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Abstract: This paper establishes interior Morrey regularity for stable solutions of the p-Laplace
equation —A,u = h(u) in By C R? where h belongs to C'(R). The results cover the endpoint case
left unresolved by Cabré et al. Moreover, for positive nonlinearities 4, a global Morrey estimate was
obtained for stable solutions of a Dirichlet problem on any smooth, bounded, strictly convex domain.
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1. Introduction

Let Q c R4 be a smooth bounded domain with the dimension d > 2 and let 4 be a C'—class function
mapping R to itself. For 1 < p < oo, we consider the p-Laplace equation

~Ayu ==V - (\Vul’* Vu) = h(u), (1.1)

in the domain €2, and the associated Dirichlet boundary value problem

-Aju = h(u) in Q,
u > 0 in Q, (1.2)
u = 0 on 0Q.

A function u € W'P(Q) is called an energy solution of (1.1) provided that h(u) € Llloc(Q) and the
following integral identity holds:

f \VulP (Vu - Vo) dx = f h(u)¢ dx, for all ¢ € CL(C).
Q

Q
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Additionally, when h(u) € L*(Q), u is defined as a regular solution to (1.1). These solutions are
associated with the critical points of the energy functional

E) = f(l |Vul? — H(u)) dx,
o\pP

with H'(t) = h(t). A regular solution is called stable if
f {IVulP \Vol* + (p = 2) IVul™ (Vu - Vo)} dx > f H (u)¢” dx, (1.3)
QN{[Vu|>0} Q

for any function ¢ in a suitable weighted Sobolev space (see [1,2] for details).

The study of stable solutions has found extensive applications in physics and biology. When p = 2,
Eq (1.1) simplifies to the classical Laplace equation —Au = h(u), for which a rich theory has been
developed; we refer to the monograph [3] by Dupaigne and some survey papers [4, 5].

A landmark result was obtained by Cabré et al. [6], who proved that stable solutions of —Au = h(u)
are bounded (and thus smooth) in dimensions d < 9. These are sharp, as the Joseph and Lundgren
example [7] shows that —2 In |x] is a singular stable solution in B; for d > 10. In [6], the authors also
established the Morrey space estimate

lell ooty S CPlltllis), 1=q<7a, (1.4)

4=2(Bi)2

where the exponent 7, is given by

{oo if d = 10, 0s)
Td =\ 2d-2-2Vd-1) . .
Ciaaver  dzl1lL

The endpoint case g = 14, left open in [6], was recently resolved by Peng et al. [8]. They proved that
llllzmocs, ») < Cllullpis,)y,if d = 10,

and
IIMIIMTd,2+ 4 < C(@d)lullp sy, if d > 11.

a2 (By)2)

For the p-Laplacian case, the regularity theory is more delicate. Cabré et al. [9] extended the
interior regularity results of [6] to the quasilinear setting. For low dimensions and nonnegative #, they
established the boundedness of regular stable solutions to (1.1). While in higher dimensions d satisfies

5p, 1<p<?2,
a>" b (16)
p + pTl’ p > 29
they proved that if u is the regular stable solution to (1.1) in B; C R, then for any g € (p, ps),
luall 2 < CWd, p, ) IVullpr(s,) » (1.7)

M*P* TP (B )
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where the critical exponent p, is defined as

+ v’ 1<p<2,

d=2(p=1y-p-2 V-1 +d=p’ (1.8)

+ —L— > 2.
p d-2-p-2,[E} p

Moreover, if h is nonnegative, the right-hand side in (1.7) can be replaced by [|ul|,:5,). However, as
noted by Cabré et al. [9], the validity of (1.7) at the endpoint ¢ = p, remains open.

In this paper we close this gap by establishing the endpoint regularity for stable solutions to (1.1).
We first prove the following theorem.

Pa =

Theorem 1.1. Let h € C'(R), 1 < p < oo, and let the dimension d satisfy (1.6). If u is a stable regular
solution to
—Apu = h(u),

in the unit ball B,, then
IVullyrr s, < C(p, d) IVullpa,) (1.9)

where 7y is defined as

d-2p+2-2+p?-3p+1+d, 1<p<2,
y = = (1.10)
d-2-2 =1’ pZZ

Furthermore, the right-hand side of (1.9) can be replaced by ||ul|1(,) when h > 0.
We remark here, combining (1.10) with (1.8), one can check that y = % Via Theorem 1.1, our
main result is the following.

