REGULARITY OF SOLUTIONS TO A FREE BOUNDARY p—LAPLACIAN
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SAMER DWEIK

ABSTRACT. In this paper, we study the higher Holder regularity of a solution to the following
p—Laplacian minimization problem with singular term

(0.1) min{/ w|VulP + fu) :u€ WHP(Q), u>0, u=¢ on 89}
Q

where 0 < v < 1, 1 < p < oo, f is a positive function in LI(Q) with ¢ > max{#, %}, ¢ is a

nonnegative functions in WP (Q), and w € C2(Q) with w > ¢, > 0. More precisely, we will show
the following statements:
N

0, ——21-
FELUQ) = ueC, " (), g< ¥,
SN
1,min a*,ﬁ
FELUQ) S ueC,, @,  ¢>%  p>2
SN
1,min { o, 273
feELIQ)=ueC,,, (), ¢>%, 1<p<2

Here, we denotes by a, a constant such that any solution to the weighted p—Laplacian equation
V - [w|Vu|P~2Vu] = 0 is locally of class C1%+.
If ¢ > %, we will show that uw has more regularity on the free boundary d{u > 0}, it is of class

_N
Che with a = min{’Y 4 ,1}.
p—"y

1. INTRODUCTION

Let © be a bounded Lipschitz domain in RY. Let w and f be two positive functions on €. Fix
0 < v < 1, then we consider the problem of minimizing the energy functional

uv—>/(w|Vu\p + fu?)de, (1<p<oo)
Q

among all nonnegative functions u € W?(Q) such that u — ¢ € Wy (Q), where ¢ is a given fixed
nonnegative function in WH?(). Assume u is a continuous minimizer, then u solves the following
singular p—Laplacian equation:

Apwu=Afu""" in {u>0}

with A = 2. Here Ay yu=V" [w|Vu[P~2Vu] is the weighted p—Laplace operator. The limit problem
~ = 0 (with uniform weight w = 1) has been considered in several papers [1, 2, 7, 11, 12]. For the linear
case p = 2, the problem has been studied in the pioneer papers [1, 2] of Alt and Caffarelli. Then, the
nonlinear case p # 2 was studied in [7]. In all these works, the nonhomogeneous term f was assumed
to be constant. One of the main goals in these papers was to study the regularity of minimizers. More
precisely, they showed that any minimizer w is locally Lipschitz continuous in . In [11], we investigated
the regularity of a minimizer u in the more general setting where the nonhomogeneous term f belongs
1
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only to L4(2) and, the weight w is smooth and bounded away from zero. Assume ¢ > %, then we
proved the following statement:

N

FELIUQ) = ueC) Q).

The case when v = 1 has been also studied in several papers. In [6, 16], the authors showed under
various assumptions on the regularity of w and the summability of f that the solution w« is locally of
class C1®. While in [3], the authors proved that on the free boundary d{u > 0}, the minimizer u is
locally C Lmin{32y,1} Moreover, this result turns to be optimal if p > 2. Under weaker assumptions on
w and f (i.e. w needs to be only c—Holder and f belongs to L?(€2) but not necessarily bounded), we
proved in [13], by an approximation argument and thanks to the regularity results in [5, 8, 9, 10], that
the minimizer u is locally of class C1® with

R e R e
a=min{ a,,mn<o,1 — — » -mins ——, 1
q p—1

where «, is any positive number such that any p—harmonic function (i.e. solution to the p—Laplace
equation —Ayu = 0) is locally of class C1:@+.

In [19], the regularity of minimizers to Problem (0.1) was studied under the assumptions that p = 2,
Ly —

w and f are constant, and 0 < y < 1. More precisely, it was shown that u € C| 27" (€2). While in [15],

the authors studied the regularity of minimizers for a two-phase free boundary problem involving the

p—Laplacian. More precisely, they considered the following minimization problem:
(1.1) min {/ IVulP + A [u™] + X[ ] + fu:ueWHP(Q), u=¢ on BQ}
Q

where 0 < A\_ < Ay < oo, uF = max{+u,0}, and f € LY(Q) with ¢ > N. Under the assumption that
p > 2, they showed that if u is a minimizer for Problem (1.1) then u must be locally of class C1:® in Q

with
N
_ { g 1—q}
o =min g @y, —, .
p—v p—1

We also note that in [4], the authors extended the results of [15] to the case of a nonzero obstacle ¢ (i.e.
u > @ in Q but ¢ # 0). In [17, 18], the authors also studied the variational problem (0.1) under more
general Orlicz growth conditions on the energy functional. The key idea in all these works is based
on comparison with harmonic replacements, a technique originally introduced by Alt and Caffarelli in
[1, 2] (see also [7]).

