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A REGULARITY RESULT FOR THE P-LAPLACIAN NEAR UNIFORM
ELLIPTICITY

CARLO MERCURI, GIUSEPPE RIEY, AND BERARDINO SCIUNZI

ABSTRACT. We consider weak solutions to a class of Dirichlet boundary value problems involving
the p-Laplace operator, and prove that the second weak derivatives are in L? with ¢ as large as
it is desirable, provided p is sufficiently close to po = 2. We show that this phenomenon is
driven by the classical Calderén-Zygmund constant. As a byproduct of our analysis we show that
O regularity improves up to C*' | when p is close enough to 2. This result we believe it is
particularly interesting in higher dimensions n > 2, when optimal CV'* regularity is related to
the optimal regularity of p-harmonic mappings, which is still open (see e.g. [27]).
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1. INTRODUCTION AND RESULTS
In this paper we deal with the W24 regularity of the weak solutions to
—Ap,u=f, inQ
(1.1) pu=f
u =0, on 0f),

where p > 1, Ayu = div(|Vu[P"2Vu) is the p-Laplace operator, {2 is a bounded smooth domain
of R™, n > 2, and
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fe Whr(Q), r € (n,o0], if p> 2,
c(Q), if p < 2.
Namely, we consider possibly sign-changing functions u € I/VO1 P(Q) such that
(1.2) / \Vu|P~2Vu Vi de = /fwdm,
Q Q

for all 1 € W, P().

It is well-known that under our assumptions u € C1*(Q), for some o < 1, as it follows by the
classical results [8, 12, 28]. Furthermore, results on the optimal Holder exponent « are also known
in the literature, see e.g. the recent paper [27] that is also based on previous results obtained in
[16].

It is worth mentioning that, since by classical Morrey’s embedding theorem our function f is
(up to the boundary Holder) continuous, the notion of weak and viscosity solutions (see e.g. [5])
coincide. This follows by the result of [15]; the recent paper [14] contains a new interesting proof
of this known fact.

Here we address the study of the summability of the second derivatives of the solutions on the
whole Q. From [7], [25, 26]) it is known under the above assumptions that u € I/VliCZ(Q) if
1 < p < 3, and that if p > 3 and the source term f is strictly positive then u € VVlicq(Q) for
q < %. We observe that, in the case p > 3, it is possible to construct examples which show that
such a regularity is optimal, see e.g. [26]. The above-mentioned regularity results are obtained
exploiting improved weighted estimates on the summability of the second derivatives, see e.g.
[28] . Note that the Calderén-Zygmund theory cannot be extended trivially to the context of
quasilinear elliptic problems. The interested reader is referred to [20, 21] and the references
therein.

As a preliminary observation we first would like to point out that the aforementioned weighted
estimates on the second derivatives holds up to the boundary in those cases where one can handle
problems caused by the intersection of the critical set Z, = {x € Q : Vu = 0} with Q. We
have the following

Proposition 1.1. Let p > 1 and let Q) be a bounded smooth domain of R™, and u be weak solution
solution of (1.1) with Vu # 0 on 9Q. Assume that f € WL (Q) for some r € (n, 0] and for any
p > 1. Then, for any B < 1 there exists a constant Cz = Cg(n,p, f) > 0 such that

(1.3) /Q\vuw—?—ﬁnz)?uu? < Cp.

Here D?u denotes the Hessian matrix of u, and ||D?ul| is any equivalent norm of it. This implies
in particular the global regularity u € W22(Q) if 1 < p < 3. Note that no sign assumption on u
nor on the source term f is required.

Proof. By a classical result of G. Stampacchia it is well-known that the second derivatives of u
vanish almost everywhere on the critical set Z,,. From Corollary 2.1 [7] (see also [25, 26]) we have

(1.4) / VP28 D22 < oo
w

on every open set w C € which is strictly contained in . This estimate holds in fact up to
the boundary. This can be proved word by word as in Corollary 2.1 in [7] simply replacing in
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the proof Hopf’s boundary point lemma by our boundary assumption on the gradient. And this
concludes the proof. O

