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Abstract

We study the existence of solution to the problem

(—A)%u =Qe™ inR" k:= Qe™dr < oo,
RTL
where @ > 0, k € (0,00) and n > 3. Using ODE techniques Martinazzi for n = 6
and Huang-Ye for n = 4m + 2 proved the existence of solution to the above problem
with @ = const > 0 and for every k € (0,00). We extend these results in every
dimension n > 5, thus completely answering the problem opened by Martinazzi.
Our approach also extends to the case in which @ is non-constant, and under some
decay assumptions on ) we can also treat the cases n = 3 and 4.

1 Introduction

For a function Q € C°(R™) we consider the problem

(=A)2u=Qe™ inR" x:= Qe™dr < oo, (1)
R”l

where for n odd the non-local operator (—A)? is defined in Definition 2.1.
Geometrically if u is a smooth solution of (1) then the conformal metric g, := e**|dx|?
(|dz|? is the Euclidean metric on R™) has the @Q-curvature Q). Moreover, the total Q-
curvature of the metric g, is s.
Solutions to (1) have been classified in terms of there asymptotic behavior at infinity,
more precisely we have the following:
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Theorem A ([4, 5, 14, 16, 13, 10, 22]) Let n > 1. Let u be a solution of
(=A):u=(n—1)e™ nR", k:=(n-— 1)!/ e"dr < 0. (2)
Then
2K
u(z) = —A—log |z| + P(z) 4+ o(log |z|), as |z| — oo, (3)
1

where Ay := (n — 1)!|S™|, o(log |z|)/log |z| — 0 as |x| — oo and P is a polynomial of
degree at most n — 1 and P is bounded from above. If n € {3,4} then r € (0,A;] and
k= A1 if and only if u is a spherical solution, that is,

2\

_ 4
14+ M2z — 20)?’ ()

U(T) = Uy g0 () := log
for some xy € R™ and X\ > 0. Moreover u is spherical if and only if P is constant (which
is always the case when n € {1,2}).

Chang-Chen [2] showed the existence of non-spherical solutions to (2) in even dimen-
sion n > 4 for every k € (0,A;).

A partial converse to Theorem A has been proven in dimension 4 by Wei-Ye [21] and
extended by Hyder-Martinazzi [12] for n > 4 even and Hyder [11] for n > 3.

Theorem B ([21, 12, 11]) Let n > 3. Then for every k € (0, A1) and for every polynomial
P with

|x|—o0

deg(P) <n—1, and P(x) —— —o0,
there exists a solution u to (2) having the asymptotic behavior given by (3).

Although the assumption k € (0,A;] is a necessary condition for the existence of
solution to (2) for n = 3 and 4, it is possible to have a solution for £ > A; arbitrarily
large in higher dimension as shown by Martinazzi [18] for n = 6. Huang-Ye [9] extended
Martinazzi’s result in arbitrary even dimension n of the form n = 4m+ 2 for some m > 1,
proving that for every x € (0, 00) there exists a solution to (2). The case n = 4m remained
open.

The ideas in [18, 9] are based upon ODE theory. One considers only radial solutions so
that the equation in (2) becomes an ODE, and the result is obtained by choosing suitable
initial conditions and letting one of the parameters go to +oo (or —oco). However, this
technique does not work if the dimension n is a multiple of 4, and things get even worse
in odd dimension since (—A)? is nonlocal and ODE techniques cannot be used.

In this paper we extend the works of [18, 9] and completely solve the cases left open,
namely we prove that when n > 5 Problem (2) has a solution for every x € (0,00). In
fact we do not need to assume that () is constant, but only that it is radially symmetric
with growth at infinity suitably controlled, or not even radially symmetric. Moreover,
we are able to prescribe the asymptotic behavior of the solution u (as in (3)) up to a
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polynomial of degree 4 which cannot be prescribed and in particular it cannot be required
to vanish when x > A;. This in turn, together with Theorem A, is consistent with the
requirement n > 5, because only when n > 5 the asymptotic expansion of u at infinity
admits polynomials of degree 4.

We prove the following two theorems.

Theorem 1.1 Letn > 5 be an integer. Let P be a polynomial on R™ with degree at most
n—1. Let Q € C°(R™) be such that Q(0) >0, Q > 0, Qe is radially symmetric and

sup Q(xz)e"™ < oo
zER™

Then for every k > 0 there exists a solution u to (1) such that
2K 9 4
u(x) = —A—log |z| + P(z) + c1|z]® — co|z|* + 0o(1), as |z| — oo,
1

for some c1,co > 0. In fact, there exists a radially symmetric function v on R" and a
constant ¢, such that

2K
Ay

1
v(z) = log |z| + %AU(O)(|$’4 —|z[*) +o(1), as|z| — oo,
and
u=P+v+ec,—|z[*, zeER™

Taking @ = (n — 1)! and P = 0 in Theorem 1.1 one has the following corollary.

