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Abstract

Let £2 be a bounded domain in RN , N > 2, with smooth boundary 9£2. We construct positive weak
solutions of the problem Au + u” = 0 in §2, which vanish in a suitable trace sense on 952, but which are
singular at prescribed isolated points if p is equal or slightly above % Similar constructions are carried
out for solutions which are singular at any given embedded submanifold of 92 of dimension k € [0, N —2],
if p equals or it is slightly above %:ifi , and even on countable families of these objects, dense on a given

closed set. The role of the exponent % (first discovered by Brezis and Turner [H. Brezis, R. Turner,

On a class of superlinear elliptic problems, Comm. Partial Differential Equations 2 (1977) 601-614]) for
boundary regularity, parallels that of % for interior singularities.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction and statement of main results

Let £2 be a bounded domain in RV, N > 2 with smooth boundary 2. A model of nonlinear
elliptic boundary value problem is the classical Lane—Emden—Fowler equation,
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Au+u? =0 1in £2,

u>0 in £2, (1.D

u=0 on 9§2
where p > 1. We are interested in finding solutions to this problem which are smooth in §2 and
equal to O almost everywhere on 952 with respect to the (N — 1)-dimensional measure. More
precisely, we want to study solutions to problem (1.1) which satisfy the boundary condition in a
suitable trace sense, while not necessarily in a continuous fashion.

Following Brezis and Turner [3] and Quittner and Souplet [9], we will say that a positive
function u € C*°(£2) is a very weak solution of problem (1.1) if

u and dist(x, 02)u? € L'(£2)

and if

/(uAv +uPv)dx =0 forallveC*(2) withv=00nas.
2

From the results in [3,9], it follows that if p satisfies the constraint

N+1
N -1

l<p< (1.2)

then a very weak solution u is actually in HO1 (£2), and it is a weak solution in the usual variational
sense:

2

Elliptic regularity then yields u € C>(£2), so that u solves (1.1) in the classical sense. As it is
well known, a constrained minimization procedure involving Sobolev’s embedding implies the
existence of a weak-variational solution to (1.1) for 1 < p < %—f% A natural question is then
whether very weak solutions of (1.1) are classical within a broader range of exponents than (1.2).
Partially answering this question negatively, Souplet [10] constructed an example of a positive
function a € L°°(£2) such that problem (1.1), with u” replaced by a(x)u? for p > %, has a
very weak solution which is unbounded, developing a point singularity on the boundary. Thus,
as far as boundary regularity of very weak solutions is concerned, the exponent p = %—ﬂ is
critical. In the same spirit, we would also like to mention the recent paper by McKenna and
Reichel [7] where very weak solutions on Lipschitz domain are considered and where critical
exponents depending on the local behavior of the boundary are defined, see also Beresticky,
Capuzzo-Dolcetta and Nirenberg [1].

The aim of this paper is to construct solutions to problem (1.1) with prescribed singularities

on the boundary. To state an important special case of our main results we need a definition:
Definition 1.1. Let u(x) be a function defined in §2 and y € 9£2. We say that

u(x) —> £ asx — y nontangentially
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if

im  u(x)=¢ forauae[o, 1),
Iy(y)sx—y 2

where I, (y) denotes the cone with vertex y, and angle o with respect to its axis, the inner normal
to 082 at y.

Our main result reads:

Theorem 1.1. There exists a number py > %—i‘l such that, given p € [%J_r{ , PN) and given
points yi, ya, ..., yk € 082, there exist very weak solutions u to problem (1.1) such that u €
C*( 2\ {y1,.... ) and

u(x) - +o0o asx — y; nontangentially, foralli =1, ... k.

Before proceeding, let us comment briefly on the result. First of all, the solutions we obtain
are not unique and in fact, it will be clear from their construction that they belong to a smooth k-
dimensional family of solutions sharing the same properties, where k is the number of punctures

of the boundary. Our result holds for all exponents slightly larger than or equal to N +1 but we

conjecture that the result should hold for p € [5\\,’"’} , %'%) Finally, let us mention that the study

of the behavior near an isolated boundary singularity of any positive solution of (1.1) when the
exponent p > % N +1 was recently achieved by Bidaut-Véron—Ponce—Véron in [2] and this result
is in agreement w1th our result.

1.1. The parallel with p = 2 and interior singularities

N+1

The role of the exponent p = for solutions with boundary singularities parallels that

of p= N72 for solutions to problem (1.1) with interior smgularltles Let us recall that if u €

LP(£2) is a positive distributional solutionof (1.1)and 1 < p < then u is smooth in £2. On

N 2
the other hand, for p > N N=3» distributional solutions of (1.1) with prescribed interior singularities
are studied and built for example in [4-6,8].

Basic cells in those constructions are radially symmetric singular solutions u(x) = u(|x|) for
the equation

Au+u?P =0. (1.3)
Whenever p > %, the function
1
~4 2 2 -1
w0 =l 7T = (2 (v-2-20))" (14
is an explicit singular solution of (1.3) in R \ {0}. If, in addition, W <p< %%, the phase

plane analysis for the ODE corresponding to radial solutions of (1.3), yields the existence of a
singular positive solution #; which shares the behavior of u#( near the origin
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2
ul(x):c,,,lel_l’Tl(l+0(l)) asx — 0, (1.5)
and has a fast decay behavior at infinity

ur(x) = 1x|"V 2D (1+0(1)) as x| > +oo (1.6)

2
(note that N — 2 > %). The scalings u; (x) = AP=Tuj(Ax) with A > 0 are then solutions of
(1.3) that all have the same behavior near the origin but which converge uniformly to 0 on any
compact subset of RV \ {0}, as A — oo. Thus, given points

Y1,Y2, ..., Yk €82,

the function

k
e (X) =Y 3 (x = yi)

i=1

constitutes, for large A > 0, a “good approximation” to a singular solution of problem (1.1).
Linear theory and perturbation arguments lead to establish the presence of an actual solution to
(1.1) near uy, see [6]. When p = % a similar construction can be carried out, see [8]. The
basic cell u; corresponds in this case to a positive radial solution u1 of Eq. (1.3) in B(0, 1) with

N-2

ur(x) = ey lx|"VPlog(1/1x])” 2 (1+0(1)) asx — 0, (1.7)

where cy > 0 only depends on N > 3. In this case the scalings u (x) = k¥u1(kx) all have
the same behavior as u; at the origin, and they approach zero uniformly on compact subsets
of RV \ {0}, as A — O,

1.2. The basic cells: singular solutions on a half-space

In the construction of the solutions predicted by Theorem 1.1 we will follow a scheme similar
to that described above for interior singularities. Basic cells will now be positive solutions of
Eq. (1.3) defined on the half-space,

Rﬁ = {x:(xl,...,xN): xN>0}

which vanish on its boundary and have a singularity at the origin. Such solutions are of course
not radial, and ODE analysis does not apply anymore. Thus, we consider the following two
problems:

Au+uP =0 inRY\ {0},
u>0 inRY, (1.8)
u=0 on dRY \ {0},

for p > %, and
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Au+ux_ =0 in By,
u>0 in By, (1.9)
u=0 on dRY N B4 \ {0},

where By =RY N B(0, 1).

