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Abstract. We prove a multiplicity result of periodic solutions for a system
of second order differential equations having asymmetric nonlinearities.
The proof is based on a recent generalization of the Poincaré—Birkhoff
fixed point theorem provided by Fonda and Urena.

Mathematics Subject Classification. 34C25.

Keywords. Periodic solutions, Poincaré—Birkhoff theorem, Multiplicity
results, Asymmetric nonlinearities, Systems of ODEs.

1. Introduction and main result

In this paper we study periodic solutions of a weakly coupled parametrized
system of second order differential equations.

The study of existence of periodic solutions for scalar second order d-
ifferential equations presents a wide literature: we refer to the survey by
Mawhin [24] and the references therein for an overview on this topic. In partic-
ular, we focus our attention on the classical result of Lazer and McKenna [23]
dated 1987 and its generalizations due to Del Pino et al. [6] in 1992 and Fonda
and Ghirardelli [9] in 2010. We also refer to [3,10,17,27] for related results
and to [28,30] and references therein for a comprehensive introduction to this
topic.

Let us quote here, for the reader’s convenience [6, Theorem 1.2].

Theorem 1.1. (Del Pino et al. [6]) Consider the differential equation u” +
g(u) = s(1 + h(t)), where g : R — R is of class C*, h: R — R is continuous
and 2m-periodic and s is a real parameter. Assume the existence of the limits
v=lim,__ ¢ (z) and p =lim,_., ¢'(x) satisfying

(k-1 <v<k?<m?<p<(m+1)? (1)
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for some positive integers k and m. Moreover v and v are such that

Vi

v
X = 2——— s not an integer. (2)
NTERG
Denote by n the integer part of x. Then, there exist two positive constants
ho and so such that if ||h||ee < ho and |s| > so then the equation has at least
2(m—n)+1 solutions for positive s, and 2(n—k+1)+1 solutions for negative s.

In this paper we are interested in possible extensions of this multiplicity
result to the case of a system of differential equations: we have in mind in
particular the physical model of coupled oscillators, see e.g. [1,2,4,22,25,26,29]
and references therein. In our main result, Theorem 1.3 below, we prove the
existence of “many” periodic solutions if some non-resonance hypotheses hold.
In the trivial case of a system consisting of a unique equation we will recover
Theorem 1.1 and its generalization due to Fonda and Ghirardelli [9, Theorem 2]
for continuous nonlinearities. More in detail, we investigate periodic solutions
of systems in RN of the type

o +gi(t,x1, ..., zN) = swi(t),
) + go(t, 1, ..., xN) = swa(t),

(S)
2+ gn(t,ze, ... an) = swn(t),

where g : R x RY — RN and w : R — R" are continuous functions and s is
a real parameter. Such functions are T-periodic in the time variable. In the
following we will denote by z € RY the vector x = (z1,...,7x).

In the proof of our main result, we apply the higher dimensional Poincaré—
Birkhoff theorem proved by Fonda and Urena in [18]. In [19] a simplified version
of such a theorem is presented for smooth functions, see also [11]. Recently,
some applications of the results of Fonda and Urena to systems of ordinary
differential equations have been presented in [8,15,16].

We underline that the main results of [18] have been obtained without
assuming the uniqueness of solutions to the Cauchy problems. For this reason
we can drop Lipschitz regularity assumptions on the function g, which we will
assume to be merely continuous. A more general framework can be treated
introducing Carathéodory type of regularity, cf. Remark 1.7 below.

We collect here for convenience all the assumptions of Theorem 1.3. At
first, notice that Poincaré-Birkhoff theorem applies for area-preserving maps,
so that we ask a Hamiltonian structure for system (S). Hence, we assume the
following.

(HO) There is a continuous function H : R x RY — R, continuously differen-
tiable in x, satisfying

for every index 1.



The previous assumption permits to rewrite system (S) as

2 + V H(t,x) = sw(t). (S)
In addition, we assume that the following set of hypotheses holds for every
index i = 1,...,N. Here and in the sequel, given z € RY we denote by &’
the vector (z1,...,%i_1,%it1,...,2n) € RV™1 obtained removing the i-th

component.

