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Regularity up to the boundary

1. Introduction

We study the following non-homogeneous Dirichlet boundary value problem in n space variables
-v. p-2 =f i

V(e + IVwlP2Vw) =f ing2, (11)
w=1Y% onds,

where £2 is a smooth, open and bounded, subset of R, n > 3. The vector fields w, v, and f take values in RN (N and n may
be distinct, and arbitrarily large). The singular case i = 0 is covered.

The method followed here may be applied to more general equations of the same type. It would be interesting to
investigate in this direction. However, the twin problem

{_V.((M+|Vw|2)p§2Vw) =f inQ, (12)
w:'[// OnaQ,

is completely covered by the proof below.

We extend the proofs obtained with Crispo, [1], from the homogeneous to the non-homogeneous boundary value
problem. We prove, under suitable hypothesis, W29(£2) regularity up to the boundary, for arbitrarily large values of q.
This implies, in particular, C*(£2) regularity. Even this weaker result seems new, in the non-homogeneous case.

The following is our main result.

Theorem 1.1. Assume pu > 0. Further, let p € (1, 2] and q > 2, q # n, satisfy the condition (see (1.5) and (1.6))

G@R2-—-p) <1 (1.3)
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Let Y € szé‘q(aﬁ) and f € L@ (£2); see (2.6). Then, the (unique) weak solution w € WP (§2) of problem (1.1) (see (2.1)),
belongs to W29(£2). Moreover,

1
ID?wllg < C(ID*Yllg + 1> If lg + If 1l )- (1.4)

We assume, following standard practice, that v is the trace on the boundary of a suitable vector field v € W29(2).
The positive constant C,(q) is defined by

ID*vllg < G(@ I Avllg, (15)
forallv e W29(2) N Wol’q(.Q). There is a constant K, independent of p and g, such that

G(q) = Kq, (1.6)
at least for q > n% (see [2,3]). So, our results hold, at least for all q satisfying
1 (17)
< —. .
=ka-p

Corollary 1.1. Let ., p, q, f, and v be as in Theorem 1.1. Then, if q > n, the weak solution of problem (1.1) belongs to C1*(£2),
fora =1-—

Q=

In particular, when g = 2, one has the following corollary, where the constant C; = C;(£2) is defined by
ID*v]| < Gl Av]], (1.8)

forallv € W?2(2) N Wol’z(.Q). Note that, if £2 is convex, C; = 1. For details we refer the reader to [4] (Chapter I,
estimate (20)).
Corollary 1.2. Let p € (1, 2] satisfy (2 — p)C; < 1, where C; is defined by (1.8). Assume that ¢ € W%*Z(a.Q), and that
f e L'®(£2), where

2n
(n—2)p+@4—n)

Let w be the unique weak solution of problem (1.1). Then w belongs to W?2(£2). Furthermore, if 2 is convex, the result holds for
any1l <p <2.

r2) =

(1.9)

Note thatr(2) < n. Further, in the limit case p = 2, the system (1.1) reduces to the Poisson equation, and we recover exactly
the classical result

lwll2q = CUFllg + ¥ ll2.0)-

sincer(q) = qforp = 2.

Note that, roughly speaking, the interval of values of the parameter p for which we prove g-regularity may shrink, as q
increases.

In the homogeneous case, 1 = 0, the above results were proved in [1]. We assume the reader is acquainted with this
last reference since in the sequel we will often appeal to it, in order to avoid unnecessary repetitions.

Next we reproduce some comments, presented in [1], concerning the case p < 2. For N = 1, in [5] the author proves
Wli’cp—regularity for any p < 2.In [6] the authors show W22 N C!“-regularity up to the boundary, in 2 C R2.

For N-dimensional systems, we recall [7,8]. The techniques used in these references, sometimes quite involved, seem to
be not easily applicable if external forces are introduced. The results proved in [7], are local. However, as far as we know, this
is the only paper in which the L,zoc—regularity of second derivatives is considered. Actually, the results proved in Refs. [9,1]
seem to be, in the non-scalar case, the first regularity results up to the boundary, for the second derivatives of solutions.

For related results we also refer the reader to papers [10-21], and references therein. Last but not least, we recall the
famous classical treatise by Ladyzhenskaya and Ural’tseva [22], where related results and deep methods are developed.

