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Abstract

Our aim in this dissertation is studying the relationship between semi-
group theory and graph theory. Since it is well known that End(G) , the set
of all endomorphisms of graph is a monoid, we consider the algebraic struc-
tures, such as regular, completely regular, orthodox, Clifford semigroup,
etc., in this endomorphism monoid. Since it is very complicated to charac-
terize the algebraic structures for the monoids of any graph, we study the
algebraic structure of the monoid of some special graphs. We hope that
the results on this special graphs will lead the way to characterize algebraic
structures of the monoids of other graphs.

Except the monoids End(G) and SEnd(G), the set of all strong endo-
morphisms of a graph G, it is well known that

- HEnd(G) the set of all half strong endomorphisms of a graph G and

- LEnd(G) the set of all locally strong endomorphisms of a graph G and

- QEnd(QG) the set of all quasi-strong endomorphisms of a graph G
are not necessarily semigroups. In this dissertation, we concentrate on cy-
cles, to find when the set of all non-trivial locally strong endomorphisms of
the cycles of even length (LEnd'(Cy,) = LEnd(Cay,) \ Aut(Ca,)) is a semi-
group.

In this dissertation, we give some method to construct the completely
regular subsemigroup of the regular endomorphism monoids of split graphs.
We also give some examples of retractive graphs (graphs whose endomor-
phism monoids and automorphism groups are not equal) whose endomor-
phism monoids are Clifford semigroups.

Moreover, we considered two graph operations, unions and joins. In this
part, we focused on two things. The first one is finding when the monoid
of unions of two graphs End(G U H) is isomorphic to the sum of two en-
domorphism monoids End(G) + End(H). Similarly, we also find when the
monoid of joins of two graphs End(G + H) is isomorphic to the sum of
two endomorphism monoids End(G) + End(H). We did not only consider
on the monoids End(G U H) and End(G + H), we also considered the sets
HEnd(GUH), HEnd(G+H), LEnd(GUH), LEnd(G+H), QEnd(GUH),
QEnd(G+H), SEnd(GUH), SEnd(G+ H), Aut(GUH) and Aut(G+ H).
The last topic are the unretractivities of the unions of two connected graphs
G U H and of the joins of two connected graphs G + H.



Abstract

Unser Ziel in dieser Dissertation ist die Untersuchung der Beziehung
zwischen der Halbgruppen Theorie und der Graphen Theorie. Da es bekannt
ist, dass End(G) die Menge aller Endomorphismen von Graphen ein Monoid
ist, konzentrieren wir uns auf die algebraischen Strukturen, wie regulér,
vollstandig regulér, orthodox oder Clifford Halbgruppen. Da die allgemeine
Situation zu kompliziert ist, studieren wir die algebraische Struktur auf dem
Monoid einiger spezieller Graphen.

Aufler der Monoide End(G) und SEnd(G) die Menge aller starken En-
domorphismen eines Graphen, ist es bekannt, dass

- HEnd(G) die Menge aller halbstarken Endomorphismen eines Graphen
G und

- LEnd(G) die Menge aller lokal starken Endomorphismen eines Graphen
G und

- QEnd(G) die Menge aller quasi-starken Endomorphismen eines Graphen
G
nicht notwendigen Halbgruppen werden. In dieser Arbeit konzentrieren wir
uns auf die Zyklen, fiir die die Menge aller nicht-triviale lokal stark Endo-
morphismen (LEnd'(Cy,) = LEnd(Ca,) \ Aut(Cs,) ) eine Halbgruppe ist.

In dieser Arbeit geben wir eine Methode, die vollstiandig reguldren Un-
terhalbgruppen der regularen Endomorphismen Monoide von Split Graphen
zu konstruieren. Wir geben auch einige Beispiele von retraktiven Graphen
(Graphen, deren Endomorphismen Monoide und Automorphismen Gruppen
nicht gleich sind), deren Endomorphismen Monoide Clifford Halbgruppen
sind.

Dariiber hinaus betrachtet man zwei Graphen Operationen, Vereinigung
und Verbindung. In diesem Teil konzentrieren wir uns auf zwei Dinge. Das
erste ist, wann das Monoid der Vereinigung von zwei Graphen End(G U
H) isomorph zu der Summe zweier Endomorphismen Monoide End(G) +
End(H) ist. Ebenso wann das Monoid End(G + H) isomorph zu der
Summe zweier Endomorphismen Monoide ist. Wir haben nicht nur die
Monoide End(G U H) und End(G + H) gepriift, sondern auch die Mengen
HEnd(GUH), HEnd(G+H), LEnd(GUH), LEnd(G+H), QEnd(GUH),
QEnd(G+H), SEnd(GUH), SEnd(G+ H), Aut(GUH) und Aut(G+ H)
betrachtet. Als letztes betrachten wir die Unretraktivitdten der Graphen
GUH und G+ H.
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Summary

In this dissertation, we study the relationship between semigroup theory
and graph theory. Ulrich Knauer and Elke Wilkeit questioned for which
graph G is the endomorphism monoid of G regular (see in, L. Marki, Prob-
lems raised at the problem session of the Collogium on Semigroups in Szeged,
August 1987, Semigroup Forum, 37 (1988), 367-373.). After this question
was posed, the regularity of End(G) is investigated and for the monoid
SEnd(G) of all strong endomorphisms of G is proved that it is always reg-
ular. Furthermore, other algebraic properties such as completely regular,
orthodox, etc., of End(G) and SEnd(G) are studied.

It is too complicated to characterize graphs G whose End(G) is regular.
So, many researchers concentrated on the regularity of the endomorphism
monoids of special graphs. We also study the endo-regularity of special
graphs. In this dissertation, we stated the following lemma which we use to
prove endo-regularity of a connected graph.

Lemma 2.1.4 Let f be endomorphism of a connected graph G. Let Im(f)
be the strong subgraph of G with V(Im(f)) = f(G). If G is endo-regular,
then Im(f) is endo-regular.

For the complete regularity of an endomorphism f of GG, we got an in-
spiration from some proposition of Weimin Li’s work ”"W. Li, Split Graphs
with Completely Regular Endomorphism Monoids, Journal of mathematical
research and exposition, 26 (2006), 253-263 ” and proved the following theo-
rem describing when an endomorphism f of any graph is completely regular.

Theorem 2.2.3 Let G be a finite graph and f be an endomorphism of G.
Then f is completely reqular if and only if for all a,b € V(G), f(a) # f(b)
implies f2(a) # f2(b), i.e., f is square injective. In this case, if f is not
idempotent, we have ff71f = f and ff*~1 = fi=Lf where f? is the smallest
idempotent power of f.

For the idempotent closed endomorphism monoid of a graph, we gave
some lemmas and corollaries and describe graphs whose endomorphism monoids
are not idempotent closed (see Lemma 2.3.1 and Corollary 2.3.3 in this dis-
sertation).

After we had all above properties, we used them to prove the regularity,
the complete regularity, the idempotent closed property and other algebraic
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properties of endomorphism monoids of special graphs. In this dissertation,
we considered bipartite graphs, -graphs, multiple 8-graphs, split graphs (see
the definitions in the dissertation). We have the results as in the following

table.
Graph G Connected Bipartite Multiple 8-graph Split graph
graph G=K,UlIl
End(G)is | & Gis < Gis & for all a
regular o Kpyn ° C(2n+1)(t); P, € I, one has
e K1, Ky, Cg, Cs, Py where r > 0, t > 2 |IN(a)| =d
o the trees of diameter 3. | ® Cy, 1 1y 45 1 where
where t > 1 de{0,1,..
° 0(4)(5);P2, s> 2. ,n—1}.
End(G)is | < Gisoneof P, P, P3, | & G is Conynm: P | & r=1
completely | Cy, Cg. where n > 1, t > 2,
regular r > 0.
End(G) is | < if G is a bipartite < G is
idempotent | graph P, P, P, Cy. ® Cnino,onss Pr
closed where » > 0 and
n; # nj are odd for
1#£j€el,2...s
e Cony1ont1; B
where n > 1, r > 0.
End(G)is | © Gisoneof P, Py, P3, | & G is Copt12n+1; Br
orthodox Cy. where n > 1, r > 0.
End(G)is | & Gis Ks. Never Never
Clifford

Furthermore, we consider the set of all locally strong endomorphisms of
a graph which is not necessarily closed. In this dissertation, we found when
the set of all non-trivial locally strong endomorphisms of cycles is closed.
We also found a method to construct the completely regular subsemigroups
of endo-regualr split graphs. We gave some examples of retractive graphs
whose endomorphism monoids are Clifford.

Moreover, we considered two graph operations, unions and joins. In this
part, we focused on two things. The first one is finding when the monoid of
unions of two graphs End(G U H) is isomorphic to the sum of two endomor-
phism monoids End(G)+ End(H). Similarly, we also find when the monoid
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of joins of two graphs End(G+ H) is isomorphic to the sum of two endomor-
phism monoids End(G) + End(H). We did not only consider the monoids
End(GU H) and End(G + H), we also considered the sets HEnd(G U H),
HEnd(G+H), LEnd(GUH), LEnd(G+H), QEnd(GUH), QEnd(G+ H),
SEnd(GUH), SEnd(G+ H), Aut(GU H) and Aut(G + H). We considered
only connected graphs. We got the results as the following tables.

M| M(GUH) =M(G) + M(H)

End | < Hom(G,H) =0 and Hom(H,G) = 0.

HEnd | & HHom(G,H) =0 and HHom(H,G) = 0.

LEnd | & LHom(H,G) = and for all ¢ € LHom(G, H) one has
g(GYN Ny (h(H)) # 0 and g(G) # h(H) for all h € LEnd(H) and

vice versa.

QFEnd | & QHom(H,G) =0 and for all g € QHom(G, H) one has
9(G)N Ny (h(H)) # 0 for all h € QEnd(H) and vice versa.

SEnd | < SHom(G,H) =0 or SHom(H,G) = 0.

Aut | & Iso(G,H) =0 < G is not isomorphic to H.

m MG+ H) = M(G) +M(H)
End, HEnd, LEnd, QEnd, SEnd | & f(G) C G and f(H) C H for all
feMG+H)
Aut < f(G) CG and f(H) C H for all

f € Aut(G+ H)
& Iso(Gi, Hj) = 0 for all components
G, of G and ﬁj of H.

The last topic are the unretractivities of the unions of two connected
graphs G U H and the unretractivities of the joins of two connected graphs
G + H. The results are in the following two tables.
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= Aut(GU H) SEnd(GUH)
SEnd(GUH) | G, H are S-unretractive
QEnd(GUH) | G, H are Q-unretractive
LEnd(GUH) | = G, H are L-unretractive and
(LHom(G,H) =0 or LHom(H,G) = ()
< @, H are L-unretractive and
LHom(G,H) =0 and LHom(H,G) =)
HEnd(GUH) | G, H are unretractive and G, H are E-S-
Hom(G,H) = Hom(H,G) =10 unretractive and
End(GUH) Hom(G,H) =
Hom(H,G) = 0.
= Aut(G+ H) SEnd(G+ H)
SEnd(G+ H) | G, H are S-unretractive
QEnd(G+ H) | G, H are Q-unretractive
LEnd(G+ H) | G, H are L-unretractive
HEnd(G+ H) | G,H are H-unretractive | G, H are H-S-unretractive

G, H are unretractive

G, H are E-S-unretractive




Zusammenfassung

In dieser Arbeit untersuchten wir die Beziehung zwischen der Halbgrup-
petheorie und der Graphentheorie. Ulrich Knauer und Elke Wilkeit fragten
fiir welche Graphen das Endomorphismenmonoid regulér ist (vgl. L. Marki,
Problems raised at the problem session of the Collogium on Semigroups in
Szeged, August 1987, Semigroup Forum, 37 (1988), 367-373.). Nach dieser
Frage, wird die Regularitdt von SEnd(G) untersucht und bewiesen, dass
es immer regular ist. Andere algebraische Eigenschaften wie vollstandig
regulér, orthodox, etc. werden ebenfalls untersucht. Viele Forscher haben
sich auf die Regularitdt der Endomorphismen Monoide spezieller Graphen
konzentriert. In dieser Arbeit haben wir, das folgende Lemma, das wir
verwenden, um Endo-Regularitdt eines zusammenhingenden Graphen zu
beweisen.

Lemma 2.1.4 Sei f ein Endomorphismus eines zusammenhdngenden Graphen
G. Sei Im(f) der starke Teilgraph von G mit V(Im(f)) = f(G). Wenn G
Endo-reguldr ist, dann ist Im(f) Endo-reguldr.

Fiir die vollstéandige Regularitiat eines Endomorphismus f eines G beka-
men wir eine Inspiration von einigen Satzen von Li Weimin in "W. Li, Split
Graphs with Completely Regular Endomorphism Monoids, Journal of math-
ematical research and exposition, 26 (2006), 253-263".

Satz 2.2.3 Sei G ein endlicher Graph und f ein Endomorphismus von G.
Dann ist f wollstandig reguldr, wenn fir alle a,b € V(G) mit f(a) # f(b)
folgt daf f?(a) # f2(b), d.h. f ist square injektiv. In diesem Fall, wenn f
nicht idempotent ist, haben wir ff='f = f und ffi=t = fi=1f wo f' die
kleinste idempotent Potenz von f ist.

Fiir die idempotent abgeschlossenen Endomorphismen des Endomorphis-
mmonoids, haben wir einige Lemmata und Folgerungen und Beispiele fiir
Graphen, deren Endomorphismen Monoide nicht idempotent abgeschlossen
sind (siehe Lemma 2.3.1 und Korollar 2.3.3 in dieser Arbeit).

Nachdem wir alle oben genannten Eigenschaften hatten, haben wir die
Regularitat, die vollstindige Regularitdat und anderen algebraischen Eigen-
schaften der Endomorphismus Monoiden spezieller Graphen untersucht. In
dieser Dissertation untersuchten wir bipartiten Graphen, 8-Graphen , mul-
tiple 8-Graphen (siehe die Definitionen in der Dissertation). Wir hatten die



Ergebnisse wie in der folgende Tabelle.

xi

Graph G Connected Bipartite Multiple 8-graph Split graph
graph G=K,UI
End(G)is | & Gis & Gis & for all a
regular o Kin ° C(2n+1)(t); P, € I, one has
e 1, Ky, Cg, Cs, Py where r > 0, t > 2 IN(a)| =d
o the trees of diameter 3. | ® Cy, 11y 45 P2 where
where t > 1 d e {0,1,...
° C(4)(s>;P2, s> 2. ,n—1}.
End(G)is | < Gisoneof P, P, P3, | & G is C(2n+1)(t);PT S r=1.
completely | Cy, Cg. where n > 1, ¢t > 2,
regular r > 0.
End(G) is | < if G is a bipartite < Gis
idempotent | graph Pi, P», Ps, Cy. ® Chimoomnss Pr
closed where r > 0 and
n; # nj are odd for
1#£j5€1,2,...8
e Conyiont1; P
where n > 1, r > 0.
End(G)is | & Gisoneof P, Py, P3, | & G is Copt12n+1; Pr
orthodox Cy. where n > 1, r > 0.
End(G)is | & G is Ks. Never Never
Clifford

Dariiber hinaus betrachten wir die Menge aller lokal stark Endomor-

phismen eines Graphen, die nicht unbedingt abgeschlossen ist. In dieser
Arbeit haben wir festgestellt, wann die Menge aller nicht-trivialen lokal
starken Endomorphismen von Zyklen abgeschlossen ist. Wir fanden auch
eine Methode, um die vollstdndig regularen Unterhalbgruppen von Endo-
reguldre Split Graphen zu konstruieren. Wir haben einige Beispiele von
retraktiven Graphen, deren Endomorphismen Monoide Clifford sind.
Dariiber hinaus betrachten wir zwei Graphen Operationen, Vereingung
und Verbindung. In diesem Teil konzentrieren wir uns auf zwei Dinge. Das
erste ist, wann End(GUH ) isomorph zu der Summe zweier Endomorphismen
Monoide End(G)+ End(H) ist. Ebenso, wann End(G+ H ) isomorph zu der
Summe zweier Endomorphismen Monoide End(G)+ End(H) ist. Wir haben
auch die Mengen HEnd(GUH), HEnd(G+ H), LEnd(GUH ), LEnd(G +
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H), QEnd(GUH), QEnd(G+H), SEnd(GUH), SEnd(G+H) Aut(GUH),
Aut(G + H) betrachtet und zwar, nur fiir die zusammenhéngende Graphen.
Wir haben Ergebnisse wie in die folgenden Tabellen.

M| MG UH) =M(G) + IN(H)
End | < Hom(G,H) =0 and Hom(H,G) = 0.

HEnd | & HHom(G,H) =0 and HHom(H,G) = .

LEnd | & LHom(H,G) = and for all ¢ € LHom(G, H) one has
g(GYN Ny (h(H)) # 0 and g(G) # h(H) for all h € LEnd(H) and
vice versa.

QFnd | & QHom(H,G) = () and for all g € QHom(G, H) one has
g(G)N Ny (h(H)) # 0 for all h € QEnd(H) and vice versa.

SEnd | & SHom(G,H) =0 or SHom(H,G) = 0.

Aut | & Iso(G,H) =0 < G is not isomorphic to H.
m MG+ H) =M(G) +M(H)

End, HEnd, LEnd, QEnd, SEnd | < f(G) C G and f(H) C H for all

feMG+H)
Aut < f(G) CG and f(H) C H for all

f e Aut(G+ H)
& Iso(G;, H;) = 0 for all components
G; of G and Fj of H.

Zuletzt haben wir Unretractivititen G U H und G + H fiir zusam-
menhéngende Graphen untersucht. Die Ergebnisse sind in den folgenden
beiden Tabellen.

Aut(GU H) SEnd(GUH)

) | G, H are S-unretractive

(GUH
QEnd(GUH) | G, H are Q-unretractive
(GUH

) | = G, H are L-unretractive and
(LHom(G,H) =0 or LHom(H,G) = ()
< @, H are L-unretractive and
LHom(G,H) =0 and LHom(H,G) =)

HEnd(GUH) | G, H are unretractive and G, H are E-S-
Hom(G,H) = Hom(H,G) =10 unretractive and
End(GUH) Hom(G,H) =

Hom(H,G) = 0.
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= Aut(G+ H) SEnd(G+ H)
SEnd(G+ H) | G, H are S-unretractive
QEnd(G+ H) | G, H are Q-unretractive
LEnd(G+ H) | G, H are L-unretractive
HEnd(G+ H) | G,H are H-unretractive | G, H are H-S-unretractive

G, H are unretractive

G, H are E-S-unretractive




Introduction

One of the main trends in the theory of semigroups is the study of math-
ematical objects by means of certain semigroups connected with the ob-
jects in a special way. At present, there are several studies focusing on the
semigroups of mappings of graphs (cf. [3]-[8], [11]-[15], [19]-[28], [32]-[34]).
The endomorphism monoid End(G) and the strong endomorphism monoid
SEnd(G) of any graph G are studied. SEnd(G) is always regular, regular-
ity of End(G) is investigated after Knauer and Wilkeit questioned for which
graph G is the endomorphism monoid of G regular [29]. Furthermore, other
algebraic properties such as completely regular, orthodox, etc., of these two
monoids are studied. Moreover, the sets HEnd(G), LEnd(G), QEnd(G)
are studied when they are monoids. In this dissertation, we continue to
study these things.

The preliminary concepts and terminologies which will be used in this
dissertation are given in Chapter 1, while Chapters 1.4, 2, 3, 4 and 5 con-
centrate on algebraic properties of endomorphism monoids of graphs and
Chapters 6 and 7 focus on graph operations.

In Chapter 1.4, we introduce results with respect to the regularity and
complete regularity of endomorphisms of graphs from [23], [26], [27], and
[34]. We give results usefull for the study of the regularity of endomorphism
monoids of graphs. We give a new way for investigating the complete regu-
larity of endomorphisms of graphs.

In Chapters 2, 3, and 4 we introduce bipartite graphs, 8-graphs, and split
graphs, respectively. The algebraic properties of endomorphism monoids
of each graph will be obtained. A retractive graph whose endomorphism
monoid is a Clifford semigroup was not found from these tree graphs. So,
we gave examples of retractive graphs whose endomorphism monoids are
Clifford semigroup in Chapter 5.

Additional, in Chapter 2 the sets of all non-trivial locally strong endo-
morphisms of cycles LEnd'(Cy,) are considered, when do they form semi-
groups? In Chapter 4, we find completely regular subsemigroups contained



in the endomorphism monoids of split graphs. A part in this chapter has
been accepted by the journal Ars Combinatoria for publication and an-
other part has been published in: Semigroups, Acts and Categories
with Applications to Graphs, Proceedings, Tartu 2007, 136-142.

For Chapter 5, an aim is to find examples of retractive graphs whose
endomorphism monoids are Clifford semigroup. We get retractive endo-
Clifford graphs by stating from rigid graphs and unretractive graphs.

Chapter 6, we find the conditions under which for two graphs G and H
the endomorphsim monoid End(G U H) (or End(G + H)) is isomorphic to
the sum End(G) + End(H) of endomorphism monoids. In particular, we
also find the conditions for the sets of half strong endomorphisms, the sets
of locally strong endomorphisms, the sets of quasi-strong endomorphisms,
the sets of strong endomorphisms and the set of automorphisms.

In Chapter 7, we study unretractivities of a union of two graphs and a
join of two graphs.

Open problems and further questions will be discussed at the respective
places. All graphs, groups and semigroups in this dissertation are finite.



Chapter 1

Preliminaries

In this chapter, we describe concepts and terminologies from semigroup
theory, categories, and graph theory which will be used in this dissertation.
Specific definitions and notations will be given for more clarification where
they appear. Other basic concepts which are not defined in this study can
be found in [10], [17], [18] and [31].

1.1 Semigroup theory

We start with semigroup concepts.

Definition 1.1.1. A set S together a binary operation, usually called
multiplication, is a groupoid. A groupoid S satisfying the associative
law

a(bc) = (ab)e  (a,b,c € S)
is a semigroup. A semigroup having only one element is trivial.

Definition 1.1.2. An element e of a semigroup S is a left (respectively
right) identity if es = s (respectively se = s) for all s € S. Further, e is
a two-sided identity (or simply identity) of S if it is both a left and a
right identity of S. A semigroup S with an identity is a monoid. If S is
a monoid, the maximal subgroup of S whose identity is the identity of S
is the group of units of S; its elements are the tnvertible element (or
units) of S.

One may always adjoin an identity to a semigroup S by letting e ¢ S
and declaring on S U {e} the multiplication in S and



es=se=s (seSU{e}).

Let S = S' if S has an identity, otherwise let S' be the semigroup S with
an identity adjoined. The identity of any monoid is usually denoted by 1.
We denote by the symbol 1 any trivial (semi)group.

Definition 1.1.3. An element z of S is a left (respectively right) zero of
S if zs = z (respectively sz = z) for all s € S. Further, z is a two-sided
zero (or simply zero) of S if it is both a left and a right zero of S. If S has
a zero and all products are equal to zero, S is a null semigroup. We call
S a left (right) zero semigroup if its elements are left (right) zero.

Denote L,, (R,) the left (right) zero semigroup with n elements. Left
groups are of the form G x L, i.e., they are the unions of n copies of an
arbitrary (finite) group G, analogously G x R,, for right groups, with the
multiplication as given by G x L, or G X R,,.

Let S be a semigroup with zero 0. Then Sx = S\ {0} denotes the partial
groupoid in which only the products ab are defined where ab # 0 in S.

Definition 1.1.4. A nonempty subset T of S is a subsemigroup of S if
T is closed under the multiplication of S; if also T" is a group under the
induced operation, it is a subgroup of S.

Definition 1.1.5. An element e of a semigroup S is idempotent if e? = e.
A semigroup is idempotent , or is a band, if all its elements are idempotent.
Two elements a and b of S commute if ab = ba; S is commutative if any
two elements of S commute. A commutative idempotent semigroup is a
semilattice.

Definition 1.1.6. Let Y be a semilattice. For each @ € Y, let S, be a
semigroup and assume that S, N Sg # 0. For each pair «, 8 € Y such that
a> B, let xa,p: Sa — Sz be a homomorphism such that

(1) Xa,o = iSa

(2) Xo,BXBy = Xayy if > /8 > 7.

On S = |J S, define a multiplication by
acY

a*b=(aXa,a8)(bXs,a8) (a € Sa, b € S3).

With this multiplication S is a strong semilattice Y of semigroups
Sa (given by the structure homomorphisms x, ), to be denoted by
S = [Y, Sou Xa,ﬂ]-



Definition 1.1.7. An element a of a semigroup S is regular if a = axa for
some x € S; S is regular if all its elements are regular.

Definition 1.1.8. An element a of a semigroup S is completely regular
if a = axa and xa = ax for some x € S; S is completely regular if all its
elements are completely regular. A semigroup S is Clifford semigroup if
it is completely regular and its idempotents commute with all elements of
S; alternatively, we say that its idempotent are central or that they are
n the center.

Theorem 1.1.9. ([31]) The following conditions on a semigroup S are
equivalent:

(i) S is completely reqular.

(79) S is a union of (disjoint) groups.

Theorem 1.1.10. ([17]) Let S be a semigroup. Then the following state-
ments are equivalent:

(1) S is a Clifford semigroup;

(i) S is a semilattice of groups;

(7i7) S is a strong semilattice of groups.

Definition 1.1.11. A regular semigroup S is orthodox if its idempotents
form a subsemigroup. An orthodox completely regular semigroup is called
an orthogroup.

Definition 1.1.12. Let S be a monoid and A # () a set. If we have a
mapping p from S x A to A defined by u(s,a) = sa such that la = a and
(st)a = s(ta) for a € A, s,t € S, we call A a left S-act or left act over S
and write gA or (S, A).

Definition 1.1.13. Take monoids M, N and left acts (M, G), (N, H). The
sum of monoids M + N := {m +n | m € M,n € N} has multiplication
defined by (m+n)(m’+n’) := mm’ +nn’ and identity idys 4 idy. The sum
M + N operates on G U H as follows: (m + n)zx := mz, (m + n)y = ny
forall x € G,y € H,m € M and n € N. This way we get the left act
(M+ N,GUH).

Definition 1.1.14. Let S be a semigroup and let a and b be two elements
of S. Define a relation £ on S such that (a,b) € £ if and only if S'a = S'b,
here S1 = § if S is a monoid and S* = S U {1} otherwise: similarly, define
a relation R on S such that (a,b) € R if and only if aS' = bS'. £ and
R are equivalent relations on S. The relation £ is a left congruence and
the relation R is a right congruence. Define H = L N R. Denote by [a]



(respectively, [a]r and [a]y) the L-class (respectively, R-class and H-class)
of ain S.

1.2 Graph theory

Our graphs in this dissertation are usually undirected graphs without loops
and multiple edges.

Definition 1.2.1. If G is a graph, we denote by V(G) (or simply G)
and F(Q) its vertex set and edge set respectively. A graph H is called a
subgraph of G if V(H) C V(G) and E(H) C E(G). Let a,b € V(G). The
vertices a and b are said to be adjacent if {a,b} € E(G).

Definition 1.2.2. Let G be a graph. Denote Ng(v) := {x € H|{x,v} €
E(H)}, call it the neighborhood of v in G; use N (v) for Ng(v) if it is clear
which graph G is referred to.

Definition 1.2.3. A graph G is complete if any two of its vertices are
adjacent. A graph G is called an empty graph if E(G) = (. Denote by
K, (respectively K,) a complete graph (respectively an empty graph) with
n vertices. A graph G is n-partite (n > 1) if it is possible to partition
V(QG) into n subsets Vi, Va,..., V,, such that every edges of G joins a vertex
of Vi to a vertex of V; (i # j). If n = 2, then G is called a bipartite
graph. A complete bipartite graph, denote by K,, , for |Vi| = m and
|Va| = n, is a bipartite graph such that for any a; € V; and for any as € V5,

{al, CLQ} c E(Km,n)-

Definition 1.2.4. A vertex a of a graph G is said to be connected to a ver-
tex b if there exist a sequence of pairwise distinct vertices a = ag, a1, ..., @, =
b € V(G) such that n > 1 and {a;,a;41} € E(G) for any i € {0,1,...,n—1}.
This vertex sequence with the edges among them is called a-b path, denoted
by P,, and n, the number of edges among them, is called its length. A
graph is connected if every two of its vertices are connected. A compo-
nent of a graph G is a maximal connected subgraph of G. The distance
between two vertices a and b, denoted by d(a,b), is the minimum of the
lengths of a-b paths of G.

Definition 1.2.5. An independent set or stable set is a set of vertices
in a graph no two of which are adjacent. That is, it is a set I of vertices
such that for every two vertices in I, there is no edge connecting the two.
Equivalently, each edge in the graph has at most one endpoint in I. The
size of an independent set is the number of vertices it contains.



Definition 1.2.6. A clique in an undirected graph G = (V, E) is a subset
of the vertex set C' C V such that for every two vertices in C, there exists
an edge connecting the two. This is equivalent to saying that the subgraph
induced by C' is complete (in some cases, the term clique may also refer to
the subgraph).

A maximal clique is a clique that cannot be extended by adding one
more vertex, and a maximum clique is a clique of the largest possible size
in a given graph. The clique number w(G) of a graph G is the number of
vertices in the largest clique in G. The opposite of a clique is an independent
set, in the sense that every clique corresponds to an independent set in the
complement graph. The clique cover problem concerns finding as few cliques
as possible that include every vertex in the graph.

