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Existence and multiplicity of solutions for a class
of damped vibration problems with impulsive effects

by JIANWEN ZHOU and YONGKUN LI (Kunming)

Abstract. Some sufficient conditions on the existence and multiplicity of solutions
for the damped vibration problems with impulsive effects

u”’(t) + g()u'(t) + f(t,u(t)) =0, ae. tel0,T],
u(0) = u(T) =0,
A (t;) =o' (tF) =/ (t]) = Li(u(ty), j=1,...,p,

are established, where to = 0<t; <---<t,<tp41 =T, g € L'(0,T;R), f:[0,T] xR —» R
is continuous, and I; : R — R, j = 1,...,p, are continuous. The solutions are sought
by means of the Lax—Milgram theorem and some critical point theorems. Finally, two
examples are presented to illustrate the effectiveness of our results.

1. Introduction. Consider the damped vibration problems with im-
pulsive effects

W () + g (t) + ftu(t) =0, ae. te0,T],
(1.1) u(0) = u(T) = 0,
A (1) = o/ (1) =/ (t5) = ulty), j=1,....p,

where tg =0 <t; < -+ <t, <tpr1 =T,9€ LY0,T;R), f:[0,T] xR - R
is continuous, and I; : R — R, j =1,...,p, are continuous.

Impulsive effects exist widely in many evolution processes whose states
change abruptly at certain moments of time. The theory of impulsive dif-
ferential systems has been developed by numerous mathematicians (see
[Ni, NRl ZYl, LWCH, [Zhall]). In [Ni], the author proved a new existence
theorem for a nonlinear periodic boundary value problem for a first-order
differential equation with impulses at fixed times. It includes the cases when
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the nonlinearity and the impulsive functions are either bounded or have sub-
linear growth. In [ZY], the authors studied the existence and multiplicity of
solutions for the nonlinear Dirichlet value problem with impulses by vari-
ational methods and critical points theory, and gave some new criteria to
guarantee that the impulsive problem has at least one nontrivial solution,
assuming that the nonlinearity is superquadratic at infinity, subquadratic at
the origin, and the impulsive functions have sublinear growth. Impulsive dif-
ferential equations serve as basic models to study the dynamics of processes
that are subject to sudden changes in their states. Recent development in
this field has been motivated by many applied problems, such as control the-
ory [GNAL [JL], population dynamics [Ne|] and medicine [CGR] D), [GCNT].

For a second order differential equation v” = f(¢, u,u’), one usually
considers impulses in the position v and velocity u'. However, in the motion
of spacecraft one has to consider instantaneous impulses depending on the
position that result in jump discontinuities in velocity, but with no change
in position (see [Cal, [NO]). The impulse only in the velocity occurs also in
impulsive mechanics (see [P]). An impulsive problem with impulses in the
derivative only is considered in [TG].

In recent years, impulsive and periodic boundary value problems have
been studied extensively. There have been many approaches to periodic so-
lutions of differential equations, including the method of lower and upper
solutions, fixed-point theory, and coincidence degree theory. In [LL], the au-
thors used the method of lower and upper solutions together with monotone
iterative technique to study impulsive differential equations. In [LJ], the au-
thors applied the Krasnosel’skii fixed point theorem in a cone to impulsive
differential equations and obtained the existence of positive solutions. How-
ever, the study of solutions for impulsive differential equations using the
variational method has received considerably less attention (see, for exam-
ple, [ZY], [Zhall INO, [TGl, [ZhoLl]). The variational method we use is, to the
best of our knowledge, novel and it may open a new approach to nonlinear
problems with some type of discontinuities such as impulses.

When g¢(t) = 0, Nieto and O’Regan [NO] showed the variational struc-
ture and obtained the existence of solutions for problem (1.1); Zhou and
Li [Zholl] established the corresponding variational structure and obtained
the existence, uniqueness and multiplicity of solutions for (1.1). But, when
g(t) # 0, until now, it has been unknown whether problem (1.1) has a
variational structure or not.

