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Abstract In this paper, we study a fractional impulsive differential equa-
tion with mixed tempered fractional derivatives. We justify some fundamental
properties in the variational structure to fractional impulsive differential equa-
tions with the tempered fractional derivative operator. Finally, we study the
existence of weak solutions with critical point theory and variational methods
for the proposed problem. To prove the effectiveness of our main result, we
investigate an interesting example.
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1. Introduction

In applied science such as biology, physics, control theory, economics and mechanics
among other areas processes are frequently simulated using fractional differential
equations, for details, see [12,22,24,29,30,47] and the references therein. The the-
ory of fractional differential equations has consequently attracted a lot of attention
in recent years. For example, existence and stability are studied in [1,5], and sev-
eral resolution strategies are in [33,36,40]. In [13] the authors studied the nonlinear
time-fractional gas dynamics equation. On the other hand, in [28], it is proposed an
impulsive nonlinear differential equation with fractional derivative with interesting
applications to pest management and, besides, some contributions to the study of
option price governed by a Black-Scholes equation with a time-fractional derivative
can be found in [8]. Some recent important applications of fractional differential
models are those about time-fractional Schrédinger equation [16], Schrodinger equa-
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tion with fractional Laplacian [18], fractional wave equations [11], fractional damped
dynamical systems [4] and fractional Euler-Lagrange equation modeling a fractional
oscillator [6]. Some other recent application, these such equations are important and
are considered as a novel subject in the theory of fractional differential equations.
Using analytical methods such as fixed point theory, there have many results deal-
ing with the existence of solutions to nonlinear fractional differential equations in
this subject. For instance, we name here critical point theory and variational meth-
ods [3,20,21,46,48,49,51], topological degree theory [19], Leray-Schauder nonlinear
alternative [53], and so on.

The tempered fractional calculus is the generalized version of fractional calculus.
The tempered fractional derivatives and integrals are obtained when the fractional
derivatives and integrals are multiplied by an exponential factor [27,43]. Recently,
it has been observed that the use of tempered fractional derivatives, which leads to
the so-called truncated Lévy flight, exhibits some important advantages compared
to the usual fractional derivatives, especially with regard to the spatial moments
[15,23,42,54]. In this context, it should be noted that solutions obtained for the
tempered fractional derivative contain those for the untempered one as a special
case. Therefore, the truncated Lévy process can be seen as a generalization of
the conventional untempered one. Tempered fractional differential equations have
been applied in different fields of physics such as in geophysics, statistical physics,
plasma physics or in the context of astrophysics [10,32,45,54]. Apart from the
physics field, the tempered fractional derivatives have also been applied in finance
for modeling price fluctuations with semi-heavy tails [42]. Recently, Almeida and
Morgado [2] studied variational problems where the cost functional involves the
tempered Caputo fractional derivative.

Differential equations with impulsive effects arise from many phenomena in the
real world and describe the dynamics of processes in which sudden, discontinuous
jumps occur. We refer to [9, 17,25, 26, 44, 52] for some monographs and papers
including relevant information about this topic. In [7,34,35,41], it is proved the
existence and multiplicity of weak solutions for a class of Dirichlet’s boundary value
problems for fractional differential equations with impulses by using a critical point
theory. More precisely, in [50], the authors studied the existence of weak solutions
by using new linking theorem due to Schechter included in [38].

The used method in this paper is standard, but its configuration and relations of
variational methods in the present paper is new. The obtained results in tempered
fractional derivatives are new and contribute to this new research topic concerning
the study of positive boundary value problems.

Motivated by these previous works, we would like to study variational structure
for the tempered fractional derivative operator and we have justified some funda-
mental properties in the variational structure. Also, we deal with the following
tempered fractional boundary value problem

D% (DY u()) = f(w,u), = #x; ae x€ (0,T),
u(0) =u(T) =0, (1.1)

A (LD u) (2) = uley), §=1,2.,m,

where o € (3,1) and o > 0,

O=xp<z1 <22 <<y <Tpg1 =1,



3498 H. A. Cuti Gutierrez, N. Nyamoradi & C. E. Torres Ledesma

A *7Diu)(2;) = lim LD u(e) — lim 177 DE; u(z),
z—>mj I—)Ij

f:(0,T)xR—=>Rand I; : R - R, j =1,2,---,n are continuous functions
satisfying some suitable conditions. More precisely, we assume that I;(s) and f
satisfy the following hypotheses:

(F1) There exists a constant n > 2 such that f(x,u) = o(|u|7) as |u| — oo and
f(z,u) = o(|u]) as |u| — 0 uniformly for z € [0,T].
(F3) There exist constant v > 2 and ¥y > 0 such that
0 < yF(x,u) <uf(z,u), forevery (z,u) e [0,T] xR, |7|> .
(I1) There exists a constant 1 < @ < 7 — 1 such that I;(u) = o(|u|7) as |u| = oo
and I;(u) = o(|u|) as |u| = 0.

