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Abstract

In this paper we fully describe the set of the positive and nodal (regular and
singular) radial solutions of the superlinear elliptic P.D.E.

—Au = Au+|u|p_lu in By, u=0 on 0B;, p>1, (1)

without restriction on the range of A € IR. Here, B is the unit ball in R".

More precisely, in all subcritical, critical and supercritical cases, we ana-
lyze the possible singularities of radial solutions at the origin and the number
of bounded and unbounded solutions. The solutions will be of three differ-
ent types : bounded with a finite number of zeroes in (0, 1), singular at the
origin, still with a finite number of zeroes and singular with sign changing
oscillations at the origin.
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1 Introduction

Problem (1) has been extensively studied in the past twenty years. However,
most of the work has been done for classical (bounded) solutions and mainly
for positive solutions only. The critical case especially, py = (N+2)/(N —2),
has received a lot of attention.

It is the aim of this paper to study all the distributional radial solutions
of (1). In addition to all the bounded solutions, for any p and )\, there exist
solutions which are singular at the origin and there is even an uncountable
number of such solutions. Among the singular solutions, we may distinguish
those who have a fixed sign near the origin and those which are oscillating
near the origin (with sign changing oscillations). In all cases, 1 < p < pn,
p = py and p > py, we will describe the entire solution set, putting an
emphasis on its structure.

For all p > 1, the existence of branches of bounded solutions with a
given number of zeroes is well known. For the construction of the branches
one may for instance refer to [29]. In the subcritical case, 1 < p < pn,
precise information about the branches of solutions may be found in [5] in
dimension N = 1, and in [13], [20], [32] and [19] in any dimension. For some
p’s, the existence of singular positive solutions was also given in [23], Rem.
3.1.

In this paper we prove that when 1 < p < py, all radial solutions of (1)
have a finite number of zeroes. Moreover, for 1 < p < N/(N — 2), all the
solutions of (1) are bounded. On the contrary, when N/(N —2) <p < pp,
appart from the bounded solutions, there is also an uncountable number
of unbounded solutions with any given number of zeroes. The behavior of
the solutions at the singularity is well known (this question was already
discussed in [18], [21], [22]; see also [6], [25], [23]).

In the critical case, p = py, the non existence of bounded solutions for
all A < 0 follows from Pohozaev’s identity [28]. Brezis and Nirenberg [7]
proved that nontrivial positive bounded solutions only exist in the interval
(p1,A\1), where uy = \/4 for N = 3 and py = 0 for all N > 4. The
articles by Atkinson, Brezis and Peletier ([2], [3]) describe the set of bounded
solutions for a given number of zeroes in the interval (0,1) (see also [§]).
In particular, they prove that nontrivial bounded solution with £ nodes
exist only in some interval (jix, A\;), where 0 < fix < Ag. [14] provided the
existence of bounded solutions for A near all the eigenvalues of the Laplacian.
In [15] was established the existence of at least one bounded solution in the



interval (0, A1) if N > 6 and in [12], the existence of a bounded solution for
any A > 0 if N > 6. Cerami, Solimini and Struwe proved in [14] that for
N > 7, there exists an infinity of H}-radial solutions to (1) for all A > 0. In
[2], [3] and [4] we find an extensive list of qualitative results in dimensions
N =3, 4, 5, 6, and in [1], an elementary proof of a nonexistence result
(based on Pohozaev’s identity). In Appendix A, we present a computation
in that direction in dimension N = 3 which is optimal. Other results on the
existence and the behavior of non necessarily radially symmetric solutions
of (1) can be found for instance in [30], [33], [34] and [17].

Here, we systematically describe the structure of the set of the radial
solutions in the critical case, including the solutions which are oscillating
near the origin and have an infinite number of zeroes. We reduce the problem
to the analysis of a related asymptotic dynamical system and prove that
for A outside the union of a countable number of intervals (including A <
0), all solutions are sign changing, oscillating and singular near the origin.
Moreover, in the interior of those intervals, appart from bounded solutions
with a given number of zeroes, there are oscillating solutions and singular
solutions with a finite number of zeroes. Finally, we show that for a given
A either all the solutions of (1) are singular and oscillating, or the three
classes of solutions (bounded, unbounded with a finite number of zeroes and
unbounded oscillating) coexist.

In the supercritical case, p > py, Merle and Peletier proved in [26]
(see also [27]) that there is a unique value of A, namely A = \* < A;
(which is the asymptotic value of the branch) for which there is an unbouded
solution of (1). Moreover, there are bounded positive solutions for A in the
interval (A*, A\1). Formal expansions of the branch in the limit of the L*-
norm growing to 4+o0o have been given by Budd and Norbury [10]. The
computations in [10] seem to indicate that bounded positive solutions of
(1) exist in an interval (X, A1), with 0 < A < A*. Other results about the
supercritical case can be found in [11, 9].

In this paper, we prove the existence of an uncountable number of os-
cillating solutions for all A and furthermore, we describe the solution set
of (1). Let us finally note that in the case N/(N —2) < p < 3N/(N —2),
the singularities at the origin of solutions of (1) in B; \ {0} can be removed
easily. But for p > 3N/(N —2), the oscillating solutions are not in L] (B1)
anymore and in order to say that they are solutions of (1), we have to define
explicitely what we mean by the distribution |u|P~'u. The rigth way to

tackle this problem is to consider a natural extension of |u[P~'u which is



defined by means of the principal value distribution.

Let us note that in [31], Serrin and Zou fully describe the set of positive
radial solutions of —Au = Au+ |ulP " 'u in R\ {0}. Some of the arguments
used in [31] are close to ours, but the fact that we are looking for solutions
on (0,1) or in H}(B) allows us to introduce new tools for the description of
the singularity.

The paper is organized as follows. Section 2 is devoted to the proof of
several technical auxiliary results. The critical case is studied in Section 3
and in Sections 4 and 5, we discuss the subcritical and supercritical cases.
Our results hold for A € IR, without further restriction on the range of .
Finally, in Appendix A we present an alternative proof of a nonexistence
result proved in [7] and Appendix B contains all the figures.

Notations. For any function f, defined in IR, f’ denotes its derivative.
Also, all throughout this paper, we will write undistinctly w(xz) and u(r),
r = |z|, for any radially symmetric function u defined in IRY or in B :=
{z e RN : |z < 1}.

