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Abstract

Consider m > 1, N > 1 and max{—2,—N} < 0 < 0. The Hardy-Hénon equation
with sublinear absorption

~Ao(z) ~ al7v(@) + ——

1v1/m(x):0, z e RN,

is shown to have at least one solution v € H'(RY) n Lm+)/m™(RN) | which is non-
negative and radially symmetric with a non-increasing profile. In addition, any such so-
lution is compactly supported, bounded and enjoys the better regularity v € W24(RY)
for ¢ € [1,N/|o|). A key ingredient in the proof is a particular case of the celebrated
Caffarelli-Kohn-Nirenberg inequalities, for which we obtain the existence of an ex-
tremal function which is non-negative, bounded, compactly supported and radially
symmetric with a non-increasing profile.

A by-product of these results is the existence of compactly supported separate
variables solutions to a porous medium equation with a spatially dependent source
featuring a singular coefficient.

MSC Subject Classification 2020: 35C06, 35J15, 35J20, 35J75, 35K65.

Keywords and phrases: Hardy-Hénon equation, singular potential, variational methods,
bounded solutions, Caffarelli-Kohn-Nirenberg inequality, separate variables solutions.

1 Introduction and results

After being proposed by Hénon [19, Eq. (A.6)] as a model for studying rotating stellar
systems, the elliptic equation

—Au(x) = |z|uP(x), xRN, (1.1)
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with p > 1, featuring a variable coefficient which is singular when o < 0 and unbounded
when o > 0, became an interesting object of study for mathematicians. It is nowadays
usually referred to as the Hardy equation if ¢ < 0 and the Hénon equation if o > 0, though
both cases are considered in [19] (with a constraint corresponding to ¢ > —2). When
o < 0, the presence of the singular potential implies a number of difficulties related to the
existence and regularity of its solutions. Indeed, existence of solutions is established for
Eq. (1.1) with N > 3, 0 > —2, and p > pg(0) in works by Ni and his collaborators [28-30],
where pg(o) := (N + 20 4+ 2)/(IN — 2) is the Sobolev critical exponent. In contrast, the
existence issue is still not completely solved in the range 1 < p < pg(o). New and rather
complete results concerning existence of solutions are available in the recent paper [18§],
see also the references therein. Moreover, many new developments on the existence and
the functional analysis of solutions to the parabolic counterpart of (1.1), namely

Ou = Au + |x|7uP, (t,x) € (0,00) x RY,

also referred to as the parabolic Hardy-Hénon equation, are published in a number of
recent works including [1,8-10,20, 31].

Herein, we consider a Hardy-Hénon equation featuring an additional sublinear absorption
term

1
—Av(z) + —1@1/m(x) = |z[%v(z), xeRY, (1.2)
m [e—
in dimension N > 1 and with exponents
m>1 and max{—-2,—N} <o <0. (1.3)

The lower bound for o in (1.3) might seem strange at first sight, but even for the simpler
equation (1.1), it has been shown that o > —2 is a necessary condition for existence of
solutions (see for example [3,27]), while 0 > — N is the necessary condition for integrability
in a neighborhood of = 0 of a non-negative and locally bounded function v with v(0) > 0.
As seen from the previous discussion, the existence of solutions to Hardy equations is far
from being a trivial subject, and we shall actually show in Theorem 1.3 below that the
lower bound (1.3) on o is sharp in order for our results on (1.2) to hold true when N > 2.

We are now in a position to state the main results of this paper, providing existence and
regularity of solutions to (1.2) when the parameters m and o satisfy (1.3). We start with
the existence of at least one weak solution to (1.2), which turns out to be also an extremal
function for a Caffarelli-Kohn-Nirenberg (CKN) inequality.

Theorem 1.1. Let m and o be as in (1.3). We introduce

and (o+2)0— (o+2)(
[Volly Tl ZM
S(v) := e , ve X\ {0}, (1.4)
U2 (RN |2 do)
where N )
- (m—1) € (0,1). (1.5)

N(m—1)+2(m+1)
There is at least one non-negative radially symmetric function v, € X, v, # 0, with

non-increasing profile, which minimizes S on X \ {0}; that is,

Svy)= inf S 0, 1.6
()= inf S@)> (16)



and vy is a variational solution to (1.2).

Let us first point out that each term involved in the definition (1.4) of S is finite for
v € X, thanks to the continuous embedding of X in L?(R™, |x|? dx). As we shall see below
in Lemma 2.1, the latter is actually a consequence of a CKN inequality [4, Theorem]|, which
also guarantees that the infimum of S on X\ {0} is positive. The original contribution
of Theorem 1.1 is that this infimum is attained by a non-negative radially symmetric
function with non-increasing profile solving (1.2). Let us recall that, in recent years, a
number of works investigates the existence, properties, and stability of minimizers to CKN
inequalities, see for example [5-7,14-16,24,32] to name, but a few.

The proof of Theorem 1.1 involves two steps. The first one consists in showing the
existence of a non-negative radially symmetric minimizer v, € X, v, #Z 0, to an auxiliary
constrained variational problem, combining the above mentioned CKN inequality with
rearrangement arguments, see Section 2.1. Alongside, we show that v, is also a variational
solution to (1.2). In a second step, we check that the minimizer v, thus obtained is also
an extremal function for S on &X'\ {0}, see Section 2.2.

We next study in more details the properties of the extremal function v, constructed in
Theorem 1.1, which are actually also shared by any non-negative and radially symmetric
variational solution v € X’ to (1.2) with non-increasing profile, v # 0.