(Iz) There exist constant 0 < v; < 2 and ¥ > 0 for any j = 1,...,n, such that
0< 'yj/ Ii(s)ds < I;j(m)r, forevery T €R, |7|>4.
0

Our main results read as follows:

Theorem 1.1. Assume that the conditions (Fy), (Fz), (I1) and (I3) hold. More-
over, I;(t) and F(x,t) about t are evens. Then problem (1.1) has infinitely many
weak solutions.

If we choose o = 0, problem (1.1) reduce to the following boundary value prob-
lem

D¢ (°D% u(z)) = f(z,u), z#z; ae x€(0,T),
u(0) = u(T) =0, (1.2)
A(Ijl“tacD8L+u) (xj) :Ij(u(xj))a ] = 1327"' , 1,

where Dy u and CDg‘+u are the right Riemann-Liouville fractional derivative and
the left Caputo fractional derivative respectively. As a consequence of Theorem 4.1
we have the following result.

Theorem 1.2. Assume that the conditions (Fy), (Fz), (I1) and (I3) hold. More-
over, I;(t) and F(x,t) about t are evens. Then problem (1.2) has infinitely many
weak solutions.

Remark 1.1. We recall that in Theorem 1.1 and Theorem 1.2 we just consider
the case a € (%, 1), because, in this case we can consider the classical Dirichlet
boundary conditions and we have the following characterization of our fractional
space

H§ (a,b) = {u € L*(a,b) : “D*7u € L*(a,b) and u(a) = u(b) = 0}.

The case « € (0, %) is an open problem yet.
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2. Some previous results

Let (a,b) be a bounded interval. For o € (0,1), ¢ > 0 and a suitable function u,

the left and right Riemann-Liouville tempered fractional derivatives of order « are
defined as

o0 d -,
oFu(r) = (dx + 0) 11(114r “u(z), > a, (2.1)
and g
Dy T u(x) = — <dm - o’) ]I;:O"Uu(x), x < b, (2.2)

respectively, where 1727w, I;"7u are the left and right Riemann-Liouville tempered
fractional integrals of order « defined as

1 xr
u(x) = m/ (. — ) te @ y(s)ds, x> a, (2.3)

and .
L7 u(x) = F(la)/ (s —x)* Lem =Dy (s)ds, = < b, (2.4)

respectively. An alternative approach in defining the tempered fractional derivatives
is based on the left-sided and right-sided tempered Caputo fractional derivatives of
order «, defined, respectively, as

_ d
C]D)qu(x) = ]Itlﬁo“‘7 (d:r + o) u(x), x> a, (2.5)
and p
Cmo,o _ l1—a,o
D> u(x) = —I, - (dﬂc — O’) u(x), x <b, (2.6)

respectively. Note that, if u € AC|a,b], then the following identities holds for
Riemann-Liouville and Caputo tempered fractional derivatives

Cu(r) =e 7" Dge’ u(z) and Dy7u(x) = e”*,Dye " u(x), (2.7)
and
Cmeo _ ,—ox Cpna,ox ,0 _ oz Cpa_—ox
Fu(r) =e 7" Dge u(x) and Dy "u(x) = e’ - Dye” " u(z). (2.8)

In what follows we consider some properties of tempered fractional operators
which are know in the literature.

Lemma 2.1. [48] Let a > 0, 0 > 0 and u € AC[a,b]. Then I77u,1,""u are well
defined. Moreover

ul) = et —a) + —t [Claot - (@9)

and

b
I u(z) = U;LI(‘[E)Q)W(a,o(b— z)) — ﬁ@ /x o, ot — )/ (H)dt,  (2.10)

where .
'y(a,a?):/ t* et
0

is the lower incomplete Gamma function.
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Remark 2.1. The incomplete Gamma function has the following bounds

e "—< 7(a7x) <

&
« «

. (2.11)

Moreover, for each n € N and —n < o < —n + 1, using integration by parts and
induction, we obtain

x . . n—1 4k n—1 1)k .
*y(a,a?):/o e <e _kz_o(k!)> dt—l—kz_()mx R, (2.12)

This equality can be used to extend the definition of v(«, ) to negative, non integer
values of .. For example, if o € (—1,0) and x > 0, then

1 1
Y(a,z) = —y(a+1,2) + —x%™". (2.13)
a a

For more details the reader’s can see [14].

Theorem 2.1. [48] Let a € (0,1), 0 > 0, p € [1,00]. Then, the tempered frac-
tional integrals of Riemann-Liouville 17,7, 1,°7 = LP(a,b) — LP(a,b) are bounded.

Moreover ( b )
o,0 Y\ &, 00— a
137wl e (a,p) < T ool(a) llull v (a,5) (2.14)
i (a,0(b— a))
«,0 Y\ &, 00— a
1T, ull e (a,p) < 7ol (@) lull v (a,b)- (2.15)

Lemma 2.2. [37] For ag,a0 > 0, 0 > 0 and for all uw € LP(a,b) with p € [1,00]
we have

[007 102y (z) = 1017 y(z)  and IP07 - I027u(z) = T2 7).

