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ABSTRACT. We prove the existence of positive solutions for the supercritical nonlinear fractional

Schrédinger equation (—A)Su + V(z)u — uP = 0 in R™, with u(z) — 0 as |z| — 400, where p > %gz
for s € (0,1), n > 2s. We show that if V(z) = o(|x|2%) as || — +oo, then for p > Zt;‘::%, this

n+2s

problem admits a continuum of solutions. More generally, for p > 52, conditions for solvability
are also provided. This result is the extension of the work by Davila, Del Pino, Musso and Wei to
the fractional case. Our main contributions are: the existence of a smooth, radially symmetric, entire
solution of (—A)*w = wP in R™, and the analysis of its properties. The difficulty here is the lack
of phase-plane analysis for a nonlocal ODE; instead we use conformal geometry methods together
with Schaaf’s argument as in the paper by Ao, Chan, DelaTorre, Fontelos, Gonzélez and Wei on the

singular fractional Yamabe problem.

AMS subject classification: 35J61, 35R11, 53A30

1. INTRODUCTION
Fix s € (0,1) and n > 2s. We consider the following problem
(—A)Yu+Vu—u? =0 inR",

(1.1) lim w(z) =0, >0,
|z|— o0
where V' is a non-negative potential, for a supercritical power nonlinearity, i.e., p > Zf—%‘;

Problem (1.1) arises when considering standing wave solutions for the nonlinear fractional Schrédinger
equation
N

(12) S = (CAPY - QU+ [P,

that is, solutions of the form ¥ (¢,y) = exp (iAt)u(y). If u(y) is positive and vanishes at infinity, then ¢
satisfies (1.2) if and only if u solves (1.1).

The fractional Schrédinger equation, a fundamental tool in fractional quantum mechanics, was intro-
duced by Laskin [23, 24, 25] (see also the appendix in [12]) as a result of extending the Feynman path
integral from the Brownian-like paths, which yields the standard Schiodinger equation, to Lévy-like
quantum mechanical paths.

There is by now a huge literature on the fractional Schrodinger equation, see for instance, [14, 31,
6, 12, 22] for a subcritical power, while for the critical case we have [15, 2, 19], but this list is by no
means complete. However, none of these deals with the supercritical regime. The present paper is one
of the first attempts in this direction.

Our main results are the following;:

Theorem 1.1. Assume that V >0,V € L>°(R"™) and ‘ 1|im |z|?*V (z) = 0. Then, for
T|—0o0
n+2s—1

n—2s—1’
1

p >
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problem (1.1) has a continuum of solutions uy such that /{in}) uy = 0 uniformly in R™.
—

Theorem 1.2. Assume V >0,V € L*(R") and
n+2s n+2s—1
<p< ——.
n—2s T n—2s—1
Then the result of the previous theorem holds if either:

(a) there exist C > 0 and p > n such that V(z) < Clz|™#; or
(b) there exist a bounded non-negative function f : S*~1 — R not identically zero and n —

w < n such that
tim (Jav - f(5)) =0.

4s
p—1

<

Our approach follows closely the local s = 1 case from [9]. As in their work, we find a new phenomenon
for equation (1.1) that is different from the subcritical case, the one of dispersion.

The main idea in the proof is to perturb a carefully chosen approximate solution. More precisely,
the building blocks we use are smooth entire radial solutions of the equation

(1.3) (—AYw=wP inR"*, w>0,
which satisfy
w(0) =1, lim w(x)|x\% = B,
|| =00
Here [ is a positive constant chosen so that wy(r) = BT \m|7% is a solution to (1.3). Its precise value
is given in [1] (there the constant is denoted by A, , ).

Note that w; is singular at the origin. One of our main contributions here is the construction of a
smooth, radially symmetric, entire solution w. While in the local case one readily obtains existence by
simple ODE phase-plane analysis, in the nonlocal regime we need to use an argument due to Schaaf
and a bifurcation argument. Then we prove the asymptotic behavior of w using conformal geometry
methods. These ideas were introduced in [1] to handle a nonlocal ODE. There the authors deal with
the singular fractional Yamabe problem and, more generally, with problem (1.3) when the exponent p
is subcritical; we were able to extend their methods to the supercritical case.

In the case particular s = %, Chipot, Chlebik and Fila [8] proved the existence of a radial entire
solution and Harada [20] established the desired asymptotic behavior at infinity. While our manuscript
was being prepared we heard of the recent work by Chen, Gui and Hu [7], that have extended the
existence result to systems which includes the existence of solutions to the single equation for any
s € (0,1) using Rabinowitz’s bifurcation theory. In addition, they prove an upper bound for the
solution, i.e.

w(z) < Cla| 77 for all 2 € R™,

However, here we need to show the precise asymptotic behavior of the solution w near infinity, this

is,
2s

(1.4) w=w(|z|) = B7T|z| 71 (1 + o(1)) as |z| = oo,

and this is our first difficulty. In the classical case, this is reduced to analyze the corresponding ODE
for v(t), where v(t) = rpzjw(r), and we have denoted r = |z|, t = —logr. As we have mentioned above,
in the fractional case v is a solution to a non-local ODE. We use the Hamiltonian approach developed
in the previous work [1] in order to prove (1.4).

Our second main difficulty is the study the linearized operator of (1.3) around the entire solution w.
Here again we use the arguments developed in [1], in particular, the study of the asymptotic behavior
of solutions to a non-local linear ODE in terms of the indicial roots of the problem, and the injectivity
properties of this linearized operator.
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Finally, to pass from the linearized equation to the nonlinear problem (1.1) we follows the ideas from
the local case in [9].

The paper is organized as follows. In Sections 2-3, we obtain the existence of entire radial solutions
to (1.3) and analyze its asymptotic behavior. In Section 4, we consider the linearized operator around
the solution w obtained in Section 2. In Section 5, we use the results in Section 4 to study a perturbed
linear problem. Sections 6-7 are devoted to the proof of Theorems 1.1-1.2.

