DE GRUYTER Open Mathematics 2022; 20: 1470-1478

Research Article

Mantang Ma* and Ruyun Ma
Existence and multiplicity of solutions for

second-order Dirichlet problems with
nonlinear impulses

https://doi.org/10.1515/math-2022-0519
received June 25, 2022; accepted October 7, 2022

Abstract: We are concerned with Dirichlet problems of impulsive differential equations

—u"(x) = Aux) + g(x, u(x)) + ilj(u(x))zS(x -y =fk) forae. xe(0,n),
j=1
u(0) = u(m) =0,

where A is a parameter and runs near 1, f € L?(0, ), I; € C(R,R), j = 1,2,..., p, p € N, the nonlinearity
g:[0, ] x R — R satisfies the Carathéodory condition, § = 6(x) denote the Dirac delta impulses concen-
trated at 0, which are applied at given points 0 < y; <y, <-:-< y, < m. We show the existence and multi-
plicity of solutions to the aforementioned problem for A in a neighborhood of 1 by using degree theory and
bifurcation theory.
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1 Introduction and main result

In this article, we are concerned with the existence and multiplicity of solutions for Dirichlet problems of
impulsive differential equations

—u"(x) = Aux) + g(x, ux)) + ilj(u(x))cs(x -y)=f() forae. xe(0,m),

P (1.1)

u(0) = u(m) =0,

where A is a parameter and runs near 1, f € L%(0, ), Ii: R — R is continuous, j =1,2,...,p, p €N, the
nonlinearity g : [0, 7] x R — R satisfies Carathéodory condition, § = §(x) denote the Dirac delta impulses
concentrated at 0, i.e., §(x) = 0 for x # 0, 6(0) = +oo, and f;o(S(x)dx =1, the Dirac delta impulses 6 are
applied at given points 0 < y; <y, <---< ¥, < 7.

In recent years, the existence and multiplicity of solutions for problem (1.1) with [; =0, j=1,2,..., p,

have been extensively studied by many authors, see [1-6] and references therein. In particular, Mawhin and
Schmitt [1] studied the Dirichlet problem with the parameter A near the principal eigenvalue of the form:
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(1.2)

u"(x) + Aux) + gx, ux)) = f(x) fora.e. x € (0, m),
u(0) = u(m) = 0.

Using degree theory together with bifurcation theory, they proved that problem (1.2) had near A = 1 at least
one solution for A > 1 and at least two solutions for A < 1 provided that

J‘g*(x)f(x)dx < If(x) sinxdx < Ig*(x) sinxdx,
0 0 0

where

g (x) := limsupg(x, s), g*(x) :=liminfg(x, s).
S——00 5—+00
In addition, Chiappinell et al. [2] showed that there exists v > 0 such that problem (1.2) with A near 1 had at
least one solution for A < 1 and two solutions for 1 < A < 1 + v under lim,_,,,g(x, s)/s = 0 and a Land-
esman-Lazer-type condition. Here, we emphasize that the existence and multiplicity of solutions in works
[1,2] are obtained without impulsive effects.

As far as we know, the model of the impulsive differential equation describes evolution processes in
which their states change abruptly at certain moments in time, see [7,8]. There has recently been increasing
interest in studying the impulsive differential equation, see, for instance, [9-26]. In [9], Drabek and
Langerova studied Dirichlet problems of impulsive differential equations

—UH(X) - HU(X) + g(u(x)) = f(X), X € (01 T[)\{Xl, XZ,-“’X[]}’
M) = u' () - u' () = Lulx), i=1,2,..,q, (1.3)
u(0) = u(m) =0,

where p € R is a parameter, 0 < x <---< X4 <7, § € C(R,R), and ; € C(R, R). Based on topological
degree arguments, they showed that problem (1.3) had at least one solution under the assumption that
nonlinearity § and impulses ; satisfy sublinear growth at +co. Note that the multiplicity of solutions for
problem (1.3) in [9] is not studied.

