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By using critical point theory, some new sufficient conditions for the existence of solutions of

impulsive Duffing dynamic equations on time scales with Dirichlet boundary conditions are
obtained. Some examples are also given to illustrate our results.

1. Introduction

Consider the following Duffing dynamic equations on time scales with impulsive effects

ubA () + Cub(o(t)) —r(Hu(ct)) + f(o(t),u(c(t))) = h(t), ae. te [0,0'(T)]?,

Aut () =ut (1) —ut (1) = [(u(y)), j=12,...,p, (1.1)

u(0) =0 =u(a(T)),

where T > 0, C is a regressive constant, tg = 0 < t; < tp < -+ < t, < tp1 = o(T), r €
L*®[0,0(T)]y, h € L*[0,0(T)]y, f : [0,0(c(T))]r x R — R is continuous, and I : xR — R,
j=1,2,...,p are continuous.

Obviously, system (1.1) covers Duffing equations (when T = R)

u'(t) + g(u(t)) = h(t),

(1.2)
W' () + Cl(t) + g(t,u(t)) = h(t).
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The Duffing equation has been used to model the nonlinear dynamics of special types
of mechanical and electrical systems. This differential equation has been named after
the studies of Duffing in 1918 [1], has a cubic nonlinearity, and describes an oscillator.
The main applications have been in electronics, but it can also have applications in
mechanics and in biology. For example, the brain is full of oscillators at micro- and
macrolevel [2]. There are applications in neurology, ecology, secure communications, chaotic
synchronization, and so on. Due to the rich behaviour of these equations, the most
general forced forms of the Duffing equation (1.2) have been studied by many researchers
[3-12].

The study of dynamic equations on time scales goes back to its founder Stefan Hilger
[13], and is a new area of still fairly theoretical exploration in mathematics. Motivating
the subject is the notion that dynamic equations on time scales can build bridges between
continuous and discrete equations. Further, the study of time scales has led to several
important applications, for example, in the study of insect population models, neural
networks, heat transfer, and epidemic models [14-16].

Impulsive effects exist widely in many evolution processes in which their states
are changed abruptly at certain moments of time. The theory of impulsive differential
systems has been developed by numerous mathematicians (see [17-24]). Applications
of impulsive differential equations with or without delays occur in biology, medicine,
mechanics, engineering, chaos theory, and so on (see [25-32]).

In addition, system (1.1) also includes

utA (t) + f(o(t),u(o(t))) =0, a.e te [0,0'(T)]%z,
u(0) =0 =u(co(T)),
u'(t) + r(Hu(t) = f(t,u(t)), ae. tel0,T], (1.3)

aw(t) =uw(t) -u () = L), j=12...p,
u(0) =0 =u(T),

which were studied by papers [33, 34], and some existence results were obtained by using
some critical point theorems.

Our purpose in this paper is to study the variational structure of problem (1.1) in an
appropriate space of functions and the existence of solutions for problem (1.1) by means of
some critical point theorems. The organization of this paper is as follows. In Section 2, we
make some preparations. In Section 3, we will study the variational structure of problem
(1.1) and give some important lemmas which will be used in later section. In Section 4, by
applying some critical point theorems, we establish sufficient conditions for the existence of
solutions to problem (1.1). Some illustrative examples are also given in Section 4.

2. Preliminaries

In this section, we will first recall some basic definitions and lemmas which are used in what
follows.
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Definition 2.1 (see [13]). A time scale T is an arbitrary nonempty closed subset of the real set R
with the topology and ordering inherited from R. The forward and backward jump operators
o,p: T — T, and the graininess y,v : T — R* are defined, respectively, by

o(t) :=inf{s e T:s>t}, p(t) :=sup{seT:s<t},
u(t) =o(t) -t v(t) =t - p(t).

2.1)

The point t € T is called left dense, left scattered, right dense, or right scattered if p(t) = ¢,
p(t) <t o(t) =t or o(t) > t, respectively. Points that are right dense and left dense at the same
time are called dense. If T has a left-scattered maximum m1, defined T* = T—{m, }; otherwise,
set T* = T. If T has a right-scattered minimum m,, defined T, = T — {m;}; otherwise, set
T, = T.

Definition 2.2 (see [13]). For f : T — Rand t € T%, then the delta derivative of f at the point
t is defined to be the number f*(t) (provided it exists) with the property that for each e > 0,
there is a neighborhood U of t such that

|F0®) - F(5) - A1) (0(t) - 5)| < elo(t) - sl, Vsell. (22)

Definition 2.3 (see [13]). A function f is rd continuous provided it is continuous at each
right-dense point in T and has a left-sided limit at each left-dense point in T. The set of rd-
continuous functions f will be denoted by C,4(T).

Definition 2.4 (see [13]). Assume that T is an arbitrary time scale. We say that a function
p: T — Risregressive provided

1+ u(Hp(t) #0, Ve T™. (2.3)

Definition 2.5 (see [13]). Assume that T is an arbitrary time scale and a functionp : T — Riis
regressive, then we define the exponential function on T by

t
ey(t,s) = exp <I &u(r) (p(T))AT>, for s,t €T, (2.4)

in which
1
én(z) = ELog(l +zh) for h>0, (2.5)

&n(z) = éo(2) = z for h = 0, here Log is the principal logarithm function.

