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Abstract
Consider the singular Dirichlet problem

u” = p(t)u +q(t);

where p,q:1a,b[— R are locally Lebesgue integrable functions. It is proved that if

b b
/ (s-a)b-5)[ps)]_ds<+oo and / (s-a)b-5)|q(s)| ds < +oo,

then Fredholm’s third theorem remains true.
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1 Introduction

Consider the boundary value problem

u' =pt)u+q(t), @
u(a) =0, u(b) =0, ()

where p,q € Lio.(]a, b[). We are mainly interested in the case, when the functions p and
q are not integrable on [a, b]. In this case, the problem (1), (2) is said to be singular. It is
proved in [1] that if

b
/ (s—a)(b—9)[p(s)]_ds < +o0 (3)

and

b
/ (s—a)(b—s)|q(s)|ds< +00, (4)

then, for the singular problem (1), (2), the Fredholm alternative holds. More precisely, the
following theorem is true.
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Theorem 1.1 ([1, Theorem 0.1]) Let (3) hold. Then the problem (1), (2) is uniquely solvable
for any q satisfying (4) iff the corresponding homogeneous equation

u’" =pt)u (1a)
has no nontrivial solution satisfying (2).

The aim of this paper is to show that, under the assumption (3), the Fredholm’s third
theorem remains true. Before formulation of the main results, we introduce the following
notation.

R is the set of real numbers.

For x € R, we put [x]_ = %(|x| —X).

C(I), where I C R, is a set of continuous functions u : I — R.

For u € C([e, B]), we put ||u||[, ) = max{|u(?)| : ¢ € [, B]}.

ACy,. (o, BI) is the set of functions u : ]a, B[ — R, which are absolutely continuous to-
gether with their first derivative on every closed subinterval of ]o, 8.

Lioc(Jo, B) is the set of functions p : Jo, B[ — R, which are Lebesgue integrable on every
closed subinterval of ], B][.

By f(a) (resp., f(b)) we denote the right (resp., left) limit of the function f :]a,b[ — R at
the point a (resp., ).

By a solution of equation (1) we understand a function u € AC,,.(a, b[), which satisfies it
almost everywhere in ]a, b[. A solution of equation (1) satisfying (2) is said to be a solution
of the problem (1), (2).

We will say that a certain property holds in ]o, [ if it takes place on every closed subin-
terval of |a, B].

Recall that we consider the problem (1), (2), where p,q € Li,.(]a, b]).

Theorem 1.2 Let (3) hold. Then the homogeneous problem (1a), (2) has no more than one,
up to a constant multiple, nontrivial solution.

Remark1.1 Below we will show (see Proposition 2.1) that if (3) holds and u is a nontrivial
solution of (1a), (2), then there exists ry > 0 such that

’uo(t)’ <ro(t—a)b-t) fortela,b].

Theorem 1.3 Let (3) hold and the homogeneous problem (1a), (2) have a nontrivial so-
lution uy. Then the problem (1), (2), where the function q satisfies (4), is solvable iff the
condition

b
[ asnaords=o 6
is fulfilled.

Remark 1.2 In view of Remark 1.1 and condition (4), the function qu is integrable on
[a, b] and, therefore, condition (5) is meaningful.

2 Auxiliary statements
First of all, for convenience of references, we recall two lemmas from [1].
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Lemma 2.1 ([1, Lemma 2.1]) Let (3) and (4) hold. Then, for any o € [a,b] and B €], b],
every solution u of equation (1) satisfying

u(a) =0, u(p)=0

admits the estimate
b
t-a)b-1)|u' )| < lullwp <b -a+ / (s—a)(b-s)[p(s)]_ dS>
b
+ / (s—a)(b- s)\q(s)| ds fortela,Bl.