Theorem 2.2. Let a € (0,1), 0 >0, p € (1,00), q € (1,00) and
1 1
-+ -<1+4oa
p g

Ifu € L?(a,b) and v € Li(a,b), then

b

b
/ Z‘fu(m)v(m)dmz/ u(z)L27v(x)d. (2.16)

a
Now we consider some smoothness properties of the Riemann-Liouville tempered
fractional integrals.

Theorem 2.3. [48] Let a € (0,1), ¢ > 0 and u € Cla,b]. Then the tempered
fractional integrals of Riemann-Liowville I " u, 1" are continuos on [a,b] and

x£r£+ [Pu(z) =0 and 115217 L2 u(z) = 0. (2.17)
Moreover 1
1257 oo < mv(a, o(b—a))l|uls,
and 1
17 u|oo < Y(a, (b — a))l|ullo

o°T'(«)
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The following result were considered by Torres et al. [48, Theorem 3.9]. More
precisely, assuming that o € (3,1), ¢ > 0 and u € L*(a,b), then Torres et al.

proved that I"7u,[[""u € Cla,b]. We note that under a carefully analysis we are

able to prove that the Riemann-Liouville fractional tempered integrals 197w, ]Igﬁou

a
are Holder continuous with order ao — % To state our result we need the following

inequality: For any 1 >z >0 and ¢ > 1
(x1 —29)? < 2f — 2. (2.18)

Theorem 2.4. Let o € (3,1) and 0 > 0. Then, for each u € L?*(a,b), I77u €
Hy 2% (a,b) Defined in Section 3) and

Jim, 137u(e) =0,

where Hg_%’g(a, b) denotes the Hélder space of order o — % > 0.

Proof. Leta <z <z <bandu € LP(a,b), then by Holder inequality

[T u(wy) — 1057 u(a)|

“rw

z2
" / (z2 — S)a‘le“’(“‘s)IU(S)|ds}
€T

(1'1 _ 8)0&71676(I175) _ (1,2 _ 8)0471670(95275)

|u(s)|ds

(21— 8)* e — (3y — 5)* 7o (P279)

5 N\ 1/2
ds) el

1 - 202 —20(x2—s) VR 2, )
+— / (xg — §)** 27 20\%27¢ ds) (/ |u(s)] ds) .
F(Oé) ( x1 x1

(2.19)
Doing the change of variable t = 20 (x5 — s) and using (2.11) we get
T2 L _ 1 (l‘g _ x1)2a—1
2 2 20(xo —
/x1 (ZL'Q—S) a=2, (x s)ds— W’y@a—lﬂa(a@—xl)) < T
Hence
- 20-2 —20(z2—s) 2 1 !
(Al (mg — 8) e 2 d8> S W(ﬁfg - 1'1) 2. (220)
On the other hand, the change of variable t = ;321:;1 yields that
1 2
/ (1'1 _ S)aflefa(mlfs) _ (l‘g _ s)ozflefa(acgfs) ds
¢ 1 (2.21)

ta—le—at(xg—xl) _ (1 + t)cx—le—a'(1+t)(z2—z1) 2 dt.

=(zp — 21)**" /12711
0
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So, if A=r <1, by (2.18) we derive

z]—a

77

0
1
<)
0

1
S/ (t2a726720t(a:279:1) _ (1 + t)2a726720(1+t)(a:27:r1)) dt
0

2

aflefat(zgle) - (1 + t)a71€70(1+t)(x27931) dt

2

ta—le—ot(afz—arl) _ (1 + t)a—le—o(1+t)(x2—x1) dt

1

= 20 (0 — ) (27(204 —1,20(ze — 1)) — v(2a — 1,40 (x2 — 1:1))>

Now, note that by (2.11) we obtain

[20 (2o — z1)]%* 1
200 — 1

Y(2a —1,20(ze — x1)) <

and
[4o(zy — xq))?2 L
20 — 1

8—40(12—11)

<~(2a —1,40(xs — x1)),
consequently

2v(2a — 1,20 (xe — 1)) — v(2ae — 1,40 (22 — 1))

< 20 (29 — x1)]?* 71 (2 _ 22a—1e—40(w2—w1)> _
- 2a -1

Therefore, replacing in (2.19) we obtain

(1,1 _ S)aflefa(aslfs) _ (1,2 _ s)aflefg(g;zfs) 2

[
ds
200—1
_% (2 B 22“*154”(””2*“)) (2.22)
o —
2
Som_1 (2 —z1)? .