Our purpose is to find families of solutions u; of the above problems with analogous behavior
to the radial singular ones previously described. Let us consider first the case p > N +1 . The role
of the explicit radial solution ug in (1.4) is now played by one found by separation of variables:
Let us denote by S f ~! the half sphere

sV hi={z=(.....2n) e S¥ 1 2y > 0}

Looking for a solution of problem (1.8) of the form

2
uo(x) = [x| 77T, (), Withz:li—l’ (1.10)

we arrive at the problem on the half sphere,

1 1
(Agvar +N =gy — L (N =P g2 =0 insY,
p—1 p—1
¢p >0 in SY1, (L1D)
¢p=0 onaSiv_l.

Here Agn-1 designates the Laplace—Beltrami operator in S i\f ~! Observe that N — 1 is the first
eigenvalue of —Agv-1 on the half sphere and under Dirichlet boundary conditions. The corre-
sponding eigenfunction is given by

Solvability of (1.11) can be understood from two different complementary points of view. In

the considered range of exponents, N — p—ﬂ > 0, and the application of the mountain pass

lemma yields the existence of a solution to this problem, provided that p is subcritical in dimen-
sion N — 1, namely p < N—“ when N > 4. When p tends from above to %—ﬂ, this solution
converges uniformly to O. Alternatively, in this regime, a standard application of Crandall-
Rabinowitz local bifurcation theorem yields that this solution defines a continuous branch in p

with asymptotic behavior

1
¢p(2)=Cpnzn(l+0(D), aspl ;1 (1.12)

where ¢, vy > 0 tends to 0 as p tends to M Even though ¢, is well defined for all p €
(N-‘rl

T N +1) the function uo does not sufﬁce for the construction of approximate solutions to
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prove Theorem 1.1 for all p in this range since, when p is not close to %—ﬂ, the solution ug

associated to ¢, does not decay fast enough at infinity. Therefore, in order to be able to prove the
result of Theorem 1.1 for all value of p, we need an analogue of the radial function u; in (1.5)—
(1.6), namely a solution which behaves like #( near the origin but which has a fast decay at infin-
ity. We are able to prove that this solution, which interpolates between ug near 0 and Poisson’s
kernel x — |x|!~" zy near infinity, does indeed exist provided that p is sufficiently close to N H

Proposition 1.1. There exists a number py > %'H such that for all p €

a solution u to problem (1.8) such that

(N'H DN ), there exists

2
ui(x) = |X|_”T‘¢p(ZN)(1 +0(1)) asx — 0,
where ¢, solves (1.11), and
ur(x) = x| Ny (1+0(1)) as|x| > +oo.

In addition, we have the pointwise estimate

lur| < clx| 7= '||¢p||cz(SN N (1.13)
for some constant ¢ > 0 which does not depend on p.

This solution has indeed “fast decay” at infinity since N — 1 > % when p > %—J_r} Observe

that the scalings u; (x) = )»1’%1 u1(Ax) define a family of solutions to problem (1.8) which have a
common, A-independent behavior at the origin, but which converge uniformly to O on compact
subsets of R_’X \ {0}, as A — o0.

The result of Propositions 1.1 and the parallel with the radial case and p close to %, to
which the ODE phase plane analysis applies, lead us naturally to several questions concerning
the existence of solutions of Au + u” = 0 on the punctured half space Rﬁ — {0} with Dirichlet
boundary data.

Open problem 1. We believe that the solution #1 which has been obtained in Proposition 1.1 for
p close to 21 should actually exist for all p € (3, ﬁ,’—f%). This would be important since it

N+1 N+2)

would allow one to extend the result of Theorem 1.1 to the full range p € (F=7,

Open problem 2. When p = % we believe that there exists a one parameter family of solu-

tions of (1.8) of the form

2-N
u(x) = |x| 2 v(~log|xl, z)

where t — v(z, -) is periodic, not constant. This one-parameter family of solutions corresponds
to the well-know periodic solutions for the singular Yamabe problem (corresponding to singular
radially symmetric solutions of (1.8)).
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N+2

Open problem 3. When p > N> N = 3, we believe that there exists a smooth solution of Au +

uP = 0 defined on Rﬁ which is equal to 0 on 8Rﬁ and which is asymptotic to ug in (1.10) at co.
This solution should correspond to the smooth radially symmetric solution of the same equation

2
which is defined on the whole space and decays like |x| =T at infinity, when p > %—f%

Open problem 4. Are there singular solutions of (1.8) when p > %—*_’é, N > 47 In this regime

separation of variables in general fails. Some partial answer to this question is given in [2] where
2

it is proven that (1.8) has no positive solution of the form u(x) = |x|” 7~Tw(z).

When p = % there is no solution to problem (1.11) and thus separation of variables fails.
On the other hand, we have an exact analogue of the radial solution of (1.7), as described by the
following result.

Proposition 1.2. There exists a solution uy of problem (1.9) such that

1-N
2

ur(x) =cenlxl" Niog(1/1x1) 2 zn(1+0(1)) asx — 0,

where ¢y > 0 only depends on N > 2.

We observe that in this case the functions u; (x) = AN ~1u; (Ax) satisfy that u) (x) — O uni-
formly on compact subsets of Rﬁ \ {0},as A — 0.

1.3. Solutions with prescribed singular set: general statements

In reality, the profiles given by the above results can also be used to approximate solutions

to problem (1.1) whose singular set is a smooth k-dimensional submanifold of 92 with 1 <

k < N — 2. For instance, for p close from above to %:]]zf} if x' = u1(x), x' € Ri\_’_k is the

solution of (1.8) given by Proposition 1.1, then &(x) = u|(x’) solves the same problem in RY,
but this time with a singular set given by a k-dimensional subspace. In the same spirit, we have
the following result whose analogue for interior singularities can be found in [6,8].

Theorem 1.2. Let 0 < k < N — 2 and let pn_i be the number given by Proposition 1.1 with N
replaced by N — k. Given p such that

N—-k+1

m<P<PN7k,

and given a k-dimensional submanifold S embedded in 952, there exist infinitely many (very)
weak solutions to problem (1.1) such that u € C*(£2\ ), and

u(x) > +o0o0 asx — y nontangentially, forall y € §.

When k = 0, we agree that S is a finite set of isolated points, so that Theorem 1.1 becomes a
particular case of the result of Theorem 1.2. As already mentioned, the solutions found in Theo-
rem 1.1 arise in continua and depend on as many real parameters as the number of punctures. By
contrast, when k > 1, the solutions we construct in Theorem 1.2 belong to infinite-dimensional
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families. Since this is not essential to the paper, we shall not prove this point here. The construc-
tion actually allows much more: For instance, when p = N “ or slightly larger than this value,
the number of points of the singular set S C £2 can be taken to infinite (countable), to total a
dense subset of any given closed set A of 3£2, and A can be properly called the singular set
of the solution. In fact, since the solutions we are interested in are smooth in £2, it is natural to
define the singular set of a very weak solution # of (1.1) as the complement in 052 of the set of
points y € 02 in a neighborhood of which u is smooth. Observe that, by definition, the singular
set of u is a closed subset of d£2. We have the validity of the following general result.

Theorem 1.3. Let 0 < k< N — 2, and ; N k+l < p < pN—k- Assume that A of 352 is a nonempty
closed subset which contains a sequence of k-dimensional embedded submanifolds S;, i € N,
which are mutually disjoint and for which S :=J; S; is dense in A. Then, there exist positive
very weak solutions of problem (1.1) whose singular set is exactly A, and such that

u(x) > +oo asx — y nontangentially, forall y € S.
In addition u € W0 1(2) forany 1 <q < Np-H

Let us emphasize that according to this last result, when p is larger than but close enough to

%+1 , there are infinitely many very weak solutlons of (1.1) whose singular set is any prescribed

closed subset of 3§2 and which belong to W, q(.Q) forany 1 <g < N ﬁ . Therefore, even
though these solutions are not identically equal to 0 at each point of 952, we can say that they
are equal to 0 on 052 in an appropriate sense of traces.

