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Abstract

In this paper, we investigate the existence of positive solutions for a class of singular
second-order differential equations with periodic boundary conditions. By using the
fixed point theory in cones, the explicit range for A is derived such that for any A lying
in this interval, the existence of at least one positive solution to the boundary value
problem is guaranteed.
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1 Introduction
Reaction-diffusion problems often arise in physics, chemistry, biology, economics, and
various engineering fields. A class of reaction-diffusion equations

Wi = Wy + HW) 1)

includes several known evolution equations. For equation (1), if traveling wave satisfies
w(x, t) = W(x — Ct) with speed C, then equation (1) can be converted to a second-order
ordinary differential equation

W+ CW' + H(W) = 0. )

With appropriate boundary value conditions, the existence of positive solution of equa-
tion (2) is significant and helpful. The Liebau phenomenon, which is in honor of the physi-
cian Liebauh’s pioneering work, is the occurrence of valveless pumping through the appli-
cation of a periodic force at a place which lies asymmetric with respect to system config-
uration. Propst [1] made use of differential equations to model a periodically forced flow
through different pipe-tank configurations. In one pipe-one tank configuration, ignore the
singularity in the corresponding differential equation model, namely

u”(t) + au/(t) + i(b(l/(t))2 —e(t)+c=0, tel0,T],
u(0) = u(T), ' (0) = u/(T).

3)
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According to the physical meaning of the involved parameters, assumea > 0,b>1,¢> 0,
and e is continuous and T'-periodic on [0, +00). In [2], Cid et al. applied the substitution
u=x"u= ﬁ, and then transformed the singular periodic boundary value problem (3)

to the regular problem

2'(t) + ax'(t) + s(t)xP —r(t)x* =0, tel0,T],
x(0)=x(T),  «'(0) =«(T),

(4)

where r(¢) = %, s(t) = ﬁ, a=1-2u, B=1- u. Based on the lower and upper solution
technique, the existence and asymptotic stability of positive solutions for (3) are obtained.

In this paper, we discuss the positive solutions of the following periodic boundary value
problem (PBVP):

x'(t) + ax'(t) + K2x(t) = Mf (£, %(2)), te(0,T),
x(0) = x(T), x'(0) =x/'(T),

(5)

where a > 0, k € (—00, +00), A > 0 is a parameter, f : (0, T) x (0, +00) — [0, +00) is a con-
tinuous function and f (¢, u) may be singular at £ =0, £ =T and u = 0.

In recent years, the existence of solutions for differential equations has been widely stud-
ied by many scholars in the mathematical sense (see [3—20] and the references therein).
In [3, 4], through the use of Guo-Krasnosel’skii’s fixed point theorem, the existence and
multiplicity of positive solutions for the following periodic boundary value problem were
established.

—x'(t) + p2x(t) = f(t,x(t)), t€[0,27],p>0,
x(0) = x(27), x'(0) = x'(27),

(6)

&'(0) + p2x(0) = f(t,x(2)), t€[0,2n],0<p<3,
x(0) = x(27), x'(0) =x'(27).

7)

In [5], the author researched PBVP (8) by using an L”-anti-maximum principle and ob-
tained the existence results in order to overcome the difficulties of the symbol of Green’s

functions for the corresponding linear periodic problem:

x"(t) + a(t)x(t) = f(x(t)) + a(t)x(t), tel[0,T],
x(0) =x(27), x'(0) =x'(2T).

(8)

Motivated by the above works, we consider PBVP (5). In (5), if f (¢, x(£)) = m?x(t) +s(£)xP —
r(t)x®, then (4) is a special case of (5). Compared with [3, 4], in which the existence and
multiplicity of positive solutions for (6) (7) are considered, we not only obtain the existence
of positive solutions for (5), but also increase the parameter A and get the explicit range of
A by using the fixed point theory in cones. Therefore, our article contains, promotes, and

improves the previous results to a certain extent.
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2 Preliminaries and lemmas
In this section, we present some notations and lemmas that will be used in the proof of

our main results.

Lemma 2.1 ([21, 22]) Let h € C(0, T) N LY(0, T), then the boundary value problem

x(8) + ax'(¢) + K*x(t) = h(t), t€[0,T],
x(0)=x(T),  «'(0)=+(T)

has an integral representation

T
x(t):/ G(t,s)h(s) ds,
0

where G(t,s) is the related Green’s function.

