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1. Introduction

The aim of this paper is to provide a general method for obtaining the existence of periodic solu-
tions for a planar system of the type

u' = f(t,u). (1)

Here, we assume f :R x R — R? to be a continuous function, T-periodic in its first variable. Notice,
however, that most of our results will still hold in the Carathéodory setting.

The first step is to construct an unbounded curve spiralling around the origin, which controls all
the solutions of the differential equation, in the sense that they cannot cross it from the inner to
the outer part. As a consequence, a solution which grows in norm towards infinity has to perform
infinitely many revolutions around the origin.
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Once such a curve has been found, we need to control those solutions which remain sufficiently
far from the origin for all the time in the interval [0, T]. If, in view of this control, we can deduce that
the number of revolutions of those solutions is bounded and cannot be an integer, as a consequence
we get the existence of at least one T-periodic solution of (1).

Such a procedure was already used in [7], where Fabry and Habets deal with the scalar equation

X"+ h(t,x)=0. (2)

They consider a nonresonance situation with respect to the Dancer-Fucik spectrum (cf. [3,12]), when
the function h is allowed to have a superlinear growth on one side. As a consequence of our main
theorem, we will show how to generalize the existence result by Fabry and Habets to some systems
having a superlinear growth in one direction.

We will also illustrate how our main theorem applies to “nonresonance” situations, when the
nonlinearity is controlled by some Hamiltonian functions, and in the case of “resonance”, when a
Landesman-Lazer type condition is assumed.

The above technique can be adapted to the case where the function f in (1) is only defined on an
open subset of the type R x A, where A is, e.g., star-shaped in R%. One can find in [8] an example of
application for the scalar second order equation (2), in the case of a function h having a singularity,
generalizing an existence result by Del Pino, Manasevich and Montero [4]. In this case, the set A is
an open half-plane. We will show how our technique applies to generalize the existence result in [8],
as well.

The proof of our main result is an application of the Poincaré-Bohl Fixed Point Theorem, which
we recall here for the reader’s convenience.

Theorem (Poincaré-Bohl). Let 2 C R™ be an open bounded set containing the origin, and ¢ : 2 — R™ be a
continuous function such that

o) #Au, foreveryuedf2andir > 1.
Then, @ has a fixed point in £2.

In order to use this theorem, we will need to approximate the function f with more regular
functions for which the Poincaré map is well defined. The Poincaré-Bohl Theorem applies to these
maps, thus providing the existence of a T-periodic solution for the approximating equations. The
solution to our system is then obtained by a limit procedure.

A few words about the notations. We denote by (-,-) the Euclidean scalar product in R2, and by
| - | the corresponding norm. As usual, the open ball, centered at the origin, with radius R > 0 is
Bg ={v eR?%: |v| <R}, and by S! we denote the set {v € R?: |v| =1}. The cone determined by a set
A St is defined as

OA) = {veR?: v=pe?, p>o0,e? € A}

(It will be sometimes convenient to use the complex notation for the points in R2.) If, in particular,
the set A is an arc determined by two angles 61 < 6>, we will simply write

O61.02) ={veR*: v=pe? p>0,0eclo, 6]}

The closed segment joining two points vi and v, is denoted by [v1, v2]. Finally, we use the standard

notation
0 -1
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2. Main results

We start by defining what we will call a regular spiral in the plane. Roughly speaking, it is a
piecewise continuously differentiable injective curve which rotates infinitely many times around the
origin, and grows in norm to infinity.

Definition 2.1. A clockwise rotating regular spiral is a continuous and injective curve

y : [0, +oo[ — R?,
satisfying the following properties:

1. there exists an unlimited strictly increasing sequence

0=0p<01<02<:-- <Ok <Okp1 <---

such that the restriction of y to every closed interval [0y, or+1] is continuously differentiable,
and such that

(Jy(s),y(s))>0, foreverys e [0k, Okt1l; (3)

2. the curve grows in norm to infinity:
lim |y (s)| =+4o00; 4
S*>1+OO| ( ) | ’ ( )

3. the curve rotates clockwise infinitely many times:

+00

/ (Jy (), 7(5))

OR ds = +o0. (5)

A similar definition can be given for a counter-clockwise rotating regular spiral, by changing the
inequality in (3), and requiring the integral in (5) to be equal to —oo.

In the following, we will only concentrate on clockwise rotating regular spirals. However, all our
results have their analogues in the counter-clockwise case. For simplicity, we will assume that such a
curve is parametrized in clockwise polar coordinates, so that y (s) = |y (s)|(coss, —sins), and, in par-
ticular, for any nonnegative integer n, the point y (27rn) lies on the positive x-axis. Being y injective,
we will have

, foreverys>0. (6)

ly )] < |y(s+2m)

It is convenient to define, for every n € N, the set £2,,: it is the open region delimited by the Jordan
curve I, obtained by gluing together the piece of curve y going from y (27wn) to y 2w (n+ 1)), and
the segment joining the two endpoints:

Li={y@®):se[2mn2rm+D]}U[yQan),y2rn+1)].

(See Fig. 1.)
We consider now the differential equation (1), for which we are going to select a particular kind
of clockwise rotating regular spiral.
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Fig. 1. The set £2,.

