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ON THE EQUIVALENCE OF TWO
DIFFERENTIAL EQUATIONS BY MEANS OF
REFLECTING FUNCTIONS COINCIDING*

Zhengxin Zhou' and Yuexin Yan

Abstract In this article, we discuss the equivalence of two differential sys-
tems by using the method of reflecting functions. We obtain some necessary
and sufficient conditions under which certain differential equations are equiv-
alent. Given these results, new types of differential systems equivalent to the
given systems can be found. We also discussed the qualitative behavior of the
periodic solutions of such differential systems. These results are new, in the
sense that they generalize previous discussions on the equivalence of differential
systems.
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1. Introduction

¥ =X(t,x), teRxzeDCR", (1.1)

which has a continuously differentiable right-hand side and general solution ¢(¢; to, o).
For each such system, the reflecting function [4] is defined as F' (¢, z) := ¢(—t, t, z).
If system (1.1) is 2w-periodic with respect to ¢, then T(x) := F(—w,z) is the
Poincaré mapping of (1.1) over the period [—w, w]. Thus, the solution x = ¢(t; —w, )
of (1.1) defined on [—w,w] is 2w-periodic if and only if z( is a fixed point of T'(x),
and the character of stability of this periodic solution is the same as this of the fixed
point.

In recent years, many scholars have been interested in studying the qualitative
properties of the differential system (1.1) by applying the theory of reflecting func-
tion and obtained many interesting results [1-14]. Mironenko [4-9] has combined the
theory of reflecting function with the integral manifolds theory to discuss the sym-
metry and other geometric properties of the solutions of some differential systems.
Musafirov [10] has studied the case when a linear system has reflecting function
which can be expressed as a product of three exponential matrices. Veresovich [11]
and Maiorovskaya [3] have established the sufficient conditions under which the
quadratic systems have linear reflecting function. Belsky [1,2] has discussed when
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the first-order polynomial differential equation is equivalent to the Ricatti equation
and Abel equation. Zhou [12-14] has discussed the structure of the reflecting func-
tion of some polynomial differential systems, and applied the obtained conclusions
to study the qualitative behavior of solutions of such systems.

If the reflecting functions of two differential systems coincide in their common
domain, then these systems are said to be equivalent. By this one can study
the qualitative behavior of the solutions of a complex system by using a simple
differential system with the same reflecting function. Unfortunately, in general,
it is very difficult to find out the reflecting function of (1.1). How to judge two
systems are equivalent when we do not know their reflecting functions? This is
a very important and interesting problem! Mironenko in [7-9] has studied it and
obtained some excellent results. In this paper, we will improve their conclusions
and get some new necessary and sufficient condition under which the differential
equations are equivalent.

Definition 1.1. If vector function A(t, z) is a non-zero solution of the differential
system

Aty x) + Agp(t, ) X (t, ) — X (t, )AL, x) = p(t, )AL, x), (1.2)

then A(t,x) is said to be the u— integral of (1.1). Where u = (¢, z) is a contin-
uously differentiable scalar function such that u(t,x) + pu(—t, F(t,z)) = 0, F(t,x)
is the reflecting function of (1.1). In particular, if u = 0, then A(t, ) is called the
Reflecting integral [13] of (1.1).

By the Theorem 1 of [6], we know that if A(¢,z) is the reflecting integral of
(1.1), then the system (1.1) is equivalent to the system

=Xt z)+ a(t)At,z), (1.3)

where «(t) is an arbitrary continuously differentiable scalar odd function.

In this paper, we will show that if A(¢,x) is the p-integral of (1.1), then the
systems (1.1) and (1.3) are equivalent, too. At the same time, we will prove that
when n = 1, the equations (1.1) and (1.3) are equivalent if and only if A(¢,x) is the
p-integral of (1.1).

In the following, we will denote A=A(t,z), A=A(—t, F(t,z)), X =X (~t,F(t,x)),
n=up(t, F(t,x)), F = F(t,z), a = at),; = a;(t).

