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1 Introduction

The eigenvalue problem of the p-Laplacian is to find functions u € VVO1 Q)
that satisfy the equation

—div(|Vul[P2Vu) = MulP"2u, 1< p < oo, (1.1)

for some A # 0 in an open set 0 C R"™. This problem was apparently
first studied by Thelin in [26]. The first eigenvalue is defined as the least
real number A for which the equation (1.1) has a non-trivial solution u. In
defining eigenvalues we shall interpret equation (1.1) in the weak sense. The
first eigenvalue A\; = A\;(Q2) is obtained by minimizing the Rayleigh quotient

. fo |Vul|P dx

N —ipfo! ot T
S Jo, lulp dx

(1.2)

with v € W, ?(Q), v # 0. The minimization problem (1.2) is equivalent to
the corresponding Euler-Lagrange equation (1.1) with A = A;.

In this note we consider first eigenfunctions, that is, solutions u of the eigen-
valueproblem (1.2) on a metric measure space X by replacing the standard
Sobolev space W, ?(€) with the Newtonian space N, (). Since differential
equations are problematic in metric measure spaces, we use only the varia-
tional approach. This has been previously studied in Pere [22], where the
author proves that first eigenfunctions always exist in our setting and they
have a locally Holder continuous representative. The proof of the Holder
continuity in [22] is based on the famous De Giorgi method (see De Giorgi
2], Giaquinta [5] and Giusti [6]).

We continue the study of [22] by proving that first eigenfunctions are bounded
and non-negative first eigenfunctions satisfy Harnack’s inequality. Our meth-
ods require that 2 C X is bounded. The proof of the boundedness is based
on a method by Ladyzhenskaya and Uraltseva [17]. The proof of the Har-
nack’s inequality uses the Moser iteration technique (see Moser [20] and [21]),
which was adapted to the metric setting in Marola [19]. More general func-
tionals of the calculus of variations are studied in Giusti [6]. However, we
obtain different Harnack’s inequality than in [6] when we confine Giusti’s
setting to our case, see Theorem 7.10 in [6] and Theorem 5.5 in Section 5.
We also give a simple proof for the continuity of eigenfunctions by com-
bining the weak Harnack estimates of the two different methods. Observe
here that continuity does not easily follow from Harnack’s inequality since
the sum of an eigenfunction and a constant is not an eigenfunction in general.

The advantage of our methods is that they work under weaker assumptions
than those of Pere [22]. The difference is that we only require the weak
(1, p)-Poincare inequality instead of a weak (1, ¢)-Poincaré inequality for some
1 < g < p. The latter inequality appears as a basic assumption on several



papers dealing with nonlinear potential theory in metric spaces. In fact, the
weak (1, ¢)-Poincaré inequality is crucial for the latter part of the De Giorgi
method which builds up the local Holder continuity.

The work is organized as follows. In the preliminary section we focus on
notation, definitions and concepts which appear in this work. In the third
section we prove that first eigenfunctions are bounded. The main results
of this paper are included in Section 4, where we establish a Caccioppoli
type estimate and weak Harnack estimates. The final section 5 discusses
Harnack’s inequality and continuity.

2 Preliminaries

We assume that X is a metric measure space equipped with a Borel regu-
lar measure ;. We assume that the measure of every nonempty open set is
positive and that the measure of every bounded set is finite. The further
requirements on the space and the measure are included in the end of this
section. Throughout, B, := B(z,r) refers to an open ball with the center
z and radius » > 0. Constants are usually labeled as ¢, and their values
may change even in a single line. If A is a subset of X, then x4 denotes the
characteristic function of A. We let f, = max{f,0} and f- = —min{f,0}.
If not otherwise stated, p is a real number satisfying 1 < p < oco.

By a path in X we mean any continuous mapping 7 : [a,b] — X, where
[a,b],a < b, is an interval in R. Its image will be denoted by |v| = v([a, b])
and [(v) denotes the length of v. We say that the curve is rectifiable if
() < oo. The collection of all non-constant rectifiable paths v : [a,b] — X
is denoted by I'jec;. Throughout the paper we will assume that every path is
nonconstant, compact and rectifiable. A path can thus be parametrized by
its arc length. See Heinonen [10], Heinonen—Koskela [11] and Viiséla [27] for
the discussion of rectifiable paths and path integration.

