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We study the system —Au = || 'u with 1 < o < :’:g, where u = (U1,...,upy), m > 1,is a

C? nonnegative function that develops an isolated singularity in a domain of R”, n > 3. Due to the
multiplicity of the components of u, we observe a new Pohozaev invariant different than the usual one in
the scalar case. Aligned with the classical theory of the scalar equation, we classify the solutions on the
whole space as well as the punctured space, and analyze the exact asymptotic behavior of local solutions
around the isolated singularity. On a technical level, we adopt the method of moving spheres and the
balanced-energy-type monotonicity functionals.
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1. Introduction

1A. Background. This paper concerns the analysis of singular solutions to semilinear elliptic systems
with power-law nonlinearity of type
—Au = |u|* u, (1-1)

where 1 <o < ;’:g andu = (Uy,...,Um), m>1,isaC 2 yector-valued function defined on a domain

in R”?, n > 3. Our primary interest is in the case when each component of u is nonnegative and the
domain is of the form Bpg \ {0}, with Bg being the ball of radius R centered at the origin. It is by now

well known that in cylindrical coordinates t = —log |x| € R and # = x/|x| € S*~!, the transformation
u(x) = |x|‘ailv(— log|x], |x—|) (1-2)
X
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yields the system
dev + pnd v+ Agv—Av+ [v[* o =0 (1-3)

in (—log R, 00) x S"1, and vice versa, where Ay is the Laplace-Beltrami operator on S”~! and A and
W are the constants fixed throughout this paper by

2 2 4
/\—m(l’l—Z—m), M—ﬁ—n+2 (1-4)

The scalar case of this system was introduced in [Lane 1870] and later studied in [Emden 1907] to
describe distribution of mass densities in spherical polytropic star in hydrostatic equilibrium. Since its
birth, this equation has been used in many applications such as astrophysics, kinetic theory, and quantum
mechanics; see [Goenner and Havas 2000]. The Lane—-Emden equation has thus been subject to intensive
studies in the last few decades and nowadays there is a vast amount of literature treating many aspects of
the solutions to this equation and its diverse varieties.

One of the central questions' and a technically difficult problem for differential equations and systems
is the study of the singular solutions, that is, solutions that develop singularities. In the scalar case, the
classical and subsequent works have considered the asymptotic behavior of the solutions close to isolated
singularities, with an accurate description of the asymptotic behavior of solutions around such singular
points; see, e.g., [Aviles 1983; 1987; Bidaut-Véron and Véron 1991; Chen and Li 1991; Caffarelli et al.
1989; Gidas and Spruck 1981a; 1981b; Korevaar et al. 1999; Véron 1981; 1996].

The system (1-1) can be considered as a generalization of the Lane-Emden equation, and can also be
viewed as a strongly coupled system of nonlinear Schrddinger equations (or more precisely the limiting
system of the associated blowup solutions). In the latter point of view, there has been some development
regarding classification of the global solutions, and compactness of the blowup sequence; see for instance
[Chen and Lin 2015; Druet et al. 2010]. In the former point of view, there are many other types of
generalizations, among which the Lane—-Emden—Fowler systems have received considerable attention.
Among possible references, we refer to [Bidaut-Véron and Raoux 1996; Bidaut-Véron and Grillot 1999;
Bidaut-Véron and Giacomini 2010; Busca and Mandsevich 2002; de Figueiredo and Felmer 1994; Polacik
et al. 2007; Serrin and Zou 1996] for the classification of global solutions, nonexistence theory of singular,
positive solutions and local estimates of solutions to the Lane-Emden—Fowler systems. We refer to
[Reichel and Zou 2000; Zou 2006] for more general cooperative elliptic systems. One may also consult
to [de Figueiredo 2008] for a general theory regarding semilinear elliptic systems. To the best of the
authors’ knowledge, this is the first paper that conducts a thorough analysis on the qualitative behavior of
the system (1-1), particularly regarding the classification of the solutions on the punctured space R" \ {0}

with respect to the balanced-energy-type functionals (subcritical case | < < %) and the Pohozaev
identities (critical case o = ng), as well as the asymptotic behavior of local solutions around the isolated

singularities.

1T the best of our knowledge there are three central questions in this area. The other two questions refer to the structure of
singular sets, see [Pacard 1993], and nonexistence theory, see [Grigor’yan and Sun 2014; Souplet 2009].
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The key difference between the system (1-1) and its scalar version is, of course, the multiplicity of the
components. The major observation in this paper is that the system (1-1) turns out to be very sensitive to

the setting of multiple components in the case of the upper critical exponent (that is, . = %) and lower
critical exponent (that is, o = nnTz) Specifically, in the upper critical case o = Zf%, we discover a new

Pohozaev invariant different than the usual one. The lower critical case is rather technical and we shall
present the discussion on this issue in Section 7D.

Let us briefly illustrate how the new Pohozaev invariant comes into play in the analysis of the system
(1-1) in the upper critical case. For the sake of clarity, let us assume that the solution u is rotationally
symmetric, so that the cylindrical transformation v is a function of 7 only. After some manipulation, one
can obtain the usual Pohozaev identity,

dv

2 m-2?% , n—2 o
| = e

y ]2 + & (1-5)

for the system (1-3), with a constant «, also known as the usual Pohozaev invariant. Due to the presence
of the multiple components, we have

2 2 2
d|v] 1 dv; dv;
Y ia Ll [ R AT ) 1-6
( di ) BE 2 (”’ dr dt) = (1-6)

1<i<j<m

dv
dt

and the equality on the rightmost side does not hold in general. This shows that x alone is not enough to
analyze the behavior of |v|, due to the discrepancy (1-6) between |dv/dt| and |d|v|/d¢|. In this paper,
we find that there is another constant k. such that

dv|\> (n—2)2 5 N—2  on K
— — n—=2 4 —|——’ 1-7
(dz) T = T (1-7)

and we shall call this constant the new Pohozaev invariant.?
Thanks to an anonymous referee, we also observe a more precise characterization of the new invariant.
Multiplying by v; and —v; in the j-th and respectively in the i-th component of the system (1-3) (with

o= %) and then adding the resulting equations together side by side, we deduce that
d dvj dv; 0. 1<i i<
—lvi— —v;i— =0, 1, m.
dt\"dt 7 dt =0/ =
Thus for each 1 <17, j < m there exists a constant k;; such that we have
dvj dv;
vi———v;—— =kijj. 1-8

2 After this paper was accepted, we discovered a very recent work [Caju et al. 2019], from which we can actually prove that
the new Pohozaev invariant in our paper is always zero for nonnegative solutions to the system (1-1). Having said that, some
arguments here can be made more direct, without invoking the new Pohozaev invariant. Even so, we believe that our method
gives some valuable insight, in particular, on the no-sign solution, where the new Pohozaev invariant becomes nontrivial for
systems, while the method in [Caju et al. 2019] only works for nonnegative solutions.
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Inserting (1-8) into (1-6) and comparing it with (1-7), we find that
ke=— Y k7. (1-9)

1<i<j<m

Without the radial symmetry, we obtain a more general formula (2-17) for the new Pohozaev invariant.

We point out that the analysis of the behavior of solutions to system (1-1) involves both k and «4. This
is a significant difference from the case of scalar equations, where k fully determines the behavior of the
solution around the isolated singularity, and especially x = 0 is a sufficient and necessary condition to
have removable singularity.

On the technical level, the system (1-1) exhibits some subtleties compared to the scalar case. One
of the main tools we employ in the study of (1-1) is the method of moving spheres, which has been
considered in [Jin et al. 2008; Li and Zhang 2003] and then continuously developed especially in the
frame of the fractional Laplace operator; see, e.g., [Jin et al. 2014; Caffarelli et al. 2014]. The use of such
a method in the case of systems requires particular attention, since the procedure can be continued in
some components but should stop in others.

Another technical tool is the balanced-energy-type monotonicity functional (see, e.g., (2-1) below),
+2
w2
This energy functional has been a classical tool for the study of scalar case; see, e.g., [Bidaut-Véron and

which yields the Pohozaev identity in the upper critical case o = combined with the blowup analysis.
Véron 1991; Aviles 1987; Korevaar et al. 1999] and many others. We believe that the argument presented
in this paper regarding the energy functional is more effective, due to an easy observation on the scaling
relation (2-3) that is standard in the framework of free boundary problems.

1B. Main results. The main results are as follows. First we classify the solutions on the entire space,
via the method of moving spheres.

Theorem 1.1. Let u be a nonnegative solution of (1-1) in R" with 1 <a < ’::;
) Ifl<a< ;’:g then u is trivial.
(i) If @ = "£2, then u is of the form
n—2
() = [ —2)"F (5 2 (1-10)
u(x)=|(nn- - e -
r2+|x—z|?

for some z € R", r > 0, and a unit nonnegative vector e € R™.

Remark 1.2. Theorem 1.1(ii) was proved by O. Druet, E. Hebey and J. Vétois [Druet et al. 2010,
Proposition 1.1] via the method of moving spheres. Here we include the result and the proof for the
reader’s convenience.

Next we classify the solutions in the punctured space, through the limiting energy levels or the Pohozaev

invariants of the associated energy functional and the blowup analysis, which is standard in the framework

n+2
n—2’

of free boundary problems. For the upper critical case o = we introduce a new Pohozaev invariant,

which will play the central role.
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Theorem 1.3. Let u be a nonnegative solution of (1-1) in R® \ {0} with 1 <« < %, and let ®(r, u) be
as in (2-1) for all r > 0:

@) If 1 <a <25, then u is trivial.

(i) If .55 <a < T_‘;, then ®(r,u) converges as r — 0 and r — 0o, and
a—1, at1
(D(0+, 1), D(+00,u)} € ] - L2557 ol (1-11)
o+1

(a) ©(0+,u) =0 ifand only if u is trivial.

(b) ®(+o0,u) = —ﬁk(“+l)/(“_l) if and only if u is homogeneous of degree —ﬁ, and hence of the
Jorm 2
u(x)=Ae=T|x|"aTe, (1-12)

where A is given by (1-4) and e € R™ is a unit nonnegative vector.

(i) If o = Z”_Lg , then @ (r,u) as in (2-10) is well-defined for all r > 0, and there are constants k (u) and

kx(u) such that k (u) = ®(r,u) and k«(u) = O« (r, w) for all r > 0. Moreover,

K(u)z—g(n_2) , (1-13)
n 2

n n—2
_(%(n;Z) —|—/<(u)) (%) < i () <0, (1-14)

where the equalities of the lower bounds of both k (u) and k«(u) hold only simultaneously:

and

(a) k(u) = k«(u) = 0 if and only if u has removable singularity at the origin, hence of the form (1-10).

(b) If k(u)? + k«(u)? > 0, then u has nonremovable singularity at the origin, and is rotationally
symmetric. Moreover, the cylindrical transformation v as in (1-2) satisfies (1-7).

() k(u) = —% (%)n and k«(u) = 0 if and only if u is homogeneous of degree —%, and hence is of

the form s
u(x) = [(n ;2) ’ |x|_n2_2]e, (1-15)

where e is a unit nonnegative vector.

The subsequent theorems are concerned with the local solutions in the punctured unit ball. First we
deduce the asymptotic radial symmetry by combining the methods of moving spheres and moving planes;
a similar argument appears in [Caffarelli et al. 2014, Theorem 1.2]. This result is particularly important
to define the second Pohozaev invariant for local solutions.

Theorem 1.4. Let u be a nonnegative solution of (1-1) in B1 \ {0} with 1 <a < % Then
u(x) =1+ O0(x]))a(|x|) asx—0, (1-16)
where u(r) is the average of u over dBy.