Note that, as we will discuss later on, the general assumption Vu # 0 on 912 is fulfilled e.g. in
all those cases when the Hopf boundary lemma applies (see [30]). We are now able to highlight
a regularising effect that occurs when the quasilinear equation approaches the semilinear one,
namely when p approaches pg = 2. This phenomenon is driven by the classical elliptic regularity
theory, namely by the constant C'(n, ¢) in the Calderén-Zygmund estimate

(1.5) |1D*wl| Loy < C(n, )| Aw| Loy,

see e.g. Corollary 9.10 in [9]. We point out that it is because of this result that we restrict
ourselves to solutions which vanish on 9f2.
To describe this phenomenon let us start recalling that, formally we have

Apu = |VulP2Au+ (p — 2)|VuP " Asu

where Ay u = (DQUVU, Vu). Still formally, using the above decomposition, we can rewrite our
equation as
At

- 3 T / —2°
|Vu| |Vu|P
Then we show that the term (p — 2)|Vu| 2A.u is negligible when p is close to pg = 2 and
apply the standard Calderén-Zygmund theory. Note that, to do this, we also need information

—Au = (p-2)

on the summability of the term W that we deduce, following [7], as a consequence of the
aforementioned weighted estimate (1.3). Such information is provided by the following

Proposition 1.2. Let Q be a bounded smooth domain of R™, and u be weak solution to (1.1)
with Vu # 0 on 0). Then, for p > 2 and for any fixed 1 < q < g%é, there exists a constant
C =C(n,p,q, f) > 0 such that

f2
(1.6) té“VMpﬂqSC

The same bound holds for any 1 < q¢ < 400 when 1 < p < 2.

This proposition is proved in Section 2. As a consequence of the above proposition we have the
following

Theorem 1.3. Let Q be a bounded smooth domain of R™, and u be weak solution to (1.1) with
Vu # 0 on 9. Let ¢ > 2 and p be such that

1
p—2| < ——,
P2 < Eg)

with C(n,q) given by (1.5). Then, if 1 < p < 2, there holds
u € W(Q).

In the case p > 2, the same conclusion holds provided p is in addition such that q < %.
As a consequence, for anyy € (0,1) there exist values 1 < p; < 2 < py such that for allp € (p1,p2)
there holds u € C*7(Q).
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As an application of the above result we consider

—Apu = uP" — AuP~! inQ,
(1.7) u >0, in(Q,
u =0, on 0f2,

where  is a smooth bounded domain of R", 1 < p < n, and p* = np/(n — p) is the critical
Sobolev exponent. The case p = 2 and n > 3 had been extensively studied since the pioneering
papers of Brezis and Nirenberg [2], Coron [4], and Bahri and Coron [1], inspiring a very broad
literature on related existence, non-existence, multiplicity, symmetry, and classification results.
The case p # 2 has several interesting features and related open problems, see e.g. [10, 11] and
more recently [3], [17],[18], [19]. A solution u to problem (1.7) can be found for suitable A as
nonnegative constrained minimiser, by overcoming well-known lack of compactness phenomena
for the minimising (or Palais-Smale) sequences which typically occur in the presence of the critical
Sobolev exponent. In particular u € L*°(£2) by variant of Moser’s iteration (see e.g. Appendix
E in [23], and [29]), and hence u € C1%(Q). The positivity is due to the maximum principle
([30], [24]). In particular Hopf’s boundary point lemma implies that Vu # 0 on 052, therefore u
satisfies the hypotheses of Theorem 1.3.

We point out that the basic regularity estimate given by Proposition 1.1 on the second derivatives
up the boundary, is known essentially only in those cases when Hopf’s boundary point lemma
(see [30]) can be applied, this to rule out the existence of critical points of the solutions along the
boundary. For this reason Hopf’s boundary point lemma allows to use standard elliptic regularity
theory. However there are many cases of interest when the assumptions of Hopf’s lemma are not
satisfied. In fact, if for instance we consider a sign-changing solution whose nodal line touches
the boundary, then necessarily, at the touching point, the gradient of « vanishes. This is the case
when the second eigenfunction of the p-Laplacian with Dirichlet boundary condition is considered:

(1.8) —Apug = Xofug/P"2uy  in Q
uz =0 on S

In this case ug has exactly two nodal regions, as it had been pointed out in [6], see also [13].
Motivated by the above problem and similar ones, it is natural to try to obtain regularity results
of the same flavour of Theorem 1.3 which possibly hold for those equations involving a source
term of the form f(u), allowed to be strictly negative near the boundary.