Recently, Shi and Chen [10] studied Dirichlet problems of impulsive differential equations

—u"(x) = h(x,u(x)), x € (0, M)\{x, X%,...,Xg},
AN (x) = u' (") - u'(x) = L), i=1,2,...,q, (1.4)
u(0) = u(@m) =0

with h € C([0, ] x R, R). They showed that problem (1.4) had at least three solutions provided that
impulses I; satisfy sublinear growth at +co. The method consists in using Morse theory in combination
with the minimax arguments. In [11], Liu and Zhao considered a Dirichlet problem of impulsive differential
equations. The existence of multiple solutions is obtained by using variational methods combined with
a three critical point theorem.

Although papers [10,11] obtained the multiplicity results of solutions for the Dirichlet problems of
impulsive differential equations, they did not consider the near resonance problem corresponding to
problem (1.3) or (1.4). It is natural to ask whether it is possible to obtain some multiplicity results for
Dirichlet problems of impulsive differential equations near resonance. In this article, we show that this
program can be developed for problem like (1.1). Specifically, we shall employ degree theory and bifurca-
tion theory to deal with problem (1.1) under the following assumptions:

(A1) I : R — R is continuous and

lim @ =

|s|2c0 S

0o, j=1,...,p.

(A2) g: [0, 1] x R — R satisfies Carathéodory condition and there exists I' € LY(0, 7) with
g8(x,s) < [Tllp.
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(A3) There exist limits lim,_,..8(x, s) = g(x, tco) for any x € (0,7) and limg_,.[j(s) = Ij(+00)
for j =1,2,..., p. Moreover, the following inequality holds:

s s n
) P
Y Ii(-c0)siny; + Jg(x, —00) sinxdx < If(x) sinxdx < ) Ii(+oo)siny; + Ig(x, +oo)sinxdx.  (1.5)
j=1 0 0 0

j=1

Our main result is the following:

Theorem 1.1. Assume that (A1)—(A3) hold. Then for all A € (—co, 4), problem (1.1) has at least one solution.
Furthermore, if A < 1 but close to 1, then problem (1.1) has at least three solutions.

Remark 1.1. For other multiplicity results of solutions of second-order impulsive differential equations, we
refer the interested readers to D’Agui et al. [19], Han et al. [20], Henderson and Luca [21], and Lee and Lee
[22]. Nevertheless, the difference between these works and our work consists of the fact that we studied the
near resonance problem of the impulsive differential equation. Furthermore, the method we use (bifurca-
tion theory) is also different from the methods used in the aforementioned works.

This article is organized as follows. Section 2 is devoted to proving the regularity of a weak solution to
problem (1.1). In Section 3, we introduce some preliminary results from Mawhin and Schmitt [6] which are
useful for the proof of our main result. Finally, in Section 4, we give a priori bounds of the eventual
solutions of problem (1.1) and finish the proof of Theorem 1.1.

2 Regularity of weak solutions

Denote H := H}(0, m). We say that u € H is a weak solution of problem (1.1) if the integral identity

n

n n n p
Jwreoveodx - 2 [ucovendx + [gtx utoweodr = [Feoveodr - ¥ pavoy 1)
0 0 0 j=1

0

for any test function v € H. For simplicity, we use the following notations:

p+1
O0=Y <N<Va<<Y<Vpuu=7 ILj=0ipY) j=1L2....,p+1L O, 0\ Y -2 = U
j=1

Let D(J), I c R, be the set of all infinitely differentiable functions on 7 with compact support lying in 7.
In the sequel, we prove the regularity of a weak solution u € H.

Proposition 2.1. The impulsive problem (1.1) is equivalent to Dirichlet problem

—u"(x) — Aux) + gx, u(x)) = f(x), xeIj j=1,2,..,p+1, 2.2)
u(0) = u() = 0 ’
with impulsive conditions
Au'(y;) = Xlirrygu’(X) - lin;{u'(X) = L)), j=12,..,p. 2.3)
j X=Y;

Proof. Choose v € D(7}) and extend v = 0 on (0, )\ 7}, Then v € H. Integrating by parts in (2.1), we obtain

s

s X X X p
Ju’(x)v’(x)dx - AIV(X)dJu(T)dT + jv(x)d'[g(r, u(t))dr = Iv(x)djf(r)dr - ZIj(u(yj))v(yi).
0 0 0 0 j=1

