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Abstract

Motivated by the classical Coulomb central motion model, we study the existence of T-
periodic solutions for the nonlinear second order system of singular ordinary differential
equations u” + g(u) = p(¢). Using topological degree methods, we prove that when the
nonlinearity g : RV\{0} — RY is continuous, repulsive at the origin and bounded at infinity,
if an appropriate Nirenberg type condition holds then either the problem has a classical
solution, or else there exists a family of solutions of perturbed problems that converge
uniformly and weakly in H' to some limit function u. Furthermore, under appropriate
conditions we prove that u is a classical solution.
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1 Introduction
As a motivation for our work, let us firstly recall the T-periodic perturbed central motion problem

{u//¢# = pQ@) teR (1.1)

u(t+T) u(t) teR

where u : R — R3. We shall assume that the perturbation p has null average, that means that
p = % fOT p()dt = 0, and that p is T—periodic, namely p(t + T) = p(t). The F sign leads to two
essentially different physical problems; we shall focus on the ‘-’ sign, which corresponds to the
repulsive case. This is the case of the electrostatic Coulomb central motion problem with a charge
being repelled by the source.

With this problem in mind, we study the more general problem for a function u : R — R¥,

u’ + g(u)
u(t+T)

p() teR
u(t) teR

(1.2)

where p € CR,RY) is T-periodic, p = 0, and g € C(RV\{0}, R") has a repulsive type singularity at
u = 0. By this, we mean that (g(u), ) < 0 when u is near the origin (see Definition 2.2).
There exists a vast bibliography on this kind of dynamical systems. Lazer and Solimini [11]

have considered the scalar case N = 1, with g(u) - —co as u — 0, and fol g(t)dt = —c0. Using a
result proved by Lazer in [10], it is shown that a necessary and sufficient condition for the existence
of a weak solution when g < 0 and p € L'([0, T)), is that p < 0.

In [16], Solimini studied the case g = VG, where the potential G has at zero a singularity of
repulsive type: for example, the electrostatic potential between two charges of the same sign. More
precisely, it is assumed that G € CH(RM\{0}) satisfies limy, 0 G(1) = +o0 and VG is strictly repulsive
at the origin, namely:

lim sup <g(u), 1> <0.

u—0 |u|

Under the additional hypothesis

u v
lul Il

the existence is shown of a constant 7 > 0 such that if ||p||. < 77 and p = 0, then the problem has no
classical solution. This includes the case of the repulsive central motion, where G(u) = ‘—il

In the same work, the existence of a solution for p # 0 under weaker assumptions is proved.
Also, it is remarked that if ||p|| is large enough, then condition p = 0 does not imply that the
problem is unsolvable. This is different from what happens in the case N = 1, in which u cannot
turn around zero; thus, if the repulsive condition g(x)u < 0 is assumed for all # # 0, then the
condition p # 0 is necessary.

In a recent paper, Fonda and Toader [6] made an exhaustive analysis on radially symmetric
Keplerian-like systems u” + h(t, |u|)u = 0, where h : R X (0, +o0) — R is T-periodic in ¢. Using
a topological degree approach, the existence of classical 7-periodic solutions is studied. This work
provides also an excellent survey of the known results on the subject. It is focused in the attractive
case, in which the main difficulty consists in avoiding collisions. It is also remarked that, for the
repulsive case, the difficulty relies in the case p = 0.

36 > Osuch that, if < ¢, then (g(u),v) <0 (1.3)
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In [18], Zhang employed topological techniques in order to study the T-periodic problem for the
system

W+ (VEW)Y +VGu) = p().

When F = 0, the problem has variational structure and, as mentioned, the repulsive case was
studied in [16]. The attractive case with p = 0 and N = 2 was solved by Gordon [7], using critical
point theory and imposing a strong force condition on G in order to get compactness properties for
the involved functionals. Roughly speaking, this condition means that the potential G behaves as #
near the origin, with y > 2; thus, it is not satisfied by the Keplerian potential.

The same assumption is made in [5] for the repulsive case. In the recent works [17] and [4],
the strong force condition is removed for the equation u” + a(f)u + g(t,u) = p(t), provided that the
associated linear operator satisfies an anti-maximum principle.

In order to study the general problem (1.2), we shall proceed in two steps. Firstly, we introduce
the approximated problem

p() teR

u” + ga(“)
{ u(r) teR, (1.4

u(tt+T)

where g, is a continuous (nonsingular) perturbation of g, and obtain sufficient conditions for the
existence of a family of solutions {u.}. Secondly, we study the convergence of particular sequences
{ug,} as &, — 0, and some properties of the limit function u. If u # 0, then it shall be defined as a
generalized solution of the problem (see Definition 2.1). In some cases, we shall consider specific
choices of g, for instance

g(u) lul > &
2:w) = pe(lug(ets) O<lul<e (1.5)
0 u=0,

where p. : [0,&] — [0, +0c0) is continuous and satisfies p.(0) = 0, p.(g) = 1 (more details shall be
given in section 2).

