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Differential Inequalities Implying
Starlikeness and Convexity
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Abstract

We study a differential inequality involving a multiplier transformation and consequently get some suf-
ficient conditions in terms of certain simple differential inequalities for normalized analytic functions to
be starlike and convex of order 8, 0 < 8 < 1.
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1 Introduction

Let H be the class of functions analytic in the open unit disk E = {z : |2| < 1} and for
a € C (set of complex numbers) and n € N={1,2,3,---}, let H[a,n] be the subclass of
H consisting of functions of the form f(2) = a + ap2™ + apy12" "t + -+ . Let A be the
class of all functions f which are analytic in E and normalized by the conditions that
f(0) = f'(0) =1 =0. Thus, f € A has the Taylor series expansion

fz)=2z+ Z apz”.
k=2

Denote by S*(8) and K(8), the classes of starlike functions of order § and convex func-
tions of order 8 respectively, which are analytically defined as under:

2f'(2)

S*(B):{feAzﬂ%(f(Z))>ﬂ, 0<p<1, zeIE}

and 2)
zf" (=
KB {feA:éR(1+
) 7e)
We shall use §* and K to denote $*(0) and K(0), respectively which are the classes
of univalent starlike (w.r.t. the origin) and univalent convex functions.

)>ﬂ,0§ﬂ<1,z€E}.

Let A, denote the class of functions of the form f(z) = zF + Z aiz®,p € N, which
k=p+1
are analytic and multivalent in the open unit disk E. Note A; = A. For f € A,, define

Copyright (© 2012 Matej Bel University



4 Sukhwinder Singh Billing

the multiplier transformation I,(n, A) as

I,(n, ) f(z) = 2* +kzp;rl (W) arpz®, (A >0,n € 7).

The operator Ip(n,A) has been recently studied by Aghalary et al. [1]. Earlier, the
operator Ij(n,A) was investigated by Cho and Kim [2] and Cho and Srivastava [3],
whereas the operator I;(n, 1) was studied by Uralegaddi and Somanatha [10]. I;(n,0) is
the well-known Siligean [9] derivative operator D", defined as:

Df(z) =2+ Y k'az", No=NU{0},
k=2

where f € A. In 1989, the operator 1 (n,0) has been studied by Owa, Shen and Obradovié¢
[7]. Recently, Li and Owa [5] studied the operator I (n,0).

For two analytic functions f and g in the unit disk E, we say that a function f is
subordinate to a function ¢ in E and write f < ¢ if there exists a Schwarz function w
analytic in E with w(0) = 0 and |w(2)| < 1, z € E such that f(z) = g(w(z)), z € E.
In case the function g is univalent, the above subordination is equivalent to f(0) = g(0)
and f(E) C g(E).

In the present paper, we study the differential inequality defined by the multiplier
transformation I,,(n, A) in the open unit disk E. As special cases to our main result, we
obtain starlikeness and convexity of members of the class A in terms of certain simple
differential inequalities. To prove our main result, we shall make use of following lemma
of Hallenbeck and Ruscheweyh [4].

Lemma 1. Let G be a convezx function in E, with G(0) = a and let v be a complex
number, with R(y) > 0. If F(2) = a + ap2"™ + ant12" ™ + -+, is analytic in E and
F < G, then

1 (7 1 z ~

— Fw)w'™! dw = 7/ G(w)w= " dw

2z 0 nz'Y/n 0

2 Main Theorem

2
Theorem 2. Let «, B be real numbers such that o > ﬂ’ 0<pB<1andlet

(a+p+Nald-pB) -2

If f € A, satisfies the differential inequality
(1— oyl NFE) | Lt L) 1‘ < M(a,8,\p), z €E, (2.2)

2P 2P

then
(L1

1,(m N F () ) >0zl
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Proof. Let us define
Ip(n, A) f(2)

o =u(z), z € E.
Differentiate logarithmically, we obtain
2T (n, N) f(2) zu! (2
z —p= (2) (2.3)
Ip(n, A) f(2) u(z)

In view of the equality
2L, (n, A) f(2) = (p+ N p(n + 1,A) f(2) — Mp(n, ) f(2),
(2.3) reduces to

B4 1NG) | )
Ip(n, \) f(2) (p+ Nu(z)
or
p+A 2P zP
Therefore, in view of (2.2), we have
u(z) + 5 j )\zu'(z) <14 M-=. (2.4)
. . p+A
In view of Lemma 1 { selecting v = Y from (2.4), we have
MM
u(z) <1+ M7
a+p+A
or Y
u(z) — 1] < @FENM
a+p+A
therefore, we obtain
(p+AM
>1 - —— 2.5
() > 1- LEV (2.5)

I,(n+1,N)f(2)

Write = ()

=(1-B)w(z)+ 5, 0 <8 <1 and therefore

Lot LA _ o)l - Byue) + 61,
Therefore (2.2) reduces to
(1~ a)u(2) + au(z)[(1 - Bpw(z) + 6] ~ 1] < M.

We need to show that R(w(z)) > 0, z € E. If possible, suppose that ®(w(z)) # 0, z € E,
then there must exist a point zy € E such that w(zg) = iz, 2 € R. To prove the required
result, it is now sufficient to prove that

(1 — @)u(zp) + au(z0)[(1 — B)iz + 8] — 1| > M. (2.6)
By making use of (2.5), we have

(1 — a)u(zo) + au(zo)[(1 — Blix + 5] — 1]
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z [[1—a—p)+a(l - Biz]u(z) —1

= VI -a(l =B +a*(1-p)2%? |u(z)| -1

> 1=al-p)llu(z0) -1

> |1—a(1—5)|<1—M)—1>M. (2.7)

Now (2.7) is true in view of (2.1) and therefore, (2.6) holds. Hence R(w(z)) > 0 or

Ip(n + LN f(2)
" [ TRCONIE)

] >5,0<68<1, z€E.
3 Deductions

On writing p =1 and A = 0 in Theorem 2, we obtain:

2
Corollary 3. Let a, B be real numbers such that o > ﬂ’ 0<pB<landlet fe A

satisfy the differential inequality

Drfe) | S (1+a)[a(l =) = 2]

’(1—04) . . 1‘ < 22— 5) , 2 €E,
then i1
%(W>>ﬁ, 0<p<1, z€eE.

Taking p =1, n =0 and A = 0 in Theorem 2, we have the following result.

2
Corollary 4. If a, 5 are real numbers such that o > 15 0<fB<land fe A

(1+a)ad =p) =2
a2-p5)

satisfies

1- o)

then f € S*(B).
Setting p=n =1 and A = 0 in Theorem 2, we obtain:

+af'(z) - 1’ <

7Z€E7

2
Corollary 5. Let o, B be real numbers such that o > m, 0<pB<landlet feA

(1+a)ed—p) -2
a2-p5)

satisfy
|f'(2) +azf"(z) = 1] <

’Z€E7

then f € K(B).
Write p=1, n =0 and A = 1 in Theorem 2, to get the following result.

2
Corollary 6. Let a, B be real numbers such that o > 13 0<pB<landlet feA

satisfy 7
ay flz) | o, 2+ a)e(1-p5) -2
‘(12)z+2f(z>1’< aG—23) €&
then

3%<1+ Zj:é?) > B, z €E.
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2
Remark 7. From Theorem 2, it follows, if o > -3 0< B <1and f € A, satisfies

g
(1 _ 1) LnNf(E) | L+ LNf(z) 1| (atpt+Nad=5) -2

a a?[l+(1=B)p+A)]

2P 2P «

z € E,

then
5 (Ip(n +1,N)f(2)

1,m N (2) ) > zek

Letting  — oo in Remark 7, we have the following result.
Corollary 8. Let 8 (0 < < 1) be a real number and let f € A, satisfy

I(n+ LA f(z)  Ip(n,N)f(z) 1-8
2P zP 1+ (1=8)p+A)

, 2 €E,

then
5 (Ip(n +1L,N)f(2)

LN (2) ) >3, z € E.

Setting p = 1 and A = 0 in Corollary 8, we get:
Corollary 9. If f € A satisfies

D"tlf(z)  D"f(z) 1-p
. — ~ < 5= 5 z€eE,
then D ()
" z

Writing p = 1 and n = A = 0 in Corollary 8, we obtain the following result of Oros
[6].

Corollary 10. If f € A satisfies

then f € §*(B8), 0< B < 1.
Taking p =n =1 and A = 0 in Corollary 8, we get:
Corollary 11. If f € A satisfies

F(:) < ==L, z€E,

then f € K(8), 0 <8 < 1.

Note that for 5 = 0, the above result was obtained by Mocanu [8].
Setting p = A =1 and n = 0 in Corollary 8, we obtain the following result.

Corollary 12. If f € A satisfies

oy IO

z

_21-5)

0<p<1 E
3_257 —B< ?Ze )

then
zf'(2)
f(2)

§R<1+ >>B,z€]E.
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Abstract

Let G be a graph of radius r and diameter d with d < 2r — 2. We show that G contains a cycle of length
at least 4r — 2d, i.e. for its circumference it holds ¢(G) > 4r — 2d. Moreover, for all positive integers r
and d with » < d < 2r — 2 there exists a graph of radius r and diameter d with circumference 4r — 2d.
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Communicated with Roman Nedela.

Keywords radius, diameter, cycle, circumference, path, geodesic cycle.

MSC(2000) 05C12.

For a connected graph G, the distance dg(u,v) or briefly d(u, v) between a pair of vertices
u and v is the length of a shortest path joining them. The distance between a vertex u €
V(G) and a subgraph H of G will be denoted by d(u, H), i.e. d(u, H) = min{d(u,v);v €
V(H)}. The eccentricity eg(u) (briefly e(u)) of a vertex u of G is the distance of u to
a vertex farthest from v in G, i.e. eg(u) = max{dg(u,v);v € V(G)}. The radius rad G
of GG is the minimum eccentricity among the vertices of G while the diameter diam G of
G is the maximum eccentricity. The circumference of a graph G, denoted ¢(G), is the
length of any longest cycle in G.

A path P (a cycle C) in G is called geodesic if for any two vertices of P (of C)
their distance in P (in C) equals their distance in G. A nontrivial connected graph
with no cut-vertices is called a nonseparable graph. A block of a graph G is a maximal
nonseparable subgraph of G.