On the other hand, if -2=* > 1, then
2—I1

z1—a
‘/mzﬂm1 toz—le—at(azz—azl) _ (1 + t)a—le—a(l—i-t)(;vg—;vl) Zdt
0
1 2
:/ tozflefat(zgfxl) _ (1 + t)a71670(1+t)(x27x1) dt
0

(2.23)

T1—a

T —x]
/
1

< 2 n /;21;1
T2a-1 1

2

tozflefat(mgfrl) _ (1 + t)aflefo(H»t)(nga:l) dt

ta—le—a't(mg—rl) _ (1 + t)a—le—o'(1+t)(xg—xl) 2 dt.
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The mean value theorem and the change of variable A = 20t(z2 — 1) yield that

z1—a
/362_361 e le—ot(zz—z1) _ (1+ t)a_le_o(l—’_t)(“_xl) 2dt
1
w1—a 2
_ T2 —T1 a—2 —Ut(zz—xl) a—1 —O't(xz—x])
_/ ((1 —a)r® " %e +o(xe —x1)t% e ) dt
1
21—a
1
c1—a
=+ 202($2 - $1)2 /lLJI 22— 20t(z2—21) gy
1
21 — 2 20(z1—a)
:%(@ _ ‘131)372&/ A2a—4,=A 7\
(20) 20(x2—2x1)

20° 3-2 2olmma) 200—2 — A
+(20_)m(’132*l‘3) 70‘/ AT eT N .
2

o(x2—x1)

Note that, integrating by parts the first integral of the last expression we get

20(z1—a)
/ A2a74€7/\d)\
2

o(x2—x1)
2 2a0—3
:(2(;)7 3 ((551 _ a)2a—3e—20(9c1—a) _ (332 _ xl)Qa—Z&e—Qa(xQ—xl))
2 200—2
+ (2a (_ 3))(2a - 2) ((xl . a)2a726720(117a) o (x2 . x1)2a72672a(w27z1))
1 2o (1) 20—2 ,—\
+ / AT e A
(2a - 2)(2a - 3) 20(za—x1)

Consequently, replacing in the last inequality we derive

xr]—a

1

2(1 — )2 B 20(z1—a) L
< (éo—)za)g (.’I}Q _ xl)?’ 204/ )\20{ 46 )\d>\
2

taflefat(ngxl) - (1 + t)aflefa(lqtt)(:mf:vl) 2 dt

O’(%z—il)
202 20(z1—a)
4 (20_)204,1 (332 _ x3)3—2a/ )\204—26—)\d/\
20(z2—2x1)
2(1 - a)2 —2«
= (o (2 7
(20.)20473 2a—3 —20(x1—a) 2a—3 —20(x2—x1)
X m((ajl—a) e 1Y — (g — x1) e 2 1)
200—2
+(2 (2(;))(2 2) ((551 _ a)2a726720(117(1) o (IQ - x1)2a2€20(1211)):|
o — o —

20 2(1 — a)? Lo — pa)3—20
* <<2a>2a—1 T 20)2a (20— 2) (20 3>> (w2 — 1)

20(z1—a)
X / N2 A g\
2

o(za—x1)
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2(1 — a)?
< (2a _3) (372 _ x1)3—2a ((xl _ a)Qa—3€—2a(a71—a) _ (1‘2 _ xl)Qa—Se—Qa(mg—ml))

202 2(1 - a)2 2a
+ <(25)2a—1 + (20)22=3 (200 — 2) (200 — 3)> (22 — 1‘3)3

20(z1—a)
X / N2 A\,
2

o(x2—z1)

By other side, (2.11) yields that

20(z1—a)
/ A20=267A g\
2

o(z2—x1)

=y(2a —1,20(z1 — a)) — y(2a — 1, 2crx27x1))
a— -1
< (20)2 ! ( 2a 1 561 — CL _ 6720(m27m1)
- 2a—1 To — 1‘1 '

x]—a

/ﬁ
1
9 2a—3
§2(1 — Ol) T —a 6720—(9;17@) B €—2U(m27m1)
200 — 3 Ty — T

202 8(1 — a)?0? 9
+ <2a 1 Ga—D2a-2)2a- 3)) (w2 — 1)

N 200—1
% L1 a _ 6720(1’271’1) )
T2 —T1

Finally, combining (2.21) with (2.23) and (2.24) we derive

/zl
a

where

2 2(1 —«)? z—a\*? 90 (g — _ _
M = o(z1—a) _ ,—20(z2—x1)
2a—1+ 2a0 — 3 ((1‘2—371 ° ¢

20 8(1 — a)?o? 5
+ <2a 1 Ra—D2a-2)2a- 3)) (w2 = 1)

. 2a0—1
% L1 a . 6720(12711) )
T2 — T1

Therefore, by (2.19), (2.20), (2.22) and (2.25) we get

Hence

taflefot(wgfwl) . (1 + t)aflefa(lth)(a:zfa:l) 2 dt

(2.24)

1 —o(x1—s) 1 —o(x2—s)

2
(r1 —s)% e — (2 —5)%"e ds < M(xy —x1)* 1, (2.25)

|- ar Tu(wy) — I ot Tu(w2)|

<wa ([
X / 2ds) v

a—1_—o(xz—s)

(r1 —5)" e — (zg — 5)* e (@275)

9 1/2
ds)

,1



Boundary value problem with impulsive effects 3505

et ([t a) ()

< - 1/2( )(X l|| ||L ! ( )(x lH ||
To — T 2wl r2(q.) + To — T 2 |ul|r2(q
OO @) T g —1)1/20(q) 2 T 2(a,b)

1 1/2 1 a—1
“ray (M G ) Wt e,

which implies that 177w € Hy anlm

To finish with the proof, note that for any u € L?(a,b) and Holder inequality
we get

a0, (r L ‘ r—s a—le—o(ac—s) w(s)|ds
L) < o [ =) u(s)ld

: Ik;ﬂ(Jéx(x“S)%“'J)e‘UQQ*”7ds)]J2 <]Cx|u(3”2ds>l/2

1 [y(2a — 1,20 (x — a))]*/?

