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LOCAL AND GLOBAL REGULARITY
OF WEAK SOLUTIONS OF ELLIPTIC EQUATIONS
WITH SUPERQUADRATIC HAMILTONIAN

ANDREA DALL’AGLIO AND ALESSIO PORRETTA

ABSTRACT. In this paper, we study the regularity of weak solutions and sub-
solutions of second order elliptic equations having a gradient-dependent term
with superquadratic growth. We show that, under appropriate integrabil-
ity conditions on the data, all weak subsolutions in a bounded and regular
open set 2 are Holder-continuous up to the boundary of 2. Some local and
global summability results are also presented. The main feature of this kind
of problem is that the gradient term, not the principal part of the operator, is
responsible for the regularity.

1. INTRODUCTION AND MAIN RESULTS

Recently, several papers have investigated the regularity of solutions of second or-
der (possibly degenerate) equations containing first order terms with superquadratic
growth in the gradient. Firstly, motivated by stochastic control problems, in [§] the
authors considered fully nonlinear equations whose simplest example is the viscous
Hamilton—Jacobi equation

(1.1) —tr (A(z)D*u) + Au+ |Duf’ = f(z), x €,

in an open bounded set @ C RN, N > 2, where A is a continuous nonnegative N x N
symmetric matrix, f(z) is continuous and A > 0. The main result proved in [§]
states that, when p > 2, any bounded upper semi-continuous viscosity subsolution of
() is Holder continuous in 2 (under some regularity of 9§2) of exponent o = g%?,
with estimates depending only on the L>®—norm of A(z) and f(z).

This result shows two striking effects of the superquadratic growth of the Hamil-
tonian; one is that the Holder regularity holds for merely subsolutions, which is
unusual for second order problems. Another one is that the regularity, and the
corresponding estimate, carry over up to the boundary, which explains why the
Dirichlet problem can be overdetermined for this kind of operator. This is a major
difference with the case that first order terms have the so—called natural growth,
meaning that they grow at most quadratically with respect to the gradient (for this
case see [3], [I0] and the references therein). Otherwise, some peculiarities of the
superquadratic case had been pointed out in the pioneering works [13], [I1], at least
concerning properties of solutions.
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The regularity result of [§], mentioned before, was revisited in [2], where an
interpretation was given in terms of state-constraint problems together with sev-
eral possible applications. At the same time, the regularity of solutions for the
corresponding evolution equations was investigated in [B], [4] and next in [7], [6],
where Holder regularity and estimates of (viscosity) solutions were proved for sev-
eral types of second order, possibly degenerate, time-dependent operators (both
local and nonlocal) with the common feature of a superquadratic coercive gradient
dependent lower order term.

The goal of our paper is to prove similar estimates and regularity results for
stationary distributional solutions of second order, possibly degenerate, operators
in divergence form. Since all previous works have concerned the framework of vis-
cosity solutions, our results complement those cited above and show, once more,
the generality of the Holder regularity induced by the superquadratic term. Let
us stress that distributional solutions in this context are not unique (see the dis-
cussion in Remark B2)), therefore the regularity proved in this class has a stronger
flavour. Indeed, we show that similar results to those proved in [§] hold even in the
weak context of distributional solutions, for the divergence form structure, and if
f belongs to a (larger) class of Lebesgue spaces. In order to be more precise, here
is our main result.

Theorem 1.1. Let Q be an open bounded and connected subset of RN having
Lipschitz boundary and satisfying the uniform interior sphere condition. Assume
a(z,s,€) is a Carathéodory function satisfying, for some 8 > 0,

(1.2) la(x, s,&)| < B(1 4+ €]) V(s,6) eRxRY | a.e. 2 €Q.

Let p>2, A >0 and let f belong to LI(Q) for some q > %. Let u be a function in

Wi)f(Q) such that Au™ € LI(QY), which satisfies, in the sense of distributions, the
inequality

(1.3) A+ [VulP < div(a(z,u, Vu)) + f(x) in Q.
Then w is Holder continuous in Q0 (i.e., up to the boundary) and satisfies
u(z) —u(y)| < K|z —y|*,  Va,yeQ,

where o = min(1 — %,1 — p%l) and K depends on p, q, N, 8, Q, ||fllzaq) and
A= |q-

Theorem [Tl is the natural extension of the main result proved in [8, Thm 1.1].
We recover all the features mentioned before: the operator can be degenerate or
not, since the estimate only depends on the L>°-bound of the field a, moreover, the
estimate holds up to 92 and, in particular, it is a universal estimate for positive
solutions. Note also that the Holder exponent « decreases according to g if f €
L1(Q) with ¢ < W, embedding the Z%f—H'dlder regularity previously known
into a more general scale. Let us mention that the possibility to obtain Hélder
estimates with unbounded data f had not been considered in the previous works
except for the recent paper [6] for the solutions of evolution problems.

The proof of our result is completely different from the one given in [§], obviously
due to the different framework of distributional solutions rather than viscosity solu-
tions. This gives an independent interest to our proof; indeed, the integral approach
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induced by the distributional formulation suggests a different, yet natural, interpre-
tation of the Holder regularity as an immediate consequence of a local Morrey—type
inequality.

Theorem [[.1] is not the only result that we prove. Indeed, we will further prove
several local and global different estimates, including the case where f € L{ ()
with ¢ < %. In order to better clarify the local and global ingredients, the two
aspects should be first considered separately, which is the way we have planned
our presentation. However, it is important to stress that, for positive solutions,
the local bounds extend to global ones without any information on the boundary
values. In this respect, to mention a significant consequence of our estimates, we
complement Theorem [[.T] with the following.

Theorem 1.2. Let Q) satisfy the same assumptions as in Theorem [LIl. Assume
@2, let p > 2, A > 0 and let [ belong to L1(Q) for some q > %. Let u € VVéf(Q)
be a subsolution of ([L3) in the sense of distributions. Assume in addition that one
of the two following conditions holds:

(i) a(z,8,€) - € >0 for every (5,€) ER xRN, ace. x € Q.

