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Non-uniqueness of positive ground states of non-linear
Schrodinger equations

Juan Davila, Manuel del Pino and Ignacio Guerra

ABSTRACT
Existence of a positive, decaying radial solution to the problem
Au—u+u’ + =0 inRY,
when A >0 and 1 < g<p< (N +2)/(N —2) has been known for a long time. For A =0, it
is well known that this solution is unique. While uniqueness conditions for rather general non-
linearities have been found, the issue has remained elusive for this problem. We prove that
uniqueness is in general not true. We find that if N =3, 1 < ¢ < 3, X is fixed sufficiently large,

and p < 5 is taken sufficiently close to 5, then there are at least three positive decaying radial
solutions.

1. Introduction

We consider the non-linear Schrédinger equation

iy =AY+ [P + [Py in RY xR, (1.1)
where N > 3 and the powers p and ¢ are superlinear and subcritical, namely
l<g<p< N2
q<p N_2
This equation is a natural non-scaling invariant extension of the extensively studied defocusing

equation

ihy = Atp + |[9|P~1p in RY x R,
A complete theory on the basic issues of well-posedness, asymptotic behaviour and blow-up
for (1.1) was developed by Tao, Visan and Zhang [29].

In this paper, we are interested in standing-wave solutions of problem (1.1), namely finite-
energy solutions of the form

Y(z,t) = e PQ(x).
Assuming that 8 = o? with o > 0 and renormalizing through the scaling
Q(x) = ¥ P Yy(ax),
we obtain the following equation for v:
Av—v+ [P lo4 Ap|?7 v =0 in RY, (1.2)

where

A\ = o2la=p)/(p=1)
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In this paper, we are interested in positive decaying solutions of equation (1.2) (sometimes
called ground states), namely solutions of the problem

Av—v+vP+ X ?=0 v>0 inRY,

1.3
v(z) — 0 as |z|] — oo, (1.3)
where A >0and 1 < ¢ <p< (N +2)/(N—2).
In the case of a pure power non-linearity, namely the problem
Av—v+vP =0, v>0 inRY, (1.4)

v(zr) — 0 as |z] — oo,

existence of a radially symmetric solution was first established by Strauss [28] for 1 <p <
(N +2)/(N —2). When p > (N + 2)/(N — 2) no solution exists, as it follows from Pohozaev’s
identity [25]. Solutions of (1.4) (and also those of (1.3)) are necessarily radially symmetric
up to translations owing to the classical Gidas, Ni and Nirenberg result [13]. In [15], Kwong
established uniqueness of the radially symmetric solution of (1.4).

Berestycki and Lions [6] found that existence of radial solutions also holds for the more
general problem

Av—v+f(v)=0, v>0 inRY,

v(z) — 0 as || — oo,

(1.5)

where f is of class C! and there exist p € (1, (N +2)/(N — 2)) and t, > 0 such that
2 to
f(0)=f(0) =0, %0 <J f@)yde, |f@)<C@+t?) forallt>0.
0
These conditions obviously hold for the sum of subcritical powers (1.3); see also
(1, 4, 5,7, 10-12, 24] for related existence results.

On the other hand, uniqueness of radial solutions of (1.5) is known only under more restrictive
assumptions; see, for instance, [8, 15-18, 21, 22, 27] and also [3, 9] for uniqueness in balls.

The most general extension of Kwong’s result is due to Serrin and Tang [27]: a radial
solution of (1.5) is unique if there exists a b > 0 such that (f(v) —v)(v —b) > 0 for v # b and
the quotient (f'(v)v —v)/(f(v) —v) is a non-increasing function of v € (b, c0).

However, f(v) = vP 4+ \v? does not satisfy the latter condition for large v, unless p = ¢. Thus,
uniqueness of radial solutions of problem (1.3), the most natural extension of the single power
case (1.4), has remained conspicuously open.

The purpose of this paper is to establish the rather striking fact that Kwong’s uniqueness
result is in general not true for problem (1.3) when p # ¢. In fact, we establish that in dimension
N =3 and suitable ranges for the parameters p, ¢ and A, problem (1.3) has at least three
solutions.

Thus we consider in what follows the problem

(1.6)

Av—v+0P+ X ?=0, v>0 inR3,
v(xr) — 0 as |z] — oo,

where A >0, and 1 < g <p <5.
1.1. Main result

Our main result reads as follows.

THEOREM 1.1. Let 1 < q < 3. Then for each A sufficiently large, there exists a number
1 < po < 5 so that for all py < p < 5 problem (1.6) has at least three solutions.
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FIGURE 1. Bifurcation diagram in p for (1.6) for \ sufficiently large and fixed.

It is illustrative to depict the above result in terms of bifurcation diagrams. The picture in
Figure 1, obtained from numerical simulations, represents the branch of positive solutions for
a fixed, large number A\, when we let p act as a parameter of the problem and ¢ is fixed. The
branch in p crosses the critical exponent p =5 then it turns backwards crossing again p =5
and finally it turns right developing an asymptote at p = 5. We distinguish in this picture for
a given p slightly below 5, a large solution and a small solution. Those parts of the branch will
be described in detail. The third solution can be found by a degree-theoretical argument.

The restriction 1 < ¢ < 3 is essential in our proof. Moreover, if ¢ > 3, then the branch appears
numerically monotone. This seems also the case in dimensions N > 4. Establishing uniqueness
in those scenarios (except for A small, which is easy by perturbations) appears as a challenging
problem.

1.2. The small solution

The lower part of the branch represents a small solution of size of order O(A~/(4=1)). The
change of variables v(x) = A\~1/(4= Dy (x) takes problem (1.6) into the form

{Aww+7w”+wqo, w >0 in R3,

w(r) — 0 as |z] — oo,

where 7 = \~(P=1)/(¢=1),
In Lemma 5.1, we find a solution for any A\ large as regular perturbation of the unique
solution for 7 = 0.

1.3. The large solution

The upper part of the branch diverges in size by bubbling. Let us write p =5 — &, where we
regard € as a small positive parameter. It turns out that the following scaling is convenient:

v(z) = e /U=y (z/e),
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so that problem (1.6) becomes

Au—+ v’ + Ae®u? —2u =0, wu>0in R3, (1.7)
u(y) — 0 as |y| — oo, '
where
qoe9—a ela—1) (1.8)

As ¢ — 0, problem (1.7) approaches formally to
Au+u’ =0, u>0inR3,
whose unique radial solutions are given by the functions
’ 1/2
wy(y) = 3/ <N2 T y|2> :

As we will see, there is a solution of (1.7) which comes as a perturbation of w,, for the choice
= m/32. In terms of the original problem (1.6), the following result holds.

THEOREM 1.2. Let1 < g < 3, A > 0 be given, and write p = 5 — €. Then for all sufficiently
small € > 0 there exists a solution u. of (1.6) of the form

1/2
uele) = 37 <1 m (32/73)28—2|x2> VB (Lt olD), )

where o(1) — 0 uniformly as € — 0.