Definition 1.2.7. Let G; and G2 be two graphs with disjoint vertex sets.
The union of G1 and G, denoted by G1 U Go, is a graph such that
V(G1UGy) =V(G1) UV(Gy) and
E(Gl U GQ) = E(Gl) U E(Gg)
The join of G1 and Gs, denoted by G1 4+ Go, is a graph such that
V(Gl + GQ) = V(Gl) U V(GQ) and
E(G1+ G2) = E(G1) U E(G2) U{{a,b} | a € G1,b € G2}.
The box product of G and Ga, denoted by G1[1G3, is a graph such that
V(Gﬂng) = V(Gl) X V(Gg) and
E(G10G2) = {{(a1,a2), (ay,a3)} | (a1 = ay and {az, a5} € E(Ga)) or
({a1,a)} € E(Gy) and ag = db)}.
The cross product of G1 and G, denoted by G X Gg, is a graph such that
V(Gl X GQ) = V(Gl) X V(Gz) and
E(G1xG2) = {{(a1,a2), (a}, ay)} | {as,}} € B(G1) and {az, ab} € Ga}
The lexicographic product (or composition) of G; and G2, denoted by
G1|G2], is a graph such that
V(Gl[GQ]) = V(Gl) X V(Gg) and
E(G1[Ga]) = {{(a1,a2),(a},a3)} | {a1,ai} € E(G1) or a1y = aj and
{az, a5} € E(G2)}-

Definition 1.2.8. Let G and H be graphs. An adjacency preserving map-
ping f : V(G) — V(H) is called a homomorphism from G to H, i.e. for
any a,b € V(Q), {a,b} € E(G) implies {f(a), f(b)} € E(H).

A homomorphism f is called half strong homomorphism if for all
v,y € Im(f), {y,y'} € E(H) implies there exist x € f~!(y) and 2/ €
f~Y(%') such that {z,z2'} € E(Q).

A homomorphism f is called locally strong homomorphism if for
all y,9/ € Im(f), {y,9'} € E(H) implies for all z € f~!(y) there exists



2’ € f~1(y') such that {z,2'} € BE(G).

A homomorphism f is called quasi strong homomorphism if for all
v,y € Im(f), {y,y'} € E(H) implies there exist € f~!(y) such that for
all ' € f~1(y'), {z,2'} € E(G).

A homomorphism f is called strong homomorphism if for all y,y’ €
Im(f), {y,v'} € E(H) implies for all x € f~1(y) and for all 2’ € f~1(y/),
{z,2'} € E(G).

Moreover, if f is bijective and its inverse mapping is also a homomor-
phism, then we call f an isomorphism from G to H, and in this case we
say G is isomorphic to H (under f), denoted by G = H. By Hom(G, H),
HHom(G,H), LHom(G,H), QHom(G,H), SHom(G,H) and Iso(G, H)
denote the sets of homomorphisms, half strong homomorphisms, locally
strong homomorphisms, quasi strong homomorphisms, strong homomor-
phisms and isomorphisms, respectively.

Definition 1.2.9. A homomorphism from the graph G to itself is called an
endomorphism of G. A bijective endomorphism of a graph G is called au-
tomorphism of G. By End(G), HEnd(G), LEnd(G), QEnd(G), SEnd(G)
and Aut(G) denote the sets of endomorphisms, half strong endomorphisms,
locally strong endomorphisms, quasi strong endomorphisms, strong endo-
morphisms and automorphisms, respectively. Obviously, Iso(G, H) C SHom
(G,H) C QHom(G,H) C LHom(G,H) C HHom(G,H) C Hom(G, H).

It is well-known that End(G) and SEnd(G) are monoids and Aut(G) is
a group with respect to the composition of mappings.

Definition 1.2.10. A graph G is called Q-S-unretractive if QEnd(G) =
SEnd(G). In an analogous manner, we can define other unretractivities
of graphs. If G is E-A-unretractive (S-A-unretractive), then we call it
simply unretractive (S-unretractive). A graph G is called retractive if
it is not unretractive.

Let G and H be graphs with vertex sets V(G) = {1,2,...,n} and V(H) =
{c1,¢2,...;em}. We denote a homomorphism from G to H in the obvious
sense as f = < L2 .m ) and f~(a) :={b € V(GQ) | f(b) = a}.
ay a2 ... Qp
Definition 1.2.11. Let f be an endomorphism of a graph G. If H is a
subgraph of G, by f|g we denote the restriction of f on H; and f(H) :=
{f(z) | x € H}. A subgraph of G is called the endomorphic image of G
under f, denoted by Iy, if V(Iy) = f(G) and {f(a), f(b)} € E(Iy) if and



only if there exist ¢ € f~1(f(a)) and d € f~1(f(b)) such that {c,d} € E(G),
where a,b,c,d € V(G).

Definition 1.2.12. Let G(V, E) be a graph and p C V x V an equivalence
relation on V. Denote by [a], the equivalence class of a € V under p.
The graph, denoted by G/, is called the factor graph of G under p, if
V(G/,) = V/, and {[a],, [b],} € E(G/,) if and only if there exist ¢ € [a],
and d € [b], such that {c,d} € E(G).

Let f be an endomorphism of G. By p; we denote the equivalence
relation on V(G) induced by f, i.e., for a,b € V(G), (a,b) € py if and only
if f(a) = f(b). The graph G/, is simply called the factor graph by f.

Define iy : V(G /py) — V(Iy) with if([z],,) = f(z) for all z € V(G).
Obviously, iy is well defined. The following Homomorphism Theorem we
cite from [28].

Proposition 1.2.13. ([28]) Let G be a graph and let f be an endomorphism
of G. Then

(1) if is an isomorphism from G/ps to Iy.

(2) f € HEnd(G) if and only if Iy is a strong subgraph of G.

1.3 Categories

In our study we refer to the word ”amalgamated” which is a categorical con-
cept. So in this section we introduce some basic terminologies of categories
to describe the amalgams.

Definition 1.3.1. A category C consists of the following data:

1. A class ObC of the C—objects; if A is a C—objects, then we write
A € ObC or simply A € C.

2. A set C(A, B) for every pair (A, B) of C—objects, such that C(4, B) N
C(C,D) =0 for all A,B,C,D € C with (A,B) # (C,D). The elements of
C(A, B) are called Cmorphisms from A to B. For this set we will also write
Morc(A, B). For f € C(A, B), we call A the domain (source) and B the

codomain (tail, sink) of f and write f: A — B or A B,

3. A composition of morphisms, i.e. a partial relation as follows: for
any three objects A, B, C' € C there exists a mapping, then so called law of
composition

o'{C@LB)xCU10)<% C(A,0)
' (f,9) = gof
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such that
(ass) the associativity law h o (g o f) = (ho g) o f holds for the
composition of morphisms, whenever all necessary compositions are defined;
(id) there exists identical morphisms, which behave like neutral
elements with respect to the composition of morphisms, i.e., for every object
A € C there exists a morphism id4 € C(A, A) such that foidy = f and
idpog=gforall B,CeC, feC(A B),gecC(C,A).

Definition 1.3.2. A morphism f € C(A,B), A,B € C is called an iso-
morphism, if there exists a morphism g € C(B, A) with the properties
fog=idg and go f =id4.

A morphism f € C(A, B), A, B € C is called a monomorphism (epimo-

rphism) if it is left cancellable, i.e.,
fog=foh=g=h(gof=Nnog=g ="'
for all g,h € Mor(C,A) (¢',h € Mor(B, D)), i.e., f is ,left cancellable”

(,,right cancellable”) with respect to the composition.

Definition 1.3.3. Let (C;);c; be a non-empty family of objects in C. The
pair ((u;)ier, C) with C € C, u; € C(C;,C) is called the coproduct of the
(Ci)ier, if for all ((ki)icr,T) with T € C, k; € C(C;,T') there exists exactly
one k € C(C,T) such that the following diagram is commutative for all i € I.

T—F ¢
u;
ki
C;

As usual we write C = [ C; and the morphism u; is called the i*" injection.
el
Definition 1.3.4. Let H, G1, G2 be objects and m1 : H — G1, mo : H —
G2 monomorphisms in the category C. We call this constellation a pushout
sttuation. The pair ((ui,u2),G1 11 G2) is called pushout (amal-
(H,(m1,m2))

gam, amalgamated coproduct) of G1 and Go with respect to (H, (my1,ms)),
if

(a) up : G1 — G4 11 Go and ug : Gog — Gy 11 (9 are mor-

(H,(m1,m2)) (H,(m1,m2))

phisms such that uymi = uoms, i.e., the square in the following diagram is
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commutative, and
(0) ((u1,u2),G1 11 G2)) solves the following universal problem
(Hv(m17m2))
in C.

For every pair ((f1, f2), G, f1: G1 — G, fa: Go — G with fim; = foms
(i.e., the external rectangle is commutative) there exists exactly one mor-
phism f : Gy I G2) — G such that both triangles in the following

(Hr(mler))
diagram are commutative.

G 11 Go Go
J1 (H,(m1,m2)) = ug
E s
mi
Gy = H

Denoted by Gra the category of all graphs. In this category, graphs are
objects and graph homomorphisms are morphisms. The next definition we
consider on this category.

Definition 1.3.5. Let H = (V, E), G1 = (V1, E1), G2 = (Va, E3) be graphs
and my : H — G1 and me : H — (o injective graph homomorphisms.
The amalgamted coproduct of G; and G2 with respect to (H, (mi,ma))
is defined by
V(G: " I ))Gz) =W\ mi(H)) UV U(Va \ ma(H)),
H,(m1,m2
E(Gy II G2):=AUBUC, where
(H,(m1,m2))
A= {{zi,yi} € Bi |z, € Vi\mi(H),i = 1,2},
C:={{z,2"} |27 € V,{mi(z),m;(z")} € E;,i =1,2}.

For example take C3 and C5 two graphs as follows.
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3
q
[
2
Let H = {x1, 22} be a complete graph. Let m; : H — C5 and my : H — Cj

be injective homomorphisms define by mj(x1) = 2, m1(z2) = 3, ma(z1) = a

and ma(z2) = b. We get the amalgam Cj 11 C5 as follows.
(Hv(m17m2))

1<:>d

Il e

For this amalgam A, B and C in Definition 1.3.5 are {{c,d}, {d,e}},
{{1,1‘1}, {1,1’2}, {C? x2}7 {6,1’1}} and {{$17$2}}7 respectively.

1.4 Some algebraic properties of endomorphism
monoids of graphs

Monoids of graphs are generalizations of groups of graphs. In recent years
much attention has been paid to monoids of graphs. A main purpose of
this study is to reveal a relationship between graph theory and semigroup
theory. In [29], Knauer and Wilkeit questioned ,,for which graph G, the
endomorphism monoid of G regular?” After this question was posed, many
special graphs and their endomorphism monoids were studied. A character-
ization of all graphs with a regular monoid seems difficult. A possible way
to characterize a regular endomorphism monoid of graphs is observation in
special graphs.

In this section we provide results which describe a regularity of an en-
domorphism of graphs. Moreover, we describe other algebraic properties of
an endomorphism of graphs.

Regular endomorphisms of graphs

In [34], a characterization of a regular endomorphism of a connected
graph is proved by Elke Wilkeit.
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Lemma 1.4.1. ([34]) Let G be a connected graph. An endomorphism f €
End(G) is regular if and only if there are idempotents o and 8 in End(G)
and an isomorphism ¢ : Im(a) — Im(B) such that f = ¢a and Im(f) =

Im(B).

In [23], Weimin Li gave other characterizations of a regular endomor-
phism of a graph.

Theorem 1.4.2. ([23]) Let G be a graph and let f € End(G). Then f
is regular if and only if there exist g,h € Idpt(G) such that p, = py and
I = Iy.

Weimin Li also gave the usefull lemma to considering the regularity of
an endomorphism monoid of graph.

Lemma 1.4.3. ([27]) Let G be a graph and let f € End(G). Then:
(1) f € HEnd(G) if and only if Ir is an induced subgraph of G.
(2) If f is regular, then f € HEnd(G).

Lemma 1.4.1 and Theorems 1.4.2 and 1.4.3 give a way to prove regularity
of an endomorphism of graph. For any graph GG, we call G is an endomor-
phism regular monoid (or simply endo-regular) if End(G) is a regular
monoid. Next we give a lemma describing a way which shows when a graph
is not endo-regular.

Lemma 1.4.4. Let f be an endomorphism of a connected graph G. Let
Im(f) be strong subgraph of G with V. (Im(f)) = f(G). If G is endo-regular,
then Im(f) is endo-regular.

Proof. We prove by contraposition. Let f be an endomorphism in End(G)
which Im(f) is not endo-regular. Since End(Im(f)) is not a regular semi-
group, so there exists a non-regular endomorphism g € End(Im(f)). It is
clear that gf is an endomorphism of G. Assume that gf is regular, so there
exists h € End(G) such that (gf)h(gf) = gf. Then we get that

g(fh)g(f(G)) = g(f(G)) = g(fh)g(Im(f)) = g(Im(f)).

Since fh is an endomorphism and Im(fh) C Im(f), then fh|p,s) is an
endomorphism of Im(f), so g(fh|rm(r))9 = g Now we have g is regular
which is a contradiction. Therefore, we could conclude that G is not endo-
regular. O
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Completely regular endomorphisms of graphs

In [26], Weimin Li proved the proposition which described a way to find
the complete regularity of an endomorphism of graphs.

Proposition 1.4.5. ([26]) Let G be a graph. Suppose f € End(G) and f
1s reqular. Then the following four statements are equivalent:
(1) f is completely reqular;
(2) 1dpt(G) O\ [fln # 0;
(3) There exists g € End(G) such that g*> = g, Iy = I, and ps = py;
(4) There exists g € End(G) such that g*> = g, f(G) = g(G) and py = py.

We get an inspiration from the above proposition and prove a theorem
describing when an endomorphism f of graphs is completely regular by
considering directly from f. We describe a property of a mapping f of a
finite set G. We denote T(G) the set of all mappings from G to itself.

Lemma 1.4.6. Let G be a (finite) set, if f € T(G) and there exist a,b € G
with f(a) # f(b) and f?(a) = f2(b), then f is not completely regular.

Proof. Take f is a mapping of the set G. Let a,b € G with f(a) # f(b)
and f2(a) = f?(b). Assume that f is completely regular, then there exists
g € T(G) with fgf = f and fg = gf. Consider at vertices a and b, we have

gf*(a) = fgf(a) = f(a) # f(b) = fgf(b) = gf*(b) = gf*(a).

This is a contradiction. Then we get f is not completely regular. O

We call this property square injective since it is equivalent to say
12(a) = F2(b) implies f(a) = f(b).

The next theorem describes another way to show which endomorphisms
are completely regular.

Theorem 1.4.7. Let G be a finite graph and f be an endomorphism of G.
Then f is completely Tegular if and only if for all a,b € V(G), f(a) # f(b)
implies f2(a) # f2(b), i.e., f is square injective. In this case, if f is not
idempotent, we have ff'~ 1f fand ffi=t = f771f where £ is the smallest
idempotent power of f.

Proof. Necessity. This follows from Lemma 1.4.6.
Sufficiency. Let f be a square injective endomorphism of G. Since G is
finite, there exists some i € N such that f? is an idempotent, i.e., (%)% = f%.
If f is idempotent, it is clear that f is completely regular. Now we
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suppose that f is not idempotent. So there exists 2 < i € N such that f* is
idempotent.

We will show that f(a) = fi*!(a) for all a € V(G). Let a € V(G). Since
f%is an idempotent, we have f2(f%72(a)) = f%(a) = (f9)%*(a) = fi(a) =
f2(f=%(a)). Since f is square injective, we get that f?~1(a) = f"~!(a).
By repeating this process for i — 1 times, we get that f“*1(a) = f(a), i.e.,
ffilf = f. Tt is clear that ffi~! = fi=1f. Now we have f is completely
regular. O

Endo-idempotent-closed graphs

In this dissertation, we denote Idpt(G) the set of all idempotent endo-
morphisms of the graph G. We call G an endomorphism idempotent
closed(or simply, endo-idempotent-closed) graph, if Idpt(G) forms a
semigroup.

We begin this section by giving lemmas and corollaries describing which
graphs are not endo-idempotent-closed.

Lemma 1.4.8. Let G be a connected graph and a € V(G). If [N(a)] > 3
and N(d) € N(c) C N(b) for some distinct b,c,d € N(a), then G is not

endo-idempotent-closed.

Proof. Let a € V(G) such that |[N(a)| > 3 and let b,c,d € N(a) such that
N(d) € N(c) € N(b). Tt is clear that

z, v € V(G)\ {b,c,d} z, v € V(G)\ {b,c,d}
flz)=4¢ b, z€{bc} andg(z) =< b, x=0b
d, z=d ¢, x € {c,d}

are idempotent endomorphisms of G. But
z, € V(G)\{b, ¢, d}
(9o f)(x) =4 b z€{bc}
c, x=d
is not idempotent. So we get that G is not endo-idempotent-closed. O

Example 1.4.9. Take G a star graph as follows.

=y
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We see that N(a) = {b,c,d} has 3 vertices. This graph is not endo-
: . a b c d a b c d
idempotent-closed since f = ( o b b d ) and g = ( 0 b e e ) are
idempotent endomorphisms but g o f is not idempotent.

If a connected graph G does not satisfy the condition in Lemma 1.4.8,
it does not follow that G is endo-idempotent-closed. We can consider a
factor graph G/ p; for idempotent endomorphism f of G. If this factor
graph satisfies the condition in Lemma 1.4.8, we will get that G is not endo-
idempotent-closed. The next corollary describes this situation.

Corollary 1.4.10. Let G be a connected graph and a € V(G) such that
IN(a)| > 3. Let b,c,d be distinct elements in N(a). If f is an idempo-
tent endomorphisms of G such that f(i) = i for all i € {a,b,c,d} and
N(;/pf([d]pf) - NG/,,f ([elp;) € Nagyp,([blp; ), then G is not endo-idempotent-
closed.

Proof. Let f be an idempotent endomorphisms of G such that f(i) =i for
all i € {a,b,c,d} and Ng/pf([d]pf) C N(;/pf([c]pf) - Ng/pf([b]pf). It is clear

that
f(zx), v ¢ [b]Pf U [C]Pf U [d]Pf
g@) =1 bz € [, Uld,, and
d, z € [d],,
f(@). z & [Bly, Uldly, Ud],,
h(z) =4 b, z€b ]pf
¢, T € [ ]Pf U [d]Pf
are idempotent endomorphisms of G. But

f(@), x & [b]y, Ulelp, Uldl,

(hog)(@)=1q b @€ b, Ul
¢, v € [d],,
is not idempotent. So we get that G is not endo-idempotent-closed. 0

Example 1.4.11. Take G a graph and some its factor graphs as follows.

r c vy c

b O—I—C d
b a d axy
Then f = ( Z Zb) z Z Z Y ) is an idempotent endomorphism of G. We

see that this graph does not satisfy the condition in Lemma 1.4.8 but G
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b Yy _
b a)andh—

SIS

d
is not endo-idempotent-closed since g = < Z d

<abcd1:y

> are idempotent endomorphisms of G and ho g is not
a b c c a a

idempotent.
This graph fulfills the condition in Corollary 1.4.10 since Ng Jos ([alp;)

{blpss [closs [l and Ny, ([blo;) = Nay, (Ielpy) = Nay,, (o) = {laly, }-
This confirms that the Corollary 1.4.10 is hold. O

a
a



Chapter 2
Bipartite graphs

The bipartite graphs are well-known graphs which are studied with respect
to the regularity of their endomorphism monoids. So, in this chapter, we
review and give results about the algebraic properties of endomorphism
monoids of connected bipartite graphs which will be useful later.

2.1 Endo-regular and endo-completely-regular

In [34], Wilkeit gave a characterization of connected bipartite graphs with
a regular monoid. Before that we introduce some definitions and notations.

Definition 2.1.1. Denoted by P,, a connected graph with V(P,) = {0,1,...,n}
and E(P,) = {{i,i+1} |0 <i <n-—1}. We call P, a path withn edges and

n+1 vertices. Denoted by Cy, a connected graph with V(Cy,) ={0,1,...,n—1}

and E(P,) = {{i,i+ 1} |0 <i <n—1 (under modulo n)}. We call C}, a

cycle with n edges and n vertices. We call a bipartite graph G a tree if G

s a connected graph which contains no cycle as a subgraph.

Theorem 2.1.2. ([34]) A connected bipartite graph G is endo-regular if and
only if G is one of the following graphs:

e the complete bipartite graphs K, n including the complete graphs K1 and
Ko, the cycle Cy and the trees of diameter 2,

e the trees of diameter 3,

e the cycles Cg and Cg, and

e the path Py of length 4.

In [5], Fan generalized Theorem 2.1.2 for non-connected graphs without
loops and multiple edges.

18
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Theorem 2.1.3. A non-connected bipartite graph G is endo-regular if and
only if G is nKy, (n — 1)K1 U Ky or nKy, n > 2.

In this dissertation, for any graph G we call G is endomorphism com-
pletely regular (or simply endo-completely-regular) if End(G) is a com-
pletely regular semigroup. We call G is a endomorphism orthodox (or
simply endo-orthodox) if End(G) is an orthodox semigroup. And we call
G is an endomorphism Clifford (or simply endo-Clifford) if End(G) is
a Clifford semigroup.

It is easy to see which endo-regular connected bipartite graph is endo-
completely-regular, endo-orthodox and endo-Clifford. We have only 5 and
4 bipartite graphs which are endo-completely-regular and endo-orthodox,
respectively. We also have exactly one bipartite graph (this graph is unre-
tractive) which is endo-Clifford.

Theorem 2.1.4. (1) A connected bipartite graph G is endo-completely-
reqular if and only if G is one of Py, Py, P3,Cy and Cg.

(2) A connected bipartite graph G is endo-orthodox if and only if G is
one of P1, Py, P3 and Cy.

(3) Ezactly the path Py (K2) is a connected bipartite graph which is endo-
Clifford.

It is also easy to check which endo-regular non-connected bipartite graph
is endo-completely-regular, endo-orthodox and endo-Clifford.

Theorem 2.1.5. (1) No non-connected bipartite graph is endo-completely-
reqular.

(2) Ezxactly two non-connected bipartite graphs K1 U Ky and KoUKy are
endo-orthodox.

(3) No non-connected bipartite graph is endo-Clifford.

2.2 Endo-idempotent-closed

In this section, we consider only trees, cycles and complete bipartite graphs
which are bipartite graphs. We find when they are endo-idempotent-closed.
We recall again that Idpt(G) is the set of all idempotent endomorphisms of
graph G. We begin this section by considering the trees.

Lemma 2.2.1. Let T be a tree and a € V(T). If [N(a)| > 3, we get that T
1s not endo-idempotent-closed.

Proof. This follows from Corollary 1.4.10. 0
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It is clear by the above lemma that if a tree T is not a path, then T
is not endo-idempotent-closed. So next we consider which path is endo-
idempotent-closed. It is routine to check that the paths P, P» and P; are
endo-idempotent-closed. For any n > 4 the path P, is not endo-idempotent-
closed.

Lemma 2.2.2. The paths P, P5 and P53 are endo-idempotent-closed.
Lemma 2.2.3. For any n > 4, the path P, is not endo-idempotent-closed.

Proof. First we show the case n = 4. Take a path P, as follows.

Itisclearthatfz(o 123 4)

01210

idempotent endomorphisms of P;. But fog = (2) 1 o

idempotent. So we get that P is not endo-idempotent-closed.
Now we can prove for any n > 4, if n is even, it is clear that two mappings

0O 1 .. 2 241 242 ... n
- ( 5l ) and
o1 ... & -1 -2 ... 0
0 @—22 2ﬂ—l 2@ n—1 n
g= 2 2 2
n %+2 %+1 % n—1 n>

of P, are idempotent endomorphisms and fog is not idempotent. If n is odd,
similar as case n is even we can construct two idempotent endomorphisms
of P, with the composition of them is not idempotent. O

Now we get the theorem describing which tree is endo-idempotent-closed.

Theorem 2.2.4. Ezxactly the paths Py, P> and P3; are endo-idempotent-
closed trees.

Corollary 2.2.5. For any n > 4, the cycle Co, is not endo-idempotent-
closed.

Now we have only two cycles Cy and Cg to considering. It is routine to
check that C4 is endo-idempotent-closed. Next we show that the cycle Cg
is not endo-idempotent-closed.

Example 2.2.6. Take the cycle Cg as follows.
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5 4
1 2
. 0123465 0123465
Itlsclearthatf—<0 1 2 3 2 1)andg—<432345)
. . 01 2 3 45
are idempotent endomorphisms of Cg. But fog = 53 93 9 1 )
is not idempotent. So we get that Cg is not endo-idempotent-closed. O

Theorem 2.2.7. The only endo-idempotent-closed even cycle is Cy.

The next theorem follows from Theorems 2.2.4, 2.2.7 and Corollary
1.4.10.

Theorem 2.2.8. The complete bipartite graph K,,, ts endo-idempotent-
closed if and only if m,n < 2.

2.3 Locally strong endomorphisms of P, and (5,

For any graph G, since the set of all endomorphisms End(G) of G is al-
ways a monoid, in this section we consider when the set of all locally strong
endomorphisms LEnd(G) of G, which is not necessarily a semigroup, is a
semigroup. It is well-known that the paths F,, and the cycles Cs, are not
E-L-unretractive. So, we mention on the sets LEnd(P,) and LEnd' (Cay,).

Basics
In this section we need to show that an endomorphic image Iy is a strong
subgraph of G for any f € LEnd(G) where G € {P,,, Cay, | n > 1,m > 2}.

Lemma 2.3.1. ([28]) Let Coy, (n > 2) be a cycle and let f € End(Cay,). If
[ is not bijective, Iy = Py, for some k € {1,2,...,n}.

The next observation is clear.

Lemma 2.3.2. Let P, (n > 2) be a path and f € End(P,). Then Iy = Py,
for some k € {1,2,...,n}.

Now we get the main result in this section.

Lemma 2.3.3. Let G € {P,,,Cop, | n > 1,m > 2} and f € End(G). Then
Iy is a strong subgraph of G.
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Proof. Let f € End(G) be an endomorphism of G. We consider only the
case G = Cgy,. The other cases follow analogously. We suppose that f
is not bijective, so we get by Lemma 2.3.1 that Iy = P, for some k €
{1,2,...,m}. Since Iy is a connected subgraph of C3,, and all non-trivial
connected subgraphs of Cs,, are paths and are strong subgraphs of G, then
I} is a strong subgraph of G. O

The proof of the next corollary base on Proposition 1.2.13 and Lemma
2.3.3.

Corollary 2.3.4. End(P,) = HEnd(P,) and End(C,,) = HEnd(Cy,) for
alln>1 and m > 3.

Main results

We begin this section with the set of all locally strong endomorphisms
LEnd(P,) of path P,. In [1], Sr. Arworn, U. Knauer and S. Leeratanavalee
found when the set LEnd(FP,) formed a semigroup and found its cardinal
number. We cite some definitions, lemmas, theorems and corollaries in [1]
which we will use later.

Definition 2.3.5. ([1]) An endomorphism f : P, — P, is called a complete
folding if the congruence classes of the relation, ker f = {(z,y) € P, X P, |
f(z) = f(y)}, partition P, in to £+ 1 classes where ¢|n and the equivalence
classes are in the form:

0] ={2mfe P, | m=0,1,..},

[l={2m+ 1)l e P,|m=0,1,...}
and for any 0 < r < /£,

rl={2ml+re P, |m=0,1,..} U{2ml —re P, | m=1,2,...}.
We call ¢ the length of f.

Corollary 2.3.6. ([1]) An endomorphism on undirected path is locally strong
if and only if it is a complete folding.

Corollary 2.3.7. ([1]) The set LEnd(P,) forms a monoid if and only if n
1$ a prime or 4.

Theorem 2.3.8. ([1]) |[LEnd(P,)| =2> (n—¢+1).
ln

We consider the set LEnd'(Cay,). First we give a remark which generalize
a complete folding for homomorphism from any paths to any graphs.
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Remark 2.3.9. (1) We can generalize the definition of complete folding for
a homomorphism f from path P, to any graph G. This implies that the
condition in Definition 2.3.5 is held for f: P, — G.

(2) If we replace ,,an endomorphism on undirected path” by ,,a homo-
morphism from undirected path P, to undirected path F,,” in Corollary
2.3.6, the corollary is still true. But for any graph G the complete folding f
from any undirected paths to G is not necessarily locally strong. For exam-
ple, all bijective homomorphisms from P, to C3 are complete folding, but
they are not locally strong.

We start finding the cardinal number of the set LEnd' (Ca,) wonce we
observe the next example to investigate how many congruence relations,
which have n+1 congruence classes, induced by locally strong endomorphism
in LEnd' (Cay,).

Example 2.3.10. Consider the cycle Cg as follows.

For any non-trivial endomorphism f of Cg, we have 3 possible non-trivial
congruence relations induced by f which have 4 congruence classes including;:
p1L= {{0}7 {17 5}7 {27 4}7 {3}}
p2 = {{1}’ {2’ 0}7 {3’ 5}’ {4}}
pP3 = {{2}7{371}7{470}7{5}} O

The following observation is clear.