To this aim, for p > 1 and n > 2 we consider the following boundary value problem. Let u be a
weak solution of:

(1.9) {—Apu = f(u) inQ

u=~0 on 0N

where () be a bounded smooth domain of R”, f : R — R is continuos, and only when p > 2 we
assume in addition that f is locally Lipschitz satisfying

N (O
H1) 37> 0,k >0 fim pps =

H?2) f(0)=0, f(t)-t>0 VteR\{0}.
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Theorem 1.4. Let Q be a bounded smooth domain of R™, f continuous, and u € CH*(Q) N
Wol’p(Q) be weak solution to (1.9). Let ¢ > 2 and p be such that

with C(n,q) given by (1.5).
Then, if 1 < p < 2, there holds
u € W21(Q).

In the case p > 2, the same conclusion holds provided f is locally Lipschitz and satisfies H1), H2),
and p,q and k are such that

2(k+1 -1
(1.10) max<(k+),q) < ;%2
As a consequence, for anyy € (0,1) there exist values 1 < p1 < 2 < po such that for allp € (p1,p2)

there holds u € C17(Q).

Going back to our model problem (1.8) we can see that Theorem 1.4 is applicable to ug, where we

set k := p — 1. In particular as far as the degenerate case p > 2 is concerned, if ¢ < % = p%pl,

then the condition % < Z%; holds if and only if p < 1+ v/2. Then u € W?29(Q), provided

p<min<2+m,l+\/§>.

In order to prove Theorem 1.4 we need a weaker form of equation (1.3) which holds in the case
p > 2 when we do not assume Vu # 0 on 0f2. To this aim we perform a linearisation argument
which is in the spirit of [7] and [25, 26].

1.1. Related questions. There are several related questions which are left open by the present
paper to be considered in future projects. We believe that the major ones are the following.

A) Determining an optimal value for the constant C(n,q) involved in the Calderén-
Zygmund estimate (1.5) would give sharper regularity results in Theorem 1.3 and Theorem
1.4.

B) We wonder whether results of similar flavour could be obtained for solutions u €
W,5P(Q) such that

/]Vu|p_2VuV1/de = /fq/)dx,
Q Q

for all ¢p € C°(2). Even the case f = 0 of p-harmonic functions, especially in higher
dimensions n > 2, would be significative. In this case one should take into account the
effect of the boundary of €2, which we do not see in our context because of the Dirichlet
boundary condition. This is the reason why the regularising phenomenon we highlight is
simply driven by the constant C'(n,q).

C) To prove Theorem 1.4 a weaker form of the weighted Hessian estimate has been ob-
tained and used. It would be interesting to check, under the same assumptions of Theorem
1.4, whether or not the same Hessian estimate (1.3) still holds. This could be perhaps
accomplished by flattening the boundary and trying to obtain a local version of the same
estimate in the spirit of [7, 25, 26], which is known to the best of our knowledge, only
when Hopf’s boundary point lemma is applicable. However, many nontrivial technical
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difficulties arise with such approach when trying to obtain our summability results on the
second derivatives of the solutions.

D) It would be interesting to weaken our assumptions on f, for instance by considering
the non-autonomous case, i.e. the case with a nonlinearity either of the form f(z,u) or
more in general f(x,u, Vu).

1.2. Organization of the paper. The paper is organized as follows. In Section 2 we collect
some preliminary results which are useful to prove Theorem 1.3, which we will prove in Section 3;
in Section 2 in particular we prove Proposition 1.2, which follows from the more general Propo-
sition 2.3. In Section 4, which looks slightly more technical, we derive a Hessian estimate which
plays the same role of Proposition 2.3 in the new setting of Theorem 1.4. Finally, in Section 5
we prove Theorem 1.4.

1.3. Notation. We use the following standard notation:

e Limits for sequences of functions (ue ).~ as € — 07 are meant to be performed for suitable
sequences g; — 07, i — oo.

Apu = div(|VulP~2Vu) is the classical p-Laplacian operator.

|| is the euclidean norm of x € R™.