In this paper, we will study the Holder regularity of minimizers to Problem (0.1) in the case where
f € L9(2). More precisely, we will see how the Holder regularity of these minimizers depends on the
summability of f as well as the parameter . To the best of our knowledge, this generalization has not
been addressed in the literature. We note that our approach is again based on comparing minimizers
of (0.1) with their p—harmonic replacements. If f € L9(2) with max{_ =, %} <q< g, then we will

show that any minimizer u belongs to Cloo’f (Q) with a = T;_,‘; . In addition, u is locally of class C'*® in
N

) as soon as q > %, with 0 < a < min 1}. Notice that this regularity result in the case

1 < p < 2 is also new even when f is bounded, since it has not been addressed in the previous works
[15, 4]. Moreover, the proof presented here seems to be much simpler than the one given in [15, 4].
Finally, we will show that any minimizer u is more regular near the free boundary than away from it,

N
u is locally of class C1# on O{u > 0} with 8 = min {ma:{p;}w 1}-
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2. EXISTENCE AND REGULARITY OF MINIMIZERS

Throughout this section, we assume that w is a positive bounded C? function in €, and that f is

a positive function in L?(Q2) with ¢ > 2. Assume ¢ € WP(Q) and ¢ is nonnegative. Then, we

consider the following minimization problem:
(2.1) min {/ w|VulP + flu]?” :ue WHP(Q), u—¢ € Wol’p(Q)}.
Q

The existence of a minimizer for Problem (2.1) follows immediately from the direct method in the
calculus of variations. However, we provide the proof here for the sake of completeness.

Proposition 2.1. Assume w > ¢, > 0. Then, there exists a nonnegative function u that minimizes
Problem (2.1).

Proof. Let {u,}, be a minimizing sequence in Problem (2.1). For every n € N, we may assume that
up, > 0, since otherwise we replace u,, by its positive part u,;’ = max{u,,0} which belongs to W1 ()
with u;7 = ¢ on 9 and, it is also clear that

[wlvuil + 1y < [ wlVulP + flup.
Q Q
Let M < oo be a uniform (that is independent of n) constant such that for all n € N, we have

/w|Vun|p + fu) <M.
Q

But, w > ¢, > 0 and f is nonnegative. Hence,

M
/ [Vu,|P < —.
Q Cw

Since u,, — ¢ € Wy (), the Poincaré inequality yields that the sequence {uy,} is bounded in W2 (Q).
Then, there is a function u € W1P(Q) such that up to a subsequence, u,, — u weakly in WP(Q). In
particular, one has u = ¢ on 92 and u is nonnegative. Due to the weak lower semicontinuity of the
LP—norm, we have

(2.2) /w\VuV’ §liminf/ w|Vu,|?.
Q n o Ja

On the other hand, u,, — w in LP(2) and so, u,(z) — u(x) at almost everywhere point € . By
Fatou’s Lemma, we get

(2.3) /fu"’:/liminffu?l < liminf/ ful.
Q Q " noJa
By (2.2) & (2.3), we infer that

/w|Vup—|—/fu'ySliminf[/w|Vun|p—|—/fu7L].
Q Q " Q Q

Hence, v minimizes Problem (0.1). O

For any ball B C €, we will denote by v = v the unique solution to the following p—Laplacian
problem:

V- [w|Vu[P=2Vo] =0 in B
v=1u on 0B
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or equivalently, v is the unique minimizer to (we will call this function v the weighted p—harmonic
replacement of v in B)

(2.4) min{/ w|Vol|P v e WHP(B), v=u on 88}.
B

Clearly, v is nonnegative. In the next proposition, we show that u is weighted p—subharmonic in €.
This result extends the one in [19, Theorem 1.2] to the case p # 2. We also note that the proof used
there is different than the one we present here.