The proof of these results relies on two ingredients: one is the construction of the basic cells of
Propositions 1.1 and 1.2, which we carry out in Section 2. The other ingredient is the analysis of
invertibility of Laplace’s operator for right-hand sides that involve singular behavior near a point
or an embedded manifold of the boundary. After this analysis, which is carried out in Section 3,
the proof of Theorem 1.2 then follows from a fixed point argument. The result of Theorem 1.3 is
a consequence of an inductive construction taken to the limit under suitable control.

2. The half-space case: proofs of Propositions 1.1 and 1.2

It is natural and convenient to look for solutions of (1.8) or (1.9) of the form

u(x) = x| 7T (— log Jx], 2),

where we recall that z = ﬁ, so that the equation Au + u? = ( reads in terms of the function ¢
N-1
Sy

defined forr e R and z € , as

+ +1 +1
82¢ — (N 2p—>a,¢> _ p—_l(N - %)qb F(Agva +N—Dp+¢P =0.  (2.1)
2.1. Proof of Proposition 1.2

When p = %— under the change of functions performed above, problem (1.9) becomes:
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2 ol : N-1
0,0+ N+ (Agv-1 + N—Dep+¢¥1 =0 1in(t,,00) x S,
¢>0 in (1, 00) x SY 1, 2.2)
¢»=0 on(t*,oo)anffl.
We allow here t, > 0 to be a parameter, which we will choose later to be large. To get a solution
of problem (1.9) we actually need 7, = 0, but (2.2) being autonomous, this can be subsequently

achieved by applying a suitable translation in the ¢-variable.
For notational convenience, we set

2 N+1
MN(P) =00+ Nop+ (Agn-1 + N —1)op + || V=T

The idea is to look for a solution of (2.2) as a perturbation of an approximate solution. There-
fore, we set

¢, 2) =¢o(t,2) +¥(t,2), (2.3)

where the “approximate solution” ¢ is defined by

_N-L
$o(t,2) =at™ 2 ¢1(2).
Here a > 0 is parameter which has to be determined so that the function 91(¢g) decays fast
enough as ¢ tends to oo (in a sense to be made precise later on). As in the introduction, ¢ denotes

the first eigenfunction of —Agnv—1 on the half sphere, which is associated to the eigenvalue N — 1
and which is normalized so that its L?-norm is equal to 1. Explicitly,

—12
</)1(z)=< / z?vdo) ZN-
syt

We now explain how to choose the parameter a. We compute

Nl NELON(N -1 N%Z—1 E
NM(go) = (aNﬂ(plNl — 7( 5 )a(pl)t_% +a > I_¥¢1.
O NEL RS NW-D 72
We choose the constant a > 0 such that the function a ¥-Tg,"~ — =—=5—a¢) is L"-orthogonal

to the function ¢. Namely

NN -1
av / (p%vlda:¥.

If we insert ¢ = ¢9 + ¥ in (2.2), we find that we still have to solve the equation

N+1 =
No) + 320+ Now + (Agvr +N = Dy + 267 ¥ +QW) =0 24
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on (ty, 00) X Si]_l, with
Y =0 on (t,00) x ds¥ .

Here, we have defined

N MO N+ &4
QW) =1go+ 917 — g7 - ST Ty,
We further decompose
Y(t,2) =v1t,2) + f2(0)e1(2), (2.5)

where (¢, z) — V1 (¢, 2) 18 Lz—orthogonal to ¢ for each ¢ > t,.
Let IT+ denote the L2-orthogonal projection over the orthogonal complement to ¢, namely

I+ (h)(t,2) = h(t,2) — ( / h(t, )1 do)(pl(z).
syt
Projecting (2.4) over the L2-orthogonal complement of ¢; and over the space spanned by ¢,

we find out that the equation we have to solve reduces to the coupled system in (i1, f2) given
by

(07 + No, + (Agv-1 + N — D)y = Ni(¥1, f2),
NN+

RO D) =Nt ), 26

Y1 =0 on(t*,oo)x35+_ ,

(a,z + N3, +

where
L N+1 szl
N1, fa) =—1T (‘ﬁ(dm) v ld)o W1+ foe1) + QW + f2<ﬂ1)>,

N +
Ny (Y1, f2) =— / <‘ﬁ(¢0) + ¢ "+ QY + fz(pl))fpl do. 2.7

N—-1
S+

To obtain this, we have used the fact that

N+1 2 _NWNV+D1
~ / $0 ido=————,
-1 2 t

N-1
Sy

by definition of a.

The rational in the resolution of problem (2.6) is simple: we look for a solution ¢ = ¥ +
f>¢1 which is small compared with ¢g. To do so, we will construct right-inverses for the linear
operators defined by the left-hand sides of the equations in (2.6). Then, for sufficiently large ¢,
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we will obtain the resolution of the system via a contraction mapping principle. Observe that so

far we have not imposed boundary conditions at ¢ = t,. We will invert the linear operator in ¥,

for the right-hand sides L?-orthogonal to ¢ for all ¢, imposing Dirichlet boundary condition at

t = t,. The choice of inverse for the ODE operator in f> will be basically explicit, and will not

require imposing boundary conditions. In the next two lemmas we construct these inverses. It

turns out that the natural environment to carry out these inversions is L°°-weighted spaces.
Thus we now consider the linear problem

(02 + N3 + (Agv1 + N = D)y =h in (t,, 00) x SY 1,

=0 on 3((tx, 00) x SY 1),
(2.8)
/ Y, )p1do =0 for all t > t,,
syt
for i such that
/ h(t, )p1do =0 forallt>t,. (2.9)
syt

Letd: Sj\_]—l — (0, 00) denote the distance to BSi’_]. We have

Lemma 2.1. Given o € R, there exists t, > 1 and for all t, > t,, there exists a continuous linear
operator

T i1 L ((ts, 00) x SN 1) — 177 L((t,, 00) x SY 1)

such that, if t°h € L*((t, 00) X Si/_l) satisfies (2.9), then Ti(h) is a solution of (2.8). In
addition,

|t7d ' Ti(m) || oo <o |17 ;oo (2.10)
for some constant ¢, > 0 which does not depend on t, > t,.
Observe that (2.10) implies the pointwise estimate
|1 () (2, 2)| <& 1R ot " 01 (2.
Next, we consider the linear problem

NN+1)1

<8,2+N8,~|— 5 ;)f:g in (t,, 00). (2.11)

‘We have the
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Lemma 2.2. Given o # NT“ there exists t, and, for all t,. > t,, there exists a continuous linear
operator

To 117 L®((ty, 00)) — 177 L ((t4, 00))
such that, ift“'“g € L*®((ty, 00)), then T»(g) is a solution of (2.11). In addition,
[ Ta@) ] e <o 17 8] 1o
for some constant ¢, > 0 which does not depend on t, > t,.
Before proceeding into the proofs of these lemmas, let us conclude the result.

