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Abstract. The main focus in this work is to establish that L-group theory, which uses the lan-
guage of functions instead of formal set theoretic language, is capable of capturing most of the
refined ideas and concepts of classical group theory. We demonstrate this by extending the notion
of subnormality to the L-setting and investigating its properties. We develop a mechanism to
tackle the join problem of subnormal L-subgroups. The conjugate L-subgroup as is defined in our
previous paper [4] has been used to formulate the concept of normal closure and normal closure
series of an L-subgroup which, in turn, is used to define subnormal L-subgroups. Further, the
concept of subnormal series has been introduced in L-setting and utilized to establish the subnor-
mality of L-subgroups. Also, several results pertaining to the notion of subnormality have been
established. Lastly, the level subset characterization of a subnormal L-subgroup is provided after
developing a necessary mechanism. Finally, we establish that every subgroup of a nilpotent L-
group is subnormal. In fact, it has been exhibited through this work that L-group theory presents
a modernized approach to study classical group theory.
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1. Introduction

The notion of subnormality in classical group theory is an important generalization of
the notion of normality. This notion is introduced to repair the deficiency of the notion
of normality that it fails to be a transitive relation. In fact, the relation of subnormality
can be defined as the transitive closure of the relation of normality. The class of subnor-
mal subgroups not only properly contains the class of normal subgroups but in the class
of finitely generated groups this class coincides with the important subclass of nilpotent
subgroups. Besides, this notion has many more pleasing properties which have been the
focus of attention of algebraist for a long period of time. The work of Wielandt in the
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year 1939 on the join of two subnormal subgroups in a finite group provided an impetus
for the development of group theory. The question of finding necessary and sufficient con-
ditions for the join of subnormal subgroups to be subnormal is one of the most important
problems in the area of group theory even today. Here in the Part I of this work, we
introduce and study the notion of subnormality in L-group theory with a special attention
of approaching the join problem of subnormal L-subgroups. This study is carried out in
detail in Part II of this work and we establish necessary and sufficient conditions for the
subnormality of the join of two subnormal L-subgroups of an arbitrary group. In the end
of this paper, we present the main result of Part II without proof.

In this paper, we present a systematic and successful development of L-group theory
which has been made in papers [2-7, 10]. The important concepts of nilpoent L-subgroups,
solvable L-subgroups have been introduced and studied and their inter-relationship is es-
tablished in [3, 6]. Moreover, the concept of normalizer of an L-subgroup in an L-group
is formulated in [2]. It has been proved in [10] that a nilpotent L-subgroup of an L-group
satisfies the normalizer condition.

As an application and motivation, here we mention that if we replace the lattice L, in
our work by the closed unit interval [0, 1], then we retrieve the corresponding version of
fuzzy group theory. Moreover, as an application of this theory we also mention that if we
replace the lattice L by the two elements set {0, 1}, then the results of classical group the-
ory follow as simple corollaries of the corresponding results of L-group theory. Moreover,
this development of L-group theory is beyond the purview of metatheorem, contrary to
the development of fuzzy group theory.

The development of fuzzy group theory could not be sustained due to some inherent
problems and the emergence of metatheorem formulated by Head [9]. The hurdles faced
by the researchers in this development are removed in L-group theory by considering the
parent structure as an L-group rather than an ordinary group. Many higher concepts
of classical group theory such as supersolvability, nilpotency and subnormality could not
be studied in the framework of fuzzy group theory. The above mentioned modification
allowed the formation of normalizer of an L-subgroup of an L-group similar to that of
classical group theory.The question of formulation of the notion of subnormality in L-
group theory leads to the question of formation of normal closure of an L-subgroup in an
L-group. The concept of normal closure of an L-subgroup in an L-group should be defined
in such a manner that the normal closure series arising by this normal closure should be
compatible with a subnormal series arising by the given L-subgroup likewise its classical
counterparts. For this purpose, we define the conjugate of an L-subset by an L-subset of
an L-group instead of a crisp point. Then, the L-subgroup generated by the conjugate
of an L-subgroup by the given parent L-group is called the normal closure of the given
L-subgroup. This notion satisfies most of the desirable properties related to this concept.
For example, the compatibility of this notion with that of commutator L-subgroup of an
L-group exists like its counterpart in classical group theory. Then, this notion is utilized
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in the formation of normal closure series of an L-subgroup of an L-group which leads
to the definition of subnormal L-subgroup. The notion of subnormal series for an L-
subgroup is introduced which exihibits the desired relationship with the normal closure
series. In the end, we establish the inter-connection of subnormality of an L-subgroup
with the subnormality in the usual group theoretic sense of the level subsets of the given
L-subgroup by providing a result which is called the level subset characterization. Finally,
by an application of this result we establish that every subgroup of a nilpotent L-subgroup
is subnormal.

Although so much has been said and done in the area of L-group theory, but still
researchers from all over the world are involved in investigating various types of struc-
tures in the fuzzy environments. A significant attempt made in this direction is due to A.
Razzaque and A. Razaq [12] wherein they have defined and studied a class of fuzzy struc-
ture which properly contains the classes of intuitionistic fuzzy subgroups and Pythagorean
fuzzy subgroups as its subclasses.

2. Preliminaries

Throughout this paper L = (L, <,V, A) denotes a complete and completely distributive
lattice where ‘<’ denotes the partial ordering of L, the join (sup) and the meet (inf) of the
elements of L are denoted by ‘v’ and ‘A’ respectively. Also, we write 1 and 0 for maximal
and minimal elements of L respectively. The definition of a completely distributive lattice
is well known in the literature and can be found in any standard text on the subject.

If {J; : i € I} is any family of subsets of a complete lattice L, let F' denote the set

of choice functions for .J;, i.e. functions f : I — [ J; such that f(i) € J; for each i € I.
i€l
Then, we say that L is a completely distributive lattice, if

MVt =VA0)

The above law is known as the complete distributive law. Moreover, a lattice L is said to
be infinitely meet distributive if for every subset {bg : 5 € B} of L, we have:

a N \/bﬁ :V{aAbg},

BeB BeB

provided L is join complete. The above law is known as the infinitely meet distributive
law. The definition of infinitely join distributive lattice is dual to the above definition.
A complete lattice which satisfies infinitely meet distributive law is known as a complete
Heyting algebra or a frame.Therefore, a completely distributive lattice is always a complete
Heyting algebra. Further, we introduce some basic definitions and results which are used
in the sequel. For details we refer to [1, 3, 8, 147 | 15] .