Lemma 2.3.11. For any cycle Cap, n > 2, we have n possible non-trivial
congruence relations induced by any non-trivial endomorphism of Ca,, which
have n + 1 congruence classes each.

We denote by P, , the congruence relation induced by non-trivial en-
domorphism of Cy, which has n + 1 congruence classes and [a] = {a} and
[a +n] = {a+n}. Itis clear that P,, is isomorphic to a factor graph
induced by the respective endomorphism of Cs,. From above lemma we get
that P, o, Py 1,....,FPnn—1 are n non-trivial congruence relations which have
n + 1 congruence classes. The next lemma is clear.
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Lemma 2.3.12. For any cycle Co,,

(1) for any a € V(Cay), Pn,a is a non-trivial congruence relation which
has a mazimal congruence classes;

(2) for any non trivial f € End(Cay,), there exists b € V(Cay,) which
Pn,b - Pf-

We find when a non-trivial endomorphism f of Cy, is locally strong. We
observe the next example to find some arguments which are the proofs in
general cases.

Example 2.3.13. Consider the cycle Cg in Example 2.3.10. Let f be an

endomorphism of Cg which is defined as follows.

3 I
4
2 4 264 3
1 5 1¢5 2
1

0

It is clear that f is locally strong and P30 C py. We see that flg 123} is
a homomorphism from {0, 1,2,3} to Iy for some k£ > 0. It is also complete
folding, i.e., it is locally strong. Let g be an endomorphism of Cg which is
defined as follows.

P3o C I,
2 3 4 2 3
1&%5 1{;\ }2
3 1

0 0

It is clear that g is not locally strong and P59 C py. We see that gl 12,3} is
a homomorphism from {0, 1,2,3} to I, for some k > 0, but it is not locally
strong. O

The next observation is clear by using Lemma 2.3.3, Remark 2.3.9 (2)
and the argument in the above example.

Lemma 2.3.14. Let f € End'(Ca,) with P, C py for some a € V(Cay).
Then f is locally strong if and only if f|{a7a+17“_7a+n} 18 a locally strong
homomorphism from a path {a,a+1,...,a+n} to a path Iy.
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Corollary 2.3.15. Let f be non-trivial endomorphism of Ca, with P, , C py
for some a € V(Cay,). If (|pf| — 1) {1 n, f is not locally strong.

To find the cardinal number of the set LEnd'(Cs,), we need some lem-
mas. The next lemma is clear by the observation of the next example.

Example 2.3.16. Consider the cycle C in Example 2.3.10. If ¢ = 3, we
have 3 congruence relations induced by endomorphisms of Cg which have
4 congruence classes (see Example 2.3.10). Let p; be congruence relation
in Example 2.3.10. Then p; = P3, for some a € V(Cs). It is clear that
gla+j) =a+jforall j € {0,1,2,3} is a locally strong endomorphism of
strong subgraph {a,a + 1,a + 2,a + 3} of G. It is also clear that f(z) =
a+j, x € [a+j],, for all j € {0,1,2,3} is an endomorphism of Cy,. Now
we get by Lemma 2.3.14 that f is locally strong. This means there exists
locally strong endomorphism whose congruence relations is p;. So we have
3 congruence relations induced by some locally strong endomorphism of Cjg
which have 4 congruence classes.

If £ =1, we have 1 possible congruence relation induced by some locally
strong endomorphism which have 2 congruence classes:

P4 = {{07 2a 4}7 {1’ 3’ 5}}
O

Lemma 2.3.17. For any cycle Co,, n > 2, if £ < n and {|n, then there
exists £ congruence relations induced by some locally strong endomorphism
of Cap, which have ¢ + 1 congruence classes.

The next lemma shows us for any f € LEnd'(Cy,) how many locally
strong endomorphisms of Cs, whose congruence relations are py.

Lemma 2.3.18. For any cycle Cay,, if f € LEnd(Cay,), then there exists 4n
locally strong endomorphisms of Cap, whose congruence relations are py.

Proof. Let f € LEnd'(Ca,). Suppose that f has length ¢. It is clear that
factor graph Cay,/py is isomorphic to Py, so Con/p, is [2],-[7+£],, path for
some x € V(Cap).

To find all locally strong endomorphisms whose congruence relations are
pf, it is sufficient to find all injective homomorphism from Co,/,, to Ca,
(i.e., find all possible injective homomorphism g as the following graph).
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[z + {0 ob+ L (b—1)
[z+1],8 sb+1(b—1)
[:U]:;I Ib

C2n/pf = PE g CZn

It is clear that we have 2n ways to send [z],, into C2,. If we send
[z]p; to b for some b € V(Ca,), we have 2 ways to send [z + 1],, into
Can, that is [z + 1],, is send to b+ 1 or b — 1. So, we have 4n possible
injective homomorphism ¢ from Cs,/, ; to Co,. So, we have 4n locally
strong endomorphisms of Cs, whose congruence relations are py. 0

By Lemmas 2.3.17 and 2.3.18 we get the next theorem describing the
cardinal number of the set LEnd' (Cay,).

Theorem 2.3.19. |LEnd (Ca,)| =4n)_¢.
Ln

It is well-known that the group Aut(Cs,) is isomorphic to the dihedral
group Ds, which has 4n elements. So we have 4n automorphisms of Cy,.
Therefore, we get the next corollary.

Corollary 2.3.20. |LEnd(Cay,)| =4n(1+ > ¥¢)
Ln

Next we will show when the set LEnd'(Cs,) forms a semigroup. The
following three observations are clear.

Lemma 2.3.21. Every endomorphism f of length 1 of a cycle Cay, is locally
strong endomorphism.

Lemma 2.3.22. Every endomorphism f : Cy — Cy4 of length 2 is locally
strong endomorphism.

Lemma 2.3.23. Let n > 2 and let f : Co, — Coy, be an endomorphism
of length m1 and g : Cy, — Coy be an endomorphism of length mo. If
my < me, then fog and go f are endomorphisms of length k < m1.

Lemma 2.3.24. The set LEnd'(Cy) forms a semigroup.

Proof. This follows from Lemmas 2.3.21, 2.3.22 and 2.3.23 since any non-
trivial endomorphism of Cy has length 1 or 2. 0

Lemma 2.3.25. The set LEnd' (Cs) does not form a semigroup.



Proof. Take a cycle Cg as follows.

dod iay 5o 9 o5

3,08 ——¢3 ,do ——~o 4

0,20———~¢2 1,38———e 3

lo— el 26— +e2

Py f(Cs) Ps 9(Cs)

And we get that f o g is an endomorphism as follows
foyg

0,d0——7 + 94
1, 5H£3
2 2

2P0 (fog)(Cs)
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which is not complete folding with respect to P3o, P31 or P32. So fog
is not a locally strong endomorphism. Hence, LEnd'(Cg) does not form a

semigroup.

O]

For any n > 3, we can prove that a cycle LEnd'(Csy,) does not form a
semigroup by using the argument of Lemma 2.3.25. So, we get the proposi-

tion and the theorem.

Proposition 2.3.26. For any n > 3, the set LEnd'(Ca,) does not form a

semigroup.

Theorem 2.3.27. The set LEnd (Cy,) forms a semigroup if and only if

n=2.

Consider the cycle Cy as follows.
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1
0<>2
3
Itisroutinetocheckthatf:<8 1 ; ?)andg:(g ;) ; g)

are non-trivial locally strong endomorphisms of Cy. Since f = fg # gf = g,
then LEnd'(Cy) is not a Clifford semigroup.

If we consider when the set of all quasi-strong endomorphism of P, or
Cop, forms a semigroup, we have few cases to consider since it is quite clear
that

(1) P, is Q-A-unretractive if and only if QEnd(P,) is a group Aut(P,)
if and only if n # 2 or n # 3 and

(2) Capy, is Q-A-unretractive if and only if Q End(Cay, ) is a group Aut(Cap,)
if and only if m > 2.

This means we check only the sets QEnd(Ps), QEnd(Ps) and QEnd(Cy).
We accuraly get these three sets form monoids.

For further studies, the sets of all quasi-strong endomorphisms of Q-A-
retractive graphs will be proved.



Chapter 3
8-graphs

In this chapter, we introduce a graph which we call ,,8-graph” because it
looks like the number 8. For this 8-graph, we got an inspiration from the
molecular graph, spirocompound, in [30]. Some 8-graphs are also bipartite
graphs. We study endo-properties of these 8-graphs. Moreover, we gen-
eralize 8-graphs to multiple 8-graphs and study the endo-properties of the
multiple 8-graphs.

3.1 Definition of 8-graphs

In this section, we introduce the definition of 8-graph and give properties
of cycles which we will use in the proofs of algebraic properties of endomor-
phism monoids of 8-graphs.

Definition 3.1.1. We call graph G an 8-graph if there exist two cycle
subgraphs C),, C,, with C, U (), = G and C, N C}, = P, for some r > 0.
We denote this 8—graph by C), m; P

In this chapter, we denote by P, a singleton set.

Example 3.1.2. The three following graphs are C5 ¢; P, C5 7; P3 and C7 6; Py,
respectively.

29



1 1 1
'
4e o7 4 o7 4
2 2¢ 2
3 8 3 8 3

There three graphs are isomorphic as can be seen by redrawing. The next
proposition generalized this property.

Proposition 3.1.3. For all r > 0,
Cn,m§ P = Cn+m—2r,m; Pyr= n,m+n—2r; Py
The next observation is clear.

Proposition 3.1.4. If m,n are even integers, the 8-graph Cy,n; Py is a
bipartite graph for all r > 0.

We also get that all 8-graphs are amalgamated coproduct of cycles.

Example 3.1.5. We will show that the 8-graph (3 3; Fy is an amalgamated
coproduct of cycles. Take H := {a1} and G1, G2 the cycles as follows.

by C2
I> b1 C1 <I

b3 3
Gl GZ

It is clear that mq(a1) = by and ma(ay) = ¢ are injective homomorphisms
from H to G1 and Go, respectively. By the Definition 1.3.5 we get the amal-

gamted G 11 G as follows which is the 8-graph C3 3; F.
(Hr(mlva))

by 2
ai
by ¢ O
The next observation is clear.
Proposition 3.1.6. All 8-graphs are amalgamated coproduct of cycles.

Before we show that all 8-graphs are retractive, we need some lemmas.
We cite the next quite obvious lemma from [2].
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Lemma 3.1.7. ([2]) If n,m > 3 and n is odd, then Hom(C,,Cp,) = 0 if
and only if m is even or m > n.

The next two corollaries are consequences of Lemma 3.1.7.

Corollary 3.1.8. For any 3 < n < m, we get that
(1) for all f € Hom(Cy, Cy,), f(Cy) 2 C,, and
(2) for all f € End(C), f(Cin) % Ch.

Corollary 3.1.9. For any 8-graph Cy, m; Py, if Cy is a smallest odd length
cycle subgraph of Cy, m; Py, then f(Cy) = Cy for all f € End(Cy, m; Pr).

First we consider an 8-graph C, ;,; P- where r = 0.
Lemma 3.1.10. For any n,m > 3, the 8-graph C,, ,n; Py is retractive.
Proof. Let Py = {0}. If m is even, set V(Cp,) = {0,1,2,...,m — 1} and

define
. ) i€ Cy
1) = . . . . .
/() { B—j ae{T—4%+i}ie{0,1,..,%

a mapping from G to itself. It is clear that f € End'(G), so Cym; Py is
retractive.

If n,m are odd, by Lemma 3.1.7, there exists f € End'(Cym; F). So,
we get that C), ,,; Py is retractive. O

Next, we will prove that (), ,,; P, is retractive where r» > 0.

Lemma 3.1.11. For any r > 0, if m > r, there exists f € End(Cay,) with
f(Cam) = P, where P, a path subgraph of the cycle Caop, .

Proof. 1t is clear that cycle Cs), can be mapped homomorphically onto P,
which is turn goes onto P, if and only if m > r. O
Corollary 3.1.12. For any 0 <r < m, an 8-graph Cy, 2m; P is retractive.

The next corollary is consequence from Corollary 3.1.12 and Proposition
3.1.3.

Corollary 3.1.13. For any r > 0, an 8-graph Cy, p,; P, is retractive.
Proof. By Proposition 3.1.3 we know that

Cn,m? P, = Cn+m—2r,m§ Pp_r= n,m+n—2r; P,

Since at least one of n,m,n +m — 2r is even, we get by Corollary 3.1.12
that C), m; P, is retractive. O

Theorem 3.1.14. All 8-graphs are retractive.
Proof. This follows from Lemma 3.1.10 and Corollary 3.1.13. O
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3.2 Regular endomorphisms of 8-graphs

We know from Proposition 3.1.4 that an 8—graph C,, ,; P. is a bipartite
graph if n and m are even integers. So we refer to Theorem 2.1.2 which
describes all endo-regular connected bipartite graphs.

It is clear that for any even integers n, m, exactly the 8-graph Cy4; P> is
endo-regular bipartite graph. Then we get the corollary of Theorem 2.1.2.

Corollary 3.2.1. If m,n are even integers, exactly the 8-graph C m; Pr
withn =m =4, r = 2 is endo-reqular.

We turn to consider an 8-graph C), ,,; P, when n or m is odd. First we
consider when both of them are odd. We begin with the case n = m.

Lemma 3.2.2. The 8-graphs Cs3; Py and C33; Py are endo-regular.

Proof. Take the 8-graphs Cs33; Py and C33; P; as follows.

ao by Z2

z Y3
I: a1j j:
as b3 T
C33: P C33; P

We will show that End(C33; Py) and End(Cs 3; Pp) are regular monoids. We
first consider End(C33; Py). For the 8-graph C33; Py, there exist only two
non-trivial congruence relations, i.e.,

p1 = {{a1},{az, b2}, {as, bs}} or

p2 = {{a1},{az, b3}, {as, b2}}.
We call {a1,a2,a3}, the cycle subgraph of Cs3; Py, an a-cycle. Similarly,
we call {a1,be,b3} a b-cycle. Now we consider an endomorphism f which
corresponds to p;. We may assume that Im(f) is the a-cycle and f in-
duces a non-identical automorphism of this a-cycle. Assume f(a;) = as and
f(a2) = a3 then we take for any other rotation of the a-cycle

(a1 a2 a3z by b3
g—<a2 az air ag al)
which is an endomorphism of C33; )y and fgf = f. So f is regular. Simi-
larly if f is a reflection on the a-cycle, i.e., f(a1) = a; and f(a2) = a3 then
we get that f3 = f, so f is regular.
Similarly, we also get that f is regular if f corresponds to ps.
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Now we consider End(Cs33; P1). There exists only one non-trivial con-
gruence relation: p = {{z1}, {x2}, {z3,y3}}. Similar as the 8-graph Cj5 5; Py
we get that End(Cs5; P1) is a regular monoid. d

We can prove that if n is odd, then all endomorphisms of C), ,,; P, are
regular by using the argument of Lemma 3.2.2. So, we get the next propo-
sition.

Proposition 3.2.3. If n is odd, all endomorphisms of C, ,,; P, are regular.
Now we consider the 8-graph (), ,,,; P when n,m are odd and n # m.

Lemma 3.2.4. The 8-graph Cs5; P is not endo-reqular.

Proof. Take the 8-graph C35; Py with its endomorphic image as follows.

Ys
Y3
2 Y3 T3 Y4
m< » Y :rr<r¥
a1

1 Ys

Then f = L2 T oY Y Y5 ) e the corresponding endomorphism
r3 1 T2 T2 Y3 T2

of Cs5; P1. Assume that there exists g € End(Cs5; P1) such that fgf = f.
Since f~(y3) = {ya}, fH(z1) = {x2} and f~1(x3) = {1} are singleton
sets, then g(y3) = y4, g(x1) = 22 and g(x2) = x3. By Lemma 3.1.7, we have
that g must preserve the cycle C3 = {1, x2, 23}, a subgraph of C35; Py, so
g(z3) = x2. Since {x2,y3} € E(Cs5; 1) and {g(22),9(y3)} = {ws,ys} ¢
E(Cs5; P1), g is not an endomorphism. So f is not regular. O

We can prove the next proposition by using the argument of Lemma
3.2.4. In this situation, we suppose that the cycle C), is the minimal cy-
cle subgraph of an 8-graph Cj, ,,; .. We construct an endomorphism f of
Ch,m; Py with f(C)y,) = C,, and there exists only one vertex a in Cj, ; Pr \

(ChU U N(z)) such that f(a) € Cpm; P\ Cy. We get that this endomor-
zeChp
phism f is not regular.

Proposition 3.2.5. Let n # m be integers. If
(1) n,m are odd or

(2) n is odd and m is even and |m —2r| > 2 and (r #1 or m # 4),
then Cy, m; Pr is not an endo-regular.
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Now we have the following theorem.

Theorem 3.2.6. Let n,m > 3 be odd integers. An 8-graph Cy p; P is
endo-reqular if and only if n = m.

Proof. This follows from Propositions 3.2.3 and 3.2.5. O

We know by Proposition 3.1.3 that Copnt1,2m; P = Cont1,2n+1; Pong1—m
for m > 2. So, we get the next corollary.

Corollary 3.2.7. For any m > 2, the 8-graph Cont1.2m; Pm is endo-reqular.

Proposition 3.2.5 does not describe the regularity of 8-graphs Cy, ,; P
when n is odd and m = 4 and » = 1. Now we will prove that all 8-graphs
Cha; P1, where n is odd are endo-regular.

Lemma 3.2.8. The 8-graph C34; Py is endo-reqular.
Proof. Take an 8-graph C34; P as follows.

€2

Y3
T3

Ya
Tl

It is clear that C3 = {x1,x9, 23} is a smallest odd length cycle sub-
graph of Cs4;P;. By Corollary 3.1.9 we get that f(C3) = C3 for all
f S End(0374; Pl).

If f is automorphism or f(C34; P1) = Cs, then it is clear that f is regu-
lar. Now we have another four endomorphisms which are not automorphism
and their image are not cycle C'3, namely,

fi = ( r1 X2 T3 Ys Y4 ) fy = < T1 T2 T3 Y3 Y4 )
x1 T2 w3 Y3 T2 )’ Ty T1 T3 Ys 1
fy = T1 T2 T3 Y3 Y4 fy = T1 X2 T3 Y3 Y4
r1 x2 x3 T1 Y4 )’ Ty T1 T3 T2 Y3
It is clear that fi and f3 are idempotent and fa f4 fo = fo and fifofs = fa.

Then we get that fi, f2, f3 and f4 are regular. So we get that C), 4; P is

endo-regular. O

We can prove the next proposition by using the argument of Lemma
3.2.8.
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Proposition 3.2.9. Let n > 3 be odd integer. The 8-graph C, 4; P is
endo-reqular.

Now we have the main theorem in this section which describes the endo-
regularity of 8-graphs.

Theorem 3.2.10. Ezactly the following 8-graphs are endo-reqular:
e Cont1,2n+1; B for any r >0,
® Cony14; 1,
o Cyy4; P = Ko3.

3.3 Completely regular endomorphisms of 8-graphs

Here we use the results of the previous section. We first consider the com-
pletely regularity of endo-regular 8-graphs Co,412n41; P for any r > 0.

Lemma 3.3.1. The endo-regular 8-graphs C33; Py and C33; Py are endo-
completely-reqular.

Proof. Take the 8—graphs C33; Py and C33; P as in the proof of Lemma
3.2.2.

First we consider the 8-graph (3 3; Fy. In this graph, we have two non-
trivial congruence relations:

p1 = {{a1},{a2, b2}, {as, b3}} and po = {{a1}, {az, b3}, {as, b2 }}
as we already noticed in Lemma 3.2.2 and we also have only two possible
image graphs:

Il = {al,ag,ag} and 12 = {al,bQ,bg}
which are isomorphic to Cj.

Let f be non-trivial endomorphism of Cs53; Fy. Assume that f is not
completely regular, i.e, f is not square injective. So there exist x,y € C3 3; Py
such that f(x) # f(y) and f?(x) = f?(y). Without loss of generality we
suppose that f(x), f(y) are in ;. Since I; is isomorphic to the odd-length
cycle Cs, it is clear that f|;,(I1) = I;. Since f(z) # f(y) € I, we get
that f2(z) # f2(y). This is a contradiction. So we get that f is completely
regular. Hence the 8-graph Cj33; P is endo-completely-regular.

Similarly we get that Cs3; P is endo-completely-regular. O

We can prove the next proposition by using the argument of Lemma
3.3.1.

Proposition 3.3.2. For any v > 0 and n > 1, an endo-reqular 8-graph
Cont1,2n+1; Pr is endo-completely-reqular.
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From Theorem 3.2.10 we have to consider two more endo-regular 8-
graphs, Co,41.4; P1 and Cy4; Po. We begin with the next special case.

Lemma 3.3.3. The endo-regular 8-graphs Cy4; Py and Cs4; Py are not
endo-completely-reqular.

Proof. Since the 8-graph Cjy4; P> is a complete bipartite graph K>3, so we
get by Theorem 2.1.4 that C44; P> is not endo-completely-regular.

Next, take the endo-regular 8-graph Cs 4; P; and its endomorphic image
as follows.

by
ay b3 ax b3
a a
ar by ap

Then | — < ar az az by by

az a1 az by @
f2(a1) = a1 = f%(b3) and f(a1) # f(b3), then we get that f is not square
injective. By Theorem 1.4.7 we get that f is not completely regular. Then
we get that Ps 4; P is not endo-completely-regular. O

> is endomorphisms of Cs54; P;. Since

We can prove the next proposition by using the argument of Lemma
3.3.3.

Proposition 3.3.4. For any n > 1, an endo-reqular 8-graph Coyi1.4; P1 is
not endo-completely-reqular.

Now we get the main theorem in this section which describes the endo-
completely-regularity of 8-graphs.

Theorem 3.3.5. Exactly the 8-graphs Copy1.2n+1; Pr are endo-completely-
regular where n > 1 and r > 0.
3.4 Endo-idempotent-closed 8-graphs

In this section, we will find which 8-graphs C), ,,,; P are endo-idempotent-
closed. First we consider the case when n and m are odd integers.

Lemma 3.4.1. The 8-graph Cs 3; Py is not endo-idempotent-closed.
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Proof. Take the 8-graph C33; F as follows.
as b2 az, bs b2, az
Pl e
age” “ebs as, by bs, a3
We repeat from Lemma 3.2.2: we call the cycle subgraph {ai,as,a3} an a-
cycle and call the cycle subgraph {aj, bs, b3} a b-cycle. It is clear that there
exist only two non-trivial congruence relations:
p1 = {{a1},{a2, b2}, {as, b3}} and po = {{a1}, {a2, b3}, {as, b2}}.
Let i1 be an idempotent embedding from the middle graph to the a-cycle
and io be an idempotent embedding from the right hand side graph to the

b-cycle. It is clear that i1 and o are idempotent endomorphisms but i1 o io
is not idempotent. So, Cs33; Py is not endo-idempotent-closed. ]

In general, it is clear that for any 8-graph Cay,41 2n+1; Fo, there exist two
non-trivial congruence relations and there exist only two non-trivial image
sets. It is also clear that there exist two non-trivial idempotent endomor-
phisms f and g whose congruence relations and image graphs are different.
And the composition f o g is not idempotent. Then, we get the next propo-
sition.

Proposition 3.4.2. For any n > 1, the 8-graph Cap1.2n+1; Py is not endo-
idempotent-closed.

Lemma 3.4.3. The 8-graph Cs3; Py is endo-idempotent-closed.

Proof. Take the 8-graph C33; Py as follows.

a2

ag@ b3

a1
It is clear that there exist only two non-trivial idempotent endomor-
. . b . b
phisms: i1 = 1 a2 a3 % and iy = o1 G2 43 U3 . We get
ay az as3 ag a; ag b3 b3
that i1 0ig = 41 and ip 041 = i2. So, C33; P; is endo-idempotent-closed. [

For any r > 0, it is clear that Coy,41,2,,+1; Pr contains only two non-trivial
idempotent endomorphisms ¢; and is. It is also clear that i o i = i1 and
ig 011 = 12. Then, we get the next proposition.
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Proposition 3.4.4. For any r > 0, the 8-graph Copi12n+1; P is endo-
idempotent-closed.

Now we consider the 8-graph Coy,41 2m+1; P where n # m. We begin to
show that the 8-graph Cj35; P is endo-idempotent-closed.

Lemma 3.4.5. The 8-graph Cs5; Py is endo-idempotent-closed.
Proof. Take an 8-graph C35; Py as follows.
by b3
a
S s
C35: P

It is clear that C3 = {aj,a9,a3} and C5 = {a1,ba,bs, by, b5} are sub-
graphs of Cs5; P.. Since C3 is the smallest odd length cycle subgraph of
C35; Py, by Lemma 3.1.7 we get that f(C3) = C3 for all endomorphisms
[ € End(Csp5; P). Since C5 is an odd cycle, it is clear that for any f €
End(Cs5; Py), ifz #y € Cs and f(x), f(y) € Cs, then f(x) # f(y). Now we
get that g(Cs5; Py) = Cs for all g € End' (Cs5; Py). So for any two idempo-
tent i1,42 € End (Cs5; Fy), Im(i1) = Im(iz) = Cs and i1 (x) = i2(x) = x for
all z € Cs. It is clear that Im(ijoig) = Im(i1) = Im(iz) and (i;0iz)(z) = x
for all x € I'm(i1 oidg), so i1 o iy is idempotent. Hence, we get that Cs5; Py
is endo-idempotent-closed. ]

We can prove the next proposition by using the argument of Lemma
3.4.5.

Proposition 3.4.6. For any r > 0 and n # m, the 8—graph Copi1,2m+1; Pr
18 endo-idempotent-closed.

The next theorem is a consequence from Propositions 3.4.2, 3.4.4, and
3.4.6.

Theorem 3.4.7. For any n,m > 1, 8-graph G = Copi1,2m+1; Pr is endo-
idempotent-closed if and only if (1) n # m or (2) n=m and r > 0.

We know from Proposition 3.1.3 that

Conti1om+1; P = C2(n+m+1—r),2m+1;P2m+177“ = C2n+1,2(m+n+1—r);P2n+1*T
for r > 0. Then we get the next corollary.
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Corollary 3.4.8. For anyr >0, n > 1 and m > 2, we get that Copy1.2m; Pr
1s endo-idempotent-closed.

Now we know that if » > 0, then the 8-graph Co,y12m; P is endo-
idempotent-closed. Next we give a lemma to show that C34; P is not endo-
regular.

Lemma 3.4.9. The 8-graph Cs 4; Py is not endo-indempotent-closed.

Proof. Take the 8-graph C3 4; Py and its factor graphs as follows.

a2 by az az, by

E C . I>\/bg I>l:3\
ar ay ai

az by az b, by az by

It is clear that an idempotent embedding ¢; from the middle graph to
Cs34; Py, which send ba and by to by, is an idempotent endomorphism of
Cs3,4; Pp. Similarly an idempotent embedding ¢p from the right hand side
graph to Cs4; Py, which send by to b4, is an idempotent endomorphism of
C3.4; Py. It is clear that iy o 42 is not idempotent since (i1 o i2)(b2) = by #
a9 = (’il e} ig)Q(bz). ]

We can prove the next proposition by using the argument of Lemma
3.4.9.

Proposition 3.4.10. The 8-graphs Cy, 2mm; Py is not endo-idempotent-closed.
Lemma 3.4.11. The 8-graph Cy4; Py is not endo-idempotent-closed.

Proof. Take the 8-graph Cjy 4; P; and its factor graphs as follows.

a3 az b3 asby

as

* ————0—0
ag  ar by ay ayasbs as arazbs by

Let f be an embedding from the middle graph to Cy 4; Py which f(z) = z for
all x € {a1,a2,a4} and g be an embedding from the right hand side graph
to Cy4; Py which g(z) = « for all z € {a1, a4, bs}. It is clear that f and g are
idempotent. But the composition f o g (the embedding from below graph
to Cy4; P1 which (f o g)(a1) = a1, (f o g)(as) = as and (f o g)(bs) = a2) is
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not idempotent.

by

o ]

as aiazbs

So, we get that Cy4; Pi is not endo-idempotent-closed. ]

We can prove the next proposition by using the argument in Lemma
3.4.11.

Proposition 3.4.12. For any n,m > 2 and r > 0, the 8—graphs Cop om; P
s not endo-idempotent-closed.

Now by Theorem 3.4.7, Corollary 3.4.8 and Propositions 3.4.10, 3.4.12
we get the next theorem describing when the 8-graph is endo-idempotent-
closed.

Theorem 3.4.13. Exactly the following 8-graphs are endo-idempotent-closed:
o Cont12m+1; P where r >0 and n #m
® Cont12n41; P where r > 0.

3.5 Other endo-properties of 8-graphs

We know from Theorems 3.2.10 and 3.4.13 that when the 8-graphs are endo-
orthodox.

Theorem 3.5.1. Exactly the 8-graphs Copi1,2n+1; Pr for some r > 0 are
endo-orthodox.

We get from Theorems 3.3.5 and 3.5.1 that all endo-orthodox 8-graphs
are endo-completely-regular. So, we get the next corollary since orthogroup
means completely regular and orthodox.

Corollary 3.5.2. Ezactly the monoids of the 8-graphs Copi12n+1; Pr are
orthogroups where v > 0.

Theorem 3.5.3. No 8-graph is endo-Clifford.