A connected unicyclic graph G with the cycle C is called a sun-graph (see [2]) if
degq(u) < 3 for u € V(C) and degy(u) < 2 for u € V(G)\ V(C). A v —v path P in a
sun-graph G is called a ray if V(P)NV(C) = {u} and deg,(v) = 1. A sun-graph with
the cycle Cy, of length m and with m rays of length & will be denoted by S, .

In what follows we answer a question that was posed several decades ago in [3]:

“How large a cycle must there be in a graph of radius m and diameter n? This question
is also open. For radius 3 and diameter 4, the graph must have a cycle of length at
least 4, which can be verified by brute force techniques .... The situation in general is
unclear.”

Our main result is the following theorem. Note that in the case d = 2r — 1 or d = 2r
there are trees with radius r and diameter d.

*The author was supported by the Slovak Grant Agency under the grant number VEGA 1/1085/11

Copyright (© 2012 Matej Bel University
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Theorem 1. Let G be a graph of radius r and diameter d with d < 2r — 2. Then
¢(G) > 4r — 2d.

Proof. Since d < 2r — 2, GG is not a tree. Let C be a cycle of G and B be a block
of G containing C. Suppose, contrary to our claim, that ¢(G) < 4r — 2d. Since B is
a nonseparable subgraph of G, every two vertices of B lie on a common cycle (see [1,
Theorem 1.6]) of length less than 4r — 2d. Hence we get diam B < 2r —d—1<r—1
(and so B # G).

Let u be a vertex such that d(u, B) = max{d(v, B);v € V(G)} and let ug € V(B) be
a vertex with d(u,up) = d(u, B). Evidently, up is a cut-vertex of G.

Let G1 be a component of G — up containing the vertex u. Put d(u,up) = a. We
distinguish two cases.

Da<r-1

Let v be a vertex of G. If v € V(G;) then d(v,up) < a <r—1. If v € V(B) then
d(v,up) < diam B < r —1. Let, finally, v € V(G)\ (V(G1)UV(B)) and vg € V(B) be a
vertex such that d(v,vg) = d(v, B). Evidently, vp is a cut-vertex of G and dg(ug,vg) =
dp(up,vp). Denote d(v,vg) = b and d(ug,vp) = c¢. Suppose first that b+ ¢ > r. We
have ¢ < diam B < 2r—d—1 and b < a. Then d(u,v) = d(u,up)+d(up,vg)+d(ve,v) =
a+c+b>2b+c>2(r—c)+c>2r—(2r—d—1)=d+ 1. Since diam G = d, we get
b+c¢<r—1andsod(ug,v) <r—1. Finally, we have e(ug) < r — 1, a contradicton.

2)a>r

Let u; be a vertex of a geodesic u —up path P! with d(u,u;) = r—1. If w is a vertex
from V(G) \ V(G1) then up is on a geodesic w — uy path and we get d(w,u;) <r —1
(since d(w,u) < 2r — 2). Since e(uy) > r (otherwise we have a contradiction), there is
a vertex v € V(Gy) such that dg, (v,u1) = dg(v,u1) > r. Let P? be a geodesic v — up
path and let v; be the first vertex of P2 which is on P!. Since d(v,up) < d(u,up), we
get d(up,v1) < d(up,u;). Let P3 be a geodesic v — u path and let vy be the first of its
vertices which is on P1. Tt is obvious (since d(v,u) < 2r — 2) that d(up,v2) > d(up,u1).
Evidently, there is a cycle C” such that {v1,v2} C V(C").

Let G5 be a subgraph of G induced by the set V(G1)U{up}. Let w € V(G)\ V(G2)
be such a vertex that d(w,up) = max{d(z,up);z € V(G)\ V(G2)} and P be a geodesic
w — up path. Consider a graph G’ for which V(G') = V(G2) UV(P) and E(G’) =
E(G2) UE(P). It is obvious that |V(G')| < |[V(G)| and if there is a vertex z € V(G’)
with eg/(2) <r —1 then eg(z) <r —1, too.

We can repeat the previous considerations with the graph G’ and its block B’ con-
taining the cycle C’. It is clear now that after a finite number of the described steps we
get a contradiction. O

Corollary 2. If G is a graph with rad G = r and diam G < 2r — 2, then G contains a
cycle of length at least 4, i.e. ¢(G) > 4.

Corollary 3. If ¢(G) =3 and rad G = r, then diam G € {2r — 1, 2r}.

For all positive integers r and d satisfying r < d < 2r — 2 there exists an infinite
number of graphs of radius r, diameter d and circumference 4r — 2d. One of these graphs
is Cy, for d = r. If d > r, one of these graphs is Siy_24,4—r, i-€. a sun-graph with the
cycle Cyr—aq and with 4r — 2d rays of length d — r (see Figure la for r = 3, d = 4 and
Figure 1b for r =5, d = 7).
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L

Figure 1

Now it is a simple matter to find infinite classes of graphs with mentioned properties
(see Figure 2 for an inspiration).

< X

Figure 2

It is known that if a graph G with radius r and diameter d < 2r —2 has at most 3r —2
vertices, then it holds ¢(G) > 2r. This fact is a consequence of the following theorem
(see [2]).

Theorem 4 ([2]). Let G be a graph with rad G = r, diam G < 2r — 2, on at most 3r — 2
vertices. Then G contains a geodesic cycle of length 2r or 2r + 1.

Using Theorem 4 it is easy to find all nonisomorphic graphs of minimal order and
specified radius and diameter (see [3],[2]).

Let G be a sun-graph with the cycle Cy,—1 (r > 3), with r rays of length 1 and such
that exactly two of its end-vertices have distance 3 (see Figure 3 for r = 5). It is easy to
see that rad G = r, |V(G)| = 3r — 1 and ¢(G) = 2r — 1.
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Figure 3

We can conclude that the bound 3r — 2 in Theorem 4 is the best possible (for r > 3).
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Abstract

It is proved by Malni¢, Nedela and Skoviera [Regular maps with nilpotent automorphism groups, Euro-
pean J. Combin. 33 (2012), no. 8, 1974-1986] that regular maps with nilpotent automorphism groups
can be decomposed into a direct product of two regular maps, a regular map whose automorphism
group is a 2-group and a semistar of odd valency. This reduction theorem motivates the classification of
regular maps whose automorphism groups are 2-groups. In this paper, we classify regular maps whose
automorphism groups are 2—groups of maximal nilpotency class.
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1 Introduction

A map is a 2-cell embedding of a connected graph into a closed surface. A map on a
orientable surface is regular if its group of orientation preserving automorphisms acts
regularly on its darts. The best known examples of regular maps are the Platonic solids,
which together with the dihedra and hosohedra give a full list of regular maps on the
sphere. Thorough investigation was not carried out until in the 19th century the connec-
tion between modern topology, group theory, graph theory and the theory of complex
functions was developed [13, 6]. Modern foundations of the theory of maps on orientable
surfaces were built by Jones and Singerman [10], Gross and Tucker [7] and others. There
are three different approaches to the classification of regular maps on orientable surfaces:

(1) classification of regular maps with prescribed supporting surfaces;
(2) classification of regular maps with prescribed automorphism groups;

(3) classification of regular maps with prescribed underlying graphs.

*Supported partially by APVV-0223-10
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In the second direction, the classification of regular maps with automorphism group
isomorphic to the group PSL(2, q), where ¢ is a power of some prime p, was in principle
done by Macbeath [14]. A finite group G is called a Hurwitz group if it is a finite nontrivial
quotient of the infinite group

(m,yla® =y? = (xy)" = 1).

It is well-known that Hurwitz groups are corresponding to the automorphism groups of
some Riemann surface with highest symmetry [9]. It is also obvious that every Hurwitz
group gives rise to a regular map. Determination of the simple groups which are Hurwitz
groups is an important problem. In this context, the symmetric and alternating groups
[4], Suzuki groups [11], Ree groups [12], and various sporadic simple groups [21] have
been investigated. A survey can be found in [1, 3]. In present paper, we consider the
following problem:

Problem 1. Determine and classify reqular maps whose automorphism groups are nilpo-
tent.

This problem was studied by Malni¢, Nedela and Skoviera in [16], where the authors
have proved that each such map can be decomposed into a direct product of two regular
maps, a regular map whose automorphism group is a 2-group and a semistar of odd
valency. Therefore, the above problem is reduced into the following

Problem 2. Determine and classify reqular maps whose automorphism groups are 2-
groups.

If the nilpotency class is small enough, Problem 2 was resolved [16, 5]. For conve-
nience, we define a regular 2-map to be a regular map whose automorphism group is a
2-group. If the automorphism group of a regular 2-map has class ¢, we will refer to the
map as a regular 2-map of class c. Regular 2-maps of class 1 and 2 have been classified
in the aforementioned paper [16]. Regular 2-maps of class 3 have been recently classified
by Du et al [5]. In present paper, we will classify regular 2-maps of maximal class.

2 Preliminaries

As mentioned before, a topological map M is a 2-cell embedding i : X < S of a connected
graph X into a closed surface S such that each component of S —¢(X) is homeomorphic
to an open disc in C. The vertices, edges of M are inherited from the embedded graph
X, whereas the faces are the components of S — i(X). If the supporting surface S is
orientable, the map M is also called orientable, otherwise, M is called non-orientable.
As usual, we define a (combinatorial oriented) map to be a triple (D; R, L), where D is a
nonempty finite set whose elements are called darts, and R and L are two permutations
on D such that L? = 1 and the group generated by R and L acts transitively on D. Here
the permutation R describes the local orientation of darts around the vertices of M and
is called a rotation, whereas L inverts each pair of darts with the same underlying edge
of M. The group generated by R and L is called the monodromy group of M and is
denoted by Mon (M).

A homomorphism from a map My = (D1; Ry, L) to a map My = (Dy; Ry, Lo) is a
mapping ¢ : D1 — Dy such that

¢R1 = quf) and ¢L1 = Lg(ﬁ.

