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1. Introduction

This paper is concerned with the following impulsive boundary value prob-
lem (BVP for short) set on the positive half-line
—(pt)u/'(t)) Ft,u(t)), a.e. t>0,t#t;
(1.1) u(0) = u(+o00) = 0,
A(p(t;)u'(t5)) h(t;) L (u(t;), 3 €{1,2,...},

where f:[0,4+00) x R — R is a Carathéodory function, i.e.

(i) f(.,u) is measurable, for each u € R,

(ii) f(¢t,.) is continuous, for a.e. t € [0, +00).
The coefficient p : [0, +00) — (0, +00) satisfies % € L'[0, +00), and

M/O+m(/t+oop(1(g)ds>dt<+oo.

As an example for p, one may take the exponential function. Here tg = 0 <
i1 <t <...<t; <...<ty — 400, as m — 00, are the impulse points, while
the impulsive functions I; : R — R are assumed continuous. Finally

Ap(ty)u'(t)) = p(t)u () — p(t) ' (t7),

Article electronically published on 30 June, 2017.
Received: 2 April 2015, Accepted: 2 January 2016.
*Corresponding author.

(©2017 Iranian Mathematical Society
601
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where u’(tj) = t1_1>1§1+ u'(t) and u'(t;) = tl_l)r? u/(t) stand for the right and the
left limits of w' at t;, respectively. As for h : [0,4+00) — [0,400), it is a
continuous function that satisfies Zjﬁ h(t;) < +oo.

Many phenomena in nonlinear dynamics and natural sciences may be subject
to jump discontinuities in velocity or short-term perturbations that can be seen
as impulses, for instance the administration of a drug in the periodic treatment
of some diseases. We refer the reader to [1] and the references therein for more
details on the derivation of such models and some of their qualitative aspects.
In the recent literature, we can find a lot of mathematical results of stability
and existence of solutions for BVPs set on bounded intervals of the real line
and associated to impulsive equations. Most of these mathematical results use
topological methods (fixed point theorems, Leray-Schauder degree, ...). We
cite the papers [5,7, 10, 12, 17] where boundary value problems associated to
second-order differential operators are investigated. Generally, Mountain Pass
Theorem and Ekeland’s Variational Principle are sufficient to get existence of
single or even multiple solutions; see, e.g., [2, 11, 14] where polynomial type
growth conditions are assumed for the nonlinear source term. However, only
few papers employ variational approaches to deal with such problems on un-
bounded domains. For example, in the paper [7], the following boundary value
problem is posed on the positive half-line:

—u"(t) +u(t) = Mf(t,u(t), ae t>0,t#t;
w'(0) = g(u(0),  u'(+00)=0,
Au'(t)) = ILiu(ty), je{1,2,...,0}

where f € C([0,+00) xR,R), 9, [; e CR) (1 <j<Il),and 0=ty <t;1 <... <
t; < 400 are finite impulse points. Then existence of solutions are obtained
under some restrictions upon the positive parameter .

The aim of this work is to consider the more general differential operator
—(p()/(.)) and a Carathéodory nonlinearity f satisfying sub-linear, linear
or super-linear growth condition at positive infinity or at the origin. The
impulse point are infinite and the jump conditions concern the derivatives
p(t;)uw'(t;) (7 = 1,2,...). The solutions are proved to exist in a weighted
Sobolev space. For this, some continuous and compact embeddings are first
established in Section 2 and three existence theorems are demonstrated in Sec-
tion 3, two of them use Minimization Principal and one employs Mountain Pass
Theorem. Examples of applications illustrate each of the obtained result.
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2. Preliminaries
2.1. The functional framework. Define the space
Hj ,(0,400) = {u € AC[0,400),R) | u(0) = u(+00) =0, \/pu’ € L*[0,+00)}.
Lemma 2.1. Hj (0, +00) embeds in L*(0,+00).

