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Abstract

This paper studies the existence and unigueness of solutions for a nonlocal singular
boundary value problem of second-order integro-differential equations in weighted
spaces. The method of quasilinearization is applied to obtain monotone sequences of
approximate solutions converging uniformly and quadratically to a unique solution of
the problem at hand. An illustrative example is presented.
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1 Introduction

Boundary value problems (BVPs) for nonlinear differential equations arise in a variety
of areas of applied mathematics, physics and in variational problems of control theory.
A point of central importance in the study of nonlinear boundary value problems is to
understand how the properties of nonlinearity in a problem influence the nature of the
solutions to the boundary value problems. During the last two decades, the theory of sin-
gular boundary value problems has also been extensively developed. This is largely due to
the fact that the mathematical models in the study of nonlinear phenomena give rise to sin-
gular boundary value problems. Examples include energy analysis problems [1, 2], plasma
and electric potential theory [3], circular membrane theory [4], membrane response of
a spherical cap [5, 6], deformation of membrane cap [7], theory of colloids [8], flow and
heat transfer [9], draining flow [10, 11], flow of a gas through porous media [12], Homann
flow [13], boundary layer problems [14], pseudoplastic fluids [15], etc. For the theoretical
background of singular boundary value problems, we refer the reader to the references
[16, 17].

Integro-differential equations arise in many engineering and scientific disciplines, often
as an approximation to partial differential equations, which represent much of the contin-
uum phenomena. Many forms of these equations are possible. Some of the applications are
unsteady aerodynamics and aero-elastic phenomena, visco-elasticity, visco-elastic panel
in super sonic gas flow, fluid dynamics, electro-dynamics of complex medium, many mod-
els of population growth, polymer rheology, neural network modeling, sandwich system
identification, materials with fading memory, mathematical modeling of the diffusion of
discrete particles in a turbulent fluid, heat conduction in materials with memory, theory of
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lossless transmission lines, theory of population dynamics, compartmental systems, nu-
clear reactors and mathematical modeling of hereditary phenomena. Also, the governing
equations in the problems of biological sciences, such as spreading of disease by the dis-
persal of infectious individuals, the reaction-diffusion models in ecology to estimate the
speed of invasion ezc., are integro-differential equations. Thus, it is important to study
singular boundary value problems for nonlinear integro-differential equations. It is worth
mentioning that most of the results on singular boundary value problems deal with the
existence and uniqueness of the solution of the problems under certain conditions. There
are only a few papers which develop some constructive methods for the solution of the
nonlinear singular problems.

The study of singular nonlocal boundary value problems for nonlinear differential equa-
tions was initiated by Kiguradze and Lomtatidze [18] and Lomtatidze [19, 20]. Since then,
more general nonlinear singular nonlocal boundary value problems have been studied ex-
tensively. Some results concerning the positive solutions of singular boundary value prob-
lems can be found in [21-25] and references therein. A great deal of the work on singu-
lar boundary value problems is mainly concerned with the existence of the solution. It is
equally important to construct the solution of the problem once its existence is proved.

The monotone iterative technique is one of the efficient analytic methods for solving
nonlinear boundary value problems. This technique coupled with the method of upper
and lower solutions [26] manifests itself as an effective and flexible mechanism that offers
theoretical as well as constructive existence results in a closed set, generated by the lower
and upper solutions. In general, the convergence of the sequence of approximate solu-
tions given by the monotone iterative technique is at most linear. To obtain a sequence
of approximate solutions converging quadratically, we use the method of quasilineariza-
tion (QSL). The origin of the quasilinearization lies in the theory of dynamic program-
ming [27]. In fact, the quasilinearization technique is a variant of Newton’s method. This
method applies to semilinear equations with convex (concave) nonlinearities and gener-
ates a monotone scheme whose iterates converge quadratically to the solution of the prob-
lem at hand. In view of its diverse applications, the quasilinearization approach is quite
elegant and easier for application algorithms. A detailed description of the QSL method
can be found in the monograph [28] and a series of papers [29-48].

Devi and Vatsala [49] discussed the QSL method for second-order singular boundary
value problems with solutions in weighted spaces. Eloe [50] developed the QSL method
for singular boundary value problems on an unbounded domain. Ramos [51] discussed
piecewise quasilinearization techniques for singular boundary value problems. El-Gebeily
and O’Regan [52] studied the QSL method for second-order singular nonlinear differen-
tial equations with nonlinear boundary conditions. For some existence results on singular
initial and boundary value problems, see [53, 54]. The theoretical background of integro-
differential equations can be found in the text by Lakshmikantham and Rao [55]. To the
best of our knowledge, the QSL method has not been discussed for singular nonlocal
second-order boundary value problems involving nonlinear integro-differential equations
on a bounded domain.