The mapping ¢ is necessarily surjective due to the transitivity of monodromy groups.
If ¢ is a bijection, then we say M is isomorphic to Ms and denote it by M; = Mo.
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An isomorphism of a map M to itself is called an automorphism of M. The set of
all automorphisms of M forms the automorphism group of M under the composition
operation and is denoted by Aut (M).

It follows from a classical result in the theory of maps that the action of Aut (M)
on D is semi-regular (namely, the stabiliser of Aut (M) is trivial) [10]. If this action is
transitive and hence regular, then M is called a regular map as well. Therefore, regular
maps exhibit highest possible symmetry.

In a regular map M = (D; R, L) with G = Aut (M), we can identify D with G and
regard the actions of Aut (M) and Mon (M) on D as the right and left multiplication
by the elements of G, respectively. More precisely, if G = (x,y), y*> = 1, we denote
by (G, z,y) the regular map (D; R, L) defined by setting D = G, Rg = xg, Lg = yg
for any ¢ € G. For a map M = (D; R, L), there are two associated maps: the dual
M* = (D; RL, L) and the mirror map M~' = (D; R™*,L) of M. A map M is called
self-dual if M = M*; a map M is called reflexible if M =2 M~!. Those maps which are
not reflexible are called chiral.

To answer Problem 2 for a given finite 2-group G, we have first to see whether G is
the automorphism group of a regular map M, which is equivalent to decide whether G
is generated by two elements, say = and y, and y? = 1. If this is the case, then such a
group G will be called admissible and the associated generating pair (z,y) will be called
admissible as well. Secondly, according to [18], for an admissible group G, two admissible
generating pairs (x;,y;) (¢ = 1,2) of G are called equivalent if there is an automorphism
¢ of G such that

=z, and y? =1p. (2.1)

The isomorphism classes of regular maps M with Aut (M) = G are therefore in a one-to-
one correspondence with the orbits of admissible generating pairs of G under the action
of Aut (G).

By definition, the automorphism groups of regular 2-maps of maximal class are 2-
groups of maximal class. The classification of 2-groups of maximal class is known as
Taussky’s Theorem in group theory. We rephrase it as follows.

Proposition 3. [20/[Taussky’s Theorem] Let G be a finite 2—group of maximal nilpo-
tency class with |G| = 2™, n > 3. Then, up to isomorphism, G belongs to one and only

one of the following three classes of groups:

1. generalized quaternion groups defined by

Qan = (a,b | ¥ =102 =a b ab = a 'y, n >3; (2.2)

2. dihedral groups defined by

Don = (a,b|a®  =0>=1,b"tab=a"1),n > 3; (2.3)

3. semidihedral groups defined by

SDon = (a,b | a® =t*=1,b"ab=a""2" "), n > 4. (2.4)
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3 Regular 2-maps of maximal class

In this section, we apply Taussky’s Theorem to give a classification of regular 2-maps of
maximal class. First, we define several families of regular maps. The semistar is defined
to be a map S,, = (Cy, x,y) with

Cp = {(z,ylz" =y =1). (3.1)
The cycle of length n is a map C,, = (Day, x,y) with
Doy = (z,yl2* = y* = (ay)" = 1). (32)
Moreover, the regular embeddings of n-dipoles are the maps D(n,e) = (G, z,y) with
G = (z,yla" =y =1,y oy = 2°), (3.3)

where €2 =1 (mod n) (Theorem 9.1 [17]). Note that D*(n, —1) = C,,.

Moreover, by replacing each edge of a cycle C,, by m parallel edges incident to the
same vertices, we get a multicycle CY™. The regular embeddings of multicycles C’éim)
are maps C(2n,2m,e, ) = (G, z,y) with

talty = a®¢, (ay)?" = o), (3-4)

G=(r,yla" =y* =1Ly~
where e = 1 (mod 2m) and f = (e + 1)n/4 (mod 2m) or f = ((e + 1)n + 4m)/4
(mod 2m) (Theorem 2 [8]).

To present our classification of regular 2-maps of maximal class, we need to identify
admissible 2-groups from the groups given in Proposition 3.

Lemma 4. In Proposition 3, only the dihedral groups and semidihedral groups are ad-
missible. Moreover, the admissible generating pairs of the dihedral groups have form
(aTbk, a’b), where either k =0, r is odd, or k = 1, r — j is odd; the admissible generating
pairs of the semidihedral groups have form (a"b*,a’b), where k € {0,1}, r is odd and j is
even. Two admissible pairs (a"b*, a’b) and (arlbk,, aj/b) of Dan are equivalent if and only
if k =k and two admissible pairs (a"b*,a7b) and (a™ b*' ,a7'b) of SDan are equivalent if
and only if k =K.

Proof. It is known that the generalised quaternion group Q2 has a unique involution
Yy = a?" . Obviously, y is a central element. Since QQon is non-abelian, 2~ has no ad-
missible generating pairs. Furthermore, for both Dan and SDan, it is clear the generators
(a,b) given in Proposition 3 are admissible. To determine all admissible generating pairs
(z,y) of Dan, we see that the involutions of Dan are either a2""? or of the form a’b. But
" ez (D2n) and Dan is non-abelian, which implies that a2"" can not be a generator
in any admissible generating pair. On the other hand, let y = a/b and = = a"b*, where
0<jr<2»!_1land0<k<1 Ifk=0, weshow that (x,y) = Dan if and only if
(r,2) = 1. In fact, if (r,2) = 1, then (a") = (a). Hence,

(z,y) = <arva‘jb> = <a7ajb> = (a,b).

Consequently, Dan = (x,y). Conversely, assume Don = {(x,y), if r was an even number,
let m = o(a"), then m < o(a), we have

(z,y) = (z,y | 2™ =y* = Lyzy = 27 ") = Doy,
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which implies that (z,y) is a proper subgroup of Dan, a contradiction. Similarly, if & = 1,
we show that (x,y) = Dan if and only if (r — j,2) = 1. In fact, since

(x,y) = (a"b,a’b) = (a" 77, a’b),

by the preceding case we have (x,y) = Dan if and only if (r — j,2) = 1.

As concerns the admissible pairs of the semidihedral groups SDsn», we see the involu-
tions of S Dy~ are either a?" " or of the form o’ b, where j is even. The former is a central
element and hence can not be a generating involution in any admissible pair. Now let
y=a’band z = a"b*, where 0 < r,j < 2" ! — 1, jisevenand k € {0,1}. If K =0, then
we show that (z,y) = SDayn if and only if r is odd. First assume r odd, then (a) = (a”).
We have

(x,y> = <ar7ajb> = <ava’jb> = <CL,b>.

It follows that (x,y) = SDan. Conversely, assume (x,y) = SDan, if r was an even
number, let m = o(a”), then m < o(a). We have

(w,yla™ = y* = Lyzy = 27") = Dap,.
Therefore, |{x,y)| < |SDan|, which implies that (x,y) is a proper subgroup of SDan, a
contradiction. Similarly, if £ = 1, we have

;o\ jeven
=

(z,y) = (a"b,a’b) = (aT'aj(_1+2n72),a]b> a7, a’b).

It follows the first case that (z,y) = SDan if and only if r — j is odd.
Finally, we decide the equivalence relationship of aforementioned admissible pairs.
The admissible pair (z,y) of Da» has a defining relation

n—1
(z,yla>  =y® = (zy)* =1),

if x =a", y = a’b, where r is odd, or

2n71

(,yla® =y® = (zy)*  =1),

if z = a"b, y = a’b, where r — j is odd. Therefore, two admissible pairs (a"b*,a’b) and
(a”b* a7 b) of Dyn are equivalent if and only if £ = k’. Similarly, the admissible pair
(x,y) of SDan has a defining relation

n—1 _ n—2
(@,yla® =y = (zy)t =1, [z,y] =272 ),
if x =a", y = a’b, where r is odd, j is even, or
n—1 _on—2
(@,ylz* =% = (@y)* =L lz,y] = (@y)** ),

if 2 = a"b, y = a’b, where r is odd, j is even. Therefore, two admissible pairs (a"b*, a’b)
and (a” b a7 b) of SDyn are equivalent if and only if k = &', as claimed. O

Now we are ready to formulate our classification theorem of regular 2-maps of maximal
class.

Theorem 5. Up to isomorphism, reqular maps whose automorphism groups are non-
abelian 2-groups of maximal nilpotency class are one of the following maps:
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(1) a cycle Con—1 or its dual, a dipole D(2"~1, —1), where n > 3, both of genus 0;

(2) a dipole D(2"~1, —1 + 2"=2) or its dual C(2"72,2,1,1), the reqular embedding of a
multicycle, where n > 4, both of genus 273,

Moreover, the above maps are all reflexible.

Proof. Let M be a regular 2-map of maximal class and G = Aut (M), let |G| = 2™.
Since G is non-abelian, n > 3. By Taussky’s Theorem, G is isomorphic to one of the
groups in Proposition 3. By Lemma 4, the generalised quaternion group o~ is not
admissible, and every admissible pair (z,y) of Dan either has a form z = a”,y = a’b,
where r is odd, or has a form x = a"b, y = a’b, where 7 — j is odd. The former defines the
map D(2"~ 1, —1) and the latter defines the map Cyn—1, which is the dual of D(2"~1, —1).
Similarly, every admissible pair (z,y) of SDan is of a form x = a"b*, y = a’b, where r is
odd, j is even, k € {0,1}. If k = 0, then (SDaqn, z,y) defines the map D(2" 1, —142"72);
if k = 1, we have its dual map C(2"72,2,1,1), the regular embedding of a multicycle
02(3)_2. It is clear that the maps are all reflexible, as claimed. O
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Abstract

Since in some fuzzy mathematical problems finding an explicit solution is difficult, therefore it is conve-
nient to employ numerical methods. The focus of this paper is to introduce an efficient computational
method which can be applied to approximate solution of fuzzy linear Volterra integral equations system.
The method is based on substitution of the Taylor polynomials instead of unknown functions in the given
fuzzy system. This work reduces the present problem to a linear system in generalized case, therefore
the solution of the result system yields the unknown Taylor coefficients of the solution functions. The
proposed method is illustrated by an example and also results are compared with the exact solution by
using computer simulations.

Received April 22, 2012

Revised October 25, 2012

Accepted in final form October 29, 2012

Communicated with Viadimir Janis.