2. EXISTENCE OF RADIAL ENTIRE SOLUTIONS

Let p+1 > 2%(s) := 2”28. We look first for radially symmetric solutions for

n—

(2.1) (—AYw=wP nR" w>0.

The constant 8 > 0 is chosen as in the introduction, so that w;(r) = ﬂﬁ 7T is a solution. However,
this w; is singular at the origin. Our main result in this section is the construction of an entire solution:

Proposition 2.1. There exists a radially symmetric, decreasing in the radial variable, entire solution
w to (2.1) such that

w(r) < CrovT asr — +00.
To prove this proposition, we follow the method in [1]. First we consider the Dirichlet problem

{(-A)sw =AM1+w)” in B,

(2.2) :
w=0 in R"\ B;.

Since (1 — |z|?)% is a positive super-solution, there exists a minimal solution wy which is radially
decreasing for each A € (0, A*), for some A\* > 0. For A > A*, (2.2) has no solutions. Moreover, wy is
non-decreasing in A\. An argument of Schaaf [30] shows uniqueness:

Lemma 2.2 (Uniqueness). There exists Ag > 0 depending only on n, s and p, such that for all small
A €0, ), wy is the unique solution to (2.2).

The proof this lemma is postponed to the end of the section.

Now we consider the integral formulation of (2.2),

(2.3) {w = A\T'(w) in By,

w=0 in R™\ By,

where (see for example [3])

ro(z,y) s—1 w D . 2 _ 9
T(w)(@) = Cnss /B (/ (tt dt) Lt w@)? oy = E P~ )

+1)% ) eyl |z =yl

We perform a bifurcation argument in the Banach space of non-negative and radially non-increasing
functions supported on By,

E={weCR"):wx)=w(z|), w(r1) <w(ry) for 1 >re, w>0in By, w=0in R"\ By }.
Lemma 2.3 (Bifurcation). There exists a sequence of solutions (Aj,w;) of (2.2) in (0, \*] x E such

that

where \g is given in Lemma 2.2.
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Proof. The proof follows closely [1, Lemma 2.8]. In the integral formulation (2.3), it is readily checked
that T defines a (nonlinear) compact operator. Now [26, Theorem 6.2] yields an unbounded continuum
of solutions in R x E connecting (0,0). Since the minimal solution wy is unique for A € (0, A¢) by
Lemma 2.2 and there does not exist any solution for A > A\*, we must have A\ € [Ag, \*] whenever
wll e (5, is large. O

Now we are ready to prove Proposition 2.1 using a blow-up argument.

Proof of Proposition 2.1. Let (\;, w;) be as in Lemma 2.3. Define

Then
Wile) = A7 my (-
J x)= J m] J RJ
satisfies 0 < W; < W;(0) = 1 and
1 P
(A W; = </\;’1mj—1 = Wj) in Bp,,
W;=0 in R" \ Bp,.

By elliptic regularity (see for instance [28]), W; € C{_.(R") for some o > 0 and hence, by passing to a
subsequence, W; — @ in Cioo(R™) for some positive and radially decreasing function @ which satisfies
(2.1). Moreover, the solution w is radially symmetric and decreasing. In addition, from Lemma 2.6 of
[1] with 8 = 0 there, one can get that

w(z) < Clz| 71 for z € R™.

We finally go back to uniqueness and the proof of Lemma 2.2:

Proof of Lemma 2.2. Suppose w = w) + v is another solution. Then v solves
(=A)*v =Af(v) in By,
v=20 in R"\ By,

where f(v) = (1 +wx 4+ v)P — (1 + wx)P. Let us write F(v) = [; f. For any o € R, the Pohozaev
identity [27] reads

(2*1(8) - 0) / v(=A)*vda < A/Bl (F(v) — ovf(v)) da.

The left hand side is estimated using the fractional Sobolev inequality so that

(21(5) - a) (/B v?" dx) o dz < \C N (F(v) — ovf(v)) da.

F 1
For the right hand side, since lim (v) = —— for any ¢ > 0 there exists M = M (e) such that for
AR T pr
any v > M, F(v) < ;ﬁvf(v). Since p + 1 > 2*(s), there exist ¢ and o such that ;ﬁ <o< 2%@ In
other words, fixing a choice of € and o, there is an M such that F'(v) — ovf(v) < 0 whenever v > M.

Now, since F'(v) is quadratic in v, namely,

1,1
F(v) = vQ/ / pt1(1 4+ wy + tltgv)p_l dtidts,
o Jo
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we have
2
1 2% (s) 2%(s)
———0 v e dx < \C (F(v) —ovf(v)) dz
2*(s) B Bin{v<M}
< \C v2dx
Bin{v<M}
PHO)
<AC / 02" ) dy |Blﬂ{v<M}|172*L<5>
Bin{v<M}
2
. ()
< PO de|
Bin{v<M}
Therefore, v = 0 if A > 0 is chosen small enough. |

3. CONFORMAL GEOMETRY RESULTS AND THE ASYMPTOTIC BEHAVIOR FOR THE SOLUTION

From the last section, we know that there exists a smooth solution @ of (—A)*w = w? in R™ which

satisfies w(0) = 1 and w(z) < C\x|_% Here we will show that it has a precise asymptotic behavior
at infinity. For the rest of the paper, we will drop the bar and simply denote this particular solution
by w. More precisely,

Proposition 3.1. Let w be the solution constructed in Proposition 2.1. Then
lim w(z)|z|7 T = BT,

for the constant B given in the introduction, and which corresponds to the coefficient of the singular
solution to (2.1).

