x = x1 and {y, y1} € E(X»2)}. The generalized lexicographic
product of a graph G with a family of graphs {B;|i € V(G)}, denoted by G(B;);cy (G), is defined as a graph whose
vertex set V(G (B)icy(q)) = [, yo)lx € V(G), yx € V(B)}, and {(x, y.), (&', ¥.)} € E(G(B)); ey (cy)if and only
if {x, x'} € E(G), or x =x"and {y,, y.,} € E(By).

Let X and Y be two graphs. A mapping ffrom V (X) to V (Y) is called a homomorphism if {a, b} € E(X) implies that
{f(a), f(b)} € E(Y). Ahomomorphism from X to itself is called an endomorphism of X. An endomorphism fis called
a half-strong endomorphism if { f(a), f(b)} € E(X) implies that there exist x1, xo € V(X) with f(x1) = f(a) and
f(x2)= f(b) such that {x1, x2} € E(X). An endomorphism fis called a strong endomorphismif { f (a), f(b)} € E(X)
implies that any preimage of f(a) is adjacent to any preimage of f(b). An endomorphism f'is called an automorphism
if f is bijective and f —lisan endomorphism. By End(X), AEnd(X), sEnd(X) and Aut(X) we, respectively, denote
the set of endomorphisms, half-strong endomorphisms, strong endomorphisms and automorphisms of graph X. It is
known that End(X) and sEnd(X) form monoid and Aut(X) forms a group.

A subgraph of Xis called the endomorphic image of X under f, denoted by I 7,if V(I 7)= f(V(X)) and { f (a), f (D)} €
E(Iy) if and only if there exist ¢ € FfY(f(a)) andd € f~1(f (b)) such that {c,d} € E(X). Let f be an endomor-
phism of X and H;, H, be two induced subgraph of X. If f(H;) € H,, we will denote by f|y, the mapping
from V(H;) to V(H) such that f|y,(x) = f(x) for any x € V(H;). Clearly, f|y, is a homomorphism from H;
to Hy. Let f be an endomorphism of X. By p, we denote the equivalence relation on V(X) induced by f; i.e. for
any a,b € V(X), (a,b) € Py if and only if f(a) = f(b). Denote by [a]pf the equivalence class of a € V(X)
under p .

An element a of a semigroup S is called regular if there exists x € S such that axa = a. A semigroup S is called
regular if all its elements are regular. A semigroup S is called orthodox if S is regular and the set of all idempotents
forms a subsemigroup, that is, a regular semigroup is orthodox if the product of any two of its idempotents is still
an idempotent. A graph X is said to be End-regular (End-orthodox) if its endomorphism monoid End(X) is regular
(orthodox). Clearly, End-orthodox graphs are End-regular.

For undefined notations and terminology in this paper the reader refer to [3,5].

We list some known results which will be used in the sequel.

Lemma 1.1 (Li [9]). Let X be a graph and let f € End(X). Then

(1) f € hEnd(X) if and only if Iy is an induced subgraph of X.
(2) Iffis regular, then f € hEnd(X).

Lemma 1.2 (Li [8]). Let X be a graph and let f € End(X). Then f is regular if and only if there exist g, h € 1dpt(X)
suchthat p, = pand Iy = I.

Lemma 1.3 (Li [9]). Let X and Y be two graphs. If X + Y is End-regular, then both X and Y are End-regular.
Lemma 1.4 (Li [9]). Let X be a graph. Then X is End-regular if and only if X + K, is End-regular for any n > 1.

Lemma 1.5 (Hou et al. [4]). Let X and Y be two graphs. If X + Y is End-orthodox, then both of X and Y are End-
orthodox.
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Lemma 1.6 (Wilkeit [14]). Let X be a connected bipartite graph. Then X is End-regular if and only if X is one of the
following graphs:

(1) Complete bipartite graph.

(2) Tree T with d(T) = 3.

(3) Cycle Cq and Cg.

(4) Path with five vertices, i.e. Ps.

Lemma 1.7 (Li [9]). Let Ty and T, be two trees. Then Ty + T, is End-regular if and only if either (1) one of them is
End-regular and the other is K| or Ko, or 2) d(T) =d(Tz) = 2.