Proof. Let n be an odd integer. Take Cj, »; P an endo-completely regular
8—graph. Let {x1,x2,...,x,} =: C and {1, ..., Tp41,Yr42, -, Yn} =: C’ be
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two cycle subgraphs of C,, ;P of length n. It is clear that there exist
i1,92 € Idt(Chpn; Pr) with Im(i1) = C and Im(iz) = C’. And it also clear
that i1 o i9 = i1 # i2 = i2 04;. Now we get that C,, ;P is not endo-
Clifford. ]

3.6 Endo-regular multiple 8—graphs

In this section, we generalize 8-graphs to multiple 8-graphs and find when
they are endo-regular.

Definition 3.6.1. We call the connected graph G multiple 8-graph if
there exists » > 0 and there exists s > 2 cycle subgraphs C,,,Cy,, ..., Cp,

S
of G with |J Cp, = G and Cp, N Cy; = Py, i # j. We denote the multiple
k=1 ’
8_gra‘ph by Cnl,nz,...7n5§ P’r‘-
The next observation is clear.

Lemma 3.6.2. Let Cyp, p,y,. .. ny; Pr be a multiple 8-graph.

(1) If Cpymo,...ns; Pr contains odd-length cycle as a subgraph and Cy, is
a minimal odd-length cycle subgraph of Cy, n.... ng; Pr, an 8-graph Cy, v, Py
is isomorphic to strong subgraph Im(f) for some f € End(Cp, no,...n.; Pr)
where i € {2,3,...,s}.

(2) If Cuypno,...ng; Pr contains no odd-length cycle as a subgraph, an
8-graph Chp, n;; Pr is isomorphic to strong subgraph Im(f) for some f €
End(Cny ny,...ne; Pr) where i # j € {1,2,...,s}.

Now we turn to find the regularity of endomorphism monoids of multiple
8-graphs.

Lemma 3.6.3. Let Cp, p,,..ny; Pr be a multiple 8-graph.
(1) If Cy, is a minimal odd-length cycle subgraph of Cy, ny...n.; Pr and
(a) 7 # 1 and ny # n; for some i € {2,...,s} or
(b) r =1 and n; ¢ {4,n1} for some i € {1,2,..., s},
then Chn, no.,...ngs Pr 18 not endo-regular.
(2) If Cp,ono,...ng; Pr contains no odd-length cycle as a subgraph and
Crina,.ngs Pr is mot Caa

.........

Proof. (1) First we prove case (a). Suppose that ny # n; for some i €
{2,3,...,s}. By Theorem 3.2.10 and Lemma 3.6.2 we get that Cy,, ,,; Pr is not
endo-regular which is isomorphic to Im( f) for some f € End(Cy, ny,..n; Pr)-
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Now by Lemma 1.4.4 we can conclude that Cy, n, . n.;Pr is not endo-
regular. Similarly, we get that Cp, n,... n; Pr is not endo-regular if r = 1
and n; ¢ {4,n;} for some i € {1,2,...;s}.

(2) The proof of this case is similar as case (1). O

For any s > 2, we instead n,n,...,n by (n)(®). Lemma 3.6.3 does not
———
s times

describe the following 3 multiple 8-graphs:

(1) C(Qn—i—l)(t) ) P?")

(2) C(2n+1)(t)7(4)(s); P1 and

(3) 0(4)(5);P2.
So, we will consider the endo-regularity of them. It is clear that for any s > 2
the multiple 8-graph in case (3) is the complete bipartite graph Ka s11. So
by Theorem 2.1.2 we get the next lemma.

Lemma 3.6.4. For any s > 2, the multiple 8-graphs C(4)<5>;P2 is endo-
reqular.

Now we turn to the multiple 8-graph C’(Qnﬂ)(t);PT for r > 0. We will
show that they are endo-regular. In the proof of endo-regularity of these
graphs we need some proposition. The next observation is clear.

Proposition 3.6.5. Let G := C(2n+1)(t);Pr be a multiple 8-graph and f €
End(G). Then Im(f) is a strong subgraph of G with Im(f) = Capy1 or
Im(f) = Clgpy1yan; Pr where 2 < t<t.

Lemma 3.6.6. For anyr > 0 and t > 2, the multiple 8-graph C(2n+1)(t);P7»
s endo-reqular.

Proof. We prove by induction. The case ¢ = 2 is true by Theorem 3.2.10.
Suppose that C(2n+1)(t> ; P, is endo-regular. We will prove that C(2n+1)(t+1); P,
is endo-regular. Let f be non-trivial endomorphism of C(Qn 1@ Pre By
Proposition 3.6.5 we get that Im(f) = Copq1 or Im(f) = Clant1yei br
where 2 <t < t+1. We consider only the case Im(f) = Clong1yw; Pr. The
other cases follow analogously.

To prove the regularity of f. It is equivalent to prove the regularity of
flimepy =2 9 - Im(f) — Im(f). Since Im(f) = Cont1y0; Pr is endo-regular
and g € End(Im(f)), then g is regular. So, f is regular. Now the result is
proved. O

Next we consider an multiple 8-graph G := C(2n+1)(t)7(4)(5) ; P1. First we
will show that if s > 2, then G is not endo-regular.
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Lemma 3.6.7. The multiple 8-graph C3 4.4; P1 is not endo-regular.

Proof. Take the multiple 8-graph C3 44; P1 with its endomorphic image as
follows.

bs cu
as c3 as C3
p—O
a a
b4 r—O
ar ¢4 ap by
b3

ap az az by by c3 ¢y
Then f = ( ar as a3z a1 by by ag
Assume that there exists g € End(Csa4;P1) such that fgf = f. Since
f7H(bs3) = {c3} and f=1(by) = {bs} are singleton sets, then g(b3) = c3 and
g(b4) = b4. Since {bg,b4} € E(C'3’474;P1) and {g(bg),g(b4)} = {Cg,b4} ¢
E(C3.4.4; P1), then g is not an endomorphism which is a contradiction. So
f is not regular. Hence C3 44; P1 is not endo-regular. L]

) is the endomorphism of C3 4 4; P;.

We can prove the next proposition by using the argument of Lemma
3.6.7.

Proposition 3.6.8. For anyt > 1 and s > 2, C(2n+1)(t)7(4)(5);P]_ is not
endo-reqular.

We can prove the next proposition by using the argument of Lemma
3.2.8.

Proposition 3.6.9. For anyt > 1, C(2n+1)(1)74;P1 1s endo-regular.

Now we get the theorem which describes the regularity of endomorphism
monoids of multiple 8-graphs.

Theorem 3.6.10. Ezactly the following multiple 8-graphs are endo-regqular:
® C(2n+1)(t);Pr where r >0 and t > 2
° C(2n+1)(t)74;P1 where t > 1
* Oy Po = Kooyt

Proof. This follows from Lemmas 3.6.3, 3.6.4, 3.6.6 and Propositions 3.6.8,
3.6.9. O
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3.7 Other endo-properties of multiple 8-graphs

We begin this section by consider the completely regularity of endomorphism
monoids of multiple 8-graphs.

Lemma 3.7.1. No endo-regular multiple 8-graph C\yyi); P2 = Ko is
endo-completely-reqular.

Proof. This follows from Theorem 2.1.4. O

Lemma 3.7.2. For any t > 2, the endo-regular C(2n+1)(t);Pr is endo-
completely-reqular.

Proof. The proof is similar as the proof of Lemma 3.6.6. O

For any endo-regular multiple 8-graph C(2n 1) 45 1y it s clear that
there exists an endomorphic image which has the following form.

By using the argument of Lemma 3.3.3 we can find some non-completely
regular endomorphism f of C(2n +1)®,4; P1 whose endomorphic image is iso-
morphic to the above graph. So we get the next proposition.

Proposition 3.7.3. For any t > 1, an endo-reqular multiple 8-graph
C(2n+1)(t)74; P, is not endo-completely-regular.

Theorem 3.7.4. Ezxactly an multiple 8-graph Copi1,. 2n+1; Pr 15 endo-
completely-reqular where n > 1 and r >0 .

Next, we consider an endo-idempotent-closed multiple 8-graph. First we
give a lemma describing if the multiple 8-graph contains two cycles Cs, and
Com as strong subgraphs and n # m, then it is not endo-idempotent-closed.
The proof of next lemma follows from Corollary 1.4.10.

Lemma 3.7.5. Let Cp, ny,... ny; Pr be a multiple 8-graph. If n; # n; are even
for some i # j € {1,2,...,s}, then Cy, ny...n.; Pr is not endo-idempotent-
closed.

Next we consider the multiple 8-graph Cy,, n,.... n,; Fo which contains two
cycles of n vertices, C), and CJ,, as subgraphs and C,, # CJ,. We can prove
the next lemma by using the argument in the proof of Lemma 3.4.1.
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Lemma 3.7.6. Let Cy, n,....n.; Po be a multiple 8-graph. If Cp, and C’nj
are two difference cycle subgraphs of Cy, n,,..n.; Po which have n wvertices
for some i # j € {1,2,...,s}, then Cy, ny...n.; Pr is not endo-idempotent-
closed.

Example 3.7.7. Take the multiple 8-graph C3 5 5; Py and its factor graphs
as follows.

€GB co C3 5 C4
by b3 by b3 b2 b3
a9 p GQI:><::j a2I:><::j

a a a
a3 1 ] CL3 1 > CL3 1 J
) bs b4 bs b4 bs by
ey s Cy C4 Co C3

Then i1 — air as az by by by by cog c3 cq4 o5 and iy —
! al; ag as bQ bg b4 b5 bQ bg b4 b5 2

ap az az by by by by ca c3 cy s
ap ay a3 ¢C; C4 C3 C2 C2 C3 C4 Cjy
phisms of C3 5 5; . But i1 042 is not idempotent, so C3 5 5; Py is not endo-
idempotent-closed. O

> are idempotent endomor-

Now we turn to the case C(n)(t> ; Pr where t > 2, r > 0 and n is odd.
Lemma 3.7.8. The multiple 8-graph Cs3 3 3; P is not endo-idempotent-closed.
Proof. Take the multiple 8-graph C3 3 3; Pi and its factor graphs as follows.

ao ao ag
C3 b3 as, c3 <D' b3 a3<I> b3, c3
ai a1 ai

. (a1 ax a3z b3z c3 . (a1 ax a3z bz c3
Then i, = and io = are
ap az az by as ay az ag c3 c3

ap az az by c3
a]; ag a3z C3 as
is not idempotent. So C333; P is not endo-idempotent-closed. O

idempotent endomorphisms of C3 3 3; P1. But ig0i; =

N————

We can prove the next proposition by using the argument of the proof
of Lemma 3.7.8.

Proposition 3.7.9. Let n > 3 be odd, t > 3 and r > 0. Then the multiple
8-graph C'(n)u);Pr is not endo-idempotent-closed.
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Now we get the theorem describing when the multiple 8-graph is endo-
idempotent-closed.

Theorem 3.7.10. Exactly the following multiple 8-graphs are endo-idempotent-
closed:

® Cony41,2n0+1,... 2ns+1; Pr where r > 0 and n; # nj fori # j € {1,2,...,s},

® (i1 2n41; P where r > 0.

Theorem 3.7.11. Exactly the multiple 8—graphs Copi1,2n+1; P are endo-
orthodox where n > 1 and r > 0.

Theorem 3.7.12. Ezxactly the monoids of multiple 8— graphs Capt1 2n+1; Pr
are orthogroups where n > 1 and r > 0.

Theorem 3.7.13. No multiple 8-graph is endo-Clifford.

3.8 Conclusion

From all previous section, we got the relationship of endo-properties of mul-
tiple 8-graphs and 8-graphs as follows:

(1) endo-regular 2 endo-completely-regular 2 endo-orthodox = orthogroup.
(2) (endo-regular or endo-completely reglar) is not a subset of endo-idempotent-
closed and vice versa.

(3) (endo-regular or endo-completely-regular) N endo-idempotent-closed is
not empty.

Finally, we give Table 3.1 and Table 3.2 containing the conclusion of
endo-properties of multiple 8-graphs and containing the examples of multi-
ple graphs which they have difference endo-properties, respectively. In these
2 tables, we use

endo-r. instead of endo-regular,

endo-c.r. instead of endo-completely-regular,

endo-i.c. instead of endo-idempotent-closed,

endo-o.t.d instead of endo-orthodox and

endo-C. instead of endo-Clifford.

We know that all multiple 8-graphs are not endo-Clifford. From Chapter
2, exactly K5 is an endo-Clifford bipartite graph but K5 is not retractive
graph. This means now we do not have any retractive graph which its endo-
morphism monoid is a Clifford semigroup. So, we study more special graph
(split graph) in the next chapter to find a graph which is retractive and
endo-Clifford.
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Chapter 4
Split graphs

Split graphs may be regarded as the graphs between bipartite graphs and
their complements. In this chapter, we find the algebraic structures of the
monoid of split graphs.

4.1 Definition of split graphs

Split graph were introduced by Féldes and and Hammer [9]. In this section,
we describe definitions, propositions, lemmas and theorems with respect to
split graph for further investigation in the next sections.

Definition 4.1.1. A graph G(V, E) is called a split graph if its vertex-set
can be partitioned into disjoint (non-empty) sets I and K, i.e., V=K UI,
such that [ is an independent set and K is a complete set.

In this dissertation, a split graph G is always written as K, U I, where
K, is a maximal complete subgraph of G and I, = K.

Definition 4.1.2. Let G = K,, U I, be a split graph where K, is a (may
be not maximal) complete subgraph of G. We call K,, U I, be a unique
decomposition of G with the clique size n if for every complete subgraph
K] and every independent set I/ such that G = K], U I one has K| = K,
and I = I,.

Example 4.1.3. Let G be the graph as in Figure 4.1. We see that there
are 2 complete subgraphs size 3, K3 = {1,2,3} and K} = {2,3,4}. It is clear
that G can be partitioned to both of K3U{4,5} and K}U{1,5}. So, there is
no unique decompositions of G with the clique size 3. We have one complete
subgraph Ky = {2,3} of G with Ko U {1,4,5}, i.e., a unique decomposition
of G with the clique size 2. O

48
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3

Figure 4.1: A split graph which has no a unique decomposition with the
clique size 3.

This can be formulated in general as follows.

Proposition 4.1.4. If K, is a maximal complete subgraph of a split graph
G and K, U I, is not a unique decomposition with the clique size n, then
K,_1 UI,11 is a unique decomposition with the clique size n — 1.

Definition 4.1.5. For any split graph G = K, U I, let J be a subset of

I.. We call J a split component of I, if for any a,b € J, N(a) = N(b)

(including the case whose N (a) and N (b) are empty) and there isno ¢ € I,\J

such that N(c¢) = N(a). And we say that I, has s split components if I,
S

contains s distinct split components, i.e., I, = |J J;, J; a split component

=1
of I. foralli=1,2,...,s.

We observe that the split component is a v-class in the terminology of
[21]. This means that the canonical strong factor graph of K, U I, is the
form K, U I, if I, has s split components.

U v ow
q 7
x
ce 4 2 .y
be z
ae
1 2

Figure 4.2: Split graph Ky U Iy.

Example 4.1.6. Let GG be the split graph as in Figure 4.2. So we consider
G = K4 U Iy where Ky = {1,2,3,4} and Iy = {a,b,c,u,v,w,z,y,z}, the
independent set Iy has 3 split components, J; = {a,b,c}, Jo = {u,v,w}
and J3 = {x,y,z}. If we consider G = K3 U Ijp where K3 = {2,3,4} and
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Iy = Iy U{1}, we have that the independent set I has 4 split components,
J1, Jo, Js and Jy = {1}. O

The regularity of endomorphism monoids of split graphs were studied
by S. Fan in [8] and by W. Li and J. Chen in [27]. The next two theorems
describe the regularity of endomorphism monoids of split graphs. We cite
them from the results of Li and Chen in [27].

Theorem 4.1.7. ([27]) Let G(V, E) be a connected split graph with V =
K, UI.. Then G is endo-reqular if and only if for all a € I. one has
IN(a)| =d, d e {1,...,n—1}.

Theorem 4.1.8. ([27]) A non-connected split graph K,, U I, is endo-regular
if and only if N(a) =0 for all a € I,.

Next we give a lemma which describes the image of an endomorphism
on a complete subgraph.

Lemma 4.1.9. For any split graph G = K, UI,, let f be an endomorphism
of G. If IN(a)] <n—1 for all a € I, then f(V(K,)) = V(K,).

Proof. Take V(K,,) = {ki1,k2,....,k,} and f an endomorphism of G. It is
clear that for any i,j € {1,2,...,n}, i # j, f(ki) # f(k;).

Next we show that for all i« € {1,2,...,n}, f(k)) € V(K,). Assume
that there exists r € {1,2,...,n} such that f(k,) = ¢ € I. Then f(K,) C
N(c)U{c} and |f(K,)| = n. Thus, |[N(c)| = n — 1 which is a contradiction
to the assumption < n — 1. O

Lemma 4.1.10. Let G = K,,UI, be an endo-regular split graph. If End(G)
s completely reqular, then r < 2.

Proof. Let r > 2. Suppose that aj,as € I, a; # az and V(K,) =
{1,2,...,n}. Consider a mapping f with f(a1) = a2 and f(K,) = K,.
If G is non-connected, set f(z) = 1 for all x € I\ {a1}. If G is con-
nected, set f is a bijective from N(a;) to N(az) and for any x € I, \ {a1},
flz) e V(K,) \ {f(y)ly € N(x)}. It is easy to check that f is an endomor-
phism in G in both cases. In both cases a1 ¢ Imf. Since G is endo-regular,
then there exists an endomorphism g such that fgf = f. Then

fglaz) = fgf(a1) = f(a1) = as,

and thus g(az) = a1. Since gf(a1) = g(az) = a1 and a1 ¢ Imf, then
gf(a1) # fg(a1). Hence, we get already that End(G) is not completely
regular. O
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Lemma 4.1.11. ([21]) Let G be a graph, x1,x2 € G. There exists a strong
endomorphism f € SEnd(G) with f(x1) = f(x2) if and only if N(x1) =
N(.’Eg)

Remark 4.1.12. (1) If an endo-regular split graphs G = K,, U I, with I,
has exactly one split component and |N(a)| = n—1 for all a € I, they are of
the form K, U I, = K3[K,11, K, 1] (generalized lexicographic product see
[21]). In this case we have by Proposition 4.1.4 that K,,_1 U, is a unique
decomposition of G with the clique size n—1, and the canonical strong factor
graph of K, _1 U I,41 is K,. Then by Theorem 3.4 in [21], we have that
SEnd(Ky,—1UI ;1) = Aut(K,) wr K where K = {{u} | v € Kp_1}U{Lr41}
is a small category (for definitions and notation see [21]). This means that
every strong endomorphism can be described by an automorphism ¢ of K,
followed by a family of mappings. For every element x of K, we take a
mapping from the class [z] of = to the class [p(z)] of p(x). For all x € K,
we get the family of mappings. Here most classes are one element, except
for the class corresponding to I,1.

(2) For any endo-regular split graph G = K, U I, with K, is a maximal
complete subgraph of G, if I, has s > 1 split components, it is clear that
K, U, is a unique decomposition of G with the clique size n.

4.2 Completely regular endomorphisms

We begin this section by specifying the condition in Theorem 1.4.7 for an
endo-regular split graph G. We first prove a lemma which shows an ad-

ditional property of a completely regular f of an endo-regular split graph
G.

Lemma 4.2.1. Let G = K, U I, be an endo-regular split graph and let f be
a completely reqular endomorphism on G. If |[N(a)| <n—1 for all a € I,
then for any d € I, if f(d) € Ky, then d ¢ Im(f).

Proof. Let f be a completely regular endomorphism of G. Let d € I, with
f(d) € K,,. Assume that d € Im(f). Since [N(a)] <n —1for all a € I, we
get by Lemma 4.1.9 that f(K,) = K,. Then there exists ¢ € I, such that
f(e) = d. Now we have that f?(c) = f(d) =: z € K,. Since f(K,) = Kp,
then there exists u € K,, with f(u) € K,, and f?(u) = 2. Since f2(u) = f%(c)
and f is completely regular, by Theorem 1.4.7, we have that f(u) = f(c) =
d € I,. This a contradiction. Then we get that d ¢ Im(f). O

To prove the main theorem in this section we need some notations and
some lemmas. For any f € End(G), define
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End;(G) := {g € End(G)lp; = pg}

the set of all endomorphisms of G with congruence relation p;. Note that
Ends(G) is Green’s L—class of f.

Lemma 4.2.2. For any endo-regular split graph G = K,,\J L., let f be an
endomorphism of G. If f is a bijective or f(G) = K, then End¢(G) is a
group.

Proof. If f is bijective, we see that End¢(G) = Aut(G). Otherwise:

(a) If IN(a)] =m <n—1for all a € I, it is clear by Lemma 4.1.9 that
Ends(G) =2 End(Ky) = Sp.

(b) If [N(a)] = n — 1 for all a € I,, we have to consider the ways
Im(f) = K,, can be embedded into G. There are r + 1 ways each followed
by all permutation of the image. So we get r + 1 times S,,. Moreover, it is
clear that Endy(G) altogether is isomorphic to the left group S, x L,11. O

Theorem 4.2.3. For any endo-regular split graph G = K, U I,., End(G) is
completely regular if and only if r = 1.

Proof. Let G = K, U I, be an endo-regular split graph. If r = 1, then by
Lemma 4.2.2 and Theorem 1.1.9 we get End(G) is completely regular. If
r > 1, we get that End(G) is not completely regular monoid by Lemma
4.1.10. O

Continuing the consideration from Remark 4.1.12 we get the following
proposition.

Proposition 4.2.4. For any endo-regular split graph G = K, U I,

(1) if IN(a)] < n—1 for all a € I, then f € End(G) is a strong
endomorphism if and only if f(c) € I, Ve € I,.;

(2) if K, U1, is not a unique decomposition of G with the clique size n,
then all f € End(G) are strong endomorphisms.

Proof. (1) Necessity. Let f € End(G) be a strong endomorphism. Assume
that there exists ¢ € I, with f(¢) = u € K,,. By Lemma 4.1.9, we have that
f(Ky) = K,. Then there exist € K,, such that f(z) = u, so f(z) = f(c).
Since |[N(c)| <n—1and [N(x)] > n—1, by Lemma 4.1.11 we get that f is
not a strong endomorphism. This is a contradiction. Then f(c) € I, for all
c€I,.

Sufficiency. Let f € End(G) with f(c) € I, for all ¢ € I,. Let
{f(u), f(v)} € E(G). If f(u), f(v) € Ky, it is clear that u,v € K,, so
{u,v} € E(G). It remains to consider f(u) € K,, and f(v) € I,. By Lemma
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4.1.9 and hypothesis we have that v € K, and v € I,.. Since v, f(v) € I, by
hypothesis we have |N(v)| = [N(f(v))|. Since f is an endomorphism, then
f(N(v)) = N(f(v)). Since f(u) € N(f(v)) and f(K,) = Ky, then u € N(v)
so {u,v} € E(G). Then we get that f is a strong endomorphism.

(2) This case is obvious, look for example to the graph in Example 4.1.3
without point 5. ]

For the endo-idempotent-closed split graph, we ever got the result but
we found later that it was wrong. I will consider this endo-property of split
graph again in the next chance.

4.3 Completely regular subsemigroups

Since exactly endo-regular split graphs G = K, U I; are endo-completely-
regular for any n > 1, so in this section we need to characterize some com-
pletely regular subsemigroups of endo-regular split graph G = K,,UI, where
r > 1. But it is so complicated to generalize a completely regular subsemi-
groups of an endomorphism monoid of any endo-regular split graph. So we
consider only three cases of endo-regular split graphs G = K,, U I

(1) with exactly one split component of I,

(2) with s > 1 split components of I, and |N(a)| =1 where a € I,

(3) with s > 1 split components of I, and |N(a)| > 2 where a € I,.
In this section, it is natural that we find left groups as subsemigroups of
endomorphism monoids, which of course are completely regular.

Endo-regular split graphs K, UI, with exactly one split component
of I,

In this section, we characterize completely regular subsemigroups contained
in End(G) where G is endo-regular split graphs with exactly one split com-
ponent. First we give a lemma which describes the image of any endomor-
phism and the composition of any two endomorphisms of an endo-regular
split graph G = K, U I, restricted to K, \ N(a) and to N(a).

Lemma 4.3.1. Let G = K, U I, be an endo-reqular split graph such that
I has exactly one split component, i.e., N(a) = N(b) for all a,b € I,.. If
f,9 € End(G) with f(G) 2 K,, and g(G) 2 K,, we have f(N(a)) = N(a),
and (f o g)(N(a)) = N(a). If |IN(a)| < n—1 for all a € I, we have in
addition [(Fo\ N(@)) = Kn \ N(a), (f 0 9)(Kn \ N(@)) = Ky \ N(a) and
the statement is also true for f(G) = K.
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Proof. Let f be an endomorphism of G which f(G) 2 K,. Let u € N(a).
Assume that f(u) ¢ N(a). Then f(u) € (K, \ N(a))U I,. We consider two
cases.

Case 1. |N(a)| <n —1 for all a € I,. By Lemma 4.1.9, it is impossible
that f(u) € I, so f(u) € K,, \ N(a). Since f(G) 2 K,, and f(K,) = K,,
there exists a vertex v € I, such that f(v) € I,. Since f(u) ¢ N(a) for all
a € I, then f(u) ¢ N(f(v)), ie., {f(u), f(v)} ¢ E(G). But {u,v} € V(G)
and f is an endomorphism, then this is a contradiction.

Case 2. |N(a)] = n —1 for all @ € I,. Since I, has exactly one split
component and K, is a maximal complete subgraph, there exists one vertex
x € Ky such that x ¢ N(a) and N(z) = N(a). For example, we consider
the graph as in Figure 4.3 where K,, = K3 = {1,2,z} and [, = I; =
{a,b,c,d,e}. Tt is clear that only vertex = € K3 is such that = ¢ N(a)
and N(x) = N(a). It is obvious that I, U {z} is an independent set of G.

Nia

Figure 4.3: Endo-regular split graph G = K3 U I5 which K3 U I5 is not a
unique decomposition of G with the clique size 3.

Now we assume that f(u) € I, U {x}. Since f(G) 2 K, and f preserves
K,, there exists v € I, U {z} such that f(v) € I, U{z}. Since I, U {z} is
an independent set, {f(u), f(v)} ¢ E(G). But {u,v} € F(G) and f is an
endomorphism, we have a contradiction.

Moreover, if |[N(a)] < n—1 for all a € I, by Lemma 4.1.9 we have
f(Ky) = K,. So we get that f(K, \ N(a)) = K, \ N(a). O

Remark 4.3.2. Lemma 4.3.1 is not true in the case when |N(a)| =n —1
for all @ € I, and f € End(G) with f(G) = K,. For example, take G a
graph as in Figure 4.3. We see that K3 = {1,2,z} is a maximal complete
subgraph of G, I5 = {a,b,c,d, e} is an independent set and N(a) = {1,2}.
1 2 z a b c d e

1 2 2 2 2 2 2

G with £(G) = Ky. But f(N(a)) = £({1,2}) = {1,a} # N(a).

It is obvious that f = is an endomorphism of
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Note that if A is any set, then we denote by S4 the group of permutations
of the elements in A. For examples, S(; 231, S{{a,} {c,d}} are the symmetric
group S3 and S, respectively.

In Theorem 4.3.3 and Corollary 4.3.5, K, is not necessarily a maximal
complete subgraph of the split graph G = K,UI,, since for some f € End(G)
with f(G) isomorphic to a maximal complete subgraph of G we may have the
following situation. For example, we consider f as in Remark 4.3.2. We see
that f({a,b,¢,d}) = {2} € I = {a,b,c,d, }, so there is no congruence class
whose a subset of I,. Then we can not construct the set of representatives
A as is defined in Theorem 4.3.3. This implies that we can not construct
the set CRE?(G). Then in the next theorem and its corollary, we do not
consider the case when f(G) isomorphic to a maximal complete subgraph
of G. Although, we have Lemma 4.2.2 which shows End;(G) is a group, so
Ends(G) is a completely regular monoid.

Theorem 4.3.3. Let G = K,, U I, be an endo-reqular split graph such that
L. has exactly one split component and K,, U I is a unique decomposition of
G with the clique size n. Suppose f € End(G) with f(G) is not isomorphic
to the maximal complete subgraph of G. Suppose that f has q congruence
classes which are subsets of I, for some q € N, namely, li1]y,, [i2]p;,---,
liglpss i1, 0g € Ip. For every j = 1,2,...,q, choose a representative a; €
lijlp; for all j = 1,2,..,q and set A = {ay,az,...,a4}. Set Il = {i €
I, |f(i) € I} and

CRENG) := {h € Endy(G)|h c.r., h(I]) = A}

the set of all completely regular endomorphisms in Endg(G) such that their

restrictions on I,f give the set A. Then we have that C’RE}?‘(G’) is the group
Sn—m X Sm x 9.

Proof. Case 1. K,, is a maximal complete subgraph of GG. To illustrate the
situation in this case, i.e., |[N(a)] = m < n —1 for all a € I, we consider
the graph as in Figure 4.4. In this graph we use K,, = K5, m = 2 and
q = 3. Take f such that the dotted ovals in the picture are the congruence
classes induced by f which are subsets of I,. Now take A = {a,d,e}. We
get C’RE}“(G) is isomorphic to S3 x Sy X S3 = S123) X Spa 51 X Sa.