In this paper, we investigate the existence of a variational construction
for problem (1.1) in an appropriate function space. As applications, we study
the existence, uniqueness and multiplicity of solutions for (1.1) by using some
critical point theorems. All these results are new.



Damped vibration problems 89

2. Preliminaries and statements. In this section, we recall some
basic facts which will be used in the proofs of our main results. In order to
apply the critical point theory, we introduce a variational structure. From
this variational structure, we can reduce the problem of finding solutions of
(1.1) to the one of seeking the critical points of a corresponding functional.

In the Sobolev space H{(0,T), consider the inner product

T
<u7 U>H&(O,T) = S ul(t)vl(t> dt, Vu,v € H(% (07 T):
0

and the norm

!

1/2
lullmyory = ( S/ @)2at) ™, vue Hy(0,T).

0
Since g € L'(0,T;R), define G(t) = Ség(s) ds; then G : [0,T] — R is

continuous. Therefore

m = min e® > 0, M = max e“® > 0.
t€[0,T)] t€[0,T)
We also consider the inner product
T
(u,v) = S O/ () (t) dt,  Yu,v € HE(0,T),
0

and the norm

ta 9 )\ 1/2 1
Jull = (§ eSO @)2dt) ™, vue H(0,T).
0
Then we have the following lemma:

LEMMA 2.1. The norms || - || and || - HH(%(()’T) are equivalent.
Using the Poincaré inequality

(f(u(t))zdt)mg\/%(CSF(U’(t))Zdt)l/Z’
" 0

where \; = 72 /T2 is the first eigenvalue of the problem
{—u”(t) = \u(t), teo,T]
u(0) =u(T) =0,
one can easily prove the following lemma.
LEMMA 2.2. There exists C1 > 0 such that if u € H}(0,T), then
[ulloo < Chllu]-
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Let A\x (k = 1,2,...) denote the eigenvalues of the eigenvalue problem
(2.1) and X}, the eigenspace associated to Ag. Then HJ(0,T) = @,y Xi-
We denote by || - ||, the norm in LP(0,T).

For u € H%(0,T), the functions v and «’ are both absolutely continuous,
and v” € L*(0,T). Hence, Au/(t) = u/(tT) —/(t7) = 0 for any t € [0,T].

If w € HE(0,T), then u is absolutely continuous and u' € L?(0,T). In
this case, Av/(t) = «/(t*) —u/(¢~) = 0 may not hold for some ¢t € (0,7) due
to the impulsive effects.

Take v € H}(0,T), multiply both sides of the equality

u'(t) + g(t)u'(t) + f (¢, u(t) =0

by e“®y and integrate it from 0 to 7', to obtain
T T T
(2.1) [ e“Ou(tyot) dt+ | e“Og(ty (to(t) dt = — | D f(t,ult))o(t) dt.
0 0 0
Moreover,
T
| (eSO (o (t) + e“Dg () (H)o(t)) dt
0
p ti+1
=3 | (D @po(t) + e Og(t)d (t)o(t)) dt
7=0 t;
p ti+1
=> | w(t)de“O (1)
J=0 t;
P B . tj+1
= (eG(tHI)u’(t;H)v(tj_H) —CE () - | O () (1) dt)
7=0 t;
p T
== > e“UIAY (t;)v(t;) — 1 (0)v(0)+e D/ (T)o(T) - | O/ () (t) dt
Jj=1 0
p T
== S (u(t;))o(ty) — | O/ () (2) dt.
j=1 0
Combining this with (2.1), we have
T D T
S GO () (t) dt + Z e Li(u(ty))v(ty) — S GO £t u(t))v(t) dt = 0.
0 j=1 0

Considering the above, we introduce the following concept of solution for
problem (1.1).
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DEFINITION 2.3. We say that a function u € HZ(0,7T) is a weak solution
of problem (1.1) if the identity