(H1%) There are positive numbers v, v4 such that
. (¢ (t .
vy < liminf M < limsupM <
Ti—=00 T4 zi——o0 Ly
uniformly for every ¢ € [0,T] and &' € RV ~1.
(H2%) There is a function a;(t) such that
(T
T LG

T;—+00 x;

uniformly for every ¢ € [0, 7] and &' € RV~
(H3?%) There are positive numbers p}, 4 and an integer m; > 0 such that,
for every t € [0,T],

<27;’j“)2<u§§ai(t)ﬁué< (W)Q ®)

Moreover, the only solution of the scalar differential equation

(" +ai(t)¢ = wi(t),
¢(0) =¢(T), ¢'(0)=¢(T)

(4)

is strictly positive.

(H4%) There is an integer n; > 0 such that
T<7r+7r<7r+7r<T (5)

R/ N7 RN T

Notice that, by convention, we set % =00 in (5).

Remark 1.2. Assumptions (H1%) and (H2?) are fulfilled if g;(¢,2) = g;(t, z;) +
pi(t,z) where g; satisfies the inequalities in (H1%) and (H2?), and p; is any
bounded function. Assumption (H3%) holds if a;(t) = a; € R satisfies (3) and
1Ui(t) ~ 1.

The assumptions in (3) and (5) are known as non-resonance conditions.
In particular assumption (3), which is related to (1) in Theorem 1.1, is the
typical non-resonance condition for the Hill’s equation z” + a;(t)z = e(t)
and (5), which is related to (2) in Theorem 1.1, is the typical non-resonance
condition for asymmetric nonlinearities. It is well-known that a scalar second
order differential equation with a nonlinearity satisfying this type of conditions
admits at least one periodic solution and the results date back to the pioneering
works by Dolph [5], Dancer [7] and Fuéik [20,21]. See [13,24] for details. An
extension to weakly coupled systems has been recently provided by Fonda and



the second author in [14]. We will need [14, Theorem 2.4] in order to prove the
following theorem, which is our main result:

Theorem 1.3. Assume the validity of (HO) and (H1")—(H4%), for every index
i = 1,...,N. Then, there exists so > 0 such that, for every s > sq, the
Hamiltonian system (S) has at least

N
L4 (N + 1) ] lmi = naf (6)

i=1

periodic solutions.

We state here our result only for positive s for clarity. Let us stress that a
corresponding result for negative value of s can be achieved adding two condi-
tions analogous to (H2%)—(H3") concerning the behavior of g at —co. Moreover
we can consider different parameters sp,...,sy in each component. We will
explain briefly such possibilities in Sect. 4, see in particular Theorem 4.1.

Let us now sketch the structure of the proof of Theorem 1.3. We first
prove, for large values of the parameter s, the existence of a pivot solution.
A crucial property of such a solution is that all its components are positive.
Then by a change of coordinates we find a system equivalent to (S) having
a twist-structure. This allows us to apply the higher dimensional Poincaré—
Birkhoff theorem. In particular we find other periodic solutions by estimating
the rotation number of the components of every solution to (S), when such
components have either large amplitude or are near the components of the pivot
solution. Unfortunately, such a procedure does not allow us to give additional
informations on nodal properties of these solutions.

Remark 1.4. Notice that, in the scalar case N = 1, Theorem 1.3 leads to the
existence of 1 + 2|m; — nq| periodic solutions, cf. [9, Theorem 2].

Remark 1.5. In [18], for Hamiltonian system (S’) in R?Y, the higher dimen-
sional Poincaré—Birkhoff theorem gives a better result when the Hamiltonian
function H is twice continuously differentiable with respect to = and the T-
periodic solutions are known to be non-degenerate a priori: in this case we
find at least 2V (instead of N + 1) T-periodic solutions. Such a condition is
not easy to be verified in general; by the way, adding such an assumption we

would find 14 [QN vazl | — nz|] T-periodic solutions.

Remark 1.6. In [10, Theorem 1.1] the corresponding result of [9, Theorem 2]
for general Hamiltonian systems in the plane is provided. Following [10] one
can generalize Theorem 1.3 to a Hamiltonian system in R?Y = (R?)¥ studying
the behavior of the solutions in every planar component. We do not enter in
details to avoid technicalities.

We conclude with the following remark on the possibility of treating
Carathéodory functions in (S).



Remark 1.7. In the applications, nonlinearities which are discontinuous in
time are sometimes treated. We wish to underline that our main result ap-
plies also for nonlinearities having a L"-Carathéodory regularity (with r > 1).
In fact, the higher dimensional Poincaré-Birkhoff theorem can be applied also
in this setting, cf. [18, Section 8].