An L-subset of X is a function from X into L. The set of L-subsets of X is called the

L-power set of X and is denoted by L~. For u € L, the tip of u is defined as \/ {u(z)}.
zeX
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If u,v € LX, then we say that y is contained in v if p(x) < v(z) for every z € X and is
denoted by u C v. For a family {p; : i € I} of L-subsets of X, where I is a non-empty

index set, the union |J p; and the intersection [ p; of {u; : i € I'} are respectively defined
i€l il
by:

(Uni )@ = Vit and ()@= Al
i€l i€l i€l i€l
for each € X. Let f be a mapping from a set X to aset Y. If y € LX and v € LY,

then the image f(u) of g under f and the preimage f~!(v) of v under f are L-subsets of
Y and X respectively, defined by

fw =\ A{u@)} and f7@)(@) = v(f(2).
)

z€f~1(y

Here we point out that in the above definition if f~!(y) = ¢, then f(u)(y), being the least
upper bound of the empty set, is zero. The set product po v of yu,v € L where S is a
groupoid, is an L-subset of S defined by

pov(e) = \/ {uly) Av(2)}.

T=yz

If o € LX and a € L, then the notions of level subset p, and strong level subset p. of p
are, respectively, defined by:

po ={x € X : pu(x) > a} and p; = {r € X : p(x) > a}.
Clearly, if a < b for a,b € L, then i C pq and py C pg .
Proposition 1. [15] Let u,v € LX and pn C v. Then,
(i) if u C v, then p, C v, for each a € L,
(i) if e C vy for each a € Impu, then p C v,
(i13) if uw C v, then p, C v, for each a € L provided L is a chain,
(iV) if uzy C v for each a € Imy, then p C v provided L is a chain.

Throughout this paper G denotes an ordinary group with the identity element ‘e’ and
I denotes a non-empty index set. For A C X, 14 denotes the characteristic function of A
in X.

Definition 1. [15] Let pu € LC. Then, p is called an L-subgroup of G if for each z,y € G
(i) p(zy) = p(z) A ply),
(ii) pu(a) = p(a).
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The set of L-subgroups of G is denoted by L(G). Clearly, the tip of an L-subgroup is
attained at the identity element ‘e’ of G.

Theorem 1. Let u € LC with tip ag. Then,
(i) p € L(G) if and only if pe is a subgroup of G for each a < ap,
(i1) p € L(G) if and only if p; is a subgroup of G for each a < ag.

It is well known in the literature that the intersection of an arbitrary family of L-
subgroups of a group is an L-subgroup.

Definition 2. Let pn € LE. Then, the L-subgroup of G generated by p is defined as the
smallest L-subgroup of G which contains p. It is denoted by (u). That is

() = (i € L(G) : p € i}

el

Definition 3. Let u € L(G). Then, p is called an L-normal subgroup of G if for all
z,y € G, plry) = plyz).

Definition 4. If u,n € LX andn C p, then we say that ) is an L-subset of u. The set of
L-subsets of pu is denoted by L.

Definition 5. If p,n € L(G) and n C u, then we say that n is an L-subgroup of p.The
set of L-subgroups of u is denoted by L(f).

Hence onwards i denotes an L-subgroup of G and we shall call the parent L-subgroup
w stmply an L-group.

Theorem 2. Let n € L* with tip ag. Then,
(i) n € L(p) if and only if n, is a subgroup of pg for each a < ag,
(i) n € L(p) if and only if n; is a subgroup of u; for each a < ag provided L is a chain.
Below we extend a result from [1] to L-setting:

Proposition 2. [? | Let n,0 € L(n). Then,
no6 € L(u) if and only if nof =0on.
Proposition 3. Let n,6 € L(p). Then, n and 6 C no 6 if and only if n(e) = O(e).

If n € L* and (), denotes the L-subgroup of ;1 generated by 7, then it can be easily
verified that (n), = (n).
We recall the definition of a normal L-subgroup of an L-group.
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Definition 6. [3]/ Let n € L(u). Then, n is said to be a normal L-subgroup of w, if for all
z,y€G

n(yzy~") = n(x) A p(y).
The set of normal L-subgroup of u is denoted by N L(iu).

Theorem 3. Let n € L(u). Then, n € NL(u) if and only if ng is a normal subgroup of
a for each a < ne).

Theorem 4. Let f : G — K be a group homomorphism. If p € L(G) and v € L(K), then

(i) f(n) is an L-subgroup of f(n) for eachn € L(p),

(ii) f=(0) is an L-subgroup of f~1(v) for each 6 € L(v).
Theorem 5. [3] Let 1,6 € L(p). Then,

(i) mob € L(n) ifn or 6 € NL(p),

(ii)) no® € NL(u) if n and 0 € NL(p).

Theorem 6. [? | Letn € L". Let ag = \/G {n(x)} and define an L-subset 1 of G by
re
N(x) =V {a:z e ()}
a<ag

Then, 1 € L(p) and 1) = (n).

Corollary 1. Let n € L". Then, ij(e) = \/G {n(z)}.
S

Definition 7. [15] Let n € L*. Then, 1 is said to have sup-property if for every non-empty
subset A of G, there exists ag € A such that \/A {n(a)} =nlap).
ae

Theorem 7. [? | Let n € L* and possesses sup-property. Then, define an L-subset 7} of
G by

@)=V faize ).
acimn

Then, 1 € L(p) and 1 = (n). Moreover, 1} possesses sup-property and Im 1 C Im 1.
Recall the following from [3]:

Definition 8. Let n,0 € L*. Then, the commutator of n and 0 is an L-subset (n,0) of G
defined as follows:

Vin(y) NO(2)} if x = [y, z] for somey,z € G,
infn Ainf 0 if © # [y, z] for any y,z € G.

(n,0)(x) = {

Clearly, (n,6) C p. The commutator L-subgroup of n and 0 is defined as ((n,0)) and we
write {(n,0)) = [n,0]. Note that inf(n,0) = infn Ainf 0 and [n,0] € L(u).
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Here recall that if 77 is non-constant and 1 # u, then 7 is said to be a proper L-subgroup
of . Also, n is said to be a trivial L-subgroup of y if its chain of level subgroups contains
only {e} and G. Clearly, n is a proper L-subgroup of y if and only if 7 has distinct tip
and tail, and n # u.

