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We have studied the periodicity of solutions of some nonlinear time-varying differential models by using the theory of reflecting
functions. We have established a new relationship between the linear differential system and the Riccati equations and applied the
obtained results to discuss the behavior of periodic solutions of the Riccati equations.

1. Introduction

From the book [1] we know that a lot of biological models can
be expressed by the following differential system:

x =Pt x),
, , 1
Yy =qo(t:x) +q, (%) y+q, %)y =Q(t,x, y)

which has a continuous differentiable right-hand side, and
have an unique solution for their initial value problem.

Because of this nonlinear and time-varying differential
system, to discuss its qualitative behavior is very difficult.
Now, we use the method of reflecting function [2, 3] to study
the property of solutions of (1) and got some good results.

In the present section, we introduce the concept of the
reflecting function, which will be used throughout the rest of
this paper.

Consider differential system

x' =X(t,x), teR, xeR" )

which has a continuous differentiable right-hand side, with
a general solution ¢@(t;t),x,). For each such system, the
reflecting function [2, 3] is defined as F(t,x) := @(-t,t,x).
Therefore, for any solution x(t) of (2), we have F(t, x(t)) =
x(=t).

If system (2) is 2w-periodic with respect to t, then
T(x) = F(-w,x) = ¢(w;—w,x) is the Poincaré mapping

of (2) over the period [-w,w]. Thus, the solution x =
o(t; —w, x,) of (2) defined on [-w,w] is 2w-periodic if and
only if x, is a fixed point of T(x). The stability of this
periodic solution is equivalent to the stability of the fixed
point x,.

A differentiable function F(t,x) is a reflecting function
of system (2) if and only if it is a solution of the Cauchy
problem

E/ + E.X (t,x) + X (-t,F) = 0, F(0,x)=x. (3)

If the reflecting function of (2) has the form of F(t,x) =
F(t)x, then the matrix F(t) is called reflecting matrix. Thus,
this matrix is a reflecting matrix of linear system x' = A(t)x,
if and only if

FFO)+FOA®) +A(-)E@#) =0, F(0)=E. (4)

There are many papers which are devoted to investi-
gations of qualitative behavior of solutions of differential
systems by help of reflecting functions. V. I. Mironenko and
V. V. Mironenko [2-6] combined the theory of reflecting
function with the integral manifold to discuss the symmetry
and other geometric properties of solutions of (2), and
obtained a lot of excellent new conclusions. Alisevich [7]
has discussed when a linear system has triangular reflecting
function. Musafirov [8] has studied when a linear system
has reflecting function which can be expressed as a product
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of three-exponential matrix. Veresovich [9] has researched
when the nonautonomous two-dimensional quadric systems
are equivalent to a linear system. Maiorovskaya [10] has estab-
lished the sufficient conditions under which the quadratic
systems have linear reflecting function. Zhou [11-13] has
discussed the structure of reflecting function of quadratic
systems and applied the obtained conclusions to study the
qualitative behavior of solutions of such differential systems.

In this paper we will discuss when the system (1) has the
reflecting function in the form of

T
B(t, x) +c(t,x)y> )

j— T =
F(t,x, y) = (Fp Fz) = <x> Y(t) x) + aft, X))/

where «a(t, x), B(t,x), y(t,x), and ¢(t,x) are continuously
differentiable functions in R*>. We will give the sufficient
conditions for system (1) which has reflecting function of the
form (5). We establish the relationship between the Riccati
equation

d
d_)t} =ay(t)+a, (t)y+a,(t)y (6)
and linear system
Lay () —ay (1)
d 5% 4
d—f = 2 ) z. 7)
a () Sa )

We apply the obtained conclusions to study the behavior of
solutions of system (1) and the above Riccati equations.

In the following, we will denote a = a(t, x), a = a(-t, x),
F = F(t, x, y), and so forth.