Proof. For u € Hg (0, +00), we have

/t+0° u'(s)ds

Then, by the Cauchy-Schwartz inequality
lu(t)]> < t+oo p(s)u'?(s)ds j:_w L ds

< O+oop(s)u'2(s)ds fjw L ods

lu(t)] =

Hence

S ulde < (30 sdsidr) (J5 pl)lu'(s)Pds)
that is

lulle> < VM|lv/pu'|| 2

Notice that H} »(0,+00) is a Banach space equipped with the norm

+oo —+oo
lulloy =+ [ s+ [ e

or the equivalent norm

lullp = llullz> + lvpu'| -

Moreover the space Hj ,(0,+00) is reflexive. Indeed

Lemma 2.2. (a) The operator
T : Hy ,(0,+00) — T(Hj} (0, +00)) C L*(0,400) x L*(0,+00): = L3(0,+00)
u —T(u) = (u,/pu)
is an isometric isomorphism.
(b) Hj,(0,400) is a reflexive space.
Proof. (a) It is clear that T is a linear operator and that T preserves norm,
ie.,
Vu € Hy,(0,+00), || Tullpg = [ul,.
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Indeed
[Tullz = |I(uv/pu')ll Lz
= |lullzz + Ilv/pu'|| 2
= ||“Hp~

(b) Since L?(0,+00) is a reflexive Banach space, the cartesian product L3(0,
+ 00) is also a reflexive Banach space with respect to the norm

lullzz = lluallL> + lluzllz,  where u = (uy,uz) € L3(0, +00).

From part (a), T(Hj ,(0,+00)) is a closed subspace of L3(0,+00); then by [9,
Theorem 4.10.5], the space T'(Hj (0, +00)) is reflexive. Consequently Hj (0,
+ 00) is also reflexive, see [9, Lemma 4.10.4].

Lemma 2.3. On Hj ,(0,+00), the quantity |lu| = \/f0+oop(t)u’2(t)dt is a

norm which is equivalent to the Hg (0, +00)-norm.

Proof. Given u € Hj ,(0,400), in view of Lemma 2.1, we have

—+oo
/ ()2t < Mjul®.
0
Then

+o0 +oo +o0
/ p(t)u'?(t)dt < / (W (t) + p(t)u(t)) dt < (1+ M)/ p(t)u'(t)dt,
0 0 0

that is
[ull < flullo,p < V14 M|ul.
O

Lemma 2.4.(H; ,(0,400), [|-||) embeds in (Co[0,+00), [|ul| ), where Co[0, +00)
— {u € O([0, +00).R) | Tty s poo u(t) = 0} and [ulloc = SUPteio 1oy [4(0)]

Proof. For u € Hg ,(0,+00), we have

()] = [u(t) —u(O)] = | fyw(s)ds| = | [y V/p(s)u'(5)A=ds
< (fg p(s)u’Q(s)ds)E (fg Fls)d:s)§
< 2

(f0+oo p(s)u’Q(s)ds) : ( O+°O p(ls) ds)

1
|u||oo<,/H Jull
Plipt
O

Corollary 2.5. Hj (0, +00)embeds continuously in Co[0, +o0)and in L?(0,409).

Hence
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To prove that H&yp(O, +00) embeds compactly in Cy[0, +00), we appeal to
Corduneanu’s compactness criterion:

Lemma 2.6 ([3]). Let X C Cy([0,400),R) be a bounded set. Then H is
relatively compact if the following conditions hold:

(a) H is equicontinuous on any compact sub-interval of [0,400), i.e.,

VJ C[0,400) compact subinterval ,Ne > 0,36 >0, Vi, to € J:
[t1 —ta] <6 = |u(t1) —u(t)| <e, YueH,

(b) H is equiconvergent at +oo, i.e.,

Ve >0,3T =T(e) >0 such that
th, to € J: t1,ta > T(E) —— |’ll,(t1) — u(t2)| <eg, VuéeH.

Lemma 2.7. The embedding
Hg ,,(0,+00) < Cy[0, +00)
18 compact.

Proof. Let D C Hj (0, +00) be a bounded set; then it is bounded in Co[0, +00)
by Lemma 2.4. Let R > 0 be such that for all u € D, |lu| < R, we have

(a) D is equicontinuous on every compact interval of [0, +00). For v € D
and t1,ts € [0,400), we have

‘f:; UI(T)dT‘ =
(fz () ) \UH
= (f i 59 )

and the right-hand side tends to 0, as |t; — ta| — 0 for % > € L0, +00).