2 Auxiliary and technical results

In this section, we prove preliminary results for (1) with p > 1. Results
which are specific to the supercritical case can be found at the beginning of
Section 5. The equation (1) is supposed to be satisfied in the weak sense :
in D'(By), or even in a weaker sense (see Section 5, about the supercritical
case). Any radial solution of (1) is a solution of

N —1
S =D e e i 0,1, w =0 ()
r

On the contrary, any solution of (2) is a solution of (1) if u is not too
singular at the origin. More precisely, if for some solution u of (2), the
integrals [ Vu-Vedr and [p |u[P 'upds are small for small £ and if
gi_rf(l) eN L1/ (e)| = 0, then w is a distributional solution of (1) :

Lemma 2.1 Let u be a solution of (2) such that

limsup 7% [log r|” ju(r)] < +o0, limsup 7% |logr|® |u'(r)| < +oo0.
r—0 r—0

w is a distributional solution of (1) if the following conditions are satisfied :



e a <min(N —2,N/p),
e ifa=N—2, then ¢ > 0,
e ifa= N/p, then bp > 1.

For more precise and general results on this subject, see for instance [6],
[25], [23]. On the other hand, note also that any bounded solution of (1) is
smooth in By, as it can be seen by an easy bootstrap argument.

Consider the radial problem in the whole space (with A = 1).
Lemma 2.2 Let N >3, p=(N+2)/(N —-2), a >0 and let v be the
solution of

o — (N-1) S |v|p—1v in (0,+00), v(0) =a, v(0)=0. (3)

Then, v has an infinite number of zeroes in (0,400) .
Proof. Performing the following change of variables :

o(r) =r 7P Dy(s), s = —logr, (4)
one easily sees that v is a solution of (3) if and only if w is a solution of

N —2)?2
T — |w|p71w - 7( 1 ) w4+ e FPw (5)
in (—o0,+00).

Now, when s is negative, with |s| large enough, w” has the sign of —w:
if w did not change sign in an interval (—oo,—sg), w should be bounded
away from 0, which in view of (5) is clearly impossible. Hence w has a
sequence of zeroes going to —oo. g

Lemma 2.3 Let N >3, p > 1 and v be the solution of (3). If for some
ro > 0, v'(rg) =0, then

lo(r)] < |v(ro)| forall r>rg.

Proof. Let 0 < a < b < 400 be two critical points of v. We multiply the
equation in (3) by v’ and integrate on (a,b) to get

- [ ar = ) - Fot),

with F(£) = [t2/2 + [¢[P*1/(p + 1). Clearly, F(uv(b)) < F(v(a)). O



Remark 2.4 The above result also holds for solutions of (1), for all A.
Indeed, for A > 0, the proof is the same. When A < 0, the argument used
above still holds. Indeed, notice that the only points ¥ > ro which have to be
taken into account are those for which u'(¥) =0, (A + |u(7)[P~1) > 0.

Next we describe how to relate (3) to (2). The proof of the following
lemma follows from a straightforward computation.

Lemma 2.5 Let v be a solution of

N -1
— — gv' =pv+ PP v in (0,m9), v(re) =0. (6)
.

Then, u(-) = rg/(p_l)v(rg 2} is a solution of (2) with A\ = urg.

Reciprocally, to any solution u of (2) corresponds a solution v of (6) with
w = 1. If moreover u is bounded, then there exists a unique a € IR such that
v(0) = a.

Let us now consider the solution of (3), v, and its sequence of nodes
0 <ri(a) <...<rgla) <.... Then, by Lemma 2.5, for every k > 1,
upa(r) = (ri(a))?PDo(ri(a)r) is a solution of (2) with A = M\(a) :=
re(a)? and ug, has k—1 nodes in the interval (0,1). Let us finally denote
by ci(a) the value of uy, at 0. Obviously, cx(a) = ary(a)?/ @1,

Definition 2.6 For every i > 1 we denote by A; the i-th eigenvalue of the
operator —/A when acting on

H&,T(Bl) = {u € H}Y(B1) ; u is radially symmetric }.

Remark 2.7 In the case of the critical exponent p = (N +2)/(N —2), se-
veral results due to Atkinson and Peletier [4] and Atkinson, Brezis and
Peletier [3] (see also [7]) yield the following qualitative information about
the functions introduced above :

e As a=v(0) =0, ri(a)? = X\; (with \; = (im)? if N = 3).

e As a = v(0) = +oo, ri(a)? — pi, where p; € [0,);). Moreover,
more precise information is available for 3 < N < 6 : when N = 3,
pi = (i — (1/2))%7%. When N = 4,5, pu; = \i—1 for i > 2 and p; = 0.
Finally, when N =6, u1 =0 and for i > 2, u; € [0, X;_1).



The comparison of the bounded solutions with the eigenfunctions of lin-
ear eigenvalue problems provides several useful informations. The crucial
points are summarized in the

Lemma 2.8 Let N > 3 and consider a bounded solution of

n N —

1
u' =M+ [ulP "ty in (0,1)

such that u'(0) = 0, u(0) = up > 0 and u(l) = 0. Let ry = inf{r €]0,1] :
u(r) =0}. Then
2’LLO

2
> .
= b+ Mg

(7)

If u changes sign (k — 1) times, then A < A\, and

1

"o > <>\k—>\>ﬁ. (8)

As a consequence, if kg = min{k € IN : A\, > A}, then

1

Up 2 (Ako — )\) ! .

Reciprocally, bounded solutions with k — 1 zeroes exist for any A < X\ if
N+2 N42

p < y=5, and for any A < X, close enough to Ay, if p > =
Proof. Let 7 € [0,71) be such that u/(¥) = 0, ' < 0 on (7,7r1). For any
re [’Fa’rl]a

—u(r) < (@ + X)) < uf + Nur, un = (),

thus giving
2
r
u(r) > uy — (uf + >\+u1)5 .
(7) follows from u(r;) = 0 and Remark 2.4, which implies u; < up. On the

other hand, u is the unique solution of

s N-—-1

=0 = ((e) + el D,

v(0) =ug, v'(0)=0, wv(1)=0



changing sign k¥ — 1 times with ¢ = 1 and Ag(1) = X. Since Ag(e) is a
decreasing function of € € (0, 1),

k(1) < Ap(0) = Ay,

For the same reason, 1 is the k' eigenvalue of the linear eigenvalue prob-
lem with weight A + |u|P~!, which, by Remark 2.4, is bigger than the k'
eigenvalue pi, of the linear eigenvalue problem with weight A + |uo|P~!. But
pr (X + |ug|P~t) = Mg, thus proving that A + |ug[P~! > A, which gives (8).
The existence results for A < )\ follow from classical results (see for
instance [29], [5], [13], [20], [32], [19]; [7], [3], [4] in the critical case; [26] in
the supercritical case). O