2. Main Results

Lemma 1. If the function (5) is the reflecting function of any
system, then for small |t|, it can be written in the form F, =

(B +7e°y)/(ye™® + &y), in which

a+a=0, ﬁ+§z0, 3+86=0. (8)

Proof. As the function (5) is a reflecting function, so
E,(-t,F,F,) = y,F,(0,x, y) = y; that s,

y(yyp+ap+(ay+ac) y) = yB+ i+ (af+c5)y. (9)

Equating the coeflicients of the same power of y, we get

By +B5=0; (10)
Yy +&B = af + GG (11
oy +ag =0, (12)

a(0,x) = 5(0,x) =0, y(0,x) =¢(0,x)=1. (13)

The relation (11) implies that

Y =65, aff = pa. (14)
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Thus,
y= Eem, o+ 5 =0. (15)

Substituting it into (10) and (12), we get

ﬁzﬁea, a=aed, E+[_§=0, &+a&=0.
(16)
So
p_ By Byey @)
y+aedy  yed+ay’
The proof is finished. 0

By Lemma 1, in the following, we all suppose F, = (5 +
Y»)/(y + ay),in which a + o= f+ 3 =0.

Theorem 2. Suppose that m, n, o, and f3 are the solutions of
the Cauchy problem

my + Pl = quon + Gaef — qoccs m(0,x) = 1;

n: + Pn; = —qoo® + G1.M — @035 n(0,x) = 0; s
oct' + Poc; = —q1,& + 2Gy,m + 2G5, a(0,x) =05 1)
Bi + Pa, = 2qo,n + Py, — 2qocm, B(0,x) =0,

where P+ P = 0.and q;, = (q; + 4)/2. qio = (@ — G))/2
i=0,1,2.

Then
m=m, n+n=a+a=p+L=0,
(19)
m —n —aff =
= \T
P (x 222 (20)
ytay

is the reflecting function of system (1). Therefore, nearby t = 0,
y+ay >0, where y =m +n.

Proof. Putting

Y =m—m Y, =n+n, y; = a+a,
_ (21)
ya=B+p
then by (18), we have
Vie+ VieP = Qs + Doda = doeys 1 (0,x) =05
Yoo+ VoxP = =Qoo)s + iy — Do 12 (0,%) =0
Vi VsxP = —Q1o)s + 200001 + 2000y ¥3(0,%) =0
Vie + VixP = 200005 + Q1o¥s — 200ey1s ¥4 (0,x) = 0.
(22)
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By the uniqueness of the solution of linear partial differ-
ential equations, we get

N=0=)3=Ys=0; (23)
that is,

m=m, n+i=a+a=p+p=0. (24)

Obviously, yy—af = C is the first integral of system (18);
by the initial conditions, we have yy — af8 = 1. Thus, the
functions y and « have not the common zeros. As y(0, x) +
a(0,x)y =1 > 0, so in the nearby area of t = 0, y + ay > 0.

Using the conditions of the present theorem, it is not
difficult to check that function (20) satisfies the relation (3)
with respectto X = (P, Q)7. So, the function (20) is the
reflecting function of (1). The proof is completed. O

Corollary 3. If all the conditions of Theorem 2 are satisfied,
and the system (1) is 2w-periodic with respect to t, then its
Poincaré mapping can be expressed by

: —B(w, x) + y(w, x) y T
Ty = <x’ y(-w, x) - a(w, x)y> ' 2

So, the solution (x(t), y(t)) of (1) defined on [-w,w] is 2w-
periodic, if and only if (x(-w), y(-w)) is the solution of equa-
tions

x(—w) = x (w).
(26)

oc(w,x)y2 + 2y, (w,x) y — B(w,x) =0,

Corollary 4. Suppose that

lim 2o = 0, (27

t—0 do

and « = q,,/q, is continuously differentiable and satisfies

Go+qp =0, P+P=0,

o) + P = g0 + 25, (28)

Then F = (x,y/(1+ay))’ is the reflecting function of
system (1). In addition, if the system (1) is a 2w-periodic
system with respect to t, then all the solutions of (1) defined
on [-w,w] are 2w-periodic.