0

s s

0 0
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Moreover, we have

I W) + A j u(t)dr + j f)dr - Ig(‘r u(t)dr |V/()dx = 0. (2.4)
Vi1 Vi
Since (2.4) holds for arbitrary v € D(JI)), there exists a constant k; such that
w00 + A _[ u(r)dr + _[ f(r)dr - jg(r, um)dr = ky 2.5)
/0 Vi1 Yia

for a.e. x € I;. Therefore, u € Cl(j’i). Moreover, from (2.5), we infer that
-u"(x) - Au(x) + glx, u(x)) = f(x), x eI
In particular, the equation in (1.1) holds pointwise in Uf’:llf,-.
We have u € C'[0, 7] by the embedding H — ([0, mr]. Set
021 i U=
Choose v € D(y; — 11, y; + ) and extend v = 0 on (0, n)\(yj -1,y + n), i.e., v € H. Integration by parts in
(2.1) yields
yitn yitn yitn yitn yitn
I GOV () dx — A I OV + I 206, GOV ()dx = I FOOV(Odx f HuG))8x - yv(xdx.

%1 %1 %1 %1 %1
Moreover, we have
ytn

I W0 + A I u(t)dr - f g(r, u(r)dr + I fo)dr - I ()8 - ydr |v/(odx = 0.

%1 %1 %1 %1 %1

Since v € (y; — n, y; + 1) is arbitrary, there are constants k such that

w00 + A f u(r)dr — J g(r, u(r)dr + J f(o)dr - J L(u(r)8(r - y)dr = k, (2.6)

%n %1 %N %1

for a.e. x € (y; - n, y; + n). Moreover, from (2.6), we conclude

j Y Y
limw'G =l -4 [ usds+ [ gts,usNds + o) - [ reas,

X—)y
y-n %N %1 2.7)

y y y
lim w'(0) = ky — A I u(s)ds + I (s, u(s))ds + 0 — I f(s)ds.

X—>y].
%N %1 %1

Therefore, from (2.6) and (2.7), we obtain
Au'(y) = lim w'(x) - lim u'(x) = L;(u(y).
x—>y]f x=y;

It follows from the aforementioned considerations that u € C(0, ) and that the first derivative u’ is piece-
wise continuous with discontinuities of the first kind at the points y;, y,, ..., ¥,

The boundary conditions u(0) = u(r) = 0 are satisfied automatically due to the fact that every weak
solution u belongs to H. Therefore, the impulsive problem (1.1) is equivalent to the Dirichlet problem (2.2)
with impulsive conditions (2.3). O
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In fact, we have just proved that every weak solution to problem (1.1) is also a classical solution. On the
other hand, it is obvious that every classical solution is also a weak solution. With this result at hand,
we can look for (classical) solutions as for solutions of certain operator equation induced by (2.1). Therefore,

we define the scalar product and the norm of H, respectively, given by
n
(u,v) = ju’(x)v’(x)dx, u,veH
0
and

1/2

ful = j(u’(x))de
0

Moreover, we define operators J, S, G, I* : H — H and an element f* as follows:

Ju,v) = Iu’(x)v’(x)dx, (Su,v) = Iu(x)v(x)dx,
0 0

f p
(G, v) = Ig(X, uCOWV)dx, (W), vy = Y L))V,
0 j=1

v = -[f(x)v(x)dx, u,v e H.
0

Then problem (2.2), (2.3) is then equivalent to operator equation

Ju — ASu + Gu + I*(u) = f*.

(2.8)

(2.9)

It follows from the definitions of operators J, S, G, I* and the compact embedding H < C[0, rr] that J is just
identity, S is a linear compact operator, and G is a nonlinear compact operator. In addition, the element f*

is also well defined because f € L*(0, ).

3 Bifurcation and continuation

Let E be a real Banach space with the norm |- and let A : E xR — E be a completely continuous

operator. Consider the operator equation
u- A, ) =0.

It follows from Mawhin and Schmitt [6] that the following results.