For the first step, we extend a well-known result by Nirenberg [13], which in this context can be
stated as follows:

Theorem 1.1 Let p € C(R,RY) be T-periodic such that p = 0, and let g € C(RY,RN) be bounded.
Then problem (1.2) has a solution, provided that:

(N1) The radial limits g, := lim,_, ., g(rv) exist uniformly forve SV~ and g, # 0¥y € SV,

(Ny) There exists a constant Ry > 0 such that deg(®,) # 0 for r > Ry, where @, : SN-1 5 gN=1 g

given by ®.(v) := Iigzil'

Our result is based on two previous extensions of Theorem 1.1. On the one hand, a result
by Ortega and Ward [14], originally in the context of partial differential equations, where (N;) is
replaced by the following condition, that allows g to vanish at infinity:

(H,) The radial limits lim,_, o, ®,(v) exist uniformly for v € S¥=!.
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On the other hand, a result by Amster and De Napoli [2], for a ¢-laplacian operator, in which the
asymptotic condition (N;) is weakened to:

,,,,,

{U;} covers SV, the upper limit

lim sup(g(ru), w;) := S j(u)

r—+oo

is uniform for u € U;, and S ;(u) < 0.

Remark 1.1 (N,) is equivalent to the original condition deg(®) # 0 in [13] and [14], where @ :
SN-1 — §N-1is given by d(v) := I% in the first case, and by ®(v) := lim,_, ., ®,(v) in the second
case. However, (N,) makes sense also when the weaker assumption (F;) is assumed, for which
radial limits for g or lg—‘ do not necessarily exist.

It is worth mentioning that (V) can be also expressed in terms of the Brouwer degree of g,

namely:
(N}) There exists a constant Ry > 0 such that deg(g, B,(0),0) # 0 for r > Ry.

Indeed, the equivalence between (N2) and (NV,) is clear from the following identity, valid for any
continuous mapping f : B;(0) — RN such that f does not vanish on SV~

deg(f, B1(0),0) = deg(¢),

where ¢ : SV — §NV-1is given by ¢(v) := I;E:;I

However, in our context, the form (N,) is preferable since our results shall be applied for a
singular g, for which the Brouwer degree in (V) is not defined.

In the present work we state a further extension, which will be proved in section 3. For conve-
nience, the boundedness condition on the (nonsingular) g shall be equivalently expressed as:

(B) lim sup,,j_,, |g(w)] < co.
Moreover, it shall be seen that (B) may be replaced by
(B') limsup,_,,{g(u),u) < oco.

In particular, if lim inf},)—, |g(u)| > 0, then condition (B’) says that

liminf A(u) > g

|ul— 00

where A(u) denotes the angle between g(«) and u. Our result for the nonsingular case reads:

Theorem 1.2 Let p € C(R,RN) be T-periodic such that p = 0, and let g € C(RN,RN) satisfy (B) or
(B’). Then problem (1.2) has a solution, provided that (N,) and (P1) hold, with:
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..........

w; e SN such that for some R; > 0and j=1,...,K:

(gru),w;y<0  ¥r>R; NueU,

Remark 1.2 It is easily seen that (P,) generalizes (F), since the upper limits may vanish, or may
not be uniform as r — +oco. For example, it is clear that (1.3) implies (P;). More generally, it
suffices to assume that (1.3) holds, but only when |u| and |v| are large.

On the other hand, following the ideas in [15] it is seen that (P) can be replaced by the following
condition, of geometric nature:

0% eofs(c))
where co(A) denotes the convex hull of A ¢ RV, and C; := Ursg, 1U;.

Indeed, from the geometric version of the Hahn-Banach theorem, for any compact subset C C C;
we deduce the existence of a vector w; such that (g(u), w;) < 0 for every u € C and, as we shall see,
this suffices for obtaining a priori bounds for the equation.

With Theorem 1.2 in mind, we proceed to the second step. Our main existence results can be
stated as follows:

Theorem 1.3 Let p € C(R,RY) be T-periodic such that p = 0, and let g € CRM\{0},RY) be
repulsive at the origin. Further, assume that g satisfies (B) or (B"), and that conditions (P) and
(N>) hold. Then either (1.2) has a classical solution, or else for any choice of g. as in (1.5) there
exists a sequence u, of solutions of problem (1.4) and &, — 0 that converges uniformly and weakly
in H'.

Theorem 1.4 Let p € C(R,RN) be T-periodic such that p = 0, and assume that g € C(RVM\{0},RV)
is repulsive at the origin and satisfies (B) or (B’). Further, assume that condition (Py) holds, and
that

u
lplle + sup <g(u), —> <0

ul=F |l

for some 7 > 0. If also
(P,) There exists a constant Ry > 0 such that deg(®,) # (=1)N for r > Ry,

then either (1.2) has a classical solution, or a generalized solution u such that ||u|| > 7. Moreover,
if g is strictly repulsive at the origin (see Definition 2.2), then the boundary of the set of zeros of u is
finite, and if g = VG with lim,_o G(u) = +oo, then (1.2) has a classical solution.

The work is organized as follows. In the next section we study the singular problem (1.2),
and prove our main existence results and some auxiliary lemmas, making use of Theorem 1.2. As
mentioned, this result concerns the nonsingular case, and it is independent of the results in the next



206 P. Amster, M. Maurette

section. Although it might have some interest on its own, it does not constitute the main topic of
this work: for this reason, we postpone its proof for section 3. Moreover, we state a corollary under
more explicit assumptions, which generalize the well-known Landesman-Lazer conditions for the
scalar case (see Theorem 3.1). Also, we show an example of a system satisfying the conditions of
Theorem 1.2 but neither those of Nirenberg [13], nor those of [14] and [2].