By the graph as in Figure 4.4 and Lemma 4.3.1, it is obvious that
C'RE?(G)“Kn\N(a)) and C’RE?(G)]N((Z), the sets of restrictions of all en-
domorphisms in CRE}“(G) to K, \ N(a) and to N(a), are isomorphic to
Sn—m and S,,, respectively. For any endomorphism h in C’RE}L‘(G), we get
h(u) = h(a;) for all u € [is],;, j = 1,2,...,q. So we have that CRE]‘?(G)\L[ is
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Figure 4.4: Endo-regular split graph G = K5 U I which K5 U I is a unique
decomposition of G with the clique size 5.

isomorphic to C’REJ’?(G) |A. By inspection it is clear that CREJ’?(G) | is iso-
morphic to S;. Then we have that C’RE;‘(G) is isomorphic to Sy, X S XSy

Case 2. K, is not a maximal complete subgraph of G. Consider the
graph as in Figure 4.3. Here K,, = Ko = N(a) and ¢ = 3. The three
dotted ovals in the graph are the congruence classes induced by f which are
subsets of I,. Take now A = {x,c,d}. We get C’RE}“(G) is isomorphic to
Sg X 53 = S{l,z} X SA.

Formally, the result is the same as before since now K, \ N(a) = ), then
m=mn—1 and C’RE}“(G) = Sp—m X Sm X Sq = Sp_1 X Sy. O

Before we determine the maximal completely regular subsemigroup con-
tained in Endy(G) for an endo-regular split graph G = K,, U1, where I, has
exactly one split component, we give two examples which show the compo-
sition between the elements of two groups CRE}“(G) and CRE]?(G) which
are contained in End¢(G) where f is an endomorphism of an endo-regular
split graph G.

Example 4.3.4. First, we consider K, U I, with a unique decomposition

of G with the clique size n and next we consider K, U I, with a non-unique

decomposition of G with the clique size n where K, is a maximal complete
1 2

subgraph of G.
a b ¢ d
1 2 a a ¢ c

(1) Take G a graph as in Figure 4.5. Let f = < g
be a mapping from G to G. Note that ab, cd in graph H (in Figure 4.5)
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1 a 1 ab
b
3 c 3 cd
2 d 2
G H

Figure 4.5: Endo-regular split graph G = K3 U Iy and H a factor graph
induce by f in Example 4.3.4 (1).

mean f({a,b}) = {a} and f({c,d}) = {c}. It is clear that f is an endomor-
phism. The graph H in Figure 4.5 is the factor graph of GG induced by f.
It is clear that f is idempotent, so it is completely regular. We have two
congruence classes {a, b} and {c,d} which are subsets of the independent set
Iy = {a,b,c,d}. For every completely regular endomorphism h € Ends(G),
it is impossible that h({a,b}) Nh({c,d}) # 0, since h({a,b}) Nh({c,d}) # 0,
would imply that h(a) # h(c) and h%(a) = h%(c). This contradicts to The-
orem 1.4.7. Now we get that for any completely regular endomorphism
h e Endf(G),

(a) h sends {a,b} to {a,b} if and only if h sends {c,d} to {c,d}

(b) h sends {a,b} to {c,d} if and only if h sends {c, d} to {a,b}.
By Theorem 4.3.3, we know that C’RE}a’C} (@) is isomorphic to Sy x .S1x So =

Sa x Sy. The 4 endomorphisms in CRE}“’C}(G) are
1 2 3 a b ¢ d 1 2 3 a b ¢ d
fl_f’f2_(123(:caa)’f3_(213aacc)
1 2 3 a b ¢ d
andf4<2 1 3 ¢ ¢ a a>'

Similarly, we know that CREJ{ca’d}(G) is isomorphic to Sy x S3. The 4 en-
domorphisms in CREjta’d}(G) are

(1 2 3 a b d (1 2 3 a b c d
N=\123aadd)P \123ddaal)

(1 2 3 a b dand_123abcd
#7213 aadd B=\213ddaa)
We will consider the composition between the elements of C’RE}CL’C}(G)
and the elements of C’RE}a’d}(G). For any h € C’RE}G’C}(G) and k €

CREJ{ca’d}(G), it is clear by inspection that (ho k) € CRE}“’C}(G). The
table in Table 4.1 shows the composition between the elements of these two

o &80

IS8
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groups.
From the Table 4.1, it is clear that we get the left group (S2 x S2) X Lo.

ol fi fo fs falgi 92 g3 94
Nlh fo fs falhh fo f3s Ja
ol fe fi fo fs|fe fi Jo fs
slfs fa 1 fo|fs fo f1 o fo
Jolfa fs fo f[i|fa f35 fo S
g1 |91 92 93 94|91 G2 93 G4
g2 |92 g1 g4 93 |92 g1 g4 G3
g3 193 g4 91 Q92 |93 g4 g1 G2
ga | 94 93 92 g1 |94 g3 G2 g1

Table 4.1: Composition of two completely regular subsemigroups
CRE}G’C}(G) and CRE}a’d} (@) in Example 4.3.4 (1).

Moreover, we have two more groups C’RE]{cb’c}(G) and CRE}b’d}(G) con-

tained in End¢(G). Then we get J U CREJ{f’j }(G’) is isomorphic
i€{a,b} je{c,d}

to the left group (S x S3) x Ly and this is a maximal completely regular

subsemigroup of End¢(G).

(2) Take G = Ky U I the split graph as in Figure 4.6, with Ky = {1,2}
and I = {a,b,c,d, e}.

b c cd
1 1
a d ab
2 2
e e
G H

Figure 4.6: Endo-regular split graph G = Ky U I5 and H a factor graph
induce by f in Example 4.3.4 (2).

Consider the mapping f = < i ; 2 Z 2 z Cci z ) from G to G.

It is clear that f is an endomorphism. The image graph H = f(G) (in Figure
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4.6) is a subgraph of G. Note that ab, cd in graph H (in Figure 4.6) mean
f({a,b}) ={a} and f({c,d}) = {c}. Now we know that all endomorphisms
in Ends(G) are the embeddings of H into G. By Theorem 4.1.7, we have
that f is regular. And we have three congruence classes {a,b}, {c,d} and
{e} induced by f which are subsets of I5. For every completely regular
endomorphism h € Ends(G), it is impossible that h({a,b}) N h({c,d}) #
0. Since h({a,b}) N h({c,d}) # O, then h(a) # h(c) and h%(a) = h%(c).
This contradicts to Theorem 1.4.7. By the same ways, it is impossible that
h({a,b}) N h({e}) # 0 and h({c,d}) N h({e}) # 0. This implies that for
every completely regular endomorphism h € End¢(G), h(Is) is isomorphic
to some element in the symmetric group Sg(qp} {c,d},{e}}-

We have 4 difference sets of representatives, {a,c,e}, {a,d, e}, {b,c, e}
and {b,d,e}. By Theorem 4.3.3, we know that C’RE}Z’]’e}(G) is isomorphic
to So x S3(= Sq1,2y X Sijey) for all i € {a,b} and j € {c,d}.

By inspection, it is clear that | U CREJ{CW ’e}(G) is isomorphic

i€{a,b} je{c,d}
to the left group (S x S3) x Ly. O

Using Theorem 4.3.3 and Example 4.3.4, we get the next corollary.

Corollary 4.3.5. Let G = K, |J I, be an endo-regular split graph such that
L. has exactly one split component and K,, U I, is a unique decomposition of
G. Suppose f € End(G) with f(G) is not isomorphic to mazximal complete
subgraph of G. Suppose that f has q congruence classes which are sub-
sets of I for some q € N, namely, [i1]p,, [i2lp;,--s [iglpss 11, -y0q € Ir. Set
A= {{a1,a9,...,aq} | aj € [ij]p;,J € {1,2,...,q}} the set of sets of represen-
tatives. The maximal completely regular subsemigroup of Ends(G) denoted
by CRE¢(G) is the union of |A| groups CRE]‘?(G) where A € A. More
precisely, we have that CRE(G) is the left group (Sp—m X Sy X Sg) X L 4.

Endo-regular split graphs K, U, with s > 1 split components of I,
and |N(a)| =1 for all a € I,

In this section we characterize completely regular subsemigroups of endo-
morphism monoids of endo-regular split graphs G = K, U I, where I, has
s > 1 split components Ji, Ja, ..., Js and |N(a)| =1 for all a € I,. Let f be
a completely regular endomorphism of GG. This notation will be used every-
where in this section. To get the theorem which describes the structure of
this completely regular subsemigroups, we need 3 lemmas.

The following lemma is the analogue of Lemma 4.3.1 for s > 1 and
N(a)| = 1.
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Lemma 4.3.6. With the above notation, suppose that Ji,Ja, ..., J, are the
split components of I, with f(J;) C K, for j = 1,2,..,p. Set J := J; U
Jo U ..U Jy. Then we have f(K,\ U N(a)) = K, \ U N(a) and

acl\J acl\J
fCU N(@))= U Nl(a).
aEI'r\J (IGIT\J

Proof. Let u € K, \ |J N(a). Assume that f(u) € |J N(a). Since
acl\J a€l\J
f(Ky) = K, by Lemma 4.1.9, there exists v € |J N(a) such that f(v) €
acl\J
K,\ U N(a),ie., f(v) ¢ N(I \ J). Suppose that v € N(J;) for some
acl\J
Jy ¢ {J1,J2,....,Jp}. Since |[N(a)| = 1 for all @ € I,, by Lemma 4.2.1,
we know that for all d € I, \ J if f(d) € I, then f(d) € I, \ J. Since
Jp & {J1,J2,...., Jp}, there exists e € J; such that f(e) € I, \ J. Now we
have f(v) ¢ N(f(e)). Since {v,e} € F(G) and f is an endomorphism, we
get that {f(v), f(e)} € E(Q), i.e., f(v) € N(f(e)). This is a contradiction.
Thus we have f(K,\ U N(a)) =K,\ U N(a). Consequently, since

GGIT\J (IEIT\J
f(Ky) = K,, we get that f( U N(a))= U N(a). O
acl\J a€l\J

Lemma 4.3.7. With the above notation, set J;-)f = {lilp; |1 € Jjand[i],, C
J;} and ij ={ie J;| f(i) eI} forallj=1,2,..;5. Then we have for
any o, B € {1,2, ..., s} that f(JL) C Jg implies |J&!| = \Jgf\.

Proof. Let f be a completely regular endomorphism of G and f (Igi) C Js
for some o, B € {1,2,...,5}, o # B. Assume that £, = |J57| # ]Jgf] =: 3.

First, we consider the case {o > £5. Let [ai],,, [az]ps oy [ag,]p, De Lo
congruence classes in J5'. Since f(Jgj) C Jg, then for any | € {1,2,..., 44},
f(ar) = b for some b; in Jz. By Lemma 4.2.1, we know that b, € Jg. Since
lo > Lg, there exist j # k € {1,2,...,4,} such that f(a;) = b; # by, = f(ax)
and [bj],, = [blp,, ie., f2(a;) = f*(ax). That means f is not square
injective, contradicting to Theorem 1.4.7.

Next, we consider the case £, < £g. Since I, is finite, there exists some
split components J, and J, of I, with f(J/{) C J, and |Jp'| > |J07]. Asin
the first case we get a contradiction. Then we have that [.J5| = |Jgf|. O

Now we give an example which illustrates the next lemma.

Example 4.3.8. Take G = K4U Iy an endo-regular split graph as in Figure
4.7.
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bs by b1
C1 3 as
C a
C2 A 9 a2
3 1 1

Figure 4.7: Split graph G = K4 U I5 with Aut(G) = S3 x S3 x S5 x Ss.

Here J1 = {ai,ag,a3}, Jo = {b1,b2,bs} and J3 = {c1,ca,c3} are the
three split components of Iy. By Lemma 4.3.6, we have f(1) = 1 and
f({2,3,4}) ={2,3,4} for all f € Aut(G). And by Lemma 4.3.7, we get that
all automorphisms of G permute three split components Ji, Jo and J3. And
in any split component, we can permute all vertices to get an automorphism.

Then it is clear that Aut(G) = S; x S3 x (S5 X S3 x S3). O
Lemma 4.3.9. With the above notation, if |Ji| = |Ja2| = ... = |Js| =: £, we
have that Aut(G) is isomorphic to Sp—s X Ss X Sp X Sp X ... X Sy.

s times

Theorem 4.3.10. Take an endo-regular split graph G = K, U I, where
S
I, = | Jx with s > 1 split components Jy, Ja, ..., Js. Suppose that for all

k=1
a €I, |N()| =1and| |J N(a)| = m. Take a regular endomorphism f
aGIr
of G with q congruence classes [i1],;, [i2]p;, - [iglp, each contained in I,.

Set Il .= {i € L|f(i) € L}, J] := {i € J;|f(i) € I,} and take the set
of sets of representatives A := {{a1,az,...,aq} | aj € [ijlp;, §=1,2,...,q}.
Take A € A and let C’RE?(G) be the same as in Theorem 4.3.3. For
any k = 1,2,....s, if J,{ #+ (0, take u € N(J,{) and set Mf‘(u) = {v €
N(Jlf) ] \J,{ NAl = \Jlf NA|, I € {l,...,s}}. Suppose that there are t
disjoint sets Mj;(ul), Mf;(ug),..., Mi(ut). Then we have that C’RE;‘(G) =
t s
Snferp le;ll SM;Z(,U‘]) X e
whose vertices are all sent to K,, by f,
Sn—m+p 1S the group of permutations of all vertices in (K, \ N(I,)) U
U NI,
177 |=0

S tqa- Here p is the number of split components
1 k
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SMf(u].) s a the group of permutations of all vertices in Mf(uj) and
S

J5na s the group of permutations of all vertices in J,{ N A.
k

The next example shows the idea how to prove the above theorem.

Example 4.3.11. Consider the split graph G = Kg U I1; as in Figure 4.8
and f € End(G) such that H = Im(f) =2 G/py, where notations b bz, 2c and
dids are as in Example 4.3.4. We have the 6 split components, J; = {a1, a2},
J2 = {bl,bg}, J3 = {C}, J4 = {dl,dz}, J5 = {61,62} and J@ = {gl,gg}. By
Theorem 4.1.7, we know that all endomorphisms in End(G) are regular.
Take
712345678&1a2b1626d1d261829192

f_<12345678(11a2b1b12d2d261€291g2>7
the image graph is H (in Figure 4.8) as a subgraph of G. We see that
f(G) 2 Kg and we have 8 congruence classes induced by f which are sub-
sets of I11, namely, {a1}, {a2}, {b1,b2}, {d1,d2}, {e1}, {e2}, {91} and {g2}
only {¢,2} € I11, now we have for p from Theorem 4.3.10 that p = 1.

Choose the set of representatives A = {ai,as,b1,d1,e1,e2,91,92} then
I{I = {’L S 111 | f(Z) € In} = {al,CLQ,bl,bg,dl,d2,€1,€2,gl,gz}. We will
show that CRE;?(G) is isomorphic to S3 x (S3 x Sy x Sy x S3) x S3. We
have exactly one split component, J3, such that f(J3) C Kg. And the con-
gruence relation for all endomorphisms in End¢(G) is py. By definition, it
is clear that C’RE?(G)|({1’275}), the set of restrictions of all endomorphisms
in CRE?(G) to {1,2,5}, is isomorphic to Sy; 551, the group S3 of permu-
tations of the set {1,2,5}.

Since ij = {i € Jj | f(i) € I1} for all j = 1,...,6, we see that
2 = |J{NA| = |J{nA| = |J{nA| # |J{nA| = |J[NA| = 1, then we get t = 2,
t from Theorem 4.3.10 , and we have M£(3) = M/’;(?) = M£(8) = {3,7,8},
M£(4) = M£(6) = {4,6}. By definition of Jj'.of in Lemma 4.3.7, we have
‘]ff = {{a1}7{a2}}7 ‘]gf = {{blabZ}}’ Jéff = {{dlde}}v Jgf = {{61}’{62}}
and J§" = {{g1}, {g2}}. Since 2 = J{7| = |J5"| = | Jg'| # || = |7y = 1,
by Lemma 4.3.7, we know that all endomorphisms in C’RE}“(G) do not send
an element in Jlf U Jg U Jg to an element in J{ U JI . Similarly, all endo-
morphisms in C’RE;1 (G) do not send an element in JQf U JI to an element in
Ji UJg UJg . This implies that all endomorphisms in CRE]‘?(G) do not send

any vertex in M £ (4) to a vertex in M £(3). Similarly, all endomorphisms in
C’RE}“(G) do not send any vertex in M£(3) to a vertex in M£(4).

Now we consider C’RE?(G)] and CRE;?(G)\

(M @yusfuifuid) (M (@uafuily
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the set of restrictions of all endomorphisms in CRE;?(G) to M £ (3)U Jlf U
Jg U Jg and to M£(4) U JQf U JZ, respectively.
It is clear that CRE?(G) uIf) = Aut(M£(3) U U (ijﬁ
j€{1,5,6}
A)). Since (JlfﬂA) ={a1,as}, (JgﬁA) = {e1,e2} and (JﬁfﬁA) = {91, 92} are
split components of the factor graph H and ](Jlf NA)| = |(JgﬂA)| = |(Jg N
A)| =2, then by Lemma 4.3.9, we have that C’RE}“(G)

isomorphic to SM/{(S) XSJ{mAXSngA XSngA

we get that JI NA = {b}, JInA={d}and |JInAl =|JnA4 =1,
SO CRE?(G)|(M£(4)UJ;UJ1) is isomorphic to SM/J;@) x S x S
SQX51X51:SQ.
Hence we get that CRE;‘(G) is isomorphic to S3 X (S3x S2 X Sy X S2) X Ss.
Moreover, it is clear by inspection that for any B,C € A, C’RE]]?(G) =
C’RE?(G). In this example we have that
{a1,a2,b1,d1,e1, 2,91, 92}, {a1,a2,b1,dz,e1,€2,91, 92},
{a1,a2,b2,d1, €1, €2,91,92} and {a1, a2, ba, da, €1, €2, 91, g2}
are 4 distinct sets in A so |A| = 4. Then it is clear that the maximal
completely regular subsemigroup containing in Ends(G) is

’(Mj;(S)UJ{UJE{
|t 3ot ususf) 1
> S3x .59 x S9 x Sy. Similarly,

JinA Jina =

U CREF(G) = (S5 x (S5 x Sy x Sy x S) x Sa) x Ly.

Be A
O
do di ¢ dl@

e 5 b e 5
e; Y bj e; Y L ebyby
NneR 3 ZQ neR 3 22
g2 1 9 1 g2 1 2 1

G H

Figure 4.8: Endo-regular split graph G = Kg U I;; and H a factor graph
induce by f in Example 4.3.11.

Corollary 4.3.12. Take G, f and A as in Theorem 4.3.10. For A € A, the
mazimal completely reqular subsemigroup of Ends(G) denoted by CREf(G)
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t S
is the left group (Sp—m+p le;[l S|M£(uj)| X kl;[l S|J,{mA|) x L. Here S\Mj:(uj)\

and S|J,{mA| are the symmetric groups on |M£(u])| and \Jg N A| elements,

respectively.

Endo-egular split graph K, U I, with s > 1 split components of I,
and |N(a)| > 2 for all a € I,

We can use the same idea from two previous sections to find a completely
regular subsemigroup of End(G) where G = K,, U1, is an endo-regular split
graph for which I,, has more than one split component and | N (a)| > 2 for all
a € I,. But we can not generalize which group is isomorphic to C’RE}?‘(G)
for any the set of representatives A. We give the reason as follows.

For any complete graph K, and independent set I, = K,, we can con-
struct many non-isomorphic endo-regular split graphs whose I, has s > 1
split components and |N(a)| = m > 2 for all a € I,. Let G; and G be
two non-isomorphic endo-regular split graphs with the maximal complete
subgraph K, and the independent set I, of both G; and Gs. If f is an
endomorphism of both G; and Ga, then C’RE;?(Gl) may be not isomorphic
to C’RE;1 (G2) for some possible set of representatives A. The next example
shows this fact.

Example 4.3.13. Consider two graphs G1 and G as follows.

by by b1

. by

6 5 6 5
C1 1 % J a9 C1 % d ag
c a c a
Cz 8 3 ! Cz 8 3 '

1 2 1 2

Gl G2

The essential difference between the graph G and the graph G» lies in
the neighborhoods of by and of ¢;. The neighborhood of the split component
{b1,b2} and the neighborhood of the split component {c1, c2, c3} are disjoint
in the graph G but are not disjoint in the graph Gs. Consider the mapping
as follows

ay az b1 b2 Cl1 C2 C3
ar a2 bl b1 cl1 C1 C3 ’
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It is clear that f is an endomorphism of G; and G3. By Lemma 4.1.7, we
have that f is regular. And we have the congruence relation py = {{i}|i ¢
{b1,b2,c1,¢c2}} U {{b1,b2},{c1,c2}} and we have 5 congruence classes con-
tained in an independent set, that is {a1}, {az2}, {b1,b2}, {c1,c2} and {c3}.
The following pictures H; and Hs are the image graphs of G; and G2 under
f, respectively, notation as in Example 4.3.4.

b1b7 b1b:
6 5 6 5
ci1C 1 1 ag CiC 7 d ag
: 8 9 3 : 8 ) 3
c3 C3
1 2 1 2
H1 H2

We see that all endomorphisms in End;(G1) and Endf(Gz) are the
embeddings from Hj to G1 and from Hs to G, respectively. Choose A =
{a1,a2,b1,c1,c3}. By inspection it is clear that C’REJ’?‘(Gl) and CRE;‘(GQ)
are isomorphic to Sy 21 X (Sg(3,4) {7.8}} X 53,4} X 97,8} X S{ar,as} X Sfer,es}) X
Sis,60 and Syp o5y X (S(3,41 X S{ay,a0}) X S{ey,es}> TESPectively. These are the
groups Sg X (S % S X S9 X S9 x Sg) x Sy and S3 x (S3 x S3) X So, respectively.

O

Finally, we give an example to show that for any endo-regular split graph
G, if f,g € End(G) with p; # pg, it is not necessary that the composition
between two endomorphisms in CRE;(G) and CRE,(G) is completely reg-
ular. This means CRE;(G) U CRE,(G) is not necessarily closed.

Example 4.3.14. Let G be the graph as in Example 4.3.4. It is clear that

f_123abcd nd_123abcdrn
“\123aadec)®™97\V1230b0b b d)

domorphisms of G. Now we have the congruence relations

pr = H{1}{2}, {3} {a, b}, {c}, {d}}

and
pg = {{1}, {2}, {3}, {a, b, c}, {d}}.
It is clear that py C py. And we get that
CRE;(G) = CRE " (@) u CRE" (@)
and
CRE,(G) = CRE\*™(@) U CRE{"™ (G) U CRE™ (@)
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are isomorphic to (Sg X S3) x Lo and (S2 x S) x L3, respectively. Since f
and g are idempotents, it is clear that f and g are completely regular. Then
f € CRE{(G) and g € CRE,(G). Consider the following composition

1 2 3 a b ¢ d
fog:< >

1 2 3 a a a c

We see that a = (fog)(c) # (fog)(d) = cand (fog)*(c) = a = (fog)*(d),
i.e., f og is not square injective. By Theorem 1.4.7, we get that f o g is not
completely regular. This means f o g is not in CRE¢(G) UCRE(G). O

4.4 Endo-completely-regular split graphs

In this section we find that the set of all non-trivial endomorphisms of endo-
completely-regular split graph K, U I, is a left group if it forms the lex-
icographic product K3[K,_1] and it is a right group if it has exactly one
maximal complete subgraph K,.

First we will characterize the monoid of endo-completely-regular split
graphs. Before that we characterize the semigroup End'(G) of non-bijective
endomorphisms.

Example 4.4.1. (a) Consider the graph G; as the follow

1
>L04 G1
2
we get that End,(Gl) = {fla f27f3>f47f57 f6a91792a93vg47g5a96}7 where
fi= 1 2 3 4 b= 1 2 3 4 fom 1 2 3 4
'1“\1 231 )72 \1321) \2132)
1 2 3 4 1 2 3 4 1 2 3 4
h‘<2312)ﬁ_(3123)k_<3213>
(12 3 4 (1 2 3 4 (12 3 4
f1=\1232)%2 1 3923)B \2131)
(12 3 4 (12 3 4 (1 2 3 4
949=\ 9313 )% 3121 )%= \39212)

Set F:= {fi|i = 1,...,6} and G := {g;]i = 1,...,6}. We consider the
symmetric group Sz = {(1), (12), (13), (23), (123), (132)}. It is easy to see
that the set F' corresponds to S5 with congruence relation generated by 1p4,
and similarly for G with congruence relation generated by 2p4. Now we
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consider multiplication between one endomorphism of F' and one from G.
For any f; € F and g; € G, we have

(1) filks © 9jles = frlks = grlks and gjliy © filks = fslks = 9slk,
dr,s=1,...,6,

(2) (fi0.9;)(2) = (i 0.9;)(4) amd (g5 0 £)(1) = (g7 0 £)(4).

Then we can conclude that (f; o g;) € G and (g; o f;) € F. And since
ftlks = gt|K, for all t € {1,...,6}, then we have for any u,v € {1,...,6}

(3) hu’Ka © fv|K3 = hu’K?, 0 gU‘K3 and gU‘K3 ° hu‘K?, = fv‘K3 0 hu‘K3a where
hu € {fuagu}-

From these three conditions we can construct the composition table of the
compositions of any two endomorphisms in End(G1) as follows

o\ filfo|Ss | Ja|Ss | fe |91 |92|93| 94|95 ] s
Nlh | s fa|fs | fe|o|92]93|94a]95] s
Jol Lol il fs | Je| fa | Ja|g2|91]95]| 96| 93] 9a
Js| sl fal ol fo|fo| S |93 |9a|9n|92] 96|95
Jo | falfs | Je| s | fi|fa|oga|g3| 96| 95| 01| g2
Jos | fs | Je | Ja| fr | fa|f3 |95 96 92|91 |94
Je | Jo | fs | fa| Sa| fo|l fr 96| 95| 94|93 92|
gu | filfo|fs | fa|Ss | Je| 91| 9293|9495 9s
G Lol i fs | Je|fo | fa |92 91| 95| 96| 93| 9a
g3 | fs | Ja| o o fe | fo | 93| 94| 91| 92] 96|95
ga | Jo | s | Je | s | Ji|Ja|9a |93 96| 95| 91|90
g5 | Js | fe | fo | Ju | fa| 3|95 |96 | 92|91 |9a]|93
g | Je | fs | fa| Js | fo| f1 96| 95]| 94|93 92|

and we get End'(G1) isomorphic to the right group S3 X Rs.
(b) Consider the graph G as follows

2
3

we get that End/(GQ) = {f17 f27f37f47f57 f67917927937g47g5ag6}7 where

123 4 123 4 123 4
fl_(1231’f2_ 1321)08% 2132)
123 4 123 4 123 4
f4_(2312>’f5_<3123)’f6_(3213>’
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1 4 1 4 1 4
g1:<4 4>;g2z<4 4>7g3z<2 2):

1 4 1 4 1 4
%—(2 2)%—<3 3>%—<3 3>

Define F' := {fili = 1,...,6} and G := {g¢;|i = 1,...,6}. Similarly
with (a), we get that F' and G are isomorphic to S3. Since the graph
G2 has two complete subgraphs, then set K3 = {1,2,3} and I = {4}.
Now we know that for any i = 1,...,6, Im(f;) = N(4) U {1} =: C and
Im(g;) = N(4) U {4} =: D. Next, we want to consider the multiplication
between two elements of F' and G. For any f; € F and g; € G, we have
(fiog;)(N(4)) € C. And it is easy to check that (f;og;)(1) = (fiog;)(4) €
C\(ficgj)(N(4)) and Im(f;ogj) = C. Then we have (f;og;) € F. Similarly,
we get (gjo fi) € G. For r € {1,...,6} we observe that

(1) fr(a) = gr(a) for all a € N(4) or

(2) there exist only one vertex in N(4) such that f, send it to 1 and g,
send it to 4 and for other vertices f, and g, send them the same.

By all conditions above we can conclude that for any h; € {f;, ¢;} and any
vertex a € N(4), (h; o fj)(a) = (h; o gj)(a) and we can construct the com-
position table as follows

W N NN
B~ W W w
=N W N
N W N W
DN DN AN
B~ W W w

o\ filfo|Ss | Ja|Ss | Je |91 | 92| 93| 94|95 g6
Nlhl Bl ol fe|ilfo| 3| fa|fs]| e
follo || fs | Je|fa|Ja| o | 1| f5 | Je| f3| Ja
s\ sl fal il folfe | S| S| fala|fal|fe| )5
Jo | falfs | Je | s || Jal|falfs|Je| S5 | f1]| [
sl sl fel ol il fa|Ss| s felfo|i]fallfs
Je | Je | fs | Ja| sl ol ilfe|fs| Ja]f3|fo]|h
g1 191 | 92 | 93 |94 |95 |96 | 91 | 92 | 93 | 94 | 95 | 96
g2 |1 92 | 91 |95 | 96 | 93 | 94 | 92 | 91 | 95 | 96 | 93 | 94
93 193 |94 | 91192 |96 |95 |93 |94 | 91|92 | 96 | 95
ga | 94 | 93 | 96 | 95 | 91 | 92 | 94 | 93 | 96 | 95 | 91 | G2
gs | 95 | 96 | 92 | 91 | 94 | 93 | 95 | 96 | 92 | 91 | 94 | 93
ge | 96 | 95 | 94 | 93 | 92 | 91 | 96 | 95 | 94 | 93 | 92 | g1

and we get End' (G3) isomorphic to the left group S3 x Lo. O

By the same way we get the theorem which gives the structure of End' (G)
where G is an endo-completely-regular split graph.