Definition 9. Let n be a proper L-subgroup of . Then, we define an L-subgroup of u
contained in 1, denoted by n , as follows:

( ) ao, Zf y=e,
nto th Zf Yy 7é €,

where ag = 1n(e) and ty = infn. Here 0, a trivial L-subgroup of p, is called the trivial
L-subgroup of n.

3. Subnormal L-subgroup

In order to introduce the concept of subnormality in the L-setting, we start with the
definition of conjugate of an L-subset by an L-subset like its counterpart in classical group
theory. Then, the notion of normal closure of an L-subgroup is defined and utilized to
formulate the concept of subnormal L-subgroups.

Definition 10. [/ Let 1,6 € L*. Define an L-subset 0nf~' of G as follows:

OnH~1 \/ {77 z)}  for each x € G.

T=2Yyz~

We call 0n0~" the conjugate of n by 6. Clearly, On0~' C u. Hence the L-subgroup (Inf~—1) €
L(p) and is denoted by n°.

The following lemma is instrumental in the development of this paper:
Lemma 1. Let n,0 € L(u). Then,
(i) n COno~"  provided n(e) < 6(e),
(i) \/ {0001 (@)} = On0~1() = n(e) A O(e),

el
(iii) OnO~'(z) = Ono~ (=) for each x € G,
(iv) OnO~L(gzg=) > Ond=1(z) A 0(g) for each x,g € G.
Proof. The proofs of (i)-(iii) are obvious. We only prove (iv). So, let z,g € G. Then,

ot @) o) = { 0t Ao A6(0)

r=2Yyz"
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\/  {nly) ro(z) A6(g)}

r=z2yz—1

(as L is a completely distributive lattice)

Y, {n(y) N 0(g2)}

ac:zyzfl
grg~l=(g2)y(g2) 71

= 0no " (gzg™").

IN

Corollary 2. Letn € L(u). Then, n C unu~" C p.

Our next definition leads to the notion of normal closure of an L-subgroup of an L-
group which in its essence is parallel to classical group theory.

Definition 11. Let n € L(u). Then, the normal closure of n in u is defined as the
L-subgroup of j generated by the conjugate ‘unu="'". It is denoted by n*. Thus,

nt = (unut).

Note that by Corollary 2, the normal closure n* is an L-subgroup of u containing 7.
In classical group theory, the normal closure of a subgroup of a group G is the smallest
normal subgroup of G which contains the given subgroup. For the sake of completeness,
recall the following from [2] :

Theorem 8. Let n € L(u). Then, the normal closure n* is the least normal L-subgroup
of u containing 1.

Proof. As n* is an L-subgroup of p containing 7, we first establish that n* € NL(u).
For this purpose, let x, g € G. Note that, by Lemma 1,

\/ i (y) = ne).
yeG
Hence in view of Theorem 6,

() A ulg) = { \ {a:ze <(w7u‘1)a>}} A ()

a<n(e)

= \/ {anrulg): o€ {(ump)a)}-
a<n(e)

(As L is a completely distributive lattice)

Next, claim that

if & € ((unp")a), then 7 (gzg™") > a A p(g).
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In order to prove the claim, let z € ((unu=1'),). Then, z = x1 x5 --- x,, where either z;
or :ci_l € (unp~1), for each 4. Thus,

grg~t = (92197 ) (92297") - (920g ™).
By Lemma 1, for each ¢
i (gig ™) = pnp () A plg).
Again by Lemma 1, for each ¢
pnp (i) = g (7).
As z; or 27t € (unp™1)g, it follows that
pnp N (gzig™") > a A p(g) for each i.

Hence,

/\{unu’l(gmig’l)} > a A p(g).

Therefore,
n(grg™") = N{n*(gzig™)}
=0

> N\ {unp (gig™)}
=1

> a A p(g).

This establishes the claim. Consequently,

@) Alg) = \/ {anpg):w e ((unp")a)}

a<n(e)

<V {n(gzg™) 1w € ((up)a)}
a<n(e)

=" (gzg™").

Lastly to prove that n* is the least normal L-subgroup of i containing 7, let A be a normal
L-subgroup of y containing n and = € G. Then,

pnp N (z) = \/ {n(y) Ap2)}

r=zyz"1

<V @A) (asnch)

r=zyz—1
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< \/ {Mzgzh} (as e NL(p)

r=zyz"1

= \z).

Thus pnp~! C X and as X is an L-subgroup of u, we have n* = (unu~') C X. This proves
our result.

Corollary 3. Let n € L(u). Then, n € NL(u) if and only if n* =n.
Moreover,
Proposition 4. Let n € L(u). Then, n*(e) = n(e).
Next, we provide an example of the ‘normal closure’ of an L-subgroup of an L-group:

Example 1. Let Dg = {{z,y) : 22 = e = 4%, 0y = y~'2} be the dihedral group of degree
8. If
Dy={{z,y") e =e= () 5oy 2 =y 2},

s a dihedral subgroup of Dg, then define the following L-subsets of Dg:

(1
— ifZ€D4,
2
w(z) = )
1 if z € Dg ~ Dy;
L e
3 if z € (x),
1
n(z) = 6 if z € Dy ~ (x),
1
§ if z € Dg ~ Dy.

Here A ~ B means usual set difference and (x) denotes subgroup of Dg generated by ‘z’.
Clearly n C p, n # p and 0, u € L(G). It can be verified easily that the conjugate ‘unu='’
is defined by the following level subsets:

(™)1 = {e,z, 2y},
(™)1 = {e, 2,297, 2y, 0y},
(™)1 = {e,w,ay® ay’ 2y’ 9%y y Yand (unp™")1 = Ds.

Consequently, if Ky = {e,x,y* zy*} is a Klein-4 subgroup of Ds, then by applying the
construction of Theorem 6 on the L-subset ‘n’ of u and after doing necessary calculations,
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we get L-subgroup ‘n* = (umu=1) " as follows:

/

1
- if z € Ky,
3 if z 4
1 .
nt(z) = 1 if 2 € Dy ~ Ky,
1
— ifz € Dg~ D,.
L9

In the following, we discuss some properties of conjugate of L-subsets where the L-
subsets in question are L-subgroups of a given parent L-group. The significance of such
properties have already been shown in classical group theory for establishing certain prop-
erties of 7th normal closure of a subgroup of a group.