We will basically use the results in Sections 3-4 of [1], and follow their notation accordingly. Set

r = |z|, and let PJ° be the conformal fractional Laplacian on the cylinder R x S*~1. Then, by its
conformal properties one has that

(3.1) Psgo(rn%zsw) = r#(—A)sw.

Set also r = e~ and

(3.2) v= e_%tw(e_t),

and consider one further conjugation

P9 (v) := e ’%)tPSgO (6(7 "525+P2f1)tv) = TP (—A) w.

Then the equation for w transforms into an equation for v on the cylinder, more precisely,
(3.3) P%(v) =vP, inRxS"L

The operator 15590 can be understood as a Dirichlet-to-Neumann for an extension problem in the
spirit of the construction of the fractional Laplacian by [4, 5, 17, 13]. Without being very precise on
the extension manifold X" with metric §*, and the extension variable p*, we recall the following
proposition in [1]:

Proposition 3.2. Let v be a smooth function on the cylinder M =R x S"~L. The extension problem
2
—divg- ((p*)' 72V V") = (p7) =29 (4;%) 2( —n=2s | p%l) OV =0 in (X, 5%,
V*pmo=v on M,
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has a unique solution V*. Here p = p(p*) is a positive function of p*, p* € (0, pf). Moreover, for its
Neumann data,

P (v) = —dy lim (p*)' 79, (V") + Bo,

p*—0
for the constant

B 225711'\(8)
(3.4) d =~ Fy

and B as above.

Now consider the spherical harmonic decomposition of S*~1. For this, let x,, denote the m-th eigen-
value for —Agn-1, repeated according to multiplicity, and by E,, () the corresponding eigenfunction.
Then any v defined on R x S*~! can be written as v(t,0) = > v, (t)Ey(0). Denote by P™ the
projection of the operator 158570 onto each eigenspace, for m =0,1,....

Next, for w a radially symmetric function, then v defined as in (3.2) only depends on the variable

t = —logr and thus, after projection onto spherical harmonics, only the zero-th projection survives and
equation (3.3) reduces to
(3.5) PO (v) =vP, inR.

Recalling the expression for PASO) from [1, formula (4.3)], one has
(3.6) PO ()(1) = PV. / Rolt — ) [o(t) — v(t)] d¥’ + Bo(t)
R

for the convolution kernel

~ s n—zs ™ 1 n_2
Ko(t) = ce G )t/o ( . = A9,

cosht — cos )™ 2

where c is a positive constant that only depends on n and s.
As a consequence of Proposition 3.2, one obtains the following Hamiltonian quantity for the equation
(3.5) (Theorem 4.3 in [1]),

* _i _é 2 1 p+1 1/P(§ s\1=27 1« )2 * *\2 *
H*(t) =4 < 21} +p7—|—1v + 5/, (p") { e1(0,+V*)* + e5(0, V™) }dp
=: Hq(t) + Ha(2),

where V* = V*(t, p*) is the extension of v = v(t). Moreover, this Hamiltonian is monotone in ¢. Indeed,

B0 almw--2 [ : e () (1) T (e ) v

and the functions e*, e} and e} are strictly positive.

Proof of Proposition 3.1. Our aim is to show that
, lim v(t) = ﬂﬁ

——00
Equation (3.7) implies that
O [H*(t)] > 0,

since (*H_T% + p2_51) < 0 due to the fact that p > Zt—gi Thus in this case the Hamiltonian H*(t)

is increasing in t. By Proposition 2.1, v is uniformly bounded, hence so is V*. By elliptic regularity,
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0,V*, 0,-V* are also bounded. Then H* is uniformly bounded. Integrating (3.7) on the real line R,
one has

/_O; Oy [H* (t)] dt = —2/ /po [ pene (£) (1) (e e ) [atv*]ﬂ dp*dt

= H*(+00) — H*(—00),

which is finite by the uniform boundedness of H*. Thus we have that f p)|OV*2dp* — 0 as
t — foo for some non-negative function g, which implies that ;V* — 0 as ¢ —> :I:oo

For any sequence {t;} — —oo, consider V;*(¢,p*) = V*(t + t;,p*). There exists a subsequence
VE(t, p*) = Vool(t, p*) in C([—1,1] x [0, p§]). By the argument above, we know that 0,V (¢, p*) = 0,
ie. Voo = Vio(p*), and this is a solution of the same equation satisfied by V*(¢, p*). Since V* is the
extension of v(t), one has v(t) = V(0) as t — —oo, where V(0) is a constant. Moreover, V. (0) is a
solution of

PO@w)=v?, inR.

Since tE+mm H*(t) =0, 0.H*(t) > 0 and is not identically zero. One then obtains that V. (p*) is not

trivial, so Vo (0) is not zero. From this and the expression of P above (formula (3.6)), one can easily
get that V,(0) = B77, as desired. O
4. LINEAR THEORY

From the last section, we know that there exists a solution w of (—A)*u = u? in R™ that satisfies
0)=1,

(4.1) w(0) 1 2s

w(x) ~ BTl T,

We are now interested in the linear problem:

as |x| — oo.

(4.2 Lo= (-aye- 2o,

where we have defined the (radial) potential
V= V(r) = r¥*pwPt.

The asymptotic behavior of this potential is easily calculated using the asymptotics for w and, indeed,

if we define r = e~ ¢,

(4.3) (t) = {0(6 - we e

pB+O0(ett) ast— —oo,

for some ¢; > 0.

In the s = 1 case, solutions to (4.2) are constructed directly by projecting ¢ and h onto spherical
harmonics and then solving the corresponding ODEs. This approach cannot be directly applied here.
Instead, we use the conformal geometry tools developed in [1].