Theorem 4.4.2. For any endo-completely-reqular split graph G = K,, U{a}
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set [N (a)| := m. We have:
(1) if 0 <m <n—1, then End (G) = Sy, X Rp—m,
(2) if m=n—1, then End' (G) = S, X Ls.

Next we give some example for the group of an endo-completely-regular
split graph G.

Example 4.4.3. (a) Consider the graph G5 as follows.
1 4

) Gs

2 3

We know that I; = {5} and N(5) = {3,4}. Set C := K4\ N(5). Now
we can apply Lemma 4.1.9 that
(1) all automorphisms of this graph fix 5.
And automorphisms permute only 1 and 2, or 3 and 4. Then we can conclude
(2) f(C)=C and f(N(5)) = N(5) for any automorphism f.
By these two conditions we can find all automorphisms as follows

id, (12), (34), (12)(34)

and thus Aut(G3) = So X So.
(b) Consider the graph G in Example 4.4.1. Similar as (a), we get
Aut(Gz) = SQ X 52. Il

From the above example we know that the group of an endo-completely-
regular split graph G = K, U {a} is the cartesian product of two symmetric
groups where the indices depend on the cardinal number of N(a). The next
theorem describes the monoids of endo-completely-regular split graphs. Its
proof is clear from the preceding examples.

Theorem 4.4.4. For any endo-completely-regular split graph G = K,,U{a},
set |[N(a)| := m. We have:

(1) if m =0, then End(G) = S, U (Sy, X Ry),

(2) if 0 <m <n—1, then End(G) = (Sn—m X Sm) U (Sp X Rp—m),

(3) if m=n—1, then End(G) = (Sp—1 x S2) J (Sn X La).

Remark 4.4.5. Note that from Theorem 4.4.4 we have in case (1) all en-
domorphisms are half strong, locally strong endomorphisms are automor-
phisms, so these graphs have endotype 2, in case (2) all endomorphisms are
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locally strong, quasi strong endomorphisms are automorphisms, so these
graphs have endotype 4, and in case (3) all endomorphisms are strong, so
these graphs have endotype 16.

To prove when a split graphs is endo-Clifford. We need lemmas which
we will give in the next chapter. So, in the next chapter we will show that
all connected split graphs are not endo-Clifford.



Chapter 5

Some Clifford endomorphism
monoids

In previous chapters, we saw that retractive connected bipartite graphs and
retractive 8-graphs were not endo-clifford. In this chapter, we get that
retractive split graphs are also not endo-Clifford. So, our main aim in
this chapter is finding some examples of retractive graphs which are endo-
Clifford.

5.1 Retractive graphs which are not endo-Clifford

In this section, we give lemmas which we will use to construct the endo-
Clifford retractive graphs. By observation on the 8-graph Cs3; Py which is
endo-completely-regular, but it is neither endo-Clifford nor S- A-unretractive.
We have idea to prove the next lemma.

Lemma 5.1.1. Let G be a retractive connected graph. If End(G) is Clifford
semigroup, then G is S-A-unretractive.

Proof. Let G be not S-A-unretractive. So there exists x # y € G such
z, 2 # T,y

that N(z) = N(y). It is clear that f(z) = { v sy and g(z) =
{ ;’ i 7_é i’z are idempotent endomorphisms of G. But fog = f # g =
g o f. Hence we get that End(G) is not Clifford semigroup. O

The converse of Lemma 5.1.1 is not true. For example the connected split
graph K3 U {a} with |[N(a)| = 1 is S-A-unretractive and endo-completely-

71
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regular but is not endo-Clifford. This split graph gives us an idea to prove
the next lemma.

Lemma 5.1.2. Let G be a retractive connected graph. If End(G) is endo-
Clifford, then for all a € V(G) there is at most one vertex b € V(G) such
that N(a) € N(b).

Proof. Let b, c be two distinct vertices in G such that N(a) is a subset of

both of N(b) and N(c). It is clear that f(z) = { Z’ ;f(j and g(x) =

{ f’ jjf;l are idempotent endomorphisms of G. But fog = f # g = gof.
Hence we get that End(G) is not Clifford semigroup. O

Corollary 5.1.3. Let G be a retractive connected graph. If End(G) is
Clifford semigroup, then for any a € V(G), |N(a)| > 1.

Proof. Let a be a vertex in G such that |[N(a)| = 1, i.e., [N(a)| = {b} for
some b € V(G). Since G is the retractive connected graph and a is adjacent
to b and |N(a)| = 1, then G has at least 3 vertices and |[N(b)| > 2. If G is
tree (contains no cycle), since |V (G)| > 3, it is clear by Theorem 2.1.4 that
End(G) is not an endo-Clifford.

Now we consider the case when G contains a cycle. We consider two
cases. First b is in the cycle. In this case we get that |N(b)| = 3, i.e.,
N(b) = {a,c,d} for some ¢,d € V(G). It is clear that f(x) = { z, zFa

¢, T=a
T, xF£a . .
and g(x) = { d r—a are idempotent endomorphisms of G. But fog=
f#g=go f. Hence, we get that End(G) is not Clifford semigroup.
Next we consider the case b is not in any cycle. We have four possible
strong subgraphs of GG as follows.

Similar as the proof of Lemmas 5.1.1 and 5.1.2 we can find two idempotent
endomorphisms f,g of G such that fg = f # g = gf. So, we get that
End(G) is not an endo-Clifford. O
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We get the next theorem, which describes that all connected split graphs
are not, endo-Clifford, by using Theorem 4.2.3, Lemma 5.1.1, and Corollary
5.1.3.

Theorem 5.1.4. No connected split graph is endo-Clifford.

5.2 Endo-Clifford and rigid graphs

In this section, we construct the retractive endo-Clifford graphs from some
rigid graphs. Recall that graph G is called rigid if |End(G)| = 1.

Example 5.2.1. Take a rigid graph G (see in [19]) as follows.

Add a vertex a to graph G. We consider which connected graph G U {a} is
endo-Clifford. We get by Corollary 5.1.3 that

(1) |N(a)| must more than 1.
Since we need G U {a} is retractive graph and all vertices in G can not per-
mute themselves, then

(2) N(a) must be subset of N(c) for some ¢ € G.
By Lemma 5.1.2 we get that

(3) exactly ¢ € G such that N(a) C N(c).
By (1),(2), (3) we choose the graph G U {a} as follows.

5 6

It is routine to check that End(GU{a}) has 2 endomorphisms: identity and
(1 23 456 728a
f= 1 23 456 7 81
that End(G U {a}) is endo-Clifford.
Add vertex b in the graph G U {a} by consider same as (1), (2) and (3).

>. They are idempotent. It is obvious
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Consider two non-isomorphic graphs Hy = G U {a,b} and Hy = G U {a, b}
as follows.

5 6 5 6 b
4 ¢ a 4 70,
3 3

8 eb 8

2 1 2 1

H1 H2

We check by inspection that there exists 3 and 4 endomorphisms of H;
and Ha, respectively. All endomorphisms of H; are idy,,

f1=(12345678ab)and

12345678alc
fgz(i;gigg;g(11g).AndallendomorphismofH2are
g (1 2345678a6b
"oHy 91 = 12345678a5)’

123456 78adb
92:<123456781b>and

123456 78a6b
9= 1234567815>

All of them are idempotent. It is clear that End(H;) and End(H2) are
endo-Clifford. We can see their strong semilattices of groups in Table 5.1.0J

strong semilattice of groups | defining homomorphism

7

End(GU{a}) Z isomorphism
Z1

End(Hy) Z isomorphism
el

Z1
End(Hs) Z isomorphism

Table 5.1: Strong semillatices of groups with respect to endomorphism
monoids in Example 5.2.1
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From above example we observe a graph whose endomorphism monoid

is the strong semilattice of groups |J Zi, with defining homomorphism
a€eP,
between groups is isomorphism (or identity map) where P, is a chain with

n + 1 elements. The next construction is clear by observation.

Construction 5.2.2. Let G be a rigid graph in Example 5.2.1 and for any
m >0, let C3" be a graph with vertex set and edge set as follows:

V(C§) = {z1, 22, ..., x34m } and

E(Cén) == {{l‘l, xz}} U {{l‘i,ﬂii_l}, {:L‘i,ﬂ?i_g} ‘ 1= 3, ceey 3 + m}
Let H be a path P = {a,b} and let m; : H — G and my : H — C{"
be injective homomorphisms from H to G and C§*, respectively, define by
mi(a) = 7, mi(b) = 8, ma(a) = x1 and ma(b) = xe. We get that the
amalgamated G 11 Cy' is endo-Clifford and

(H,(m1,m2))

End(G 11 CM= U Zi

(H,(m1,m2)) a€Pm 1

with defining homomorphisms are isomorphisms where Pp,11 s a chain with
m + 2 elements.

We call graph C§" in above construction that C3-chain.

Example 5.2.3. Take G the rigid graph in Example 5.2.1 and take C’g a
Cs-chain graph as follows.
Tl T3 T

T2 T4

Let P, = {a,b} be a path and let m; : P, — G and mg : P — C’§
be injective homomorphisms from H to G and C3, respectively, define by
mi(a) = 7, mi(b) = 8, ma(a) = x1 and ma(b) = z2. We get the amalga-
mated G 11 C3 =: Q as follows.

(P1,(m1,m2))

2(={idg})
Zi(={11})
Zi(={£>})
i Zi(={f:})
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It is routine to check that End(Q) is a Clifford semigroup which contains
123456abx3334x5)

4 endomorphisms: idg, f1:<1 93 456 ab xs a4 b

(1 2 3 45 6 a b x3 14 T5
f2<123456aba:3ab’
(1 2 3 45 6 a b x3 14 5
f3_<123456ab1ab>‘
And End(G ][] C3) is a strong semilattice of groups |J Z1, which
(H,(m1,m2)) a€EP3
shows in the above graph. O

Example 5.2.4. Add 1 vertex and 2 vertices on graph H» in Example 5.2.1
as follows.

C
5 6 b 6 b 2 6
4 7 4 7 4
3@a 3 ' 3 ‘
8 ec 8 8 "ec
21 21 21
Hs H, Hs

We check by inspection that End(Hs), End(Hs) and End(Hs) are the
strong semilattice of groups 571, 877 and 971, respectively, as the following

graphs.
5721 871 973
Defining homomorphisms between any two groups of these strong semi-
lattice of groups are isomorphisms. Il

From the observation on examples in this section, we have some questions
which we do not get the results.

Question 5.2.5. If G is a retractive graph with End(G) is a strong semi-

lattice of groups |J Zia, then G contains rigid graph as a strong subgraph?
acY
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Question 5.2.6. Which retractive graph G whose endomorphism monoid
End(G) forms a strong semilattice of groups as follows?

Z1
VAl VAl
Z1

Question 5.2.7. For any semilattice Y, for which graph G whose endomor-

phism monoid End(G) is strong semilattice of groups |J Z1a?
acY

5.3 Endo-Clifford and unretractive graphs

In previous section, we used rigid graphs to construct the graphs which are
endo-Clifford. In this section, we find an endo-Clifford retractive graph by
construct from an unretractive graph which is not rigid. We consider the
unretractive graphs with 7 vertices in [19].

Example 5.3.1. Let GG be a graph as follows.
2

If we add vertex 7 with |[N(7)] = 2 to G, we have three difference al-
gebraic properties. If N(7) is one kind of {0,2}, {1,3}, {3,6} and {4,5},
we by Lemma 5.1.2 that G U {7} is not endo-Clifford. If N(7) = {1,6}, we
get that End(G U {7}) = End(G) = Aut(G) = D4. If N(7) is one kind of
{0,1}, {0,3}, {0,4}, {0,5},{0,6}, {1,2}, {1,4}, {1,5}, {2,3}, {2,4}, {2,5},
{2,6}, {3,4}, {3,5}, {4,6} and {5,6}, we get that End(G U{7}) is a union
of groups Zy U D4y. We will show you the case N(7) = {3,4}. For this case,
we have 10 endomorphisms of G U {7} as follows:

id:<01234567>f1:<01234567>
012345¢67) 2 103456 7)
(01234567 (01234567
f2_<01235464>’f3_<01234565>’
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(01234567 (01234567
f4_(21035464>’f5_<56430212)’
(01234567 (01234567
f6_(56432010>’f7_<46530212)’
(01234567 (01234567
f8_(21034565)’f9_(46532010>'

The next table shows the multiplication of any two above endomor-
phisms.

id | fi | fo | S| Ja | fs | fe | Sr | fs | fo
id |id | fi | fo | fs | fa|Ss | Je | Sr | fs | fo
Nl id | falfs|falfe|Ss | fo| fs|[fr
Jol Lol fa|fs| ol fs | Jr|fo| S| Ja]| S
Js | fs|fs| ol S| fa|Ss | fe| fr| fs]| fo
Jo | Jal ol Ss| falfs|Jo| S| fo| 2| S5
Js | s | felJe| s | fo | Ja|Ss| fo| o] [
Je | fe | fo | s | fe | fr | Ja| fa| fa] fol|fs
Jrlfelfs | ol felfe | Ss | fa| fs| S5 | fo
Js | fs| S| Jal|fs| fo|Je| fo| fo| f3]|[r
Jolfolfe | Jr | fo| fs | [s| fo| fs| Je]| fa

It is clear that End(G U {7}) is the union of groups Z U Dy. In this

case, we let Zo and Dy be the sets {id, f1} and {f2, f3, f4, f5, f6, f7, fs, fo}s
respectively. We also get that End(GU{7}) = ZyUDjy is a strong semilattice
of groups by using defining homomorphism ¢ : Zy — D4 which ¢(id) = f3
and (1) = fs. 0

Example 5.3.2. Let GG be a graph as follows.
2

If we add vertex 7 with |[N(7)| = 2 to G, we have three difference alge-
braic properties. If N(7) is one kind of {0,2}, {0,5}, {0,6}, {1,3}, {1,4},
{1,6}, {2,4}, {2,5}, {3,4}, {3,5}, {3,6} and {4,6}, we by Lemma 5.1.2
that G U {7} is not endo-Clifford. If N(7) is one kind of {0,1}, {1,2} and
{1,5}, we get that End(GU{7}) = Aut(GU{7}) = Zy. If N(7) is one kind
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of {0,3}, {0,4}, {2,3}, {2,6}, {4,5} and {5,6}, we get that End(G U {7})
is a union of groups Z; U S3. We will show you the case N(7) = {2,6}. For
this case, we have 7 endomorphisms of G U {7} as follows:

id_<01234567>f1_<01234567)
0123456 7) 5126403 6)
(01234567 (01234567
f2_<51046234)’f3_(21036543)’
(01234567 (01234567
f4_<01234563)’f5_(01543264>’
(01234567

f6_<21563046

The next table shows th

[¢)

multiplication of any two above endomorphisms.

id | fi|fo|fs|fa| S5 | Je
id | id | fi | fo | fs | fa| S5 | Je
LA fal s fe| fi] fal| fs
folfelfs|fe|fs|fo]| il fa
3l falfe|lfi|falfs| fe]fs
Jolfalfil Lol fs| fa| S5 | f6
Js | fslfe| s fo|lfs| fa| N
fo | fo | fs | fa|fi]fe| f3]| fo

It is routine to check that End(G U {7}) is the union of groups Z; U Ss.
In this case, we let Z; and S3 be the sets {id} and {fi, fo, fs, f4, f5, f6},
respectively. We also get that End(GU{7}) = Z1USs is a strong semilattice
of groups with the defining homomorphism ¢ : Z; — S5 (which is identity
map) define by ¢(id) = fy. O

Example 5.3.3. Let G be a graph as follows.

2 3 4
1 35)
0 6

This G is unretractive and has 2 endomorphisms: idg and

01 2 3 4 5 6 .
f—<4 3910 6 5). Add vertex 7 to G with |[N(7)| = 2. Con-

sider the two possible graphs H; = GU {7} and Hy = G U {7} as follows.
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7
2 § 4 2 § 4
1 » 5 7 1 » 5
0 6 0 6
H1 H2

First we consider the monoid End(H;) which contains 4 endomorphisms:
idy fo (0L 23456 7Y (01234567
Poll= 6 5432 107)2 \012345863

01234567 .
and f3 = ( 65439210 3 ) The next table shows the composi-

tions of any two endomorphisms in End(Hy).

o |idy, | f1 | f2a| f3
idH1 idHl fl f2 f3
J1 fi |idy, | f3] f2
fo fo f3 | fa| f3
/3 f3 fo | fa| fo

It is routine to check that End(H1) is a strong semilattice of groups ZsoUZ2s

where Zoo, = {idp,, f1} and Zog = { f2, f3} and the defining homomorphism

1 from Zy, to Zyg define by ¢1(idm,) = f2 and ¢1(f1) = f3 (¢1 is an
isomorphism).

Now we consider the monoid End(Hs) which contains 3 endomorphisms:

1 23 45 6 7 8 <12345678>

de2’91:<12345672 27\ 76543216

Similar as the monoid End(H;), we get that End(H2) is a strong semilattice
of groups Z1,UZy3 where Z1, = {idp, } and Zog = {g1, g2} and the defining
homomorphism ¢y from Zi, to Zag define by @2 (idp,) = g1 (p2 is an iden-
tity map). If N(7) is one kind of {0,5}, {1,3}, {1,6}, {2,3}, {3,4}, {3,5}
and {4,6}, we also get that End(G U {7}) is a strong semilattice of groups
Z1 U Zy with defining homomorphism from Z; to Zs is an identity map. For
the other possible neighborhood of vertex 7, we get that the endomorphism

monoid End(G U {7}) is not a Clifford semigroup. O



81

Example 5.3.4. Take an unretractive graph G as follows.

5 3
4
T&—06
1 2

If we add vertex 7 with |N(7)| = 2 to G, we have four difference algebraic
properties.
Case. 1 If N(7) is one kind of {0,2}, {0,5}, {1,3}, {1,4}, {2,5}, {3,6},
{4,5} and {5,6}, we by Lemma 5.1.2 that G U {7} is not endo-Clifford.
Case. 2 If N(7) is one kind of {0,1}, {0,3}, {0,4}, {0,6}, {1,2}, {2,3},
{2,4} and {2,6}, we get that End(G U {7}) is the union of groups Z; U
(Z2 x Z3). We will show for the case N(7) = {0, 3}. For this case, we have
5 endomorphisms as follows:

id:<01234567>fl:(01234567>
0123456 7) 0123456 2)
(01234567 (01234567
f2_(21034560>’f3_<03216542)’
(01234567
f4_<23016540

The next table shows th

@

multiplication of any two above endomorphisms.

id | fi|fo| f3 | fa
id |id | f1| fa| f3| fa
Al filfilfa]fs] fa
folfolfolfi] fallf3
sl fs|fs|fa] fi] fo
falfalfa|l 3] fo| S

It is routine to check that End(GU{T7}) is the union of groups Z1U(Z3 X Zs).
In this case, we let Z; and Zs x Zy be the sets {id} and {f1, fa, f3, fa},
respectively. We also get that End(G U {7}) = Z1 U (Z2 x Z3) is a strong
semilattice of groups with the defining homomorphism ¢ : Z; — (Z2 X Z3)
(which is identity map) define by ¢(id) = fi.

Case. 3 If N(7) is one kind of {1,5}, {1,6}, {3,4} and {3,5}, we get that
End(G U{T7}) is the union of groups Zs U (Z2 x Z3). We will show for the
case N(7) = {3,4}. For this case, we have 6 endomorphisms as follows:

id—01234567 (01 2 3 45 67
“\lo123456 7)) (210345¢6T7)
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7
;)
7
i)

S OO

ove endomorphisms.

It is routine to check that End(GU{7}) is the union of groups ZyU(Za x Zs).
In this case, we let Zy and Zs x Z3 be the sets {id, g1} and {g2, 93, 94,95},
respectively. We also get that End(G U {7}) = Zy U (Zy x Z3) is a strong
semilattice of groups with the defining homomorphism ¢ : Zy — (Z2 X Z3)
define by ¢(id) = g2 and ¢(g1) = g3
Case. 4 If N(7) = {4,6}, we get that End(G U {7}) is the union of groups
(Zy x Zy) U (Zy x Zy). For this case, we have 8 endomorphisms as follows:

5

Ul Ut ot ot ot Ot

5

[ I = I o I NG o R S RSP
ENEEN
N———

id:<01234567>h1:(01234
01 23 456 7)) 2 1 0 3 4
h2:<01234567>h3:<01234
032165 4 7)) 2 3 01 6
h4:<01234567>h5:<01234
0 3 216 5 4 5) 2 3 016
he = < 01 2 3 4 5 6 7> hy = 01 2 3 4
012 3 456 5) 21 0 3 4

The next table shows the multiplication of any two above endomorphisms.
id | ha | ha | hg | hy | hs | h(6) | h7
td | td | h1 | ho | hg | ha | hs | he | hr
hi | hi|id | hs|hy|hs|hge| hy | he
ho | ho | hg | id | hy | hg | ht | ha | hs
h3 hg h2 hl id h7 hﬁ h5 ga
hy | hy | hs | he | hr|he|hr| hy | hs
hs | hs | ha | hr | he | hr | he | hs | hg
he | he | hr | ha | hs | ha | hs | he | hy
h7 | hy | he | hs | ha | hs | ha | hy | he
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It is clear that End(G U {7}) is the union of groups (Zy x Z3) U (Zy x Zs).
In this case, we let the first Zy x Z and the last Zs x Zy be the sets
{id, h1, ha, hs} and {hy, hs, he, h7}, respectively. We also get that End(G U
{7}) = (Z2 x Z3) U (Z2 x Z3) is a strong semilattice of groups with the
defining homomorphism ¢ : (Zy X Zs) — (Zy X Z3) define by ¢(id) = he,

o(h1) = h7, ¢(h2) = hy and p(hs) = hs. 0
Example 5.3.5. Take an unretractive graph G as follows.
1
0
6
4

If we add vertex 7 with |N(7)| = 2 to G, we have four difference algebraic
properties.
Case. 1 If N(7) is one kind of {0,1}, {0,4}, {0,5}, {0,6}, {1,3}, {1,4},
{1,5}, {2,3}, {2,4}, {2,6}, {3,4}, {3,5}, {3,6} and {4,5}, we get by Lemma
5.1.2 that G U {7} is not endo-Clifford.
Case. 2 If N(7) = {1,6}, we get that End(G U{T7}) is a group Z x Zs.
Case. 3 If N(7) is one kind of {0,1}, {1,2}, {4,6} and {5,6}, we get that
End(G U{T7}) is the union of groups Z; U (Z2 x Z3). We will show for the
case N(7) = {4,6}. For this case, we have 5 endomorphisms as follows:

Z,d:<01234567>f1:<01234567>
01 2345¢67) 012345¢65)
(01234567 (01234567
f2_<21035464>’f3_<56432010)’
(01234567
fi={46 53021 2

The next table shows the multiplication of any two above endomorphisms.

id | fi| fo| [3]| fa
id | id | fi| fa | f3 | fa
Al il | fa]|fa
Joel Lol fo | i| fal|fs
3l fs|fs|fa] fi]fo
falfalfa| 3] fo| N

It is routine to check that End(GU{7}) is the union of groups Z; U (Zs X Z3).
In this case, we let Z; and Zy x Z3 be the sets {id} and {fi, f2, f3, fa},
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respectively. We also get that End(G U {7}) = Z1 U (Z2 x Z3) is a strong
semilattice of groups with the defining homomorphism ¢ : Z; — (Z2 X Z3)
(which is identity map) define by ¢(id) = fi.

Case. 4 If N(7) is one kind of {0,4} and {2,5}, we get that End(GU{7}) is
the union of groups Zs U (Z3 x Z2). We will show for the case N(7) = {2,5}.
For this case, we have 6 endomorphisms as follows:

id:<01234567>g1:<01234567>
0123456 7) 46 530217)
(01234567 (01234567
g2_<01234563)’93_<21035463>’
(01234567 (01234567
9= 56432013)’95_<46530213>'
The next table shows the multiplication of any two above endomorphisms.

id | g1 | 92| 93| 94| 95
id |id | g1 | 92| 93|94 95
g1 |01 |id | g5 |94 ]93] g2
92 1 92 195 | 92|93 |94 | 95
93 193 | 94 |93 | 92 | 95 | 94
94 1 94 | 93 | 94 | 95 | 92 | G3
95 | 95 1 92 | 95 | 94 | 93 | 92

It is routine to check that End(GU{7}) is the union of groups ZsU(Z3 x Zs).
In this case, we let Zy and Zs x Z3 be the sets {id, g1} and {g2,93, 94,95},
respectively. We also get that End(G U {7}) = Zy U (Zy x Z3) is a strong
semilattice of groups with the defining homomorphism ¢ : Zy — (Zo X Z3)
define by ¢(id) = g2 and ©(g1) = gs. O

Example 5.3.6. Take an unretractive graph G as follows.

4 3
J

Similar as the other examples, if we add a new vertex 7 to G with
|IN(7)| = 2, we also get the endomorphism monoids which are not a Clifford
semigroups where N(7) is one kind of {0,2}, {0,5}, {1,5}, {1,6}, {2,4},
{2,5}, {2,6}, {3,5}, {3,6}, {4,5} and {5,6}. If N(7) = {0,4}, we get that
End(G U{7}) is a group Zs. If N(7) is one kind of {0,1}, {0,3}, {0,6},
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{1,2}, {1,4}, {2,3}, {3,4} and {4,5}, we get that End(GU{7}) is a strong
semilattice of groups Z; U Z5 which defining homomorphism from Z; to Z5
is an identity map. If N(7) = {1, 3}, we get that End(G U {7}) is a strong
semilattice of groups Zs U Z5 which defining homomorphism from Z5 to Zs
is an isomorphism. O

Example 5.3.7. Take an unretractive graph G as follows.
1

Similar as the other examples, if we add a new vertex 7 to G with
|IN(7)| = 2, we also get the endomorphism monoids which are not a Clifford
semigroups where N(7) is one kind of {0,2}, {0,3}, {0,5}, {0,6}, {1,2},
{1,3}, {1,4}, {1,6}, {2,4}, {2,5}, {3,4}, {3,6}, {4,5} and {5,6}. If N(7)
is one kind of {0,1}, {0,4}, {1,5}, {2,3}, {2,6}, {3,5} and {4,5}, we get
that End(G U {7}) is a strong semilattice of groups Z; U D7 which defining
homomorphism from Zs to D7 define by send identity to identity and the
other one send to some element which has order 2. We will show you the
case N(7) = {0,1}. For this case we have 16 endomorphisms as follows:

id—01234567i—01234567
~\012345¢67) " \102¢62543T7T)

2:<0 1 2 3 45 6 7) 3:<0 1 23 456 7>
01 2 3 456 2) 320456 10)
4:<0 1 2 3 45 6 7) 5:<0 1 23 456 7>
53 46 1 2 0 4 ) 6 2 1 5 4 3 0 1)
6:<0 1 2 3 456 7) 7:(0 1 23 456 7>
156 203 46) 23016 5 40)
8:<0 1 23 45 6 7) 9:<0 1 2 3 45 6 7>
35402 16 4) 4 6 5302 15)
10:(0 1 23 45 6 7) 11:(0 1 2 3 45 6 7)
1026 54 3 2) 2 6 1 0 3 45 1)
12:(0 1 23 45 6 7) 13:<O 1 2 3 45 6 7)
6 4 51203 5) 0432165 3)
14:<1234567>15:<01234567>
035612 3) 51 6 4 3 02 6 )
The next table shows the multiplication of any two above endomorphisms.
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It is routine to check that End(GU{7}) is the union of groups ZaUDy7. In this
14,15}, respectively. We also get that End(G U {7}) = Zy U Dy is a strong
semilattice of groups with the defining homomorphism ¢ : Zy — D7 define
by ¢(id) =2 and (1) = 10. O

From all examples in this section, we can conclude the results for all re-
tractive graphs which construct from any unretractive graph with 7 vertices
(refer from [19]). Not we get Table 5.2.

Remark 5.3.8. From Table 5.2 if we consider 3 < |N(a)| < 6 the split graph
KrU{a} is still not endo-Clifford. But for the (Cs+K2)U{a}, if 3 < |N(a)| <
7, its endomorphism monoid is possibly endo-Clifford Z; U (D5 X Z3).

In this chapter, we only gave examples of retractive graphs whose endo-
morphism monoids are strong semilattices of groups. For the next chance,
we would like to characterize a graph for a given strong semilattice of groups.
But it is so difficult to get a characterization. May be we consider a special
case. For example, we consider a graph for a strong semilattice of groups

U G4 where a semilattice Y is chain.
acY



G

End(G U {a}) with |[N(a)| =2

K7 or 07 or C5+KQ

not endo-Clifford

(1) not endo-Clifford or
(2) Zo U Dy or
(3) Da

(1) not endo-Clifford or
(2) Z1 U S3
(3) Z2

(1) not endo-Clifford or
(2) Zl U (ZQ X Z2) or

(3) ZQ U (ZQ X Z2) or
(4)

4 (Z2 X ZQ) U (Z2 X ZQ)

(1) not endo-Clifford or
(2) Z1 U (ZQ X ZQ) or
(3) Za U (Z2 x Z3)

(1) not endo-Clifford or
(2) Z1 U Dy

) P PR 1A

(1) not endo-Clifford or
(2) Z1 U Zy or
(3) Zo U Zy
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Table 5.2: Endomorphism monoids of G U {a} where G is a 7-vertices unre-

tractive graph and |N(a)| = 2.