1 1 U a *
T 20721(a) 0% 2 el e
Furthermore, (2.11) yields that
oo 203 1 (v2a—1,20(z —a)))'/?
o(zx—a) _ \a—3 ’
‘ (2a — 1)1/2 (z—a) = o3
20—3%

x— a)a_%7

= (2a — 1)1/2(

which implies
20— 1,20 (x — a)))/?
i (001206 @)V
z—at o% 2

So, combining this limit with the last inequality we get

zli>r£1+ thu(x) - 0

O
Considering the Riemann-Liouville and Caputo tempered fractional derivative
we have the following result:

Theorem 2.5. Let a € (0,1), 0 > 0 and u € ACla,b]. Then

u(z) = F(llt(f)a)(x —a) e o) 4 ‘DM u(z), (2.26)
and
]Dgﬁu(x)IYT??OO(bx)ae”@z)+(ﬁD?Ju(x) (2.27)

The following result are the fundamental theorem of calculus for Caputo tem-
pered fractional derivative.

Theorem 2.6. For a € (0,1), 0 > 0 and u € AC|a,b], we have
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‘D7 I u(x)

‘DT - I u(x)

= u(x),
= u(x).
I - Dy u(x)

7 Dy u(x)

= u(w) — """ Yu(a),
= u(z) — e 7@y (b).

In our next result we are dealing with the integration by parts theorem for
Riemann-Liouville tempered fractional derivative.

Theorem 2.7. Let o € (0,1), ¢ > 0 and u,v € AC|[a,b], then

/a @)D 0 () e

b
= lim u(x)]lé:a’gv(x)— lim u(x)ﬂéfa’av(z)—&—/ © Cu(z)v(z)dr.  (2.28)

r—at T—b—

Proof. Note that, as in Lemma 2.1 we can show that, if ¢ € AC]a,b], then
o180, . I¢p € ACa,b]. Hence, I} “e~"v € AC[a,b] and then

d
+Diye 7 v(x) = —%Ilgfo‘e_‘”’v(x) € L'a, b].

Consequently

b b b
/ Dy v(x)|dr = / le?® . Dite™ 7" v(z)|dx < e"b/ leDye” " v(z)|dz < .
a a

a

By other side, as u € AC|a, b, then u € Cla,b]. Therefore

b b b
/ w(@)DETv(x)dz < / w(@)DE7v(z)dz| < [[ulloo / D27 ()| d < oo,

Now we are going to show (2.28). In fact, by using integration by parts and Theorem
2.2 we get

b b
/u(x)]]])?f’v(x)d:r:/ u(z)e’,Dife” " v(x)dx

a

1 l—a,0 o l1—a,o
—xlir&u(x)ﬂb, v(x) mlglr)li u(z)L, =% v(x)
b
+/ C]D)qu(x)v(x)dx
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3. Tempered fractional space of Sobolev type

In this section we introduce the tempered fractional space of Sobolev type Hg’ (a, b)

defined as

HO (a,b) = Cgo(a, b)) 1™,

b b 1/2
a,a=</ IU(w)Izdﬂ«“Jr/ CDSfU(ﬂU)de> :

and endowed with the inner product

where

[l

b b
(U, V) g0 = / w vdx + / ‘DY u “DYY vdz.
a a

(3.2)

H{? (a,b) is a Hilbert space. In fact. Let (u,)nen be a Cauchy sequence in
Hg7 (a,b). Then (up)nen and (YD uy, )nen are Cauchy sequences in L?(a,b) and

there are u,v € L?(a,b) such that

u, »u and “D%7w, — v in L2(a,b) as n — oco.

Let ¢ € C§°(a,b), then by Theorem 2.2 and definition of Caputo tempered fractional

derivative we have

b b
/CDqun(x)ga(z)dx:/ (eigﬁgD;‘e”un(z)) p(z)dx

a ab
:/ I U, () e % () da

b
- / (€ tn(2)) o T2~ p()de

as n — co. Then u € Hy" (a,b), “DY7u = v and
”un - UHa,g — 0 as n — oo.

Considering this function space, we have the following properties.

