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Abstract: In this paper, completely regular endomorphisms of unicyclic graphs are explored. Let
G be a unicyclic graph and let cEnd(G) be the set of all completely regular endomorphisms of G.
The necessary and sulfficient conditions under which cEnd(G) forms a monoid are given. It is shown
that cEnd(G) forms a submonoid of End(G) if and only if G is an odd cycle or G = G(n, m) for some
odd n > 3 and integer m > 1.
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1. Introduction

The endomorphism monoids of graphs allow to establish a natural connection between graph
theory and algebraic theory of semigroups. They have valuable applications (cf. [1]), many of which are
related to automata theory (cf. [2,3]). In recent years, more and more scholors have paid attention to the
endomorphism monoids of graphs and a large number of interesting results concerning combinatorial
properties of graphs and algebraic properties of their endomorphism monoids have been obtained
(see [4—6] and their references). In [7], endomorphisms and weak endomorphisms of a finite undirected
path were characterized, the ranks of its endomorphism monoids and weak endomorphism monoids
were determined. In [8], we studied regular endomorphisms of trees and determined the trees whose
regular endomorphisms form a monoid. In [9], quasi-strong endomorphisms of a join of split graphs
were explored, the conditions under which quasi-strong endomorphisms of the join of split graphs
form a monoid were given. In [10], the endomorphism monoid of P, was explored. It was shown
that End(P,) is orthodox. In [11], Wilkeit determined endomorphism regular bipartite graphs. In [12],
Hou and Luo constructed four classes of new endomorphism regular graphs by means of the join and
the lexicographic product of two graphs with certain conditions. In particular, the join of connected
bipartite graphs with regular endomorphism monoids were determined. The endomorphism regularity
and endomorphism complete regularity of split graphs were studied separately by Li in [13,14].
Unicyclic graphs is a class of famous graphs; its endomorphism regularity was studied in [15].

An element a of a monoid S is said to be completely regular if there exists x € S such that a = axa
and xa = ax. Let End(G) be the endomorphism monoid of a graph G and f € End(G). Then f is
called a completely regular endomorphism of G if it is a completely regular element of End(G). The set
of all completely regular endomorphisms of G is denoted by cEnd(X). In general, the composition
of two completely regular elements of a monoid S is not completely regular. In [16], Hou and Gu
posed the question: Under what conditions does the set cEnd(G) form a monoid? However, it seems
quite hard to obtain a complete solution to this question. Therefore a natural strategy for dealing with
this question is to discover various kinds of conditions for various classes of graphs. In this paper,
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we shall give necessary and sufficient conditions under which completely regular endomorphisms of
unicyclic graphs form a monoid. The main result of this paper will establish the relations between the
combinatorial structure of unicyclic graphs and completely regular submonoids of its endomorphism
monoids. The research of this scheme will enrich the contents of graph theory and algebraic theory
of semigroups. We present a new method for characterizing completely regular endomorphisms of
unicyclic graphs, which may be applied to characterizing completely regular endomorphisms of other
classes of graphs.

2. Preliminary Concepts

The graph G = (V(G), E(G)) considered here is finite, undirected and simple. If x; and x, are
adjacent in G, denote the edge connecting x; and x; by {x1,x2}. For v € V(G), set N(v) = {x €
V(G)|[{x,v} € E(G)}. Denote the cardinality of N(v) by d(v) and we call it the degree of v in G.
A connected graph G is called a unicyclic graph if the number of its edges equal to the number of its
vertices. Clearly, a unicyclic graph has a unique cycle.

Let G be a graph. A mapping f from V(G) to itself is called an endomorphism if {x1,x2} € E(G)
implies {f(x1), f(x2)} € E(G). An endomorphism f is called an automorphism if and only if it is
bijective. The set of all endomorphisms and automorphisms of G are written as End(G) and Aut(G),
respectively. Let f € End(G). The endomorphic image of G under f is denoted by I;. Obviously, Iy isa
subgraph of G with V(If) = f(V(G)) and {f(a), f(b)} € E(If) if and only if there exist s € f~*(f(a))
and t € f~1(f(b)) such that {s,t} € E(G). An endomorphism f of G is called a retraction if and only
if f is an idempotent in End(G). A subgraph H of G is called a retract if and only if there exists a
retraction f from G to H with H = ;. Denote the set of all idempotents of End(G) by Idpt(G).