For a wide-ranging review on many related results, concerning in particular nonlinear potential theory, non-linear
barriers and capacities, and boundary regularity, we recommend the volume [23]. See also [24]. In this context, we recall
here the 1972 paper [25], where many pioneering results in all the above fields were established ([25] is full of misprints,
luckily very easy to correct). Furthermore, in Ref. [26], by appealing to [25] (and to work previously developed in [27], see
also [28]), the following quite explicit geometrical sufficient condition is proved. A boundary point y is regular, with respect
to the problem (1.1), if a (n — 1)-dimensional external cone property is satisfied at the point y (a Lipschitz image of such
a cone is sufficient). We recall that a boundary point y is said to be regular if to each continuous boundary data i the
corresponding solution is continuous in y.
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2. Some preliminaries
We start by the following standard definition.

Definition 2.1. Assume that f € W‘LP/(.Q). We say that w is a weak solution of problem (1.1) if w € WP (£2) satisfies
w— ¥ € W,P(2)and

f (u + |Vw|)’2 Vw - Vodx :/f-(pdx, (2.1)
2 2

forallp € W, ().

We recall that the existence and uniqueness of a weak solution w € W1 (£2) can be obtained by appealing to the theory of
monotone operators; see Lions volume [29, Chap. 2, sec. 2]. For the reader’s convenience, we show in Appendix a WO”’(.Q)
estimate, independent of ;© > 0. See (A.1).

We use the summation convention on repeated indexes. For clearness we remark that the oth component of the N—
vector field on the left hand side of the first equation (1.1) is defined by

—0((1 + Vw2 0ug).

In Ref. [30] a crucial device was to write, and to appeal directly, to the very explicit form of all differential equations and
boundary conditions in question. This reveals to be quite fruitful, in many subsequent papers (see, for instance, [31] and
references therein). Here, this merely leads to the following form for the first equation (1.1)

A ®—2) Vw - V3w -Vw f AtV |)2—p 2.2)
—Aw=p—-2)———— u w . .
(n+ VwD [Vl
We use the notation Vw-V2w-Vw to indicate the vector whose «'th component is Vw- (aij) jwy = (a,wﬁ)(aﬁ wg) (djwg).
If w > 0, sufficiently regular solutions to (2.2) satisfy the first equation (1.1), and inversely. Moreover, they satisfy (2.1).
We introduce the typical change of variables

w =Y +u. (2.3)
Obviously, Egs. (2.2) and

Vw - Viw . Vw
—Au=AY+(p—2)————— +f (u+|Vw|)*? (24)
(u+I1VwD[Vu|
are strictly equivalent. Note that in (2.4) we appeal to (2.3) only for the linear Laplacian term. This is crucial to controlling
the nonlinear term. In the case (1.2) replace (11 + |Vw|)|[Vw| by p + [Vw]?.
In the sequel we start by proving the existence of a (unique) strong solution

ue WP (2)Nwri(Q),

of problem (2.4) in the case u > 0 (see Theorem 3.1). Clearly, w = ¥ + u solves (2.2) (hence (2.1)). Furthermore, we prove
that the W29(£2) norms of the above strong solutions are uniformly bounded with respect to j. This allows us, by passing
to the limit as & — 0, to extend the W29(£2) regularity result to weak solutions of problem (1.1) in the case x = 0.

By capital letters, C, Cy, C3, etc., we denote positive constants independent of i > 0 (some estimates may depend on a
fixed, arbitrarily large, upper bound for the values of ).

We set dju = 5’7“ Bi?u = aj’{za“x We denote by D?u the set of all the second partial derivatives of u. Moreover we set
i 108

N n
D2u? =3 Y 0du, . (2.5)

a=1j,h=1

Asin [1], we assume that ¢ > 2, and set

nq .
fqel2nl,
r@={np-nraz—p 9B (26)
q if g>n.

Note that r(q) is a strictly increasing function. Moreover, r(q) > q for any q < n. Clearly, in (2.6), r(n) = n in both cases.
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3. Thecaseu > 0

In this section we assume that i > 0. Following [1], we start by proving Theorem 1.1 under this last assumption. Actually,
in the sequel we restrict ourselves to showing the indispensable manipulations needed to easily reconstruct a complete
proof, with the help of Ref. [1].

Theorem 3.1. Let > 0,and let p, q, and f be as in Theorem 1.1. Then, there is a unique strong solutionu € Wol‘p(.Q) NW24(£2)
of problem (2.4). Moreover, the following estimate holds

1

2— —
E 2C3 p\ p-1 p%]
laul, < 2B+ (=2 1%, 3.1

where

a=1-G(@2-p),
and B = B(¥, f) is given by

B f) = 1Y llg + 1”7 Ifllg + 2 = pID*Yllg + G IAV IS i) - (3.2)
The following result is an immediate corollary of Theorem 3.1.