In order to analyze the behavior of all the solutions of (2), we introduce
the following problem :

N -1
—u" — -1 u' = Xu+ [ufP"'u in (0,1), u(l) =0, u'(1) = —,

(9)
where v > 0. Obviously, up to a change of sign, any solution of (2) is a
solution of (9) for an appropriate value of . Throughout this paper, we will
denote by u, the solution of (9).
Consider the change of variables introduced in (4) :

u(r) = T_Q/(p_l)w(s) , s=—logr. (10)

It is straightforward to see that u is a solution of (9) if and only if w is a
solution of

w” + (p%l - N+ 2) w + |wP~tw
+2 (e +1) = (N=1)p-1))w+re ZPw=0 in (0,+00),
w(0) =0, w'(0) = —u

and, when necessary, we will denote by w, the solution of (11).

"(1) =1,
(11)

The relationship between the solutions of (11) and those of the au-
tonomous problem

w” + (p%l — N+ 2) w' + |w|Ptw
+o2m (P + 1) = (V=1 -1))w=0 in (0,+c0), (12)

p—1

w(0) =0, w'(0) = —v/(1) =,

8



is given by classical theorems of O.D.E. theory : for s large, the solution
of (12) behaves like a solution of the autonomous O.D.E. Let us show this
result in a more general setting :

Lemma 2.9 Let byc € R, p > 1 and g € C'(0,+00) be a function such
that |b| + |c| > 0, B:_n g(s) =0 and ¢’ € L'(1,+00). If w € L=(0,400) is
S o

a solution of the equation
w” 4 bw' + cw + [wPrw +g(s)w =0 in R, (13)

then there exists a function W solution of

w" 4 bw' + cw + [wP'w =0 in R, (14)
such that
lim Ju(s) —o(s)| + |w'(s) —@'(s)| = 0. (15)

Moreover, if we define the ’energy’ functional Elw] by

gluw] = WLy elwl | P
2 2 p+1

then, E[W](+) is constant in R and the function W is periodic.

Remark 2.10 Note that when b # 0, the only periodic solutions of (14)
are constant functions, corresponding to critical points of w +— %|w|2 +
ﬁ |wP*L. On the other hand, when b = 0 the equation (14) has non
constant periodic solutions.

Proof of Lemma 2.9 By (13), for all 0 < s < s3 < 400 we have

Elw](s2) — E[w](s1) (16)

= —/5152b|w’(3)|2d8 + % /51529,(3)|w(8)|2d8 _ %Q(SZ)|’W(82)|2+ 39(81)|w(81)|2.

Hence, under our assumptions, the function s — £[w](s) has a limit E as
s = 4o00. Therefore, the function w' is also in L*°(0, 400).

Let us now define a sequence of continuous functions w, by wy,(-) =
w(n + ). From (13), the functions w,, w,, and w! are uniformly bounded
in (0, +00). Then, by using Ascoli’s theorem, we find a function w, solution



of (14), such that for any fixed d > 1, we have Erf |lwy, — |
and for all s € (0,d),

E = lim E&wy,](s) = E[w](s).

n—-+o0o

whoo(od)

By classical O.D.E. results, all the solutions of (14) which have constant
‘energy’ £ in some non empty interval are periodic functions. @ is therefore
unique up to translation, which proves (15). O

When in the above lemma, w = 0, a more precise description of the
asymptotic behavior of w is given by the following lemma.

Lemma 2.11 Under the assumptions of Lemma 2.9, if @ =0 and b®> > 4c,
there exist two constants, C1,Cy such that for large sg, s, with sg < s — +00,

w(s) ~ Cl’LU(S())efSO vi(T)dr n C’gw(S())est va(T) d'r’ (17)

where v1(s) < va(s) are the two roots of the equation
v 4 bu + (e w(s)Pt) = 0.

Proof. When w = 0, w(s) does not change sign for s large. Indeed, assume
that for @ < b large enough, w(a) = w(b) =0 and w > 0 in (a,b). Then, w
satisfies

(pw')' + pqw =0, in (a,b), w(a)=w(b) =0, (18)
with p(s) = exp (bs), q(s) = c+|w(s)[P~! +g(s). As s is large, q(s) < ¢+,
for some § small. Let v be a positive solution of (pv')’ 4+ p(c+ d)v =0 in
(1,400). We have :

b b
0< [ ps)e+d = a@)ouls) ds = [ (u)v = (o)) ds

= p(b)w' (b)v(b) — p(a)w'(a)v(a) <0, (19)
a contradiction. Hence, w cannot change sign near infinity. Since equation
(13) can be written as w”(s)+bw(s)+(c+ V(s) + R(s)) w = 0, with V'R €
L'(1,400), this enables us to use a general O.D.E. result like Theorem 8.1,
page 92, in [16] to prove (17). O

Remark 2.12 The above result and some straightforward computations
show in fact that if b > 0 and ¢ < 0, Co must be equal to 0 in (17), since
in this case vy(00) > 0, but w is bounded. If b > 0, and 0 < ¢ < b*/4,
w(s) is either equivalent to Ce’ ()5 or to Ce”?(®)5  with C # 0. Finally,
ifb> 0, c =0, then w(s) is equivalent either to Ce™" with C # 0, or to
Cos~ /=1 with Cy = (b/(p — 1))1ﬁ

10



In the rest of this section, we will only be interested in the critical expo-
nent p = (N +2)/(N — 2). Note that in this case, the factor of w’ in (11),

[% — N + 2, cancels, so that w is a solution of
—w'" = |w|ﬁw — —(nyw +Xe 2w in (0, +o0), (20)
w(0) =0, w'(0) = —u/(1) =1,
The asymptotic problem
4 N —2)?
—w" = |w|N4*2w - % w in  (0,400) (21)

will play an important role in the analysis of the solution set for (20). All
the solutions of (21) are periodic and can be either

(i) positive or negative, but not constant, or

(ii) sign changing, or

(iii) w = 0, or

by N2

(iv) w ==+ (—(Nf) ) !

