SOLUTIONS OF SEMILINEAR ELLIPTIC EQUATIONS IN
TUBES
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ABSTRACT. Given a smooth compact k-dimensional manifold A embedded in
R™, with m > 2 and 1 < k < m — 1, and given € > 0, we define Be(A) to
be the geodesic tubular neighborhood of radius € about A. In this paper, we
construct positive solutions of the semilinear elliptic equation

Au+uP = 0 in Be(A)

u = 0 on 0Bc(A),
when the parameter € is chosen small enough. In this equation, the exponent
p satisfies either p > 1 when n:=m —k <2 or p € (1, Z—fg) when n > 2. In
particular p can be critical or supercritical in dimension m > 3. As e tends to
0, the solutions we construct have Morse index tending to infinity. Moreover,

using a Pohozaev type argument, we prove that our result is sharp in the sense

that there are no positive solutions for p > Z—f%, n > 3, if € is sufficiently small.

1. INTRODUCTION

Assume that we are given A, a smooth compact k-dimensional submanifold which
is embedded in R™, where m > 2 and k € {1,...,m — 1}. For all € > 0, we define
the plain tubular neighborhood of radius €, centered about A by

(1.1) Be(A) = {z € R™ : dist(z,A) < €},

where z +— dist(x,Y) denotes the Euclidean distance in R™ from x to Y. Let us
observe that, for all e small enough, the boundary of B.(A), which is defined by

T (A) :=={z e R™ : dist(z,A) = €},

is a smooth embedded hypersurface in R™.
The aim of the paper is to show, for € small, the existence of a new family of
positive solutions of the semilinear elliptic problem
Au+uP = 0 in Bc(A)
(1.2)
u = 0 on T.(A).

Note that, in this paper A will always represent the Laplace operator in R™.
To state precisely our result we need some preliminaries. Let

n:=m-—*k>1,
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denote the codimension of A in R™. It is well known that, if B denotes the
n-dimensional unit ball in R™, there exists a positive solution U of

{AU+UP = 0 in BP

(1.3)
U =0 on 0BT,

provided the exponent p is chosen to satisfy 1 < p < 400 whenn < 2orp € (1, Zig)

when n > 3. Thanks to Gidas-Ni-Nirenberg’s Theorem [8], the function U is
known to be radially symmetric. Moreover, this solution is known to be unique,
nondegenerate (we refer to Theorem 4.1 and Theorem 4.2 in [6] for a proof of this
fact) and to have Morse index equal to 1.

For all € > 0, we define

(1.4) U (z) =€ 71U (dlSt(xA)) ,

€

for all x € B.(A). This function is obtained by translating a rescaled copy of U
along the manifold A. With these notations at hand, we have the following :

Theorem 1.1. Assume that
2
pe(l,+00), if n<2 or pe€ (l,nJFQ)7 if n>3,
n—

where n :=m — k. Then, there exists € >0 and S C (0,€) such that :
(1) For all e € S, there exists a positive solution ue of (1.2) satisfiying

(15) 3 by o
e—0,€e€S || Ue Lo (B(A))
(2) Foralla > 1,
1
(1.6) lim — (e — meas S¢) = 0,

e—0 €

where Sc := SN (0,¢).
(3) As e € S tends to 0, the Morse index of u. tends to infinity.

Let us briefly comment on our result and in particular on the structure of the
set S in which the parameter ¢ can be chosen. As will be apparent in the proof,
our construction does not hold for all values of the parameter € close to 0. There
is a resonance phenomenon which prevents the construction to hold for any small
value of € and which forces € to be taken away from a set of small density close to
0. This is precisely the meaning of (1.6). Such a phenomenon is not new and, in
the context of semilinear partial differential equations, it was originally found by A.
Malchiodi and M. Montenegro in [13]. Since this seminal paper, this phenomenon
has also been found in other instances, for example in the study of other semilinear
partial differential equations [11, 14] or in the study of constant mean curvature
surfaces [12, 15].

The Morse index of u. is defined to be equal to the dimension of the subspace
of H}(Bc(A)) over which the quadratic form

v / (|Vo* = puf~'0?) da,
B.(A)
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is definite negative. The fact that we are not able to construct the solutions for all
values of € close enough to 0 is also reflected in another important feature of our
solutions, namely that their Morse index tends to infinity as € tends to 0.

In the same way, recall that when p = :"n—fg and k£ = m — 1 it has been proved in
[4] that the energy and the Morse index of all positive solutions tend to infinity as
e tends to 0.

The shape of the solution we construct is also worth mentioning, in fact, the
solution u. is close to the function @, which has been defined in (1.4) and hence it
does not concentrate at points as € — 0. Also, by (1.4), we have

el Lo (5. a)) = O 7T),
as € tends to 0.

In the particular case where the exponent p is the critical Sobolev exponent i.e.
when p = 242 " well known theorem by A. Bahri and J.M. Coron [2] yields the
existence of positive solutions of (1.2), provided that the topology of the domain is
not trivial. In this case, our result can be seen as a direct construction of a positive
solution, via a technique which also gives the shape of the solution, that cannot be
deduced from the proof in [2].

The solutions we construct are also new in the subcritical case (p < %) since
they are qualitatively different from the so called multibump solutions which were
found in [1, 7] and which do not satisfy (1.5).

Let us observe that the result of Theorem 1.1 holds for supercritical exponents,
namely exponents which are larger than the critical Sobolev exponent % in di-
mension m. In the particular case where the codimension n of the manifold A
is equal to 1 or 2, the exponent p can be taken to be arbitrarily large. To our
knowledge this is the first existence result for solutions of (1.2) defined in tubular
neighborhoods of general k-dimensional manifolds. A previous result has been re-
cently obtained for (m — 1)-dimensional manifolds in [3] and it was indeed a source
of inspiration for the present paper.