Definition 2.2. A clockwise rotating regular spiral y is said to be admissible for system (1) if, when
restricted to any subinterval [0, o1], it satisfies

(Jy (), f(t,y(s))) <0, foreveryte[0,T]ands € [0}, Ok41]. (7)
(The sequence {0y} is the one introduced in Definition 2.1.)

Hence, roughly speaking, if y is an admissible clockwise rotating regular spiral, and if a solution
of (1) ever reaches y, then, at the crossing point, the solution will have to cross y from its outer part
towards its inner part. The idea of controlling the solutions by the use of some guiding curves has
been already used by many authors: see, e.g. [13,14].

We now state our general result.

Theorem 2.3. Let the following assumptions hold:

(H1) there exists a clockwise rotating regular spiral y, which is admissible for (1);
(H2) there exists R > 0 such that, for any solution u : [0, T] — R? of (1) satisfying

lut)| >R, foreveryte[0,T],
one has that, either |u(T)| < |u(0)|, or
T

f (Ju'®, u®)

wop dee

0
(H3) there exist C > 0 and 61 < 6, such that
(Jfe,v),v)< (|v| +1), foreveryte[0,Tlandv e O (61,6).
Then, Eq. (1) has a T-periodic solution.

Before starting the proof, let us spend a few words to explain the meaning of the above assump-
tions. Writing the solution u(t) in polar coordinates

u(t) = p(t)(cos(d (1)), sin(3(t))), (8)
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it is easily seen that

_yy = JEOUO) _ UfEu®),u®)
lu@©|? MGIE

So, condition (H2) says that, for every large amplitude solution, either p(T) < p(0), or

H(T) #0(0) -2k, k=0,1,2,3,.... (9)
A similar assumption can be found, e.g., in [15, Theorem 3].

Condition (H3) is needed in order to avoid that solutions clockwise rotate too rapidly around the
origin. Indeed, it implies that

9(t) €[01,62] (mod2m) = —v'(t)< C<1 + %)
p=(t)

It could be intuitively thought of as a kind of angular speed controller.

Proof. We assume R > 1 such that £2¢ C Bg. (_Recall that £2¢ is the open and bounded set delimited
by I'p.) Let my be a positive integer such that Bg € §2;,, and let n1 be an integer such that

_ (C+DT
n>———

. 10
— (10)

We can find an Ry > R such that S_2m1+ﬁ+1 C Bg,. In the same way we can find an integer mp >
mi +7+ 1 such that Bg, € 2m,, and Ry > Ry such that 2y, i+1 S Br,.

Consider a sequence (f)n of locally Lipschitz continuous functions converging to f uniformly on
[0, T] x Bg,. By (7), as long as y(s) belongs to Bg,, then, for n large enough,

(Jy (), fa(t.y(5))) <0, foreveryte[0,T]. (11)

Moreover, by (H3), for n sufficiently large,

<an(t, V), V)

T <C+1, foreverytel[0,T]and v e @(6,62) N (B, \ Br). (12)

The solutions to the Cauchy problems associated to

u' = falt,u) (13)
are unique and, if u, is a solution satisfying |u,(0)| < Ry, then, for sufficiently large n,
lun(t)| <Ry, foreverytel0,TI.

Indeed, assuming by contradiction that max{|u,(t)|: t € [0, T]} > R», there would be t1,t; in [0, T],
with t1 < t3, such that

lun(t)|=R1,  |un(t2)| = Ra,
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and

Ry <|un(®)| <Rz, foreverytelty, taf.

Then, for t varying from t; to t, by (11) the solution would be driven by the curve y to make at
least n + 1 clockwise revolutions around the origin, thus crossing at least n times the cone © (61, 65),
in the clockwise sense. Writing the solution in polar coordinates (8), from (12) we have that, if 61 <
P (t) < 69, then

(Jfa(t, un (), un(t))

—0/(t) =
n® [un(t)|?

<C+1.

So, the time to cross the cone ® (61, 6;) in the clockwise sense is at least (8 —671)/(C + 1), and then,
by (10), the time to cross it n times should be greater than T. Hence, t; —t; > T, which is impossible.
The Poincaré map associated to (13) is then well defined on Bg, . Let us now see that the Poincaré-
Bohl Theorem can be applied, taking as £2 the set Bg,.
Assume by contradiction that, for every n, there exists u € 3Bg, and a constant A, > 1 such that
the solution u,(t) of (13) with u,(0) = ug satisfies u,(T) = Anug. We claim that, for n large enough,
it has to be

R < |ua(t)] <Ry, foreveryte[0,T]. (14)
Indeed, we already proved above that max{|u,(t)|: t € [0, T]} < Ry. Assume by contradiction that

min{|u,(t)|: t € [0, T]} < R. Then, since |un(T)| > R1, there would be £;,&, in [0, T], with £; < to,
such that

lun(E)| =R, |un(t2)| =Ry,

and

R < |ua(®)| <Ry, foreveryt elty,tal.

Then, for t varying from f; to f, by (11) the solution would be driven by the curve y to make at
least n + 1 clockwise revolutions around the origin, thus crossing at least n times the cone © (61, 6),
in the clockwise sense. Arguing as above, we see that £, —£; > T, which is impossible.

