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Multiple existence of solutions for a coupled system
involving the distributional Henstock-Kurzweil integral

WEI L1U, GUOJU YE and DAFANG ZHAO

ABSTRACT. This paper deals with a coupled system in the sense of distributions (generalized functions).
Our main goal is to get the basic multiple existence results via some degree theory arguments. Differently from
the literatures, the proof is based on the concept of a general integral named distributional Henstock-Kurzweil
integral, which includes the Lebesgue and Henstock-Kurzweil integrals as special cases. Finally, an example is
given to illustrate that the presented abstract theory contains some previous results as special cases.

1. INTRODUCTION

The purpose of this paper is to establish the existence of non-zero solutions for a cou-
pled system

—u" = f1 + hi(x,u,v), xz€(0,1),
(1.1) —v" = fo+ ha(z,u,v), x€(0,1),
u(0) =u(l) =0, v(0)=2'(1)=0,
where u,v : [0,1] — R and the derivatives are understood in the sense of L. Schwartz’s
distributions, f; is a distribution and h; : [0, 1] x C[0, 1] x C[0,1] — R s a function, i = 1, 2.
In ODE, the problem of the existence of solutions for a coupled system of the type

(1.2) —%’5 = hy(z,u,v), x€(0,1),
— 4% = ho(z,u,0), € (0,1),

has received an extensive attention by researchers, see, for example, Liu and Sun [11],
Cheng and Zhong [3], Cheng and Zhang [4], Cheng [5], Yang [21], Asif and Khan [2],
Infante and Pietramala [9]. Likewise, many papers are concerned with the equivalent
integral system which is known as the nonlinear Hammerstein system

1
ulz) = / k() (3, uly), o())dy, = € [0,1],

o(z) = / o, oy, u(), o(w))dy, = € [0,1],

where k;(x,y) (i = 1,2) is the kernel function, see, e. g., [16, 11, 4, 19, 20] and references
therein. In almost all the aforementioned papers, f; is required to be continuous, and the
solutions are in C2[0, 1].

However, continuous functions do not generally have pointwise derivatives, for exam-
ple, the Riemann function

(1.3)
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does not have pointwise derivative, see details in [8]. Since the distributional derivative
includes the pointwise one, several papers started to study the distributional differential
equations, we refer the reader to [12, 13, 14, 18]. Recently, a new integral based on the
concept of distributions was studied in [1, 17, 22]. Precisely, a distribution is called distri-
butionally Henstock-Kurzweil integrable if it is a distributional derivative of a continuous
function. With this definition, the distributional Henstock-Kurzweil (D for short) inte-
gral contains the Henstock-Kurzweil (H K for short), Lebesgue and Riemann integrals as
special cases. Further, many basic properties of usual integrals still hold in this case, see
details in [1, 10, 15, 17, 22].

Motivated by the above discussion, in this paper, we aim to study the existence results
of (1.1). Firstly, we assume that f and & satisfy the following assumptions:

(Dy) forevery u,v € C[0,1], h;(-,u(.),v(.)) is HK integrable on [0, 1];

(D2) forallz € [0,1], hi(x, u,v) (i = 1,2) is continuous with respect to (u, v);

(D3) there exist constant Ry > 0 and HK integrable functions {;(x), ¢;(z) > 0 (i = 1, 2)
on [0, 1] such that

—Li(Jul + |v]) = ¢ < hi( u,v) < Ui(Ju| + [v]) + ¢, foreveryu,v € Bg,, i =1,2,

on [0, 1], where Bg, = {u € C[0,1] | ||u]| < Ro};
(D1) fi € Duk,i=1,2.

Definition 1.1. (u,v) is said to be a solution of the differential system (1.1) on [0, 1] if (u, v)

satisfies the following integral system

1
u(z) = / k(2. 9) (f1(9) + ha (g, u(y), o)y, = € [0,1],

(1.5) 1
o(z) = / k() (fo(w) + ho(yu(y), v(®)dy, € [0,1],

where

(1.6) kl(x’y)_{y(l—x), O<y<az<i1, MP@EV=9. 0Z,22<1.

Let
17)  Fie) = /Oxfi(y)dy, Lix) = /Ozuy)dy, Qu(x) = /qui(ym re 1.

Obviously, F;, L;, Q; (i = 1,2) are all continuous on [0, 1].
The main results of this paper are as follows.

Theorem 1.1. Let the hypotheses (Dy) — (D) be fulfilled and max{||L ||, || L2||} < &. Then the
system (1.1) has at least one nontrivial continuous solution.

