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On a Periodic Solution for an Impulsive System
of Differential Equations with Gerasimov—Caputo
Fractional Operator and Maxima
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Abstract. Existence and uniqueness of (w, ¢)—periodic solution of boundary value problem for a
system of ordinary differential equations with Gerasimov-Caputo operator, impulsive effects and
maxima are investigated. This problem is reduced to the investigation of solvability of the system
of nonlinear functional integral equations. The method of contracted mapping is used in the proof
of one-valued solvability of nonlinear functional integral equations. Obtained some estimates for
the (w, ¢)—periodic solution of the studying problem.
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1. Introduction

Differential equations, the solution of which is functions with first kind discontinu-
ities at times, are called differential equations with impulse effects. One can see a lot
of publications of studying on differential equations with impulsive effects, describing
many natural and practical processes (for examples, [1, 2, 3, 4, 5, 6, 7]). The interest in
the study of nonlocal problems for the impulsive differential equations is only increasing
8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19].

Fractional calculus plays an important role in the mathematical modeling of many
problems in scientific and engineering disciplines [20, 21, 22, 23]. In the works [24, 25, 26,
27, 28, 29, 30, 31, 32, 33, 34|, the problems of applying of the fractional order integro-
differential operators to the theory of differential equations are considered.

In the works [18, 19|, the periodic solutions of impulsive differential equations are
studied. In the works [35, 36, 37], the problems of existence of (w,c)—periodic solutions
for impulsive differential equations are considered.

According to the works [35, 36, 37|, a continuous function f : R — X is (w, ¢)—periodic,
if f(t+w) =-c-f(t) for allt € R, where 0 < ¢ = const, ¢ # 1, 0 <w < oo, X is closed set.
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In our present paper on the interval = [0, w] \ {tl} for i =1,2,...,p we consider the
questions of existence of the (w,¢)—periodic solutions of the impulsive nonlinear system
of a—order differential equations with maxima

cDgye(t) = f (¢, x(t), max {x(7) |7 € [t = b, 1] }), (1)

where 0 < h = const is delay.
The equation (1) we study with (w, ¢)—periodic condition

z(w) =c-z(0) (2)
and nonlinear impulsive effects
e(tf) —a(t7) =F(x(t), i=12..p, (3)

where ¢ Dy, is the Gerasimov—Caputo a—order fractional derivative for a function z(t)
and defined by

eDfa) = 10/ (0) = s [ TN e (0, (@
0

¢
1
Ig;x(t) F/ s)ds, 0<a <1, (5)
0

I'(a) is the Gamma-function, 0 = t) < t; < ... < t) < tpy1 = w, z € X, X is the
closed bounded domain in the space R", f € R", x (t;") = lim ac(tZ +v), x (tz_) =

v—07t
lim z (t; —v).
v—0~

We note that this paper is further development of the work [18]. We recall that in the
work [18] it is studied the differential equation (1) when o = ¢ = 1. However, the work [18]
is not particular case of the present paper. Because in our work we assume that ¢ # 1.

By C (]0,w],R™) is denoted the Banach space, which consists continuous vector func-
tions z(t), defined on the segment [0, w|, with the norm

n

o) = || D e ;).
]7

By PC (]0,w],R™) is denoted the following linear vector space
PC([0,0],R") = {z: [0,0] = B a(t) € C((tistia] R"), i = 1,.p ),

where z (t:r) and x (t:) (1=0,1,...,p) exist and are bounded; (tz_) =z (t;). Note, that
the linear vector space PC ([0,w],R™) is Banach space with the norm

|2 lpe = max {ll2(t) o, g,y = 15200}
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We use also the vector space BD ([0,w],R™), which is Banach space with the following
norm

Iz lp = l2(®) lpc + b || ') || pe
where 0 < h = const is delay given by equation (1).
Formulation of problem. To find the (w,c)—periodic function z(t) € BD ([0,w],R"™),
which for all ¢ € Q satisfies the system of differential equations (1) for 0 < a < 1,
(w, c)—periodic condition (2) and for t =¢;, i = 1,2,...,p, 0 < t; <t2 < ... < tp < w,
satisfies the nonlinear limit condition (3).