As it will become clear in the proof, the smoothness of the submanifold A is a key
ingredient of the proof. However, close inspection also shows that this assumption
can be relaxed if one is ready to loose some control on the density of the set S close
to 0. Indeed, we have the :

Proposition 1.1. Under the assumptions of Theorem 1.1, if in point (2) of Theo-
rem 1.1 we fix a > 1, then there exists | € N only depending on n and a, such that
the conclusion of Theorem 1.1 holds provided A is at least a C' submanifold. The
larger « is, the larger | has to be chosen.

Let us emphasize on the fact that the scheme of the proof is not new and in fact
it is inspired from [13] and [12]. However, our framework is simpler and we hope
that this will help the interested reader to understand the ideas and techniques in
these more involved works.

When n > 3, the existence result of Theorem 1.1 holds under the assumption
that
n+2
n—2
Note that ng is the critical Sobolev exponent in dimension n and observe that this

assumption is used to construct the approximate solution %, to (1.2). One might
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wonder whether if this condition is only technical. As we will see this is not the
case and the existence of positive solutions to (1.2) generally fails if p > Z—fg as we

prove by a Pohozaev type argument.

Theorem 1.2. Assume that n =m — k > 3 and that

n+2

n—2
Then, there exists € = €(p) > 0, such that for all € € (0,€) there is no bounded
positive solution of (1.2) in Be(A).

The proof of Theorem1.2 relies on a Pohozaev type identity which we derive for
solutions of (1.2). This is a standard techniques which has been used in several
nonexistence results and it goes back to [17] where the case of star-shaped domains
was considered. A similar idea was already used by D. Passaseo in [16], with a
more involved construction, leading to nonexistence results for superlinear elliptic
problems in topologically nontrivial domains. In our case, the use of suitable coor-
dinates, namely Fermi coordinates (see Section 3), proves to be extremely useful to
get Theorem 1.2 in a simple way. We emphasize that as in [16], our domains are
not star-shaped and are not topologically trivial.

2. OUTLINE OF THE PROOF OF THEOREM 1.1

The proof of Theorem 1.1 consists in showing that there exists a genuine solution
ue near the approximate solution . defined in (1.4) provided the parameter € is
chosen small enough and away from a set where resonance occurs. The main steps
of the proof are the following :

(i) First, we observe that
L _p+l
||Au€ —+ 'UJIZHLoo(BE(A)) < Ce »-1,
Then, using a finite step iteration scheme, we improve the approximate
solution . into a sequence of approximate solutions (ue;)ien, which are as
close as we want from a genuine solution of the equation in the sense that
j—ptl
[Aue; +u? || Lo (B.(a)y) < Ce vt
Moreover, the sequence (u.;)ien is constructed in such a way that one
has a good control on the difference u.; — @.. As already mentioned, the
construction of u.; relies on some iteration scheme and we will see that,
in order to keep a good control on the sequence of approximate solutions,
we need to allow a loss of regularity at each iteration. In particular, the
fact that the sequence (u.;);en exists for all ¢ € N, uses the fact that the
manifold A is smooth in an essential way. If the submanifold A has only
finite regularity, the sequence can just be constructed for a finite number
of indices.
(ii) Next, we study the linearized operator

Le;:=A+ puf !

€,1
about the approximate solution u. ; and show that the norm of the inverse
of Lc; can be controlled as € tends to 0, provided € is taken away from a
countable sequence tending to 0. More precisely, we will see that the Morse
index of L. ; tends to infinity as € tends to 0. In particular, for fixed i € N,
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the operator L. ; is not invertible for a sequence of values e tending to 0,
and, in order to proceed, we will need to take ¢ away from these values.
(iii) Finally, we look for a genuine solution of 1.2 in the form

Ue = Ue,g + ©e.

At this stage, we show that we can rephrase the problem as a fixed point
problem which can easily be solved using the fixed point theorem for con-
traction mappings.

The outline of the paper is the following. In section 3 we describe the notations
we use and state basic results about the structure of the Laplace operator in Fermi
coordinates about A. In section 4, we construct the sequence of approximate so-
lutions (u.;);en and derive the relevant estimates. In Section 5 and 6, we analyze
the spectrum and the uniform invertibility of L. ;, the linearized operator about
U ;. In section 7, we complete the proof of Theorem 1.1 by reducing the problem
to the solvability of a fixed point problem for contraction mappings. In section 8
we prove Theorem 1.2.

3. FERMI COORDINATES NEAR A

An important tool in the proof of Theorem 1.1 is the use of appropriate coordi-
nates to parameterize B.(A). We identify A with the zero section of NA the normal
bundle of A and B.(A) will be identified with

Qe(A) ={(y,2) e NN s ye A, ze NyA, |z]| <¢€},

via the mapping
Fi: Qd(A) — Bd(A)

(y,2) — y+=
The normal bundle NA is endowed with the metric induced by the embedding of
A in R™ namely

g=0+9:,
where § is the induced metric on A and g, := dz? the (Euclidean) metric on the
normal fibers.

In a neighborhood of a given point y € A, we can define a moving orthonormal

frame

el,...,e" € NA,
where each e/ is a smooth section of the normal bundle NA. Namely, locally the
vectors el(y),...,e"(y) constitute an orthonormal basis of the normal space to A

at y and y — €’(y) is a smooth vector field. A moving orthonormal frame might
not be globally defined but it is always defined in a neighborhood of a given point
in A.

We can then define ®, a local parametrization from a neighborhood of (y,0) €
A x R™ into a neighborhood of y € R™, by

n
(I)(yv Rlyeeey Z'VL) =Y =+ ZzZez(y)a
1=1

and (y, 21, . . ., 2n) will be referred to as Fermi coordinates. In this parametrization,
the Euclidean metric

(3.7) Go :=dz? + ... 4 da?

m?
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in R™, or more precisely ®*g,, the pull back of g, by @, is close to g the induced
metric on NA. The next Lemma gives a quantitative version of this statement.