Lemma 2.2 ([1, Lemma 2.2]) Let (3) hold. Then there exist ag € la,b[, by € lag, b[, and
0 > 0 such that, for any o € [a,ao(, B €1bo,b), and q satisfying (4), every solution u of
equation (1) satisfying

u(@) =0
admits the estimate

t ag
lu®)| < Q((t — @) || ttll{qa0] + / (s—a)|q(s)| ds+(t - a)/ |a(s)] dS) fort €la,ao),
a t

while every solution u of equation (1) satisfying

u(p) =0
admits the estimate

b t
!M(t)|SQ((b—t)llull[bo,ﬁH/ (b—S)!q(S)!dH(b—t)fb |Q(S)\d5) Jort € [bo, B[.

Next proposition immediately follows from Lemma 2.2.

Proposition 2.1 Let (3) hold and uy be a nontrivial solution of the homogeneous problem
(1a), (2). Then there exists ro > 0 such that

{uo(t)| <ro(t—a)b-t) fortela,b].

Proposition 2.2 Let (3) hold and uy be a nontrivial solution of (1a) satisfying uy(a) = 0
(respectively, uy(b) = 0). Then there exists a; € la, b (respectively, b € a, b]) such that

uo(t) #0 fortela,a1] (respectively, uo(t) #0 forte [bl,b[). (6)

Proof In view of (3) there exists ag € ]a, b[ (respectively, by € ]a, b[) such that

ag b
/ (s— a)[p(s)]_ ds<1 (respectively, / (b - s)[p(s)]_ ds < 1),
a bo
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Hence, the inequality
ag
/ (s—a)(ag — s)[p(s)]f ds<ag—a
b
(respectively, / (s—bo)(b-5s) [p(s)]f ds<b- bo)
bo

holds, as well. The latter inequality, by virtue of [2, Lemma 4.1], implies that for any a <
L <t < agp (respectively, by < t; < t; < b), the problem

u’ = p(t)u; u(t;) =0, u(ty) =0

has no nontrivial solution.
Now suppose that i is a nontrivial solution of (la) satisfying u(a) = 0 (respectively,
uo(b) = 0). Then it follows from the above that either

uo(t) #0 fort €la,ap] (respectively, ug(t) #0 for t € [bo, b[), (7)
or there is a ty € ]a, ao] (respectively, £y € [bo, b[) such that

uo(t) #0 fort €la,tyl, ug(tp) =0 @
8
(respectively, uo(t) #0 for t €lty, b, ug(tp) = O).

It is now clear that (6) holds with a; = ag (respectively, b; = by) if (7) holds, and with

a; = % (respectively, b; = #) if (8) is satisfied. O

Lemma 2.3 Let (3) and (4) hold. Let, moreover, u be a solution of the problem (1), (2) and
uo be a solution of the problem (1a), (2). Then

tl_i>r£1+(”/(t)”°(t) - u(t)ué)(t)) =0, tlirp_(u/(t)uo(t) - u(t)u{)(t)) =0. 9)
Proof 1t is clear that

(u/(t)uo(t) - u(t)ug(t)), =q(t)ug(t) fortela,bl.

Hence,

W (E)uto ) — u(t)udly(8) = & — /t "guols)ds for t €la, b, (10)
where

c=227 and 8= u/(Quolc) - ulc)u(c).

By virtue of Proposition 2.1 and condition (4), the function qu, is integrable on [a, b].
Thus, it follows from (10) that there exists a finite limit

lim lu’(t)uo(t) - u(t)ug(t)l = gp. (11)

t—a+
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Now we will show that &y = 0. Suppose the contrary, let
g0 > 0. (12)
Then there is @ € ]a, b[ such that
|t () () — u(t)ug (£)] > %0 fort €la,a]. (13)
On account of Proposition 2.2, we can assume without loss of generality that
uo(t) #0 fort €la,al. (14)

Then it follows from (13) that

&o

u(®) \
for ¢t ol
(mm>>2%m ortelacl
Hence
&0 ¢ ds
|p.u0(t)—u(t)| >—|u0(t)|/ ——~ fortela,al, (15)
2 t Mo(s)
where p = 42
uo(a)