(b) D is equiconvergent. For t € [0,+00) and u € D, usmg the fact that
u(+00) = 0, we have

() ) ) i

p(T)

[u(t) —u(+o0)| = |u(t)|
= [ (r)dr
< ( ;roo ﬁdT) : ( ;roo p(T)u'Q(T)dr) )
< (5 )’ el
< R( :OO 1)(1T)cl7'>2 — 0, as t = +o0.

The result then follows from Lemma 2.6. O
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2.2. Critical point theory. Now we recall some essential facts from critical
point theory. (See [1,3,13]).

Definition 2.8. Let (X, || -||) be a Banach space, Q@ C X an open subset, and
J : @ — R a functional. We say that J is Fréchet differentiable at u € € if
there exists an operator A € X’ such that

J(u+v) — J(u) — Av

im =0.
veEQ, |[v]|—0 [l

The operator A, which is unique, is called the Fréchet differential of J at u and
is denoted by A = Jp(u) or A = J'(u) when there is no confusion.

Definition 2.9. Let X be a Banach space, 2 C X an open subset, and J :
) — R a functional. We say that J is Gateaux differentiable at u € € if there
exists A € X’ such that

lim J(u+tv) — J(u) v,
t—0 t

for all v € X. The operator A, which is unique, is denoted by A = J,(u) or
merely J'.

The mapping which sends to every u € €2 the mapping J/(u) is called the
Gateaux differential of J and is denoted by J¢,.

Proposition 2.10 ([1]). Let X be a Banach space, Q C X an open subset, and
J : Q2 — R a Gateauz differentiable functional at some point u € Q. If Jf, is
continuous at u, then J is Fréchet differentiable at u and Ji(u) = J;(u).

We say that J € C! if J}, is continuous at every u € (2.

Definition 2.11. Let X be a Banach space, 2 € X an open subset, and
J : Q@ — R a Gateaux differentiable functional. A point u € € is called a
critical point of J if J'(u) = 0, i.e., J'(u)v = 0, for every v € X. If further
J(u) = ¢, we say that u is a critical point of J at level c.

Clearly, every point of a local minimum of a Gateaux differentiable functional
J is a critical point of J.

Definition 2.12. Let X be a Banach space. A functional J : X — R is
called coercive if, for every sequence (ug)gen C X,

lug]l = +o00 = J(ug) = +oo.

Definition 2.13. Let X be a Banach space. A functional J : X — (—00, +00]
is said to be sequentially weakly lower semi-continuous (swlisc for short) if

< L
J(u) < liminf J(un),
as u, — u in X, when n — oo.

Then we have:



607 Briki, Djebali and Moussaoui

Lemma 2.14 ([6, Minimization Principal]). Let X be a reflexive Banach space
and J a functional defined on X such that

(1) | Hlim J(u) = +oo (coercivity condition),
u||—+oo

(2) J is sequentially weakly lower semi-continuous.

Then J is lower bounded on X and achieves its lower bound at some point ug.
Definition 2.15. Let X be areal Banach space, J € C*(X,R). If any sequence
(un) C X for which (J(uy,)) is bounded in R and J'(u,) — 0 as n — +00
in X’ possesses a convergent subsequence, then we say that J satisfies the
Palais-Smale condition, (PS) condition for brevity.

Lemma 2.16 (Mountain Pass Theorem). (See, e.g., [15, Theorem 2.2] or [16,
Theorem 3.1]). Let X be a Banach space and let J € C*(X,R) satisfy J(0) = 0.
Assume that J satisfies (PS) and there exist positive numbers p and o such that

(1) J(u) = a if [[ull = p,
(2) there exists ug € X such that ||ug|| > p and J(ug) < a.