Lemma 3.1. In the above defined coordinates,

(38) (I)*go = g + Z Zz(IiLl + 221) + Z ZiZj]:?ij7
i=1

ij=1

where the tensors ioli, ¢ and k' acting on TA, have coefficients which are smooth
functions on A.

Proof. We denote by
(tl, .. .tk) — Y(th .. ,tk),

a parametrization of A close to a given point ye and, without loss of generality, we
assume that Y (0) = ye.
To keep notations short, we agree that e’ oY is also denoted by e’. Hence

n
X(tlv"'atkazla"';zn) = Y(tlvatk) +Zzi6i(tla"'7tk)7
=1

is a parametrization on R™ close to y,. To compute the coefficients of the Euclidean
metric in these coordinates, it is enough to compute

8taX . Oth, ataX . 8sz and 8z1X . (‘)sz.

Observe that 9;,Y is a tangent vector to A while ¢/ is a normal vector to A and
hence 0;,Y - e/ = 0. Using this, it is easy to check that

6taX~8th = 8taY~8th+Zzi(8taY~8tbei+3th~8taei)+ Z zizjataei '8tb6j,

i=1 i,j=1

0, X 0., X = Zzi&gaei el and 0., X-0,,X = Z et el

i=1 ij=1

We set
k

h' =" (0,Y - Oy,e’ +0,,Y - 0y, )dtqdty,

a,b=1

k k n
k= Z O, et 8tbejdtadtb and 0= Z Z O, et eldtydzy.
a,b=1 a=1 j=1

Observe that these are smooth functions defined on A.
With these notations at hand, we can write

k n n
Jo = Z éab"‘zzihgb'f- Z Ziij;]b dtadtb
i=1

a,b=1 i,5=1
k n n n
+ 23y (Z Zié;j> dtodz; + Y dz7,
a=1j=1 \i=1 i=1

so the proof of (3.8) is completed. O
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Recall that, if on a given manifold M the metric tensor is given in local coordi-
nates by

m
9= Z gijdzdz;,
i,j=1
then the Laplace-Beltrami operator is given by

1 & ij
Ay = detyg uzz:l Ox. ( detg g Jaxj) ’

where g%/ are the coefficients of the inverse of the matrix (g;;)i;.
Using this formula, together with the expansion in Lemma 3.1, we get the :

Lemma 3.2. In a tubular neighborhood of A, the Euclidean Laplacian A can be
decomposed as

A = i@i = Ag +D,
i=1

where Ag = Ay + Ay denotes the Laplace-Beltrami operator on NA for the metric
g = g+g., and D is a second order differential operator which, in Fermi coordinates,
can be expanded as

n
D=> 2D +DW,
i=1
where DZ@) (respectively D)) are second order (respectively first order) partial dif-

ferential operators whose coefficients are smooth and bounded in some fized tubular
neighborhood of A.

Proof. The proof follows from the result of Lemma 3.1 and the expression of the
Laplacian in local coordinates. O

We can define, in a fixed tubular neighborhood of A, the function a by
(3.9) dvoly, = advolj.

Observe that a is smooth and a = 1 along A. Moreover, it follows from Lemma 3.1,
that there exists a constant C' > 0 such that

la—1] < Clz],
in a tubular neighborhood of A.

4. CONSTRUCTION OF A SEQUENCE OF APPROXIMATE SOLUTIONS

We assume that p € (1,+00) if n = 1,2 or p € (1,2£2) if n > 3. As in the
introduction, we let U to be the unique positive radial solution of (1.3) and we set

(4.10) L:=—(A+pUrt),
to be the linearized operator about U. The spectrum of L will be denoted by

and the corresponding eigenfunctions, which will be denoted by ¢;, are normalized
to have norm 1 in L?(B7). It is known (see Theorem 4.1 and Theorem 4.2 in [6])
that

po <0< p.
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We use the Fermi coordinates introduced in the previous section. According to
(1.4), the function @, only depends on |z| which is nothing but the distance function
from a point to A. We can write

At +u? = (Ag, ue +u?) + (Ay + D)ie.
Since Agztie = 0 and since Ay, ue + @2 = 0, we conclude that
(4.12) At + @f = Die.

As mentioned before, the idea is first to implement an iteration scheme to perturb
e into a sequence of approximate solutions which are closer to being a genuine
solution of our problem. To do so, we write u = u. + v and, making use of the
result of Lemma 3.2 and (4.12), we rewrite the equation in (1.2) as

(4.13) —(Ag, +pul ™" )v = Ec + Ke(v) + (&g + D,
where by definition
E. = At + @,
and
K (v) := |t +v|P — @? — pul~tv.

The iteration scheme we use is the following : we set v o = 0 and, for all ¢ > 0,
we define inductively v, ;41 to be the solution of

(4.14) _(Agz +pﬂ€71)ve,i+1 = E.+ KE(Ue,i) + (Aé + D)UE,i in Be(A)
. Vei+1 = 0 on TE(A)

Observe that the functions are defined in B.(A) but the operator on the left hand
side only depends on the variable normal to A, namely 0.;. So, when we solve this
equation, we only solve the equation in B, the ball of radius € in R™ centered at
the origin, and we consider the variable on A as parameters. At each iteration,
we loose two degrees of regularity in the variables belonging to A but this is not a
problem if we assume that A is differentiable enough, in fact this is where we need
A to be smooth if we want the sequence to be defined for all i and A should be
regular enough if we just need a finite number of iteration. For sake of simplicity,
we state and prove all results when A is a smooth submanifold of R™, leaving the
statement for the case where A has finite smoothness to the reader.

To invert the left hand side of (4.13), we simply use a scaling argument and the
fact that, according to the result in [6], 0 is not in the spectrum of the operator L
and hence this operator is invertible. In particular, if one wants to solve

—(A+pw v = f in B?
{ v = 0 on oB”,
one just considers #(z) := v(ex) and f(z) := f(ex) which solve
f(A +pUp’1)"D = é&f in By
v = 0 on 0BT.