Lemma 2.2 ([23]) Assume that condition (Hy) holds,
(Hy) k>0, k2 < (%)2 + (%)2.

Then G(t,s) has the following properties:
(i) G(t,s)>0,(ts)e[0,T] x[0,T];
(i) [y G(t,s)ds= 5
(iii) There exists a constant & € (0,1) such that G(t,s) > G(s,s) > EG(t,s),
(¢,s)€[0,T] x [0, T].

Let X = C[0, T'], then X is a Banach space with the norm ||x| = max,e[o,7] [%(£)|. Denote
K ={xeX:x(t) > &|xll, £ € [0,T1},

where £ is defined as Lemma 2.2. It is easy to see that K is a positive and normal cone in X.
Forany 0 < r < R < +00, let K, = {x € K : r < ||x|| < R}. In this paper, we always assume
that the following conditions hold.

(Hy) f:(0,T) x (0,+00) — [0, +00) is a continuous function and
St u) < p(0)(g(w) + h(w)), (t,u) € (0, T) x (0, +00),

where ¢ : (0, T) — [0, +00) is continuous and singular at ¢ = 0, T, ¢(£) # 0 on [0, +00),
g:(0,+00) — [0,+00) is continuous and nonincreasing, % : [0, +00) — [0, +00) is
continuous.

(Hy) [ G(s,5)¢(s) ds < +oo.

Under assumptions (Hp)-(Hy), for any # € N, N is a natural number set, we define a

nonlinear integral operator A, : K — X by

T
(A,x)(2) = A/ G(t,8)fu(s, x(s)) ds, te[0,T], (10)
0
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where f, (¢, u) = f(t, (u + %)). Obviously, the existence of solutions to (5) is equivalent to
the existence of solutions in K for the operator equation A,x = x defined by (10). In this
paper, the proof of the main theorem is based on the fixed point theory in cones. We list
the following lemmas which are needed in our study.

Lemma 2.3 ([24]) Let K be a positive cone in a real Banach space X. Denote K, = {x e K :
lxll <7}, Kyg={x e K:r < |lx]| <R}, 0<r<R<+00. Let A: K,p — K be a completely
continuous operator. If the following conditions are satisfied:

@) Ax| < llxll, Vx € 0Kg;

(2) There exists xg € 0Ky such that x # Ax + mxg, Vx € 0K, m > 0.
Then A has fixed points in K, .

Remark 2.1 If (1) and (2) are satisfied for x € 9K, and x € 9Ky, respectively, then
Lemma 2.3 is still true.

Lemma 2.4 ([25]) Let K be a positive cone in a Banach space E, 2 and Q2 be bounded
open sets in E, 0 € Q1, Q1 C Q, A: KN Qy\Q — Phea completely continuous operator.
If the following conditions are satisfied:

Axll < Iz, VYxeKNoLy, [ Ax]l = [lxll, Vx € KNy,
or

lAx|| > |lxll, VxeKNay, lAx|| < |lxll, Vxe KNy,
then A has at least one fixed point in K N (\ Q).

3 Main results
Theorem 3.1 Assume that (Hy)-(Hy) hold, then A, : K — K is a completely continuous
operator for any fixed n € N.

Proof Let A >0 and n € N be fixed. For any x € K and ¢ € [0, T'], by Lemma 2.2, we have

T

T
A/ G(s,8)fu(s,%(5)) ds < (Aux)(t) = Af G(t,s)fu(s, x(s)) ds
0 0
T
< g/o G(t,s)f,,(s,x(s)) ds.

