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Abstract

This article studies the qualitative and quantitative properties of
radial solutions to an elliptic equation related to the Euler-Lagrange
equations for certain sharp Caffarelli-Kohn-Nirenberg inequalities. Namely,
we examine the equation

—div(|z|*Du) = |z[*u?, u >0, in RY,

where p > 1, N > 2 N —-24a > 0 and b > —N. The main results
establish the properties of radially symmetric solutions including ex-
istence, uniqueness, and classification results as well as results on the
asymptotic and intersecting behavior of such solutions.
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1 Introduction

We consider the following nonlinear elliptic equation and its positive solu-
tions,
div(|z|*Du) + |z[’u? = 0, u > 0, in RV, (1.1)

where throughout the paper N > 2, p > 1, b > —Nand N —2+4+a > 0.
Thus, a,b > —N, which ensure the coefficients are locally integrable. In
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certain cases, equation (|1.1)) is the Euler-Lagrange equation for the following
Caffarelli-Kohn-Nirenberg inequalities established in [5] (see [0 [8, [36] for
further background discussion).

Theorem A. Let p>1 N >3 and b,a — 2 > —N. There exists a positive
constant N = N (N, a,b), depending only on N,a and b, such that for each
u € CHRY),

2/(p+1)
N(/ ||| u[PT dx) g S/ |2|*| Dul|? dz, (1.2)
RN RN
where Noib N
a—2<2b/(p+1)<a and p_:_l—i-lz ;—a.

This family of estimates is also called the Hardy-Sobolev inequalities,
since the endpoint cases recover the classical Sobolev and Hardy inequali-
ties. Likewise, equation becomes the so-called Lane-Emden equation
if a,b = 0 and the Hardy-Hénon equation if a = 0. In addition to being
connected with sharp Sobolev and Caffarelli-Kohn-Nirenberg inequalities,
the Lane-Emden and Hardy-Hénon equations arise in numerous fundamen-
tal problems, e.g., in the study of astrophysical models [23], the Yamabe
problem from conformal geometry [I}, 26] 35, 37], a priori bounds and blow
up analysis for general elliptic problems [19] [30} [3T], and the properties of
solutions to time-dependent problems [2, 20, [32] [33] 40]. As the literature
devoted to the two equations alone is quite large, listing all relevant ref-
erences is not feasible though some notable references, in addition to the
papers mentioned shortly below, are [10] 13| 15, 22], 27, 28|, 34, 38| [39].

The aim of this paper is to complement previous existence and non-
existence results for problem by establishing a detailed asymptotic
analysis of its radially symmetric solutions. In addition to the aforemen-
tioned applications, our motivation for obtaining such results for the elliptic
problem is motivated by their importance in understanding the finite time
blow-up of solutions and the stability of positive steady states to closely
related parabolic equations [20, [34] [40].

We now introduce some basic terminology used in this paper. We let
Q) denote any open subset of RY containing the origin. For ¢ > 1, the
weighted Lebesgue space L{(€2) denotes the collection of functions f such
that |2|¥/9f € LI(Q) with norm HfHLg(Q) = (fq |z|%| f|? dz)*/9. The space
Lj 15.(€) denotes the collection of functions f that are locally in Lj(€), i.e.,
f € LI(K) for every compact subset K of 2. We denote by H'%({2) the



function space given by the completion of C2°(€2) with respect to the norm

1= 11D fll ez 0)-

We let Hllog(ﬂ) denote the space of functions locally in H%(f) in the same
sense as with the weighted Lebesgue spaces. By a standard variational
formulation [6], [10], the optimizers associated with the sharp constant in
(1.2) naturally belong to such weighted function spaces and satisfy in
some weak sense—a term we define more precisely shortly below. Generally
speaking, we focus mainly on locally bounded (radial) solutions satisfying
equation in the following distributional sense.

Definition. We say a positive function u is a weak solution of problem
. 1,
L3 if w e HS(RY) N L (RY) and

Du - Dplz|*dz = / olz|PuP dz Ynon-negative o € C°(RY). (1.3)
RN RN

Owing to elementary elliptic regularity theory, weak solutions are at
least of the class C2(RV\{0}) [9, I1]. Due to this, and unless we specify
otherwise, we assume solutions are suitably regular in the following sense.