In this paper, we consider the following singular boundary value problem (SBVP):

—("uw) = f(t, " u) + fot K(t,s,s" u(s))ds, O0<t<l,n>2,

. (1L1)
lim,_, o+ " u(t) = uy, u(1) =g(u(s)), 0<o<l,
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where f:[0,1] x R —> R, K:[0,1] x [0,1] x R — R, and g: R — R. In the forthcoming
analysis, g(u(o)) will be written as g(u) for the sake of convenience.

Here we remark that a solution to a singular problem may not lie in the space C[0,1], but
it should depend on the singularity in some sense. For example, the solution u = (—ug +

uy) + uo/t? to the singular problem
(tgu’), =0, O0<t<l lir(r)l 2u(t) = uo, u(l) = uy
t—0t

(49, uy are constants) is not continuous at ¢ = 0 but >z € C[0,1]. Such a situation provides
motivation to consider the singular boundary value problems in a weighted Banach space.

2 Preliminaries and some existence results
In this section, we follow the terminology introduced in [53].

Definition 2.1 A function z € C%(0,1) with #*'u € C[0,1], t"«’ € C[0,1] and (¢"'u) €
L'[0,1] is a solution of (1.1) if it satisfies singular boundary value problem (1.1).

Remark 2.2 Whenever we say u(t) is a solution of (1.1), it means that £"~!x(¢) is a solution

of (1.1). Similar terminology will be used for lower and upper solutions.

Throughout the forthcoming analysis, we work in a Banach space of functions defined
by

E={ueC0,1):¢"'ue Cl0,1],t"4 € C[0,1],£ € [0,1]}

with the norm

, sup !t”u/(t)”.

||| = max{ sup |t”‘1u(t)
tel0,1] te[0,1]

Lemma 2.3 Singular boundary value problem (1.1) is equivalent to the singular integral

equation

w(t) = g(u) — o <1 . ,;nl_l)

1—p1 [t ‘
+ m /(; (f (8,8 u(s)) + /0 K(s,p,p" " u(p)) dp) ds
1 1 1- n—-1 s
oty [ S (e s [ Kopruo)dp)as 2

Proof Differentiating (2.1) and rearranging the terms, we have

"u'(t) = —(n - Dug — /t<f(s,s”_1u(s)) + /SI((s,p,p”‘lu(p)) dp) ds.
0 0

Again differentiating, it follows that

—(t”u/)/ =f(z t”‘lu) + /tl((t,s, s"‘lu(s)) ds.

0
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Multiplying (2.1) by #"! and taking the limit t — 0%, we get lim;_, o+ £ u(£) = uy, and
t=11in (2.1) yields #(1) = g(u). Thus, u(¢) defined by (2.1) satisfies (1.1). A straightforward
computation shows that (1.1) implies (2.1). This completes the proof. O

Now we prove a general existence principle for singular boundary value problem (1.1).

The proof of this principle is based on the Schauder fixed point theorem.

Lemma 2.4 Assume thatf:[0,1] x R—> R, K:[0,1] x [0,1]] x R—> Randg:R — R are
continuous functions. Furthermore, there exist positive constants My, My, M, such that
If(t, u)| < My for (¢, u) € [0,1] x R, |K(¢,s,u)| < Mg for (t,s,u) € [0,1] x [0,1] x R, and
lg(u)| < M, for u € R. Then problem (1.1) has a solution.

Proof We reduce the problem of finding a solution u € £ of (1.1) to a fixed point problem
u = Fu, where F : £ — £ is given by

Fu(t) = g(u) —up <1 - tni_l)

1-— tVl—l

* m/; (f(s, s uls)) +/0 K(s,p,p"  u(p)) dp) ds

1 11 _gn-1 s
+ -1 /t Snil <f(S, sn—lu(s)) + /0 K(S,p,p”‘lu(p)) dp) ds.

If u,, — uin &, then

|77 Futy(£) — ¢ Fu(t)|

_ n—l)

n-1 (1 4 ‘ n—1 n—1
<t |g(um) —g(u)| + W/o <[f(s,s um(s)) —f(s,s u(s))|

+ /0 |K (5,0, 0" tt(p)) = K (5,0, 0" ")) | dp) ds
tn—l
(n-1) J;

+ /()S|K(s,p,p”’1um(p)) ~K(s,p.p"  u(@))| dp) ds,

+

1
(V(s, s”_lum(s)) —f(s, s”_lu(s)) |

and
| (Fun) (8) - t"(Fu) (t)|
= / <lf(S,S”‘1um(s)) —f (5,5 uls))|
0

+ /0 |K (5,0, 0" tt(p)) = K (s, p, 0" ")) | dp) ds.