Lemma 1.8 (Fan [2]). Let X be a bipartite graph. Then X is End-orthodox if and only if X is one of the following
graphs: K1, Ky, P3, P4, C4, 2Ky, K1 U K».

2. Endomorphism regular graphs

In this section, we shall give various End-regular graphs by means of the join and the lexicographic product of two
graphs with certain conditions.

Recall that a graph X is said to be E—S-unretractive if End(X) =sEnd(X). It is known that if X is finite, then sEnd (X)
is regular. Thus E—S-unretractive graphs give a family of End-regular graphs. The following lemma gives some results
about E-S-unretractive graph, which will be used in the sequel.

Lemma 2.1 (Knauer [6]). Let X andY be two E-S-unretractive graph. Then:

(1) End(X +Y)=sEnd(X + 7).
(2) End(Com+1[X]D = sEnd(Copm41[X]).
(3) End(X (Yy)ex) = SEnd(X (Yy) cx), where (Yy) cx be graphs with E(Yy) = ¢ forall x € X.

A proper coloring of a graph X is a map from V (X) into some finite set of colors such that no two adjacent vertices
are assigned the same colors. If X can be properly colored with a set of k colors, then we say that X can be properly
k-colored. The least value of k for which X can be properly k-colored is the chromatic number of X, and is denoted
by x(X). We know that if there is a homomorphism from X to Y, then y(X)<y(Y). A graph X is unretractive, if
End(X) = Aut(X). A subgraph Y of X is a core of X if Y is a unretractive and there is a homomorphism from X to Y.
Let X and Y be two graphs. We say X and Y are homomorphically equivalent if there is a homomorphism from X to Y,
and there is a homomorphism from Y to X. It is known that two graphs X and Y are homomorphically equivalent if and
only if their cores are isomorphic.

Lemma 2.2. Let X and Y be two K3-free graphs. If both of them are non-bipartite, then for any endomorphism f of
X 4+ Y, either f(X) S Xand f(Y)ZY,or f(X) CYand f(Y) C X.

Proof. Let fbe an endomorphism of X 4+ Y. We show that either f(X) C X, or f(X) C Y. Otherwise, there exist two
vertices x1, x3 € V(X) such that f(x;) € X and f(xp) € Y.

Since Y is not bipartite, then Y has an odd cycle as its subgraph, by the definition of endomorphism, f(Y) also has
an odd cycle as its subgraph, thus f(Y) either has an edge in X, or has an edge in Y. Without loss of generality, suppose
{f (1), f(y2)} € E(Y) for some y;, y2 € V(Y). Note that { f (y1), f(x2)} € E(Y) and {f(y2), f(x2)} € E(Y), then
f(x2), f(y1), f(y2) form a triangle in Y. It is a contradiction to Y being K3-free.

A similar argument will show that for any endomorphism f € End(X + Y), either f(Y) C X, or f(Y) C Y.
Now we claim that if f(X) € X, then f(Y );(_X . Otherwise, there exists a homomorphism from X + Y to X, so
(X +Y)=yX)+ y(Y)<yx(X). A contradiction. Similarly, if f(X) C Y, then f(Y)gZY. Now the assertion follows
immediately. [l

Lemma 2.3. Let X and Y be two End-regular graphs. If for any f € End(X +Y), f(X) € X and f(Y) C Y, then
X + Y is End-regular.
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Proof. Let f € End(X + Y). To show that fis regular, we only need to show that there exist two idempotents g and A
in End(X +Y) such that p, = p and I, = I .

Since f(X) € X, fl|x is an endomorphism of X. As X is End-regular, there exist two idempotents g; and A in
End(X) such that p, = p|, and I, = I 7). Similarly, there exist two idempotents g> and /> in End(Y) such that
Pgy =P gy and Iny = Iy,

Let g be a mapping from V(X + Y) to itself defined by

_Jaix) if x e V(X),
glx) = {gz(x) if x e V(Y).

Then g € End(X + Y), g2 =g and P =Py
Let /4 be a mapping from V(X + Y) to itself defined by

) if x e V(X),
hx) = {hz(x) it x e V().

Then h € End(X +Y), h? =h and Iy = Iy, as required. [J

Theorem 2.4. Let X andY be two K3-free End-regular non-bipartite graphs. If the cores of X andY are not isomorphic,
then X + Y is End-regular.