Corollary 1.2 Let n > 5. Let k € (0,00). Then there exists a radially symmetric
solution u to (2) such that

2
u(z) = —A—’jlog 2| + c1|z)? — colz|* +o(1), as |z| = oo,

for some ¢y, co > 0.

Notice that the polynomial part of the solution w in Theorem 1.1 is not exactly the
prescribed polynomial P (compare [21, 12, 11]). In general, without perturbing the poly-
nomial part, it is not possible to find a solution for x > A;. For example, if P is non-
increasing and non-constant then there is no solution u to (2) with £ > A; such that u has
the asymptotic behavior (3) (see Lemma 3.6 below). This justifies the term ¢;|x|? in The-
orem 1.1. Then the additional term —cy|z|* is also necessary to avoid that u(x) > % |z|?
for = large, which would contrast with the condition x < oo, at least if () does not decays
fast enough at infinity. In the latter case, the term —cy|z|* can be avoided, and one
obtains an existence result also in dimension 3 and 4.



Theorem 1.3 Let n > 3. Let Q € C° ,(R™) be such that Q >0, Q(0) > 0 and

rad
1(z) |z — |

0.

Q(m)ek‘wda: < oo, forevery A >0, /
Rn B

Then for every k > 0 there exists a radially symmetric solution u to (1).

The decay assumption on Q in Theorem 1.3 is sharp in the sense that if Qe ¢
LY(R™) for some A > 0, then Problem (1) might not have a solution for every x > 0 . For
instance, if Q = e I for some A\ > 0, then (1) with n = 3,4 and k > A; has no radially
symmetric solution (see Lemma 3.5 below).

The proof of Theorem 1.1 is based on the Schauder fixed point theorem, and the main
difficulty is to show that the “approximate solutions” are pre-compact (see in particular
Lemma 2.2). We will do that using blow up analysis (see for instance [1, 7, 17, 19]).
In general, if kK > A; one can expect blow up, but we will construct our approximate
solutions carefully in a way that this does not happen. For instance in [21, 12] one looks
for solutions of the form u = P + v + ¢, where v satisfies the integral equation

1 1
v(z)=— [ log Q(y)e""Wervuten) gy,
n |z —y

Tn

and ¢, is a constant such that
QentPrvted) gy — i,
]R'n

With such a choice we would not be able to rule out blow-up. Instead, by looking for
solutions of the form
u=P+v+ P, +c¢

where a posteriori P, = —|x|, v satisfies

1 1 1
o) = [ tog (1) Qe POy g o~ A00)], (9

In n ’.T - y‘ 2n
and ¢, is again a normalization constant, one can prove that the integral equation (5)
enjoys sufficient compactness, essentially due to the term 5-|x|*|Av(0)| on the right-hand
side. Indeed a sequence of (approximate) solutions vy blowing up (for simplicity) at the
origin, up to rescaling, leads to a sequence (7)) of functions satisfying for every R > 0

/ |Any, — eplde < CR"™ 2+ o(1)R"2,  o(1) 220, e >0,
Br

and converging to 7)., solving (for simplicity here we ignore some cases)

(=A)27, = €= in R", / e dxr < oo,
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and
/ |ANse — Cooldz < CR"2, oo >0, (6)
Br

where c¢o, = 0 corresponds to A7 (0) = 0 (see Sub-case 1.1 in Lemma 2.2 with z;, = 0).
The estimate on ||A7u||£1(,) in (6) shows that the polynomial part Py, of 7 (as in (3))
has degree at most 2, and hence AP, < 0 as P is bounded from above. Therefore,
Coo = 0 = AP, and in particular 7., is a spherical solution, that is, 7. = wuy4, for
some A > 0 and xy € R", where u,,, is given by (4). This leads to a contradiction as
AN (0) = 0 and Auy 4, < 0 in R™.

In this work we focus only on the case > 0 because the negative case has been
relatively well understood. For instance by a simple application of maximum principle
one can show that Problem (1) has no solution with Q = const < 0, n =2 and £ > —o0,
but when @ is non-constant, solutions do exist, as shown by Chanillo-Kiessling in [3] under
suitable assumptions. Martinazzi [15] proved that in higher even dimension n = 2m > 4
Problem (1) with @ = const < 0 has solutions for some r, and it has been shown in [12]
that actually for every xk € (—00,0) and () negative constant (1) has a solution. The same
result has been recently extended to odd dimension n > 3 in [11].