Utilizing the classification of solutions in the punctured space and the asymptotic radial symmetry, we
obtain the exact asymptotic behavior of local solutions around the singularity.
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Theorem 1.5. Let u be a nonnegative solution of (1-1) in By \ {0} with 1 <« < % Then either u has
a removable singularity at the origin, or the following alternatives hold:

n+2

P then

W) If ;55 <a<

lu(x)| = (1 +o(1)AET |x|"&T  asx — 0, (1-17)
where A is given as in (1-4).

) If a = :’:g, then there are ¢, C > 0 such that

[T < u(x)| < Clx|™"2 asx —0, (1-18)
where ¢ depends on u, while C is determined by n and m only.
(iii) If 1 <o < %5, then there are ¢, C > 0 such that
c|xP" < Ju(x)| < C|x|*™" asx — 0, (1-19)
where both ¢ and C depend on u.
(iv) If a = =25, then

n—2’

n—2

—2)2 2
|ll()C)| = (1 +0(1)) (2|x|(2n(——10)g|x|)) as X — O (1-20)

The paper is organized as follows. In the next section, we present the balanced-energy-type monotonicity
formula and introduce the second Pohozaev invariants for the upper critical case. In Section 3, we classify
the solutions of (1-1) on the whole space, proving Theorem 1.1. In Section 4, we investigate the properties
of the solutions on the punctured space, and present the proof of Theorem 1.3. Section 5 is devoted
to the a priori estimates for the local solutions, which will play one of the key roles in the subsequent
analysis, while we prove the asymptotic radial symmetry, Theorem 1.4, in Section 6. Finally, we derive
n+2

2

the exact asymptotic behavior of the local solutions of (1-1) for all 1 <« < 7=5 in Section 7. The proofs

of parts (i)—(iv) in Theorem 1.5 are presented in the ends of Sections 7A—7D, respectively.

1C. Notation and terminology. If |u| is bounded in any neighborhood of the origin, we say |u| has a
removable singularity. Otherwise, we say that it has a nonremovable singularity.

By B,(z) CR" (n > 3) we denote the ball of radius r centered at z, and B, = B, (0). In addition, w,
is the volume of the unit ball B; C R”. Given an open set 2 C R”, we shall denote by d2 the topological
boundary of Q. Moreover, when 92 is C!, v denotes the unit normal on d$2 pointing towards the origin.
Vo will denote the tangential derivative on 9€2.

S"~1 is the unit sphere in R”, and is also identified with dB;. Note that nw, is the area of sl By
Vg and Ag we shall write the derivative and, respectively, the Laplace-Beltrami operator on $" 1,

Any vector in the target space R” (m > 1) is written in bold. Given a vector a € R™, we denote by a;
the i-th component of a. By |a| we denote its /2-norm; i.e., |a| = (Z;"zl al-z)l/z. By a > 0 (resp., a <0)
or by saying that a is nonnegative (resp., nonpositive) we indicate that a; > 0 (resp., a; < 0) for each
1 <i <m. For two vectors a and b, we define a -b = Z;’Ll a;b;. Also given two vectorial C 1_functions
f and g, we define Vf : Vg =" (Vfi)-(Vgi).
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The constants C, Cy, C1, Ca, ... will always be positive, generic, determined by n, m and « only,
unless otherwise stated. We shall also call these constants universal. In addition, we shall fix A, , and A

throughout the paper as in (1-4) and

a—1. at1

1= Loa-T. 1-21
oa+1 ( )

2. Monotonicity formula and Pohozaev invariant

We consider the balanced-energy-type functional

Pl u 2
®(r,u) = ——
(r.m) nwy /BB,( w (x—Dr

2

u

— |V(,u|2) do

2rptl Arp—l
+—/ lu|*t do — / lul?>do, (2-1)
(¢ + Dnwn Jyp, noy,  JyB,

where A and p are given as in (1-4). Note that A > 0 if and only if o > nnTz’ and p > 0 if and only if

n+2
l<a =755

Let us introduce the scaling function

ur(x) = rﬁu(rx). (2-2)

Note that the problem (1-1) is preserved under this scaling. That is, if # solves (1-1) in Bg \ {0} then u,
solves (1-1) in Bg/, \ {0}. In terms of u,, one may easily observe that ® satisfies the scaling relation

O(rs,u) = O(s, uy) (2-3)
for any r, s > 0.
Recall from (1-2) the cylindrical transformation v, in terms of which ® can be represented as

®(r,u) = V(—logr,v), (2-4)
where W(z, v) is given by

2
lIj(l,‘l)): /n1(|8tv|2—|V9v|2—)L|v|2+m|v|o‘+l) do. (2-5)

nwy

Proposition 2.1. Let u be a nonnegative solution of (1-1) in B \ {0} with 1 < a < 2 and let ®(r, u)

n—2°
be as in (2-1). One has
d 2urt
—®(r,u) = Hr /
dr nwy JaB,

2

2
Ou do. (2-6)

FOe (a—l)ru

where (1 is given as in (1-4). In particular, the following are true:

) Ifl<a< ng, then ®(r, u) is nondecreasing for 0 < r < R. Moreover, ®(r, u) is constant for

r1 <r <rpifand only if u is homogeneous of degree —% in By, \ By, i.e.,

u(x) = |x|—a2—1u(i) in By, \ By,. 2-7

|x

) Ifa= %, then ®(r, u) is constant for 0 <r < R.
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Proof. The computation is easy if one chooses cylindrical coordinates. Since (2-4) holds with r = —logr,

rd@r,u) = —V'(t,v) = — / (300 —Av + |v|¥ ) - 3,0 — Vv : Vg, v) db
n—1

nwy
2
=— / (D10 4+ Agv —Av +|v|* o) - 0,0 d6b
nwy Jgn—1
2
— ”/ 19,02 d6,
nwy Jgn—1

where ® and W’ denote d ®/dr and d W/dt respectively, and the right side is evaluated at r = —log r. In
addition, when deriving the last equality we used (1-3). Rephrasing the rightmost side in terms of u, we
arrive at (2-6).

The assertion on the monotonicity of ® is now clear from (2-6). On the other hand, the assertion on

- - +2
the homogeneity can be shown as follows. We see that if « # 7=, then one has u # 0. Hence, the

assumption that ®(r, u) is constant for r; < r < rp along with (2-6) yields that for any r{ <r <rp

u 2

™ = mu on 0B;,
where v is the unit normal pointing towards the origin. Thus, u is homogeneous of degree —ﬁ in
By, \ By, d
Remark 2.2. As a matter of fact, (2-6) holds for o > % and hence ®(r, 1) is nonincreasing in this
case, since u < 0 for a > Zi’%
Remark 2.3. For the case o = %, we obtain from Proposition 2.1(ii) a constant « (&) such that

k(u) = O(r,u) (2-8)

for any 0 < r < R. Since there is a one-to-one correspondence between the nonnegative solutions u of
(1-1) and v of (1-3) via the cylindrical transform (1-2), we shall write x (u) by «(v) as well. In view of
(2-4), it is clear that
k(v) =W¥(t,v) (2-9)
for any # > —log R. We shall call « the first Pohozaev invariant.
Let us construct the second Pohozaev invariant in a general setting, that is without rotational symmetry.>

n+2
n—2"

() = L0 f (1)) = 1((n = 20) f(ro ) — () f(r.0)
n—2 =2 " p ) .
72 ) 2 /0 ( /a . [Vou do)f(p, u) dp

n nwy

2n—2 [’ o " .
M /(" / |u|wdo—f(p,u)w)f(p,u>dp, (2-10)
0 \”7 0B,

For o =

let us define, formally for the moment, the quantity

n o

3 As noted in an earlier footnote, we discovered that the second Pohozaev invariant always becomes trivial for nonnegative
singular solutions on the punctured space, R” \ {0}, after this paper was accepted. However, this is by no means straightforward
for local solutions in a punctured ball, without asymptotic radial symmetry (Theorem 1.4). Moreover, this invariant becomes
nontrivial for no-sign solutions. For these reasons, we shall present a general formulation of the second Pohozaev invariant.
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where f denotes df/dr, and

1
f(ru) = / lu|? do. (2-11)
nwnt JjB,

Notice that ©.(r, u) is well-defined only if the last two double integrals on the right side are finite.
Moreover, once @« (r, u) becomes well-defined, we may also deduce from

. 2 0 -2
rf(r,u)=— / u- a_r uldo (2-12)
nop Jap, v 2r
a scaling relation of @,
Ou(rs,u) = Du(s, uy), (2-13)

which holds for any r, s > 0. On the other hand, in terms of the cylindrical transformation v, one has

Dy (r,u) = Vi (—logr,v), (2-14)
where W, (¢, v) is given by

W (7, 0) = 3(g'(1,v)* = 3 (1 = 2)*)g (1, v)* =k (v)g (1, v)

) ae o0
+ % 0) +2/ ( / |V9v|2d9)g/(‘c, v)dt
n t Sn—l

noy,
2n—2 [/ 1 n n

= f ( / |v|’f—2d9—g(f,v)”—2)g/(f, v)dr, (2-15)

n t nwy Jgn—1

with g’ being dg/dt and

1

g(t,v) = / |v|? d6. (2-16)
nwy Jgn—1

Proposition 2.4. Let u be a nonnegative solution of (1-1) in Bg \ {0} with a = Zf;, and let @« (r,u) be
as in (2-10). Then O (r, u) is well-defined and is constant for 0 <r < R.

We shall postpone the proof to Section 6, since proving the well-definedness of @, (r, u) essentially
relies on the asymptotic radial symmetry of local solutions to (1-1) (see Theorem 1.4).

Remark 2.5. Knowing that ®. (7, u) is constant, we obtain a constant k() such that
Kx(u) = Qu(r, u) (2-17)

for any 0 < r < R. We shall call this constant the second Pohozaev invariant. As with the first Pohozaev
invariant, we will also write it by x«(v) whenever v is the cylindrical transformation. Clearly,

Kx(v) = W (1, v) (2-18)

for any ¢t > —log R. In Sections 4 and 7A we will observe that k«(v) = 0 if and only if v(¢,0) =
(14+0(1))|v(z, 0)|e uniformly for § € S*~! as t — oo, with some nonnegative unit vector e € R™.

3. Solutions on the whole space

In this section we classify the smooth solutions of (1-1) on the whole space R”. The analysis is based on
the method of moving spheres along with the Kelvin transform, and we follow essentially the argument
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proposed in [Li and Zhang 2003, Section 2], with only a minor modification. Nevertheless, we shall
include the full argument here for the reader’s convenience.
Given z € R" and r > 0, we shall write u} , for the Kelvin transform of # with respect to the sphere

By (z); that is,
r n=2 r2
ut, () = ( ) u(z FR— —z)). (3-1)
ly -zl ly—z

Let us remark that if # is a solution of (1-1) in R”, then

r (—Dp
—Auz, = (|y _Zl) ul 1", in R\ {z3, (3-2)
where p is given by (1-4). Note that © > Oifandonly if 1 <« < % The nonnegativity of p will play
a key role when comparing u and u7 ,..

We begin with a basic lemma that holds for any nonnegative, superharmonic function, as a starting
point of the method of moving spheres.

Lemma 3.1 [Li and Zhang 2003, Lemma 2.1]. Let v € C2(R") be a superharmonic and nonnegative
function on R™. Then for each z € R", there exists ro > 0, which may depend on v and z, such that for all

O<r<rg
sk

vy <v inR"\ Br(2). (3-3)

Z,r

The next lemma is an analogue of [Caffarelli et al. 1989, Lemma 2.4], which claims that either the
inequality (3-3) must hold until the solution becomes symmetric (with respect to a sphere) or it must fail
on a compact subset of R”. The proof is given in that of [Li and Zhang 2003, Lemma 2.2], and we shall
not repeat it here.