(#) w > 0 in Q.
Then ut € L>=(Q) and

[u® || o) < M

w’ler@ M - M(ﬂaqapa Na )\71’9’ ||fHLq(Q))

The global bound on u™ given by the previous result extends a similar one proved
in [II] in the case of the Laplace operator, in connection with the corresponding
state constraint problem (see also [2]). On the other hand, the negative part of
solutions can be estimated globally only if one controls the boundary data; we
restrict ourselves to consider zero boundary data in that case. Such global estimates
for the Dirichlet problem are the object of Section 5.

Let us note that, in order to keep the exposition simple, we have restricted our
attention to the case where the second order operator has linear growth (that is,
inequality (C2)) holds). However, all the results contained in this article could be
extended with little effort to the case where the operator has growth m — 1, with
m > 1, that is, inequality (L2) is replaced by

la(z,s,O)] < BA+ ™) V(s,6) eRx RN, ae. z€Q,

provided the exponent p in the gradient term satisfies p > m. For instance, one
could consider the following differential inequality involving the m-laplacian:

(1.4) M+ | VaulP < div(|Vu|™2Vu) + f(z) in Q,

with p > m.

Indeed, the idea that lies behind the proofs is that, from the point of view of
regularity, if p > m, the second order operator can be “neglected”, so the differential
inequality (L4]) behaves like its first order counterpart,

M+ |Val < f(a),

for which regularity follows as a straightforward consequence of Sobolev’s inequal-
ities.
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2. NOTATION

Let © be a bounded open set in RN, N > 1. We will consider a differential
inequality of the form

(2.1) —div(a(z, u, Vu)) + Au+ |Vul? < f(x) in Q,

where a(x,s5,&) : Q x R x RY is a Carathéodory function (i.e., measurable in the
first variable and continuous in the last two variables) such that

(2.2) la(z,s, ) < B +E),  B>0,

for every (s,£) € RxRY for a.e. # € Q. We also assume in (Z.I]) that p > 2, A >0
(although in the last section we will also consider the case A < 0), and f(x) is a

measurable function belonging to L{ (£2), for some ¢ > 1.

Definition 2.1. We will say that u € W,\”(Q) is a subsolution of (ZI)) in the sense
of distributions if

(2.3) / a(x,u, Vu) - Vodr + A [ updr+ | |VulPpdr < / fodx
Q Q Q Q

for every ¢ € C§°(Q2), ¢ > 0.
We define, for k£ > 0, the truncation function at levels +k, that is,
Tk (s) = max{min{s, k}, —k} .
We will also denote by u™,u™ the positive and negative parts of u, i.e.,
ut = max{u,0}, u~ = max{—u,0}.

If g € (1, 0), we will denote by ¢’ its Holder’s conjugate exponent, that is, ¢/ = —ZL-.
If g € [1, N), we will denote by ¢* its Sobolev conjugate exponent, that is, ¢* = =.

3. LOCAL AND GLOBAL HOLDER CONTINUITY
The basic starting point of our analysis is the following estimate.

Lemma 3.1. Assume [22), let p > 2, A >0, and let f belong to L () for some

loc
q>1. Let u € W,-P(Q) be a subsolution of &) in the sense of distributions, such
that A\u= € L{ (). Then, for every pair of concentric balls B, C Br C Q, we
have

N

3.1 / Vupdx—l—)\/ wide < K ———
3.1) B,J‘ | B, (R—p)7

where v = max{%,p’} and K is a constant which depends on ,p,q, N, diam(Q),

ILf + A" [|La(Bg)-

Proof. Let C' denote a generic constant, possibly depending on 3, N, p, q. Let
n € C' be a cut-off function such that 0 <5 <1,n=1on B,, n =0 outside Bg,
and |Vn| < %. Multiplying (1)) by #? and integrating by parts we have

/|Vu|p772dx—|—/\/unQdajg/andx—Q/a(x,u,Vu)Vnndx
Q Q Q Q
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which yields, using (2.2]),
(3.2)

/|Vu|pn2dfc—|—)\/u+n2dx§/(f+)\u_)n2d$+2ﬂ/(1+|Vu\)n\V17\dx.
Q Q Q Q

Then the properties of n and Young’s inequality imply

28 / (1 + [Vul)n | V| de

IN

1 = /
5/ \Vu|p772d;v+C/77|V77|da?+C/n% VP dx
Q Q Q
N RN

1/ ) R
- VulPn?dx +C +C -
3 Jo IV R—p ' ~(R-p)p

IN

RN
(R—p)¥"~

IA

1 /
5/9 |VulP n? de + C [diam(Q)P ~* + 1]
On the other hand, by Hélder’s inequality,
_ _ 1 _ N
72y e < 4 M gy 1Bal ™ < OIS+ gy B

Therefore, [B.2]) implies

/ |Vu|pda:—|—)\/ u+d3:§C||f+)\u7||Lq(BR)RN_%
B

P By

+ C [diam(Q)? ~ 4 1] R

In particular, we deduce (B1). O

The main consequence of estimate (3.1]) is the local Holder continuity of w. In

the proof below, we also give a (uniform) estimate for the Hélder seminorm on any
ball B C €.

Theorem 3.1. Assume [22), letp > 2, A >0, and let f belong to LL(Q) for some
q> %. Let u € W P(Q) be such that \u™ € L() and such that the inequality

loc

@) holds in the sense of distributions.
Then w is locally Holder continuous and satisfies, for every ball B C €,

|u(x)—u(y)|§K|x—y|O‘, V(E,yGB,
where o = min(1 — ;V—q, 1- p%l) and K depends only on p, q, N, 8, diam(Q) and
If + 2™l Laga)-
Proof.