Definition. We say a positive function u is a regular solution of problem
if u belongs to C?(RN\{0})NC(RYN) and satisfies the equation pointwise
everywhere in RV\{0}. Furthermore, we say a regular solution u of
is stable if

/ |z|?| Dy|? dz > p/ |z°ulP~? dz for all p € CHRY). (1.4)
RN RN

As with the model equations, several distinct critical exponents arise
when studying the existence of the different notions of solution to problem
. Not surprisingly, we shall see that these critical exponents also appear
when we characterize the quantitative and qualitative properties of the radial
solutions. The first set of exponents are the familiar Serrin type exponent
pse(a, b) and Sobolev type critical exponent pg(a,b), which are defined by

400, if N-2+a=0,
_ N+ b 1.
pse(avb) 7—}_7 ifN—2—i—a>O, ( 5)
N—-2+4a
and
+00, if N—-24a=0,
ps(a,b) = N+2+20=a o n 9440 (19)
N—-2+4+a
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We define a third exponent, a Joseph-Lundgren type critical exponent p;r(a,b),
by

too, if N <10+ 4b— 5a,
psr(a,b) = { (1.7)

P., if N> 10+ 4b— 5a,

where

P, — (N—2+a)2—2(24+b—a)(N+b)+24/(2+b—a)3(2(N+b)—(2+b—a))
+ = (N—2+a)(N—10—4b+5a) :

Thus, for N > 2 and b > a — 2 > — N, there holds
1 < pse(a,b) < ps(a,b) <pyr(a,b) < +oo.

Under suitable assumptions, p(a, b) is the largest positive zero of the map

2+b—a

- (1.8)

24+b—a N —2+4a\2
A (5o ) (o2
o =p (L) (52 ) (2
Remark 1. The approach (and further details) in deriving pjr(a,b) from
(11.8) may be found in [9, (11, [12]. For a,b = 0, this critical exponent first
appeared in [24)], and its connection to finite Morse index and stable solutions
along with other related results can be found in [12] (also see [11, [20]).

Alternatively, pyr(a,b) may be derived from a stability analysis of an ODE
system related to (1.1)) (for details, see (2.19) in the proof of Lemma@ below).

The terminology adopted for the three critical exponents is inspired by
the similar terms coined for the Lane-Emden equation (a,b = 0) and the
Hardy-Hénon equation (a = 0). Not surprisingly, just as with those two
model cases, the Serrin type, the Sobolev type and the Joseph-Lundgren
type exponent are the dividing numbers for the sharp existence of singular,
regular, and stable solutions for problem , respectively. This collection
of sharp existence results is already well-established, but we summarize them
in the following theorem; meanwhile, for more details on the special cases
and other closely related results, the interested reader is referred to [16, 29,
31] for results pertaining to the Serrin exponent, [3| [4, 7, T4, 17, [I8] for the
Sobolev exponent, and [9, [12], 20, 24] for the Joseph-Lundgren exponent.

Theorem B. Letp > 1, N > 2 and suppose thatb>a —2 > —N. Then

(a) Problem (T.1) admits a C? classical solution in RN\{0} if and only if
p > pse(a,b).

(b) Problem (1.1) admits a regular solution if and only if p > ps(a,b).



(c) Problem (1.1)) admits a non-trivial (non-negative or not) stable solution
if and only if p > pyi(a,b).

Part (a) of Theorem [Blis a special case of Theorem 4.1 in [21] and we
point out the result extends to unbounded solutions. The proof of part (b)
may be found in [22] and part (c) was established in [II]. We may extend
the assertion in part (b) to the borderline case N —2+a = 0. That is, since
ps(a,b) = +oo if N — 2+ a = 0, we show no regular solutions exist for each
1 < p < 0o when N —2+a = 0 (see [1I] and Proposition [I] below, although a
slightly more general result is provided). It should be understood that part
(c) in Theorem |B|is asserting that no non-trivial stable solutions exist for all
1 < p < oo for spatial dimension within the range 0 < N—2+a < 4(2+b—a).
As a consequence of Theorem [B]and the above remarks, we assume hereafter
that N —24a > 0. The following result partly justifies the assumptions we
place on the weighted coefficients of (1.1)). The result can be found in [I1],
but we provide a proof for completeness sake.

Theorem 1. Let N >2,p>1,b> —N anda—2> —N. Then (1.1) does
not admit any weak solution provided that b < a — 2.

This result indicates that a necessary condition for the existence of weak
solutions to (1.1) is b > a — 2 > —N, which we assume hereafter unless
specified otherwise.

