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On Multi-Singular Integral Equations Involving
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S. M. S. Nabavi Sales?, O. Baghani®

?Department of Mathematics and Computer Sciences, Hakim Sabzevari University, P.O. Box 397, Sabzevar, Iran

Abstract. We deal with some sources of Banach spaces which are closely related to an important issue in
applied mathematics i.e. the problem of existence and uniqueness of the solution for the very applicable
weakly singular integral equations. In the classical mode, the uniform space (C[a, ], ||.llo) is usually
applied to the related discussion. Here, we apply some new types of Banach spaces, in order to extend
the area of problems we could discuss. We consider a very general type of singular integral equations
involving n weakly singular kernels, for an arbitrary natural number n, without any restrictive assumption
of differentiability or even continuity on engaged functions. We show that in appropriate conditions the
following multi-singular integral equation of weakly singular type has got exactly a solution in a defined
Banach space
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In particular we consider the famous fractional Langevin equation and by the method we could extend the
region of variations of parameter a + f§ from interval [0, 1) in the earlier works to interval [0, 2).

1. Introduction

In this paper we focus, exclusively, on a kind of multi-singular integral equations of weakly singular type
and the related spaces which are substantial for these equations. A large number of mathematical concepts
are required to use such equations and consequently such spaces. The methods of integral equation may
be used more effectively than techniques of differential equation in many types of problems in applied
mathematics, engineering, and mathematical physics [1]. They can be applied to a wide variety of scientific
fields — potential theory, mechanics, water waves, scattering of acoustic, electromagnetic and earthquake
waves, statistics, and population dynamics; [2, 3]. An integral equation is said to be weakly singular if the
kernel is singular within the range of integration provided that the singularity is allowed to be transformed
into regularity by a suitable transformation [4]. The multi-singular integral equations that we have studied
in this article are an extension of Abel’s equation and some related integral equations. Abel’s equation can
be regarded as a basis for the definition of the operator of fractional differentiation of order 0 < & < 1, usually
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denoted by I¢; [5]. So this manuscript can be effectively used in the field of fractional differential equations
[6]. There are several definitions for a fractional derivative of order @ > 0. Two most commonly used are
the Riemann-Liouville and Caputo definitions. The difference between them is concerned with the order of
evaluation. The definitions and properties of the fractional calculus theory are given in [7]. The fractional
calculus is a generalization of ordinary differentiation and integration to arbitrary non—integer orders. The
fractional differential equations play an important role in various fields of science and engineering. Many
mathematical models in viscoelasticity, chemistry, finance and other sciences can be described by using
fractional order derivatives [8-10]. A collection of these models based on the fractional calculus are given
in the book of Mainardi [11], and the papers of Cermék and Kisela [12] and Bagley and Travik [13]. Many
valuable papers on the theoretical analysis have been carried on. Specially the existence and uniqueness
of solutions for nonlinear singular integral equation and fractional differential equations are extensively
studied [14, 15]. Among theoretical topics, the existence and uniqueness have a high altitude because the
reliability of simulation methods depend extremely to these issues [16-25]. Although most of problems
in the field of integral equations are considered to be scalar, many applications involve systems of weakly
singular Volterra integral equations (VIEs) and weakly singular Fredholm integral equations (FIEs) with
high dimensions that this paper covers them very well [26, 27]. In final section, we offer an application of
these topics in the initial value problem of Langevin equation involving two fractional orders.
In [28, 29] we have sconsidered the following integral equations
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and using the tools provided in certain Banach spaces, we discussed the problem of existence and uniqueness
of the solutions for them. By this way we, in fact, bring the discussion to spaces which are very broader
than the uniform space (C[a, b], ||.|l). Equations (1) and (2) each, is obtained from a particular fractional
differential equation so the method introduced, may be helpful in the similar issues for a such type of
equations.

In this paper we first introduce some classes of Banach spaces, we have named LP4([0, 1]), LP"*([0, 1])
and L,4([0,1]). These classes are indeed the subclasses of real measurable functions defined on interval
[0,1]. We express some of their properties which are of vital importance to the topic. Then we show that
the following multi-singular integral equation of weakly singular type in appropriate conditions has got
exactly a fixed point in the Banach space of a kind introduced above
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where t,, is in [0, 1] and fot stands for a multiple integral. Note that (1) and (2) are special cases of (3). We
emphasize that (3) may be stated by suitable composition of the operators I“s.