Step 1. Let g € Q and B,-(zg) be a ball such that Bsy,.(z9) C Q. It follows from
Lemma [3.] that

/ |Vu|P de < KrVN=7,
B

where v = max(%,p’) and K depends on p, ¢, N, 3, diam(Q2) and || f + A" || Le(q)-
Since we have

/ V| do < (/ |vu|de)p 1By (o)~ +
B, B,
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we deduce that u satisfies, for some different constant still denoted by K,
(3.3) / \Vu|de < K rV75
B,

In particular, if Bg is any ball such that Byg C €2, the same property will be true
for any other ball B, contained in Bpg, so that ([8:3]) will hold for every B, C Br. By
Theorem 7.19 in [9] we conclude that w is Holder continuous in Br with exponent

a=1-2=min(1- 2 1--L)and
p qp p

(3-4) u(z) —u(y)] < K|z —y|*

for every z,y € Bg. In particular, we have obtained that (4] holds for any couple
of points x, y which belong to some ball Br such that Bog C €.

Step 2. Now let B = Bg(xg) be any ball such that B C Q. We are going to
prove that ([34) holds for every z, y € B with a (possibly different) constant K
independent on B.

Consider first the case when x and y lie on the same ray, say * = xg + sog
and y = xg + tog for some og such that |og] = 1 and some real numbers s, ¢
with, say, s > t. Take the sequence of points z, = x — 32—;’500, so that zg = y
and z, — x. It is not difficult to realize that we can apply ([B4) to any couple
of points z,, z,_1; indeed, for every € > 0, these two points belong to the ball

Bz, L, (H%) which has center the mid-point H% and radius equal
—F——— TE&

o W +¢ = $=% +¢, and the same ball of twice a radius is still contained in
B for € small enough. Therefore we have

lu(zn) — u(zn-1)| < K|z — 201" Vn>1,

hence, recalling that |z, — z,_1| = IS;,LtI = |m2_ny‘ we get
n n 1
u(e) — )] € 3 () — ulen)| < K fo— 91 Y o
k=1 k=1

which implies, when n — oo (we use here the continuity of u, which is a consequence
of Step 1)

K (0%
lu(z) —u(y)| < T-9= |z —y[*.

Now take any x, y € B. We denote by d(x), d(y) the distance of the two points
to the boundary of the ball, and by R the radius. In view of ([34), it is enough to
discuss the case when d(z),d(y) < £.

Moreover, observe that, if max{d(z),d(y)} > 2|z — y|, we can also apply (B4)
to z, y. Indeed, we have z, y € B\L u (52 2#Y) and in this case the ball with double
radius, which is Bj,_, (%), must be contained in B (since max(d(x),d(y)) <
d(x;—y)+ ‘Izy‘)'

We are left with the case that max(d(z),d(y)) < 3|z — y|; then consider two
points Z, § such that z =z — dv(z) and § = y — dv(y) with d = min(%, 2|z — y|)
and v(z) = We first claim that ([B4]) applies to Z, §: indeed, we have

\wr\

d(z) =d(z)+d, dy)=dy)+d, |[Z-y[<|z-yl
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Now, if d = %|x — y|, this means that

31z g
D) )

max(d(@), (7)) > Sl —y] 2

and we are in the preceding case, while if d = % this means that both z and §
belong to B n and again ([3.4]) can be applied. Therefore in any case we can use

B3 to get
[u(z) —u(y)| < K|z —g|* < Kl|z—y*.

On the other hand, for points which are on the same rays we have

K 3
A < = < 0 (D o
j0(@) — u(z)] < oo —3l* < T (5) e - yl°,
and so % 5
7) — < —— ()Y z —y|*.
[0(5) = w(®)] < 1o (5)° e 1]
Therefore we conclude
2K 3 -
u(z) —u)l = 7= 5)" e —yI* + K|z —y|* = K|z —y|*
for K = (2= (2)* + 1)K. O

Proof of Theorem [ILIl The proof follows from Theorem B.I] applying Lemma 2.6 in
[8]. O

Remark 3.1. The estimate [B.I)) holds true under the weaker assumption that f +
€ L (Q), i.e. the Morrey space of functions g such that

/ lg| < crNa-9) for every ball B, C Q.

As a consequence, the conclusion of Theorem 3.1l and Theorem [[.T hold true in this
more general case. Notice that every g € LI(Q) clearly satisfies the above estimate
after Holder’s inequality.

Remark 3.2. The result of Theorem [[1]is optimal as far as the Holder regularity
of u is concerned. Similarly as in []], one can observe such optimality through the
simplest example, namely taking a(x, s,&) = £ and u(z) = |z|*.

If we fix g such that % <qg< g, and o =1— %, then u satisfies (2] for some
f belonging to the Morrey space ch (), showing that the Holder class (of order
1-— %) cannot be improved. With a slight variation the same can be done with f
in a Lebesgue space, taking e.g. u(x) = |z|*|1n |z||” for some 7 suitably chosen; in
this case u satisfies (2.1)) with f € L9(f2), showing again that the exponent of the
Holder regularity cannot be improved.

When ¢ > g, the subsolutions will belong to C*(Q) with a = Z%f. In this
case an example of the optimality of Theorem [I.T] can be obtained even with f = 0.

Indeed, one can take u(x) = ¢o(|x] P 1) which, for a suitable choice of ¢y, satisfies
(in the distributional sense)

(3.5) {—Au +|VuP =0 inQ,

ue WyP(Q),
where 2 = B1(0).
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It is worth noticing, in this example, that v is a distributional solution of the
equation, and not only a subsolution. On one hand, the regularity is therefore
optimal even in the class of distributional solutions. On the other hand, observe that
the uniqueness fails even for bounded, Holder continuous distributional solutions.
On the contrary, the above function u(x) is not a viscosity solution of (B3] (it
does not satisfy the condition of a supersolution at the point z = 0). This is
consistent with the uniqueness of viscosity solutions (see [2]). It is interesting to
observe that uniqueness really depends here on the formulation (viscosity rather
than distributional) within the same class of Holder continuous functions.

