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Abstract. We study the Dirichlet (p-energy integral with Sobolev boundary values.
The function ¢ has generalized Orlicz growth. Special cases include variable exponent
and double phase growths. We show that minimizers are regular at the boundary
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instance if the boundary is Lipschitz. The results are new even for Orlicz spaces.
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1. Introduction

We study the Dirichlet energy integral in a bounded domain 2 C R™ with
Sobolev boundary values:

inf/gp(:v,|Vu|)d:v
0

where the infimum is taken over all u € W0(Q) with u — f € Wo*(Q
The function ¢ has generalized Orlicz growth and satisfies conditions (A0
(A1), (Al-n), (alnc) and (aDec) that have been previously used in [9, 15,17,
Our results include as special cases the constant exponent case ¢(x,t) =
the variable exponent case ¢(z,t) = t*® and the double phase case ¢(z,t)
t? + a(x)t?. Such problems have been recently studied e.g. in [1,3,5,7,8,12 14,

,25,26]. For a detailed motivation of our context and additional references,
we refer to the introduction of [15].
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Our main result says that if the complement of Q is locally fat at xq € 092
in the capacity sense, then the boundary point is regular, i.e at this point
the boundary value is attained not only in the Sobolev sense but point-wise.
The main theorem yields for example that every boundary point is regular in
Lipschitz domains and Holder domains with appropriate exponent. To the best
of our knowledge, the result is new even in the Orlicz case, p(z,t) = p(t).

Theorem 1.1. Let Q C R™ be bounded and xo € 0. Let ¢ € P(R™) be
strictly conver and satisfy (A0), (A1), (Al-n), (alnc) and (aDec). If there
exists ¢ € (0,1) and R > 0 such that

Coo()(B(xo,7) \ Q, B(xo,21)) = ¢ Cyury(B(xo, 1), B(xo,2r)) forall 0<r <R,
then xg 1s a reqular boundary point.

The proof of the main theorem is based on the properties of superminimizers
of the Dirichlet p-energy integral. Following the proofs of our previous paper
[18], we show that superminimizers are locally bounded below, Corollary 3.4,
and satisfy the weak Harnack inequality, Theorem 4.3. Using the supremum-
estimates and the weak Harnack inequality, we show that every superminimizer
has a lower semicontinuous representative, and if additionally the supermini-
mizer is bounded then for lower semicontinuous representative every point is a
Lebesgue point, Theorem 4.4. Then we study continuity of superminimizers in
Theorem 5.2 and show that for every € > 0

Coty(B(xo,m) N {u — u(xo)| > €}, B(xo,2r)) .
Co(y(B(xo, 1), B(xo,21))

as 7 — 0%. The lower semicontinuity and the above capacity density condition
of continuity for superminimizers prove together with the pasting lemma the
main theorem, cf. page 22.

As can be seen, the steps in our proof correspond to the constant exponent
case. However, our minimizer is not homogeneous, so we cannot use techniques
based on scaling. Therefore, we have combined arguments, mainly from |1, 23],
which are not crucially based on scaling, and in some cases modified them (e.g.
the test function in the proof of Lemma 5.1).

2. Preliminaries

By €2 C R™ we denote a bounded domain, i.e. an open and connected set. By
A € ) we mean that A is compactly contained in €2, i.e. there exists a compact
set K with A C K C Q. The notation f < g means that there exists a constant
C' > 0 such that f < Cg. The notation f ~ g means that f < g < f. By
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¢ we denote a generic constant whose value may change between appearances.
A function f is almost increasing if there exists a constant L > 1 such that
f(s) < Lf(t) for all s < t (abbreviated L-almost increasing). Almost decreasing
is defined similarly.

Generalized Orlicz spaces L") have been studied since the 1940s. A major
synthesis of functional analysis in these spaces is given in the 1983 monograph
of Musielak [21], hence the alternative name Musielak—Orlicz spaces. Following
ideas by Maeda, Mizuta, Ohno and Shimomura (e.g. [22]) we have studied these
spaces from a point-of-view which emphasizes the possibility of choosing appro-
priately the ®-function generating the norm in the space. In this perspective,
some classical concepts, like convexity, are too rigid. Hence we have arrived at
the following definition.