2 Proof of Theorem 1.1

We consider the space
X :={v e C" 1 (R") : v is radially symmetric, [|v||x < oo},

where

lollx := sup | D (1 + [ D%()[ + D [Dw()]

n
e€R™ \ |y<3 3<]al<n—1

For v € X we set

|z|>10 |z[*

—v(0
A, := max {0, sup U(:U)U()} . Py(z) = —|z* — Az
Then
v(r) + P,(z) < v(0) — |z|*, for |z| > 10.
Let ¢, be the constant determined by

Ke"vteldy =k, K := Qe"Penl,
RTL
where the functions @) and P satisfy the hypothesis in Theorem 1.1. Since Q(0) > 0,
without loss of generality we can also assume that () > 0 in B3. Then u = P+ P, +v+c¢,
satisfies

(=A)2u=Qe™, k= Qe™dz,

Rn



if and only if v satisfies
(=A)2p = Kervtes),

For odd integer n, the operator (—A)? is defined as follows:

Definition 2.1 Let n be an odd integer. Let f € S'(R™). We say that u is a solution of
(=A)2u=f in R"

if u e W'-VH(R™) and A"Tu e L%(]R”) and for every test function ¢ € S(R™)

1

[ oy Fu-a)tpds = tf 0

Here, S(R™) is the Schwartz space and the space Ls(R™) is defined by
L(R) :—/ de < oo}, s> 0.
R

n 1+ |z|nt2s

Ly(R™) := {u € L (R") : |ju

For more details on fractional Laplacian we refer the reader to [6].

We define an operator T': X — X given by T'(v) = v, where

1 1 1
o(z)=— [ lo K(y)e"WHeddy 4+ —(|z|> — |z|*)|Av(0)],
@ == [ o) k) + e lal? — [al)|Au(O)

where v, 1= ww’”\

Lemma 2.1 Let v solve tT(v) = v for some 0 <t <1. Then

t 1 t
viz)=— [ lo K(y)e"CWted gy + —(|z> — |2|")|Av(0)], 7
@)=+ [ g () kW) v+ o (o — B0, (1)

Av(0) <0, and v(x) = —o0 as |x| = co. Moreover,

s < inf
xeuB% v(x) < inf v(x),

and in particular A, = 0.

Proof. Since v satisfies tT'(v) = v, (7) follows from the definition of 7. Differentiating
under integral sign, from (7) one can get Av(0) < t|Av(0)|, which implies that Av(0) < 0.
The remaining part of the lemma follows from the fact that

Av(x) < %‘AU(OHA(W’Q — 2", xeR" (8)

and the integral representation of radially symmetric functions given by

_ 3 _
(&) —v() = /5 w_117“"—1/ Av(x)dzdr, 0<E<E w, = |S"7Y. (9)

Id
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Lemma 2.2 Let (v,t) € X x (0, 1] satisfy v =tT'(v). Then there exists C > 0 (indepen-
dent of v and t) such that

1
supw < C, w:=v+c¢,+ —logt.
By n

Proof. Let us assume by contradiction that the conclusion of the lemma is false. Then

there exists a sequence wy = v + ¢y, + %log t; such that maxp, Wy =: wg(Og) — 00.

8
If 0, is a point of local maxima of w,, then we set x, = 8. Otherwise, we can choose
T € 31 such that zj, is a point of local maxima of wy and wy(xg) > wy(x) for every
T € Bm‘ This follows from the fact that

inf wy 4 oo,
B1\B1
1 3

which is a consequence of
Ke™rdr =tk <k, K >0 on Bs.
Rn
We set p1, == e~ k(@) We distinguish the following cases.

Case 1 Up to a subsequence tju2|Avg(0)] — ¢o € [0, 00).
We set

Me(x) = vz + pp) — v (zr) = wp(Tg + ) — wi(E).

Notice that by (7) we have for some dimensional constant C

Ay () = piAvg (g + Mkl")

ek (y)
Mk g 2 4(n +2) 2
=(C—= - d t 1—-—— Avi (0
/n 33k+,ukl’ ME Y+ ka( on |z + e |” | [Avg(0)],
so that
2(n+2
[ [anie) - isno) (1- 22 ) o
Br n
C p2dx
<2 [ ke [ Sy Ol AnO)] [ Guloneal + ilaf)da
Yn Jrn Br |2k, + e — y)? b Br ¥
C 1
< 1tkli/ 2d:c+Ctk,uﬁ|Avk(O)|/ (k)| + pi|x|?)da
Tn Br |':L“ Bgr
§ CKthn_Q + CtkMZ|AUk(O)| (MkRn+1 -+ ,U%Rn_‘—z) . (10)