The above classification of all the solutions of (21) can be made with the
help of the following ’energy’ functional,
1| 2 N—-2  ox (N-2)?

S[w]:§ w

Indeed, for any solution of (21), £[w]|(s) is constant in s. Moreover, the
positive and negative solutions of (21) are those having negative ’energy’.
w = 0 has zero ’energy’ and the solutions with positive ’energy’ £ change
sign an infinity number of times at infinity.

As we shall prove below, the use of the functional £ enables us to prove
that for all v > 0, w, is a bounded function in (0, c0) :

Lemma 2.13 Let N >3, A>0,p=(N+2)/(N—2). For anyy > 0, for
any s > 0, E[w,](s) < E[w,](0) = v2/2. Therefore, the functions w., and

w’, are bounded in (0,+00), independently of X.

Jwl?. (22)

Proof. This results follows immediately from the identity : for all 0 < s7 <
89 < 400, and for any solution w of (20),

E[w](s2)—Ew](s1) :—A/:zw2(s)625ds —Meﬂsz—i-me#sl.

2 2
(23)
0

The above lemma does not hold when A < 0, but in this case, the
functions w, are still bounded :

11



Lemma 2.14 Let N >3, A<0,p=(N+2)/(N —2). For any~y > 0, the
functions w, and w’7 are bounded on (0,400), independently of A, and they
are sign changing and periodic near infinity.

Proof. Since for all s > 0, d% (E[w](s)) = |Ale 2 w(s)w'(s), either w = w,
is oscillatory and sign changing at infinity or w does not change sign as

s — 400 and BT w(s) =0, or w does not change sign as s — +o0o and
S oo

lim w(s) = +£oo. The latter can be excluded easily by just looking at

§—>+00
equation (21), since in that case, w"(s) would approach Foo, which is

incompatible with +w’ > 0. In the case B:_n w(s) =0, +w(s) > 0 for
S o

s large enough, Lemma 2.11 shows that tw(s) ~ exp (—3(N — 2)s) as
s — 400 and w is therefore a bounded function, which is impossible for
A < 0 by Pohozaev’s identity.

Hence, w is oscillatory and sign changing at infinity. If w were not
bounded, it would be possible to find ¢, such that ligl Elwl(cy) = 400
n—-+0o0

and w(c,) = maxw. According to (23), since p > 1,

0,cn,
E[w](0) > EMw](cn) — [Al|wlen)* ~ E[w](cn) — +o0,
as n — +o0o, a contradiction. a

Lemma 2.15 Assume that p= (N +2)/(N —2), N > 3. For every y > 0,
let w, be the solution of (20). Then,

E(y) := silgrnoog[wv](s) exists, (24)
and if we denote by weo, the solution of (21) which satisfies wee,(0) =
0, Elwee,y] = E(7), then

lim_Jw, () = Weory (s + 0)] + [l (5) —who (s + )| =0, (25)

s—+400

for some ¢ € IR. Moreover, the function E(y) is continuous in (7, \).

Proof. The first part of the proof follows immediately from Lemma 2.9.
The continuity of E(vy) with respect to v and A follows from the fact that
E[w,](t) approaches E(y) exponentially, with an exponential rate depending
continuously on v and A. O

Lemma 2.16 Assume that p= (N +2)/(N —2), N > 3. For every y > 0,
let wy be the solution of (20) with A > 0. Then, E(y) > Ew,](s) for all
s > 0 such that wi,(s) =0 and E[w,](s) > 0.

12



Proof. Let s; > 0 be such that w)(s;) = 0 and E[w,](s1) > 0. Since
d

L (El)(s) = N (),
that w!(s2) = 0. We claim that |w,(s2)| > |wy(s1)] and Ew,](s2) >
E[wy](s1). Indeed, taking into account the properties of the function ¢ —
(N — 2)|t|%/2N — (N —2)2|t|?/8, if we assume that |w.(s2)| < |w,(s1)],
then |w,(s)| < |wy(s1)| for all s € (s1,s2]. Then by (23) we have

(s)e™2¢ for all s, there must exist sy > s; such

e 252
2

E[wy](s2) — Elwy](s1) > (w2 (s1) — w(s2)) > 0,

a contradiction. Hence, |w,(s1)] < |w,(s2)| and Elw,](s2) > Elwy](s1).
The lemma follows from Lemma 2.15. O

Lemma 2.17 For every v > 0,

e E(y) = 0 if and only if the solution u of (2) corresponding to (11)-(10)
is bounded. In that case, u has a finite number of zeroes in the interval
(0,1).

e E(v) > 0 if and only if u is unbounded and oscillates near the origin
with sign changing oscillations.

e E(v) <0 if and only if u is unbounded at the origin, but has only a
finite number of zeroes in (0,1).

Proof. The cases E(y) # 0 immediatly follows from Lemma 2.15. Let us
consider the case E(y) =0 : |w(s)| + |w'(s)| tends to 0 as s goes to +oc.
The function r — f(r) = wy(—In r) satisfies |f(r)|+r|f'(r)] — 0 as r goes
to 0 and

. 9\2
—vme=%Qﬂﬂﬁﬁﬂm—g%ﬁlﬂm+m%w0

in the interval (0,1). Hence,

<(7“f’)2> - 2 (g2 = 2 (1) g

2

Integrating the above equation, one obtains

i) = (S5 b)) £10),

13



with h(r) = o(1) for r small enough. Hence, |f(r)|? is increasing near the
origin.

Therefore, for 7 small enough, f(r) ~ £,(r)r(N=2)/2 for some continuous
function £, such that £,(0) > 0. Finally, by (4), u, is bounded, has a finite
number of zeroes in the interval (0, 1) and u,(0) = £,(0). 0

Lemma 2.18
(i) lim E(y) = +oc,

Y—+00
(ii) If A > 0, then limsup E(y) <O0.

v— 0t

Proof. By Lemma 2.13, E(y) <X, which proves (ii).
Assume first that A > 0. To prove (i), let us define

a(y) = inf {3 >0; w,(s) = 0} € (0, +00),

and

r(y) = inf {3 >0; w,(s) = %}

Assume that there is a sequence {~,} such that -, — 400 as n — 400
and E(v,) uniformly bounded. By Lemma 2.16,

lim sup w,, (a(yn)) = M < +o00.

n—-+0o

Moreover,
Yo /2 = |wh, (r(a)) = wh, (0)] = r(ya)e), (Bur(va),
for some 6, € (0,1). But [|[w] [looc < CON(M) := MY +AM. Therefore,

T < 7(1n) CA(M),

and

7(vn, 2
wrulaln)) 2w (1)) 2 2 2 T o,

a contradiction. -

If A <0, |[w/¥-2 dominates |A| |w|?> > |Ale”2%|w|?, which by similar
arguments to the ones in the case A > 0 again provides a uniform in 7,
bound on w., (a(ys))- |

14



Proposition 2.19 Assume that for some X > 0, there exists a positive
bounded solution @ of (2). Then, for all v € (0,—w'(1)), the solutions of
(2) with u'(1) = —vy are unbounded at the origin and positive in (0,1).