1.4. The central solution and \ large

As a by-product of the proofs, we will see that the large and the small solution are both non-
degenerate, and that their Morse indices are both equal to 1. This information yields their
local degrees in a suitable space, and the existence of a third solution will follow from a global
degree argument. The number A in Theorem 1.1 has to be fixed prior to letting p approach
5. Indeed, as we find in Lemma 5.3, when we fix p, if A is too large, then there is only one
solution. The set of positive solutions when we fix p =5 — ¢ and consider \ as its parameter
can be depicted by the diagram in Figure 2, obtained by numerical simulations. Computing
how large A can be taken in Theorem 1.1, depending on &, corresponds intuitively to locating
the upper turning point P. in Figure 2. For A near that point, we see two large solutions which
can be explicitly described for 2 < ¢ < 3 as follows.

THEOREM 1.3. Assume 2 < g < 3. There exists a number \y such that for each 0 < X\ < g
and the number

_fAem G2 if2<q<3,
| Ae V2 loge| Tt ifg =2,

in problem (1.6), there exist two positive numbers d_ and d, such that for all ¢ there are two
solutions v4+ of the form

vy (z) =31/ (

where o(1) — 0 uniformly as e — 0.

1

1/2
:H—di{-j2|x|2> 571/2di(1 + 0(1)), (110)
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FIGURE 2. Bifurcation diagram in X for (1.6) inp =5 — ¢, € > 0 small and fixed.

In the case 1 < ¢ < 2, it is also possible to find these two solutions but the proof is different
and will be addressed in future work. The numbers \g and d+ can be explicitly computed as
follows. Let us consider the function

—p - G-02 _p TG0z gy _ 4 g+l T(A/2)+1)
f(p) =bip b132,u where by 5 g3/ 12T (g —2)/2)

whose maximum value is computed as

T\—B-9/2 (5 —¢q —G=a/2 o 5—qm
Ao = Iilgéif(ﬂ) = f(po) = b1 (@) (3(1) ﬂ7 Ho = E@ (1.11)

Thus, given 0 < A < Ao, the equation A = f(u) has exactly two solutions

o5 < i) < po <t (A), (1.12)

As we will see, the numbers d in (1.10) are simply given by
da =)

The solutions of (1.6) in the (A, v) space can be identified with a set in the (A, m)-plane, where
m = v(0) = ||v]|s as in Figure 2. Our result can be portrayed as representing approximately
the upper turning point as

Pe ~ (/\05_(3_q)/2,31/4(#0)_1/25_1/2),
while the set is itself near this point approximated by the graph
A= G=D25312(em?) 1) for m ~ e Y2,

The proofs are based on a Lyapunov—Schmidt reduction method along the lines of that used
in [23, 24]. We first prove Theorem 1.2 in Section 4 after some preliminaries in Section 2, a
computation of the energy in Subsection 2.2, and a study of the linearized operator in Section 3.
Theorem 1.1 is proved in Section 5. In Section 6, we carry out the proof of Theorem 1.3.
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2. First approximation of the large solution

We assume that 1 < ¢ < 3 and A > 0 are given. As we have discussed, to prove Theorem 1.2 it
is convenient to express problem (1.6) in its equivalent form

{Au+u5_5+/\5°‘uq—62u:0, u > 0 in R3, (2.1)

u(y) — 0 as fy| — oo,

with a = (5—q)/2 —e(q—1)/2(4 — &), via the change of variables v(z) = e=2/(4==)y(x/e).
Thus, letting
1
_ al/4 _ ., —1/2
the idea is to look of a solution of (2.1) which is a perturbation of w, for a suitable choice of
. It turns out that a more convenient first approximation than w,, is its projection U,, defined
as the unique solution of the problem

{AU,L —&’U, = —w’, inR?,

(2.2)
Uuly) — 0 as |y| — oo.

Let us write
fe(u) = uP7% 4 Ae®uf.

Searching for a solution u of (2.1) of the form u = U, + ¢ yields the following equation for ¢:

L.¢p+ N(¢p) +R=0 inR3, (2.3)
¢(y) — 0 as [y — +oo,
where
Le¢ = A¢ + fa/(Uu)Qb - €2¢7 N(¢) = fE(Uu + (b) - fE(Uu) - f;(Uu)¢a
R= AU, + f-.(U,) — €*U,,. (2.4)

We will use a Lyapunov—Schmidt reduction scheme to solve problem (2.3). To this end, it is
important to get some basic estimates for U,,.
2.1. Basic estimates for Uy,
First, by the maximum principle we readily find
0<U, <w, inR%
Define the positive function 7, := w, — U,. Then
Am, — 627TM = —52wu in R3.

The following estimates hold.

LEMMA 2.1. Assume that 6 < p < 6~ for some § > 0. For any 0 < o < 1, we have the
expansion

pPmu(y) = 4w3Y*epH (ey) — €24 Do(y/p) + €°76:(y),
where H(z) = (1 — e~ 1*1) /4x|z|,

Do(y) = 3llyl ™" log(lyl + VIy> + 1) + VIy? + 1 = [yll, (2.5)
and |0:(y)| < C(1 +¢ly|) =19 for all y € R3.
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Proof. Let us define the Green’s function G := G(x) by
— AG(z) + G(x) = dp(z), G(x) — 0 as |z] — oo. (2.6)
Take H(x) = 1/4rn|z| — G(x), so
1 1
— H(z)— ——
Ar|a|’ (@) 4|z

Note that H(z) = (1 — e~ 1#l) /47| 2| is the explicit solution of the problem. Let Dy be the unique
continuous solution of the problem

AH(z)— H(z) =

— 0 as|z| — .

1
T+l lyl
with Dy(y) — 0 as |y| — oo. Since Dy < 0, we have Dy > 0, in fact Dy is given by (2.5). Define

S(y) = ' mu(y) — 4w3"*epH (ey) + €4 Do (y/ p).-

ADy = D (y) == 3'/*

Clearly, S satisfies
—AS +e2S =e*1?Do(y/p) >0 in R3.
By the maximum principle S > 0 in R3. Taking S(x) = S(x/¢),
~AS + 8 =e%p?Do(x/(ep)) in R

Since Dy (y) ~ |y|~"log(|y|) as [y| — oo, we have Do(z/(ep)) < C(e/]x[)' =7 for any 0 < o < 1.
Then S(z) < e2(g/(1 + |z[))! =7 for all z € R3. O

LEMMA 2.2. We have

€
wy(y) — Uu(y) < C’1 el for all y € R?, (2.7)
Uuly) < Cey|™> for ly] > 1/e. (238)

Proof. Let P(z) = wy(xz/e) — Uy(x/c). The P satisfies
~AP+P=w,(z/s) inR>

Since wy,(z/e) < Ce/|x|, using v(xz) = ¢/|x| as a barrier in a set |z| > R/e with R > 0 a large
constant, we get P(z) < Ce/(1+ |z|) for all || > R/e. On the other hand, P(z) < € near the
origin and we deduce (2.7).

To prove (2.8), we use as barrier the function v(y) = e *|y|™°. It satisfies Av —e%v <
—e2|y|=® for |y| = R/e with R >0 a large constant. Since v(y) = Re for |y| = R/e and
Unly) < wu(y) < C/ly| for all |y| > 0, we get Av(y) > U, (y) for |y| = R/e, for some constant

A > 0. By the maximum principle, U,(y) < Av(y) for all |y| > R/e. O
We will also need the functions
Z, = %—IZ” (2.9)
and
Z, = %, (2.10)

which satisfies
AZ, —&*Z, = —5wiZ, inR3,
Z#(y) — 0 as |y — oo.