The function 7 satisfies
(—A)2mi(w) = K (o + )™ in R, 7(0) = 0,
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Moreover, ny < C(R) on Bg. This follows easily if |z < § as in that case 7, < 0 on
Bp, for k > ko(R). On the other hand, for § < |z;| < ; one can use Lemma 2.4 (below).
Therefore, by Lemma A.3 (and Lemmas 2.6, 2.7 if n is odd), up to a subsequence, n, — n
in O] *(R") where 7 satisfies

loc

(—=A)2n = K(z5)e™ in R", K(:L‘oo)/ e"dr < took < 00, K () > 0,

where (up to a subsequence) t; — to and x, — 7. Notice that t,, € (0,1], 20 € B
and for every R > 0, by (10)

1
4

2(n+2)

/ |An — coer|dz < CR™2, ¢ =1— |Zo0|? > 0. (11)
Br

Hence by Theorem A we have
n(x) = Py(z) — alog |z| + o(log |z]), as |z| = oo,

where F, is a polynomial of degree at most n — 1, Py is bounded from above and « is a
positive constant. In fact, by (11)

/ |APy(7) — coei|dr < CR™2,  for every R > 0.
Br

Hence P, is a constant. This implies that 7 is a spherical solution and in particular An < 0
on R", and therefore, again by (11), we have ¢y = 0.

We consider the following sub-cases.
Sub-case 1.1 There exists M > 0 such that ‘z—’;‘ <M.

We set yj, := —=E. Then (up to a subsequence) yp — Yoo € Bpr11. Therefore,
: . ¢
An(yso) = lim Ang(ye) = lim p2Av,(0) = — =0,
k—o0 k—o0 too

a contradiction as An < 0 on R".
Sub-case 1.2 Up to a subsequence % — 00.

For any N € N we can choose &1, ...,{ne € R” such that |& x| = |zg| for all ¢ =
1,..., N and the balls By, (& )’s are disjoint for k large enough. Since v;’s are radially
symmetric, the functions n; 5 := v (& x + prx) — vi(&ix) — m; = 1 in C)'2H(R™). Therefore,

loc

lim e"ten) dy > N lim e"eten)dy = N i e™dx.
k=00 /B, k=yoo By, (§1,k) oo J By

This contradicts to the fact that

Ke"Wstew)dy <k, K >0 on Bs.
By



Case 2 Up to a subsequence t;u7|Avg(0)] — oo.
We choose pi > 0 such that txpiui|Avg(0)] = 1. We set

V() = (g + peprz) — vg(zp).

Then one can get (similar to (10))

2(n+2
/ Ay () — (1 - Hm?) da
Bgr n
Pkl
<C K(y)e"“”“(y)/ it s drdy + C’gukpk/ (|z| + prpr|x?)dx
Rn Br 1Tk + trprr — Y| Br
k—o0
— 0,

thanks to Lemma 2.5 (below). Moreover, together with Lemma 2.4, 1 satisfies
(=A)24py, = o(1) in Bg, ¥x(0) =0, ¢y < C(R) on Bg.

Hence, by Lemma A.3 (and Lemma 2.6 if n is odd), up to a subsequence 1y — 9 in
C"1(R™). Then 1 must satisfy

loc

2 2
|AY — coldx =0, ¢ := 1_M

By

]xoo\Q >0,

where (up to a subsequence) z; — Z. This shows that Ay (0) = ¢y > 0, which is a
contradiction as
Ap(0) = lim Ay (0) = lim pipiAvy(xy) < 0.
k—o0 k—o0
Here, Avg () < 0 follows from the fact that xy is a point of local maxima of vy. O
A consequence of the local uniform upper bounds of w is the following global uniform

upper bounds:

Lemma 2.3 There exists a constant C' > 0 such that for all (v,t) € X x (0,1] with
v =1T(v) we have |Av(0)] < C and

1
v(x) +c, +—logt <C, onR".
n
Proof. By Lemma 2.2 we have

1
SUp w := sup (v—kcv + logt> <C.
n

1 B
8



Differentiating under integral sign from (7) we obtain

1 1
|Av(0)] < C jK(y)e”w(y)dy +C —QK(y)enw(y)dy
B1 | B¢ Yl
8 5
1
<Csup K Tmdy+C Ke™dy
By Be |y| BC1
8 8
< Cle, k, K).