The paper is organized as follows: in Sect. 2 we introduce some prelimi-
nary lemmas which are necessary in order to prove our main result in Sect. 3.
Then in Sect. 4 we present some possible variants and improvements of our
main theorem with some examples.

2. Some preliminary lemmas

In this section we provide some preliminary lemmas needed to prove our main
theorem. We follow the main ideas of [9] and sometimes we will take advantage
of some computations just proved there. We will always implicitly assume the
hypotheses of Theorem 1.3 to be satisfied.

The following lemma is a direct consequence of (H3") and follows easily
by the continuation principle. We omit the proof referring to [30, Theorem 2.1]
or [9, Lemma 1] for details.

Lemma 2.1. There are three positive constants €y, ¢y and Cy such that, for
every index t € {1,...,N}, if n,v : [0,T] — R satisfy |n]lec < €0 and ||y —
ailloo < €0, then the scalar linear problem
¢+ (0)C = wilh) + (), .
¢(0) =¢(T), ¢'(0)=¢(T)
has a unique solution ¢ such that co < ((t) < Cy for every t € [0,T].

From now on, we will assume without loss of generality that, for all the
indexes 1,

T - us n s < s + s - T
nitl " \uhbteo Vibteo  Vil—eo Vri-eo i
2Tm; 2 i ; 2m(m; + 1) 2
— | <pl—eo<psteo< | —m=) .
< T > H 0= M3+ €0 T
and vi — g > 0 hold, where ¢ is given by Lemma 2.1.
Remark 2.2. Let ¢y be as above. Each component ¢g;, i = 1,..., N, can be

written as follows, cf. [9, Lemma 2]:
gi(t,x) = ai(t, x)x — bi(t, x)x; +ri(t, ),

where @,b,7 : [0,T] x RY — R¥ are continuous functions such that, for every
tc[0,T],allz € RN andi=1,...,N,

a;i(t) —eo < ai(t,x) < a;(t) + eo,
vi(t) — o < bilt,x) < wa(t) +eo
and there is 7 € R such that |r;(¢,z)] < 7.



Following [9], we introduce in (S) the variable z = (z1,...,2n) as z = /s
thus obtaining the equivalent system

ita .
i CL. B S S T
S

- (8)
z(0) = 2(T), Z'(0)=2/(T).

Lemma 2.3. There is a § > 1 such that, for every s > 3, problem (8) has
a solution z = z(s,-) whose components satisfy co < z;(s,t) < Cy for every
t€]0,T] andi € {1,...,N}, where ¢y, Cy are the positive constants given by
Lemma 2.1.

Proof. By Remark 2.2, we can write the differential equations in system (8)
as
7 tv .
2+ ai(t, s2)2 — bi(t,s2)27 = wi(t) — ril sz)7 i=1,...,N. 9)
s

In particular, if z : R — R satisfies z; > 0 for every 4, then it solves (9) if
and only if it solves
. t’ .
Z:/‘f‘dl(t,SZ)ZZ:wz(t)_Ma 221,7N (10)
s
Notice that the inequalities

2 2
<2wmi> < ph =g, <agt,sz) < ph+eg < (27T(m1+1)) (11)
T T
hold for every t € [0,T], all s > 1, 2 € RN and i € {1,...,N}.

The non-resonance condition (11) permits us to apply successfully [14,
Theorem 2.4] (cf. [14, Corollary 5.1]) yielding to the existence of a T-periodic
solution z = z(s, -) for system (10) for any s > 1.

We show now that, for s sufficiently large, such a periodic solution z(s, )
must have positive components. In particular z(s,-) solves (8), in view of the
above equivalence.

We fix a component i € {1,..., N} and put ¢ = z;(s,-). Then, ¢ solves
the scalar linear equation

(t,52(5,0))

¢+ alt, s2(s,0))C = wi(t) — 2 : (12)

Let 5 = 7/gg, then setting v = @;(-, s2(s,-)) and n = L1r;(-,s2(s,-)) we have
I7 — aillo < €0 and ||n||1 < eg, for every s > 5. Applying Lemma 2.1, for
s > 5, the scalar equation (12) has a unique T-periodic solution ¢, which is
positive. Thus, z;(s,-) is positive, and the assertion follows. ]

In the previous lemma we have proved the existence of the pivot solution
z = z(s,-) which, in turn, gives the previously mentioned pivot solution z =
x(s,-) = sz(s,-) of system (S). Observe that x(s,-) is also positive in every
component. We now introduce the variable y = (y1,...,yn) as y = z — 2(s, -).
We obtain the system

{941‘5‘91(5,75’9):0, i:17"'7N7

y(0) = y(T), ' (0)=y'(T), (13)



where, for every index ¢,

ot = 80 00D~ 52(5,1) )

In this way, the pivot solution corresponds to the trivial solution y = 0 of (13).