Lemma 3.1. For any u € H'? (a,b), we have

17 DM u(z) = u(z), a.e. in (a,b).
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Proof. By definition, there exists (¢n)nen C C§°(a,b) such that
lim [l = pallas = 0.
n—roo
Hence
Jim = @nllr2(p =0 and - lim 19D (w = @n )l L2(ap) = 0 (3.3)

Fatou’s Lemma yields that
b b
/ Ju(z)|?dx < liminf/ lon(z)?dz < 0o and
n—oo a

/ |C]D)a+ u(z)Pdx < liminf/ |CJD)a+ on(x)Pdx < +o0.

n— oo

By other side

HHa 7 CDQ U’U, — u||L2(a b)

< D (u = n) | 2(apy + 107 - “Do n — @nllL2(a) + llon — wllL2(a )

(3.5)
Since ¢, (a) = 0, Theorem 2.6 implies that
I - CDgy on(@) = ¢u(2),
next
127 - “DE on — @nllL2(ap) =0 Yn € N. (3.6)

By other side, Theorem 2.1 yields that

’7(0‘7 J(b _ a)) ”C]D)ny(

Hoca C]D)aa' — on <
|| (= pa)llzan < e

u—on)llz2@p)-  (3.7)

Therefore, by (3.3), (3.6), (3.7) and (3.5) we obtain that
1257 - “DEu — | p2(ap) = 0,

which implies the desired result. O
As an immediate consequence of this result we have the following version of
Poincaré inequality:

Corollary 3.1. Let a € (0,1), 0 > 0. Then,

V(Oéva(b ))”C a,o

lull 22 (a,p) < 7oT(a) 2l L2(a,p), (3.8)

for any u € Hy % (a,b).

Remark 3.1. By Corollary 3.1 we can endowed H{*? (a,b) with the norm

1/2
|mn=</|ﬁm+m>ﬁm> ,
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which is equivalent with | - ||o,-. In fact, note that
Jull < luflao-

By other side, Corollary 3.1 yields that

_ / " Ju(w)dz + / b\CDgfu(x)de
< ([Hest 0] o) [ oot

Therefore, we get the desired result.

In the following result we are able to show that H{*?(a,b) is continuously em-
bedded into C(a,b), more precisely we have:

Theorem 3.1. Let a € (3,1) and o > 0, then H*" (a,b) is continuously embedded
into C(a,b).

Proof. Let u € H{?(a,b), Lemma 3.1 yields that u, “D%"u € L?(a,b) and
u(z) =147 - D u(z) ae. € (a,b).
Hence, by Theorem 2.4 we obtain

”]Ia Nea CDoc Nea

[ulloe = ulloo

< 71a[’)’(20l— 1,20(b - ))]1/2HCDQ UUHLZ(a b)

= [y(2a —1,20(b—a))]*?|ul,
EErTedl (b= )] |ul

O

which implies the desired result.
The following compactness result will be crucial for our purpose.

Theorem 3.2. Let a € (1,1) and o > 0. Then the embedding

H 7 (a,b) = C(a, b)
18 compact.

Proof. Let B be a bounded subset of Hj*? (a,b), then we need to show that B is
relative compact in C(a,b). By virtue of the Arzeld-Ascoli theorem, the conclusion
will be achieved by proving that B is equibounded and equicontinuous in C/(a, b).
In fact, by the previous theorem H{?(a,b) is continuously embedded in C(a,b)
and

(20 — 1,20(b — a))]/2
(20)°3T(a)

Hence, the set B is equibounded in C(a,b). Moreover, by Theorem 2.4 and Lemma
3.1 there is a positive constant K such that

u(z) —u(y)| = 177 - “DyY u(z) — 177 - CDW u(y)]

< KD ull p2an |z — y[*~

llul|oo < lu]|, for every u € B. (3.9)
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which implies the equicontinuity of B. This completes the proof of Theorem 3.2.
O

Remark 3.2. If a € (3,1) and o > 0, then for every u € H '’ (a,b), there exists
(¢n)nen C C3°(a,b) such that

lim |lu— ¢y, =0.

n—oo
Combining this limit with Theorem 3.1 we arrive to

0 < [u(a)]
= [u(a) — ¢n(a)l
1
L ———
(20)* 2T ()
—0 as n — oo.

(20 = 1,20 (b — a))]"/*||Ju — ¢

Consequently u(a) = 0. Similarly we can obtain that u(b) = 0.
By other side, Lemma 3.1 yields that

C]D)Z‘fu € L*(a,b).
Therefore, H*? (a,b) can be rewritten as

HS 7 (a,b) = {u € L*(a,b) : “Du € L*(a,b) and u(a) = u(b) = 0}.

4. Proof of Theorem 1.1

In this section we are going to give the prove of Theorem 1.1. In this direction, in
what follows we consider a =0, b =T and

=20< 2 <Tp < < Ty < Tpyy =1T.

