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SIGN-CHANGING RADIAL SOLUTIONS
FOR THE SCHRODINGER-POISSON-SLATER PROBLEM

ISABELLA TANNI

ABSTRACT. We consider the Schrédinger—Poisson—Slater (SPS) system in R3
and a nonlocal SPS type equation in balls of R3 with Dirichlet boundary
conditions. We show that for every k € N each problem considered admits
a nodal radially symmetric solution which changes sign exactly k times
in the radial variable.

Moreover, when the domain is the ball of R? we obtain the existence
of radial global solutions for the associated nonlocal parabolic problem
having k + 1 nodal regions at every time.

1. Introduction

We consider the Schrédinger—Poisson—Slater (SPS) problem in R?
—Au+u+¢u—|ulflu=0 in R3,

(1.1) —A¢ = 4ru? in R3,
lim  ¢(x) =0.
|z|—+o00

From a physical point of view systems like (1.1) appear is semiconductor theory
to model the evolution of an electron ensemble in a semiconductor crystal (see
[22], [23], [6], [28]). In this context the Poisson potential ¢ comes from the repul-
sive interactions among electrons while the nonlinear term |u|P~1u is introduced
as a correction to the repulsive Poisson potential to explain different phenomena
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observed from experimentations (for instance in simulations with superlattices
structures).

In particular in the case p = 5/3 this term is usually known as Slater cor-
rection, since it comes from a term that was first introduced by Slater (1951)
as a local approximation for the exchange term in the Hartree-Fock equations
(see [29], [13]). For this reasons we refer to system (1.1) as Schrodinger—Poisson—
Slater system (SPS).

A different justification of system (1.1) can be found also in [4] where it is
proposed as a model formally describing the interaction of a charged particle
with its own electrostatic field.

From a mathematical point of view system (1.1) shows several difficulties,
the nonlinear nature of it being due both to the power-type nonlinearity in the
first equation and to the coupling, and has been object of many investigation
in the last years (we recall among others the papers [1], [2], [4], [9]-[12], [16],
[19]-[21], [26], see also [18]).

As shown by recent results the structure of the solution set of (1.1) depends
strongly on the value of g of the power-type nonlinearity.

For ¢ <2 and ¢ > 5 system (1.1) doesn’t admit any nontrivial solution (see
[11], [21], [26]), while when g € (2, 5) existence and multiplicity results have been
proved using variational techniques.

Precisely in [10], [21], [26] the existence of at least one nontrivial radial
solution is proved while in [1] they show the existence of infinitely many radial

solutions.

For completeness we recall that mostly these existence results are obtained
through min-max procedures, and one needs to restrict the energy functional to
the natural constrained of the radial functions to overcome the problem of the
lack of compactness of the Sobolev embeddings in the unbounded domain R3.
We also point out that in [1] no information about the sign of the solutions is
given. On the other hand in [2] the existence of a positive ground state solution
has been proved but it is still an open problem whether it is radial or not.

In the present paper we analyze more deeply the structure of the radial bound
states set for problem (1.1).

We show the existence of infinitely many radially symmetric sign-changing
solutions which are distinguished by the number of nodal regions, more pre-
cisely we prove the existence of radial solutions which have a prescribed number
of nodal domains. As far as we know this is the first paper where existence
of sign-changing solution is proved for problem (1.1).

Our proof combines a dynamical and topological approach together with
a limit procedure and it is mainly inspired by [40]. Up to our knowledge this is the
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first time that such a different approach (not variational) is used in the context
of the Schrédinger—Poisson—Slater problems.

‘We point out that one cannot simply apply the well known Nehari’s method
(see [24]) of piecing together positive and negative solutions on alternating annuli
(see also [3]); indeed it is known that for ¢ = 3 the Nehari manifold’s arguments
for problem (1.1) fail, moreover, even for different values of the exponent g, the
procedure would be quite involved since the solution of the Poisson equation on
each annulus would need global informations on wu.

Our main result is the following:

THEOREM 1.1. Let q € [3,5). For every integer k > 2, (1.1) admits a couple
of radial solutions (Lu, @) such that +u changes sign precisely k — 1 times in the
radial variable.

In order to obtain this result we will study first the existence of sign chang-
ing radial solutions for the following semilinear elliptic equation with Dirichlet
boundary condition

2
fAu+u+u/ () dy —|u|"'u =0 in Bg,
Br Il‘—y‘

uw=0 on OBg,

(1.2)

where Bg is the ball of radius R in R3. This problem, with both local and
nonlocal nonlinearities, has been also investigated in [27] when ¢ € (1,2).

We recall that solutions of (1.2) are critical points of the energy functional
E:H}(Bgr) — R given by

E(u) = %/|Vu(x)|2dx+%/u(x)2dx

Our second main result is then the analogous of Theorem 1.1 for prob-
lem (1.2):

THEOREM 1.2. Let q € [3,5). For every R > 1 and every integer k > 2,
(1.2) admits a couple of radial solutions tu changing sign precisely k — 1 times

in the radial variable. Moreover, there exists a constant Cy > 0, independent
of R, such that E(£u) < Cy.