Definition 2.1. We say that ¢ : Q2 x [0, 00) — [0, 00] is a weak ®-function, and
write ¢ € ®,,(Q2), if the following conditions hold

e For every t € [0, 00) the function x — ¢(z,t) is measurable and for every
x € Q the function t — ¢(x,t) is non-decreasing and left-continuous.
o o(x,0) = lim ¢(z,t) =0 and lim p(z,t) = oo for every x € Q.
t—0+ t—00

e The function t — @ is L-almost increasing for ¢ > 0 uniformly in €.
"Uniformly" means that L is independent of x.

If o € &,(2) is additionally convex, then ¢ is a ®-function, and we write
© € D).

Two functions ¢ and v are equivalent, ¢ ~ 1, if there exists L > 1 such
that ¢(z, £) < ¢(x,t) < ¥(x, Lt) for every x € Q and every t > 0. Equivalent
®-functions give rise to the same space with comparable norms.

We say that ¢ is doubling if there exists a constant L > 1 such that
o(x,2t) < Lp(z,t) for every z € Q and every t > 0. If ¢ is doubling with
constant L, then by iteration

t\ @

ol t) < L*(=) (e, 5) 1)

s
for every x € Q and every 0 < s < t, where @ = log,(L), e.g. |1, Lemma 3.3].
If ¢ is doubling, then (1) yields that ~ implies ~. On the other hand, ~
always implies ~ since the function t +— @ is almost increasing; hence =~
and ~ are equivalent in the doubling case. Note that doubling also yields that

oz, t+s) < oz, t) + ¢, s).

Assumptions. Let us write ¢} (t) := sup,cp ¢(z,t) and o5 (t) := inf,cp p(z,t);
and abbreviate ¢* = gpg. We state some assumptions for later reference.

(AO) There exists 5 € (0,1) such that o1 (5) <1< ¢ (1).



4 Petteri Harjulehto and Peter Hasto
(A1) There exists 5 € (0,1) such that, for every ball B C €,
p5(Bt) < ¢p(t) when te [1,(0p) " ()]
(Al-n) There exists § € (0, 1) such that, for every ball B C (2,
¢5(Bt) <@p(t) when te [1, mip].
(alnc) There exist p > 1 and L > 1 such that ¢ — ‘p(;;’t) is L-almost increasing
in (0, 00).

(aDec) There exist ¢ > 1 and L > 1 such that ¢t — ‘p(;’t) is L-almost decreasing
in (0, 00).

We write (Inc) if the ratio is increasing rather than just almost increasing,
similarly for (Dec). All these assumptions are invariant under equivalence of
®-functions. Note that the optimal p and ¢ correspond to the lower and upper
Matuszewska—Orlicz indexes, respectively.

Furthermore, (AO) and (aDec) imply that ¢(z,1) < 67%(z,5) < 579, so
this together with 1 < ¢~ (1) yields that ¢(z,1) ~ 1. By Lemma 2.6 of [1§]
doubling is equivalent to (aDec). The conditions (A1) and (Al-n) can be used
also in cubes instead of balls, see Lemmas 2.10 and 2.11 in [18].

Example 2.2. Let us consider the assumptions in some important special cases,
namely variable exponent growth and double phase growth. The next table
contains a interpretation of the assumptions for four ®-functions. Note that
in many cases the condition in the special case is a nearly optimal sufficient
condition: for instance, in the variable exponent case p € C'°% implies (Al),
and no worse continuity modulus is sufficient, but there may be exponents
p & C"® for which (A1) nevertheless holds. [2,6,20,27]

o(x,t) (A0) (A1) (Al-n)  (alnc)  (aDec)
tP@a(z) a~1 peCls  pelle p~>1 ph<oo
tP@) log(e + t) true p € s peC p~>1 pF<oo
t? + a(x)t? ael® acCr9P qeCr? p>1 g¢g<oo
tr +a(z)tPlogle+t) |[ae L® acC® qelC® p>1 p<oo

Generalized Orlicz spaces. The generalized Orlicz and Orlicz-Sobolev spaces
have been studied with our assumptions in [9, 15, 17,20]. We recall some defini-
tions. We denote by L°(Q) the set of measurable functions in Q.