Theorem 9. Let 1,0,y € L(p). Let 0 C v and n(e) = 0(e). Then,
(i) 67" =,
(i) (n°)" =17,
(iii) n°m = nP.
Proof. (i) In view of Lemma 1 and Corollary 1 and using the fact  C v, we have

n7(e) = n(e) Ay(e) = O(e).

Hence by Lemma 1, n7 C (77"/)9. In order to prove the reverse inclusion, firstly we shall
show that
06~ C .

So let x € G. Then,
oo (x) =\ {n7(z) A O}
z=yizz‘y;1
Here, in view of Lemma 1 and Corollary 1, we observe that

V {ymy (@)} = n7(e) = 0(e) = nle).

zeG

Thus vy~ (e) = n(e). Therefore, in view of Theorem 6, as 7 = (yny~!), we have
(=) =\ {a) 2 € (g}
a%<n(e)
Therefore,

o6~ @)=\ {07(z=) A0y}

-1
T=YiziY;
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=V { \/ {aé-:zie<('ym‘1)a§,>}/\9(yi)}

e=yiziy; ' aj<n(e)
=V { \/ {ain0(yi):z € ((vml)a;)}}
e=yiziy; L aj<n(e)
(as L is a completely distributive lattice)
=V {dnby):zc (™) e}

_ -1

T=Yi25Y;
i<
aj<n(e)

Vo AagArw) sz e (v 1))} (As 0 C)

at <n(e)

IN

Now, let y; € G be such that x = yiziyjl for some z; € <(7n'y_1)a?> and aé. < n(e). We
. J
write cgi = aj Ay(yi). Then, c;i - < n(e). We shall establish that
J7 1 ]7 K2

vz €, -
37

As z € ((ymy™') i), we have, z = z{zj...z}, where either zj, or (z})"' € (ygy™!),: for
j J
k=1,2,...,n. Thus,
viziy - = (izdy; D (wizhy; ). (wizny; ).
By Lemma 1, for each k

Yy iziy; ) >y (=) Ay (vi).

i

Moreover, again by Lemma 1, yny =1 (2%) = yny =1 ((21) ™) and as 2}, or (21) ™' € (yny ™),
J
it follows that

vy ik ) = a5 Ay(p) = cai g

Hence yiz,iyi_l € ('777’)/_1)0&@ b Again, in view of Lemma 1,
Y

vy i) ) =y ik -
Then, using the above arguments, we have y;(z) 'y, ' € (’777771)%2:,%' Consequently,
yi(z) "'y and yiziy € (v, - This implies j
viziy; D€ ey )

aj»yi
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Thus our claim is established. Therefore, we have

o)<\ {dinvm) iz (1) )}

a’ <n(e)

Vo Aeay, vzt € (e .

IN

a
_ -1
T=Y;ziy; )
c 4 <n(e
ai g, <7

Vo {bvzt e (D)}

_ -1
T=Y;23Y;
b<n(e)

< V {d:ze (v ™a)

d<n(e)
= (ymy~")(x) (by Theorem 6)
=n"(z).

Consequently, 770~ C n7. As n7 € L(u), it follows that

IN

(O 0=1) = (n7)? S .

This establishes the desired equality.

(i) As 6 C =, by the definition of a conjugate L-subgroup, we have n’ C 7 and hence
(n?)Y C (n7)7. By part(i), (7)Y =n7. Thus, (%)Y € 77. In order to prove the reverse in-
clusion, note that 7(e) = 6(e) so that, by Lemma 1,  C 1°. Therefore, we have 7 C (n)7.
This establishes the desired equality.

(iii) As n(e) = 0(e), by Proposition 3, we have § C 6 on . Thus by the definition of
a conjugate L-subset, we get 7 C 7%°". Now to prove the reverse inclusion, we take
A = 0 on. Firstly, we shall show that

ATt C P
So let € G and consider

A @) =\ ) A}

- Hi;yll {n(zi) A { \/ i{e(u;?) A n(vé)}}}

-V { Ve 00 A

77

(as L is a completely distributive lattice)
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=\ {n(z) AO(ul) An(vi)}

-1
T=Y42. zy

Yi= JJ

< V {n(vjzi(v))™") A 0(uj)}
ul (vizi(v5) 1) (u)) !
< Ono~(x)
<1’ (x).
This establishes the claim. As n? € L(u), it follows that

0’ = (A=) S’

This establishes the desired equality.

Theorem 10. Let 1,0,y € L(u) be such that y(e) = n(e) = 0(e). Then, (n?)7 = n7°?.

Proof. As v(e) = 6(e), by Proposition 3, v C 7 o 6. Hence,

(n”)" € ().

By Theorem 9, we have (n?)7°¢ = 77°_ Therefore, (n?)Y C 17°?. For the reverse inclusion,

we take A = v o 6. We shall establish that

AT C Pyl

So let x € G and consider

M) =\ {n(z) A @)}

—1
T=YiziY;

Vel v )

T=YiZiyY,; Yi=

- v {v {n<zi>m<u;w<v;>}}}

e=yizy; | Y=g
(as L is a completely distributive lattice)

=\ {n(z) Ay(ub) A0(h)}

-1
T=Y42 zy

yy=ujul

IN

V {000~ (V)i () 1) Av(uf)}
x:u;(vzzz(v;)—l)(u;) 1

(by the definition of a conjugate L-subset)
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< \/ [ (vl () ™) Ay ()}
:c:u;(v;z,(vjl)*l)(u;)*l
<’y ().
This establishes the claim and hence
7% = (At C (Pt = (7).

This proves the result.

