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Abstract: We investigate the existence of periodic solutions for nonconservative superlinear second-
order differential equations in the sense of rotation numbers. Specifically, we focus on equations
whose solutions at infinity behave comparably to a suitable linear system. By employing a rotation
number approach, spiral analysis, and fixed-point theorems, we establish the existence of periodic
solutions for nonconservative superlinear second-order differential equations. Among the equations we
consider, a notable subclass is partially superlinear second-order differential equations, which provide
a concrete illustration of our results. Our results extend several recent results, thereby advancing to a
more comprehensive understanding of periodic behavior in nonconservative systems.
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1. Introduction

We investigate the existence of periodic solutions within the framework of nonconservative second-
order differential equations

X"+ f(t,x,x') =0. (1.1)

The function f : R X R? — R is presumed to be a Carathéodory function that is 7-periodic in the time
variable and locally Lipschitz continuous with respect to (x, x’). The growth of f with respect to its
second variable is characterized by superlinear properties, interpreted through rotation numbers.
Researching periodic solutions in nonconservative superlinear second-order differential equations
is a complex and challenging area, intertwining mathematical theory with practical applications. As
discussed by Gidoni in [1], the question of periodic solutions is closely related to the broader problem
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regarding the boundedness, or unboundedness, of solutions for (1.1). An important result in this area
was established by Struwe [2] and subsequently extended by Capietto et al. [3], as well as Gidoni [1].

Recently, Wang et al. [4] further advanced the study of the existence of periodic solutions in non-
conservative equations

X"+ f(t,x)+ p(t, x,x") = 0. (1.2)

By employing topological degree theory, they established a fixed-point theorem with angular descrip-
tions, which serves as a complement to the Poincaré—Birkhoff twist theorem. Their results extend the
results of [3], [1], and [2] by relaxing the assumption of global existence of solutions and providing a
broader understanding of periodic solutions in nonconservative contexts.

In [4], the function f is required to satisfy the following growth condition:

A) lim L4

|x|—>+00 X
We note that the superlinear condition (A,) is required to hold for a.e. ¢ € [0, T]. However, consider

the case where

= +oo for a.e. t € [0, T'] uniformly.

flt.x) ==

1
- gxcos 2nt, (1.3)

where s(¢) is a 1-periodic function defined as

() = sin 27tt, te€(0,1/2),
S\ = 0, re[0,1]1\(0,1/2).

It is evident that f(z, x) does not satisfy condition (A;). However,

im 2% _ i

[x]|—>+00 X [x]| =+ 8

inont . 1
SN 2 5 0082 =+, (1.4)

for t € (0, 1/2). This indicates that f(¢, x) exhibits superlinear growth only over the subinterval (0, 1/2).
This leads to a natural question: under these circumstances, can it still guarantee the existence of a
periodic solution to Eq (1.2)?

To address this issue, the aim of this paper is to further extend these existing results to the case where
superlinearity is considered in the sense of rotation numbers. Specifically, we aim to investigate the
existence of periodic solutions for the following generalization of nonconservative superlinear second-
order equations (1.2), where we replace the traditional growth conditions with those involving rotation
numbers

(A}) There exist functions a, € L'([0, T1), n € N such that

tim inf £

[x]|—>+00 X

> a,(t) uniformly a.e. int € [0,7],

and p(a,) — +ocoasn — +oo.
Here, p(a,) is the rotation number of system x’ = %y and —y = a,(t)x, which is defined in Section
2. Papers related to rotation numbers can be found in [5—13], as well as the references cited therein.
Additionally, we assume that
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(H,) The function f : R x R*? — R is continuous, while p : RxR?> — Ris a Carathéodory function;
both functions are 7-periodic with respect to the first variable.

(H,) There exists a nonempty open bounded set E that contains the origin O, and if (x(0), x'(0)) €
OFE, then the solution x(-) of (1.2) exists on the interval [0, 7], with the condition that (x(7), x'(¢)) # (0, 0)
forallr € [0,T].

(H;) There exist two positive constants C,, D,, and a positive function y, € L'([0,T]) such that
Ip(t, x, )| < y,(t) + C,lx| + D,|yl, for every (x,y) € R?and a.e. t € [0, T].

The primary result of this paper is summarized as follows.

Theorem 1.1. Assume that (1.2) satisfies conditions (H,), (A)), (H,), and (H3). Then, Eq (1.2) has at
least one T-periodic solution.