Lemma 3.2. Let v € C2(R"), z € R, and ro > 0 be such that

—A@W—v;,) >0 inR"\ By (2), (3-4)
vy, <V inR"\ Bry(2). (3-5)

Then there is a small € > 0 such that forany ro <r <rg+¢€

vy <v inR"\ By(2). (3-6)

zZ,r

Now let us turn our interest to the nonnegative, smooth global solutions u of (1-1). Given z € R", let
us define, for each 1 <i <m,

ri(z) =sup{r >0: (u,-); <u; in R"\ By(z) forany 0 < p <r}. (3-7)

Since each component u; of u is nonnegative and superharmonic, Lemma 3.1 applies to u;, from which
we know that r;(z) > 0 for each 1 <i < m. Thus, we have

r(z)= inf ri(z)>0. (3-8)

1<i<m
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Let us remark that we have defined 7 (z) by the infimum, instead of minimum, over a finite set of indices
{1,2,...,m}, since r; (z) as a supremum could be infinite. Moreover, if r;(z) = oo forall 1 <i <m, we
shall say that 7(z) = co.

The following lemma takes care of the case when 7 (z) is either finite or infinite. The proof is essentially
the same as those of [Druet et al. 2010, Lemmas 1.2 and 1.3], which deal with the upper critical case

o= % only, whence we shall skip the details.
Lemma 3.3. Let u be a nonnegative solution of (1-1) in R” with 1 <a < Zf%, z € R” be arbitrary, and

7(z) be as in (3-8). If F(2) is finite, then
uy sy =u inR"\{z}. (3-9)
If r(zg) = oo for some zg € R", then ¥ (z) = oo forall z € R™
We are now ready to classify the smooth global solutions.

Proof of Theorem 1.1. In view of Lemma 3.3, we observe that 7(z) defined in (3-8) is either finite or
infinite for all z € R”. If 7(z) is finite for all z € R”, then we have (3-9) at every point z € R”. In this case,
we may apply [Li and Zhang 2003, Lemma 11.1]: there are a; >0, r; >0,and z; e R™ for 1 <i <m

such that
n—2

— i N 3-10
ui(x)=ajr; . B . -

i) =air; (V,~2+|X_Zi|2) G-
On the other hand, if 7(z) is infinite for all z € R”, we have (3-7) for all r > 0 at any z € R". Due to [Li
and Zhang 2003, Lemma 11.2], there are b; > 0 for 1 <i < m such that

u,-(x) Ibi. (3'11)

Suppose that u satisfies (3-11), that is, u is constant everywhere on R”. As u is a nonnegative solution
of (1-1) in R”, # must be zero everywhere. Hence, parts (i) and (ii) of Theorem 1.1 are satisfied under
this assumption.

Next, let us consider the case that u; satisfies (3-10) for all 1 <i < m. This part is the same as the
proof of [Druet et al. 2010, Proposition 1.1], so we omit the details. O

4. Solutions in punctured space

4A. Radial symmetry of singular solutions. This section is devoted to the radial symmetry of nonnega-
tive, singular solutions of (1-1). To be more precise, u is a nonnegative solution of (1-1) in the punctured
space R \ {0} that has a nonremovable singularity at the origin, i.e.,

lim sup |u(x)| = oo. 4-1)

x—0
The proof relies again on the method of moving spheres used in the previous section. The proof for the

case of a single equation has already been established in [Jin et al. 2008, Proposition 2.1]. Nevertheless,
the multiplicity in the components here makes the comparison argument more subtle, as observed in the
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previous section. Let us also address that the method of moving planes also works, see [Caffarelli et al.
1989, Theorem 8.1], after a suitable modification.

Lemma 4.1. Let u be a nonnegative solution of (1-1) in R" \ {0} with 1 <« < % If u satisfies (4-1),
then u is radially symmetric.

Proof. Let z € R \ {0} be arbitrary. Arguing similarly to Lemma 3.1, whose proof can be found in [Li

and Zhang 2003, Lemma 2.1], there exists some 0 < rg < |z| such that for any 0 < r < rg

()7, <u; inR"\(By(z) U{0}) foreach 1 <i <m.

Hence, one can define, as with (3-7) and (3-8),

ri(z) = sup{r > 0: (u;); , <u; in R"\ (By(z) U{0}) forany 0 < p < r}
and
F(z) = inf ri(2).
1<i<m
We first claim that
0<7(z) <|z|. 4-2)

The positivity of 7(z) is clear.To prove the second inequality in (4-2), let us first observe that by (4-1),
there exist some sequence x; — 0 and a component u; such that u; (x;) — oo. If 7(z) > |z|, then by its
definition, there should exist p > |z| such that

i)z, <ui inR"\ By(2). (4-3)

Now let y; be the reflection of x; with respect to dB,(z); i.e.,

2
yj=z+( )(xj—z).

Since x; — 0, we have y; € R" \ B,(z) for all sufficiently large j, and moreover,

oo () )

Thus, if we take p close enough to |z|, we have yg # 0, whence u; is smooth at yy. However, (4-3)

|xj — z]

implies
. . ; ER
ui(yo) = lim u;(y;) > lim ((u;)7 ,(yj) > | — lim u;(x;j) = oo,
J—>00 ] —>00 1% ]—>00
a contradiction.
From (4-2), we can also claim that
r(z) =|z|.

The argument is based on the proof of [Jin et al. 2008, Proposition 2.1] with the corresponding modification
shown in Lemma 3.3, which amounts to the number of nontrivial components. The main idea is that if
r(z) < |z|, then (4-1) together with the maximum principle implies

ui > i)}z iR\ (Bi(2) U{0}), (4-4)
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at least for one 1 <i < m. Then we must have |u| > |ujj(z)| in R\ (l_?;(z)(z) U {0}), and the strong
maximum principle yields that the strict inequality in (4-4) must hold for all nontrivial components.
Hence, as with Lemma 3.2, we obtain some € > 0 such that (4-4) holds for all 1 <i < m with 7(z)
replaced by some 7(z) < r < 7(z) + €, a contradiction to (4-3). The details are omitted.

To this end, we have proved that for each z € R \ {0} and for any 0 < r < |z|
(ui);, <u; inR"\(By(z) U{0}) foreach | <i <m.
Thus, one may deduce from [Jin et al. 2008, Lemma 2.1] that u; is radially symmetric for each 1 <i <m. O

4B. Limiting energy levels and Pohozaev invariants. Knowing the radial symmetry of singular solutions,
we may classify the nonnegative solutions on the punctured space, using the balanced-energy limit. The
idea is to consider both blowups and shrink-downs of u under the scaling (2-2). Here by saying a blowup or
a shrink-down under the scaling u, we indicate a limit of u, as r =r; — 0+, or respectively r =r; — 00
in C]%c

have both the blowups and the shrink-downs.

(R™\ {0}; R™). The following lemma provides the compactness of the sequence u, in order to

Lemma 4.2. Let u be a nonnegative solution of (1-1) in R" \ {0} with | <o < Zi‘% If u satisfies (4-1),
then for each 1 <i <m

— 1\ o1

ui (x) < (az—n) AT iR\ {0), 4-5)

Proof. Let u; be a positive component of u. Then, since u; is superharmonic in R” \ {0}, it follows from
the extended maximum principle [Gilbarg and Serrin 1956, Theorem 1] that

liminfu; (x) > 0. (4-6)
x—0
Now let v = ul.l_“. Then v satisfies, in R” \ {0},
\V/ 2
Av> Vol a—1.
a—1 v
Hence, for each r > 0, the auxiliary function
a—1
w(x) = v(x) — = —|xf?

becomes subharmonic in B, \ {0}. Then by (4-6), w is bounded around the origin, and thus, it follows
from the extended maximum principle [Gilbarg and Serrin 1956, Theorem 1] that

. o — 1 2
0 <limsupw(x) <supw = supv — re.
x—0 3B, 9B, 2n

1
. a—1Y\ T _ o
inf u; < r-o-1,
9B, 2n

Now the radial symmetry obtained in Lemma 4.1 yields (4-5). O

In terms of u;, we obtain
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The next lemma gives the compactness of the sequence u,, and hence the existence of both a blowup
and a shrink-down of u.

Lemma 4.3. Let u be a nonnegative solution of (1-1) in R* \ {0} with | <« < % Then there is some
0 <y < 1 such that u, is uniformly bounded in C*Y (K; R™) on each compact set K C R" \ {0}.

Proof. If u does not satisfy (4-1), then u is bounded around the origin, and the origin becomes a removable
'r’:g ”+2 , u is globally
bounded and satisfies |u(x)| = O(|x|>™") as |x| — co. Hence, in any case, u, is bounded uniformly for
all » > 0 on a fixed compact subset of R” \ {0}.

On the other hand, if u satisfies (4-1), Lemma 4.2 implies that u, is globally bounded in R" \ {0}.

Thus, regardless of the removability of the singularity at the origin, we know that u, is uniformly bounded

singularity. According to Theorem 1.1, if 1 < o < u is trivial, while if ¢ =

in each compact subset of R” \ {0}.

Now since u;, also solves (1-1) in R” \ {0}, it follows from the interior regularity theory [Gilbarg and
Trudinger 1983, Theorems 6.2 and 6.19] that u, is uniformly bounded in C?"? (K; R™) on each compact
set K C R"\ {0} for some 0 <y < 1. O

Let ®(r, u) be the balanced-energy-type functional defined by (2-1). Recall from Proposition 2.1 that
n+2 n+2
n-2-° n—2"°
Lemma 4.4. Let u be a nonnegative solution of (1-1) in R" \ {0} with 1 < a < Zf%,
Uoso be respectively a blowup and shrink-down under the scaling u,. Then ®(r,ug) = ©(0+, u) and

2
a—1’

®(r, u) is monotone increasing in r > 0 for 1 <« < while it is constant for o =

and let ug and

D(r, upo) = P(00, u) for all r > 0. In particular, both uy and us, are homogeneous of degree —

provided that 1 < a < 2 +2

Proof. Since the argument for shrink-downs is the same, we shall only present it for blowups. Let ug be a
blowup with a sequence r; — 0+. Then due to the scaling relation (2-3), we have, for any r > 0,

O(r,up) = lim @(r,uy;) = lim O(rrj,u) = &0+, u),
j—oo : j—oo

where the existence of ®(0+, u) follows from the compactness of u, (Lemma 4.3) and the monotonicity
of ®(r, u) (Proposition 2.1(i)). This proves the first assertion of Lemma 4.4. The second assertion on the
homogeneity follows again from Proposition 2.1(i). O

Lemma 4.5. Let u be a nonnegative solution of (1-1) in R*\ {0} with 1 <o < "+2 . Suppose further that

. 2
u is homogeneous of degree S

() If 1 <a < %5, then u is trivial.

. +2
(i) If ;2% B

, then either u is trivial, or u is of the form (1-12).

Proof. Since u is homogeneous of degree _ﬂ’ the cylindrical transform v introduced in (1-2) satisfies
Agv—Av+|v/* v =0 onS" !, (4-7)

where Ay is the Laplace—Beltrami operator, and A is given by (1-4).
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Casel: 1 < < nnTz In view of (1-4), we have A < 0. As a nonnegative solution of (4-7), we see
that each component v; satisfies Agv; <0 on S"~1 This implies that v; does not attain any strict local
minimum on S As S" lisa compact manifold, v; must be a constant. This argument holds for all
1 <i < m, which makes v a nonnegative, constant vector on S"~1. However, a nonnegative constant
solution of (4-7) must be trivial because A < 0. Returning to u, it indicates that u is trivial on 0B;. As
each of its components is nonnegative and superharmonic, # must be trivial in the whole domain, which

proves Lemma 4.5(i).