Proof. 1t is not difficult to check that, under the conditions
of above corollary, the function F = (x,y/(1+ (xy))T is
the solution of the Cauchy problem (3), so it is a reflecting
function of (1). In view of & = ¢./qy so a(-w,x) =
0 and F(-w,x,y) = (x, y)T. Thus, the conclusion of above
corollary is true. O

Example 5. Differential system
x = ¢ (t,x)sint cos x,
y’ =sint (1 + coszx)

29
+y (¢ (¢, x)sintsinx + sin’t (1 + coszx) cos x) (29)

1
+y2<5costcosx+q/(t,x)>

has reflecting function F = (x, y/(1 + ysint cos x))T. Where
o(t, x) = p(—t, x), w(t, x) + w(—t, x) = 0. When ¢(t+27, x) =
o(t, x), y(t+2m, x) = y(t, x), all the solutions of above system
defined on [, 7] are 27-periodic.

Example 6. Differential system
x' = A (t, x) cos x,
y' = u(t,x)sintcosx + y (;4 sint cos’x + A (t, x) sin x)
+ y2 (% costcosx + K(t,x)) ,
(30)

has reflecting function F = (x, y/(1 + y sint cos x))T. Where
At x) + A(=t,x) = 0, u(t, x) = p(—t, x), k(t, x) + k(~t,x) = 0.
If the functions A(t, x), u(t, x), x(t, x) are 2m-periodic
with respect to ¢, then all the solutions of above system
defined on [, 7] are 27-periodic.
Similar to Corollary 4, we get the following.

Corollary 7. If

D — . e
P+P=0, 9+, =0, }%q—;:o, (31)
B = q1./9, is continuously differentiable and satisfies
ﬁl{ + B;P = ﬂqlo - 2q0e‘ (32)

Then F = (x, B+ y)" is the reflecting function of system (1). In
addition, if the system (1) is a 2w-periodic system, then all the
solutions of (1) defined on [-w, w] are 2w-periodic.

Example 8. Differential system

x' = p(t,x)cos x,

y’ =&(t,x) - lc:ostc:osx
2 (33)

+ (—p (t, x) sin x + 7 (t, x) sin’t cos x) y
+7 (¢, x) sin ty2

has reflecting function F = (x, sint cos x + y)T.

Where p(t,x) + p(-t,x) = 0, &(t,x) + &(-t,x) = 0,
n(t, x) = n(-t, x). Besides, if functions p(t, x), &(¢, x), n(t, x)
are 27-periodic with respect to ¢, then all the solutions of
above system defined on [, 7] are 27-periodic.

Corollary 9. Suppose that P+ P = 0,

81.{ + 8;P = G2e T Goe> 6(0,x) =0,

(qOe - qu) cos 8 + 910 sind = 0; (34)

G10 €088 + (g5 — o) SiN S = 0.
and then F = (x,(—sind + y cos8)/(cos§ + y sin T is the
reflecting function of (1). In addition, if the system (1) is a 2w-
periodic system, then the solution (x(t), y(t)) of (1) defined on



[~w, w] is 2w-periodic, and if and only if §(w, x(—w)) = km, k
is a natural number.

Proof. In Theorem 2 taking n = 0, f = —a = —sind,
m = cosd, under the above hypothesis, the function
F = (x,(—sind + ycos§)/(cos S + ysin T is the reflecting
function of (1). Thus, when the system (1) is 2w-periodic, its
Poincaré mapping can be expressed by T'(x, y) = F(-w, x, y),
its solution (x(t), y(t)) defined on [-w,w] is 2w-periodic,
and if and only if (y(—w)2 + 1) sin §(w, x(—w)) = 0, it implies
the conclusion of the present corollary. O

Example 10. Differential system

x =P(tx),

2

1+ sin”t

y' =q(t,x)+ + (sinzt —sint cos t) y (35)

1 — sin’t 5
5 Y

—sint+ycost>T
cost + ysint

+ (q(t,x)—sintcost+

has reflecting function

F:<x,

and all the solutions of above system defined
on [—7, ] are 27m-periodic, where functions P(f,x) and
q(t, x) are arbitrary continuously differentiable odd and 27-
periodic with respect to t.

