ON THE MORSE CRITICAL GROUPS
FOR INDEFINITE SUBLINEAR ELLIPTIC PROBLEMS

VITALY MOROZ

ABSTRACT. We consider the Dirichlet problem for the equation —Au = au +
m(x)ulu|972 + g(x,u), where ¢ € (1,2) and m changes sign. We prove that
the Morse critical groups at zero of the energy functional of the problem are
trivial. As a consequence, existence and bifurcation of nontrivial solutions of
the problem are established.

1. INTRODUCTION.

In this paper we are concerned with the Dirichlet problem

P) —Au = au+m(x)ulu|?? + g(z,u) in Q,
u = 0 on 0f),

where Q C RN (N > 2) is a connected open bounded set, a € R, ¢ € (1,2),
m € L®(Q) and g : QxR — Ris a Caratheodory function, i.e. g(z,u) is measurable
in x for all v € R and continuous in u for almost all = € Q.

Throughout the paper we assume that the sets

O ={x € Q:m(x) > 0}, Q_={zxeQ:m(x) <0}
are open, Q4 # () and g satisfies the condition
g(z,u) =o(|lu]) asu— 0.

Thus u = 0 is a trivial solution of (P) and the non-Lipschitz term m(z)u|u|?~2
dominates g(x,u) near zero. We are interested in the existence and bifurcation of
nontrivial weak solutions of (P) for the case of indefinite weight function m, that is
when both €2, and {2_ are nonempty sets. Indefinite problems of this type arise in
population dynamics (see, e.g. [18]). They describes the asymptotic behaviour of
population in a heterogeneous environment. The weight m represents the intrinsic
growth rate of the population. It is positive on favourable habitats and negative
on unfavourable ones.

In the case when m is constant or nonnegative there is extensive literature on
nontrivial solutions of the problems of the type (P) (see, e.g., [4, 5, 11, 17, 14] and
references therein). The typical feature of (P) in the indefinite case is that nontrivial
solution of (P) may vanish on a nonempty open set within Q_. As a consequence
of this fact, the structure of the solution set of (P) might be rather complicated.
This phenomenon has been studied in details by C. Bandle, M. A. Pozio and A.
Tesei [6, 21] in the case oo = 0. Existence and bifurcation of nontrivial nonnegative
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solutions for varying « has been recently studied by S. Alama [2]. The techniques
used in these papers were mainly the methods of sub— and super—solutions and
mountain—pass type arguments.

In the present paper we study problem (P) by methods of infinite dimensional
Morse theory (see [9, 15]). Our first result here is the computation of the Morse
critical groups at zero for the energy functional of (P). In the case m =1 this has
been done in [17, 20]. The main difference and difficulty in the indefinite case is that
a suitable control on the values of the parameter « is required. Roughly speaking,
we prove, that if « is not too large, then the Morse critical groups at zero for the
energy functional of (P) are trivial. This allows us to establish the existence of a
nontrivial (possibly changing sign) solution of (P) when the nonlinearity g(x,u) is
asymptotically linear. We also study bifurcation of small solutions of (P) when the
weight m is endowed with a small parameter.

The precise framework and statements of results are given in Section 2, while
the proofs are delegated to consequent Sections 3-5.

2. PRELIMINARIES AND STATEMENTS OF RESULTS.

Throughout the paper, we denote by || - ||, the standard norm on the Lebesgue
space L, (€2). By (-, ) we denote the usual inner product on Lo (€2). By [Ju|| = ||Vull2
and (u,v) = (Vu, Vv) we denote the norm and the corresponding inner product
on the Sobolev space Hi(£2). We denote by A;(2) the principal eigenvalue of
the Dirichlet Laplacian on £ and by e;(£2) the corresponding normalized positive
eigenfunction. By a solution of problem (P) we always mean a weak solution. Also,
the letter ¢ will be used to denote various positive constants whose exact value is
irrelevant.

The usual energy functional corresponding to problem (P) is defined by the
formula

1 1
I = 3l = Gl = ¢ [ il do~ [ Glow o
where
Gl u) = / o(z,€) de.

Let 2% = % if N >3 or 2* = o0 if N = 2 be the critical Sobolev exponent. It is

well-known that if ¢ satisfies the subcritical growth condition
(9) lg(z, w)| < e(L+[ulP™")  with p € (2,27,

then the energy J is of class C! on H}(Q) and the critical points of J are weak
solutions of (P). Moreover, if m, g and 2 satisfy some additional regularity assump-
tions, then by elliptic regularity theory weak solutions of (P) are actually classical
solutions.