2 Singular repulsive problems

Throughout the rest of the paper we shall always assume that p € C(R, R") is T-periodic, and p = 0.
In order to present our results, let us start making some simple comments on the central motion
repulsive problem stated in the introduction:

W' =5 = p@) teR
ut+T) = u@®) teR

Here, the first difficulty arises on the fact that g is singular at 0; a reasonable way to overcome it
consists in considering, for € > 0, the function g.(u) = and then studying the convergence of
the solutions u, of the perturbed systems (1.4).

The second difficulty relies on the fact that g, vanishes at infinity; however, in this case the
existence of at least one solution u, of (1.4) for each € > 0 follows as an immediate consequence of
the results in [14]. Indeed, as

2
(gel),u) = <_L u> ol

—_u
e+uf

e+ uP’ &+ |u?

for u # 0, it follows that conditions (B) and (N, ) are trivially satisfied. Moreover, for every w € SV~!
define U,, = {u € S¥! : (u,w) > 0}. Then {U,} covers S¥~!, and clearly (g(ru), w) < 0 for u € U,,
and r > 0. From the compactness of SV~!, condition (P) is satisfied. Thus, we may pass to the next
step. The following computations provide some information concerning the behavior of the family
{us}ase — 0:

Multiplying (1.4) by u. — u., the facts that (g.(u),u) < 0 and p = 0 imply that
llezll> < C, llete — uelleo < C

where the constant C does not depend on €. On the other hand, it is easy to prove that {u,} is also
bounded. Indeed, integrating the equation we obtain

T
u
f—‘" Zdt =0,

0 8+|usl'
T — T —_
Ug Us — Ue

—f 2 3dt=f ——dt.

0 8+|Li€| 0 8+|M€|

T |
us|f 3dl < llue — Ms”OOf —3d[
0o €+ Jote | 0o €+ 78

and we deduce that

Now, taking norm in RV:
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Thus, |u.| < C. Hence, for every sequence &, — 0 we may choose a solution u, := u,, and from the
previous bounds there exists a subsequence (still denoted {u,}) and a function u such that u,, — u
uniformly and weakly in H'. Moreover, it is easily seen that if u # 0 over an open interval /, then
u' - ﬁ = pin [, in the classical sense.

So, our last problem concerns the study of the set of zeros of the limit function u. As we shall
prove for a more general case, the boundary of the zero set {t € [0, T] : u(f) = 0} is finite. However,
in the central motion problem it can be seen, further, that if # # O then the zero set is empty, i. e. u
is a classical solution.

A detailed proof of the preceding remarks will be done below, for the general case (1.2).

In order to define the perturbed problem (1.4) in an appropriate way, let us firstly observe that
the ‘natural’ extension of the previous situation would consist in considering

[ul
_ | Fewrm8W u#0 21
8:(1) { e u7 @1

Nevertheless, there are other possible choices of g, such as the ones defined by (1.5). In particular,
for the central motion problem, taking p.(s) = £ it simply reduces to g.(u) = —m For the
moment, we shall prove some general properties that hold for any approximation that is ‘admissible’,
in the sense that g, — g uniformly over compact subsets of RV\{0} as ¢ — 0.

According to the previous comments, we shall also define the concept of generalized solution:

Definition 2.1 A function u € Hll,er(R, RN) is said to be a generalized solution of (1.2) if u # 0,

and for some admissible choice of g, there exists a sequence &, — 0 and u,, a solution of (1.4) for
& = &, such that u,, — u uniformly and weakly in H'.

Remark 2.1 For convenience, in the previous situation we shall denote u,, := u,, g, := g, .

Remark 2.2 When g = VG, a different concept of solution (called collision solution) is introduced
in [3] (see also [1]). As we shall prove (see lemma 2.3 below), under the assumption that G(u) — +oo
as u — 0, both generalized and collision solutions are in fact classical. Conversely, taking g. as in
(1.5), it is obvious that classical solutions are also generalized solutions.

Before establishing the main results of this section, we shall prove some lemmas concerning the
properties of those functions defined as the limit of a sequence of perturbed problems.

Lemma 2.1 Let u,, and u be defined as before, and assume that u # 0 over an open interval I. Then
u satisfies

u’ + g(u) = p@@) VYtiel

in the classical sense.

Proof. Let ¢ € C7(I), then

f, W+ galun), $)dt = f1 (p. ¢yt

Integrating by parts
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. f1 o'y + fl (g, $3dlt = f1 (p. ¢ydr,

and from the weak convergence in H I we deduce that

f(uf1,¢')dt - f(u',¢’)dt.
1 1

\f;(gn(un)’ ¢>dt i \[(g(u), ¢>dl

As u, — u uniformly on /, we may assume that there exist M,c > 0 with M > |u,| > ¢ > 0 on
the support of ¢. Moreover, as g, — g uniformly on {c < |u| < M} c RM\{0}, it follows that

Thus, it suffices to check that

f Kgu(itn) — (i), D)l + f Kgun) — g(u). S)ldt — 0,
1 I

This proves that u is a weak solution, and the result follows from standard regularity arguments. m

From now on, we shall always consider nonlinearities with singularities of repulsive type at the
origin, namely:

Definition 2.2 g : R¥\{0} — RY is said to be repulsive at the origin if, for some « > 0

(g(u),uy <0 for 0 < |u| < k. 2.2)
If, furthermore
lim sup <g(u), 1> = —c <0, 2.3)
u—0 17

then g shall be called strictly repulsive at the origin.