Proposition 2.2. Letu be a minimizer for Problem (0.1) and v be the weighted p-harmonic replacement
of w on a ball B C Q. Then, u < v on B. In particular, u is locally bounded in Q). Moreover, if u is
upper semicontinuous then u is weighted p—subharmonic in the weak sense, that is for all p € C§°(Q)
with ¢ > 0, we have

/ w | VulP~?Vu - Ve < 0.
Q

Proof. Define h = min{u,v}. We clearly have h € W'?(B) and h = u on dB. First of all, we claim
that

(2.5) /w|Vh|p§/ w |[VulP.
B B

Assume it is not the case. Then, we define g = max{u,v}. Again, g € W'?(B) and g = u on 9B.
Moreover, one has

(2.6) /w\Vg|p:/ w|Vu|p—|—/ w|VolP.
B Bn{u>v} Bn{u<v}

On the other side, we have

/ w|Vu|p+/ w|Vu|p:/ w|Vu|p</w|Vh|p:/ w|wp+/ w Vo,
Bn{u>v} Bn{u<v} B B Bn{u<v} Bn{u>v}

Hence,

/ w|Vul? </ w |VulP.
Bn{u>wv} Bn{u>wv}

Recalling (2.6), we get that

(2.7) /w\Vg|p</ w|VolP.
B B

However, this equation (2.7) contradicts the minimality of v in Problem (2.4). Thus, the claim (2.5)
holds. Since u minimizes Problem (0.1), then we also have

/w|Vu|p+/fu“’g/w|Vh|p+/fh”g/w|Vu\p+/fh“’.
Q Q Q Q Q Q

flu”=h"] <0.
Q

Hence,

Since u > h and f is positive, we conclude that u = h and so, 0 < u < v. Thanks to [14, Theorem
3.41], we infer that w is locally bounded. Now, assume u is upper semi-continuous. Let us show that
u is weighted p—subharmonic in 2 in the sense of [21, Definition 5.1]. For each domain D CC £,
we already proved that if v is the weighted p—harmonic replacement of w in D, then we must have
u < v in D. Consequently, one has the following comparison principle: if h is weighted p—harmonic
in D with u < h on 0D, then u < v < h in D. Finally, [21, Theorem 5.2] implies that u is weighted
p—subharmonic in the weak sense. [
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Lemma 2.3. Let u be a minimizer of Problem (0.1) and v be the weighted p—harmonic replacement
of u in B, CC Q. Assume f € L1(Q) with ¢ > #, then there is a constant C depending on p, q, 7,
N and, ||f||La(B,) such that

[IVu = Vol[Lp(B,) < ¢ ris A=)+ p>2,
2—p
p(2—7)
HVU - vaLP(BT) < O<Br| + fB'r' Vup> rﬁ[(lf%)’ﬂr%] 1< p< 2’
where ¢’ = q%l,

Proof. Let © be the extension of v by u outside the ball B,. Then, it is clear that € W1P(Q) with
v = u on 0f). Therefore, we have

/w|Vu\p+/fuvg/w\vmpnt/ffﬂ.
Q Q Q Q

Recalling the definition of ¥, one has

/ w|Vu|p+/ w|VulP+ fu7+/ fu g/
B, Q\B, B, Q\B, B
So, we get

Then,
(2.8) /B REE /B - /B = /B )

Thanks to the y—triangle inequality (a + b)Y < a¥ + b” for all a, b > 0 and the fact that « < v on B,

by Proposition 2.2, then
| —ar< [ o
B, B,

w\Vv|p+/ w|Vu|P+ fv”—i—/ ful.
Q\B, B, Q\B,

r

w\Vu|p+/ fu g/ w|VolP 4+ fo7.
B, B, B,

r

Recalling (2.8), we infer that

(2.9) / [ Vu —[9op] < /| o

Now, set
ug = (1 — t)v + tu, for every 0 <t <1.

ld 1
[ wlvar = vor) = | w[ / dww}p [ [ wivu2u, (vu- v
B, B, o dt 0o JB,

7

We have

It is clear that u; = uw = v on dB,, for all t € [0, 1]. Yet, v is p—harmonic in B,.. Then, we clearly have
the following:

/ w|Vv|P~2Vu - [Vu, — Vo] = 0.