Remark 3.3. Tt is easy to check that, in Theorems[T.Iland Bl a datum in divergence
form can be added, without any substantial change in the proof. More precisely, if
we assume that the vector valued function a satisfies, instead of (2], the weaker
condition

(3.6) la(z,s,8)] < g(x) + BIE]
where 8 > 0 and
(3.7) g(x) € L7(Q), with o > %,

then the statements of Theorems [[L1] and B.I] remain the same, with

N N+o 1
a:l—max(—, , )
pqg po p—1

4. LOCAL REGULARITY IN LEBESGUE SPACES

In this section, we turn our attention to estimating the local norm of w rather
than its oscillation. Of course this makes sense only in the case A > 0 (if A = 0,
1) may be invariant by adding a constant to u). We start with the case where
the datum f belongs to L{ (), with ¢ below the critical value %.

loc

Theorem 4.1. Assume 22), let 2 <p < N, A > 0 and let f belong to LL (Q) for

loc

some g < %. Letu € W,-P(Q) be a subsolution of 1) in the sense of distributions.

loc

Then u* € Li (Q) with s = I\I,V_pgq. Moreover, for every pair of concentric balls

B, C Br C Q, we have

(4.1) [

Le(8,) < K

where K depends on B,p,q, N,A" %, p, R, Hf||Lq(BR)7 ||U+||L1(BR) and, if 1 < ¢ <
N(p—1 .
T2 it depends on |[[Vut|||La(sy) as well.

Proof. Let C' denote a generic constant, possibly depending on 3, N, p, q. Let
us take a cut-off function n € C°(Bg) such that 0 < n < 1, n = 1 on B,,
N(p—1)
N(p—2)+p~
below, depending only on p,q, N), we take ¢ = Ty (ut)"Pn*? as the test function

|Vn| < %. We start by assuming that ¢ > For v, > 0 (to be chosen
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in (23). Notice that the test function vanishes on the set where u < 0. We obtain

/ |Vul? Th,(u™) PP dz + X | ut Tp(u)"PnP dz
Q Q

< C/ (1+ |Vu|) |[VuT] Tk(u+)"’p_lna” dx
Q

+c/ (1+ |Vu]) [V Te(ut )P do
Q

+ / I T P dar,
Q

where the constant C' depends on p, ¢, N. Using Young’s inequality, for every € > 0
(which will be chosen conveniently small later), we can write

/(1+|Vu|)|Vu+|Tk(u+)7”_177“” di ge/ VP T(u )Py da
Q Q

+C. / Ty (ut) PP P da + C.. / Ty (ut)P~ 52 °P d .
Q Q

We will check later that « satisfies v > zﬁ provided ¢ > %. Then, since

0<~yp— 1% <~vp—p <~p+1, we use Young’s inequality once more, to obtain

/(1 + |Vau|) |[Vut] Tk(u+)"’p_l77ap dx < 6/ |Vul|P Ty, (u™) 0P da

Q Q

(4.3)

—i—s/ Tr(u™) P 0P dx + C.|Br] .
Q

Similarly, we estimate

[+ 19 190l T
Q
SE/ Tk(u+)'yp+1nap d;E—I—CE/ |v77|7p+1,’7ap—('yp+1) dx
Q Q

+€/ |vu‘ka(u+)’Yp,'70¢de+C€/ |v/’7|p’Tk(u+)’ypnap_p/dx
@ Q

and using again, in the last integral, Young’s inequality with exponent vp + 1, we
get

[ 9 [Vl Tt et da

Q

(4.4) < 5/ Tr(u™) PP do + 8/ |VulP Ty (ut)"Pn? dx
Q Q

+Cs/ ‘Vn‘7p+1nap—(’ﬂ)+l) dx + CE/ |V77|p’(’)’p+1)nap_p/(,yp+1)dm .
@ Q
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If we choose e small and « sufficiently large, so that ap > p'(yp +1) > (yp + 1),

using (£3) and (£4) we deduce from [@2):

1 A

—/ |VulP Ty (ut)"Pn? do + = / ut Ty (u®) PP dx

2 Ja 2 Ja

(4.5)

<Clp A+ [ 71Tt P da
Q

where C(p, R, \™1) depends now on p, R and A~! as well. We now use Sobolev’s
inequality, which yields

</ |Tk(u+)’v+1na|p* d:p) P <c ‘V(Tk(u+)'y+1na)‘p da
(4.6) Q Q
< C’/ |VulP Ty, (u™) PP dx +C/ Ty (uh) TPV P (o= P gy
Q Q
By interpolation, since 1 < (v 4 1)p < (v + 1)p*, we get

/ Ty (uF) VP |7y P pl@=LP gy
Q

0 . 1-9
< ( / T (u) P gor” dm) ( / To(u®) |V 57 =25 dw)
Q Q

where (y+ )p=0(y+ 1)p*+1-16, ie.
_ (+hp-1

(y+1)pr—1"

Note that 6 < 1%, in particular, (o —1)p — ap*d > 0 provided « is sufficiently large.
We deduce that, using Young’s inequality,

/ T (ut) P |y P =P g
Q

P
pF

<e </Q Tk(u"l‘)("/"rl)p*nap* dx) +C.(p, R, HU+HL1(BR))

and therefore (@6]) implies, for a suitable choice of ¢,

( /Q Ty (ut) e " dx) ,,

<c / Vul T (u Y PieP da + Clp, R, a2 () -
Q

Then, we obtain from (.3
T (w7 ip> P dg ’ + A [ um Tp(u™)"Pn? de
| U U
Q Q

< Clo RN a1 () + / I T (P de
Q
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which yields, using Hélder’s inequality in the right-hand side,

a das) Tt Ty, (ut) PP dx
Q

( (T ()
Q

Qe

< C(p, R, /\_1, ||U+||L1(BR)) + ||fHLq(BR) (/ Tk(u+)’qu/napq/ dx)
Q

Now we choose « so that (v + 1)p* = vpd/, i.e.