Case 2: ;%5 <a < % Suppose that # is a nontrivial solution in the punctured space. Then by the

nonnegativity and the superharmonicity of each component of u, we know |u| is positive everywhere.

2
a—1"’
holds. By Lemma 4.1, u is radially symmetric, whence u is a positive constant vector, @, on dB;.

By (4-7) we have |a| = A1/@~1)_ By the homogeneity, we see that u is of the form A 1/@~D|x|~2/(@=1),
with some nonnegative unit vector e € R™, proving Lemma 4.5(i1). O

As it is homogeneous of degree — u must have a nonremovable singularity at the origin, i.e., (4-1)

We are in a position to prove Theorem 1.3(i) and (ii).

Proof of Theorem 1.3(i) and (ii). Let ug and us be a blowup and, respectively, a shrink-down of .
According to Lemma 4.4, both u¢ and u, are homogeneous of degree —ﬁ. Hence, it follows from
Lemma 4.5(3) that if | <o < nnTz’ both ugy and u are trivial. This in turn yields by Lemma 4.4 that
®(0+4,u) = ®(co,u) = 0. Due to the monotonicity of &(r,u), we have &(r,u) = 0 for all r > 0.
Thus, by Proposition 2.1(i), u is homogeneous of degree —%. Theorem 1.3(i) is now an immediate
consequence of Lemma 4.5(i).

Now let us consider the case -5 <o < % By Lemmas 4.4 and 4.5(ii), any blowup u is either trivial
or of the form (1-12). If u¢ is trivial, then clearly ®(r, ) = 0 for all r > 0, which along with Lemma 4.4
implies that ®(0+, u) = 0. On the other hand, if ug is of the form (1-12), then a simple computation
shows that ®(r, ug) = —A for all r > 0, with A given as in (1-21). Thus, again from Lemma 4.4 it
follows that ®(0+, u) = —A. The converse statement is obviously true, whence we have proved that
®(0+4, u) € {—A,0}, and ®(0+, u) = 0 if and only if all the blowups are trivial, while ®(0+, u) = —A
if and only if all the blowups are of the form (1-12).

Further, the same assertion holds for any shrink-down #o, proving that ®(co, ) € {—A,0}, and
® (o0, u) = 0 if and only if all the shrink-downs are trivial, while ®(oco, u) = —X if and only if all the
shrink-downs are of the form (1-12).

Now if ®(0+, u) = 0, then since ®(r, u) is nondecreasing in r and ®(co, ) € {—A, 0}, we must have
®(r,u) = 0 for all r > 0. Hence, by Lemmas 4.4 and 4.5(ii), u is either trivial or of the form (1-12).
However, the latter yields that ®(0+, u) = —)_L, a contradiction. Thus, # must be trivial. Of course, the
converse is also true.

Similarly, ® (oo, u) = A implies u is of the form (1-12). This finishes the proof of Theorem 1.3(ii). [J

The analysis on the case o = % is more subtle. Our approach relies on the Pohozaev invariants

of which the first one « (#) was introduced in (2-8). In the following we focus on the second Pohozaev
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invariant k. (), which was briefly introduced in Remark 2.5. More importantly, we shall observe that
this second invariant appears solely due to the multiplicity of the components of (1-1).

Lemma 4.6. Let u be a nonnegative solution of (1-1) in R" \ {0} with a = 2 +§. Then O(r,u) and

n—

D, (r,u) in (2-1) and (2-10) are well-defined, and there are constants k (u) and k«(u) satisfying (2-8)
and (2-17) respectively. Moreover, the inequalities (1-13) and (1-14) hold and the equalities of the lower

bounds only occur simultaneously.

Proof. The proof can be divided into two cases; first we consider the case where u is not rotationally
symmetric, and then we treat the other case. We shall prove the equivalent statements for the cylindrical
transformation v. Since v will be fixed throughout the proof, we shall omit the dependence of W, Wy, «
and k% on v here.

Suppose that u is not rotationally symmetric. Due to Lemma 4.1, u has a removable singularity at the
origin. Thus, its cylindrical transformation v, given as in (1-2), satisfies

v(t, 0)| +9,v(z, 0)| < Ce™ "2 on S~ (4-8)
as t — 0o, with some constant C > 0 independent of ¢. This combined with (2-9) implies
k= lim W(t) =0. 4-9)
t—>00

On the other hand, the estimate (4-8) also ensures the well-definedness of W4 (¢) given by (2-15) for
all ¢ € R. To prove that W, (¢) is constant for any ¢ € R, we need to compute the derivatives of g, given
by (2-16). Utilizing (1-3), (2-9) and (4-9) one can verify that

2 —2)2 2n—2 n
e M G R T M P
gn—1 2 n

nwy

from which it follows that

g (n—2)? 2 n—1  2n
v =g (4 - "5 Vool =" Lol ao
nwy Jgn—1 n

/ —2)2 -2 n
=& / (|a,v|2——(” 4) 02 = Vo[ + |v|nz—2)d9:O. (4-10)
gn—l n

nwy

Thus, W, (¢) is constant for any ¢ € R, and there must exist a constant x«(v) such that (2-18) holds for
all ¢. Moreover, one can also verify from (4-8) that

t—>00

This proves the lemma for the case where u is not rotationally symmetric.
Next we consider the case where u is rotationally symmetric, so that the cylindrical transformation v

becomes a function of ¢ only. In this case, we have already observed that (1-7) holds with «, given by
(1-9). Note that under the rotational symmetry of v, g as in (2-16) is identical to |v|2. Hence, one can
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easily observe from (2-15) and (1-7) that

g)?> (n—2)7? 5 n—2 2n-—2

W, (t) = 2 1 ¢ —Kkg+ g2 = Ky, (4-11)

as desired.

Let us now prove the bounds in (1-13) and (1-14). Since we have already verified above that «k = k4« =0
if v is not rotationally symmetric, it suffices to consider the situation where v is rotationally symmetric.
Then one can follow the derivation of (1-9) and verify that «x < 0. Hence, we are only left with proving
the lower bounds of k¥ and «x.

Set
—2)2 —2 on—
fs) = =27 123z
4 n
and let us rephrase the second identity in (4-11) as
(g')?
2 = (&)t (4-12)

Utilizing ks < 0 in the identity above, we see that f(g) > 0. Since either g(¢) = 0 and g(¢) > 0 for all ¢,
and g(¢) = 0 yields k = 0, we can focus on the case g(z) > 0 for all ¢. Then é f(g) = 0 as well, from
which it follows that

K

-2 >_Z
- 4 n g ~ n 2

n—-22 n—-2 _n 2(n—2Y\"
> — g+ .

This verifies the lower bound (1-13) of k.
To verify the lower bound (1-14) of k4, let us remark that

2 n—2”4_ n—2\""? 5 n—2\"7?
- K = .
n 2 2 2
Now suppose towards a contradiction that there is a solution v having ks« < — f ((%)n—Z) Then it
2

follows from (4-12) that min{g(7) : t € R} > (%)n—z, or equivalently, min{|v(7)| :# € R} > (%)(n—z)/z‘
In view of (1-3), this implies

" (n - 2)2
vi = 4

4
v — |v|n=2v; < —B6v; (4-13)

n—2)/2 . .
)( )/ > (0. Hence, v; is a concave function.

for each 1 <i <m, where § = min{|v(¢)|: t € R} — (%
However, (4-5) shows that v; is uniformly bounded for all #, which indicates that v; (t) — a; and v/'(t) — 0
as t — oo for some a; > 0. However, this is a contradiction against (4-13), which proves the lower bound
(1-14) of K.

Finally, let us investigate the scenario when the equalities of the lower bounds in (1-13) and (1-14)
hold. Suppose that the equality of the lower bound in (1-14) occurs. That is,

N n—2\*>" 2 (n—2\" @-14)
K Ky = —— . -
2 * n\ 2
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Arguing much as above, one can deduce that min{|v(z)| : t € R} > (%)(n—Z)/ 2

and v/ <0 in R for each
1 <i <m. Again v; is a concave function that is uniformly bounded in R, so v; (¢) — a; for some a; € R,
and v/ (t) — 0 as t — oo. Thus, [v(t)| — |a| witha = (ay....,am), and it follows from v}’ (¢) — 0 and
the first equality in (4-13) that |a| = (%52) "

so sending t — oo in the second equality of (2-9) yields that

—2)? —2 21 2 (n—-2Y'
o= tim (1 OP - "ol + o) =-2("2).

. On the other hand, we also have v; () — 0 as t — oo,

Thus, (4-14) forces k« = 0, and the final assertion of the lemma is proved. O
Let us finish this section by proving Theorem 1.3(iii).

Proof of Theorem 1.3(iii). The well-definedness and the bounds of « and «x are proved in Lemma 4.6.
The other assertions can be proved as follows.

First consider the assertion (iii)-(a). If # is not radially symmetric, then by Lemma 4.1, u has a
removable singularity at the origin, as desired. On the other hand, if # is radially symmetric, one can
deduce from (1-7) that the cylindrical transformation v, which is now a function of ¢ only, satisfies

dv|\> (n—2)2 5 Nn—2  2n
— — n—z 4-15
( dt ) 4 vl n ol ( )

Hence, classical work such as [Fowler 1931; Caffarelli et al. 1989] applies to |v|, proving the “only if”
part of the assertion (iii)-(a). The “if”” part can be verified through a direct computation.

Let us move on to the case k2 + Kf > (0. From the assertion (iii)-(a), we see that ¥ must have a
nonremovable singularity at the origin. According to Lemma 4.1, u is radially symmetric, so one can
follow the computation in Section 1 and deduce (1-7).

2(n—2

Finally, assume that k = —% (T)n and x4 = 0. It follows from (1-7) that

d|v]\? (n—2)2| |2+n—2| |%+2 n—2\" 0
pa— v _vl’lf —_— = y
dt 4 n n 2

(52) "

whence |v| has to be constant in R, and the constant has to be
n—2
2

the assertion (iii)-(c). The “if”” part follows easily from a direct computation. O

. In terms of u this implies

that u is homogeneous of degree — and is of the form (1-15). This constitutes the “only if” part of

5. A priori estimate and Harnack-type inequality for local solutions

n+2
n—2’

which further allows us to derive related Harnack inequalities, interior gradient estimates and the com-

In this section, we prove a priori upper bounds for local solutions of (1-1) in By \ {0} with | <« <

pactness of scaling functions. Our analysis is divided into two cases, according to the subcritical range

l<a< % and the critical range o = % The former is based on the nonexistence of the smooth,

positive, global solution in Theorem 1.1(i) along with a blowup argument. The latter uses the method of
moving spheres presented in the previous section, essentially following [Li and Zhang 2003].
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5A. A priori bound for 1 <a < ”+2. We begin with the upper bound for the subcritical case, which is
(much) simpler than the critical case.

n+2

Proposition 5.1. Let 1 < o < and suppose that v € C*(B1;R™) N C(B1;R™) is a nonnegative

solution of

—Av=|v[* Y inBy. (5-1)
Then there exists C > 0, depending only on n, m and «, such that
0(x)| < C(1—|x|)"@T in By. (5-2)

Proof. Note that w = vy + -+ - + v, satisfies

1
~w* < —Aw <cw®
c

for some ¢ > 1, depending only on m and «. Thus, we can follow the proof of [Polacik et al. 2007,

Theorem 2.1] and obtain the desired inequality. We omit the details. O
5B. A Harnack-type inequality for o = ”—‘_FZ Our approach to achieve the Harnack-type inequality for
n+2

o= follows the line of the scalar case in [Li and Zhang 2003, Lemma 5.1]. In our system setting,
the problem becomes very sensitive to the number of nonzero components, and we modify the proof of

[Li and Zhang 2003, Lemma 5.1] in this direction.