The proof of Theorem 1.2 relies on a dynamical method. We find solution of
the elliptic problem (1.2) looking for equilibria in the w-limit set of trajectories
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of the associated parabolic problem, namely of

2
ut—Au—l—u—&—u/ uw(y)
Br |z — y

(1.3) u=0 on 0Bg x [0, 00),

dy — |[u|T'u =0 in By x [0,00),

u(-,0) =ug on Bg.

This nonlocal initial boundary value parabolic problem has been studied in [17]
by the author himself.

Solutions of elliptic equations via the corresponding parabolic flow can be
found in the literature (we recall among others [7], [9], [25]), in particular here
we follow an approach introduced in [40] in the contest of symmetric systems of
two coupled Schrodinger equations but which can be adapted, with proper modi-
fications, also to scalar equations with odd nonlinearities, like our problem (1.2).

This method consists in selecting special initial data on the boundary of the
domain of attraction of an asymptotically stable equilibrium in order to obtain
equilibria with a fixed number of changes of sign.

It relies on a crucial monotonicity property of the semilinear parabolic prob-
lem (1.3) stating that the number of zeros is not increasing along the flow and
combines the study of the parabolic flow with a topological argument based on
the use of the Krasnosel’skii genus.

We underline that, for fixed k, the solutions found in Theorem 1.2 satisfy
an energy bound independent on the radius R of the domain. This is the starting
point to prove Theorem 1.1, through a limit procedure on the radius of the
domain.

Moreover, as a byproduct in the proof of Theorem 1.2 we obtain also the
following result related to the existence of sign-changing global solutions for the
parabolic problem (1.3) that we believe to be of independent interest.

THEOREM 1.3. Let q € [3,5). For any integer k > 2 there exists a couple
tuk:Br x [0,00) — R of global radial solutions of (1.3) such that, for allt > 0
tug(-,t) has exactly k — 1 changes of sign in the radial variable.

We point out that all the results in the present paper are obtained for values
q € [3,5), the case ¢ € (2, 3) being still open.

This is due to the fact that first the existence of solutions for the parabolic
problem (1.3) when ¢ € (2, 3) is still open (see [17]), second the geometric prop-
erties of the energy functional depend strongly on the value of ¢ (see the proof
of Proposition 6.1 where we need to restrict to the case ¢ > 3). We recall also
that it is still an open problem whether the (PS) property holds or not in the
gap q € (2,3), precisely it has not yet been proved the existence of a bounded
Palais—Smale sequence when g belongs to this gap.
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Our difficulties seem to be strictly related to the ones one finds when dealing
with this open problem.

We briefly describe the paper’s organization.

In Section 2 we collect some notations and preliminaries. In Section 3 we
recall the properties of the nonlocal parabolic problem (1.3) (local and global
existence results, regularity, compactness properties) which have been studied
in [17] by the author himself. Moreover we prove the monotonicity of the number
of zeros along the parabolic flow.

In Section 4 we define a family of finite dimensional spaces (Wy)ren such
that the restriction of the energy functional on it is unbounded from below and
bounded from above uniformly on the radius R of the domain. The use of Wy,
will be crucial for the proof of Theorem 1.2, in particular to obtain uniform
estimates of the energy.

Section 5 is therefore devoted to the proofs of Theorems 1.2 and 1.3.

Section 6 contains the proof of Theorem 1.1 which is obtained through a limit
procedure on the radius of the balls Bg. In particular we controll the number
of zeros while passing to the limit using ODE techniques, Strauss Lemma and
maximum principles.

2. Notations and preliminaries

Let us fix some notations.

Bg := {z € R3: |z| < R} is the ball of R? of radius R.

For an open Q C R3, (L"(€), ]| - |23 ()) is the usual Lebesgue space, we may
also write the norm simply as || - ||, when there is no misunderstanding about
the integration set.

(W=r(Q), |- [lwer(a)) and W3 () are the usual Sobolev spaces we may also
write the norm simply as || - ||s,» when there is no misunderstanding about the
integration set.

In particular we write H' (), resp. H}(Q) instead of W2(Q), resp. W, *(Q)
and in this case we may denote the norm simply with

[l := llull g o) = /Q(IVUI2 + [uf?) da.

C™%(Q) is the subspaces of C™(Q) consisting of functions whose m-th order
partial derivatives are locally Holder continuous with exponent a in ).

If Q is bounded then we denote by (C™*(Q), ||u|
of all the functions belonging to C™(Q2) whose m-th order partial derivatives

cm.o (@) the Banach space

are uniformly Hélder continuous with exponent o in Q. endowed with the usual

norm.
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D'2(R3) is the closure of C§°(R?) with respect to the norm
[ullpre = [[VullL2(gs)-

The following facts are known (see for instance [15, Lemma 0.3.1]) and [26,
Lemma 2.1]):

LEMMA 2.1. For any v € HY(R3) let

60 (x) = /R W g,

sz —yl

Then
(a) ¢, € DV(R3) and there exists C > 0 (independent of v) such that

I¢ollpr2 < Clloll*.