Hence,

1
/ wl|Vaul? — [Vol?] :p/ t—l/ W[V P2V, - [V — Vo
B 0 B,

r

1
= p/ fl/ w[|Vu[P~2Vu, — |[VoP~2Vo] - [Vu, — Vol.
0 B,
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Thanks to [21, Chapter 12], we have the following inequalities:

o — b1+ [af? + [b*) =" < L1 [lalP~2a — [pP~2] - [a — b] 1<p<2,
227Pla — P < [la[P"%a — [bP72b] - [a — D] p>2
Hence,
5, wlIVul? = [V0P] > plp = 1) J3 171 f wlVu = To(1+ [V + [Vof?) 5" 1<p<2,
[, wl[VulP = [Vo[P] > p 22 ”fo t- 1fB w|Vuy — VP, p> 2.
If p > 2, then
1
/ w[|VulP — [Voul|?] 2p227”/ tp71/ w|Vu — Vo|P = 227’”/ w|Vu — Vo|P.
B, 0 B, -

Now, (2.9) yields that

/ w|Vu— Vol §2p_2/ wl|Vul = [V §2P‘2/ flo—u]’

T T B,

1

(2.10) < 22| fl| o ( [ - u])

Thanks to the Holder inequality as well as the Poincaré inequality, we clearly have the following

estimate:

1
! yg N va')

’ P*“{(I/
(2.11) (/B[u—u]w) < v = ulll ) |Be T < ClIVO = ull] 77

where C' is a constant that depends only on N, p, ¢, and ~; we note that in the last inequality we have
used the fact that the Poincaré constant on B, scales linearly with . Recalling (2.10), we get

Q

C 1= 1 (1= Nyyg N
(212) vavaHLp(Br) S c—||f||£qur)rp—»y[( p)’Y+q ]
Assume 1 < p < 2. Then, one has

/ w]|VulP — |VolP] > C(p)/ w|Vu — Vol 2(1 + [Vul? + |Vv\2)%
B’V‘

r

Combining (2.9) & (2.11), we have

-a\‘ I~

[ a1V 4 9oy < gl < €l ([ w-ur)
B, B,

N(p—~d")

(2.13) < CHfHLq B,) [V — V“HLp(B ) Pt

On the other side, using Holder inequality, one has

2 -
/ |Vu—Vv|p§(/ |vu—vU|2(1+|Vu2+|vU|2)”f) (/ (1+Vu|2+|w|2>’é> .
B’V‘ BT‘ B

r

(SIS

Then, by (2.13), we get

P
2

17
N(p—~d') D
[ 190 =90l < [CUflaaqa) 1190 = Tl 755 } ([ asivup+ivop)

py  N(p— ’Y‘I)

1z )
SC(/ 1+Vu|p+|Vv”) ||Vv7Vu||L7:(Br)r2+ 27
B
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1-% Y 2y 4 N(p=vd)
<C|(|B,| + |Vul? Vv = Vull 5,y 72 27

™

where the last inequality follows from the fact that v minimizes (2.4) (so, [, w|Vo[? < [ w|Vul?)
and w > ¢, > 0. Consequently,

2—p
(2—=7)
IV~ Vollinay < (181 + [ [9ur)™ 7 pes0mb 0, o

T

Now, we are ready to prove a—Hélder regularity (with 0 < a < 1) of minimizers to Problem (0.1).

Proposition 2.4. Assume w € C*(Q), w > ¢, > 0 and, f € L4U(Q) with q > ﬁ. Let u be a

minimizer of Problem (0.1). If ¢ > %, then we have the following statement:

FeLiQ) = ueClN)

loc

=
o = min ;1.
2

More precisely, for any open subset Q' CC Q and a compact set K C ', there exists a constant
C depending on p, q, v, N, cw, |[flla@), [[wllze@), [IVw|lpe@y, [|D*w]|pe(o), Jul|lp=q) and,
dist(K,09Q) such that

with

[[u]|co.a(xy < C.

Proof. Fix € K and 0 < 2r < R < dist(K, ') (so, we have B(z,r) C B(z,%) C B(z,R) C ).
Let v be the weighted p—harmonic replacement of u in Bg = B(z, R). Thanks to [22, Theorem 1.1],
we have

N
p

1 —
(2.14) IVolleos,) < 1B |7 [[Vollie s, < Clp, N) [RT! + Vil [0l g7
where £ is a nonnegative constant such that the Ricci tensor Ric(w) of the Riemannian conformal
metric (RY,w) satisfies Ric(w) > —(N — 1)k. From [20], we note that

N2 Dzw_§Vw®Vw 1[Aw (N — 4) |[Vw|?
2 w 2 w?

Ric(w) = 5

Since u = v on OBpg, then thanks to the comparison principle [14, Lemma 3.18], we have the following
estimate:

w 2 w?