As in the proof of (2.7), we can also show the following lemma.
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LEMMA 2.3.
Z0(0) = Zu@) < —S5— forall |y| > 0 (2.11)
w\Y wlY 1+E| ‘ yr =z, .
C
y)| < for all |y| > 0, 2.12
201 < gy forall (2.12)
|Z.(y)| < Ce™|y|™® forall ly| > 1/e. (2.13)

2.2. Energy expansion for U,
Solutions of problem (2.1) are critical points of the energy functional
E(u) = Ep(u) + Ex(u),

where p =5 — ¢,

1 g2 1
Ey(u) =2 | |DufPdy+— | [ufdy———| [ur*'d
p(u) 2JR3| ul y+2JR3IUI Yy p+1JR3|“‘ Yy
and
1
Ex\(u) = =& wl9t dy.
A(u) q+1JR3|| Yy

LEMMA 2.4. Assume 1< qg<3, A>0 and 6 >0 be fixed. Then there exist positive
constants ag, a1, as,as for such that § < p < 61

E(U,) = ao +e¥(u) — aseloge — aze + €O (),
where
V() = arp — azlog p,

and ©.(p) — 0 as € — 0 in the C' norm in the interval § < pu < §~1.

Since a; and ay are positive, the critical point of ¥ is p = as/a; and d = p=1/2,

Proof. For u = U, we have

1 1
it <L e i

writing U, = w,, — 7, we have

1 1
BsU) =5 | wbwidy—3 | wimdy+R
R3 RS
where
1
R= -5 J]Rs“wu — | — uzﬁ + 6w277u] dy.

Using Lemma 2.1, we have

1

1
3 JRs wy(y)dy — 5 JRs wym dy = ag + arep,

where

1 1
ag = J wl(y) dy = Z\/gﬁz, a; = ,J' w(y)®3Y* dy = 27V/3.
R3 R3

2

ol
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Now using (2.7), we have

R=—5 JRB Jl(wﬂ —tm ) 2 (1 - t) dtdy = O(e).
So we have the following energy ex(;)ansion
E5(U,) = ag + a1ep + O(e?).
On the other hand,
Ep(Uy) = E5(Uy) = (p — 5)azlog(p) + as] + o(p — 5),

where

71_2
ag = % JRS w(y)®dy = \/1§6 a3 = 3% JRg w(y)®[61og(w(y)) — 1] dy.

For 2 < ¢ < 3, we have

Ex(U,) = —Aayg(ep)®=9/2 1 O(2).

where
1 (a+1)/4 723/217((g — 2)/2
a4:7J wlﬁ-l(y)dy: 3 T ((q )/ ),
q+1 Jgs (¢+1) T(1/2(g+1))
and the energy has the form
E(U,) = ap 4 arep — Maa(ep) ®=/2 4+ (p — 5)[ag log(u) + as). (2.14)
For ¢ = 2, we have the following estimate
E(Uyu) = ao + arp+ Aaglog(ep) () + (p — 5)[az log(p) + ag], (2.15)
where a4 = 471'/31/4. In fact, we have
| owrar=] | U, )" dy (2.16)
R3 Bo(1/¢) R3\ Bo(1/¢)
= —4x3%/4 13/ 2 log(ep) + O(1), (2.17)

since [ r?/(1+12)3/2 =log(a + V1 +a?) — a/V1+a? For 1 < ¢ < 2, we have

|| (= mrt = ptorze 2yt | vt o),
R3 R3

and the energy has the form

E(U,) = ao + arep — Aaq(ep) D + (p — 5)[as log(p) + as), (2.18)
where ay = (3/44m)t! [, G (2)/(q + 1) da.
Combining (2.14), (2.15) and (2.18), and taking p = 5 — €, we obtain the result. O

3. Solvability for the linearized operator around U,
In this section, we analyse the linear equation
A +pU5‘1¢ + A@aqU"j_Hb —e2p=h+ c1Zwa; in R3,
¢(y) — 0 as |y| — +oo, (3.1)
Jis 02wy, =0,

where U, is the function introduced in (2.2), p=5—¢, 1<¢<5 and a=(5-gq)/
2-(5-p)g—1D/2(p—1).
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Let us define the following norms, for function ¢, h : R? — R:

ol = sup (1+[y)) 22 (y)| + sup £|y|°|o(y)| (3.2)
lyl<1/e ly|>1/e
and
[2]lx = sup (1 + [y[*)?2|h(y)| (3.3)
ly|=0

with 6 in the range 2 < 0 < 3 (so that 2~ is superharmonic).
The objective of this section is to prove the following result.

LEMMA 3.1. Let 0 < <1 and X\ >0 be fixed. Then there exists g = £¢(J, \) > 0 such
that for 0 < e < g9, 0 < A<\, 6 < <61, and for any radial h with [+« < 0o there exists
a unique radial ¢ with ||¢||. < +oo and ¢; € R solution of (3.1), moreover there exists C' > 0
such that

6]l < Cllhllx,  [er] < CllR|ax (3-4)

We first prove an a priori estimate for solutions of a simpler problem:

Ap+pUbte —e*¢ = h,
d(y) — 0 as |y| — oo, (3.5)
oo Zuwhd =0, [ S2wie =0, i=1,2,3

with |p — 5| = . In order for it to be useful in a later situation, we do not assume here h, ¢ to
be radial.

LEMMA 3.2. Assume that 6 < <0~ where 0 < § < 1 is fixed. There is C such that if
e > 0 is sufficiently small, for any h, ¢ solution of (3.5) we have

@]« < CllAlla- (3.6)

Proof. By contradiction, suppose that there exist ¢, hn, fin, €n, |Pn — 5| = &, such that
||¢n||* = 17 ||h’n||** — O? ,un S [6a 6_1]7 Ep — 0,

and such that ¢,,, h,, solve (3.5).

We claim that ¢,, — 0 uniformly on compact sets of R?. Indeed, assume otherwise. Then up
to a subsequence i, — i > 0 and ¢,, — ¢ uniformly on compact subsets of R3, where ¢ # 0
and satisfies

A¢+5wyp =0 inR>

We also know that ||¢||. < 1 which implies that ¢ is bounded. Since w,, is non-degenerate, it
is well known, see [26], that ¢ = ¢y Z,, + Z?:l ¢i(Ow,, /Ox;) for some co, ..., c3 € R. But taking
the limit in the orthogonality condition in (3.5), we obtain

ow
Zyawto =0 Puwle =0,
J]R3 g “gb J']Rfg Ox; “d)
so ¢ = 0, which is a contradiction.
This proves that ¢, — 0 uniformly on compact sets of R3. We will obtain now an estimate

for ||¢n ]|« using suitable barriers. Let 0 < o < 1 with 0 < 6, § > 0 and rg > 0 to be fixed later
on. Define

o(r) = P20 457, = |].