Proof. As a consequence of the uniqueness result for positive bounded
solutions of (1) in an annulus proved in [35] for p = (N + 2)/(N —2), it
is clear that for all v € (0,%), u, > 0 in the interval (0,1). Indeed, the
uniqueness result implies that the largest zero of u, in (0,1) is increasing in
7. In particular, if for some v € (0,7%), u,(cy) =0, ¢y € (0,1), there should
be a zero of uy in (cy, 1), which contradicts our assumptions. Therefore, by
Lemmas 2.15 and 2.18, E(y) < 0 and the result follows. a

Finally, the following last lemma gives a result equivalent to (7) in the
case of unbounded solutions of (9).

Lemma 2.20 Let y,\ > 0 be such that E(y) <0, where E(-) is defined
by (24). If we denote by r1 the smallest zero of uy in (0,1), then

7’% >
for some C(y) > 0.

Proof. Let w, be defined by (10). Since &(w,(—Inry)) > 0, according to
Lemma 2.13,

B(7)| < |B(y) — E(ws(—nr1))| = A \ / T (sl (s)e=25ds| <

—Inry

C()r?

Do | >

which proves the result. a

3 Critical case

In this section we assume that N > 3 and consider the critical case p =
(N 4+ 2)/(N — 2). The known results on the branches of nodal bounded
solutions can be summarized in the

Proposition 3.1 For every i > 1 there exists a nonnegative contant p; €
[0, A\;) and a continuous curve, C; C {(\,¢) € [0,4+00)%} corresponding to the
set of the bounded solutions u of (2) with i — 1 zeroes in the interval (0, 1)
and such that u.(0) = c. The point (X\;,0) belongs to C; and the half-line
(A = pi,c > 0) is asymptotic to C;.
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When i = 1, C1 can be parametrized by ¢ > 0 and the function \(c) is
decreasing. In other words, for every X\ € (1, A1), there is a unique bounded
positive solution of (1).

2
If N =3, u; = (z—%) 2. When N = 4,5, py =0 and pu; = \i—1 for
1> 2, and when N =6, u1 =0, 0 < p; < X1 for all 1 > 2.

The information on the value of y; given in the last part of the propo-
sition above is based on previous results of Atkinson and Peletier[4] and
Atkinson, Brezis and Peletier [3] (see also [7]). For the uniqueness, see
[36], [37], [24]. The existence of the curve C; is easily recovered using the
parametrization given in Lemma 2.5, the comparison with the eigenvalues
of the Laplacian in B; and Pohozaev’s identity. For the behavior of C; as
¢ — +o00, we can refer for instance to [2], [3], [4], [7].

Definition 3.2 We say that a point (X\,u) in a branch of solutions of (1)
in (0,400) x L is regular if locally the branch can be parametrized by \. A
point X € (0,+00) is k-regular if there exists a bounded solution with k — 1
zeroes uy, such that (\,uy) is reqular. We define Iy, as the projection of Cy
on R (Iy, = (fig, \i) or I, = [fig, i), with (i, < pg)) and denote by Jy the
set

Je={ €Iy : XNisk— regular } .

Remark 3.3 The number of k-singular points in Iy i.e. of the points which
are in Iy, \ J.
Theorem 3.4 Let N > 3, p= % . Then,

(i) If X € IR\ UpZ I, there is an uncountable number of solutions of (2)
which are unbounded, oscillating at the origin, with sign changing oscilla-
tions. No other solutions to (2) exist.

(ii) If X € Iy, for some k > 1, then, there exist

e a bounded solution uy with k—1 zeroes in (0,1) (this solution is unique
at least if k =1),

e an uncountable number of solutions (2) which are unbounded, oscillat-
ing at the origin, with sign changing oscillations,

e an uncountable number of unbounded solutions (2) with k — 1 zeroes
n (0,1) if X € Ji.

Finally, all the above solutions of (2) are also solutions of (1) in D'(By).
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Remark 3.5 The classification of all solutions of (2) can be made by using
the parameter v := —u'(1) and problem (9). In case (i), for all v > 0,
E(y) > 0 and there exists a bounded, periodic and sign changing function
w , such that the solution u~(r) of (9) behaves like r—2/®=1V w(—In r) when
r—0F.

In case (ii), there exists ~y, such that E(vy;) =0,

e u,, is bounded and has k —1 zeroes in (0, 1),

e if A € Ji, for an uncountable number of y’s to the left of v, E(y) <0,
uy is singular, has (k—1) zeroes in (0,1) and near the origin it behaves
like r2/®=Yq(r) as r — 0% for some positive or negative bounded
periodic function a(r).

o If y>sup{y>0: E(y) =0} , u, behaves like r=2/P=1) w(~In r)
when T — 07, w being periodic and sign changing.

In view of the numerical computations, one can conjecture that the whole
branch of the bounded solutions with k — 1 zeroes can be parametrized as a
monotone decreasing function of A. In that case, J, = Ij.

Proof of Theorem 3.4. By Lemmas 2.15, 2.17 and Proposition 3.1, if
A & U I, E(y) does not change sign. Since by Lemma 2.18, E(y) is
positive for large v, it follows that FE(y) > 0 for all v > 0. Hence, by
Lemma 2.15, for s large, w, is close to the bounded, periodic and sign
changing function we , which ends the proof of (i).