Xxq is the characteristic function of a measurable set €.

C*(9) is the space of real valued functions k times continuously differentiable on (2.
C°(Q) is the space of real valued functions which are infinitely times continuously differ-
entiable on €.

o CF(Q), C°(Q) are the spaces made up of compactly supported functions of respectively
C*(Q), and C>=(Q)
o C*2(Q) and Cfgf(Q) are classical Holder spaces.

e L9()and Ll _(Q)with Q C R™ measurable set and ¢ > 1, are classical Lebesgue space.

o WHFP(Q) and I/V{Zf(ﬂ) are classical Sobolev spaces.
e ci,..,c;,C1,..Cp,c,c,c...C,C", ..C"... are positive constants.

f _ ... denotes standard Lebesgue integration.

2. PRELIMINARIES

Throughout this section we assume that €2 is a bounded smooth domain of R, and u is a weak
solution to (1.1) with Vu # 0 on 0.

We deal now with the proof of Proposition 1.2 which will follow from Proposition 2.3 as a par-
ticular case (¢ = 0).

2.1. A classical approximation. We start observing that in order to deal with the formal
expression

Apu = |VulP?Au+ (p — 2)|VuP*Asgu



REGULARITY 7

mentioned in the introduction, we consider for € € [0, 1) the parametric problem

. = .
(2.1) {—dlv(g—i—\Vug\) 2 Vue.=f, inQ

ue = 0. on 0€).

It is standard to see that, when ¢ € (0, 1) the above problem regularises the solution to (1.1), as
by standard regularity theory it follows that there exists a unique solution

u. € C**(Q) N Wol’p(Q) ;
ue 18 therefore a classical solution of
D?u. Vu,, Vug) f
(e + |Vuel?) (e 4+ |Vue|?)

(2.2) —Aue. = (p-— 2)(

p—2
2
in Q.

Note that, by [8, 12, 28] we have that
||U6H01,a(§) <C.

Therefore, passing if necessary to a subsequence, by classical Arzela-Ascoli compactness theorem
we have

oo’ (@)
Ug w

for some 0 < o < a. It follows easily that w is a weak solution to (1.1) and consequently, by
uniqueness of the solution of (1.1), we get

1,0/ re)
(2.3) Uge I

2.2. On second derivatives. We recall that by the classical Calderén-Zygmund theory for
elliptic operators we have the following:

Lemma 2.1. Let Q2 be a bounded smooth domain of R™ and let w € Wg’q(Q). Then there exists
a positive constant C = C(n,q) such that

(2.4) I1D*wl| a0y < CllAw|| pa(q)-

See e.g. Corollary 9.10 in [9].
We will need the following weighted Hessian regularity result.

Proposition 2.2. Let u. be solution to (2.1) and f as in Proposition 1.1. Then, for any 5 < 1,
there exists a constant Cg = Cg(n,p, f) > 0 such that

—2-8
/ (s—i- |Vu€|2)p 2 ||D2ug||2 < Cg
)
for all e € [0,1).

Proof. The case € = 0 which is the most delicate one, is given by Proposition 1.1. The case ¢ > 0
follows by the same arguments. And this concludes the proof. O
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2.3. Proof of Proposition 1.2. The main result of the present section is the following

Proposition 2.3. Let Q be a bounded smooth domain of R™, and with ¢ € [0,1) let us be defined
by (2.1), and in particular for ¢ = 0 let ug == u be the weak solution to (1.1) with Vu # 0 on
0. Then, for p > 2 and for any fixed 1 < q < B=> there exists a constant C = C(n,p,q,f) >0
which does not depend on € such that

2
(2.5) / [(6+]Vu] >]q§C-

The same bound holds for any 1 < g < +00 when 1 < p < 2.

We do not assume here ¢ > 2.

Proof. For some small 6 > 0 define p5 = js * xx,; where {js}s>0 are standard radial mollifiers,
{Ks}s~0 is a monotone family of compact smooth subsets of Q such that the characteristic
functions xr; — xq as § — 0, in L}(Q), and Q5 = {z € Q : |z — y| < 6, for some y € K5} C Q.
By construction 0 < p5 < 1, 5 = 0 outside g, lims_,g s = 1 for all x € €0, and zero outside.
Moreover by scaling |[Ves| < C/é.