NON-UNIQUENESS OF GROUND STATES OF NLS Page 11 of 27

Then
(A +ppw =t =)o ( —0)3—0)r° +p wPn1p2=0 _ 2,26
§o[-0(1 = o) 2 4 pat 7 — 2]
( 0)(3 — 0)r—0 4+ O(r—4TOEn))2=0 _ 2,20
+6[—o(l—o)r 7" 2++O( ~4+0(n) )= _ g2 0]
—Cor~? for r = 1o,

where Cy > 0 depends only on 9, if we chose 7y > 0 large depending on € and o. Define
(e = ( b (60 (0)1rG 2 + 5 Wl + ;) 52) — 6u(a)
lyl=ro o
which satisfies
(A + puwPr=t — &), <0 for |z| = 1o
and
vp(x) 20 for |z =ro.
Since | ¢y, (z)| < &;,2|x|7? for |z| > 1/e,, we can find 7,, > 1/e,, such that for |z| > r, we have
vp(x) 20 for |z| = m,
By the maximum principle, we deduce that
vp(x) 20 for |x| = o,
which means

1~ 1
Pn(x) < < sup ¢ (y)lrg 2 + Gy 1l + n) (|[>=% + 8|z =) for |z| > ro

ly|=ro

By a similar argument,

ly|=ro

1 - 1 - .
[Pn(2)] < (sup |n (1) |75 2+00||hn|**+n> (lz[*~% + 8[| =) for |2 = ro

Letting § — 0, we obtain

_ 15 1 _
|fn ()] < (sup |bn ()l + gy 1Pmlles + n) ja*=0 for [z] > ro. (3.7)

lyl=ro
Let
o) =170+, r=lal,
with ¢ as before. Then
(A4 pawPr ™t =Yg = —0(1 — 0)r 2 + ppwPr 70 —elr ™’
2

n
—o(1— 0‘)7“_0_2 + ppwPr T T — el

where M > 0 is a constant that depends only on 6. So

2~ - M
(A + ppwPr—t —€2) <2hn||**¢—¢n> <0 forr>—.
577,

En

Since
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and by (3.7)

_ 1~ 1 0 o— M
|fn ()] < <|¢n(7‘o)7‘8 * 4 ol + ) M*~0e) ™2 for |z| = —,
o n €

n

we have

1+ 1 - (M M
< 0—2 , L L 227 (M -
60 < (Iontrolrt >+ ol 3 ) 326,20 (2) for o] = 2

n

We also have
_ 1 - 1 .
ldn(2)] < | sup |pn(y)lrg 2+ 6”]7’71”** + = | M?e,%0(x)
lyl=ro 0 n

for |z| sufficiently large. By the maximum principle,

|#n ()] < (( sup |¢n(y)|7“§*2+ciell7lnl\** >M2 _2+*Ilh II**> ()

ly|=ro En

for all |z| > M/e,,. Letting § — 0, we obtain

I T 1 _ ~
|6n ()] < ((Sup [én(y)lrg 2+a}llhnll** >M2 2Jr*llh I**> =

lyl=ro

for all |x| > M/e,. This and (3.7) imply that ||¢,|« — 0 as n — oo, which is a contradiction,
and establishes (3.6). U

We derive now an a priori estimate for the solutions of:
Ap+pUb—top+ Xe®qUi™ ¢ — e2¢p = h,
o(y) — 0 as [y| — oo, (3.8)
oo Zuwio =0, [ *’“’“w% =0, i=1,23,

with |[p — 5| =¢ and 1 < ¢ < 5. Again this is done without assuming ¢, h to be radial.

LEMMA 3.3. Assume that 6§ < u <0~ where 0 < § < 1 is fixed. There is C such that if
e > 0 is sufficiently small, for any h, ¢ solution of (3.8) we have

[8]l« < CllAll s (3.9)

Proof. We claim that
1T llen < CT72 1)) (3.10)

Since U, < w,,, it is sufficient to prove
[wi d e < CT72|)
We have that
sup (14 [y[*) 2wl o(y)] < C sup (1+[yl*)" 2|y~ V] (y)|

ly|<1/e ly|<1/e

<Cloll« sup [y[*~2
ly|<1/e

Therefore,

sup |y|%wi™ (y)|o(y)| < Cl|o]l75.

lyl<t/e
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Now we analyse the case |y| > 1/e:

sup [y|?wi™ (y)|o(y)| < C sup [y|’ly|~ T V|g(y))|

ly|>1/e ly|>1/e
<C sup [ylflyl Dy 02 g
ly|=1/e
=Ce ?||¢|l. sup |y|~@7Y
ly|>1/e
< Cllollee??,

since ¢ > 1. This proves (3.10).
Then, using estimate (3.6), we deduce that

]l < Cllflax + Ce* 172 ..
Since a = (5 — ¢)/2 4+ O(g), we see that o + ¢ — 3 > 0, which proves the desired estimate. [J
Proof of Lemma 3.1. We first prove the estimate (3.4). Assume that h, ¢ are radial and
¢ satisfies (3.1). Then Lemma 3.3 shows that ||¢|. is finite. Let n € C§°(B2r(0)) be such

that n = 1 in Bg(0), |[Vn| < CR™!, |An| < CR™2. Multiplying (3.1) by Z,n and then letting
R — o0, we get

clj Z2wh = J (pUEL™" = bwy)pZ, + )\san Uitez, - 52J 07, — J hZ,.
R3 R3 R3 R3 R3
To verify this, we need to estimate

c n 1 2 2 1-6
Jy 16812 < 01 | gy r < O 2Rl

and
j BIValVZ,] < Ce2R)1g].,
Br(0)

and they converge to 0 as R — oo. We also have

| 102, < Cliol.e"2 (3.11)
and
J, vzt = sutoz, < celol.
using (2.7). Similarly,
Ae® JRS Ui Zug| < C°72, (3.12)

and | [ hZ,| < C||h|s. The inequalities (3.11) and (3.12) show that
ler] <o(MI8ll+ + CllA]
where o(1) — 0 as € — 0. This together with (3.9) yields (3.4).
To prove existence of a solution of (3.1), consider the Hilbert space

H= {¢ € H'(R%): JRS Zywip = o}

with inner product (¢1,d2) = [ps VO1Vhs + & [ps 102 For h: R? — R, with ||A]|. < +oo,
the variational problem of finding ¢ € H such that

(¢, 9) = J (PUE' ¢+ Ae®US™" + h)g for all ¢ € H

Qx
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is a weak formulation of (3.1). Using the Riesz representation theorem, this variational problem
is equivalent to solve

¢+ K(¢) =h, (3.13)

where h € Hand K : H — Hisa compact operator. Any solution ¢ of (3.13) is a weak solution
of (3.1) and by standard regularity theory ¢ € C(R?). Moreover, we can prove that this solution
has finite || ||, norm using barriers, and hence estimate (3.4) holds. When A = 0, then this
argument shows that ¢ = 0. By the Fredholm alternative, there is a solution ¢ € H of (3.13)
giving a solution of (3.1). O

4. Proof of Theorem 1.2 and non-degeneracy of the solution

For the proof, we will solve the problem in two steps: first we use the linear theory devised
in the previous section to solve a projected version of the problem, and then we will find the
right value of p in such a way that we actually have a solution to the full problem. We have
the validity of the following result.