By (8) we get
Av(z) < tlAv(0)| < C, xeR",

and hence, together with (9)

||
w(z) = w(0) —|—/ wl,,ml/ Av(y)dydr < w(0) + Clz|*> < C, z € Bs.
n—1 B,

0

The lemma follows from Lemma 2.1. O

Proof of Theorem 1.1 Let v € X be a solution of v = tT'(v) for some 0 < ¢ < 1. Then
A, =0 and |Av(0)| < C, thanks to Lemmas 2.1 and 2.3. Hence, for 0 < [3| <n —1

‘Dﬁv(l’)’ < Dﬁ log <‘ ’> ‘ K(y>en(v(y)+cv+%logt)dy + C‘Dﬁ(‘l”? . |Jj‘4)’
R™ r—=y

1
SC/ Dm%(m—m)

where in the second inequality we have used that

e My + CIDP(jaf* — J2|")],

v(x) + ¢y + %logt < C, (' isindependent of v and ¢,
which follows from Lemma 2.3. Now as in Lemma 2.8 one can show that
[ollx < M,
and therefore, by Lemma A.1, the operator T" has a fixed point (say) v. Then
u=P+v+c,— |z

is a solution to the Problem (1) and w has the asymptotic behavior given by

2K 1
u(z) = P(z) — A—log |z| + %AU(O)(\:L"]4 —|z|*) = |z[* + ¢, +0(1), as |z| = oo.
1
This completes the proof of Theorem 1.1. O

Now we give a proof of the technical lemmas used in the proof of Lemma 2.2.
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Lemma 2.4 Let e > 0. Let (vy,t) € X x (0,1] satisfy (7) or (14) for all k € N. Let
xp € By \ B: be a point of mazima of vy, on By, and vi(x) = 0. Then

vp(z) + ) — vi(ag) < C(n,e)|z|*ty|Avk(0)|, =z € By.
Proof. If |z + x| < |zk| then v (@ +2) — vi(zr) < 0 as vg(zg) > vi(y) for every y € By,
For |zx| < |zk + x|, setting a = a(k, x) := x) + x, and together with (9) we obtain

|al 1
(g + ) — v (zg) = / nl/ Avg(z)dzdr
| Wn—1T BT\B\Q:M

lal 1
< / S / £l Avy(0) dadp
|z Wn—1T B \Ba,|

1 1
< C(n)t| Avg(0)[(| Bjal | = [Biay 1) (|xk|n2 - |a|n2>
< C(n, e)tela|*| Av(0)],

where in the first equality we have used that

1

wnsle"

0= v (xy) = Avgdz.

Hence we have the lemma. O

Lemma 2.5 Let (vg,t,) € X x (0,1] satisfy (7) for all k € N. Let xy € By be a point of

maxima of vy on By, and vy (x) = 0. We set wy = v + ¢y, + % logt, and p, = e~ k@)
Let pr > 0 be such that typiui|Av,(0)] < C and pguy — 0. Then for any Ry > 0

Prll,
lim K(y)e"w’“(y)/ Wk sdrdy =: lim I, = 0.
k=0 Jgn Bg, Tk + prp — Yyl k=00

Proof. In order to prove the lemma we fix R > 0 (large). We split B, into
A(R,y) == {x € Br, : |zx + popw® — y| > Rprpuc},  A2(R,y) := Br, \ Ai(R, y).

Then we can write I, = Iy ; + I, where

Pl
L = K(y)e”w’“(y)/ Rk sdrdy,  i=1,2.
Rn Ai(Ry) | Tk + preprr — Y|

Changing the variable y — xy + prpry and by Fubini’s theorem one gets

1
Ly = p} / K (zp + pkuky)e””’“(y)| —— Xjo—y/<rdydz
Br, JR" T y|

1
< pp / / K(xy, + prpwy)e™™ W) Sdydzr
Bry Y Bri Ry ‘:L‘ - y’

< C(n,e) ( sup Ke”"’“) (R+ Ro)"Ry~py,

BRr+Ry+1

11



where g (y) := wi(zr + priny) — wi(zg). If 2 — 0 then np < 0 on Bryg,41 for k large.
Otherwise, for k large prury € By for every y € Bryg,+1 and hence, by Lemma 2.4

Me(y) = vk(zr + priwy) — ve(@r) < Clpriwyte] Ave(0)] < C(R, Ry).

Therefore,
lhn.lék =0.
k—o0

Using the definition of ¢, we bound

‘ZgR | nwg (y) 1
Lk < T; . K(y)e™*Wdy < C(n, H,Ro)ﬁ.
Since R > 0 is arbitrary, we conclude the lemma. [l

We need the following two lemmas only for n odd.
Lemma 2.6 Letn > 5. Let v be given by (7). For any r > 0 and £ € R™ we set
w(z) =v(re +§), xeR™

Then there exists C > 0 (independent of v,t,r,&) such that for every multi-index o € N"
with || = n —1 we have ||D*w| 1, @y < Ct(1 4 r*|Av(0)|). Moreover, for any e > 0

there exists R > 0 (independent of 7%, & and t) such that

D w(z)| .
/B% T3 e < st +rAv(O)), - af=n—1.