Theorem 1.2. Let m and o be as in (1.3) and consider a non-negative and radially
symmetric variational solution v € X to (1.2) with non-increasing profile, v # 0. Then v is
compactly supported, bounded, and belongs to W24(RN) for any q € [1,N/|o|). Moreover,
introducing v = |z| and V(r) = V(|z|) = v(x) for x € RN, there holds:

e Ifo € (—1,0), then V € C*((0,00)) and, asr — 0,

V() = _;’:;] (0)r + A‘;((:L)I_/ZL) o(1) (1.7)
o Ifo=—1, then V € C?([0,00)) and, as r — 0,
V"(r) = N(‘J/V((? 0 + ]\‘,/((:L)l_ﬁ:) +o(1). (1.8)
o Ifo€(=2,-1), then V € C*((0,00)) and, as r — 0,
Vi) = - ; i zlvv(o)ra Tt 2)(N(42—J21_ ?2)(0 T N) v(rety (1.9)

+o0 <r2(‘7+1)> .

A first consequence of Theorem 1.2 is that the extremal function v, of the CKN inequal-
ity (1.6) constructed in Theorem 1.1 is compactly supported, a feature which seems to have
been unnoticed in the literature, as far as we know. The proof is provided in Section 3.1
and applies to an arbitrary non-negative and radially symmetric variational solution v € X
to (1.2) with non-increasing profile. It relies on the construction of a suitable supersolu-
tion and a comparison argument. We next study the Sobolev regularity and boundedness
of v in Section 3.2. The cornerstone of the proof is the derivation of estimates on v in



L*(RY, |z|" dz) for all T € (—N,0). As for the precise behavior of v near x = 0, we exploit
the radial symmetry of v and the corresponding ordinary differential equation.

We further stress that the expansions (1.7) and (1.9) ensure that the stated regularity of
v is optimal for ¢ € (max{—N,—2},0), except for o = —1 (and N > 2). In fact, when
o € (max{—N,—2},0)\{—1}, v is not a classical solution to (1.2), but nevertheless belongs
to CL¥(RY) for any a € (0,1+0) when o € (—1,0) and to C%(R¥) for any a € (0,2 + o)
when o € (=2, —1). The case 0 = —1 offers an interesting novelty and we infer from (1.8)
that v belongs at least to C?(RY) with

_ () v(0)/m
D*o(0) = (N(N 1) T N = 1)) In,

where Iy denotes the identity matrix of order N.

As already mentioned, we supplement Theorem 1.1 with a non-existence result for (1.2)
when o < —2, thereby showing the optimality of the existence statement in Theorem 1.1
with respect to the parameter ¢ when N > 2.

Theorem 1.3. Let m > 1 and o € (—oo,—2|. Then the equation (1.2) has no non-trivial
non-negative variational solution in X.

The proof of Theorem 1.3 relies on the classical Pohozaev identity [2,17] and is performed
in Section 4. It is unclear whether there exist non-trivial non-negative variational solutions
v € X to (1.2) in space dimension N = 1 in the remaining range o € (—2, —1]. It however
follows from the continuous embedding of H(R) in L>(R) that, if such a solution exists,
then it has to vanish at * = 0. In particular, it cannot be non-increasing as the solution
provided by Theorem 1.1.

Besides its interest as an elliptic Hardy-Hénon equation, another motivation for consid-
ering Eq. (1.2) comes from the study of nonlinear diffusion equations with a source term
which enjoys the same homogeneity. In particular, we are interested in describing the
dynamics of the parabolic equation

dpu(t,x) = Au™(t, x) + |z|7u™(t,z), (t,z) € (0,00) x RY, (1.10)

with N > 1 and (m,0) as in (1.3). An essential first step in this direction is investigating
the existence and properties of self-similar solutions, which are in separate variables form
for (1.10) and feature a finite time blow-up. More specifically,

u(t,z) = (T —t) Y™ Vy@), (t,z) e (0,T) xRN, T € (0,00). (1.11)

Inserting the ansatz (1.11) into (1.10) and letting v = f™, we find after some straight-
forward calculations that v solves the equation (1.2). We may then draw the following
consequences of the previous analysis which apply to (1.10).

Corollary 1.4. Given m, o as in (1.3), there exists at least one non-negative radially sym-
metric and compactly supported separate variables solution u to (1.10) in the form (1.11)
with a mon-increasing profile f.

When o = 0, self-similar solutions to (1.10) in separate variables form are constructed
by a similar approach with the help of an auxiliary elliptic equation and their role in the



dynamics of (1.10) is elucidated in [11-13], see also the references therein. The case o > 0
in (1.10) is considered recently by the authors and collaborators in [21-23] where existence,
non-existence, and classification of separate variables solutions to (1.10) is obtained. In
view of this discussion and precedents, it is strongly expected that the solutions to (1.10)
provided by Corollary 1.4 play a significant role in the dynamics of (1.10).

From now on, the parameters m and o are assumed to satisfy (1.3) and we denote positive
constants depending only on NV, m, and ¢ by C. Dependence upon additional parameters
will be indicated explicitly. We also denote the measure of the unit ball B(0,1) of RY by

WN-

2 Existence and minimizing property

The proof of Theorem 1.1 is based on a variational technique with constraints. We intro-
duce the following functional

1 m m~+1)/m
(@) = S IVoll + —— [l )m: v € X, (2.1)

and the following weighted L2-norm for 7 € R,
N2(v) = / |z|"v?(z) dz, v e LERYN,|z|" dx). (2.2)
RN

The general idea of the proof is to minimize the functional J in (2.1) on the set

A={vex : N?v)=1}.

2.1 Existence and radial symmetry

We first recall that, as a consequence of a CKN inequality [4, Theorem], the space X is
continuously embedded in L2(RY |z|™ dz) for any 7 € [-2,0).