Keywords Volterra fuzzy integral equations system, Taylor series, convergence analysis, approximate
solution.

MSC(2010) 45F99, 94D99.

1 Introduction

As a matter of fact, it might be said that many phenomena of almost all practical
engineering and applied science problems like physical applications, potential theory
and electrostatics are reduced to solve integral equations. Since these equations are
usually difficult to solve explicitly, so it is required to obtain approximate solutions.
There exist several numerical methods for approximating solution of integral equations.
For example, Tricomi, in his book [20], introduced the classical method of successive
approximations for nonlinear integral equations. Variational iteration method [13] and
Adomian decomposition method [4] were effective and convenient for solving integral
equations. Also the Homotopy analysis method (HAM) was proposed by Liao [14] and
then has been applied in [1]. Moreover, some different valid methods for solving this kind
of equations have been developed. First time, Taylor expansion approach was presented
for solution of integral equations by Kanwal and Liu in [12] and then has been extended
in [16, 17]. In addition, Babolian et al. [3] by using the orthogonal triangular basis
functions solved some integral equations systems. Jafari et al [10] applied Legendre
wavelets method to find numerical solution system of linear integral equations. Also
Hilmi and Yalginbas [8] approximated a solution of linear Volterra integral equations
system with the help of Taylor series.

Copyright (© 2012 Matej Bel University
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In this paper we want to propose a new numerical approach to approximate solution
of a fuzzy linear Volterra integral equations system. This method converts the given
fuzzy system that supposedly has an unique fuzzy solution, into crisp linear system. For
this scope, first the Taylor expansions of unknown functions are substituted in paramet-
ric form of the given fuzzy system. Then we differentiate both sides of the resulting
integral equations of the system N times and also approximate the Taylor expansion by
a suitable truncation limit. This work yields a linear system in crisp case, so the solu-
tion of the linear system yields the unknown Taylor coefficients of the solution functions.
An interesting feature of this method is that we can get an approximate of the Taylor
expansion in arbitrary point to any desired degree of accuracy. Here is an outline of
the paper. In section 2, the basic notations and definitions of the integral equation and
the Taylor polynomial method are briefly presented . Section 3 describes how to find an
approximate solution of the given fuzzy Volterra integral equations system with using
proposed approach. Finally in section 4, we apply the proposed method by an example
to show the simplicity and efficiency of the method.

2 Preliminaries

In this section the most basic used notations in fuzzy calculus and integral equations are
briefly introduced. We start by defining the fuzzy number.

Definition 1. A fuzzy number is a fuzzy set v : R! — I = [0,1] such that:
i. u is upper semi-continuous,
ii. u(x) = 0 outside some interval [a, d],
iii. There are real numbers b,c: a < b < ¢ < d, for which:
1. u(z) is increasing on [a, b],
2. u(x) is decreasing on [c, d],
oulz)=1b<z<ec

The set of all fuzzy numbers (as given by Definition 1) is denoted by E [7, 18]. An
alternative definition which yields the same E' is given by Kaleva [11] and Ma et al. [15].

Definition 2. A fuzzy number v is a pair (v,7) of functions v(r) and T(r) : 0 < r < 1,
which satisfy the following requirements:

i. v(r) is a bounded monotonically increasing, left continuous function on (0,1] and
right continuous at 0,

ii. ¥(r) is a bounded monotonically decreasing, left continuous function on (0, 1] and
right continuous at 0,

iii. v(r) <o(r): 0<r <1.

A popular fuzzy number is the triangular fuzzy number v = (v, v, v,) where v,
denotes the modal value and the real values v; > 0 and v, > 0 represent the left and
right fuzziness, respectively. The membership function of a triangular fuzzy number is
defined as follows:

%‘Fl, 'Um*’UZSLL'S’Um,

Nv(x): %"‘17 Umgxgvm+vu7
0, otherwise.
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Its parametric form is:
v(r) =vm +u(r—=1), 5(r) =vm +v,(1—7), 0<r<1.
Triangular fuzzy numbers are fuzzy numbers in LR representation where the reference

functions L and R are linear.

2.1 Operations on fuzzy numbers

We briefly mentioned fuzzy number operations that have had been defined by the exten-
sion principle [21, 22].

pays(z) = mar{pa(z) Aup(y)| 2 =z + y},
pap(z) = maz{pa() A up(y)| 2 = 2y}, pyver)(2) = maz{pne(x)] 2 = f(z)},

where A, B and Net are fuzzy numbers, p,(.) denotes the membership function of each
fuzzy number, A is the minimum operator and f is a continuous function.

The above operations on fuzzy numbers are numerically performed on level sets (i.e.
a-cuts). For 0 < a <1, a a-level set of a fuzzy number A is defined as:

[A]* = {z] pa(z) > o, z € R},

and [A]Y = Uaeo,1[A4]*. Since level sets of fuzzy numbers become closed intervals, we
denote [A]* by

where [A]? and [A]$ are the lower and the upper limits of the a-level set [A]*, respectively.
From interval arithmetic [2], the above operations on fuzzy numbers are written for the
a-level sets as follows:

(Al + [B]* = [[A]T", [AIR] + [[BIF [Bl] = [[AlF + [BIF [AlL + [Blg], - (2.1)

u u u

f(INet]”) = f(INet]?, [Netly]) = [f([Net]i), f([Net]3)],
R[A]" = E[[A]7, [AL5] = [R[A), RLALG), if k>0, (2.2)

R[A]" = E[[A]7, [AL5] = [R[ALG, K[A]7), if B <O.

For arbitrary u = (u, %) and v = (v,7) we define addition (v + v) and multiplication by
k as [7, 18]:

(u+v) U
(u+0)(r) = u(r) +o(r

ka(r), if k>0,
ka(r), if k<O.
Definition 3. For arbitrary fuzzy numbers u,v ¢ E* the quantity

D(uv) = sup {maz(lu(r) —v(r)] ,[a(r) o)}

is the distance between u and v. It is shown that (E', D) is a complete metric space [19].
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Definition 4. Let f [a,b] — E'. For each partition P = {to,t1,...,t,} of [a,b] and for
arbitrary & € [t;—1,t;] (1 <1i <mn), suppose

Rp =" f(&)(t: —ti),
i=1

A = max{|t; —ti—1], i =1,...,n}.
The definite integral of f(t) over [a,b] is

b
/a f(t)dt = ilglo Rp

provided that this limit exists in the metric D. If the fuzzy function f(¢) is continuous
in the metric D, its definite integral exists [7]. Also,

/ftrdt /ftr

( f(trdt /ftr

More details about properties of the fuzzy integral are given in [7, 11].
2.2 System of integral equations
The basic definition of integral equation is given in [9].

Definition 5. The Fredholm integral equation of the second kind is
F(t) = f{t) + Alku)(?), (2.3)

where

/kst s)ds, a <t <b.

In Eq. (2.3), k(s,t) is an arbitrary kernel function over the square a < s,¢ < b and
f(t) is a function of ¢ : @ < ¢ < b. If the kernel function satisfies k(s,t) =0, s > t, we
obtain the Volterra integral equation

F(t) = f(t) + A / (s, ) F(s)ds. (2.4)

In addition, if f(¢) is a crisp function then the solution of above equation is crisp as well.
Also if f(t) be a fuzzy function we have Fredholm fuzzy integral equation of the second
kind which may only process fuzzy solutions. Sufficient conditions for the existence and
uniqueness of the solution of the second kind equation where f(t) is a fuzzy function, are
given in [5, 6].

Definition 6. The second kind fuzzy linear Volterra integral equations system is in the
form

Fu(t) = At + 5750 (Mg ) g (5, 0) Fy(5)ds )

Fi(t) = fil)) + X5y (N [l k(5,0 Fs(s)ds) (2.5)

Fun(t) = Fn() + X271 (Mo [ Fons (s, £)F5 (s)ds)
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where ¢ < s <t < band \;; # 0 (for i,j = 1,...,m) are real constants. Moreover,
in system (2.5), the fuzzy function f;(t) and kernel k; ;(s,t) are given and assumed
to be sufficiently differentiable with respect to all their arguments on the interval a <
t,s < b. Also we assume that the kernel function k; ;(s,t)eL?([a,b] X [a,b]) and F(t) =
[Fy(t), ..., F (#)]T is the solution to be determined.

Now let (f.(t,7), f.(t, 7)) and (E,(t,7), Fi(t,7)) (0 <7 < 1; a <t < b) be parametric
form of f;(t) and F;(t), respectively. For simplify, we assume that A\;; > 0 (for i,j =
1,...,m). In order to design a numerical scheme for solving (2.5), we write the parametric
form of the given fuzzy integral equations system as follows:

Fi(t,r) = fy(t,r) +200 (A f;ﬁl,j(s,r)ds
i (t, )"’E 1 (A1 f;QLj(SvT)dS

Funtyr) = Foutsr) + S5 (Mg 2 Ty (5. 7))
F,(tr)=f (tr)+37, Amjffgm,j(sm)dS)

where
_ kij(s,t)Fj(s,r) L kij(s,t) >0
Ui,j(s,r) = ,
kij(s,)F;(s,m) L kij(s,t) <0
and
kij(s,t)E;(s,m)  Skij(s,t) >0
U”(s r) =

k@j(SJ)Fj(S,’I’) ,ki7j(s,t) <0
2.3 The general method
Let us first recall the basic principles of the Taylor polynomial method for solving Fred-
holm fuzzy integral equations system (2.5). Because these results are the key for our
problems therefore we explain them. Without loss of generality, we assume that

Aijkij(s,t) 20 ,a<s <

)\i’j.k‘i,j(s,t) <0 ,Cij <s<t
With above supposition, the system (2.6) is transformed to following form:

Fy(t,r) = fi(t,r)+
POHBPIY (f Tk, (s,t)F (s, r)ds + f klu s,t)F;(s, r)ds)

Fy(t,r)=f,(tr)+

PIHBPIY (fa k(s t)E (s, m)ds + f k‘ld s t)Fj(s,r)ds)
; (2.7)
Fo(t,r) = f.(tr)+

S Ay ( S k(5. 0F (5, 7)ds + [ o (5, 1) F (s, r)ds)