Theorem 1.2. Under the same assumptions as in Theorem 1.1, with py as in (1.8), we have that

[Jull 2 < C(p, D) |IVull s, - (1.11)
M

Pd-p+ Pd—P (31/2)
Furthermore, the right-hand side of (1.11) can be replaced by ||ul|;1(,) when h > 0.
Finally, we obtain a global estimate for positive nonlinearities on strictly convex domains.

Theorem 1.3. Consider a smooth, bounded, strictly convex domain Q C R? and a positive stable
regular solution u of Dirichlet problem (1.2), with h € C'(R) positive. If the dimension d
satisfies (1.6), then

IIMIIM 2 SCd,p, D) ullpig) - (1.12)

PdPY PP ()

For the reader’s convenience, we recall the definitions of the Morrey and BMO spaces used in this
paper. Let Q ¢ R¥ be an open set. For 1 < g < oo and 0 < y < d, the Morrey space M%*(Q) is defined
as the set of all functions g € quOC(Q) such that

1

q
. —d
||g||Mq,7(Q) = sup (py f Iglqu) < 00,
x0€Q, p>0 QNB,(x0)
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The space BMO(Q) consists of functions u € LIIOC(Q) for which

1
llullsmo@) 1= sup — flu —ugldx < oo,
BcQ |B| B

where the supremum is taken over all balls B € Q, and up := 1| fB udx. As usual, functions in BMO

are defined up to additive constants. ?

The rest of this paper is organized into two main sections. Section 2 is dedicated to presenting
a fundamental lemma, which serves as an essential tool for establishing our main results. Section 3
contains the proofs of Theorems 1.1 and 1.2; as an application of these results together with a boundary
estimate, we then obtain Theorem 1.3. Section 4 is a concluding section. We use B,(xj) to note a ball
centered at x; and radius r, and simplify to B, when x, = 0. Throughout the paper, C denotes a positive
constant depending at most on d, p, etc., which may vary from line to line.

2. The key lemma

This section aims to establish the following decay estimate. The proof is based on the approach of
Peng et al. [8, Lemma 1.7], with the key idea lying in the appropriate choice of a test function.

Lemma 2.1 (Decay estimate). Assume d satisfies (1.6). If u is a stable regular solution of —A,u = h(u)
in By,(y) withy € R%, t > 0, and h € C'(R), then

(;)_ f Vul? dx < C(p, d) Vul dx, forall r < @.1)
B,(y)

t
BO\B20y) 2

where w :=d — vy and vy is as in (1.10).

To prove Lemma 2.1, we need the following result from Cabré et al [9, Lemma 2.5].
Lemma 2.2 ([9]). Suppose that u is a regular stable solution of —A,u = h(u) in By C RY, with h €
C'(R). Then for any & € C>Y(By), the following inequality holds,

f 2|Vul? (x- V&) Edx - f p(x - Vu) |VulP > Vu - V(£ dx + f (d — p)|Vul” € dx
B By By

(2.2)
< f (- Vi) IVul” VP + (p = 2) [Vul ™ (V& - Vu)® | dx.
B
Proof of Lemma 2.1. We need only prove
o ;
(f) f Vul? dx < C(p, d) Vul? dx, forall r< —. 2.3)
t) Jpw B,6)\B,G) 2
Indeed, taking = £ in (2.3) gives
1 W
(—) f [Vul? dx < C(p,d) |Vul? dx. 2.4)
2] Ibpom B,0)\Bi20)
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If £ <r< i thenB.(y) C Bp(y)and § <2 <1 By(24),

— 1
G [ wwraxse [ waraxscp.a Vul? dx. 25)
t B,) 4 By () B()\Bi2()

If 0 < r < £, apply (2.3) with r and 5. Since B;/>(y) \ B.(y) C Bi2(y),

(L) f [Vul’ dx < C(p,d) [Vul’ dx < C(p,d) |Vul? dx.
1/2 B,(y) BB, ) By

Together with (2.4), this yields

(f)_ f Vul? dx < C(p, d) Vul? dx.
4 B,(y) B(y\Bi2(y)

Combining this and (2.5) establishes (2.1).