Remark 2. Let us assume p > pse(a,b) and thus N —2+a > > 0, where
_2+b—a

B P (1.9)
The function u(z) = Us(r), where r = |z| and
Us(r) = [6(N—2—|—a—ﬂ)}pjr_ﬁ, (1.10)

defines an unbounded classical solution of (1.1)) in punctured space RN\{0}.
We shall see that this singular solution plays an important role in the asymp-
totic properties of the radially symmetric solutions.

Our main goal in this paper is to supplement Theorem [B] with a com-
prehensive analysis of positive radial solutions of , but let us clarify our
notion of a radial solution here. The following observation motivates our
definition below. If we set

r=lz|>0 and w=zx/jz|c SN :={weRY : |w| =1}, (1.11)



and write u(z) = v(r,w), elementary calculations will reveal that v = v(r,w)
is a smooth solution of
2 N -1 1
ra<%+ (7_“1)@—1- Au}) +rPP =0, v >0, in (0,00) xSV, (1.12)
T

r or r?

where A, is the Laplace-Beltrami operator on the unit sphere SN—1.

Definition. In view of the above, when referring to a radial or a radially
symmetric solution u of (L.1), we mean u(|z|) = va(r) where a is some
positive real and

ve € C?((0,00)) N C([0, 0))

satisfies the initial value problem

d? N -1 d
d:; ( + a>& + P %P =0, va(r) >0, r >0,

dr
Vo (0) = a > 0.

In our remaining two theorems, Theorem [B|dictates we take p > pg(a,b).
Now our second theorem indicates that all radial solutions can be classified in
the critical case p = pg(a,b). At the same time, it also shows these solutions
decay near infinity with the fast rate N — 2+ a, while radial solutions in the
supercritical setting decay with the slow rate 8 (as N — 2+ a > ).

Theorem 2. Let N > 2,b>a—2 > —N, and suppose that p > pg(a,b).
Then for each o > 0, there exists a unique radially symmetric solution of
(1.1) with w(0) = «, and this solution satisfies

u(z) = avl(a1/6|az|).

Given a radially symmetric solution u of (1.1), if p > ps(a,b), then

1

lim o u(x) = [BOV - 2+a-9)]
|x|—+o0

and u is stable provided that p > pyr(a,b).
If p = ps(a,b), then

(N +b)(N —2+a) pre=n
= 1.1
ui(r) ((N+b)(N—2+a)+r2+b—a> (1.13)
and thus
1 N—2+a
lim x|V u(z) = —((N +b)(N -2+ a)) e
|z|—+o0 @



More can be said regarding the behavior of radial solutions, namely, on
their intersecting properties. The subsequent theorem may be regarded as a
refined asymptotic analysis of radial solutions for . It confirms that any
radial solution will intersect another or the singular solution Us finitely-many
times if p = pg(a,b), while it will intersect either solution infinitely-many
times if ps(a,b) < p < pjr(a,b). If p > psr(a,b) no intersection occurs;
therefore, the radially symmetric solutions of are ordered according to
their initial values. Here, we let u, denote the unique radially symmetric
solution of with initial condition u(0) = a. We define the intersection
number or the zero number between two distinct solutions uy, and ug, in
(0, 00) by

Z(O,oo) (Ua1 - uOéQ) = #{7’ S (07 OO) ’ucn (T> = Uay (7’)}

Theorem 3. Let N > 2, b>a—2> —N and p > ps(a,b), and suppose
a1, > 0 is a pair of distinct reals.

(a) If ps(a,b) <p < psr(a,b), then

Z(0,00) (Uay — Uay) = 00 and Z(g o0)(Uay, — Us) = 00.

(b) If p>psra,b), then Z(g o) (Ua; — Uay) =0, i.e., a1 < ag implies

Ua, (1) < Uqy(r) for all r>0.

(c) If p=ps(a,b), then

Z(0,00) (Uay — Uay) = 1 and 20 o0)(Ua, — Us) = 2.

We emphasize that the existence and classification results in the case
p = ps(a,b) were obtained earlier in [6]. The classification of finite-energy
entire solutions of equation in the ‘symmetry region’ (which includes
the optimizers) was later established in [I0]. This resolved a longstanding
conjecture regarding the optimal symmetry range for optimizers and, in
particular, complements the symmetry-breaking observed in [6] and [13]. We
also point out that the existence and slow decay property of radial solutions
in the supercritical range p > pg(a,b) given in Theorem [2| were obtained
n [11]; however, we provide the complete proofs here for completeness and
because our approach gives a unified approach for obtaining both sets of
theorems.