Conclusion of the proof of Proposition 1.2. Let us fix in the above lemmas any number o such
that

N-—-1 N+1

and t, larger than both #, appearing in the above statements. We obtain a solution of problem
(2.6) as a solution of a fixed point problem

W1, o) =M, f2)

where we have defined

M1, f2) = (Ti (N1 (Y1, f2)), Ta(N2 (Y1, £2))). (2.12)

We consider the space of functions

W, ) € L%([tx, 00) x ST 1) 5 L®([14, 00))

for which the norm
[ DO, =7d 0] g+ e f ] e

is finite. Here u < 1 is a positive number which we will fix later on and we recall that d =
Siv_l — (0, 00) denotes the distance to 8Siv_1.
Provided

and |y | <<t 2 ¢

N-1 N—-1
2

| ol <t~

the following pointwise estimates hold

NV, )| < et 4yl + 71 ),

N2y, )| < et + 1l +17 1A P), 2.13)
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where the constant ¢ > 0 only depends on N. The first estimate follows at once from Taylor’s
expansion of the nonlinearity at first-order. To obtain the second estimate, we have used Taylor’s

expansion of the nonlinearity up to second-order. Observe that || + | fag1| < t7 2 ¢ for ¢
large enough and hence, we are entitled to use Taylor’s expansion to estimate the nonlinearity.
We assume that ||(v/, f2)]l,, < p < 1. It follows from these pointwise estimates that

o o‘—%
|27 N @1, )] oo < et ,

N-1

1+o a—% Mo
" Mo (1, )] e (i +u+n2 ), (2.14)

for some constant ¢ > 0 only depending on N, provided ¢, is chosen large enough. These point-
wise estimates, together with Lemmas 2.1 and 2.2, yield

N+l

— N1
| M@, ), <EE 7 +ne? 7 +4),

for some constant ¢ > 0 only depending on N and o, provided [[(¥1, f2) Il < @ <1 and #; is
chosen large enough.

Now, we choose u sufficiently small so that ¢ < %. For all #, sufficiently large, the operator
M sends the ball ||(3¥1, f2)llx < p into itself. Similar estimates show that (reducing p if nec-
essary) M is a contraction mapping with this norm inside this region, for all 7, large enough.
We leave the details to the reader. Hence there is a fixed point (1, f>) in this ball. The solution
obtained this way renders the function

¢ =do + Y1+ f01

positive in (¢, +00) X Sﬁrv _1, provided ¢, is chosen large enough. This is then a solution of
problem (2.2) and this completes the proof of Proposition 1.2. O

Next we carry out the proofs of the lemmas.

Proof of Lemma 2.1. Let us consider first the case o = 0, so that & is bounded. Without loss
of generality, we can assume that £, = 0. We check that problem (2.8) has at most one bounded
solution. This can be shown for instance expanding a bounded solution of the equation with 4 = 0
in eigenfunctions of the Laplace—Beltrami operator with zero boundary conditions on Sf ~! The
coefficients in this expansion will be functions of ¢ which correspond to bounded solution of
certain homogeneous ODE’s which only have the zero solution as a bounded solution. Thus, we
only have to prove the existence of the solution. To do so, let us consider, for any given number
f > 0, the problem

(32 + N3+ (Agv1 +N = D)y =h in (0,7) x SY 71,

_ (2.15)
Y =0 on 8((O,t)xSi'71).
This problem is uniquely solvable since it is just a rephrasing of a Dirichlet problem for the
Laplacian in a half-annular region. Let us denote by ¥ = 7 its unique solution. By assumption,
h(t,-)is Lz-orthogonal to ¢; for all ¢ € (0, 1), and hence, so is .
It suffices to check that there exists a constant ¢ > 0 independent of 7 > 1 such that
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” Iﬂ ||L°O([0,t_]XSi]71) < C”h ”LC’O([O,I_]XSinl)‘ (2.16)
Indeed, once this estimate is proven, we can use elliptic estimates together with Ascoli’s theorem
to show that, as 7 tends to 0o, the sequence of functions ¥; converges uniformly to a function v
solution of (2.8) which satisfies

Iy ||L°°([0,oo)><S_*A_,71) < C”h”LOO([O,oo)XS_[:_Jfl)'

Elliptic estimates then imply that

”Vw ||L°O([O,OO)X5171) + ” w ||L°O([0,OO)><S£F\171) g C”]’l ||L°°([O,OO)XSi]71) . (217)
Observe that the bound on the gradient of i/ (z, -) together with the fact that v (¢, -) vanishes
on an - imply that

-1
”d w”LOO([O,OO)XSiv_I) <C“h”L°°([0,OO)><S¢J_1)’ (2.18)

where we recall thatd : S iv 1 (0, 00) denotes the distance to 35 frv ~! The orthogonality con-
ditions on i pass certainly to the limit, and existence of a solution with the desired properties
thus follows.

It remains to prove the uniform estimate (2.16). We argue by contradiction. Since the result is
certainly true when 7 remains bounded, we assume that there exists a sequence f = #; tending to
oo, functions & = h; and y; corresponding solutions to problem (2.15) for which

Will e qopsy-Hy =1 and - Hm lill oo o 751y = 0-

We choose t; € (0, ;) where ||v; is achieved and define

”Lw([o,t‘,v]xSiV*l)

Vilt,2) =it + 1, 2).
It is easy to check that both sequences (1;); and (7; — t;); remain bounded away from 0. Using

elliptic estimates together with Ascoli’s theorem, we can extract from (1;); some subsequence
which converges uniformly on compact sets to i, a bounded solution of

(37 + Nd; + (Agv1 + N = D) =0 (2.19)

which is either defined on (¢y, 00) X Siv_l, on (—o0, fy) X Sf_l or on (—00, 00) X Sf_l. Fur-
thermore,

Il =1, (2.20)

with 12 having 0 boundary data whenever a boundary data is needed (i.e. 7o is finite). Further-
more (¢, -) is L2-0rthogonal to ¢1, for all ¢. Eigenfunction decomposition of (¢, -) for the
Laplace—Beltrami operator yields that there is a nontrivial bounded solution of (2.19) and this
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contradicts (2.20). When o = 0, this completes the proof of the uniform estimate, and thus ex-
istence of a unique bounded solution of (2.8) with the desired estimate follows. This solution of
course defines a linear operator on bounded /.

To establish the result for o # 0 and 7, > 0 is sufficiently large, let us write

h=t"h and ¥ =1,
so that / is bounded. Solvability of (2.8) reduces to

(32 + N3 + (Agv—1 + N — D)y + (@ - ?)w - 2703,& =h. (21

We can estimate

t

1 N ~ 2 ~
(22

L ([t,00)x S¥ 1)

—1 > >
< Ct* (||v¢”L°°([l*,OO)><S}+V_1) + ||¢”L°°([t*,oo)><Sf_l))’

for some constant ¢ > 0 depending on o. For all #,. large enough, the resolution of (2.21) with the
desired bound then follows from that of (2.8) with o = 0 together with a direct linear perturbation
argument. This finishes the proof. O

Proof of Lemma 2.2. Observe that there exist w, w», two linearly independent solutions of the
homogeneous problem

N(N +1
QEZO

2w+ N9 ,
pw ot Now + —— t

whose asymptotic behaviors at oo are given by

N+1 N+1

wi@®) =172 (I1+0(1)) and wr(®)=12 e V(1 +0(1)).