By (14), necessarily it has to be

R>
1<tp<—,
Ry

So, up to SUbSGqUEI‘lCCS, we can assume that:

i} R .
Anake[l,R—z} and u— i € 9Bg,.
1

Moreover, since (fy)n converges to f uniformly in [0, T] x Bg,, there is a constant M > 0 such that

| fat,u)| <M, foreveryneN, t€[0,T]and u € Bg,.
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Then, (uy,) is bounded in C1([0, T]) and, by the Ascoli-Arzela Theorem, there is a continuous function
u: [0, T1— R? such that, up to a subsequence, u, — u uniformly. Passing to the limit in

t
Un(t) =ul + / fa(T, un(r))de
0

we obtain

t
u(t) = f T, u(t)
0

so that u is a solution to Eq. (1) with initial value u(0) = u € dBg,. By the above estimates,
<|u@®| <Ry, foreverytel0,T], (15)

and u(T) = Au(0). Hence, [u(T)| > |u(0)| and, using polar coordinates as in (8), there is an integer k
such that

HT) =v(0) — 2mk.
As a consequence of (H2), by (9) it has to be k < —1. Let m € Z be such that
ly (=90) + 27 (M —1))| < [u(0)| < |y (—2(0) + 27rm)|.

(Recall that y is parametrized in clockwise polar coordinates.) Then, by the admissibility of the curve
y and (15), since Bg contains £2, it has to be

lu®] < |y (=v@®) +27m)|,

foreveryt €10, T].
So, using (6),

[u(M)| < |y (=9(T) +2m)| = |y (=9 (0) + 27 (M + k)|
<y (-2 +27@m—1)| <

and we get a contradiction with the fact that |u(T)| > |u(0)|.

So, up to a subsequence, for every ug € dBg,, the solution uy, of (13) with u,(0) = ug is such that
un(T) # Aug, for every A > 1. We can then apply the Poincaré-Bohl Theorem to find a T-periodic
solution v, (t) of (13) starting from a point vg € Bg,. Using the Ascoli-Arzela Theorem again, we find
that, up to a subsequence, (v,), converges to a T-periodic solution of Eq. (1). O

Remark 2.4. Condition (H3) has been used to forbid the large amplitude solutions to rotate too rapidly.
One could imagine many different situations, where (H3) is replaced by some other type of control of
the angular speed of the solutions.

The existence of an admissible regular spiral is guaranteed, e.g., if the large amplitude solutions
rotate clockwise not too slowly, and have a controlled radial velocity, as the following proposition
proves.
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Proposition 2.5. Let the following two assumptions hold:

(H4) there exist R > 0 and n > 0 such that

V=R = (JfE,v),v)=nlvi% foreverytel0,T];

(H5) there exists a continuous function x : [0, +o00o[ — ]0, +oo[ such that

(fe.v),v)< x(Ivl), foreveryte[0,Tlandv e R?,

and

+00

/ ﬂ——i-oo
X

0

Then, (H1) is satisfied.

Proof. We define the curve y : [0, +00[ — R? as

y(s) =r(s)(coss, —sins),
where r(s) is the solution of the Cauchy problem

M, r(0) =R.
r

r":

| N

Since this curve is smooth, the sequence (oy)k, in this case, is arbitrary. Clearly, (3) and (5) hold,
since s is the angle in clockwise polar coordinates. We see that r(s) is strictly increasing, and remains
bounded for s bounded. Moreover, r(s) — +oo for s — +o00, so that condition (4) is satisfied, as
well. Hence y is a clockwise rotating regular spiral. In order to show that it is admissible for (1), we
compute

(J7). f(t.y®))= %(]V(S), fe.y®)+ ). ft. y))-

Using the assumptions, we have that
(J7), F(t. ¥ (®)) < —ni©)r(s) + x (r(s)) <0,
thus completing the proof. O

Remark 2.6. If the function f has an at most linear growth, i.e., there exists C > 0 such that

|ft,v)| <C(v|+1), foreveryte[0,T]andveR?

then (H3) follows from the Cauchy-Schwarz inequality, and (H5) holds, with y (r) =Cr(r+1). In a
preliminary version of our paper, we had assumed the linear growth condition instead of (H5). In that
case, we constructed the admissible curve y as a logarithmic spiral. Condition (H5) was suggested to
us by Christian Fabry, whose contribution we acknowledge here.
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As a straightforward consequence, we have the following.
Corollary 2.7. If (H2), (H4) hold, and f has an at most linear growth, then Eq. (1) has a T -periodic solution.

In the applications, however, we will not necessarily need that the function f has an at most linear
growth. Indeed, the construction of the admissible regular spiral can sometimes be made directly.

We will now introduce a further condition which, together with (H4), guarantees that (H2) holds.
This condition consists in a control of the angular velocity of the solutions of the differential equa-
tion (1).