This implies that (A,x)(£) > & | A,«||, therefore A,(K) C K. By a standard argument, under
assumptions (Hp)-(H;), we know that A,, : K — K is well defined.
Next, for any positive integers n,m € N, we define an operator 4,,,,, : K — X by

7-1

(Apm)(£) = 2 /1 "G, 9)f(s,x()) ds, telo,T]. (11)

m

In a similar discussion, A,,,, : K — X is well defined and A4,,,,(K) C K. In what follows, we

will prove that A,,,, : K — K is completely continuous for each m > 1. Firstly, we show that
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Aym i K — K is continuous. Let x,,x € K satisfy ||x, — x| = 0 as v — +00. Notice that
te [i, T - i], (&, 2, () — fu(t,%(£))| = 0 as v — +00. Using the Lebesgue dominated

convergence theorem, we have

‘A/ITﬁ G(t, 8)fu(s,%,(5)) ds — A/}TW G(t,5)f;y (s, %(s)) ds

A [T-m

< : G(,9)|fu(s:%0(5)) = fu(s,%(5)) | ds = 0, v — +o0.

Therefore
ao [T
A%y = Apmxll < 5/; G(S,9)|fu(s:%0(5)) = fu(s,%(5)) | ds —> 0, v — +o0.

So, Ay : K — C[0, T] is continuous for any natural numbers #n, m. Then A,,,, : K — K is
continuous for any natural numbers n, m.

Let D C K be any bounded set, then for any x € D, we have ||x|| <7, and then 0 < &r <
x(t) <rforany ¢ € [0, T]. By (Hy)-(Hy), for any x € D, we have

‘A/ITW G(t,s)ﬁ,(s,x(s)) ds

A [T 1

< - G(s, s)q’)(s)( (x(s) + —) + h(x(s) + —)) ds
£J1 n

< & T G(s,8)p(s ( (§r+ —) (x(s) + l)) ds
& n

T_,
sg | Gle9s(gen e max o)) ds
< +00. (12)

So, A,,,»D is bounded in K.

In order to show that A,,,, is a compact operator, we only need to show that A,,,,D is
equicontinuous. For any ¢ > 0, by the continuity of G(¢,s) on [0, T] x [0, T], there exists
8 > 0 such that for any 1,¢, € [0, T], s € [%, T - i], and |#; — £;] < 8, we have

-1 -1
|G(t1,5) - G(ta, )| < s(k /1 9(5)(g(67) + max hi))d )

m

Then, for any x € D, for any t1,¢, € [0, T], s € [%, T - %], and |f; — £y < 8, we have
|(An,m)(t1) - (An,m)(t2)|

T——
= }”/1 |G(t1,5) - Gt2,9)|fu (s, x(5)) ds

m

T_,
< A/ |G(t1,s) G(tz,s)|¢(s)( (x(s) + 1) + h(x(s) + l)) ds
1 n n

m
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-
< [ 71609 - G960 (glen + max 1)) ds

which means that 4,,,,D is equicontinuous. By the Arzela-Ascoli theorem, A,,,,D is a rel-
atively compact set and so 4,,,, : K — K is a completely continuous operator.

Finally, we show that A, : K — K is a completely continuous operator. For any ¢ € [0, T']
andx € S = {x € K, ||x|| <1}, by (10), (11), we have

L T

A/W G(t, sf,,(s, (s )) ds+k/ G(t,s)f,,(s,x(s)) ds

1
m

(/ /%)G 06 (g0 1) +h(500+ 1) ) as
(f o %)Gs,sm(s)(g( >+max h(y))

— 0, m— +o0.

Hence

A, = Apmll =sup [|Ax — Ayx|| = 0, m — +00.

Therefore, by 4,,,,, : K — K is a completely continuous operator, we get that 4, : K — K
is a completely continuous operator. d

Theorem 3.2 Assume that (Hy)-(Hy) hold and f satisfies the following condition:

(H3) There exists [a,b] C (0, T) such that

. . ftu)
lim min —— = +o00.
U—+00 te(a,b) u

Then there exists A > 0 such that PBVP (5) has at least one positive solution for any ) €
(0, ).

Proof Choose r; >0, let

= . { §n }
A =min{1, 7 .
fo G(S, S)¢(S)(g(§r) + maxye[érl,qﬂ] h()’)) ds

LetK,, = {x € K : ||x|| < r1}. For any x € 3K, t € [0, T], by the definition of || - ||, we have
(6 <lxll <m,  x(8) = &llxll = &r.