A function f : T — R is called rd continuous provided it is continuous at each right-
dense point and its left-sided limit exists (finite) at each left-dense point in T. We write
f € Cra(T) = Cra(T,R). If f is differentiable with f4 € C,4(T*), we write f € C! (T). If

£ is differentiable on T = (T%)* with f4* = (f2)® € C,a(T¥), we write f € C2,(T).
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Similar to the classical Riemann’s definition of integrability, the concept of the Riemann delta
integral on time scales is given in [35]. We know that many familiar functions, including
monotone continuous, piecewise continuous, right-dense continuous functions, are Riemann
delta integrable. In the following lemma, we present some properties of the integral that will
be needed later.

Lemma 2.6 (see [35]). Let f,g: T — R be two functions and a,b € T. Then one has the following.

(1) Let f and g be Riemann delta integrable functions on [a,b], and a, p € R. Then af + fg
is Riemann delta integrable and

b

b b
f(af(5)+ﬂg(s))As=cxf f(s)As+ﬁf g(s)As. (2.6)

a

(2) Fundamental Theorem of Calculus. Let f be a continuous function on [a, bl such that f
is delta differentiable on [a,b). If f* is Riemann delta integrable from a to b, then

b
[ r2)85 = 0)- f(@. 27)

(3) Integration by Parts. Let f and g be continuous functions on [a, b] that are differentiable
on [a,b). If f~ and g* are Riemann delta integrable from a to b, then

b b
f F(5)g%(s)As = [f()8(9)] ], —J fA(s)8(0(s)As. (2.8)

(4) If f is Riemann delta integrable on [a, b], then so is | f|, and

4}

The construction of the A-measure on T and the following concepts can be found in
[35].

b
f £A(s)As £5(s) |As. (2.9)

(1) Foreach ty € T\ {max T}, the single-point set t; is A-measurable, and its A-measure
is given by

pa({to}) = o(to) —to = pu(to)- (2.10)
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(2) If a,b € T and a < b, then

pa(la,b)) =b-a,  pa((a,b))=b-o(a) (211)

(3) Ifa,b e T\ {maxT} and a < b, then

#a((a,b]) =o(b)-o(a),  pa(la,b])=0(b)-a. (2.12)

The Lebesgue integral associated with the measure pa on T is called the Lebesgue
delta integral. For a (measurable) set E C T and a function f : E — R, the corresponding
integral of f on E is denoted by [ f(s)As. All theorems of the general Lebesgue integration
theory hold also for the Lebesgue delta integral on T. Moreover, comparing the Lebesgue
delta integral with the Riemann delta integral, we have the following.

Lemma 2.7 (see [35]). Let [a,b] be a closed bounded interval in T and let f be a bounded real-
valued function defined on [a,b]. If f is Riemann delta integrable from a to b, then f is Lebesgue
delta integrable on [a, b) and

b
(R) f f(s)As = (L)f f(s)As, (2.13)
a [a,b)

where R and L indicate the Riemann delta integral and Lebesgue delta integral, respectively.

Assume that p € Rand p > 1. Let L] ;[a, b] be the set of
b
{f:[a,b]—ﬁR:J‘ |f(s)|pAs<+oo}. (2.14)
By Lemma 3.6 in [36], LPS [a,b] is a complete linear space with the norm | - ||,, defined by

L.
b 1/p
i1, = ([ 1roras) 215)

Let Crs[a, b] denote the linear space of all continuous functions f : [a,b] — R with
the maximum norm || ||~ = maxe[ap)|f (£)]-

Lemma 2.8 (Holder inequality [37]). Let f, g € Cq([a,b]), p > 1 and q the conjugate number of

p. Then
b b 1/p b 1/q
j |f(s)g(s)|As < <I |f(s)|pAs> . <’[ |g(s)|qu> ) (2.16)
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At the end of this section, we recall some notation and known results from critical
point theory.
Let X'be a real normed space and let ¢ be a functional from X to R.

(1) ¢ is called weakly continuous if

X — x = () — (). (217)

(2) g is called lower semicontinuous if

X — X = klim infp(xk) > @(x). (2.18)
(3) ¢ is called weakly lower semicontinuous if
X — X = khf}o infp(xk) > p(x). (2.19)

Let X be a real Hilbert space, ¢ € CY(X,R), which means that @ is a continuously
Fréchet-differentiable functional defined on X. ¢ is said to satisfy the Palais-Smale condition
(PS. condition) if any sequence {x,} C X for which {¢(x,)} is bounded and ¢'(x,) — 0 as
n — oo possesses a convergent subsequence in X.

Let B, be the open ball in X with radius r and centered at 0 and let 0B, denote its
boundary. The following lemma is taken from [38, 39] and will play an important role in the
proof of our main results.

Lemma 2.9 (see [38]). If X is a real normed space and ¢ : X — R is lower semicontinuous and
convex, then  is weakly lower semicontinuous.