N(g—-1)
N —pq

Note that v > 0 < ¢'p > p* <= ¢ < %, and that the condition v > 11%2 is
N(p—1)

! £
No—2+p° We also have apq’ > ap*, hence

equivalent to ¢ >
L %

Q Q

and since % < p% and s = Iévfgq = (v 4+ 1)p*, letting k — oo we conclude with the

estimate

||U+||LS(BP) <K,

where K = K (6apaQ7N7 P R7)\_17 ||fHLq(BR)a ||u+||L1(BR))'

In order to deal with the whole range of values of ¢, including g < Np—1)

N(p—2)+p’
slightly modify the above argument. We now take ¢ = [(1 + Tj(u™))"? — 1]n°? as
the test function in (2.3)), and we get

(4.7)
/ [VulP (1 + Tip(u™))"? — 1] 9P d + A/ ut [(1+ Tip(u™))? = 1] 9P da
Q Q

we

< c/(1+|Vu|)|vu+|(1+Tk(u+))w—1naP di
Q
+C/ (1+|Vu]) V| (1 —|—Tk(u+))wno‘p*1 dx
Q
+ / (4 To(ut)) e da
Q

We now estimate the first term in the right-hand side as

/ (1+ |Vau|) |[Vut|(1 + Tk(qu))W*lnap dx < 6/ [VulP (1 + Ty (uh))"Pn*? dx
Q Q

+C. [ (14 To(uH))P PP de + C. [ (1+ Ti(uh))P 720 da
Q Q

= 6/ [Vl (1 + Ti (u™)) 0 do + C- / (1+ T (u™)) """ dar,
Q Q
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obtaining then, after Young’s inequality,
(4.8)

/(1 + |Vu|) [Vut|(1 +Tk(u+))7p_1no‘p dx < 6/ |VulP (1 + Ty (ut))"Pn? dz
Q Q

—l—a/ Ty (u™) PP do 4 C.| Br| .
Q

The second term in the right-hand side of ({1 is dealt with in a similar way as in
the previous case. Then we obtain the inequality

|Vu|p (1 4+ Tp(u™)) PP dx + ;\ / 1+ T (uh)) Py da

Clp RN /m (1 + To(uh)) P da

+/ |Vu+|p77°‘pda?+)\/u+77°‘pd;v.
Q Q

Henceforth, we proceed as before, using Sobolev’s inequality in the left-hand side
and Holder’s inequality in the term with f. With the choice (y+ 1)p* = vp¢’ made
before, we obtain therefore

(/ |Tk(u+)"’+1no‘|p* dx) ’ + )\/ u Ty, (u) 0P dx
Q Q

< Clo, RA L [ut ) + Ifll Lo </Q Ty, (u™) P e dx)

.
a

+||f||L1(BR)+/ IVt P P de+ A | utge? de
Q Q

Letting & go to infinity, we conclude with the estimate
HU+||LS(B,,) <K,
where K = K (6apaQ7N7 P R7)\_17 ||fHLq(BR)a ||u+||L1(BR)a ‘llvu+|||LP(BR)) O

Remark 4.1. We can always estimate the L'-norm of u* in terms of the L'-norm
of |[Vu™|P. Indeed, taking ¢ = T1(u)n? as the test function, and using Z2), we
have

/|Vu\pT1(u+)772dfc+)\/u+T1(u+)n2dx§/ |f|T1(u+)172dx
Q Q Q

+6/(1+IVul)\VTl(u+)\n2da?+2B/(1+|VUI)T1(U+)\V17\ndx
Q Q

which yields, by Young’s inequality,
1
—/ |Vul|P Ty (ut)n? do + )\/ utT (ut)n?de < / |f|n? da
2 Ja Q Q
+0/ |Vut[Pn? daz—l—C’/ VP dz+ C.
Q Q

Then we deduce

Hu+||L1(B,,) < 0(5717; Na )\_17P7 R7 |||vu+H|LP(BR)) .
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In particular, since the choice of balls is arbitrary, we deduce that estimate (4.1))
holds true, for every ¢ < %, with a constant only depending on ||[Vu™|||Lr(5y)

(beyond the usual parameters and constants).

Remark 4.2. If p > N, a similar result can be obtained with s being any value such
that s > 1. Indeed, in this case we use Sobolev embedding of W, () into L"(£2)
which holds for every r > 1. By proceeding as in the above proof (replacing p* with
a generic 7 > 1) we obtain the estimate for every possible s > 1 with a constant K
depending on s as well.

Remark 4.3. One can also treat the case where a datum in divergence form is
present. More precisely, if we assume that the vector valued function a(z,s,§)
satisfies (B.6), with

N

9@ € L0(®), o=

then it is easy to check that Theorem ] continues to hold true, with the bound
K depending also on ||g[|z-(By)-

We now prove an estimate of the local L*°-norm of .

Theorem 4.2. Assume (Z2), letp > 2, X > 0, and let f belong to L{, () for some
q > %. Let u € W1 P(Q) be a subsolution of (1)) in the sense of distributions.
Then we have ut € LS. () and, for every pair of concentric balls B, C Bg C ,
we have

(4.9) lutllpe(s,) < K

where K = K (B>p7q7N7>\_1>P> R7 ||f||L‘1 (Br)> ||u+||L1 BR))'

Proof. First of all, observe that, by the previous result, u belongs to L, () for
all s < oo, and that an estimate like () holds in terms of the L'-norm of u™ in
a slightly larger ball. Moreover, by the usual inclusions between Lebesgue spaces,
one can always suppose that

N N
(4.10) S cg<=
p P’
Let us take ¢ = v} npo‘ as the test function in (23)), where
Uk = Thor(Gr(u™))

with G(s) = s — Ti(s), h > k > 0, a > 0 to be fixed later. As before, we denote
by n a cut-off function, n € C*(Bg), 0 <n<1,n=1on B,, |Vn| < C(R—-p)~ L.
In the following we set

A(k,R) = {x € By : u(x) > k}.
Since vy, = 01in Q\ A(k, R) we get

_p_ _p_
/ |VulP v 20 de + /\/ w20 dx
A(k,R) ’ A(kR)

_2
(4.11) < O/ (1 +[Vaul) [VuT|og 37 0P dx
A(k,R)