F,(t,r)=f (tr)+
S Ay ( S b (5,0 E (5, 7)ds + [ o (5, 1) F (s, r)ds)
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Now we want to obtain the solution of the above system in the form of

B EN: (1 ODF;(t,r)
_ . Lhr

o liee (t—2)"), a<t,z<b, 0<r<1, (2.8)
=0
N ‘
1 0WE,(t,r) .
:Z(E = (= 2)), e <t 2 <b, 07 <,

=0

(for j =1,...,m) which are the Taylor expansions of degree N at ¢ = z for the unknown
functions F';(t,r) and F,(t,r), respectively. For this scope we calculate p-th (for p =
0, ..., N) derivative of each equation in the system (2.7) with respect to ¢t and get

P ®)F (t.r 1 (p) s
o Fitr) _ 0 gl(t,) +Z] 1 (fc g 0 klj( ,t) T, (s,r)ds

atp
-1 1\ 0Dk (st Cge1— 8( VE(t,r)
Iy apyaalia e TR MR NE
t 9Py (st
[, TR B (s, r)ds)
P F (t,r P f (t,r) c1,; 0Pk i(s,t
Fott = S L () R (5, s
-1 1 o'k s,t O F(t,r
+ 2000 im0 (o) (g =) 0T (ETen))
t 0Pk (st
Jrfclj % Fi(s,r)ds)
: (2.9)
d“’)Fmt 8(”)7mtr i O )km st) o
Em(b0) — {;tp( T Ay ([ ij() (f?j(s,r)ds
Jrz Zp = 1(p q— i l)(a‘”kénty St| t)(P*Qfl—l) (6 %Zl(t”))
pP—q— a S= :
t B(P)km s,t
+fcm,j 7&;( ) Fi(s,7)ds)
8(1’)Em (t,r) 8(p)im(t,r) m Cm,j 8<P)km)7~(s,t)
atr = atr "’2(:{1 Vg (™ =g gl)El(s,T)ds
—l—-1/p 1 'V, (st —ag—1— OV Fj(t,r
+ 5000 o Grami-) (g e ) 0D ()
t Ok i(s,t) -
+ 2 iw( ) Fi(s,7)ds)
For brevity, we define below symbols as:
=) P F;n(t,r) W,y (t,r) .
Fin(z,r) = Wlt:z and E;IJ)\),(Z,T) = thz, j=1,..m

The aim of this study is to determine of the coefficients ng) (z,7) and E§p) (z,7), (forp=
0,...,N;j=1,...,m) in system (2.9). For this intent, we expanded F;(s,r) and F,(s,)
in Taylor series at arbitrary point z : a < z < b and substituted its N-th truncation in
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(2.9). Now we can write:

—(p) T (t,r 1 (1, 1
Fiy(zr) = g;>hz+z_ (p g ol ER (2

1,5) >7

1,
+ o whd - Fin(zr) + Talgwne? . E\Q(z,1))
P f (tr) 1, (1)
ER(z,m) = mp|tz+z]¢2fJ;JAnN@?)
) 1, Enl
+Eq owqu) F(q) (2 7")+Zq oW /( 2 ~Fj?v(z77“)>
. (2.10)
(p) P, (t,r . l
O (217) = —<%¢4t2+§szlopﬂ>¢&@n
+Ealowhe”  Fin(am) + Silgwi? . FR(z,m)
aPf (t,r) 1 (myj) =0
EO\ (1) = =55 e + X0 (S0 o577 Fii(a, ¥
N ;
+zqw%”_ngm+zﬂw%m.ﬂmam
where
Nij [ 0Pk, i(s,1)
wBd) — LYANS) _ .\4
Wp,q q! /a otr |t:2‘ '(S Z) dS’
N )‘iJ b 8(p)ki7j(s,t)
w;)(7dj) = ? /Cvi7j T|t=z (5 — Z)qu, b,q = 07 ’N
and
p—Il—1
i o 3(q)k1 (s,1) o o
’01(),2]) = Z (g—g—}—l)(ai;:q'é‘:t)(p ¢t l)|s=27 1,] = 17"'7m'
q=0
Consequently, the matrix form of expression (2.10) can be written as follows:
(W+V)Y =E, (2.11)

where

—(N
Y = [Eyn(a,r), s EN(a,r), Fin(a,7), .. FoN (a, 7)), ..

,EmN(a,r),...,Eﬁg]\),(a,r),FmN(a,r) Fin]\),(a ),

oM f (t7) = O (t,r)
B =[] (@), = e T2 (0,7 = e
oM (t,r) - OWNIF (t,r
_im(a7r)a"'a_éim]vh:aa_f'm(a7r)7"'a_$|t:a]/
and
wan o wm) yan oo yam)
W: s V:

Wom ) plmD) o ymm
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Parochial matrices W) (for i,j = 1,...,m) are defined with following elements:

)

wi wiy)

Vl(lld) Vl(fg’j)

)

W i) — , V@) — L j=1,....m,
Wéfi]) Wég]) ‘/2(7110) Vz(’;’j)
where
ST T
N B wy'y wy'? —1 wlf’lszl w111<r
Wi =wy = s ' ]
(4,9) (4,3 (4,9) (4,9)
wNil,O wNil,l wNil No1— 1 wNil,N
w9 (4,4) (2, (3) _ 4
N,0 N1 N,N—1 N,N
T N
/(1,7 /(2,9 /(7 /(2,7
w1(,0j) w1(,1j) w1(,z\;11 1,1\?)
W) = wit) = : : : :
’ ’ Y, 1) /(i)
wle 0 U’Nj1 1 le,Nfl wle N
& /() 1(9) )
N,0 N,1 N,N—1 N,N
0 0 0 0
S50 0 0
Vl(iéj) _ V(il’j) _ : : :
’ ’ (i) (i)
U e 0 0
Yo an 1(6,5)
UN,0 UN,1 Nn-1 0
0 0 0 0
0 0 0 0
Vi = = | Do
0 0 0 0
0 0 0 0 (N+1)x (N+1)

3 Convergence analysis

In this section we prove that the above numerical method converges to the exact solution

of fuzzy system (2.5).

Theorem 7. Let F; n(t) and F; x(t) (for j =1,...,m) be Taylor polynomials of degree
N that their coefficients are produced by solving the linear system (2.11). Then these
polynomials converge to the exact solution of the fuzzy Volterra integral equations system

(2.5), when N — +00.

Proof. Consider the system (2.5). Since, the series (2.8) converge to F'j(¢,r) and F,(t,r)
(for j =1,...,m) respectively, then we conclude that:
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FiN (ta T’) = ?1 (tv T)+
Do Nij (fa(” kij(s,t)Fjn (s, ds—l—f ki (5, 1) Fjn (s, r)ds)

RNCR
EiN(tar) = f (t T)+
doie Aij (fac P k(s ) En (s, )ds + f ki (s t)FjN(s,r)ds)
(for i=1,...,m) and it holds that
Fj(t,r) = A}gnoonN(t r), and F;(t) = ]\}EnooEjN(t,r).
We defined the error function ey (¢, ) by subtracting Egs. (3.1)—(2.7) as follows:
T) = Z 61’,N(t7 T)a (32)
i=1

ei,N(ta T) = éi,N(t7 7") + QLN(ta T)a

where

e (t.r) = (Filt,r) = Fan(t.1) + Y Mij ([, Kig(s,)(Fj(s,7) = Fin(s,7))ds)
j=1

+Z ij (f K;] s t)(F (8 T) F‘j]\[(S,’I"))CIZS)7
Jj=1
and

ein(tr) = (E(t,r) — Ein(t7)) + Z i (J3" Kij(s,t)(E;(s,m) = Ejy(s,7))ds)

#2721, Kus (5. 0)(F(s7) = Fyn(s,r)ds)

We must prove when N — +o00, the error function ey (¢) becomes to zero. Hence we
proceed as follows:

m

m m
lenll <> lleinl =D llein +enll <D (leanll + llesnll) <
=1 i=1

m

P

i=1

Fin () + IE(t,r) — By (tm)]]) +

i=1j=1
Since [|k; ;|| is bounded, therefore ||(F;(s, r)—F;n (s, )| — 0and [[(E;(s,7)—E ;x5 (s,7))|| —
0 imply that |len|| — 0 and proof is completed. O

(\/\z‘,jl/ ki il (1F(s,7) = Fin(s,m)ll + |1 E5(s,7) = Eyn(s,7)l)ds).
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4 An example

In this section, in order to investigate the accuracy of the proposed method, we have
chosen an example of fuzzy linear Volterra integral equations system. Also to show the
efficiency of the present method for our problem, results will be compared with the exact
solution.

Example 8. Consider the system of fuzzy linear Volterra integral equations with:

B (r—2) 9P —2)(t—1)2  rt*(t? — 1)
- ° 10 + 4

r(rt +2)(t — 1)*(2t> 4 4¢* + 6t + 3)
10 )
fitr)=rt— % _ 30 =2)( - 1)4(120153 + 412 + 6t + 3)
St 42)(0 - 1) (2 - )20~ 2)
- 10 - I :
falt,r) = % _
P+ DD R+ 2)(2e 4 (- 12
i 20 + 3 7
rt2(7«4 +2) (4t + 1)(t2 _ 1)4(T _9)

foltr) = t(r® + 2r) — 3 — 50

?1 (t’ T)

—t(r—2)+

t(3r® — 6) + t3(r3 — 2)

rit+1)*
20

2 —2)(2t + 1)(t — 1)%,
kernel functions
kii(s,t) = t2(1 — s?), kia(s,t) = (1 —t)*(1 — s°),
koi(s,t) = (1 + )41 — 5%), koo(s,t) =2t3(1 —s), 0< s <t <2,

anda=0,b=2, N=1, \;; =1 (for i,j = 1,2). The exact solution in this case is
given by o
Fi(t,r)y=t2—-r), F(t,r)="1r,

Fao(t,r) = t(6 — 3r3) and Fy(t,r) = t(r® + 2r).