Theorem 11. Let 0,0 € L(u) and n° =n. Then, no 6 € L(u).
Proof. Firstly we establish that
n o =00
Note that, by Lemma 1, we have \/ 070~ !(z) = n(e)Af(e). Let x € G and ag = n(e)Ad(e).

zeG
Then,

n’ of(x \/ {n (ui) A O(vy)}

T=U;v;

=\ {{ \/ {al :u; € ((0n0~ )]>}}A6(vz)}

T=U;iV; a; <aop
= \/ {{ \/ {a§. NO(v;) s u; € <(07701)a1-_)}} A Q(Ui)}.
T=U0; aé.gao !
( As L is a completely distributive lattice)
Let a% < ag and u; € ((fn0~1),:). It can be verified, as in Theorem 9, that
J

v; tuv; € <(9n9_1)a;‘.w(w)>'

Thus,

1’ 0 0(x) :m:\u/{{ \/ {ah AO(vy) - u; € ((97791)a§>}}/\0(vi)}

< x_\u/ {{ y {c: v tu; € ((9779—1)0)} A e(ui)}

= \/ {n° (v; Yusvi) A O(v;)} (by Theorem 6)

z=v;(v; 1u1vl)

<Bon’(x).
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Similarly, we can prove that § o n’ C n? o 6. This implies # on? = n’ 0 6. As n? =1, we
have n o 6 = 0 on. Therefore, by Proposition 2, no 6 € L(u).

In order to introduce the notion of subnormality of an L-subgroup of an L-group,
firstly we define a descending series. For n € L(u), define a series of L-subgroups of
inductively as follows:

no=p, m=n" n=n",. . n=n""" .

By Theorem 8, 7; is the smallest normal L-subgroup of p containing n and 7y is the
smallest normal L-subgroup of 7; containing n and so on. Thus, we have

This inductively defined series is known as the normal closure series of n in u and we call
7; the 7th normal closure of 7 in p. In view of Proposition 4 and using the Principle of
Mathematical Induction, we have:

Proposition 5. Let n € L(u). Then, n;(e) = n(e) for each i.

Theorem 12. Let n,0 € L(p) such that n(e) = 6(e). Let n; be the ith normal closure of n
in p and nf =n;. Then, ni4+1 € NL(n; 00).

Proof. In order to establish the result, firstly we show that

Ni41 S 1m0 0.

By Proposition 5, for each i, we have n;(e) = n(e). And since n(e) = 0(e), we have
ni(e) = O(e) for each i. Thus in view of Proposition 3, n; C 7; o § and hence by the
definition of ¢th normal closure of 7 in u, we obtain

Ni41 S mi S mio 0.
Moreover as 1/ = n;, by Theorem 11, n; 06 € L(u). Thus, n;11 € L(n; o). Here note that

0m; 10~ (e) = niy1(e) A O(e) (by Lemma 1)
= n(e) Nb(e) (as mi(e) = n(e))
=n(e) (as n(e) = 0(e))
= ni+1(e).

So by Lemma 1, ;41 C 0n;110~'. Now to prove that n;,1 € NL(1; 0 0), let z,g € G and
consider

Nit1(x) Ami 0 0(g) < Onip107 " (z) Amio6(g)

- \V  {ia(z) A0(y;)} /\{ \V {m(uk)M)(vk)}}

—1 =
x:ijjyj 9=UkVk
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= \/ {{nlﬂ(z])/\G(y] }/\{ AR Uk)A9(Uk)}}}

— -1 UV
T=Y;j25Y; g=UEVk

(as L is a completely distributive lattice)

Y {\/ {nm(zj)Aﬂyﬂ}A{m(ukMe(vk)}}

g=URVk
(as L is a completely distributive lattice)

_ \/ {niv1(z5) A O(y;) Ami(ur) A O(ve) )

-1
g=ug vk

Vo i) AO(ory;) Anmi(ur)} (as 6 € L(p))

_ —1
g=ug vk

_ \/ {niv1(25) A O(vry;) Ami(ue)}

_ -1, -1
grg 1:ukvkyjz]y] v Uy

\ {9772'+19_1(Ukyj2jy;10k_1) A Ui(uk)}

1

IN

IN

_ -1, —1 —
grg~ =up (vky;zy; vy )uy

V

— -1, -1
grg~ =uk(vhy;zy; tvg Dug '

IN

77z+1 Ukyjzjy] Uk )/\771(1%)}

1

1 1 -1
grg~ ' =uk(vey;2y; vy, Juy,

< V

_ -1 —1
grg Tl =uk(vry;j25y; vy )y,

= nis1(gzg ).

= \/ {771+1 VkYj %5V y] DA m(wc)} (as 77?+1 = 7i+1)

Nit1(UrY;vpzv) y] Ukl)} (as miy1 € NL(n;))

Now, define the notion of subnormal L-subgroup of an L-group as follows:

Definition 12. Let n € L(p) and n; be the ith normal closure of n in w. If there exists a
non negative integer m such that

M =1 <Nm-1 <+ <IN = K4,

then n is known as a subnormal L-subgroup of p with defect m. We shall denote a sub-

normal L-subgroup n of p with defect m by n 3 w. If n is a subnormal L-subgroup of p,
then we shall also write m is subnormal in p.’

Remark 1. Obviously m equals 0 if n = p and m =1 if n € NL(u) and n # p.

The following example illustrates the notion of subnormal L-subgroup of an L-group:
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Example 2. Recall that in Fxample 1, the normal closure ‘n*’ of n in w is an L-subgroup
of 1 defined as follows:

1
g Z.fZEK;l,
u L
m(z)=n"(z) =\ ifz€Di~ Ky,
1
§ ZfZGDgND4.

Similarly, one can verify that the conjugate ‘mn(n1)~'" is defined by the following level
subsets:

67 x? xy4}?

Il
o~

ez, xy?, oy, 2y, y%, vt oY,

So in view of Theorem 6, the normal closure of n in n1 has the following definition:

¢

1
g ZfZ S K4,
1 1 .
n2(z) = (mn(m)")(z) = ¢ ¥zeDi~Ky
1 .
9 if z € Dg ~ Dy.

Moreover, one can verify that the conjugate ‘nan(n2)~'" is defined by the following level
subsets:
= Dy, and  (n2n(n2)”")1 = Ds.

(?7277(772)_1)% = (2), (77277(772)_1)é 1

1

As nan(ne) ™1 € L(u), we have n3 = " = nan(n2)~* = n. Consequently, we have

n3=mn<In2<In <Ino = M.
Hence 1 is a subnormal L-subgroup of p with defect 3.
Next, we provide the definition of a subnormal seies for an L-subgroup:

Definition 13. Let n € L(u). A finite series 6y = p, 601,02, ...,0m = n of L-subgroups of
w such that

77:0m<9m_1<1...<100:,u

is said to be a subnormal series of 7.
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We shall describe the notion of a subnormal L-subgroup through the notion of above
defined subnormal series like their classical counterparts. The following lemma, is a step
in this direction:

Lemma 2. Let n € L(u) and

be the normal closure series of n. If there exists a descending series Yo = [y Y1, vy Yi--- Of
L-subgroups of p such that

NC ...y <71 4% = I,
then n; C ;.