The remainder of this paper is organized into two main sections. The
first, Section [2| contains the proof of Theorem [I] then establishes several



preliminary results concerning the local existence and local asymptotics of
radially symmetric solutions. The section further provides a key phase plane
stability analysis of a closely related first-order ODE system which we invoke
to establish the refined asymptotic study of radial solutions to (1.1f). The
proofs of Theorem [2] and Theorem [3] are then given in the remaining section,
Section [3

2 Preparations and the Proof of Theorem

2.1 Proof of Theorem [1] and Proposition

Proof of Theorem [1] . If u is a positive weak solution of , then elliptic
regularity theory ensures u € C°(RV\{0}) and u satisfies pointwise
everywhere in any punctured ball domain Br(0)\{0}. Writing v = u(r,0)
in polar coordinates so that u(r, 0) satisfies (1.12)), we then set

1
U(r) = ][ u(r,0)dS == —— u(r,0)dS for 0 <r < R.
N1 SV

gN-1

By Jensen’s inequality,

f norass (f oo ~vor. ey

Then (2.1) implies that U(r) > 0 satisfies the differential inequality

N—-1+a

— (U”(T) + .

U’(r)) > P79y (r)? for 0 <r < R. (2.2)
This implies that, for 0 < r < R,

— (PN ()Y > N ()P (2.3)
Since U > 0, we obtain —(r¥=1¢U’(r))’ > 0 and thus

TN71+aU/(T) — 0 asr — 0T,

where —oo < ¢ < co. We infer that ¢ < 0. Otherwise, if 0 < £ < 400, then
we can find § > 0 and r5 > 0 such that

U'(r) > 6r~WNFe=D) for 0 < r < r5.

Integrating this in (rg,r) where 0 < ro < r < rs yields

U(r) > s / e &
T0

8



As N —2+a > 0, sending rg — 0T leads to an impossibility.
Let ¢ < 0. Therefore, we have that U’'(r) < 0. Indeed, there exists a
positive constant ¢ and ry > 0 such that

U(r)>cfor0<r<rs. (2.4)

Choose a small 79 € (0,71). By integrating (2.3) in (ro,r) C (ro,71) and
since U is monotone decreasing in this interval of integration, we obtain

—TN_1+aU/(7“) 2 Té\/'flJraU/(TO) _ TN_1+aU,(7")

" dt
> U(T)p/ tVFo n for0<rg<r<r]. (2.5)

0

Note that if N +b < 0, then sending 79 — 07 leads to a contradiction,
since the integral on the right diverges. Now, as N +b > 0, we may integrate
then send 79 — 07 in (2.5) to get

—U'(U(r)™ > (N+b)7'r*7 for 0 <r <.

That is, for each €y > 0,
/
(p—1)~1 (U(r)_(p_1)> > (N +b)7 1= for0 < e <r <71

Integrating once again in the interval (eg,r) yields

-1 /7 dt
U(T)_(p_l) > ]]zf—l—b/ t2+b_a —.
€0

t

Now, after sending ¢g — 0% in the last estimate, the resulting integral
diverges if b < a — 2. This is impossible due to (2.4, and this completes the
proof of the Theorem. O

Proposition 1. Letp > 1, N >2 andb>a—2. If N—2+a > 0 and
p < pse(a,b), then (L.1) admits no regular solution. If N — 2+ a = 0, then
the same conclusion holds for each 1 < p < co.

Proof. We prove this by contradiction. We assume u is a regular solution of

(1)

Step 1: Integral Estimates.



Fix R > 0 and choose a test function £ € C2°(B2(0)) such that 0 < ¢ <1
and ¢ = 1 in B1(0). Take p(z) = &(z/R)?", where p* = p/(p — 1). It is
simple to check there exists a constant C' > 0 such that

|div(|z]* Do) = |z|*

< A ey (e Dyjae L))+ IDeC D) + D))

< CR™2|z|%(2)Y/? for R < |z| < 2R.