To prove (2.3), we can set = 1 and y = 0 by scaling and translation. Indeed, suppose u solves
—Apu = h(u) in By(y); then, v(x) = u(tx + y) solves —A,v = t’h(v) in B,. Moreover, (2.3) for u is
equivalent to the same estimate for v with# = 1 and y = 0.

LetO<r< %, and set

{r"f, x € B,

X"%¢(x), x € Bi\B,.

Here ¢ € C°(B,) satisfies
@Y = 1 in B3/4 and |V(,0| < 5)(3]\33/4. (26)

It is easy to see & € C?’l(Bl). Moreover, by the definition of & in B,, one gets V€ = 0 in B,. While in
By\B,, we compute

VE =~ g + 6V, 2.7)
V(&) = —wlxd ™ xp® + 20X ¢V, (2.8)
VP = %zlxl“”‘%z — wlx ™ @(x - Vo) + x|Vl (2.9)
and
(VE - Vu)? = %2|x|_‘“_4902(x - Vu)? — wlx|"2(x - Vu)(Ve - Vi) + |x7°(Ve - Vu)?. (2.10)

Now we substitute the above equations into (2.2), then the three items in the left side of (2.2) can
be calculated as follows.
Using (2.7) in the first item of the left side of (2.2), we have

f AV (x - VE)Edx = f 2Vul(x - Vé)Edx
B B1\B,

a) w w w
= [ 2 S0 Vil s 2.11)
B\B, 2

—-o [ PR [l Vo
B B

l\Br 1\Br
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Applying (2.8) to the second item of the left side of (2.2), we get

—p f x - VulVulP2(Vu - V(£H))dx
B

= —Pf (- Vi)Vl (Vi - (™ xg? + 29 Vp))dx (2.12)
Bl\Br

= pw f IVulP 22 x "2 (x - Vu)?dx — 2p f (x - Vi) Vul"|x|™“o(Vu - V)dx.
Bi\B, BI\B,

Moreover, by the definition of &, the last item of the left side of (2.2) can be written as

d-p) f \VulP&*dx = (d - p) IVul?|x|™“¢*dx + (d — p) f \VulPrdx. (2.13)

By BI\E B,
Meanwhile, the two items on the right side of (2.2) can be calculated in the following way.
Using (2.9) in the first item of the right side of (2.2), we obtain
f (x - Vi) |VulP 2| VEPdx
By

2

— w —wW— —Ww— —W

= [ VT 2 — T+ AT
Bl\Br

b (2.14)
=< f "2V ulP 22 (x - Vie)*dx
4 Bi\B,

+ f (e V) VulP (7 Vel — wlx ™ p(x - V).
Bl\Br

Applying (2.10) to the second item of the right side of (2.2), we have

(p-2) f (x - Vu)’|VulP (V¢ - Vu)dx
B

2
= %(p ~2) f (Vi) |Vl P (2.15)
Bl\Br

+(p-2) | (x-Vul|Vul(—welx " *(x - Vu)(Ve - Vu) + [x]7“(Ve - Vu)*)dx.
B]\Br

Substituting (2.11)—(2.15) into (2.2), and moving terms, including Ve, to the right hand side yields

2

(d-p-w) IVul | g?dx + (pw — =) ™2 VulP g% (x - Vu)*dx
B]\Fy 4 BI\E
2
- w—(p -2) f X" VulP @ (x - Vu)*dx + (d — p)r ™ f |VulPdx
4 BB, B,
< —Zf VUl (x - Vo)odx + 2pf C(x- V)| VulP (x| o(Vu - V)dx (2.16)
B]\Br B]\Br

+(p=2) | (- VupVul " (—weld ™ (x - Vu)(Ve - Vi) + 1 ™(Vep - Vu)*)dx
Bi\B,

+f (- Vi) Vul (x| Vel — wlxl ™ p(x - Ve))dxx.
Bl\Br

Electronic Research Archive Volume 34, Issue 7, 4765-4776.