By the well known extension theorem for the fractional Laplacian [4], equation (4.2) is also equivalent,
for s € (0,1), to the boundary reaction problem

Dy ® 42 a ®+ Apn®=0 in R,
y

. V(r)
_ 1-2s —
ds 1}% Y 0, P 25

where we have denoted ®|,—o = ¢ and the constant d, is given by (3.4).
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Using the spherical harmonic decomposition as above, we can write ® = > >°_ ®,,(r,y)E(0),
= s dm(r)Em(0), h =3 hm(r)E,(0), and ®,, satisfies the following:

1-2
6yy(bm + 7Sayq)m + AR"‘I)m - /L;n m =0 in Ri+1,
Yy r
4.4
44 V()
2

—d, liir%) y' =29, 9, = = ¢m + hym on R™.
y

We will now use conformal geometry to rewrite equation (4.2), as explained in the previous section.
If we define

n—2s

(4.5) Yv=r"72 ¢,
then by the conformal property (3.1), we have that equation (4.2) is equivalent to the problem
(4.6) Lap = P9 (1)) — Vop = r2*h =: h.

Projecting onto spherical harmonics we also have
(47) E'rrﬂr/)m = P&(m) (¢m) - Vwm = ﬁma m= 0, 1, ceee

4.1. Indicial roots. Let us calculate the indicial roots for the model linearized operator defined in
(4.2) as r — 0 and as r — oo.

One can see that the indicial roots here are similar to the ones in [1] with the roles at r = 0 and
oo interchanged. However, recall that in [1] a subcritical power is taken, - < p < n42s " while here

n—2s’
D> ”"'29 is supercritical. To handle this difference we need to use the result in [21], where the authors

study the stability of the singular solution w = 7ip T, In particular, they show the existence of

a threshold dimension ng(s) such that in any higher dimension n > ng(s), there exists py > 225 such

n—2s
if "HS < p < pa, and is stable if p > ps. For n < ng(s), however,

n+2s
n—2s"

that the singular solution is unstable i

the singular solution is unstable for all P > When s = 1, this exponent ps corresponds to the

well-known Joseph-Lundgren exponent [18].
Define now
Prr= P2, N >ng (8)7
L 0o, n < ng(s).

Using the above result and following similar argument in the proof of Lemma 7.1 in [1], one has the
following result:

Lemma 4.1. For the operator L we have that, for each fixred mode m =0,1,...,

i. Atr =0, there exist two sequences of indicial roots

~(m) | .~(m)  po2s | ~(m) | ~(m)  n—2s ™
{O'j :|:ZTj 77}]':0 and {faj :|:Z7'j 77};‘—0'

Moreover, at the j = 0 level the indicial roots are real; more precisely, the numbers
R [1—s+ (252)? +um} L om=0.1,...,

form an increasing sequence in m (except for multiplicity repetitions).
1. At r = oo, there exist two sequences of indicial Toots

(m) . _(m) n—2s |~ (m) ;_(m) n—2s |~
{aj T 7T}j:0 and {fcrj +i7; —T}jzo.

Moreover,
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a) For the mode m = 0, if 228 < p < Pyp, (the unstable case), then the indicial roots vi

n—2s
are a pair of complex conjugates with real part —”*TQS and tmaginary part iTéO),‘ while if
p > Py, (the stable case), the indicial roots ’yoi = :|:0'(()0) — "*TQS are real with
—(n—2s) + 27 <7y <152 <qg < -2,

b) In addition, for all j > 1,
O']('O) > n_QQS'

¢) For the mode m = 1, the indicial roots vif = iaél) — 525 take the values

_p2751 -1 and —(n—2s)—|—p2fl +1.

4.2. Conformal geometry and invertibility for a Hardy-type operator. First we recall the
results in [1], adapted to our setting, in order to study the invertibility of a Hardy type operator with
fractional Laplacian: }
L) = P9 () — wyp = r?*h =: h,

where k is any fixed real constant. Projecting onto spherical harmonics this equation is equivalent to
(4.8) Ly mm = P () = kb = b, m=0,1,....

We will consider values of x for which the indicial roots of L, ,, are those of Lemma 4.1, except for
a shift of “=2% due to the change (4.5). Based on the results in [1] we have, in both the stable and the

2
unstable cases of Lemma 4.1, the following

Theorem 4.2. Fixm =0,1,..., and assume that the right hand side - (4.8) satisfies

o (1) = O(e®) as t — —oo,
T 0(em %) as t — o0,

for some real constants 6, dg.
i. Assume that 6 + 09 > 0. Then a particular solution to (4.8) is

V() = /R;}m(t')gm(t —t)dt',

where G is an even C™° function outside the origin. The exact formula for G,, depends on the
value of § with respect to the indicial roots in Lemma 4.1. In any case,

(4.9) Ym(t) = 0(®) as t— —00, Um(t)=0(e %" as t— +oo.
it. All solutions of the homogeneous problem L, mm, = 0 are linear combinations of e and
e~ FT where o; £ir;, —o; £it;, 7 =0,1,..., are the indicial roots for the problem. Thus

the only solution to (4.8) with decay as in (4.9) is precisely ¥y, .

4.3. Study of the linear problem in weighted spaces. In this subsection we come to study the
linear problem (4.2). For this, we will work in weighted L°® spaces in which the weight is chosen
differently in a bounded set and near infinity. Define the norms
o _2s
[6ll« = sup [z[7|¢(z)| + sup |x]>=T|¢()],
{l=|<1} {lz|>1}

(4.10) ) e
[llss = sup [z|7"* ()] + sup |z|?=1|h()],
{l=|<1} {lz|=1}

where o € (0,n — 2s) is a constant to be determined later.
Our aim is to get the following solvability result:

Proposition 4.3. Let h satisfy |||« < 4o00. For linear problem (4.2), we have:
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. if p> Zigij, then there exists a solution ¢ and it satisfies

(4.11) o]l < Clla]lx

for some C > 0;
i if 228 < < %Sj and, in addition,

n—2s n—2s
ow
h

R™ 6%‘1

dr=0,4i=1,---,n,
then there exists a solution ¢ and it satisfies

@]« < CllR|xs-

Remark 4.4. Tt is known that the linear operator L has n + 1 kernels corresponding to scaling (the
mode zero kernel) and translation (the mode one kernels), i.e.