Ap +ale|2(x - Dy)|

Multiplying the equation in (1.1)) by ¢ then integrating over R, integration
by parts and Holder’s inequality imply

/ g0|x\bupd:c:/ u(—div(|$aDg0)dx§02/ Pz u da
RN RN R Qr

<ga( [, e )" ([ ot )"

1
< CR2+;,\l+aZ</ Snyvf,updx) /p’

Qr

where 1/p+1/p* =1 and Qg := Bar(0)\Br(0). It follows that there exists
a constant C' > 0 depending on N, p,a and b such that

1
/ |2z[PuP dx < CR T te; (/ |2 uP d:1;> /p, (2.6)
Br(0) Bar(0)\Br(0)

and
* b
/B " |z|Pu? do < CRN TP (e=p=2), (2.7)
R

Step 2: If N—2+a > 0 and p < pse(a,b) < 400, then N+p*(a—%—2) <0.
Sending R — oo in will show v = 0. If N—2+a > 0 and p = pse(a, b),
then the same reasoning yields v € Lg(RN). Then, sending R — oo in (2.6))
allows us to conclude that |lul| e~y = 0. In cither case, we arrived at a

contradiction, and this completes the proof.
O

2.2 Local existence of radially symmetric solutions

Recall to find radially symmetric solutions of (1.1)), we consider the second-
order equation

10



v (r) + (W)U'(T) + % (r)? = 0, v(r) > 0, in (0,7,) C R. (2.8)

Therefore, given o > 0, our goal is to eventually find a unique global solution
v of (2.8) with v(0) = a and 7. = +o0. Moreover, the following Emden-
Fowler type transformation will be useful. If we set

t =logr and w(t) = r’u(r), (2.9)
then w satisfies
w” + Ajw’ — Agw +wP =0, w > 0, fort € (—oo,logrs), (2.10)

where

AN=N-2+a—-28 and Aa =3(N —-2+a—[).

Here, the notation ’ will either denote d/dr or d/dt when the context is clear,
and we note that p > pg(a,b) implies that A; > 0 and A2 > 0. Another
key component of our proofs of the main results will rely on the following
energy functional

RN

= N = Z(w)? = Pt
E(w) := E(w,w") 2(w) 5 W —|—p+1w , (2.11)
which satisfies £(0,0) = 0 and
d
S Bw®) = —Aq(w'(t))? <0 for all £, (2.12)

Lemma 1. Let N >2,b>a—2> —N and suppose that p > pg(a,b). For
each o > 0, the initial-value problem ({2.8]) with initial condition v(0) = «
admits a unique local solution.

Proof. The existence of a local solution will follow from a standard fixed
point argument, but we shall first require the following.

Step 1: For each local solution v of (2.8) with v(0) = «, we necessarily
have that
lim V1% (1) = 0. (2.13)

r—0t

The proof of this claim has many points in common with the proof of The-
orem [l First observe that from (2.8)), v must satisfy

_ (rN_1+“v’(7“))’ — TN—H%(T)P >0 for r > 0. (2.14)

11



Thus, 7V=1+%/(r) is monotone decreasing and therefore

Tl_i>%1+ PNy (1) = € € (00, 00). (2.15)

We assert that £ = 0. Otherwise, if £ € (0, 00], then we can find 0 < ¢ < ¢
and rg > 0 such that

V() > ermWTIHD for 0 < < 1.

By choosing 0 < ¢y < r < rp, integrating the above inequality over (e, r)
leads to

_ ¢ (—(N-24a) _ —(N-2+a)
v(r) > v(r) —v(e) > N_2+ta) (60 o )

Sending ¢g — 0T above will lead to an obvious contradiction. Now let us
assume ¢ € (—o0,0). In this case, we can find r; > 0 such that

PN (r) < /2 <0 for 0 < r < 7.

Integrating this over (r,r1) and rearranging terms gives us

14

v(r) >wv(r) — m

(r_(N_2+a) — rl_(N_2+a)> for 0 <r <rq.

Hence, for all suitably small 0 < r < rq,
v(r) > Cyr~N=2a), (2.16)

where (' is some positive constant. On the other hand, if we choose 0 <
€1 < r < ri, noting that ejlfoav’(el) < 0, and integrating (2.14]) over the
interval (e1,r), we get

T
_T,N71+avl(r) > 6{\7—1-1-(1,1)/(61) - T,NflJra,vl(T,) — / SNflerv(S)p ds.
€1
From this, after sending ¢; — 0, we obtain
N+b

_,r.NflJrav/(T) > ]7;[_|_ ;

v(r)P for 0 < r <ry;

which further implies there is a constant Cy > 0 such that

v(r)_(p_l) > Cor?tt= for 0 < r < ry.