The p-modulus of a family of paths I' in X is the number

Mod,(I') = inf/ PP du,
P Jx

where the infinum is taken over all non-negative Borel measurable functions

p so that
/pdle
g

for all rectifiable paths v belonging to I'. It is well-known that the p-modulus
is an outer measure on the collection of all paths in X. From the above defi-
nition it is clear that the p-modulus of the family of all non-rectifiable paths
is zero, thus non-rectifiable paths are not interesting in this study. See Fu-
glede [3], [10] and [27] for additional information on p-modulus.



In a metric measure space an upper gradient is a counterpart for the Sobolev
gradient.

Definition 2.1. Let u be an extended real-valued function on X. We say
that a non-negative Borel measurable function g is an upper gradient of u if
for all rectifiable paths ~ joining points z and y in X we have

u(x) — u(y)| < / g ds. (2.2)

Y

See Cheeger [1], [10], [11] and Shanmugalingam [24] for a discussion on upper
gradients. A property is said to hold for p-almost all paths, if the set of paths
for which the property fails is of zero p-modulus. If (2.2) holds for p-almost
all paths v, then g is said to be a p-weak upper gradient of u. It is known
that if 1 < p < oo and u has a p-weak upper gradient in LP(X) then u
has the least p-weak upper gradient g, in LP(X). It is the smallest in the
sense that if g is another p-weak upper gradient in L?(X) of u then g > g,
p-almost everywhere. This fact has been proved in Shanmugalingam [23].
An alternative proof is given in [1].

Newtonian spaces

Here we introduce the notion of Sobolev spaces on a metric measure space
based on the concept of upper gradients. Following Shanmugalingam [24] we
define the space NP (X) to be the collection of all real-valued p-integrable
functions v on X that have a p-integrable p-weak upper gradient g,. We
equip this space with a seminorm

1/p
lell oy = (Hllg + o)

and say that v and v belong to the same equivalence class, write u ~ v, if
lu = vl §15(x) = 0. The Newtonian space N'?(X) is defined to be the space

N'P(X)/ ~ with the norm

[ullvrecey = llull frox-
For basic properties of Newtonian space we refer to [24].

Definition 2.3. Let u: X — R be a given function and v € I'\; arc-length
parametrized path in X. We say that

1) wis absolutely continuous along a path ~v if wo-~y is absolutely continuous
Yy g ap Y 7 Yy

on [0,1(7)];

(ii) w is absolutely continuous on p-almost every curve, or simply ACC,, if
for p-almost every v, u oy is absolutely continuous.



It is very useful to know that if u is a function in N'#(X), then u is ACCG,,.
See [24] for the proof.

The p-capacity of a set E C X with respect to the space N1?(X) is defined
by
Cap,(E) = inf [l R1p )

where the infinum is taken over all functions u € N Lr(X) whose restriction
to E is bounded below by 1. Sets of zero capacity are also of measure zero,
but the converse is not true. See Kinnunen-Martio [16] for more properties
of the capacity in the metric setting.

In order to give a definition of first eigenfunctions we need a counterpart of
the Sobolev functions with zero boundary values in a metric measure space.
Let 2 C X. Following the method of Kilpeldinen-Kinnunen—Martio [12], we
define the space Na™ () to be the set of functions & € N'?(X) for which

Cap, ({zr € X\ Q : u(x) #0}) =0.

The Newtonian space with zero boundary values N,*(Q) is then N&’p(ﬂ)/ ~
equipped with the norm

[l vty = [l 71 )

The norm on Ny*(Q) is unambiguously defined by Shanmugalingam [25] and
the obtained space is a Banach space. Note also that if Cap, (X \ ) = 0,
then Ny (Q) = N'P(X). In what follows, we usually identify the equivalence
class with its representative.