Definition 2.3. Let ¢ € ®,,(Q2) and define the modular o,y for f € L°(Q) by

0p()([f) = /QSO(I,‘f(JI)Ddx
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The generalized Orlicz space, also called Musielak—Orlicz space, is defined as
the set

LP(Q) = {f € L(Q): lim g, (Af) =0}

equipped with the (Luxemburg) norm

7l o=t {3 > 0: 0, (5) <1},

If the set is clear from the context we abbreviate || f|| o)) by I|fllo0)-

Holder’s inequality holds in generalized Orlicz spaces with a constant 2,
without restrictions on the ®,-function |10, Lemma 2.6.5]:

/Q gl de <207 loollgloeo.

Definition 2.4. A function u € L#")(Q) belongs to the Orlicz-Sobolev space
W#()(Q) if its weak partial derivatives iu, . .., d,u exist and belong to the
space L#0)(Q).

To study boundary value problems, we need a concept of weak boundary
value spaces.

Definition 2.5. Wol’@(')(Q) is the closure of C$°(Q2) in W10 (Q).

If p € ®,, satisfies (A0) and (alnc) and 2 C R™ is bounded, then L#)(Q) <
LP(Q), WO (Q) — WLP(Q) and Wy (Q) — WEP(Q) [17, Lemmas 4.4, 6.2
and 6.9].

We need the following fact regarding Sobolev functions. The assumptions
are needed because smooth functions are not necessary dense in the Orlicz—
Sobolev space and in this case our definition for zero boundary values Orlicz—
Sobolev space is deficient.

Lemma 2.6 (Lemma 3.4, [18]). Let Q C R"™. Let ¢ € ®,,(R2) satisfy (A0), (A1)
and (aDec). If v € W'0(Q) and sptv C Q, then v € Wol’“O(')(Q).

Capacity and fine properties of functions. Fine properties of Sobolev func-
tions can be studied by different capacities. Here we use a relative capacity
defined as follows.

Definition 2.7. Let E € (). Then the relative Sobolev capacity of E is defined
by

ME. Q) = inf
Co()(E,9) ueS:(fl)(Em/ﬂsa(w,\Vul)dx,

where the infimum is taken over the set S,.)(E, §2) of all functions u € Wol’“o(') (Q)
with « > 1 in an open set containing FE.
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Standard arguments yield the following properties for the capacity (see,
e.g., |10, Chapter 10] and [25]). Properties (C1)—(C5) need only the assumption
@ € 9,(9), for (C6) and (C7) we need to assume that (aDec) and (alnc) hold
(cf. [16]).

(C1) Co(0,42) = 0.
(C2) If By C Ey € Q, then Cupy(E1,Q) < Cyuy(Es, Q).
(C3) If E €, then

Coy(E,Q) = inf C,(U,Q).

ECU
U open

(04) If E\ E> E Q, then
Cﬂ,)(El U Es, Q) + C¢(.)(E1 N Es, Q) < Cw(.)(El, Q) + Cw(.)(EQ, Q)
(C5) If K1 D Ky D -+ are compact sets in 2, then
llgg(] (Kl,Q) = Cso(-)( N2y K,J,Q)

(C6) For E; C E, C ... compactly contained in €,

lim C) (i, Q) = Cy(y (U4 B:,9Q).

(C7) For E; € Q,
Coy (U E;,Q) < Zc (E;, Q).

We next estimate the capacity of a ball. Note that the upper and lower
bounds are comparable under assumption (Al-n).