—|—C/ (1—|—|Vu|)|V77|vhk noP1 dx+/ |f|v;:?n°‘pdas.
A(k,R) A(k,R)
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Let us estimate the two terms in the second line above. By Young’s inequality, for
every € > 0, we have

/ (1+ |Vul) [Vut|vf 27]‘”’ dz
A(k,R)

P —pr
< 6/ |VulPof2n? de + C. / v P P dr + C. / n*?dzx.
A(k,R) ’ A(k,R) A(k,R)

Since vj, < ut and (p_z)"ﬁ <1+ z%’ using Young’s inequality once more, one
obtains

/ (1+|Vul|) |Vu+|v 2770"’ dx
A(k,R)

_P_ _P
SE/ |Vu\pv;’;j€277°‘pdx+5/ wvy ) N dx + C. n°? dx .
A(k,R) ’ A(k,R) ’ A(k,R)

Similarly, we estimate

[ @ vl (9o d
A(k,R)

—P_1 2l P
< 6/ v,f;f+ n*Pdx + C. |Vt o=z P~ 52 dg
A(k,R) A(k,R)

P ; P ’
—i—s/ |Vul|Poi 2P de + Ce VP of 2n®PP da.
A(k,R) ’ A(k,R) ’

Using Young’s inequality again in the last term with exponent - ~25 + 1 and using
vp ke < ut we obtain

/ (1+ [Vul) [Vrluf 2 722~ da
A(k,R)
= ap 1+ L5 ap—1—-L5
<e wv,”” P dx + C; V|72 n =2 dx
A(k,R) ’ A(k,R)

+5/ VulPop 0 da + Ce |Vl G2 per =P G
A(k,R) ’ A(k,R)

Choosing ¢ suitably, we deduce from the above inequalities and (1)
/ |Vaul? vp 20 dr + /\/ wvg 2" dx
A(k,R) ’ A(k,R) ’
2(p—1)
(4.12) < O/ n*? dx + C/ V| v
A(k,R) A(k,R)

+C/ Wil = da:+/ f| v 2 n°P dz .
A(k,R) A(k,R)

(

Otp—

dz
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Sobolev’s inequality implies

[/ (v}’:;fr]o‘) dac} <C/ ’V v,’;kfna ‘ dx
Q
p(p—1)
= C’/ [Vl vy no‘pdaz—l—C/ v, 57 PP\ VnP da
A(k,R) A(k,R)

(here we suppose p < N, otherwise one can replace p* with a conveniently high
exponent), thus we can deduce from ([{I12)

P

ﬁ a P’ 7 ap
(v,%k n ) dz <C n*? dz
Q A(k,R)

2(p—1)
+C / W
A(k,R)

dm
(4.13)

+C V|72 P 7 dx+/ \f|v Dener du
A(k,R) A(

R

p(p— 1)
S a2
A(k,R)

)

Observing that % + 117)_’/‘ < 1, and using Holder’s inequality with exponents

(q, ];—,, ﬁ) we have

q  p*

/ |l e da
A(k,R)

1
P2 o g\ a2z, "
< fllzasr) Uk T dx n dx
Q A(k,R)

which implies, after Young’s inequality with exponent p — 1,

_p_ p=lpx « pL*
[ i< ([ e a)
A(k,R) ’ Q
bt (
+ C 1 atmm ( / A Ee da:>
A(k,R)

Similarly, we estimate, for every s > 1,

r(p 21)
nP=P |V
/ vl |VnP dz
A(k,R)
1

Pé'(P21) °
< / Opp o dz
A(k,R)

’

IS
QU=
3

"=

e
A(k,R)
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We deduce then from [@I3]) that

[y o]
= v n® dz <C n*Pdx
2 [ o \ " A(k,R)

2(p—1) _
S T
A(k,R)

dfc—l—C’/ |Vn|p 3P P52 dy

L
7

q 7?*)11T2
+ ||fHLq(BR) (/A(k . 770‘(1” p)p*—q Tp’ d$>

p(p 1) ’ ’
+ longl ” mp b </ (PP |7y P dw)
P=2 (BRr) A(k,R)

We take o > max(1, 1%2), and in the right-hand side we use that n < 1 and
|Vn| < 75 and since vy < ut we obtain

1 1
< CIAGR) (1 b . )
(R—p) 5= (R=p)7

“ |

N A
/ (v}’;,j 77°‘> dx
Q

Ut G B

) 1 a1
+||u+|| psp 1 B )W|A(k7R)|s/ .

R

_P_l”

L
a7

Since |A(k, R)| is bounded and R — p < R, we take y = max(p, I%) and we choose
suitably the value of s > 1 in order to deduce (here is where we use the assumption
q<N/p')

p
E3

- o T AL =
= ) Ak, R)| 7570
vp i dx <K
Va ( Aok 1 = R~ p)"

1

where K depends on R, ”f”Lq(BR)’ lut ||

s(p 1
(Br)

Recall that n =1 on B,, hence we have, for any h >k,

p—1 p* * p 1
/ (vfl’_k? 77“) dx > / Uy i =2 dg
Q 7 A(k,p)

& / up e > (h— k)P EE|Ah, )|
Ahp)

and therefore we conclude

A(h, p)| < K

(h— k) (R p) T
One can check that
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and we conclude applying the following lemma (see Lemma 5.1 in [15]):

Lemma 4.1. Let ¢(h,p) :[0,+00) % [0,R) be a function which is nonincreasing
with respect to h and nondecreasing with respect to p. Moreover, suppose that there
exist Ko > 0,7 > 1, and C,0,0 > 0 such that

Co(k,R)"
A T

Then for every s € (0,1), there exists d > 0 such that
(P(KO —|— d, SR) = 0,

Vh >k > Ky, Vp e (0,R].

where
d° = 2%Cl SD(KOa 1)771 )
50
Remark 4.4. If ¢ > %, then similar local estimates are obtained in [I2], even if for
solutions rather than subsolutions. Note that % < %, so that the previous estimate

is stronger and really exploits the superquadratic dependence of the nonlinearity.