The inequalities of Poincaré and Sobolev

We will impose some further requirements on the space and the measure.
Namely, the measure 1 is said to be doubling if there is a constant ¢, > 1,
called the doubling constant of p, so that

p(B(z,2r)) < cup(B(z,7)) (2.4)

for every open ball B(z,r) in X. By the doubling property, if B(y, R) is a
ball in X, z € B(y,R) and 0 < r < R < o0, then

M >c <%)Q (2‘5)

for ¢ = ¢(c,) > 0 and @ = log, ¢,. The exponent () serves as a counterpart
of dimension related to the measure. A metric space X is said to be doubling
if there exists a constant ¢ < oo such that every ball B(z,r) can be covered
by at most ¢ balls with the radius r/2. If X is equipped with a doubling



measure, then X is doubling.

Let 1 < p < oo. The space X is said to support a weak (1,p)-Poincaré
inequality if there are constants ¢ > 0 and 7 > 1 such that

1/p
foweumenldize(f ) 26)
B(z,r) B(z,tr)

for all balls B(z,r) in X, for all integrable functions w in B(z,r) and for
all p-weak upper gradients g, of u. If 7 = 1, the space is said to support a
(1, p)-Poincaré inequality. A result in Hajlasz—Koskela [7] (see also Hajlasz—
Koskela [8]) shows that in a doubling measure space a weak (1, p)-Poincaré
inequality implies a Sobolev-Poincaré inequality. More precisely, there is
¢ = c(p, K, c,) > 0 such that

1/p
(][ 1 — wpge | )™ < cr(][ g9t du) , (27
B(z,r) B(z,57r)

where 1 < Kk < Q/(Q —p)if 1 <p < @ and k = 2if p > Q, for all
balls B(z,r) in X, for all integrable functions u in B(z,r) and for all p-
weak upper gradients g, of u. We will also need an inequality for Newtonian
functions with zero boundary values. If u € Ny”((B(z,r)), then there exists
¢ = c(p,c,) > 0 such that

1/kp 1/p
(][ Jul ™ du) < cr(][ 9n du) : (2.8)
B(z,r) B(z,r)

where 0 < 2r < diam(X). For this result we refer to Kinnunen—Shanmugalin-
gam [13]. In [13] the space was assumed to support a weak (1, q)-Poincaré
inequality for some ¢ with 1 < ¢ < p. However, this assumption is not needed
in the proof of (2.8).

Minimizers and superminimizers

We next introduce the concept of p-(super)minimizer of the p-energy integral
by following Kinnunen—Martio [14].

Definition 2.9. A function u € NL?(Q) is a p-minimizer of the p-energy

integral in € if
[ ardns [ g2an (2.10)
o o

holds for all open ' € Q for every v € N“(€) such that v — u € N, *(€).
A function u € NLP(Q) is called a p-superminimizer in Q if (2.10) holds
for all open Q' € Q for every v € N'"2(Q) such that v — u € Ny”(Q) and
v > u p-almost everywhere. A function is called a p-subminimizer if —u is a
p-superminimizer.



A function is a p-minimizer in  if, and only if, both v and —u are p-
superminimizer or it is both a p-superminimizer and p-subminimizer in €.
Clearly if u is a p-superminimizer, then au + (3 is a p-superminimizer when
a > 0and f € R. Check Kinnunen-Martio [14, 15] for (super)minimizers in
metric measure spaces.

Eigenfunctions

We define a first eigenfunction of the p-Laplacian using the variational ap-
proach. In the Euclidean space this definition is equivalent to equation (1.1)

Definition 2.11. Let 2 C X be a bounded domain with Cap,,(X\) > 0 and
1 < p<oo. Ifu € NyP(Q), u # 0, minimizes the functional J: Ny?(Q) — R,

_ Jagtdp
JolvlPdp’
in N&’p(Q), then w is called a first eigenfunction of the p-Laplacian and A\ =

J(u) > 0 is the corresponding first eigenvalue. In what follows we drop the
subscript 1 from A;.

J(v)

Remark 2.12. Observe that Ny?(Q) = N'7(X) if Cap,(X \ Q) = 0. If,
in addition, u(X) < oo, constant functions minimize the functional J and
A = 0 is the corresponding eigenvalue. Hence we have excluded this trivial
case in Definition 2.11. If Cap,(X \ £2) > 0, we have an explicit lower bound
for A. Indeed, the Sobolev inequality (2.8) implies

SR —
— P diam(Q)P

where ¢ = ¢(p, ¢,) > 0 is the same constant as in (2.8).