(36)

Theorem 11. Let the reflecting function of linear system

Lo —a0
dz —A(z A@ = 2 1% , (37)
dt a, (t) @ ()

have the form

(9. ) g,(t)
G(t,z) = <g3 ® g (—t)) z. (38)

Then the function

gs(t)+g,(-t) y
F=BYTHATE)
g () +g, )y e

is the reflecting function of the Riccati equation

Y a0 ra©yra®y (40)

Proof. As G(t) is the reflecting matrix of the linear system
(37), thus,

GH+GHAMD+ANG@H) =0,
(41)

GO)=E |G®)|=1,
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and it implies

Gl = BeGio+ DGy — GG G1.(0) = 15

gio = —00092 t GeG1e — B3> 910 (0) =0;

, (42)
9r = —01,9, t 2“26916 + 2aZoglo’ 9> (0) =0;

9; = 200,910 + G310 ~ 200.G1e> g5(0) =0,

where a;, = (a(t)+a(-1))/2,a,, = (a(t)—a(-t))/2 (i =0, 1,2),
Jie = (9, () +g9,(-1))/2,and g,, = (g,(t) — g,(~t))/2. Similar
to Theorem 2, we get function (39) is the reflecting function
of the Riccati equation (40). O

Corollary 12. If a;(t + 2w) = a;(t) (i = 0,1,2) and the
conditions of Theorem 11 are satisfied, then

(1) if g,(w)#0 and |g,.(w)| > 1, then the Riccati (40)
has  two 2w-periodic  solutions. If g,(w)+0 and
|g1e(w)] < 1, (40) has no one 2w-periodic solution.
If g,(w) #0 and |g,.(w)| = 1, (40) has a unique 2w-
periodic solution;

(2) if g,(w) = 0 and g,,(w) #0, then (40) has a unique
2w-periodic solution. If g,(w) = 0 and g,,(w) = 0,
g5(w) = 0, all the solutions of (40) defined on [-w, w]
are 2w-periodic; If g,(w) = 0and g,,(w) = 0,
gs5(w) #0, (40) has no one 2w-periodic solution.

Proof. As (39) is the reflecting function of (40) and
9:1(t)g,(=t) = g,(t)g5(t) = 1. Thus, the Poincaré mapping can
be expressed by T(y) = F(-w, y), and the solutions y(t) of
(40) defined on [-w, w] are 2w-periodic, if and only if y(-w)
is a solution of equation: F(-w, y) = y; that is,

9, (@) ¥ + 291, (@) y — g3 (@) = 0, (43)

and from this relation and gfe(t) -1= gfo(t) + g, (1) gs(1), it
is easy to deduce the present conclusion. O

Theorem 13. Suppose that

(1) A, = (A +a5.) /010, Ay = (ayy—ag,)/ 4y, are continuous
and lim, ,,A, = 0;

(2) uy/py is continuously differentiable and
lim, _, (¢, /1y) = 0 and satisfies

<ﬂ>l = (ale+(%e‘a0€))‘°)(%>

Ho

2

b (44)
) 0

+ ((aOe - aQe) Al - (aOo + a20) AO

+ (aOO + aZo) /\1 — Q-

Then the function (39) is the reflecting function of the Riccati
equation (40). In addition, if a;(t + 2w) = a;(t) (i = 0,1,2),
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then all the solutions of (40) defined on [-w,w] are 2w-
periodic, where

t
Gie = €Xp J.O ((a2e - aOe) A1 - % (ale + /\OaZE - AOQOe)> dt,

0

910 = _&gle’

92 = 93 = MGie + A1
Ho

!
to = Ay + aA +a,Ag — 20y,

+ (@, = age) A = (ag, + ay,) )‘%);
th = AI] + Ai (a3 = ag) = M Ag (a9, + a3,)

= Aoy + Aiay, — 2a,.