Hence in particular there exists C > 0 (independent of v) such that
2( 7 )0y2
(2.1) // W dzdz < Cllw|?|o|?  for all w € H'(R?).
r—=y

(b) ¢y is the unique weak solution in DY2(R?) of the equation —A¢, = 4mv?

in R3.
(¢) If v is radial, then ¢, is radial and has the following expression
L[t
du(r) = f/ v%(s)smin{r, s} ds.
™ Jo

(d) Let v,,v € HY(R?), radial and satisfying v, — v in H*(R3), then
bu, — by in DVZ(R3).

Here and in the following for v € H{(Bg), we write again v also for the
trivial extension of v in the whole R3, which belongs to H*(R?), one has that the
nonlocal term which appears in the equation (1.2) coincides with the restriction
of ¢, to Bg.

Hence if u € HJ(Bgr) is a solution of (1.2) then the couple (u, ¢y|p,) is
a solution of the SPS system in the ball

—Au+u+¢u—|ul/lu=0 in Bg,

—A¢ = 4ru? in By,

u=20 on 0BR.
We underline that ¢, is not 0 on OBg.

REMARK 2.2. If v € WyP(Bg), p > 3 then ¢, € C>*(Br) and satisfies
—A¢, = 4mv? in Bg.

Indeed by Sobolev embedding (p > 3) v € W, P (Bg) — C%*(Bg) and v =0
on OBg. Let ¥ be the trivial extension of v in Byg then 72 € C%*(Byg) and so
(see [14, Lemmas 4.2 and 4.4]) ¢, € C*(Bg) and satisfies —A¢, = 4702 in Bg.
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3. The associated parabolic problem

We consider the semilinear nonlocal parabolic initial-boundary-value problem
(IBVP) associated with (1.2) which has been studied in [17]:

% ~Autu=F(u) inBg x (0,+00),
(3.1) u=0 in 0Bg x (07 Jroo)a
’LL(,O) = U on IBR,

where the nonlinearity is

Flu) = Jul? ' — u/

—u
Br |z —yl

Next we fix 3 < p < oo and we consider the function spaces

*(y)dy, q€[3,5).

X = {u e Wy*(Bg) : u radially symmetric},
Y = {u € C'(Bg) : v is radial and u = 0 on OBg}.
We have the embedding Y — X — C(Bg).

We recall the following result related to local existence and regularity which
can be found in [17, Theorem 1.1].

THEOREM 3.1. For every ug € X the IBVP (3.1) has a unique (mild) solu-
tion u(t) = (t,up) € C([0,T), X) with mazimal existence time T := T (ug) > 0
which is a classical solution for t € (0,T). The set G := {(t,up) : t € [0,T(uo))}
is open in [0,00) x X, and ¢ : G — X is a semiflow on X.

Moreover, the following continuity property with respect to the initial datum
in stronger norm holds (see [17, Theorem 1.1-iv)])

PROPOSITION 3.2. For every ug € X and every t € (0,T(ug)) there is
a neighbourhood U C X of ug in X such that T(u) > t for uw € U, and
o(t,  ): (U] - lx) — Y - lly) is a continuous map.

In the following we will often write ¢'(u) instead of ¢(t,u).

The energy F is strictly decreasing along nonconstant trajectories t — ¢! (ug)
in X.

In fact, for a classical solution of (3.1) we have:

. d d 1 1 1 1
2 E=—F = — — 24 2 = g+1 4 = 2
62 B=gp =5 [ (GIVeF+ g - 4 fon ) do

= / <VuVut + uug — \u|q_1uut + gzbuuut) dx

- / <A”+u |U|q1U+¢u“>“tdx/“?dzllutllé,

this property is crucial in order to prove the following global existence result and
compactness property (see [17, Theorem 1.4] for the proof).
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THEOREM 3.3. Let ug € X and T = T(ug) be such that the function t —
E(p'(up)) is bounded from below in (0,T). Then T = oo and for every § > 0
the set {p'(ug) : t > &} is bounded in WS+P(Bg) for every s1 € [1,2) and hence
relatively compact in C*(Bg).

COROLLARY 3.4. Let ug € X and T = T(ug) be such that the function
t — E(¢'(up)) is bounded from below in (0,T). Then T = oo and the w-limit set

w(ug) = ﬂ Closy ({¢°(ug) : s > t})

t>0

is a nonempty compact subset of Y consisting of radial solutions of (1.2).

Next we show that the number of nodal regions of a solution of (3.1) is non
increasing along the flow.

Given u € X we define the number of sign changes in the radial variable i(u)
of u as the maximal k& € NU{0, oo} such that there exist points z1, ... ,Zx+1 € Br
with 0 < |z1| < ... < |zp41] < R and w(z;)u(x;p1) <0fori=1,... k.

LEMMA 3.5. Let ug € X and T = T(ug). Then t — i(p'(ug)) is non in-
creasing in t € [0,T).

PROOF. In view of the semiflow properties, it suffices to show the inequality
i(p"(ug)) < i(ug) for a fixed 7 € (0,7). Since u(t) := ¢'(ug) satisfies the
equation

up — Au+ f(z,t)u=0 in Bg x (0,7]
where f(z,t) := 1+ ¢y (z,t) — |u(x,t)|971, to prove the result we can follow the
arguments in [8, Theorem 2.1] (see also [40, Lemma 2.5]). The only thing which
remains to be proved is therefore that f is bounded in By x [0, 7].