Chapter 6

Monoids and graph
operations

In this chapter, we consider two graph operations: unions and joins. We
will describe the relationship between a set of endomorphisms of unions (or
joins) and a sum of two sets of endomorphisms of two graphs.

6.1 Basics

In this section we introduce some terminologies which we will use later.

Remark 6.1.1. ([20]) Let My, My be transformation monoids, h € My +
Ms, h = hy + ho. Then h is idempotent if and only if hy and he are
idempotent.

For any graphs G and H, it is well-known that End(G), End(H ), SEnd(G)
and SEnd(H) are transformation monoids. This means we can use the
above remark for these monoids. But in graph theory, we also have the
sets HEnd(G), HEnd(H), LEnd(G), LEnd(H), QEnd(G) and QEnd(H)
which are not necessarily monoids. The next lemma we extend the result in
Remark 6.1.1 for these sets.

Lemma 6.1.2. For any M € {0, H,L,Q, S}, an element h = h|g + h|lg €
MENd(G) + MEnd(H) is an idempotent if and only if h|lc and hlg are
idempotent.

Proof. Necessity. Let h = hg + hg € MEnd(G) + MEnd(H) be an idem-
potent. For any x € V(G), we have hZ,(z) = h*(z) = h(z) = ha(x), so hlg
is idempotent. Similarly, we get that h|y is idempotent.

88
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Sufficiency. For any x € V(G), we have that h%(z) = h?|g(x) = h|g(z) =
h(z). Analogously for any x € V(H). So h is an idempotent. O

Lemma 6.1.3. ([21]) Let G be a graph, x1,x2 € G, x1 # x2. There ezists
a strong endomorphism f € SEnd(G) with f(x1) = f(x2) if and only if
N(z1) = N(z2).

Theorem 6.1.4. For any graph G, Aut(G) = Aut(G).

Lemma 6.1.5. 1. Idempotent endomorphisms of G are in HEnd(G).
2. If G is finite with End(G) # HEnd(G), then HEnd(G) # SEnd(G).

Proof. 1. Let f be an idempotent endomorphism of G. Let {z,y} € E(G).
Since f is an idempotent, then f2(x) = f(z) and f%(y) = f(y), i.e., f(x) €
f~Yf(z)) and f(y) € f~(f(y)). Since f is an endomorphism, then {f(z), f(y)} €
E(G). Then we get that f € HEnd(G).

2. Let f € End(G) \ HEnd(G). Then there exists {f(x), f(y)} € E(G)
such that for any v € f~1(f(z)) and v € f~1(f(y)), {u,v} ¢ E(G). Since G
is finite, there exists a ¢ € N with f? is an idempotent endomorphism. It fol-
lows from 1. that f* € HEnd(G). In particular, since { f*(z), fi(y)} € BE(X)
we have that f*(z) and f’(y) are fixed under f, and thus they are adjacent
preimages. Moreover, f* ¢ SEnd(G), since not all preimages are adjacent,
namely {z,y} ¢ E(X). O

6.2 The sums of endomorphisms sets

For any two graphs GG and H, recall that the union G U H is defined as the
graph with vertex set V(G)UV (H) and edge set F(G) U E(H) and recall
that the join G + H is defined as the graph with vertex set V(G)UV (H)
and edge set E(G)UE(H)U{{z,y} |z € V(G),y € V(H)}.

In this part, we describe the relations between IM(G)+9M(H ) and M(G+
H) where M € {End, HEnd, LEnd, QEnd, SEnd, Aut} and G, H are
graphs.

Theorem 6.2.1. Let G and H be disjoint graphs and consider

M € {End, HEnd, LEnd, QEnd, SEnd, Aut}. Then we get that
(a) M(G) +M(H) CMGUH);
(b)) MG) +M(H) CM(G+ H).

Proof. Let f be an endomorphism in M(G) + M(H). Since f € M(G) +
M(H), we have that f := g+ h for some g € M(G) and for some h € M(H).
(a) It is clear that f € M(G U H).
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(b) We show that f € M(G+H). Let {z,y} be an edge in E(GUH) such
that € V(G) and y € V(H). We have that f(z) := (¢ + h)(z) = g(z) €
V(G) and f(y) := (g + h)(y) = hy) € V(H). So {f(x), (4)} € B(G U H)
by definition of join. Then f is an endomorphism of G + H. O

In general, we can not compare the sets (G U H) and (G + H). For
example, if G and H are isomorphic to Ks, then End(G+ H) is not a subset
of End(GU H) and End(G U H) is also not a subset of End(G + H).

The converses of (a) and (b) in Theorem 6.2.1 are not necessarily true.
We will show this fact in the next example.

Example 6.2.2. Take G a path P; and H a complete graph K3 as follows.

X9 Z2
2 2
I xs3 xs3
1 1
x1 z
G H G+ HZ=K;5

It is clear that f = ( L2 o o

r1 X2 X1 T2 I3
H. But f ¢ End(G) + End(H) because f|lg ¢ End(G). This implies
End(GUH) ¢ End(G)+ End(H). And for the join of G+ H, we know that
|End(G)+ End(H)| = |End(G)|-|End(H)| = 2-6 = 12 and |End(G+ H)| =
|End(Ks5)| = |Aut(K5)| = 5! = 120. Thus, End(G + H) is not isomorphic
to End(G) + End(H). O

is an endomorphism of G U

For any graph G, we know that the sets HEnd(G), LEnd(G) and
QEnd(G) are not necessarily closed with respect to composition. The next
corollary will show that if HEnd(G), LEnd(G) and QEnd(G) are not closed,
then HEnd(G + H), LEnd(G + H) and QEnd(G + H) are not closed for
any graph H. It also formulates consequences for unretractivities.

Corollary 6.2.3. Let G and H be disjoint graphs.

1. If M(G) is not closed as a monoid, then M(G + H) and M(G U H) are
not closed for all M € {H End, LEnd, QEnd}.

2. If M(G) #N(G), then M(G+H) #NG+H) and M(GUH) # N(GUH)
where M # N € {HEnd, LEnd, QEnd}.
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Proof. Let G and H be disjoint graphs. We will consider the case when
M = HEnd.

1. Suppose that H End(G) is not closed, then there exist f, g € HEnd(G)
such that fg ¢ HEnd(G). Then (f + idg), (9 + idg) € HEnd(G) +
HEnd(H) C HEnd(G U H) (HEnd(G + H), respectively). Set h :=
(fg +idg) = (f + idg)(g + idg). We show that h ¢ HEnd(G U H)
(HEnd(G + H), respectively). Since h|lg = fg ¢ HEnd(G) , there ex-
ists {z,y} € E(G) for some z,y € Im(fg) such that for all ' € (fg)~'(x)
and y/ € (fg)_l(y), {«',y'} ¢ E(G). Since h(H) = H, there are no u,v € H
with v € h=!(x) and v € h=1(y), so we get that for all 2/ € (h)~!(z) and
y € (h)Xy), {2/,9'} ¢ E(GUH) (E(G + H), respectively). This means
h ¢ HEnd(GU H) (HEnd(G + H), respectively).

2. Let M, N € {HEnd, LEnd, QEnd} with 9 # 9N and M(G) # N(G),
say M(G) C M(G). Take f € M(G) \ N(G). We have that (f + idy) €
M(G)+M(H) CM(GUH) (M(G+ H), respectively). Since M(G) # N(G)
and G, H are disjoint, we have that (f + idyg) ¢ M(GU H) (N(G + H), re-
spectively). O

6.3 Endomorphisms of unions

In this part, we find the conditions which make the converse of (a) in The-
orem 6.2.1 true.

Definition 6.3.1. For any graphs G and H, we call f € End(GUH) a
mixzing endomorphism if f(G) L G or f(H) ¢ H.

It is obvious that if there is no mixing endomorphism in End(G U H),
then End(GU H) = End(G) + End(H). Now we get the next lemma.

Lemma 6.3.2. For any graphs G, H and M € {End,H End,LEnd,QEnd,
SEnd,Aut}, the following statements are equivalent:

(1) M(G U H) is isomorphic to M(G) +M(H),

(73) there is no mizing endomorphism in M(G U H),

(7it) f(G) CG and f(H) C H for all f € M(GUH).

Lemma 6.3.3. For any connected graphs G and H, if MHom (G, H) =
0 and MHom(H ,G) = 0, we have that MEnd(G U H) = MEnd(G) +
MEnd(H) where M e {0, H,L,Q,S}. And if Iso(G,H) =), we have that
Aut(GU H) = Aut(G) + Aut(H).

Proof. By Theorem 6.2.1, we know that MEnd(G)+MEnd(H) C MEnd(GU
H). We will show that MEnd(G U H) C MEnd(G) + MEnd(H). By the
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assumption we get that f(G) C G and f(H) C H for all f € MEnd(GUH),
i.e., there is no mixing endomorphism in MEnd(G U H). Since G and
H are disjoint, we get that f|g € MEnd(G) and f|lg € MEnd(H), so
f=fle+ flg € MEnd(G) + MEnd(H). O

Corollary 6.3.4. For any graphs G and H, if MHom(G;, H;) = 0 and
MHom(H; ,G;) =0 for all components G; of G and H; of H, we have that
MEnd(G U H) = MEnd(G) + MEnd(H) where M € {0,H,L,Q,S}. And
if Iso(Gy, Hj) = 0 for all components G; of G and H; of H, we have that
Aut(GU H) = Aut(G) + Aut(H).

Lemma 6.3.5. For any connected graphs G,H and M € {0, H}, if
MHom (G, H) # 0, then MEnd(GU H) 2 MEnd(G) + MEnd(H).

Proof. Let g € HHom(G, H). Define f := g+ id(g). It is clear that f is a
mixing half strong endomorphism of GUH since f(G) ¢ G. By Lemma 6.3.2
we have that HEnd(G U H) is not isomorphic to HEnd(G) + HEnd(H).
Furthermore, f is also a mixing endomorphism, so we get that End(G U
H) 2 End(G) + End(H).

O

Corollary 6.3.6. For any graphs G, H and M € {0, H}, if MHom(G;, H;)
# () for some component G; of G and H; of H, we get that MEnd(GUH) %
MENd(G) + MEnd(H).

Theorem 6.3.7. Let G and H be connected graphs.

1. End(G) + End(H) = End(G U H) if and only if Hom(G,H) = 0 and
Hom(H,G) = 0.

2. HEnd(G)+ HEnd(H) =2 HEnd(GUH) if and only if HHom (G, H) = ()
and HHom(H,G) = 0.

Proof. 1. Necessity. Assume that there exist ¢ € Hom(G, H). Now we
define f := h +idpy. It is clear that f € End(G U H). Since End(GU H) =
End(G) + End(H), we get that f|q + flg = f € End(G) + End(H), i.e.,
fle € End(G) and f|p € End(H) which is not possible if f(G) € G. So we
have a contradiction.

Sufficiency. It follows directly from Lemmas 6.3.3 and 6.3.5.

2. Similar as 1. O

Corollary 6.3.8. Let G and H be graphs.

1. End(G) + End(H) = End(G U H) if and only if Hom(G;, Hj) = 0 and
Hom(H;,G;) =0 for all components G; of G and H; of H.

2. HEnd(G)+HEnd(H) = HEnd(GUH) if and only if HHom(G;, H;) = 0
and HHom(H;,G;) =0 for all components G; of G and H; of H.
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Example 6.3.9. It is trivial that for mutually rigid graphs G and H one has
End(G)+End(H) = End(GUH) consisting only of the identity. Mutually
rigid means Hom(G, H) = Hom(H,G) = () and |End(G)| = |[End(H)| = 1.
The following two graphs are mutually rigid.

G0

Note that G = H = K7 do not fulfill the condition of Theorem 6.3.7 and
indeed |End(K1) + End(K1)| =1 but |End(K; U Kq)| = 4.
Add a vertex x to the graph G and a vertex y to the graph H as follows.

< I *r ye éi E
GU{z} HU{y}

It is clear that the graphs G U {z} and H U {y} are not rigid graphs, i.e.,
|End(GU{z})|, |End(YU{y})|> 1, but |Hom(GU{z}, HU{y})|=|Hom(HU
{y},GU{z})|= 0. By Theorem 6.3.7 we get that

End(GU{z})+ End(H U{y}) = End((GUz)U (H U {y})),
which can also be seen directly. The same is true for H End. O

Next we consider the set of all automorphisms of the union of two graphs.
For any connected graphs G and H, it is clear that Iso(G, H) # 0 if and
only if Iso(H,G) # (). Now we can prove the next theorem.

Theorem 6.3.10. Let G, H be connected graphs. The following statements
are equivalent:

(1) Aut(G) + Aut(H) = Aut(G U H)

(i1) Iso(G,H) = 0.

(7it) f(G) CG and f(H) C H for all f € Aut(GUH).
Proof. (i) = (ii). Assume that Iso(G,H) # 0, it is clear that Iso(H,G) is

also not empty. So there exist g € Iso(G,H) and h € Iso(H,G). We also
have that |G| = |H|. Since G, H are disjoint, it is clear that
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Joglz) ,xeG
@)= { h(z) ,x€H
is a mixing automorphism, i.e., f does not belong to Aut(G)+ Aut(H). This
contradicts to the assumption, so Iso(G, H) = ().
(74) = (7). This follows directly from Lemma 6.3.3.
(1) & (7i7). This follows directly from Lemma 6.3.2. O

Corollary 6.3.11. Let G, H be graphs. The following statements are equiv-
alent:

(1) Aut(G) + Aut(H) = Aut(G U H)

(i) for any components G; of G and H; of H, Iso(G;, Hj) = (.

(7i1) f(G) C G, f(H) C H forall f € Aut(GUH).

Next we will consider a monoid of all strong endomorphisms of the union
of two connected graphs. From Lemma 6.3.3, we know that for any graphs
G and H if both of SHom(G, H) and SHom(H,G) are empty sets, we get
that SEnd(G) = SEnd(G) + SEnd(H). Now we consider a case when one
of SHom(G, H) and SHom(H,G) is not empty and the other one is empty.

Example 6.3.12. Consider a graph as follows.
2

KiUCy= e 1<>3
a

4

It is clear that SHom(Ki,Cy) # 0 but SHom(Cy, K1) = 0. Since N(1) =
N(3) and N(2) = N(4), by Lemma 6.1.3, there exists h € SHom(Cy) such
that (1) = h(3) or h(2) = h(4). So it is clear that [Im(h)] > 2. If
|[Im(h)| = 2, it is not possible that Im(h) = {1,3} or Im(h) = {2,4}, i.e.,
two vertices in Im(h) must be adjacent. It is clear that SEnd(K; U Cy) =
SEnd(Ky) + SEnd(Cy). O

Before we will prove Theorem 6.3.16 describing when SEnd(G U H) is
isomorphic to SEnd(G) + SEnd(H), we need some more lemmas.

Lemma 6.3.13. For any connected graph H # Ky, N(h(H)) = H for all
h € SEnd(H).

Proof. Let h € SEnd(H). Since H is connected, there exists an edge in
h(H) and h(H) is connected. Suppose that N(h(H)) # H. So there exists
x ¢ N(h(H)), ie., {z,h(y)} ¢ E(H) for all h(y) € h(H) and for all y € H.
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Since h is a strong endomorphism, then {h(z),h(h(y))} ¢ E(H) for all
y € H. This is not possible since h(H) is connected. O

Corollary 6.3.14. For any connected graphs G and H both not K1, there
is no f € SEnd(G U H) such that f(GUH) CG or f(GUH) C H.

Lemma 6.3.15. Let G and H be connected graphs with SHom(G, H) # ()
and SHom(H,G) = 0. We have that SEnd(GUH) = SEnd(G)+SEnd(H).

Proof. Assume that SEnd(G U H) 2 End(G) + End(H), so there exists
a mixing strong endomorphism f € SEnd(G U H), i.e., f ¢ SEnd(G) +
SEnd(H). Since SHom(G, H) # 0 and SHom(H,G) = 0, there exists = €
G such that f(z) € H and f(H) C H. Since G and H are disjoint, we have
that f|g € SEnd(H). We have by Lemma 6.3.13 that N(f|g(H)) = H.
Since f(z) € H, then f(z) € N(fla(H)). So {f(x). flu(y)} € E(H)
E(GU H) for some y € f|g(H). Since f is a strong endomorphism, then
{z,y} € E(GU H). This is a contradiction since G and H are disjoint.
Hence SEnd(GU H) = SEnd(G) + SEnd(H). O

Theorem 6.3.16. Let G and H be connected graphs. Then SEnd(GUH ) =
SEnd(G)+ SEnd(H) if and only if SHom(G,H) =0 or SHom(H,G) = 0.

Proof. Necessity. Assume that SHom(G,H) # 0 and SHom(H,G) # 0,
i.e., there exist ¢ € SHom(G,H) and h € SHom(H,G). It is clear that
f:=g+h¢ SEnd(G)+ SEnd(H). Since G and H are disjoint, then f is a
mixing strong endomorphism of GU H. This contradicts to the assumption,
so SHom(G,H) =0 or SHom(H,G) = 0.

Sufficiency. This follows directly from Lemmas 6.3.3 and 6.3.15. O

Example 6.3.17. Consider the paths P; and P, as follows.

1 2 a b c
*————o o ———o—0
P1 P2

. 1 2 a b ¢
It is clear that f = ( e b 12 1
Py U P,. Then we get that SEnd(P; U P,) is not isomorphic to SEnd(P;) +
SEnd(P,). This two graphs do not fulfill the condition in Theorem 6.3.16,
L.e., SHom(Py, P») # 0 and SHom(Ps, Py) # 0. O

is a mixing strong endomorphism of



96

Next we will consider the set of all locally (quasi-) strong endomor-
phisms of the union of two graphs G and H. By Lemma 6.3.3 we see that
if LHom(G,H) = LHom(H,G) = ( (QHom(G,H) = QHom(H,G) =
0), then LEnd(G U H)= LEnd(G)+LEnd(H) (QEnd(G U H)= QEnd(G)
+QEnd(H)). Then we consider two graphs G, H which exactly one of
LHom(G,H) and LHom(H,G) (QHom(G,H) and QHom(H,G)) being
empty. Of course, if both of G and H are L-S-unretractive (Q-S-unretractive),
we get by Theorem 6.3.16 that LEnd(GUH )= LEnd(G)+LEnd(H) (QEnd
(GUH)= QEnd(G) +QFEnd(H)). Hence, we consider the case when G or
H is not L-S-unretractive (Q-S-unretractive).

Example 6.3.18. (1) Consider graphs as follows.

U a b c d
[

K, P3

Now QHom(Ky, P3) # ) and Hom(P3, K1) = (), and then QHom/(K71, P3) #
. u a b c d

) and QHom(Ps, K1) = (. Tt is clear that h = e cdedl©

QFEnd(K; U P3) C LEnd(K; U Ps3) is mixing and h ¢ End(K1) + End(Ps).

So we have that QEnd(K; U P3) 2 QFEnd(K1) + QEnd(Ps). This implies

also that LEnd(K, U P3) 2 LEnd(K,) + LEnd(P3).

(2) Consider the graphs K1 = {u} and H as follows.
)

/AN

1 2 3 4

H=P+ Ky
. 1 2 4 . .
It is clear that f = 1 9 i’ 9 g is a quasi strong but not strong

endomorphism of H, so we have that H is not (-S-unretractive, so is
not L-S-unretractive. Next we show that LEnd(K; U H) is isomorphic
to LEnd(K1)+ LEnd(H). Since K, H are disjoint and LHom(H, K;) = 0,
then g(H) C H for all g € LEnd(K; U H). Since H contains a triangle and
5 is in every triangle, we get that 5 € g(H) for all g € LEnd(K; U H).
Assume that there exists h € LEnd(K; U H) such that h(u) = v € H.
Since K and H are disjoint, then h(a) ¢ h(H), so h(u) # 5. Now we have
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h~Y(v) = {u} and h=1(5) C H. Since {v,5} € F(H) and u is not adjacent to
all vertices in h~1(5), then h is not a locally strong endomorphism of K1 UH.
Hence, we get that LEnd(K; U H) is isomorphic to LEnd(K1)+ LEnd(H).
Similarly we get that QEnd(K, U H) = QEnd(K;) + QEnd(H). O

The above examples show that in general the condition ,,LHom(G, H) =
) or LHom(G,H) = 0 (QHom(G,H) = () or QHom(G,H) = 0)” is not
sufficient for LEnd(G U H) = LEnd(G) + LEnd(H) (QEnd(G U H) =
QFEnd(G) + QEnd(H)).

Theorem 6.3.19. For any connected graphs G and H, there is no mixing
endomorphism f € QEnd(G U H) if and only if QHom(H,G) = 0 and for
all g € QHom(G, H) one has g(G) N Ng(h(H)) # 0 for all h € QEnd(H)
and vice versa.

Proof. Necessity. It is quite clear that at least one of QHom(G, H) and
QHom(H,G) is empty. Now we let QHom(H,G) = 0.

Suppose that QHom(G,H) # 0. Let ¢ € QHom(G,H) and h €
QFEnd(H). Assume that g(G) N Ng(h(H)) = (. This means all vertices
in g(G) not adjacent to any vertex in h(H). Since G and H are disjoint, it
is clear that f := g + h is a mixing quasi strong endomorphism of G U H.
This is a contradiction. Thus we get that g(G) N Ny (h(H)) # 0.

Sufficiency. Let QHom(H,G) = () and let f € QEnd(G U H) be mixing.
Then we have only the case f(GU H) C H, so by hypothesis there exists
x € G with {f(x), f(y)} € E(H) for some y € H. But then f is not quasi
strong. This is a contradiction. So we get that f is not mixing. O

From the Example 6.3.18 it seems likely that the condition ,,Q Hom(H, G)
= 0 and if QHom(G,H) # 0, then G1 # K or for all h € QEnd(H),
h(H) # P3” implies QEnd(G U H) = QEnd(G) + QEnd(H). But the next
example shows that this is not true.

Example 6.3.20. (1) Consider K; = {u} and the graph H as follows.
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By inspection we get that for all h € QEnd(H), h(H) # Ps. It is clear that

1 23 45 6 7 89 ul. . . .
f= ( 1 3355 7 79 g9 g )isamixingquasi strong endomor-
phism of K7 U H. This follows by Lemma 6.3.2 that QEnd(K; U H) is not
isomorphic to QEnd(K1) + QEnd(H).

(2) Consider the complete graph Ko = {a, b} and the graph H as follows.

§
4

. 12345 6 7 8 9 10). .
It is clear that g = < 133777 7 10 10 10 > is a quasi strong
g(z), z€H
endomorphism of H. Thus it is also clear that f(z) = 4, x=a s
8, r=>b

a mixing quasi strong endomorphism of Ky U H. This follows by Lemma
6.3.2 that QEnd(K> U H) is not isomorphic to QEnd(K2) + QEnd(H). O

Now we consider the set of all locally strong endomorphisms of the union
of two connected graphs G and H.

Theorem 6.3.21. For any connected graphs G, H, there is no mixing en-
domorphism f € LEnd(GU H) if and only if LHom(H,G) = () and for all
g € LHom(G, H) one has g(G) N Ng(h(H)) # 0 and g(G) # h(H) for all
h € LEnd(H) and vice versa.

Proof. Necessity. It is clear that at least one of LHom(G, H) and LHom(H, G)
is empty. Now we let LHom(H,G) = 0.

Suppose that LHom(G,H) # 0. Let g € LHom(G,H) and h € LEnd(H).
Assume that ¢(G) N Ny (h(H)) = (. This means all vertices in g(G) not
adjacent to any vertex in h(H). Since G and H are disjoint, it is clear that
g+ h is a mixing locally strong endomorphism of GU H. This is a contradic-
tion. Thus we get that g(G) NNy (h(H)) # 0. Assume that g(G) = h(H), it
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is clear that g + h is a mixing locally strong endomorphism of GU H. This
is a contradiction. So we get that g(G) # h(H).

Sufficiency. Let LHom(H,G) =0 and f € LEnd(GUH). Assume that f
is mixing. Since LHom(H,G) = (), then we have only case f(GUH) C H, so
by hypothesis we get that flc:(G) # flu(H) and flo(G) O\ Nyt (£l (H)) # 0.
If fla(G) € flu(H), then there exists f(z) € flg(G) and f(y) € f|lg(H) \
fla(G) such that {f(z), f(y)} € E(H) since h(H) is connected. Now we
have that f~1(f(y)) € H and there exists 2/ € f~(f(x)) N G. Since G and
H are disjoint, then 2’ is not adjacent to all vertices in f~!(f(y)). This is a
contradiction. Similarly we get a contradiction if f(H) C f(G). Hence f is
not mixing. O

For any connected graph G, we can find some connected graph H which
is not L-S-unretractive and LHom (G, H) # () and LHom(H,G) = 0 but
LEnd(G U H) is not isomorphic to LEnd(G) + LEnd(H).

Example 6.3.22. Consider a graph K3 = {x,y} and graph H as follows.
11

12345678910

It is clear that

are locally strong endomorphism of H and H U K5, respectively. So we have
that g is a mixing locally strong endomorphism of H U K3. Hence we get
that LEnd(H U K3) is not isomorphic to LEnd(H) + LEnd(K2). And it is
also clear that f is not a strong endomorphism of H, so we get that H is
not L-S-unretractive. O

The conditions in Theorems 6.3.19 and 6.3.21 are not ,,good”, since in
general it will be difficult to check. But we do not have better ones.
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m MGUH) ZM(G)+ M(H)

End < Hom(G,H) =0 and Hom(H,G) =0

HEnd | & HHom(G,H) =0 and HHom(H,G) =0

LEnd | & LHom(H,G) =0 and Yg € LHom(G, H) one has
g(G) N Ny (h(H)) # 0 and g(G) # h(H) Yh € LEnd(H)
and vice versa

QEnd | & QHom(H,G) =0 and Vg € QHom(G, H) one has
g(G)N Ny (h(H)) # 0 VYh € QEnd(H) and vice versa
SEnd | & SHom(G,H) =0 or SHom(H,G) =)

Aut & Iso(G,H) =0 G2 H

Table 6.1: 9M(G U H) is isomorphic to IM(G) + M(H) where M €
{End, HEnd, LEnd, QEnd, SEnd, Aut} and G, H are connected graphs.

6.4 Endomorphisms of joins

In this section, we get a theorem describing when the set M(G+H) is isomor-
phic to M(G) + M(H) where M € {End, HEnd, LEnd, QEnd, SEnd, Aut}
and G, H are graphs.

Theorem 6.4.1. Let G, H be graphs and M €{End,H End, LEnd, QEnd,
SEnd, Aut}. We have that M(G) + M(H) = M(G + H) if and only if
f(G)CG and f(H) C H forall f e MG+ H).

Proof. 1. Necessity. Let M(G) +M(H) = M(G + H) and f € M(G + H).
Then we have that f = g + h with g € M(G) and h € M(H). It is clear
that f(G) C G and f(H) C H.

Sufficiency. By Lemma 6.2.1, we have that (G) +9M(H) C M(G+ H).
It remains to prove that M(G + H) C M(G) + M(H). Since f(G) C G and
f(H) C H for all f € M(G+ H), it is clear that f|g and f|g are in M(G)
and M (H), respectively. Hence f = f|lg + flg € M(G) + M(H) for all f €
M(G+ H). Now we get that M (G + H) is isomorphic to M(G)+M(H). O

H ;) =0 for all component

Lemma 6.4.2. For any graphs G and H, Iso(G;, =
G C G and f(H) C H for all

G; of G and H; of H if and only if f(G)
f € Aut(G + H).

Proof. By Corollary 6.3.11 we get that Iso(G;, H;) = ) for all components
G, of G and H; of H; if and only if Aut(GU H) = Aut(G) + Aut(H). By
definition of the join and the complement of graph, we have that G + H =
G U H. So by Theorem 6.1.4 we get that
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Aut(G+ H) = Aut(GU H) =2 Aut(G) + Aut(H) = Aut(G) + Aut(H).
By Theorem 6.4.1 we get the result. O

Corollary 6.4.3. For any graphs G and H, the following statements are
equivalent:

(1) Aut(G + H) = Aut(G) + Aut(H)

(1) f(G) CG and f(H) C H for all f € Aut(G + H)

(iii) Iso(G;, H;) =0 for all components G; of G and H; of H.

Example 6.4.4. Take a graph P, + P5 as follows.

»
3
2 b
1 a
P, P

It is routine to check that Aut(P,+ P3) and Aut(P)+ Aut(Ps) are iso-
morphic which they have 4 elements. Next we show that all automorphisms
of P» 4+ P3 send P and Ps to P> and Ps, respectively.