Standard elliptic estimates for © are available and the corresponding scaled esti-
mates for the function v follow at once. Observe the gain of two powers of € due to
the presence of €2 on the right hand side of the last equation.
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We define
(4.15) Ue,i = Ue + Ve -
We claim the following :

Proposition 4.1. There exist constants C > 0 and ¢y > 0 such that, for all
e € (0,e0) and for alli € N

(4.16) AU +u? [l 2 (B (a)) < Ce= 5,
and
€,1 86 €,1
(4.17) lei + e‘ Flet < Ce.
Ue 1l (Bo(A)) Ue |lLo(B.(0))

Proof. The proof is decomposed into a few steps each of which takes advantage of a
particular property of the problem we are studying. To begin, we need to introduce
the norms

6a|u<vF1(y72) —uo Fi(y,2)|

[[wllgo.a = lull e (B (a)) + sup a :
CO*(Be(A)) (Be(A)) (12,12 €9 (A) |z — 2|
and
lullezep.ay = lullzesoay + Vo ullnes.ay + €lIVy ull (s (a))
+ sup 62+Q‘V32U0F1(y72)—ngqul(y,z’ﬂ'
(4,2): (1,2 ) €Q (A) |z — 2|

Step 1. According to (4.12), we have in local coordinates

Adc+a? = zDPa + DV,
1=1

As remarked earlier, the function @. only depends on |z| and hence we have
_ __2
[telle2e(p,(a)) < Ce™ 7T

This follows from the the fact that U € C*(B}).

Taking advantage of the fact that the coeflficients in Dl@) and DM are smooth
functions whose partial derivatives are bounded independently of €, we conclude
that for all £ € N, we have

p+1

2)_ _ ES)
€ ||V§Dz( )uellcg*“(Be(A)) + ||V§D(l)“e”c9>“(36(/\)) < Cpe vt

for some constant Cy > 0 which does not depend on € € (0,1). This implies that,

, 1
for all £ € N there exists Cy > 0 such that, for all € € (0,1)
Y] _ _ _ p+1
va (A’U/E + Ug) ||C?‘°‘(B£(A)) < Cge p—1
Taking ¢ = 0, this already proves (4.16) when i = 0.
Step 2. To prove the first half of (4.17) when ¢ = 1, we use the fact that

—(Ay. +p@? Yo, = At + @t



10 F. PACARD, F. PACELLA, AND B. SCIUNZI

Using the inverse of the operator —(A,, + pu?~!) and considering the variables on
A as parameters we get from standard elliptic estimates that there exists Cy > 0
such that, for all € € (0, 1)

1——2_
<Ce r1,

lve,1ll ez (5, (o))

We have obtained the first half of (4.17) when i = 1.

Step 3. We now derive some estimates for the partial derivatives of v.; in the
direction parallel to A. More precisely, we choose local coordinates t1,...,t; on
A and a cutoff function x with compact support where these coordinates are well
defined. Observe that the operator

I': f g Xatil .. .ﬁtizf,
commutes with —(A,, + puP~!) and hence
—(Ag. +pu? " )lvey = T(At + a?).

Moreover, since ve 1 vanishes on T, (A), so does I've 1. Since we have already esti-
mated the right hand side of this equation, we can use the inverse of the operator
—(A,. +puP~!) and we get, for all £ € N,

(4.18) ||Vg’lje)1||cz‘a < Cgeliﬁ’

where, as usual, Cy > 0 does not depend on ¢ € (0, 1).
Step 4. To proceed, we argue by induction. Taking the difference between the
equation satisfied by v, ;41 and the equation satisfied by v.; we get

—(Ag. +plc)(Veiv1 = vei) = Ke(vei) = Ke(veim1) + (Ag + D)(Ve,i — Ve,i-1),

and one proves by induction that
0 i+1— -2
Hv§<’05’i+1 — /UE’i)HCz,Q(BE(A)) < Cye 1,

where Cy > 0 does not depend on € € (0,1). The proof uses the arguments already
employed in Step 2 and Step 3. There is though one additional argument which
is needed to estimate the nonlinear term K. (v). The key observation is that v ;
vanishes on 0B(A) and if

.
Vg veill Lo (B.(a)) < Ce P71,

then, we have the pointwise estimate
1_
(4.19) [vei] < 5 e,

provided € is chosen close enough to 0, since by Hopf boundary Lemma U has
non-zero normal derivative on T.(A). Hence, we are entitled to write

Ke(”ﬁ,i) =al ((1+ we,z‘)p -1- pwe,i) )

where
Ve,i
Wei = —,
u€
takes values into [—1/2,1/2]. In particular, we can use standard Taylor’s expansion
to evaluate the nonlinear term K. Details are left to the reader. O

Observe that (4.19) also implies that, if i € N is fixed, ue; > 0 in B.(A) provided
€ is chosen small enough.
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5. ANALYSIS OF THE LINEARIZED OPERATOR ABOUT U ;

We keep the notations of the previous section. In particular, u.; denotes one of
the approximate solutions which have been defined in (4.15). In this section we are
interested in the mapping properties of the linearized operator about u. ;, namely

Le;:=— (A —l—pufgl) .