Proof. Let f be an endomorphism of X + Y. By Lemma 2.2, either f(X) € X and f(Y) € Y, or f(Y) € X and
f(X) € Y. In the second case, f|y is a homomorphism from X to Y and f|y is a homomorphism from Y to X. Thus
X and Y are homomorphically equivalent and so the cores of them are isomorphic. A contradiction. Hence f(X) € X
and f(Y) € Y.ByLemma 2.3, End(X + Y) is regular. [

Let X and Y be two graphs. Recall that if y(X) # x(Y), or X and Y have different odd girth, then the cores of X and
Y are not isomorphic. As a direct consequence of Theorem 2.4, we have

Corollary 2.5. Let X andY be two K3-free End-regular non-bipartite graph. If y(X) # y(Y), or X andY have different
odd girth, then X + Y is End-regular.

Example 2.6. Let X and Y be two K3-free non-bipartite graph as shown in Fig. 1. Theorem 2.4 shows that if the cores
of X and Y are not isomorphic, then X +7Y is End-regular if and only if both of X and Y are End-regular. In the following,
we give an example to show that if the cores of X and Y are isomorphic, then both of X and Y are End-regular may not
imply that X + Y is End-regular. Let X and Y be two graphs as shown in the following:

Then both of X and Y are End-regular. Now let

f:<x1 X2 X3 X4 X5 Xg X7 X§ Yl Y2 Y3 Y4 Y5 V6 V7 ys)
yroy2 Y3 Y2 Y1 Y8 Y1 Y8 X1 X2 X3 X4 X5 X X7 X8

It is a routine matter to check fis an endomorphism of X +Y . Now {x4, x5} € E(X+Y), f ' (x4)=ysand f~(x5)=ys.
Since {ys4, ys} ¢ E(X 4+ Y), I is not an induced subgraph of X + Y. By Lemma 1.1 f'is not regular.

Theorem 2.7. Let X and Y be two Ki-free End-regular non-bipartite graph. If X or Y is unretractive, then X + Y is
End-regular.

xg T Tg Ys Y7 Ye
az< ~els Yie ~eYs
o —)]
XTo T3 X4 Y2 Ys Ya
X Y

Fig. 1. Illustration for Example 2.6.
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Proof. Without loss of generality, suppose X is unretractive. If the core of Y is not isomorphic to X, then X + Y is
End-regular by Theorem 2.4.

If the core of Y is isomorphic to X, then for any f € End(X + Y), either f(X) € X and f(Y) C Y,or f(X) C Y
and f(Y) C X. In the first case, by the proof of Lemma 2.3, fis regular. In the second case, f(X) is a core of Y and
f(¥Y)=X.Thus f(X + Y) is isomorphic to X 4+ X. So it is an induced subgraph of X + Y. Define a mapping from
X 4 Y toitself by

x if x € V(X),
SHFe N fX) if x € V(Y).

Then g € End(X +Y), g’ =g, pe=pyand Ig =Iy. By Lemma 1.2, fis regular. Hence X + Y is End-regular. [J

g@)={

Theorem 2.8. Let X be a bipartite graph and Y be a Ks-free non-bipartite graph. Then X + Y is End-regular if and
only if both of X and Y are End-regular.

Proof. The direct part follows directly from Lemma 1.3.

Conversely, let f be an endomorphism of X + Y. We prove that f(X) € X and f(Y) C Y. There are two cases.

Case 1: E(X) = ¢. First we show that f(X) € X. Otherwise, there exist a vertex x| € V(X) such that f(x;) € Y.
Since Y is non-bipartite, ¥ contains an odd cycle. So f(Y') also has an odd cycle. As E(X) = ¢, then f(Y) has an edge
inY, say {f(y1), f(2)}. Then f(y1), f(y2), f(x1) form a triangle in Y. A contradiction.

Nextwe prove f(Y) C Y. Otherwise, there exists a vertex y; € V(Y) suchthat f(y;) € X.Since{y;, x} € E(X+Y)
for any x € V(X), then { f(y1), f(x)} € E(X + Y). Note that f(y1), f(x) € V(X),so {f(y1), f(x)} € E(X). This
contradicts to E(X) = ¢.