_ 0 2o oy 2s
zo(x) = 87()\ w()\sc)) ‘/\:1 =rw'(r) + . T
zi(x) = 88xiw(m)’ i=1,...,n.

These constitute an obstruction for the solvability of (4.2) and need to be taken into account in the
arguments below.

In the following, we will always assume that

o € (0.|Re(x)]) € (0, "‘228).

Additional conditions will be given in the proofs below.
We start with a non-degeneracy result:
Lemma 4.5. If ¢ is a solution of
(=A)p —pwPtp=0 inR"
satisfying ||@||« < oo, then

for some ¢; € R.

n—2s

Proof. Consider the spherical harmonic decomposition ¢ = Z OmEr, and write ¥, =172 @y

m
Step 1: the mode m = 0. Define the constant x = p§ and rewrite equation (4.7) for m = 0 as

(4.12) Lo :=POW) —rp=(V—r)p=h
for some 1) = ¥ (t), b = h(t). We use (4.3) and the definition of ¢ to estimate the right hand side,
- O(e~ ("= -)) as t — +oo,
h(t) = 2s _ n—2s t
O(en+7=1="2))  ast — —oo,
for some ¢q; > 0. Note that there could be solutions to the homogeneous problem of the form e(7i+i7:)t,
e(=7iFm)t - But these are not allowed by the choice of weights since n-2s _ p2f1 € (0,25%) and

n?s g > 0(()0) (for this, recall statements a) and b) in Lemma 4.1).
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Now we apply Theorem 4.2 with 6 = ¢1 + p2_sl — ”7725 < 70(()0) and g = —o+ ”’TQS > a(()o). Obviously,
0+ >0if o< pz_sl. Then we can find a particular solution g such that

po(t) = (), as t— —oo,  ho(t)= (e ™), as t— oo,

so ¢ will have the same decay.

Now, by the definition of h in (4.12), we can iterate this process with 6 = lg; + p2f1 — "_225, > 2,
and the same §y, to obtain better decay when t — —oo. As a consequence, we have that ¢ decays faster
than any e as t — —oo, which when translated to ¢ means that ¢ = o(r~%) as r — +oo for every

a € N. By considering the equation satisfied by the Kelvin transform QAS of ¢, one has

1%
T23

(_13)85'_ é ::Oa

where V satisfies

V(@) = pla| =0 () _{ pB(1+o0(1)) asr—0,

||? r2s as r — 00,

and ¢(r) = o(r®) as 7 — 0 for every a € N. The strong unique continuation result of [16] (stable case)

and [29] (unstable case) for the operator PO _p implies that ¢ must vanish everywhere, which yields
that also ¢ must be zero everywhere.

Step 2: the modes m = 1, ..., n. Differentiating equation (—A)*w = wP with respect to x,, we get
ow
L% =0.
Since w only depends on r, we have 8877“:’” = w'(r)E,,, where E,, = T;‘l . Using the fact that —Agn-1 E,,, =
fim B, the extension for w/(r) to R} solves (4.4) with eigenvalue p,, = n — 1, and ¢ = T !
satisfies
(4.13) Py — Yy = 0.

Note that w'(r) decays like r~GETHY as r 5 00 and decays like r as 7 — 0.

Assume that ¢, decays like r as » — 0 and decays like r"m as r — oo. Then 1, = P Om 18
another solution to (4.13), and we can find a non-trivial combination of w’ and ¢,, that decays faster
than r at zero.

Now we claim that if ¢ = r— "3 ¢, where 1) is any solution to (4.13), it cannot decay faster than r
at 0, which yields that ¢, = cw’ form =1,...,n.

To show this claim we argue as in Step 1, taking the indicial roots at 0 (namely —(n + 1 — 2s) and
1) and interchanging the role of +00 and —oco in the decay estimate. More precisely, we use the facts

that if such ¢ like r°" for some o/ > 1, i.e. o/ + no2s s no2s 4] = &(()1) and decays like r°1 for some

o] < —(pz_s1 +1),ie o]+ ”*TQS < 5%1), similarly to Step 1, one can show that the solution is identically

zero, and we conclude that ¢,, = cw’ for some c.

Step 3: the remaining modes m > n + 1. We use an integral estimate involving the first mode which
has a sign, as in [11, 10]. We note, in particular, that ¢1(r) = —w’(r) > 0, which also implies that its
extension ®; is positive. In general, the s-harmonic extension ®,, of ¢,, satisfies

1-2s
Y

2
—ds lim y' =249, ®,, = puf71¢m on RT‘l.
y—0

div(y!=2V®,,) = ptim

. n+1
&, inRYT,
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We multiply this equation by ®; and the one for m = 1 by ®,,,. Their difference gives the equality

1—2s
(o — m)yr—z%% = &, div(y' "?*V®,,) — &, div(y' " Vd,)

= div(y' 7?*(®,V®,, — ©,,VPy)).

Let us integrate over the region where ®@,, > 0. The boundary 9 {®,, > 0} is decomposed into a disjoint
union of 3° {®,, > 0} and 9+ {®,,, > 0}, on which y = 0 and y > 0, respectively. Hence

y172sq)mq)1
2

0 < ds(ptm — ﬂl)/

{®,,>0} r

B / ¢q lim y' % 0%m _ ¢m lim y1_23® dx
60{¢’m>0} y—0 6V y—0 (91/

09,, o
(e a2,
9+ {®,,>0} ov ov

The first integral on the right hand side vanishes due to the equations ®; and ®,, satisfy. Then we
observe that on 0% {®,, > 0}, one has ®; > 0, % < 0 and ®,, = 0. This forces (using fi,, > u1)

1—25(1)m(1)
/ Y —m2 Gedy =0,
{®m>0} r

dxdy

which in turn implies ®,,, < 0. Similarly ®,, > 0 and, therefore, ®,, = 0 for m > n + 1. This completes
the proof of the lemma. O

Now we turn to Fredholm properties. Let L be the operator defined in (4.2). It is actually simpler
to consider the conjugate operator £ defined in (4.6) (and its projection (4.7)), which is better behaved
in weighted Hilbert spaces and simplifies the notation in the proof of Fredholm properties.