In this example we assume that z = 0. Using Eqgs. (2.10)—(2.11), the coefficients matrix
W +V is calculated as following:

W1’1+V1’1 W1’2+V1’2

0 0 0 -1

W+V=
W2’1+V2’1 W2’2+V2’2
where
-1 0 0 0 3 % -3 7%
1,1 1,1 0 -1 0 0 19 19 5 Y 8 Y
WrFsvVei=1 o o -1 o WrHVI=|3 3 3 3],
gy 49
2 5 2

ot
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1 1 1 1
WEELVEL= L P R YRR
4 20 4 20
0 -3 1 2 o 0 0 -1

With using of above matrices, we can rewrite the linear system (2.11) as follows:

El,l(ovr) %4—%%—%—%
F1(0,7) 3t 9t 1lr 18
=L 5 5 5 T 5
Fyi1(0,7) _3 _ 9t 3 9
'a ’ 0 0 5 15
] A
Fy,(0,7) &5 — 15
E/Ql(ovr) r & 2
FQJ(O,’I") Tl() _5% °
_F2,1(0>T) L 3r® — 2*57" - 25*8 i
The vector solution of above linear system is:

_E/l,l(ovr)_ [0 ]

51,1(0,7”) T

F14(0,7) 0

Fi,0,n) _ | 2-r

E2,1(0’r) B 0

Fy,(0,7) 7S+ 2r

FQJ(O7 ’I“) 0

Foa(0,)) 16307

After propagating this vector solution in Eq. (2.8), we have:

Fia(t,r) =t(2—71) = Fi(t,r), Ey(t,r)=tr=F(tr),

Fg?l(t, r) =16 — 3r3) = Fy(t,r), E2,1(t’ r) = t(r5 +2r) = Fy(t,r).

As showing in Figs. 1 and 2, the present method gives the analytical solution for this
kind of fuzzy equations system, if the exact solution be polynomial.
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0.8
0.6 —
e
0.4+
|:|'151(1,r>='151.1(1,r)
0.2
I:lfl(tl)zfl,l(t’r)

Figure 1. F1,1(¢,7) and I, ,(t,r) for Example 4.1

0.8
0.6

0.4

[Jro=F,
O Cgr o=, w0

Figure 2. Fa,1(t,r) and I, (t,r) for Example 4.1

5 Conclusions

Fuzzy integral equations systems which have a very important place in physics and
engineering, are usually difficult to solve analytically, therefore it is required to obtain
approximate solutions. In this study we have worked out a computational method to
approximate solution of fuzzy linear Volterra integral equations systems. The present
course is a method for approximating unknown function in terms of truncated sequences
including Taylor polynomials. Consider that to get the best approximating solution of the
given equation, the truncations degree N must be chosen large enough. An interesting
feature of this method is finding the analytical solution for given equations, if the exact
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solution be polynomial of degree N or less than N. The analyzed example illustrated
the ability and reliability of the present approach. The obtained solution, in comparison
with exact solution admit a remarkable accuracy. Extensions to the case of more general
of integral equations systems are left for future studies.
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1 Introduction and Preliminaries

The concept of 2-normed spaces was initially developed by Géhler [4] in the mid of 1960’s,
while that of n-normed spaces one can see in Misiak [11]. Since then, many others have
studied this concept and obtained various results, see Gunawan [5, 6] and Gunawan and
Mashadi [7]. Let n € N and X be a linear space over the field K, where K is field of real
or complex numbers of dimension d, where d > n > 2. A real valued function ||-,--- ,-||
on X" satisfying the following four conditions:

1. ||#z1, 22, -+, 2n|| = 0 if and only if 1, za,- - , z, are linearly dependent in X;

2. ||z1, 2, -+ ,x,]|| is invariant under permutation;

3. ||laxy,xe, -+ yxu|| = || ||z1, 22, -, zp]| for any @ € K, and

4. ||IE +x,7$27' te aan S H$7x21 e ,an + H"E/,x27 e 7'TnH
is called a n-norm on X, and the pair (X, ||-,--- ,-||) is called a n-normed space over the
field K.
For example, we may take X = R™ being equipped with the n-norm ||z1, 22, -+, z,||g
= the volume of the n-dimensional parallelopiped spanned by the vectors x1,xa,- - ,Zp

which may be given explicitly by the formula

w1, 22, -+ @[5 = [ det(z4)],
Copyright (© 2012 Matej Bel University
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where x; = (21, %2, ,%in) € R for each ¢ = 1,2,--+ ,n. Let (X,]||,---,||]) be a
n-normed space of dimension d > n > 2 and {aj,as,-- ,a,} be linearly independent set
in X. Then the following function ||, -+ ,||oc on X"~ ! defined by
||.’L’1,.’IJ27"' ;mnHoo = maX{Hxlax27"' 71‘717170/1'” 1= 1727' c 7n}

defines an (n — 1)-norm on X with respect to {ai,as, - ,a,}.
A sequence (z) in a n-normed space (X, ||-,--- ,-||) is said to converge to some L € X if

lim ||zx — L, 21, -+ ,2n-1]| = 0 for every z1,--+,2z,-1 € X.

k—o00
A sequence (z) in a n-normed space (X, ||,--- ,-||) is said to be Cauchy if

lim ||lzg —2p, 21, -, 2n-1]| =0 for every zq,---,2z,1 € X.

k,p—o0

If every Cauchy sequence in X converges to some L € X, then X is said to be complete
with respect to the n-norm. Any complete n-normed space is said to be n-Banach space.
An Orlicz function M is a function, which is continuous, non-decreasing and convex with
M(0) =0, M(z) >0 for z >0 and M(xz) — oo as z — 0.

Lindenstrauss and Tzafriri [9] used the idea of Orlicz function to define the following
sequence space. Let w be the space of all real or complex sequences x = (zy), then

eM:{m:gM('xk')@o}

p

which is called as an Orlicz sequence space. The space £;; is a Banach space with the

norm
|| = inf{p >0: ZM(@) < 1}.
k=1 P

It is shown in [9] that every Orlicz sequence space £); contains a subspace isomorphic to
l,(p > 1). The Ay—condition is equivalent to M (Lz) < kLM (z) for all values of x > 0,
and for L > 1. A sequence M = (Mj}) of Orlicz function is called a Musielak-Orlicz
function see [10, 13]. A sequence N' = (N}) is defined by

Ni(v) = sup{|vju — (My) :u >0}, k=1,2,---
is called the complementary function of a Musielak-Orlicz function M. For a given
Musielak-Orlicz function M, the Musielak-Orlicz sequence space tyq and its subspace

ha are defined as follows:

tam = {wa:IM(ca:) < oo for some c>0},

hM:{wa:IM(ca:)<oo for all c>0},

where Iy is a convex modular defined by

Im(z) =Y My(ax),z = (23) € ta.
k=1
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We consider tyq equipped with the Luxemburg norm

]| —1nf{k>0 IM<k) < 1}

or equipped with the Orlicz norm

2]]° = inf{%(l + Iu(ka)) sk >0},

By w we denote the space of all real or complex valued sequences. If z € w, then
we simply write x = (z) instead of x = (z4)72,. Also, we will use the conventions
that e = (1,1,--+). Any vector subspace of w is called a sequence space. We will write
lso, ¢ and c¢g for the sequence spaces of all bounded, convergent, and null sequences,
respectively. Further, by [,,(1 < p < c0), we denote the sequence space of all p-absolutely

o0
convergent series, that is, I, = {:c = (z) € w: Z |zk|P < oo} for 1 < p < 0.
k=0
Throughout the article, w(X), l(X), and [,(X) denote, respectively, the spaces of all,
bounded, and p—absolutely summable sequences with the elements in X, where (X, ¢) is a
seminormed space. By § = (0,0, - - - ), we denote the zero element in X. P, denotes the set
of all subsets of N, that do not contain more than s elements. With (¢,), we will denote
a non-decreasing sequence of positive real numbers such that (s — 1)¢s—1 < (s — 1)ps
and p; — 00,as s — oco. The class of all the sequences (ps) satisfying this property is
denoted by ¢.
In paper [12], the notion of A-convergent and bounded sequences is introduced as follows:
let A = (\g) be a strictly increasing sequence of positive reals tending to infinity, that is

0< A <A <---, A —00 as k — oo.

We say that a sequence x = (x) € w is A-convergent to the number | € C, called as the
A-limit of x, if A, (x) =1 as n — oo, where

_

h\ Z/\k—Ak 1$k7 n € N.

k=0

In particular, we say that x is a A-null sequence if A,(z) — 0 as n — oo. Further,
we say that = is A-bounded if sup|A,(z)] < oco. Here and in the sequel, we will use
the convention that any term with a negative subscript is equal to naught, for example,
A1 =0 and z_; = 0. Now, it is well known in [12] that if 1i71Ln Zn = a in the ordinary

sense of convergence, then

n

IITILH (/\i Z()\k — )\k71)|xk — a|) =0

k=0
This implies that

n

3k M)k —a)| =0,

k=0

lim A, (z) —a| =

which yields that lim A, () = a and hence z is A-convergent to a. We therefore deduce

that the ordinary convergence implies the A-convergence to the same limit. The notion
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of difference sequence spaces was introduced by Kizmaz [8], who studied the difference
sequence spaces lo(A), ¢(A) and ¢,(A). The notion was further generalized by Et and
Colak [3] by introducing the spaces loo(A™), ¢(A™) and c,(A™).

Let m, n be non-negative integers, then for Z a given sequence space, we have

Z(AL) ={zx = (zx) ew: (A},xx) € Z}

for Z = ¢,co and Iy, where Az = (A xp) = (A% Loy — AP lapy ) and A2z = a2y,
for all k¥ € N, which is equivalent to the following binomial representation

n
A%a’,‘k = z(:)(—l)v ( Z ) Thk+mo-
Taking m = 1, we get the spaces lo(A"), ¢(A™) and ¢,(A") studied by Et and Colak
[3]. Taking m =n = 1, we get the spaces loo(A), ¢(A) and ¢,(A) introduced and studied
by Kizmaz [8]. For more details about sequence spaces see [2, 14, 15, 16] and references
therein.