For any A € (0, 1), we have

T
0] = [ Glestionto)as

T
= . G(s,5)9(s) (g(x(s) + l) + h(x(s) + 1)) ds
%_ 0 n n
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T
< &/ G(s,s)(b(s‘)(g(g”*' l) + h(x(s) + 1)) ds
§Jo " ’

)\' T
<3 /0 G(s,s)¢(s)(g(sr)+ max h(y)) ds

yel§ryr+1]

< T11.
Thus,
|A,x|l < |lx|]| for anyx € 3K,,. (13)

On the other hand, by the inequality in (H3), choose / > 0 such that Al§r, fab G(s,s)ds > 1,
then there exists N* > 0 such that

ft,u) >Ilu, u>N*, telab]

Let rp > max{r, Ag}, K., ={xeK:|x| <ry}. Take gy =1 € 0K, = {x € K : ||x|| =1}. For any
x € 0K,,, >0, n € N, we will show

x 7 Anx + 1q,. (14)

Otherwise, there exist xy € dK,, and uo > 0 such that xo = A,xo + togq1. From xy € 9K,,,
we know that ||xg|| = 72. Then, for ¢ € [a, b], we have

x(t) > Ellx)| = &ry > N™.
Hence, we conclude that
T
xo(t) = A / G(t, 8)fu(s,%0(s)) ds + po
0
b
= / G(s, )fu(s,0(5)) ds + o
b
> A/ G(s,8)lEryds + g
=1y + o >Ta.

This implies that r, > 7, which is a contradiction. This yields that (14) holds.

It follows from the above discussion, (13), (14), Lemma 2.3 and Theorem 3.1 that, for any
neN, x e (0,1), A, has a fixed point x,, € f,z \ K.

Let {x,}:°; be the sequence of solutions of PBVP (5). It is easy to see that they are uni-
formly bounded. From x,, € F,z \ K;,, we know that

ry = 1%l = %4(£) = & llnll = 671, £ €[0,T1].

For any ¢ > 0, by the continuity of G(t,s) on [0, T'] x [0, T, there exists §; > 0 such that for
any 41, £,s € [0, T1, |y — £2] < 81, we have

T -1
’G(tl,s)—G(tz,s)‘ <8<k./o ¢(s)<g($r1)+ max h(y)) ds) .

yel§ryra+l]
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Then, for any t;,t;,s € [0, T, |t; — t2| < 81, we obtain

’xn(tl) - xn(tZ)‘

T
=A fo |G(t1,5) = G(t2,9)|fo (s, %u(s)) ds

T
< A/ ‘G(tl,s) - G(tg,s)|¢(s) (g(x,,(s) + l) + h(x,,(s) + l)) ds
0 n n

T

<3 [ 1609 - Gt |00 (gler + _max 1)) ds
0

<&

yel§ryra+l]

(15)

Similarly to (12), together with (15), by the Ascoli-Arzela theorem, the sequence {x,}5°,
has a subsequence being uniformly convergent on [0, T']. Without loss of generality, we still

assume that {x,}%°, itself uniformly converges to x on [0, T]. Since {x,}°, € K,, \ K, C K,

we have x,, > 0. Besides, we have

x,(t) = xn<%) +x;<%> (t— %) _ﬂ‘/;(xn(s) —M(%)) ds

- kZﬁ /1 (xn(s) - )‘f;’l(g’xn(g)) dcds, te(0,T). (16)

Since {x/n(%)}Z‘i1 is bounded, without loss of generality, we may assume x/n(%) — cpasn—

+00. Then, by (16) and the Lebesgue dominated convergence theorem, we have

x(t) :x<%> +co(t— %) —a/!(x(s) —x<%)) ds
_k2/1 /1 () = Af(s,x(s))dsds, te(0,T). (17)

By (17), the direct computation shows that
x'(t) + ax'(£) + K2x(t) = kf(t,x(t)), te(0,T).
On the other hand, let # — +o0 in the following boundary conditions:
%0(0) =xn(T),  ,(0) =, (T).
Therefore, we deduce that x is a solution of PBVP (5). The proof is completed. d

Theorem 3.3 Assume that (Hy)-(Hy) hold and f satisfies the following condition:

(Hy) There exists [c,d] C (0, T) such that

1 h
liminf min f(¢, u) > lim ﬂ =

U—>+00 te[c,d] [cd G(S, S) dS’ u—+00 1Y

0.
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Then there exists 1. > 0 such that PBVP (5) has at least one positive solution for any \ €
(&, +00).