Remark 1.1. In Theorem 1.1, the only distinction lies in condition (A'), which replaces (A;) from
Theorem 1.1 in [4]. Notably, the assumption (A;) implies the hypothesis (A}). As a result, Theorem 1.1
broadens the scope of the recent findings in [4]. A more detailed discussion is presented in Section 4.

To prove Theorem 1.1, we apply Theorem 2.1 established by Wang et al. [4], a fixed-point theorem
with angular descriptions. The key to applying Theorem 2.1 from [4] lies in identifying a continuous
map that is well-defined and establishing the twist condition on an annulus. However, the solutions
to Eq (1.2) may not exist globally, and as a result, the corresponding Poincaré map might not be
well-defined, which does not meet the requirements of Theorem 2.1 in [4]. To address this issue, we
modify the system using the spiral behavior of large-amplitude solutions from the original equation (see
Lemma 3.1 below). Additionally, by defining the rotation number of the linear system and estimating
the relationship between the rotation numbers of the linear and nonlinear systems, we identify the
rapid rotation properties of large-amplitude solutions under the superlinear condition in the sense of
rotation numbers (see Lemma 2.3 below). This leads us to find an appropriate annulus that satisfies the
twist condition. Other methods for studying second-order ordinary differential equations can be found
in [14-16].

The remaining sections of the paper are organized as follows. Section 2 presents the definition
and the relationship of the rotation number in planar systems. In Section 3, we analyze the behavior of
large-amplitude solutions to system (2.6). In Section 4, we modify system (2.6) and prove the existence
of periodic solutions for non-conservative superlinear equations in the context of rotation numbers.
Furthermore, we present a partially superlinear example in this section to illustrate the importance of
our results.

2. Rotation numbers and properties

Assuming that (x(1), y(f)) € R* does not reach the origin during the interval [0, ¢], one can convert it
to polar coordinates as follows:

x(t) = r(t)cos6(t), y(t) =r(z)sinb(z).

The #-rotation number of (x(#), y(#)) over this interval is defined by

1 1 ! / _ /
Rot((x(®), y(0):[0,1]) = 5—(0(0) — (D)) = 5~ j; y(”jj(f)? +;§g§ -
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Here, Rot((x(?), y(#)); [0, ¢]) refers to the total algebraic number of clockwise rotations made by the
trajectory of (x(¢), y(¢)) around the origin during the time interval [0, ¢].
Next, we consider the planar system

/ 1
A =3Y,
{ -y = a,(t)x. (La)

In this system, the angular function 6(¢) satisfies
1
-0 (t) = a,(1) cos>(8(1)) + > sin®(6(1)). 2.1)

Here, 6(f) depends solely on the initial time and the angular function 8(0) € S! = R/(2aZ). We

denote the r-rotation number of the solution (x,y) of (L,) over the interval [0, ] as Rot*(¢; v), where

v=(~1,60) e€ly={= (0 :r=1, 0cR}, 6 is the polar angle of z(0) in the polar coordinates.

When the interval [0, 7] coincides with [0, 7], we use the notation Rot*'(v) for simplicity.
Additionally, for a given n € N, the function

2 1.,
a,(t) cos“(0(r)) + 3 sin“(6(1))

is 2m-periodic in 6 and T-periodic in ¢. Therefore, Eq (2.1) describes a differential equation on a torus.
Thus, the rotation number of (2.1)

play) = tim 20

—+00
exists and is independent of 8, as stated in Theorem 2.1 of Chapter 2 in Hale [17].
In the following discussion, we define

ba() = a,(1) = C = 2D5 — Ly, (D), 2.2)

where C,, D,, and ,(¢) are introduced in (H3). Using similar arguments, we denote by Rot”(z; v) the
t-rotation number of the solution for the system

X =1y
277 L
{—y:aﬂn, ()

over the interval [0,7]. When the interval is [0, T], we use the notation Rot”(v) for convenience.
We now establish the following relation between the rotation number p(a,) and the t-rotation number
Rot” (v).

Lemma 2.1. If p(a,) — +c0 as n — +oo, then both Rot*(v) — +co and Rot’(v) — +00 as n — +oo.
Proof. The system (L,) is now written as Jz' = VL,(¢, z) (following the notation in [6]), where

a,(t)x*
2

2
Ln(t’ Z) = + %,

and J is defined as ( 0

10 ) Based on the definitions of p(a,) and Rot*(v), we have

o(L,) = p(a,) and Rot™(T;v) = Rot™(v),
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where the definitions of p(L,) and Rot"(T';v) can be found in [6]. Applying Lemma 2.2 from [6], it
follows that p(a,) > K, if and only if Rot*(v) > K, for all v € S' and K, € Z*. Thus, if p(a,) — +oo
as n — +oo, then Rot*(v) —» +oo asn — +oo.