Following [19, 3], we consider the number

Ac(m) = inf{|[v]* : v € Hg(Q), [lo]3 =1, / m(z)v|? dx = 0},
Q

where we set inf ) = +o0. In particular \.(m) = +oo provided that mes{z € Q :
m(z) < 0} = 0. It is easy to see that A.(m) > A;1(Q), where the equality holds if
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and only if
(2.1) / m(z)|e1(Q)|? dz = 0.
)

It is also clear that A (m) < A1(fp), where Qo = {& € Q : m(z) = 0} and
A1(Qo) < o0 is the principal eigenvalue of —A on the (relatively) closed set €.
We refer to [12] for the definition of the Dirichlet Laplacian on arbitrary subsets of
2. One can construct an indefinite function m in such a way that A.(m) becomes
arbitrarily close to A1(Qg). A related example is given in [3, p.112].

The Morse critical groups of J at the critical point « with J(u) = ¢ are defined
by

Cr(J,u) = Hp(J°nU,{J°nU}\ {u}), keN=NU{0},

where J¢ = {u € H}(Q) : J(u) < ¢} denotes the sublevel of J, U is a closed
neighborhood of u and Hy, is the k-th singular homology group, cf. [9]. Due to the
excision property of homology Ci(J,u) is independent of U. We refer to [22] for
the topological notions mentioned in the paper. Our main result reads as follows.

Theorem 2.1. Let a < \.(m) and (g) hold. Then Ci(J,0) =0 for all k € N.

Let o(€2) be the spectrum of the Dirichlet Laplacian —A on 2 and 0 < A; <
Ao < A3 < ... its eigenvalues, counted with their multiplicity. Then comparing the
Morse critical groups of J at zero and at infinity in the usual way (see [9, 7]), we
prove the existence of nontrivial solution of (P) when ¢ is asymptotically linear.

Theorem 2.2. Let oo < A.(m). Suppose that for some l € N one of the following
conditions holds:

i) g(z,u) = Pu+o(Ju|) as |u| — oo with B+ o € (N, Ny1);

ii) g(z,u) = Bu+ o(|u|?™1t) as [u] — oo with B+ a =X\ < \.(m).
Then (P) has a solution v # 0.

Next we consider the parameter dependent problem

(P,) ~Au = au+pm(z)uful" +g(x,u) i
K u = 0 on 09,

where o € R and the other data are as in (P). By using Theorem 2.1 and the
stability of the Morse critical groups under C'—perturbations of the functional (cf.
[10]), we prove the following bifurcation result for (P,).

Theorem 2.3. Let o < A (m) and oo & o(2). Then for each p > 0 there exists
p+ € (0,p) and p— € (—p,0) such that (P, ) have nontrivial solutions v(p+) # 0

with [[v(u+) < p.

Remarks. (1) Notice that in case m = 1, Theorem 2.1 is a variant of results of
[17, 20]. Our proof in the indefinite case relies on the ideas of S. Alama and M. Del
Pino [3], where the topology of sublevels of indefinite superquadratic functionals
has been studied.

(2) The statement of Theorem 2.2 should be compared with the results of C.
Bandle, M. A. Pozio, A. Tesei [6, 21] and S. Alama [2]. In [6, 21] the existence of
nonnegative nontrivial solutions of (P) has been studied for & = 0. In [2] (under the
Neumann boundary conditions and suitable assumptions on g and m) the author
exhibits a number a, > 0 such that (P) has several nonnegative solutions for
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a < a, and no nonnegative nontrivial solutions for a > «,. In our framework one
can show that if, for instance,

(2.2) m(x)|e1(Q)[?dx >0 and wug(x,u) >0 forallxe Q,
Q

then a, = A1(€2). On the other hand, if (2.1) does not hold then A.(m) > A;(Q).
Thus A, (m) could be greater then «, at least for some specific choices of m. In these
cases Theorem 2.2 complements the result from [2] for o € (e, Ax(m)). Moreover,
if Ax(m) > . then the nontrivial solution v given by Theorem 2.2 necessarily
changes sign in 2. We conjecture that v is actually a changing sign solution also
for a < a, and, in particular, that it does not coincide with nonnegative solutions
obtained in [6, 2]. The difficulty here is that, as we observed before, nontrivial
solution of (P) may vanish on a nonempty open set contained in Q_ ([6, 21]). As a
consequence, the order preserving pseudo gradient flow forJ (if it exists) may not
be strongly order preserving. Thus the methods of critical point theory in partially
ordered spaces in the spirit of [11] or [8, 14], do not apply directly to (P). We are
going to return such problems in future.