In view of the continuity of f, K, g, it follows that Fu,, - Fuin £ andso F: £ — € is

continuous.
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Now, for r, ¢t € [0,1] with r < £, we have

| L Fu(e) — F L Fulr) |

<"t = (Mg + Juol) + (nil)’t"'l—’”'1]/0r<Mf+/OSMKdP> ds
* % :(Mf’r/OSMKdP) ds
el e (w7+ [ Mcap)as
o e}
' (:—_11) /rtl;f—s—j_l(M”/OSMkdp) ds

and
HFu) (r) — t(Fu) Mo | Med ds,
|7 (Fu) (r) - £'( u)(t)IS/r( f+/0 K p) s

which are independent of u. So F : £ — & is relatively compact. Hence, by the Arzela-
Ascoli theorem, F is compact on £. Thus, by Schauder’s fixed point theorem, F has a
fixed point in £. This completes the proof. d

Definition 2.5 A function g € C%(0,1) such that #*18 € C[0,1], "8’ € C[0,1], (¢*'B) €
L'[0,1] is called an upper solution for (1.1) if

t
) 2f(6r8)+ [ K(esspo)ds, 0<r<t
0
Jlim B = uo,  BA) = g(B).

Similarly, a function o € C2(0,1) such that t""'a € C[0,1], t"a’ € C[0,1], (" ‘)’ € L}[0,1]
is called a lower solution for (1.1) if

t
_(t”a’)/ </ t”’loz) + / K(t,s, s”’loz(s)) ds, 0<t<l,
0

tmg " a(t) < u, a(1) < gla).

Lemma 2.6 Assume thatf :[0,1] x R — Rand K :[0,1] x [0,1] x R — R are continuous
functions, and g : R — R is a Lipschitz function. Suppose that there exist an upper solu-
tion B and a lower solution « for (1.1) such that a < B on (0,1), and lim,_, o+ t"Lar(£) < ug <
lim;_, o+ " B(¢). Then (1.1) has a solution u satisfying the relation t"‘a(t) < t"'u(t) <
t"1B(t) for t € [0,1].

Proof Consider the modified problem

_ (t”u')/ - F(t, t”_lu), O0<t<l,

(2.2)
li%l 7 u(t) = uy, u(l) = g(u),
t—0*
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where

f& 1 B) + [y K(t,s,8" ' B(s)) ds — (v— "1 B)  ifv=> "1 B(0),
F(t,v) = {f(&v) + [y K(t,s,v)ds if " la(t) < v < "1 B(2),
ft,t" ) + fot K(t,s,8" ta(s))ds — (v—t"1a) ifv <t la(t).

By Lemma 2.4, problem (2.2) has a solution u. Let us claim that
at) <" lu(t) < ' B(1), te[0,1]. (2.3)

If (2.3) is true, then we are done, that is, u is a solution of (1.1). On the contrary, as-
sume that £ u(t) £ £ B(¢) for ¢ € [0,1]. Then there exists ¢, € (0,1) such that (¢ u(¢) —
t"18(t)) has a positive maximum at ¢y. Thus, (" u(t) — "1 B(¢)) (to) = 0 and (" Lu(t) —
t"1B(t))"(ty) < 0. On the other hand,

(t”‘lu(t) ~"1B(t) (to)

(tou (to)) +(n=2)ty7u (to) + (n— 1) (n — 2)t5 > ulto)
- %(tgﬁ/(to))/ — (n=2)tg7*B'(to) — (n = 1)(n - 2)¢5 > B(to)

o (tou (to)) - (t:}ﬂ’(to))’

l(tg /(to)) + %(f(to,tg_llg(to)) +f0]<(t0y5,5"—1ﬁ(s)) dS)
0 0

to

—

g(t” "u(ty) — 7' B(to)) > 0

which is a contradiction. Hence " 1u(t) < t""18(¢) for £ € (0,1). Similarly, it can be shown
that " Lo (¢) < " tu(t) for ¢ € (0,1). In view of assumptions that g is a Lipschitz function
and o < 8 on (0,1), it follows that «(1) < B(1). Thus we conclude that