We define weighted Lﬁﬁ function spaces. These contain L2 . functions for which the norm

(1.14) L B ) e
8,9 R7\ By B

is finite. These should be understood after conjugation (4.5), as

0 o0
1l12s sy = [wl?e* dodt + [p[2e2 dodt.
5,0 oo Jana .

The spaces Liﬁ and L2 5,y are dual with respect to the natural pairing

<¢17¢2>* = ?/117/12,
Rn

for ¢ € Lg’ﬁ, Py € Lﬁéﬁﬂ.
The relation between (4.14) and the weighted L* norms from (4.10) is given by the following simple
lemma:

Lemma 4.6. Assume that the parameters satisfy

n — 2s 2s n — 2s
4.15 -0 < — - > —
(4.15) <0+, > p_1+ 5

Then if |p||l« < oo, one has that H¢HL35 _, s also finite and the inclusion is continuous.
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Proof of Proposition 4.3. First note that elliptic estimates imply that £ is a densely defined, closed
graph operator. Moreover, the adjoint of

L: L%g’,ﬁ — L%g’,ﬁ
is precisely

Lr=L:L5y— L3,

Similarly to the arguments in Section 8 of [1], one can show that the linear operator £ satisfies good
Fredholm properties and, in particular,

Ker(£*)* = Rg(L).

By checking the proof for Lemma 4.5, one can also get that for this linear problem £*¢ = 0, the mode
0 and mode m for m > n + 1 all have trivial kernels. For mode 1, there is a one dimensional solution
spanned by w'(r). It is easy to see that w'(r) € Lg’ﬁ iff p < Zigij, if one chooses the parameters as
in (4.15), since

lel72 () =/ R drd9+/ |22 drdf
8,9 R7\ By B

0o 1
_ 4s _ 1_9._ _4s _ 19 _
N/ rTp1 2’)"" 1-2s p_1+” 2s d?“-l—/ 7'27“n 1-2s—20+4+n—2s dT<+OO
1 0

for suitable small o > 0 if p < 2425=1,

From the above argument and the Fredholm property we conclude that:
o If 2E28 < p < 242521 fhep

25—1°
Lo=nh
is solvable iff [;, h3% dz =0 fori=1,--- ,n.
o If p> ngjj, then
Lo=h
is always solvable.
Moreover, the Fredholm property yields that
(4.16) I6llrz @) < Clibllzz , . @&

We will show that this estimate still holds in weighted L° norm, i.e. (4.11) holds.
As in [1], combining with the Green’s representation formula, one has

p(x) = — . Gz, y)pw’ o(y) dy — . G(z,y)h(y) dy.

h
o+ +f ]@2%@
(ul<lzly  Jlzl<pi<opy  Jys20n] 12—yl
colf Wbl f o e
T Ju<lzy 2 (yl<ajely  lY["7>

o — 252,
R~ oy gy T R
>lyi>2laly YT T S

< Cla|= ||l

First, for |z| <1,

A G(z,y)h(y)dy < C
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Next, by the definition of weighted L? norm and relations (4.15) and (4.16),

G(z,y)pw” " o(y) dy

R’”
—2s
(ul<lzly  Jllepyi<aey sy 12—yl {yl>2} [ =yl

1
< C(/ ¢27,—2s—26 dy) 2
{lyl<2}
25426 1 T 25426 1 25426 1
’ (/ |yl(n—2s) dy) i + (/ | Q‘(n—Qq) dy) i + (/ |y2|(n—29) dy> i
{yl<lzly |[?ln—> {yl<slzly Y2 (2lel<lyl<2y [y

N C’(/ gbzr*zs*wdy) 3 (/ ||~ 4s+25+29 dy)%
{lyl>2) { ly|>(n=29)

ly[>2}
< Cl9llzz ,@mlzl™7 < Ol ®m 2|77

§—2s,9—2s
< COfAllsslz77,

<C

for suitable §, ¥ satisfying (4.15). Thus one has

sup [z|7[¢] < O[]l
{lz|<1}

Similarly, for |z| < e, we still obtain

_2s
sup |z|»=T[¢] < Crllhllx,
{1<]z|<e}

for some constant depending on R. This implies that the weighted L> norm of ¢ in any compact set
can be bounded by the weighted L°° norm of h. So one only needs to worry about the norm at infinity.
For this, we go back to the projected problems:

‘cn,mwm = Ps(m)(wm)_fiwm :Bm“‘(v_"{)wwu mzovla----
In order to show the estimate for ¢ at infinity, it is enough to prove that
—2s —2s, - ot
e Yl ((r<—ry) < Cllem 1 hunllLoe (e<oy) + €7 hom | Lo (01
for R large enough. But this follows from Theorem 4.2 and the expression for V in (4.3) by taking

§ = prl and dp = —o (See Lemma 6.7 and the proof for Proposition 6.3 in [1]). Here we use the
assumption on o that 0 < o < 2f1 such that d + dg > 0.
This completes the proof of the Proposition. O

5. THE OPERATOR (—A)%¢ + Vig — pwP~1¢ IN R™

In this section we study the following linear problem in R™ in suitable weighted spaces:

(“AYd+ Vad— puP Lo =h+ Y i,
(5.1) i=1
lim ¢(z) = 0,

where ¢; are real constants, and Z; are the kernels defined by

ow .
(5.2) Zi(x) = 0z, i=1,---,n,
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and
Va(z) = )\*QSV(I—;S) for A > 0, € € R™.