(3) In Theorem 2.3 we do not assume any growth condition on g. This means that
bifurcation of small solutions at p = 0 is rather a local phenomenon which does not
depend on the behavior of nonlinearity for large |u|. This gives a non symmetric
complement to the results of Z. Jin [13] and Z.-Q. Wang [23], where the local
bifurcation “to the right” from p = 0 has been established for odd nonlinearities
and m > 0. Notice also that the assumption o € o(€2) could be omitted, but then
we need to impose some additional conditions on g such that critical groups of J
at zero could be computed when p = 0, cf. [7].

3. PROOF OF THEOREM 2.1.

We divide our proof in several steps. First we establish a geometrical description
of the sublevels of J in a neighborhood of zero. Let

ET ={ue Hy(Q): /Qm(;v)|u|q dx > 0}.

Clearly, E* U {0} is starshaped with respect to the origin and Hg(24)\ {0} C ET.
One can easily check that for each fixed u € ET and 7 € R the point 7 = 0 is a
strict local maximum of the scalar function J(7u). In particular, J°NB,NE*T # (
for any p > 0, where B, stands for the the closed ball in Hj () of radius p > 0
with the center at zero.

Lemma 3.1. Let o < Ai(m) and (g) holds. Then there exists p > 0 such that
{J°NB,}\ {0} C ETNB,.

Proof. By a direct computation we obtain
1, o o, o 1 a 2
(3.1 J@) = gllull” = Sl = = m(@)u]? de +o(|lullz) as [lull2 — 0.
q4Jq
Assume by a contradiction, that there exists a sequence (u,) C H}(Q) such that

(3.2) lunl = 0, wn#0, J(u,) <0 and / m(z)|un|? dz < 0.
Q
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Thus J(u,) — 0 by continuity of J. Set v, = w,|lun|5*. By (3.2) and (3.1) we
obtain

J(uy) 1
(33) =5 (ol =) = Ll [ @l de+o(1) <0,
I
Then by (3.2) it follows that
1 1 -
Ba) ol < Sl [ @l do+ 5+ o(1) < § +o(0).
2 q o 2 2

Hence ||v,]|?> < a+o0(1) and a subsequence (which we still denote by (v,,)) converges
weakly in H}(Q) to a certain vy € H}(Q) such that

(3.5) ||v0||2 <a and |v]z2=1.
On the other hand, from (3.2) and (3.3) we derive

o o
0> 5““%” / m(x)|v,|? de > f||vn\|2 ) +o(1) > -

et 5 +O(1).

Hence
02 [ mla)oal?do = (= G+ o1) a3 = o(0)
Q 2

Thus by weak continuity

/ m(x)|vo|? dx = lim/ m(x)|v,|? dx = 0.
Q Q

By definition of A\.(m) it follows that ||vg||* > A«(m), in contradiction with (3.5)
and with assumption a < \.(m). O
Lemma 3.2. Let a < A\.(m) and (g) hold. Then there exists p > 0 such that

d
3.6 — J 0.
( ) d’T|T:l (TU) ~
for anyu e M, ={ue B,NE": J(u)>0}.

Proof. By a direct computation we obtain

1d 1 1 2 2 2
6D g I = T+ = Dl = alul) + oful)
and
B8 g 0= T+ (G = 5) [ m@l” de ol

as |lulla — 0. If & < A1(€2), then the statement of the lemma follows immediately
from (3.7). Let o > A\1(Q2). Assume, by contradiction, that there exists a sequence
(un) C H}(Q) such that

(3.9) [tnll =0, un #0,  J(un) 20,

Then we set v, = uy,||un ||y . From (3.7) we obtain

02 (= 3)loall = )+ o(0).

Thus ||v,]|? < a+0(1) and a subsequence (which we still denote by (v,,)) converges
weakly in H}(Q) to a certain vg € H}(Q) such that

(3.10) vol? <@ and vz = 1.
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From (3.8) we obtain

0> (

)t 142 / m(@)lonl dz + o1).