Proposition 5.2. Let v € C2(B,; R™) N C(B2; R™) be a nonnegative solution of
“Av=|v|"2v in Bs. (5-3)
Then, there exists C > 0 depending only on n and m, such that

(mln énf v,)|v(x)| <C(l1- |x|)_;2 in By, 5-4)

iel,

where I, is the set of indices 1 <i < m such that v; is nontrivial.

Proof. If v is trivial, then I, = &, whence there is nothing to prove. Thus, we shall assume that v is not
trivial, so that I, # @. Then for each i € I,,,, we know from the superharmonicity and the nonnegativity
of v; that infyp, v; > 0, whence (min;¢y,, infyp, v;)~ ! is a positive, finite number.

If |[v(x)| < C1(1 —|x|)~®=2)/2 in B, for some C; > 0 depending only on 7 and m, then the claim
(5-4) is true, since the maximum principle and the superharmonicity of each component of v implies that
infyp, v; < v;(0). Thus, let us assume that for all j > 1 there are nonnegative solutions v; of (5-3) and
points x; € B such that

M; = sup (1= [x) "2 o;(0)]) = (1= ;) *Z" [0, (x))] — 0. (5-5)

lx|<1
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We know that x; € By (instead of 9B1) since v; is continuous on B1. Moreover, we shall set

rj =30—|x;])>0, (5-6)
a— __2_
8 = lv; ()~ =21, M; 72 0, (5-7)
. 2
R; = ;—J = 3M/™> = oo. (5-8)
j

It should be noted that due to (5-5), we have

1—1|x; T 2 .
|vj(x)|5(1_'|’jj|') 10 ()| <2820 ()| in Br, (x)). (5:9)

In addition, inserting (5-6) into (5-5), we obtain
__2_
|vj(xj)| = (2r;) =T M;. (5-10)

With (5-9) and (5-10) at hand, one can follow the proof of [Li and Zhang 2003, Lemma 5.1] to deduce

that the sequence of the scaled function
n—2
w;(x) = 3]. 2 v;(6jx+x;) in Brg;,

converges to wg in Clﬁc(lR”; R™) for certain wo € C%(R"; R™), which is a nonnegative solution of

—Awp = |wo| 2wy in R” (5-11)

satisfying
lwo(x)| <21  in R”, (5-12)

as well as
[wo(0)] = 1. (5-13)

We omit the details here.
With only a minor modification, one may apply Lemma 3.1 to each component w; ; of w;, with i € I,
and obtain a number s; ;(z) > 0, corresponding to each z € R”, such that for all 0 < r < s; ;(2)

(Wi j);, <wij in Byjes;)(2)\ Br(2). (5-14)

Here we choose j large enough so that B; /(zgj)(z) C Bjyys;, which is possible due to (5-7). One may
refer to the proof of [Li and Zhang 2003, Theorem 1.5] for the details.
Let us now replace s;_j(z) by the supremum value of r such that (5-14) holds; that is,

si,j(z) = sup{r : (w;,;)7 , < wi,j in Byj2s;)(2) \ Br(2) forany 0 < p <r}. (5-15)
Now with s; ;(z) defined as in (5-15), we shall set, analogously to (3-8),
5i(z) = inf s ;(2). (5-16)
iel,
Then we have

(wi,j):,gj(z) <wj,j in Bys,)(z) \ Bs;(z)(z) for each i € I, (5-17)



ISOLATED SINGULARITIES FOR SEMILINEAR ELLIPTIC SYSTEMS WITH POWER-LAW NONLINEARITY 721

and respectively,

—Awi,j — Wi j); 5, ) 20 in Bi/s;)(2)\ By, (2)(2) (5-18)
Now let us assume towards a contradiction that
.. ) n—2 -1 J
min inf v; ; > sup (1 —|x|) 2 |vi(x = -, 5-19
A i,J _](lespl( |x]) | ;i ( )|) M; ( )
In terms of w;, j, one may rewrite (5-19) as
n—2 n—2
in inf w; ;=6,2 min inf wv;; >§8.2 min infuv; ; > j§% 2, 5-20
2w, 0 Bl U =0 R A =T 520

where in the derivation of the first inequality we used the superharmonicity of v;_;, the maximum principle
and the fact that By (x;) C B, while the second inequality follows from (5-19), (5-7) and the fact that
2}’j = 1—|Xj| <l1.

In view of (5-20), one may easily deduce that for any z € R"

lim §;(z) = oo. (5-21)

J

Suppose that (5-21) is false, and there exists some L > 0, independent of j, such that
si(z) < L. (5-22)
Then by the definition of the Kelvin transform (see (3-1)), we have, for any i € [,

- )
sup  (wij); 52) = (48;5; ()" sup  wj,;
58
0B1/@s;)(2) aB4sj§2.(z)
J

n=2
< (44; L)"—25j 2 sup v < (8L)"7*87 72, (5-23)
B45_/2.L2

where in deriving the first and the second inequalities we used (5-22) and, respectively, (5-9) with (5-10).

According to (5-20) and (5-23), for each i € I,

inf  (wij— (Wi )5 ) > —BL)")52>0 5-24
aBl/(45j)(Z)( 1,] ( 13.])2,5'/'(2)) — (.] ( ) ) J ( )
for all sufficiently large j, where in the first inequality we used w;, ; > infyp, ss; Wi,j ON dB1/@48,)(2),
which follows from the maximum principle, the superharmonicity of w;, ; in Bjs; and the fact that
B1/(48,)(z) C Byys,;- With (5-24) at hand, we may apply the maximum principle to (5-18) and observe
that for any i € I,

Wi,j)7 5, <Wij i Biyes)o) \ Bs; (@) (5-25)

Now that w; ; satisfies (5-18) and (5-25) for each i € I;,, we can follow a similar argument to
that in the proof of [Li and Zhang 2003, Lemma 5.2] and deduce that there exist 5;,;(z) > §;(z) and
0<e€,j <5,j(z)—35;(z) such that for any §;(z) <r <5;(z) + €;,;

(wi,j):,gj () <Wi,j in B1/@s;)(z) \ Br(z) foreachi € . (5-26)
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Clearly, (5-26) violates the definition of 5;(z) in (5-16). Hence, the claim (5-21) should be true, under
the assumption (5-19).

Knowing that (5-20) is true for all z € R” (under the assumption (5-19)), we have for any z € R” and
r > 0 that

(wi,;)z , Swi,j in Byyas;)(2) \ Br(2) forany i € I, (5-27)

for all sufficiently large j such that §;(z) > r. On the other hand, recall from the beginning of this proof
that w; — wo in C2,(R"; R™) with some wo € C*(R"; R™) satisfying (5-11), (5-12) and (5-13) with
”;4_'2. (R™\ {z}; R™) for each z € R” and any r > 0. Thus,
we may pass to the limit with j — oo (possibly along a subsequence) in (5-27) in any compact domain

of type Br(z) \ Br(z) C R" \ {z}, which gives

This implies (w;)} , — (wo)} , in C2

o= loc

(wi0);, <wio inR"\ By(z) forany i € I,. (5-28)

As z € R" and r > 0 in (5-28) are arbitrary, we conclude from [Li and Zhang 2003, Lemma 11.2] that
w; o 18 constant for each i € I,,,. Then as w; o is a nonnegative (global) solution of (5-11), w; o must be
trivial for each i € I,,. On the other hand, for any i & I,,, v; is already trivial and so is the limit w; o.
Consequently, wy is a trivial solution, a contradiction with (5-13). Therefore, the assumption (5-19) must
fail, which implies (5-4) with some constant C > 0, depending only on n and m. O

5C. Universal upper bounds for 1 < a < 242 \yith Proposition 5.1, we obtain a universal upper esti-
n—2

mate for (local) singular solutions in the subcritical case. Let us remark that this bound is not sharp for
1 < < ;%5, although we obtain a universal constant as well as a universal neighborhood in the estimate.
The sharp bounds for those cases will be given separately in Sections 7C and 7D.

Lemma 5.3. Let u be a nonnegative solution of (1-1) in By \ {0} with 1 <« < Zf% Then there exists
C > 0, depending only on n, m and «, such that
2 .
lu(x)| = Clx["a=T in B2\ {0}. (5-29)

Proof. Let xo € By, \ {0} and set r = %|x0|. Since B, (xo) C B; \ {0}, one can define
v(x) = rTzlu(rx +x0) in Bj.

As u is a nonnegative solution of (1-1) in Bj \ {0}, we see that v is a nonnegative solution of (5-1).
Moreover, v is continuous up to the boundary of B;. Hence, Proposition 5.1 applies to v and taking
x = 01in (5-2) we obtain

[v(0)] =C,

which in terms of u can be rephrased as
2
lu(xo)| < Cr~e-t,

Since x¢ € By, \ {0} was arbitrary and r = %|x0|, the proof is finished. O
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Remark 5.4. For | <o <242

Then w > 0 and %w <|u| <ciw in By \ {0} with ¢; = m'/2. Hence, w satisfies %w“ <—Aw <cow%in
B1\{0} with ¢, = m@~1/2, By [Serrin and Zou 2002, Corollary IV] it follows that w < C |x|~2/@~D in
B1/2\{0}, where C depends only on 2, m and «. This together with the inequality |u| < cqw yields (5-29).

, one may take an alternative approach as follows. Let w =uj+us+---+up.

From the Harnack-type inequality in Proposition 5.2, we obtain an upper estimate for the critical case

o = 2
~ n-2"
Lemma 5.5. Let u be a nonnegative solution of (1-1) in By \ {0} with a = ;‘:2 Then there exists C > 0,
depending only on n and m, such that
(min_inf u;)|u(x)| < Clx|™"2" in By, \ {0}, (5-30)

i€l 0B3/4
where I, consists of all indices 1 <i < m such that u; is nontrivial.
Proof. If u has a removable singularity at the origin, then —Au = |u|*/®=2y in B; (instead of By \ {0}),
whence one may apply Proposition 5.2 to u after scaling, and observe that

(min ainf ui)|u(x)| < C(3 - IxI)_% < C(%)_% in By/2 \ {0},

i€l 3B3)4
which implies (5-30).

Henceforth, let us assume that # does not have a removable singularity at the origin. Clearly I,,, # &,
and by the superharmonicity and the nonnegativity of u; with i € I,,, we have u; > 0 in Bj \ {0} for all
1 €ly.

Now let xg € By/2\{0} and r = %|x0|. Since B, (x9) C By \ {0}, one can define

v(x) = r%u(rx +x9) in B>.

Obviously, v; is nontrivial if and only if i € I,,,. On the other hand, as u is a nonnegative solution of (1-1)
in By \ {0}, v becomes a nonnegative solution of (5-3). Hence, it follows from (5-4) that
o -1 . -1
v(0)| < C(min inf v; =C(min inf wu; , 5-31
v = (ielm 9B, i) (ieImBzr(xo) 2 (5-3D)
where C > 0 depends only on n and m.

Now let J;,, C I, consist of all components ©; having nonremovable singularity at the origin. Note
that J,, may not be equal to /,,. By superharmonicity and positivity, the maximum principle implies that
liminfy_ ¢ u; (x) = oo for each i € J,,. On the other hand, if i € I, \ Jy, (provided that I, \ J,, # 9),
u; is bounded at the origin, and again by the maximum principle, one has liminfx—o u; (x) > infyp, , u;.
Hence, one should have infyp,, (x,) ui > infyp, , u; for any i € I,,. This along with (5-31) yields

. . -1 _n=2
<C f u; 2,
|u(x0)| < (32}2 inf ui) r

which proves the lemma. O

Remark 5.6. We shall see in Section 7B that the above estimate can be improved for solutions # with
nonremovable singularity at the origin.
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Due to Lemmas 5.3 and 5.5, we obtain the standard Harnack inequality and interior gradient estimate.