The function 7 — ™ (8, wjwa — d,wow1) is easily seen to be constant and evaluation at co shows

that it is equal to N. When o < %, a solution of (2.11) is given by

t t
1 ) )
GO0 = (wl(t) / wa(s)e™N g(s)ds — wa(t) / un(s)eN‘g(s)ds),
Ty Iy

and one checks directly that

127 G @ Loy, oom < €188l 1wty 400y

for some constant ¢ > 0, independent of ., chosen large enough. This follows at once from the
computation



256 M. del Pino et al. / Journal of Functional Analysis 253 (2007) 241-272
t ¢ t
Ns —t1 1 Ns —t1 T Ns —1—1
es tds=|—e"s +— | es ds
N N
*
Iy Iy

t
1 T
Nt —1 Ns ,—71
<—e"tT +— | s " ds
=N N&/
1y

for all ¢+ > ¢, > 0, and hence,

provided Nt, — v > 0. When o > % a similar estimate can be obtained starting from the
formula

o0 t
1
GROW=-~ <w1 (t) f wa(s)eN g (s) ds + wa(t) / wi(s)eN g(s) ds).
t Iy

This completes the proof of the result. O
2.2. Proof of Proposition 1.1

Recall that, when p € (%, %) the Mountain Pass Lemma yields the existence of ¢,

a nontrivial positive solution of (1.11). This solution then induces a solution

1y () = x| 7T, (2), (2.22)

of problem (1.8), for which the emphasize the dependence on p. We have to show that there
exists a solution of (1.8) which is asymptotic to u, near 0 and it is asymptotic to

oo (x) = x| Nz,
at infinity. Alternatively, we have to find a solution of (2.1) which is close to ¢, at +00 and

converges to 0 (at a precise rate) at —oo. Again this will be performed by first constructing an
approximate solution and then applying some perturbation result. We define

N(P) =8¢ + Adip + (Agn-1 + B)p + |67,

where
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In the range of interest, namely p € (%—J_r}, %—f%), we have A > 0 and B < N — 1. Moreover,
B=N—1when p= % Since we are interested in the case where p is close to % it will

be convenient to define

1 1
e=N-1-p=L% <N-pjL )
p—1 p—1

One should keep in mind that A, B and € do depend on p even though this does not appear in
the notation.

We first proceed with the construction of the approximate solution. Given y > 0 (to be chosen
later on), we define ao, by

We look for a positive function a which is a solution of
32a+ Adja —ea+ya’ =0 (2.23)

which converges to 0 as ¢ tends to —oo and converges to as as t tends to +00. Observe that,
when p € (%—f}, %—J_r%) the coefficients A and € are positive and, therefore, in this range, classical
ODE techniques yield the existence of a, a positive heteroclinic solution of (2.23) tending to 0
at —oo and tending to a as ¢ tends to +o00. The equation being autonomous the function a is
not unique and a can be normalized so that a(0) = %aoo. The informations we will need on the

function a are collected in the following results.
Lemma 2.3. The following pointwise estimates hold

p+1

aPtl < ea’> and (a)* <ed>.

Proof. The estimates follow at once from the fact that

2+ 27/ ap+l

1 (80)% —
— (0:a) €a PR

decreases with ¢ if a is a solution of (2.23). The solution we are interested in tends to 0 at —oo
therefore,

2
(da)* + %a”“ <ed?
p

for this solution. This completes the proof. O

For the next results, we need to distinguish between the solutions of (2.23) corresponding to
different values of p. Therefore, we set a = a,, for the solution of (2.23) normalized as above.
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Lemma 2.4. Given a sequence t; € R and a sequence p; tending to %—J_r} the sequence of func-

tions ap, (tH la pi (ti + ) converges uniformly on compacts to the constant function 1.

Proof. The claim follows at once from the result of the previous lemma which implies that
(0 loga)’ <e. O

We define
5_2%(\/142—}—46—14) and S+=%(\/m—f‘)
and
= _ 9
ap_aoo.

Precise estimates concerning the behavior of a, as p tends to % which will be needed are

included in the following lemma whose proof is rather technical and postponed to Appendix A.

Lemma 2.5. There exists c > 1,1 > 0 and py > % such that, for p € (%, PN) we have

1 _
Ee‘s "<ap,<e! (2.24)
ifet < —t, and
1 str 7~ 5te
Ee <l—ap,<2e (2.25)
for et > t. Finally,
1 . . - N -
—eap(l —ap) < oap <ceap(l —ap), (2.26)
c

forallt eR.
The approximate solution ¢ to our problem is defined by

Po(t,2) =a(t)e1(2),

where the function a is the solution of (2.23) described above when parameter y > 0 is chosen
to be

y = / (pf“d(f.

Observe that, with these choices,
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N(po) =a’ (¢! —yo1) (2.27)

is L2-orthogonal to ¢; for each .
We now turn to the study of the operator

Ly=02+ A8 +(Agv 1 +N—1—€)+pp~"

which is the nonlinear operator 9t linearized about ¢. We have the validity of the following
result.

Lemma 2.6. There exists a (unique) continuous operator
Gp : a”Loo(]R X Sf_/_l) — a”LOO(R X Si{_l),

such that for each a™? f € L (R x S_]:fl), the function = (_}p(f) is the unique solution
of Lpyr = f with 0 Dirichlet boundary data which satisfies

la=Pd™G (D] e < c€™ ™ f] -
If in addition f(t,-) is L*-orthogonal to @1 for a.e. t, then we have
la™?d ™G ()] e <clla™ f] 1
where we recall that d : S ~' — (0, 00) denotes the distance to 3SY .

Proof. Let us observe that §(6 — N) < 0if § € (0, N) is fixed. Therefore, we can define ¢, to be
the unique, positive solution of

—(Agv1 +N = 1+806 - N))p=1 insy 7,
0 =0 onBSiVil.

A direct computation shows that

Lp(e™ps) =—(14+0(e))e™, (2.28)

as p tends to % This implies that, provided € is small enough, the function (¢, z) > e~ ¢, (2)

can be used as a barrier to show that, given a function f such thata=? f € L°(R x Siv ~1) and
given t; < —1 < 1 < 1p, we can solve the equation

in (t1, 1) X Siv_l, with 0 boundary conditions.
Let us first restrict our attention to the case where the function f satisfies
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/ f@, Yerdo =0, (2.29)

N—-1
S+

for a.e. t+ € R. In this case, the proof follows very closely the proof of Lemma 2.1, the only

difference being that the exponent p is now larger than, but close to %—J_r}

We claim that, there exists a constant ¢ > 0 (independent of f and #; < —1 < 1 < ;) such

that, for p close enough to % and for we have

la Py <cla™f] - (2.30)

As in the proof of (2.16), we argue by contradiction and we assume that, for a sequence p;

tending to %—f} there exists #1; < —1 < 1 < t2;, a sequence of functions f; satisfying (2.29)

and a sequence of solutions v; of Ly, ¥; = f; satisfying
la="vil 1 =1,
while
la™" fill o =0

We denote by #; a point where |la ™7 y; oo g7y s-1) = 1 and we set
11Xy

Yit,2) =a P (@)Yt + 1, 2).

Using elliptic estimates together with Ascoli’s theorem, we can extract subsequences so that the
sequence of functions ; converges on compacts to iy solution of

32 +NoW + (Agn-1 + N — 1)y =0,

with 0 Dirichlet boundary data. In addition using Lemma 2.4 we see that

9o = 1

and also that i satisfies (2.29). Depending on the behavior of the sequences #1 ; — f; and 1y ; — f;
the function v is defined on (71, 72) x Sj\_]—l where —oo <11 < —1 <1 <1, < +00. A contra-
diction follows at once from the eigenfunction expansion of ¥ in the z variables.