Finally we consider the famous fractional Langevin equation, considered in [23, 25, 28], and by the
method we could extend the the region of variations of parameter a +  from interval [0, 1) in those papers
to [0,2) as well. It can be said the most important part of the article refers to this point. In fact in [28] the
existence and uniqueness problem of the fractional Langevin equation is discussed. Using tools provided
in certain Banach spaces introduced there, it enhances the ability to select the functions involved in the
equation from (Cla, b], ||.|ls) in [23], to Lebesgue measurable functions. In that method, the parameter o + 8
appeared in the equation has only been accepted to lie in [0,1). Here, in this paper, we generalize the
method and introduce the similar spaces with multiple integral instead of simple integral, to discuss the
multi-singular integral equations involving n weakly singular kernels. Such equations have fractional
Langevin equations as spacial cases of their own. Due to this, we could extend the region of variations
of parameter « + f from interval [0, 1) in [28] to interval [0,2) in this paper. This is done getting together



S. M. S. Nabavi Sales, O. Baghani / Filomat 32:4 (2018), 1323-1333 1325

with extending the area of the topic in [23], as what has been done in [28]. This is useful for the practical
issues, undoubtedly. We present an example to show that we speak in real situations. Note that norm and
completeness of the associated space, both, are important to our needs in this part, therefore they have been
placed under scrutiny as much as required.

The relationship between multi-singular integral equation and the Riemann-Liouville integral operator
I, o € R*, is introduced in what follows.

2. Preliminaries

In this section, we provide some notations, definitions and basic facts in this issue which we need in the
final section.

Definition 2.1. ([21, 25]). The Riemann-Liouville integral of order « for the function x is defined as

N (f— )a 1
I“x(t) = f (@) ———x(s)ds, 0<t<1, 4)

wherem —1 < a < m, m € N and T'(.) is the Gamma function, provided that the right-hand-side integral exists and
is finite.

Definition 2.2. ([21, 25]). The a-th Caputo derivative of the function x is defined as
D%x(t) = f (t —s)" " IM(s)ds, 0<t<1, (5)

wherem — 1 < a < mand m € N, provided that the right-hand-side integral exists and is finite.

We note that the Caputo derivative reduces to the conventional m-th derivative of a given function as
a — m. Also, without loss of generality, the definitions (4) and (5) could be extended to any interval [a, D].

The relationship between (4) and (5) and other properties of these notions are stated in the next theorem.
For their proofs, we refer to [21, 22].

Theorem 2.3. Let a,f € R*, r,1e R, m,n e N*, a € (n—1,n), u € Cla,b], and f € C"*"[a,b]. Then,
i) I0:=1, I°IPu(t) = IPI°u(t) = I**Pu(t) where I is the identity operator;
ii) D° := I, D*C = 0, where C is a constant;
k
iii) DI*u(t) = u(t) and 1"Du(t) = u(t) — Y -0 2@ 4,
iv) I*(t — ay = B (k- )+, Dt —a) = L2 (t—a)
v) DD f(t) = D"D*f(t) = D™ f(t), if f*(a) =0,s=n,n+1,--- , m+n—-1,
oi)ifa; € (0,11, i = 1,...,n, with « = X' | a;, are such that, for each k = 1,...,m — 1, there exist iy < n with

Z;k: 1aj = k, then the following composition formula for the Caputo fractional derivative holds:

D%u(t) = D% ...D“D%u(t).

vii)ifa; € (0,00),i=1,2,--- ,n, witha = X i, then the following composition formula for the Riemann-Liouville
integral holds:

a B 1 i f u(s)
Pl =y T fo fo b fo) o (i — gy

viii) the general solution of the fractional differential equation D*u(t) = 0 is given by u(t) = Y.I=y c;t', where ¢; € R,
i=01,---,n-1
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3. Some classes of normed spaces

In this part we work mainly on real functions defined on interval [0, 1], considered as a measure space
with the g-algebra .Z consisting of all Lebesgue’s measurable subsets, and Lebesgue’s measure m defined on
Z. Therefore when we say measurable function we refer in fact to a function that is Lebesgue’s measurable
on this interval. We introduce a new source of Banach spaces which are taken advantage in speaking of
solution of weakly singular integral equations and fractional differential equations.