Let &k > 1. The set of k-regular points by definition is open. Consider a
small interval V' of such points and denote by (\,u}) a point on the branch
such that A € V. Consider then

A
_ duy,

“E(rE ).

r]f()\) = min{r € (0,1) : u%(r) =0}, (M)

and assume, without loss of generality, that v;(\) > 0. The solution ug’y of

N -1
—u' — -1 u' = du+ |u|ﬁu in  (0,7F(\) (26)
du
w(rf(V) =0,  —(rf(V) =v.
does not change sign and is singular on (0,7 (X)) for any v < vx(\) according
to Proposition 2.19, and ug’yk(/\) = u}.
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Consider now the extension of up"” to (0,+00) and define p"” as its k'
zero. For v < vg(N), ﬂ;’y(r) = (pz’y)¥u2’y(r . ,02’”) is the unique solution
(singular with k& — 1 zeroes) of

L (Nr‘l) =M Nut luTe i (0,1)  (27)
u(l) =0, Z—:(l) =YV, A)

N du
2

where Ay (,A) = X - (pp")? and v (v, ) = (o) % - & (py"). The map

MEW ={(w,\) € (0,+00) xV : v <(N} = (0,400) x (0, +00)
(Va>‘) = (’}’k(V,)\),S\k(V,)\))

is continuous. Moreover, there cannot exist two pairs (A1, 71), (A2, v2) such
that Mk()\l,yl) = Mk;()\Q,Vg) if 1 = I/k(>\1) but v, < I/k,(>\2). Indeed,
if Me(A,v1) = Mg(Ag,10), uzl’yl will be equal to uﬁ”’z up to scaling,

Wy

»Y by : AL
because i} @,>"”. But, under the above assumptions u}'"** is bounded

in (0,1), while u22’y2 is unbounded in that same interval. An inspection of
the boundaries of M¥(W) N (0, 400) x V shows that for any interval (a, b)
such that [a,b] C V, for A € (a,b) and for 7 in the interval of bounds

_ duj
Te(A) = 1 (M), A) = — 2 (1)

and

7,(A) = nf{y <7, (3) : (p,2) € MFOW) Vpe (1,7 (N},
the corresponding solution of (2) is singular with £ — 1 zeroes in (0,1). But
by the above arguments, v, (A) <¥(A) for all A € (a,b), thus proving (ii).
Finally, the fact that all the solutions of (2) are also solutions of (1)
follows from Lemma 2.1. O

4 Subcritical case

As in the critical case, we will use the change of variables (10) to study the
solution set of (2) when 1 < p < (N 4+2)/(N —2), N > 2. The function u
is a solution of (9) if and only if w is a solution of

{ w" 4+ Lyw' + |wP~ w + Low + Ae™2w =0 in (0,4+00),
(28)



We notice that in the subcritical case, 1 < p < (N + 2)/(N — 2), the
coefficient of w' in (28) is always positive, that is L; = (p%l - N+ 2) > 0.
On the other hand, the sign of Ly = ﬁ((p—i— 1)—(N—1)(p—1)) depends
onp: Ly >0ifand only if 1 <p < N/(N —2). Moreover, Ly = 0 when
p = N/(N —2). The fact that Lo changes sign in the subcritical exponent
interval explains why the solution set of (2) will be quite different when
p < N/(N —2) and when p > N/(N — 2).

But before going into the details, let us again define an ’energy’ func-
tional adapted to equation (28). If for any function w € C'(0,+o0), we
define I
S lul’

p+1
P+

)

1
Enlw] = 3 WP+ 0o

we notice that for every solution of (28), we have

d

ds

Throughout this section, we shall refer to [29], [5], [13], [32] and [19]
for results concerning the existence, to Lemma 2.8 for the comparison with
linear eigenvalue problems and estimates on the bounded solutions, and to

[24], [36] and [37] for the uniqueness of the positive bounded solution when
it exists.

(Expw](s)) = —Lifw'(s)]* — Ae™ > w(s)w'(s).

Theorem 4.1 Let 1 < p < N/(N — 2) and assume that for some igp > 1,
A < Xi, - Then, all the solutions of (2) in D'(0,1) are bounded and radial
solutions of (1) in D'(By) . Moreover, for every i > iy, there exists at least
a solution of (1), u;, which is bounded and has i — 1 zeroes in (0,1). The
positive bounded solution, which exists if X < A1, is unique.

Proof. By Lemma 2.9 and Remark 2.10, when 1 < p < N/(N —2), w,(s)
converges to 0 as s goes to +oo, for all v > 0. Then, by Lemma 2.11
and Remark 2.12, when s is large enough, w will be asymptotically small
and close to some function Ce”’, where C > 0 and v is a solution of the
characteristic equation

v 4+ Liv+Ly=0. (29)

A straightforward computation shows that (29) has two solutions v; =
—2/(p —1) and v, = N — 2 —2/(p — 1). Moreover, v < 0 only if 1 <p <
N/(N —2).

By the change of variables (4), if w behaves near 0 as Ce”*%, the cor-
responding u satisfies u(0) = C > 0 and v € L*°(By). Also, if, near 0, w
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behaves as Ce”?*, the corresponding u satisfies u(r) ~ Cr?~" near 0. Such
a function is a solution of (2) but is not a solution of (1), because the sin-
gularity at the origin is not removable. Indeed, it introduces a Dirac mass
in the second term of the equation. Hence, no singular solution of (1) exists
when 1 <p < N/(N —2).

Theorem 4.2 Let N >3 and N/(N —2) <p < (N +2)/(N —2). Then, if
A < N, for some 1o > 1, there exists :

e a bounded and smooth solution of (2), u;, with (i — 1) zeroes in (0,1),
for all i > g (if it exists, i. e. if A < A1, the bounded positive solution
uy 1S unique),

e an uncountable set of unbounded solutions with a finite number of ze-
roes in (0,1). All these solutions behave at the origin like a(r)r—2/(®—1)
for some bounded function a(r) which is bounded away from 0 at the
origin.

Under the assumptions of this theorem, the number of zeroes is finite for all
solutions of (2) and all the solutions of (2) are also solutions of (1).