Consider the system (L;) in general polar coordinates

x(1) = M, Y1) = r(7) sin(e(1)). (2.3)

Then, we have

_ n(x’'y — xy') ~ n[(a,(t) — Cp - 2Df7 - b,p(t)l)xZ + %yz]

’ t —
¥'(1) PRI a2 + )2
S n(an()x* + 3%)  (Cp +2D5 + ly,(O)(n*x* + %)
T2 +y? n(n>x? +y?)
n(a,(Nx* + 1y Cp +2D5 + [y,(0)|
=T : (2.4)
n’x? +y n

Note that the generalized polar coordinate (2.3) essentially represents a form of elliptic coordinates.
Consequently, according to the definition Rot*(v), we obtain

. 1 1 (7 n(a,()x* + 3)%)
Rot™(v) = ZTL ¢'(Hdt = ﬂf} R dt — +oo (n —> +00) (2.5)
where ¢(7) denotes the argument function of (x, y) with respect to system (L,) in the generalized polar
coordinates (2.3). Combining (2.4) with (2.5), we have

1
Rot’(v) = 2—[90(0) - (T)]
s

1 (7 n(a,(0)x* + %yz) (G 2D2)T
> — R f lyp(ldt,
2r Jo n’x’ +y 2nm

which implies that
Rot’(v) = +co asn — oo.

We can express Eq (1.2) as the planar system

X =y,
{ -y = f(t, x) + p(t, x,). (2.6)

Let z(¢;z0) = (x(t; x0), y(¢; y9)) denote the solution to (2.6), with z(0;z9) = zo. For brevity, we write
Rot/(#;7) = Rot(z(7); [0, ]). When the interval is [0, 7], we use the notation Rot/(z) for convenience.
We now examine the relationship between the t-rotation number of the solution to system (2.6) and
that of the linear system (L;).

Lemma 2.2. Let f : R X R — R be a continuous function, T-periodic in the first variable, such that
t

lim inf £
X

|x]—>+00

> a,(t) uniformly a.e. int € [0,T],

for a certain n € N. Then, for every € > 0, there exists R, > 0 such that for any solution of (2.6) with
|z(1)| = R, for all t € [0, T], it holds that

Rot/(t;2) = Rot™(t;v) — e, forallt€[0,T], withv = (1,6). 2.7)
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Proof. Let € > 0 be fixed. In Lemma 2.2 of [6], we define

b,(1) 2 b,(t) - 6
sz + )j:, L2(t9 Z) = sz

where ¢ is a sufficiently small positive number. Then, it follows that

2
Li(t,2) = + % and V(z) = x> +y%,

Rot (1: v) — Rot™(1; v) < g Vi1e[0.T], veT,

Let Rot”~%(z; v) denote the 7-rotation number of the solution to the system

X = %y,
=y = (ba(t) = 6)x.
From the definitions of Rot” (z; v) and Rot”~(z; v), we have
Rot’(t;v) = Rot! (£;v)
and
Rot”~°(t;v) = Rot™(t; v)
forall t € [0, T] and v € I'y. Thus, it follows that

Rot”(t;v) — Rot™°(£;v) < g Vtel0,T], vel,. (2.8)

Assume, for contradiction, that the assertion of (2.7) does not hold. This implies that for every
m € N, there exists a solution z,,(¢) of (2.6) defined on [0, T] with |z,,(t)] = m for all ¢ € [0, T] such
that, for some ¢, € [0, T'],

Rot/ (1,5 zn) < Rot™(t,;v,,) — &, (2.9)
where v,, = (1, @,,) and «,, 1s the polar angle of z,,(0) in the polar coordinates. Without loss of gener-
ality, assume t,, » 7 € [0,T] and v,, = v = (1, @) € [y as m — oo with @,, — @. Note that Rot”(-;-) is
continuous on [0, 7] X I'y. Taking the upper limit as m — oo on both sides of (2.9), we obtain

lim sup Rot/ (#,,; z,,) < Rot"(7;7) — &. (2.10)

m—00

By (A}) and the continuity of f, there exists [ := [5 € L'([0, T],R,) such that
f(t,x)x = (a,(t) = 6)x* = 1(t), ¥ xeRandae.te[0,T]. (2.11)