The existence of first eigenfunctions is proved in Pere [22]. Note that the
minimizers of the Rayleigh quotient also minimize the following functional,
see [22].

Lemma 2.13. Letu € N&’p(Q) be a first eigenfunction of the p-Laplacian in
Q, and let \ be the corresponding eigenvalue. Then u minimizes the integral

J(v) = / (6% — Alo]?) dp

in the set Ny (Q).

We enclose this preliminary section by a simple lemma, which states that the
absolute value of a first eigenfunction is a first eigenfunction.

Lemma 2.14. Letu € N&’p(ﬂ) be a first eigenfunction of the p-Laplacian in
Q. Then |ul| is a first eigenfunction of the p-Laplacian in Q.



Proof. Tt is obvious that |u| € N;*(€). Note also that in Definition 2.9 we
could replace the integral of the minimal upper gradient g, with

inf/gpdu,
Q

where the infimum is taken over all upper gradients of v. Let u be a first
eigenfunction of the p-Laplacian, and let g be an upper gradient of u. Then

)~ | < ) —wi1 < [ gds

for any z,y € €2 and for any rectifiable path « joining x and y in €2. Therefore
g is also an upper gradient of |u|. Since this holds for any upper gradient g

of u, we have
/gf; dp < /gﬁ dp.
Q Q

Therefore |u| minimizes the functional J. O

General setup

From now on we assume that the complete metric measure space X is equipped
with a doubling Borel regular measure for which the measure of every nonempty
open set is positive and the measure of every bounded set is finite. Further-
more we assume that the space supports a weak (1,p)-Poincaré inequality.

3 Boundedness

Let us first show that first eigenfunctions are bounded whenever 2 C X
is bounded. The proof uses the method in Ladyzhenskaya—Ural’tseva [17,
Lemma 5.1, p.71], see also Lindqvist [18]. Throughout this section, we fix a
radius R > 0 such that 0 < 2R < diam(X) and 2 C B C X.

Theorem 3.1. Let u be a first eigenfunction of the p-Laplacian in a bounded
open set 0 C X. Then u is bounded and satisfies the inequality

esssup |u| < cA“/”l/ lu| du.
Q Q

The constant ¢ depends only on p, K, c,, the measure of the ball Br and the
radius R.

Proof. Since |u] is a first eigenfunction as well, we are free to assume that
u > 0. We may also assume that u is not identically zero in 2. Set

Ay ={z € Q : u(z) >k}, k>0,

and denote
v=u—max{u—Fk,0} =u— (u—Fk),.



Since u € Ny*() is a first eigenfunction the inequality

=2y dus [ (@2~ Ny d 32)
Q Q
holds for all w € N;*(2). If we plug in the chosen v and (3.2), we have
/ g du < )\/ (uP — kP) dpu. (3.3)
Ag Ap
By the elementary inequality we have that u? < kP + p(u — k)uP~'. Hence
/ o dpp < pA/ (u—k)yu™" du (3.4)
Ap Ap

< p2p1)\/ (u— k)P du +p2p1kp1)\/ (u—k) dpu,
Ay A

k

where we used (u — k)uP~! < 2P71(u — k)P + 2P~ kP~ (u — k) to obtain the
second inequality. Since (u — k), € Ny*(B(z, R)), Sobolev inequality (2.8)
can be restated as

1/kp 1/p
([w-nra) <e( [ a w)
Br Br

where ¢ = ¢(p, k, ¢, R, f(Bgr)) > 0. It follows that

(/Ak(u — k)™ du) o < C(/Ak 9 dﬂ) " (3.5)

with the same constant ¢ as above. Inequality (3.5) yields

/ (u— k)" dp < cu(Ak)(“‘”/"/ b dp, (3.6)
Ay A

where ¢ = ¢(p, k, ¢, R, p(Bg)) > 0. If we plug in (3.6) and (3.4) we have

(1— 2P Au(A) D7) / (W= k) dp < c(2k)"N

Ak

(A [ ) d

Ay

Clearly we have that kju(Ay) < [Jul[z1(q). Therefore in the first factor on the
left-hand side ]
2P I\ (Ay) VR < 5
when k& > ko = (c2P\)*/*“|u|11(q). Using this and Hélder’s inequality we

obtain for k£ > kg

P
u(Awlp( / (u— k) du) < PR (A / (u— k) da,
k k

10



from which we finally obtain
/A (= k) dp < (220D (A o= D/5-D) (3.7)
k

when k > kg. We need inequality (3.7) to bound u, see [17, Lemma 5.1, p.71].
The rest of the proof resembles somehow De Giorgi’s argument. Writing