Lemma 3.1. [6, Theorem 1] Let there exists a bounded open set Q in E such that
deg(ld - A(-,a), Q,0) # 0.

Then there exist continua C~ and C* with

C cEx(-co,aln(d-A)Y0), C*cEx]la,+o0)n Id- A)Y0),

and for both C = C™ and C = C" the following are valid:
i) CnQxiat+ .
(if) Either C is unbounded or else C N E\Q x {a} #+ @.

(3.1

(3.2)
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Lemma 3.2. [6, Corollary 2] Assume the conditions of Lemma 3.1, where Q is given by
Q:=Bg(0) ={u € E : |ulg < R}

Moreover, assume that there exists b > a such that for any A, a < A < b, we have that||ullg < R, where (u, A) is
a solution of operator equation (2.9). Then there exists a constant a > 0, such that forb <A < b + a, there
exists (u, A) € C* with ||ullg < 2R.

Remark 3.1. A similar statement holds for values of A to the left of a.
As a further tool, we need a result that guarantees bifurcation from infinity. For this, we shall assume
a particular form for the completely continuous mapping A, namely

Alu, A) = LAu + B(u, L), (3.3)
where £(A) is a family of compact linear operators and the perturbation term B satisfies

B(u, A)
lulle

-0 as |ulg — oo. (3.4)

Lemma 3.3. [6, Theorem 3] Assume (3.3) and (3.4) hold and assume that for A = A, the generalized nullspace
of Id — L(A) has odd dimension. Then there exists a continuum

C c (Id - A)YY0)

which bifurcates from infinity at A = A;. That is, for any € > 0, there exists (u, ) € C with

A=Al <e and |ulg > 1
€

4 Proof of Theorem 1.1

Theorem 4.1. Assume that (A1)-(A3) hold. Then for given y, 1 < y < 4, there exists a constant Ry > 0, such
that, if 1 < A <y, then any solution u of problems (2.2) and (2.3) satisfies

lulloo = max [u(x)| < Ro. (4.1)
O<xsm

Proof. We break the proof into two parts, accordingtoA=1or1<A<y.
Case 1.1 < A < y. Assume there exists a constant R > 0 such that

Ju—-ASu + Gu + I*(w) — f* +0
for all ||u|| = Ry, then the properties of operators J, S, G, I*, and f* imply that the Leray-Schauder degree
deg(J - AS + G + I - f*, Bg,, 0)
is well-defined, where B = {u € H : |lull < R}. If we find R; > O such that
deg(J - AS + G + I — f*, Bg, 0) # 0, (4.2)

then there exists u € Bp, satisfying operator equation (2.9). In order to search R > O such that (4.2) holds,
we use the homotopy invariance property of the Leray-Schauder degree. Specifically, we introduce the
homotopy

H(x, u) == Ju — ASu — (1 — ¥)8Su + xGu + xI* — kf*,
where k € [0, 1] is a homotopy parameter and 6 > O satisfies

A+(1-x)0+1 forany x € [0,1].
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We prove that there exists R; > 0 such that for all u € H, |u| = R;, and all x € [0, 1] we have
Hy(x, u) # 0. (4.3)

We prove (4.3) via contradiction. Assume that there exist u,, € H, ||unl — oo, kn € [0, 1] such that
Hy(Km, uy) = 0 for 1 < A < y. Then, setting v, == up, / |[unl, this is equivalent to

G(um) ‘K I*(um) —x f*

TV — ASvy — (1 = K,)OSVy, + Koy m m =
[l et lum |l

(4.4)

The last three terms in (4.4) tend to zero due to assumptions (A1), (A2), and the fact that f* is a fixed element.
Passing to subsequences if necessary, we may assume v,, — v (weakly) in H for some v € H and
Km — K € [0, 1]. Since S is compact, Sv,, — Sv (strongly) in H. Now the strong convergence Jv;,, — Jv follows
from (4.4). In particular, |lv| = 1 and

Jv-A+(Q-x)0)Sv =0. (4.5)