Lemma 2.4. Fori € {1,...,N}, the limit
lim gi(s,t,y) = a;(t)y;
s— 400
exists uniformly for every t € [0,T] and y € RN with |y;| < %CO,

Proof. Fixi € {1,...,N}. Being cq < z(s,t) < Cp, by (H2%), we can find for
every € > 0 the following estimate for s sufficiently large

gi(t> S(y + Z(S’t)» — gi(t, 52(s,1))

19i(s,t,y) — ai(t)y:| = —a;i(t)y;

s
it s(y+2(s,1)))—a;(t) s(y; + zi(s, ¢
|t sy, 0) ) sty ()L
s(yi + zi(s, 1))
gi(t, sz(s,t)) — a;(t) szi(s,t)
. . t
+ SZi(S,t) |ZZ(S7 )l
< 6(60/2 + Cp) + €Cy,
for every t € [0,7] and y € RY with |y;| < 4co. The assertion follows. O

Forie {1,...,N} we set
ai(s,t,y) = ai(t, s(y + 2(s, 1)), bi(s, t,y) = bi(t, s(y + 2(s,1))),
and we define
ri(s,t,y) = gi(s,t,y) — ails, t,y)y + bi(s, 6, y)y; -

As a straightforward consequence of Remark 2.2 we have

ai(t) —eo < ai(s,t,y) < ai(t) + e, vi—eo <bi(s,t,y) <vi+eo (15)
for every t € [0,7], all y € RY and every index i. We can find also an upper
bound on (s, -, +):

(s ty)| = lai(s, ) [(yi + 2i(s, )T =] = bils, £, ) (i + 2i(5,8)) ™ —y; ]
—a;(t,sz(s,t))zi(s,t) + %[ri(t, sy + 2(s, 1)) — ri(t, s2(s,1))]]

< (i + 260)Co + (vi + 260)Co + (i + 260)Co + 27 < C,
independently of s > 1, for every ¢ € [0,7],ally € RY and i € {1,...,N} for
a suitable C' € R. In particular, for s > 1 we have, for every index 1,

13:(s,t.9)lloo < Cliylloo + C, (16)

for every t € [0,7] and all y € RN, where C' = max;—1,__n{ub,vi} + 0.
Let us consider, for every (a, 3) € R?Y | the Cauchy problem

{y;l+§1(87tay)207 i:17"'7N7

y(0) =a, y(0) = 7. a7



Observe in particular that, by (16), all the solutions of (17) are globally
defined, even if the uniqueness of the solutions is not guaranteed. Given a
solution of (17) such that, for some 4, we have (y;(t), y.(t)) # (0,0) for every
t € [0,T], we can introduce polar coordinates in the i-th component

(i(1), yi(£)) = pi(t)(cos 0;(t), sin 0;(t)),
thus obtaining the following equations for the radial and angular velocities of
the i-th component

ph = picosB;sin; — g;(s,t, p; cosb;, ") sin b;,

—0) = Gi(s,t, p;i cos 0;,9") cos 0;/ p; + sin? 6. (18)

Lemma 2.5. [t is possible to find §, R1, s, with 0 < § < Ry < %co and sg > 8,
where ¢y and § are given by Lemma 2.3, with the following property: for every
s > 89, if y is a solution of (17), with (o, ) € R*N satisfying o? + 2 = R?
for a certain index i, then one has § < p;(t) < ico for every t € [0,T].