12



Thus,
v(r) < CsrP for 0 <r <.

Combining this with (2.16)) proves there is a constant C' > 0 such that
pN=2+a=8 > © for all suitably small 7 > 0.

But this cannot happen since N — 2+ a > 8 due to p > pg(a,b) > pse(a,b).
Hence, ¢ = 0 and (2.13)) follows.

Step 2: Consider the integral operator T : C([0,7.]) — C([0,.]) where

l+b
—a// N-TTa v(s)P dsdt.

From (2.8), we see that —(rV =19/ (1)) = rN~=1+by(r)P. By choosing 0 <
e < r and integrating the previous equation in the interval (e, r), we obtain

.
NIy () — pN T (1) = / sV (s)P ds. (2.17)
€
In view of (2.13)), sending ¢ — 0% leads to
T
Nl () = / sNIHby(s)Pds for r > 0.

0

From this, we see that v(r) is a local solution of (2.8]) with v(0) = « if and
only if it is a fixed point of T. Indeed, the existence of a unique positive
fixed point of T' follows from the contraction mapping principle provided

r« > 0 is chosen sufficiently small.
O

Lemma 2. For each o > 0, let v = v(r) be the unique local solution of (2.8)
with v(0) = a. If w(t) is defined by (2.9), then (w,w’) converges to (0,0) as
t — —oo.

Proof. Clearly, w tends to 0 as t — —oo. By rewriting the equation in
(2.8) into

—(TN_H_GUI(T’))/ _ TN_1+bU<T’)p

and keeping ([2.13]) in mind, we obtain

|
= [
0

13



Thus

1

() —
0<—rv'(r)= N2t

a
0

In view of w'(t) = r?(Bu(r) + rv/(r)), we conclude that
lw'(8)| < C(w(t) + rPH2rb=a)

where 8 +2+4+b—a =pf >0 and thus w'(t) — 0 as t — —o0. O

2.3 Stability analysis of radially symmetric solutions

By taking 1 = w and z9 = w’, we may convert equation (2.10]) into the
two-dimensional nonlinear system

() =renen= (0 A)(2)-(8). @

The equilibria of (2.18]) are

(z1,22) = O :=(0,0) and (21, 22) = S := (AJ™",0).

To study their stability, we note that

0 1 = 0 1

The eigenvalues and corresponding eigenvectors of A are

VA2 +4A
)\i:_ﬂi%y UV = (_)\/:{2)7

5 =
and for B, they are

A VA AN (p - 1) - s
M=oy E 2 CE T -1

Lemma [2| indicates we should examine system (2.18) subject to the condi-
tions

xz1 >0 and (x1,z2) — (0,0) as t — —oo.

Now, given a solution (z1, z2) of (2.18) we consider its orbit, which we denote
by T', that emanates from the origin (0,0) in the right half-space x; > 0 of

14



the xixo-plane. This trajectory I' represents the graph of a solution of
on the ww'-plane. Due to E(0,0) = 0, E(0,y) > 0 for all y # 0,
and from the monotonicity of the energy functional indicated by , we
first conclude that I' cannot hit the x9-axis and so this orbit must remain
in the right half-space; and secondly, the corresponding solution w(t) must
exist globally in R and both w(¢) and w'(t) remain bounded for all ¢ € R. Tt
follows that w’ and w” vanish as t — oo and therefore I' must converge to
either (0,0) or (Aé/(p_l), 0) (for more details, the reader is referred to, e.g.,
Lemmas 3.1-3.2 in [25]).

We now establish a phase plane analysis for system , and this will
comprise an important ingredient in our proofs of Theorem [2| and Theorem

Bl

Lemma 3. Let N >2,b>a—2 > —N and suppose that p > ps(a,b).
(a) Ifp > ps(a,b), then O = (0,0) is a saddle and S is stable. Furthermore,

(i) if ps(a,b) < p < psr(a,b), then S = (Aé/(pfl),O) is a stable focus
and I' spirals towards S.

(ii) If p > pyr(a,b), then T is a heteroclinic orbit in the first quadrant
{zg > 0} from O to S, and x1 is monotone increasing along the
orbit I' as t increases from —oo to +oo.

(b) If p = ps(a,b), then T is a homoclinic orbit of the stable equilibrium O.