On this scope we observe that |u|97! is continuous and hence bounded in
Br x [0,7] (indeed X — C% wu(-,t) € X for every t and t — u(t,x) €
c(0,7), X)).

We show now that

’LL2
bulz, ) =/B ww,h) 4,

w17 =Yl
is continuous and hence bounded in B x [0,7]. The continuity of the function
T +— ¢, (x,t) in Bg for fixed t € [0,7] is trivial (see Remark 2.2). We fix now
x € Br and show that the function t — ¢, (z,t) is continuous in [0, 7].
Let (tn)n C [0,7] tn —n to, we want to prove that ¢ (z,t,) —n ¢u(z,to).

This follows from the following;:
/ (u2<y,tn) _ Ug(iUJo)) dy‘
Be \ lz—yl [z -yl

1
< lim max |u2(y,tn) - u2(y,t0)’ / ——dy=0.0
" yeBr Br |x - y|

lim |¢u(xutn) - ¢u(x7t0)| = lim
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4. A finite dimensional subspace of X

In this section we define, for any fixed integer £ > 2 a convenient k-dimen-
sional subspace Wy C X such that the restriction to it of the energy functional
E: H}(Bgr) — R defined by

E(u) = %/|Vu(x)|2d:c+%/u(x)2dx

+i//dedy—qi1/|u|ﬁl<x>dx

has some “good properties” (it is unbounded below “at infinity” and bounded
from above uniformly in the radius R of the domain).
As we will see, we need to pay particular attention to the case ¢ = 3, since
the geometric properties of the energy E are different (see condition (4.2) below).
The spaces Wy, will be useful in next section to prove our results.
First, for 0 < a < b, we define the annulus A, ; ;= {x € R? : a < |z| < b}.
Then we fix k radial functions w; € C?(R3), i = 1,...,k with disjoint
supports which satisfy the following properties:

w; >0 in Bl/lm
w1 =0 inRB\Bl/k,

w; >0 in A(ifl)/k,i/lm i=2,...,k,

w; = 0 in Rg \A(ifl)/k,iﬂm 1= 2, ce ,k‘.
We can always assume that

1 .
(4.1) lwill® = lwillghy, i=1,....k
(if not we just rescale w;). We also define
My, := max |jw;]|* > 0.
i=1,... .k

Last, for ¢ = 3, we require also that

1

LEMMA 4.1. Let

k
Wi = {’w = W(ty,... ty) = thwj : (th. .. ,tk) S Rkl} c X.
j=1

Then there exists Cy > 0 such that

(4.3) E(w) < Cy  for allw € Wy,.
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Moreowver,
(4.4) | lﬁm E(w) = —oc.
weWs
PRrROOF. Let w € Wy, then w = Z?:l t;w; wheret; € R, j=1,...,k, hence
using the inequality (2.1)
k 2
Z |t;]9* 1
@s) B =30 |l - S eyl
j=1
k 2 2
1 w3 (T )w;
+ - t?t?// j() (y)dxdy
4i)j:1 B/ Tyl
. t? 2 |tj|qul 2
<305l = 2 e
j=1
1
+7 Z £33 |y lwil® - (llwj g1 = llw;|1?)
4,5=1

k
s .
<Z[WAF g 2] + 2 5 et
j=1
s
—Zwm[ + a2 - B

2
<Zuwt L)
J J q_|_ 1
Let now be g > 37 then putting 0 < Gi := max gg(s), where

s€[0,400)

s kM, s|at!
gr(s) = |:2 + T84 - |q|+1]»

from (4.5) it follows that

k
< lws PGy < kMG
j=1

Moreover, again from (4.5) we have that | ‘llim E(w) = —o0, since 400 « |Jw||
w||——+oo
k
Z [tj]]|w;|| if and only if there exists (at least one) J € {1,...,k} such that
|’51| — Fo0.
If ¢ = 3 then
82 1 - k?Mk

gr(s) = — 9 -5t 4

where 1 — kM, > 0 by our choice in (4.2) and we proceed in a similar way. O
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REMARK 4.2. Each function w; j = 1,... ,k has support contained in By,
hence in By for any R > 1. Therefore the choice of the space Wy, as well as the
results in the lemma above are independent on the radius R of the domain of
problem (1.2).

5. Proof of Theorems 1.2 and 1.3

The proof relies on a dynamical method: we find solutions of the elliptic
problem (1.2) looking for equilibria in the w-limit sets of trajectories of the
autonomous parabolic problem (1.3). In order to obtain equilibria with a fixed
number of changes of sign we need to select in a proper way the initial condition.
This is done following an approach first introduced in [40] in the contest of
symmetric systems of two coupled Schrédinger equations.

This method consists in selecting special initial data on the boundary of the
domain of attraction of an asymptotically stable equilibrium.

It relies on the crucial monotonicity property for the number of zeros along
the flow (Lemma 3.5) and combines the study of the parabolic flow with a topo-
logical argument based on the use of the Krasnosel’skii genus. For completeness
we will repeat here the main arguments of [40] adapted to our scalar case.