Proof. Set Ry = %co e~ (Itllallee)T %co, 0= %Rle_(l‘*”a”w)T and € < Ry/T.
Consider (,3) as in the statement. Suppose that there exists ¢ € [0, 7] such
that p;(f) = 1co and p;(t) < e for every ¢ € [0,%). By Lemma 2.4 we can
find s > 5 such that |g;(s,t,y) — a;(t)y;| < € for every s > s., t € [0,T]
and y € RY with |y;| < cp. By (18) we find [p}| < (1 + ||alls)pi + € so
that by a Gronwall argument we have p;(t) < (Ry + et Je(!*Hllell=)t thus giving
pi(f) < 2R et tlalle)T < %co. We get a contradiction. Arguing similarly as
above we can also prove that p;(t) > § for every t € [0,T]. O

As a consequence of the previous lemma, it follows that all the solutions
of (17), such that a? + 32 > R? for every index 4, can be parametrized in polar
coordinates (p;, 6;) in every component. For such solutions it will be crucial to
estimate the rotation number of the i-th component.

Let us recall that, given a solution y to (17) such that, for some i, we
have (y;(¢), y;(t)) # (0,0) for every t € [0,T], the rotation number of its i-th
component y; is given by
0:(T) — 0:(0)

27 '

We now provide some estimates on the rotation number. Let (a, 3) € R?Y
be such that a? + 32 = R? for a certain index i. Then, for every s > so Lemma
2.5 above guarantees that the solution y® to (17) can be expressed in polar
coordinates (pf, 67) in the i-th component. By Lemma 2.4, using the estimate
of the angular velocity in (18), we have

lim 03(t) = 9, (t),

roti(y) = —

where 0; satisfies —19(t) = a;(t) cos® 9;(t) + sin® 9;(t) and 9;(0) = 63(0). By a
standard non-resonance argument, assumption (H3%) provides (cf. e.g. [7,9,12—
14] and the references therein)

0(T') — 9:(0)

27



thus giving m; < rot’(y®) < m; + 1 for s sufficiently large. We have thus
proved, enlarging sq if necessary, the following.

Lemma 2.6. For every s > sg, any solution to the Cauchy problem (17) asso-
ciated to an initial datum (o, B) such that o2 + B2 = R? for a certain index i,
satisfies m; < rot'(y) < m; + 1.

Arguing similarly as in the proof of Lemma 2.5 we can prove the following.

Lemma 2.7. For every x > 0 there exists R, > x with the following property:
every solution of (17) with s > 1 and (o, 3) such that o? + 32 = Ry, for a
certain index i, satisfies p;(t) > x, for every t € [0,T).

Proof. The proof is similar to the one of Lemma 2.5. In this case, by (16), we
get the estimate |p}| < (14 C)p; + C, then again by a Gronwall argument the
proof easily follows. O

Now, by a standard non-resonance argument, we can prove that there
exists xo > 0 large enough to guarantee that every solution to (17), such that
pi(t) > xo for every t € [0, 7] and a certain index i, satisfies n; < rot’(y) <

In fact, if we fix an index 4, by (18) we have —0] = ©,(s, t, p;, 6;,7;) with

@Z‘(S,t, 97?97371)
= (di(s,t,v)(cos 9)T — bi(s,t,v)(cos )™ + W) cos ¥ + sin® 4,

where §; = (Y1, -+, Yim1,Yit1s - YN)
and v = (y1,..-,Yi—1,0C08 Y, Yit1, -, YN)-
Following, for example, the main ideas of the proof of [14, Theorem 4.1] (see
also [13, Theorem 3.10], or [9] for an alternative proof) we define
(1% —€)cos? I +sin*9 9 € [-7/2,7/2],
Yirl0) = {(V} —€)cos? ¥ +sin® 9 9 € [r/2,31/2],

ia(0) = (b + €) cos® ¥ + sin?9 0 € [—n/2,7/2],
T (Wi 4 €)cos? 0 +sin2 0 0 € [r/2,3m/2).

By (15), we have
wi,l(ﬁ) S lim inf @i(S, t7 o, 197 gz) S lim sup 91(87 ta 0, 197 gl) S 1/}722(19)7
0—00

00— 00
uniformly in t € [0,T], s > 1, 5 € RV~ Then, by a simple computation
we get, by (H4%), n; < rot'(y) < n; + 1 if p;(t) > xo for every t € [0,7],
with xo large enough. As an immediate consequence, setting Ry = R,, given
by Lemma 2.7, we have the following lemma.

Lemma 2.8. For every s > 1, there exists Ry > 0 such that all the solutions to
the Cauchy problem (17) associated to the initial data (o, ) with o2+ (3 = R3
for a certain index i, satisfy n; < rot'(y) < n; + 1.