ﬂmzj;m—mduzlywwnduzlmm&wm

we have f'(k) = —pu(Ag) p-almost everywhere and hence (3.7) can be written
as
F(k) < (22 N)Y DR (— £ (k))tp=D/s=1)

p-almost everywhere when k > kq. If f is positive on the interval [k, k] and
we integrate the differential inequality from kg to k£, we obtain

K — kg < (c2PA) P70 (f (ko)™ — f(K)™),

where a = (k—1)/(kp—1). This bounds k, since 0 < f(k) < f(ko) < f(0) =
||| 1 () on the right-hand side. Therefore, f(k) is zero sooner or later. The
quantitative bound is

b < @0=1)/(5=1) y /(1) / ul dp.
Q

where ¢ = ¢(p, K, ¢, R, j(Bgr)) > 0. This means that f(k) is zero outside the
given bound which implies

u < c)\”/(“l)/ lu| du (3.8)
0

p-almost everywhere on ). Taking the essential supremum in (3.8) we get
the desired result. If we consider the function —u, we get the bound for
ess inf u. a

4 Caccioppoli estimate and weak Harnack in-
equalities

In this section we prove weak Harnack’s inequalities for non-negative first
eigenfunctions. For this purpose we first establish a Caccioppoli type esti-
mate and then apply Moser’s iteration technique to obtain the upper weak
Harnack inequality. The lower weak Harnack estimate follows from the re-
sults of Marola [19] together with the fact that non-negative first eigenfunc-
tions are p-superminimizers of the p-energy integral, see Definition 2.9

Throughout this section we assume that 2 C X is bounded and we denote by
R the radius of the ball Bg for which 2 C B C X and 0 < 2R < diam(X).

Let us start by proving a suitable Caccioppoli type inequality.

11



Lemma 4.1. Suppose that u is a non-negative first eigenfunction of the p-
Laplacian in ) and let € > 1. Let n be a compactly supported Lipschitz
continuous function in Q0 such that 0 <n <1 and g, < C/r. Then

/ ghus™tnP dp < % uPte T dp, (4.2)
supp(n) T Jsupp(n)

where ¢ = ((p/e)PCP? + (p/e)ARP) > 0.

Proof. Let n be a Lipschitz continuous function in 2 such that supp(n) € €2
and 0 < n < 1. Since u is bounded due to Theorem 3.1, there is 0 < a < o0
so that eafu®~! < 1. Choosing

w = u— (o)’

we have w < wu. Let T'ey denote the family of all rectifiable paths v :
[0,1] — X. Let the family I' C 'yt be such that Mod,(I') = 0 and v be
the arc-length parametrization of the path in I'iee¢ \ I' on which the function
u is absolutely continuous. Since 7 is Lipschitz continuous, it is absolutely
continuous on . We define h : [0,1(v)] — [0, 00),

h(s) = (uo7)(s) = (nov)(s)’(auoy)(s).
Then h is absolutely continuous and for £!-almost every s € [0,1(7)] we have
W(s) = (uwon)(s) —pnoy)(s)P " (no) (s)(auo)(s)
—e(nov)(s)P(auoy)(s) a(uoy)(s)
= (L—ea(moy)(s)(auor)(s)") (uor)(s)
—p(no)(s)PH(n o) (s)(auoy)(s).