Lemma 2.1. Let 7 € [-2,0), 7 > —N. The space X = HY(RN) N LD/ (RN) embeds
continuously in L*>(RY,|x|" dz) and there is M (1) > 0 depending only on N, m, and T
such that

T 0—1 T 0)
N2 (w) < M(7)[Vwl§H2 T ) 200, we x, (2:3)

the parameter 6 being defined in (1.5).
Proof. For w € C§°(RY), the functional inequality (2.3) is a consequence of [4, Theorem]

by letting, in the notation therein, p =2, r =2, ¢=(m+1)/m, a = =0, v =7/2, and
o=1/[(T+2)0 — 7] <0, with the exponent a therein given by

1+ T 1 1 +(1 ) m
-4+ —=a|-— == —a
2 2N 2 N m+1’

Nm—1)—7(m+1) (1+2)0—
N(m—1)+2(m+1) 2 ’

whence

a =

as claimed. Then, the density of C5°(RY) in X extends the result to general functions
weX. [



We next show that we can restrict the analysis of J to non-negative radially symmetric
functions with non-increasing profiles.

Lemma 2.2. Let v € A. There exists w € A&y, such that J(v) > J(w), where A,
is the subset of A consisting only of non-negative radially symmetric functions with non-
increasing profiles. In particular,

inf J(v) = inf J(w).

veA weAf,

Proof. Consider v € A and let |v|* be the symmetric-decreasing rearrangement of |v|. On
the one hand, Polya’s inequality [26, 7.17 Lemma] ensures that

IVollz = [[V]vlllz = [IV]v]*l2, (2.4)
while the equimeasurability property of the rearrangement gives
[ollgma1)/m = 101" mt-1)/m- (2.5)

On the other hand, we infer from the pointwise identity (v?)* = (|v|*)? [25, Eq. (3.8)], the
monotonicity of z — |z| and the Hardy-Litlewood inequality [26, 3.4 Theorem] that

N = [ el @)de < [ el () (@) da

R

=/ 2|7 (jo]*)?(2) dz = N ([v[*),
RN
from which we deduce that, since v € A,
NZ(Jo[*) > 1. (2.6)

Introducing w := [v[* /A, (|v[*), it is then obvious that w € A%, and we obtain from (2.4),
(2.5) and (2.6) that

m-+1)/m
Sy = LRI | m Al [
2 N2(|vl*) — 1N(m+1 /m(|v| :
< —IIVI * ||2+ ol ngﬁ)%
m 1 m
< —HV% — vl mL jm = J(v),

as claimed. [

We are now in a position to prove the existence of a minimizer of J on A.

Proposition 2.3. There is v, € A&, such that

J(vy) :1;1)12&!](2;).

In addition, v, is a variational solution to (1.2).



Proof. Since J is non-negative, it follows from Lemma 2.2 that

v=inf J(v) = inf J(w)

veA weAf,

is well-defined and non-negative. There is thus a sequence (w;);>1 such that w; € .A;D
and

1
V§J(wj)§y—i—3, j>1. (2.7)

It readily follows from (2.7) that (w;);>1 is a bounded sequence in X. By a classical
compactness result (see [2, Appendix A.I] for instance), there are a subsequence of (w;);>1
(not relabeled) and a function w € X such that

Vw; = Vw in L*(RY), (2.8a)

wj —w  in LMFD/MRN), (2.8b)

wj —w in L*(RY). (2.8¢)

A first consequence of Lemma 2.1 and the convergences in (2.8) is that w € L2(RY, |z|" dz)

for any 7 € [-2,0), 7 > —N, and in particular for 7 = 0. Moreover,

.. m+1)/m C. m+1)/m
V(3 < timinf Va3, o650 < tim i oy 7 1) (2.9)

and we deduce from (2.7) and (2.9) that

J(w) < liminf J(w;) = v. (2.10)

J—00

The next step is to prove that N,(w) = 1. To this end, we fix 7 € (max{—N, —2},0) and
observe that X embeds continuously in L?(R” | |z|™ dz) according to Lemma 2.1. Therefore,
for e € (0,1),

N2 (w; — w) = /B o a7 W@ / 1217 (w; — w) () 2 da

RN\ B(0,¢)

< e"T/ 2|7 |(w; — w)(z)|* dﬂH—e"/ |(wj — w)(@)|? da
B( , ) RN\B(O,E)

< ETTTNE (wj — w) + €7 |lw; — w3

< C(r)e”™" (HwH?v sup HW@) + €7 ||w; — wl3.
JZ

We then let j — oo and deduce from (2.8c) that

Jj—00 j>1

lim sup N2 (w; — w) < O(7)e” 7 (HUJH%( + sup HwJH%() .

Recalling that ¢ — 7 > 0, we then let ¢ — 0 and end up with

lim N2 (w; —w) = 0.

Jj—00

Since w; € .AZCD, we deduce from the previous convergence that N2(w) = 1. Also, the
convergence (2.8c) implies the almost everywhere convergence of a subsequence of (w;);>1

7



to w, from which the radial symmetry and monotonicity of w follow. Therefore, we have
just established that w € A&, while (2.10) and the definition of v ensure that J(w) = v.
The minimizing property of w then yields that, for any ¢ € C$°(RY),

1
/ [W@) V(@) + ——w™(@)p(x) — Mzl w(z)p(@)| dr=0 (2.11)
RN m—1
with 1
A= (Vo3 + —— ol )m > 0.

We next set
v(z) = AZ/m=DEF2)] A=V (042 ) - g e RV,

It is obvious that v is a non-negative radially symmetric function with non-increasing
profile and that v € X. Moreover, for ¢ € Cg°(RY), the function ¢ : z — @A/ +2)g)
also belongs to C§°(RY) and we have

Vuw(z) - Vip(z) de = \~EFNm=1]/[m=1)(e+2)] Vo(z) - Ve(x) dz,

RN RN
/ W7 (@ )p(a) dir = AN =D (n-1(+2) / oM™ (@) () da,
RN RN

A |zfw(@)(x) de = A~REN=D/[m=1)(e+2)] / 2|7 v(x)p(z) de.
RN RN

Inserting these identities in (2.11) (with v instead of ¢) gives

/ [Vv(x) -Veo(z) + %vl/m(x)cp(x) - \x!“v(x)go(m)] dz =0, (2.12)
RN m

so that v is a weak solution to (1.2).