3. Proof of the main result

The proof of Theorem 1.3 follows from the application of Theorem 3.1 below.
This is a simplified version of a higher dimensional version of the Poincaré—
Birkhoff theorem, recently obtained by Fonda and Urena. We refer in particular
to [18, Theorem 1.2].

Let Ry > R; > 0 be given. We denote by Q = (ERQ\BRI)N the N-
annulus in R?Y | where B, is the ball in R? of radius r, centered at the origin.

Theorem 3.1. Assume that every solution y of the Cauchy problem (17), de-
parting from («, 3) € 09, is defined on [0, T] and, using its polar coordinates,
satisfies

pi(t) >0, foreveryte[0,T] andi=1,...,N. (19)

Assume moreover that there are positive integers ly, . ..,In such that, for each
index 1,

rot*(y) < I; if p;(0) = Ry, and rot'(y) > l; if pi(0) = Rs. (20)

Then, the problem (13)lhas at least N + 1 distinct T-periodic solutions y, with
y(0) € Q, such that rot*(y) = ;, for everyi=1,...,N.

Proof of Theorem 1.3. If m; = n; for a certain index ¢ then Theorem 1.3
easily follows: the pivot solution is the only required solution, cf. (6). Hence,
we suppose m; # n; for every index 4. In order to prove the existence of the
required number of solutions, we apply many times Theorem 3.1 by choosing
different values of ly,...,Iy satisfying (20). For every s > sy, Lemma 2.5
ensures the validity of the non-vanishing condition (19), while Lemmas 2.6
and 2.8 give the validity of (20) in the following way: we can choose for every
index ¢ an integer I; € L; = {m; +1,...,n;} if m; < m;, or l; € L; =
{ni +1,...,m;} if m; > n;, where m; and n; are provided respectively by
(H3%) and (H4%). The number of possible choices of the values ly,...,[y is
given by the number of elements of L = L1 x - -- X Ly which is vazl |m; —n;).
Hence, we can apply Theorem 3.1 for every element (I1,...,Ily) € L, so that we
obtain (N + 1) Hf\;l |m; — n;| periodic solutions, which, together to the pivot
solution, provide the required number of periodic solutions (6). Theorem 1.3
is thus proved. O

4. Further results and applications

Following [6,9] we introduce the change of coordinates &; = —x;, thus obtain-
ing the following assumptions specular to (H1?)—(H4%):
(J1%) There are positive numbers i, b such that

, (t (t ,
w1y < liminf M < limsupM < us

Ti—~too X ri—+oo i

uniformly for every ¢ € [0,T] and ' € RN~1,

10



(J2%) There is a function b;(¢) such that

lim < = b(t)

T;——00 X

uniformly for every ¢ € [0,T] and ' € RN~1,
(J3") There are positive numbers v}, v} and an integer m,; > 0 such that,
for every t € [0, T,

(QWTW)Q <Vl <bi(t) <vh < <27r(mT+1))2 (21)

Moreover, the only solution of the scalar differential equation

C” +b; (t)C = W (t)v (22)
¢(0) =¢(T), ¢'(0)=¢(T)
is strictly positive.
(J4%) There is an integer n; > 0 such that
T s s T T T (23)

= + = < = + = < —.
N A A T T

Replacing assumptions (H1?)—(H4%) with (J1?)—(J4%) in Theorem 1.3 we
obtain a multiplicity result of periodic solutions for negative values of the
parameter s.

Moreover, we stress that the proofs of the lemmas in Sect. 2 work by
components so that the statements of such lemmas can be relaxed: e.g., in
Lemma 2.3 we can find positive §1, So,..., 8y such that the conclusion follows
for every si, so,...,sy satisfying s; > §; for every ¢. Similarly, instead of the
values 0, Ry, sg introduced in Lemma 2.5 one can find for every index i different
values 0%, R}, si. Again a similar remark is valid for Lemma 2.7. Consequently,
it is possible to apply a slightly more general version of Theorem 3.1, that
is the higher dimensional Poincaré-Birkhoff theorem on N-annuli of the type
Hﬁvzl(ER% \Bp: ). We have chosen to not enter in such details in the previous
sections for the clarity of the proofs. We observe that, for a general nonlinearity,
it might be difficult to evaluate all these constants: we can only guarantee their
existence.

Taking into account all the previous remarks we can state a slightly more
general version of our main theorem, which can be proved along the line of
Theorem 1.3.