We refer the reader to [2,17-19] for all the concepts not defined here. The following two lemmas
quoted from the references will be used later.

Lemma 1 ([20] Theorem 2.7). Let G be a graph and let f € End(G). Then f is completely reqular if and only
iff\zf € Aut(Iy).

Lemma 2 ([21] Corollary 2.3). Let G be a graph and H be a retract of G. If cEnd(H) does not form a monoid,
then cEnd(G) does not form a monoid.

3. Unicyclic Graphs Whose Completely Regular Endomorphisms form a Monoid

In this section, completely regular endomorphisms of unicyclic graphs are explored. We give
necessary and sufficient conditions for a unicyclic graph G under which cEnd(G) forms a monoid.
Firstly, we consider the unicyclic graph with a unique even cycle.

Lemma 3. Let G be a unicyclic graph with a unique even cycle Cy. If there exists x € V(G) such that d(x) > 3,
then cEnd(G) does not form a monoid.

Proof. Let G be a unicyclic graph with a unique even cycle C,,. Clearly, G is bipartite. If there exists

x € V(G) such that d(x) > 3, then S3 (see Figure 1) is a retract of G. By Lemma 2, we only need to
show that the completely regular endomorphisms of S3 do not form a monoid. Let

f= Yo Y1 Y2 V3
Yo Y2 V1 Y3

and

g= Yo 1 Y2 Ys |
Yo V1 Y3 Y3
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Then f € Aut(Ss3), g € Idpt(S3). So f,¢ € cEnd(S3). Now

_ [ Yo ¥ Y2 V3
fg (yo Y2 Ys Y3 )

It is routine to check that fg € End(S3) and y2,y3 € V(If,). However, fg(y2) = fg(y3) = ys.
By Lemma 1, fg ¢ cEnd(S3) . Hence cEnd(S3) does not form a monoid. [J

Y2

Y1 Yo Y3
o o

Figure 1. Graph S3.
Lemma 4. Let G = Cy,, with n > 3. Then cEnd(G) does not form a monoid.

Proof. Let G be an even cycle Cy, with n > 3. As diam(G) > 3, P; (see Figure 2) is a retract of
G. By Lemma 2, we hope to show that all completely regular endomorphisms of P; do not form a

monoid. Let
f= X1 X2 X3 X4
- X1 Xp2 X3 X2
and
_ X1 X2 X3 X4
8= X4 X3 X2 Xq '
Then f € Idpt(P;), g € Aut(Ps). Thus f, g € cEnd(P3). Now
_ X1 X2 X3 X4
f8= ( X2 X3 X2 X1 >

It is not difficult to verify that f¢ € End(P5) and x1, x3 € V(If,). However, fg(x1) = fg(x3) = xa.
By Lemma 1, fg ¢ cEnd(Ps). Hence cEnd(P5) does not form a monoid. O

X1 X2 X3 X4
(c, © © ©

Figure 2. Graph Ps.

Lemma 5. cEnd(Cy) does not form a monoid. Cy for Figure 3.
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U4 .03

V1 & \:02
Figure 3. Graph C;.

Proof. Let

f— U1 U2 U3 U4
U4 U1 U2 U3

and

o 01 U2 U3 U4
g U3 Uy U3 U4 '

Then f € Aut(Cy), g € Idpt(Cy). So f, g € cEnd(Cy). Now

_ [ Y1 U2 U3 U4
fgi ( Up 01 U U3 )
Itis not difficult to verify that fg € End(Cy) and v1,v3 € V(Iz,). However, fg(v1) = fg(v3) = va.
By Lemma 1, f¢ ¢ cEnd(Cy). Hence cEnd(C4) does not form a monoid. [

Lemma 6. Let G be a unicyclic graph with a unique even cycle C,,. Then cEnd(G) does not form a monoid.

Proof. This follows directly from Lemmas 3-5. [

Secondly, we start to look for conditions for a unicyclic graph G with a unique odd cycle, under
which all completely regular endomorphisms of G form a monoid.

Lemma 7. Let G be a unicyclic graph with a unique odd cycle C,. If there exist two vertices u,v € Cy such
that d(u) > 3 and d(v) > 3, then cEnd(G) does not form a monoid.

Proof. Let G be a unicyclic graph with a unique odd cycle C,. If there exist two vertices u1,v1 € Cy
such that d(u1) > 3 and d(v1) > 3, then Gy (see Figure 4) is a retract of G. By Lemma 2, we only need
to show that cEnd(Gy) does not form a monoid. Define a mapping f from V(G ) to itself by

f(x) _ { On, X =011,

x, Otherwise.