Proof. We shall prove the result by induction on i. For ¢ = 1,7 is a normal L-
subgroup of p containing n. But by Theorem 8, n; = n# is the smallest normal subgroup
of p containing n. Hence

m < 7.

Now, we set the induction hypothesis as n C . Thus, in view of the definition of a
conjugate L-subset, we have

N1 =N C k. (1)

Note that as n C g, by Theorem 8, n7 is the smallest normal L-subgroup of 74 containing
1. Moreover, v;y1 is also a normal L-subgroup of 7, containing 1. This implies

N C Yer1-
Therefore, by using (1), we have
Met1 =N SN C g1

This proves the result completely.

The following result inter-connects the notions of subnormality and subnormal L-series of
an L-subgroup:

Theorem 13. Let n € L(u). Then, n is a subnormal L-subgroup of u having defect m if
and only if n has a subnormal series

N="Ym<...4%+1<..71 4% = W,
of length m and m is the smallest length of such a subnormal series.

Proof. If n is a subnormal L-subgroup of u, then the normal closure series is the
required subnormal series. Conversely, suppose that 1 has a subnormal series say

N="0m<bp_1<...<96) = p.
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Then, by Lemma 2, n,, C 0,,,. As n = 0,,,, we have
nE Mm € 0n=n.
Hence, n,, = n. This proves that 7 is a subnormal L-subgroup of pu.
The following results are established by using the above theorem:
Theorem 14. Let n be a subnormal L-subgroup of p with defect m.

(i) Let 6 € L(n). Then, n N6 is a subnormal L-subgroup of 0 with defect ¢ where
¢ < m. In particular, n is a subnormal L-subgroup of X where \ € L(u) such that
n C X with defect ¢ where ¢ < m,

(ii) Let @ € NL(u). Then, no@ is a subnormal L-subgroup of u with defect ¢ where
c<m.

It can be seen easily that the intersection of any finite set of subnormal L-subgroups
is again subnormal. More generally :

Theorem 15. Let {0; : i € I} be a family of subnormal L-subgroups such that defect of
0; is m; where m; < m. Then, iQI 0; is a subnormal L-subgroup of u with defect ¢ where
c<m.

Next result determines the transitivity of the notion of subnormality.

Theorem 16. Let 1,0 € L(u) such that n is a subnormal L-subgroup of 6 with defect m
and 0 is a subnormal L-subgroup of p with defect n. Then, n is a subnormal L-subgroup
of 1 with defect m+n.

The following theorem establishes that the subnormality in L-setting is also preserved
under the action of a homomorphism and its inverse image:

Theorem 17. Letn € L(u) and f : G — K be a group homomorphism. Then,

(i) if n is a subnormal L-subgroup of p with defect m, then f(n) is a subnormal
L-subgroup of f(u) with defect m where m < n,

(ii) if n is a subnormal L-subgroup of p with defect n, then f~1(n) is a subnormal
L-subgroup of f~'(u) with defect m where m < n, provided that the group homo-
moirphism f is onto.

4. Subnormal L-subgroups and nilpotency

In this section, we characterize subnormal L-subgroups by the usual group theoretic
subnormality of the level subsets of the given L-subgroups. We shall refer this as a level
subset characterization of subnormality. Then, this characterization is used to establish
that when the lattice L is an upper well ordered chain, then every L-subgroup of a nilpotent
L-group is subnormal. For this purpose, we need to develop a nececcary mechanism. So
we start with a characterization of the notion of sup-property which lends itself more easily
for applications.
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Definition 14. A non-empty subset X of a lattice L is said to be a supstar subset of L
if every non-empty subset A of X contains its supremum. That is, if sup A = ag, then
apg € A.

Clearly, a subset of a supstar subset is again supstar.

Proposition 6. Let n € L*. Then, n has sup-property if and only if Imn is a supstar
subset of L.

The above characterization also allows a generalization of the concept of sup-property
to an arbitrary family of L-subsets and hence widens the scope of its applications.

Definition 15. Let {n;}icr C L*. Then, {n;}icr is said to be a supstar family if 4UI Imn;
1€

is a supstar subset of L. As a particular case, we say that two L-subsets 6 and n are jointly
supstar if Im@ U Imn is a supstar subset of L.

In view of the above definition and Proposition 6, we have the following:
Proposition 7. Fach member of a supstar family of L-subsets satisfies sup-property.

Lemma 3. Let n € L* and n has sup-property. If ag = \/G{n(x)}, then (my) = (n)p for
xe
each b < ag.

Lemma 4. Let n € L(p) be such that p and n are jointly supstar.. Then, Imn U Impy is
a chain.

Next, we prove:

Lemma 5. Let n € L(pu) be such that u and n are jointly supstar. Then,
Im " € Im (unp=") € Imp U Ima.

Proof.
Let a € Im(unu~1). So, there exists z € G such that a = (unu~')(x). Now, define
the following subset of G x G :

C(z) ={(v,u) € G x G :z=uvu"'}.

Thus,
a=(ump @)=\ {n) A} (1)

(y,2)€C(z)
Now, for any (y, z) € C(x),

{n(y), u(2)} € ImnU Imp.

As p and 7 are jointly supstar, by Lemma 4, Imn U I'mn is a chain. Hence n(y) A u(z) =
n(y) or u(z) which is an element of Imn U Imu. As Imn U I'mpu is supstar, the subset
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{n(y) A p(z) @ (y,2) € C(z)} € ImnU Imp contains its supremum a and hence a =
(unp=1)(z) € Imu U Imn. Therefore,

Im (unu™) C Imp U Imn.

Further, as a subset of a supstar subset is again supstar, it follows that Im(unu~!) is
also supstar. Hence by Proposition 6, unu~! possesses sup-property. Hence in view of
Theorem 7, it follows that

Imnt* = Im{unp=") € I'm (unp™") S Tmp U T,

More generally we have:

Lemma 6. Let n € L(p) be such that p and n are jointly supstar. Then, for each i
Im nig1 © Im (nggm; ') S Imp U Ty,
where 1; is the ith normal closure of ) in .