Theorem 4.1. Assume (HO) and, for every index i = 1,...,N, suppose that
either conditions (H1%)—(H4%) or (J1%)—(J4%) hold. Then, there exists so =
(sh,...,sd) € RN with sy > 0 for every index i, such that for every s =

(st,...,sN) € RN, satisfying either s > s} if we have supposed (H17)—(H47)
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or s7 < —s if we have supposed (J19)~(J47), the Hamiltonian system

2+ g1t x1,...,on) = syw(t),
x4+ ga(t, x1,. .., xN) = s2wa(t),

? ) (24)
2 +gn(t,zr,...,xn) = sywn(t),

has at least

1+

N
(N+1) [ Imi m]

i=1

periodic solutions.

Observe that, in this framework, the pivot solution is positive for those
components satisfying (H17)—(H47), negative if (J17)~(J47) holds for them.

Finally, we can also consider nonlinearities satisfying both (J1%)—(J4?)
and (H1%)—(H4%), with different constants m; and n;, thus permitting us to
apply many times Theorem 4.1. Let us give an example of application.

Example 4.2. Consider the 2m-periodic system

oy +20z] — 20027 + cos(t + 1 + x2) = 51,
x4+ 50@' — 500z, + cos(t + x1 + z2) = so.

Notice that the system is already written in the form given by Remark 2.2.
Let us show the existence of sg > 0 such that there exist at least

19 2m-periodicsolutions for s; > sgand s; > sg,

73 2m-periodicsolutions for s; > sg and s < —s9,
73 2m-periodic solutions for s1 < —sg and s > s,
289 27-periodic solutions for s1 < —sg and s5 < —sg.

In fact, in the notation of the previous sections, we have a;(t) = 20, b1(t) =
200, az(t) = 50, ba(t) = 500. Hence,

(Hll)—(H41) holds with m; = 4,n; = 6, |m1 — ’I’L1| =2,
(J11)—(J4Y) holds with my = 14,ny = 6, |m; — ny| = 8,

(H1?)—(H4?) holds with my = 7,n2 = 10, |mg — na| = 3,
(J12)—(J4?) holds with my = 22,ny = 10, [ma — na| = 12,

so that Theorem 4.1 applies four times giving

(H1')—(H4Y),(H1?) — (H4?) = 1+ 3-2- 3 = 19 solutions,
(H1Y)—(H4Y), (J12) — (J42) = 1+3-2-12 = 73 solutions,
(J1Y)—(J4Y), (H1%) — (H4%) =1+ 3-8-3 = 73 solutions,
(J1Y)—(J4Y), (J1%) — (J4%) =1+ 3-8-12 = 289 solutions.

Notice that we can consider other bounded functions instead of cos(t+x1+x2),
but preserving the Hamiltonian structure of the system, cf. Example 4.4 below.
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We are going now to discuss the number of solutions provided by The-
orem 1.3. For a system which is totally uncoupled, that is, g;(t,x) = g;(t,x;)
for every index i, we expect to find Hi]il(l + 2d;) periodic solutions, where
d; = |m; — n;|, simply applying N times the corresponding scalar result, e.g.
Theorem 1.1, see also [9,23]. Now, by the distributive property we have

N

N N
[[a+2a)=" > [led)m= > 2[4, @)

1=1 cef{0,1}N i=1 oce{0,1}V

where, given o € {0,1}¥, we set {(0) = Zivzl 0;. Notice in particular that
the choice o = (0,...,0) corresponds to 2¢(?) Hivzl d7* = 1, while the choice
o=(1,...,1) gives 2¢(?) Hf;l dft = 2N Hf\;l |m; — n;|. Hence, Theorem 1.3
provides the number of periodic solutions corresponding to these two choices of
o €{0,1}V, if they are a priori known to be non-degenerate, cf. Remark 1.5.
Under our assumptions (H1?)-(H4%), we cannot obtain necessarily a better
result because we do not have, in (13), for every index i,

gi(s,t,y) =0, for every s > s and t € [0, T,
for every y € R such that y; = 0. (26)
For pure academic purpose let us assume the validity of (26), that is an
“extremely weak coupling condition”. Let us show that, following the proce-
dure adopted in [15], we can recover all the expected periodic solutions. In
fact, for every o € {0,1}"V, we can consider the system of equations