Then there exists a critical point. Furthermore it is characterized by

! _ o
J'(u) =0, J(u)= inf Jnax, J((t)),

where
I'= {ry € C([Ov 1]aX) :7(0) =0,~(1) = uO}'

3. Existence of weak solutions

Take v € Hé,p(o’ +00), multiply the equation in problem (1.1) by v, and
then integrate over (0,400); we get

+oo “+o0
- / (p(t) (£)) v(t)dt = / St u(t)o(t)dt.
0 0

The left-hand term is

R ) = = S [ (ple (1) ()
= SR L (u(t)u(t) + fo p(ow (80 (¢) .
Hence

400 “+oo 400
| pon o o= = re) L)) + [ feuwwod

This leads to the natural concept of weak solution for problem (1.1).
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Definition 3.1. We say that a function u € Hg (0, +00) is a weak solution of
problem (1.1) if

400 +oo “+o00
/0 p(t)u’ () (t)dt + Z h(t;)1;(u(t;))v(t;) — /0 f(t,u(t)v(t)dt =0,
j=1

for all v € Hj (0, +00).

In order to study problem (1.1), we consider the functional .J : Hg (0, +00) —
R defined by

u(t;) 400
= ul|? T — U
Jw) = 2 +§jh / I;(r)d / F(t, u(t))dt,

Fltu) = /Ou F(t,)ds

Theorem 3.2. Suppose that the following conditions hold:

(H1) There exist a constant p € [0,1) and positive functions ai,by €
L0, +00) such that

If ()| < ai(t)|z]* +b1(t), for a.e. t €[0,+00) and all z € R.
(In) There exist constants k > 0 and v € [0,1) such that
IL;(s)| < kl|s|”, Vs eR,Vje{1,2,...}.
Then problem (1.1) has at least one weak solution.

Proof. Claim 1. The functional J is well defined.

where

3.1. The sublinear case.

Let d = zlz " Given u € Hg ,(0,400), Assumptions (H;) and (Ip) guaran-
tee that
[F(t,u(t))] < ZlJr()lW( I+ by (B)u(t)]-
Hence
™ Pltu)a] < 25l [ o ()t dal 7 b2
< E ||“+1||a1|m+d\|u||||bl||p
and
S5 L R ()| < Bl S ().
Then

[Jw)] < Sllul? + L [l T h(ty)

+1
2L 5 a1+ Al o

< Q.
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Claim 2. J is sequentially weakly lower semi-continuous.
Let (u,) C Hg,(0,+00) be a sequence such that u, — u in Hg ,(0,+00), as
n — oco. Then (u,) converges uniformly to « on [0, +00) and

Hminf |Ju,|| > ||ul.
n—-+oo

The continuity of functions f and I, j € {1,2,...} together with Lebesgue
Dominated Convergence Theorem yield

lim inf J(uy,)
n—-+o0o
— liminf (%||un||2+ o o) ey 1 (r)dr — 0+°°F(t,un(t))dt)
(e’ utj oo
> Ll + 05 ) nig) () de — [t u(t)dt = I (w).

Therefore, J is sequentially weakly lower semi-continuous.
Claim 8. J is coercive.
In view of (H;) and (Ip), Lemma 2.4 implies that

y+1 +
J(u) > Gl = Bl 7 0 At)

(3.1) a1
— Ll oz — dllul[1bz-

Since 1 < 1 and v < 1, (3.1) implies

J(u) = +o0.

im
llull—>+o00

Lemma 2.14 guarantees that J has a local minimum which is a critical point
of J. Finally, it is easy to check that under (H;), the functional J is Gateaux
differentiable and the Gateaux derivative at a point u € X is given by

(3.2) (J'(u),v) = 0+°°p(t)U’(t)v’(t)dt+Zfﬁ‘f h(t;) L (u(t;))v(t;)
— Jo7 f(t u(t))o(t)dt,

for all v € Hj (0, +00). Therefore u is a weak solution of problem (1.1). O
Remark 3.3. If, in addition, u € HZ(t;,tj41), for all j € {1,2,...}, where
Hy(ty,t541) = {u € AC[0, +00),R) = /pu' € L2(tj,t511), (pu) € L2(t),tj41)},
then u will be called a strong solution of problem (1.1).