2. Main Results

Theorem 2.1. If A is the p-integral of (1.1), then the systems (1.1) and (1.3) are
equivalent. In addition, if systems (1.1) and (1.3) are 2w-periodic with respect to
t, then the initial conditions at t = —w of their 2w— periodic solutions and their
stability characters are the same.

Proof. Let F be the reflecting function of (1.1), by its definition [4] we get
F,+F,X+X=0, F0,2) = 0.
Then, F is also reflecting function of (1.3), if and only if,

F+F (X +a®)A)+ X —a(t)A =0, F(0,7) =0.
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ie.,
F,A—A=0.
Denote U := F,A — A, so U(0,z) = 0. In the following, we will prove that
U(t,z) =0.
As
F=-FX - X,
S0
Fp = —Q(F X) - A,F
ter — (’h x L Ty
%{tj = FuA+ FyAy — Ay — Ay Fy = FroA + Fu Ay — Ay + Ay (Fu X + X)
- —aﬁ(FgCX)A — X, FyA+ F,A, — Ay + AL F,X + ALX.
z
Since 5 5
U .
a. T o F.LA _Aa:Fara
ox 8:5( )
thus
—t—X=—(F,A)X— F,LXO)OA-NA FL XX, FAF, A AN Fp X+A, X

by the Lemma of [6] we get

ou v
ot ox

X = Fo(AsX — XoA) + Fu Ay — Xo(FuA — A) — X,A — Ay + AL X,

using this relation and A being the u-integral of (1.1), we get

O U N 4 %0 = Fo(Ay + AuX — XoA) + B ¥ AKX — XA

ot Oz
= FppA — ,LLA = pU, (21)

s0, U is a solution of the Cauchy problem:

Up + U X + (Xp — pE)U =0, U(0,2) = 0.

By the uniqueness of solution of the initial problem of the linear partial differential
equation implies that U(t, ) = 0. Therefore, the proof is finished. O

Remark 2.1. If p = p(t) is a continuous odd function, it is not difficult to check
that A is the reflecting integral of the system (1.1) if and only if A = e/ *MIA(¢, z)
is the p-integral of the system (1.1).

Remark 2.2. Taking 1 = 0 in the above Theorem 2.1, we get the Theorem 1 of [6].
That is said that my theorem is more general than Mironenko’s result.

Theorem 2.2. The differential equations (1.1) and (1.3) (n = 1) are equivalent
with the reflecting function F(t,x), if and only if, there is a function pu such that
w(t,x) + p(—t, F) =0, and A is the p-integral of (1.1).
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Proof. By Theorem 2.1, the sufficiency of the present theorem is correct. Now,
we will prove the necessity is correct too. As the equations (1.1) and (1.3) are
equivalent,

U=F,A—-A=0.

Let denote G = Ay + A, X — X, A, then by (2.1) we get

U, +U, X+ X,U=F,G+G=0.

If tanking p = %, then from the above relations we obtain % = —%, so u+ i =0.
Thus,
G=A+ A, X — XA =pA,
i.e., A is the p-integral of (1.1). O
Example 2.1. For the first order differential equation
=t +t323, (2.2)

F = z is its reflecting function. It is not difficult to check that for this equation,
there is no any reflecting integral A in the form of

A = ro(t) +ri(t)x 4+ ro(t)x? + r3(t)z.

- . 2/, .3
But, for this equation there is a cubic p-integral A = 1 + 3, where pu = %

Thus the equation (2.2) is equivalent to the equation
o =t +t32% + a(t)(1 + 23),

where «(t) is an arbitrary continuously differentiable odd function.