" Lo(e) < " tu(t) < £"1B(t)  for t € [0,1].
This completes the proof. O
Lemma 2.7 Let o, B € £ be lower and upper solutions of (1.1) respectively with

lim " a(t) <up < lim " B(¢).
t—0t

t—0%

Further, suppose that f : [0,1] x R - R, K:[0,1] x [0,1] x R > R and g: R — R are
continuous functions and satisfy

f(& %) = f(6,0"y) <-Li(x-y), L1 >0,
K(t,s,8" %) —=K(t,5,8"'y) < ~La(x—), Ly>0,

gx)—g(y) <Ls(x—y), 0<Lz<l,

whenever x > y. Then t"\a(t) < "1 B(t) on [0,1].
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Proof For the sake of contradiction, suppose that the conclusion does not hold, that is,
" La(t) > t"1B(t) at some ¢ € (0,1]. Then, by continuity, there exists a local maximum at
ty € (0,1). Thus, at ¢ = £y, we have

(@ -p) =0, (2.4)
(" a-p)" <o0. (2.5)

In view of (2.4), (2.5) takes the form

0> [t""a-p)]"
= [(n-Dt" (- )+ " (o' - B)]
=m-D)mn-2)t"3-8)+(n-1)t"?2 (' -8

/

+ (=12 (o' = )+ (" - B)
= (n=-1)(n-2"3(a-p)+20n-1)" (' = ) + " (" - B)

= (n-Dn-2)t">(a - )+ 2n-2)" (o' - ') + " (" = B")

(n=1)(n-2)t">(@ - )+ (n-2)t" (' - p)

+ ntn—Za/ _ ntn—ZIB/ + t"_l (O[” _ IB//)

= % [(n D" 2o - B) + "t (o/ - /3’)]

+ ntn—za/ _ ntn—2[3/ + tn—la// _ tn—llB//

n—-2
= —t [tn_l(a — IB)]/ + ntl’l—2a/ + tn—la// _ nt"‘zﬂ’ _ t"_llB”

n-2
- - (O) + ntn—Za/ + tn—la// _ nt”_z,B’ _ tn—lﬁ//

ln// ln//
= () - ("B,

which can alternatively be written as —¢~1(t"a’)’ > —t"1(t"B') at t = ty € (0,1). Using the

definition of lower and upper solutions together with (2.5), we obtain

£
f(to, tg_ltx) + f ’ K(to,s, s”_la(s)) ds
0
> (o) = - (68

Zf(t, tg_lﬁ) + /Oto K(to,s, s”_lﬁ(s)) ds,

which yields a contradiction:

0 Sf(to, t(’)"loc) —f(t, t(’)"lﬂ) + /to [K(to,s, s”’la(s)) - K(to,s, s"’lﬂ(s))] ds
0

< —(Ll + toLz)tgil(O{ — ,B) <0.
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Hence we obtain " a(t) < t""18(¢) on (0,1). As 0 < o < 1, therefore, in view of the fore-

going arguments, at £y = 1, we have

0<a(l)-pQA) <gla)-g(B)
L3

o1 (6" lalo)-0"B(0)) <0, O<o<l,

which is a contradiction. This completes the proof. O

3 Main result
Theorem 3.1 Assume that

(A1) ag,Bo € & are lower and upper solutions of (1.1) respectively such that t" oy (t) <
t" 1By (t) for t € (0,1] with lim,_ o+ t"Lag () < up < lim;_ o+ " Bo(2);

(Az) f(t,v) is convex, that is, f,,(t,v) exists, continuous with f,,(t,v) > 0 for each (t,v) €
(0,1] x R, and f,(t,t"u) < 0, where t" oy < v < t"1 By;

(As) K(t,s,v) is convex, that is, K,,(¢,s,v) exists, continuous with K,,(t,s,v) > 0 for each
(t,5,v) € (0,1] x (0,1] x R, and K, (t,s,s"1u) < 0, where t" Loy < v < "1 B;

(A4) g is continuous on R such that g, g" existand 0 < g’ <1,¢" <0.

Then there exist monotone sequences {t" o (t)} and {t" 1 B(t)} that converge uniformly

and quadratically in the space of continuous functions on [0,1] to a unique solution t" ' u(t)

of (L.1).