As mentioned, condition (2.3) is the same as in [16] for the case g = VG. It is observed that
it does not imply the strong force condition: in particular, for any value of y > —1 the singularity
gu) = ﬁ is strictly repulsive, with ¢ = +co. In such a situation, it can be proved that the boundary
of the set of zeros of the limit function u is discrete; more generally:

Lemma 2.2 Let u, and u be defined as before, and assume that g is strictly repulsive at the origin.
Then the boundary of the set {t € [0, T : u(t) = 0} is finite, provided that ||p|l. < ¢, with ¢ € (0, +0]
asin (2.3).

Proof. Suppose u(ty) = 0, and fix u > 0 such that ||p||« + <g(u), ﬁ> < 0for0 < |u| < pu.

Next, fix § > 0 such that |u(?)| < u for t € (9 — 6,1y + J), and suppose for example that u does
not vanish in (a, b) for some non-trivial interval [a, b] C [ty, #p + 6). By Lemma 2.1 u is a classical
solution of the equation u”” = p — g(u) in (a, b). Moreover, if ¢(1) = lu(?)* then on (a, b) we have:

¢" = 20" uy + 2 = Ap — g(w),u) =
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2p, uy — (), u)] = —2ul [Ilplloo <g(u) P |>} > 0.

Thus, ¢ cannot vanish both on a and b, and it follows that either u does not vanish on (¢, #y + J) or
u = 0 on [1y, t;] for some #; > #y. The same conclusion holds for (#y — 6, fy], and the result follows
from the compactness of [0, T]. |

The following result improves Lemma 2.2 for the variational case studied in [16]. However, we
do not make use of the variational structure of the problem: more generally, it may be assumed that
g = VG only near the origin.

Lemma 2.3 Assume there exists a neighborhood U of the origin and a function G € C'(U\{0},R)
such that g = VG on U\{0}. Further, assume that limy,—,0 G(u) = +oo. Then every generalized
solution of (1.2) is classical.

Proof. Let u be a generalized solution, and suppose that u vanishes at some point. Fix 7 such that
u(f) # 0, and define #; = inf{r > 7 : u(t) = 0}. Next, fix a value 7y € (7, t;) such that u(r) € U\{0} and
G(u(t)) > 0 for t € [y, ;). As u is a classical solution of the equation on [fy, #;), multiplying by u’
we deduce, for t € [ty, t1) that

’ 2 2
WO+ G = "1 4 Gt + f (ps), i (5)) d. (24)

As G(u(t)) > 0, for any #; € (19, 1;) and ¢ € [ty, ] we obtain:

' (1)
> <A+ Bllt!| i1y i1 lloo

where the constants A := £ ("’)l + G(u(ty)) and B := (¢; — t9)||pll do not depend on the choice of

f1. This implies that u’(¢) is bounded on [, t), and taking limit as ¢ — ] in (2.4) a contradiction
yields. [ ]

Remark 2.3 It is worth noticing that in this context the repulsive condition (2.2) implies that G(u)
increases when u# moves on rays that point towards the origin. However, this specific condition
was not necessary in the preceding result, which only uses the fact that G(0) = +oo, since it is not
required for the proof of Lemma 2.1.

Taking into account the previous comments on the central motion problem, we are able to estab-
lish an existence result for the particular radial case g(u) = h(|u|)u:

Theorem 2.1 Let g(u) = h(lu|)u, with h : (0, +00) — ( — o0, 0) continuous, and let

h(lul)u
1 — eh(lul)’
Then there exists a sequence {u,} of solutions of (1.4) with €, — 0 that converges uniformly and
weakly in H' to some limit Sfunction u. Furthermore, if limsup,_. rh(r) + ||plle < O, then the set
ot € [0, T] : u(r) = O} is finite, and lffoI sh(s)ds = —oo, then either u = 0 or u is a classical solution.

gs(u) =



210 P. Amster, M. Maurette

Proof. As in the particular case of the central motion problem, existence of solutions of (1.4) follows
from Theorem 1.2 with condition (B’). Moreover, a bound for [|u_||;> is also obtained as before and,

again, the fact that fOT g:(ug)dt = 0 implies that

_fT h(lugus dr = fT h(lug|)(u, —u_a)dt

o 1—eh(ugl) o 1—eh(ul)

Thus, a bound for u, is also obtained and the conclusion follows from Arzeld-Ascoli theorem and
the Banach-Alaoglu Theorem.

Moreover, if <g(u), ﬁ> = h(r)r < —||plle for |u| = r small, then Lemma 2.2 applies. Finally, as
g = VG, with G(u) = f(|u]) for f(o) := fllf sh(s)ds, Lemma 2.3 applies. [ ]

Example 2.1 The following elementary example shows that the assumption
limy 0 G(1) = +co in Lemma 2.3 is sharp. Let us consider the equation

"o __ M
u’ = e +p, (2.5)
which corresponds to the potential
1 .
—log|u| ify=0.

If y > —1, the equation is singular, although for y € (-1, 0) the potential is continuous up to 0.