Consider that (r,,(?), 6,,(t)) represents the polar coordinates of z,,(f) = (x,(t), y,(¢)) with r, () > m.
From (H3), (2.6), and (2.11), we have

, YimXy = XmYm
—0, (1) = . __m

(0 X ¥ Vi
V¥ X (f (4, %) + p (8 Xis V)

X+ Vi

S Yoo + X f (& %) = 1P (8, Xins Y| X
- X2+
S yrzn + (an(t) - 6) xyzn - l(t) - ')/p(t) |xm| - Cpxzq - Dp |xm| |ym|
- 242
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which holds for a.e. 7€[0, T]. Note that 2D2x2 — D, [l [yl + 3y2 > 0, s0

(an(®) = C, = 2D2 = 6) 2, + 132, = (1) [xl = 1(0)

-0 (1) >
() X+ Vi

b

which holds for a.e. r€[0, T']. Further, we have yp(t)(xfn — |xu| + 1) > 0, which implies that
Yo Xl > =y, (DX = y,(1), forae.te[0,T].
Therefore, we obtain

(an(t) = € = 2D2 = y,(1) = 6) 22, + 132 — (1) = (1)

2 2
xm+ym

-6,,(t) >

> (bu(1) = 8) cos” (On(1)) + % sin” (6,(1)) - w

for x,, € R and a.e. t€[0, T'], where b,(?) is introduced in (2.2).
Based on a result concerning differential inequalities [18], we can conclude that

Gm(o) - em(tm) _ ay — Qm(tm) S Ay — ﬁm(tm)
21 B 21 - 2 ’

Rot! (1, zp) = (2.12)

where 9,,(t,,) is the solution of

'ﬁvﬁ4%®—5n®%ﬁm+%gﬁ«m»—ﬁﬁ%iQ,

0(0) = ay,.

By applying the principle of continuous dependence on initial conditions, it can be shown that as
m — oo, the function 9,,(¢) converges uniformly to 6(¢) on the interval [0, 7], where 6(¢) is the solution
to the differential equation

1
—0' (1) = (b,(t) — 6) cos? (6(2)) + 3 sin® (6(¢))
0(0) = a.
In particular, the uniform convergence implies that ,,(¢,)) — 6(t) (m — o). Consider the expression
1 (7 (by(t) — 6)x% + 12
(by(1) — 6) Y

Rot"°(1;9) = —
@) 21 Jo X2+ y?

R Y PPN (O )
= 2ﬂf0(0(t)) dt = .

Thus, from (2.12), it follows that

Qy — 19m(tm) _ @ — é(T)
2r 27

lim inf Rot/ (#,,;; z,,) = lim = Rot” (1 9),
m—oo

which combined with (2.10) gives
Rot”(1; %) — Rot" (1, 7) > &.

This result contradicts the inequality (2.8), thereby confirming the validity of (2.7).
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Based on Lemma 2.2, we can obtain the rapid rotational property of large amplitude solutions for
the superlinear equations in the sense of rotation number.

Lemma 2.3. Let (H)), (A})), and (H3) be satisfied. Then, for any integer j, there exists a sufficiently
large radius R; such that every solution z(t) of (2.6) with |z(t)] > R; for a.e. t € [0,T] satisfies the
condition Rot’ (z) > J.

Proof. According to (A) and Lemma 2.1, for any integer j, there exists a sufficiently large integer N
such that
Rot”(v) > j, forn > N.

We can select an appropriate € > 0 such that
Rot”(v) —e> j, forn> N.

By Lemma 2.2, for this choice of £ > 0, there exists a sufficiently large R; such that, for every solution
z(1) to system (2.6) with [z(#)| > R, for a.e. t € [0, T'], it holds that

Rot/(z) > Rot(v) — & > j.

This completes the proof.
3. Spiral analysis for large-amplitude solutions

In this section, we primarily analyze the behavior of large-amplitude solutions to system (2.6). The
following lemma establishes that solutions of this system exhibit spiral behavior when the amplitude
is large. By utilizing these spiral properties, we can estimate the relationship between changes in
the polar radius of the solution and variations in the rotational angle. Additionally, this allows us to
determine an appropriate bound for adjusting our system. For simplicity, let (r(¢), 6(¢)) represent the
polar coordinates of z(; zo), with (r(0), 8(0)) = (ry, 6p).