T p T
J @O () () dt + Y B Ii(ulty)o(ty) = § O f(t ul®)o(t) dt
0 j=1 0

holds for any v € H(0,T).
Consider the functional ¢ : H}(0,T) — R defined by

U(tj) T
(2.2) o) |u||2 + Z D\ L)y dt — | YD u(t)) dt
0 0

where F(t,s) = S f(t,7)dr. Using the continuity of f and I;, j =1,...,p,
one finds that ¢ € CY(H(0,T),R). For any v € Hg(0,T), we have

T T
¢ (w) =[eOu dt+z t;)o(t;)— | PO f(t u(t))v(t) dt.
0 0
Thus, the weak solutions of problem (1.1) correspond to the critical points
of ¢.
For the sake of convenience, we denote

G(t;) G(t))

cj=1,...,p}.
To prove our main results, we need the following definition and critical
point theorems.

DEFINITION 2.4 ([MW], Pg;]). Let X be a real Banach space and I €
CY(X,R). Then I is said to satisfy to P.S. condition on X if any sequence
{zn} C X for which I(z,) is bounded and I'(z,) — 0 as n — oo, possesses
a convergent subsequence in X.

THEOREM 2.5 (Lax-Milgram, [Ch]). Let H be a Hilbert space and a :
H x H — R be a bounded bilinear form. If a is coercive, i.e., there exists
a > 0 such that a(u,u) > a||ul|® for every u € H, then for any o € H' (the
conjugate space of H), there erists a unique u € H such that

a(u,v) = (o,v), Yve H.
Moreover, if a is also symmetric, then the functional ¢ : H — R defined by
1

$(v) = sa(v,v) = (0,0)

[ = min{e :7=1,...,p}, L =max{e

attains its minimum at u.

THEOREM 2.6 (|R, Theorem 9.12]). Let E be a Banach space. Let I €
CY(E,R) be an even functional which satisfies the P.S. condition and I(0)
=0.If E=V & W, where V is finite-dimensional, and I satisfies
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(I1) there are constants p,a > 0 such that I|pp,nw > o, where B, =
{reE: |z <p}, B B
(I2) for each finite-dimensional subspace E C E, there is an R = R(FE)

such that I <0 on E\BR(E)’

then I possesses an unbounded sequence of critical values.

3. Main results. We are now in a position to state and prove our main
results.

MAIN THEOREM 3.1. Letd; (j =1,...,p) be fized constants. If f(t,u) =
o(t) € L*0,T) and I;(t) = d;j (j = 1,...,p), then problem (1.1) has a
unique weak solution u and u minimizes the functional (2.2).

Proof. Define
a:H}0,T)x H}0,T) =R, a(u,v) = (u,v),

and
T p
[ HG(0,7) =R, 1(v) = | e“Dotyo(t)dt — > e Wdju(t;).
0 j=1

It is evident that [ is linear and that a is bilinear, continuous and symmetric.
By the Sobolev embedding theorem, there exists Cy > 0 such that

(3.1) lulla < Collull, Vu € HO,T).

Let d = max{|di],...,|dp|}. Combining this with Lemma 2.2, for every

v € HE(0,T), we have
1(v)| < Mllollzllv]l2 + Ldpllullec < MCalloll2]|v] + LdpCi|[v].-

This implies that [ is bounded. Since a(u,u) = ||ul|?, a is coercive. By
Theorem 2.5, problem (1.1) has a unique weak solution v and « minimizes
the functional (2.2). =

MAIN THEOREM 3.2. Assume that the following conditions are satisfied.
(i) There exist a,b >0 and vy € [0,1) such that
lf(t,u)| < a+blul” for every (t,u) € [0,T] x R.
(ii) There exist aj,b; >0 and v; € [0,1) (j =1,...,p) such that
|I;(u)| < aj+bjlul  for everyueR (j=1,...,p).