For simplicity, let us consider the case N = 1, and p = y, 7~ X, (note that although p is
only piecewise continuous, Lemma 2.3 still applies). As p = 0, then there are no classical solutions.
Moreover, if we set g. as

[ 2u
8e() = ————,
’ (& + luly?
then from the energy conservation law
72
u; 1 T
—=E;—u — —, O0<t<—.
27T et lusP) 2

A standard computation proves that if 7 is sufficiently large, then there exist M, > 0 and v, a positive
solution of the equation over (0, Ty such that v4(0) = vs(g) = 0, with energy E. = M + and
[Velloo = Vs(%) =M,.

We obtain a periodic solution of the perturbed problem by reflection, namely:

[ v if 0<
() ‘{ —vt=1) if I«

1
y(e+MY)

NN

t<
t<T.

In particular, for € = 0 we obtain a solution u of the problem with a collision at t = % Furthermore,
it is easily checked that u, — u; thus, u is a generalized but non-classical solution.
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Remark 2.4 Lemma 2.3 can be regarded as an alternative, in the following way: for g satisfying the
assumption, if a sequence u,, of solutions of (1.4) for & = g, — 0 converges uniformly and weakly
in H' to some function u, then either u = 0, or u is a classical solution of the problem.

It is worth noticing that both situations may occur: for instance, we may consider again equation
(2.5), now with y > 0. If p = 0, then there are no generalized solutions (since they should be
classical): in some sense, this is expectable since if g, is given as in (2.1) or (1.5), then u, = 0
is the unique solution of the perturbed problem. On the other hand, for N = 2 we may consider
the case in which p(r) = —A(cos (w?), sin (wr)) with w = Zr and the circular solution given by

?’
u(t) = r(cos (wr), sin (wt)), where A = rw? + JH . After a simple computation, we conclude that the
r

y+1

problem has classical solutions for 4 > (y + 2) ( (;i21))m-

Following the ideas in [16], for the preceding case (2.5) with y > 0 a non-existence result holds
when ||p|l.. is small. It is interesting to observe that this result can be extended for the L'-norm: if
[Ipllzr < i for some 7 sufficiently small, then the problem admits no classical solutions.

1/3
For simplicity, we shall consider only the case y = 1 and prove that > (?) ! . On the other

2/3
hand, as we always have circular solutions for any 4 > 3 (ZTL;) / (and any N > 2), we also know

thatp < 3 (%)1/3.

In order to obtain the previously mentioned explicit lower bound for 7, let us assume that « is a
classical solution, and fix # such that |u(t))| = ||u||l. Multiplying the equation by u and integrating,
it follows that

o T T
lle'll7, = - — +{p,uy| dt £ ——— +||pllplulle,
0

] 2]

and in particular, as u is non-constant,

Pl > —=.
laall3s

Also, for the j-th coordinate of u we have:

1/2

! ’ T ’ 1 7’ T ’
uj(r) - ujto) = f Wi(s)ds < f W) (s)ds = Sllfly < iz
o 0 2 2
and an analogous inequality follows using (u;)‘. Then

T T r
2 v
u — u(t < —lu <7 Wlleo =
I (t0)lls e’ 117, 1 (llpllyll | ”u”w)

and in particular
T T \]'2
()] = lu(to)| — [— (Ilpllullullm - —)} .
4 lleelloo

Thus,
(), u(to)y = = (1@ + lulto)* = lu(®) = u(to)*) =

2 ||utlloo (Ilulloo - E (Ilpllu llulleo — ﬁ)]m).

| =
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16 1 T
If Ipll}, < %2, we deduce that ||p|l?, < AT

conclude that (u(?), u(ty)) > 0 for every .
Finally, integrating the equation we obtain

T T
0= <u(to),f0 u’ (1) dt> :fo ﬁ(u(m), u(t)y dt > 0,

2
4 T
< (#lullw)". Hence Flipllyliulle < llull?,, and we

a contradiction.

Remark 2.5 It might be worth observing that the geometric idea behind the last proof is that for any
w € RN\{0} the range of a classical solution of the problem cannot be contained in the half-space
H, ={u:{u,w)>0}.

Together with the preceding results, the previous computations imply that, for the central motion
, 1/3 . .
case, if ||pllpr < <176) then there exist sequences of solutions of the perturbed problems (1.4)

with g.(u) = —m that converge uniformly to 0. However, it is worth to observe that this fact is

immediate if we do not impose restrictions on the choice of g.. Indeed, we may recall that for any
A > 0, the unique T-periodic solution of the linear problem u” — 2%u = p is given by

T
u(t) = f G(t, s)p(s)ds,
0
where G is the Green function defined by

—cosh (/l(g — |t - sl))

Yy (2%)

A simple computation shows, moreover, that ||G(¢, )|l = 712 Thus, if 4 : R* — R* is any con-
tinuous function satisfying su(e) — +o0 as € — 0, then we may define, using Tietze’s theorem, a
function g, € C(RY,R") such that

B gw) if|ul =2
8:(1) ‘{ ~ueu if lul < &.

Then, for every & > 0 with gu(e) > ||p||~, the unique solution of the linear problem u” — u(e)u = p

satisfies:
lu(®)| < % <eg,
u(e)
and hence it solves (1.4).