Lemma 3.1. Assume the conditions (Hy), (A}), and (H3) are satisfied. For any positive integer Ny and
sufficiently large r., there exist two strictly increasing functions &y (r) @ [r., +00) — R such that

.fﬁo(r) — 400 & r— 4oo.
If a solution z(t) of system (2.6) satisfies ro > r., then either
Eny(ro) < r(0) < &y (o),  fort €[0,T];
or there exists a time fy, € (0, T) such that
O(in,) — 6(0) = =2Nor,
and
&ny(r0) < 1(t) < £y, (ro),  for t €10, iy, ].
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Proof. We partition R? into four regions as follows:

Dy ={(x,ylx >0,y >0} Dy ={(x,y)x >0,y <0};
D5 ={(x,y)|x <0,y <0}; Dy ={(x,y)|x <0,y = 0}.

Consider the function

x2 2
smw:3+%. G.1)

According to condition (A/), for any fixed n € N, there exist &y < 1 and M,, such that
f(t,x) > (a,(t) — &)x, forx> M, anda.e.t€[0,T],

and
f(t,x) < (a,(t) —&)x, forx<-M, anda.e.t€[0,T].

Thus, we have
vf(t, x) > (a,(t) — &o)xy, for|x| > M, and (x,y) € D; U Ds. (3.2)

Define K = max{|f(t,x)| : t € [0,T],|x] < M,,}. For sufficiently large r, if |x| < M,,, then |y| is
sufficiently large and [y| < y%.
Consider first the case where (x,y) € D; U D;. When |x| < M,,, using (2.6) and (3.1), we obtain

dS (x,y)
dt

= xx' +yy = xy - y(f(t, %) + p(t, x,y))

< xy + IS 0l + |p(, x, y)I)

< xy + I (K +7,0) + Cylxl + D)

<(1+C))xy+ (K +y,(0+ D)y’

<2K+y,(t)+ D, +1+Cp,S(x,y). (3.3)
For the case where |x| > M,,, by (2.6), (3.1), and (3.2), we have

ds (x,y)
dt

=xx' +yy = xy—yf(t,x) —yp(t, x,y)
< xy — (a,(1) — &0)xy + YlIp(, x, y)|
< (I = a,(®) + &) xy + |yl (Vp(f) + Cplx| + Dp|)’|) : (3.4)

For sufficiently large r, if |x| > M,,, then either |[y| < M, < x* or |y| > M,,. If [y| < x2, then applying
(3.4), we obtain

ds (x,y)

s (2 + la(D] + C,) xy + 7,(O)x* + Dy

<2(y,() + Dy + 2+ la,(0)] + C,) S (x.). (3.5)
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If [y| > M,,, then |y| < y%. By (3.4), we have

ds(x,y)
dt

< (24 1@, + Cp) xy + (vp(1) + D) y?
< 2(y,() + Dy + 2+ |a,(0)] + C,) S (x.). (3.6)
By combining (3.3), (3.5), and (3.6), we deduce the existence of a positive function c,(r) € L'([0,T])

such that

ds(x,y)
dt

<ci(MS(x,y), (3.7)

where c1(t) = 2(y,(t) + D, + 2 + la,()| + K + C,).
Next, consider the case when (x,y) € D, U D,. Here, for |x| < M,,, we obtain

ds(x,y)
dt

=xx" +yy = xy —y(f(t,x) + p(t, x,y))
>—UM+WMﬂuM+mmmww
> (1ol + 91 (R + ,(0) + Cplal + D i) ).

For |x| > M,,, we have

dS(x,y)
dt

= xx’ +yy = xy = y(f(t, x) + p(t, x,y))
> xy — (a,(t) — go)xy — yp(t, x,)

>{@H%wmﬂﬂmnm+qm+qmﬁ

By similar arguments as for (x,y) € D; U Ds, we find that

ds(x,y)
dt

= —c1(0)S (x, ).

Consider now the function ) X

~ X
T(xy) =5+ F.(0 + 5,

where F,(x) = [" fi(s)ds and f.(x) = sgnxmaxoq<r{lf(t, ¥)I}. As F.(x) - +oco when |x| = +oo, it
follows that
T(x,y) & +o0 — X’ +y2 — +o00.