Now that (2.30) has been proven, we may use elliptic estimates together with Ascoli’s Theo-
rem to pass to the limit as #; tends to —oo and #, tends to 400 and get the existence of a solution
of L,y = f which is defined in R x SY ™! and satisfies

e P L P

provided f satisfies (2.29). Elliptic regularity then also implies that [a P V| Lo < clla™ f o
which immediately yields

la™rd ] <cla™ £
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since ¥ has 0 boundary data. This completes the proof of the result in the case where the func-
tion f(¢,-) is L2—0rth0g0nal to ¢1, for a.e. .

We now turn to the general case, namely, we do not assume anymore that f satisfies (2.29).
We look for a solution of L ,u = f of the form

u(t,z) =ur(t,2) + h(t)p1(z)

where u~ solves

Lyut = f —L,(he) (2.31)
and # solves the ordinary differential equation

32h + Ad;h —eh +ypaP~'h = f f@t,Ygirdo
syt

so that the right-hand side of (2.31) satisfies (2.29). The solution of this problem is explicitly
given by

s

t
h(e) = w(®) / w—z(s>e—f“< f w(:)eA<f<;)d<:>ds

—0o0

where w = 9d;a. Using the estimates of Lemma 2.5, we find that

la=7 e < ce™Ha™" £

The proof of the result in the general case then follows at once from the collection of these
results. O

Conclusion of the proof of Proposition 1.1. To find a solution of problem (1.8), we write
p=do+y

and we let G p be the operator defined in Lemma 2.6. To conclude the proof, it is enough to find
a function i solution of the fixed point problem

¥ =—G,(N(do) + QW) (2.32)
in the space a?d L*° (R x Sﬁ'*]), where
= - - —p—1
QW) =Igo+vI" —d§ — pdy V.
Also, we need to check that ¢ > 0, but we will see that the solution we obtain is much smaller

than ¢ and this will immediately guarantee that ¢ > 0.
We set
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M) =—G,(N(go) + QW)).

Thanks to the careful choice of y, the function ‘ft(cj;o) is L? orthogonal to ¢ for each ¢ and
according to Lemma 2.6 we have

la=Pd™' M), < c[la™PNG0)] ;0 < co- (2.33)
It is easy to see that there exists ¢ > 0 such that, for all p close enough to %
la=Pd= (M) — M@)o < c€*a™Pd™ (W2 — YD) | e (2.34)

for all ¥, Y1 € aPd L (R x Si’_l) satisfying

la=Pd™"yi oo < 2¢0,
where cg is the constant which appears in (2.33).

Using the above estimates and the result of Lemma 2.6, the existence of a solution to the fixed
point problem (2.32) can then be obtained by contraction mapping principle in the ball of radius
2¢g in the space aPd LR x S iv -, provided that p is chosen larger than (but close enough to)
%—J_r}. We will denote by v, this fixed point. i

Observe that [v/,| < agp; is p is close enough to %—ﬂ Therefore, ¢ = ¢ + ¥, is positive.
This completes the proof of Proposition 1.1. O

3. The bounded domain case: proofs of Theorems 1.2 and 1.3

The proof of our main results relies on two basic ingredients: One is the, already established,
existence of the “basic cells” given by Propositions 1.1 and 1.2 which we will use to construct
approximations to singular solutions. Another important ingredient, on which we elaborate in
the next two subsections, is the analysis of invertibility of Laplace’s operator, for the right-hand
sides exhibiting a controlled singular behavior on a given embedded submanifold of 92, in the
same spirit to that of Lemma 2.6. Then we will use a fixed point scheme analogous to that in the
proof of Proposition 1.1 to perturb the approximate solutions.

Let £ be a smooth bounded domain of R and S be a smooth embedded submanifold
of 32 ¢ RY with dimension k < N — 2. We define

n=N —k.
We start by setting up a suitable description of the space and Laplacian operator in natural coor-
dinates associated to S. While the analysis below is done for k > 1, it applies equally well to the
point-singularity case k = 0, being actually simpler.
3.1. Local coordinate system
In a neighborhood of a point pg of S, we choose sections Ej1, ..., Exy_; of NS forming an

orthonormal frame the normal bundle of S in 2. We define Fermi coordinates in some tubular
neighborhood of § in 32 by using the exponential map
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N-1
. a2
F(p; Xi+1, ..., xn-1) = Exp); < Z ijj),
Jj=k+1

for p € S in a neighborhood of pg and X = (x4+1, ..., Xxy—1) in some neighborhood of 0 in R
In these coordinates, the induced metric ¢ on 952 can be expanded as

& =gro-1 +gs + O(I%]),
where ggs denotes the induced metric on S.

Finally, to parameterize a neighborhood of a point of 92 in £2, we denote by Ex the normal
(inward pointing) vector field about 92 and define

F(g;xn) =q +xNEN(q)

for g € 02 in a neighborhood of a py and xy > 0 in some neighborhood of 0. In these coordi-
nates, the Euclidean metric in £2 can be expanded as

8RN = dx,z\, + ¢+ Oxn).
Collecting these two expansions, we conclude that the Laplacian can be expanded as
Agy = Ays + O(IF) V2 + O(1)V 3.1)

where X = (xg+1,...,xn) and Ays = Arn + Ay is the Laplace—Betrami operator on NS, the
normal bundle of S.

3.2. Analysis of the Laplacian in weighted spaces

We want to prove, in the current setting, a result in the spirit as that of Lemma 2.6. To do
this, we need to define weighted spaces on £2 \ S, which have a controlled blow up rate as S
is approached. Unlike those in Lemma 2.6, we now have to choose Holder spaces, since they

are more suitable to handle with linear perturbations which are second-order operators. Let us
define, for R > 0, half “balls” and “annuli”

BL(R):={(p,X)€NS: |X|€(0,R), X-Ey >0}
and
A4(R1, Ry) == {(p, X) €NS: |X| € (R1, R2), X - Ey >0}

In other words, B4 (R) is roughly the “half” of a tubular neighborhood of radius R of the man-
ifold S, or just a half ball in case that S reduces to a isolated points. We consider the following
weighted space of functions defined on B (R) \ S.
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Definition 3.1. The space Cf‘a(é+(R) \ S) is the space of functions u € Cleo’g‘ (B4 (R) \ S) for
which the norm

s _6 S . . - -
llleg @, caons) s ek 4 (Bxpp ). ) cee iy i -8,y

is finite.

In other words, if (X, X) = (x1, ..., xy) are local coordinates on By (R), Cf’a(1§+ R\ S =
|)Z|5(f@’°‘(1§+(R) \ §), when, to evaluate the norm in C~K’“(l§+(R) \ §) partial derivatives
are computed with respect to the vector fields |X|dy; instead of dy;. In particular functions

in Cf’a (B, (R)\ S) are bounded by a constant times |%|® and have their {th-order partial deriva-

tives with respect to the vector fields o, ;s bounded by a constant times |)Z|‘S_€, for ¢ <l+a.
We consider now the linear problem

{ Ansu=I|%|"2f in BL(R)\ S, 3.2)

u=0 on dBL(R)\ S.

We have the validity of the following result.
Lemma 3.1. Assume that § € (1 —n, 1). For all R > 0, there exists a unique operator
Gs.r G (BL(R)\ S) = €3 (B+(R)\ S),

such that, for each f € C?’a (B+(R) \ §), the function Gs gr(f) is a solution of problem (3.2).
Moreover, the norm of Gs g is bounded by a constant ¢ > O which does not depend on R.