Proposition 2.8. Let (H4) and the following assumption hold:

(H6) there exist some values W1, ..., Wwm € S! and two positive functions

Y1, Y2 ST\ (Wi, ..., W} — 10, +00],

not identically equal to +oo, with the following properties:
(i) in each open arc of the domain these functions are either continuous with all values in R, or identi-
cally equal to +o0;
(ii) one has

Y1(w) < liminf<m, W> < limsup<M, w> < Y (w), (16)
A—+00 A A—>+00 A
uniformly for t € [0, T] and w in any compact subset of ST\ {w1, ..., wp};
(iii) moreover,
T T
Ny{—: NeNppy =02, 17
[/ww% wm%}[N 0} )

where Ny denotes the set of positive integers.

Then, both (H2) and (H3) are satisfied.

Notice that, in (17), we use the convention that J%o =0, and we implicitly assume that the inte-
grals have finite values.

Proof. Since v, is not identically equal to 400, it is bounded at least on one arc, and from the last
inequality in (16) we deduce that (H3) holds. We now want to estimate the time needed by a solution
of (1) to make a revolution around the origin, in order to verify (H2). Set

2 2
T_/d_Q T=/d_9
1_0 Yy J v

By (17), there exists a small enough & > 0 such that

T
['cz—e,ﬁ—i—e]ﬂ{ﬁ:NeNo}:@. (18)
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Writing a solution of (1) in polar coordinates (8), from (H4) we have that there is an R1 > 0 such
that, if |u(t)| > Ry for every t € [0, T], then

(Jf @, u®), u())

—0/(t) =
© lu(t)[?

>n>0,

for every t € [0, T]. So, we can find a large enough compact subset /C C S\ {wy, ..., wp}, which is a
union of closed arcs, such that, if |u(t)| > Rq for every t € [0, T], then u(t) takes a time less than ¢ to
cross O(S1\ K).

Let K = {6 €[0,27]: e’ € K}. We can enlarge K, if necessary, so that

do e

—>T)— —.
N
K

Notice that, since 11 has positive values,

do
Jied) =
K

Choose § € 10, ming v1[ such that

do do
—————>1n s, < T1. (19)
Ya(e?) + 6 Y1(e') =4
K K
By (16), there is an R, > 0 such that, if A > Ry, then

Jf(E aw)

1//1(W)—8<< .

,W> <Y(w)+8, foreveryte[0,T]and w e K.

So, as long as

R u(t i
u@| >Ry and SO0 —e"0 ek,
[u)|
we have
¥1(e?0) =5 <0/ (1) < Y2 (e V) +8,
ie.,

o . VO
Ua(e?®) £§ T Y (ei?©) —§°

Integrating, we see from (19) that, if |u(t)| > R, for every t € [0, T], the time needed for u(t) to cross
®(K) lies between 1, — ¢ and 1.

Summing up, setting R = max{fh, ﬁz}, we have that, if u is solution of (1) such that |u(t)| > R for
every t € [0, T], the time needed to perform a complete rotation lies in [72 — €, 71 + €]. So, in view
of (18), such a solution cannot perform an integer number of rotations in the time T. Therefore, (H2)
holds. O
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As straightforward consequences, we have the following.
Corollary 2.9. If (H1), (H4) and (H6) hold, then Eq. (1) has a T -periodic solution.
Proof. By Proposition 2.8, (H4) and (H6) imply (H2) and (H3). Hence, Theorem 2.3 applies. O
Corollary 2.10. If (H4), (H5) and (H6) hold, then Eq. (1) has a T -periodic solution.
Proof. By Proposition 2.5, (H4) and (H5) imply (H1). Hence, Corollary 2.9 applies. O

3. Some applications

In this section, we will illustrate some examples of applications of our main results. However, we
will not look for the greatest generality, in order to keep the exposition at a rather simple level. For
convenience, Eq. (1) will sometimes be written as

Ju'=g(t,w), (20)
so that Jf =g.
3.1. Nonlinearities controlled by Hamiltonian functions

In this section, we deal with nonresonant problems where the nonlinearity is controlled by some
positively homogeneous functions.

Proposition 3.1. Let the following assumption hold:

(H7) There exist two continuous functions H1, Hy : R? — R with the following properties:
(i) one has

0<Hj(Av)=A*H(v), foreveryv#0andx >0, (21)

for je{1,2};
(ii) there is a constant ¢ > 0 such that

2H1(v) —c < (Jf(t, v), v) < 2Ha(v) +c, (22)

forevery t € [0, T]and v € R?;
(iii) setting

27 27

T—/ e T—/ & (23)
"= 2H1E®) 7T ] 2Ha(®)’
0 0
one has that
T
[‘L’z,‘ﬁ]ﬂ{ﬁ: NENQ}:Q (24)

Then, (H4) and (H6) hold.
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Proof. Since H; has a positive minimum over S!, by (21) and (22), we have that (H4) holds. Let
¥1(w) =2H (W), and ¥ (w) = 2H(w), defined on the whole set S'. Then, by (22),

2H1(ww) —c < (Jf (¢, Aw), Aw) < 2Ha(Aw) +c,

and using the positive homogeneity (21) of Hq, H»,

Jf (&, aw)

Cc
W1(W)_A_2<< 5

,W><W2(W)+;—2,

for every w € S1. Then, (H6) follows from (24). O

By Corollaries 2.9 and 2.10, we immediately get the following consequences.
Corollary 3.2. If (H1) and (H7) hold, then Eq. (1) has a T -periodic solution.
Corollary 3.3. If (H5) and (H7) hold, then Eq. (1) has a T -periodic solution.