Since the energy functional F is strictly decreasing along nonconstant tra-
jectories (see (3.2)) and 0 is a strict local minimum for it, it follows that the
constant solution v = 0 is asymptotically stable in X.

Let A, be its domain of attraction

Ao i ={u € X :T(u) = +oo and ¢* — 0in X as t — +oo}.

The asymptotic stability of 0, the semiflow properties of solutions of (3.1) and
the continuous dependence of solutions on initial data (Corollary 3.2) imply that
the set A, is a relatively open neighbourhood of 0 in X.

As in [40] we denote with J.A, the relative boundary of the set A* in X.

Since A, is open and 0 is asymptotically stable, the continuous dependence
of the semiflow ¢ on the initial values implies that d.A, is positively invariant
under .

Moreover, E(u) > 0 for every u € A, since E is decreasing along trajectories,
and hence, by continuity, this is true also for every u € 0.A,. As a consequence by
Corollary 3.4 one has that the solution is global for every initial value u € 0.A,,
the w-limit set is nonempty and w(u) C JA..

Since the w-limit consists of radial solutions of the elliptic problem (1.2), our
aim is to select suitable initial conditions v on 0.A, in a way that any element
in w(u) has k — 1 changes of sign. Following [40] we define therefore the closed
subset of X:

A ={u € dA, 1i(u) <k —1}.
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Lemma 3.5 and the positive invariance of 0.4, for the flow ¢ imply that Ay is
a positively invariant set for the flow .

Using a topological argument similar to the one in [40], we prove hence the
existence of a certain u € Ay \ Ag_1 such that w(w) C Ag \ Ax_1, for every
k> 2.

On this scope let’s observe that the parabolic problem (3.1) has an odd
nonlinearity hence the semiflow ' is odd and the sets A, and Ay, k > 1 are
symmetric with respect to the origin.

For a closed symmetric subset B C d.A, we denote by v(B) the usual Kras-
nosel’skii genus and we recall some of the properties we will need:

LEMMA 5.1. Let A, B C 0A, be closed and symmetric.
(a) If A C B, then v(A) < ~(B).
(b) If h: A — 0A, is continuous and odd, then v(A) < v(h(A4)).
(c) If S is a bounded symmetric neighborhood of the origin in a k-dimensio-
nal normed vector space and v: S — 0A, is continuous and odd, then

V(v(995)) = k.

Let O := A, N W}, where W}, is the k-dimensional subspace of X defined
at Section 4 (Lemma 4.1). O is a symmetric, bounded (from (4.4)) open neigh-
bourhood of 0 on Wy

LEMMA 5.2. 90 C Ay, and v(00) = v(Ag) = k.

PRrROOF. The inclusion 00O C A; is a consequence of the definition of Wj.
Let us compute the genus. From the property (c) of the genus it follows imme-
diately that v(00) > k. Moreover, adapting the arguments in the proof of [40,
Lemma 3.3], one can prove that v(Ag) < k. The conclusion comes from the
monotonicity property (a) of the genus. O

We define also the closed subsets of 0.4,
Ci 1 ={ucdA,:p'(u) € Ap_1} fort>0.
LEMMA 5.3. Ap_1 CCj_y and v(Ci_,) = v(Ak—1) =k — 1 for every t > 0.

PROOF. The proof is trivial once we know that v(Cj_,) < k — 1.
This is a consequence of the property (b) of the genus, indeed

Y(Ch_1) <A(H(CE_)))

since the map ¢':C}_; — 0.A, is continuous and odd, and y(¢*(C}_,)) <k —1
because of the inclusion ¢*(Ch ;) C Ap_1. O
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PROPOSITION 5.4. There ezists uw € 00 \ Ag—1 such that
0 #w@) C A \ Ax_1.

PROOF. From Lemmas 5.2 and 5.3 0 # 00\ C,._, C Ay \ Ai_; for every
t > 0.

In particular, for any positive integer n, there exists u, € 00 \ C}_, and,
since JO is compact, we may pass to a subsequence such that u,, — u € 90 as
n — o0.

Obviously w(w) C Ay, as in [40] we now prove that w(u) C Ag \ Ak—_1.

On this scope we define the sets Y, := {u € Y : i(u) < k—1} (see Section 3 for
the definition of the space Y). By construction (using the continuity property in
Proposition 3.2) one has that ¢! (@) & Inty (Y;_1) for every ¢ > 0, which implies
that w(@) NInty (Yi_1) = 0.

On the other hand, if we assume by contradiction that w(u) N Ag_1 # 0
than, since w(@) consists of radial solutions of (1.2), one can easily show (with
arguments similar to the ones in [40, Lemma 3.1]) that w(@) N Inty (Yz—1) # 0,
reaching a contradiction. (]

The proof of Theorem 1.2 follows from Proposition 5.4 taking any u € w(u).
u is a radial solution for the elliptic problem (1.2) with exactly & — 1 changes
of sign. Moreover, since the energy is non-increasing along trajectories and using
the energy estimate in Wy, (see (4.3)) it satisfies

E(u) < E@) < Ch.