Lemma 2.10 (see [39]). Let X be a real Banach space, ¢ € C'(X,R) be weakly lower(upper)
semicontinuous, and

lim ¢(x) = +o0 <”leir_r)100(p(x) = —oo). (2.20)

llx]l = oo

Then, there exists xo € X such that

p(xp) = ig}fgw(x) ((p(xo) = sup (p(x)>. (2.21)

xeX

Lemma 2.11 (Mountain Pass Theorem [40]). Let X be a real Hilbert space and let ¢ € C'(X,R)
satisfy P.S. condition, and ¢ satisfies

(J1) There are constants p,a > 0 such that ¢(x) > a for all x € 0B, where B, = {x € X :
llxll < p}.
(J2) ¢(0) < 0 and there exists xq € B, such that ¢(xg) < 0.
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Then ¢ possesses a critical value ¢ > a. Moreover, ¢ can be characterized as

¢ = inf max ¢(3(s)), (2.22)
where
I'={geC([0,1],%) | g(0) =0,g(1) = xo}. (2.23)

3. Variational Structure

In this section, we will establish the corresponding variational framework for problem (1.1).
Let P be the function space of the form

P = {u|ueClLl0,0(T)]5,ue Crs[0,0(T)]y, u(0) =0=u(o(T))} . (3.1)

P can be equipped with the inner product

o(T)
(u,v)p = f ub (v  (H)At, Yu,veP, (3.2)
0

inducing the norm

Jull = /o) = < [ |uA(t>|2At>m, VueP 63)

Let {ux} € P be a Cauchy sequence in P, that is, ||u£ - ulAll2 = |lux —wllp — 0 as
k,I — oo. Since L%S[O,O'(T)]T is a complete space, there exists a v € L%S[O,o'(T)]T such that
||u£ -v|l, = 0ask — oo. Define a function u by

t
u(t) = f v(s)As. (3.4)

0

The function v is called a weak derivative of u and is also denoted by u”.

Remark 3.1. If u has a weak derivative, then this weak derivative is unique in LiS[O, o(M)]y,
that is, if v1, v, € LiS[O,o(T)]T are both weak derivatives of u, then ||[v; — va]| = 0. If u is
(delta) differential on [0, o(T)], then its weak derivative is its (delta) derivative.
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From (3.4), it is clear that #(0) = 0 and

o(T)
f v(s)As
0

JU(T) <U(S) - uf (s)) As

0

lu(a(T))| =

< J:m |v(s) - uﬁ(s)lAs (3.5)

o(T) 172 4 o ) 1/2
< <f 12As> <f |v(s) —u,f(s)| As>

0 0
=\/a(T)||v—u,§”2ﬁo, as k — oo.

Thus, u(c(T)) = 0.
Define the space H as

t
H= {u(t) = f v(s)As | F{uyx} € P satisfying ||u£ —v”2 —0ask — oo}. (3.6)
0
It is clear that P C H, and we define the inner product (-,-);; in H as
o(T)
(u,0)y = f ub(Ho® (HAt, Yu,v€H, (3.7)
0

inducing the norm

sy = \/ (1, 1)y = <ij |uA(t)|2At>1/2, Vu€H, (3.8)

where u® represents the weak derivative of u. Moreover, we have the following result.

Lemma 3.2 (see [33]). H is a complete space in the norm || - ||y and inequality
o(T) o(T)
[ R <om? |
0

UNE
|u (t)| At, YueH (3.9)
0
holds, that is, ||[u°||, < o(T)||ul|g.
Also, we consider the inner product
a(T)

o(T)
(u,v) = Io ' ec(t,0)r(H)u’ (H)v° (t) At + J‘o ec(t,0)u (Ho* (H)At, VYu,veH, (3.10)
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inducing the norm

1/2

o(T) ) o(T) 2
|| = <jo ec(t,0)r(D)|u’ (t)| At+L ec(t,0)|uA(t)| At> , Vuel

(3.11)

Throughout this paper, it will be assumed that ess inficjo,o(7)},7(t) = 1o > —Ao, where 1o

is the smallest eigenvalue of the problem

ubA (1) + Ao () =0, te[0,0(T)]5,
u(0) =0 =u(o(T)).

From [41], Ao may be defined as

_ 9T Ul (hyue (1) At
Ao = min - .

u#0 l[ue |3
1(0)=0=u(c(T))

Applying the integration by parts in Lemma 2.6, we have

2
u
Ao = min I ”Hz ,
uz0 el
u(0)=0=u(o(T))

which implies that
o2 1 2
1wl < Nl Vue .
0

For convenience, we introduce the following notations:

o(T)

el= min ec(t,0), e'= max ec(t,0), h0=J‘ |h(t)|At.

t€[0,6(T)]y t€[0,0(T)]r 0

Lemma 3.3. Suppose that
(Hl) roeL + .)Loel >0, fOT all Ty € (—./\0, 0)

Then one has

2 2 2
lullly < [l < e (Il o™(T) + 1) ull,

which implies that the norm || - || and the norm || - ||y are equivalent, where
L
rpe
0 +6l, —./\0 <10 <0,

w = )Lo
el, 1o > 0.