Let us finally prove that v is a variational solution to (1.2); that is, the weak formula-
tion (2.12) is satisfied for all p € H'(RY). Indeed, if N > 3 and ¢ € H'(R"), then we
infer from Holder’s inequality that

/ 270 (@) (z) dx
RN

S/ 72 0(@) 2|7/ ()| dz < No(0)No(p),
RN

while the Sobolev inequality

2N
leller < CsllVella, € HIRY), 2= >2, (2.13)
gives
M) = [ PP [ R ds
B(071) RN\B(OJ)
2/2* 2/N
< / (@) da / 22| 4 / P(x) da
B(0,1) B(0,1) RN\ B(0,1)

< o2 (22 oz 4 e
> Ug o+ 2 Pll2 Pli2-



Therefore, thanks to the subadditivity of the square root,

2% 1/N
1+ os (22%) ] Il

+ 2
71(RN

[ el vt do
RN

< Na(v)

and a duality argument implies that = — |z|v(z) € H ). Since Awv also belongs to
H-YRN) and v'/™(z) = (m — 1)[Av(z) + |z|7v(z)] in D'(RY), we conclude that v'/™ e
H~Y(RY). Since the three terms involved in (2.12) belong to H~1(R¥), a density argument
allows us to extend the validity of (2.12) to any ¢ € H*(RY).

For N € {1,2}, we employ similar arguments and provide a sketch of the needed modifi-
cations. For N = 2, we fix p € (1,2/|o|) and use Hélder’s inequality to obtain that

(r—1)/p 1/p
/ 2|7 % (z) dx < / ()% P~ 4y / || P dx
B(0,1) B(0,1) B(0,1)

27 1/p
sc<p>( ) ol

2+op

thanks to the continuous embedding of H'(R?) in L?/®~1(R?), and we proceed as above.
For N = 1, we just use the continuous embedding of H!(R) in L>°(R) and the integrability
of z — |z|” on B(0,1) = (—1,1) due to o € (—1,0). O

2.2 Minimizing property

We next complete the proof of Theorem 1.1 by proving below that the minimizer v,
constructed in Proposition 2.3 is an extremal function to the CKN inequality (1.6). To
this end, we employ a classical technique based on a scaling argument. To simplify the
notation, we set = (m+ 1)/m.

Proof of Theorem 1.1: minimizing property. For w € X and A > 0, we set
wy(z) == \w <)\2/(N+J)Ng(w)2/(N+o)x> , recRN
Then we find by straightforward calculations that
||VZU)\||% _ )\2(o+2)/(N+U)NU(w)72(N72)/(N+0)||Vw||%’
wall = )\["(m“)_N(m_UV[m(N”LU)]NJ(w)_QN/(NJ”’)HwHZ,
N2 (wy) == Ny (w) 2Ny (w)? = 1.

Consequently, wy € A and, since J(v,) < J(wy) by Proposition 2.3, we infer from the
above formulas that

N w09 < T8 ) = NP0 T, 214
with
T\, w) = A(w)\* + B(w))\_b,
1 4/ (N+o) V03  2(0+2)
A(w) == 2./\/U(w) 7J(v*) , ai= — > 0,
. m Jwl _ Nm—-1)—0ao(m+1)
Blw) = (m? = 1) J(vi)’ b= m(N + o) >0



Since (2.14) is valid for any A > 0, by optimizing J(\,w) with respect to A, we end up
with

1/(a+b)
Ny (w)2N/(N+0) < () = T ([Zig:ﬁ;] ,w) = )1\2% T\ w). (2.15)

On the one hand, it follows from the properties of v, that A(v.) + B(vs) = 1, whence
1= Ny (v) 2V INF9) = 7(1,0,) = j(vs). (2.16)

On the other hand, we infer from (2.15) that, for w € X,

- aA(w)
_ (a + b)afa/(aer)bfb/(aer)A(w)b/(aer)B(w)a/(aer)

)

or, equivalently,

2N(a+b)/(N+o (vary (ab)t?
Ny (w)2N @t/ (NFo) < ()t T

o () (252 o

we replace A(w) and B(w) by their formulas in (2.17) to find

A(w)? B(w)®. (2.17)

Setting

J)™  [[VwlPflwlp

2N (a+b)—4b]/(N+0)
No(w) N,y (w) o/ (N+o) — T

IN

Since

2N(a+b)—4b _N(m—1)+2(m+1)

N+o N m(N + o) '
IS oo

the parameter 6 € (0,1) being defined in (1.5), we further obtain

atb ]m<N+0>/[N<m—1>+2<m+1>l N2 (w)S (w)
_Ns (2.18)

j(w)
./\/(,Q(w) < [ Ta

N, (w) 1/ (N+0)

with
K, = J?(N+U)/[N(mfl)+2(m+1)}

)

recalling that S is defined by (1.4). We then readily infer from (2.18) that S(w) > K, for
all w € X, w # 0, while the specific choice w = v, in (2.18) yields S(v.) = K, due to
ve € Aand (2.16). O

10



3 Qualitative properties

The aim of this section is to prove Theorem 1.2. For the reader’s convenience, its proof is
split into a number of steps contained in separate subsections.

3.1 Compactness of the support

As already announced, compactness of the support of non-negative radially symmetric
solutions to (1.2) with non-increasing profiles is proved by a comparison argument. To
this end, the following result will be very useful.

Lemma 3.1. Let v € X be a non-negative radially symmetric solution to (1.2) with non-
increasing profile. Then there is ro > 0 such that

1

—Av(z) + m—1)

/™) <0, xeRN\ B(0,r).

Proof. Given ¢ > 0 and taking into account the symmetry and monotonicity of v, we have
for z € RN\ B(0, o)

v (@) = |z|70" ™ (@)oY (2) < 07V (o) Mo (), (3.1)

where V(|z|) = v(z), z € RY. Since V is non-increasing and ¢ < 0, the application
0 g"V(g)(mfl)/m is decreasing and tends to zero as ¢ — oco. Thus, we can pick ro > 0
such that 1

o/ (m=1)/m ~ -

gV (ro) =9(m—1)
Consequently, (1.2) and (3.1) (with o = ) give

~B0(e) + 0 (a) = o) < 5

v/™(z), xe RN\ B(0,rg),
from which the claim follows. [J

The next technical step is the construction of a family of supersolutions that will be
employed for comparison later on.