4771

Denote the left and the right side of (2.16) by I and II, respectively.
By (2.6), |V¢| = 0 in B% and [Vg| < 5in By; also |x - Vu| < |x]|Vu|. Hence,

11 < C(p,d) f Vul’dx. 2.17)
1\B3/4

According to the condition (1.6), we estimate I from below in two cases.
Case1: 1 < p <2 (withd > 5p). Since ——(p 2) >0,

I[>d-p- w)f - IVul”lxI_‘“(pzdx +(d - p)r‘“’f [VulPdx
, U B (2.18)
w —w-2 -2 2 2
+(pw——) x|~ 7| VulP ¢ (x - Vu) dx.
4 Bi\B,
From the definition of w, we have w > 4p, and pw — “'TZ = w(p—%) <0. Using [x|™~?|Vul"|x - Vul* <
[Vul?|x|~“, we merge the first and third integrals on the right-hand side of (2.18),

2
[>d-p+wip-1)- %) \Vul?|x|"¢*dx + (d — p)r™® f |Vu|Pdx. (2.19)
BI\B,

Since w = 2p — 2 +2+/p* = 3p + 1 + d, one checks thatd — p + w(p — 1) - “’T = 0. Thus,
I[>d- p)r“"f [VulPdx.
B,
Combining this with (2.16) and (2.17) gives

r‘“’f [VulPdx < C(p,d) |VulPdx
B,

Bi\B3)4

< C(p,d) f  [Vuldx.
\B,

Case2: p > 2 (withd > p + 2 ) Here ——(p 2) < 0. Using |x - Vu| < |x]|Vu|, we have

IXI_‘HIVMI” - Vult < "Vl x - VP,

and then
[>(d-p-w) \Vul’|x|™¢*dx + (d — p)r™® f \VulPdx
f'\B (2.20)
+(pw—-2(p-1) X" Vul" 29 (x - Vi) dx.
4 B\B,
4[)
From w = 2+2‘/ L >2+2 ”':pl,wegetp<‘”(” andhencepw—%z(p—l)<0.ltis

easy to check |x|™“~ 2|Vu|” 2|x- Vu|2 < |VulP|x|~“, and then we can merge the first and the third integrals
on the right-hand side of (2.20),

2
[>d-p+wp-1)- 6%(p -1)) B IVul?|x["“¢*dx + (d — p)r“"f |VulPdx. 2.21)
Bl\Br B,
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Sincew =2+2 Z%},wehaved—p+w(p—1)—‘”72(19—1):0. So

I[>d- p)r“*‘f |VulPdx. (2.22)
B,
Combining this with (2.16) and (2.17) gives

r“”f [VulPdx < C(p,d) |VulPdx
B,

Bi\B3y4

SC(p,d)f _ |VulPdx.
Bl\Br

Combining the discussions of the two cases above, we have completed the proof of (2.3), thus
concluding the proof of Lemma 2.1. O

3. Proof of theorems

3.1. Proof of Theorem 1.1

For any y € By, and r > 1/8, we have

ry_df [VulPdx = r‘“’f [VulPdx
B,(y)NBy 2 B,(y)NBy 2

<C(p,d) [VulPdx

Bi)»

< C(p, DIIVull

p
Lr(By)*

For 0 < r < 1/8, Lemma 2.1 (with # = 1/4 and translation) yields

A f [VulPdx < r™® f |VulPdx
Br(y)nBl/Z Br(y)

< C(p,d) IVul"dx
B%(}’)
< C(p, DIIVully, .-

Combining the two cases, we obtain for every y € B;; and r > 0 that
-d
r’ f |Vul?’dx < C(p, d)lqull’Z,,(B]). 3.1
B,(»)NB1)2

Taking the supremum over y € B, and r > 0 on (3.1) yields (1.9). If & > 0, applying a properly
rescaled version of [9, Theorem 1.1] together with a covering argument allows us to replace the term
Vil o (s, in (1.9) by [lullp1(s,)- o
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3.2. Proof of Theorem 1.2

We now establish that p and y satisfy 1 < p < y < d under the stated assumptions. The inequality

v < d is immediate from (1.10). To see that y > p, we proceed as follows.
If1 <p<2(withd>5p),theny>5p—2p+2—2\/p2—3p+ 1+5p=p.