Since V) has a concentration point at £, we define

I¢ll+e = sup }\w—&l"\¢(m)|+ sup1}|m—5|%|¢<x>|,

{la—¢]<1 {la—¢|>
. _2s s
e = sup |z —g7"*|h(@)|+ sup | —gFT ().
{lo—¢]<1} {lz—¢>1}

We will take || < A for some A > 0.
For the linear theory, it suffices to assume that
(5.3) VeL>®R"Y), V>0, V(z)=o(z|"%)as|z| = oco.

Then we have the following solvability result:

Proposition 5.1. We have:
o Ifp > 2521 for X\ > 0 small enough, equation (5.1) has a solution ¢ := Tr(h) with ¢; = 0,

nfgsfl ’
and it satisfies

ITx(W)ll.e < Cllhllaxe-
o If Zf—gi <p< Ztgij, for A > 0 small enough, equation (5.1) has a solution (¢,c1,-+- ,¢y) :=

Ta(h), and it satisfies

n
16]16 + Y leil < Cllhl s -
=1

The constant C' > 0 is independent of the parameter \.

Proof. The proof follows the argument in Section 3 of [9]. So here we only sketch the proof. We solve
the linear problem near the point ¢ and away from this point. For this, decompose ¢ = ¢ + 1, where

©, 1 satisfy

(—A)p —pwP~ o = plow” ' — &GVap + GLh+ Y ciZi,
(5.4) i=1
lim ¢(z) =0,

|z]— o0
and
(=AY = p(1 = &)wP~ M + Vap = —(1 = &)Vap + (1 = &),
lim ¢(z) =0,

|| =00

(5.5)

where &g, &1 are two cut off functions:

&(z)=0for |z — & <R, &(x)=1for|z—¢| > 2R,
and

&(z)=0for |z —¢& <p, &(x)=1for |z —¢&| > 2p,
for o, R two positive constants independent of A to be fixed later and such that 2p < R.

Given [l@|l«.¢ < o0, since [[p(1—&)wP ™|, = — 0as R — 0, equation (5.5) has a solution ¢ = ¢(¢p) if

R > 0 is small enough (this is because the homogeneous problem for (5.5) has only the trivial solution).
Moreover, 9(x) = O(|z|~("=29)) as |x| — oo, so the right hand side of (5.4) has finite || - ||.. norm, by
Proposition 4.3, (5.4) has a solution when 1 = () which we write as F'(¢). We claim that F'(¢) has
a fixed point in the Banach space

X ={pe L=[R"), [¢ll < oo}
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equipped with

lellx = sup}l@\ +

_2s_
sup |77,
{lz|<1 z|>1}

{lz|

Following the argument in the proof of Proposition 3.1 in [9], we establish pointwise estimates for
the solution 1 of (5.5). Then we can find a bound of the || - ||« norm of the right hand side of (5.4).
Since the proof is similar, we omit the details and just state the estimates here:

[l < (Co+ Co"*)llellx + Collhlne
10w (@) llxx,6 < Co" > [lpllx + Collhllxse

_ 0
||§1V)\QPH**,§ S CQ 2S||S0||Xa’(X)’

where

a(ry = sup |z[**V(z), a(r) —0asr— oo
{la|=r}

By the linear theory in Section 2, we know that given ¢ € X, the solution F(y) to (5.4) satisfies
IF ()]s, < Clleow ™ (@)llas . + CllEVAPl s g + CllE1h nse.

But since the right hand side of (5.4) is bounded near the origin, by regularity estimates, we derive

IF(@)lx < CléowP™ (p)[lwne + ClEVA@lexe + CllEA]wn g
and

n—2s 0\ _92s
|F (1) = F(p2)|lx < Co™ **|lo1 — ¢allx + CG(X)Q >Nl — pallx

< (e + o7 a(3)) ler — ol x.

By choosing ¢ > 0 small enough and X small enough such that § — oo, we can prove that F'(p) is a
contraction mapping, and we get a fixed point ¢ € X. Moreover, thanks to the linear theory in Section
4, we have

lellx < C(e"> + e a(3)) lpllx + Collbllove

which yields
lellx < Cllhllaxe
Combining with the estimate for ¢, one has

o

*,& S CHh”**,{
for some C > 0 independent of \ small.

6. PROOF OF THEOREM 1.1

Assume that p > 2£25=1 We aim to find a solution to (1.1) of the form u = w + ¢, where w is the

radial entire solution found in Section 2 (recall that w satisfies (4.1)). This yields the following equation
for the function ¢,

(=A)°¢ + Vag — pwP~ ¢ = N(¢) — Vaw,
where
N(9) = (w+ ) — w? — puP ™16,
Using the operator 7T, defined in Proposition 5.1, we are led to solve the fixed point problem:

¢ =TA(N(9) — Vaw) := A(¢).
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Following the argument in Section 4 of [9], one obtains the following estimate for N(¢) and Vyw:
1
[Vaw]|ee < C’(A"RQHUHVHLW +a(R) + a(x)) < Ca(R)

as A — 0. Choosing R — oo, then as A — 0 one has that ||[VAwl|/.« — 0. In addition, for the nonlinear
term N(¢) we have the bound

IN (@)l < CUUISNIZ + lI9I2)-

Consider the set
F={¢:R" = R,[|¢]l« < p}

where p > 0 small is to be chosen later.
It is standard to get the following estimates:

@)1+ < CUSIE + 18112 + [ Vawllo) < p.
min{p—1, min{p— 1
A1) = A(@2)ll« < Cloa ™77 + g2l 761 = bl < Sll61 2l

for A small and p small. One can find that for p small enough, A(¢) is a contraction mapping in F,
thus has a fixed point in this set. This finishes the proof of the theorem. O

n+29 n+2s—1
7. THE CASE - <p< e

In this case, because of the presence of the kernels Z; defined in (5.2), one needs to introduce free
parameters and rescale around a point &, to be chosen later. For this reason, we make the change of

variable \”5-1 u(F5= £) and look for a solution of the form u = w + ¢, then ¢ satisfies

(=A)*p+ Vad — pw’~ o = N(¢) — Vaw,
where
Va(z) = x%v(%*f).