ProrosiTioN 4.1.  For ¢ > 0 sufficiently small, there is a unique ¢,, and c solution of
L.+ N(¢)+ R=cZw), inR?  ¢(x) — 0 as [z] — 400, (41)
J‘]RS ¢Z =0, .

and such that |¢,| < Ce, |c| < Ce.
For the proof, we start by estimating R, which was defined in (2.4).

LEMMA 4.2, Assume 1 < ¢ <5. Suppose that § < ju < 0~" where 0 <6 <1 is fixed and
that A\ > 0 is a constant. Then, choosing 2 < 6 < 3 appropriately in the norms (3.2), (3.3),

there exists g = €9(A) > 0 such that if 0 < e < g9, 0 < A < A\, we have

[ R« < Ce, (4.2)
10, R)|| < Ce. (4.3)

Proof. 'We compute R = US‘E — wﬁ + Ae®U/f. We claim that
5— 5—
U7 —w,”[lsx < Ce. (4.4)
Indeed, using (2.7) we get
sup (1+ |y|2)(’7/2|U2_E - w2_8| <C sup (1+ |y|2)9/2wi_8_1|UM — w,|

lyl<1/e lyl<1/e
1 0—4+0(¢)
< Ce sup L < Ce,
lyl<1/e L+re

since we work with 2 < 0 < 3. Also

sup (US55 +wi %) < Ce* 0 < 0?70 <
r>l/e
and we obtain (4.4).
By direct calculation,

w5 — w5 ||, < Ce.
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To estimate the term Ae®U/, we use the inequality U, < w, to get

{C’)\ea if 0 <gq,

Ae® 1+ 2 9/2Uq g
sup (L+1yl) CAeota=0 if 9> q.

0<lyl<1/e 8
Using (2.8), we find
Ae® sup (14 [y|*)?2U2 < CAe** sup (14 [y|)?/2|y| =7 < CAe*TI0.

lyl>1/e ly|>1/e
Note that a4+ ¢ = ¢/2 4+ 5/2 + O(e) > 3. Therefore, fixing 0 in the range
3
2<0< %, (4.5)

we get estimate (4.2).
Regarding the derivative of R, we have
R =(5—e) U, "' Z, — 5w Z, + \e"qUI ' Z,.
Owing to (2.11) and (2.12), the proof of estimate (4.3) for ||0,R||.« is similar to that of || R||..
O

4.1. Proof of Proposition 4.1

Let T be the linear operator that to h with ||h|l.. < +oc associates the unique solution ¢ of
(3.1) with [|¢||. < 400, constructed in Lemma 3.1. Then problem (4.1) can be written as the
fixed point problem

¢ =—-T(N(¢) + R),

which we can solve by the fixed point mapping principle. For this, let E' be the Banach space of
continuous radial functions ¢ : R® — R with ||¢||. < oo, endowed with this norm. Let B, C F
be the closed ball in E centred at zero with radius p > 0, where p will be chosen later on.
Owing to (3.4),
IT(N(¢) + R)[l« < CUIN(@)|lex + [|R]1x)-

We estimate || N(¢1) — N(¢2) ||« for ||@1]«, |||« < p, by writing
1

N(d1) — N(6s) = j N'( + t(b1 — b2)) dt(d1 — ).

0
We see that
[N(¢1) — N(¢2)|[sx < K1 — b2,
where
K,= sup | sup 7*|fL(U, +¢) = fL(U)| + sup e ?|fL(U,+¢) = fL(UL]| . (4.6)
lpll«<p |r<1/e r>1/e
‘We compute
S<ulI; r2|(Uy + ¢)P = = U < C(||g]] + emin(@=2=1)=2.0)) 4 p=1) (4.7)
and
S>l¥/) e (U + )P = U < CePP0 ||, + 07D =D=2 g1, (4.8)

If 2 < g < 3, then we obtain
Kp < C)\E(x(é_a—i-q—ﬁ +€(9—2)(q—1)—2)p7



Page 16 of 27 JUAN DAVILA, MANUEL DEL PINO AND IGNACIO GUERRA

and if 1 < g < 2, then we get
K, < CAeot(0=2)(a=1)=2 5a—1
Take p = Ae for some A to be fixed. Then for ||¢1]«, ||@2|l+ < Ae,

IN(¢1) = N(@2)[lx < Ce?||P1 — g2l

where a > 0 (for any 2 < 6 < 3). This and the estimate for R in (4.2) (valid for 6 > 2 in the
range (4.5)) show that taking A large enough, —T(N(¢) + R) is a contraction from By. to
itself, and therefore it has a unique fixed point in this set.

PROPOSITION 4.3.  The solution ¢,,, ¢(u) constructed in Proposition 4.1 is C! with respect
to p and satisfies

10pbpll + I ()] < Ce. (4.9)

Proof. The differentiability of ¢,,, (i) with respect to i follows from the differentiability of
R, the operator T defined by Lemma 3.1 and the contraction mapping principle, by a standard
argument. We will prove next estimate (4.9). Differentiating (4.1) with respect to p, we find
for v = 0,9,

! 2 / / ~ OR
Av+ fL(Up)v — e v+ (f2(Uu + ¢) = fLU))(Zy +v) + %
o(Z Mwﬁ)
o’
in R?, where Z, is given by (2.10). Let & =v — aZ,w}, where a € R is chosen so that

Jgs 0Z,wy, = 0. Differentiating the orthogonality condition in (4.1), we see that a = O(e).
The function ¥ satisfies

AD+ LU0 — 20 + alA(Zywy,) + fUUL) Zyw;, — €2 Z,w)]

7 4
—cZuwu—i—c

~ OR o(Z,wt
+ (flUu + ) = LU Z) + 0 + aZMwﬁ) + @ = C/Z#wﬁ + c(aﬂuu)
in R3. Therefore, applying Lemma 3.1 we obtain
- OR
6] + |¢'] < Ce + C||(f2(Uu + 6) = fLUD)(Zu + 0 + aZywy,) + . (4.10)

where we have used that a = O(e) and ¢ = O(e). Using the function K, introduced in (4.6),
we can estimate

I(FL (U + ) = £L(UL))Blls < CE|J9] s (4.11)
for some b > 0. Similarly, since a = O(e) and [ Z,w} |« < C and using the estimates for K,
we find
12U+ @) = FL(UW))aZywy|lvs < Ce. (4.12)
Next we claim that
I(f2(U + &) = FLUW) Zyull o < Ce. (4.13)

The computations for the term u” in f. are similar as before, using K, the estimates (4.7),
(4.8) and || Z,]|+ < C. Regarding the term Ae®u?, in the case 2 < ¢ < 3 we compute
e sup 1[(Uy +¢) = U Z, < sup v (U172 + [0]7)[01 2]
r<l/e r<l/e
< Ceta2)
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and note that o+ ¢ — 2 > 1. Also, using (2.13)

% sup 7“9(|UM\‘1_2 + |qz5|q_2)|¢||ZH| < Ceta2,
r>1/e

In the case 1 < ¢ < 2, a similar calculation shows that

e*supr?|p|97Y|Z,| < CeatO-Dla=2),
>0

We note that in the case 1 < ¢ < 2, choosing 6 in the interval (4.5) implies 2 < 6 <2+
(¢ —1)/2(2 — q) which gives v + (6 — 1)(¢ — 2) > 1 for € > 0 small. Therefore, we obtain (4.13).
Using the bounds (4.10)—(4.13) and the estimate for |0, R||.. in (4.3), we deduce

191« + I¢'| < C<°ja]l. + Ce.
Thus, for € > 0 small we deduce the validity of (4.9). 0

4.2. Variational reduction and the proof of the theorem

Next we adjust p such that ¢ = 0. We consider the energy functional
1
B = VP - F.(w)
R 2
where F.(u) = [ f-(s)ds, and define
E(N) =EUyu + dpu).