We have:

Proposition 3.4. In (Hy), assume further that ai,by € L?*(0,+00). Then
every weak solution is a strong solution of problem (1.1).
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Proof. Since u € H&,p(0,+oo) is a critical point of J, we have, for any v €
Hj ,(0,400), the relation
(3.3)

ee / / W e
0:/0 p(t)u'(t)v (t)dt+jz::lh(tj)fj(U(tj))v(tj) —/O F(t u(t))o(t)dt.

For j € {1,2,...},if v € Hj ,(t;,tj41) (v =v;), then
tj+1 tj+1
[ powornd= [ euowa,
Thus u; € Hg ,(t;,t;41) is solution of the equation:
(34) = (p®)u)" = f(t,ult), t € (t;,tj1),
Since, u € Co[0, +00), then by (Hu), [f(t,u(t))* < 2 (ar(t)?[|ull3X + b1 (t)?)

and so u; € Hp (tj,t;41). By (3.4), we can also get the limits u'(tj)7 u'(t;),
Jj €{1,2,...}. An integration by parts in (3.3) yields

0= =925 [ (o (6) w(t)dt — 2125 Alplty ) (5))o(t;)
+35 BT ult))o(ty) — ot u(t))u(t)dt.

Since u satisfies the equation in problem (1.1) a.e. on [0, +00), we obtain

Z h(t Z Ap Ju(t;), forallv e H,.

Finally7
A(p(t)u'(t)) = h(t;) L (u(t;)), forevery j € {1,2,...}.
O

In fact, u is even a classical solution, i.e., u € C?(t;,t;41), for all j €
{1,2,...}, whenever f : [0,+00) x R — R is further continuous.

Example 3.5. Consider the boundary value problem

—(et/ (1)) = (ﬂg + (1+t)3, a.e. t>0,t#ty,

(3.5) u(0) = u(4+o00) = 0,
; . S/ u(y .

A (7)) = lﬂ(,g), je{1,2,...}.

It can be easily checked that all conditions of Theorem 3.2 are satisfied with
||

f(t7l') = (}{”?)2 + (1+t)3’ = 1/2, al(t) = (1+t)2’ bl( ) = ﬁ, IJ(S) = 81/3
y=1/3, k=1, h(t) = 1+t2’ and 3777 h(j) = . Therefore problem (3.5) has

at least one solution.
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3.2. The limit case p = 1.
Theorem 3.6. Assume that (Iy) holds both with
(Hg) There exist positive functions as, by € L'(0,400) with |az|r: < 7z and
|[f(t,z)] < az(t)|x| + ba(t), for a.e. t€]0,4+00) and all x € R.

Then problem (1.1) has at least one weak solution.

Proof. Arguing as in the proof of Theorem 3.2, we can prove that J is sequen-
tially weakly lower semi-continuous. In addition, under (Hs) and (Iy), we have
the estimates:

()] < 2D + b))
‘f0+°° F(t,u(t))dt‘ < [ <a22(t)|u(t)|2 - bg(t)|u(t)|) dt
< LlullPlaales +dlullbal
Then
+oo
36) )2 5 (1= dlaalor) P - dalbales — 4 7+ > it
<

Since ||as|/r1 < 45 and y < 1, (3.6) implies that
lim  J(u) = +o0.

llul| —>+o00
Then Lemma 2.14 guarantees that problem (1.1) has at least one weak solution.
|

Example 3.7. Since hypotheses (Iy) and (Hz) are satisfied, by Theorem 3.6,
the boundary value problem

—(®) = ogr s, ae t20, t#
(3.7) u(0) = u(+00) = 0,
; . Yu(j .
Aeu'(G) = G, jefl2.. .,

has at least one solution.

3.3. Nontrivial weak solution. Our third and last result provides existence
of weak solution which is nontrivial for it is obtained by means of Mountain
Pass Theorem.

Theorem 3.8. Suppose that the following conditions hold:

(H3) There exist positive functions p,g such that p € L'((0,+00),R) and
g € C(R,R) with

lf(t,z)| < p(t)g(x), for ae. tec[0,+00) and all z €R.
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t . .
(Hy) lim, o f( %) =0, uniformly in t > 0.