Lemma 2.8. Let ¢ € ¢,,(2B) be doubling. If B is a ball with a radius r, then
|B|902B< ) S C ( ,2B) S |B|903_B (%) :

Proof. Let u € Wol,so(~)(23) be such that 0 < w <1, u=11in B and |[Vu| < L.
Then by doubling we obtain

Coy(B.2B) < / ol [Vul) da < / oln(e)dn 5 1Blelp(b)

For the opposite inequality, we obtain by Lemma 4.3 of [20] and the defini-
tion of 1-capacity that

| eleivudde> [ a(ude= 2Bl £ (V) ds
2B 2B 2B

/1 _ [(Cy(B.2B
> 2Bleis (3 f [Valde) > 28105, (222)).
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Since C}(B,2B) ~ r"! (e.g., Theorem 4.15, p. 175, |1 1]), we obtain by doubling
that

/QB oz, |Vu|) do > |23’<P53(§) > |Bles <%>

This concludes the proof.

A function f: Q — [—o0, 0] is p(+)-quasicontinuous in D € € if for every
e > 0 there is a set I such that Cyy(E,) < ¢ and f|p\g is continuous. We
say that a claim holds ¢(+)-quasieverywhere if it holds everywhere except in a
set of ¢(-)-capacity zero.

Suppose that u can be approximated by continuous functions in WW(')(D)
(cf. next lemma). Then a standard argument (e.g. [10, Theorem 11.1.3]) shows
that every u € W'¥()(Q) has a representative, which is quasicontinuous in
every D € 2, provided that ¢ € ®(Q) satisfies (alnc) and (aDec).

Lemma 2.9. Let ¢ € 9,(Q) satisfy (A0), (A1) and (aDec). Let D € Q be
open. Then for every u € W'0)(Q), there exists a sequence of function from
C>®(D) N W) (D) converging to u in W*0)(D).

Proof. Since D & € is bounded, we may choose a bounded quasiconvex 2’ such
that D C ' C Q. By Lemma 5.1 and Theorem 6.6 of [17], there exists a
sequence of function from C*(€)) N W1¢0) (') converging to u in W0 ().
Restricting the functions to D gives the claim. This concludes the proof.

If u e Wol"p(')(D) and D C €, then the zero extension of u belongs to
W1#L)(Q) since u can be approximated by C5°(D)-functions. The next lemma
concerns the opposite implication.

Lemma 2.10. Let ¢ € ®,(Q) satisfy (A0), (A1), (alnc) and (aDec) and let
D € Q be open. If u € WHO(Q) and u = 0 in Q\ D, then u € W(}’¢(')(D).

Moreover, if u is non-negative, then there exist non-negative u; € WOI’@(')(D)
with sptu; € D, {u; # 0} C {u # 0} and u; — u in W0 (D).

Proof. Let €' be an open set satisfying D C €' € Q. Let u* be the quasicontin-
uous representative of v in €. Since u = 0 everywhere in {2’ \ D, we obtain that
u* is zero quasieverywhere in €'\ D. From now on we use this quasicontinuous
representative and denote it by wu.

We show that u can be approximated by Sobolev functions with compact
support in D. If we can construct such a sequence for max{u, 0}, then we can
do it for min{u, 0}, as well. Combining these results proves the assertion for
u = max{u,0} + min{u,0}. We therefore assume that u is non-negative. A
short calculation show that min{u, k} — w in W) (Q) as k — oo and thus
we may assume that u is bounded.
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Let 6 > 0 and let U be an open set such that u restricted to Q' \ U is
continuous and Cy)(U,Q) < §. Let B = {z € Q' \ D : u(xz) # 0}. By
assumption Cyy(E,Q) = 0. Let ws € Sy (U U E) be such that 0 < ws < 1 and
01,0()(ws) < 0. Then ws =1 in an open set V' containing U U E. For 0 < e < 1
define u.(x) := max{u(x) — &,0}. Since the function u is zero at x € 9D \ V
and u restricted to 2\ V' is continuous, we find r, > 0 such that u. vanishes in
B(z,r,) \V. If x € 9D NV, then we choose r, such that B(z,r,) C V. Thus
the function (1 — ws)u. vanishes in B(z,r,) UV for each x € 9D, which yields
that it vanishes in a neighborhood of £\ D. We have