We will exploit the fact that, in some sense to be made precise, this operator is
close to the operator

Le=—(Ag+pubt),
whose eigenvalues are explicitly given by
Hi
5.20 — + A
( ) €2 + 0

where we recall that (i;);>0 are the eigenvalues of L (defined in (4.10)) and where
/\0=O<>\1§>\2§...

are the eigenvalues of —Ag on A.
There are some remarks which are straightforward but nevertheless very impor-
tant. All rely on the fact that, as already mentioned, g < 0 < p1.
(i) The Morse index of L., which is defined to be the maximal dimension of
the subspaces of H{(B(A)) over which the quadratic form

(5.21) Qc(v) == / (IVgv|* — pul~'v?) dvolg,
Bc(A)

is definite negative, is a decreasing function of e. Observe that Q. is defined
using the volume form associated to the metric g on NA and

[Vgul* = Vgol* + Vg vl

By Weyl’s formula (see for example [9]) it is known that the number of
eigenvalues of —Aj (counted with multiplicity), which are less than A > 0
is asymptotic to A¥/2 as X tends to infinity. Therefore, taking into account
(5.20) (see also (ii) here below), we get an estimate of the Morse index of
L., namely
Index L, ~ ¢ F.
(ii) Observe that

i M1
§+AZ€7>O,

for all « > 1 and all j > 0. In particular, the eigenfunctions associated to
negative eigenvalues of L, are of the form

(yv Z) = QSo(Z/G)?/J(y),

where 1) is an eigenfunction of —Aj; and where we recall that ¢g is the
eigenfunction of L associated to pg.
(iii) The eigenvalues of L. are monotone functions of € and in fact

Ho Ho

In particular, the Morse index of L, is a decreasing function of e.
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(iv) The spectrum of £, contains 0 if and only if

c_ |70
)\j7

and for this special values of ¢, the operator £, (under 0 Dirichlet boundary
conditions) is not invertible.

Having these remarks in mind, we now explain the argument we would use if we
were to work with the operator L. instead of L ;.
We define
Zoi={e>0:35€N, pg+e) =0},
which corresponds to the set of €’s for which the operator

HG(Be(A)) N H*(Be(A)) = L*(Be(A)),

w — Lew,

is not invertible. Now, if € ¢ Z., we can estimate the norm of the inverse of L, by a
constant times 1/6. where J. is the distance from 0 to the spectrum of £, namely

(5€::min{ g—l—)\j‘ :jeN}.

We fix N > max(2, k) and we define, for all € such that 0 < ¢ < 1, the set
Seni=1{e€ (6,2¢) : (e— N, e+N)nZ. =2}

Property (i), which makes use of Weyl’s asymptotic formula, implies in particular
that € — meas(S. ) cannot be larger than a constant times eV —F and, for any
€ € S. n we know from property (iii) (or from direct estimate) that the norm of the
inverse of L¢ (defined as above) is bounded by a constant times 3=,

Therefore, if

Sne=J Sew,
€€(0,1)
then, for all € € Sy, the norm of the inverse of £, from L?(B(A)) into L?(Bc(A))
is controlled by a constant times e3~V. Moreover, if N — k > 2 we have
1
lim — (e — meas (Sy N (0,¢))) =0,

e—0 €%
provided o € (1, N — k).
This is the argument we will try to adapt to the operator L ;. The main difficulty
is that we will not be able to use separation of variables anymore, instead we will
use the fact that the operators L. ; and L are close.

5.1. Estimating the Morse index of L. ;. In this section, given ¢ > 0, we recover
partially Property (i) for the operator L. ;. We define the quadratic form associated
to Le,i by

(5.22) Q.i(v) := / <|Vgov|2 - puf;1v2) dvoly, .
Be(A) ’

Observe that the volume form is the one associated to the Euclidean metric g..
Similarly, the norm of the gradient of the function v is computed using the Euclidean
metric g,. Comparing Q. ; to the quadratic form Q. which was defined in (5.21),
we prove the
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Lemma 5.1. Assume that i € N is fized. Then, there exists a constant C > 0 such
that

Index L; < Ce ",
for all e > 0 close enough to 0.

Proof. Let v € Hg(B(A)) which is normalized so that ||v|z2(p_(a)) = 1 and which
satisfies Q;(v) < 0. We want to estimate Q.(v). Observe that the difference
between Q. and Q. ; can be attributed to three different phenomena. First the
difference between the square of the norm of the gradient of v when the Euclidean
metric or the product metric g are used, second the difference between the potentials
te and u. ; and finally the difference between the volume forms when the Euclidean
metric or the product metric g are used.
Using the result of Lemma 3.1, it is easy to check that

“Vgov‘z - |ng|2| S C€|Vgov|2'

Similarly, it follows from Proposition 4.1, that

-p—1 __ _ p—1 p—1
ut uc,; | < Ceu ;.

Finally, it follows once more from Lemma 3.1 that the difference between the volume
forms can be estimated in local coordinates by

‘\/det‘ — Vdetgo| < Cey/detg.

Since Q. ;(v) <0, we find that
Qe(v) = Qe(v) - Qe,i(v) + Qe,i(v)
Qc(v) — Qe.i(v)

Ce/ (|Vgov|2 + uf;1v2) dvol, .
B(A) ’

IN

IA

Moreover, Q. ;(v) < 0 also implies that

/ |V 4, v|?dvoly, g/ pul; wtdvol,, < 06_2/ v?dvoly.
Be(A) Be(n) Be(A)

Therefore, we have
Q(v) < ¢ v?dvoly = ¢
€ JB.(n) €
Using these, we see that the index of L., is bounded by the dimension of the
space spanned by the eigenfunctions of L. associated to eigenvalues less than or
equal to C/e. Using Weyl’s asymptotic formula and the explicit expression for the
eigenvalues of L, we conclude that the index of L. ; is bounded by a constant times
¢~* and this completes the proof of the result. O

5.2. Decomposition of eigenfunctions associated to small eigenvalues. Given
i > 0, in this section, we recover Property (ii) for an operator close to L ;. Using
the function a defined in (3.9), we set

Le,i =a Leﬂ'.
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Observe that L.; is self-adjoint with respect to L?*(B(A),go) while i@i is self-
adjoint with respect to L?(B.(A),g). Indeed, we have

/ v is,iw dvol; = / vL¢ ;wdvolg,
Be(A) ' Be(A) ‘
= / w Le¢ ;v dvoly,
Be(A)

= / w imv dvolg.
Be(A)

Also observe that the Morse index of Lyi is equal to the Morse index of L. ; since
the two associated quadratic forms are equal.