As a byproduct we obtain also the proof of Theorem 1.3 related to the existence
of global solutions of the parabolic problem (3.1) with the same fixed number
of nodal regions along the flow.

Indeed ug(t) := ¢! () is a global solution of the parabolic problem and, from
the positive invariance of the sets Ay, it follows that u(t) € Ag \ Agx_1 for every
t>0.

6. Proof of Theorem 1.1

For fixed £k > 2, let R, > 1,n € N such that R, — 400 as n — o0,
let u,, € Hi(B,) be a radial weak solution of the Dirichlet problem in the ball
B,, = Bpg,

dy — [un|? M, =0 in B,

—Aun+un+un/|
Up =0 on JB,,,

uz (y)
(6.1) z =yl

with precisely (k — 1) changes of sign in the radial variable and which satisfies
the energy uniform bound E(u,) < M}, (from Theorem 1.2).
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PROPOSITION 6.1 (Uniform H'-bound). There exists Dy > 0 (independent
of n) such that
|lun|| < Dg  for allm € N.

PROOF. Since u,, is a solution it satisfies E’(u,,)(u,) = 0, hence, since ¢ > 3,

1 1 9 q—3 11 9
My = E(upn) = E(un) — zEl(un)(un) = ZHUnH + m”un”g—&-l > ~llun|”,
namely [[u, | < 2v/Mj. O

LEMMA 6.2 (Regularity of u, and uniform C>®-bound). u, € C%%(B,)

loc
and it is a classical solution of the Dirichlet problem (6.1). In particular, for any

R > 0, there exist ng € N and Cr > 0 such that
up € C**(Bg) and ”unncla(ER) < Cgr forallmn > ng.
(The constant Cg is independent of n but depends on R, q, «, Dy).
PRrROOF. Let 2(,)
Un\y
On () = ¢u, (T :/7dy.
(@) = du (o) = [ 22
Step 1. ¢, € C®*(R3). Moreover, for any R > 0, there exists C =
C(a, R, Dy;) > 0 such that
||¢)’n||CD,a(ER) <C forallneN.

Since u, € H(R3), it can be proved that ¢, € D%?(R3) and that the
following bound holds:

(6.2) ¢nllpre < Cllual®

where C' > 0 is independent of n € N (see Lemma 2.1).

Moreover, by the Sobolev embedding H'(R?) — LS(R?®) we deduce that
u2 € L3(R3), hence (using for instance [14, Theorem 9.9] in any domain €2 which
contains B,,) ¢, € W2(R3) and —A¢,, = u2 almost everywhere in R?.

Therefore from [14, Theorem 9.11], Sobolev embeddings and (6.2) we obtain:

énllw22@r) < C(R)I6nllL2man) + I1unlle@an)
<C(R)([¢nllpra + l[unl?) < C(R)A + C)lun*.

The conclusion follows from the Sobolev embedding W23 (Bg) — C%(Bg) and
Proposition 6.1.

Step 2. wu, € CY%*(R3). In particular, for any R > 0, there exists C' =
C(q,a, R, Dy) > 0 such that

u, € C**(Bg) and [unllco.e@y < C foralln

(here u,, stays for its trivial extension).
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Uy, is a weak solution of the Dirichlet problem

—Au, = f, inB,,
(6.3)
Uy, =0 on 0B,,,

where f,, = |un|9 u, — (1 + ¢p)un € L¥/4(B,,) (¢, € C°(B,) by Step 1). By
LP-regularity it follows that u, € W2 /4(B,,) and so by a classical bootstrap
argument u, € W2P(B,) for a certain p > N/2; by Sobolev embeddings we
conclude that u,, € C%%(B,,). Substituting u, by its trivial extension (remember
that u, = 0 on dB,,) one obtains that u,, € C%*(R3).

We prove now the uniform C’loo’f‘—estimate. We denote by C any constant
which doesn’t depend on n € N but which may eventually depend on ¢, a, R,
Dy, and which may vary from line to line.

Let us observe that, for each fixed R > 0, there exists ngp € N such that
Bor C B, for all n > ng. Therefore from Sobolev embeddings (p > N/2) we
have for n > ng

(6.4) [unllgo.e@gy < Cllunllwzr@g);

moreover, from LP-estimates (cfr. [14, Theorem 9.11]) and Step 1:

(6.5) lunllw2r@r) < CUlunllLe@ar) + 1 fallLe®ar))
<C(llunllzr®,n) + ||un||%qp(m;2R)
1+ 6nll g @y Mt 500
S C(lunllfar g,y + lunllrassn))  (pg > p)-

Remember now that p > 2*/¢ is obtained after a finite number m > 0 of iter-
ations (bootstrap procedure) starting from 2*/q. If p = 2*/q we can conclude
directly from (6.4) and (6.5), using Sobolev embeddings and Proposition 6.1,
indeed

[unllcoe @y < Clllunll? + lunll) < C(DE + Di) = C.

Otherwise, if p > 2*/q then it is easy to verify that we reduce to the previous
case iterating m times the estimate (6.5) together with the Sobolev embeddings
W2Ns/(N+25) «, s for opportune s > 0. We remark that at each step the
constant involved is independent of n.