Proof. Differentiating under integral sign we obtain

rnfl

Dw(x)| < Ct _
D@l <Ct | e

Fy)dy + Ctr|Av(0)],  f(y) == K(y)e" @),
If n > 5 then the above inequality is true without the term Ctr%|Av(0)|. Using a change
of variable y — £ + ry, we get

| Dw(z)]
O 1_+’aﬂn+1

1 1 dz
< Ctr" dxdy + Ctr'|Av(0)| | ————7-
o [ s || s s ow'iseo) | i

The lemma follows by taking (2 = R" or Bj,. O
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Lemma 2.7 Letn, — n in C)".*(R™). We assume that for every e > 0 there exists R > 0
such that

n—1

|A72 ()] _
\/B; Wd$<€, fO'I"k—l,Q,.... (12)

c
R

We further assume that
(=A)2n, = K (g, + ppz)e™  in R™, | K (3, 4 pp) [ e @ de < O,
]Rn

where Ty — Too, pix — 0, K is a continuous function and K(x) > 0. Then e™ € L'(R™)
and n satisfies
(=A)2n = K(x5)e™ in R™

Proof. First notice that A"z 7, — A"z 5 in L%(R”), thanks to (12) and the convergence
ne — 1 in O H(R™).

loc

We claim that 7 satisfies (—A)zZn = K (2)e™ in R” in the sense of distribution.
In order to prove the claim we let ¢ € C°(R"™). Then

lim K (3, 4 ppx)e™™ O p(z)dr = K (Too)e™® () de,
k—o0 Rn Rn

and

n—1

i [ (8T () kedo = [ (8)Fn(-)¢pds,

k—o0 Rn n

We conclude the claim.
To complete the lemma first notice that e € L'(R"), which follows from the fact
that for any R > 0

K
/ eMdy — lim e dr = lim Mennk(z)dx < .
Br k—o0 Br k—o0 Br K(J?OO) K(IOO)

We fix a function ¢ € C°(By) such that ¢y = 1 on By. For ¢ € S(R") we set py(z) =
@(x)Y(%). The lemma follows by taking k — oo, thanks to the previous claim. U

Lemma 2.8 The operator T : X — X 1is compact.

Proof. Let vy, be a bounded sequence in X. Then (up to a subsequence) {v;(0)}, {Avk(0)},
{A,,} and {c, } are convergent sequences. Therefore, |Av(0)|(|z|*> — |z|*) converges
to some function in X. To conclude the lemma, it is sufficient to show that up to a
subsequence { fx} converges in X, where f is defined by

1
fulz) = / log <|x — y) Qy)e"PWenPor ) (e w)ten) gy

13



Differentiating under integral sign one gets

1
|Dﬂfk(l")| < C/ WQ(y)e”P(y)e”R’k(y)e”(”’“(y)“”k)dy, 0<|Bl<n-—1
Re | T —Y

< C e_|y|4dy

R™ ‘l" - ?JW'
§C7

where the second inequality follows from the uniform bounds
[ur(0)] < O, |ey, | < C, Qe™” < C, and vi(z) + Py, () < vp(0) — |x|*. (13)
Indeed, for 0 < || <n—1

lim sup sup |D?fi.(z)| = 0,
Rooo | zeBg

and for every 0 < s < 1 we have ||[D"! fi|lcospy < C(R,s). Finally, using (13) we
bound
o) <C [ Jlogle— ylle"dy < Clog2+ o).
RTL

Thus, up to a subsequence, f, — f in C]"_'(R") for some f € C""'(R"), and the global

loc

uniform estimates of f, and D”f;, would imply that f, — f in X. O

3 Proof of Theorem 1.3

We consider the space
X = {v e C" 1 (R") : v is radially symmetric, [|v]|x < oo},

where

lollx == sup [ > (1+[)I2[D% ()| + D |D%(x)]

TER™ \ |al<1 1<|al<n—1
For v € X, let ¢, be the constant determined by
Qe dy = r,
Rn

where () satisfies the hypothesis in Theorem 1.3. Without loss of generality we can assume

that ¢) > 0 on Bs.
We define an operator T': X — X given by T'(v) = v, where

1 1 1
u(xr) = — lo e W) gy + — | Av(0)]|z|?
@)= [ g () ew v+ o A0

As in Lemma 2.8 one can show that the operator T is compact.

Proof of the following two lemmas is similar to Lemmas 2.1 and 2.5 respectively.