Then problem (1.1) has at least one weak solution.
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Proof. Let My = max{ay,...,ap}, My = max{by,...,by}. In view of (i),
(ii) and Lemma 2.2, we have

1 P u(t;) T
p(u) = Gllull® + 3§ 1) di = [ CORu(t) dt
j=1 0 0
1 P u(t;) T
> 3 llull® - DN (ag+ bylt7) dt = | P alul + blul ) di
j=1 0 0
1 a .
> S llull® = pLM|ulloc — LM, Sl = aMT|ufloo — bMT|uf 2
j=1
Loz - Vit v+l
2 5 llull” = pLMCy |Ju] — LMz Y CP Ju

j=1
—aMTC|Jul| — bMTCY |Ju 7+

for all u € Hg(0,T). This implies that limy, | ¢(u) = oo, and ¢ is coer-
cive.

On the other hand, we show that ¢ is weakly lower semi-continuous. If
{ugtren C HE(0,T) and uy — u, then {uy }ren converges uniformly to u on
[0,7] and liminfy_ ||Jug|] > ||u||. Thus

1ik1:n inf p(ug)

1 p uk(tj) T
:nkrggf<2\|uk\|2+ze0<tﬂ | Ij(t)dt—SeG(t)F(t,uk(t))dt)
j=1 0 0

p u(t;) T
ull> +> et Lty dt — | eCDF (¢, u(t)) dt = o(u).
j=1 0 0

>

DO | =

By Theorem 1.1 of [MW], ¢ has a minimum point on Hg(0,7), which is a
critical point of . Hence, problem (1.1) has at least one weak solution. m

We readily have the following corollary.

COROLLARY 3.3. Assume that f is bounded and that the impulsive func-
tions I; (j =1,...,p) are bounded. Then problem (1.1) has at least one weak
solution.

EXAMPLE 3.4. Let T = 7w/2 and t; = 1/2. Consider the Dirichlet prob-
lem with impulse
u”(t) + (sint + cost)u'(t) + (t + u(t)) =0, ae. te[0,7/2],
(32 {u(0) = u(r/2) =0,
Au/(t) = /() — ' (t]) = 1+ /u(ty).
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It is easy to see that conditions (i) and (ii) of Theorem 3.2 hold. According
to Theorem 3.2, problem (3.2) has at least one weak solution.

MAIN THEOREM 3.5. Assume that the condition (ii) of Theorem 3.2 and
the following conditions are satisfied.

(f1) f(t,u) is odd in u.
(f2) There exist r1,72 > 0 and p € (1,00) such that

|f(t,u)| < ri+rolult  for every (t,u) € [0,T] x R.
(f3) There exist R > 0 and B > 2 such that for every t € [0,T] and
every u € R with |u| > R,
0 < BF(t,u) < uf(t,u).
Moreover, f(t,u) = o(u) as u — 0 uniformly in t.
(fa) I; (j =1,...,p) are odd and nondecreasing.

Then problem (1.1) has infinitely many nontrivial weak solutions.

Proof. We have ¢ € CY(H(0,T),R), by (f1) and (f1), ¢ is an even
functional and ¢(0) = 0.

We divide our proof into three parts.

Firstly, we show that ¢ satisfies the P.S. condition.

Let {un}nen be a sequence in H{(0,T) such that {p(uy,)} is bounded
and ¢ (up) — 0 as n — oo.

By (ii), (f3) and Lemma 2.2, we have

Beo(tn) = (' (un), un)

3 P un(t;) P
=<2—1>Hunll2+ﬁZ€G(t") [ 00t~ 3 )
j=1 0 =1

unf(t, un) — BE(t,uy)) dt

OL/ﬁ

p
1)l 208+ 1) (Al + 03 3 € )
j=1

A~
N\Q

T
_M n t, n) — Ft, n dt
| g gl )= 57 )

p
> (g - 1) lunl = L(8 + 1) (pMLC1 | + Mo~ €7 g 571 = G,

Jj=1
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which implies that {u,} is bounded in H}(0,T). Hence there exists a sub-
sequence of {u,} (for simplicity denoted again by {u,}) such that

(3.3) u, —u in H}(0,T),
(3.4) up, — u  uniformly in C(]0,T)).
On the other hand, we have

(3:5)  (¢'(un) = &' (u), un — u)

O (f(t,un(t) = f(t,u(t))) (un(t) — u(t)) dt.