. N i=1,...,N; (27)
Yy =V, mo; =Y,

{yg’ +gi(s, t,y) =0, ifo;, =1,
which is essentially a ¢(o)-dimensional system. Notice that a T-periodic solu-
tion of (27) is a solution of (13) too, and so it corresponds to a T-periodic
solution of (S) such that its i-th component coincides with the i-th compo-
nent of the pivot solution, for every index satisfying o; = 0. Fix o € {0, 1}%:
repeating the reasoning of the proof of Theorem 1.3, we can choose, for ev-
ery index ¢, a value I; € L;, where now we set L; = {0} if o; = 0. So,
L=1;x---x Ly has Hf\;l dJ* elements (where 0° = 1 by convention). The
application of Theorem 3.1 in dimension ¢(o) gives the existence of 2009) pe-
riodic solutions of (27)—if they are a priori known to be non-degenerate—(in
fact we have to consider only nontrivial coordinates in order to determine the
rotation number). Hence we find, for every o € {0,1}", at least 2/() Hi\le a7t
periodic solutions.

Summing up we have the following result.

Corollary 4.3. Let the assumptions of Theorem 1.3 hold. Assume moreover (26)
for every index i, and that all the periodic solutions of (S) are a priori known
to be non-degenerate. Then the system (S) admits the number (25) of periodic
solutions expected for a totally uncoupled system.
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We conclude with an example of a weakly coupled system satisfying (26)
for some particular values of the parameter s. In correspondence of such values
one can find more periodic solutions.

Ezxample 4.4. Consider the 27-periodic Hamiltonian system

o + 2021 — 20027 + 20sin(2021) cos(50x2)p(t) = s1,
ol + 50z — 500z, + 50 cos(20x1 ) sin(50x9)p(t) = so.

In this system, we have different parameters s; and ss. In such a situation
the change of coordinates z = x/s is replaced by z; = x1/]s1| and 22 = x2/|s2].
In particular condition (26) has to be rewritten as

gi(slaSQatvylayQ) =0, for every |Sl‘ > S0, |82‘ >spand t € [O7T]7

for every y € RN such that y; = 0, (28)
where (14) is replaced by
. 1
Gi(s1,82,t,41,y2) = m[gi(ta Is1](y1 + z1(51, 82, 1)), [$2|(y2 + 22(s51, 82, 1)))
7
—0gi(t, [s1]21(s1, 52, 1), |s2|22(51, 52, 1))]- (29)

If we fix s1,82 € 7Z, then there exists a constant solution (x1,x2) where
x1 = $1/20 if 83 > 0 or &1 = $1/200 if 57 < 0, and x5 = s2/50 if s5 > 0 or
o = $9/500 if s5 < 0. Let us provide explicitly the computation only for the
case s1,$2 > 0: by (29), we obtain

~ 1 s\t S1\
g1(s1,82,t,91,92) = o [20 (Slyl + %) —200 (813/1 + %)

-+ 20sin (20 (51y1 + %)) cos (50 (Szyz + ;%)) p(t)

~20 (%) —20sin (20 (;—6)) cos (50 (;—(Q))) p(t)]
Hence we have g (km, s2,t,0,y2) = 0 for every k > 0, so > 0, t € [0,27] and
y2 € R. Arguing similarly we can compute that g1 (km, s2,¢,0,y2) = 0 for every
k€Z, sy € R, t€]0,2n] and y2 € R. Similarly we get go(s1, k7, t,41,0) =0
for every k € Z, s;1 € R, t € [0,27] and y; € R. Hence, (28) holds if we

require s1, so € wZ. In correspondence of such values we get a larger number
of periodic solutions:

Z (o) + 1)|my —n1|7* [ma — na|”2
oe{0,1}2
=1+ 2|m1 — ?’ll‘ + 2|m2 — ng‘ + 3\m1 — n1||m2 - ’I’Lgl
(we cannot replace (£(c) + 1) with 2¢(?) | as in (25), because we do not know if
such solutions are non-degenerate). So, arguing as in Example 4.2, there exists

sp > 0 large enough such that, taking s;, sy € 7Z, we have the existence of at
least
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29 =144+6+18 2m-periodic solutions if s; > sgand sy > g,
101 = 144+424+72 2w-periodicsolutionsif s; > sgand so < —sq,
95 =1+16+6+72 27-periodic solutionsif s1 < —sgand so > sq,
329 = 14+16+24+288 2m-periodic solutionsif s1 < —sgand so < —sg.
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