Remark 3.4. A result similar to Corollary 3.3 has been obtained in [2, Theorem 3], by a continuation
approach, in the framework of Leray-Schauder degree theory, under the assumption that f has an
at most linear growth (which implies (H5), see Remark 2.6). In our framework, the linear growth
assumption is unnecessary. Indeed, assume for example that f satisfies (H7) and has an at most
linear growth, and let

ft,v)y=fe,v) +h(t, |vl)v,

where h: R x R — R is continuous, and such that there is an 7 > 0 for which
r>r = h,rn<In(l1+r), foreverytelO0,T].
Then, ] does not necessarily have an at most linear growth, but
(JF@.v).v)=(Jf &, v),v),

so that f” verifies (H7), and, for |v| > 1 large enough,

(Fe.v).v)=(FE. v). v)+h(t 1v])v)?
<C(1+[vI) vl +1In(1+|v])Iv[* < 2In(1 + |v])|v]?,

so that ]’ verifies (H5), as well. Corollary 3.3 then applies to the equation

u' = f(t,u).

Notice also that we have only asked a one-sided control on the function h.



A. Fonda, A. Sfecci / J. Differential Equations 252 (2012) 1369-1391 1381

Consider now the case when H; and H; are continuously differentiable. Then, the Euler formula
holds:

(VHj(v), v)=2Hj(v),
for every v € R?, with j e {1, 2}. It can be seen that, for the Hamiltonian systems

Ju'=VH(u), Ju'=VHy®), (25)

the origin is an isochronous center, and the solutions have periods 77 and 1y, respectively. This is the
case described in [9, Theorem 5.2].

As a particular case of the above situation, we now want to deal with nonlinearities which are
controlled, in some sense, by symmetric matrices. In what follows, we denote by S>.» the set of
2 x 2 symmetric matrices, and we say that A € Sy« is positive definite if

(Av,v) >0, foreveryve Rz\{O}.
For two symmetric matrices A and B, we write A <B if (Av, v) < (Bv, v), for every v € R2.

Corollary 3.5. Let A and B be two positive definite symmetric 2 x 2 matrices, and I' : R x R? — Sy be
continuous, T-periodic in its first variable, and such that

AL, v)y<B, foreveryte[0,T]andv cR2,

Moreover, let r : R x R? — R? be a continuous and bounded function, T-periodic in its first variable. If
27N \?
[det A, detB] N !(T) :Ne N} =g, (26)

then the equation

Ju' =T, wu+r(t,u)
has a T -periodic solution.

Proof. It is well known that the solutions of Ju’ = Au and Ju’ = Bu have periods

. 21 . 21
1= ) 2= )
vdetA detB
respectively, corresponding to (23), with
1 1
Hﬂw=§®ww, Hy(v) =S (Bv.v).

Taking € > 0 small enough, and considering the matrices A—¢I and B+¢I instead of A and B, respec-
tively, the conclusion then follows from Corollary 3.3 and the observation concerning the Hamiltonian
systems in (25), since the nonlinearity has, in this case, an at most linear growth. O
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Proposition 3.6. Let A and B be two positive definite symmetric 2 x 2 matrices. Condition (26) is equivalent
to

o( —A)jAHjB)sz”iZ:@, for every A € [0, 1]. (27)

Proof. An elementary computation shows that, for the positive definite symmetric 2 x 2 matrix A,
the eigenvalues of JA are equal to +i+/det A. Similarly,

o ((1 = 1) JA+2JB) = [£i,/det((1 — 1) JA + 1.]B)).
Using linear algebra, one can show that, for positive definite symmetric matrices,
det A <det((1—A)JA+1JB) < detB,
for every A € [0, 1], and the dependence on A is continuous. The conclusion easily follows. O

Condition (27) was introduced in [10], in the framework of Hamiltonian systems in R*M of the
type

Ju' =V, H(t, u). (28)
It is a simplification of a condition proposed by Amann in [1], in the abstract framework of operators
in the Hilbert space H = L%(0, T), which we now recall. Let L: D(L) € H — H be the self-adjoint
differential operator defined by Lu = Ju’, where D(L) includes the T-periodic conditions. Choose

a positive constant 8 € R\ ZT”Z such that —8I < A < B < g1, and denote by E the sum of the
eigenspaces of L belonging to the eigenvalues in ] — 8, 8[. Amann then supposes that

27, 27,
and, concerning the Morse indices,

m((L — A)‘E) =m((L —B)w).

In our framework of planar equations, i.e. M =1, the result in [1,10] for the Hamiltonian sys-
tem (28) can then be stated as follows.

Corollary 3.7. Let A and B be two positive definite symmetric 2 x 2 matrices, assume that H(t, u) is twice
continuously differentiable in u and

A< Hyyt,u)<B, foreveryte[0,T]landue R2.

If

2
27N
[det A, detB] N i(nT) :Ne No} =,

then Eq. (28) has a unique T-periodic solution.