Corollary 4. Let n € L(u) be such that u and n are jointly supstar. Then for each i, n
and n; are jointly supstar.

Remark 2. Note that if n € L(u) and p and n be jointly supstar, then the L-subset nmnfl
possesses sup-property for each i.

Below, we discuss the level subset of the normal closure of 7 in pu.
Lemma 7. Let n € L(p). Then,
(i) (n")a = (Na)H e for each a < n(e) provided p and n are supstar,
(ii) (0")> = (n2)“a provided L is a chain.

Proof. (i) Let a < n(e). We show that

(i a S panalia) ™" (1)
So, let z € (unu=1)s. Then,
pnp (@) =\ {n) Ap(z)} > a
r=zyz"1

As p and n are jointly supstar, it can be verified, as in Lemma 5, that there exists yo and
zp € G such that z = zoyozo_l and

V' {n@) A (=)} = nlyo) A p(zo).

r=zyz—1
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This implies
pnp () = n(yo) A p(z0) > a.
Therefore, 1(yo) and u(z9) > a. So, we have yg € 1, and zg € u,. Hence,
T = ZOZ/OZQ_I € Mana(ua)_l'

This establishes (1). In order to prove the reverse inclusion, let € panq(pe)~!. Then,
there exist yo € 1, and 2z € p, such that z = zgyo(z0) *. Therefore,

pnp N (x) = \/ {n(y) Ap(2)}

r=zyz1

> n(yo) A 1(20)
> a.

Hence = € (unu~')4. Thus,
pata(pa) ™" S (unp™")a-
Therefore,
patla(tta) "t = (pmp™a-
Further, as p and 7 are jointly supstar, by Remark 2 the L-subset punu~! possesses sup-
property. Hence, by Lemma 3, we have
(1")a = (g Ya = ((pnp")a) = (Hana(ita) ") = (na)"e.

This proves (i).
(ii) It can be prove by using the arguments of part(i).

Let n; be the ith normal closure of 77 in u. Then, more generally we have :
Lemma 8. Let n € L(u). Then,
(i) (Mi)a = (Ma)i for each a < n(e) provided p and n are supstar,
(ii) (n;)z = (n2); provided L is a chain.

Theorem 18. Letn € L(u) be such thatn and p are jointly supstar. Then, 1 is subnormal
having defect at most n if and only if each level subset 1, is subnormal having defect atmost
n where a < n(e).

Proof. (Condition is necessary.) Since 7 is subnormal in p having defect atmost n,
by the definition, there exists a positive integer m < n such that

1

p=mn02m 2" 2 Nm =1, W)

where 7; is the ith normal closure of 7 in u. Let a < n(e). As n € L(u), by Theorem 2,
7q is a subgroup of p,. We show that 7, is subnormal in u,. Note that, in view of (1) we

have

Ha = (770)11 2 (771)a 22 (nm)a = Na-

Further, as n and p are jointly supstar, by Lemma 8
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(Ma)i = (i)q for all i.

Thus, we have

Ha = (77(1)0 2 (77(1)1 ) (na)m = TNa-

Consequently, the normal closure series of 7, in u, has the length atmost m. As m < n,
7 1S subnormal in p, having defect atmost n.

(Condition is Sufficient.) In order to show that n is subnormal having defect atmost
n, we construct the normal closure series of 7 in u and show that its length is atmost n.
Now, by the hypothesis, each non-empty level subgroup of 7 is subnormal having defect
atmost n. Let mq; be the defect of the level subgroup 74, in p,; for any a; < n(e). Then,
the normal closure series of 7,; in jg; is given by

Ha; = (Uaj)o = (ﬁaj)l 2.2 (naj)maj = Na, for all a; < 77(6)’ (2)

where (74,); is the ith normal closure of 74, in pi4;. Next, let C' = ImnU{a € Imp : a <
n(e)}. Then, by Lemma 4, C is a chain. Let S = {my; <n:a; € C}. Then, supS < n.
We write m = sup S < n. Now, we shall construct the normal closure series of n in pu
having the length m. In view of (2), we have

Ha; = (naj)() 2 (naj)l 2.2 (naj)maj = Ta, for all aj € C.

Further, as Mg; < m for each a; € C, we insert m — Mg, times the level subgroup Na; i
the normal closure series of 74; in p,;. Consequently, the normal closure series of 7,; in
Ha; aquire the length m. Obviously, for all [ =1,2,...,m —my,

(a, )maj 1 = May-

Thus
ta; = (Ma;)o 2 (Maj)1 2 ... 2 (naj)maj = 1, for all a; € C. (3)

In view of Lemma 8, we have
ta; = (M0)a; 2 (M)a; 2 -+ 2 (Mm)a; = N, for all a; € C.

Let aj,a;, € C and a; > aj. Hence for each fixed 7, it follows that
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Thus for a fixed ¢ the ith normal closures of the level subsets a, for each a, € C constitutes
a chain. In view of the fact that the level subsets 7,; are ordmary subgroups

Naj _
77aj _77&]'7

insertion of the level subgroup 7,; in the chain of its ith normal closures does not affect
the above containment. In view of Lemma 8 and by (4), we obtain

(Mi)a; € (Mi)ay-
In view of (3), for each i, we have
(Mi-1)a; 2 (1:)a, for each a; € C.
Now we claim that
(Mi—1)a; 2 (1)a; for each a; € Im pU Im 7.
Here observe that, in view of Proposition 5, the tip of 7;, for each i, is n(e). Hence
(i), = ¢ for all aj € {a € Im p: a £ nle)}
This establishes the claim. Further, by Lemma 6, for each ¢
Imn; CImnUIm pu.
Thus, in view of Proposition 1, we have
ni—1 2 n; for each i.
Consequently,
p=mn02m 2" 2 Nm =1

Then, the normal closure series of 1 in p has the length atmost m < n. Therefore, 7 is a
subnormal L-subgroup of p having defect atmost n.

Corollary 5. Let G be a group and H be its subgroup. Then, H is a subnormal subgroup
of G if and only if 15 is a subnormal L-subgroup of 1g.