We prove

=0 / e+ |vfj:0|§>%2’ i =¢

for some uniform constant C, the bound (2.5) will then follow by Fatou’s lemma as § — 0.
The bounds are deduced for € € (0,1) as the case ¢ = 0 is a consequence again of Fatou’s lemma,
by using (2.3) and the fact that the estimates are uniform in . We test equation (2.1) against

fes
= PEORTA
[+ 1Vuel) " |
In fact using (2.1) we estimate
2 —2)
[ L <\/’5+|vu4 (Ve V)
(2.7) [(a F | Vue]?)

< Co(A: + B: + Cs),

where we have set

2y 52 (1-q)
Ac= | (e+|Vuf) 2 V|- @5 - |Ves| - | f

)
B. = (e+|w€|) U || - sl - |V ]

S— 5—

@=2)(1_¢)—1
C. - /Q(Hmer?) SO G D% 1] s

We handle each term separately.
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1) Estimate on A.. The restriction of ¢ and the fact that ||us||c1.« < Cj uniformly with respect to
(p=2)

e yields || (e + |Vus|?) 2 (-9 |Ve|||oo < Ca. Notice that, in the construction of {Kjs}s~o and
s, we can assume with no loss of generality that |[suppVs| < C36, for some constant Cs > 0.
Therefore it follows the uniform bound

\Y%
A < 04/ Vs| < C5M < Cs.
suppVs 0

. . 2 (p72>(1—q
2) Estimate on B.. Again we use that | (¢ + |[Vuc|?) 2

together with the fact that |V f| € L1(£2), to conclude that

)|Vu5|\|oo is uniformly bounded

B. < O

3) Estimate on C.. We obviously have

»=2) (p—

CES/ |f‘805@ q.(s_‘_‘vus‘Q) 5 4
%[ (e +|Vuel2) T ]

2 g D?
| D ue .

By the elementary inequality on positive numbers ab < na? + % it follows that

263 1 —2- (22
C: < n/ b+ = | (e+|Vu?) T | D
o[+ Vu) T |1 e

In view of the restriction on ¢ we can apply Proposition 2.2, obtaining

2 .2
1
csgn/ o il
o+ Va7 |7

Conclusion. By using the above estimates on A, Be, Ce, equation (2.7) yields for some n < Cio

263
(1 - 776'0)/ J (»—2) 1q S C(n)
% | (e +|Vuel2) 7 |
where the constant C(n) does not depend on e. This concludes the proof. t

3. PROOF OF THEOREM 1.3

With the results of the preceding sections at hand we are now in position to prove Theorem 1.3.

Proof of Theorem 1.3. Let us start considering the case p > 2. Note that, as already recalled in
Section 2, passing if necessary to a subsequence we have that

/) —

1,a
(3.1) Uge i
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Since 2 < g < f}%%, by Proposition 2.3, Proposition 2.2, by equations (2.2) and (2.4) we deduce
that

D?u. Ve, Vue) f
D?u < C(n,q p—2)( SRR ZAE -
] L e =] N
f
< C(n7Q)(p - 2) HDQUEHLQ(Q) + C(TL, Q) 9 p—2
(e + |Vul?) =2 La(Q)

< C(n,q)(p = 2) || D?ue| 1y ) + C(n,p.q, f)

where we used that 2 < ¢ < %‘ Here C(n,p,q, f) = C-C(n,q) where C is given by Proposition
2.3 and we also have used that f is bounded by classical Morrey’s embedding theorem.
It follows

(1 - C(n,q)(p - 2)) HD2u8HLq(Q) S é(n7p7Q7f) °

Since p — 2 < % there holds

sup [[tte |2,y < 00
e>0
Classical Rellich’s theorem implies now that passing if necessary to a subsequence
ue — w € W2(Q), and almost everywhere in 2.

Therefore we infer that
u=w e W>(Q).

The proof in the case 1 < p < 2 can be carried out exactly in the same way and observing that
(2.5) is obvious, being non-singular, therefore Proposition 2.3 is not needed in this case.
Let now v € (0,1) be fixed. There exists ¢ such that

’7:1_97
q

and by the preceding part of the proof u € W?24(Q), for all p in a suitable open interval containing
po = 2. It follows by classical Morrey’s embedding that

du e C™(Q), i=1,..n.