Lemma 5.7. Let u be a nonnegative solution of (1-1) in By \ {0} with 1 <a < % Then there exists
C > 0 such that for each 1 <i <m,

sup  uj < C 5 i%f u;j forany0<r < %, (5-32)
Br\Br/Z r\Br/2
and )
u;(x
Vi (x)] < Cix_| in B>\ {0}. (5-33)

Moreover, the constant C in (5-32) depends only on n, m and «, provided that 1 < o < %

Proof. After a scaling argument we may also say that (5-29) and (5-30) hold in B34 \ {0}, instead

of By, \ {0}. Consider u;, 1 <i < m, as a nonnegative solution of —Au; = a(x)u; in By \ {0},
where a(x) = |u|*"L. Due to (5-29)if 1 <« < Zf;, and to (5-30) if @ = ’}i;, we know that 0 < a(x) <

C|x|™2in Bs /4 \ {0}. Thus, (5-32) follows easily from the classical Harnack inequality [Gilbarg and
Trudinger 1983, Corollary 9.25]. With (5-32) at hand, one may also prove (5-33) by the classical gradient
estimate [Gilbarg and Trudinger 1983, Theorem 3.9]. g

6. Asymptotic radial symmetry of local solutions

This section is devoted to the proof of Theorem 1.4. Let us address that a similar argument was also used
in [Caffarelli et al. 2014, Theorem 1.2], which is concerned with fractional Laplacian, scalar equations.

Proof of Theorem 1.4. If the origin is a removable singularity, then the conclusion (1-16) is clear. Hence,
we shall assume that the origin is a nonremovable singularity.

Recall from (3-1) that u}‘,r is the Kelvin transform of u with respect to the sphere dB,(z). Since the
origin is a nonremovable singularity of u, one may prove, with a minor modification of the proof of
Lemma 4.1, that there is some small € > 0 such that for any z € B/, \ {0} and any 0 < r <|z|,

(ui);, <u; in By \ (Br(z) U{0}) foreach 1 <i <m. (6-1)
The key observation here is that (6-1) implies, for any a > % and e € 0B,
u; (y) <uj(yq) ify-e>aand|ys|>1foreachl<i <m, (6-2)
where
uf(y) = g () =1y "ui(ly]y). ya=y+2a—y-ee,

and H,(e) is the half-space {x : x -e > a}. Note that y, is the reflection point of y with respect to the
hyperplane dH, (e). To prove the claim (6-2), let us note first that y € By, if and only if y/| y|? € Be.
Now we shall choose some z € B/, \ {0} and some 0 < r < |z| such that

2
Ya r Yy
RLNT —z). 6-3
a2 (|y/|y|2—z|) (|y|2 ) ©9)
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In other words, y4/|ya|? is the reflection point of y/|y|? with respect to 0B, (z). We shall ask in addition
that

|J’a|§lL_Z‘ (6-4)
Iyl ~rlyl?
Before we actually find such z and r, let us verify that along with (6-3) and (6-4), (6-1) implies (6-2) as
follows.

Given y € R” such that y -e > a and |y,| > 1, and 0 < r < |z| < 5 such that (6-3) and (6-4) hold,

let us write by x and x; . the points y/| y|? and y,/|ya|? respectively. Then since y-e > a > % and

|yal > 1, we have x € B, (z), and x7 . € By \ Br(z). Hence, one may proceed, using (6-1), with

1 |x* _Zl n—2
0 = () )

|y|n—2
1 |xk  —z[\"2?
< s () st saton

proving (6-2), where in deriving the first equality we used (6-3), while the last inequality follows from
(6-4). Thus, we only need to prove that there actually exist 0 < r < |z| < § satisfying (6-3) and (6-4).
However, it only involves an elementary argument to verify (6-3) and (6-4) as well as 0 <r < |z| < §, by
choosing r = |z| and

L 1er lval? (ly_ 1 y)=;(y—y)
ly|? 12 = [yal? \|y|? |yal2”¢ |12 —1yal? ¢

With the claim (6-2) at hand, one may invoke [Caffarelli et al. 1989, Theorem 6.1 and Corollary 6.2]
to finish the proof. That is, from the former one obtains some C > 0, independent of €, such that

ui (y) <uj(x) if [x|>1and|y|>|x|+ % foreach 1 <i <m.

As u? is a nonnegative superharmonic function, the latter implies
u; =(1+0[ — (mf ui) uniformly on dBR as R — oo,
R 0BRr
which in terms of u; implies the asymptotic radial symmetry claimed as in (1-16). O
With the asymptotic radial symmetry as well as the uniform estimate achieved in the previous section,

we are ready to prove Proposition 2.4, finally showing the existence of the second Pohozaev invariant;
see (2-17).

Proof of Proposition 2.4. Let u be a nonnegative solution of (1-1) in Bg \ {0} with & = ng, and let
@, (7, u) be asin (2-10). Let us also assume that # is a nontrivial solution. Let us prove the well-definedness
of O (r, u).

In the following, we shall denote by C a positive generic constant independent of r. With f(r, u)

given as in (2-11), it follows immediately from (5-30) and (5-33) that
f(r,u) <C and r|f(r, u)| <Cf(r,u) forany0<r < %R. (6-5)
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On the other hand, by the asymptotic radial symmetry (1-16), we have
_ _,nt+2 =
|A(u —u)| < Clx||lu|n"=2 in Bp, \ By, asr— 0+,

where u(r) is the average of u over the sphere dB,. Hence, it follows from the interior gradient estimate
[Gilbarg and Trudinger 1983, Theorem 3.9] and the Harnack inequality (5-32) that

|V(u—u)| < Clu| ondB,,
and in particular,

|Vou| < Clu| ondB;, (6-6)

where Vsu is the tangential derivative of u on dB;.
By means of (6-6) and (6-5), we deduce that

/(”/ |vou|2do)f'(p,u)dp
0 \"wn J3B,

provided that r > 0 is sufficiently small. Similarly, one may also prove from (1-16) and (6-5) that

<C fo pf(p.u)* dp, (6-7)

/(p | |u|ffzdp—f<p,u)nfz)f(p,u)dp‘sc/ ofpw)iF dp.  (69)
0 3B, 0

By the first inequality in (6-5), we see that the right sides of both (6-7) and (6-8) are of order 2, proving
the well-definedness of ®.(r, u).

Proving that ®.(r, u) is indeed constant in 0 < r < R is now easy by considering the cylindrical
version W, (¢, v) defined as in (2-15). Since the computation is very similar to that of (4-10), we omit the
details. O

7. Exact asymptotic behavior of local solutions

With the a priori estimates and the classification of the solutions on the punctured space, we are now
ready to investigate exact asymptotic behavior of local solutions near the isolated singularity at the origin.
Before we begin our analysis, let us provide the basic integrability of the solution.

Lemma 7.1. Let u be a nonnegative solution of (1-1) in By \ {0} with o > 1. One has u € L*(B1; R™).
In particular, if « > -5, then u is a distribution solution of (1-1) in By \ {0} in By, that is,

—/ u-Avdx=/ lu|* ‘u-vdx foranyve CS(B1:R™).
B, B,

Proof. Recall from the proof of Proposition 5.1 and Remark 5.4 that w = uj + --+ 4 u,, satisfies
1
c
w € L*(B1) which implies that u € L¥(B;R™). The second assertion can be proved much as in
[Caffarelli et al. 1989], and we omit the details. O

w¥ < —Aw < cwY, with some ¢ > 1 depending only on m and «. By [Brézis and Lions 1981],
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7A. Case n"Tz <o < :’l—i'; The upper bound (5-29) and the classification of solutions on the punctured

space allow us to capture the exact asymptotic behavior of local solutions to (1-1), by means of the blowup
analysis. Let us recall from Section 4 that a blowup u is a limit of u, along a sequence r = r; — 0+ in

C2.(R"\ {0}: R™).

Lemma 7.2. Let u be a nonnegative solution of (1-1) in By \ {0} with ;5 <a < ZJ_F%, and let ®(r, u)

be as in (2-1). Then ®(0+, u) € {—A, 0}, where A is given by (1-21). Moreover, the following are true:
(i) ®(0+,u) = 0 if and only if
lu(x)| = o(|x|"@T) asx — 0. (7-1)
(i) ®(0+,u) = —A ifand only if
u(x)| = (1 + o(1)Aa=T|x|"a=T asx — 0, (7-2)
where A is given by (1-4).

Proof. Due to the estimates (5-29) and (5-33), we know that ®(r, &) in (2-1) is uniformly bounded for all
O<r< % This combined with the monotonicity (Proposition 2.1(i)) implies that ®(0+, u) exists. Hence,
we may argue analogously to the proof of Lemma 4.4 and observe that any blowup ug of u satisfies
®(r,up) = ©(0+, u) for all r > 0. As ug is a nonnegative solution of (1-1) in R \ {0}, it follows from
Lemma 4.5(ii) that ®(0+, u) = 0 if and only if any blowup u¢ of  is trivial, while ®(0+, u) = —A if
and only if any blowup of ug is of the form A1/(@~1D|x|~2/(@=D¢ with some nonnegative unit vector
e € R™. In other words, ®(0+, u) = 0 if and only if |u,| — 0 uniformly on 3By, while ®(0+, u) = —A
if and only if |u,| — AY/@=1 yniformly on 3B, where u, is the scaling function defined by (2-2). O

The next lemma shows that (7-1) is sufficient for the origin to be a removable singularity.
Lemma 7.3. Let u be a nonnegative solution of (1-1) in By \ {0} with ;%5 < a < % If u satisfies
u(x)| = o(|x|"&=T) asx — 0, (7-3)
then the origin is a removable singularity.
Proof. Under the assumption (7-3), we claim that
u(x)] < elx|7FTHin By, \ {0} (7-4)

for some § > 0, ro > 0, and ¢ > 1, where ¢ and ro may depend on u.
Consider the auxiliary function

e(x) = (Corg P |xI? +e)[x|"&T in R"\ {0}, (7-5)

where Cg > 0 is the (universal) constant from (5-29), r¢ > 0 is a small radius to be determined later, and
€ > 0 is an arbitrary small number. By direct computation, we observe that

Age = —(Corg (A + ué —8H)|x|® +ed)|x| ™% in R”\ {0},
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with A and p given by (1-4). Note that for o > -5, we have A > 0. Thus, taking § > 0 sufficiently small
depending only on A and |i|, we obtain

A
Age < —=—>¢c inR"\{0}. (7-6)
2|x|2
Let us fix 1 <i < m and consider the i-th component u; of # as a solution of Au; = —a(x)y; in

B1 \ {0} with a(x) = |u|*~. Due to (7-3), there exists ro > 0 such that
0< <

in By, \ {0}, and hence, it follows from (7-6) that ¢, is a supersolution of Au; = —a(x)u; in By, \ {0}.
That is,

Age < —a(x)pe in By, \ {0}. 7-7)

On the other hand, choosing Cy > 0 to be the constant for which |u| satisfies (5-29), we have
u; < Cory 2/(@=1) < @e on 0B;,. Utilizing the assumption (7-3) again, one can find a sufficiently small
0 < r < ro such that u; < e|x|_2/(°‘_1) < @ in By \ {0}. Therefore,

Ui <@e on (dBy,) U (B, \{0}). (7-8)

In view of (7-7) and (7-8), we may apply the maximum principle in B,, \ B, and obtain u; < ¢ in
B, \ B,. Combining this inequality with (7-8), we arrive at

Ui < @e in By, \ {0}. (7-9)

Since the parameters Co, 1o, and § in the definition (7-5) of ¢, are independent of ¢, we can take € — 0
in (7-9) and obtain

_ 2 .
u; (x) < Corg® |x|7@=113 in B, \ {0}.