Since [(uoy)'(s)| < gu(v(s)) and [(n07)'(s)] < g4(7(s)) for L-almost every
s € [0,1(v)], we obtain

[(woy)(s)| = [W(s)] < (1—ean(y(s)(au(v(s))*") gul(v(s))
+pn((s)" (au(y(s)))7g5(1(s))
for £'-almost every s € [0,1(7)]. Thus we have
gw < (1= ea®"u™") gu +pn”~ (ou)g,

p-almost everywhere in 2. Since 0 < cafnPut™! < 1, we may exploit the
convexity of the function ¢ — t?. We obtain

Z < (1 . 60(677;0168_1) gg _{_sl—pppaaup-ﬁ-s—lgg‘

By the minimizing property of u, we have

/gﬁdu < /gﬁ,dquA/(U”—w”) dp
Q Q Q

< / gh dp —ea’ / nPut gl dp
Q Q

+ 51pa€p”/ uP T gh dp + /\/(up —wP) du,
0 %

12



which implies

p A
/ Pt gh dp < (g) / uPT gl dp 4 — / (u” —w?) dp. (4.3)
supp(7) € supp(n) ea” Ja

If we consider the last term on the right-hand side in more detail, we may
write u = w + nP(au)® and use the elementary inequality (a + b)? < af +
pb(a + b)P~! to obtain

Jar =0y dn = [ (@ - ) du (4.4
Q

Q
< / (w” + prP(ow)*u?~! — w?) dp
Q

:/ p,r]paeup+s—1 d,u
supp(1)

If we plug in (4.4) and (4.3) and use the fact that g, < C/r we have
P 1
/ nPut gl dp < <<£> C? + ]—QARP) —/ uPte dy,
supp(n) € € 7 Jsupp(n)
which is the desired estimate. O

Remark 4.5. The estimate of Lemma 4.1 actually holds also for 0 < ¢ < 1.
In fact, the proof above works in verbatim once we have shown that the
function w is stricly positive and continuous, see Theorem 5.1 and Corollary
5.6 below. The point is that we may then choose a constant o > 0 such that

0<eafut ! <1.
Moser’s iteration argument yields the following weak Harnack inequality.

Theorem 4.6. Suppose that u is a non-negative first eigenfunction of the
p-Laplacian in Q. Then for every ball B(z,r) with B(z,2r) C Q and any

q > 0 we have
1/q
esssup u < c(][ u? du) , (4.7)
B(z,r) B(z,2r)

where 0 < ¢ = ¢(p, q, K, ¢, A\, R) < 00.

Proof. First we assume that ¢ > p. Write B; = B(z,1),r; = (1 +27)r for
[l =0,1,2,..., thus, B(z,2r) = By D By D By D ... Let m be a Lipschitz
continuous function such that 0 <7, < 1,7, =1 on Byyq, 7 = 01in X\ B; and

Gy < 4-2'/r (choose, e.g., mi(x) = min(max((r; — d(z, 2))/(r; — r141))+, 1)).
Fix 1 <t < oo and let

wy = ' TP = TP

where 7 :=p+t — 1. As in the proof of Lemma 4.1 for p-almost everywhere
in 2 we have

T _
Gy < Gpu”'P 4 ];u(t Ve g

13



and consequently
T p
gh, <207 ghuT 20 (1—)) u' gy

p-almost everywhere in 2. By using the Caccioppoli estimate, Lemma 4.1,
with e =t and ¢, <4- 2! /r we obtain

1/p \? 1/p
(][ i du) < 2(p1)/p(][ (gﬁluf + (—) u“gﬁmp) du)
B, B p

4 . 2[ 1/p
<2(1+ ARP)T <][ u” d,u) :
By

r

The Sobolev inequality (2.8) implies

1/kp 1/p
(][ w;P d,u) < ¢(p, c#)rl(][ G, du)
Bl Bl

2[ 1/p
< e(p,c)(1+ ARP)T(1 427 r= (][ u’ du)
By

r

1/p
< c(p, e, A, R)TQZ(][ u” du)
B

Since w; = u™/? on By,1, by the doubling property of x we obtain

1/kT 1/
<][ u™" du) < (c(p, Cu, A, R)TQl)p/T(][ u” d,u> .
Byt By

This estimate holds for all 7 > p. We apply the estimate with 7 = ¢x! for all
[=0,1,2,..., we have

" 1/grttt , l 1/qk!
( ][ ut’ du) < (e(p ey A, R) (g2 ( ][ " du> -
By B

By iterating we obtain the desired estimate

e = N\ P 1/q
esssupu < <c(p, Cus A, R)Zzﬁo R H 2% H(qﬁzz)” ) (][ u? du)
B(z,r) i=0 i=0 B(z,2r)

2\ P/q 1/q
< <(c(p, Cuy A, R)q)”/(ﬁfl)(Qm)”/(”*l) ) (][ u? du)
B(z,2r)

1/q
< c(p g, Ky e A R) (][ u? du> : (4.8)
B(z,2r)

The theorem is proved for g > p.