Let

g= ( 01 (%) o Ui1 Uf Ojgpq1 vt On 011 911 >

9 Vi1 -+ U2 01 Op 0 Uiyl Uil U11

Then f € Idpt(Gy) and g € cEnd(G;). Now

fg: 01 (%) s U1 U Ujgq vt On 011 911
9 Vi1 -+ U2 U1 Unp o Uiyl Uil Un
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It is easy to see that fg € End(G) and v1,v;11 € V(I,). However, fg(vi1) = fg(vit1) = vn.
By Lemma 1, fg ¢ cEnd(Gy). Hence cEnd(G;) does not form a monoid. O

Ui—1 02
Uil v; < > (4] 011
Uit1 Un

Figure 4. Graph G;.

Lemma 8. Let G be a unicyclic graph with a unique odd cycle Cy,. If there exists v € V(C,,) such that d(v) > 4,
then cEnd(G) does not form a monoid.

Proof. Let G be a unicyclic graphs with a unique odd cycle C,,. If there exists v € V(G) such that
d(v) > 4, then G, (see Figure 5) is a retract of G. By Lemma 2, we only need to show that cEnd(G,)

does not form a monoid. Let
f= U1 U2 - Uy U1 O12
U1 U2 - Uy U2 0U12
and
g = v U2 - Un U1 V12
U1 U2 - Up U1 02
Then f, g € Idpt(G,). Hence f, g € cEnd(G,). Now

fg—(vl [% N T 4] Uu)

01 U2 - Uy U2 02

It is not hard to see that fg € End(Gy) and vy, v1p € V(If,). However, fg(v2) = fg(v12) = va.
By Lemma 1, fg ¢ cEnd(G;). Hence cEnd(G;) does not form a monoid. [

U3 02

011

Figure 5. Graph G,.

Lemma 9. Let G be a unicyclic graph with a unique odd cycle Cy,. If there exists u € V(G) \ V(Cy) such that
d(u) > 3, then cEnd(G) does not form a monoid.

Proof. As there exists u € G\ C, such that d(u) > 3, G3 (see Figure 6) is a retract of G. By Lemma 2,
we hope to show that cEnd(Gs) does not form a monoid. Let

f= U1 U2 - Up U1 012 U1i-1 01 O1i+1 D1i42
U1 U2 -+ Uy 011 U122 - U1i-1 U1 O1i42  O1i42

and
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g= U1 U2 - Up U1 Y12 v U1i-1 U1 Uil Ulit2
vp U2 -rr Up V11 Y12 Ui-1 U1 U141l Uli-1

Then f, g € Idpt(Gs). Hence f, g € cEnd(Gs). Now
fg= U1 U2 -+ Up U11 V12 - U151 U1 U1i41 U142
01 02 -+ Uy OU11 O12 - U1i-1 U1 01542 01i-1

It is not difficult to see that f¢ € End(Gsz) and vy;1,v1142 € V(Izg). However, fg(vy;1) =
fg(v1i42) = v1j-1. By Lemma 1, fg ¢ cEnd(Gs). Hence cEnd(G3) does not form a monoid. [J

01i42

01i+1

Figure 6. Graph G3.

Lastly, we investigate the completely regular endomorphisms of unicyclic graph G(n,m) (see
Figure 7), where n > 3 is an odd, m > 1 is an integer.

Figure 7. Graph G(n,m).

Lemma 10. Let G = G(n,m) and f € End(G). Then Iy = Cy or Iy = G(n, i) for some positive integer i
withl <i<m.

Proof. As the endomorphism image of a connected graph is connected, I is connected. Note that
any endomorphism image of an odd cycle contains an odd cycle and C; is the unique odd cycle in G.
Hence f(Cy) = Cy. This means that C, € I r. Hence Iy = Cy or Iy = G(n, i) for some positive integer i
withl <i<m. O

Lemma 11. Let G = G(n, i) for some positive integer i and f € Aut(G). Then f(x) = x for any x €
{o1, 011,012, -+, v}

Proof. As d(v1) = 3, d(f(v1)) = 3. Note that v; is the only vertex in G with degree 3. Hence
f(v1) = v1. Recall that f(C,) = C,. This means f|c, € Aut(C,). Note that {v1,v11} € E(G). Then