Now that this inequality holds for any 1 <i < m, we arrive at (7-4) with ¢ = Cory J Jm.

Since a(x) = |u|*"L, we have from (7-4) that 0 < a(x) < ¢|x| 72+ @13 o By, \ {0}, which certainly
implies a € L/ @=m(By) for some small n > 0. According to Lemma 7.1, u; satisfies —Au; = a(x)u;
in Bj in the distributional sense for each 1 <i < m, whence the classical result [Serrin 1964, Theorem 1]
yields that u; has a removable singularity at the origin. O

Remark 7.4. One may have noticed that the proof of Lemma 7.3 works for the upper critical case,

n+2

o= n—2°

without any modification.
We are ready to prove Theorem 1.5(i).

Proof of Theorem 1.5. Suppose that u has a nonremovable singularity at the origin. Then by Lemma 7.3,
u does not satisfy (7-3), whence it follows from Lemma 7.2 that u satisfies (7-2), which proves (1-17). O
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7B. Case a = % The asymptotic behavior for the case ¢ = % becomes more subtle, due to the
presence of the second Pohozaev invariant «« given by (2-17). The following lemma is the local version
of Theorem 1.3(iii). Let us remark that the proof is similar to the classical argument, see the proof of
[Caffarelli et al. 1989, Theorem 1.2]; however, the key difference is that we apply the radial symmetry to
the second Pohozaev identity (2-17), instead of the first identity (2-8).

n+2

Lemma 7.5. Let u be a nonnegative solution of (1-1) in By \ {0} witha = . Also set k(u) and K (u)
as in (2-8) and (2-17) respectively. Then k(u) and k«(u) satisfy (1-13) and (1 14) respectively. Moreover,
the following are true:

(1) k(u) = k«(u) = 0 if and only if
lu(x)| :0(|x|_%z) as x — 0. (7-10)
(i) k(u)? + k«(u)? > 0 if and only if there are ¢, C > 0 such that
clx]™" T <u()| < Clx["T asx —0, (7-11)
where ¢ depends on u, while C is determined by n and m only.
(iii) x(u) = —2("52)" and k«(u) = 0 if and only if

-2 ’12;2 n—2
) x|7 2 asx—0. (7-12)

|mxn=<1+oa»(”

Proof. The existence of k() and k«(u) are proved in Proposition 2.1(ii) and Proposition 2.4 respectively.
Now let ug be any blowup of u, and write r; — 0+ by the blowup sequence. By the scaling relation
(2-3) of ®(r, u), we see that

k(uo) = ©(1,up) = lim ®(1,u,;) = lim O(rj,u) = «(u).
Jj—oo ’ j—oo
However, u is a nonnegative solution of (1-1) (with « =2 +2) in R” \ {0}, whence Lemma 4.6 yields
k(uo) satisfies (1-13), and so does x (u). Similarly, one may deduce from the scaling relation (2-13) of
D, (r,u) that k«(u) = k«(ug), and by Lemma 4.6, k. (u) satisfies (1-14).

Suppose that k (#) = k«(u) = 0, and let v be the cylindrical transformation of  as in (1-2). Rephrasing
the estimates (6-7) and (6-8) in terms of v, the second Pohozaev identity (2-18) becomes (as t — c0)

g2 202 +o(/°°e—2fg(f)2df), (7-13)
t

where g is given by (2-16) and g’ = dg/dt. Since the term 0( /[ Fe 2T g(1)%d 7) decays exponentially,

(8=~

and is comparably smaller than g (), the behavior of g’ is determined by the nonnegative roots of

2 2n—2
(-2~ M2

which are 0 and (@)("—2) /2 respectively. In particular, g(z) must be either nonincreasing and
converging to 0, or nondecreasing and converging to (@)(”_2)/ 2,
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If g(t) = 0 as t — oo, then by the asymptotic radial symmetry we have |v(z,-)| — 0 uniformly on
S 1 as t — oo. After the inverse cylindrical transform via (1-2), we arrive at (7-10), as desired.

(n(n4—2))(n—2)/2

Now let us show that the other alternative, i.e., g(t) — as t — 00, cannot occur.

Suppose that this is true. Then again from the asymptotic radial symmetry it follows that |u,| —

nn-2))(n=2)/2 uniformly on dBj as r — 0+. This implies that any blowup ug of u must be of the

_ —2)/2| —(n— . . .
M)(n ) |x|~"=2)/2¢ for some nonnegative unit vector e € R™. In particular, uo has a

1
form (
nonremovable singularity at the origin, and hence Theorem 1.3(iii) yields that k (u¢) or kx«(ug) is non-
zero, a contradiction to k(u) = «(ug) = 0 or, respectively, k. (u) = k«(u9) = 0. Hence, the assertion (i)
is proved.

Now let us consider the case when « (u)? + k«(#)? > 0. Let ug be any blowup of u. Then due to the
asymptotic radial symmetry of u, we know ug is radially symmetric on the punctured space. Hence,
by Lemma 4.2, we have |ug| < C|x|~"~2/2 where C > 0 depends only on 1 and m. Since ug is an
arbitrary blowup of u, this proves the upper bound in (7-11).

On the other hand, by Theorem 1.3(iii)-(b), the cylindrical transform vg of ug satisfies (1-7). Due to
R. H. Fowler [1931], |vo| has to be bounded uniformly away from zero, with the bound determined solely
on the value of n, «k(vg) = k(ug) = k(u) and k«(vo) = Kk« (u). This proves that |ug| > c¢|x|~®#=2/2 for
some ¢ > 0 depending only on 7, x(#) and k. (u). Since ¢ is independent of the blowup ug, the lower
bound in (7-11) is proved. Thus, the assertion (ii) is proved.

The final assertion regarding (7-12) follows immediately from Theorem 1.3(iii)-(c), since the latter
implies that the blowup of u is unique and is of the form (1-15), if and only if « (u) = -2 (%)n and

n

As with Lemma 7.3, we observe that (7-10) is a sufficient condition to have a removable singularity.

Lemma 7.6. Let u be a nonnegative solution of (1-1) in By \ {0} with a = % If u satisfies
)| = o(lx|~"2") asx >0,

then the origin is a removable singularity.

Proof. As mentioned in Remark 7.4, the same proof of Lemma 7.3 works here as well, whence we leave
out the details to the reader. O

Proof of Theorem 1.5(ii). Suppose that the origin is a nonremovable singularity, and let us write by x and
ks the first and respectively the second Pohozaev invariant. As a contraposition to Lemma 7.6, (7-3) fails.
Thus, by Lemma 7.5, one has k2 + k2 > 0. Then the asymptotic bound in (1-18) follows from the second
alternative, (7-11), of Lemma 7.5, and the proof is finished. O

7C. Casel <a < n”TZ The asymptotic analysis for the case 1 <« < 75 is very simple. It is noticeable
that the monotonicity formula is not required here. We also mention that one can reduce our study to the
scalar case by considering w = uy + us + -+ - 4+ u,, > 0, and directly apply the results in [Lions 1980].
Nevertheless, we shall give a more direct proof, for the sake of completeness.

We shall begin with the sharp upper estimate.
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Lemma 7.7. Let u be a nonnegative solution of (1-1) in By \ {0} with 1 < a < 5. Then there is C > 0,
depending only |u|, such that

lu(x)| < C|x]*™ asx—0. (7-14)

Proof. Lemma 7.1 asserts that u € L%(By). Since 1 <@ < nnTz and u satisfies the Harnack inequality
(5-32), it is easy to verify that

u(x)| = o(|x|"@T) asx — 0. (7-15)

Utilizing (7-15), and noting that n — 2 < % one may argue with a blowup argument to prove that for

anyn—2<gq< ﬁ, there is some 0 < r4 < 1, depending only on n, m, «, and ¢, such that

lu(x)| <|x|™® in B, \ {0}. (7-16)

Now let 4 be as in (7-16). Due to Lemma 7.1 again, Au = —|u|*'u € L'(B;), whence one can
decompose u, in By, \ {0}, as

u) = 5P [ L= yP Au(s) dy + ho). 3-17)

q
where a is a nonnegative vector in R™ and h is a nonnegative and harmonic, vectorial function on By, .

However, owing to the estimate (7-16), it is not hard to see from the equation Au = —|u|*~'u that there
is C4 > 0, depending only on n, m, «, and g, such that

[ reprauidy| < [ ey Py ay < i, 7-18)
Bry rq

Thus, choosing n —2 < g < % so as to depend only on 7 and «, and selecting r,; and Cy in (7-18)
correspondingly, we derive the sharp estimate (7-14) from (7-17). O

Next we consider a sufficient condition to have a removable singularity.

Lemma 7.8. Let u be a nonnegative solution of (1-1) in By \ {0} with | <a < 2. If u satisfies
lu(x)] =o(|x|*™") asx — 0, (7-19)
then the origin is a removable singularity.

Proof. Under the assumption (7-19), one has u € L9(B1;R™) forany 1 <¢ < .%5. Since 1 <a < ;%5
and |Au| < |u|% we have —Au € L9/%(B;;R™) for any o« < ¢ < —%>. Thus, the L? theory [Gilbarg
and Trudinger 1983, Theorem 9.9] (applied to each component of u) and a bootstrap argument based
on the Sobolev inequality yields u € W22 (By; R™) for any 1 < p < co. In particular, it follows from
the Sobolev embedding that u € C 1Y (By; R™) for any 0 < y < 1, and thus # must have a removable

singularity at the origin. O

We are in a position to prove Theorem 1.5(iii).
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Proof of Theorem 1.5(iii). Suppose that # has a nonremovable singularity at the origin. By Lemma 7.8,
we know that u does not satisfy (7-19), or equivalently, there is some § > 0, a component, say uj, and a
sequence 7; — 04 such that
sup up > Srjz_”.
3B, .
J
By the Harnack inequality (5-32), we know that

inf u; > c08rj2_",
rj
where cg > 0 depends only on 7, m and «. Taking § > 0 smaller, if necessary, such that ¢§ < infyp, o UL,
it follows from the maximum principle that

ur(x) > co8|x|*" in By \ {0},

proving the asymptotic lower bound in (1-19). The asymptotic upper bound in (1-19) is established in
Lemma 7.7. Hence, the theorem is proved. O

Remark 7.9. As mentioned in the beginning of this section, the proof of Theorem 1.5(iii) can also be
deduced by considering the function w =uj +us+---+uy > 0. Then w satisfies Crw®* < —Aw < Crw®
in By \ {0}, where C1, C2 > 0 depend on n, m and « only, and the claim in Theorem 1.5(iii) follows now
from existing results in the literature, such as [Lions 1980, Theorem 2 and Remark 2].

7D. Case o = 5. The analysis of the lower critical exponent, @ = -, exhibits its own subtlety, due
to the multiplicity of components in (1-1), as with the upper critical case, ¢ = % To briefly discuss

this point, let us first give the asymptotic upper bound.
Lemma 7.10 [Aviles 1987, Lemma 1]. Let u be a nonnegative solution of (1-1) with a = %5 in B1\{0}.

Then for each 1 <i < m,

(n—2)°
2

n—2
2 n
i (r) < ( ) P2 (—logr) 2" asr— 0, (7-20)

where U; is the average of u; over the sphere 0B,..