(Hs) There exist positive functions c1,ca € L((0,+00),[0,+00)) and o > 2
such that

(a) F(t,z) > c1(t)|x]|” — ca(t), for a.e. t>0 and all x € R,

(b)oF(t,z) < xf(t,z), for a.e. t>0 and all x € R\ {0}.
(I1) There exists 0 < v < 2 such that

7/ I,(s)ds > eI;(x) > 0, Vo € R\ {0}, Vj € {1,2,...}.
0
Then problem (1.1) has at least one nontrivial weak solution.
Proof. Claim 1. Let 0 < e < <. From (Hy), there exists § > 0 such that
2] <0 = [f(t 2)] < elz].

Using Lemma 2.4, we deduce that
+oo
/ |E(t,u(t))dt] < %HUH%Q < 2M||u||2 for a.e. t >0,
0

whenever [[ulloc <. Let 0 < p < 9 and o = (1 — eM)p?. Then for [jul| =
p, we have

Ju) = Ll + 575 [ htg) L (r)dr — [ F(t () dt

Tl = f37° F(t,u(t)de
1(1 — eM)|Jull? = a.

(A\VARY

Assumption (1) in Lemma 2.16 is then satisfied.
Claim 2. From (1), there exists cs > 0 such that

T
/ Ii(s)ds < cs|z|?, for every x € R.
0

Now (Hs)(a) and Lemma 2.4 guarantee that for some vo € Hy (0, +00), vo #
0, we have

J(€w) = 3E|lwoll> + 3775 [£U) h(ty)Ii(r)dr — [T F(t, Euo(t))dt
< %s2||vou2+c?,svd7||uo|w f“fh(m
—1€17 5 er(B)eo(t)|7dt + [;T ea(t)dt.

Since o > 2 > ~, then for uy = v, J(up) < 0, as & — +o00. Hence assumption
(2) in Lemma 2.16 is satisfied.

Claim 3. J satisfies the (PS) condition.

Notice first that by (Hs), J € C'(Hg (0, +00),R). Now, let (u,) be a sequence
in Hg ,(0,400) such that (J(uy)) is bounded and lim, ;o J'(un) = 0. We
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shall prove that the sequence (u,) is bounded. Using (Hs)(b) and (Iy), there
exists some K > 0 such that

K > oJ(up) — (J (un), un)
= (5= Dllual?

— o (Ot un () — £t tn () un () dt

+ 0 h) (o fo ) L (0dt — L (un(t)unty) )
> (%= 1)llunll?.

Since o > 2, then the sequence (u,,) is bounded in H(}’p(O, +00). Next, we prove
that (u,) converges strongly to some u in Hj (0, +00).

Since (uy) is bounded in the reflexive Banach space Hy (0, +00), there exists
a subsequence of (uy,), still denoted (u,,), such that (u,) converges weakly to
some u in Hj ,(0,+00). Then (u,) converges uniformly to u on [0,+00) by
Lemma 2.7. Thus

(3.8)  lim %OO h(t;) (L (un(t5)) = I (u(t;))) (un(t;) — ult;)) = 0
and B

(3.9) Jm 0+Oo (f(t,un(t) = f(t u(t)) (un(t) — u(t)) dt = 0.
Since limp 400 J'(un) = 0 and (un) converges weakly to some u, we get
(3.10) i () = (), g~ 0) = 0.

It follows from (3.2) that

(') = J'(w)yun —u) = Jun —ull® + 3725 A(E) (L (un(t;)
— 13 (u(t5))(un(ty) = ult;))
—Jo  (Fun(t)) = [t u(t))) (un(t) — u(t)) di.
Hence lim,, ;o [|un—ul| = 0. Thus (u,,) converges strongly to u in H (0, +00).
Therefore, J satisfies the (PS) condition. All conditions of Lemma 2.16 are

then fulfilled; as a consequence J has a critical point which is a nontrivial weak
solution of problem (1.1). O

Example 3.9. By Theorem 3.8, the boundary value problem

(et (1)) = W t>0,t £t
(e u ( )) (1+t)3a a.e. - 7é ]
(3.11) u(0) = u(+o00) = 0,
- . 3 j .
M) = LN jefn2..),

has at least one nontrivial solution.
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