Proof. Case (a) p > ps(a,b).

The stability of the equilibria just follows from the fact that the eigenval-
ues of A are real with A_ < 0 < A, and the eigenvalues of B have negative
real parts. To get a better picture of the flow generated by system ,
observe the x1-axis is the vertical nullcline and since A; > 0 in this case,
the horizontal nullcline is given by the curve zo = —Al_lxl(mp -1 As) that
lies on right half-plane and passes through both equilibria.

As O is a saddle point, while noting the direction of the corresponding
eigenvectors of A, and because the flow along nullclines changes precisely
across the line z; = A;/ (v _1), we see that the flow generated by the system
ensures I' emanates and increases away from the origin initially in the first
quadrant. Although we know [' converges to S, we shall confirm only two
scenarios arise. Namely, either I" spirals towards S if p < pyr(a,b), or else
x1 increases along I', which follows the horizontal nullcline as it converges
to S.
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Subcase (i) ps(a,b) < p < pjr(a,b). Indeed, the eigenvalues of B are
complex conjugates with negative real parts. Hence, S is a stable spiral.

Subcase (i1) p > pyr(a,b). We defined the Joseph-Lundgren type expo-
nent pyr(a,b) to ensure that p > pyr(a,b) implies that the eigenvalues of B
are real, since

A2 > 4Ao(p—1). (2.19)

Since O is a saddle point and noting the direction of its unstable eigenvector,
I' increases away from the origin in the first quadrant initially. Now along
the line A N L

To = —?l(m —AZ7Y) for zp < AJTH (2.20)
that passes through the equilibrium point S, we show I' must remain in the
first quadrant but then decreases towards S. Indeed, I' always lies above

the xi-axis due to the increasing direction along this vertical nullcline for

T < A%Kp*l)7 and on the line (2.20]) the slope of the trajectory satisfies

/ 2 p—l —A
2,2: —Al_ﬂ($€71—A2) :—A1+ 1'1(.%'1 L2)
x Z2 Ar(ar— AT

2 1
= —A + A—yjl(p— 1)éP~2 (for some 1 < & < A3™")
1
2 Aq
AN+ —(p—1DAr < ——
< Mt - DA s -5

where we used the mean value theorem and the fact that A%(p — 1A < %
thanks to (2.19)). This guarantees the incoming trajectory remains below
the line (2.20). Thus, we deduce that I" remains in the first quadrant and,

as t — +00, x1(t) increases along I' as it tends to Aé/(p_l).

Case (b) p = ps(a,b). In this case, the eigenvalues of B are purely complex
conjugates. Since A; = 0 in this case, there holds E'(w(t)) = 0 so that E is
constant along any solution; that is, the orbit is given by the level curve

E(l‘l,l'Q) =0= E(0,0). (2.21)
Since E(0,z2) = 23/2 > 0 for all x5 # 0 and
BATT,0) = (—— — s <o
2 9 - 1 +p 2 2 9

the orbit I' lies on the curve (2.21), tending away O and traversing about
S clockwise as it must converge back towards O as t — oco. Hence, I' is a
homoclinic orbit.

O]
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3 Proof of Theorem [2 and Theorem (3|

We are now in the position to prove the remaining theorems.

3.1 Proof of Theorem [2]
Suppose that N >2,b>a—2> —N and p > pg(a,b).

Step 1 (Existence). Given a > 0, the initial value problem,

d? N -1 d
&y <7+ a)iv + PP =0, v(r) >0, r >0,
dr? r

dr (3.1)
v(0) =a >0,
admits a unique local solution of class C?((0,7.)) N C([0,74)) by Lemma
We denote this unique solution by v,. By taking the Emden-Fowler type
transformation wq(t) = r%v, (r) and recalling the discussion in the previous
section, we can extend w, globally and therefore we may extend v, to a
unique solution with 7, = +o0.

Step 2 (Uniqueness). Let u = u(|z|) be a radially symmetric solution
of problem (1.1). Indeed, u satisfies (3.1) with @ = w(0) and therefore
Vo (r) = u(|z|). Observe that (1.1)) is invariant under the scaling

u(z) — ux(z) := Au(\Pz),

i.e., for each A > 0, u) remains a solution provided that u is a solution of
(T.1)). Consequently, u(0)v; (u(0)'/#r) satisfies the same initial value problem
as vq, and hence, ODE uniqueness theory ensures that

Vo (r) = avy (/7). (3.2)

In particular, if p = pg(a,b) and o = 1, then a routine calculation reveals
v1(r) defined by (|1.13)) is the unique solution of (3.1)) with initial value o = 1.