Proof. By Lemma 2.9 and Remark 2.10, for all v > 0, w, converges to a
zero of V(w) = |w|P~lw + Low as s goes to +o0o. In this case, the zeroes
of V are 0 and £(—Ly)"/®=1. Moreover, if w goes to 0 at infinity, it has
to go necessarily like C'e=25/(P~1) (see Lemma 2.11), for some C' > 0, which
implies that the corresponding solution of (2), u, is bounded and u(0) = C.
On the other hand, if w tends to £(—Ly)"/ (=1 at infinity, the corresponding
u will be singular at the origin, with a singularity like r—2/(°~1) giving rise
to a singular solution of (1) by Lemma 2.1 (removability of the singularity),
which has a finite number of zeroes in (0,1). Since for given 4, A, there is
an a priori bound on |[ul|c1 (1) for any (A, u) € C;, whenever v is large
enough, u, is not bounded, i.e., w, converges to :l:(—Lg)l/(p*I) at infinity.
The rest of the proof is done by following the same arguments as those used
to prove Theorems 3.4 and 4.1. O

Theorem 4.3 Let N > 3 and p = N/(N — 2). Then, if X < Xi, for some
19 > 1, there exists :

e o bounded and smooth solution of (2), u;, with (i — 1) zeroes in the
interval (0,1), for all i > iy, and the bounded positive solution is
unique if it exists,
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e an uncountable set of unbounded solutions with a finite number of ze-
roes in (0,1). All these solutions behave at the origin like
C'0|ln 'r|_1/(p_1)7'_2/(p_1) with Cy = ((N — 2)/\/§)N_2.

Under the assumptions of this theorem, the number of zeroes is finite for all
solutions of (2) and all the above solutions of (2) are also solutions of (1).

We skip the proof of the above theorem since it is quite similar to the
above ones.

5 Supercritical case

When p > (N +2)/(N —2), we shall consider a change of variables different
from (4) : for solutions u of (2), we define w as

u(r) =r %w(s), s=r", (30)
with 2(N -1 4(N -1
=20 gy MN-D
p+3 p+3

(Note that in the limit p — (N +2)/(N —2), a — (N —2)/2 and 8 — 0T).
To a solution ., of (9) corresponds now a solution of

2 .
{,8210" + |w|p_llw — “8—2“’1 % =0 in (1,400), (31)
w(l) =0, w'(1) = —u\(1)/B =7/8,
with p?2 = a(N — 2 — a). Next, we define the ’energy’ functional
Fiol = & w4
2 p+1 ’
and we notice that for any solution of (31), w, we have
d (s | puls)
L (Flul(s)) = (—Sz/w + 22Dt (32)

Let us now prove two qualitative results on the solutions of (31), in the
spirit of Lemmas 2.13 and 2.16.

Lemma 5.1 Let p > (N +2)/(N —2), N > 3. Then, if w is a solution of
(81) for some v > 0 and F is the ’energy’ functional defined above, for any
a,b large with a < b < 400, such that w(a) = w(b) =0, we have

Flw)(b) > Flw](a).
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Proof. From (32), an integration by parts provides

S9 2d
Flullss) ~ Flullsn) = 5 [ 2"

S92 2 2 |52 2 |52
o [ |w(s)]"ds | |w(s)] 2 |w(s)]
+u /51 3 /\232//3+2 + p 952 ) (33)
S1 S1
and since § is positive, the lemma, follows for a, b large enough. O

Lemma 5.2 Let p > (N +2)/(N —2), N >3 and A > 0. Then, for all
vy > 0, there exists a constant Cyy > 0 such that if w is a solution of (31) ,
then

lw(s)| < C,, forall s>0.

Moreover,
Proof. Consider (33) with s; fixed and sy=s,, such that

1 n)|=*+o0 and n) = ma
Jlim_fi(s,)] =+o0 and w(s,) = max w(s):

Flul(sn) < C+ Clu(sy)* = o (lw(sn))

for some constant C' > 0, a contradiction. The proof of (34) is similar to
the proof of Lemma 2.18 and is left to the reader. ad

For p > py := 3N/(N — 2), solutions of (2) which are singular, sign
changing, oscillating near 0, do not belong to L! (By) and are not weak
solutions in the usual sense. Because these solutions are sign changing,
it is however possible to consider them as solutions “in the sense of the
principal value”, giving sense to |u[P~'u as the distribution corresponding
to its principal value VP (JulP~tu) :

<VP ([ulf"'u), >:= lim _ |uPlupdz, forall p € D(By).
e—0 Bl\Bs
(35)

We can now prove the following

Theorem 5.3 Let N >3 and p> (N +2)/(N —2).

For every A\ € R, there is an uncountable number of solutions of (2)
which are unbounded, sign changing and oscillating near the origin. More
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precisely, for an uncountable number of v > 0, the solution to (9), u(r), is
equivalent near 0 to w(r—P)r2N-D/0+3) g_ N _2 4N —1)/(p+3),
where W is a non trivial periodic, bounded and sign changing solution of
B2" + |w|P~ti = 0 in the interval (0,+00).

For every k > 1 let us denote by Ij, the interval of \’s such that (2)
has a bounded solution with k — 1 zeroes in (0,1). By Pohozaev’s identity,
I, C (0,400). Then,

e For A€ R\ U{2VI), all the solutions of (2) are oscillating near the
origin, as described above.

e For every k > 1 there is a unique X\ € Iy such that (2) has a unique
unbounded solution uj, with k —1 zeroes in the interval (0,1). More-

over, 2P~y (r) € L>(0,1).

Finally, all the above solutions of (2) are also solutions of (1) if p < pn
or if p > py and u has a finite number of zeroes in the interval (0,1).
If p > pn and u is oscillatory and sign changing near the origin, then
u ¢ L} (B1) and u is a distributional solution of (1) “in the sense of the
principal value”.

The numerical computations performed for this problem by C.J. Budd
and J. Norbury (see [10]) suggest that \j—¢ € I; for § > 0 small enough, and
that for A = A] there is an infinite sequence of bounded positive solutions
of (1) and a unique singular positive solution.

Proof. First we recall a result of F. Merle and L.A. Peletier [26] showing
the existence of a unique A} € (0,A;) for which there exists a singular
positive solution of (1) (note that a simple rescaling argument provides the
uniqueness of singular solutions with a fixed number of zeroes). Moreover,
the branch of solutions bifurcating from A;, obtained by classical bifurcation
theory (see [29]), becomes unbounded exactly at A = Aj. The behavior at
the singularity can also be found in [26]. Lemma 2.8 shows the nonexistence
of bounded nontrivial solutions of (2) for all A > Xy, while for X\ < 0, the
nonexistence result follows from Pohozaev’s identity.

Thus, in view of Lemmas 5.1, 5.2 and their proofs, we only have to prove
that there is an uncountable number of sign changing oscillatory solutions for
all A > 0 and that all the singularities at the origin are removable. Moreover,
from Lemmas 2.9 and 5.1, for every v > 0, the sign changing oscillatory
solutions of (31) are asymptotically close, as s goes to 400, to a periodic,
bounded, nonconstant function. Hence, by (30), the corresponding solutions

23



of (2) behave near the origin as u(r) ~ r~%w(r~%), where @ is a periodic,
bounded, nonconstant and sign changing solution of 3?@" + |w[P~ 1@ = 0.