Since A + (1 — k)0 # 1, equation (4.5) has only trivial solution, a contradiction. Hence, there exists a posi-
tive constant R; which is independent of the parameters k,;, and k such that |lu|| < R;.
Case 2. A = 1. In this case, our goal is to prove

deg(J - S+ G+ 1" - f*; Bg,, 0) # 0

for some R, > 0. To this end, we introduce homotopy
Hi(x, w) = Ju — Su — (1 - x)0Su + xGu + xI* — xf*,
where k € [0, 1] is a homotopy parameter and O < 8 < 3. We prove that there exists R, > 0 such that
Hi(x, u) # 0 (4.6)
holds for all u € H, |ul|l = R, and all x € [0, 1]. Then the result follows from (4.6) and the homotopy
invariance of the Leary-Schauder degree as in the proof of Case 1.

We also prove (4.6) via contradiction. Let u,, € H, |lu,| — oo, k€ [0, 1] be such that Hi(kp, uy,) = 0.
This is equivalent to

TV — SV — (1 = K)OBSVy + KGVyyy + KmI C Km fo_
l[umll ([t
It follows from (A1) that
KmM — O’ —Km f
[l [l
Similarly as in the proof of above, we arrive at the limit equation
Jv-(1+0-x)8)Sv=0. (4.7)

Since 1+ (1 - k)0 < 4 due to the choice of 8, (4.7) may occur only if x =1 and v(x) = + \/g sinx.

First, we assume
2 .
v(x) = ,|— sinx.
T

Taking the inner product of Hi(x, u,,) = O with sinx, we obtain
n p n

a- Km)GIum(x) sinxdx + KmZI,-(um(y}-)) siny; — ij(f(x) — g(x, up)) sinxdx = 0. (4.8)
0 j=1 0

It follows from the embedding H — C[O0, 7] that v,,(x) = \/g sinx (uniformly) on [0, 77]. Therefore, we have
s

Ium(x) sinxdx >0, m>1. (4.9)
0
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Combining (4.8) and (4.9), we have
p n n
ZIj(um(y]-)) siny; + Ig(x, Un(x)) sinxdx < Jf(x) sinxdx. (4.10)
j=t 0 0
Passing to the limit for m — oo in (4.10), we obtain
» n n
ZI]-(+00) siny; + Ig(x, +00) sinxdx < If(x) sinxdx.
j=1 0 0

However, this contradicts the second inequality in (1.5). If

v(x) = —\/Z sinx,
i

we derive similarly a contradiction with the first inequality in (1.5). Hence, there exists a positive constant
Ry, which is independent of the parameters x,, and x such that Ju|| < R,.
Consequently, set R; := max{R;, R}, we obtain

lull < Rs. (4.11)
Moreover, (4.11) together with the compact embedding H —< C[0, ] imply that
[ullo < Ro,

where Ry is a positive constant. This completes the proof. O

Proof of Theorem 1.1. From assumption (A2), g is bounded in R. Assume that A € (-0, 1) U (1, y). Then
we may apply the Schauder fixed point theorem. To prove the other parts of the result, we shall employ
Lemmas 3.2 and 3.3.

The necessary L1(0, ) bound of course follows immediately. Moreover, since the a priori bounds (4.1) of
Theorem 4.1 are independent of the parameter x, we may, for1 < A < y, compute the Leray-Schauder degree
(3.2) as that of a linear homeomorphism, which is nonzero (in our case -1). Therefore, we may apply Lemma
3.2 to deduce the existence of solutions for1 < A < 4.

On the other hand, A = 1 is the principle eigenvalue of the linear eigenvalue problem

-u"(x) = Au(x), xe(0,mn),
u(0) = u(m) =0,

and which is of multiplicity one. Hence, Lemma 3.3 also is applied and we may conclude that there is
bifurcation from infinity at A = 1. However, we have established a priori bounds for the eventual solutions of
problem (1.1) with 1 < A < y < 4, the continua bifurcating from infinity, must do so for A < 1 but close to 1,
there must exist large positive and a large negative solution. This coupled with Lemma 3.2 and what has
been proved above yields the existence of three solutions for A < 1 close to 1. O
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