3.1. LP4 spaces

First we introduce some normed spaces which are generalizations of the classical LV spaces. Most of
proofs are done by appropriate adoption in associated proofs. Here we only want to express the properties
we need in the final part of the paper. The others may come in another paper.

Definition 3.1. Let f be a measurable function and 1 < p < oo and let & = {ax}}_, be finite sequence in [0,1). We
define
Ifllpa =

1 fo ¢ ¢ ;
n 1 n—1 2 1 1 |f(s)|P )p
s dsdty - - - dt, -

(fo fo (tn = ty1)™ fo fo (h—t)@ Jy (-s)@ '

1 by ot :

n n—1 2 1 |f(s)|l7 )P
dsdty---dt,| .

(fo fo jc: j(; fo (= byg)® - (b — b)02(h — )@

For a function f we allow that ||fl|,a = oo but those for which ||.||,,s is finite form a vector space we denote by LP*.

Above all, we shall to verify that ||.||,» defines really a norm on LP4, when we identify functions that are
equal almost everywhere. Among the conditions required for which, one may need to check the triangle
inequality. The following theorems are related to the well-known Hoélder’s and Minkowski’s inequalities
that establish the triangle inequality as in the classical L7 spaces. Their proofs are comparatively the same
and we have to drop them. Hereafter, the number 1 < p < co and the finite sequence & = {a};_, in [0,1)

are considered to be fixed. By & = 0, we mean a; = 0 fori € {1,2,--- ,n}. Also a? is the finite sequence
{1, -+ ,a;} forsomei€e {1, ---,n}.

Theorem 3.2. (Holder’s inequality) Let f and g are measurable functions. Then
Ifglha < Ifllpallgliga
where q stands for the conjugate exponent to p.
Theorem 3.3. (Minkowski’s inequality) Let f, g € LP*. Then
If + gllb.a < MIfllp.a +11gllp,a-
Proposition 3.4. L>% is an inner product space.
The following theorem establishes the completeness of L. In its proof we use this fact that the necessary

and sufficient condition for the completeness of a given normed space is that every absolutely convergent
series in that space converges. First a lemma that is our requisiteness.

Lemma 3.5. Let f be a positive measurable function such that fol af_(—g“dt < oo for some o € [0,1). Then f is finite
a.e..
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Proof. Let E = {t; f(t) = oo} and m(E) # 0. Thus
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which is impossible. ]

Theorem 3.6. L% is a Banach space.

1

f)

o (1-1)¢

dt < oo

1327

Proof. Suppose {fi}ten is a sequence in L/ such that ¥',2, || fill,.a = B < co. Let G, = L} |fyl and G = Y7 | fil.

Thus

m
1Gullns < Y Ifillpa < B
1

for m € N. Utilizing the monotone convergence theorem, several times, we reach to

fff ff(t—tn 1) - (tz—t1)“z(t1—s)a dsdty - - - dt,

,iif;f f f f f (s e e LR

which implies that the function /;; defined on [0, 1] as

<P

tw -1 tr  rh G
hi(ty) == dsdty - - -
1{E) ,fo j(; fo fo (tn — ta) - (b2 — b)(t =)™

is in L. It follows that i (t) < oo a.e. so h1(1) < co. Hence the function &, defined on [0,1] as

hy (tn-1) ==

ffnl ftnl ffz fh G? Jsd p
. S t e t _
o Jo 0 Jo (=t (-t —sm

is in L! by Lemma 3.5. Going on in this process we find that G? € L!. Therefore G < o a.e. which implies
that series Y.1" f¢ converges a.e. to a measurable function, say F. Obviously |F| < G so F € L. Moreover,

IF - Z filf <Gy e L.
1

Therefore applying the dominated convergence theorem several times brings us to

n
F=Y" £l =
1

fl ffn ftn—l . ftz fh |F — Zg fk|
0o Jo Jo 0o Jo (tn—ty-1)® - (b2 — )2t —s)™

dsdty - - -

dt, >0
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The following proposition concerned with the relationship between simple functions, i.e. the functions
with finite image, and the matter of our discussion. What we see is very similar to that of classical mode.