2. Reduction to functional integral equation

Let the function z(t) € BD ([0,w],R") is a solution of the (w,c)—periodic boundary
value problem (1)—(3). Then, by virtue of (4) and (5), after integration on the intervals
(O,tl] s (tl,tg] g e ey (tp,tp_H] we have:

18, 0D8, (0(t) = I8, Id-a' (1) = Id,2/(t) = / 2(s)ds = x(t7) — 2(07),  (6)

0
Igi, f (t,x(t),y(1) = F(la) /(t1 — )" (s,2(s), y(s)) ds, @)
0
F(loé) /(tQ —8)* 7 f (s,(s), y(s)) ds = a(ty) — x(t]), (®)
t1
F(loo / (T = )" f (5,2(5), y(5) ds = 2(t, 1) — 2(t), )

where f(t,x(t),y(t)) = f (t,z(t),max {z(7) |T € [t — h,t]}).
) From the formulas (6)-(9) and x(07) = 2(0), x(t,,,) = z(t), on the interval (0,w] we

/ YoLf (5, 2(5), y(s)) ds =
0

=—z(0) = [z () —x(t)] — [z (F) —z(t2)] — ... — [2 () — 2 (tp)] + x(¢).
Taking into account the impulsive condition (3) in the last equality, we obtain
t
z(t) = z(0) + Z Fi(x( / (t — )27 f (s,2(5),y(s)) ds. (10)
0<t;<t 9
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Hence, we have

z(w) = z(0) + Z Fi(z( / w—8)""f (s,2(s),y(s)) ds. (11)
0<t;<w 0
Let the function z(t) € BD ([0,w],R™) in (10), satisfies the boundary value condition
(2). Then from (11) we have
w0)= =5 X Rl + gy [ @9 ) s (12

0<t;<w 0

By virtue of (12), from (10) we obtain the functional differential equation

z(t) = J(tz) = —— Y Filxt)+ Y Fix(t)+
0<t;<w o<t;<t
(] /w—sa Lf (s,2(s), max {x(7) |7 € [s — h, 5] }) ds+
(c—
0
. t
F/ )L f (s, 2(s), max {2(7) |7 € [s — h,s]})ds. (13)
0
Lemma 2.1. For the equation (13) is true the following estimate
1) lpe < | S || oMy +p- M (14)
Pillpe =0T al(a) i
where My = || £1I, My = max || Fy .
1<i<p

Proof. From the equation (13) we obtain

1
”J(t;x)HPCSW Yo NEI+ D IEI+

0<t;<w o<t; <t

t

r—grry [ @9 s+ s = s <
0

[en]

w t
c 1
< a _ a 1 - _ a 1
<] 5 | IR 11 | o [ = 9 st g f(e -9 tas] <
0 0
C
< F, 1
<| 55| o im0 1] (15)
From the estimate (15) follows (14). Lemma 2.1 is proved. O
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Lemma 2.2. Let the following conditions to be met: there exist constants P, Pa, Q1, Qo
such that

172 (@®), @) | < Pyl a(®) [+Qr < oo, max || F (w(t:)) || < Po max | x(t) |[+Q2 < oo,

Then the following estimate is true

I

() e < T2, (16)
where
1+]e—1] w* c 1+]c—1] w®
= P, P <1
H=pla |7 '+Q1 c—1] al(a) " p'c—l’ 2Y Tl at(@) !
Proof. Similar to the proof of the Lemma 2.1 above, we obtain
1
172 e < o=g7 2 18I+ 3 IF)+
0<t;<w o<t; <t
w t
e [l s+ s [ s <
0 0
c
<pl
<o | 7 s ot 1+ 2] +
w t
+[P1Hx(t)H+Q1][ HP /w—salds—i-/t—salds]_
0 0
c 1+]c—1] w®
< P, P t
<p| S|P e 1+ S ot 1+
c 1+]e—1] w®
+p Q2 1‘—1—@1 c—1] aTl(a)
Hence, we derive the estimate (16). The Lemma 2.2 is proved. O

Lemma 2.3 ([18]). For the difference of two functions with maxima there holds the fol-
lowing estimate

||max {z(7)|T € [t — h,t]} —max {y(7)|T € [t — h,t]} || <

)

< lla(0) = (o) + 20| 5 ote) = )

where 0 < h = const.
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Theorem 2.4. Let f: Q@ xR" xR™ — R" be a continuous function and f(t+w, cx,cy) =
cf(t,z,y). Assume that there exist positive quantities My, Ma, L1, Lo; such that for all
t € Q are fulfilled the following conditions:
1. For the positive integer p, there hold F; = Fip, titp, =t; +w;

S & 2(®),y(®) | < My < oo, max || F; (x(t:)) || < My < oo;

2

3. (1 f (tar,y1) = f (w2, 92) [ < La[ a1 — 22| + [lyr — w2 ];
4[| F; (t, 1) = Fi (6, 22) || < Loi || 21 — 225

b ﬁ‘ al"( )M1+p MQ}y

6. p < 1, where p = max {81 + fB2; 71 + 12} and B1, B2, 71,72 are defined from (20), (21),
(23) and (24) below.