Taking now into account Proposition 2.1, we get from (15) that

1 1
’[/LM()(t) - u(t)| > 81|M0(t)| (— - —) fort €la,a],
t—-a o-—-a
where g1 = 2r2(6b—0—a)2' The latter inequality, in view of the conditions uy(a) = 0 and u(a) =0,
implies that ’
t
lim 4@l _ g (16)

t—a+ —a

On the other hand, by virtue of Lemma 2.1, there is M > 0 such that
(t—a)|u’(t)| <M forte€la,al. (17)

In view of (16) and (17), we get

lim |4 (uo(0)| = lim (¢ — )] ()] 22

t—a+ t—a+ t—a

Oy
and therefore, on account of (11), we obtain

lim |u(t)u6(t)‘ = &y.

t—>a+

Now, let ag € ]a, a[ be such that

() (8)] > %" for ¢ € ]a, ao].
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Then it is clear that
/ €0
[AGIE > for t € ]a, o]
and consequently
&o
12l {4, |u0(t)| > 5(1,‘ —a) forte€la,ap].
However, the latter inequality and (16) yield that &g < 0, which contradicts (12). The con-

tradiction obtained proves the first equality in (9). By the same arguments one can prove
the second equality in (9). O

We will need the next lemma in the proof of the sufficiency part of Theorem 1.3 and
thus, we will suppose that Theorem 1.2 and the necessity part of Theorem 1.3 are true.

Lemma 2.4 Let (3) hold and the homogeneous problem (1a), (2) have a nontrivial solu-
tion uy. Then there exist no € N and r > 0 such that, for any q satisfying (4) and (5) and

every n > ny, the solution u of the problem

u' = (p(t) + %[p(t)]_)u +q(8);  ul@=0, wubd)=0
admits the estimate

b
|u(t)| < r[ (s—a)(b—s)|q(s)|ds fort e [a,b].

Proof Suppose the contrary, let the assertion of the lemma be violated. Then, for any n €
N, there exist k, > 1, g, € Lioc(la, b[), and u,, € AC},.(a, b[) such that

b b
/(s—zz)(b—s)|q,,(s)|ds<+oo, /q,,(s)uo(s)ds=0,

u,(t) = (p(t) + %[p(t)]_) un(t) + ga(t) fort€la,bl,

uy(a) =0, u,(b)=0
and
b
litalian > [ (5= a)b-9[au(9)] ds.
a
Introduce the notation

- 1
= u,(t), qn(t) = ———q,(t) fortela,bl.
21 | (. 25 | [,

i, (t)
Then it is clear that

it,,(t) = <P(t) + %[P(n]_)itn(t) +qn(t) fortela,bl, (18)

Page 6 of 12
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ity(a) =0, it,(b) =0,

”ﬂn”[a,b] =1, (19)
b 1
[ -aw-slaods< (20)
and
b
/ Gn(s)uo(s)ds = 0. (21)

By virtue of Lemma 2.1 (with g(¢) = % (p(O)]-u,(t) + g,(£)) and (19), we have

(t—a)b-D)|i, )| <b-a+ >

b
”/ (s—a)(b—s)[p(s)]_ds

n

b
+f (s—a)(b—95)|7u(s)| ds for t €]a, b], (22)

while, by virtue of Lemma 2.2 (with g(¢) = é[p(t)]_itn(t) + q,(t)), there exist ay €la, b|,
by € lag, b[, and o > 0 such that

1) < Q[t—m / “s-a) kin[ms)]_an(s) +n(s)

dS:| for t €)a, ao),

(23)
b
|ia(2)] §Q|:b—t+/ (b-s)

ki[p(s)]_ﬁn () + qnls) dsi| for t € [by, b|.