Case2: E(X) # ¢. First we show that f(X) € X. Assume that f(X)gZX. Then either f(X) C Y, or there exist two
vertices x1 and x» in V(X) such that f(x1) € X and f(xz) € Y. In the first case, since X contains at least one edge,
f(X) contains at least one edge, say {a, b}. Now we claim f(Y) € X. Otherwise, there exists a vertex yg € V (Y) such
that f(yo) € V(Y), thena, b, f(yo) form a triangle. A contradiction. Hence f|y is a homomorphism from ¥ to X, and
we have y(Y) < y(X). Since X is bipartite and Y is non-bipartite, so y(X) = 2 and y(Y) > 3. This is a contradiction. In
the second case, since Y contains an odd cycle, f(Y) also contains an odd cycle. Thus f(Y) either has an edge in X or
has an edge in Y. With a similar proof as that of Lemma 2.2, we have either there exists a triangle in X or there exists a
triangle in Y. A contradiction in both cases. Hence f(X) C X.

Next we prove f(Y) C Y. Otherwise, there exists a vertex y; € V(Y) such that f(y;) € V(X) and f(y) is adjacent
to every vertex of f(X). Since f(X) contains at least one edge, X contains a triangle. A contradiction. [

Now the assertion follows from Lemma 2.3.

Theorem 2.9. Let X be a K3-free End-regular non-bipartite graph and Y be an End-regular graph which has at least
one triangle. If y(Y) < y(X) 4+ 1, then X + Y is End-regular.

Proof. We show that f(Y)ZX. Otherwise, there exists a homomorphism from Y to X. Since any homomorphism f
maps a triangle to a triangle and Y has at least one triangle, then X also has at least one triangle. A contradiction. Hence
either f(Y) C Y, or there exist two vertices y; and y; in Y such that f(y;) € Y and f(y2) € X.

In the second case, if f(X) C X, then f|x is ahomomorphism from X to itself, so y(X) =y(/ |, ). Note that f(y7) is
adjacent to every vertex of /7|, then y(X) = y(I 7)) + 1. A contradiction. If f(X) C Y, then f|x is a homomorphism
from X to Y and f(y1) is adjacent to every vertex of /7|, thus y(¥) > y(Iy) + 1= x(X) + 1. A contradiction. If there
exist two vertices x1 and x; in X such that f(x;) € X, f(x2) € Y, then both of f(X) and f(Y) have no edge in X,
otherwise, there exists a triangle in X. This is impossible, because X is a K3-free graph.

Now f(Y) C Y.If f(X)ZX, then there exists a vertex x € V(X) such that f(x) € ¥ and f(x) is adjacent to every
vertex in V (7, ). Thus we have y(Y)<y(I7,) + 1= x(¥Y) + 1. A contradiction. Hence f(X) € X and by Lemma
2.3, X 4+ Y is End-regular. [J

At the end of this section, we consider endomorphism regularity of the lexicographic product of two graphs. To this
aim, we need the following result which is due to Fan [1]. For the definition of the wreath product of semigroups the
reader refer to [12].
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Lemma 2.10 (Fan [1]). Let X andY be two K3-free connected graphs. If girth(X) or girth(Y) is odd, then End(X[Y]) =
End(X)[End(Y)], where End(X)[End(Y)] is the wreath product of the monoids End(X) and End(Y).

Let X and Y be two K3-free connected graphs such that girth(X) or girth(Y) is odd. In [2] Fan proved that if both of
X and Y are End-regular, and one of them is unretractive, then X[Y] is End-regular. Here we shall prove that if X is an
E—S-unretractive graph with |N (x1)| = |N(x2)| for any two vertices x1, xo € V(X), and Y is End-regular graph, then
X[Y]is End-regular.

Recall that every graph is a generalized lexicographic product of an S-unretractive graph with sets (see [7]). Thus if
X is an E-S-unretractive graph with [N (x1)| = |N (x3)| for any two vertices x1, xo € V(X), then X is a lexicographic
product of an unretractive graph with a set. In this case, X = U[T] for some unretractive graph U and some set 7. We
need the following result which is due to Knauer (for details, the reader refer to [7]).