This concludes the proof.

4. THE AUTONOMOUS EQUATION

4.1. The approximated equation. Let {2 be a bounded smooth domain of R, and p > 1. We
consider now the autonomous equation
{—Apu = f(u) 1inQ,

4.1
(4-1) u=~0 on 0N
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where f : R — R is a continuous function and u € CH*() is a weak solution. We adapt here the
approximation argument which has been used in the preceding section. To this aim we consider
the equation:

(4.2) {—diV (e+IVu)T Vi = f(u) nQ e (0,1),

ue =0 on Of).
Obviously u. € C?(2) defined by (4.2) is such that

(4.3) /Q(e+|w5|2)p§2 Vue Vipdr = /Qf(u)qu:c,

for all ¢ € C°().
Moreover u. is a classical solution of

D?u. Vu, , Vus) f(u)
(e + [Vue|?) (e + |Vu5]2)%

(4.4) —Au. = (p— 2)(
in Q.

Although (4.1) may certainly have multiple solutions, uniqueness holds for equation (4.2), as well
as for

(5) {—Apv = f(u) inQ

v=20 on 0f).

By these observations, arguing exactly as in the preceding section again by the classical Arzela-
Ascoli compactness theorem and up to a subsequence, there holds

oo’ (@)
Uge U

for some 0 < o/ < a.

4.2. Hessian estimates in the degenerate case p > 2. Throughout the present section p > 2;

moreover the subscript ¢ indicates the derivative with respect to x; : u; = %, 1 =1,...n. We also

assume f : R — R to be a locally Lipschitz continuos function such that:

.S
(4.6) dy>0,k>0: %gr(l) |t|k(—)1t =
and
(4.7) f(0)=0, f(t)-t>0 VteR\{0}.

In the following we will use (4.3), and as in the preceding section, we will again make a suitable
choice for a test function which after integrating by parts, with some abuse of language, linearises
equation (4.3).

For any i = 1,...,n, plugging ¢; as test function into (4.3) and integrating by parts, we obtain

(4.8) /(e+|wey2)p§2<vum-,w>+(p—2)/(5+\Vu€|2)p§4<vu€,i,v%><w€,w) _
Q Q

_ /Q f ()i,
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for all ¢ € C1(Q) and by density for all ¢ € W, ().
We have the following Hessian estimate which plays the same role of equation (1.3) given in

Proposition 1.1, which is suitable in the present autonomous case, without assuming Vu # 0 on
9.

Proposition 4.1 (Weighted Hessian estimate). Let u. be as above. For all § € [0,1), there holds:

(4.9) /(5 + Ve )5 | D2 2l < O,
Q
where C = C(B,p,n, f) > 0 is independent on . The same estimate holds for e = 0 and ugy := u.

Proof. Let G¢ : R — R be defined as

s if |s| > 2¢,
Ge(s) =4 2 [s - g@] if € < |s| < 2¢,
0 if |s] < €.
Fix 5 € ]0,1) and set
Ge(t
Te(t) = ’;(5)
and
(4.10) () = Te(uei(2))u(z)

In the sequel we omit the dependence on z. Using ¢ as test function in (4.8), we have

(4.11)

/Q ( + Ve )22 [Vute s PTL (e ) + /Q (6 + [Vue2) 2 (Vuue.s, Vi) Te () 2u
(=2 [ e+ IVu)F (T Vo T 0
+ (p—2)/9(5—|—|Vu£|2)p24<Vu57i,Vu5><Vu£,Vu>T§(ug,i)2u
= [ Pl

In the sequel ¢ and C will denote positive constants, possibly depending on ||uc|y1,00, whose
value can vary from line to line.
We set

(4.12) I, = /Q(a—i- |vu5|2)p%z\vua,iFTg(ug,i)u?
I, = (p—2)/(8—}-\Vug\Q)p;l<Vugvi,Vu5>2T§’(u5,i)u2
Q
I3 = /(5—1—\Vu5|2)p52<Vu57i,Vu)T§(u57i)2u
Q