Proposition 3.7. The set of simple functions is dense in LP4.

Proof. Obviously simple functions each one is in LP#. Let f be in LP*. There exists a sequence of simple
functions {¢n}, such that ¢, — f a.e. as n goes oo and |p,| < |f|. This implies that |¢p, — fI’ < 27|fIF, so by
invoking the dominated convergence theorem several times we have that ||, — fll, = 0. O

Definition 3.8. Let & = 0, the constant finite sequence 0 with n terms. Then LP% is denoted by L™

3.2. Ly, spaces

At this point we want to speak about one other source of normed spaces named the spaces of L, 4.

Definition 3.9. Let f be a measurable function and 1 < p < oo and let & = {ax}}_, be finite sequence in [0,1). We
define
pallfll =

t t— t t l7

n 1 n-1 2 1 1 s 14 ;
sup f f f VO sty dt, | =
e Jo (b = tam1)® Jo o (—t)% Jy (t1—s)

tn -1 153 ty | f(s)I” %
su e dsdty ---dt,—1] .
(tne[o},)uﬁ j(: j(: \fo‘ (tn — tu)® - (f2 — t)2(t =) !

For function f we may have ,4|f|| = oo and those for which , 4||.|| is finite, form a vector space we denote by Ly .

It is easy to check that L, 4 is a normed space. In fact Minkowski’s inequality holds for ,4l|.|| as the classical
debate.
The following property is concluded immediately from the definitions.

Proposition 3.10. Let f be a measurable function. Then

pall fll Z 11 fllp,a0-0 = lfll, 00

In particular
a(1=1) —
Lyac P2 cpm

Note that if f(s) = \/1#: and o = %, then f € LI([0,1]) but f ¢ L1,([0,1]), so the inclusions in the recent

proposition is sometimes strict.
Theorem 3.11. L, is Banach.

Proof. Let {fi} be a Cauchy sequence in L,4. So it is Cauchy in L’ by the previous Proposition, which

implies that it converges to the element f of L2, because of the fact that "2 is Banach. Let ¢ > 0 and
N be a natural number such that ,4[|f; — fjll < ¢ fori,j > N. Now let j > N. A routine computation and
using Fatou’s lemma several times ensure

pallf = fill <Hmpallfi = fill < e

Therefore f isin L4, and f; — f as j goes oo, which means L, 4 is Banach. [
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4. The result of existence and uniqueness

In this part we want to speak about the high ability of the spaces mentioned above in a significant
discussion arises in applied mathematics. This is related to the problem of existence and uniqueness of
the solution for certain weakly singular integral equations. We work in fact in continuation of the works
accomplished in [28] and [29] and the method used for certain simple fractional deferential equations in
those articles is extended here to singular integral equations involving n weakly singular kernels. First
some notations.

Let & = {a, - ap,} and ﬁ = {B1, - Bu,} be two sequences in [0,1). By & < B we mean a; < f3; for
i € {1,--- ,min{ny, no}}. In this case it is easy to see that if n; < ny, then ,4||fll < m@llfll for a measurable

function f and number p > 1. We use foti instead of fot Ot""fl fotl and ds; instead of dsdt; - - - dt,_1. I'(&;) is
in fact T'(aq) - - - T(ay,).
Theorem 4.1. Let a; ={aj, -, a; ), 0 = {a

17"

and %7 + % =1for L <p < cowherea = mini,j{a{} and let fi, fo---, fi be functions satisfying in the following
conditions

(i) fi(s,0) €Ly g foriefl,--- 1

(ii) there exists A; € LP™ such that |fi(t,s1) — fi(t,s2)| < Ai(t)ls1 — szl forie{1,--- 1}, t €[0,1] and 51,5, € Rk;