1ol (5 ) < IVll2=@Br) < [[ullL=(5r)-
Recalling (2.14), this yields that
N _
(2.15) IVollze(s,) < CIR™' + Vel lull L~y r? <CR™'r

N
P

Assume p > 2. Recalling Lemma 2.3, one has
IV = Vul[r(p,) < C ==+
Hence,

N
P

_1 _N N _
[[VullLe(s,) < |[Vu = Vol[Le(s,) + [|VV||Lr(5,) < Cri el L op1y

In particular, one has

/ IVl < (Vullpo(p) | Br| 75 < Crmall =30t iNG=3) | gp=1:N < opN—14a

™
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with

p_ﬂ
a=a(N,p,q,7) :min{ ! ,1} > 0.
p—7

Thanks to the Morrey estimate (see [16, Theorem 1.53]), we conclude that v € C%®(K). Moreover, we
have

Hu”CUvO‘(K) S C(p’ q,7, N7 Cw, ||f||L‘1(Q’)7 ||w||C2(SZ/)7 ||u||L°°(Q’)a dlSt(Ka 69/))

Finally, the case when 1 < p < 2 is similar. In fact, thanks again to Lemma 2.3, we have the following
estimate:

2—p
p(2—7)
[[Vu — V|| s,y < O<Br|+/ |Vu|p) prs =37+ ]
By
2—p
p(2—~
§C{rll<(22 w))+ (/ |vu|p) ( ):|7“2 1A=+
B

2—p
(2—p r(2—7)
HVU’HLT’(BT) g C|:7']:<22’Y;) -+ (/ |Vu|p> :|7,.2 7[(1 N)'Y+N] +CR lr%

"

Therefore, by (2.15), we get

N(2-p)

1 2-p
< C[ A A SIS e A Al [ ]

Using the e—Young inequality, we infer that

(2.16) [|Vullre(s,) < C[r s )+ s =)+ T e R rg].

Thanks again to the Morrey estimate, it is not difficult to see that this estimate (2.16) yields that when
1 < p < 2, any minimizer u of Problem (0.1) is locally a«—Holder continuous in § with

N

p— X
a:min{ q,l}. (Il

p—7

From Proposition 2.4, it follows that if ¢ > %, then any minimizer u of Problem (0.1) is locally

Lipschitz continuous in €2. This naturally leads to the question of whether the regularity of minimizers
can be further improved when ¢ > %, namely whether one can prove local Holder continuity estimates
for the gradient of u, and consequently obtain

ue CLA().

loc

The case f € L*°(f) with p > 2 was previously considered in [15, 4]. In the next proposition, we
provide a simpler proof and we also extend the result to the general case p > 1 and f € L9(£2). More
precisely, we have the following regularity result:

Proposition 2.5. Assume f € L1(Q) with q¢ > g Then, any minimizer u of Problem (0.1) is locally
of class OB+ with B, := min{ay, B} and,

4 > 2,
(2.17) B=3 7% P=
ﬁ l<p<2

We recall that here o, € (0,1] is such that any p—harmonic function is locally of class CY*. In
addition, for any compact set K contained in an open set Q) CC Q, there exists a constant C' =
C(p, ¢, 7, N, cw, |[fllacrys lwllez@rys |ullpery, dist(K,09")) such that

[IVul|cos. (1) < C.
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Proof. Let K be a compact set in 2. For a ball B, C K C (), we denote again by v the weighted
p—harmonic replacement of u in B,. Our goal is to show that there exist an exponent a € (0, 1]
depending only on p, ¢, N, and v, and a constant C' < oo, also depending on || f|[«(x) and dist(K, 092),
such that the following estimate holds:

(2.18) / |Vu — Vu,| < CrVte

where Vu, := fB7‘ Vu. Then, by the Companato estimate (see [16, Theorem 1.54]), we infer that
Vu € C%%(K). First of all, it is clear that

HVu _ﬁrHLP(Br) < ||V’LL - VU”Lp(B,,,) + HVU _WTHLT’(Br) + ||W7~ _Wr|‘LP(Br).