For sufficiently large r, if 0 < |y| < 1, then |x| is large enough, and [y| < x. If |y| > 1, then [y| < y%.
For (x,y) € D, U D;, we can obtain

dT (x,y)
dt

=yy + filx)y + xx’

= fi(xX)y = Y(f(t, %) + p(t, x,¥)) + Xy
> y(fi(x) = £(t, %) — Iyl | pt, x, )| — |xyl
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> =yl (¥p(8) + Cplx| + Dylyl) — ]
> = (7,01 + (C, + Dlxyl + D,y?).

When 0 < |y| < 1, applying (3.8) gives us

dT(x,y) Cc,+1
— > — ()/,,(t)x2 + pT (x2 + yz) + D,y

> =2(y,(t) + C, + 1+ D,) T(x.y).
If [y| > 1, applying (3.8) leads to

dT (x,y)) » G+l 2
— > —(yp(t)y +T(x +y )+Dpy

> =2(y,(0) + C, + 1+ D,) T(x,y).
Thus, we find that there exists a positive function c,(¢) € L'([0, T]) such that

dT(x,y)
dt

> —c(0OT(x,y),

where ¢(t) = 2(y,(t) + C, + 1 + D),).
For (x,y) € D, U D,4, we have

dT (x,y)

=y + £.(X)y + xx’
7 o+ fi(x)y

= fo(x)y = y(f(1, X) + p(t, x,)) + xy
< Y(Fo(®) = £t x) + Wllp(, x, )] + ]
<Y1+ (Cp + 1) Iyl + DyJyP.

By similar arguments as for (x,y) € D; U D;, we obtain

dT (x,y)
dt

< ()T (x,y).

In [6, Lemma 4.1], with ¢(x) = 0 and %(l, x,y) =y, the functions are defined as follows:

[ Sy, for (xy) € Dy U D,
Viwy) = { T(x,y), for(x,y) € D, U Dy,
and
| T(x,y), for (x,y) € D, U Ds,
v = { Sy, for (1Y) € Dy U Dy,

By (3.7) and (3.9), we obtain

dV(x,y)
dt

<ci(OV(x,y), for(x,y) € DU Ds

(3.8)

(3.9)
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and
dV(x,y)

dt
It is evident that V(x,y) : RXR — R* is piecewise continuously differentiable. Additionally, V(x,y) —
+o0 if and only if x* + y> — 400, and V(x, ¢(x)) is monotonic with respect to x for (x,y) € D;, where
i =1,2,3,4. The function U(x,y) exhibits similar properties to V(x,y). According to Lemmas 4.1 and
3.3, along with the definitions of the upper and lower spiral functions £*(-) as described in [6], we can
conclude the existence of two strictly increasing functions &y (r) for system (2.6). This concludes the
proof.

< aMV(xy), for(x,y) € DU Dy

Remark 3.1. Although Lemmas 4.1 and 3.3 in [6] emphasize the characteristics of solutions in conser-
vative Hamiltonian systems, these findings are also relevant to non-conservative systems. The demon-
stration of Lemma 3.1 uses the results obtained for nonconservative systems.

4. Modified planar systems and the existence of periodic solutions

Next, we will use Theorem 2.1 from Wang et al. [4], which provides a fixed-point theorem with an-
gular descriptions, to prove Theorem 1.1. It is evident that solutions to system (2.6) may not be globally
defined, which implies that its corresponding Poincaré map might not be well-defined. Theorem 2.1
in [4] requires the mapping to be continuous, so we cannot directly apply it to (2.6).

To address this issue, we will modify system (2.6) by utilizing the spiral properties of large-
amplitude solutions established in Lemma 3.1. This modification guarantees the global existence of
solutions, allowing us to apply Theorem 2.1 from [4] to establish the existence of periodic solutions.
Furthermore, we will use the angular description results from Theorem 2.1 in [4] to demonstrate that
the obtained periodic solutions are in fact solutions to the original system (2.6). We modify system
(2.6) as follows:

=y = A)(f(x) + pt, x, ) + (1 = Ar)x,

where A(r?) = A(x* + y?) € C*(R,,R) is a defined truncated function given as

{”:% (4.1)

1, r<ry,

2 .
A(r") ={ smooth connection, r; <r <1,
0, r=rn.