14



By the doubling property of the measure and (2.5), it is easy to see that (4.8)
can be reformulated in a bit different manner. Namely, if 0 < p < 7 < 2r,
then

1/q
c
esssupu < ————— (][ u? du) , (4.9)
B(z,p) (1= p/m)\ Jpen

where 0 < ¢ = ¢(p,q,K,¢u, A, R) < 00. See Remark 4.4 in Kinnunen—-
Shanmugalingam [13].

If 0 < ¢ < p we want to prove that there is a postive constant ¢ so that

c 1/q
esssupu < —<][ u? du) ,
B(z,p) (1 - p/QT)Q/q B(z,2r)

when 0 < p < 2r < co. Now suppose that 0 < g <pandlet 0 < p <7 < 2r.
We choose ¢ = p in (4.9), then

c 1/p
esssupu < —————— (f uluP™1 d,u)
B(z,p) (1 - p/?)Q/p B(z,F)

< ° (esssup u)l_q/p (][ u? du) .
T (1= p/T)ePY gy B(z7)

By Young’s inequality

p—gq c 1/q
esssup u < esssup u + —————— (][ ul du>
B(z,p) P B(p) (1 —p/M)9\ Jpim

1/q
p—q c 0
< essSup U + ————— ((27“) ][ u? du) :
D B (7 — p)@/a B(z,2r)

where the doubling property (2.5) was used to obtain the last inequality.
We need to get rid of the first term on the right-hand side. By applying a
technical lemma, see Giaquinta [4, Lemma 3.1, p. 161], we obtain

1/q
esssupu < ;(f ul d,u)
B(z,p) (1 - p/zr)Q/q B(z,2r)

for all 0 < p < 2r, where 0 < ¢ = ¢(p, ¢, k, ¢, A, R) < 00. If we set p =1, we
obtain (4.8) for every 0 < ¢ < p and the proof is complete. O

Remark 4.10. The statement of Theorem 4.6 was originally proved in
Marola [19] for minimizers of the p-energy integral. However, the submin-
imizing property is not really needed. As our proof shows, it is enough to
have a Caccioppoli type estimate in the spirit of (4.2).

The following lemma states that non-negative first eigenfunctions are p-
superminimizers in the sense of Definition 2.9.
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Lemma 4.11. Let u be a non-negative first eigenfunction of the p-Laplacian
in Q. Then u s a p-superminimizer in 2.

Proof. Let Q' € Q be open and let v € N'?(Q) such that v — u € Ny*()
and v > u p-almost everywhere in €2'. Define

{ v, p-a.e. in

v= u, pa.e. in 2\ Q

Since u € Ny*(2), we have ¢» € Ny (Q). Moreover,

/wpduz/updu.
Q Q

By the minimizing property of u

/ gﬁdwr/ gﬁduz/gﬁdu
o\ Q Q

-1
< (foan) (fporan) (foan) < [0z
Q Q Q Q
=/ gﬁdwr/ gy dp.
O\ o

/%WS/%W

and we are done. O

Hence

Lemma 4.11 yields together with results of [19] the following weak Harnack
inequality.

Theorem 4.12. Let u be a non-negative first eigenfunction of the p-Laplacian
in Q. Then there are ¢ > 0 and ¢ = ¢(p, ¢, k,c,) > 0 such that

1/q
(][ u? du) < cessinfu (4.13)
B(z,2r) B(zr)

for every ball B(z,r) such that B(z,107r) C Q.