= (1 — ws)uc|l1p0) < [Ju—uc|lipe) + l|wstel|1p0)-

Since

Ju = uellio0) < EllXsprullee) + X (0<u@)<er VUl o),

we see that this term goes to zero with €. Since ¢ satisfies (aDec), we find that

01,5 (Wst) < 0p() (Wstt) + o) (|Vws|u) 4 copy(ws|Vul)
S (supu + 1)701 () (Ws) + 0p() (ws| Vul)
< O(supu+ 1) + 04 (ws| Vul)

Since ws — 0 in L¥0)(Q), as § — 0, we can choose a subsequence ws which tends
to 0 point-wise almost everywhere. Then g,y (ws|Vu|) — 0 by the dominated
convergence theorem with (x,|Vu|) as a majorant. Therefore g1 o(.)(wsu) — 0
and so also |lwsull1,,) — 0 as 6 — 0. Thus we see that (1 — ws)u. — u as
g,0 — 0.

We have shown that u can be can approximated by functions in W#()(D)
with compact support in D. These functions are in W, ’“’(')(D) by Lemma 2.6,
and so the claim follows from the fact that W, ’W(')(D) is closed. This concludes
the proof.

Lemma 2.11. Let Q C R" be bounded. Let p € ®,(Q2) satisfy (A0), (A1) and
(aDec). If v € WE0(Q) is non-negative and u € Wy (), then min{v,u} €
Wol,sv(-)(gD.

Proof. Since VVO1 () () is a Banach space, by Lemma 2.6 we need only show that
min{v,u} can be approximated by W¢()(Q)-functions with compact supports
in €.

Let (w;) be a sequence of C§°(€2)-functions converging to u in W1H#()(Q)
and point-wise. We show that (min{v, w;}) converges to min{v, u} in W¢)(Q),
which gives the claim since spt(min{v,w;}) C spt(w;) C Q.
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Let A :={v <u} and A; := {v < w;}. Since w; — u point-wise, 4; — A.
We obtain for the gradients by the doubling of ¢ that

/ ¢ (z,|Vmin{v, u} — Vmin{v, w; }|) dz
0

:/ @ (,0) d:}c—l—/ o (z,|Vu — V) dz
ANA; Q\(AUAFL)

—l—/ ¢ (z,|Vv — Vuwy,|) d:c—l—/ ¢ (z,|Vu — Vo) dx
A\A; Ai\A

</go(x,|Vu—Vwi|) da:—i—c/ ¢ (z,|Vv — Vul|) dz
0 A

i

—|—c/ ¢ (z,|Vu — Vuwy|) dx—l—/ ¢ (z,|Vu—Vo|) de — 0
A\A; ANA

as i — 00, since |Vaw,| — |Vu| in L¥0) () and A4; — A. The calculation for the
functions is the same. This concludes the proof.

3. Local boundedness

Definition 3.1. Let p € ¢,,(2). A function u € W'li’f(')(Q) is a local quasimin-
imizer of the o(-)-energy in 2 if there exists a constant K > 1 such that

/ o(z,|Vul)de < K o(x, |V(u+v)|)de
{040} {040}

for all v € W#0)(Q) with sptv := {v # 0} C Q.
If the inequality is assumed only for all non-negative or non-positive v, then
u is called a local quasisuperminimizer or local quasisubminimizer, respectively.

In this section we show that quasisubminimizers are locally bounded from
above and quasisuperminimizers are locally bounded from below. Our argu-
ments follow Section 4 of [18]. We use the following setup for the rest of
this section. Suppose that 0 € @ C R" and 0 < R < Ry < % We write
Qr = Q(0, R) for the cube centered at 0 with side-length 2R,

Ar = A(k,R) = QrN{u>k} and wu; :=max{u,0}.

Once we have our results for cubes centered at 0, we can get the general result
by translation. Note that the ®-function also has to be translated, since our
space is not translation-invariant as such.