Proof Using the generalized mean value theorem together with (A;), (As), and (A4), we

obtain
f(t, t”’lu) zf(t, t"’lw) +£,(t, t”’lw)(u -w L u>w, (3.1)
K(t, s, s”_lu) > K(t,s, s”‘lw) + k, (t, s, s”_lw)(u -w)s" L, u>w, (3.2)
g(u) <gw) + g (w)(u—w). (3.3)

Now, we set

F(6 " asa0) =f (68" o) + £ (8 8" ) (o — o)™,

E(t,t" " Bisao, Bo) =f (66" Bo) + £, (66" o0 ) (B1 = Bo)t™ ",

K*(t,s,8" rans00) = K (t,5,8" og) + Ky (8,5, 8" otg) (g — et)s™ ™,
K**(t,5,8" " Busto, Bo) = K(£,8,8" o) + Ky (t,5,8"  etg) (B — Bo)s" ™,
I (0n; 0, Bo) = g(o) + g (Bo) (1 — o),

hy(Bu; Bo) = g(Bo) + & (Bo) (B — o).

Consider the singular BVP

—(t"0) = F(t,t" oy 00) + fOtK*(t,s, s"logsa0)ds, 0<t<l,

) . (3.4)
limy_, o+ " a1 (£) = uo, ay (1) = Iy (as; o, Po).
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Using assumption (A1), (3.1) and (3.2), we obtain

t
_(t”aé))/ §f(t, t"’lao) + / K(t,s, S"’lao(s)) ds
0

t
= F(t, t"‘lao;ao) + / K* (t,s, S"‘lao;ao) ds
0

and

t

(B = f (6. Bo) + / K(t,5,5" o) ds
0
> f (60" o) + £ (6" o) (Bo — cro) "

t
+/ [K (25,5 atg) + ko (2,5, 8" o0 ) (Bo — cto)s™ ] dis
0

t

= F(t, tnilﬁo;ol()) +f K*(t,s,s"’lﬂo;ao) ds.
0

Further, we note that (1) < g(ao) = M (ao; 2o, Bo) and using assumption (Ay4), for ¢y €
(ag, Bo), we find that

g(Bo) = m(Bo; @0, Bo) = g(Bo) — glero) — &' (Bo)(Bo — o)
= [¢(co) - € (B0)](Bo — x0) = 0,

which implies that 8o(1) > g(B0) = 51 (Bo; @0, Bo)- Thus, it follows that ap and By are re-
spectively lower and upper solutions of (3.4). Since /; = ¢’ (i = 1,2), therefore it follows by
Lemmas 2.6 and 2.7 that there exists a unique solution «; of (3.4) satisfying

" lag(t) < " u(8) <" Bo(t), € [0,1].
Observe that the hypotheses of Lemma 2.7 hold in view of the conditions f, < 0, K, < 0,

and 0 < g’ <1, demanded in (A;), (A3), and (A4).
Next, consider the singular BVP

_(tnﬁ{)/ = ﬁ(tv tnilﬂl;OlOr ,BO) + fotl(**(trsr Snil/gl;am ﬁO) dS, 0<t<],
lim, o+ "7 B (2) = uo, B1(1) = ha(By; Bo)-

Using the definition of the lower and upper solutions, (3.1) and (3.2), we get

t
—(t”a(’))/ ff(t, t”_lao) + / K(t,s, s”_lao(s)) ds
0

<f (6,07 Bo) + £t " o) (o — Bo)t" !

t
+/ [K(t, S,Sn_l,Bo) +Kv(t,s, Sn_IOlo)(O(O _ ,3())Sn_1] ds
0

t
= F(t,¢"  ag; o, Bo) + / K**(t,5,8"  atg; o, Bo) dis,
0

Page9of 17
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t

(B =S (o) + / K(t,5,8" o) ds
0
t
=F(t,t"" Bo; o, o) + f K (t,5,5" Bo; to, o) ds.
0
By assumption (A4), we have oo(1) < ha(co; Bo) as

g(ato) — (o Bo) = gleo) — g(Bo) + &' (Bo)(Bo — o)
= [-g'(e) +£(Bo)](Bo —0) <0, 1 € (0, o),

and By(1) > g(Bo) = ha(Bo; Bo)- In view of the above inequalities, we find that o and Bo
are respectively lower and upper solutions of (3.5). Therefore it follows by Lemmas 2.6
and 2.7 that there exists a unique solution #; of (3.5) satisfying

" ag(t) < 7 Bu(e) < M Bo(t),  te[0,1].