Proof. By Lemma 4.11, u is a p-superminimizer in €2. It is evident that u+
is a p-superminimizer in 2 for all constants 8 > 0. Hence we may apply [19,
Theorem 5.19] to obtain that

1/q
<][ (u+ B)? d,u) < cessinf(u + ()
B(z,2r) B(

z,r)

for all # > 0 and for every ball B(z,r) such that B(z,107r) C £2. The claim
follows by letting 3 — 0+. O

The constant 7 > 1 comes from the weak (1, p)-Poincaré inequality (2.6).
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5 Continuity and Harnack’s inequality

We first give a simple proof for the continuity of u by combining the upper
weak Harnack estimate of the De Giorgi method together with the lower weak
Harnack estimate (4.13). Observe here that only (1,p)-Poincare inequality
is needed for the estimate in Pere [22, Theorem 5.18, p. 15]. Next, for a
function u we let

essliminfu(z) = limess inf w.
T—z r—0 B(z,r)

Theorem 5.1. The first eigenfunction u is continuous in 2.
Proof. By Lemma 2.14, we are free to assume that u is non-negative. Let

z € © and let m, = essinfp(.,)u for sufficiently small radii r. The same
argumentation as in Heinonen—Kilpeldinen—-Martio [9, pp. 76-77] yields that

lim (u—m,) du=0 (5.2)
r—0 B(z,r)
and that
essliminf u(z) = lim u dp. (5.3)
T—2 r—0 B(z,r)

Define w pointwise by (5.3). Then w is lower semicontinuous, u — m, is
non-negative in B,, and

Fowu@lde=f el das f - ) de
B(z,r) B(z,r) B(z,r)

By (5.2) and (5.3), both terms on the right hand side tend to zero as r — 0.
Hence we conclude that u has Lebesgue points everywhere in €. Since u is
bounded, we get
lim lu —u(2)|” du=0 (5.4)
r—0 B(z,r)
by using the trivial estimate

p—1
][ u—u()l? du < ((sup u) ][ ju — u(z)] dp
B(z,r) B(z,r) B(z,r)

for small radii. Next, we recall the estimate

1/p
esssupu < ko(1+7) +c(][ (w— ko)™)? d,u) ( ko’ )
B(z,r/2) B(z,r)

from [22, p. 15]. Here k is any non-negative number and A(ky, ) B(z,r)N
{u > ko}. Now it is enough to choose ky = u(z), let r — 0, and use (5.4) to
conclude that

esslimsup u(z) < u(z).

r—z

Hence u is also upper semicontinuous and the claim follows. O

Combining Theorem 4.6 and Theorem 4.12 we obtain immediately Harnack’s
inequality.
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Theorem 5.5. Let u be a non-negative first eigenfunction of the p-Laplacian
in Q). Then there exists a constant ¢ = c(p, q, K, c,, A, R) > 0 so that

sup u < ¢ inf wu
B(z,r) B(z,r)

for every ball B(z,r) for which B(z,107r) C Q. The constant ¢ is indepen-
dent of the ball B(z,r) and the function u. The constant T > 1 comes from
the weak (1,p)-Poincaré inequality.

Observe here that continuity does not follow easily from Harnack’s inequality
since the sum of an eigenfunction and a constant is not an eigenfunction in
general.

By continuity and Harnack’s inequality we obtain that first eigenfunctions
do not change sign in any bounded domain.

Corollary 5.6. Let u be a non-negative first eigenfunction in a bounded
domain Q) C X. Then wu is strictly positive in €.

Proof. Denote Uy = {2z € Q :u(z) >0}, Uy ={z¢€ Q:u(z) =0}, and
assume that U; and U, are both non-empty. By connectedness, we are free
to assume that at least one of the sets U; and U, is not open. If U; is not
open, there is z € U; which does not belong to the interior of U;. Hence, for
some r > 0, we may apply the Harnack’s inequality to conclude that

sup u < ¢ inf u=0.
B(z,r) B(zr)

This contradicts the fact that x € U;. The case that Us is not open is treated
similarly. O

Corollary 5.7. Let u be a first eigenfunction in a bounded domain €2 C X.
Then u does not change sign in €.

Proof. Since |u| is a non-negative first eigenfunction in 2, Corollary 5.6 im-
plies that

Q={u>0}n{u<0}.

By continuity, both {u > 0} and {u < 0} is open. The assumption that
both level sets are non-empty contradicts the connectedness. O
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