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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Proof

Case 1 (ry > 0). For every u € H, we have
o(T) ) o(T) 2
P = [ ectt 0@ @Fat+ [ ectt0)|ut )] ar
0 0

o(T) 5
zf ec(t,0)|uA(t)| At

0 (3.19)

o(T) 2
> elf |uA(t)| At
0

115112
= e[lulli

On the other hand, by Lemma 2.6, one has

o(T)

o(T)
Iulf = [ ectt 0@ @Fat+ [ ectt,0)|ut )] ar

0 0

o(T) o(T)
< ek (f r(B)]|uC (t) PAt + f |uA(t)|2At>
0 0 (3.20)

< et (oA +1) f:m
= eL<

I7llooo(T) + 1) [l

'uA(t)|2At

Therefore, the norm || - || and the norm || - || are equivalent.
Case 2 (Ao < 19 <0). For every u € H, we have from (3.15) that

(T)

o(T)
lull? = fo ! ec(t,O)r(t)|u"(t)|2At+f ec(t,0)|uA(t)|2At

o

0
o(T) ) o(T) 2

> eLrof 1 (1) At+elj |uA(t)| At
0 0

L po(T) 2 o(T) 2
2 foe f |uA(t)| At + e’f |uA(t)| At (3.21)
0

L o(T) 2
= £+el I ‘uA(t)| At
0 0

Similar to Case 1, it is easy to obtain the desired results. This completes the proof.
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Together with (3.15) and Lemma 3.3, it is not difficult to obtain the following.

Lemma 3.4 (Poincaré inequality). For all u € H, one has

o (T) 1 o(T) o(T) 2
f uC (1) PAt < —<f ect, 0)r(t)|u“(t)|2At+f ec(t,0)|uA(t)| At>, (3.22)
0

0 ~ Aow \ Jo

that is, [[u°ll, < (1/v/Aow)||ul.
Lemma 3.5. ||ul|, < aollu|| for all u € H, where ag = \/o(T)/w.

Proof. For every u € H, we have

()] = [u(t) —u(0)]

t
= f u®(s)As
0
t
< J |uA(s)'As (3.23)
0
t 9 1/2
< t1/2<f |uA(s)| As>
0
<2 lully.
Therefore,
o(T
[l < \/cﬁnunIHI < %uun. (3.24)
This completes the proof. 0

For u € HN Cf g [O,G(T)]%Z, we have that u and u® are both absolutely continuous.
Hence, Au”(t) = u®(t") —u®(t") = 0 for any t € [0,0(T)].

If u € H, then u is absolutely continuous and u* € L34[0,o(T)]y. In this case, Au® (t) =
u®(t") — u(+") = 0 may not hold for some t € [0, o(T)]5. It leads to the impulsive effects.

Take v € H and multiply the two sides of the equality

utt(t) + Cut(a(t)) — r(hu(o(t)) + f(o(t),u(o(t))) = h(t) (3.25)
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by ec(t,0), v°(t) and integrate from 0 to o(T'); we have

o(T) A o(T)
f <ec(t,0)uA(t)> vO(t)At=f ec(t,0)h(t)o° (1) At
0 0
o(T)
- f ec(t,0)r(tyu(o(t))v’ (t) At (3.26)
0
o(T)
—fo ec(t,0) f(0(1), u(0(£)))0° (1) AL.
Furthermore,

rm <ec(t,0)uA(t)>Av“(t)At

0

i: tj+1

(ec(t, O)uA(t)>Av"(t)At

I
S <
_

tj

5 (e 0 ()ol6) e ) (7o) - [ ectoomt oo

J= j

o

]_
==Y ec(t;,0)Au (t;)v(t;) + ec(o(T),0)u” (o(T))v(o(T)) - ec(0,0)u" (0)v(0)
j=1

o(T)
- f ec(t,0)u (H) o™ (t) At
0

j=p o(T)
= —Zec(t]-,o)Ij(u(tj))v(tj) - fo ec(t,0)u™(t)v™ (t) At.
j=1

(3.27)

Combining (3.26), we have

o(T) o(T) j=p
fo ec(t,O)uA(t)vA(t)At+fO ec(t,0)r(Hu(o(t)v” () At + > ec(t;,0)I;(u(t;))v(t;)
j=1
o(T)

o(T)
=f0 ec(t,O)f(o(t),u(o(t)))vf’(t)At—fo ec(t,0)h(t)v° (t)At.
(3.28)

Considering the above, we introduce the following concept solution for problem (1.1).
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Definition 3.6. We say that a function u € H is a weak solution of problem (1.1) if the identity

o(T) o(T)
f ec(t,0)u (o™ (t) At +J ec(t,0)r(u(o(t))v’ (t) At + iec(t,-,o)lj (u(ty))ov(t))
0 0 j=1

o(T)

o(T)
=f0 ecu,0>f<o<t>,u(o(t)))v"(t)At—f0 ec(t, 0)h(tyo (1) At
(3.29)

holds for any v € H.