Lemma 3.2. Let (a,b,c) € (0,00)3. Then

2m/(m—1)

N
N , xeRY,

Vap(x) = (a— b|:c|2)
18 a supersolution to the equation
—Av(z) + /™) =0, zeRY,
provided ab < c¢(m — 1)?/8m(m + 1).
Proof. Set w :=2m/(m — 1) > 2. We then compute, for z € RY,

VVap(x) = —2bw(a — b|x|2)‘_‘;_1x
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and

AVyp(xz) = —2Nbw(a — b\x!z)i_l + 462w(w — 1)]36\2((1 — b[w\Q)ﬁ_Q
= —2bw[N +2(w — 1)](a — b|ﬂ:|2)°j__1 + dabw(w — 1)(a — b|x|2)°j__2.

Hence,
~ AV, () + V1" (x) = 20w[N +2(w — D)](a — bla[2)5 7
— dabw(w — 1)(a — blz[*)4™2 + c(a — b\x!2)°fr/m.
Since w > 2 and w/m = w — 2, we discard the first term and we further infer that
~AVay(@) + V™ (2) > [e — dabw(w — 1)](a — blz[2)% 2
and the right hand side of the above inequality is non-negative, provided

c c(m —1)2
ab < = ,
dw(w—1)  8m(m+1)

as stated. []

We are now in a position to prove that the non-negative radially symmetric variational
solutions to (1.2) with non-increasing profiles have compact support.

Proposition 3.3. Let v € H'(RN) N L")/ (RNY be a non-negative radially symmetric
solution to (1.2) with non-increasing profile. Then v is compactly supported.

Proof. By Lemma 3.1, there is 79 > 0 such that

1

mvl/m(m <0, xeRN\ B(0,r). (3.2)

—Av(zx) +

Since v € LI"D/™(RN) we infer from [2, Radial Lemma A.IV] that
[0(@)| < Cllollgnt1)/mlzl ™", 2 € RV {0},

hence My := sup{v(z) : = € 9B(0,79)} < oo. It next follows from Lemma 3.2 with
c¢=1/2(m — 1) that

1 1/m

- > RY :
2(m—1)V“’b (r) >0, xeRY, (3.3)

_AVa,b(x) +
provided ab < (m — 1)/4m(m + 1). Choosing a and b in order to satisfy
m—1)/2m m—1)/2m m—1
a:bT(QJ+M(§ e b(bT(QJ+M(§ < 4m(m + 1)’
we also observe that

Vao(z) = (@ — brd)?™/ (=Y = My > v(z), = € dB(0,70).
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Consider now ¢ € C°(RY) such that 0 < 1 on B(0,1) and ¢ = 0 on
RN\ B(0,2) and set o, (z) := ¢(x/n) for x € 1. Introducing W := v — V.,
) that, for n > 1,

we infer from (3.2) and (
in RV \ B(0, 7).

1 1
— o WL AW < oW, | plm = yl/m
PtV =7 +[ 2(m—1)v +2(m—1) ab

We then obtain by integration on RY \ B(0,rg) that
Ul/m _ Vl/m
@b g <0.

-/ oW AW do+ [ oWy
RN\ B(0,r0) RN\ B(0,r0) 2(m —1)
We integrate by parts in the first integral of the previous estimate, taking into account
that W, =0 on 0B(0,rp) and
1
VW, VW = |VW,|* and W, VW = §VW3 a.e. in RY

to obtain that
1 1/m
vwz-vndwri/ WWo (0™ V") dr <0, (34
/]RN\B(O r) v 2(m — 1) Jrv\B(0,r0) PV ) B4

1
2 k)
Using again that W, = 0 on 0B(0,ry) and integrating by parts in the first term of (3.4)
lead to
— onWi(v Vo) de < WiApy,dx
= L Jr¥\B(0,ro) ’ RN\B(0,ro)
1
< — W2Ag0< ) dz
RN\B(0,r0)
Apllos
< 120 / W2 dz.
n RN\B(0,ro)
On the one hand, we recall that & is continuously embedded in L2(RY) since (m+1)/m <
2 < 2% so that v € L2(RY). Thus, W, € L2(RN \ B(0,79)) and we find
Apllos
lim | <p2H / W2 dz = 0. (3.5)
n—eo MmN RN\ B(0,70)
On the other hand, we recall that ¢, > 0 in RY, lim ¢, (z) = 1 pointwisely in R and
n—o0
V™) >0 in RN\ B(0, 7).

W (0™ —

We thus readily infer from Fatou’s lemma and (3.5) that
/ on W (0™ — Vl/m) dr <0,
RN\ B(0,r0)

0< / W, (v!/™ — Vl/m) dr < liminf
RN\B(0,ro)

n— oo

whence
/ W (o™ — V™) da = 0.
RN\B(0,m0)
The latter implies that v(z) < V,(z) for z € RN\ B(0,70), from which we deduce that v
has compact support and the proof is complete. []
13



3.2 Boundedness and regularity

Let v € X be a non-negative radially symmetric solution to (1.2) with non-increasing
profile. The radial symmetry, monotonicity, and Lt1)/™_ integrability of v guarantee
that v belongs to L= (RN \ B(0, R)) for any R > 0, but we do not know yet whether v(0)
is finite, or equivalently, v € L>(RY). At this stage, the boundedness of v is only known
when N = 1, as a consequence of the continuous embedding of H!(R) in L>(R). To
handle higher space dimensions, a refined study of the behavior of v near x = 0 is needed
and the next lemma is a first step in that direction.