LEMMA 4.4. We have the expansion
E(n) = B(U,) + o(e),

as ¢ — 0 where this error is in C' norm for y in an interval of the form [5,6].

The proof of this estimate is similar to the one of del Pino, Dolbeault and Musso
[23, Lemma 4].

Proof of Theorem 1.2. Testing equation (4.1) against Zﬂ, we obtain

J ¢L.Z, +J N(¢)Z, +J RZ, = cJ Z.Z,w),.
R3 R3 R3 R3

A calculation shows that the equation ¢ = 0 is equivalent to
J RZ, +o(e) =0, (4.14)
R3
as € — 0 where o(g) depends continuously on s for g in (§,6-1). We observe that

L@ RZ, = B'().

By Lemma 2.4,
E(U,) = c. +¥(u) + o(e),
where
W(p) = arp—azlogp

with ay,as > 0 and o(e) is uniform in C?! for y in [4,6~!]. The function ¥ has a unique critical
point p* > 0, which is moreover non-degenerate. Then, owing to Lemma 4.4, equation (4.14)
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can be rewritten in the form
e(V'(p) +0o(1)) =0,

where o(1) — 0 uniformly as e — 0 in [§,571]. Since p* is a non-degenerate critical point of W,
it follows that for ¢ > 0 small there is a unique solution p of (4.14) close to p*. The construction
is concluded. |

4.3. Non-degeneracy and Morse index

We will prove that the solution just built is non-degenerate in the sense that the linearized
operator only contains trivial solutions, and in addition we will compute its Morse index as a
critical point of the associated energy.

We recall the notation f.(u) = u®~% + Ae®u?. Let pu. be the unique number close to u* such
that E(u.) = 0. Let u. be the solution constructed before for € > 0 small, having the form
ue = Uy, + ¢,.. We shall denote in the following:

U,=U,., ¢=¢, and w,=w,,.

We need to show that if ¢ is a bounded solution of
A+ fllu)p —e*p =0 in R3,

then ¢ is a linear combination of the functions Ju. /0x;, i = 1,2,3. We note that for convenient
c1,c2,c3 € R the function ¢ =1 — 2?21 ¢i(OQue /Ox;) satisfies

ow, + 4 .
L@ axj»ww“:()’ i=1,23. (4.15)

Indeed, this system is equivalent to

which is diagonal with the diagonal elements bounded away from 0. Replacing v with ¥, we
may assume that ¢ satisfies (4.15) and it is sufficient to prove that ¢ = 0.

Let us write ¥ = ¥ — a3 Z,, where o is such that
1L 4 _
JRB Y= Zw, =0, (4.16)
and where Z,,, Zﬂ are defined in (2.9) and (2.10), respectively. Then 1) satisfies
Ayt + LU, + ¢t — 2t — ar (fL (U + ¢)Z, — 5w Z,) =0 in R,
Multiplying this equation by Z# and integrating, we obtain
aq JRS(fé(Uu + ¢)Zu - 5wﬁZu)Z~u = JRS(fé(Uu =+ ¢)Zu - 5wﬁZu)1/’L~ (4.17)
We want to estimate the integral
1= | 02,5022, (118)
R

Let us define the energy of the ansatz as

1 c2
T = BU,) = | 5IVUE = R0, + SV,
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and let us compute

Jl(:“) = - JRs(AU# + fe(Un) — €2U#)Zﬂ7

. . .- 07
J”(M) = - JRS (AZ;L =+ fe/(Uu)Zu - EQZM)ZM - J;W (AUM + fa(Uu) - 52Uu)87’:-
Differentiating (2.2) with respect to p yields
éZM -z, = —5wﬁZH in R3, (4.19)
Z,(y) =0 as |yl — oo,
SO
I— J (FLU, + )20+ AZ, — 22,2,
R3
7 / / ~2 2 aZﬂ
= —J"(u) + (f:(Uu +¢) _fs(Uu))Zu_ (AU, + fe(Uy) — ¢ UM)T
R3 R3 H

— "+ |

200k0ZE + | AU+ 0) = FAUDZE — 20007
07,

ou

But differentiating (4.19) with respect to u gives

9 Zu 2 aZu 3 72 192y

ATM — & W + 2011)“ZM -+ 5U_)IU‘W

Multiplying this equation by ¢,,, integrating and evaluating at u = pi., so that ¢ = 0 in equation
(4.1), we find

- JRS(AUH + fo(Un) — 52Uu)

=0.

YA oz
(U, N R—“:J 20w Z2 + bwh =L | ¢.
[, e v+ G = | (200822 450l T ) o
We solve from here ng 20w22§¢ and replace it in the formula for I, recalling that R = AU, +
fe(Uy) — EQUM:

07, o7z
I=—-J"(u.) +J-]R3 ( E(UH)W - 5wﬁ 8/; > ¢+J-R3 N(QS)T;

+ |0+ 0) - 2002 - 2007,

We need to show that all terms in RHS of the above expression, except F'(u), are o(e) as
e — 0. We start estimating

A= | (20, +6) — FAU)ZE ~ 20030 ZE] = A + Ao + Ao
]RS
where

Ay

| @+ ort—vpt — - 2,

Ay p(p — WUP 2022 — 20w 677,

R3

As = MJ (U, +¢) T —qUui ) Z2.
R3
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Let us estimate Az. In the case 1 < ¢ < 2, we estimate |(U, + ¢)?"' — Ul < C|¢[9™". Using
that |p(r)] < e 2r70|@|l« < Ce='r% for r > 1/ and (2.13), we estimate

e® J (U, + (i))qfl - U371|Zi < Ce” J (6717“70)(]71(5747"75)27”2 dr
r>l/e r=1/e
< CeatO-Da-1-1

Since « has the form (1.8) and ¢ > 1, we see that o+ (6 —1)(¢ — 1) —1 > 1 for € > 0 small.
Also, since |¢(r)| < Ce(1+7)27% and |Z,(r)] < (1 +7)7! for r < 1/,

C’eO‘J (U, + P)T — U§_1|Zz < E“J (e(1+ T)Q_G)q_l(l +7) 2% dr.
r<1/e 0

Therefore, Az = o(e) as € — 0. Similarly, it is possible to verify that A; = o(g), Az = o(e)
as e — 0.
It follows that

I=—J"(u:)+o(e), ase—0. (4.20)

We estimate the right-hand side of (4.17)
| 102+ 012, = swiz,)04 < Cello . (1.21)

We observe that )" satisfies (4.16) and (4.15) because [ps Z,(0w,/dx;) = 0. Therefore,
we may apply Lemma 3.3 and obtain

191l < Cllen(FLU + 6) 2y — 5w, Z,)|lwx < Celan]. (4.22)
Combining (4.17) and (4.20)—(4.22), we find
o1 (=" (pe) + 0(€))] < Ce?foua].