Then the problem (1)—(3) has a unique (w, c)—periodic solution for all t € ).

. The radius of the inscribed ball in X is greater than

Proof. The theorem we proof by the fixed-point method. According to the theorem con-
dition, we have

fE+w,z(t+w),y(t+w)) = flt+w, cx(t), cy(t)) =cf(t,z(t),y(t)).

We differentiate (13):

—1
a)

t
J(1) = J(tal) = / (5, 2(s), max {x(r) | € [s — h,s]})ds.  (17)
0

For the difference of two operators in (13), we have estimate
17(82) = J(E )|l <

< Yo IE @) - F @)+ Y IF @) - F(y )]+

le—1] 0<t;<w O<t;<t

bt [0 = 9 I (s, max {al) 7 € s =) -
0

—f (s,y(s), max {y(7) [T € [s — h,s]}) [ ds+

t
/ )T 1 | f (s,2(s), max {x(7)|T € [s — h,s]}) —
0

—f(s,y(s),max {y(r)|T € [s—h,s]}) || ds.

Hence, using conditions of the theorem, we have

17t ) = J (& y)]| <

Z Loilla(t:) =y () |+ Y Loillz (t:) =y (t:) | +

0<t <w 0<t;<t
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\c—1| INa
—max {y(7) |7 € [s — h,s]} || |ds+
Ll / oz 1 B AR
F(a 0/ [l z(s) —y(s) || + || max {z(7) |7 € [s — h,s]}

—max {y(7)|T € [s—h,s]}| ]ds.

By virtue of estimate given in the Lemma 2.3, from (18) we obtain that

W) - Sl < | 55 v+
2L 7 o / |
e /_ [0~ 4(6) 1+ 8- | /) = (0 Jas+
2L / / ,
I‘(a1 0/ )T 1 H —ys) | +h- H"E(S)—Z/(S)H]dsg

< Bullat) —y@) | + b |[2'() =y O],

where

P
c 1+|c—1] 201 w®
N Lo ol
‘c—l‘; 2t le—1] T(a) a’

1—|—‘C—1‘ L1 wfo‘
le—1| T(a) o

Y1 =

Now for the difference of two operators in (17). Similarly, we have estimate
| J(t:2") = ()] <

t

o

where

/w—sa "[lla(s) = y(s) | + max {a(r) |7 € [s — hys]} -
0

(18)



t

o a—1 a—2
Yo = 2hL; I'(a) I?e%x/(t —8)“ " “ds. (24)
0

We multiply both sides of (22) to h term by term. Then, adding the estimates (19) and
(22) term by term, we obtain that

17(t2) = J(E9)llpp < p-l12() =y lpp (25)

where p = max {f1 + fa; 1 + 2}

According to the last condition of the theorem p < 1, so right-hand side of (13) as an
operator is contraction mapping. From the estimates (14), (16) and (25) implies that there
exists a unique fixed point x(t), satisfying equation (1) and (w, ¢)—periodic condition (2).
Moreover, we obtain that

— X Eale@I+ 1RO+ ¥ [Ealz@)+150)]])+

0<t;<w 0<t;<t

() || <

#ww—so‘fl z(s max {x(7)|T € [s — h, s
+|c_1|r(a)0/< 121 [ a(s) | + | max {a(r) | € [s — h, )} | +

+1 f(s,0,0) || |ds+

ris [ (= [la(o) |+ max (a() € s = hosl} ]+
0

ZLme )+

+Hﬂsoouws<'

w

1+\c—1|2L1/ ot
d
et Ja(s) | ds+
0
L w
14+ |c—1| 2
+P’ 'M2+M1 1] |F : / )*~ds. (26)
0

From (26) we derive the following estimate

2@ Ipp < 7 (27)

where
w

1 —1| 2L
a=p ‘ ‘M2+M1 T‘CH ’r 1/ 5)*ds < o.

0
The theorem is proved. O
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