The rest of the section is devoted to the particular case in which g, is defined by (1.5) for some
pe- The reason of this specific choice is that, unlike the case of Theorem 2.1, the existence of a priori
bounds for u, cannot be established for a general nonlinearity g. Note also that, if g(u) = h(lu|)u,
then the ‘linear’ cutoff function defined by p.(s) = g in (1.5) would lead to the previous situation,
with 4 = —h, and the conclusions in our existence results would become trivial. However, we do not
need to impose any restriction on the function p(¢) := p,.
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Theorem 2.2 Let g : R¥\{0} — RY be continuous, and assume that (2.2) holds. Further, assume
that g satisfies (B) or (B’). Then either problem (1.2) has a classical solution, or else for every
sequence {u,} of solutions of (1.4) with &, — 0 and g, = g., as in (1.5), there exists a subsequence
that converges uniformly and weakly in H'.

Proof. If the problem has a classical solution, then there is nothing to prove. Next, assume that (1.4)
admits no classical solutions, and let u,, be a T-periodic solution of

u, + gn(uy) = p.

Multiplying by u, — u, and integrating:

T T T
f <u:z/’ Uy — Uy)dt + f (gn(Un), Uy — Up)dt = f (p(1), u, — uy)dt,
0 0 0

T T T
_f |u;z|2dt + f (gn(Upn), uy — uy)dt = f (p(t), u, — uy)dt.
0 0 0

Then we have:

and hence

T
172 < Npllgalliey = wallp2 + f (@n(utp), un — up)dt. (2.6)
0

If (B) holds, then we may split the last term in two terms as:

f <gn(un)s Up — u_n>dt + f (gn(un)’ Up — M_n)dl,
{lutn]>k}

{lunl<«}

with « as in (2.2).
For the first term, we use the definition of g,: g,(u) = g(w) if |u| > &,. We may assume that
&, < k, and hence:

[ o -md] < [ g, - Tldr < Cll, = Tl
{lun] >k} {lun|>x}

On the other hand, the remaining term can be written as:

f <gn(un)7 uyydt — <f gn(un)dta u_n> .
{luen|<k} {lutn| <k}

From the repulsive condition (2.2), the first term is non-positive; moreover, as g,(u,) = 0 we deduce:
f”u"lm gn(uy)dt = — f”unlm gn(u,)dt. Hence,

f (8n(n), uy — upydt < [uy |gn (un)ldt.
{lunl<c}

{lun|>&}

Again, the integral in the right-hand side term is bounded, because g, may be replaced by g. Gath-
ering all together:
172 < Crllitn = Wl 2 + ol

Finally, using Wirtinger’s inequality we get:
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— 1 P — 1
eyl 2 < Cluyl?, ety — tnlloo < Clity]?.

Now, we can state that {u,} is bounded. If this was not the case, we would have, for some value
S|
of n, that [u,|2 > C + 1 > g,. Then

— — — — 1
|un(t)| = |un| - ”un - un”oo = |un| - C|l'tn|2 >C+1.

Thus, u, is a solution of the original problem, a contradiction.

If, instead, we assume that (B’) holds, then from the fact that g, (u,) = O we deduce that the last
term of (2.6) is bounded, and a bound for |u},||;> and ||u, — u,|l yields. As before, this implies that
{u,} is also bounded. Hence, there is a subsequence (still denoted {u,}) and a function u € H I'such
that u, — u uniformly and weakly in H'. ]

In the previous proof, note that the bounds for ||u,||;: do not depend on the choice of p,. This is
the reason why Theorem 1.3, with p arbitrarily chosen, follows as an immediate consequence of the
preceding results:

Proof of Theorem 1.3:

Given 0 < &, — 0 then either g, € C(RY,R") is bounded or satisfies (B’) for each n. Theorem
1.2 guarantees the existence of a sequence {u,} of classical solutions of problem (1.4). Finally,
Theorem 2.2 is applied. [ |

The last part of this section is devoted to Theorem 1.4, which assumes a different asymptotic
condition on g. In order to understand its meaning, let us firstly observe that if

1Pl + sup <gs<u>, 1> <0 @.7)

lul=¢ |I/t|

then a Hartman type condition (see [8]) holds, and the existence of a solution u, of (1.4) with
[ltello < € is deduced. In particular, if g satisfies (2.3) with ¢ > ||p||~, then condition (2.7) holds
strictly when & is small and, again, there exists a sequence of solutions of (1.4) that converges to 0.
However, in this case we may take advantage of the fact that deg(®,) = (—1)", and replace condition
(N,) by (P,), namely that deg(®g) # (—1)" for R sufficiently large. Indeed, if we consider now the
Brouwer degree of g., from the excision property it follows that

deg(gs, Br(0)\B:(0),0) = deg(Pg) — deg(®;) # 0.

Thus, Mawhin’s continuation theorem [12] implies the existence of a second solution u, of (1.4)
such that ||u,||. > &, provided that the homotopy does not vanish when ||u||, = € or ||ull.c = R. More
generally, if we assume only that (2.7) holds strictly for some fixed 7, then we are able to prove
Theorem 1.4.