On account of (19) and (22), the sequence {u,};% is uniformly bounded and equicon-
tinuous in ]a, b[. Thus, by virtue of the Arzela-Ascoli lemma, we can assume without loss
of generality that

lim #,(t) =vo(t) uniformly in ]a,b[, (24)
n—+0Q

where vy € C(]a, b[) and, moreover,

. ., {a+bh
lim i, =¢p. (25)

n—>+00 2

In view of (18) it is clear that

- . (a+b a+b\_. (a+b
s l(2) ()
(L] (s f o) )ne +ae ) oreao

Hence, on account of (19), (20), (24), and (25), we get

b) +c0(t_ ”;b) . f; (/a;hp(é)vo(é)dé) ds fortela,bl.

2

vo(t) = VO(“ i

Page 7 of 12
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Therefore, vy € ACy,.(]a,b[) and v is a solution of equation (1a). On the other hand, it
follows from (23), in view of (19), (20), and (24), that

|V0(t)| <o(t-a) fortela,ay] and |v0(t)| <o(b-t) forte [by,b],
and thus vy is a solution of the problem (1a), (2).
By virtue of (20) and (23), it is clear that there are n; € N, a; €la,ao], and b; € [bo, b|
such that
’it,,(t)’ <1 fortela,ai]U|[by,bl,n>n.
Therefore, ||2, ||(4,,5,] = 1 for n > n;. Taking now into account (24), we get that [|[vo|l(4;,5,] = 1
and, therefore, vy is a nontrivial solution of the problem (1a), (2).
By virtue of Theorem 1.2, there is A # 0 such that

vo(t) = Aug(t) fort € [a,b]. (26)

Moreover, in view of the necessity part of Theorem 1.3 (with g(¢) = é (O] _u,(t) + q.(t)),
(18), (19), (21), and (26), we get

b
/ [p()] in(s)vols) ds = 0. @7)

Let now « € ]a, b[ and B € ]w, b be arbitrary. Then, in view of (24), we have

B B
lim / [p(s)]jt,,(s)vds)ds:/ [p(s)]fv%(s)ds. (28)

—
n—+00 o

On account of (3), (26), and Proposition 2.1, the function [p]_vy is integrable on [a, b].

Taking into account (19), we get

/ [p()]_ttn(s)vo(s) ds

< / “16)][vols)| ds

and

b b
‘ / [p()]_in(s)vols)ds| < / [PO].[vo(s)] ds.
B B

Hence, (27) implies the inequality

b

B o
/ [0(6)] i (s)vols) ds < f ()] |vo(s)| ds + f [p©)] |vo(s)| ds,
o a ,B

which, together with (28), results in

B a b
f [p()] 2(s)ds < / (0] |vo(s)] ds + / (O] [vo(s)] ds.
o a ﬁ
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Since « and B were arbitrary, we get from the latter inequality that

b
/ [P(S)]_V(Z)(S) ds=0.

Taking now into account that vy # 0, we get [p]_ =0, i.e., p(£) > 0 for ¢ € ]a, b[. However, in
this case the problem (1a), (2) has no nontrivial solution, which contradicts the assumption
of the lemma. O
3 Proofs
Proof of Theorem 1.2 Let uy and vy be any nontrivial solutions of (la). By virtue of
Lemma 2.3 (with # = vy and g = 0), we get

tlirgr (ué)(t)vo(t) - uo(t)vg(t)) =0.
On the other hand, clearly

(o (Ovo(t) — uo(t)Vy(t)) =0 fort €la,bl,
and, therefore,

ug()vo(t) — ug(t)vy(t) =0 for t € [a,b]. (29)
Choose t; € ]a, b[ such that

Mé)(f()) =0.

It is clear that uo(£y) # O since otherwise uo = 0. Then it follows from (29) that

vy (o) =0

and as above vy (fo) #0. Put A = %) apd

o
vo(to)

w(t) = uo(t) — Avo(t) fort € [a,b].