For every A € IR, there is a ’continuum’ of sign changing oscillating such
solutions according to Lemma 5.2.

The removability of the singularities of solutions with a finite number of
zeroes in the interval (0,1) follows from Lemma 2.1. The same argument
can be used to remove the singularity at the origin for the oscillating, sign
changing solutions of (2) if p < 3N/(N — 2).

There is a different difficulty about the sign changing oscillating solutions
of (2) when p > 3N/(N — 2). In this case, u is not in L} (Bj), and
hence, one has to use (35) to define u as a weak solution of (1). Elementary
asymptotics indeed show that the integral of |u[P 'u on B\ B. gives rise
to an oscillating, sign changing function of ¢ which converges as ¢ — 07
(this can be proved by means of a convergent alternate numerical series). O

6 Appendix A : a sharp estimate of Pohozaev type

From the results of Section 2, it follows that when N = 3, p = 5, equation
(1) has no bounded or unbounded positive solution for any A < 72/4. The
nonexistence of bounded solutions was proved by H. Brezis and L. Niren-
berg in [7]. The nonexistence of unbounded positive solutions follows from
Lemmas 2.15 2.17 and 2.18.

This annex is devoted to a direct proof of this result for 0 < A < 72/4
using the solution w of (20). To do this, we prove that for all v > 0, E(y)
has to be positive, and then apply Lemma 2.17. For A < 0, the result
follows from Pohozaev’s identity.

Theorem 6.1 Let N =3, p =5 and 0 < X\ < 72/4. Then for all v >
0, E(y) > 0. Therefore, all solutions of (2) are oscillatory at the origin,
with unbounded sign changing oscillations and weak solutions of (1) (in the
distributional sense).

Proof. Let us consider a function g € C?([0,+oc)) N L>(0,00) such that
g(0) >0, g(t) is increasing in ¢ and ¢'(t),¢"(t) tend to 0 as ¢ goes to +oc.

Consider the equation for w given by (20) when N = 3 :

—w" = |w|'w — % + e Fw, (36)
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multiply it by gw’ and integrate between 0 and T :

g O OF _ (Tg®'®P,, (T [l Jwd)?
- —/0 . dt—/og(t){ - }dt

A o (9'(t)
—g@EWNT) - 5 o TP [ Tutee (L - g0) i
(37)
Now, multiplying equation (36) by 1 swg' and integrating, we get

w' (T)w(T)g'(T)  |w(T)Pg"(T) [T |w'(t)*d(t) T |lw(t)g" (t)
) _ - /0 S dt+/ LT

_ (T lw®)d'(#) Tlw(®)°'(t) |6 ! T Jw(t)|%g (B2 |2 ' —2t
—/0 Tdt_/o )\/

(38)
Adding up (37) and (38) and taking into account the assumptions made
on g, we obtain :

Jim ( /0 ) (9";(” _ glit) F e 2(g/ () — g(t))) dt

T—+o00

+2 [P dt)=ngloog(T>s[w](T>—§g<0>w'(o>2, (39)

since from Lemma, 2.15, for any v > 0, the functions w, and w’7 are bounded
in the interval (0, c0).

sin(2\/Xe*t) . .
et which satisfies all the
required assumptions if and only if A < 72/4 (g(0) > 0). This function is
solution to the differential equation

Finally, we choose the function g(t) =

n !
9 g I V=2t
1 1 + A —g)e 0.

With this choice of the function g, (39) reads :

. T2 / 6 1 ! 2
0< Jim [ 24P = Bo) - O/ OF . (@)
So, if ¢g(0) > 0, E(v) has to be positive. a
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7 Appendix B: Some plots
CRITICAL CASE

Let us first consider a solution w(t) of w” — %+ e™?! +|w|*w = 0 correspond-

ing to a radial solution of Au + |u|*u + Au = 0 in the critical case 5 = %

for N = 3, Elw] = # + % - % and z(t) = w'(t). We assume that
%2 < A = 8 < 2. Define the asymptotic energy’ I(g) = limy_, o F[w](t)
where w is the solution defined by to w(0) = 0, w'(0) = z(0) = g. Depending
whether I(g) is positive, zero or negative, we have the three following cases
(where the left plot corresponds to the parametric curve ¢ — (w(t), E[w](t))

6 2
— the potential w — % — % is also represented, and the right plot is the
representation in the phase space of ¢ — (w(t), z(t) = w'(t)).
E z

| i
LN

S

Figure 1. I(g1) > 0: w is singular and oscillating near 0.

E z

L/
U

Figure 2. I(g2) < 0: w is singular but non oscillating (positive).

o

E z

Figure 3. I(g3) = 0: u is the unique bounded (smooth) solution.
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91

92

Figure 4. The curve g — I(g) is the crucial tool for the classification of
the solutions in the critical case. It strongly depends on the value of .
There is a unique classical (bounded, positive, smooth) solution for the left
plot corresponding to I(g = g3) = 0, for a given A = 8 € (%2,71'2), and no
such solution (all solutions are singular and oscillating) for the right plot,
corresponding to the case 72 < A = 11 < %.

Figure 5. In the critical case p = % = 2 for N = 6, several branches
of bounded solutions may intersect the vertical line A x IR. The curve g —
I(g) = lim;_, oo E[w](t) where w is the solution of w"” —4w+ e~ w+|w|w =
0 corresponding to w(0) = 0, w'(0) = g and E[w] = % + @ — 2|w|? then
has several zeroes corresponding to bounded solutions. The left and the
right plots correspond to A = 20 and A = 23.5 respectively.
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SUBCRITICAL CASE

Figure 6. Consider for N = 3 the solutions of Au+|u[>u+Au =0 (3 = &5 <

712
4< % =5) with A = 8. Efw](t) = %-{-@—% converges as t — 400

5 2
to a critical point of w % - %, which is different from 0 if w(t) is a

solution of w” — % 4+ Ae™* + Jw|*>w = 0 corresponding to a radial singular

solution w. On the left is shown a representation of ¢t — (w(t), E[w](t))
2
decaying to a minimum of w +— @ — %,

solution is represented in the phase space.

while on the right the same
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