Now we show that "L (£) < "1 8,(¢). Using (3.1), (3.2), and assumption (A;), we obtain

(af) = F(traia) + [ K (5" Tansao) dis
= f(6" ) + £, (6" oo ) (o — )"
+AEK@&¢MQ+K@@¢4%xm—mmmﬂm
<f(& " Bo) + £t " o) (o — Bo)t" ™ + £t " etg) (o1 — )"
+A%K@&¢%w+Kﬁm¢4%M%—mW“
+K,(t,8,8" ) (o — atp)s" ] dis

=f(t, " Bo) + £, (6, 8" o) (o1 — Bo)t™ !
t
+ / [K(t,s, s"‘l,Bo) +K, (t, s, s”_lao)(al - ,Bo)s”’l] ds
0
_ t
= F(t,¢"  on; 00, Bo) + / K**(t,s,8" a0, Bo) dis,
0
and in view of (A4), we get g(o1) — ha(@1; Bo) < 0, which implies that o (1) < hy(g; Bo)-
Clearly, the above inequalities and singular boundary value problem (3.5) satisfy the hy-

potheses of Lemma 2.7. Therefore, by the conclusion of Lemma 2.7, we have o (t) <
t"1B8,(¢), t € [0,1]. Consequently, we obtain

" lao(t) < "l () < £ BiI(E) < Bo(®), e [0,1].
As a next step, we prove that

" ap(t) < g () < T B () < B(e), € [0,1],
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for k > 1. For that, we consider the following SBVP:

~(t"a;,,) = F(t, " oyegns o) + fot K*(t,s, 8" oy;ap)ds, 0<t<l,

3 n-1 (36)
lim; o+ £" ot (£) = uo, age1(1) = B (otgen; otk Bo)-

Using (3.1), (3.2), (3.3), and the inequality #"lo;_; < t" Loy, we get

12
—(t”ot,’()/ = F(t, Loy ozk_l) + / K* (t,s, "oy ozk_l) ds
0
:f(t, t”’lak_l) +£ (t, t”’lak_l) (ax — ap_g)t"™!
t
+ / [I((t, s, s”‘lozk,l) +K, (t, s, s"‘lak,l)(ozk - oek,l)s"‘l] ds
0

<f(& " o) = £, " i) (o — o)t

+fo (6" o ) (ot — et )"
- K (65" te) — Ko (15,8 1) (ot — atp1)s™
+ K, (8,8, 8" ) (o — ox)s™ | dis
| K(ts,s" ) ds
= Flot )+ [ K (s avian) ds
ax(1) < glok) = hi(ag, ok Bo)-

Since f,(t,v), k,(t,s,v) are increasing in v by assumptions (A;) and (As), therefore,
L ag) < filt, o), Ko(t,s, 8" tag) < Ko(t,s,8" ) for " lay < " la. Conse-
quently, in view of (3.1), (3.2), (3.3), we obtain the inequality
, _ t
~(t"By) = F(t,£" " Brstos Bra ) + / K**(t,5,8" " B o, Bra) ds
0
= f(t, " Ber) + £ (68" o) (Be — Br-n)t"™
t
+ / [K(ts, s”_l,Bk_l) +K,(t,s, S”_lao)(ﬂk - ﬂk_l)s”_l] ds
0
> f(6 0" ) + (8 " o) (Bier — ) e = £, (8,8 otg) (Bier — B!
t
+ / [K(t, s, s"_lak) + K, (t, s, S"_lak)(ﬁk_l —ay)s" !
0

- I<v (t; S, Sn_lOlO) (ﬁk—l - ,Bk)sn_l] ds

> f(6 0" o) + £ (6 i) (Bt — )" = fi (88" etie) (Beet — B!
+ ft[l((t, 8,8 o) + Ky (68, 8" o) (Bt — e)s™
0

-K, (t, S, Sn_lak) (,Bk—l - ﬂk)sn_l] ds

=f(t, 0" ) + £ (68" o) (Br — o)™
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t
+ / [K(t, s, s”_lak) +K, (t, s,s”_lak)(ﬁk - ozk)s”_l] ds
0
t
= F(t, tnilﬂk;ak) + f K* (t, S,Snilﬂk; Olk) ds,
0
and by virtue of the inequality

g(Bx) — m(Br, o Bo)
= g(Br) — glax) — &' (Bo)(Br — k)
= [g'(c2) ~g'(Bo) (B — k) = 0, ax <2 < Br < Bos

we get Bi(1) > g(Bk) = M (Br, ok; Bo)- Thus, as argued earlier, there exists a unique solution
a1 of (3.6) such that

() < o (0) < €7 B(e), £ €[0,1].
Now let us consider the following SBVP:

_(tnﬁ[/<+1)/ = f(tr tn71ﬁ1(+1;a0r ,Bk)
+ fOtK**(t,s, S B 00, Br)ds, 0<t<l, (3.7)
lim,_, o+ "7 By (¢) = uo, B (1) = Iz (Brsr, Br)-

Again, using assumptions (Az)-(A4), (3.1), (3.2), (3.3), and the inequality
o < o < T < T p < T B < 7 o,

we obtain

t
~(E"8) = F(&0"" Bs e, Brr) +/0 K**(t,5,5" B to, Br-1) dis
=f(t, L‘nilﬂk_l) +fv(t, tnilao)(ﬁk _ ﬁk_l)tn—l
’ / [K(t,5,5" Brr) + Ko (85,8 o0) (B — Bra)s™ " dis
0

> (6,87 Bi) + £, (68" Bi) (B — BE"!
—f(t, " et0) (Bror — B!

t
+ / [K(£5,5" Br) + Ko (£,5,8" Br) (Brr — Br)s™ ™
0
-K, (t; S, Sn_laO) (ﬂk—l - ,Bk)sn_l] ds

t
>f(t, " Be) + / K(t,s,5"" Br) ds
0

t
=F(t,t"" Brs oo, Br) + / K**(t,5,5" B o, Bi) dis,
0

,Bk(l) = g(,Bk) = hZ(IBkr ﬁk)¢
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{ﬂ%Y:F@ﬂ4wmkQ+A3ﬁ@@¢4wmkﬁm
=f (6" ) + £, (68" o) (o — g )2
- fo t[[((t, 8,8 M) + K (65,8 o ) (oo — atger)s™ ] dis
<f(&2"7"Be) = (6, " otra) (Br — o)t + fy (6,8 et ) (ot — atgen) ™!
+ /O t[K(t, 58" Br) = Ky (8,8 Mater) (B — k-1)s™ !
+ K, (8,8, 8" ) (o — ox)s™ | dis
=f(6 " B) —fo (6" et ) (Br — )"
of K (65" ) — Ko(tr5,5" 1) (B — )™ ] ds
<f(t,2"" Be) + £ (£, " ato) (ax — Br)t"™

t
+/ [1<(t75; Sn_lﬁk) +1<V(l’, s, Sn_lao)(ak _ ﬂk)sn_l] ds
0

t
=F(t,¢" a0, Br) + / K**(t,8,8" s 0, Br) dis,
0
k(1) = glo) < halou, k1)

Applying the earlier arguments, it follows that there exists a unique solution Sy, of (3.7)
such that

" (t) < Brat) <" B(e), e [0,1].

Following the procedure employed to prove £"la;(t) < £"715,(¢), it can be shown that
" Lop1(8) < "7 Bis1(t). Hence we have

" ag(t) < ") < < g () < 7 Bra(t)

<SR <D, e (0,1] (38)

As the monotone sequences {t"‘ay,1(¢)} and {£"!B,1(¢)} are both bounded, therefore,
they converge to the limit functions " p(t) and "o (¢) pointwise respectively.

Now we show that the convergence of the sequences {#" o1 (¢)} and {£" Bk,1(2)} to the
limit functions {t"!p(¢)} and {#" o (¢)} respectively is indeed uniform. Using SBVP (3.6),
integral equation (2.1), and relation (3.8), we observe that {t"oy,1(£)}, {(¢" ar1(8))},
{t"oy,, (D)}, {(H"p,1(£))'} are uniformly bounded sequences. Thus, by the Arzela-Ascoli
theorem, the sequences {t" oy, (£)}, {t"ay,,(2)} have uniformly convergent subsequences.
Hence, by the monotonicity of the sequence {¢" a1 ()} in &, it follows that the sequence
converges uniformly to the limit function £~ p(¢) in £. In a similar manner, the sequence
{£" 1 Br,1(2)} in € converges uniformly to the limit function " 1o (¢) in &.

Finally, we show that the convergence of the sequences is quadratic. We only prove the
quadratic convergence for the sequence {¢"la,1()} as that of the sequence {¢"™! B, (¢)}
follows a similar procedure.
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Let us define

exn1(t) = p(t) — g ().