The previous argument gives the local estimate only definitely for n > ng.
To extend the result also to the first ng — 1 elements it is enough to substitute
u, with its trivial extension for each n < ng — 1 (in this case B,, C Bag).

Step 8. Conclusion. wu, is a weak solution of the Dirichlet problem 6.3,
where f, € C%%(B,,) (from Steps 1 and 2). By elliptic regularity we conclude
that u, € C*>%(B,,) and it is a classical solution of the Dirichlet problem.
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To prove the uniform Clzo’?—estimate we fix any R > 0 and let ng € N such
that Bog C B,, for all n > ng. Hence for n > ng

[unlloz.o@gy < Cllunlloa@,y + 1fnllco.e @) < C,

where we have used the Schauder estimates (see for instance [14, Theorem 4.6])
and the uniform local bounds from Steps 1 and 2. |

PROPOSITION 6.3. There exists u € C%(R3) N HY(R3), radial such that

Up, —u in CZ (R?).

Moreover, u is a solution of

(6.6) —Au+u+ u/ |Z2£y;| dy — [u|T'u =0 inR3,

PROOF. Since u, is bounded in H*(R3) (Proposition 6.1), one can extract
a subsequence of u,, again denoted by wu,, such that u, converges weakly in
H'(R3) and almost everywhere in R? to a function u. Observe that u € H!(R3)
is spherically symmetric. Moreover, since for any R > 0 the sequence u,, is
definitely bounded in C*%(Bg) (Lemma 6.2), by Arzela’s theorem and a standard
diagonal process one can also prove that u € C?(R?) and that u,, converges to u
in C2 (R3).

In order to prove that u satisfies equation (6.6) it is enough to pass to the
limit for almost every € R? into the equation pointwise satisfied by u,, definitely
(by Lemma 6.2)

—Aup () + Un () + un(z)Pn(T) — |Un($)|qilun($) =0.

To this scope let’s observe that from the compactness result iv) in Lemma 2.1 one

can extract a subsequence of ¢,,, again denoted by ¢,,, such that ¢, converges

(strongly in D12(IR?) and hence, by Sobolev embedding D'?(R3) — L%(R3))
‘W g4

1. O

u®(
[z—y]

almost everywhere in R? to the function ¢, = Ik

LEMMA 6.4. ¢, € C**(R®) and it is a classical solution of the equation
—A¢, =u2 in R3. Moreover, for any R > 0, there exists Dg > 0 such that

bn € C2,£’¢(ER) and ||¢7L||02,a(@R) < Dgr forallm e N.
(The constant D is independent of n but depends on R, q, o, D).

PROOF. One can easily prove that u? € C%%(R3) and it is bounded (see
Lemma 6.2, Step 2). Therefore it follows that ¢, € C?(R3) and satisfies the
equation —A¢,, = u2 in R? (using for instance the known regularity result about
Newtonian potentials in [14, Lemma 4.2] in any domain  which contains B,,).
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The conclusion follows from interior Holder estimates for solutions of the
Poisson’s equation (for instance [14, Theorem 4.6]), namely ¢,, € C?(R?) and,
fixed any R > 0 one has

||¢n||c2,a(ER) < C(H(anCO(EQR) + ||ui||COvQ(E2R)) <C foralln,
where the last inequality follows from Steps 1 and 2 in Lemma 6.2. ]

PROPOSITION 6.5.

o Uz(y) 2 (mp3 1,23
¢u~/|x_y|dy€C(R)ﬂD (R?)

and it is a classical radial solution of the equation —Ad, = 4ru? in R3.

PrOOF. From Lemma 6.4, using Arzela’s theorem and a standard diagonal
process, one can extract a subsequence of ¢,,, again denoted by ¢,,, which con-
verges in C2 (R?) to a function w € C?(R3). Moreover (see Proposition 6.3), one
can extract a subsequence of u,, again denoted by u,, which converges point-
wise in R? to the function u. Therefore passing to the limit for almost every z
in R? into the equation —A¢, (x) = 4wuZ(x), one can prove that w is a classical
solution of the equation —Aw = 47u? in R3.

Last it is clear that w coincides with ¢, since we already know that ¢, — ¢,
almost everywhere in R? (see the proof of Proposition 6.3).

To conclude we observe that ¢, € DV?(R3) and it’s radial because u €
H'(R3) and it’s radial (see Lemma 2.1). O

Propositions 6.3 and 6.5 yield the existence of a radial solution (u,¢,) for
system (1.1).

Next we prove that u is nontrivial and has exactly (k — 1) changes of sign in
the radial variable.

LEMMA 6.6. Let 7 > 0 be a positive local mazimum or a negative local min-
imum point for r — u(r) (resp. r +— un(r)). Then

()| =1 (resp. [un(F)| = 1).

PROOF. Let w = u (resp. u,), so writing the equation (6.1) (resp. (6.6)) in
polar coordinates:

—uw"(7) — %w’(ﬂ = w(@)[Jw@)|*™" = (1 + ¢u(7))].
If 7 > 0 is a local maximum (resp. a local minimum) point for w then
w(m)[Jw(@)|" = (14 ¢u(7))] 20 (resp. < 0)
hence, since w(7) > 0 (resp. w(7) < 0)

[w(m)|?! > (14 ¢ (7)) > 1. O
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LEMMA 6.7. There exists R > 0 such that any positive local maximum or
negative local minimum point r > 0 for the function r — u(r) or r — wu,(r),
satisfies 1 < R (R doesn’t depend on u nor n but may depend on k).