+
O

From (f2), (3.3), (3.4) and (3.5), it follows that u, — u in HZ(0,T). Thus,
© satisfies the P.S. condition.

Secondly, we verify the condition (I3) of Theorem 2.6.

By (f3), we have

B _ f(z,u)
(3.6) " < F(a:,u)’ u> R,
(3.7) g > f((fc Z)) u< —R.

Integrating (3.6) and (3.7) for u from [R,u] and [u, —R], respectively, we
have

U F(x,u
ﬁlnRSmF((x,R))’ u > R,
R F(z,u
ﬁln_—u > lnF(a(c,y—])%)’ u< —R.

That is,
(3.8) F(z,u) > F(z, R)(u/R)?, u> R,
(3.9) F(z,u) > F(z,—R)(—u/R)’, u< —R.
Combining (3.8) and (3.9), we have
(3.10) F(z,u) > oq|ul®,  |ul >R,
where

a1 = R min{ min F(z, R), min F(z,—R)} > 0.
z€[0,T] z€[0,T)]
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On the other hand, by the continuity of F(x,u), F(z,u) is bounded on
[0,T] x [-R, R], there exists K > 0 such that

(3.11) Flz,u) > -K >oul’ —a1 — K,  |u| <R,
Combining (3.10) and (3.11), we have
(3.12) F(t,u) > ar|ul® —as,  Y(t,u) € 0,T] x R,

where ay = o + K.
For an arbitrary finite-dimensional subspace E1 C H}(0,T), there exists
Cy = C4(FE7) > 0 such that for any u € Ej,

(3.13) [ullg = Calfu]-
By (ii), (3.12), (3.13) and Lemma 2.2, we have

u(ty) T
Lo NS G % Y G(1) 5
o) < Sllull®+ 37 | (aj +bylt7) dt = § eOlanful” — az) d
J=1 0 0
1 2 i+1
< Slull® + pLM [lulloo + LMy Y [l — mafull§ + MasT
j=1

IN

1 SN~ _
gl + pLMLCh[uf| + LMy Y~ O fuf 57
j=1
— mor C|ul|® + MayT
for every w € Ej. This implies that ¢(u) — —oo as u € Ey and |lul| — oo.
So there exists R(E1) > 0 such that ¢ < 0 on Ey \ Br(g,)-
Finally, we verify the condition (/1) of Theorem 2.6.

Let V = X1 @ Xo,W = @2, X, then H}(0,7) = V + W and V is
finite-dimensional. Using (fs), we have

P ’U,t
(3.14) > S I;(t) dt > 0.
j=1 0
By (f3), we find
tim 200 _
u—0 u

Hence, for € = 1/(4MC3), there exists § > 0 such that for every u with
ul <0,

(3.15) \F(t )| < ——s

Hence, for any v € W with ||u]| < 6/C and ||ul|s < 0, by (3.1), (3.14) and
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(3.15), we have

T
Lo G(t Lo 1 2
o) 2 gl = § CORut) de > GulP - gzl
Lo 1 2112 _ Lo
> — MC = - .
Taking o = ig—z and p = 0%7 we obtain
1

p(u) >a, YueWNOoB,.

By Theorem 2.6, ¢ possesses infinitely many critical points, that is, problem
(1.1) has infinitely many nontrivial weak solutions. m

EXAMPLE 3.6. Let T'= 1 and ¢t; = 1/3. Consider the Dirichlet impulsive
problem
u”(t) + (sint +t3)u'(t) + (u(t))® =0, ae. te]0,1],
(3.16)  { w(0) =u(1) =0,
A (t) =/ (1)) = (t]) = ults).
Then, according to Theorem 3.5, problem (3.16) has infinitely many non-

trivial weak solutions.
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