Lemma 3.4. Let N > 3. For any T € (—N,0), we have N;(v) < oo and N;2(]Vv|) < oo.

Proof. Let k> 0 and ¢ € (0,1). We deduce from (1.2) by multiplying by v(x)/(|z|* + €)*
and integrating, that

|£C|U’U(CC)2 . 1 v(m—l—l)/m(x) . v(x) Vola) de
/RN P+ o’ m—l/RN P ToF ° ‘/RNV<<|:U|2+6>'€> Velz)d
B IVo(z)|? . V@) (e de
—/R — 7 _d Qk/RN( \V/ ( )d

N (Jz|2 + €)F |z|? 4 €)k+1

_ /RN % du + k/RN o(@)2div (7(le2 —{:—Ce)k'*l) da

[Vo(z)[? / 2 2 v(z)?
= ————dr+k N —2(k+1 —_—
Jo a4 [ NP 4.0 20 Dl o
We thus derived the following identity
2 (m~+1)/m
[ TR L[ i),

RN(’I"Q‘FG)]{: m—1 RN (‘x’2+€)k (3 6)

n k:/ (N —2—2k)|z|> + Ne  v(z)? dp — / |z|7v(z)? s '

RN |z + € (Jz2 + R Jgw (|22 +e)F

Let us next pick k € (0, (N —2)/2) such that Nj;_o(v) < oo. Notice that this last property
is at least satisfied by all k € (0, (N —2)/2) N (0, (s 4 2)/2). Then, on the one hand,

(N —2 —2k)|z|? + Ne
|z]2 + €

>N —2 -2k

On the other hand,

Inserting the above estimates into (3.6), we further deduce that

v(z)|? v(z)?
/RNde—kk(N—z—Qk)/RN(#deNg2k(v)

2] +€) 2| + e)F+1
Letting ¢ — 0 in the above inequality and applying Fatou’s lemma give
NEQk(‘VU‘) + k(N —2— 2]{:)'/\/-32]672(/0) S N02.72k(f0) < Q.
Taking k = — (7 + 2)/2, we have thus established that

7€ (=N,-2) and Nrjs42(v) < oo = N;(v) < oo and Nyo(|Vy|) <oo.  (3.7)
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We now consider 79 € (=N, —2) such that 70+ 2 & (0 +2)Z and let jy € N be the smallest
integer such that jo(o + 2) > — (79 + 2). Owing to the negativity of 79 + 2 and o, the
positivity of o + 2, and the assumptions on 7y and jg, one has

70 + 2 . T+2  T9—0 70

0< — 1— =— - . 3.8
< 0—|—2<]0< o+2 J—|—2< o+2 (38)
Introducing
=10+ (0 +2), 1<j< o,
we infer from (3.8) and the positivity of o + 2 that
—N<7'0§Tj§7'j0,1<—2<7'j0<0, OS,]S]O_l (39)

Since 7; € (=N, —=2) for 0 < j < jo — 1 by (3.9), we deduce from (3.7) that

NTj-H (U) = NTJ-+U+2(U) <0 (3-10)

= N, (v) <00 and N 42(|Vv]) <00, 0<j<jo—1.

Since N7, (v) < oo by (3.9) and Lemma 2.1, Lemma 3.4 readily follows from (3.10) for any
70 € (=N, —2) with 79 + 2 & (0 + 2)Z. The extension to any 79 € (—N,0) is then done by
interpolation. []

We next prove that v € LP(RY) for any p € (1,00). This is the last piece of information
needed in order to obtain the claimed regularity in Theorem 1.1.

Lemma 3.5. Let N > 3 and v € X be a non-negative radially symmetric solution to (1.2)
with non-increasing profile. Then v € LP(RN) for any p € (1,00).

Proof. For p > 0, we introduce the truncation T,(z) = min{z, o}, z > 0. For p > 1, we
infer from (1.2) that

— v(x))PAv(x) dx Lg(v(x))pvl/mx T = x|%v(x v(x))P dx
[, mowyse | (@)do = [ ol o@)T (u(e) da.

RN m—1
whence, thanks to the non-negativity of the second term in the left hand side,

p/]RN TQ(U(DU))p*ITé(U(x))yvv(m)P da S/

|z|7v(x)T,(v(x))?P da. (3.11)
RN

Taking into account that (77)? = T}, we deduce from (3.11) that
4p "
7@—!— )2 HVTQ(Q))(PJrl)/QH% < /RN |z|7v(x)T,(v(x))?P de.

Combining the above inequality with Sobolev’s inequality (2.13) and the elementary in-
equality 4p > 2(p + 1), we obtain

2

|7, (v) /2
(p+1)CE H ’

2
< [ @@y o (312)

We now have to estimate the right hand side of (3.12) and argue differently for N € {3,4}
and N > 5.
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Case 1: N € {3,4}. We set

Np+Dp-1)

0 .= €(0,1),
p(Np+4—N) (0,1)
since p > 1, N € {3,4}, and
1_9:w > 0.
p(Np+4—N)

As T,(v) < w,

| o @@y do
= [ el o@ T @) T o) da

2p0/(p+1
< / [2]70(@) 700 [T, (u(z)) @+ /2] PO
RN

Z.

:/ (2] D/ (NP4 ) {Tg(v(x))(p“)/z}QN(p_l)/(Np+4_N)
RN

Since
2(p+1) (N=2)(p-1)

Np+4—-N Np+4—-N ’
we may apply Hoélder’s inequality to obtain

/ [0 (@) Ty (v(x) P da < N (v) D/ (NPH=N)
RN

2*(N-2)(p—1)/(Np+4—N)

)

X HTQ(U)(erl)ﬂ

2*

with k := o(Np+4 — N)/[2(p + 1)] < 0. Note that the constraints ¢ > —2 > —N and
p > 1 guarantee that

N(p-1)(c+2)+4(c+N)

K+ N =
2(p+1)

> 0,

so that N, (v) < co by Lemma 3.4.
Combining (3.12) and the above inequality gives

2 2*(N=2)(p—1)/(Np+4—N)

|z 02| < o) [T 2| 7
whence 8/(Np+4—N)
Np+4—N pTa
1T @) N o ™ = || Tty o072 < C(p,v).