Let us remark that all the results of this subsection hold in the case of negative Hamiltonian
functions, as well.
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3.2. The Landesman-Lazer condition

Consider the system

Ju' =VH@) +r(t,u), (29)

where r: R x RZ — R2 is a bounded and continuous function, T-periodic in its first variable, and
H:R2? — R is continuously differentiable, and satisfies

0<HMv)=A%H(v), foreveryv#0andA > 0. (30)

The situation is thus similar to the one considered in Subsection 3.1, with Hy = Hy. But, on the
contrary, we assume now that

2
do T
—— = —, forsomeN € Nj.
2H(ei?) N
0

For any continuous function u : [0, T] — R, we use the notation

N(u) =sup{,/2H (u(®)): t € [0, T]}.
It is easily seen from (30) that there are two positive constants c1, ¢ such that

crllufloo SN W) < c2lltfloo,
for every such u. It will be useful to fix a ¢ : R — R? such that

1

J¢'(t) = VH(p(1)), H(p®) = > for every t € [0, T].

Notice that ¢ is periodic, with minimal period %, and N(p) = 1.
Theorem 3.8. In the above setting, assume that

T
/ liminf(r(t, pe(t + w)), p(t + w))dt > 0, for every wp € [0, T]. (31)

p—>—+00
0 w—wq

Then, Eq. (29) has a T -periodic solution.

Proof. We want to apply Corollary 2.7. As in the proof of Proposition 3.1, using the Euler formula,
we immediately see that condition (H4) holds. Since VH(u) is positively homogeneous of degree 1
and r(t, u) is bounded, the nonlinearity has an at most linear growth. Let us verify (H2). Assume by
contradiction that there is a sequence (uy), of solutions such that min{|u,(t)|: t € [0, T]} — 400, and
un(T) = Aqun(0), for some A, > 1. Set

up(t)
N(up)

vp(t) =
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Clearly, N'(vy) =1, for every n, and

’ _ r(t7 uﬂ(t))
Jvp(t) = VH(va () + Ny

Since (vp), is uniformly bounded, we see that (v}), is uniformly bounded, as well. Hence, there is a
v such that, up to a subsequence, (v,), converges to v, weakly in H'(0, T), and uniformly in [0, T].
Then, A/ (v) = 1. We then see from the equation that the convergence is indeed strong in C'([0, T]),
and v satisfies

Jv =VH(®W).

It is known that all solutions to this system are of the form p¢(t + ), for some p >0 and w € [0, %].

Since AV (¢) =1, it has to be v(t) = ¢(t + wy), for some wyg € [0, %]. Let us switch to the generalized
polar coordinates

_ _ PO
un(t) = oM@ (t + (), valt) = N @(t + wn(0)). (32)
From the above discussion, it will be that
on®) > 400, PO 1 = wo (33)
' N (un) ' '

uniformly in t. Computing Juj, from (32), the differential equation becomes
Pﬁ]fp(f + wn) + pn(l + a);l)]@/(t +wp) = VH(pn(P(t + (Un)) + T(t, Pn(t + wn))
A scalar product with ¢(t + wy) yields

1
§ = p—(r(t, Pn@(t + wn)), P(t + wn)).

n

)

Hence, since we are assuming by contradiction that u,(T) = Apun(0), and, for n large enough, v, and
¢ perform the same number of rotations around the origin in the time T,

T
1
0=0wn(T) —wn(0) = / —/0 O <r(t, ,On(t)(ﬂ(t + a)n(t)))7 (,0([’ + wn (t)))dt
0
Consequently,
i N
0= / p(?tn)) (r(t. oaO@(t + @n()). @(t + wn (D)) dr.
0

Using Fatou’s Lemma and the limits in (33), we have that
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T
0>/limian(
5 n Pn

?") (r(t, on (@ (t + wa (D)), @(t + wn (D)) dt

t)

T
> / liminflr(t, pa(D@(t + wn (D)), ¢ (t + wn(D))dt
0
T

2/ Liiningg(r(t, Pt +w)), p(t + w))dt,
0 w—wq

in contradiction with the hypothesis. O

Clearly, the same type of result holds if the Hamiltonian function is negative or if, instead of (31),
we assume the symmetrical condition

T

f limsup(r(t, p@(t + w)), p(t + w))dt <0, for every wg € [0, T].
p—>+00
0 w—wg

Assumptions like (31) and the above have been introduced in [9], where the double resonance case is
also treated.
As a particular case of Eq. (29), we now consider the system

{_y/zwﬁ — VX~ +r1(t, %),

, (34)
X=y+nty),

where w,v are positive constants and rq,72 : R x R — R are bounded continuous functions, T-
periodic in their first variable. We assume that there is a positive integer N such that

4 T[_T

N AN

As a direct consequence of Theorem 3.8, we have the following, where the classical Landesman-Lazer
condition can easily be recognized (see, e.g. [6]).