Proof of Theorem 1.4:

From Theorem 2.2, it suffices to show that for each € < 7 problem (1.4) has a solution u, such that
[|#sllo > 7. To this end, we may follow the general outline of the proof of Theorem 1.2 (which will
be presented in the next section), but now taking the domain Q = {u € C([0, T],RY) : 7 < |jull» < R}.
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The proof of the fact that u”” # A(p — g.(w)) for any T-periodic function u with |Jul|.c = R > 0 and
A € (0, 1] follows as in the proof of Theorem 1.2. On the other hand, if u is T-periodic and satisfies

U’ = Ap - ge(w)

with |jull = 7, then consider ¢(f) := |u(r)|*> and #, a maximum of ¢. Hence |u(ty)| = 7, and

” u(to)
02 ¢" (1) 2 =24r [npnm + <g(u(zo>), —"ﬂ >0,
lua(to)
a contradiction. Finally, from the remarks previous to this proof we deduce that the Brouwer degree
deg(g, QNRM,0) # 0, and the conclusion follows. [ ]

Example 2.2 If there exist v € S¥~! and ry > 0 such that g(u) € H, for |u| > ry, where H, is the
half-space defined as before, then condition (P;) is satisfied taking w = —v and ¥ = {(SV~!, w)}.
Moreover, it is also clear that deg(®g) = 0 for R > ry: hence, if g satisfies (B) or (B’) and (2.3), the
existence of a generalized solution follows for any p continuous and 7'-periodic such that p = 0 and
liplle < c.

More generally, if g satisfies (B) or (B’), (P;) and (2.3) with ||p|l- < c, then it suffices to assume
that g(u) # Av for |u| > roand A > 0.

Remark 2.6 Under the assumptions of Theorem 2.2, if (P;) and (P,) are satisfied, and g is sequen-
tially strongly repulsive at the origin, namely

u
lu|=r, |I/t|

for some r, — 0, then existence of a generalized solution holds for any p continuous and T-periodic
such that p = 0.

Remark 2.7 It is interesting to observe that condition (1.3) implies that deg(®,) = (=1)" for all
values of r; thus, Theorem 1.4 does not apply to this case. This is consistent with the non-existence
result obtained in [16]. On the other hand, condition (P;) is still satisfied if (1.3) is reversed, namely:

v
V|

In some sense, (2.8) says that g is repulsive at co, and that it cannot rotate too fast. We have
already used the fact that repulsiveness at the origin implies that the Brouwer degree of g. over
small balls is (=1)"; on the other hand, repulsiveness at co implies that its degree over large balls is
1. Hence, if the assumptions of Theorem 2.2 are satisfied and g is (sequentially) strongly repulsive at
the origin and (2.8) holds, then there exist generalized solutions for any p continuous and 7-periodic
such that p = 0, provided that N is odd.

46,r9 > 0: if |ul,|v| > ryp and ‘ﬁ - < 8, then (g(u),v) > 0. (2.8)
u

In particular, for the radial case we have:

Corollary 2.1 let N be odd, p as before, and let g be given by

) = p(luly (1)

[
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with y : SN=1 — SN1 continuous, ¢ : R* — R continuous and bounded from below, and
Wo),vy<0  VYvesh
lir(r)l+ @(r) = 00, o) <0 ifr>n

for some ry > 0.
Then, for any p, either (1.2) has a classical solution, or a generalized solution u. Moreover, the

boundary of the set of zeros of u is finite. For the case y(v) = —v, if furthermore fol p(s)ds = +oo,
then (1.2) has a classical solution.

Proof. Condition (B) is clear. Moreover, as i is continuous, for each u € SV -1 there exists an open
neighborhood U ¢ SV~! of u such that :

W(w),uy <0 Yw e U.

Then taking w, = —u, for r > ry and w € U we obtain:

(g(rw), wy) = (MY (w), u) < 0.

From the compactness of S¥~!, condition (P)) is satisfied.
Finally, define the homotopy H : RM\{0} x [0, 1] — RM given by H(u, 1) = Ag(u) + (1 — Du.
Then, for |u| = R > ry,
(H(u, D), u) = Ag(u), u) + (1 - HR* > 0.

By the homotopy invariance of the degree, we conclude that

deg(®g) = deg(Id) = 1 # (-1,

Hence, condition (P») is then also satisfied, and the conclusion follows from Theorem 1.4. m

3 A general theorem for the non-singular case

Proof of Theorem 1.2:

It suffices to verify that the hypotheses of Mawhin’s Continuation Theorem [12] are satisfied over
the domain Q = {u € C([0, T],R") : |lullc < R}. As (N;) holds, we know that deg(g, Bz(0),0) # 0
for large values of R. Thus, we only need to prove that for A € (0, 1], the problem

u’ = Ap) - g(w)) (3.1

does not have a T-periodic solution on dBg(0) c C([0, T1,RM), for some R large enough.
Assume firstly that (B) holds, and let us suppose that problem (3.1) has an unbounded sequence
of solutions; namely, there exist 4, € (0, 1] and T-periodic functions u, such that ||u,||c — oo and

iy, (1) = Au(p(1) = glun(1)).
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Taking average on both sides, it follows that

T
f g(u,(1))dt = 0. (3.2)
0
On the other hand, from the boundedness of g we obtain:
llylloo < Tl lloo < T(llplleo + lIglleo) = M.

Hence, u,, — u, is bounded; in particular, as |[u,||lc — oo, we conclude that [u,] — oo and r,(¢) :=
[t (D] = [u] = |y, = Unlloc — o0 uniformly.