Consider the functional ¢ : H — R defined by

1., (D i i P u(t;)
p(u) = §||u|| + J; ec(t,0)[h(t)u®(t) — F(o(t),u’(t))] At + Zec(t]-,O) Io Ii(s) ds,

j=1
(3.30)

where F(t,u) = fé’f(t, s)ds. Using the continuity of f and I;, j = 1,2,...,p, one has that
¢ € C}(H, R). For any v € H, we have

o(T) o(T)
¢ (W) = fo ec(t,0)u (Ho™ () At + fo ec(t,0)r(H)u’ (t)v° (t) At

o(T) o(T)
—fo ec(t,0) f((t), 1% (50 (DAt + fo ec(t, 0)h(tyo° (1) At (3.31)

+ 266(#/0)1]'(”(%))0(%)-

Therefore, the solutions of problem (1.1) are the corresponding critical points of ¢.
Lemma 3.7 (see [33]). The functionals g1, ¢, 3 : HL — R defined by

a(T)

o(T) P pult))
ne = [ Feuw®a, g = [ RO g =X [ s
0 0 j=170

(3.32)

are weakly continuous on H.
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4, Main Results

Theorem 4.1. Assume that (H1) holds. Suppose further the following.

(H2) There exist a,b > 0and 6 € [0,1) such that

|f(t,w)| <a+blul’, Y(tu)€0,0(T)]xR. (4.1)

(H3) There exist aj,b; >0and 0; € [0,1) (j =1,2,...,p) such that

|Liw)| <aj+bjlul”, YueR (j=1,2,...,p). (4.2)

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

Proof. According to Lemma 3.7, g1 (1), ¢52 (1), @3 (1) are weakly continuous on H. On the other
hand, it is clear that ||u|* is continuous and convex on H. By Lemma 2.9, llu)|? is weakly lower
semicontinuous. So ¢(u) is weakly lower semicontinuous on H.

From (H2)-(H3), we have

1 o(T) p u(t;)
o) = Slull + L ec(t, 0)[h(tyu° (t) - F(o(t), u” (1)1 At + Yec(t;,0) fo I(s)ds
=1

o(T) o(T)
2 ”u“Z_eL J;) |h(t)uo-(t)|At—eL fo <a|u0'(t)| +b|uo'(t)|9+l>At

N —

u(t;)
—esz:f ] <aj+b]-|s|9f>ds

2 L L 0+1 L
> 2l - e hollull,, — et o (T) (alul, + blul ") - e

]

0;+1
(ajllull, + bylulles™)

N —

p
=1

> = ull? ~ e hoao ull - o (T) (aaollul + bag ™ ")

N —

L

0;+1 0:+1
~ et (ajaollull + bay ™ jul ")

P
j=1

(4.3)
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for all u € H. This implies that limy, ¢ (#) = oo, and ¢ is coercive. By Lemma 2.10, ¢ has a
minimum point on H, which is a critical point of ¢. Therefore, problem (1.1) has at least one
weak solution. This completes the proof. O

Example 4.2. Consider the following impulsive Duffing equations on time scales

uBB(t) + 2ul (t) - 3u(t) + V]u(t)| = 1% sint, ae. te[0,1]g,

AuAG) _ uA<%+> —uA<%_> _ u(%) (4.4)
u(0) =0 =u(o(1)).

Then, problem (4.4) has at least one solution.

Proof. The result is easy to obtain from Theorem 4.1 and we should omit it. This completes
the proof. m

Theorem 4.3. Assume that (H1) holds. Suppose further the following.

(H4) There exist a,b,c > 0and 0 € [0,1) such that

|f(t,w)| < alul +blul® +¢, Y(t,u)€[0,0(T)]y xR. (4.5)

(H5) There exist aj,bj,c; >0and 0; € [0,1) (j =1,2,...,p) such that

|I;(w)| < ajlul +b]-|u|9" +c¢j, YueR (j=12,...,p). (4.6)

(H6) 1/2 - ac(T)elaj - ?:1 ajetal > 0.

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

Proof. According to Theorem 4.1, we know that ¢(u) is weakly lower semicontinuous on H.
From (H4)-(H6), we have

1, (om i i P u(t;)
() = 5 llul +L ec(t,0)[h(t)u’(t) — F(o(t), u’ (1)) 1At + > ec(t;,0) fo I;(s)ds

=1

(o)

1 2 L @ L
> L - e f (B (D) At e f
2 0 0

o(T)
(alu (|)P + blus B + clu” (1)) At

. ) 0.
-e Zj <a]-|s|+b]~|s| j +c]->ds
j=1 70
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—_

L L 2 0+1
> 2 llulf - e hollull,, - Lo (T) (allul, + bllulS +clull, )

I\)

p
L
= et > (ajllul + byllulls” + cillull.,)

j=1

—_

2 0+1
> ulP - e“hoaollull - e"o(T) (aal|ull® +bad™ ul ™" + caollul )

l\.)

P
L 01, 116;+1
—e Z(a]a0||u|| +b; ao 1677 +c]-a0||u||>
j=1

1
= <§ —aoc(T)ela Z“]e a0> [l = e"hoao||ul|

4
0;+1
— el (T) (baf ™ [u ™ + caollul) - e Y (bjag ™ 1l + jaolul])
j=1

(4.7)

for all u € H. This implies that lim,— ¢ (4) = oo, and ¢ is coercive. By Lemma 2.10, ¢ has a
minimum point on H, which is a critical point of ¢. Therefore, problem (1.1) has at least one
weak solution. This completes the proof. O

Example 4.4. Consider the following impulsive Duffing equations on time scales:

uPA (1) + 2ul (t) - 3u(t) + mu(t) +4/[u(t)| =sint, a.e. te[0,1]g,

Aﬁ(%) _ uAG*) _”AG_) _ muG) (4.8)

u(0) =0 =u(a(1)),

where
o) 1/u(s)
V) = exp j log (1+3u(s)) " As ). (4.9)
0

Then problem (4.8) has at least one solution.