DN =

1
q
Hence

/Q () |oa]? d < [lun |2 %0(1) = o(1)

Thus by weak continuity we obtain
/ m(zx)|vg|? dx = lim/ m(z)|v,|? de =0
Q Q

By definition of A\.(m) it follows that ||v||> > A«(m), in contradiction with (3.10)
and with assumption a < A.(m). O

Lemma 3.3. For all p > 0, the set ET N B, is contractible in itself.

Proof. We are going to show that the embedding i : H}(Q24)\ {0} — ET is a
homotopy equivalence. Since Hg(24) \ {0} is well-known to be contractible in
itself and ET U {0} is starshaped with respect to the origin, then the assertion
follows

Let 6 : Q — R be a Lipschitz continuous function such that

0<6<1 on Q, 0=0 on Q\Q,.
Let ¢ be the map defined by the formula
d(u) = 6(x)u.
Clearly, ¢ is a (linear) continuous map from H}(Q) into H}(Q2). Moreover,
d(u) =0 in Q\ Q4

and hence ¢(u) € H}(Q4) (cf. [1, Theorem 9.1.3]). Moreover, if u € ET then
Supp(u) N Q4 # (@ and hence ¢(u) # 0. Thus ¢ maps continuously EV into

H; (€4) \ {0}

We now consider the linear homotopy on ET defined by the formula
Hi(u) = (1 —t)u+ to(u).

Clearly Ho(u) = idg+ and Hi(u) = i o ¢. Moreover, since u¢(u) > 0 we can
estimate

[ m@r@l s = [ m@]( - et o) ds
Q Q

v

/Q+ m(x)|(1 —t)ul? de + / m(x)|(1 —t)ul? dz

- (1_t)q/m(x)\u|q dz>0 for te(0,1].
Q

Therefore H : [0,1] x ET — ET is a homotopy between idg+ and i o ¢.
In the same way we can show that idHé(Q”\{o} is (linearly) homotopic to ¢ o i.
Thus ¢ is the homotopy inverse to i. [

Remark. A version of Lemma 3.3 has been proved in [3, Lemma 2.4] under the
additional assumption Q1 N Q_ = (. We note that the statement of Lemma 3.3
remains true for any ¢ € [1,2*].



INDEFINITE SUBLINEAR ELLIPTIC PROBLEMS 7

Proof of Theorem 2.1. Let us fix p > 0 such that Lemmas 3.1, 3.2 hold. To prove
the theorem it is enough to verify the following two conditions

(a) J°N B, is contractible in itself;

(b) {J° N B,} \ {0} is contractible in itself.

Thus the result follows by the standard exactness properties of homology groups,
cf. [22] and [17] for details.

Claim (a). We will show that the set J° N B, is starshaped with respect to the
origin, i.e. that uw € J° N B, implies that Tu € J°N B, for all 7 € [0,1]. Then the
claim follows.

Assume, by a contradiction, that there exists ug € J° N B, and 1y € (0,1) such
that J(7oup) > 0. Then from (3.6) it follows that

d
fJ(Touo) > 0.
dr

By the monotonicity arguments this implies that
J(Tup) >0 for all 7 € [ro,1].

This contradicts the definition of ug.

Claim (b). By Lemma 3.1 we know that {J°NB,}\ {0} C E*. By Lemma 3.3, the
set ET N B, is contractible in itself. Moreover, by [22] the retract of the set which
is contractible in itself is also contractible in itself. Thus it is suffices to show that
{J°N B,} \ {0} is a retract of E* N B,, which we now will prove.
As above, we set
M,={ue EtNB,: J(u) >0}
From Lemma 3.2 it follows that for each u € M, there exists a positive solution
7(u) € (0,1] of the equation
J(Tu) = 0.
From the starshapeness of J° N B, it follows that such a solution 7(u) is unique.
Fix u € M,. By (3.6) we have

d
dr
Hence the Implicit Function Theorem implies the continuity of the function 7(u)

in a neighborhood of w in M. Therefore 7 : M, — (0, 1] is a continuous function.
Let r: ET — {J°N B,} \ {0} be the map defined by the formula

B T(w)u, w e M,,
"WEV L e nB (o

J(7(u)u) > 0.