(iii) ;’s are real numbers such that R := MZ,L1 %Ilm(s)llpﬁ < 1 where M := gq-qa L.
Then the following integral equation has a unique solution in L, ,_,z
! 4
Vi ! fi(S/ X(S))
x(t) = Z o= f = —ds; + §(t). ©6)
= T@) Jo (b, q)! "% (= 5)'
Proof. Letx € L, .5 and define operator T as follows:
! t
i i i(s, x(s
Tx(t) = Y| Vi f i (,» Q) ds; + (t). @)
= 1) Jo (k= £,0) - (0 =)'

We want to show that T has got exactly a fixed point in L. Note that

ITx(t)l

IA

! &
il (" |i(s, x(s))|
a; i ~ds; t
Z (i) L (t = ty1) ™% (t — ) si + Ip()]

i=1
il (8 |fi(s, 0)| Lol (% 1fis, %) = £i(s,0)
ds; _ds;
i)fo (t—ty_1) s +; )fo si + o(t)]

= T@ IR RCEE T@) o (1 = ty) ™ (01 = )7
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lyil (" Ai(s)lx(s)l
T@i) Jo (£ =ty 1) "% - (t — 5)1 7%

| | |7/l fi p );17 fti |x(5)|q %
r@y 0)”+Zr< »( A N W e Bl

i
g lfiGs, Ol + 2 r(y il gg-g 31+ gl

ds; + |p(t)]

A
-
:_

-z llfi(s, Ol +Z

IA

IA
I\
KR
—
/‘\
\-/

i i
L el 0l + Zr(y I, g+ Il
i=1

IA
-
:

2)

[
o

/\ —_
8

Thus

1

1
6 i b ]
i Tx S q 1 i Bq q
[f I]()| 1dsi) S(f . -ds;| <BM <
0 (t = ty-1)" "M (B —5)T 0 (t = ty—1)" "M (B —5)TI0

which implies that T carries the space of L

g.q-qa; into itself so we can consider T as

T: Log-gai = Log-qi-

Now, suppose x and y are in L Therefore

9,9-qa1°

i il [t Lfils, x(6) ~ fils, y(s)]
r(a’ ) Jo (t— - 1)1 a, .. (b - S)l_"‘;
il Ai(s)Ix(s) — y(s)|

F(O‘ ) Jo (t— tni_l)l’airi oo (b — S)l—ag

ITx(t) = Ty(®)l

IA

dSi

i

IN

dSi

i=1

/ . b ;17 t; _ %
Il (f I, (s)fdsl) U MO ZYOF g,
0 (= bya) I (1 — )

IA
™M
o
@\

i=1
! |7/
[ ray e >||po] paami =yl
Hence
Tx—T M|y
pagiITx =Tyl < Z r @y O, |g-geilie = il
= qu—qalnx_y”-

The operator T is a contractive mapping due to the assumption that R < 1. So we can utilize the contraction
mapping principle. Accordingly there exists a unique element x* € L, ,_5; so that Tx" =x*. [

Remark 4.2. Since L
solution in L™,

gq-q@ C L7, under the assumptions of Theorem 4.1, the integral equation (6) has a unique
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5. Application

In this section, we apply Theorem 4.1 to verify the existence and uniqueness of solution for the initial
value problem of a type of the well-known fractional Langevin equation which is in the following form:

DF(D® + p)x(t) = f(t,x(t), O<t<1,
x®(0) = w, 0<k<m, (8)
x@0(0) = vy, 0<k<mn,

wherey e Rm—-1<a<mmn—-1<p<nmmneN,D*and DF are the Caputo fractional derivatives and
f:10,1] xR — R is a Lebesgue measurable function.