Theorem 2.3. Ifn =1 1n (1.1), A; (j = 1,2,...,m) are the pj-integrals of the
first-order differential equation (1.1), then

(A). If E;"Zl kj =1, then A = AlflA’;Q oo AFmos the p = Z;n:l kjpj-integral
of (1.1), and the equation (1.1) is equivalent to the equation

m

¥ =X(t,x)+ Z a;(t)A,, (2.3)

Jj=0

where o (t)(j =0,1,2,...,m) are arbitrary continuous odd functions.
(B). If E;nzl kj =0 and E;nzl kjp; =0, then

A=AVPAR AR =

m

is the first-integral of (1.1), where ¢ is an arbitrary constant.

(C). If Ay is a p-integral of (1.1), then A also is the p-integral of (1.1), if
and only if, A = A1¢(u), where u = u(t,xz) is the first integral of (1.1), ¢ is a
continuously differentiable function.

Proof. (A).AsA; (j=1,2,...,m) are the u;-integral of the first-order equation
(L.1) and 377, kj = 1, then

Ajt + A]IX = (Xw - ,U,])A](] = 1,2, ...,m),
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S0,

7 m

Ay +ALX = ijA’fl AR AFr (A 4+ A X)
j=1

= O kiXe + ) kjp)A = (X, + pE)A, (2.4)

ie, Ais the up= Z;nzl k;p;-integral of (1.1). By Theorem 2.1, the equations (1.1)
and (2.3) are equivalent.
(B). Since 3270, kj = 0 and Y27, kju; = 0, using (2.4), we get
A+ A X =0.

It implies that A = ¢ is the first-integral of (1.1).
(C). Necessity: If A; and A are the p-integrals of (1.1), then

Alt + AlzX - XmAl = /~LA13

Ap+ A, X — X, A = pA.

From these relations we get

A A
~ ~ )X =0,
(£ +(5)
it implies that there exits a continuously differentiable function ¢ such that AAI =

o(u), i.e., A = Ar1p(u), where u = u(t, x) is the first integral of (1.1).
Sufficiency: If A, is the p—integral of (1.1) and A = A;¢é(u), then

Alt + A1$X - XxAl = MAM Ut + U$X =0.
So,
A+AL X=X, A = (A +A1 X =X A1) o (u)+¢ (w) (up+ue X) A1 = uAig(u) = pA.

i.e., A is the p-integral of (1.1). The proof is completed. O

Remark 2.3. By Theorem 2.3 we see that for the first -order differential equation
(n = 1), if there is a p-integral Aj, then we know its all the u-integral have the
form A = Aj¢p(u), where u is the first integral.

Theorem 2.4. Suppose that u(t,r) and A are respectively the first integral and the
reflecting integral of (1.1)(n > 1). Then A = Ae®H4(B2) 4 the p-integral of (1.1),
and the system (1.1) is equivalent to the system

o' = X(t,x) + (o (t) + ag(t)e?HHET A (2.5)
where aq(t) and ay(t) are the arbitrary continuously differentiable odd functions,

o(t,u) is a continuously differentiable function such that ¢(t,u) = ¢(—t,u), p =
Ao (t,u)
ot
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Proof. By the above assumptions, we get
At+A1X—XIA:0, Ut+UzX:0,

S0, o R 3
ie., Ais the u = ¢p-integral of (1.1). By Theorem2.1, the present conclusion is
correct. O

Remark 2.4. Obviously, from Theorem 2.4 we find some new types of systems,
such as system (2.5), which are equivalent to the system (1.1).

Remark 2.5. From Theorem 2.4, we know the Hamilton system

1'/ = Hy(xay)y
y = —H,(z,y)

is equivalent to system

' = Hy(z,y)(1+ X0, a;(t)e? &A@,
Y = —H,(,9)(1 + X0, ai(t)eBH @),

where ;(t) are continuously differentiable scalar odd functions, ¢;(t, H)(i = 1,2, ...,n)
are arbitrary continuously differentiable functions such that ¢;(t, H) = ¢;(—t, H).