{f(01), fo1)} = {1, f(vnn)} € E(G). Thus f(vn) € N(v1). As N(v1) = {on, 02,00}, f(on1) €
{v11,v2,vn}. Since v, vy € f(Cp), f(v11) = v11. A similar argument will show that f(vy5) = vy, for
anys =2,3,---,i. O

Lemma 12. Let G = G(n,m). Then f € End(G) is completely regular if and only if

(1) If = C,,or
(2) Iy = G(n,i) for some positive integer i with 1 < i < m. In this case, f|c, € Aut(Cy) and f(x) = x for
any x € {vy, 011,012, , V13 }-
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Proof. Necessity. Let f € cEnd(G). By Lemmas 10, Iy = C, or Iy = G(n,i) for some positive integer i
with 1 <i < m. As f is completely regular, by Lemma 1,f\1f € Aut(l¢). If Iy = G(n,i), then f(x) = x
for any x € {v1,v11,v12,- - ,v1;} by Lemma 11.

Sufficiency. As any endomorphism image of an odd cycle contains an odd cycle and C, is the
unique odd cycle of G, f(C;) = C,. If Iy = Cy, then f(If) = f(Cy) = Cy, ie. f\lf € Aut(If).
Hence f is completely regular. If Iy = G(n,i), then f|c, € Aut(Cy) and f(x) = x for any x €
{v1,011,012, - -, 01} Itis easy to check that f|;, € Aut(If). By Lemma 1, f is completely regular. [J

Lemma 13. Let G = G(n,m). Then cEnd(G) forms a monoid.

Proof. Let f and g be two completely regular endomorphisms of G. We hope to show that fg €
cEnd(G). By Lemma 10, Iy = Cyporlf = G(n,i) for some positive integer i with 1 < i < m, and
I, = Cy or Iy = G(n, j) for some positive integer j with 1 < j < m. There are two cases:

Casel. Iy = Cyor Iy = Cyy. Then Iy = Cy. Thus fg|1,, € Aut(If,). By Lemmal, fgis completely
regular.

Case 2. [y = G(n,i) (1 <i <m)and I, = G(n,j (1 < j < m). Without loss of generality,
we suppose j < i. By Lemma 12, f, ¢ have the following form:

f= U1 U2 - Uy U171 V12 - U1 U141 0 Uim
- / ! / ! ’
Ul ’02 PR ’Z)n vll ’012 PR vll Ull+1 PR vlm

where 0/2,- - ,v; € f(Cu\{v1}), {0/2,- .- ,v;} = {vy,---,v,} and v’ls (i+1 <s < m)is the image of

15 As I = G(n,i), vy, € {v1,02,- -, 0,011,012, - , 01} fors =i+ 1,--- ,m.
v1 U2 o Up U110 U120t U1 Uil Ulm
g = " Z " ,

where vg,~ . ,v;i € f(Cy\{v1}), {vg,- . ,v;;} ={vy, -+ ,vn} and v’{t (j+1 <t < m)is the image of
U1¢, AS Ig = G(}’l,j), v,l,t c {01,02,- ce U, 011,012, ¢ ’01]-} fort :]+ 1,. -. L Mm.

Then
fg= vp U2 -+ Up V11 V12 o U1 U141 0 U1 U141l Uim
01 U2 - Up V11 V12 v U1 U410 U1 Uligl Uim
where 03,---, 0, € f(Cy \ {v1}), {02,---,0u} = {v2,---,0n} and vy € {v1,02,---,0p,

011,012, - ,ZJl]'} for k :]+1, R
It is trivial to see that Ir, = G(n,j) and fg(x) = x for any x € {vy,v11,012,- -+ ,01j}. Since
fle, € Aut(Cy) and g|c, € Aut(Cy), fglc, € Aut(Cy). By Lemma 12, fg € cEnd(G). O

Now we give the main result in this paper.

Theorem 1. Let G be a unicyclic graph. Then cEnd(G) forms a monoid if and only if

(1)  Gisanodd cycle, or
(2) G = G(n,m), wheren > 3is an odd and m > 1 is an integer.

Proof. Necessity. This follows from Lemmas 6-9.
Sufficiency. If G is an odd cycle, then End(G) = Aut(G). Hence End(G) = cEnd(G) and so
cEnd(G) forms a monoid. If G = G(n,m), then cEnd(G) forms a monoid by Lemma 13. [
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