Proof By the first inequality of (Ha), we have that there exists N, > 0 such that for any
t € [¢,d], u > N, we have

1
L, —_— 18
Jleu)> fcd G(s,s)ds 19)

Select A = max{l, ¥¢}. In the following proof, we suppose A > %, choose R; = A, Kz, = {x €
K :||x|| < R,}. For any x € dKg,, t € [c,d], we have

x(t) = &llxll = R > N,

Then, by (18), we have
T d
|(Txn)(t)| = A/ G(¢,8)fy (s,x(s)) ds > A/ G(s,8)fu (s,x(s)) ds
0 c

> A/Cd G(s,5)

>R

1
—d
669

c

Therefore, we have
lAx|l = |lx|| for any x € 0K, . (19)

Based on the second inequality in (H4) and the continuity of /() on [0, +00), for

T -1
E:max{l,(t—)\/o G(s,s)¢(s)ds) },

there exists N* > 0 such that when x > N*, for any 0 < z < x, we have h(z) < cx. Select
L 20 (T
Rz {20 N2 / Gls,5)p(s)g(E Ry) s |
0

Then, for any x € 3Ky, , t € [0, +00), we have
(8 < lxll <Ry, x(8) = &llx|| = §R,.

Hence, we gain

T
[(Ax)(8)] = ‘)»/0 G(&,8)f(s, x(s)) ds

T
< & G(s,8)p(s) (g(x(s) + l) + h(x(s) + l)) ds
& Jo n n

T
< &/ G(s,8)p(s) (g(ERz + l) + h(x(s) + l)) ds
§Jo n n

)\‘ T
<2 / Gls,)6(5)(g(¢Ry) + TR, + 1)) ds < Ry.
A
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Thus,
lAx|| < llx|l for any x € dKg,. (20)

It follows from the above discussion, (19), (20), Lemma 2.4 and Theorem 3.1 that, for
neN, r e (k,+00), A, has a fixed point x,, € I?Rz \ K, satisfying R; < [|x,|| < Ry. The rest
of the proof is similar to Theorem 3.2. That is the proof of Theorem 3.3. d

Corollary 3.1 The conclusion of Theorem 3.3 is valid if (Ha) is replaced by the following:

(H}) There exists [c,d] C (0, T) such that

h(u
liminf min (¢, u) = +00, lim Q =0.
U—+00 telc,d] u—>+00 Y

Remark 3.1 From the proof of Theorems 3.2 and 3.3, we can obtain the main results
under the condition that the function f(¢, ) not only has singularity on ¢ but also has

singularity on %, and we use the approximation method to overcome the difficulty caused

by singularity.

Remark 3.2 In this paper, we can get the positive solution of PBVP (5) when the param-
eter X is sufficiently large and small; concretely, we can choose A € (0,1) and X € (1, +00).
What is more, the solution x in PBVP (5) satisfies x(¢) > 0 for any ¢ € [0, T'].

4 Examples
Consider the PBVP

x"(t) + %x’(t) +x(t) = Af(t,x(2)), te][0,1],
x(0)=x(1),  «'(0)='(1),

(21)

where a = =, k = 1 T=1. Obv1ously, (Hop) holds. Take f(t,u) = W(«}ﬁ + u?), we can
suppose o (t ) m ,g(u) = f’ h(u) = u?. Since the continuous function G(Z, s) is positive
for all ¢,s € [0, T], there exist constants C; > 0, C, > 0 such that 0 < C; < G(t,s) < C, for all
t,s € [0, T]. Together with G(¢t,s) > G(s,s) > £G(¢,s), (¢t,s) € [0, T] x [0, T] in Lemma 2.2,
we have 0 < £C < G(s,s) < Cy, so we can get

/(;TG(S,S)(,‘b(S)dS:/l G(s,8)o( ds<C2/ x/S(l——S

o ﬁ‘“z/ m
:C2/_1 ll_uzdu(u—2< 2))

=Cylim2arcsinu = 7 < +00,
u—1

. . ftu)
lim min
u—+ootelab] U

= +0Q.
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So all the conditions of Theorem 3.2 are satisfied. By Theorem 3.2, PBVP (21) has at least

one positive solution provided A is small enough.
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