Next, define
U, (1) c N-1
|2t (7)]
Passing to a subsequence, we may assume that Ig_l converges to some u € SV~ and hence z, — u €
SN=1 uniformly. From (Py), u € U; for some j=1,...,K.

Also, fix ng such that if 7,(z) > ro then z,(¢) € U, for all n > ng and all t € [0, T]. For n > ng, we
deduce that

Zn(t) =

(8(ra(D)za(0), wj) <0

T T
0= <fo‘ g(un(t))dl, Wj> = f(; (g(un(t)), Wj>d[

T
= f (g(ru(Dza()), wj)dt < 0 for n > ny,
0

forall ¢ € [0, T]. Hence

a contradiction.
Finally, if condition (B’) holds instead of (B), then multiplying the equality u, = A,(p — g(u,))
by u, — u, and using the fact that g(u,) = 0 we deduce:

T
’ - T 4
ey |17, < 11pllzllun = Hllz2 + ﬂf (g(up), un)dt < ZI_”p”U”Mn”U +kT.
0

Hence, ||u;||;2 is bounded which, in turn, ||u, — U,|ls is bounded, and the rest of the proof follows as
before. [ |

Remark 3.1 Under an appropriate Nagumo type condition, a more general result may be obtained
for g = g(t,u,u’).

Perhaps it is hard to see the improvement in the previous technical hypothesis (P;). The crucial point
is that we can guarantee existence of solutions in the absence of radial limits for g or even for l‘i‘. To
visualize this fact, let us consider the following Landesman-Lazer type condition [9], motivated by
an analogous result in [2]:
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(P)) Let{e}Y,, {wj}?’=1 c SN-1 pe two bases of RY, and assume there exists so > 0 such that
(g(x — se)),w;) > 0> (g(x + se;),wi) V5250
forall x € spanfe; : j#ifand 1 <i<N.

Remark 3.2 It is easy to see that condition (P}) implies (Py). Indeed, let u € SV!, u = x + ae;,
with x € span{e; : j # i}, @ # 0. Now, fix 6 < |a| and consider it = X + &e; € U := Bs(u) N SNLIf
a > 0, then as sX € span{e; : j # i} we obtain:

(g(sit), w;) = (g(sX + sa@e;),w;) <0 for s@ > sy.
In the same way, for @ < 0:

(g(sit), —w;) = —(g(s% — slale;),w;) <0 for sl@| > so.

As |@| > a — ¢, both inequalities hold for # € U when s > as—fé. The result follows now from the
compactness of SV,

Theorem 3.1 Let g € C(RY,RY) satisfy (B) or (B"), and let p € C(RY,RN) be T-periodic with
P = 0. If condition (P}) is satisfied, then problem (1.2) has at least one solution.

Proof. From the previous remark, we only need to prove (N,). Without loss of generality we may
assume that {w;} = {ei}fi | is the canonical basis. From (P)), there exists sy such that if s > s, then

gilx —se;) > 0> gi(x+ se;) Vxe€spanfe;: j#i},i=1,...,N

Let R > sy, and consider the cube Cg := [-R,R]" and the homotopy h(1,u) := Ag(u) — (1 — Du.
Suppose there exists u € dCg such that i(4, u) = 0 for some A € [0, 1]: for example u = x + Re; with
x € spanfe; : j # i}. Then, looking at the i—th coordinate:

Agi(x + Re;)) = (1 — DR.

From (P)), the left hand-side term is negative, unless 4 = 0, a contradiction. An analogous
argument can be used in the case u = x — Re;. We then conclude that for any R > s¢:

deg(g, Cg,0) = deg(—1d, Cg,0) # 0.

This is obviously equivalent to (N,), and so all the assumptions of Theorem 1.2 are fulfilled.

Example 3.1 Let N = 2 and g given by

l+x+r(y) 1+y 1_’_sinx
T+x2 7 1+)2 1+1yl

glx,y) = (

where r : R — R is continuous and bounded.
Taking e; = (1,0) = —wy;e3 = (0, 1) = —wy:

I +s+
S—Q@) <0 Vs> [Irle — 1(¥y)

<g(S,)’)’Wl>=— 1+s
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1=
(g(=s,y)wp) = S LT

>0 Vs>l + 1Y)

and

1+s sin x
<g(xss),W2>——TS2( +m)<0 VS>O(V.X)
(g(x, —$), wn) = ﬁ (1 + %’;) S0 Vs> 1(Yx).

Thus, g verifies (P}), although it does not verify the assumptions of Ortega and Ward [14]. Indeed,
the radial limits for l% do not necessarily exist. For example, let us consider the direction (1,0) € S
then, (sx, sy) = (s,0) and

1+ 5+ r0)

1+sins]|;
1+s2 ’

8(s,0) = (

2
lg(s, 0)] = \/(%) + (1 + sin s)2.

#1170 . -
Lets = %ﬂ, keN, YaoL = £C 7 70 Here, sin (%n) = —1, then

SN
Yuor = (1,0) for k large enough.

Now, let s = kr, k € N, y, = £Z5. As sin (k) = 0,

v — (0, 1) as k — oo,

This shows that the limit of ég’gil as s — +oo does not exist. Note also that this example does

not satisfy the assumptions in [2], because g vanishes as |x| and |y| tend to co.
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