The values of r; and r, will be determined based on the spiral properties as outlined in Lemma 3.1;
for further details, refer to the proof of Theorem 1.1. Let Z(¢; Zy) denote the solution to equation (4.1)
with the initial condition Z(0; Zp) = Zo. The T-rotation number of Z(¢; Z) is denoted by Rot/*(2). We use
(#(1), 6(1)) to represent the polar coordinates of %(t; Z,). The following properties can be easily verified:
(i) The initial value problem for (4.1) has a unique solution.
(i1) Every solution Z(t; 7o) is defined for all € R. Moreover, if Z, # (0, 0), then Z(#; Zp) # (0,0) for
every t € R.

Next, consider the Poincaré map defined by

®:R* > R?% Z e #AT;%).
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Thus, the Poincaré map ® associated with system (4.1) is well-defined and continuous.
Next, we will apply the fixed-point theorem with angular descriptions recently established in [4] to
prove Theorem 1.1 of this paper.

Proof of Theorem 1.1. We will divide the proof into four steps.

Step 1. Under condition (H,), if zp € 0E, then the solution z(¢; zp) to (2.6) exists on the interval
t € [0,T] and z(#; z0) # (0,0) for all ¢+ € [0, T]. This demonstrates the so-called “elastic” property of
the solutions, which indicates that

r- <z <r", forte[0,T]andz €dE,

where r* are positive real numbers. Owing to the uniqueness of solutions for the corresponding Cauchy
problems, the continuous dependence of the solutions of (2.6) on the initial conditions is guaranteed.
As a result, Rot/ (z) is a continuous function. Thus, there exists an integer m such that

Rot/(z) <m, forz, € IE,

which leads to
o(T) — 6(0) > —2mn, forzy € JE. 4.2)

Step 2. For any integer j > m + 1, according to Lemma 2.3, there exists R; > r* such that every
solution z(7) of (2.6) with |z(¥)| > R; for a.e. t € [0, T] satisfies

Rot/(z) > j,

which leads to
o(T) —6(0) < -2jm. 4.3)

Let us choose
r=&/(Re), Ro>(&)'R) and r,>ry,

where §;f'(~) are functions defined in Lemma 3.1. According to (4.1), if r < ry, the system (4.1) is
equivalent to (2.6). Therefore, using (4.2), we can deduce that

o(T) — 6(0) > —2mn, for Z, € OE. (4.4)

Next, consider the solution of (4.1) starting from Zp € I' =: {(x,y) : r = Ro}. If R; < |Z(¥)] < ry for
a.e. t € [0,T], then (4.1) is equivalent to (2.6). In this case, applying (4.3) yields

6(T) — 6(0) < —2jm < —2mm, forZ, eT. 4.5)

If there exists #; € (0, T) such that |Z(¢;)| > ry, then there exists a time #] € (0, #;) such that |Z(¢})| = r|
and |Z(¢)| < r for a.e. 1 € [0,7]). By Lemma 3.1, we have

6(t,) — 6(0) = 6(t)) — 6(0) = =2 jm. (4.6)

Alternatively, from (4.1), we observe that x'y = y> > 0 when x = 0 and y # 0. Thus, a nonzero solution
of (4.1) performs clockwise rotations around the y-axis. If the solution transitions from the positive
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(negative) y-axis to the negative (positive) y-axis, the angular function 6(¢) increases by —x. On the
other hand, if the trajectory oscillates within the left (right) half-plane, the angle function 6(¢) increases
by less than . Consequently,

6(t)—o(t)) < n, forallte(t;,T]. 4.7
Combining (4.7) with (4.6), we obtain

6(T) — 6(0) = 6(T) - 6(1;) + 6(1;) — 6(0) 45)
<m+(-2jn) < -2mmn, forZ,el. .

Finally, if there exists a time #, € (0,T) such that [Z(r,)| < R;, the validity of (4.8) can be proven
using similar arguments as those presented above.

Step 3. By applying Theorem 2.1 in [4], we establish that there exists at least one fixed point z;, for
®. Consequently, system (4.1) has at least one T-periodic solution Z(¢) that starts from z;.

Step 4. We will further show that Z(#) remains in the circle » = r;, which implies that Z(¢) is ifact a
T-periodic solution of system (2.6). If z; € E, the choice of r; ensures that |Z(7)| < ry. If z; € I(I') \ E,
then by Theorem 2.1 in [4], we have

6(T) — 6(0) = —2kn, fork < m. 4.9)

Assume there exists £, € (0, T'] such that |Z(z))| > r;. Using an argument similar to that in (4.6), we can
find 7 € (0, £;] such that
6(t)) — 6(0) = =2 jn.