Recall that we have denoted by ¢q the eigenfunction of —(A +pUP~1) associated
to the eigenvalue jiop < 0 which is normalized to have L? norm equal to 1. Observe
that ¢g is radial and hence we can define

$0.e(y,2) == ¢o(lz]/e),

on B.(A). )
Let v be an eigenfunction of L. ; associated to the eigenvalue v. Hence
Leiv = v,
in B(A) and v =0 on T¢(A). We decompose
(5.23) v(Y,2) = ¢0.e(2)¥(y) +0(y, 2),

where v is a function defined on A and
/ U¢g,chdvolz = 0,
Bc(A)

for any h € L%(A). Observe that the orthogonality condition is expressed using the
metric § and not g,. As usual, we identify B.(A) with a tubular neighborhood of
the zero section in NA. We have the :

Lemma 5.2. There exists constants Co,C > 0 such that, if v is a solution of
L. ;v = vv which is decomposed as in (5.23) and if we further assume that

Co
v S 677
then
1
(5.24) / <|vg@2 + = 52> dvol; < ¢ / v?dvoly.
B.(A) € € JB.(n)

Proof. For notational convenience, we set vo(y, 2) = ¢o.(2)1(y) so that v = vy + .
In the proof, one has to be careful since there are two different metrics which are
used in B(A). The first metric is the Euclidean metric g, with respect to which L. ;
is self-adjoint and the second metric is § with respect to which L. is self-adjoint.
Step 1. We exploit the fact that [N/E,iv = vov by multiplying this equation by v and
integrating the result over B.(A) to find

(5.25) / (|V90v|2 — pu‘f?lvz) dvol,, = V/ v?dvoly.
Be(A) ’ Be(A)
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Since uf);l < Ce 2 and since the volume forms associated to go and g are equivalent
in a neighborhood of A, we get the estimate

(5.26) / |V, v[2dvol,, < <V+ C2’) / v?dvoly.
Bc(A) € B (M)

Step 2. Next, we exploit the fact that the eigenvalues of L, are explicitly known
and the orthogonal decomposition of v implies that

‘i; v? dvol, g/ (IV40|* — pul~'9?) dvols.
€ JB.4) )

€

Using the fact that pﬂi’_l < Ce™2, we conclude that there exists a constant C; > 0
such that

1
o / (|vgz7|2 + = 172) dvol; < / (IV40]* — pul~'9?) dvols.
B.(A) € B.(A)

Since L.vg is L?(Bc(A),g) orthogonal to ¥, we conclude that

1
C / <|ng|2 + = qﬂ) dvolg < / (Vg Vgt — puP~'ov) dvoly.
Be(A) ¢ Be(A)

Step 3. As in the proof of Lemma 5.1, we can replace the metric g by the metric
go and the function %, by ue; on the right hand side and, using the results of
Lemma 3.1 and Proposition 4.1, we conclude that

1
e / (|ng|2 +— v2> dvol, < / (Vg0 Vg = pul o) dvol,,
B.(A) € Be(A) ’

+ Ce/ (V40 + |Vgv[?) dvol,
)

BE

C
+ — (v + v?)dvol,.
€ JBn) '

Since ie,iv = vv, we conclude that

1
Cl/ <|vg@|2+2@2> dvol; < ,,/ 2 dvol
Be(A) € Bc(A)

+ CE/ (|VQ1_]|2 + |VQU|2) dVOlg
Be(A)
C

+ = (92 + v?)dvoly.
€ JB.(n)

On the right hand side, the terms in ¥ can be absorbed in the left hand side provided
€ is chosen small enough and v < C7/(2€2). We conclude that

1 1
/ (|ng|2 + = v2> dvol; < C’e/ <Vg112 + = v2> dvolj.
Be(A) € Be(A) €

This together with (5.26) implies that that

1 C
/ <|V9v|2 + = 112) dvoly < —/ v?dvoly,
B.(A) € € JB.(A)

and this completes the proof of the lemma. O



16 F. PACARD, F. PACELLA, AND B. SCIUNZI

5.3. Exploiting Kato’s result. In this section, we estimate the rate of change of
eigenvalues of ﬂe,i as € varies. In other words, we obtain for the operator ie’i a
result, which is close to the Property (iii) which was straightforward for the operator
Le.

Let us explain the proof in the case where v := v(¢) is a simple eigenvalue for
im-. It is known that in this case v depends smoothly on €. To proceed, we need to
work with functions defined on a fixed domain which does not depend on €. Hence,
we parameterize B.(A) using

F.: U (A) — BN

(y,2) +— y+ez,
where Q3 (A) :={(y,2) € NA : |z| < 1}. Observe that
Frg=g+éed>
We define the operator [A/m- by

Lei(vo F.) = (Lesv) o Fe.

Let v := v(e) be the eigenfunction of L. ; associated to v = v(e). By definition
of L. ;, we have

(5.27) Lejw=vuw,

where w := v o F,. Without loss of generality we can assume that w depends
smoothly on € and is normalized so that

/ w? dvolg = 1.
Q1(A)

Differentiation of (5.27) with respect to €, yields
ﬁe,i(ﬁew) + (8eie,i) w = (Oev)w + v (Ocw).

Multiplying this equation by w and integrating over Q1 (A), we get
v = / w (GEIA/EJ-) w dvoly.
Q1(A)

When the eigenspaces are not simple, we can interpret d.v as a set-valued func-
tion which takes into account the possibility that the eigenvalue splits into a number
of separate eigenvalues (see [10] and [5]). The estimate for the elements of this set
of derivatives is given by

o e / w ((“)EI:W-) wdvolg : ﬁe,iw =vw and / w? dvolg =15.
Q1 (A) Q1(A)

‘We have the :

Lemma 5.3. There exists a constant Cy > 0 such that if i € N is fixed and if v is
an eigenvalue of Em- such that
v < ﬁ
— 62 )
where Cy is the constant defined in Lemma 5.2, then

Cy

aeVZ 6737
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for all € small enough.