The space m(¢) introduced and studied by Sargent [17] is defined as follows:

1
m(@) = {z = (1) € s allme = s — > |ul < oo},
keo

s>1,0€P;s (bs

Let M be an Orlicz function, then Tripathy and Mahanta [18] defined and studied the
following sequence space:

1
m(M,p) = {m = (xg) €s: sup —ZM(@) < 00, for some p > O}.
s>1,0€P; Ps heo P

Recently, Altun and Bilgin [1] defined and studied the following sequence spaces:

1 A;
m(M, A, p,p) = {x =(zg)E€s: sup — ZM(M)“‘ < oo, for some p > 0}.
s>1,0€P, Ps ieo 14

We define the following sequence spaces which we shall discuss in the second section of
the present paper:

m(Ma@v%AvA?mva'v"' ’H) =
1 A AT P
{:c: (2g) € w: lim — Z Mk<q(|\k7mxk,zl,~-~ ,zn,1||)) ) =0, for some p > 0}.
koes k€o,c€ Py P
If we take My (z) = z, we get
m(SD7QaA7Agz7p7||'7"' a||>
1 A AT P
= {x = (xp) Ew: lillcrn— Z q(||k7mxk,zl,~-~ ,zn_1||)> f o 0, for some p > O}.
Ps k€o,0€ Py P

If we take p = (pg) = 1, we get
m(Ma(paq,A7A%7||'7' o 7||)

AR A"
= {x = (z) Ew: 11}131 Z Mk<q<|\k7mxk,zl,--- ,zn_1||)> =0, for some p > O}.
k€o,0€Ps



Acta Univ. M. Belii, ser. Math. 20 (2012), 35-48 39

The following inequality will be used throughout the paper. If 0 < p, < suppr = H,
K = max(1,21) then

|lag + bp|P* < K{|ag|"* + |bg|*} (1.1)

for all k and ag, by € C. Also |a|P* < max(1, |a|?) for all a € C.
In this paper we study some topological properties and inclusion relation between

spaces m(./\/l, O, N, A D]y 7||) which we have defined above and the spaces
m(M, A, o, A p, ||, ,.||) which we shall discuss in the third section of the paper.

2 Sequence spaces defined by Musielak-Orlicz function
In this section we study some toplogical properties and inclusion relation between the

spaces m(M7§01QvA7A?n,pv ||7 7||)

Theorem 1. Let M = (My) be Musielak-Orlicz function and p = (px) be a sequence
of strictly positive real number, the sequence space m(/\/l, O, g, Ny AT ]y ,||) s a

linear space over the set of complex number C.

Proof. Let x = (zx) and y = (yg) € m(M,go,q,A,Aﬁl,p, ., 7||) and a, 8 € C. Then
there exist positive real numbers p; and ps such that

ngli Z ( (HAkA Tk . 7Zn71||))pk20

Ps

k€o,c€ Py
and )
. k Pk
O R )
Ps k€o,0€ Py
Define p3 = max(2|a|p1,2|8|p2). Since ||.,...,.|| is a n-norm on X and M} are non-

decreasing and convex function so by using inequality (1.1), we have

limy, i Z M, (q(HAkA:Ln(awk + Byk)’zl’ . ’Znﬂ”))m

k€o,0€Ps p3

< tmt Y g [(g(ARROm) L )

P3

i ( (HM P 7zn71||))rk

1 1 AR ATz P
<
< Khin o E or ( (H , 21, ,zn,1||))

k€o,0€ Py
. 1 myk Pk
+ Khini Z QIM]C H 17'”7271—1”
Ps k€o,0€P;
= 0
Thus, we have ax + By € m(M,(p,q,A,Aﬁl,p, .- ,H) Hence

m(M,w,q,A,A:ﬁ“p, ., ,||) is a linear space. O
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Theorem 2. For any Musielak Orlicz function M = (M) and a bounded sequence
p = (pr) of strictly positive real numbers m(M, O, q, N, A o]y H) is a topological

linear space paranormed by

. pr 1 AR ATz, PN 7
g(x :mf{pM : (hm— Mk(q< —— 21, ", Zn— )) ) <1, r:1,2,3,---},
() m- > 1= 1

ke€o,0c€Ps

where M = max(1, sup py < 00).
k

Proof. Clearly g(z) > 0 for x = (z) € m(M,%q,A,Afn,p, [|. - 7||)
Since M (0) = 0, we get g(0) = 0. Again, if g(x) = 0, then

o) =imt (o (1m = 30 an(a( MR L ))") T <) <0

Ps k€o,0€Ps

This implies that for a given € > 0, there exist some p.(0 < p. < €) such that

(hini )SRRIAC (HA’CA m Zl’...7zn,1||))p'“)ﬁg1.

Ps k€o,0€P;
Thus
1 AR AT PEN A1
(hini Z Mk(Q(H u mxk,zla"'vzn—lH)) k)M
Ps k€o,0€Ps €
1 AR AT PEN\ 27
R (-
Ps keo,0€P; Pe
< 1

Suppose that x # 0 for each k € N. this implies that AyA? xy # 0 for each k € N. Let

e — 0, then H%,zl, vy Zn—1]| = oo. Tt follows that
A A Pr\ 77
(pd 5 25 )Y e
kco,0€Ps

Which is a contradiction. Therefore A, A,z = 0 for each k and thus z; = 0 for each
k € N. Let p1 > 0 and p2 > 0 be such that

(liini Z ((HAkA mTk 2’17"'7Zn—1|\))pk) <1

Ps ke€o,0€P;

g~

and

(i L S (a0 ) ) <

k€o,0€Ps

Let p = p1 + p2. Then by Minkowski’s inequality, we have
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(D ST (=) )

keo,oc€P;

1 AR AT PE\ o7
< (hlgn— Z Mk@(”%’zl’m’%‘l")) )M
Ps k€o,0€P;g p1 p2
1 Ay N PRy
< (mos X (AT e sl B ) ) )
ks p1+ p2 p1 p1+ p2 02
€o,0€P;
. 1 A Aﬁlx Pk ﬁ
S ( o )(hmi Z Mk(q(||uvzl77zn71”>> )
p1+p2 bos k€o,0c€P, P
1 ALAT Pk\ 27
( - )(1[1’1* Z Mk(q(Hkiykalf":anlH)) )
p1+p2 ko®s k€o,0€P, p2
< 1.

Since p’s are non-negative, so we have

- n PR L
g(x-i,—y) = lnf{p% . (hmi Z A]\fk(q(‘|w7z17 7Z7L—1H)> k)M S 1}

bos k€o,0c€ Py P
e 1 AR AL PR\ 7
< mf{ M. (lilgn— Z Mk(q(HM,ZL"' 72n—1||)> )M < 1}
Ps k€o,c€Pg P
e 1 ARAP PR\ 7
+ 1nf{ g7 (lilgn— Z Mk(q(HM,Zh'“ 32n71||)) )M < 1}.
©s k€o,0c€ Py P2

Therefore, g(z +y) < g(x) + g(y)
Finally, we prove that the scalar multiplication is continuous. Let p be any complex
number. By definition,

pr 1 AR A" PrN A7
glu) = inf {p¥ o (lm — > w(q(IIFEEmE e a)))) ) T < 1
k L'OSIQEU,D'EPS P

Then

o) = {1 % = (1 - 3

s k€o,0€Ps

1

() ) )

where ¢t = ﬁ. Since |p/Pr < max(1, |p| sup p,), we have

g(u) = max(1, [plsupp)inf { O+ (1m = 37w (a(IHETE o)) ) <)

k
s keo,0€Ps

So, the fact that scalar multiplication is continuous follows from the above inequality.
This completes the proof of the theorem. O

Theorem 3. If M = (My) be any Musielak Orlicz function. Then

m(MaQD*v%AvA?nvpv”'v"' ,H) - m(M7<p**vqu7Anmvp»||'v”' ’||)

*

if and only if sup <p:*
s>1 Py

< 0.
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*

Proof. Let x € m(M,@*,q,A,Aﬁl,p,H.,--- 7||) and NV —sup Ps
195

> oo L)) |

n€o,0€ Py

@: 1 AkA Tk Pk
< sup — (( 221,00 Zn—1 ))
D s > | n—1l|

< 00. Then we get

ne€o,0€ Py
1 AkAn Tk Pk
vl oy Mk(q(uém,zl,... )
SDS neo,o€ Ps p
= 0.
Thus x € m(M7<P**7Q;A>A%7P> H7 e a||) Conversely, Suppose that
m(M>SD*7q7AaA:qL@>p7||'a"' 7||) C m(M7SD**aq5A7A?nap7H'7'” 7||)
and x € m(M,ap*,q,A,Aﬁl,p, [, ,||) Then there exists a p > 0 such that
1 A Al x Pk
Ty Z Mk( ( k k sy R1y """ 7Zn71‘|)> <67
Ps n€c,c€P; P

*

for every € > 0. Suppose that sup ('01 = 00, then there exists a sequence of numbers
s>1 Ps

*

05
(s4) such that lim 2 = co. Hence, we have
j—ro00 (ps*

LY (R L))

w5, 1 A AT Pk
<sup—2— 3 Mi(q(|IFEEE e zll)) = oo

i>1 Ps <st n€o,oc€P, P
Therefore, x & m(M,g@**,q,A,A”m,p, I, ,.||>, which is a contradiction. This com-
pletes the proof of the theorem. O

Corollary 4. If M = (My) be any Musielak Orlicz function. Then

m<M7§0*7Q7A7A:Lnap7 ||7 e 7||) = m(Maw**vquvA:}napv Hv e 7||>
, , @5 2
if and only if sup < o0, Ssup > 0.
s>1 Ps s>1 9%
Proof. It is easy to prove so we omit. O

Theorem 5. For Musielak-Orlicz functions M = (My), M’ = (M},) and M" = (M]))
which satisfy As-condition and q, q1, qo are seminorms. Then the following relation
holds:
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(i) m( Mo, 0 A AL - Il) € m( Mo Mo q, A AT p |- )

(i) m(M’Ap,q,A ALl ,-II) ﬂm(M”ytp,%A,A%m, [l 7-||)
m( M+ M 0, A A )

(i) m( M. .01, A AL o) N (M 0o, A ATl L m
C (Moprar+ a2 A AL w1 ).