Then, for "1 € (t" Lok, 71 p), "¢ € (5" Lo, s Lp), 771 € (Lo, t"71ey), 8" Lty €

(s" Loy, s"1¢,), we have

- (o @)

==(t"0'®) + ("o ()

=f(t,t" " p(®) + fo tl( (t:s,8" " p(s)) ds
—f(t " o) =1, (68" et ) (ot — )"
_Aquyﬂm+m@&¢umWﬂﬂmwﬂﬁ

=fo(6: "7 1) (o — i)t = fi(6 " o) (s — i)™
- /0 t[Kv(t, $,8"710) (0 — s = K, (8,8, 8" o) (ot — ax)s™ ] dis

=[HE ) £ (60 ) (o — et + fi(6 8 ) (p — o )E
+L1mxmx“9»«xmx“wnm—wwl
+ K, (8, 8" i) (p — ot )s" ] dis

= (6,877 85) (&1 - @)(p = ) (") + (6" etk) (0 — )
+ /0 t[Kw(t,s,S"'IQ)({z —a)(p —a)(s")°

+ Kv(t, s, s"‘lak)(p — ak+1)s”_1] ds

<forlt:7253) (0 — )" 1) + £ (6" Yetk) (= )"

t
+ / (Ko (25,5 24) (0 = o:k)s”_l)2 + K, (25,5 ) (p = atgar)s™ ] dis.
0

Setting N = N; + Ny, M = M, + M,, where N, and N, provide bounds for £, (¢, -)(£")?
and fot (K. (2, s,-)(s"1)?] ds respectively and f; (¢, -) < —M;, fot K, (t,s,-) ds < —M,, the above

inequality takes the form
~(¢"t},1(8)) < Nlexl* = Megant™™.
Given M, N and |e|?, there exists & € R* such that
0 = Nleg|> - Mut" ™.
By a comparison theorem [56], it follows from (3.9) and (3.10) that

N
et < " = M|ek|2, te(0,1),
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which implies that

N
lewal = rlexl”. (3.11)
Now, we consider

ex(l) = p(1) — i (1)
= g(p) = (a1, o, Bo)
= g(p) — gla) — &' (Bo)(ets1 — o)
= [g'n) - g (Bo) ] (p — ) + &' (Bo)(p — ats1)
< [g'() - g (0)] (o — ax) + &' (Bo)(p — atxs1)
= —g"(m)lex|* + &' (Boexs1,

where 11,13 € (o, ). Letting g”’(-) < =Xy on (ak, p) and g'(+) < A1 <1, we find that

A2
lexs1] <

2
. 3.12
=1 lex! (3.12)

From (3.11) and (3.12), we conclude that the sequence {t" Loy, (£)} converges to the unique
solution of SBVP (1.1) quadratically. Similarly, we can prove the quadratic convergence of
the sequence {""! B;,1(t)}. This completes the proof. a

Example Consider the following singular nonlocal boundary value problem:

_(t3u/)/ :A(l + t)e—tzu(t)ﬂ
+ [L[B2 - t)s2e " — CsPu(s)]ds, O<t<l, (3.13)
lim o 2u() =0, u(l) =1+ u(l),

where f(t, 2u(t)) = A(1 + £)e " O K(t,5,u(s)) = [BQ2 - £)s* 1 — Cs2u(s)], n = 3,
gu(1/2)) =1+ %u(%), and A, B, C are suitable positive constants. Let «(£) = 0 and S(¢) = 2¢
be respectively lower and upper solutions of (3.13). Clearly, «(¢) and () are not the so-
lutions of (3.13) and «(¢) < B(¢), t € [0,1]. Moreover, assumptions (A;), (Az), (A3), and
(A4) of Theorem 3.1 are satisfied. Thus, the conclusion of Theorem 3.1 applies to problem
(3.13).

4 Conclusions

In this paper, we have presented monotone sequences of approximate solutions converg-
ing uniformly and quadratically to a unique solution of a nonlocal singular boundary value
problem involving second-order integro-differential equations in weighted spaces. The re-
sults established in this project are new and contribute to the present theory of singular
boundary value problems of integro-differential equations. The present work provides a
guideline to extend it further by relaxing the convexity assumptions on the nonlinear func-
tions f (£, v) and K(¢,s, v) in (1.1). In fact, we can find a continuous function ¢(z, v) such that
S8, v) + @u(8,v) = 0, where ¢,, (¢, v) exists, continuous with ¢, (¢, v) > 0. In a similar man-
ner, the convexity assumption on K(t,s,v) and the concavity assumption on g(x) can be
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relaxed. Further, for g(u) = u; and K(¢,5,v) =0 in (1.1), our results become the existence
results obtained in [49]. The results for a nonlocal singular boundary value problem of
second-order integro-differential equations involving a purely integral type of nonlinear-
ity follow by taking f (¢, v) = 0 in (1.1). Thus, the work presented in this paper takes care of

numerous interesting situations.
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