Proof. By an easy calculation, we obtain
L _ o 1/u(s) I _
e” =exp log (1 +3u(s)) As ), e=1 (4.10)
0

It is easy to verify that all the conditions of Theorem 4.3 are satisfied. From Theorem 4.3,
problem (4.8) has at least one solution. This completes the proof. O
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Lemma 4.5. Assume that (H1) and (H3) hold. Suppose further the following.

(H7) There exist constants p > 2 and R > 0, such that

0<uF(tu) <uf(t,u), VYjul >R, te0,0(T)]y, (4.11)

where F(t,u) = [} f(t,s)ds.

Then « satisfies the P.S. condition in H.

Proof. Let {u,} be a sequence in H satisfying that {¢(u,)} is bounded and ¢'(u,) — 0 as
n — +oo. Let Q, = {t € [0,0(T)] | lua(t)| > R} for all n € N. By the continuity of f and
(H7), there exists a constant ¢; > 0 such that

p T
Bote) = (¢ ) ) = (5 =1 )l [ ectt,0) [t £ (010, 15) = pPeo(e) up)] At
p 1 (t) p
+ ﬁzl"ec(tj,o) L Ij(s)ds = Y ec(tj, 0)1; (un (t;) un(t})
= =

o(T)
+ f (B-1)ec(t, Oh(Hug At
0

p 2 : ; "
> <§ - 1>||un|| + L ec(t,0) [uzf (o (), uy) - PF(0(), uy)] AL (4.12)

Lv Oj+1) 10;+1
= (B+1)e" Y (ajaollul + by lul )
j=1
— (B - 1)e"hoal[un| - &1

P 0:+1 .
> <§ = 1)lal? = (B + et 3 (aganll + byl )

j=1

— (B-1)e"hoag||un|| - c1,

which implies that {u,} is bounded in H. Taking into account {u,} ¢ H C Crs[0,0(T)]y
and employing Lemma 3.5, we know that {u,} is relatively compact in Crs[0,0(T)]y. Thus
{un} possesses a convergent subsequence {u,, } in Crs[0,0(T)]r, that s, [[un, — uy, ||OO — 0Oas
i,j — +oo.since u, € H, we know that u$(T) = 0 for all n € N. From the above inequality,
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it is easy to see that

sup
te[0,0(T)Ix

Uy, (1) — Up, tH|—0, asi,j— +oo.

From the continuity of f and I;,j =1,2,...,p, we have
|£ (o), u5,®) - f(o®,u, )| — 0, |1, ) = 1 (w, (1) — 0

hold uniformly for t € [0,0(T)]T asi,j — +oo. Set

|£ (e, us®) - fowug,®)|. = sup [Flo),ufm) - f(o®),u,®),

te[0,0(T)]%

RGN0 e M LCHORCHO]!

te[0,0(T)]%

Clearly,

|f (0w, us®) - flowug @) —0 |56 ®) - 1(uw, )| —0

asi,j — +oo. We rewrite (3.31) as

o(T)
(¢'(w),v) = (u,v) - L ec(t,0)f(o(t),u(o(t)))v’ (t) At

o(T) 14
+ fo ec(t,0)h(t)v° (t) At + Zec(t]-, 0)I; (u(t;))v(t)
j=1

for any u, v € H. Therefore,

(uni - unj,v> = ((p’(uni) - (p’<unj>,v> - éec(tj,O) [I]- (un, (t))) - I (unj (tj)>]v(t]-)

o(T)
E j ec(t,0)[f (1), s (0(1) = f (), un (0() ) [0 (DA
0

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)
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Thus, for any v € H, it follows that

(10, -

+et || f(o(t), (0 ®)) = f(0t), un (o)) j:(T)wG(t)mt

4
ol + eL_ZI,III,(um(tj)) IO REG]R
v

< |9/ ) = ' (s, ) 101 + eLaoZp}“If(um (1)) = 1 (o, (1)) | 111
-

+e\Jo(D)| f(o(t), u(0®)) = F (o), un (0®))|| 17l

< o =g o 1+ o35 1 49) = 1 o 4) e

LW”/‘ (1), un (0 (1)) = f (0(1), w0 (0(0))) | _ I

(4.19)

Hence,

Up, — U,

(o -0.9)

< o' n) = ' (1)

= sup
loll<1

+ ELLIOi”IJ'(”m(tj)) - 15 (un, (1) | (4.20)

et V"(T i 10O o) = £ (o, w, @)

Observing that ¢'(u,) — 0asn — +oo, it is easy to see that

||‘/’I(uni) - ‘/’I <un,->

Together with (4.16)+(4.21), we get

— 0, asi,j— +oo. (4.21)

Up, —Up;|| — 0, asi,j— +oo. (4.22)

In other words, {u,} possesses a convergent subsequence {u,,} in H. The P.S. condition is
now satisfied. This completes the proof. O
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Theorem 4.6. Assume that (H1), (H3), and (H7) hold. Suppose further the following.