Proof. The proof of theorem along the same lines as the proof of the Theorem 2.5 of [1].
O

Corollary 6. If M = (My) be any Musielak Orlicz function which satisfy Ao- condition.
Then m<M7§0aq7A7A?n,ap7 ||7 e 7”) C m(Ma§07QaA7A?napa ||7 T H)

Theorem 7. If M = (My) be any Musielak Orlicz function. Then the sequence space
m(M7 ®,4, Av Aprv Hv Tty ||) s solid.

Proof. Let x € m(M,gp,q,A,A:ﬁl,p, [y ,||) Then there exists p > 0 such that
A Al x P
hm— Z Mk( ( SRR ,zn_1|\)> <,
kEJUEP P1

for every € > 0. Let () be a sequence of scalars with |ag| < 1 for all n € N. Then, we
have

3 Mk(q(||A’“Ale(OW’C)72h... 7anl”))m

k€o,0€Pg
1 A A L Pk
< — 3 el (a(IFE=EE ezl
Ps k€o,0€Ps
1 A A Pk
S - Z ( (|| i Zla"'7z7z—1”)> )
Ps k€o,0c€Ps
which proves that m(./\/l, o, ¢, A, AT ]y ,H) is solid space. O
Corollary 8. If M = (M) be any Musielak Orlicz function. The sequence space
m(./\/l, o, g, N, A o] ||) 18 monotone.
Proof. Tt is obvious. O

3 Generalized sequence spaces

Let A = (a;) be an infinite matrix of complex numbers. Then, we have

Az) = (As(x)) if Ay Zalkxk
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converges for each 7. For more details see [1].

In this section we introduce the following sequence spaces which are actually the
generalizations of sequence spaces defined by Altun and Bilgin [1]. Thus we have the
spaces:

" 1 A Al x Pk
m(M,A,go,Am,p,H.,n-,.||):{m:(xk)€s: sup fZMk(H%,Zh“',zan)

s>1,0€Ps Ps reo

< o0, for some p > 0}.

If My (z) = x, we have

1 AkAnik Pk
m(A o, Al ) = {o= @) e s s 3D (IFEEEE 2 )))
s>1,0€Ps Ps keo

< 00, for some p > 0}.

In this section of the present paper we shall also study some topological properties
and inclusion relations between the spaces m(M, A, o, A™ p/||.,--- ,.|]).

Theorem 9. For Musielak-Orlicz functions M = (My). Then the sequence space
m(M, A, o, A% o], ,.]]) is a linear space over the set of complex number C.

Proof. Let x = (z1) and y = (yx) € m(M, A, o, A2, p,||.,---,.]|) and «, 8 € C. Then
there exist positive real numbers p; and ps such that

1 AkAn Tk Pk
sup —ZMk(||7m,zl,~~,zn,1||) < 00
s>1,0€Ps Ps P1

kco
and oA
1 n Pk
sup —ZMk(||M,z1,-~- ,zn_1||> < 0.
$>1,0€Ps Ps | P
Define ps = max(2|alp1,2|B|p2). Since ||.,...,.|| is a n-norm on X and (M},) are non-

decreasing and convex function so by using inequality (1.1), we have
1 AR AT (g, + By Pk
S A (= L)

s>1,0€P, Ps keo P3
1 AkA" AT AkAn /8 k Pk
o LS an(en) L (ASO )
s>1,0€P; Ps keo P3 P3
1 1 AR AT P
< K sup 72 - Mk<||k7mmk721,"' ’Zn—1||> )
s>1,0€P, Ps keo 2Pk P1
1 1 AR A7 Pk
+ K sup *ZTMk@(Hkimykazlw“ 7Zn—1||))
s>1,0€Ps Ps keo 2Pk P2
< oo
Thus, we have az+8y € m(M, A, ¢, A" p,||.,---,.||). Hence m(M, A, ¢, A% p, ||+, .]])

is a linear space. O
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Theorem 10. For any Musielak Orlicz function M = (My) and a bounded sequence
p = (px) of strictly positive real numbers, the space m(M,gp,AAQ”]L .- ,H) s a

topological linear space paranormed by

AkAn Tk Pry

Pr 1 M
g(x :inf{pﬁz( sup — Mk( — = 2,y 21 ) ) <1l,r=1,2.3,---
(z) > M|l ; Il

s>1,0€Ps Ps ke

where M = max(1, sup py < 00).
k

Proof. Clearly g(x) > 0 for x = (z1) € m(/\/l,go,A,A"m,p, [, ,||) Since M(0) =0,
we get g(0) = 0. Again, if g(x) = 0, then

Pr 1 A An Pk £
gle) =it {p% s (s — SO (IIFEEEE ) T) T <1 =0
s>1,0€P;s Ps P P

This implies that for a given € > 0, there exist some p.(0 < pe < €) such that

AR A7 ar
( sup ZMk<||M721,'“ 7Zn_1||)pk>M <1

s>1,0€P, Ps

Thus

1
ALA" PN\ 1
(uPes1oer, = Lreo Mu( 14555 21 o 20 a]l) )

1

< ( sup ZMk( wzh...,znqﬂ)pvﬁ

s>1,0€Ps Ps keo €
< 1

9

Suppose that xp # 0 for each k£ € N. this implies that Ay AT xp # 0 for each k € N. Let

e — 0, then ||%,zl, vy Zn—1|| = oo. Tt follows that

AR A" Pk 7
( sup ZMI@(HM7317'” ,Zn71||> k)M — 00

s>1,0€P; Ps keo

Which is a contradiction. Therefore, AyA7,xz = 0 for each k and thus z; = 0 for each
k € N. Let p; > 0 and py > 0 be such that

g~

( sup ZMk(HM Z17”.7zn_1||>pk) <1

s>1,0€P; Ps

and

AR ALy PN o
( sup ZM <|| o zl,~~,zn_1||) ) <1.

s>1,0€P; 903

Let p = p1 + p2. Then by Minkowski’s inequality, we have
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1
A Anx PN\ 1
(Sups>1 o€Ps oy Zkeng(” . 2 y 21yt 7Zn71|‘) )
1 ArAvx PN 7
< ( sup 72 (H . kvzla"' azn*1||) )
s>1,0€P; Ps ko P1 +
1 AR AT AR AL PR 37
S ( sup - ZMk( o H k mmkazh weey Z'nle + Pz H b mykazh “-7Zn71‘|>) ) N[
s>1,0€P; Ps p1+ p2 P1 p1+ p2 P2
ARALx P\ 37
(o, S ()
p1+ p2 5>1 o'ePS Ps ot pP1
1 A A™ PEN 77
( © )( sup o Mk<q<” u yk7zl7"' 72/77‘71”)) )
P1+ P27 \s>1,0epP, Ps Pt P2
< 1.

Since p's are non-negative, so we have

Pr p e
gz +y) = inf{ﬂﬁ : ( sup ZMk< M,Zla”' 7271-1”) k)M < 1}
s>1,0€P, Ps beo P
- Aty Py &
< lnf{ i : ( sup ZMk( b 'm,xk )Ryt 7Zn—1||) k>M < 1}
s>1,0€P; Ps keo P1

S

pr 1 AR AT PEN 37
+ 1nf{ M:( sup 7ZMk(||anlyk,Zl7“'7zn—1||) k)M Sl}.

s>1,0€P, Ps keo

Therefore, g(z +y) < g(x) + g(y)
Finally, we prove that the scalar multiplication is continuous. Let p be any complex
number. By definition,

. pr 1 ARAl PEN 37
glur) =it {p% o (sup — ST (IIFEERE s ) ) T <)
s>1,0€Ps Ps ke 4

Then

g(px) = e { ()% (_sup ZM(IIM v zall)”)

s>1,0€Ps Ps P3

S

3

where t = ﬁ. Since |p|Pr < max(1, || sup p,-), we have

AL A" PE\ 7
o) = max(1, | suppr) in { ()5 : (_sup ZMk(||k—m‘”ﬁzl,m7znfl|\) )" <1}

s>1,0€P;g
€o

So, the fact that scalar multiplication is continuous follows from the above inequality.
This completes the proof of the theorem. O

Theorem 11. If M = (My,) be any Musielak Orlicz function. Then

m( Mg A AL ) Cm( Mg AN )

if and only if sup $s < 0.
s>1 QOZ*
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Proof. The proof is trivial so we omit it. O

Corollary 12. If M = (My) be any Musielak Orlicz function. Then

m(M,@*,A,A%,p, ||7 e 7”) = m(MaQO**7A5A:lnapa ||a ) H)
, , ©s 25
if and only if sup —- < 0o,  sup —— > o0.
s>1 Ps s>1 Ps
Proof. 1t is easy to prove so we omit. O

Theorem 13. For Musielak-Orlicz functions M = (My), M' = (M) and M" = (M]))
which satisfy As-condition. Then the following relation holds:

(i) m (M0, A AL LIl ) € (Moo Mo, A AT Ll
(ii) m (M, 0, A, AL oo 1) O (MY, A AL )

c m(M’ + M 0, A A . 7«||)~

Proof. The proof is along the same lines as the proof of the Theorem 2.5 of [1]. O

Corollary 14. If M = (My) be any Musielak Orlicz function which satisfy Ao- condi-
tion. Then m(M, o, q, A, AT ] ,H) C m(M,go,A,Afmp, [, ||)

Theorem 15. If M = (My) be any Musielak Orlicz function. Then the sequence space
(Moo, A AL p | 1) s solid

Proof. Let x € m(/\/l,ga,A,A"m,p, I, ,||) Then there exists p > 0 such that

1
sup — Mk(
s>1,0€P, Ps k'EZO' ||

AL AT xy, Pk
m
7221,"',22”,1”) <€,

for every € > 0. Let (ay) be a sequence of scalars with |ag| < 1 for all £ € N. Then, we
have

1 AR AT (agx Pk
sup ZM’“(|W’Z““"Z"1”)

s>1,0€Ps Ps keo

1 AkAn Tk Pr
< sup —Z|ak|Mk(||7m,21,"' ;Zn—1||)
s>1,0€P, Ps e P
1 AkA" Tk Pk
< s SRR )
s>1,0€Ps Ps keo 14
which proves that m(/\/l, o, A, A ol ||) is solid space. O
Corollary 16. If M = (My,) be any Musielak Orlicz function. Then the sequence space
m(/\/l, o, A A o] H) is monotone.

Proof. Tt is obvious. O
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