€

(45)

Proof. It is not difficult to check that under the hypothesis of
Theorem 13 the functions g,,, g1, 9, = g3 = A1 G1e+ A1, are
the solution of the Cauchy problem (42), so, the function (39)
is 2w-periodic reflecting function of (40); by [1] it implies the
result of the present theorem. O

From a similar discussion we can get the following results.

Theorem 14. Suppose that

D) ky = a/ay, ks = —ay/ay, are continuous and
lim, _, ok; = 0;

(2) p1/ps is continuously differentiable and lim, _, ,(p,/
ps) = 0 and satisfies

1 2

P1> _ <P1> P1

— | =(ay —apks)| = ) + (a1, + apk;) — + 2ay,.

<P3 (2 A, 3) o5 (1 0 1)/)3 0
(46)

Then the function (39) is the reflecting function of the Riccati
equation (40). In addition, if a;(t + 2w) = a;(t) (i = 0,1,2),
then all the solutions of (40) defined on [-w,w] are 2w-
periodic, where

t
91 = eXpJ <(a0€k3 - a22) & - aOek1> dt;
0 Ps

P1
93 o 9 D 191 393 (47)

' 2
p1 = ki — ag.ky — 2ag.k5 + ajky — ays
!
ps = k3 + ap ke, — ag ki ks + 2a, ks

Theorem 15. If there is a continuously differentiable even
function h(t) and

(1) Th = (aOeh(t) + a2e)/(h(t)a()o - aZO) and }’]3 =
(' () + 2a,,h(t))/(2a,, - 2h(t)a,,) are continuous and
lim, _, g7, = 0;

(2) ¢,/C5 is continuously differentiable and lim, _, ((;/
{;) = 0 and satisfies

¢
+ (alo + +26{001’]3 - alerll) C_l + zaOE - 26100111.
3

(48)

Then the function (39) is the reflecting function of the Riccati
equation (40). In addition, if a,(t + 2w) = a;(t) (i = 0,1,2),
h(t + 2w) = h(t), then all the solutions of (40) defined
on [-w,w] are 2w-periodic, where

t
J1e = Xp -L (alerll - g'_l (’13ale + Gy — aOeh (t))> dt;
3

g9 =(’I_C_l’7>9 gz_(_lg
lo 1 {3 3 le> 3 (3 le>

g, =h(t) g5 (49)
2
§y = 1y + 2a007) = 20,1y + iyt — s
! 2
Gs =113+ (1o + 200,713) 1y + Ay, 15
+ (a2e - aOeh (t)) M3 +ay + aOoh (t).
Example 16. 'The Riccati equation
1
y' =3 cost (sin4t +sin’t + 2) —2sint
. (50)
+ (Zsinzt — sin’t cos t) y+ (Ecos3t +2sin t) y2
has reflecting function

sint (2 + sin’t) + (1 + sin’t y
gt Crs)(es)y
1 +sin“t + ysint

So, all the solutions of the equation above defined
on [, 7] are 27-periodic.

Example 17. The Riccati equation
T P 2 3.4 o5
=——Ce’ (2-25+8 -3 +S§ =S
¥ ==5ce )
+C(1+25-87+8")y (52)
1 . s 2 a3, 5.2
+=C 1+8-35+S8 -S§
SCe( )y
has reflecting function
S(2+8)+(1+8) e’y

F= , (53)
(1+8%)eS+yS

where S := sint and C = cost. And all the solutions of the
equation above defined on [-7, 7] are 27-periodic.
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