(HS8) There exists constant v > 2 such that

0 <vF(t,u) <uf(t,u), Yue[-1,0)(J(0,1]t€[0,0(T)], (4.23)

(H9) a3/2 - e*Mo(T) - e*/o(T)||hl|, - e Z?:l aj— et Z?:l bj > 0, where

M :=sup{F(t,u) : t € [0,0(T)]y, 1 = 1}. (4.24)

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

Proof. It suffices to show that ¢ possesses a nonzero critical point. Now, we need to verify
that all assumptions of the Mountain Pass Theorem hold. The P.S. condition follows from
Lemma 4.5. Next, we will check conditions (J1) and (J2) of Lemma 2.11. Assume that 0 <
lu]l, < 1. In view of (HS), for ¢ € (0,1], we get that

dié[F<t, §_1u>§"] - diél: éiluf(tr s)ds gv] = <VP<t, §_1u> - é_luf<t, 5_1u>>§v—1 <0.

0

(4.25)
Hence,
F(t,u) < F<t, ﬁ)w, for 0<|u| <1,t€[0,0(T)]y (4.26)
which implies that
o(T) o(T) u°(t)
I ec(t,0)|F(o(t),u’(t))|At < f ec(t,0) ‘F<0(t), > [u (t)|” At
0 0 [uo (t)]
o(T)
< eLMf [u® (t)|> At (4.27)
0
2
< et M T D e,

w
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At the same time, we can obtain that

oM c L o Lo(T)
f ec(t,0)[h(t)u’ (t)|At < e™||hll,[lu’ll, < e N Al [l2ell,
0 w

P u(t;) P pult)
ZeC(tf'O)j |Zj(s)|ds < eLZJ (aj +b]~|s|6f>ds
=1 0 =)o

, (4.28)
0;+1
< ety (ajlull,, +bjllullet™ )

1
L L 9/'+1 6]'+1
<e Z(a,-aonun +bjag " ul )

j=1

Together (4.27)-(4.28) and the expression of functional ¢, it follows that

1
p(u) 2 Ellull2 — et Mo(T)agl|ull® - e vewag | hll|lul

]

: . b 0;+1 0;+1
ajaol|ull +bjay" " |lu
=1

1 & ~
_ <§ _ eLMomag) lull? - et S byay fuf !
j:l

P
- <eL\/5ag||h||2 +eLZajao> [l
j=1
1 : 2
= <§ -eMo(T)a3 - BL\/@aéllhllz - eL]Z_;ajaé> [l
P
+ <eLMa§||h||2 + eLZajﬂ%> ||u||2

j=1

(4.29)

14
L 2 L
- | e"vewai|inll, + e Y ajao ) |ul
j=1
Le O+l 10;+1
—et Y bjag |lul %t
j=1

Setting

Il =p = o =155 (430)
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Then we have

14 14
e"\o(Mag|hll, +e" > ajal ) p* - | e vVwal|lhll, + " Dlajar |p=0, (4.31)
j=1

j=1

which implies from (H9) that

p p
p(u) > <% -eMo(T)a3 - eﬂ/@aé”h“z - eLZaja(2)> P’ - eLZb]-agf+1p9f+1
i=1

j=1

p (4.32)

[12 :
_ ?0 - e"Mo(T) - e"\/o(T)||hll, — "> a; - " D'b;
=1

j=1
=a>0.
By Lemma 3.5, if |[u|]| = p, then 0 < [jul|,, < 1.Set B, = {u € H | |lul| < p = 1/ao}, then

¢(u) > a >0 for all u € 0B,. Condition (J1) is satisfied.
Secondly, we verify the condition (J2) of Lemma 2.11. In view of assumption (H7), we

have
B ftu)
=< > 4.33
u - F(t,u)’ 2k, (4:33)
g ftu
= > <-R. 4.34
u~ F(tu)' R (4.34)
Integrating (4.33) and (4.34) for u on [R, u] and [u, —R], respectively, we get
u F(t,u)
< n=~r"7
pln = <In Ftu) uzK,
R F(t,—R) (4.35)
t,—
_ > < —
uln — >1In Fw @ "5 R,
that is,
UK
F(tw) 2 F(tR)(5), uzR, (4.36)
F(t,u) > F(t,-R) <?> , u<-R (4.37)
Combining (4.36) and (4.37), one has
(4.38)

F(t,u) > m|ulf, |u|>R,
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where

a; = R min{ min F(¢,R), min F(t, —R)} > 0. (4.39)
te[0,0(T)]y te[0,0(T)]y

On the other hand, by the continuity of F(t,u), F(t,u) is bounded on [0,0(T)]y x [-R, R],
there exists K > 0 such that

F(t,u) > -K>a|ul —a1R* - K, |u|]<R. (4.40)