The following result was established for quasiminimizers in [1&]. In fact,
the proof presented in the reference needs only that u be a quasisubminimizer.
For completeness, the proof is included here.
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Lemma 3.2 (Caccioppoli inequality). Let ¢ € ®,(2) be doubling. Let u be a
local quasisubminimizer in ). Then for all k € R we have

/ o(x, |V(u—k)y|)de < C'/ @ (x, u—k:) dx, (2)
Alkyr) A(k,R) R—r

where C' > 0 depends only on the doubling constant of ¢ and the quasiminimizing
constant of u.

Proof. Let r <t <s< R and k€ R. Let n € C3°(Qs) be such that 0 < 7 < 1,

= 11in Q;, and |Vy| < -%. Denote w := (u — k)4 and v := u — nw. Note
that v < u, and v = w in @, \ As. Since u is a local quasisubminimizer with
constant K and —nw < 0,

/Asuw K/ 7, [Vel) d

In As, w = u—Fk so that v = u(1—n)+nk, and hence Vv = (1—n)Vu—(u—Fk)Vn.
From this follows that in A, we have

Vol < (1=n)|Vul +|Vn|(u — k)1 < 2max {(1 —n)|Vul, [Vn|(u — k) }.
By doubling (with constant L) and |Vn| < 2%, we get that

p(z,2(1 = n)|Vu]) + p(z, 445
Lo(x, (1 —n)|Vu]) + L¥p(z, “8+).

s—t

(. [Vo]) <
<

Combining the above inequalities, we find that

/ oz, [Vul)d LK/ (1— 1 \Vu|)dx+L2K/ (2, @R gy,
As
Since t < s < R, it follows that A, C A, C Ag, and so we obtain

/A o(z, |Vul|) de < LK/ (1—0)|Vu|) de+L2K | g(a, “Ee) da. (3)

AR

On the right-hand side, we have ¢(z, (1 —n)|Vu|) = ¢(x,0) = 0 in @, and so

/ o, (1 — )| Vul) de = / o, (1— )|Vl do < / oz, |Vu]) de
As As\At As\At

Now we can use the hole-filling trick by adding LK [, ¢(z,|Vul)dz to both
sides of (3), ending with LK + 1 of the integral on the left-hand side, and LK
on the right. After we divide with LK + 1, we have

LK L?’K
dr < d W=K)+Y dop.
[ et vudr< s [ et s s o et ae

The multiplier Lf{K - < 1, so the claim follows from telescoping lemma (cf.

Lemma 4.2, [18]) as usual. This concludes the proof.
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Proposition 3.3 (Lemma 4.11, [15]). Let ¢ € ®,,(2) satisfy (A0), (A1), (alnc)
and (aDec). Suppose that u € VVli)’“O(')(Q) satisfies the Caccioppoli inequality (2).

C

Then there ezists Ry € (0,1) such that

1
P
esssupu < ko + 1+ cR™ o </ o(x, (u— ko)) da:)
QRry2 Qr

for every kg € R when R € (0,Ry]. Here Ry is such that Ry < c¢(n) and
QDP(»)(QBRO)(VU) < 1, and the constant ¢ depends only on the parameters in
assumptions and the dimension n.

Lemma 3.2 and Proposition 3.3 yield that quasisubminimizers are locally
bounded above. If u is quasisuperminimizer then —u is a quasisubminimizer.
We obtain the following corollary.

Corollary 3.4. Let ¢ € ©,(Q) satisfy (A0), (A1), (alnc) and (aDec). Then

1. quasisubminimizers are locally bounded from above, and
2. quasisuperminimizers are locally bounded from below.

The dependence on R in Proposition 3.3 is not good. It is possible to rec-
tify this situation and fix the homogeneity of the right hand side by a scaling
argument, cf. Theorem 5.7 in [18]. With exactly the same arguments, we obtain
the following results, previously proved for quasiminimizers, also for quasisub-
minimizers.

Theorem 3.5. Let p € ®,,(2) satisfy (A0), (A1-n) and (aDec). Suppose that

u € Wﬁ)’f(')(Q) is a local quasisubminimizer which is locally bounded from above.