Proof. We use the decomposition of the Laplacian which was given in Lemma 3.2
together with the estimates (4.17) for v ; and J.v.; which were given in Proposi-
tion 4.1. With little work we conclude that

~ 2
/ w(OeLei)wdvoly > —— (|ngw\2 —pUpflwz) dvolg
Q1(A) € Ja.(n)
1
- C <V§w|2+2(|vgzw2+w2)> dvolj.
Q1(A) €
Indeed, the expression of Em’ in local coordinates ¢ := (t1,...t;) on A and z :=
(#1,...,2n) on the normal section can be written as

- 1 - -
Lei=—a (Ag + 5 (B +pU+ eflﬁe,i)”l)) +eD® 4 DV,
€

where @ := ao F¢, U.; = v o Fe and where D®@ (respectively D(l)) is a second
order (respectively first order) partial differential operator in 9;, and e 10,, with
smooth coefficients in Q4 (A).

Differentiating with respect to € and using (4.17) we conclude that

3 2 - - R 1 .
OcLes = = (Dg. +pU1) + D® 4+ DM 4 = DO,

where D@ is a j-th order partial differential operator in 9y, and €2 8, with smooth
coefficients in Q7 (A).

Now, we decompose the eigenfunctions w satisfying Iﬁiyiw =vw into w = wy+w
as in Lemma 5.2 to get

~ 2
/ w(OeLei)wdvoly > —— (IVg.wol> = pUP~ wg) dvol,
Q1 (A) 26 Q1 (A)

- 3 (Vg w* = pUP~ w?) dvol,

Q1(A)
1

- C <V§w|2+2(|vgzw2+w2)> dvolg.

Q1 (A) €
Since

/ (IVg.wo|? —pUP~ ' wg) dvoly = po / wj dvoly,

we conclude, using the estimate (5.24) and (5.25) in the proof of Lemma 5.2 that

- 2 C
/ w (OcLe;) wdvoly > —% w dvoly — - / w? dvoly.
Q1 (A) € Q1 (A) € Jai(n)

Since

/ wg dvoly = / w? dvoly — / @? dvoly,
Q1 (A) Q1(A) Q1 (A)

we can again use the result of Lemma 5.2 to conclude that

. 2
/ W (DeLes) wdvoly > (*;ui)/ w? dvolg.
Q1(A) € € Q1(A)

One can then choose the constant Cy > 0 to be any number Co < —2py. O
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6. UNIFORM INVERTIBILITY OF L ;

We now have all the ingredients to apply to the operator L. ;, the strategy which
was outlined at the beginning of §5 for the operator L.. 5
We fix 7 > 0 and € > 0. We denote by X ; the spectrum of L.; and we define

Z€7i = {6 >0:0€ 2671‘},
which corresponds to the set of €’s for which the operator
HG(Be(A) NH?(Be(A)) —  L*(Be(A)),

w — Le,iwa

is not invertible. It is standard that, if € ¢ Z. ;, one can estimate the norm of the
inverse of L.; by a constant times 1/d.; where ., is the distance from 0 to the
spectrum of L. ;, namely
de; i =min{|v| : v € X ,;}.
We fix N > max(2, k) and we define, for all € such that 0 < ¢ < 1, the set
Sein =€ (¢2¢) : (€— N e+ €M) NZ.; =}
The result of Lemma 5.1, implies that ¢ — meas (Sc; n) cannot be larger than a
constant times ¢V~ and, for any € € Se,i,nv we know from Lemma 5.3 that the
norm of the inverse of L., (defined as above) is bounded by a constant times €3~
and, since L.; = a L.; where a is bounded away from 0, a similar property holds
for Ls,i-
Therefore, if
Sivi=|J Sein,
e€(0,1)
then, for all € € S; v, the norm of the inverse of L. ; defined from L?(B.(A)) into
L?(B(M)), is controlled by a constant times ¢>~~. Moreover, if N —k > 2 we have
o1
lim e—a(e —meas (S;nN(0,¢€))) =0,

provided o < N — k.

Definition 6.1. We define C}(B.(A)) to be the subspace of C*(B.(A)) spanned by
functions which vanish on T(A).

Now it is enough to invoke Schauder’s estimates to estimate the norm of the
inverse of L.; when defined from C°(B.(A)) into C}(Bc(A)) (here we use the Eu-
clidean metric to estimate the norm of the partial derivatives of functions). Using
Schauder’s estimates to control the norm of the inverse of L. ; between C* spaces
starting from the knowledge of its norm between Lebesgue spaces, we loose a few
powers of ¢, say e ~No, where Ny only depends on the dimension m. We have proven
the :

Lemma 6.1. Giveni >0 and N > k + 2, there exist S; v C (0,400) and Ng € N
such that, for all e € S; § the operator L ; is invertible and the norm of its inverse
defined from C°(B.(A)) into C}(B.(A)) is bounded by a constant times e3~N~No,
Moreover

lim i(f — meas (Si7N N (0, e))) =0,

e—0 €%

provided a« < N — k.
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7. A PERTURBATION ARGUMENT AND THE PROOF OF THEOREM 1.1

Thanks to the previous analysis, we can now give the proof of Theorem 1.1. We
keep the notations introduced in the previous section.

As already mentioned, we perturb the approximate solution uc ;. Therefore, we
look for a solution u = u.; + v so that the equation to solve can be written as

(7.28) Leiv=FEc;+ Kci(v),
where by definition
Ee ;= Auc; +ul,
and
Kei(v) :== |uc; +v|P — Uf,i - puf;l .

As in the proof of Proposition 4.1, it will be convenient to observe that

P
Keﬂ-(v)::ufi( —l—pw),
’ Ue,;

so that one can use Taylor’s expansion to evaluate the nonlinear terms, provided
w/u.,; is small enough.