Remark 4.5. Again we observe that the result of Theorem [.2]is still true if a(z, s, §)
verifies condition (B:0) with g € L (), o > p—zfl.

loc

Gathering together the above estimates with Lemma Bl we deduce universal
estimates for positive subsolutions.

Corollary 4.1. Assume 22), let 2 < p, A > 0 and let f belong to LL (Q) for

loc

someq>1. Letu € VVlicp(Q) be a subsolution of [2.1)) in the sense of distributions.
Then, for every pair of concentric balls B, C Br C Q, we have:

ifqg< X, lutllpepy) < K with s = 2L
(414) p (By) N—pq

if ¢ > %; lutllps,) < K,

where K depends on 8,q,p, N, A1, p, R, || fllLa(pr) and on [[Au™||11(y,)-
In particular, assume that u > 0; then (LI4]) holds with a constant K indepen-
dent of u and, moreover, if q¢ > % and f € LY(R), we have

[ull e @) < M
where M = M(ﬁ7q7p7 N7)‘_17Q7 ||fHL¢1(Q))

Proof. The form of estimates ([LI4]) follows from Theorem [l and Theorem
because of Lemma 1] which allows us to estimate u* and |[Vul? in L! in terms of
u- .

The last statement is a consequence of Theorem [Tl Indeed, a global bound on
the oscillation of u and a local L* bound, given by ([@I4), imply the desired global

estimate. O

Similarly, the estimates are universal in the case of degenerate ellipticity.

Corollary 4.2. Assume (22), let 2 < p, A > 0 and let f belong to LL () for

someq>1. Letu € VV&?(Q) be a subsolution of [2.1)) in the sense of distributions.
Assume in addition that

(4.15) a(x,s,6)-£>0 V(s,6) ER xRN | ae. 2 €Q.
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Then estimates (AI4) hold true with a constant K depending on B3,q,p, N, \71,

p, R and ||fHL‘1(BR)'
In addition, if f € LI(Q) with q > %, then ut € L>(Q2) and

[utllpee ) < M
where M = M(ﬁ7q7p7 N7)‘_17Q7 ||fHL¢Z(Q))'

Proof. Choosing T.(u™)n as the test function, where 7 is a nonnegative cut-off
function, we get

A uT.(uh)nde + |Vu|pT€(u+)ndx§/ng(u+)77dac
Q Q Q

—/a(x,u,Vu)VTs(qu)ndx—/a(x,u,Vu)VnTs(qu) dx .
Q Q

Using ({15 we can drop a term in the right-hand side, hence

A uTe(uPndz + | |VulPT.(u)nd
Q Q

u+ X — T, U u qu Z.
S/QfTa( ynd /Qa<, V)T (ut) d

Dividing by ¢ and letting € — 0 we deduce that

A u+ndx+/|Vu+\pndx§/ \f|ndx—/a(ac,u+,Vu+)Vndac
Q Q Q Q

where we used also that a(z,s,0) = 0 as a consequence of (LIH). The above
inequality means that u™ is a subsolution with right-hand side |f|. Then we apply
Corollary 4] to conclude. a

Remark 4.6. It is possible to give a more precise form of the dependence on the
parameter A of the estimates in this section, by taking care of the scaling of the
equation with respect to A (namely, applying the above arguments to the function
v = Au). In particular, one can replace estimate ([{.I]) with

min(A, 1)||U+||LS(BP) <K
and, respectively, estimate (L9) with
min(A, 1)[u® ||z (s,) < K

where K does not depend on A. The same holds for the estimates in Corollary 1]
and Corollary

Remark 4.7. If (@I58 holds true and there exist v, L > 0 such that
H(z,u, Vu)sign(u) > v |Vul|P for ju| > L,

and if

M —div(a(x,u, Vu)) + H(xz,u, Vu) = f in €,
then we get similar estimates for both u™ and w™, proceeding as in Corollary
In particular, if f € LI(Q2) with ¢ > %, we deduce a global universal bound
lull L (o) < M (independent from the boundary behaviour of u).
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5. GLOBAL REGULARITY FOR THE DIRICHLET PROBLEM

We turn here to the Dirichlet problem, that is, we assume that the subsolution u
belongs to the space WD1 P(Q). In this case, we find global summability or regularity,
depending on the summability of the datum f. We stress the fact that, in the next
two results, A can be any real number.

5.1. Global L*-regularity.

Theorem 5.1. Assume (Z2)), let 2 <p < N, A € R and let f belong to LI(Q2) for
some q such that

N
(5.1) 1<g<—.
p
Let u € Wy P(Q) be a subsolution of 1)) in the sense of distributions. Then
, Npq
u € L*(Q), with s = ,
() N g
and
(5.2) [|ul Ly = c,
where the bound C' depends on B,p, N, q, \, |9, Hf”mm) in the case where %

<g< %, while it also depends on the LP-norm of |Vu| in the case where 1 < g <
N(p—1)

N(p=2)+p~

Proof. Tt is easy to see that (Z.3) must be true for every ¢ € L°(2) N H}(Q). Let

us start by assuming that

N(p-1) N

g < —.
Np-2)+p p
Np(g

Take ¢ = |Tj(u)] #45 and use 22) to obtain

(5.3)

p(g—1)

/\vuv’m(u (= dx<C/|VTk W) [Th(u)| ¥ 50~ da
Q

p(q 1)

(5.4) +C/ |VTpu| [Ty (u)| ¥ —*dzx

p(q p(q
Y / o | T )| “F52 iz + / T ()52
Q

Here the constants C' depend on the data of the problem but not on & (and may
change from line to line). We now proceed to estimate the integrals in (54). If we
set

(q 1)

[t]
w) = [ (Te) ¥ as.

then, using Sobolev’s inequality, one obtains

/\VU|P [Tk ()] R da:—/ |V<I>k(u)|pdx

Q Q

(5.5) Nop N—p
N

>C’{/Q<I>k(u)p* dx] CUQ|Tk(u)|de} o
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On the other hand, by Young’s and Holder’s inequalities, we can write
Np(g—1)