Since v is weighted p—harmonic in B,, then by [21], v is locally of class C1® in Q. As a direct
consequence of this, we obtain the following estimate:

(2.19) IVv — Vo, || 1o(s,) < Croety

Moreover,

(2.20)  |[Vor — Vurllpr(s,) < [Vor — Vau,|[B,]7 < IBTI%’l/ Vo = Vau| < [[Vu = Vol|Le(s,)-

Now, assume p > 2. Recalling Lemma 2.3, we have
IVu = Vol[r(p,) < C A= +g]

Hence,
Vu — Vullegy < Crral=27t ] L op St
(Br)

Consequently, we get

N —N
||VU — VUTHLI(BT) S CTN+% + CTN+O¢* S C,),,N+,3*

N
v N

By = min{a*, 2 }
p—7

Assume 1 < p < 2. From Lemma 2.3, one has

with

2—p
EEE)
[Vu = V||, SC<|BT|+/ |Vu|p>p V0=

T

Yet, thanks to Proposition 2.4 and the fact that ¢ > %, then any minimizer u of Problem (0.1) is
locally Lipschitz and so, we have

N
[IVullpr(p,) < Crv.
Hence, we get
[Vt — V| o,y < C ot 751050+

Recalling (2.19) & (2.20), we infer that
N

- v
IV = V|| poip,y < Crot== 4+ Crvte.

Consequently, u € C, ’B*( Q) with

N
.4

By = min{a*, d } O
2—y
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3. REGULARITY OF MINIMIZERS ON THE FREE BOUNDARY

From Proposition 2.5, we already know that any minimizer u of Problem (0.1) is locally of class
C1P+ where min{a,, 8} and 3 is defined in (2.17). However, a, denotes the sharp exponent for the
local C''®~ —regularity of p—harmonic functions, whose exact value remains unknown when N > 3.
In this section, we show that any minimizer u of Problem (0.1) is locally of class C'% on the free
boundary d{u > 0}, independently of the value of c,. The proof of the next proposition is inspired by
the arguments in [3, 4].

Proposition 3.1. Assume f € LI(Q) with ¢ > % Fiz xog € 0{u > 0} N Q. Then, there exists a
constant C' < oo such that for every r > 0 small enough, we have
o N

[ul| oo (B(zo,ry) < COrP=7 .

Hence, u is locally of class C*# on the free boundary O{u > 0} with 3 = min { g 1}.

p—=y’
Proof. Fix 0 < R < dist(xg,09Q). For simplicity of exposition, we will assume that xg = 0 and R = 1.
The proof is divided into several steps:

e Step 1. Let us assume that ||u||z~(p,) < 1. Then, we will show that for any r € (0, 1), there exists
a 0, > 0 such that the following holds:

(3.1) fllza(py) < 6 = ||ullpee(p,) < 72

Assume this is not the case. Then, there will be an r € (0,1) such that for all n € N*, there exist
fn € LYBy) with || f,||za(5,) < L and, a minimizer u, to the following problem

(3.2) min{/ w|VulP + fou? i u€ WH(By), u>0, u=u, on 831}
By

such that 0 € O{u, > 0}, [|un||z(,) < 1 and ||uy||L(p,) = 2. Thanks to Propositions 2.4 & 2.5,
one has the following estimates:

1
IVl [¥nllens iy < € (0. 0.9 V. o fulliays ooy lunllicon 757 )

for all 0 < 7/ < 1. Consequently, u,, — u* in C'(B,s). From Proposition 2.2, we know that u, is
p—subharmonic in the weak sense in By, i.e. for all ¢ € C§°(B;) with ¢ > 0, we have

(3.3) / w |V, |P~2Vu, - Vo < 0.
By

Since spt(p) C B, for some 0 < 7’ < 1 and Vu,, — Vu* uniformly in B,., then passing to the limit in
(3.3), we infer that

/ w |Vu*|P~2Vu* - Vi < 0.
B

This means that u* is weighted p—subharmonic. On the other hand, we claim that u* is also weighted
p—superharmonic. Thus, u* will be weighted p—harmonic in B;. Let ¢ € C§°(B;) with ¢ > 0 and
spt(¢) C By, for some 0 < ' < 1. Then, we will show that

(3.4) / w|Vu*|P2Vu* - Vi > 0.
B

Let v € WYP(B,,), v > 0 and, v = u* on dB,,. For every n, set v, = v + u, — u*. Then, it is clear
that v,, € WHP(B,,) with v,, = u, on dB,. (but, v, is not necessarily nonnegative). However, we see
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that u,, minimizes

min{/B

w|Vh[P 4+ fo|h]Y : he WYP(B,)), h =wu, on 837,/}.

J

W[Vl + foloal” s/ W[Vonl? + fu (04 Jun — u*])?