Theorem 1.2. If the assumptions in Theorem 1.1 are satisfied and if there exists R > 2Ry + 1
such that for ||u|| + ||v|| = R, either

(1.8) ha(yu,v) > 7% (u+ 2| Fi|)
or

2
(1.9) ha(.yu,0) 2 Z-(v + 2| Bol)

holds on [0, 1]. Then the system (1.1) has at least two nontrivial continuous solutions.
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2. MAIN RESULTS

In this section, we first present two methods of computation for topological degree (see
details in [7, 11, 16]), which will be used to prove Theorems 1.1 and 1.2.

We denote by 2 a bounded open set in a Banach space X and by Q its closure. 6
denotes the zero element in X. Let A : Q — X be a condensing operator (see definition in
[7]). Actually, a completely continuous operator is condensing.

Lemma 2.1 ([7, Lemma 2.5.1]). Let §2 be a bounded open set in real Banach space X with 6 € Q,
and A : Q — X be condensing. If

Ex # Ax, foreveryx € 092, £ > 1,

then
deg(l — A,Q,0) = 1.

A nonempty convex closed set P C X is called a cone i) If z € P, A > 0 then Az € P; ii)
If x € P, —x € P then x = 6. A nonempty convex closed set W C X is called a wedge i) if
z € W, XA > 0then Az € W; ii) there exists y € W, such that —y ¢ W. Obviously, if P is a
cone in X thenitisalsoawedgein X. Foru e X, letW(u)={z € X |z +ue W}

Let Y; be a Banach space and P; a conein Y; (j = 1,2,...,n). For convenience, the
partial ordering in each Y;, which is induced by P;, is expressed by <.

Lemma 2.2 ([16, Corollary 1]). Let A : Q — X be a condensing operator which has no fixed
point on 0. Suppose that there exist linear operators T : W — Wand N; : W — P; (j =
1,2,...,n), such that
() foreach j,1 < j <n, NjTx = N;z, foreach xz € W;

(IT) Njug # 6, for someug € W\ {0}, j=1,2,...,n

(III) A(0$?) ¢ W (u*) for some u* € W;

(IV) for any x € 09 N W (u*), there exists jo (1 < jo < m) which is independent of = , such

that NjDAx > NjOT.ﬁ.
Then
deg(I — A,9Q,0) =0.

Let X = C'[0,1] x C*[0,1] with norm ||(u,v)||x = |lul| + ||v||, and let 4; : Bgr, —
C0,1] (i =1,2), A: Bgr, X Br, — X satisfy
1
Auo)(@) = [ ki) o uo) o), =12
0
A 0)(@) = (Ax (1, 0) ), Ao, 0)(2).

We are now in the position to prove our main results.

(2.10)

Proof of Theorem 1.1. Let Ry > max { QHfngﬁ‘l” , QHEQMQQHQ” } be fixed. In order to ex-

plore Lemma 2.1, we first prove that the operator A : B, x Br, — X is completely
continuous.
Obviously, || k;(z,y)|| < 1on[0,1]x[0,1]. By virtue of Assumption (Ds3), for any (u,v) €

Bpg, X Bg,, one has
1A, 0) @] < ] / 1 kl(x,y)fl(y)dy‘ n ] / 1 k1<x,y>h1<y,u<y>,v<y>>dyH
<l [ 'Ry - I F1<y>dy\ n \ / a( ) (b ) (u)| + o)) + q1<y>>dyH

<2/l + 2Ro| L[| + [|Qu [l < Ro.
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Similarly, || A1 (u,v)(x)|| < Ro. Therefore, A(Bg, x Br,) C Br, X Br, and
(2.11) | A(u,v)|[x < 2Ro.

Furthermore, for all 21, =2 € [0,1], by (D3), one has

A1, 0) (1) — Ar (u, 0) (22)] = | (21 — 22) / Fi(y)dy / Fily)dy

(12) +(x1—:c2)/0 /O ha(y, u(y), v dydt*/ /h1 y,u ))dydt‘

S2([[Frll + 2Rol| Lol + Q1D — 2.

Similarly,
(2.13) | Az (u,v)(w1) — Ag(u, v)(@2)] <2(|[Fall + 2Ro|| L2 || + [|Q2]]) |1 — 22f.

Since F;, L;, Q; (i = 1,2) are continuous and so are bounded on [0,1], it follows from
(2.12) and (2.13) that A;(u, v) (i = 1,2) is equiuniformly continuous on [0, 1] for all (u, v) €
BRO X BRU-

We now show that A : Bp, x Br, — X is continuous.