We fixe a > 1 as in the statement of Theorem 1.1 and N > k + 2. Then, we
choose i > 2(N + Ny) — 3 and M such that

1+ 2

€,1

2
(7.29) i+27N7NOfE>M,
and
2

According to (4.16), we have

p+1

| Ee,ill oo (8. (a)) < C €1,
and we can use the result of Lemma 6.1 to evaluate the norm of L;Z-l, the inverse
Of Le,i7 by

||L;il||coﬁcl < O3 N-No,

Recall that C(B¢(A)) denotes the subspace of C'!(B.(A)) spanned by functions
which vanish on T,(A). Now, assume that v € C}(B(A)) satisfies [vllcrB.(ay) <
eM where M is fixed as above. Since v vanished on T,(A) and since the gradient
of v is bounded by €M we conclude that |v/u ;| < 1/2 for all € > 0 small enough.
Hence we find

_op=2
[ Kei(v2) = Kei(01) |l e (8. (ay) < C €M 72071 [Jug — v1]| oo (5.2
for all vy, v1 € C§(Be(A)) such that lvillcas.ay) < M.
We can then rephrase the solvability of (1.2) as a fixed point problem
vi= Lo (Bei+ Kea(v)),
and apply a standard fixed point argument for contraction mapping in
{veCa(BA) = Ivllors.ay <€}
The choice of M implies that we have a contraction mapping (this fact uses (7.30))

from this set into itself (this fact uses (7.29)). This completes the proof of Theo-
rem 1.1.
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8. A POHOZAEV TYPE ARGUMENT AND THE PROOF OF THEOREM 1.2

In this last section, we give a proof of Theorem 1.2 using a refined version of the
celebrated technique introduced in [17] are usually referred to as Pohozaev identity.
We exploit an appropriate use of test functions, and explicit computations carried
out in Fermi coordinates.

We start with a general result in the following :

Lemma 8.1. Assume D C R™ is an open set, and let ¢ € C%(D), then

div ((Vu -V¢) Vu — (; |Vu|* — pj_lupﬂ) Vo + Py 1uA¢ Vu)
+ 1 A |Vul? — V2(Vu, V) | + [ = 2_ 1 |Vul> Ap
n ’ n p+1

—p+1uVu-VA¢ = 0,

in D, provided u is a classical solution of Au+ uP =0 in D.
Proof. Multiplying the equation Au + uP = 0 by u, we get
(8.31) div (u Vu) = |Vu|* — uPT,

Next, we multiply the equation Au + u? = 0 by V¢ - Vu to get after some simple
manipulation

1 1
div <(Vu -V¢)Vu + mu’”“ v¢) — V2¢(Vu, Vu) — mu’”“ Ao

—% Vo V(Vul2) = 0.

Trying to write the last term on the left hand side as a divergence and correcting,
we conclude that

(8.32) 1 1
_\y2 - 2 - p+l _
Vep(Vu, Vu) + <2 |Vul p+1u ) A¢ 0.
The result follows immediately from the use of (8.31) to eliminate the terms in uP**
in (8.32). O

The previous result, together with the divergence theorem implies the following
identity :

Lemma 8.2. Assume that we are given a function ¢ (at least C*) and u a solution
of Au+ u? = 0 both defined on a bounded smooth domain §2. Further assume that
u =0 on 0N, then

1 1
7/ |Vul? Vo - vdosg + / ( A¢ |Vul? — V2p(Vu, Vu)) dvol,,
2 Joo o\

n-2 1 ) 1 B
+< o _zH—l) /Q\Vu| Agbdvolgo—m/guVu~VA¢dvolgo = 0,

where v is the unit normal to 9Q and dvol,, is defined according to (3.7).

Proof. Just observe that the fact that (Vu - V@) Vu - v = |Vul? V¢ - v since u
vanishes on 0€2. d
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We apply the previous analysis to the function
1
¢ = 3 dist(-, A)?,

and to the domain Q = B.(A).
‘We will need the :

Lemma 8.3. There exists a constant C' > 0 such that the following estimates hold
in Bc(A)

|Agp—n| < Ce and IVAg| < C.
Moreover, for any C' function v defined on B(A)

1
~ A |Vo|? — V2¢(Vo, Vv)| < Ce|Vol?.

Proof. Follows at once from the expansion of the metric in Fermi coordinates,
namely exploiting Lemma 3.1 and Lemma 3.2, and the fact that in Fermi coor-
dinates we have

_ 2P

=5

The lemma follows. O

b= %dist(~,A)2

Now, Poincaré inequality in B.(A) reads
Lemma 8.4. There exists a constant C > 0, such that, for all € € (0,1) and all
u € HY(Be(A), we have

(8.33) / u*dvol,, < Cé / |Vu|? dvoly, .
Bc(A) Bc(A)

Proof. This follows at once from the fact that the Poincaré inequality in the unit
ball of R™ reads

/ uldz < C |Vul|? dz,
Bl Bl

and a scaling argument implies that

/uzdngez/ |Vu|? dz.
B. B.

Now, using the product metric g on Bc(A), this implies that

/ u? dvoly < C €% [A] / [Vul?_ dvols.
Be(A) ) B.(A) :

Finally, since the Euclidean metric and the product metrics are equivalent (see
(3.9)), we conclude that

/ u? dvol,, < C'€é*|A / [Vul?, dvoly, .
Be(A) B(M)

This completes the proof of (8.33). |

Proof of Theorem 1.2. Using Lemma 8.3 and Lemma 8.4 together with Cauchy-
Schwarz inequality we get

1
p+1

/ uVu - VAgdvoly,
Be(A)

gce/ |Vaul|? dvoly, .
B(A)
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Collecting these, together with the result of Lemma 8.2, we conclude that there
exists a constant C' > 0 such that

9
(” - +C6> / IVu)? dvol,, < 0,
2 p+1 B.(A)

since V¢ - v = € on 0B.(A). This implies that u = 0 provided e is close enough to
0 and p > 242, (I

n—2

Remark 8.1. To avoid technical complications we have chosen to carry out the
proofs of this section only in the case of a power type nonlinearity. However the
same technique can be easily extended to more general nonlinearities.
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