Theorem 3.2. Let ;1 > 0,and let p, q, and f be as in Theorem 1.1. Then, there is a unique strong solutionw € WP (2)NW?29(£2),
of problem (2.2), for which w =  on d52. Moreover, the estimate (1.4) holds.
As in [1], we prove Theorem 3.1 by appealing to the following fixed point theorem.
Theorem 3.3. Let X be a reflexive Banach space and K a non-empty, convex, bounded, closed subset of X. Let F be a map defined
in K, such that F(K) C K.

Assume that there is a Banach space Y such that the following hold.

(i) X C Y, with compact (completely continuous) immersion.

(ii) If v" € K converges weakly in X to some v € K then there is a subsequence v™ such that F(v™) — F(v) inY.
Under the above hypotheses the map F has a fixed point in K.

We appeal to this theorem with X = W29 and Y = 9. Clearly, point (i) in Theorem 3.3 holds immediately.
Proof of Theorem 3.1. Define
K =K(®) = {ve W>(2) : |Av[y <R, v=00ndR}.
Letf € L'@ be given. For each v € W29 N W,'? we define u = F(v) as the solution to the linear problem
Vi - V2w - Vi

—Au=A -2)
U=AV - ey v

u=0, onds,

+f (w+ VB>, ing, (33)

where W = ¥ + v. We look for a fixed point u = v in K.
The main point in the proof is showing that F(K) C K for some R which, in fact, is essentially equivalent to proving an a
priori estimate. In the sequel we merely show this point, since the remainder of the proof follows as in [1].

For each v € W>9 N W, we define C; = C5(q) by

[Vullg = GllAvllg, ifqg e (1,m),

IVvlloe < GsllAvllg. ifq € (n, +00). (34)
Moreover, for each ¥+ € W29 one has
IVYrllgr < Call¥llag, ifq e (1, 1), (35)

IV¥llow = Call¥ll2g, ifg € (n, +00),

where C; = C4(q).
For q € (1, n), by using (3.4); and (3.5);, we have

~ 12— ~ 12— 2— 2—
NVBPEPfllg < IVBIGPIf g < AV IG? + IVl I
2— — 2— —
< & PIAY I v + G5 P 1AV PIlf ) -
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Analogously, for g > n, by using (3.4),, (3.5);, and by recalling that r(q) = qif ¢ > n, we show that the last inequality holds
by replacing the exponent g* by co. So, in both cases,

V@ *Pfllg < Cffp||A‘//||§7p||f||r<q) + C327p||AU||§7p||f||r(q)~ (3.6)
Hence, by appealing to the inequality (1 + |V@[)>™P < u?>~P + |VW|*>P, one shows that

1+ IVTBD*Fllg < 2 PIlfllg + G NAY 12N llrigy + G5 PN AVIZ P I - (3.7)

Next, we estimate the second term on the right hand side of (3.3) by appealing to the following algebraic lemma.
Lemma 3.4. One has, pointwisely in 2,

Vv - V2v - V| < |[Vou|2|D?v]. (3.8)
For the proof, see Section 5. This shows that

V- Viw -V . )
< |ID*Wllqg < ID*¥ llq + C(@ ]| Avl. (3.9)

(e + VDIV ||,

The estimates (3.7) and (3.9) show that the right-hand side of (3.3) belongs to LI(£2), for each v € W?9 N Wol'q. More
precisely,

lAully < AW llg + 121 g + @ = PID*Wllg + G P IAVIE I kg + 2 = DIC(@) | A0,
+ G PN AVIEPIf - (3.10)

So, by a classical regularity result for the second order derivatives of solutions to the Laplace equation under Dirichlet
boundary conditions, we show from Eq. (3.3) that there is a unique u € W>9(£2), solution to the Dirichlet problem (3.3),
where W = ¥ + v.

It remains to show that if ||Av|l; < R then the corresponding solution u = F(v) satisfies the same estimate, namely

| Aullq < R.
Since v € K it follows that
IAully < B4+ 2 — pG@R+ C P If lr@R2 7, (3.11)

where B = B(, f) is given by (3.2). Sou € K(R) if
[1— Q2 —pC@IR =B+ C "f R

This inequality is satisfied if, for instance, its left hand side is equal to two times the sum of the two terms on the right hand
side. This holds for

1

2 20277\ 7!
R= "B+ ||f||,(q) (3.12)
o o

So, [Aully < R Hence F(K) C K, and the estimate (3.1) is satisfied. O

Theorem 3.2 follows immediately. In particular, the estimate (1.4) follows easily from (3.1) by appealing to (1.5) and (2.3),
and by noting that B is bounded by the right hand side of (1.4).