Let (u,v) € Br, X Bgr,. Without loss of generality, we assume that u; — u, v; — v in
Bp, as j — oo . According to the condition (Ds), h;(-, u;,v;) — hi(-,u,v) as j — oo, i =
1, 2. Therefore, by (2.10) and the convergence Theorem 1 of [22], one has

1

1
Jim, ; ki(@,y)hi(y, u;(y), v (y))dy = /0 ki(x,y)hi(y, w(y), v(y))dy, i=1,2,
uniformly on [0, 1]. Therefore, lim;_,o A;(uj,v;)(.) = A;(u,v)(.) (¢ = 1,2) on [0, 1], which
implies that A; is continuous and hence A is continuous on [0, 1]. Therefore, according to
the Arzela-Ascoli theorem, A : Br, X Br, — Bg, X Bg, is completely continuous.

Finally, let Q¢ = {(u,v) € X | |[(w,v)]|x < 2Ro}, 020 = {(u,v) € X | ||(u,v)||x = 2R}
We now verify that for any (u, v) € 0Q9, A > 1,

(2.14) A(u,v) # Au,v).
If not, there exist (ug,vo) € 9y, Ao > 1 such that
(2.15) A(ug,vo) = Ao(uo,v0)-

By (211) and (215), 2Ry > ||A(UQ,U0)HX = )\OH(UO,UO)”X = 2Ry, which leads to a
contradiction. Thus, (2.14) holds. So far, all the conditions in Lemma 2.1 are satisfied.
Therefore,

(2.16) deg(l — A,Qp,0) = 1.
Thus, by the solution property of topological degree (see [7, Theorem A.3.1]), A has at
least one fixed point in €2y. The proof is therefore complete. O

If |L1]| = || L2|| = 0, then (D3) is reduced to

(D5) there exist constant Ry > 0 and HK integrable function ¢;(z) > 0 (i = 1,2) on
[0, 1] such that

—qi < hi(.,u,v) <g;, foreveryu,v € Br,, i =1,2,
on [0,1], where Bg, = {u € C*[0,1] | |[ul| < Ro}-
Moreover, we have a direct consequence of Theorem 1.1.

Corollary 2.1. Let the hypotheses (D1), (D2), (D%) and (D) be fulfilled. Then the system (1.5)
and, hence, the system (1.1) has at least one nontrivial continuous solution.
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Remark 2.1. The condition (Dj%) together with (D) and (D) was first proposed by Chew
and Flordeliza in 1991 [6], to deal with first order Cauchy problems.

To prove Theorem 1.2, we first let

1
Kiu:/ ki(z,y)u(y)dy, i=1,2.
0

One can calculate the spectral radius r(K;) of K; (i = 1,2) by a routine method, and has
r(Ky) =%, r(Ky) = 2. Let

(2.17) gi1(z) =sinmx, go(x)=sin gz, xz €1[0,1].

It is easy to see that g;(x) > 0, g;(z) # 0 on [0, 1], and satisfies

1
(2.18) / k(e )iy = r(K)gi(e), we[0,1], i =1,2

Moreover, let

(2.19) o (z) = { glc,_ .. giii%: az(z) =2, 0<zx<1,
one has

(2.20) ki(z,y) > ai(@)ki(r,y),  zy,7€0,1],i=1,2,

and hence, by (2.18),

(2.21) gi(x) > 0;k; (7, ), xz,7€1[0,1],i=1,2,

where §; = r~1(K;) fol a;(y)gi(y)dy >0, i =1,2.
LetY1 =Y =R, P, =P, = [O, +OO), W = W7 x W5, where

W, = {u € C0,1]

u(x) >0, /0 gi(x)u(x)dx > r(K;)o;||u| } , 1=1,2.

Obviously, W is a cone in X.
We now prove the second main result.

Proof of Theorem 1.2. Let
T(u,v) = (r (K Kju, r~ (K Kyv),

1 1
Ni(u,v) = /0 g1(z)u(x)dz, Na(u,v)= /0 g2(z)v(z)dz,
and u* = ug = (u1,us), where
1
ui(z) = 2| Ff| + 1 +/O ki(z,y) <li(y)(|U(y)| + o)) + qi(y)>dy, i=1,2.

We now verify that the linear operator 7' maps W into W. In fact, for any given (u,v) € W,
one has u € W;. Obviously, 7~ (K1) (K;u)(x) > 0, by (2.18) and (2.20), one has

1 1
(2.22) /o g1(2)r N (K) (Ku)(z)de = /0 g1(y)u(y)dy > 5 (K u)(t), 7€][0,1].
Therefore, fol g1 (2)r (K (Kyu)(x)de>6r(Ky) ||~ (K1) Kyul|, hence, r =1 (K1) Kyu € Wy.

Similarly, =1 (K3)Kov € Wy, which implies T'(u,v) € W, i.e., T(W) C W.
In view of Lemma 2.2, we now divide the proof into four steps.
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Step 1. For any (u,v) € W, by (2.18), (2.22)

223)  NT(uv)= / on ()= (B (K ) () = / 01 (@)u(y)dy = Ny (u, ).