Similarly to the proof of Lemma 5.1 in [9] can show the following result, for which we omit the proof:
Lemma 7.1. Let "+§S <p< ""‘25 1 and A > 0. Assume that V satisfies (5.3). Then there exists
go > 0 such that for || < A and )\ < 50, there exists (¢,c1,- -, ¢n) solution of
(A6 +Vap—pu? ¢ = N(¢) — Vaw+ 3 i 2,

lim ¢(z) = B

|z|—o00

(7.1)

We have, in addition,

[@lleg + > leil = 0 as A = 0.
i=1
If V also satisfies
V(z) < Clz|™ for allx
for some p > 2s, then for 0 <o < p—2s,0 <n—2s, one has

@]lx,e < CoA7 for all0 < X < gg.

Now we are ready for the proof of our second main theorem:
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Proof of Theorem 1.2. We have found a solution (¢, c1, - ,¢,) to equation (7.1). By the linear theory
in Section 2, this solution satisfies

ow
/n (M(¢) =130 - Vw+2cz Do o 42 =0
for 7 =1,--- ,n. So for A small, we need to choose the parameter ¢ such that ¢; = 0 for all ¢, that is
ow
(7.2) / (N(¢) —Vao — V,\w) g 40 =0

because the matrix with coefficients fRn ) 6 Y dx is invertible.
Case a. Since V < |z|7# for u > n, the dominant term in (7.2) is

—2s mig 87’(1) _ n—2s
A /HV( \ )waxj dx = O(A ).

Using the estimates for ¢ in the last section, one can get that

ow n—2s

For the term [ Vi¢2% dx, one has
z;

[y e
Bpra B1\Brax R™\ By

<C AR - AT\ || dx+/ Nz - a(R)|z| "2\ z| dx

Bra Bi\Bxr
1 s
+/ /\Ua(f)|z|_(2s+fﬂ4j+1)dx
Rn\Bl )\
O()\n—2s)

n+25 n+2s—1

<p< n—2s—1"°

as A — 0, where we have used the fact that
We now set

) e b 9
FO () = A2 /nV(i)u,\aui(x—i—de—i— RHN(@Q—;(x—i-f)da:.

Fix p > 0 small. For [¢| = p, and A small, one can check that
(Fx(€),€) ~ (V2w(0)§,€) < 0 for [¢] = p,

since 0 is local maximum point of w. By degree theory, we deduce that F has a zero in B,,.

Case b(i). Assume that | l‘im <|x\“V f(| ‘)) =0 for N —
xT|—r0o0
check that the dominant term of (7.2) is

—2s T — 5 aiw

=N*‘25/ || “f(—) (x+§) 2 (2 +€) da + oA

Lj

dx

= O(\29),
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Again, using the estimates for ¢, one has

N() 92 e = O +72%) = o=,
Rn SUJ
/ Va6 2 gy < cmra=2s,

n 8a;j

So now define

() =5 [ el ()t o ds

4s

]. 2s _ _4s _ _ Yy f T p—1 o _4s
= B “/ ™ ()|t T dyolle ).
27" o ) el
Similarly,
Vi) €= 5 (- 2 s [y () S dy ol ),
2 p—1 R lyl iy
Therefore

VF(&)-€<0 forall |z| =R for large R.

Using degree theory, we get the existence of £ in By such that ¢; = 0 for all i.

Case b(ii). | lim (|x\"V - f(i)) =0, f # 0. In this case, we have

G;(€) = / (M) ~ Va0~ Vaw) gfj dz

2 [ v(E

[ VS O3 @+ ) dr o),

We claim that (G(£),£) < 0 for all |{| = p for p > 0 small enough. Once this is true, using degree
theory, we conclude that for some |£| < p we have G(§) = 0, which finishes the proof.
In order to prove this claim, note that for p > 0 small, one has for all || = p,

(Vw(§),£) <0

Thus for 6 > 0 small but fixed,

v = sup (Vw(&),&) < 0 for all || = p.
rE€Bs

Then similarly to the proof of part (b.2) in Section 5 of [9], one has
—2s z n—2s
e [ V(S )+ Ve + 9.6 < o,
R™\ Bj A

A /B V(3 )me +6)(Vule +€),6)] = o0,
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Then
z

‘A*QS /BS\BAR V()\)uk(x+§)<vw(x+§)7§>‘ < CW/BJ\BARV(D’

/B(S\BARV(;C) - /B(S\BARf(g)xl_” aot [ el (V@ =1 () @
/B(;\Bm f(%)m_”df = logifsm f+0(1),

/Bé\Bm ™" (V(x)|x|n - f(%)) dx < elog %7

for € small enough if R is large enough. Combining all the above estimates, one obtains that (G(£),£) < 0
for all €] = p small.
O

Remark 7.2. For p = %7 we can get the same solvability result as in case 4i. of Proposition 4.3 if

one considers the new weighted norm

25 4o
Il = sup |2|7|¢(x)| + sup |z|7=1"|g(x),
{lz]<1} {lz[=1}
2

hllee = sup |27 [h(z)] + sup |z R(z)),
{lel<1} flal>1}

for some a > 0 small. In this new norm, one can also show that w’ is in the kernel space of L* even

when p = % With some minor modifications, we can also obtain existence of solutions.
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