Hence, for u € Hy*?(0,T) next

/ D () DET p(x)d

0

/0 DS u(z) (e - § DY  p(x)) dx
T

e CDECu(a)o Ll (7 () da

(=)

T
A7 (€77 D5 u()) (€7 () da

(=)

n

/7+1 I3 (e7o® C]D)m u(x)) (e7%p(x)) dx

J

I
o

J

m

3

+ T

( lim I[1 G CDYu(z)p(x) — lim i D5 u(z) ()
=0
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+/wj D5 (C]D)O+ u(x)) cp(:c)d:r) . (4.1)

J

Note that

Z( lim Hl i C]D)0+ u(z)p(x) — lim Hl *e CDO+ U@)‘P@))

J:O 1}*}1}]+1 ‘/E*)I
— lm @I DS () — lim (@) DS u(a)
T=T vzt
+ lim p(z )Hl “7 L CDNu(z) — hm o(x )]I1 G CDY ()
Ty z—zg

|
-

n

+ ( lim I;7%7 - DS u(z)p(z) — lim 127 - D57 u($)@($)>

T \e—aiy, oz

<.
Il

é

=— lim o(@)Il=*7 - DY u(z) + lim ¢(z)I}-%7 - DS u(x)

Tz Tz

( lim 17 “DY7u(z)p(z) — lim 17 D57 u(l’)cp(:}s))

Zl)—)il)‘]+1 I—)f

”ML

< hm ]I1 we CID)0+ u(z)p(z) — lim ]I;f_a’g : CDSfu(:E)ga(:r)) .
’E—)’E r—T

HM

Combining this equality with (4.1) we derive
[ emiurme ot
T n .
:/0 D57 (YD u(z)) (x)dx — ZA ( 7. ODgye u) (z;)p(x;).
j=1

Now we introduce the notion of solutions that we consider in this paper.
Definition 4.1. A function
T+
u € uEAC[O,T]:/ |C]D)0+u( Wdz < o0, j=0,--,n
zj

is said to be a classical solution of problem (1.1), if u satisfies the equation a.e. on
(0,T7)\ {z1, 22, , 2}, the limits

hm+]11 7. ODe7u(z)  and lim ]11 7. ODS ()

exist and satisfy the impulsive condition A (]Il IR e u) (z;) = Ij(u(z;)) and
boundary condition u(0) = u(T") = 0.

Definition 4.2. A function u € H*? (0, 7)) is said to be a weak solution of problem
(1.1), if for every ¢ € H*?(0,T'), the following identity holds

T
/C]D)gfu() D o (x dm—l—ZI u(z;))e(z) /fxu o(x)dz.
0
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As in [7, Lemma 2.1] we can show the following result.

Lemma 4.1. The function u € Hi°(0,T) is a weak solution of (1.1), if and only
if w is a classical solution of (1.1).

Note that the problem (1.1) has a variational structure and its solution are
critical points of a suitable functional I defined on the fractional space H? (0,T")
as follows

T n u(x;)
I(u) = %||u||2 —/O F(x,u(az))da:—&—Z/o I,(s)ds. (4.2)

j=1
To prove our main result we need the following lemma:

Lemma 4.2. ( [39, Theorem 9.12]). Let X be an infinite dimensional real Banach
space and ® € CY(X,R) be even, satisfying the (PS)-condition and ®(0) = 0. If
X = X1 & Xo with k :=dim X5 < 0o and ® satisfies the following conditions:

(i) There exist constants p,o > 0 such that ®|sp,nx, > 0;

(i3) For each finite dimensional subspace V. C X, there is an R = R(V') such that
®(u) <0 for every u € V with |lul]| > R.

Then ® has an unbounded sequence of critical values.

Proof of Theorem 1.1. We shall apply Lemma 4.2 to I. We know that Hg*? (0,7')

is a Banach space and I € C'(Hy?(0,7),R). We can easily that, I(0) = 0 and I

is even. Next, we prove that I satisfies the (PS)-condition. Assume that {u,} is a

(PS)-sequence of I such that {I(u,)} is bounded and I’ (u,) — 0, as n — oo.
By (I2), we have

Yo~ Ii(7)

T _fo (s)ds’ vrz9,

% (T) V1< -=9.
fo -

By integrating the above relations respect to 7 on [¢, 7] and [r, —9], respectively,
one can get

fo i
Yj In — < >0,
T fo
Y; ln fo ] V1 <=9
S

Consequently,

T 9
T\ Vi
I;(s)ds > /I»sds, V>0,

T o Vi -9
/ Ii(s)ds > <T> / Ii(s)ds, V1 <—0.
0 v 0

So there exist constants m; = m, (73,19) > 0 such that [ I;(s)ds > mj|r|", for
all |7] > ¢¥. By the continuity of fo i(s)ds, there exist posmve constants K, such
that

/ I;(s)ds > —K; > mj|r["" —m;0% — K;, V7] <9.
0
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Therefore, we get
/ IJ(S)dS > mj‘ij — 7/7\1]'7 V1 eR, (43)
0

where m; = m;¥" + K;.
Suppose that {I(u,)} be a bounded sequence and I'(u,) — 0 as n — oc.
Hence

1, 11 ,
) = 2w ua) = (5= 2 B

1 (7 T
—&-;/0 f(x,un(:v))un(x)dx—/o F (2, tn ()t (x)dx
1 i n U ()
+5 j;fjwn(wj))un(xj) - g / 1,(s)ds.