Step 3. If p > ps(a,b), then Lemma [3[ shows that any trajectory, including
the solution curve (w, w’) where w(t) = r%v,(r) and a = u(0), must converge

1/(p—1
2/(1’ )’0)

to the equilibrium solution (A Therefore,

1
lim  |z[Pu(|z|) = AZ7T.
|z|—>+o00
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Now assume p > pyr(a,b) and let u be a radially symmetric solution of
(1.1). Thanks to part (a.ii) of Lemma |3, we have that

u(|z]) < Ug(r) for all r >0

Hence, for each ¢ € CH(RY),
/ 2] Dl dz — p / 2P da
RN ]RN
> / 2% Dgl? dz — p / PP da
RN RN
- / 2] Dl dx — pCapny / 2|22 da,
RN RN

where N— 24 a2
— a
PCanny =PB(N —2+a— ) < (=),

and this last inequality holds because p > pyr(a,b) implies f(p) < 0, where
f(p) was defined in (1.8]). Then, from the endpoint case of the Caffarelli-
Kohn-Nirenberg inequality , namely, when N >3, b=a—2,andp=1
there holds

N(a,N)/

|| 2% da < / |z|*| D2 dz for all p € CL(RN),
RN RY

and the sharp constant is explicitly given by (see [0 [§] for details)

N(a,N) = (w)2

2

Invoking this in the previous chain of estimates yields

/ 2| Dyl? dz — p / e PuP 1 da
RN RN

> / 1219 D[ dx — pCapnp / 2|2+ do
RN RN

2/ |ac|a\Dgo|2dw—N(a,N)/ |z| 722 dz > 0.
RN R

N

This proves u is a stable solution of (1.1)). This completes the proof of the
theorem. O
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3.2 Proof of Theorem [3]

We make the same assumptions and adopt the same notation used in Lemma
Given a > 0, we denote the unique global solution of (3.1]) by v, and we
set wq(t) = 18v,(r) where t = logr. We choose any pair of positive reals
o < (9.

Case (a) ps(a,b) <p <pjr(a,b).

From the rescaling , the graphs of w, and w; are identical and
therefore lie on some orbit I'. From part (a.i) of Lemma (3| this trajectory I
emanates away from (0,0) and spirals towards the stable focus (Aé/ (P _1), 0).
Specifically, by rescaling, we find a real number 7 = 7(«) satisfying o =
e P7(@) g0 that

wa(t) = ePlavi (a'/Pet) = e BTHBy (e7Tel) = wi (t—7) for all t € R. (3.3)
So we have that vy, (1) = va,(r) for some r > 0 if and only if
wy(t — (1)) = wi(t — 7(az)) for some t € R. (3.4)

Since I' spirals towards the non-trivial equilibrium point S, (3.4) of course
happens for infinitely many points in ¢t and thus the radial solutions intersect
one another infinitely many times. Similar reasoning will show that wq, (%)
Crosses

W(t) = rPUy(r) = A;/(p_l)

infinitely many times. Hence, v, (1) intersects the singular solution Ug(r)
at infinitely many points.
Case (b) p > psr(a,b).

From (3.3) and part (a.ii) of Lemma [3| we see that wa, (t) < wa,(t) for
all —0o < t < 0o. That is, va, (1) < va,(r) for all r > 0.
Case (c) p = ps(a,b).

Imitating the earlier argument in part (a) and noting part (b) of Lemma
we can show there exists a unique time ¢ such that wy(t — 7(aq)) =
w1 (t—7(ag)). Hence, the corresponding solutions v,, (1) and v, (r) intersect

at only one point # > 0. Alternatively, from the classification result of
Theorem [2] we have that vq, () = va,(r) if and only if

1 1
alvl(al/ﬁr) = 042’01(0(2/57“).
This occurs at exactly one point in (0, c0); namely, when

;e {<N+b><N+2—a><<a2/a1><p—1>/2— 1>]2+5—a.

agil — (a1a2)(p*1)/2
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Similar arguments will show that we, (t) = A;/ =1 holds at two distinct
times. This shows that each radially symmetric solution v,, twice interests
the singular solution. This completes the proof of the theorem ]
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