Since J"(pe) = V" (ue)e + o(e) as € — 0, and U (p.) # 0, we deduce from this that ay = 0.
This implies that 1) = 1" and from (4.22) we obtain that 1) = 0, which is the desired non-
degeneracy of the solution ..

We comment here on the claim that u. has Morse index equal 1. By Morse index, we mean
the largest integer k such that there is a subspace N C C§°(R?) of dimension k on which the
quadratic form

Qly) = J ) [Vo|? 4+ e%p? — pul ™' p* — Age®ud ™"
R

is negative definite.
It is convenient to introduce the eigenvalue problem

A+ fl(u)p —*Y +vwip =0 inR? (4.23)

with ¢ € HY(R?). Owing to the weight wﬁ, the embedding from H!(R?) to LQ(wﬁ dz) is
compact and the theory provides a sequence of eigenvalues v; . — 0o as j — oo with associated
eigenfunctions ;. € H'(R?). These eigenvalues can be obtained variationally

, Q - , :
Vjv‘f:lnf{‘l‘ ’l(Ugi)gOQ :(pEOO (R3)7 <(pa¢i75>:OaZ:1a'--7]_1 )
R3

where (p1, p2) = IRB ©1 @Qwﬁ. Then the Morse index of u. is the same as the number of negative
eigenvalues of (4.23).
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The limit eigenvalue problem
Aty +B5witp + vwyp =0 in R

is known to have a negative eigenvalue v; = —4 with associated eigenfunction ¢, = w,. The
second eigenvalue is 0 with eigenfunctions given by Z,, and dw,/0z,, i =1,2,3.

The eigenvalue vy . is simple, and the eigenfunction is radial, has exponential decay and
converges as € — 0 (after normalization) to a multiple of ¢4. Also vy . — 11 as € — 0.

Now suppose that 1), is an eigenfunction with eigenvalue v. < 0, v # 11 . Let us consider
first the case that v. stays away from zero. Then one can prove that 1. converges, after
normalizing ||1).||L2 = 1, to an eigenfunction 1 associated to a negative eigenvalue v < 0. The
case v = v; can be discarded because 1) is LQ(wﬁ dxr) orthogonal to 1, since v, is L? (wﬁ dx)
orthogonal to 11 .. The case v; < v < 0 can be discarded because the limit eigenvalue problem
has only one negative eigenvalue.

In the case v. — 0 as ¢ — 0, we argue as follows. We define

~ 2 ou,
e = e — Zci,sis
P ow;

(3

with ¢; . chosen so that (4.15) holds for 1[)5. Note that
|ciel < Clltells- (4.24)

We write 1. = ¢& — a1Z, so that (4.16) holds for ¢/-. Observe that ¢ also satisfies (4.15).
We compute

3

u,

AYE + fllu )t — 2t + ngﬁwg‘ + V. Z Ci,ewfj 8;-
i=1 ¢

= a1 (fL(ue)Zy — bwy Zy, + vew, Z,) (4.25)

in R3. We multiply this equation by Zu and obtain,

on (10| wiZ) =] (), - s0izet v | wlvtz,
R3 R3 R3

where [ is the integral (4.18). Owing to (4.20), we find

o (—J"ma) o)+ | w:tZ,i) < Cle+ e[ -
R3

Using Lemma 3.3 and equation (4.25), we obtain
3

- - ou
921 < Clloa(F2ue 2o = 50E 2y + vewt Bl + C |3 cicvewt 5 (4.26)
i=1 L
As in (4.22),
e (f(ue) Zyy = 5wpy Zy + vewy Z,) [l ew < Clou|(e + [vel).
Therefore, (4.26) and (4.24) yield
9 1« < Claa|(e + [vel) + Clvel [ |+
Then for € > 0 small we obtain
[0 [l < Claa|(e + [ve]).- (4.27)

Therefore,

ar (=) ole) 4 [ uhZ2) < Clet InlPlanl
R
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Since J"(pe) = V" (ue)e +o(e) as e —» 0, ¥ (u:) >0, and v. <0, v. — 0 as ¢ — 0, we can
conclude that ay = 0 for € > 0 small. This implies that 1[15 =1L and then (4.27) implies that
z/NJE = 0, which gives that 1) is a linear combination of the functions du./dz;. But v. < 0 and
this implies ¢; . = 0, so ¥ = 0, which is a contradiction.

5. Proof of Theorem 1.1

The proof of Theorem 1.1 is based on Theorem 1.2 which provides a large solution and
Lemma 5.1 that gives the existence of a small solution. A degree-theoretical argument will
give the third solution.

We start with the existence of small solutions (for A large). This solution can also be
constructed by a shooting argument, using the results in [11].

LEMMA 5.1. Fix 1 < g <5 and consider p € [p1,p2], where 1 < p; < po are fixed (here po
need not be subcritical). Then there exists \g > 0 such that for all A > \g, (1.3) has a solution
uy, which depends continuously on A and satisfies ||ul|p~ < CA~1/(4=1),

Proof. By the change of variables u(z) = A\~%/(¢=Dy(z), problem (1.3) gets rewritten as

(5.1)

{Av—l—/\_'yv”—l—vq—vzo, v > 0in R3,
v(z) — 0 as |z| — +o0,
where v = (p—1)/(¢ — 1) > 0. Let vy € H!(R3) be the unique radially symmetric solution of

Av+vl—v=0, v>0inR3 (5.2)
We look then for a solution of (5.1) of the form v = vy + ¢. Then equation (5.1) becomes

Lo+ Ni(¢) + Na(¢) =0 in R?,
where

Lo =Ap+quf 6 -0,
Ni(9) = AT (w0 +0)5,  Na(9) = (vo+ )L — vf —quf 9.

Problem (5.1) can be solved by the contraction mapping theorem in the space E of radial
continuous functions ¢ : R3 — R, with the norm

19]lo = sup 7o (x)],

z€R3

where o > 0 is fixed and small. Using the non-degeneracy of vy, see [20, Appendix C] and also
[15, 16], it can be shown that L is invertible from E to E. We look for a solution ¢ of

¢ = L™ (Ni(¢) + Na(0))-
In fact, we have
[N1(61) = Ni(d2)llo S A77[61 = d2llo,  [IN1(0)][e < CATY
and
IN2(1) = Na(2)llo < A~ 16y — gl
Then we find a unique solution ¢ € E with ||¢|, < AN™7 and A large. O
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Next we compute the total degree of the solutions of (1.3). For this purpose, we introduce
the operator

T(u) =G * (uf, + )
forue HL J(R3) = {u e H'(R3): u is radial}, where G is the Green function defined in (2.6).
Fixed points of T in H] ;(R?) are automatically solutions of (1.3).
We can write T'= G * A(u), where A(u) = uf 4+ Auf. By the lemma of Strauss [28], A :

H! (R¥) — LS ,(R?) is completely continuous. Since G is C*° with exponential decay, u €
LS ,(R?) — G xue H. (R?) is a bounded linear operator, and we get that 7: H'(R?) —

rad
H'(R3) is completely continuous.