Combining (4.38) and (4.40), we have

F(t,u) 2 aq|ul —az, V(t,u) €[0,0(T)]r xR, (4.41)

where a; = a1 R* + K.
According to the Holder inequality, we get

2/p

o(T) o(T)
f lu® (t)*At < o(T)' /¥ f W (HFAL) . (4.42)
0 0
Thus,
o(T) o(T) /2
f |u”(t)|”At20(T)(2_”)/2<f |u"(t)|2At> = o(T) 12|l b. (4.43)
0 0

Together (4.41) and (4.43), we know that

o(T) o(T) o(T)
f ec(t,0)F(o(t), u° () At > f ec(t, 0)a|u® ()| At - f mec(t,0) At
0 0 0
4.44
> alelo(T)(Z—,“)/leuo”g —azeLo(T) ( )

> as|[u”lly — s,

where a3 = cxlelo(T)(z_")/z, and ay = aelo(T).
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Obviously, ¢(0) = 0. Let vy € H satisfy ||vg|| = 1. For any ¢ > 0, it follows from (4.44)
and (4.28) that

2 o(T)
pleon) = Sl - [ ect 0P (@) o5 ) at

o(T) p cuo(t))
+ J‘ ec(t,0)h(t)vg () At + > ec(t;,0) f I;(s)ds
0 i=1 0
! (4.45)

¢ o(T)
Sillvoll - asg" |05 ||5 + se" —= |kl llvoll

Vw

P
9 +1
ey (sajaollvoll + big”ay " [[vo ") + ats.
j=1

+

Since p > 2, we see that ¢(gvg) — —oo as ¢ — +oo. we can choose sufficiently large go such
that uy = govo € H satisfying 19€0B, and ¢(uo) < 0. Condition (J2) is satisfied.
According to Lemma 2.11, ¢ possesses a critical value ¢ > a > 0 given by

¢ = inf max v(8(s)), (4.46)

where
= {g € C([0,1,E) | g(0) = 0,g(1) = uo}. (4.47)
Therefore, problem (1.1) has at least one weak solution. This completes the proof. O

Example 4.7. Let T = R. Consider the following impulsive Duffing equations with Dirichlet
boundary condition

u"(t) + %u’(t) u(t) + f(t,u(t)) = — smt a.e. t€[0,1],

WO

u(0) =0=u(),
where

L, Y(t,u) € ([0,1] x [-1,1]),
f =1 '%" (4.49)
10et+1’ V(tu) € ([0/1] x (-o0,-1) [ (1, +oo)>.

Then problem (4.48) has at least one solution.
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Proof. By an easy calculation, el = e, el =1, ||hll, <1/10e, a9 = 1, a; = 0, by = 1/10e, and
M = 1/20e. It is easy to verify that all the conditions of Theorem 4.6 are satisfied. From
Theorem 4.6, problem (4.48) has at least one solution. This completes the proof. O

Corollary 4.8. Assume that (H1), (H3), (H7), and (H8) hold. Suppose further the following.
(H10) I;(t) > 0 forallt € [0,0(T)]y, j = 1,2,...,p.
(H11) a2/2 - e*Mo(T) - et+/o(T)||hll, > 0, where

M =sup{F(t,u) : t € [0,0(T)]y, [u| =1}. (4.50)

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

Corollary 4.9. Assume that (H1), (H3), (H7), (H8), and (H10) hold. Suppose further the following.

(H12) h(t) =0 forall t € [0,0(T)]y.
(H13) aé/Z > et Mo (T), where M := sup{F(t,u) : t € [0,0(T)]y, [u| = 1}.

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

Corollary 4.10. Assume that (H1), (H3), (H7), (H10), and (H12) hold. Suppose further the
following.

(H14) supte[O,U(T)]Tlimsﬁo(f(t, s)/s) =0.

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

Proof. From the proof of Theorem 4.6, it is easy to see that ¢ € C!(E,R) and the condition (J2)
of Lemma 2.11 is satisfied. We only need to verify the condition (J1) in Lemma 2.11.
In view of (H14), for € = Aow/2e" > 0, there is a constant § > 0 such that

|f(t,s)| <elsl, VO<|s| <6 ¢e[0,0(T)]y (4.51)

As a result, we have

1o (t) [ (t)] €
|F(o(t),u’(t))] = f(o(t),s)ds < f elslds = = [u” (1) (4.52)
0 0 2

which implies from Lemma 3.4 that

€

0

o(T) € )
[ IR0 w st < Sl <
0

From the above inequality, (H10) and (H12), it follows that

1 2 €€L 2 1 2
> — — = — . 4.54
0G0 2 3l - 2l = 7l (4:54)
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Take p = 6/ap, a = 62/4a(2). By Lemma 3.5, if [u|| = p, then 0 < ||u||,, < 6.Set B, = {u € H |
lul| < p = 6/ag} , then ¢(u) > a > 0 for all u € 0B,. Condition (J1) is satisfied. Therefore,
problem (1.1) has at least one weak solution. This completes the proof. O

Remark 4.11. Let C = 0, r(t) = 0 and let I;(t) = 0 forall t € [0,0(T)]y, j = 1,2,...,p, then
Corollary 4.10 reduces to Theorem 4.2 in [33].
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