Since the right hand side of the above inequality does not depend on ¢ > 0, we may let o —
0 in the above inequality and use Fatou’s lemma to conclude that v € LN®+D/(N=2)(RN),
Since p > 1 is arbitrary, we have thus established that v € LP(RY) for all p € (2%, 00),
which implies, together with the compactness of the support of v proved in Proposition 3.3,
that v € LP(RY) for all p € [1,00).
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Case 2: N > 5. In higher space dimensions, it does not seem possible to derive directly the
LP-integrability of v for arbitrary values of p > 1 and we instead use an iterative argument.
As a first step, we consider p > max{1,2/(N — 4)} such that v € LIN-HE+D)/(N=2)(RN),
By Hoélder’s inequality,

/ |z|7v(2)T,(v(x))? dx
RN
2p/(p+1
:/ 2|7 0(a) N v () NN [Tg(v(x))(pm/z] P/t
RN
4N 4/N 2p/(p+1)
< N2 (0)Nfv H D s HT )P+1)/2 ’ ,
since
2 N —2 2p

=4 + =
N Np+1) 2(p+1)
Observing that oN/2 > —N, it follows from Lemma 3.4 that N,y/s(v) is finite and we
deduce from the above inequality that

2p/(p+1)

)

/R Jal u(@)Ty(w(@))? dz < Co(w) [0l 1y vz |[Tol0) /2

2*

with Cp(v) := NO-N/Q(U)4/N. We then infer from (3.12) and the above inequality that

2 (P+1)C2 (N—4)/N 2p/(p+1)
HTQ(U)(P-H)/Z N < # ( )H H (N— 4){p+1 HTQ(U)(IH-D/Z N ’
from which we deduce that
2/(p+1) (N—4)/N

)(erl)/2

ITo (@) ov-2 = |Tlo < (p+ DCECoI NI v

2%

Since the right hand side of the above inequality is assumed to be finite and does not

depend on p > 0, we may let o — oo and use Fatou’s lemma to conclude that v €
LNGHD/(N=2)(RN) with

N—4)/N
1ol 31y v-2) < (+ DYCECo VI 4y /v

Setting ¢ = (N —4)(p+1)/(N —2), we have shown that, for ¢ > max{1,2(N —4)/(N —2)},

v e LNa/(N—-4) (RN)
with [[ollng/v_g) < TE=2C2Co(w)[lv]|

N\
Qj:2<m>7 j =0,

and recalling that v € L?(RY), we infer from (3.13) by induction that v € L% (R") for all
j > 0. Since g; — 00 as j — 00, an interpolation argument entails that v € LP (RN) for
all p € [2,00), while the LP-integrability of v for p € [1,2) follows from its L?-integrability
and the compactness of its support. []

—4)/N (3.13)

vELq(RN):>{

Introducing the sequence
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Notice that we cannot yet deduce at this stage that v € L>(R"Y) for N > 2. Indeed, the
estimates used in the proof of Lemma 3.5 feature an unbounded dependence on p when
N > 3 and the Sobolev embedding only provides that v € LP(RY) for any p € (1, 00)
when N = 2. Thus, in order to obtain both the boundedness for N > 2 and the regularity
claimed in Theorem 1.2, we still need to perform one more step, as indicated below.

Proof of Theorem 1.2: reqularity. Let N > 1 and let v € X be a non-negative radially
symmetric solution to (1.2) with non-increasing profile. For p € [1,00), we have v € LP(RY)
by Lemma 3.5 for N > 3 and by Sobolev embeddings for N € {1,2}. Therefore, for z € RV,

wy|z[Nou(z) < /

v(z)dy < / v(y)dy < Hva(wN|g;|N)(P*1)/p_
B(0,]x) B(0,z|)

We thus infer that
[2|70(@) < wy' 2| PP, 2 e RY. (3.14)

Fix now ¢ € (N/2,N/|o|), which is possible since o € (—2,0). Then, since v is compactly
supported inside a ball B(0, Ry) by Proposition 3.3, we deduce from (3.14) that

[ Galota)rde < [ japrler-mofs do
RN B(0,Ro)

R
< C(p,v)/ ’ palop—N)/p+N-1 g,
0

We now choose p > Nq/(N + qo) > 1, so that the right hand side of the above estimate
is finite. Therefore, x — |z|7v(z) belongs to LI(RY) for any q € (N/2, N/|o|). Moreover,
since also v'/™ € LI(RYN), we deduce from (1.2) that —Av € LI(RYN), which, together
with the compactness of the support of v and standard elliptic regularity, ensure that
v € W24RN). As g is arbitrary in the interval (N/2, N/|o|), the continuous embedding
of W24(R¥Y) into L=(RY) implies that v € L¥(RYM). In fact, we can even extend this
regularity to v € C*RY) for « = 2 — N/q if 0 € (-2,—1] and to v € CH¥(RY) for
a=1— N/q provided o € (—1,0) (and choosing ¢ € (N, N/|c])). O

3.3 Expansion as |z| — 0

The aim of this section is to compute the local expansion of v in a neighborhood of z =0
and thus complete the proof of Theorem 1.2. Recalling the notation V(r) = V(|z|) = v(z),
r = |z|, for the profile of v, and owing to the embedding of W24(R") in BC(RY) for
q € (max{1,N/2},N/|o|), we infer that v(0) = V(0) is well defined. Since v is radially
symmetric, (1.2) becomes an ordinary differential equation for V' with respect to the radial
variable r = |z|; that is,

erl

(PN () = V() =NV (), e e (0,00). (3.15)

m—1

We now proceed with the final step of the proof of Theorem 1.2.