Proof. Note that for each 1 <i <m, u; satisfies, for 0 <r <1,

n—1. __n_
up +uj = =0,

u; +

whence the conclusion follows directly from [Aviles 1987, Lemma 1]. O

Let us remark that the constant (%(n — 2)2)(n_2)/ 2 in (7-20) is exact in view of (1-20). Due to the fact
that u consists of multiple components, there is not an easy way to prove that |u| also satisfies (7-20)
with exactly the same constant. This prevents us from applying the argument in [Aviles 1987, Section 2],
which deals with the scalar version of (1-1) with o = nnTz Instead, we mainly follow [Aviles 1987,
Section 3], where a sign-changing problem is considered. The idea is to consider several refinements of
the usual monotonicity formula W(¢, v) introduced in (2-5).
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Due to the refined upper bound (7-20), we shall consider a new cylindrical transformation ¢ defined
so as to satisfy

) = 527" (= tog )5 (g ], ). 721)
X
Then the problem (1-1) (with o = nnTz) can be reformulated in terms of ¢ as
1 n—2 n 1 2
dee + (n —2)(1 - ;)3t¢ + Mg = 7(’1 —2- Z)d’ —lol2¢. (7-22)

Remark 7.11. Due to the asymptotic radial symmetry (1-16) of u, we know ¢ satisfies |[¢p —@| = O(e™7?)
as t — oo, for some y > 0, where ¢ (¢) is the average of ¢(z, 8) over § € S~ 1. In particular, one has (by
arguing much as in the derivation of (6-6))

Vo (t,0)| < Ce ™" in (to, 00) x S" ! (7-23)

for some large 79 and C independent of . Moreover, it follows from the sharp estimate (7-20) and the
gradient estimate (5-33) that

|¢(1.0)| +10:¢(t.6)] <C in (g, 00) x S" . (7-24)

In comparison with (1-3), we obtain the first refinement of the monotonicity formula W(¢, v), given as

1 —2 . 2n—2 -2
B = [ (fgP-i1Vop P05 a0 S (n2- 1) [ a6, 029

nwy 2nwy 2t

Note that E(z, ¢) is well-defined for any ¢ whenever ¢ (¢, -) is defined on S"*~1, due to the smoothness
of u.
The next lemma is concerned with the monotonicity of E (¢, ¢).

Lemma 7.12. Let u be a nonnegative solution of (1-1) in B1\ {0} witha = and ¢ be the cylindrical

n
3>
transformation as in (7-21). Then

2n—4)t—-2n+3

1 -2
/ |0:6|% d6— / (|V9¢|2d9+”(” 5 )|¢|2) db. (7-26)
nwp gn—1 nwy Jsn—1

E/(tv¢)=_ 47

In particular, E(t, ¢) is nonincreasing for t > %Z:i, and E (o0, ) exists.

Proof. The proof of (7-26) follows easily from taking the inner product of (7-22) with #9;¢ and integrating
the both sides over S”~1. We omit the details.

With (7-26) at hand, we know that E (¢, ¢) is nonincreasing for ¢ > %Z:i
E (o0, ¢) follows immediately from the fact that E (¢, ¢) is uniformly bounded from below as ¢ — oo.
However, (7-23) yields

. Thus, the existence of

lim t|Vgo|? d6 =0,

=00 Jgn—1
which along with (7-24) ensures that
liminf E (¢, ¢) > —o0,
t—>0o0

as desired. O
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In order to have the full strength of the existence of £ (oo, ¢), we shall prove the following, which is
the system version of [Aviles 1987, Lemma 3.2]. Although the proof is almost identical, we shall present
the argument for the sake of completeness.

Lemma 7.13 (essentially due to [Aviles 1987]). Let ¢ be as in Lemma 7.12. Then

lim t10:¢]>do = 0. (7-27)

1—>00 Sn_l

Proof. By (7-23) and (7-24), one may integrate the both sides of (7-26) from 79 = %Z i to 0o, and use
the existence of E (oo, ¢) to deduce that

o0
/ / 7]0:¢|? d0 dt < . (7-28)
10 gn—1

Hence, it is sufficient to prove that [q,— t|d;¢|? dO is a Cauchy sequence in t — oo.
In order to do so, we differentiate (7-22) in ¢ and find that ¥ = d,¢ solves

anw+(n—2)(1—;)at ”2:2(:1—2 nt )¢+Ae¢

ey P PO o ¥ :

Taking the inner product of (7-29) with 19,9 and integrating over S"~1, one may verify after some
computation that the functional

J(1.¥) =

(r|alw|2—r|w|2

nwy Jsn— 2
/ / - (n—2——)¢ 9.9 d6 dt (7-30)
na)n gn—1

2 - 2 99, O\
+nw,,/, /§n_1 g (T¢ n_2|¢|2¢ zﬁ) I ¥ dodr

2n—4)t -2 3
@n—4) —2n + / 9,92 do
nwpy gn—1

R 2, (490 -2) 2)
[ (1vewe 4 SR i) as, o

nwy

satisfies

J/(f,'ﬁ):—

provided that the last two double integrals in (7-30) are finite, i.e., J(¢, ¥) is well-defined for all ¢ large.

Assuming for the moment that J (¢, ¥) is well-defined for all ¢ large, one may proceed as in the proof
of [Aviles 1987, Lemma 3.2]. Note that (7-31) implies the monotonicity of J(¢, ¥) for ¢t > tg = 2” i.
Analogous to Remark 7.11, the asymptotic radial symmetry (1-16) implies the exponential decay of

|[Vo¥r| as well as the uniform boundedness of || and |d;¥|. Hence, one may deduce as in the proof
of Lemma 7.12 that J(¢, ¥) is uniformly bounded from below as t — oco. As J(¢, ¥) is nonincreasing
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int > tg, J(o0, ¥) exists, and thus, integrating (7-30) from ¢ to co yields that

o
/ / 799 |?dO dt < . (7-32)
10 gn—1

d
— |z 9,.01%do
dl(/@ﬂ_g 9| )

we conclude from (7-28) and (7-32) that ¢ g, |0 9|? d6 is a Cauchy sequence in ¢ — oo. Thus, (7-27)
follows from (7-28).
To this end, we are only left with verifying the well-definedness of J (¢, ¥) for all # > ¢y with some ¢

Noting that

< [ 0P+ 109 + 113,091 o

large. As noted above, this boils down to proving that the last two double integrals in (7-30) are finite.
Due to the upper estimate (7-20) and (7-28), it suffices to show that

< 1
[ [ el bl ds dr <oc. (7-33)
to t gn—l
Owing to (7-23) and (7-24), we have, in (7-22) (recall that ¥ = 0;¢)),
1
vl = =21+ 07 ). (734
so multiplying (7-34) by +|¢| yields

00 1 |
[7 L wiaidedi <= [ 5[ gitwiasar+ o

n—2
2

=

/ / [¥|?do dt + 0(1) < oo, (7-35)
to gn—1

where the second inequality follows from

Lo, Lo
< — —
9119 < 50+ SIv P
while the last inequality is derived from (7-28). On the other hand, multiplying (7-34) by %|1// |, we deduce
from (7-28) that

*1 1
/ —/ |[¥||0:¥|dOdt < (n—2) —/ |¢|2d0dt<oo. (7-36)
to t Jgn—1 to t n—1
The claim (7-33) follows readily from (7-35) and (7-36). O

Finally we have the classification of the blowup limit via the limiting energy levels E(co, ¢).

Lemma 7.14. Let u be a nonnegative solution of (1-1) in By \ {0} with @ = "5, and ¢ be its cylindrical
transform as in (7-21). Also let E(t, ¢) be as in (7-25). Then

n—1
E(oo’gb)e{_n%((n—Z)Z) ,O%.

1 2

Moreover, the following are true:
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(1) E(o0,¢) =0 ifand only if
lu(x)| = o(|x|> ™ (—log |x[)Z") as x — 0. (7-37)
(i) E(co, $) = — 2o (“Z22)""" it and only if

(n—2)
2

(o) = (1 +o(1))( )2|x|2—"(— log |x])*2". (7-38)

Proof. Due to Lemma 7.12, (7-23), and (7-27), we have

(n—2)°
2

2n—2
n—2 —

E(c.$) = —— lim (”‘2|¢|

nwy t—>oo Jegn-1\n—1

|¢|2) de. (7-39)
In fact, (7-23) implies that whenever ¢ (;, ) converges as t; — oo, the limit is independent of 6 € sm1,

Hence, along a convergent sequence ¢(¢;, 0) — a (uniformly over 6 € S”_l), we obtain from (7-39) that

n—2
n—1

2
E(oo.d) = " Zla)iz - 2D, (7-40)

Since the right-hand side has at most three nonnegative roots, we conclude that the limit value |a| (under
the uniform convergence of |¢ (¢, )| on S*~! as t — oo) is unique.

To compute the limit value |a/|, let us take the inner product of (7-22) with ¢ and integrate the both
sides over (g, 00) X S~ (with 1 large). Then one may easily deduce from (7-23), (7-24), and (7-28) that

o 1 _22 )
/z nw rfg)n—l((n 2 : _|¢|"_2)|¢|2d9dt

Now that |@| converges to |a| as ¢t — oo uniformly on S, we must have either |a| = 0 or

(n—2)2%
'“':( 2 ) ‘

Inserting this into (7-40), we deduce that either E (oo, ¢) = 0 if and only if |a| = 0, or

—_ 72 n—1

< Q.

Obviously, the assertions (7-37) and (7-38) follow immediately via inverse cylindrical transform (7-21). O
We are only left with proving that (7-37) yields the removability of the singularity at the origin.

Lemma 7.15. Let u be a nonnegative solution of (1-1) in By \ {0} with @ = ;Z5. Suppose further that u
satisfies

lu(x)| = o(|x|""2(=log |x[)"Z°) as x — 0. (7-41)

Then the origin is a removable singularity.
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Proof. Under the assumption (7-41), we claim that
u(0)| < elx*"*%in By \ {0} (7-42)

for some small § > 0, where ¢ > 1 and ro > 0 may depend on .
Consider the auxiliary function

_ 2—n _ .
9e(x) = (Crg?1x|? +e(=log|x) 2 )[x[>*™ in By, \ {0},

where Cgy > 0 is the (universal) constant chosen from (7-15), ro > 0 is a small radius to be determined
later, and € > 0 is an arbitrary small number. After some computations, one may verify that
C1

Ape < ———
e = X2 10g [x] ¥

in Bro \ {0},

by choosing §, ro > 0 small, C; > 0 large. Here one may choose § and C; to depend only on 7.

Due to the assumption (7-41), we have a(x) = |u|?/"=2) = o(—|x|? log |x|), whence ¢, becomes a
supersolution of Au; = —a(x)u; in By, \ {0}, by choosing ro > 0 sufficiently small, where u; is the i-th
component of u. The rest of the proof follows the same argument shown in the proof of Lemma 7.3,
which eventually leads us to u; < ¢c in By, \ {0}. Passing to the limit with € — 0, we get

ui(x) < Corg 8 x> in By, \ {0}

Now that this inequality holds for any 1 <i < m, we arrive at (7-42) with ¢ = Cor, 8 /m.

Thus, it follows from (7-4) that a(x) = |u|?/®"=2) e L7/@=1(By) for some 7 > 0. We know from
Lemma 7.1 that u; is a distribution solution of —Au; = a(x)u; in By for each 1 <i < m. Hence, the
classical result [Serrin 1964, Theorem 1] implies that u; has a removable singularity at the origin, and the
lemma is proved. O

Theorem 1.5(iv) is now merely a combination of Lemmas 7.14 and 7.15.

Proof of Theorem 1.5(iv). If u has a nonremovable singularity at the origin, then according to Lemma 7.15,
u does not satisfy (7-41). By Lemma 7.14, we have (1-20), proving the theorem. O
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