The fractional Langevin equation has some significant applications in physics and engineering. For
instance it is used for modeling of single-file diffusion [30] and for a free particle driven by power law type
of noises [31]. In [32], the transformation of the Fokker-Planck equation, which corresponds to the Langevin
equation with multiplicative white noise, into the Wiener process is made available for any prescription.
This equation raised out of the work of French physicist Paul Langevin in 1908 who proposed an elaborate
description of Brownian motion, that is the random movement of a particle submerged in a fluid, due to
its collisions with the much smaller fluid molecules. Since then, Langevin was considered as one of the
institutors of the branch of stochastic differential equations [33]. Many of stochastic problems in fluctuating
environments are described by Langevin equation [34]. But for some complex systems, the classical
Langevin equation cannot offer a correct concept of the problem. As a result, various generalizations have
been offered which make up the lacks of the classic cases and they describe more physical phenomena in
disordered regions [35]. In [28] the author considered this equation and proved some result related to the
problem of existence and uniqueness of that. Here we generalize the method of that article and we extend
the region of variations of the parameter a + f8.

Theorem 5.1. Under the conditions of Theorem 4.1, the initial value problem of fractional Langevin equation
involving two fractional orders (8) has a unique solution in L7'[0, 1] for some 1 < g < co.

Proof. Let x(t) be a solution of the initial problem (8). By taking the operators If and I* of both sides of the
equation (8), respectively, and by using Theorem 2.3, we have

m=1
x(t) = I“Iﬁf(t x(t)) — yI¥x(f) + Ia(Za ) + Z bt
i=0
f(s x(s)) V4 t x(s)
F(a)l" ﬁ) f f (t - t1)1 “(tl — S)l_ﬁ dsdty = r(a) 0 (t — S)l—a ds (9)

I'G+1) i ;
Z IFa+i+ 1 wET Z it
Using the initial conditions for the initial value problem of Langevin equation (8), we deduce that

Vit YHi

= = <i
i IMa+i+1) O<i<mn,
and ;
-:—l <i .
b; Ti+1) 0<i<m

Substituting the values of 4; and b; in (9), the solution x(t) can be obtained as the following integral equation

RS £(5,%(6))
*f) = 2 ) sy a)r(mf f = hy=a(n —syoh

) (10)
vit y[“ll a+i ] Hj tj

Fa+1+1) ],zol"(j+1) ’
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Obviously, the equation (10) is a special case of (6) with [ := 2,1, :=1, 7/1 = —y, o = lal, filt,s) ==s,mp:=2,
va =1, = o, B, folt,s) := f(t,5), and ¢(t) := ¥ rr;zf’l)t““ + }:] o r]+1 it Then the initial problem (8)
has a unique solution in L%1]0,1] for some 1 < q < oo.

It is necessary to mention that our article is a real extension of the results of the articles [23] and [28]. The
article [23] has discussed the existence and uniqueness of solutions for the initial value problem of Langevin
equation involving two fractional order (8) with the continuity and differentiability assumption for f and
the article [28] has discussed the existence and uniqueness of solutions with the constraint 0 < & + < 1.
However, in our manuscript for any measurable function f, we investigate the existence and uniqueness of
solutions in initial value problem (8) with the less restrictive assumption 0 < o + < 2.

Example 5.2. Consider the following initial value problem

DS/8(D3* + Lyx(t) = FEM;% 0<t<1,
x(0) =0, (11)
x4 (0) = 1.
Obviously, this equation is a special case of (8) with a = g, B= %, y = %, to =0,v9 =1and f(t,s) = mt%r;fsim,
for 0 <s < t < 1. First note that f is discontinuous of infinite type at t = 0. Therefore, the obtained results in
[23] do not cover this example. Also, the parameter « +  does not belong to the interval [0, 1), so by using
the results of [28], we could not speak about the existence and uniqueness of solution of this problem, too.
Then, we show that the assumptions (i)- (iii) in Theorem 4.1 are satisfied.
Takingp =2, A1(t) = 1,and A, (¢) = F(l 73 et t71/4, the assumptions (i) and (ii) of Theorem 4.1 are satisfied.

Now, we are checking that R < 1. It is easily seen that

1/2
M=,, 5l = 1.22474
22-2m 1Ml = tz};};]f (t—s)1/3

1 1/2
Ml = ( f f ds ) = 070710
f p=256-1/2 P
210, = f f f r2(1/4)dsdt1dtz) =~ 0.17868.

Therefore,
R:= MZ il Il = 041394 <1
So, utilizing Theorem 4.1, we conclude that (11) has a unique solution belonging to L>![0, 1].
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