4p
p+pj—1

pr22(withd>p+%),then7>p+%—2—2 = =p.

Thus, in all cases we have 1 < p <y < d. Additionally, note that

2 2
S and p+ P =y

y-p y-p Pi—Dp

bPa=p+t

By the local version of the Morrey embedding theorem, see Cabré and Charro [10, section 4],

||u||MPU"7(Bl/2) < C(p’ d)llvu”M”’V(Bl/z)'

With this and (1.9), (1.11) is proved. The case & is nonnegative and can be dealt with the same as in

Theorem 1.1.

3.3. Proof of Theorem 1.3

To prove this, we need the following boundary estimate.

O

Lemma 3.1 (Proposition 3.1 in [1]). Let Q C RY be a smooth bounded strictly convex domain, h €
C'(R) be positive, and p € (1,00). If u is a positive regular solution to (1.2), then there exist positive

constants 6 and C depending only on Q,

llullz=@\k;) < Cllull 12y
where K5 := {x € Q : dist(x,0Q) > 6}.

Let y be as in (1.@) and let K; be as in Lemma 3.1.
For arbitrary y € Q and r > 0, we decompose

rHj‘ www:w{f |Wwﬁw%f ulP? dx .
QNB,(y) (Q\K5)NB(y) KsNB,(y)

=D (y,r) =Dy (y,r)

Achieving (1.12) reduces to showing for every y € Q and r > 0,

Di(y,r) < Clull}i o, =12,

with C depending on p, d, Q2 (and additionally on ¢ for ®@,).
Now we treat the case p > 2 (withd > p + % .

Estimate for ®,. From (1.10) and the condition p > 2, it follows that 2 < y < d. Consequently,

| B,(y)| < C(p,d), r<l,

@\ K5) N B, ()| <
QK <19, > 1

(3.2)

(3.3)

(3.4)
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Combining this with Lemma 3.1 yields
D (y,r) < QN Ks) 0 B llull] < C(p,d, Q)llull}’

LZO(Q\KJ) - LI(Q)’
which proves (3.4) for ©,.
Estimate for @,. If y € Q \ K; and r < dist(y, Ky), then @,(y,r) = 0. If y € Q\ K5 and r > dist(y, K5),
let y € Ks be the closest point; then B(y,r) C B(y,2r) and ®,(y,r) < C(p,d)D,(3,2r). Since K; is
compact, one can cover Ks by finitely many balls {B(x;,d/ 9)}?; , with x; € K;. Then for y € K; and

r>a6/8,
5\
Dy (y,r) < (—) f [u|P*dx
8 K
N —d
S\
<cp.d) ). (3) f " dx
izzl 9 KsNBs9(x;)
y s
= C(p.d) Y, ®a( ).
(p )21 2 (5
where N depends on Q and 6.
Thus to prove (3.4) for @, reduces for any y € K, 0 < r < /8 that
q)Z(y’ r) < C(p’ d’ 57 Q)”u”i(lj(g) (35)

Indeed for such y € Ks and 0 < r < §/8, since u is a regular stable solution in Bs(y) C Q, by
Theorem 1.2 with a scaling argument, we have

leellsrrar 50y < C(ps> dy OullLi (B, 50

And then
DOy(y, 1) = ry_df |u|P?d x
KsNB(y)
< f || dx
B,(y)
P
< C(p,d, O)llulll
which gives (3.5). So (3.4) for @, is proved. Substituting (3.4) into (3.3), we arrive at
rd f lul’ dx < C(p, d, Dllull} o, (3.6)
QNB.(y)

Taking supremum over y € Q and r > 0 on (3.6) yields (1.12).
The case 1 < p < 2 (with d > 5p) is analogous since y > p > 1. We omit the details. Theorem 1.3
follows by combining the two cases discussed above. O

4. Conclusions

In this paper, we have obtained the endpoint Morrey regularity for stable solutions of the p-Laplace
equation —A,u = h(u). Our main result, Theorem 1.2, establishes the Morrey estimate for u itself at
the endpoint exponent g = p,, which was left open by Cabré, et al. [9]. According to the remark after
Theorem 1.6 in [9], when p > 2 and d > p + %, the result is almost optimal.
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