The continuity of r follows from the continuity of 7 and by the fact that by the
definition

T(u)=1 as weM, and J(u)=0.
Moreover
r(u) =u for ue {J°NB,}\{0}.
Thus 7 is a retraction of {E* N B,}\ {0} into {J°N B,}\ {0}. O
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4. PROOF OF THEOREM 2.2.

We will only deal with case (i7), where a + 8 = A\; for some [ € N. Case (i) is
simple and can be treated following arguments used in [17, p.394-395].

Our hypotheses on g implies that J is of class C! on H{(2), is asymptotically
quadratic and has the form

@ I = g (P —elul) = ¢ [ ml de+ oful)
(42) = 5 (Il = wllul) + o(luld) sl — oo,

where w = a + 3. We claim also that J satisfies Palais—-Smale condition (P.S). We
are going to show that one can split Hg (£2) into the direct sum H}(Q) =V oV~
with dim(V~) = k € N such that

(4.3) J is bounded from below on V1,
(4.4) J(u) — —oco as ue V™, |ul| = oo.
Then J has a critical point v such that Ci(J,v) # 0 by the version of the Saddle
Point Theorem with information on Morse critical groups. (See [15, Theorem 8.11]
for the C2-statement of the theorem. The proof for C!'-functionals is the same if
one uses the C'~Deformation Lemma, see [9, p.21].)

We decompose H} (Q) = HY & H~ @ H? according to the eigenvalues of —A —w.
That is, H+ and H~ are the eigenspaces of —A spanned by the eigenfunctions
corresponding to the eigenvalues A > w and A\ < w, HY is the eigenspace of —A cor-

responding to eigenvalues A = w. The subspaces H~ and HY are finite-dimensional
and H~ is possibly trivial. Set

A*:/Qm(x)|el(Q)\qdm.

We shall distinguish the cases A, > 0 and A, < 0. Note that A, = 0 implies
Ae(m) = A1(Q), see (2.1). This contradicts assumptions of the theorem.

Case A, > 0. Set VT = Ht and V— = H° @ H~. First we observe that
(4.5) /Qm(x)\ur’ dx >0 forall ue V™, uz#0.

Indeed, assume that

(4.6) /Qm(a:)|u|q dx <0 for some ue V™.

Note that e1(2) € V7~ and that V'~ \ {0} is arcwise connected. Since A, > 0 then
by (4.6) and continuity there exists @ € V'~ \ {0} such that

/Qm(m)m\q dz = 0.

Thus ||@/|? > A\*(m)||a@|3 by definition of A.(m). On the other hand ||@||? < wl|@l|3
by definition of V', in contradiction with assumption w < A«(m). This proves
(4.5).
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Later on, since E is homogeneous of order ¢ and V'~ is finite-dimensional, then
(4.5) implies that

(4.7) / m(z)|u|? dx > c|jul|! for all ue V™.
Q
Using (4.1), (4.7) by direct computations we obtain

J () fé /Q m(@)ult dz + of u]]9)

IN

IA

c
— el A+ olljul)®) = oo as w e VT, fluf — oo

Also one can easily check that J is bounded from below on V*. Thus (4.4) and
(4.3) hold. Therefore J has a critical point v with C(J, v) # 0 where k = dim(V ™).
But Cx(J,0) = 0 by Theorem 2.1 and hence v # 0.

Case A, < 0. Set Vt = H°@® H+ and V~ = H~. It is easy to see that J satisfies
(4.4) on V—. We are going to check (4.3). Assume, by a contradiction, that there
exists a sequence (u,) C H(Q) such that

(4.8) (up) C VT and  J(u,) < —n.

Thus by (4.2) we have
w 1
5 lunlls 2 n 4 S llunl® + o(l[unl|2) = 7 + o([lunl3).
We conclude that ||uy,||2 is unbounded.
Set vy, = ty||un 3. Thus by (4.2) we obtain
J(uy) 1
T2 = 2 lenll” —@) +0(1) <0
nll2

It follows that ||v,]|? < w + o(1). Since ||v,||*? > w on VT we conclude that a
subsequence (which we still denote by (v,,)) converges weakly in Hg (£2) to a certain
vo € HE(Q) such that

(4.10) vo € H* and |voll2 = 1.