Proof. First we solve for each r € (0, R/2) the problem

{ Ansu =137 f in Ap(r R), 3:3)
u=0 on dA4(r, R),
and call u, its unique solution.
Since § € (1 —n, 1), we can define ¢, to be the unique, positive solution of
~(Agt+n—1+@E—=DG+n—D)g.=1 inST",
0 =0 on Z)Sﬁlr_l.
A direct computation shows that
Ans(1FP¢s) = =152, 3.4)

and the maximum principle employed as in the proof of Lemma 2.6, yields the a priori bound

~8
|Mr| g C”f”Cga(éJr(R)\S)'x' 5
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where ¢ > 0. Then, elliptic estimates applied on geodesic balls of radius r centered at distance
2r from S give the following bound on the gradient of u

Vurl < el fllve g, gy I

for some ¢ > 0. Using Arzela’s theorem, we conclude that, for a sequence of radii tending to 0,
the sequence u, converges to a function # which satisfies

lul < el Fllgoa s, (s I

and solves (3.2). Again, elliptic estimates applied on geodesic balls of radius r centered at dis-
tance 2r from S yield the bound

lellc2e s, rpvs) < €M leve iz, ans):

for some constant ¢ > 0. Uniqueness of the limit u is easy to get and we leave it to the reader.
The proof is concluded. O

Next we will extend the previous result to the entire domain 2 \ S. To do so, we consider a
smooth, positive function

y:2\S— (0,00),
which in the above defined local coordinates coincides with || in a neighborhood of S in 2.
This function will play the role of the function |x| defined in B4 (R) \ S. For R small enough,

we isometrically identify B, (R)\ S with its image in £2 by the exponential map. Accordingly,
we define weighted Holder spaces in £2 \ S as follows.

Definition 3.2. We let the space Cf‘“(.@ \ S) be that of functions u € cf(;g‘(fz \ §) for which the
norm

lllgte sy = Nullcte gz, rys) + Illcee @b, k2
is finite.
We consider now the problem

{ARNuzyzf inf2\S, 3.5)

u=>0 ondf2\S.

We have the following result, extension of Lemma 3.1.
Lemma 3.2. Assume that § € (1 — n, 1). There exists a unique operator
Gs:CI*(2\ S) = CFU(2\ 9),

such that, for each f € Cg’a (22\ S), the function Gs(f) is a solution of problem (3.5).
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Proof. The proof follows from Lemma 3.1, expansion (3.1) and a linear perturbation argument.
First, we claim that the result of Lemma 3.1 remains true in B4 (R) \ S if the operator Aygs is
replaced by Agw~ and if R is chosen small enough. Indeed, we have from (3.1) and Proposition 3.1

2
HV (ARN - ANS) o G&R(f) HC?-“(BJr(R)\S) g CR||f||Cga(é+(R)\S)

The claim follows at once from a perturbation argument, provided that R is fixed small enough.
We denote by Gs_ g the right inverse for A in By (R) \ S.

We consider a cut-off function nz which is equal to 1 in By (R/2)\ S and equal to 0 in
2\ B4 (R). We define

f=f—y*Apn(nruy),
where u| = C_;,;, r(f). Observe that this function is supported in £2 \ B (R/2). We have that
fec®¥(£2) and

I Fllcoaay < cllfllgoeans)

for some constant ¢ > 0.
Finally, we can solve

{ Agpnup = )/_2f in £2,
up =0 on 052.

‘We have the bound

luzllczazy < cll flleoagys):

The desired result then follows by letting the solution of (3.5)be u =u; +uz. 0O
3.3. Proof of Theorems 1.1, 1.2 and 1.3

We are now in a position to provide the proof of Theorems 1.2 and 1.3. The argument goes
along the same lines as that in the proof of Proposition 1.1, now with Lemma 3.2 playing the role
of Lemma 2.6.

We keep the notations of the previous sections as far as local coordinates close to S are con-
cerned.

Proof of Theorem 1.2 (and Theorem 1.1) in the case where p = :—ﬂ We assume that S is
either a finite number of points of 32, in which case k = 0, or an embedded k-dimensional
submanifold of 92, for k < N — 2. For all ¢ > 0 small enough, we define

ue = nre" luy(e¥),

where u is the solution provided by Proposition 1.3 and ng is a cut-off function which equals
1in B4 (R) and O in £2 \ B4 (2R). We assume that R > 0 is fixed small enough. Note that, we
have u, =0on 982 \ S.



M. del Pino et al. / Journal of Functional Analysis 253 (2007) 241-272 267
The problem we want to solve then reads

AGte + ) + lue + 0T =0 in 2,
v=0 ondf2\ S,

where we also require that u; +v > 01in £2. Let us fix § € (1 —n, 2 —n). By virtue of Lemma 3.2,
we can rewrite this equation as the fixed point problem

v=—Gs(y*(Aue + lue +v[ 1)) (3.6)

We have the validity of the following fact: there is a constant c¢g > 0 such that

172 (Aue 4l ! )HCM(Q\S) collog(1/)) 7" (3.7)

This result is a consequence of expansion (3.1) and a direct computation using the asymptotic

properties of u in Proposition 1.2.
n+l

Observe that we have chosen § < 2 — n since yz(Au et u F‘ ) is bounded by a constant times
|>~" near S, and § < 2 — n guarantees that this function belongs to Cg’“(S_Z \ S).

A second estimate we can directly check is the following: Assume that§ € (1 —n,2 —n) is
fixed. There exists a constant ¢ > 0 such that

|X

”y (|M€+U2|” l - |u<“+v1 l1)||C°°‘(_Q\s) (log(l/S)) ||U2_v1 ”0201(9\5) (38)

for all v, vy € Cy*(£2 \ S) satisfying

1-n
vill2e g 5) < 2¢0(log(1/)) .

The above estimates allow an application of contraction mapping principle in the ball of radius

2co(log(1/ 8))1%” in Cg’a(S_Z \ S) to predict existence of a solution to problem (3.6), which we
denote by v,.

Since 6 > 1 —n, we have |vg| < u, near S and hence the solution u = u, + v, is singular along
S and is positive near S. The maximum principle then implies that # > 0 in £2. This completes

the proof of Theorem 1.2 in the case p = "+% . O

When S is the union of several connected components, one can choose different concentration
parameters €1, . .., & for each connected component as far as they are commensurable, namely

8/':(1/‘6

where a; > 0 are fixed and € tends to 0. The result holds for any choice of the a; and this shows
that the set of solutions with fixed singular set S is at least k-dimensional, if £ is the number of
connected components of S. More can be done when the dimension of § is positive since in this
case we can even choose ¢ to be a function on S. Namely
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e(p) =a(p)e

where a(p) is a smooth positive function on S and € is small. It is easy to check that the proof
goes through in this case and also that two different functions give rise to two different solutions
and hence the space of solutions with fixed singular set is now infinite-dimensional.

The proof of Theorem 1.3 in the case where p = il This proof uses similar arguments
together with an induction process. By assumption, A is closed and contains a sequence of k-
dimensional mutually disjoint submanifolds S;, i € N such that | J; S; is dense in .4. We define
inductively the sequence of functions #; which are solutions of

n+1

Au; +u_' =0 (3.9)
in 2, satisfy u; =0 on 92 — U§'=o S; and are singular along U3'=0 S ;. Assume for example that
u;—1 has already been constructed, then, we define

~ n—1 ~
U =uj—1+ng. & u1(&xs;)

where u is the solution prov1ded by Proposition 1.3, R; is fixed small enough less than half
the distance from S; to | J'_ = 0 S; and &; > 0 is as small as we want. Here Xg, corresponds to the
variable X associated to S;.