L = (-2 / (e + |Vue?) 7 (Vete.s, Vae) (Va, Va) T (ue)2u
Q
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Is = /Qf’(u)uiTg(usyi)UQ.
If p > 2, then I5 is positive and hence we have
(4.13) L+1x>1.
By (4.11) and (4.13) we infer
(4.14) Iy < T3]+ [1a] + [ 15|

and hence, recalling that v € C1(Q), we get

(4.15)
p—2 p=2
/Q (e+|Vte[2) 2 [Vt s P Th e < /Q (e IV 2) 52 |Vt | T vt )]+ /Q | (a0 s Te (e ) o2

We recall that there exists M > 0 such that

(4.16) sup |[uc|lw1.00 < M.
€
Therefore, recalling that f is locally Lipschitz continuous, by (4.16) we get
(4.17) L1 @l Tetueie? < c.
Using (4.16) and the elementary inequality ab < fa? + ;% (for all a,b € R and 6 > 0), we have

2
(4.18) /Q (6 + |Vuel?) "2 [ Vate | Te (e )]

—2 —2
_ / (2 + [Vue ) T | Vueil Ge(ue)u] (2 + [ Vuue|?) T Geluei)? el [V
Q

B 1 B 1
e i| 2 |ue ] 2 |te i 2 [ue ] 2

—2
(e + |[Vuc)) 2 |Vue [*Ge (ue)u? | 1 "
< 9 s ) . v 5 G )
- /Q |te i |Puc ; 10 Q(E—H uel”) gluiei)
—2
< o [ CHTEP O
Q |ue i|Pue,i

Since

749 = [Gg<s> 3

after setting ¥ = cf, by (4.15) we get

/ (e + |Vue|?) "2 | Vue, |2
Q

|“£,i|’8

Gé(S)] ,

(4.19) (G’S(ua,i) —(B+ ﬁ)Gg(uE’i)) u? < C.

Ue i
Choosing 9 such that 8+ < 1, we have that G’g (wj) - (ﬁ+ﬂ)% is positive and by definition
of G¢ it follows that ’

Gg(s)—(,8+19)G£S(S)—>1—(B+0)
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as £ — 0 and hence by Fatou’s Lemma

—2
(4.20) / c+ [Vul)  [Vueil' 2 o
Q\{ue,;=0} |te,i

B —
Moreover, since |u. ;| < [Vue|, we have

/ (e + |Vue|?)
Q\{uc,;=0}

o V. 12) 52 (V. 1202
gy pe - [ TR
O\{ue,=0} (e + |Vue|?)2

—2
_ (e + |Vue|?) T | Ve [u?

- /Q\{um»:o} e, i1P

and hence by (4.20) it follows
(4.21) /Q NG V)5 [V 2u? < ©

where C' depends on n,p, 3, f. Since Vu.; = 0 almost everywhere on {u.; = 0} the statement is
proved for all € € (0,1).

To prove the statement for ¢ = 0 we argue as follows. Observe that since Vu, — Vu uniformy
and by elliptic regularity theory, we have

Ue —> U

in some C%%(w) for all w strictly contained in Q\ Z,,, where Z, = {x € Q : Vu = 0} is the critical
set of u. Therefore, for some sequence, 0; ju. — 0; ju almost everywhere on Q \ Z,. Finally by
Fatou’s lemma we get from (4.21)

(4.22) / |Vul|P~278 |V, ?u? < O,
O\ Zy

and the estimate holds on the whole €, as by Stampacchia theorem 0; ju vanish almost everywhere
on Z,. This concludes the proof. (I

We now handle the summability of singularly weighted integrals involving f. The following state-
ments are obvious for p < 2.

Proposition 4.2 (Singularly weighted estimate). For p > 2 let u. be given by (4.2). Let s and
p be such that 1 < s < g%;. Then there ezists a positive constant C = C(p,n, f), independent on
€, such that:

g [205+1)
(423) / p—2 —
Q (e 4 |Vue|?) 2z *

The same estimate holds for e =0 and ug := u.