Corollary 3.9. In the above setting, assume that, for every nonzero solution ¢ (t) of the scalar equation ¢" +
ot —vp~ =0, we have

/L@lgrl(t,x)qb(t)dt—i- / limsupry(t, x)¢ (t)dt

X—>—00

{¢>0} (<0}

+ / liminfry(t, y)¢'(t) dt + / limsupry(t, y)¢'(t)dt > 0.
y—+o0 y——00
{¢'>0} {¢’ <0}

Then, system (34) has a T -periodic solution.
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3.3. One-sided superlinear growth

In this subsection, we consider a special case of Eq. (20), i.e., a Hamiltonian system of the type

{—y =g1(t,X), (35)

X =gt y),

where g1, g2 : R x R — R are continuous, and T-periodic in their first variable. Notice that, here,

g(t,x,y) = (g1(t. %), g2(t. ).

We assume that, for i, j € {1, 2}, there are some ; j, v; j € 10, +-00] such that

t, . tv
w1 < limiinf £ < limsup y < M2, (36)

X—=>+00 X X— 400

t, . t,
Vi1 < liminfM < limsup y <12, (37)

X—>—00 X X—> —00

t, . t,
2,1 < liminfM < limsup £(L.y) < M2.2, (38)
y—otoo Yy y—>+oo y

t, . t,
V2,1 < liminf & y) < limsup M <22. (39)
y—>—00 y y—>—00 y

With the usual convention that J%O =0, let

b 1 1 1 1
Tj= —( + + + ) (40)
2\ Mz VM2 J/V1jV2) P V2j
for j e {1,2}.

Theorem 3.10. Assume that all the constants in (36)-(39) are finite, and
T
[T2, 711N N:NGNO =0. (41)

Then, system (35) has a T-periodic solution. The same is true if one of the constants (1,2, V1,2, 42,2, V2,2 iS
equal to oo, all the others being finite.

Proof. In the case where all the constants in (36)-(39) are finite, we will apply Corollary 2.10. Con-
dition (H5) holds, since the nonlinearities have an at most linear growth. Modifying slightly the
constants in (36)-(39), without affecting (41), we can assume without loss of generality that there
is an R > 0 such that, for every t € [0, T],

g1(t,x)

XZR = i1 <— <12,
1(t,%)

X<—R = v1< & < V12,
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2(t,y)

YR = i<t yy <2
t,

y<-R = w<B2E0

Moreover, we have the existence of a constant C > 0 such that

XISR = |gi(t.0x|<C,

lyI<SR = |gt yy|<C.
Consequently, if (x, ¥) # (0, 0), in the four different quadrants we have that:

(I) If x>0 and y >0, then

p1aX° + p21y? = 2C < (g(t. %, ), (%, ¥)) < pu1.2%* + pa2y® +2C.

(IN If x<0and y >0, then

V11X 4 p2,1y? — 2C < (gt X, y), (%, ¥)) < v1.2%° + pa2y® +2C.

(I If x<0 and y <0, then

V11X +v21y% = 2C < (gt %, ¥), (X, y)) < V1,28 + v22y° +2C.

(IV) If x>0 and y <0, then

p11X%° 4+ v21y% = 2C < (g(t. %, ¥). (X, ) < 1.2X* + v22y +2C.

The left-hand side inequalities imply that (H4) holds, with

1 .
n=3 min{uq,1, V1,1, 42,1, V2,1}-

In order to verify (H6), we take a compact subset

K g Sl \ {eo’eiﬂ/z’ein’ei3n/2}.

Without loss of generality, we can assume it to be of the form K = {e!?: # € K}, with

T T 3 3
K= a,E—a Ul—4+ao,7m—-a|U|m+a, ——a|U 7+a,2n—o¢,

2 2

for some « €10, Z[. We define

2 2 ;
M1,1€08°0 + ppgsin“6, if6 €10, 3,

» vi,100820 + papgsin®e, i e 1%, [,
v1(e’) =

vi,1c0s20 + vy qsin®0,  if6 e m, 32X,

K11 €080 + vy 1sin®0, if6 €13, 2m],

1387

(42)

(43)
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and

2 -2 .
M1,2€08°0 + pp2sin“6, if6 €10, [,
s(e?) = V1200820 + pp2sin?6, if6 e]Z, ],

Vi2c0s20 + vy osin®6,  if6 elm, 3L,

R1.2¢€0820 + 1o 5sin?0,  if0 €13, 27|
Condition (41) then implies that (H6) holds (see [11] for the computations). Corollary 2.10 can thus
be applied, and the proof is completed in this case.
Assume now, for instance, that vy = +00, all the other constants being finite. In this case, we

will apply Corollary 2.9. Indeed, condition (H4) still holds, since it follows from the left-hand side
estimates above. Condition (H6) can also be proved similarly as above. In this case, we will have that

) T 3
¥2(e") = +oo, foreveryd e]i,n[u]n, 7[

We now need to verify (H1), showing that an admissible clockwise rotating regular spiral exists.
Using (37), it is possible to construct two continuous functions hq, hy : ]—00, —R] — R such that

hi(x) < g1(t,x) <hy(x) <0, foreveryx< —R,

and whose primitive functions Hi, Hy satisfy
lim Hi(x) = lim Hy(x) = +oo.
X——00 X—>—00
In order to construct the admissible regular spiral we consider four different regions in the plane:

E=[-R, +oo[ x R,
SW = ]—o00, —R] x ]—00, —R],
W =]—o0, —R] x [—R, R],
NW = ]—o00, —R] x [R, +o0I.
The regular spiral will be constructed by gluing together pieces of curves belonging to each of these
regions. Concerning the region E, we easily construct the curve y like in the proof of Proposition 2.5