(4.9)

Later on, we observe that

1

o [ m@lual? do -+ of un f) 2 0

qJa
in view of (4.8) and (4.1). By dividing by ||u, |3 we obtain

/ m(z)|v|? dz + o(1) > 0.
Q
Thus by weak continuity
(4.11) / m(z)|vgl? dx = lim/ m(z)|vy,|? dz > 0.
Q Q

Set V.= H— @ H°. Thus vp,e1(Q) € V. Note that V '\ {0} is arcwise connected.
Since A, < 0 then by (4.11) and continuity one can find @ € V'\ {0} such that

/Qm(x)m\q dz = 0.
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Therefore |[a]|* > A*(m)||al|3 by definition of A.(m). On the other hand [af?* <
w||@||% by definition of V, in contradiction with assumption w < A.(m).
Thus (4.4) and (4.3) hold. Therefore J has a critical point v with Cy(J,v) # 0

where k = dim(V ™). But C(J,0) = 0 by Theorem 2.1 and hence v # 0.
(PS)-condition. To complete the proof we have to verify (PS). Let (u,) € H}(Q)
be a (PS)-sequence for J, i.e.

(4.12) J(un) =0(1),  [[VJ(un)l| = o(1).

We claim that ||uy, ||z is bounded. Suppose the contrary and set v, = wy||un|5
Using (4.2) and (4.12) we obtain

= J(un) = } (¥ 2 —w o

Hence ||v,,||? = w+o0(1) and a subsequence (which we still denote by (v,,)) converges
weakly to vg € H(£2) such that

(4.13) lvol> <w and ||ugllz = 1.
Then by a direct computation and exploiting (4.12) we obtain

OW) + o(U)unll = T(un) = 5 (VT (), un)
1
q

1
=3 [ m@lentdz+ o 2.
Q
By dividing by ||u,||4 we obtain

o))+ o(D)llonll = (¢ = 5) | i@ da+ o(0).

Since ||vy, || is bounded then by weak continuity

/ m(zx)|vgl? dax = lim/ m(z)|v,|? dz = 0.
Q Q

Also, by definition of A.(m), we have |lvg||? > Ai(m), in contradiction with (4.13).
We conclude that ||u,||2 is bounded.
Finally, from (4.2) and (4.12), we obtain

O(1) =J(un) = %(IlunllszHunH%)+0(||un||2)

1
= Sllual*+0x).

Therefore (u,) is bounded in H}(2) and the subcritical growth of g ensures that
there is a strongly convergent subsequence. (I

5. PROOF OF THEOREM 2.3.

Let r > 0 be fixed and g : Q2 x R — R be a Caratheodory function such that

(5.1) g(z,u) = g(x,u) forall |u] <r,
(5.2) lwlﬂzw:g with 8+ o < A1 (Q).
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We define the truncated energy for (P,)

by
~ 1 @ I ~
Jutw) = 3l = Gl = 2 [ mia)aptdo ~ [ Giaw) o
q Ja Q
where "
G, u) = / 3o, €) de.
0

Due to (5.2) the functional J, is of class C', is coercive and satisfies (PS) for each
fixed p € R. Furthermore, for each p > 0 the map y — ju is continuous from [0, p]
into C*(B,) and .J, is uniformly bounded on [0, p] x B,.

By contradiction, we assume that there exists p > 0 such that for each fixed
u € [0, p] zero is the unique critical point of j“ in B,. Then by the C'~homotopy
invariance of the Morse critical groups (see Theorems IV.4 and IV.3 in [10]) we can
conclude that Cy(Jo,0) = Cx(J,,0).

On the other hand, we have a & () by the assumption of the theorem. Then
zero is an (isolated) nondegenerate critical point of Jo. Therefore Ck(jo, 0) = o F
for some | € N, cf. [16]. Since A.(pm) = A.(m), the assumption o < A.(m) and
Theorem 2.1 ensure that Ck(jp, 0) = 0 for all k € N, a contradiction. Due to the
arbitrariness of p > 0 this means that there exists a sequence i,, | 0 such that .J, .
has critical points v(uy,) # 0 with ||v(p,)]] — O.

By using (5.2) it can be shown by standard arguments that ||v(pn)|le < ¢ for
some ¢ > 0. By elliptic regularity theory this implies that the sequence (v(uy)) is
precompact in L () and hence that ||v(g,)]|eo — 0. Thus, for n large ||v(un)]oo <
r and v(u,) are solutions of the original problems (P,, ).

n

The same arguments apply in the left neighborhoods of p = 0. (]
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