For any graph G, it is clear that degg(f(x)) = degg(x) for all z € G
and f € Aut(G). Let g be an automorphism of P» + P3. From the above
graph we see that exactly vertex 2 has degree 6. This implies that g(2) = 2.
Similarly we get that all g({a,d}) = {a,d}, since deg(a) = deg(d) = 4. Since
{3,a},{3,d} € E(Py+ P3), {c,a},{d,b} ¢ E(P>+ P3) and g is an endomor-
phism, we get that g(3) ¢ {b,c}. Similarly we get that g(1) ¢ {b,c}, so
9({1,3}) = {1,3}. Now we get that g(P,) = P» and g(P3) = P3. Moreover,
we have the complements of P, and P; as follows.

d
3 c
<)
1 a
Py P

We see that Py has 2 components; {1,3} and {2}. And component of
P3 is itself. It is clear that all components of Py are not isomorphic to Ps.
This confirms that Corollary 6.4.3 is hold. O

There are many operations which are defined on the set of graphs, for
instance, box product and cross product. In the future we will look for the
endomorphism monoids of two graphs which conjunct by these operations.



Chapter 7

Unretractivities of graph
operations

In this chapter, we find the unretractivities of a union of two graphs and the
unretractivities of a join of two graphs.

7.1 Basics

We give some terminologies which we will use later.

Theorem 7.1.1. ([21]) A graph G is S-A-unretractive if and only if N(z) #
N(y) for all z,y € G with x # y.

Lemma 7.1.2. For any graph G and M € {L,Q}, if f € MEnd(G), then
fr e MEnd(G) for any 2 <n € N.

Proof. We prove only the case 9t = L. The other case follows analogously.
Let f € LEnd(G). First we consider n = 2. Let {f%(z), f2(y)} € E(G).
It is clear that f(x) is exactly one vertex in f~1(f?(x)) and f(y) is exactly
one vertex in f~!(f2(y)). Since f is a locally strong endomorphism, we
get that {£(z), (1)} € E(G). Let 2’ € (f2)(f(x)) = £~ (f(x)). Since
{f(z), f(y)} € E(G) and f is a locally strong endomorphism, we get that
there exists vy € f~H(f(y)) = (f3) 1 (f*(y)) such that {2/,y)} € E(G).
So we have that f2 € LEnd(G). Proceeding in this manner we get the
result. O

Lemma 7.1.3. ([20]) Let G be a graph. Then G is unretractive if and only
if End(G) contains only one idempotent.

102
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Lemma 7.1.4. Let G be a finite graph and take M € {L,Q}. Then G is
IM-A-unretractive if and only if MEnd(G) contains only one idempotent.

Proof. Necessity. It is obvious.

Sufficiency. We prove by contraposition. Suppose that G is not 9t-A-
unretractive, so there exists f € MEnd(G) \ Aut(G). Since G is a finite
graph, there exists i € N such that f? is an idempotent power of f. By
Lemma 7.1.2, we get that f? is in MEnd(G). It is clear that f? is not an
identity. So we get that MM End(G) contains more than one idempent. [

7.2 Unretractivities of unions

In this section, we find conditions for different unretractivities of the union
of graphs. We begin with E-9-unretractive and H-91-unretractive, M €
{SEnd, Aut}.

Theorem 7.2.1. Let G, H be finite connected graphs and M € {SEnd, Aut}.
The following statements are equivalent:

(1) End(GUH) =9M(GUH).

(i) HEnd(GUH) =9M(GUH).

(131) End(G) = M(G), End(H) = M(H) and Hom(G,H) = Hom(H,G) =
0.

Proof. (i) = (ii). For any 9 € {SEnd, Aut}, since End(GUH) 2 HEnd(GU
H) D M(GUH) and End(GUH) = M(GUH), we have that H End(GUH ) =
M(GUH).

(73) = (7). For any 9 € {SEnd, Aut}, since HEnd(GUH) 2 SEnd(GU
H) DM(GUH) and HEnd(GUH) = M(G U H), we have that HEnd(G U
H) = SEnd(G U H). By Lemma 6.1.5 2., we have that HEnd(G U H) =
End(G U H), so we get that End(GUH) =9M(GU H).

(791) = (¢) By Theorem 6.3.7 and hypothesis, we have that
End(GU H) = End(G) + End(H) = 9(G) + M(H) = M(G U H).

(i) = (i7i). Assume that there exists h € Hom(G, H). Set
f(z) = { ?d(f[)(x) : i E KE]C;)) , then f € End(GU H) better type setting.
By hypothesis we have that f € SEnd(G U H). Since h(G) N Im(idg) # 0,
there exists an edge {f(u), f(v)} € E(H) with u € V(G) and v € V(H).
Since G and H are disjoint, then {u,v} ¢ E(G U H). This contradicts to
f € SEnd(GUH), so Hom(G, H) = (. Similarly we get that Hom(H,G) =
0.

Let k € End(G). We will show that k£ € M(G). By Theorem 6.2.1, we
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know that End(G) + End(H) C End(GU H) = (G U H), so there exists
l € End(G U H) such that [ = k +idy. Since l € M(G U H) and G, H are
disjoint, then we get that £ € M(G), so End(G) = M(G). Similarly we get
that End(H) = 9M(H). O

Next we find a condition for L-A-unretractivity of unions of graphs. We
need some lemmas.

Lemma 7.2.2. Let G1,Go,...,Gy, H1, Ho, ..., Hy be connected graphs and
y4 ¢
fi € Hom(G;, H;) for any i € {1,2,...,4}. Set G:= |J G; and H := | H;.

i=1 =1
Then f := fi+ fo+...4+ fe € LHom(G, H) if and only if f; € LHom(G;, H;)
forallie {1,2,...,0}.

Proof. We prove only the case £ = 2. The other cases follow analogously.

Necessity. Let f := f1+ fa € LHom(G, H). It is clear that f; = f|q, for
all i € {1,2}. Since f is a locally strong homomorphism and G, Ga, H1, Ho
are pairwise disjoint, we get that f|g, is a locally strong homomorphism
from G; to H; for all i € {1,2}. Now we have that f; € LHom(G;, H;) for
all i € {1,2}.

Sufficiency. Let f := f1 + fo with f; € LHom(G;, H;) for all i €
{1,2}. So we get that f|g, = fi € LHom(G;, H;) for all i € {1,2}.
Since G1,Go, Hi, Hs all are pairwise disjoint and f; is a locally strong
homomorphism from G; to H; for all i € {1,2,...,¢}, we have that f €
LHom(G, H). O

Lemma 7.2.3. Let G1, G2 and H be connected graphs, fi € LHom(G1, H)
and fo € LHom(Ga, H).

(a) If fl(Gl) = fg(Gg), then f = f1+ fo € LHOTTL(G1 U GQ,H);

(b) If fi(G1) # f2(G2) and fi1(G1) N fo(G2) # 0, then f = fi + fo &
LHom(G1 UGQ,H).

Proof. (a) Since f1(G1) = fo(Gy), we have that Im(f) = Im(f1 + f2) =
Im(f1) = Im(f2). Let {u,v} be an edge in F(H) with u,v € Im(f). Then
F ) = f7H(w) U fy N (u) and f~(v) = f7H(v) U £y H(v). Since Gy, Gy are
disjoint, f;'(u) N £y (w) = 0 and f; ' (v) N fy ' (v) = 0. Since f; is locally
strong homomorphism from G; to H, i € {1,2}, for all x € f;*(u) there
exists y € f; ' (v) such that {x,y} € E(G;), i € {1,2}. This implies that for
all zop € f~1(u) there exists yo € f~1(v) such that {zg,yo} € E(G1 U G2),
so we get that f € LHom(G1 U Go, H).

(b) Suppose that there exist u € f1(G1)N f2(G2) and v € fa(G2)\ f1(G1)
with {u,v} € E(f(G1UG2)). Let vy € f5*(v) = f~'(v) C G and ug €



105

fit(w) € f~Yu) N Gy. Since Gy and Gy are disjoint, then {ug,vo} ¢
E(G1UGj3), so f is not a locally strong homomorphism. O

Lemma 7.2.4. Let G and H be connected graphs, both not K1, where GUH
is L-Q-unretractive. If there exists g € LHom(G, H), then g(G) # h(H)
for all h € LEnd(H).

Proof. Assume that there exist ¢ € LHom(G, H) and h € LEnd(H) with
9(G) = h(H). By Lemma 7.2.3(a), we get that f := g+h € LEnd(GUH), so
E(f(GUH)) C E(H). Since G, H are connected and are not K7, then there
exists {u,v} € E(f(G U H)). Now we know that f~!(u) = g~ !(u) Uh™(u)
and f~(v) = ¢~ '(v) Uh™(v). Since g(G) = h(H), then f~1(u) NG # 0,
fFYrw)yn H # 0, fL(v) NG # 0 and f~(v) N H # 0. Since G and H
are disjoint, there is no up € f~!(u) such that {ug,vo} € E(G U H) for all
vo € f~1(v) € GUH, so f is not quasi strong homomorphism. This is a
contradiction. Hence we get that g(G) # h(H) for all h € LEnd(H). O

Lemma 7.2.5. Let G and H be graphs such that GUH is L-A-unretractive.
If LHom(G, H) \ Iso(G,H) # 0, then LHom(H,G) = 0.

Proof. Let ¢ € LHom(G, H) \ Iso(G,H). Assume that there exists h €
LHom(H,G). By Lemma 7.2.2, we get that f := g+ h € LEnd(GUH) but

f is not an automorphism of G U H. This is a contradiction, so we get that
LHom(H,G) = (. O

Lemma 7.2.6. Let G and H be graphs such that GUH is L-A-unretractive.
Then G 2 H.

Proof. Assume that G = H, so there exists g € Iso(G, H). Define a mapping
f from G U H to itself by

_ S gle) ifzeV(G)
f(“””’)_{ idy , if v € V(H).

It is clear that f is an endomorphism of G U H but not an automorphism.
This contradicts to the hyphotesis, so G 2 H. O

Now we turn to prove the theorem which describes when the union of
two graphs is L-A-unretractive.

Theorem 7.2.7. Let G and H be finite connected graphs, both not K. We
get that

(1) If LEnd(GUH) = Aut(GU H), then (a) G, H are L-A-unretractive
and (b) LHom(G,H) =0 or LHom(H,G) = 0.
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(2) If (a) G, H are L-A-unretractive and (b) LHom(G, H) = LHom(H, Q)
=), then LEnd(GU H) = Aut(G U H).

Proof. (1). Let LEnd(GU H) = Aut(GU H).

First, we prove (a). By Theorem 6.2.1, we have that LEnd(G)+LEnd(H )
C LEnd(GUH) = Aut(GUH). Let g € LEnd(G) and h € LEnd(H). Then
f=9g+heAut(GUH). Since f(G) =¢g(G) C G and f(H)=h(H) C H,
G and H are disjoint, then g € Aut(G) and h € Aut(H).

Next, we prove (b). Suppose that LHom(G,H) # 0, i.e., there exists
k € LHom(G,H). Since LEnd(G U H) = Aut(G U H), we get by Lemma
7.2.6 that G 2 H, so not both are Ki. By (a), we have that ¢(G) = G
for all g € LEnd(G) and h(H) = H for all h € LEnd(H). Since GU H is
also L-Q-unretractive, we get by Lemma 7.2.4 that k(H) # g(G) = G and
k(G) # h(H) = H. Since G 2 H, we get that k is not an isomorphism from
G to H. So by Lemma 7.2.5 we have that LHom(H,G) = ().

(2). Let f € LEnd(GU H). We will show that f € Aut(G U H).
Since LHom(G,H) = LHom(H,G) = (), so we get that f(G) C G and
f(H) € H. We get by (a) that f|lg € LEnd(G) = Aut(G) and f|g €
LEnd(H) = Aut(H), i.e, f|lc(G) = G and f|g(H) = H. Since G and H
are disjoint, we get that f = flg + f|g € Aut(G U H). O

Before we prove when GU H is Q-A-unretractive, we need some lemmas.

Lemma 7.2.8. Let G and H be Q-S-unretractive connected graphs not both
K. Then we have that for all f € QEnd(G U H) and for any K € {G,H}
(1) f(K) C K’ for some K' € {G,H}
(2) if f(K) C K’ for some K' € {G,H}, then f(GUH)\ K)NK'={.

Proof. (1) Assume that f(K)NG # 0 and f(K)NH # 0. Since f(K) is
connected, then there exists z € f(K)NG and y € f(K) N H such that
{z,y} € E(GU H). This is a contradiction since G and H are disjoint. So
we get that f(K) C K’ for some K’ € {G,H}.

(2) We consider only the case f(G) C H the another cases follow anal-
ogously. Assume that f(H) N H # 0. It is clear that f|y is a quasi
strong endomorphism of H. Since H is Q-S-unretractive, we get that f|g
is strong, so by Lemma 6.3.13 we can conclude that N(f|x(H)) = H. Since
fla(H) is connected, there exists {x,y} € E(H) for some z € f(G) and
y € flu(H) = f(H). Since G and H are disjoint, it is clear that there is no
z € f~Y(y) such that {u,z} € E(G U H) for all u € f~!(z). Then f is not
quasi strong. This is a contradiction. So we get that f(H) N H = 0. O
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Theorem 7.2.9. Let G and H be finite connected graphs. The following
statements are equivalent.

(i) QEnd(GUH) = Aut(GUH).

(11) QEnd(G) = Aut(GQ) and QEnd(H) = Aut(H).

Proof. (i) = (ii). By Theorem 6.2.1 and the hypothesis we have that
(a) QEnd(G) + QEnd(H) C QEnd(GU H) = Aut(G U H).

Let g € QEnd(G) and h € QEnd(H). By (a) we get that f := g+ h €
Aut(G U H). Since G, H are disjoint and f € Aut(G U H), it is clear
that flg = g € Aut(G) and f|lg = h € Aut(H). Now we have that
QEnd(G) = Aut(G) and QEnd(H) = Aut(H).

(73) = (i). Let QEnd(G) = Aut(G) and QEnd(H) = Aut(H). Then
QFEnd(G) and QEnd(H) contain only one idempotent endomorphism, namely
idg and idy, respectively. By Lemma 7.1.4 we get that

QEnd(G) + QEnd(H) = Aut(G) + Aut(H)

contains exactly one idempotent endomorphism idg + idy.

Assume that there exists f € QEnd(G U H) \ Aut(G U H). So we have
that f(z) = f(y) for some z,y € V(G U H). By Lemma 7.2.8 we get that
z,y € Gor x,y € H. Since G U H is a finite graph, there exists i € N
such that f is an idempotent power of f. By Lemma 7.1.2 we get that
f?is a quasi strong endomorphism of G U H. Similar as f we get that
fi(u) = fi(v) if and only if u,v € G or u,v € H. Since f! is idempotent,
we get that fi(z) = 2 for all z € Im(f*). Now we have that f¢|¢ and fi|y
are quasi strong endomorphism of G and H, respectively. Now we get that
fi= flle + f'ly € QEnd(G) + QEnd(H). This is a contradiction since f?
is not idg + idy which is exactly one idempotent in QEnd(G) + QEnd(H).
Hence we get that QEnd(GU H) = Aut(G U H). O

For the last theorem in this section, we give a condition which union of
graphs is S-A-unretractive.

Theorem 7.2.10. Let G and H be finite connected graphs. Equivalent are
(i) SEnd(GUH) = Aut(GU H).
(1i) SEnd(G) = Aut(G) and SEnd(H) = Aut(H).

Proof. By Theorem 7.1.1, we have that SEnd(G U H) = Aut(G U H) is
equivalent to N(z) # N(y) for all z,y € GU H and = # y. This is also
equivalent to N (1) # N(y1) for all 1,41 € G, 1 # y1 and N (x2) # N(y2)
for all z2,y2 € H, x2 # ya2. Again by Theorem 7.1.1, we get that SEnd(G U
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H) = Aut(G U H) if and only if SEnd(G) = Aut(G) and SEnd(H) =
Aut(H). O

The other expected results

We think that the next hypothesis is also true. But we have no more
time to prove it. We only give an idea to prove it in this section.

Hypothesis 7.2.11. Let G and H be connected graphs. Then G U H is
Q-S-unretractive if and only if G and H are QQ-S-unretractive.

Lemma 7.2.12. Let G be S-unretractive connected graph and let H be a
connected graph. If f € SHom(G, H), then py is trivial.

Proof. Since G is S-unretractive, then N(z) # N(y) for all z # y € G.
Let f € SHom(G,H). Suppose that ps is not trivial. Then there exist
a # b€ G with f(a) = f(b). Since N(a) # N(b), suppose that exists a
vertex ¢ € N(a) \ N(b). Since {a,c} € E(G) and f is homomorphism, then
{f(a), f(c)} € E(H). Now we have that b € f~!(f(a)), c € f~1(f(c)) and
{b,c} ¢ E(G). So f is not strong. This is a contraction. So py is trivial. [

Example 7.2.13. Take the cycle Cy and Cs as follows.

1234% b
J I
8 76 5 a

It is well-known that Cg9 and C3 are unretractive, so they are also L-
01 2 3 45 6 7 8.

a b c a b c a b c > 15 a

locally strong homomorphism from Cy to C3. This shows that py is not

trivial. O

A-unretractive. It is clear that f =

We expect that if G is a Q-A-unretractive connected graph and H is a
connected graph, then py is trivial for any f € QHom(G, H).

Hypothesis 7.2.14. If G is a Q-A-unretractive connected graph and H is
a connected graph, then py is trivial for any f € QHom(G, H).

Let G be a @Q-S-unretractive connected graph and H is a connected
graph. If the Hypothesis 7.2.14 is true, we get that for any f € QHom(G, H)
there exists g € QEnd(G) such that py = p,. We expect that the next
hypothesis is also true.



109

Hypothesis 7.2.15. Let G be a Q-S-unretractive connected graph and H
is a connected graph. If f € QHom(G,H), then py = py for some g €
QEnd(G).

The next hypothesis is a corollary of the above hypothesis.

Hypothesis 7.2.16. Let G be a Q-S-unretractive connected graph and H
is a connected graph. If f(x) = f(y) for some f € QHom(G,H), then

g(x) = g(y) for some g € QEnd(QG).

Sketch of the proof of Hypothesis 7.2.11
(i) = (¢i). By Theorem 6.2.1 and the hypothesis we have that

(a) QEnd(G) + QEnd(H) C QEnd(GU H) = SEnd(GU H).

Let g € QEnd(G) and h € QEnd(H). By (a) we get that f := g+ h €
Aut(G U H). Since G, H are disjoint and f € SEnd(G U H), it is clear
that flg = g € SEnd(G) and f|g = h € SEnd(H). Now we have that
QEnd(G) = SEnd(G) and QEnd(H) = SEnd(H).

(73) = (7). Assume that there exists f € QEnd(GUH) \ SEnd(GU H).
Then there exists * # y € V(G U H) such that f(x) = f(y). Since G
and H are disjoint, it is clear by definition of quasi strong that z,y € G
or x,y € H. Since QEnd(G) = SEnd(G), QEnd(H) = SEnd(H) and G,
H are connected and disjoint, by Lemma 7.2.8 we have two cases to con-
sider: (1) f(G) € G and f(H) C H and (2) f(G) € H and f(H) C G.
First we consider case (1). Since G, H are disjoint, we get that f|g €
QEnd(G) = SEnd(G) and flg € QEnd(H) = SEnd(H). Then we get
that f = fla + flug € SEnd(G) + SEnd(H). By Theorem 6.2.1 we also get
that f € SEnd(G U H). This is a contradiction.

Next we consider case (2). Since f € QFEnd(G) and G, H are dis-
joint, then flg € QHom(G, H) and f|g € QHom(H,G), so we get that
QHom(G,H) # 0 and QHom(H,G) # 0. If z,y € G, then flg(z) = fla(y).
By Hypothesis 7.2.16 we get that g(x) = g(y) for some g € QEnd(G). This
contradicts to QEnd(G) = SEnd(G). Similarly we get a contradiction if
z,y € H. So it is impossible to be this case.

Hence we get that QEnd(GU H) = SEnd(G U H). O

For a graph G U H, it is not easy to find the sufficient condition for
which graphs G and H whose union of them is L-S-unretractive. Although,
in the future we will try to find this sufficient condition and also find other
unretractivities of graph G U H.
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7.3 Unretractivities of joins

In this section, unretractivities of joins of graphs are characterized. In [20],
we know that when the joins of graphs G + H are unretractive or S-A-
unretractive.

Lemma 7.3.1. ([20]) If f?> = f € End(G+H), then f € End(G)+End(H).
If f? = f € SEnd(G + H), then f € SEnd(G) + SEnd(H).

Theorem 7.3.2. ([20]) Let G and H be graphs. The join G+ H is (S-A-)
unretractive if and only if G and H are (S-A-) unretractive.

Remark 7.3.3. From Lemma 6.1.5, we get that the graph which has endo-
types 1 and 17 do not exists. So by Theorem 7.5.2, we have now that G+ H
is H-A-unretractive if and only if G and H are H-A-unretractive.

Next we give a theorem describing when G + H is L-A-unretractive or
L- A-unretractive.

Theorem 7.3.4. Let G and H be finite graphs without loops and take M €
{L,Q}. The following statements are equivalent:

(1) MEnd(G+ H) = Aut(G + H).

(ii) MEnd(G) = Aut(G) and MEnd(H) = Aut(H).

Proof. We prove the case 9t = L, the other cases follow analogously.
(i) = (i7). By Theorem 6.2.1, we know that LEnd(G) + LEnd(H) C
LEnd(G + H). Since LEnd(G + H) = Aut(G + H), then LEnd(G) +
LEnd(H) C Aut(G + H). If there exists f € LEnd(G) \ Aut(G), we have
that f +idg is in LEnd(G) + LEnd(H) but is not in Aut(G + H). So we
have that LEnd(G) = Aut(G). Similarly, we get that LEnd(H) = Aut(H).
(17) = (i). Let LEnd(G) = Aut(G) and LEnd(H) = Aut(H). Then
LEnd(G) and LEnd(H) contains only one idempotent endomorphism, namely
idg and idg, respectively. And by Lemma 6.1.2, we have that LEnd(G) +
LEnd(H) also contains only one idempotent endomorphism id¢g + idg.
Assume that there exists f € LEnd(G + H) \ Aut(G + H). So we have
that f(z) = f(y) for some z # y € V(G + H). By definition of the join
G + H we know that for any a € V(G) a adjacent to all vertices in H and
vice versa. Since f is an endomorphism and graph G + H has no loops,
then z,y € G or x,y € H. Since G + H is a finite graph, there exists ¢ € N
such that f? is an idempotent power of f. By Lemma 7.1.2 we get that f*
is a locally strong endomorphism of G + H. And we also know that f? is
not automorphism since f*(z) = f*(y) and = # y. Similar as f we get that
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fi(u) = fi(v) if and only if u,v € G or u,v € H. Since f! is idempotent,
we get that fi(z) = z for all z € Im(f?). Now we have that fi(G) C G
and f(H) C H. Since f! is a locally strong endomorphism of G + H, we
get that f!|g and f!|y are locally strong endomorphisms of G and H, re-
spectively. Now we get that f* = fi|¢ + f'|y € LEnd(G) + LEnd(H) =
Aut(G) + Aut(H) C Aut(G + H). This is a contradiction. Hence we have
that LEnd(G + H) = Aut(G + H). O

The other expected results

In this section, we think Hypothesis 7.3.6 is true. But we have no more
time to prove it. We give a sketch of proof of it. Before that we need a
lemma.

Lemma 7.3.5. Let G, H be graphs and take M # N € {0,H,L,Q,S}. If
MEnd(G + H) = NEnd(G + H), we get that MEnd(G) = NEnd(G) and
MEnd(H) = NEnd(H).

Proof. Suppose that MEnd(G + H) € MEnd(G + H). By Theorem 6.2.1,
we know that MEnd(G) + MEnd(H) C MEnd(G + H) = NEnd(G + H).
Assume that there exists f € MEnd(G) \ MEnd(G). It is clear that f +
idg is in MENd(G) + MEnd(H) but is not in MEnd(G + H). This is a
contradiction. Then we get that MEnd(G) = MEnd(G). Similarly we have
that MEnd(H) = NEnd(H). O

Hypothesis 7.3.6. Let G, H be connected graphs. The following statements
are equivalent:

(1) QEnd(G+ H) = SEnd(G + H).

(11) QEnd(G) = SEnd(G) and QEnd(H) = SEnd(H).

sketch of the proof

(¢) = (¢i). This follows directly from Lemma 7.3.5.

(i) = (i). Suppose that QEnd(G) = SEnd(G) and QFEnd(H) =
SEnd(H). Assume that f € QFEnd(G + H) \ SEnd(G), so there exists
x#y € V(G+ H) such that f(z) = f(y) and Ng+pg(z) # Nag+g(y). Since
G + H has no loop, by the definition of the join of the graphs we get that
z,y € Gora,ye H.

If 2,y € G, we get that Ng(z) # Ng(y). It is clear that f|g €
QHom(G,G + H). By Hypothesis 7.2.16 we get that there exists g €
QFEnd(G) such that g(z) = g(y). Since QEnd(G) = SEnd(G), then g
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is also strong, so we get that Ng(x) = Ng(y). This is a contradiction. Sim-

ilarly we get a contradiction if z,y € H. Then we get that QEnd(G+ H) =

SEnd(G + H). O
We also think the next hypotesis is true.

Hypothesis 7.3.7. Let G, H be connected graphs. The following statements
are equivalent:

(i) LEnd(G+ H) = SEnd(G + H).

(i9) LEnd(G) = SEnd(G) and LEnd(H) = SEnd(H).

Next chance we will find the other unretractivities of graph G+ H. The
next table conclude all results which we get in this section.

= Aut(G + H) SEnd(G+ H)
SEnd(G+ H) | SEnd(G) = Aut(G), | -

(H)
QEnd(G+ H) | QEnd(G) = Aut(G), | see Hypothesis 7.3.6

LEnd(G + H) | LEnd( Aut(QG), | see Hypothesis 7.3.7

(H)
HEnd(G + H) | HEnd(G) = Aut(G), | HEnd(G) = SEnd(G),
HEnd(H) = Aut(H) | HEnd(H) = SEnd(H)
End(G+ H) | End(G) = Aut(Q), End(G) = SEnd(G),
End(H) = Aut(H) End(H) = SEnd(H)

Table 7.2: Unretractivities of G + H where G, H are connected graphs.

In this chapter, we consider only two graph operations: union and join.
Moreover, we are also interested to consider box product and cross product
which we mentioned in the end of the previous chapter. We will continue
to study unretractivities with these operations by using the similar idea as
the union and join in the future. We hope that my dissertation is usefull for
citing in further work on this field.



Index

8-graph, 29 endomorphism, 8

adjoin an identity, 3 endomorphism Clifford, 19
amagamated coproduct of graphs, 11 endomorphism completely regular, 19
amalgam (amalgamated coproduct), endomorphism idempotent closed, 15

10 endomorphism orthodox, 19
associative law, 3 endomorphism regular, 13
automorphism, 8 endo-orthodox, 19

bipartite graph, 6 endo-regular, 13

box product, 7 epimorphism, 10

Cs-chain, 75 factor graph, 9

Clifford semigroup, 5 factor graph by f, 9

clique, 7 group of units, 3

codomain, 9 groupoid, 3

commutative semigroup, 4 half strong homomorphism, 7
commute, 4 homomorphism, 7

complete bipartite graph, 6 idempotent are central, 5
complete folding, 22 idempotent element, 4
complete graph, 6 idempotent semigroup, 4
completely regular, 5 identical morphisms, 10
completely regular semigroup, 5 identity, 3

component of graph, 6 independent set, 6
connected, 6 isomorphism (graph), 8
coproduct, 10 isomorphism (category), 10
cross product of two graphs, 7 join of two graphs, 7

cycle, 18 distance between two ver- law of composition (category), 9
tices, 6 left act, 5

domain, 9 left congruence, 5

empty graph, 6 left identity, 3

endo-Clifford, 19 left zero element, 4
endo-completely-regular, 19 left zero semigroup, 4
endo-idempotent-closed, 15 lexicographic product of two graphs,
endomorphic image, 8 7
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locally strong homomorphism, 7
maximal clique, 7

mixing endomorphism, 91
monoid, 3

monomorphism, 10
morphisms, 9

multiplication, 3

mutually rigid graph, 93
neighborhood, 6

n-partite graph, 6

null semigroup, 4

orthodox semigroup, 5
orthogroup, 5

path, 18

quasi strong homomorphism, 8
regular, 5

regular semigroup, 5 retractive, 8

right congruence, 5
right identity, 3

right zero element, 4
right zero semigroup, 4
rigid graph, 73
semigroup, 3
semilattice, 4

split component, 49
split graph, 48

square injective, 14
stable set, 6

strong homomorphism, 8

strong semilattice of semigroups, 4

subgraph, 6

subgroup, 4

subsemigroup, 4

tree, 18

trivial semigroup, 3

two-sided identity, see identity
two-sided zero (or zero), 4
union of two graphs, 7

unique decomposition of split graph,

48

unit (invertible element), 3
unretractive, 8
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GXxR,, 4
HEnd(G), 8
HHom(G,H), 8

Hom(G,H), 8
1,6

Iy, 8

I, 48

1, 55

ipss 9
Idpt(G), 15
Iso(G,H), 8

LEnd(G), 8
LHom(G, H), 8
M (us), 61
Mor(A, B), 9
(n)®), 42
Ng(v) or N(v), 6
0b(C), 9

P, 18

Pra, 23
QEnd(G), 8
QHom(G,H), 8
Ry, 4

S4, 55

Sa, 4

SEnd(G), 8
SHom(G,H), 8

116



117

S = [Y; SaaXa,ﬁ]> 4
T(G), 14

V(@) 6

Xa,B5 4

w(G), 7
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