PROOF. By Strauss Lemma () (see [5]) and the uniform bound on the H*
norms there exists R > 0 such that

1
(6.7) lu(z)], |un(x)] < 3 for any z € R*\ By, for any n.

We prove the result for u,,. The proof for v can be done in a similar way.

For small n such that R, < R the result is trivial (since u,, = 0 in R?\ Bg).
Hence let’s consider n such that R, > R and by contradiction let r, > R be
a maximum (resp. a minimum) for w,, with w,(r,) > 0 (resp. u,(r,,) < 0). Hence
by Lemma 6.6, |u,(r,)| > 1 which contradicts (6.7). O

LEMMA 6.8 (Properties of u). Let R > 0 be as in Lemma 6.7.
(a) u#0;
(b) w changes sign;
(c) let 7 such that u(F) = 0, then
ou
Z2F) £ 0:
L) £ 0,
(d) let 7 such that u(F) =0, then ¥ € (0, R) and it is isolated.
(e) in every subinterval where r — wu(r) changes sign precisely once, r —
un(r) also changes sign precisely once for large n.

Proor. To prove (a) we assume by contradiction that v = 0. Then, since
uy, converges to u in CE, (R?) (Proposition 6.3), in particular it follows that
(6.8) max [un (7) — ()| = max [un ()] =, 0.

zEBR reEBRr

But we know that for each n € N the function r +— w,(r) changes sign exactly
(k — 1) times and it is regular, hence it has at least (k — 1) positive maxi-
mum/negative minimum points and moreover (Lemma 6.7) these points are all
inside Bgr. Therefore, from Lemma 6.6 it follows that

max |u,(z)] > 1 for all n € N,
zE€BR

which contradicts (6.8).

(1) Strauss Lemma: let N > 2; every radial function u € H'(RY) is almost everywhere
equal to a function U(z), continuous for & # 0 and such that

|U(z)| < CN\$|(17N)/2HU||H1(RN) for |z| > Ry

where Cy and Ry depend only on the dimension N.
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To prove (b) we assume by contradiction that w > 0. Then u > 0 by the
strong maximum principle and hence there exists C' > 0 such that u > C in Bg.
Since u,, converges to u in C2 (R?) (Proposition 6.3), one has that u,, > C/2 > 0
in By definitely. Which is absurd since u,, changes sign is Bg.

(¢) is a direct consequence of the Hopf’s Boundary Lemma while (d) follows
immediately from (c¢) and Lemma 6.7.

Last we prove (e). Let (a,b) be an interval where r — u(r) changes sign
precisely once and let 7 € (a,b) be the unique point in (a,b) such that u(7) = 0.
We want to prove that u,, changes sign precisely once in (a,b) for large n.

By Lemma 6.7 we may restrict without loss of generality to the case (a,b) C
(0, R), in particular (a,b) is a bounded interval.

Since u,, converges uniformly to u on compact intervals (Proposition 6.3),
one easily deduces that for n large w,, changes sign at least once in (a,b).

On the other hand from (c¢) we know that %(F) # 0, without loss of gener-
ality, we may assume for instance that g—f(?) > 0. By continuity %(r) >a>0
in a neighbourhood O C (a,b) of 7, and from the C2 -convergence, it follows

that for large n
ouy,

or

namely for large n the function r +— wu,(r) is strictly monotone in Or.

(r)2%>0 for all r € O,

Moreover, by assumption, |u(r)| > £ > 0 for r € (a,b) \ O, therefore from
the C},.-convergence also |u,(r)| > 3/2 > 0 for r € (a,b) \ O, for large n.

Hence we can conclude that for large n the function r — w, (1) changes sign
inside OF and exactly once because of the strict monotonicity. O

PROPOSITION 6.9. u changes sign precisely (k — 1) times in the radial va-
riable.

Proor. From Lemma 6.8 we know that there exists an integer m > 1 such
that the function r +— wu(r) changes sign m times. In particular there exist m
isolated points 0 < r; < ... <1, < R such that u(r;) =0 forany i =1,... ,m
and u(r) Z0forr #£r;,i=1,... ,m.

Let us define the partition 0 = 29 < 1 < ... < Ty—1 < T = R of (0, R)
where 2; = (r; +7i+1)/2,4=1,... ,m — 1; and let us consider the subintervals
I, := (g, xp41) for any k=0,... ,m — 1.

By construction the function r — wu(r) changes sign exactly once in each
I, and so, by point (e) in Lemma 6.8, it follows that for n large the function
r — u,(r) changes sign exactly once in each Ij.

Therefore in the interval (0, R) the function r +— w, (r) changes sign exactly
m times for n large and by Lemma 6.7 it changes sign exactly m times at all.
As a consequence m = k — 1. |

Theorem 1.1 is a direct consequence of Propositions 6.3, 6.5 and 6.9.
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