Lemma 2.11. Let X=U (Yy),cy beagraphwithU=X|, andU < . Let H be a small category with ObH={Y,|u € U}
and Mor (Y, Yy) =Map(Y,, Y3,) (u,v € U). Then sEnd(X) = AutU[H].

Let X be an E—S-unretractive graph with [N (x1)| = |N (x2)| for any two vertices x1, x € V(X). Then X =U|[T] for
some unretractive graph U and some set 7. Hence X[Y]=U[T][Y] for some graph Y. In this case, every vertex of X[Y]
can be written to form (u, ¢, y), whereu € U,t € T andy € Y.Foreachu € U, let T, ={(u,t,y)|t € T,y € Y}

Theorem 2.12. Let X and Y be two K3-free connected graphs with girth(X) odd or girth(Y) odd, and let

(1) X is E=S-unretractive with |N (x1)| = | N (x2)| for any two vertices x1, xo € V(X),
(2) Yis End-regular.

Then X[Y] is End-regular.

Proof. Let X and Y be two graphs satisfying the assumptions of the theorem. To show that X[Y] is End-regular, we
shall prove that for any 6 € End(X[Y]), there exists an endomorphism t € End(X[Y]) such that 676 = §.

Since X is E-S-unretractive with |N(x1)| = |N(x2)| for any two vertices x1, x> € V(X), X = U[T] for some
unretractive graph U and some set 7, then by Lemmas 2.10 and 2.11, End(X[Y']) = (Aut(U)[End(7T)])[End(Y)], where
End(T) is the set of all mapping from V (T) to itself. Hence 6 = (s, f, g) for some s € Aut(U), f € End(7)Y and
g € End(Y)¥.

Now we define an endomorphism t = (r, h, k) € End(X[Y]). Let u be an arbitrary vertex of U. Since s is an
automorphism of U, there exists a vertex u; € V(U) such that su; = u. First let r = s~ where s—! is the inverse
of s in Aut(U). Next let h € End(T)U and h, = h(u) be an automorphism of 7 such that for any ¢ € f, (7y,),
h,(t) € fu_l1 (t). Since End(T) contains all the permutations of V(T'), clearly &, exists. Without loss of generality,

suppose /1, (t;) = t; for any t; € V(T). Now g,, -y € End(Y). Since End(Y) is regular, there exists géul vy € End(Y)
such that g, ,’{)géul 8 t) = 8wt Now let k € End(Y)X such that k, ;) = k(u, ;) It remains to show

that 76 = d. Let(u1, /, y) be an arbitrary vertex of X[Y]. Then

7
=8

oto(ur, i, y) = ot(sut, fu,t)), 8wy .1y (M)
= 01, hu fuy ) K 8y 1) (V)
= (sut, fu,hu fu, (1)), g(ul,zl{)k(u,z,-)g(ul,z;)()’))
= (su1, fu, (1)), 8y h (V)
=0(uy, 1, y).

Since (u1, t/, y) is an arbitrary vertex of X[Y], we have 676 = 6, as required. [J
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3. End-regular (orthodox) joins of two bipartite graphs

Recall that End-regular bipartite graphs are characterized in Lemma 1.6, and End-regular joins of two trees are
determined in [9]. In this section, we shall characterize the End-regular (orthodox) joins of two connected bipartite
graphs.

Theorem 3.1. Let B and B> be two connected bipartite graphs. Then By + By is End-regular if and only if

(1) One of them is End-regular and the other is K1 or K>, or

(2) By + By =T + Tp, where Ty and T are trees with diameter 2, or

(3) B1+ By =K .n, + Ky ny, where Ky, . (i =1, 2) denotes complete bipartite graphs, or

4) B1+ B> =T + K, ., where K, ,, denotes a complete bipartite graph and T denotes a tree with diameter 2.

Proof. Sufficiency: In case (1), using Lemma 1.4, we have immediately B; + B, is End-regular. Case (2) is given in
Lemma 1.7. In case (3), since K,y ,; is E-S-unretractive graphs, by Lemma 2.1, K, », + Km,.n, 1S End-regular. In
case (4), T + Kp.n= (K1 + Kp) + K. = K1 + (K + Kn.n). Now since both of K, and K, , are E-S-unretractive.
By Lemma 2.1, K,,, + K, ,, is End-regular. Using Lemma 1.4, K| + (K + Kn n) 1s End-regular.