Furthermore, using an argument analogous to (4.8), we obtain
6(T) — 6(0) = 6(T) — 8(ty) + b(t)) — 6(0)
<m+(=2jn) < —2mm,
which contradicts (4.9). Therefore, system (2.6) has at least one 7T-periodic solution, and the same
conclusion applies to Eq (1.2). This completes the proof.
To illustrate the applicability of Theorem 1.1, we will discuss the problem mentioned in the intro-

duction, which satisfies the superlinear condition only on a partial interval, thereby concretely demon-
strating the theorem’s utility.

Example 4.1. Consider the non-conservative superlinear equation

1 1
X"+ f(t, x) + gx' T cos2nt = 0, (4.10)

where f(t, x) is given by (1.3). We can demonstrate that (4.10) has at least one 1-periodic solution.

Proof. To demonstrate this result within the context of Theorem 1.1, we consider
/

p(t,x,x') = xg T cos 2rt.
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The conditions (H;) and (H3) can be easily verified, so we only need to verify (A}) and (H,).
Let us first verify condition (A}). From (1.3), we have

f(t,x) 1

> ——cos2nt, forte]0,1].
X 8

Therefore, for any fixed n € N, it holds that

t
| |lim AGE) > a,(t), for ae.te€[0,1] uniformly,
X|—+00 X
where
n’, 1€ (0,1/2);
a,(t) = 1
-3 cos2mt, te€[0,11\(0,1/2).
Next, we prove that p (a,) — +00 as n — +oco. We start by using generalized polar coordinates
x(t) = Q cosy(r), y(1) = V2r(r) siny(r) (4.11)

and consider the following system
X = %y,
_y/ = an(t)x7

V2n(x'y — xy’) V2n(a,(t)x* + ¥?)

2(n2x2 + 1y?) 2(n?x* + Eyz)

which leads to

Y1) =
Thus, —y/(t) = V2n/2 fort € (0,1/2), and

V2n(—1x% cos 2nt + 1y?) 1 V2n?
>

(1) = > —
v 2(n2x2 + lyz) 2(n2x2 + %yz)
lx/—(nx +2y \/5 4.12)
2n(n®x* + 2y2) ~ o 16n’ '

for t € [0, 1]\(0, 1/2). Note that the generalized polar coordinates in (4.11) effectively correspond to a
variant of elliptic coordinates. Consequently, using the definition of Rot*(v), we can deduce that

Vi

Rot™(v) = ——f Y (t)dt /_(T —F)—)+oo(n—>+oo)

Using a method similar to that in the proof of Lemma 2.1, it can be shown that p(a,) — +oo as
n — oo,
Next, we verify condition (H,). The Eq (4.10) can be rewritten as

X' =y,
1 4.13
-y = f(t, x)+———cosZm ( )

g8 10
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If (x,y) # (0,0) for ¢ € [0, 1], it can be represented in polar coordinates as
x=rcos6, y=rsiné.

For sufficiently small values of r < 1, the following result can be obtained using (4.13) and (1.3):

'l =

9 12, 1].3 |
xx +yy" - gleyl + 5y + §|x )’| + 750

r
- (‘—1‘ + D)lxy| + érz + %r § 1
N 4

r

This implies that

3 2 s 2 /s
0 < r0)e 4+E(e 4—1)§r(t)§r(0)e4+E(e4—1)<1

for ¢ € [0, 1], provided that %(e% -1 < r0) < 1—256%. Therefore, condition (H>) is satisfied with the
nonempty open bounded set

2
E = {(x,y) A+ < Eei}.
According to Theorem 1.1, Eq (4.10) has at least one 1-periodic solution.

Remark 4.1. Assumption (Ay) implies that (A) is satisfied. Indeed, from (A,), for any fixed n € N, it
holds that
Z,
lim L&)

[x| o400 X

> a,(t), for ae.tel0,T] uniformly,

where a,(t) = n® for t € [0,T]. Using a method similar to that in Example 4.1, we can show that
p(a,) = +ocoasn — +oo.

By applying Theorem 1.1 and Remark 4.1, we can derive the following corollaries, which provide
further insight into the implications of the theorem. Notably, Corollary 4.1 is Theorem 1.1 in [4].
Therefore, our Theorem 1.1 extends the corresponding result from [4].

Corollary 4.1. Suppose that (1.2) satisfies (Hy), (Ay), (H3), and (H3). Then Eq (1.2) has at least one
T -periodic solution.
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