19T T e
Q

P(q 1)

da:—|—C'/\Tk i TPoE da

(5.:6) < [ Va1 ¥

—1__N-pg
Nq(p—2)

Np(g—1) %
< 6/ |Vu|1’ |Tk(u)| N-pq dl’—l—C5|:/ |Tk(u)‘3 d$:|
Q Q

Np(g—1)

for arbitrary € > 0 (note that the lower bound on ¢ in (B3] ensures that N

525 2 0). Similarly

p(q 1)

/ VT ()] | T o) %57
Q

p(q Np(q 1) _

(57) S‘(5\/\ |vu‘p |Tk(u)| —Pe d.’L’-i—C / |/T]€ —pa  p— o1 dx
Q

g—1__N-—pg
p(q q Nq(p—1)

c / VP [Ty ()] %
Q

Moreover, by Holder’s inequality,

[l ) 5 dx<c[ [l ) S5 )
Q Q

Now, one can easily check that

P do + C. UQTk(u)|Sd4

]uﬂﬁ‘“;ﬁ)é

p(a=1)\ T NpGE—11 .
(1o 2] #5 ) T < ety

therefore,

(5.8) [l B %5 < 0 [ [

yw%&

Finally

U=

59) [Tl S5 e <111 | [ mol o]

Therefore, putting all the inequalities (B.4)—(E9) together, we obtain

X < er0 (X(qql M) v 1 xS maeh) ¥
(5.10)
N—pg+Np(g—1) N(g—1)
+ X~ pa(N-p) 4+ X ®™N—»p)q >

where ¢19 depends on 3, N, p, g, A, |9, Hf||Lq @ and we have set

p(q

X = / [VulP [T (u)| ™~ .

Q
Since ¢ < N/p, it is easy to check that all the four exponents in the right-hand side of
(510) are smaller than 1. This gives an estimate on X, therefore, on [, [Ty (u)|® dz.
The result follows by letting k£ go to infinity.
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In the case where

Np-1)
N(p-2)+p
the above proof does not work. However, using

1<qg<

Np(g—1)
(1+ [T(w)]) V77 —1
as the test function, with the same type of calculations as in the proof of Theorem

[41] it is easy to prove the same result, the only difference being that in this case
the bound C' in (5.2]) also depends on the LP-norm of |Vul. O

5.2. Global boundedness. We now need the following lemma (see [14]):

Lemma 5.1. Let ¢ be a nonnegative, nonincreasing function defined on the half
line [ko,00). Suppose that there exist positive constants A, vy, 6, with § > 1, such
that

0h) < G o’

for every h > k > ko. Then ¢(k) =0 for every k > ki, where
oy = ko + AYY20/6-D) 5 G-/
Theorem 5.2. Assume (Z2)), let p > 2, A € R, and let f belong to L1(Y) for some

q > %. Let u € Wy (Q) be a subsolution of ) in the sense of distributions.
Then u € L>*(Q), and

(5.11) 1ull o gy = C(Bs2, Ny 0, A (I £l

Proof. By using the usual inclusions between Lebesgue spaces, one can always
suppose that

oy 1)

N N
(5.12) —<q< .

p p
Moreover, by Theorem Bl v € L*(Q) for every s > 1 (with norm depending on
the data of the problem). Therefore, we can put the term Au in the equation with

the datum f, and we can ignore it. It is easy to see that (23] is true for every
@ € L°(Q) N H (). We take ¢ = (Ggp(u)) 2 in (Z3), where h >k > 0

G k(8) = Th-r(|s] — k)4 .
Then we obtain

/ |Vu|p(Gk7h(u))ﬁ dx

k

<82 [ (9 19u) (Graw) ™7 e+ [ 151 (Grnt) ™

where we have set
A ={z€Q : |u(z)| > k}.
Then, using Young’ inequality, we obtain

[ 190P Grnw) = da

<5 [ T @t e Aul [ (514 e (G

Ak
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where ¢; = ¢1(8,p). Therefore, if we set f= |f| 4+ c1, we obtain
/A VulP (Gion(u)) 72 dz < C | Ay + 2/A F(Gron(u)?? da.
k k
On the other hand, by Sobolev’s inequality,
/A Vul? (Con(@) 77 de = C [ [V(Crn(w) 72 | de
k

Ak
(p—1)p* P
o[ [ o ]
A

while

I
—1)p*

3 (p—1)p* * L
/Ak,f (Cun(w)7 dw <11, { /A (Crnw) 7 dx] Al

2
p_yp—1

(p—1)p* p* et
<e {/ (Gk,h(u)) T2 dx] +C. ||f||p 3 |Ak|( 7 *)pf2 '
Ak, Q(Q

Therefore, we have found that

(p—1)p* pL .\ 7L bt
U (Grn(w)) 7 dw] <c(|Ak|+\Ak| G H)
Ak

< C A",
where
1 9. p-1
r=(- 52,
g pp—2

while C' depends on 3, p, N, ||fHLq(Q) and |Q2]. In the last inequality we have used

that 1 > r, which follows from the assumption (5.IZ). Since Gy n(u) = h —k on
Ay, one obtains

(h—k) \Ah| < CAg|",
that is,
o5
|An| £ ———= |4kl 7.
(h — k) 52

It is easy to check that p%" > 1, therefore, we can apply Lemma BT to ¢(k) = | Akl
Note that, by the results of the previous section, u is estimated in L7 () for every
o < 00, therefore, for a fixed kg > 0 | A, | can be estimated in terms of the data. O

Remark 5.1. Note that this result is false if p < 2. Indeed, one may find unbounded
distributional solutions even when f = 0. See [I] for the case p = 2, or [I0] for the
subquadratic case and a discussion of the bootstrap property for weak solutions.

We also refer to Remark for a simple example showing the optimality of
Holder regularity for distributional solutions and, at the same time, that this regu-
larity is not enough to yield uniqueness of distributional solutions of the Dirichlet
problem.
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