The strong level subset characterization of subnormal L-subgroup can be obtained
easily by using the arguments of Theorem 18. So, we state it without proof:

Theorem 19. Let L be chain and n € L(p). Then, n is subnormal having defect at most
n if and only if each strong level subset m; is subnormal having defect atmost n where

a < n(e).

Recall the following result from classical group theory [11, 13]:
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Theorem 20. Every subgroup of a nilpotent group is subnormal.

Now, we shall deal with this result in L-group theory provided L is an upper well
ordered chain. A chain is said to be upper well ordered if every non-empty subset of the
given chain has a greatest element. Clearly, every subset of an upper well ordred chain is
a supstar subset. Consequently, each L-subset for an upper well ordered chain L satisfies
sup-property.

Proposition 8. Let L be an upper well ordered chain and n,0 € L*. Then, n and 0 are
jointly supstar if and only if n and 0 possess sup-property.

Below, we recall the definition of descending central chain of an L-subgroup n of pu
from [3]:
Take vo(n) = n, (1) = [v(n),n]. And in general, for each i, we define ~;(n) =
[i-1(n), 7).
Proposition 9. Let n € L(u). Then for each i,7vi(n) C ~vi—1(n).

Definition 16. Let n € L(p). Then, the chain

n="0(n 27) 2 27n) 2 -
of L-subgroups of p is called the descending central chain of 7.

Definition 17. Letn € L(p) with tip ag and tail ty and ag # to. If the descending central
chain

n="(n 27 225 2---

terminates finitely to the trivial L-subgroup nfoo, then n is known as a nilpotent L-sub-
group of . More precisely, n is said to be nilpotent of class c if ¢ is the least non-negative
integer such that v.(n) = ngy . In this case, the series

n="/(n) 271(n) 2 2 7(n) =nz,

is called the descending central series of n. If it is a nilpotent L-subgroup of u, then we
simply write i is nilpotent.

Theorem 21. Letn € L(u) and possesses sup-property. Then, n is a nilpotent L-subgroup
of i of nilpotent length at most n if and only if each level subgroup n, is a nilpotent subgroup
of uq of nilpotent length at most n for each a £ infn and a < n(e).

Theorem 22. Let n € L(p) and L be a chain. Then, n is a nilpotent L-subgroup of p
of nilpotent length at most n if and only if n; is a nilpotent subgroup of p of nilpotent
length at most n, where inf n < a < n(e).

The notion of nilpotency of L-subgroup is exihibited in the following:
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Example 3. Let G = Qg and the evaluation lattice be given by the diagram :

u

f
Fig. 1

Consider the parent L-subgroup of G given by:

() = u if xeC,
FE =0 d ifzeq\C.

Now define L-subset n of u as given below:

if v €C,

ifIL‘EHl\C,
if.Z'EHQ\C,
if.TEHg\C;

n(r) =

S A

where

C = {+1}, Hy={+1,+i}, Hy={+1,+j}, Hs={+1,+k}.
Since the level subsets of n are normal subgroups of G, n is a normal L-subgroup of G
and hence of p. Now that n is a nilpotent L-subgroup of u in view of Definition 17, we
demonstrate this as follows:
Note that G' = {1, —1}. In order to obtain the members of descending central series of 0,
we set yo(n) = n and consider the commutator (n,n)

u if x =1,

(mm) (x)=4¢ d ifzeC\{1},
f ifzeG\C.
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As the level subsets of (n,n) are subgroups of G,

Y1(n) = [n,n] = (n,m).

Next, we calculate the commutator :

u if x =1,

((:n),m) (x) —{ fifzeG\ {1}

Again, by the reasons as given above

Y2(n) = [[n,n],ml = ((n,m) , ).

Observe that ~2(n) is not only an L-subgroup, it is the trivial L-subgroup of n and so the
descending central series terminates at v2(n), i. e.

n="0(n) 27(n) 272(n) = n§.
Consequently, n is a nilpotent L-subgroup of i having nilpotent length 2.

Theorem 23. Let L be an upper well ordered chain. Let n € L(u) and n be nilpotent
having the tip ag and the tail to. If @ € L(n) having the tail to, then 6 is a subnormal
L-subgroup of n.

Proof. Let 6 € L(n) having the tail ty. We shall show that the level subgroup 6, is a
subnormal L- subgroup of 1, for each a < 0(e). If a < tg, then obviously 6, is a subnormal
subgroup of n,. If So, let tg < a < 0(e). As L is upper well ordered, it follows the L-subset
7 possesses sup-property. Now, as tgp < a < 0(e) < n(e) and 7 is nilpotent, by Theorem
21, the level subgroup 7, is nilpotent. Thus 6, is a subgroup of the nilpotent subgroup
Na, Hence by Theorem 20, 6, is a subnormal subgroup of 7,. Again as L is an upper
well ordered chain, by using the arguments as above, it follows that both the L-subgroups
n and 6 possess sup-property. Therefore, by Proposition 8, n and 6 are joinly supstar.
Consequently, by Theorem 18, § is a subnormal L-subgroup of 7.

In the part II of this paper, we develop a mechanism in order to tackle the join problem
for subnormal L-subgroup.

Theorem 24. Let n and 0 be subnormal L-subgroups of i . Let n(e) = 0(e) and nof €
L(p). Then, the following are equivalent:

(i) n o0 is subnormal in p,

(ii) n® is subnormal in u,

(iii) [n, 0] is subnormal in p,
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5. Conclusion

The Theory of L-groups is a very rich generalization of classical group theory. Here
we study the group theoretic properties of posets of subgroups of a group or in particular
chains of subgroups of a group rather than properties of a single subgroup. As an applica-
tion of this work and the motivation for the development of L-group theory, we mention
that if we replace the lattice L, in our work by the closed unit interval [0, 1], then we
retrieve the corresponding version of fuzzy group theory. Moreover, as an application of
this theory we also mention that if we replace the lattice L by the two elements set {0, 1},
then the results of classical group theory follow as simple corollaries of the corresponding
results of L group theory. This way, L-group theory provides us a new language and a
new tool for the study of the classical group theory. The classical group theory has been
founded on abstract sets and therefore the language used for its development is formal
set theory. On the other hand, L-group theory expresses itself through the language of
functions. The functions which are lattice valued. Therefore the approach adopted in
the studies of L-group theory can be looked upon as a modernization of the approach of
classical group theory.
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