Necessity: For the join of two trees were considered in [9], we only need to show that By + B» is not End-regular
for the following nine cases (see Fig. 2 for graphs appeared in all cases). The main idea of the proof is that, for each
cases, we will find an endomorphism f € End(B; + B») such that f ¢ hEnd(B;| + B>)

Case 1: Ky +T(s,1)

_ C1 Cy d e fl ﬁ aj an—1 day bl bm
f e d )

o (4] e C1 o ay e ap -+ dp bl bl b] d
Case2: Ky n + Co

f_alaz---anb1~~-bm123456
“\by by - B 2 - 2 :

Case 3: Ky, + Ps

= X1 X2 X3 X4 X5 ai -+ du—1 ay, by - by
X1 ar x3 a, x3 by -+ by by x2 -+ x2)°

Ya xy x9 T3 Xy T

Y3 Ps

Cs

Fig. 2. Graphs K, 5, Cg, Cg, P5 and T(s,r)-
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Case 4. T(s,t) + Cg

_ Ccl .o Cs d e fl PP ﬁ
r=(on

—_
[N
W
W
N =
QU
N W
ISR
N W
[SWo)
SN~—

Case 5. Cg + Ps

f_123456x1xzx3X4x5
T\2 x 2 x2 2 x32 x1 1 x3 3 x3)°

Case 6: Ky n + Cs

f:<a1 ceeoap by oo byooyroY2 Y3 oY4 Y5 Yo YT X8
by -+ by y» - Y Y1 ar Y3 ap Y3 ap Y3 a

Case7:T(s,t) + Cg

(et e o d e ft - ft Y1oY2 Y3 Y4 Y5 Yo Y18
f= d d d ’
Y2 y2 - Y2 Y1 €1 Y3 e y3 e y3 (]

Case 8: Cg + Cg

f:123456y1yzy3y4y5y6y7ys
2 y2 2 y» 2 y oyt 1 y3 3 y3 3 y3 1

Case 9: Cg + Ps

f= X1 X2 X3 X4 X5 oy1r Y2 Y3 Y4 Y5 Ve YT )8
X1 yr X3 y3 X3 yz2 X2 Y2 X2 Y2 X2 Y2 X2

The proof is completed. [
Proposition 3.2. Let G| and G be two graphs. Then G| + G» is End-orthodox if and only if

(1) Gy + G is End-regular, and
(2) Both of G| and G are End-orthodox.

Proof. The direct part follows immediately from Lemma 1.5.

Conversely, since G| + G3 is End-regular, to show G| + G» is End-orthodox, we only need to prove that the
composition of any two idempotent endomorphisms of G| + G is also an idempotent.

Let fbe an idempotent of End(G1 4+ G2). Then f(G1) C G|. Otherwise, there exists a vertex x € V(G) such that
f(x) € V(G2). Since f* = f,then f(f(x)) = f2(x) = f(x). Note that {x, f (x)} € E(G| + G2), then {f (x), f(x)}
is aloop of G| + G». A contradiction. A similar argument will show that f(G>) C G».

If f1 and f; are two idempotents of End(G| + G2), let g1 = filG,, &2 = filG, and hy = folG,, h2 = f2lG,. Then
g1, h1 € Idpt(G1) and g2, ho € 1dpt(G»). Since both of G| and G, are End-orthodox, then g1h; € Idpt(G1) and
g2hy € 1dpt(G7). Now f1 f2lg, = g1h1 and fi folg, = g2h2 imply that f f> is an idempotent of End(G1 + G»2).
Consequently, G| + G2 is End-orthodox. [J

Theorem 3.3. Let By and B> be two connected bipartite graphs. Then By + B is End-orthodox if and only if

(1) One of them is End-orthodox and the other is K1 or K», or
(2) B1+ By = P3+ C4.

Proof. Sufficiency: It follows directly from Lemma 1.8, Theorem 3.1 and Proposition 3.2.
Necessity: By Theorem 3.1, P3 + P4 and P4 4 C4 are not End-regular, so they cannot be End-orthodox.
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