Example 2.2. It is not difficult to check that

A=Y
—X
and
z(x? 4 y?)
y(z? 4+ y?)

are the reflecting integrals of the following system

Ag =

¥ =y + x(2? + y?) cost,

(2.6)
y' = —x +y(x? + y?) cost.
u=2sint + (2 4+ y?)~! is the first integral of the system (2.6).
Taking
g t 2 2 2 t 2 PAYEl t
s B @ERO @80

T dtu 1+2Q+sint)@+y2) T T+ 22 +sint)(a? + 42)

then A; = e? A;(i = 1,2) are the p;(i = 1,2)-integrals of (2.6), where §;(t)(i = 1,2)
are the arbitrary continuously differentiable even functions. Thus, the system (2.6)
is equivalent to the system

2 = z(x? + y?)[cost + a1 + aze??] + y[l + az + ase??], @7

y' = y(x? +y?)[cost + a1 + aze??] — x[1 + az + ase?],
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where «;(i = 1,2, 3,4) are the continuously differentiable odd scalar functions.
The reflecting function of the systems (2.6) and (2.7) is

1 cos 2t —sin 2t T

F =
V1+4(@? +y?)sint \ sin2t cos2t y

Thus, all the solutions of the systems (2.6) and (2.7) defined on [—m, 7] are 27-
periodic, when o;(t + 2m) = ;(t)(i = 1,2,3,4) and B;(t + 2m) = 5;(¢)(j = 1,2).

Corollary 2.1. If xp, + yp, = 29, then the system

=y +xp(r,y),
y' = —x+yp(r,y)

s equivalent to the system

o' =y +zp(@,y) + (a1 + age?T)a(a® + y?),

2.9
Yy =~z +yp(,y) + (a1 + age? W)y (a® +37), 2
where uw = t—arctan?, (t,u) is a continuously differentiable function and ¢(t,u) =
o(—t,u), a;(i =1,2) are the arbitrary continuously differentiable odd functions.
In addition, if the system (2.9) is 2w-periodic with respect to t, then the qualita-
tive behavior of the 2m— periodic solutions of (2.8) and (2.9) with the same initial
conditions at t = —7 are the same.

: . z(2? +y°)
Proof. It is not difficult to check that A = and u =t — arctan®
y(a? +y2) !
are respectively the reflecting integral and the first integral of the system (2.8), by
Theorem 2.4 the present corollary is correct. O

Example 2.3. The system

2 =y + x(a12? + aszy + asy?) = P(z,vy),
) (a1 22Y 3Y°) (z,y) (2.10)

/ —

Y = —x +y(a12® + aszy + azy?) = Q(z,y)

has the first integral u = arctan? —t and the reflecting integral

x(z2 + 2
A (% +y%)
y(* +y°
If taking
ecost ’}/(t)
o1 =In 1+ tan?u’ P2 = 2+ cos?u’
then

A ) cost . 2 z
Ay =P A = e (xsint + ycost)

Y
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and

_ A8 (22 +32) x(z? + y?
AQ — e¢2A — e3(z2+y2)+aysin2t ( Yy )
2, .2

y(z? +y?)

are respectively the pi-integral and us-integral of (2.10), where pq = —sint, pys =
’ 2 2
% Thus the system (2.10) is equivalent to the system

x/

P(x,y) + areto(rsint + ycost)? + (ag + aze??)z(z? + y?), (2.11)
(= Qay) + e y(sint +ycost)? + (o2 + aze)y(e? +47),

<
I

where «; (i = 1,2, 3) are the arbitrary continuously differentiable odd functions, ()
is an arbitrary continuously differentiable even function, a;(i = 1,2, 3) are constants.
If a;(t +2m) = a; () (i = 1,2,3) and (¢t 4+ 27) = 7(¢), then the qualitative behavior
of the 27w-periodic solutions of the initial conditions at ¢ = —x of the above two
equivalent systems are the same.

Remark 2.6. By this example, one can study the qualitative behavior of the so-
lutions of a complicated system (2.11) by using a simple differential system (2.10).
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