Proof of Theorem 1.2: expansion as |x| — 0. Since 0 < 0 and V' is bounded, we deduce
from (3.15) that, on the one hand,

(TN_lvl(T))/ -~ —TN+0_1V(T) as r—0, (3.16)

18



while, on the other hand, the radial symmetry and the condition ¢ + N > 0 entail

. N—1y,/ Nt
by V) = i =

We infer by combining the previous limit with (3.16) and the L’Hospital rule that

(N4 o)V (r)
lg% rN+o - _V(O)’

or equivalently,

V’(T) ~ V(O) o+1

“Naio as r — 0. (3.17)
Taking into account that o € (—2,0), we next get by integration from (3.17) that
V(0
V(r)y=V(0)— 0) rot2 4 oo(ro ), (3.18)

(N+o0)(oc+2)

We next go to the second order derivative and we deduce from (3.16), (3.17), and (3.18)
that

PN () = —(N = D)V 2V () + (N ()
= —(N = D)rV2V'(r) — rNHoV (1) 4 o(rV 1)
N -1
— N T O-V(O)TNJrafl _ V(O)TNwLofl + O(TN+071),
whence +1
V(1) = — 5 VO + o). (3.19)
At this point, let us remark that the expansion (3.19) provides no information on V" when
o = —1. Thus, we are led to study the next order of the expansion. We thus replace the

first order expansion (3.18) into (3.15) and obtain

N-1

o+2
1V(o)1/m [1 -

T T

m(N +o)(o + 2)

(N+o)o+2) P olr +2)}

V(o)l/m FN-1
m—1

(V) =

+ 0(r”+2)]

— Nt [V(O) -

= —V(0)rNTot 4

V(0)
(N +o0)(oc+2)

We next split the rest of our analysis into the three cases mentioned in the statement of
Theorem 1.2.

+ o(r¥ 1)

TN+20+1 + 0(7“N+20+1).

Case 1: 0 € (—1,0). We observe that N + 20 + 1> N — 1, whence

V(O)l/mrzvq
m—1

PNV () = V()N 4+ +o(r¥h), (3.20)

and by integration we further infer that

V) o, VOU"

Vi =-N+ro N(m—1)

r =+ o(r). (3.21)
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Since
N -1 1

V" (r) = —TV'(T) -+ N (TN_lvl(r))', (3.22)

we readily obtain the expansion (1.7) by replacing the terms in the right hand side of (3.22)
by their expansions in (3.20) and (3.21).

Case 2: 0 € (—2,—1). We observe that N +20 4+ 1 < N — 1, whence

_ _ V(0)

N—1y,/ 1 N+o—1 N+20+1 N+20+1

T Viir)) =-=V(0)r + T + o(r , 3.23

(PN )Y = V() T (PN (3.3)
and by integration, taking into account that N + 20 +2 =N+ o0+ o + 2 > 0, we further
infer that

V0) o1 V(0)

Vi =Nt (N +0)(o +2)(N + 20 +2)

,r2o+3 + 0(T20+3). (3.24)

We then readily obtain the expansion (1.9) by replacing the terms in the right hand side
of (3.22) by their expansions in (3.23) and (3.24) and performing some straightforward
calculations.

Case 3: 0 = —1. In this case, N +20 +1 = N — 1, whence

v | VOU"

V)Y = VOt 4 |

] PN po(rV L), (3.25)

from which we deduce by integration that

V(0)

V()  V(/m
N -1 *

! e
Vilr) = N—-1" "m-1

+ o(r). (3.26)

N

We again obtain the expansion (1.8) by replacing the terms in the right hand side of (3.22)
by their expansions in (3.25) and (3.26). The proof of Theorem 1.2 is now complete. []

Remark 3.6. As already pointed out in the introduction, the expansions (1.7) and (1.9),
along with the negativity of o, show that we cannot expect the profile V to be C*-smooth at
r = 0. Furthermore, if N > 2 and o € (—2,—1), then even the C'-reqularity of V fails to
be true. However, due to the fact that the first order of the expansion vanishes for o = —1,
we surprisingly have V € C?([0,00)) in this case, as shown by the expansion (1.8). This
discussion concludes the sharpness of Theorem 1.2 with respect to the reqularity properties

of V.

4 Non-existence

This section is dedicated to the proof of Theore 1.3 by means of a Pohozaev identity that
will be deduced below following analogous steps as in [2,17].
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Proof of Theorem 1.3. As usual, we multiply equation (1.2) by = - Vv and integrate by
parts. We thus have

N N
- /RN(.%' -Vv)Avdz = x Vou-V(z-Vov)dr = o Zaivai ijajv dx
i=1 j=1

N
= Z /RN (:cj(?ivajaw + 6@‘6@"08]"0) dr

ij=1
1
=5 [, o Vel o+ 70}
2 RN
N N -2
= vl + 19l = -2 v,
Similarly,
1 N
/ (x - Vo)|z|7vdr = —/ |27z - Vo? do = — * U./\/?(v),
RN 2 RN 2
and
m mN
/ (- Vo)™ de = —— / x - VomD/m gy — pmHD/m gy,
RN m + 1 RN m + 1 RN
Gathering the previous identities, we infer from (1.2) that
N —2 mN m+1)/m N +o
=~ IVl — =y i = — g NG @) (4.1)

By multiplying equation (1.2) by v and integrating over R, we derive the following identity

IV7oll3 +

1 m+1)/m
[l 1) = N2 (). (4.2)

We proceed as in [17, Section 5] and we multiply (4.2) by (N +0)/2 and add the resulting
equality to (4.1) in order to eliminate the terms in the right hand side. We thus obtain

o+ 2
2

om+1)—N(m—1)
2(m? —1)

+1
V03 + lollfm ) = 0. (4.3)
We next observe that, as o < —2, the coefficient of the first term in (4.3) is non-positive,
while the coefficient of the second term in (4.3) is negative. This readily implies that
[l m+1)/m = 0, hence v =0. [
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