So, by straightforward calculation, for some positive constant Cy > 0, we obtain

1 1 1
Iuy) > ( - 7) a4+ 12 ()= 077

Since {I(uy)} is bounded then the sequence {u,} C Hg*?(0,T) is bounded. Since
H;?(0,T) is a reflexive Banach space and so by passing to a subsequence (for

simplicity denoted again by {uw,}) if necessary, by Theorem 3.2, we may assume
that

up — u,  weakly in Hy7(0,7), (4.4)
un, — u, strongly in C(0,7). .
So, we get
[n = ull® < AT (up) = I'(u), up —u)
T
— [ (@ @) = f(@u(@), un(@) - () )de
0
+ {Ij (un(z5)) = Ij(u(z;)) | (un ;) — u(z;)). (4.5)
j=1
For any j = 1,...,n, we have that u,(z;) — u(x;) as n — oco. Thus it follows

from the continuity of all I; that
(1) = L ()| (walg) = ulw;)) — 0 as n—r o0 (46)
=1

J

By (4.4), we have

/0 (f(x,un(x)) — f(z,u(x)))(un(z) — u(z))de — 0, as n — oo0.  (4.7)

Since I’ (uy) — 0, then by using (4.5), (4.6) and (4.7), we have that ||u, — u| — 0,
which means that I(u) satisfies the (PS)-condition.
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On the other hand, by (F}), for any € > 0, there exists Cy(¢) such that

F(x,u) < elul* + Co(e)|u|™™, V (x,u) € [0,T] x R.

In view of (3.9), (4.3) and (4.8), we get

By

Let

c>I(u)

= |u||2+2/ ds—/ F(z,u(x

IIuII2 + Z (mj|u(a;) 7 —my) — /0 (elul* + Co(e)|u|"™ ) dz

j=1

I \/

1 n . R
Sllull* =D (mjllull = my) — eTljull, — Cole)T|lull ) dz
j=1

1 (ba—120p—a)]2\F)

(2 =1 EET ey ))n ||
LI S,

Zw( )

[W(Qa—lﬂo(b—a))}m LR
C’O(s)T< (20)°1T(a) > (|||t .

v

v

(4.9) and (I2), one can get

I(u):fHuHQ/ (2, u(z derZ/

s [ Pt
1 (hCa=1206-a) 2\
(2 or (Lo )) ||

—1.20(b— 1/2\ 1t
—Co(e)T<[fY(2 5 1)(12_1(1;( )))] ) ]| 71

| \/

%

1 <[’Y(2a —1,20(b ( ()1))}1/2>—27

T (20)*~ 3D (a
a—1,20(0b—a)/2\"" =
. <8O°(€)T<M2 (201)735(?(04)))} > ) ’

and B, = {u € E* : ||lul|, < p}. Therefore,

1

(4.8)

(4.9)

(4.11)
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H;? (0,7 has a countable orthogonal basis {e;}. Set Yi, = span {e1,ea,...e} and
Zy =Y. Then Hy?(0,T) = Yy @ Z,. Hence,

I|aBmek >0 > 0. (412)

Furthermore, for any finite dimensional subspace V' C H? (0, T'), there is a positive
constant m such that V C Y,,. Since all norms in a finite dimensional space are
equivalent, then there is a constant ¢ > 0 such that

lully = ollull, Vu € Yo (4.13)
By similar method in (4.3) and (Fy), we can get
F(z,u) > mlu|” —m, ¥ (z,u) € [0,T] x R. (4.14)
From (I1), for any € > 0, there exists Cy(¢) such that

/ I,(s)ds < eluf® + C1(e)u|=*", VueR. (4.15)
0

In view of (3.9), (4.15) and (4.14) , we have

T n pulz;)
() = 4 ul? —/O F(x,u(x))dx+z/o 1;(s)ds

j=1

1 9 = 2, O w+1 g Yd mT
2l +;(6IU(%)\ + Ci(e)|ufz;)| )—m/o |u(x)["dz +m

1, (bRa—1200 -2\

(2 +e€ ( (20_)(17%1—\(00 ) ) ” H
(20 =120 - a)2\7T o

e e = ot I e

—mg[[ul]” + AT, (4.16)

IN

IN

for all u € Y,,. Since 2 < w + 1 < « then there is a large ;1 > 0 such that I < 0
on V\B,,. Consequently, there is a point e € Hg?(0,T) with |e||, > p such that
I(e) < 0. By Lemma 4.2, I possesses infinitely many critical points, i.e. the problem

(1.1) has infinitely many weak solutions. O
Example 4.1. Let a = %, oc=1and n =T = 1. Consider the boundary value

problem of the fractional differential equation with impulsive effects
Db%,’l(c]l))ffu(x)) = f(z,u), z#x; ae xze(0,1),
u(0) =u(T) =0, (4.17)
A (L777CDgw) (21) = I (u(@1),
Let
2)|ul® 1
P (N S
(@ +3)(Jul* = [ul®)  |ul <1,

and I (t) = t*. we have that (Fy) holds with v = 7 and 99 = 1. By choosing n = 9,
(F1) holds. Also (I7) and (I2) hold by choosing @ = 5 and ¢ = 1. Hence, Theorem
yields that the problem (4.17) has infinitely many weak solutions.
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