Evidently, w is a solution of equation (1a) and w(zy) = 0. However, it follows from (29) that
W (to) = 0. Consequently, w = 0 and thus ug = Avy. O

Proof of Theorem 1.3 Let uy be a nontrivial solution of (1a), (2) while u be a solution of
(1), (2). Put

f(&) =t/ (&)uo(t) — u(t)uy(t) fortela,bl.
It is clear that

F(6) = q(O)uo(t) for t €la,bl.
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Hence,

ath

f(#) _f(t)Z/ " q@uo(s)ds for t €la,bl. (30)

By virtue of Lemma 2.3, Proposition 2.1, and condition (4), we get from (30) that

b agb b b
f(“; ) [ a0 ds and f(“; )=— [, a6

and therefore (5) is fulfilled.
Let now uy be a nontrivial solution of (1a), (2), g € Lioc(]a, b[) satisfy (4), and (5) be

fulfilled. Let, moreover, ny € N and r > 0 be from the assertion of Lemma 2.4. By virtue of
Lemma 2.4, for any # > ny, the problem

" 1
u = (P(t) t [p(t)]_)u; u(a) =0, u(b) =0
has no nontrivial solution. Since

1 n-1
|:P(t) + ;[P(t)]:| = T[P(t)], (31)

and (3) holds, it follows from Theorem 1.1 that, for any # > 1y, the problem

W' = (p(t) " %[p(t)]_)u rq®;  w@=0, wb)=0 (32)

has a unique solution ,,.
In view of Lemma 2.4, the inequalities

’u,,(t)’ <M fortela,bl,n>ng (33)

are fulfilled, where

b
M= r/ (s—a)(b- s)|q(s)| ds.
On the other hand, on account of Lemma 2.1, (31), and (33), we get
(t—a)(b—t)\u;(tﬂ <M, forte€la,bl,n>ny, (34)

where

b

b
M1=M(b—a+2/ (s—a)(b—s)[p(s)]ds) +/ (s—a)(b—s)’q(s)’ds.

It follows from (33) and (34) that the sequence {u,},,;, is uniformly bounded and equicon-

tinuous in ]a, b[. Hence, by virtue of the Arzela-Ascoli lemma, we can assume without loss
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of generality that
lim u, =u(t) uniformlyin ]a,b|, (35)
n—+00

where u € C(]a, b[) and, moreover,

b
lim u;<“;’ >=Co. (36)

n—+00

In view of (32), it is clear that

a+b a+b\ ,(a+b
un(t):u,,( 5 >+(t—T)un( 5 )
(L] (e @) Jue @) as)as toreela

Hence, on account of (35) and (36), we get that

a+b a+b
u(t)=u< )+co<t— 5 )

+ /;Hb (/w [p(S)u(é) +q($)] d%‘) ds fortela,bl.

a

Therefore, u € AC},.(Ja, b[) and u is a solution of equation (1).
On the other hand, by virtue of Lemma 2.2 and (33), there are ay € ]a, b|, by €lay, b,
and ¢ > 0 such that, for any n > ny, the inequalities

lua(8)] < Q[M(t—a) +/ (s—a)(ﬂ[p(S)] + |q(S)|) ds
a n
+(t—a) /“0 ([:1—/1 [p(s)]_ + |q(s)|) ds:| for t €la, ap]
and
b

|un(8)] < Q[M(b— £) +/ (b—S)(%/[[P(S)]_ + |61(S)|> ds

+(b-1t) '/t<M [p(s)]_ + ’q(s)’) ds] for t € [bo, b[

b n

0

are fulfilled. Hence, in view of (35), we get

|u(t)|§Q[M(t—a)+/ (s—a)\q(s)\ds+(t—a)/ 0|q(s)|ds] for t €la,ap]

and
b t
|u(t)| 59[M(b—t)+/ (b—s)|q(s)|ds+(b—t)/b |q(s)|ds] for t € [bo, b|.

Consequently, u satisfies (2) and thus u is a solution of the problem (1), (2). O

Page 11 of 12
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