For 1 < g < p < 5, there is an apriori bound for solutions of (1.3), that is, there is R > 0
such that for any solution u of (1.3) we have

]| 22y < R. (5.3)

Indeed, using a blow-up argument and the non-existence result of Gidas and Spruck [14], there
exists R such that for any solution u of (1.3) satisfies

l[ul| oo 2y = u(0) < R.
Then a barrier argument gives
u(x) < Ce™®®l for all z € R®

for some ¢ > 0 (see, for example, [6]). This implies the apriori estimate (5.3). Moreover, this
estimate is uniform for bounded A.
Then, for R > 0 large enough, the Leray—Schauder degree deg(I — T, B(0), 0) is well defined.

LEMMA 5.2. For all A >0, if R > 0 is large, then deg(I — T, Br(0),0) = 0.

Proof. We introduce a family of operators Ty : H'(R?) — H'(R3) defined by
Ti(u) = G = ((tg + uq)” +uf),

where ¢ > 0 and g(x) > 0, is a radial C*° function with compact support such that g =1 in
the unit ball B;(0). The same argument that leads to the apriori estimate (5.3) shows that for
any L > 0, there exists R > 0 such that for any ¢ € [0, L] and any fixed point u € HY j(R3) of
T, we have

Then by homotopy invariance of the degree,
deg(I — Ty, Br(0),0) = deg(I — T}, Br(0),0).

We claim, that the above total degree is zero if L is large, which we can prove by showing
that T}, as no fixed points. Suppose to the contrary that T}, has a fixed point v € H ,(R?).
Then u solves

Au+ (u+ Lg(z))P +  u? —u=0 in R (5.4)
and decays to zero exponentially as |z| — +o0.
Let 1 € HY(R3), ¢ > 0 be the principal eigenfunction of
—Ap+p =pgp in R,

where g > 0 is a smooth non-trivial function with compact support in the unit ball. The
existence of this principal eigenfunction associated to an eigenvalue p > 0 can be found in [19].
We normalize the eigenfunction ¢ so that ¢(0) = 1, and note that it decays exponentially to
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zero. Multiplying (5.4) by ¢ and integrating in R3, we get

J (u+Lg)Pp + Mulp = HJ Juep.
R3 R3
If we choose L large enough, then we have

(u+ L) = pllgllpsu+1 Yu=0,
and therefore, (u+ Lg)P + Au? > pgu + 1 in By(1). This yields

J » <0,
R3

which is impossible, and we conclude that (5.4), has no solutions. O

LEMMA 5.3. Fix 1 < g <p < 5. Then for all X sufficiently large (depending on p,q), (1.6)
has a unique radial solution.

Proof. 'We proceed by contradiction. Suppose that for a sequence \,, — 400, there are two
different radial solutions vy, v, of (5.1). Using a blow-up argument, we can show that vy,
va,,, remain uniformly bounded in R?, and then that they converge uniformly on compact sets
to the unique radially symmetric solution vg of (5.2).

Let

Vi,n — U2,n

Wy = .
" ||v1,n - 'U2,n||L°°(R3)

Then w,, satisfies
Aw, + N\, Ay (2)w, + Bp(z)w, —w, =0 in R3,

where
P P q q
A — vl,n - vQ,n B. — Ul,n - UQ,n
n — ) n .
Vin — U2n Vi,n — U2,n

Using a barrier, we get |w, (z)| < Ce=%l*! for some constants C, § > 0 and all large n. Therefore,
there is some z,, € R? such that |w, (z,)| = 1, and z,, remains bounded. By elliptic regularity,
up to subsequence w, — w uniformly on compact sets, and w is bounded and satisfies

Aw+ qui'w—w=0 inR3

By the non-degeneracy of vy, deduce that w =0 (see [2, p. 47]). But also up to subsequence
Xy, — xo and hence |w(xg)| = 1, which yields a contradiction. O

Proof of Theorem 1.1. Let A¢ be as in Lemma 5.2. The solution uy of (1.6) constructed
in that lemma for A > )\g is continuous with respect to A, and is also isolated in the space
FE in that lemma. By elliptic regularity, it is isolated also in Hrlad(R?’). Therefore, the local
degree of T around wuy is well defined. But for A > 0 very large the total degree is zero, there
is uniqueness of non-trivial solutions, and the zero solution has local degree 1. Therefore, the
local degree of T" around uy is —1 for all A > Ag.

By Theorem 1.2, for any X > 0 there exists £ > 0 such that for 0 < ¢ < £and 0 < A < )\ there

exists a solution Uy . of (1.6) of the form (1.9). In particular,
U.A(0) = Ce™Y2(1 4 o(1)) (5.5)

as € — 0, and this is uniform for 0 < A < A\. Moreover, this solution is non-degenerate in the
space of radial functions by Theorem 1.2.
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Fix A > Ao and £ > 0 small, and let A\g < A < A\. We note that U, \ # uy because |ul|z~ <
CA~Y/(@=1 and (5.5). Since

deg( — T\, Br(0),0) =0

for A\g < A < A (R is fixed large), Ue,» is non-degenerate and the local degrees of uy and 0 are
—1,1, respectively, by degree theory we conclude that there exists a third solution of (1.6). [

6. Three solutions

In this section, we sketch the proof of Theorem 1.3 in the case 2 < g < 3. The case ¢ =2 is
analogous.
We look for solution of problem

Au+ud=c+ Xe=B-D/2y9 — =0 in R3,
(PE) . 3 . 1 3
u>0 inR® win H'(R?).

By the rescaling in Section 2, we obtain

Au 4w~ + Ae®u? — 2u =0, u>0in R3, (6.1)
uly) — 0 s |yl — oo, |
where
ao1_cla-1)
24 —¢)

To prove Theorem 1.3, we follow the proof of Theorem 1.2. For that, we need to study the
solvability of the linear problem (3.8) with A = A and o = @. This is done in Lemma 3.3, for
(3.8). Rewriting the proof of Lemma 3.3, now using A = A and o = @, we obtain the result. For
problem (6.1), we can prove the error estimates (4.2) and (4.3) as in Lemma 4.2, using that

2 <qg<3,and A = X and a = &. Note that now A < )\ in Lemma 4.2. The expansion of the
energy is different and is given in the next lemma.

LEMMA 6.1. Assume 2<q<3, A>0 and § >0 be fixed. Then there exist positive
constants ag, ay, as,as, ay for such that § < p < 571

E(U,) = ao +e¥(u) — ageloge — aze + O (),
where
() = arp— A®=P%a; — azlog g,

and O.(u) — 0 ase — 0 in the C' norm in the interval 6 < p < L.

Combining the solvability of the linear problem, the error estimates and the above lemma,
we can conclude the proof of Theorem 1.3. Note that ¥ has two non-degenerate critical points
for each 0 < A < Ag. In fact,

_5— B B
U () =a — )\Tqu(?’ D/2q, — asp~t

is negative for small and large u, and has a unique critical point that is a maximum. In this
maximum point fimay, the function W (pmay) is positive if and only if 0 < A < Ao, where ) is
given by (1.11). In this case, the equation W' (1) = 0 has two positive solutions u* () satisfying
(1.12). Note that = is a local minimum and g% is a local maximum of ¥(u). Following the
argument in Section 4, the solution v has Morse index 1 and ul has Morse index 2.
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