(or like a logarithmic spiral, see Remark 2.6).
In the region SW, the regular spiral is built as a level curve of the Hamiltonian function

1
Hsw(x, y) = Evz,z)’2 + Ha(x).
For a solution of (35) which intersects a level curve in this region, at a time t, we have
d
—Hsw (x(t), y(£)) = —v2,2y ()1 (. X(1)) + h2(x(D) g2 (¢, y (1))

dt
<22y () (h2(x(t)) — g1 (¢, x(®))) <O,

so that (7) holds.
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In the region W, we build the curve as a straight line with a negative slope —m, with m >0
sufficiently small. Let C > 0 be such that

|g2t,y)| < C, ifte[0,T]and|y| <R.

Being x < —R, |y| <R, and since y has the direction of (—1, m), using (42) and (43) we have

—g1(t,X) +mga(t,y) > v11R—mC > 0,

provided that m < va/ﬁ. Hence, (7) holds in this region.
In the region NW, the regular spiral is built as a level curve of the Hamiltonian function

1
Haw(x, y) = 5#2,13’2 + H1(%).

For a solution of (35) which intersects a level curve in this region, at a time t, we have

d
EHNW(X(U» y(©) =—p2,1y®g1(t, x(®) +hi (x(D) g2(t, y(©))

< 2,1y (hi(x() — g1(t, x(1))) <O,

so that (7) holds.

In order to be sure that the curve grows towards infinity, we will be careful in choosing, in the
region W, the slope m small enough, so that at every turn the curve gets larger and larger. In this
way, (H1) is verified, and Corollary 2.9 applies, so that the proof is completed. O

Theorem 3.10 partially generalizes the existence results obtained in [5,7] for the scalar equation (2),
for which 21 = 22 =v21 =122 = 1. Indeed, the conditions in [7] were more subtle, involving
some integrals over t. For briefness, we prefer not entering in these details.

Let us state the following corollary, where vi = +oc and vy,1 can be chosen to be arbitrarily
large.

Corollary 3.11. Assume that

t
lim g1(t, x) — oo,

X—>—00 X
and that (36), (38) and (39) hold. If there is a positive integer N such that

2T 1 1 1 1 2T
< + < + < T
(N+Drm  J/i2M22  JH12V22  JH1i1M21 J/Hi1v21 Nw

then system (35) has a T -periodic solution.

Remark 3.12. We may repeat the arguments in this subsection for a more general system like

{ -y =g1t,x) + By +r1(t,x. y),
X =Bx+ga(t,y) +1a2(t, X, y),

where g is such that

2 .
BT <min{p1, 12,1, H1,1V2,1, V1,1 42,1, V1,1V2,1},
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and rq, 1 are two continuous functions, T-periodic in their first variable, such that

. ri(t, Acosf, rsinf)
lim =
A—>~400 A

0, ief{1,2},

uniformly for ¢ € [0, T] and 6 € [0, 27]. In this case, the definition of 7; in (40) should be changed,
taking into account the presence of the new constant 8. We will have
T =¥ (U1,j, m2,j, =1 + ¥ (U1,j, V2,5, +1D) + ¥ (v j, V25, — 1) + ¥ (v j, n2 j, +1),

for j €{1,2}, where

V(,6,k) =

Tl (=)
——| — +karctan| ——— ) |.
16— p2L2 £16 — 2
We refer to [11] for the corresponding computations.

3.4. Nonlinearities with a singularity

As already mentioned in the Introduction, we can adapt our results to the case where f:R x
A — R?, where A is, e.g., a star-shaped subset of R2. In this case, instead of (4), the regular spiral
y(s) will accordingly be asked to exit any given compact subset in .4, when s is sufficiently large.
Even more general subsets A could be considered, of course, but we will not enter into details.
We just illustrate below a case when A is the right half-plane.

Let g1 :R x ]0,+00o[ — R and gz : R x R — R be continuous, and T-periodic with respect to their
first variable.

Corollary 3.13. Assume that there are a constant § > 0 and a continuous function g1 : 10, [ — R such that

g1(t,x) < g1(x), foreveryte[0,T]andx €10, 4],
and

8

lim g1(x) = —o0, /§1 (x)dx = —o0.
x—0t
0

If moreover (36), (38) and (39) hold, and there is a positive integer N such that

2T 1 1 1 1 2T
< + < + <—,
(N+Drm /1222  JH12V22  JH1,1M21 J/M11V21  Nm

then system (35) has a T-periodic solution.

Proof. We apply our general theorem, adapted to this situation. The construction of the admissible
curve follows closely the one provided in [8, Section 3], gluing together level lines of the appropriate
Hamiltonian functions, as in the proof of Theorem 3.10, and straight lines having a sufficiently small
slope. Concerning the estimates of the time needed for a large amplitude solution to make a rotation
around, say, the point (1, 0), we refer to [8, Section 4]. O

The above corollary generalizes the existence results obtained in [4] and [8] for the scalar equa-
tion (2), for which up 1 =p22=v21=1v22=1.
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