/

!

Thus, we have

w\VunP’g/ w|Vun|? + frnu)
B

! i

).

WV + fo 7 =)< [ wlVo 0  allln — 0 e
B T

! -~

<),

But, we recall that f, — 0 in L9(By) and ||u, — u*||p~(p,,) — 0. Then, passing to the limit when
n — 0o, we get that
/,

|VolP : v e WHP(B,), v>0, v=u* on 6B,./}.

7‘, ,r/

w|Vu*|p§/ w|VolP.
B

7‘/ 7‘/

Hence, u* minimizes

min{/B

In particular, we have

L.,

Thus, the claim (3.4) is proved. Yet, we recall that u,(0) = 0 for all n, so u*(0) = 0. Hence, thanks to
the Harnack inequality in [14, Theorem 6.2], there exists a constant C' such that

0 <supu* < Cinfu* < Cu*(0) =0.
B, B

s

[Vu* P < / [Vu* +eVplP  for all € >0 small enough.
B

I

Hence, u* = 0 on B,. But, this yields to a contradiction since we recall that |[uy||r=5,) > r2 and so,
[[u*||Le(B,) = r? (as up, — u* locally uniformly in By).

e Step 2. We assume again that ||u||p-(p,) < 1. Fix ro € (0,1). From Step 1, we recall that
there exists a constant d,, > 0 such that if || f||La(s,) < dr, then [|ul[z=(p,,) < ro2. Now, assume
I f|La(B,) < Ory- Then, we claim that

(3.5) [l |20 5, ) < rfOH8) - for all k € N.

For k = 0, the estimate in (3.5) is immediate. Suppose now that the estimate (3.5) holds for some
k > 0. Then, we prove that it also holds for £+ 1. For this aim, we define the rescaled function on the
unit ball By as follows:
_ u(rgz)
tno(2) = ey
To
Thanks to (3.5), we have ||uyy||r~(p,) < 1. Let vy, € WHP(By) be such that v,, = u,, on dB;. Set

) = T’g(lJrﬁ)

v(x v,.o(ri,a,)7 for all z € B,x. Hence, v =wu on 0B,,. Thus, we have

/ () [Vu(@) P + f(@)u(z))dz < / () [Vo(@)P + £()v(z)]da.
B, 2

Hence,

/B [w(rG2) [Vu(rg2)” + f(r5z) u(rfz)"]dz < / [w(rg) [Vo(r§)I” + f(r§) v(r§2)"] dz.

B K
ok
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But, Vu(rkz) = r” Vu,,(z). Then, we have
/B [wry (2) [Vr, (2) [+ fro (2) 1 (2)7] dZS/B [wry (2) [V0ry (2)[P + fro (2) vry(2)7] 2

where

weo(2) = w(rkz) and  fr(z) = ra0 POl p(k ),

Consequently, u,, minimizes the following problem:
min {/ Wy |[VUIP + frov? : v € WHP(By), v >0, v=u, on 6B1}.
B

Yet,

kly+B(y—p)— 4

k - ]
PO F () oo = o /1] zacz,)-

HfTOHLq(Bl) =Ty

Recalling the definition of 3, we get that

1 frollLacsy = [1fllLacs, ) < WFllLacm) < Or-

From (3.1) in Step 1, this yields that
g |l oo (B,,) <75

Thus,

k(1+ k+1)(1+
ullz 5, < r2rEAH8) o D(48),

Hence, the claim (3.5) is proved.

_1
e Step 5. Let M > max {||u||Loo(Bl), <|f”LW> }, where d,, > 0 is the constant in (3.1) with

70

r = rg. Then, we define the normalized function

UM(J?):%, T € Bj.

Clearly, one has ||up|[z~(p,) < 1. In addition, it is easy to see that ujs minimizes the following
problem:

(3.6) min{/ w|Vo|P + MYPfyY s v e WHP(By), v >0, v=uy on 8B1}.
By

But, MY7P||f||re(B,) < 0r,- Hence, by (3.5) in Step 2, we have

(3.7) lul| oo,y < Mrg® ) for all k € N.
&

Finally, let r € (0,1). Then, there exists k € N such that 57! < 7 < 7. From the estimate (3.7), we
get that

||u||Loc(BT) < H'LLHLoo(BTg) < Mrg(l‘i‘ﬁ) < MT()_(1+ﬁ)7‘1+6. O
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