Proof. We use
\u|k+1u
(e + Vue) 7
as test function in (4.3). After setting L = ||ul|oo, (4.6) and (4.7) imply that there exists A’ > 0
such that

t
(4.24) |t-’|;()1t >N forall 0< |t < L.
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Hence we have:

2(k+1)
% “ — <
/Q (e + Ve 2) 52 /Qf(U)w

. / (e + IVue?) 7 | Ve 2| D?ue | [u]*+
Q (e + |Vue|? )75“
o / (e + |Vuel?) = | Ve || Vul jul*+!
0 (e + [Vu|2) "=

< C/(5+IVus|2)p22(1_S)_1|Vusl2DQUEIIU\HQ
Q
p 2)s
b [ (64 [Tu) = et
Q
< o [ (4 Tu) T P DR
Q
+C
k+1
N c/ - (e + [Vue[) 5+ 097, P D2 uf
2 (e + [Vue )T
+C
|u’2(k+1)
(Young’s inequality) < c¢f / =
Q (e +[Vuel?) =

40/ (2 + [Vue[?) 2 st =202y |4 D2 2[u)?.

After setting ¥ = cf, we have:

2(k+1) o (p—2)(s—
am o) [ ( s < [+ Vi) D
Q

Q (e +|Vue|?)=°

. -1
and, recalling that s < £=,

for € = 0 follows by Fatou’s lemma, and this conclude the proof.

15

Proposition 4.1 with 8 = (p —2)(s — 1). The statement
(I

Proposition 4.3 (Singularly weighted estimate for f). Let p > 2 let u. be given by (4.2), and

let r > 1,k >0 and p be such that

2(k+1) p—1
e, <o)

(4.26) max( Pt

Then there exists a positive constant C = C(p,n, f), independent on €, such that:

1/ (w)] '
20 /n<<e+|w€|2>%2> =

The same estimate holds for e = 0 and ug := u.

Proof. After setting L = ||u||so, (4.6) and (4.7) imply that there exists A > 0 such that:

(4.28) |F ()] < N[t|* for all |t| < L.
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(k—i—l) (k—i—l)

Since (4.26) holds we have two cases: r > and r <

Ifr > @ by (4.28) we have:

r kr 2(k+1)
(429) / ’f(u)’ — S C/ |U’ — S C// "U,‘ —
o\ (e+ |Vue|?) 2z Q(e+ |Vue|?) 2z " Qe+ |Vu)?) =z "

2(k+1)
%

and the conclusion follows by (4.23) taking s = r. If r < , we set s = % and by Holder

inequality we estimate

fwl Y sl '
430 2 = Q s p—2
(430 /Q<<s+rm\2>”2> =1 </ﬂ <<e+|ws|2>2> )

and the right hand side is uniformly bounded because of the preceding case.

Finally the case ¢ = 0 follows as in the preceding proof by Fatou’s lemma, and this concludes the
proof. O

5. PROOF OF THEOREM 1.4

In the present section we prove Theorem 1.4 following the same scheme of the proof of Theorem
1.3.

Proof of Theorem 1.4. Again we consider first the case p > 2. Note that, as already observed
earlier in the preceding section,

1,0/ re)
By Proposition 4.1, Proposition 4.3 with r = ¢, (4.4) and (2.4) we deduce that
D?u.Vu , Ve
HDQU"EHLQ(Q) S C(n,Q) (p - 2)( . vs 2 ) + f
(5 + ’ UE‘ ) (E + |VU6’2) 2 La(Q)
< O 2 PPy + Cl) | Iy
(e +1[Vuel?) 2 |l e

< C(n,q)(p—2) || Duc +C.

Izo(ey
Here C = é(p, q,n, f) = C-C(n,q) where C is given by Proposition 4.3. It follows
(1= C(n,a)(p —2)) | D?ue| oy < C-

i _ _1
Since p — 2 < g Ve have that
sup ||Ue||W2,q(Q) < 0.
e>0
Classical Rellich’s theorem implies now that up to subsequences

ue — w € W29(Q), and almost everywhere in 2.

Therefore we have that

u=wecW>(Q).
The proof in the case 1 < p < 2 can be carried out exactly in the same way observing that
Proposition 4.3 is not needed, as weighted integrals are non-singular in this case.
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The statement on the C'Y regularity follows by the same argument used for Theorem 1.3. And
this concludes the proof.

O
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