Applying a perturbation argument as above, we can perturb i; into a solution u; = it; + v; of
(3.9) for some function v; € 6’52’“ (£2\ Ui':o §;). Taking &; small enough, we can ensure that

i —wi—ill gy <27 (3.10)
JdistC-. 92) 5 s = w1 gy <2 (3.11)

and
| dist-, 92) 70 | oo ) <27 (3.12)

where § € (1 — n,2 — n) is fixed. Clearly (3.10) ensures that the sequence (u;); converges
in L'(£2) to a function u. Moreover (3.10) and (3.11) imply that u is a very weak solution
of (1.1). Finally, (3.12) implies that the nontangential limit of « at any point of U?o:o S is equal
tooco. 0O

The proof of the Theorems in the case where p > ”+1 . Let us briefly comment on the modi-
fications which are necessary to handle the case where p > "'H is close to this value. As above
n+1

6 € (1l —n,2—n)is fixed and p is close enough to to ensure that

p—3
——<(S<—

p—1 p—1

and n — Z—:S > P=3 _ 5> 0. This time we define

<
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2
ug =ngre P ui(x/e)

where ¢ is close to 0 and u; is the solution obtained in Proposition 1.1 (instead of u; being the
solution which is defined in Proposition 1.2) and we obtain (provided p is close enough to "“ 1)

“yz(Aus + uf)”cg,a(é\s) < c(g”*pfi +eﬁ*5) <cper1°,

instead of (3.7), where ¢, > 0 tends to 0 as p tends to ”+1 . While, using (1.13), we see that (3.8)
can be replaced by

2 P _ p _ — _
Hy (|u€ + vy lug + v1] )’|C§'“(Q\S) < c”d)pllcz(sﬁfl)”l)Z vy ||C§.a(Q\S)

for all ¢ small enough and for all vy, v; € C(?‘a (£2\ S) satisfying

L‘?,g
2cpeP=

|| % ”C?O‘(Q\S) g
Above, the constant ¢ > 0 does not depend on p and hence, to obtain a contraction mapping, it
is enough to take p close enough to "H to ensure that [|¢, | - sV is as small as needed.

The remaining of the analysis is unchanged and we leave the details to the reader. The only
substantial difference between the case where p = "H and the case where p is larger than this
value is that, when p > % is close to this value, in the proof of Theorem 1.3, in addition to
the properties (3.10) to (3.12) which ensure the convergence of the sequence of solutions in the
appropriate spaces, we may also ask that the sequence converges in W4 (£2), for some ¢ close
enough to 1. The proofs are concluded. O
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Appendix A

Proof of Lemma 2.5. Analysis at —oo. Recall that
_ 1
8= 5( A% +4e — A).

It follows from standard ODE techniques that there is a unique solution of (2.23) which can be
written as

ap —aooe ’( +0(1))
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and which is defined in some interval (—oo, —f/€), provided > 0 is fixed (independently
of p) large enough. Observe that a,, and a,, only differ by a shift of time, so the study of a,, and
ap are equivalent. If we look for a solution of (2.23) of the form a,(t) = axo (€T + w) then w
is a solution of the fixed point problem

' s
w=—ce’ ! / e 20 s As ( / e il (687{ + W(f))p dé’) ds
—00 —00

for which it is easy to find a fixed point in the set of functions defined in (—oo, —f/€) and
satisfying |w| < 1 ¢!, provided 7 is fixed large enough (independently of p). Using the integral
equation satlsﬁed by w, one immediately estimates the derivative of a, and check that

dap =08"ase’ "(1+0(1))

and this, together with the fact that 6~ =€ + O(e?) implies that (2.24) and (2.26) hold
in (—oo, —1/¢€), at least for p close enough to %Jr} , provided 7 is fixed large enough.
Analysis at +o00. We define

5t = %(—A:t,/Az —4(p — 1)e)

to be the characteristic roots of

(87 + A3 + (p — De)w =0,

the homogeneous equation associated to the linearized ODE at an,. Arguing as above, it is easy
to check that there exists a unique solution of (2.23) such that

ap=ac(l— e (1 +o(1)))

which is defined iI} (fp, +00) and satisfies @, (7,) = 0. Indeed, we look for a solution of the form
ap(t) =ac(l— 57" + w), we find out that w satisfies

(02 + A% + (p — De)w+€eQ(=¢’ "+ w) =0

where Q(w) = |1 4+ w|? — 1 — pw. A solution of this equation can be obtained using a fixed
point argument and the integral formula

+00

+00
w=—ee ! / e_2‘§+s_AS< f b TerAL Q(_eg_g +w(0)) d‘f) ds

t s

We leave the details to the reader. It is easy to check that, in the plane (a, 9;a), the curve described

by t > a,(t) is close to the straight line d;a = N (a %f% , since 8~ tends to
N+1

—N as p tends to
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Using this information together with the phase plane analysis, we see that the solution a,
is trapped in the region described by a > 0, 9;a > 0 and is below the curve {(a,(¢), d;a,(t)):
t > fp}. In particular, this implies that a, < a and also that d;a, > 0, provided p is close
enough to % This already implies that (2.25) holds.

We are now in a position to give a precise expansion of the solution a, when ¢ tends to oo.

Assume that p is close enough to %—ﬂ so thata, < doo and 87 > §7. Certainly, since a, # a,, it

can be expanded as
ap = oo — cpeg+t(1 + O(e_él’t))

for some positive constants ¢, > 0 and &, > 0, as ¢ tends to +00. Up to a shift of time, we can
replace a, by a, which this time is normalized so that

ap =aoo(1 — e‘§+t(1 + (’)(e_gl’t)))

at +o00. We now write d, = deo(1 — %" 4+ w) and choose 7, such that

where 0 < 6 « 1 is fixed independently of p. Assume that, for t > f,,,

1 5+
lw| < 535 !

and also that w tends to O faster than ® ' as t — co. We write w as a solution of a fixed point
problem and with little work, we find that

t +00

w=ee ! f ¢=257s—As ( / o AL Q(—65+C +w(0)) dC) ds + Xpegft

tp B

where the constant A, has to be determined. Using the a priori bound in Lemma 2.3 which
implies that

(0dp)* < e,
we can estimate
|)\p|eé—fp <Cel/z
for some constant ¢ > 0, independent of p. Therefore, we conclude that
dp — oo = —aoo(e‘§+t + O(ep’§+t) + O(Apegft)),

and also that
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0ap, = —5+aoo(e‘§+’ + (’)(ep‘§+’) + (S+)_l(’)(kpe‘§_’)),
forallt > pr. Observe that for t > 2?,, we have

(S+)_1)»,,e(3_t < 66+t
provided € is small enough (in other words, p close enough to %). The estimates for as, —ap
and d;a, needed to prove (2.26) when ¢ > ¢ /e (for some ¢ fixed large enough) follow at once from
the corresponding estimates which can be derived for a, and da,, using the above expansions.
We leave the details to the reader.
Finally, when € [—7 /e, /€], we simply observe that we already know that

o0 X p\l

€doo

in this range and also that %eaoo < dap(£1/€) < Ceas by the previous analysis. We also ob-

serve that, if 9,a, achieves a local maximum or minimum in (—1/€,t/€), then 3,2a p = 0 at this
point and hence we obtain from (2.23) that

Adiap =€ap — yaﬁ
at this point. Therefore, there exists ¢ > 0 independent of p such that

1 -
Z€aoo < 0rap < C€Aoo,
¢

for all r € [—1 /¢, /€], provided p is close to % This completes the proof of (2.26). O
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