14



Lemma 3.1 Let v solve tT(v) =v for some 0 <t < 1. Then Av(0) <0, and

t 1 t
v(r) = — lo "Wt gy 4+ — | Av(0)]|z]?. 14
@=L [ s () ew v+ o Do) (1)

Lemma 3.2 Let (vy,t) € X x (0, 1] satisfy (14) for all k € N. Let z), € By be a point of
maxima of vi on By, and vy, () = 0. We set wy = v + ¢y, + % logt, and py, = e~ k@),
Let p. > 0 be such that pitpui|Avg(0)] < C and pgpy, — 0. Then for any Ry > 0

022
lim Q(y)e”wk(y)/ Tk sdady = 0.
koo Jgn B, |z + prpx — Y|

Now we prove a similar local uniform upper bounds as in Lemma 2.2.
Lemma 3.3 Let (v,t) € X x (0, 1] satisfy (14). Then there exists C' > 0 (independent of

v and t) such that

1
supw < C, w:=v+c,+ —logt.
B% n

Proof. The proof is very similar to Lemma 2.2. Here we briefly sketch the proof.
We assume by contradiction that the conclusion of the lemma is false. Then there
exists a sequence of (v, t)) and a sequence of points xj in Bi such that

wi () = 00,  wyp < wi(wy) on Bly,, x is a point of local maxima of vy,

We set ju, := e~*@) and we distinguish following cases.

Case 1 Up to a subsequence tju2|Avg(0)] = ¢y € [0, 00).
We set n(x) := v(z), + pxzr) — vg(zg). Then we have

/ |A77k — tk/Lz|AUk(O)HdZL" S Cthn_2.
Br

Now one can proceed exactly as in Case 1 in Lemma 2.2.

Case 2 Up to a subsequence t;u7|Avg(0)] — oo.
We set ¥y (2) = vg(2k + prpwz) — vk (zx) where py is determined by t5p7 3| Avg(0)] = 1.
Then by Lemma 3.2

/ |Ay — 1|dz = 0o(1), as k — oc.
Br

Similar to Case 2 in Lemma 2.2 one can get a contradiction. O

With the help of Lemma 3.3 we prove

Lemma 3.4 There exists a constant M > 0 such that for all (v,t) € X x (0, 1] satisfying
(14) we have ||v|| < M.

15



Proof. Let (v,t) € X x (0,1] satisfies (14). We set w := v + ¢, + = log .
First we show that |Av(0)] < C for some C' > 0 independent of v and ¢. Indeed,
differentiating under integral sign, from (14), and together with Lemma 3.3, we get

1
Av(O)[(1+8) < C / QU dy
1 1
¢ [ e iy o [ ooweoay
B vl B¢ Yl
8 8

1
< O/ TQRW)dy +Ck
By |y

< C.

Hence |Av(0)] < C.
We define a function &(z) := v(z) — 5=[Av(0)||z[*>. Then ¢ is monotone decreasing on
(0, 00), which follows from the fact that A < 0. Therefore,

_ 1 l 2
w(z) =&(x) +cp + - logt + 2n|Av(0)]|x!

1 1 t
<E=) 4+ -1 —I|A 2
S E() + et - logt + o |Av(0)]lx
1 t
<w(z) + —|Av(0)||z|?.
< w(g)+ ol Av(0)]fx
Hence, w(z) < A(1+ |z|*) on R" for some A > 0 independent of v and ¢. Using this in
(14) one can show that
[v(2)] < C'log(2+|z]) + Clal?,

and differentiating under integral sign, from (14)
1

| “B‘Q(y)e)‘(l"'lymdy+C|DB’$|2‘, 0 < |5| <n-1.
Rn :E—y

|D6’U($)’ <C

The lemma follows easily. O

Proof of Theorem 1.3 By Schauder fixed point theorem (see Lemma A.1), the operator T’
has a fixed point, thanks to Lemma 3.4. Let v be a fixed point of T. Then u = v + ¢, is
a solution of (1).

This finishes the proof of Theorem 1.3. O

Now we prove the non existence results stated in the introduction.
Lemma 3.5 Letn € {3,4}. Let Q € C! ,(R™) be monotone decreasing. We assume that

Qz) = e Mel® for some § >0 and A > 0,

16



or

£(2) Jaloo

— — 0.
|22

Then there is no radially symmetric solution to (1) with kK > A;.

Qz) = ef@), lz- VQ(z)| < C,

Proof. We assume by contradiction that there is a solution u to (1) with x > Ay, where
() satisfies the hypothesis of the lemma.