4. Thecase u =0

We start by recalling the definition of weak solution w* of problem (1.1), for # > 0. One has w* — ¢ € WO”’(.Q),
moreover

/ (u + [Vw P2 Vuh - Vodx =/f~<pdx, (4.1)
2 2

forallg € WO1 *P(£2). These conditions are satisfied by the strong solutions w*, for u > 0, constructed in the previous section.
These solutions are uniformly bounded in W24(£2), since the right hand side of (1.4) does not depend on the parameter /i
(assume, for instance, . < 1). So, suitable sub-sequences, which we continue to denote by w#, weakly converge in W29(£2)
to some w. The argument followed in [ 1] shows that we may pass to the limit in (4.1) to prove that

/ [Vw|P™2Vw - Vodx :/f~godx, (4.2)
2 2
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forallp € Wol’p(.Q). So, w € W29(£2) is the solution (known to be unique), corresponding to ;. = 0. Clearly (1.4) holds.

To prove the above claim, we have to show that, for each fixed ¢ € Wol’p(.Q), the left hand side of Eq. (4.1) converges to the
left hand side of (4.2). The manipulations followed in Section 4 of [ 1] apply here, by simply replacing the symbols u and u*
used in [1], by w and w*, respectively. For the reader’s convenience, we repeat here the proof given in the above reference.
Since w* — w weakly in W29(£2), one has strong convergence (of suitable subsequences) in W(£2), foranysifq > n,
and for s < q* if g < n. So, strong convergence in W -?(£2) holds.
We write the integral on the left-hand side of (4.1) as

/[(u+|w}“|)f’—2 Vuwh — (u + |Vw|)P~? Vw]-V(pdx—i-/ (u+ |Vw|)’ 2 Vw - Vedx, (4.3)
2 2

and show that the first integral tends to zero, and that the second integral tends to the left hand side of (4.2). The inequality
|A — B

(v + |Al + B))?P’

see [32], where C is independent of i, shows that the absolute value of the first integral in Eq. (4.3) is bounded by

(e + JADPTA — (u + |B])P™?B] < C (4.4)

cf (u + |[Vw| + |[Vw*)P~? |[Vw — VwH||Ve|dx.
2

Since
(14 [Vw| + [Vw* P2 [Vw — Vw!| < [Vw — VP!,
the absolute value of the first integral in Eq. (4.3) is bounded by
CIVw" = Vuw b~ Vell,,

which tends to zero with pu.
Finally,

lim [ (u+|Vw)P?Vw - Vedx = / [VwP2Vw - Vodx,
u—=0t Jo Q
by Lebesgue’s dominated convergence theorem.
5. Proof of Lemma 3.4

We prove here the algebraic estimate (3.8). Note that the differential structure is not significant here. Set] = Vw-VVw-
Vw. One has, for an arbitrary £ € RV,

> (Z s(,<ajwa>) (Z(a,w,sxaﬁwﬂ))
o B

.l

I

By appealing to the Cauchy-Schwartz inequality one shows that

-€] < Y (Eldw) (9wl d7wl)
i

< &1 _(gwlldw))|8;w]
5l
1

2
< & <Z|a,~w|2|a,w|2> ID*w].
Jil
Eq. (3.8) follows.
Appendix. WP estimate
Letf € W“"(Q). From (2.1) one gets, whereu = w — ¢ € Wol’p([z),
/g (L + IVw))P 2 Vw - Vudx = (f, u).

Hence,

/ (,u—i—Ile)p’ZVw«dex:/ (1 + [Vw)’2 Vw - Vipdx + (f, u).
2 2
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Since p — 2 < 0, it readily follows that

f (n+1Vw)P 72 [VwPdx < Vb IVl + If |-y (V@ + 1V D).
2

So, if u = 0, straight forward calculations lead to an a priori bound. For instance,

oL
IVwllp < 21Vl + 377177, -
If © > 0, we may argue as follows. The integral on the left hand side is greater than or equal to the integral restricted to the
set where |Vu| > w. In particular it is greater than or equal to

22 (IVwlh - wP12)).
Hence (for convenience we drop the lower labels in norms notation),

IVw|? < 22 |Vy | IVwlP~ + 22 PIF [ Vw] + 22 PIFIIIVY I+ wPl2].
It readily follows that

L 1
Vwll, < ¢ <||V\0||p + ||f||:1p/ + M|9|P> ; (A1)

where ¢, is a suitable positive constant.
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