Similarly, one has NoT'(u,v) = Na(u, v). Thus condition (I) in Lemma 2.2 is satisfied.
Step 2. It is easy to see that the linear operator N; maps W into P; (i = 1,2),
up € W\ {6}. By virtue of (2.18), one has

1 1
Nug = / gi(x)u;(x)dx > / gi(y)dy > 0.
0 0

Consequently, condition (II) in Lemma 2.2 is satisfied.
Step 3. For any (u,v) € X, A(u,v) + u* = (A1 (u,v) + u1, Aa2(u, v) + uz). One has

1 x
@20)  Ay(u,0)(@) +ua(e) > 2B+ 142 / Fy(y)dy - / Fi(y)dy > 0.

Let p(y) = fi(y) + hi(y,u(y),v(y)) + L(y)(lu(y)| + |[v(y)]) + ¢1(y). Then, by (2.18) and
(2.20), one has

1

/ 01(2) (A1 (u, 0)() + ua (2))de = () / g @)u(y)dy + @IF] + 1) / 01(2)dz
0 0 0

> r(K1)b1 (A (u, 0) (r) + wa (), 7 € [0, 1],
This and (2.24) imply that

/0 g1 (z) (A1 (u,v)(x) + up (z))dx > r(K1)01|| A1 (u, v) 4+ uq]|-

Hence, A;(u,v) + uq € Wy. Similarly, one has As(u,v) + us € Wy, thus A(u,v) + u* € W.
This implies that condition (III) in Lemma 2.2 holds.

Step 4. Let Q = {(u,v) € X | |lul]| + ||v|]| < R}, R > Ro + 1. Without loss of generality,
we may assume that A has no fixed point on 9.

For any (u,v) € 00N W (u*), then ||ul| + ||[v]| = Rand u +uq € Wi, v+ ug € Wa. It
follows from (2.23), (D3), (2.18) and (1.8) (similarly, if (1.9) holds) that

N1 A(u,v) — N1T(u,v) = Ny A(u,v) — Ny (u,v)
> [Coo) (v [ Ay~ [ Ry + r(E)b (), o) ) d
>0.

Thus condition (IV) in Lemma 2.2 holds.
According to the arguments above and Lemma 2.2, one has

(2.25) deg(I — A,Q,6) = 0.

It follows from (2.25), (2.16) and the additivity property of topological degree (see [7,
Theorem A.3.1]) that

(2.26) deg(I — A, Q\ Qp,0) = —1.

Thus, A has at least one fixed point in 2 \ Q. This and Theorem 1.1 imply that A has at
least two fixed points in 2. The proof is therefore complete. O
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3. ILLUSTRATIVE EXAMPLE

Now, we give an example to illustrate that our results are more general.
Example 3.1. Consider

—u" = Lu+ R, x € (0,1),
(3_27) " = %(U—I— |U|)+ <7r4716| |_|_ s +48) HU\HQSH*N —&—%R/, = (071)’

42

u(0) = u(1) =0, ©(0)=7'(1) =0,

where R’ is the distributional derivative of R as given in (1.4).
Obviously, (3.27) can be regarded as a special case of (1.1), where

fl :Rlv hl(l'vuav) =
f2 - 27T2R/ hg(x,u,v) =

u,
wet o)+ (TS| + e ) Ll

m"P :‘w"—‘

Letly(z) = 2, lo(2) = &, 1 (z) = 0, go() = 48 on [0,1], then

82
IBI<T Ial= 2 1@l =0, Bl <L Lol = 2 1Qul= S
6 w2 4 2 4872
Hence,
S =
So, for ||ul]| < 5 and ||v|| < 5, one has
o ds

1 4
‘hl(xauav” < §(|U|+|’UD7 ‘hQ('rauaU” < ?(|u|+|v|)+ 4872

On the other hand, if ||u|| + ||v|| = 70 > 11, then

w2 1 4 3
ha(z,u,v) = T (|v| + 2) + = <u+ 2> .

+oo 3
4 3
< —_ < .
Il —; gt —1 "2

Further,

83

Thus, ha(z,u,v) > % (v + 2||F2]|) . Hence, (3.27) satisfies all the assumptions in Theorem

1.2. Therefore, (3.27) has at least two solutions.

Remark 3.2. Since R’ givenin (1.4) is Dy i integrable but neither Henstock-Kurzweil nor
Lebesgue integrable, (3.27) cannot be transformed into an integral system by using each
one of the last two integrals. This implies that the Dy integral is more powerful, and

that Theorems 1.1 and 1.2 are more general.
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