We set .
v(x) = / log < g > Qy)e™Wdy, h:=u—wv.
Yo Jrn N7 =y
Then v(x) = —i—’:log|x| + o(log |z|) as |x| — oo. Notice that A is radially symmetric

and (—=A)zh = 0 on R”. Therefore, h(x) = c; + cz|z|? for some c1,c; € R. This follows
easily if n = 4. For n = 3, first notice that Ah € L%(R?’). Hence, by [13, Lemma 15]
Ah = const. Now radial symmetry of i implies that h(z) = ¢; + co|z|?

From a Pohozaev type identity in [22, Theorem 2.1] we get

Kk [ K 1 /
(2 -2)== 2 VK ()™ @dr, K :=Qe™. 15
o <% > " n( () (15)

Since kK > Ay = 27, from (15) we deduce that z- VK (z) > 0 for some z € R™. This
implies that for Q = de " we must have nc, — A > 0, which contradicts to the fact
that Qe™ € LY(R"). For Q = €%, using that Qe™ € L'(R") and that &(z) = o(]z|?) at
infinity, one has ¢s < 0. Therefore, - VK (x) < 0 in R, a contradiction. O

Proof of the following lemma is similar to Lemma 3.5.

Lemma 3.6 Let k > A;. Let P be a non-constant and non-increasing radially symmetric
polynomial of degree at most n — 1. Then there is no solution u to (2) (with n > 3) such
that w has the asymptotic behavior given by

2
u(z) = —A—Tlog |z| + P(x) + o(log |z|), as |z] = oo.

A Appendix

Lemma A.1 (Theorem 11.3 in [8]) Let T be a compact mapping of a Banach space
X into itself, and suppose that there exists a constant M such that

lellx < M

for all x € X and t € (0,1] satisfying tTx = x. Then T has a fixed point.

17



Lemma A.2 ([16]) Let A™h =0 in Byp C R". For any x € B and 0 < r < R — |z
we have

m—1
1 oo
et h(z)dz = g cir? A'h(x), (16)
’BT’ B, (z) i—0

where
co=1, ¢ =c(i,n) >0, fori>1.

Moreover, for every k > 0 there exists C = C(k, R) > 0 such that
1hllcxpry < ClllL1(Bym)- (17)

Lemma A.3 Let R >0 and Bg C R". Let uy € C"*(R") for some o € (1, 1) be such
that

w(0) =0, [ e < Cr  [(—A) fugll o) < C, /|mmm<o

Br

If n is an odd integer, we also assume that \|An771uk\|Ll(Rn) < C. Then (up to a subse-
2

quence) u, — u in C”’I(Bg).

Proof. First we prove the lemma for n even.
We write u, = wy, + hy where

(5

Then by standard elliptic estimates, wy,’s are uniformly bounded in C"~%#(Bpg). There-
fore,

(—A)%Uk in BR

k:
0, on 0Bg, j:O,l,...,"T_Q.

g

(O] € C, il <€, [ [Bhyldz < C.

Br

Since hy’s are §-harmonic, Ahy’s are (5 — 1)-harmonic in Bg, and by (17) we obtain

HAthc"(B%) < Cl|Ahg||isg) < C.

Using the identity (16) we bound

1 1
— hy (z)dz = —— hi(2)dz — —— hi(z)dz
1Brl Jp0) " 1Brl Jp0) " |Br| /B0
m—1
1 o
= 150 Lo )hg(z)dz — hi(0) = > ¢ R¥ A'hy (0)
r(0 i=1
<,

18



and hence

/ |hi(2)]dz = / hif(2)d= —|—/ hy, (z)dz < C.
Br Br Br
Again by (17) we obtain

HthC"(B%) < Cllhillersr) < C.

Thus, u’s are uniformly bounded in C"~ 18 (Bg) and (up to a subsequence) uy — u in
C"H(Bz) for some u € C""!(Bx).
It remains to prove the lemma for n odd.
If n is odd then an is an integer. We split A%uk = wy, + hy, where
w =0 in Bf.

Then by Lemmas A.4 and A.5 one has [|A"2 w|| < C. Now one can proceed as in
C3(Bg

)
2
the case of even integer. O

Lemma A.4 ([13]) Let u € L,(R") for some o € (0,1) and (—A)°u =0 in Bag. Then
for every k € N

1 lu(z)| L1 (Bym)
V¥l cos,y < C(n, o, k)= (RQ(’/ dx + 2R
H ’ (Br) = )Rk R™\Bon |$|n+20 R

where a € (0,1) and k is an nonnegative integer.

Lemma A.5 ([20]) Let o € (0,1). Let u be a solution of
{ (=A)u=f in Bgr

u=0 1in B§

Then
lul|co@ny < C(R,0)| fllLoe(Br)-
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