Then

esssupu — k < (][ (u—k:)idx)q +R
QRry2 R

when R € (0, Ry] and k € R. The implicit constant depends only on the param-
eters in assumptions, n, Ry and ess supg, U-

By standard arguments, the previous inequality can be “upgraded” to in-
clude any exponent on the right-hand side (cf. [18, Corollary 5.9]).

Corollary 3.6. Let ¢ € 9,(Q), u € VVlif(')(Q) and Ry > 0 be as in Theo-
rem 3.5. Then

1
esssupu — k < (][ (u— k)‘idx)q + R,
QRry/2 Qr

for every R € (0, Ry, k € R and q € (0,00). The implicit constant is indepen-
dent of R and depends on q and on the parameters listed in Theorem 3.5.

Note that these results do not require the assumptions (Al) and (alnc), but
instead rely on u being locally bounded. The latter can be concluded from the
former by Corollary 3.4.
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4. Lower semincontinuity of quasisuperminimizers

We denote
D(k,r) :={z € Q(zo,7) : u(zr) <k},

and start with some auxiliary estimates which were done in [18] for quasimin-
imizers. Again, the same proofs work, so we give only the first step, and refer
the reader to the reference for the others.

Lemma 4.1. Let ¢ € ©,(Q) satisfy (A0), (Al-n) and (aDec). Let u €

VVli’f(')(Q) be a non-negative local quasisuperminimizer. Then there exist con-

stants v € (0,1) and ¢ > 1, depending only on the parameters in the assump-
tions, n and Ry, such that if

[ D(0, R)| < 0l@r|

for some 6 > 0, then

0
essinfu +cR > —.
QRry2 2

Proof. We observe that —u is a quasisubminimizer bounded from above by 0.
Corollary 3.6 applied to —u, with £ = —f and ¢ = 1, implies that

esssup(—u) + 60 < C][ (0 —u); dz + CR.
QRr/2 Qr

Let 7o := (2C)~!. Then

essimfu—i—C’R}@—i (0 —u); dx
Qry2 |Qr| Jpo,r)
[D(Y, )| 0
> 0—C0 >0 —Cly = =.
Qn e

This concludes the proof.

The following lemma is an improvement of the preceding one and the proof
is the same as that of Lemma 6.2 in [15].

Lemma 4.2. Let ¢, u and Ry be as in the previous lemma. Then for every
k € (0,1) there exists p > 0 such that

|Dg| < k|Qr| = essinfu+cR > ub

QRry2

for all R € (0, Ro] and all 6 > 0.
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Once we have the implication from Lemma 4.2, standard arguments yields
the the following theorem, see for example Lemma 6.3 of [18| or Theorem 5.7
of [19] or pp. 239-240 in [13].

Theorem 4.3 (The weak Harnack inequality). Let ¢ € ©,(2) satisfy (A0),
(Al-n), (alnc) and (aDec). Let u € VVlo’f( (Q) be a nonnegative quasisuper-
manimazer in 2. Then there exists an exponent h > 0 such that

1/h
(7[ u” d:v) < essinf u+ R
Q(x0,R) ™~ Qlao.R/2)

for every R < c¢(n) with Q(zo,3R) €  and fo ap) P, [Vul)de < 1. The

implicit constant depends only on the parameters in the assumptzons and n.

As an application of the weak Harnack inequality, we get the following result
on lower semicontinuous representatives.

Theorem 4.4. Let p € D,,(Q) satisfy (A0), (A1-n), (alnc) and (aDec). Let u
be a local quasisuperminimizer which is bounded from below and set
u*(x) := ess lim inf u(y).
Y=z
Then u* is lower semicontinuous and u = u* almost everywhere.
If u is additionally locally bounded, then every point is a Lebesque point of

u*.

Proof. Standard arguments show that for any u, the function uv* is lower semi-
continuous, see for example p. 207 in [1].

Since u € I/Vli’f(')(ﬂ) C L () we obtain by the Lebesgue differentiation
theorem that the set

loc

E = {.1'0 € Q: |u(zg)| < oo and lim lu(y) — u(xo)| dy = O}
r—0
Q(:DOvT)
differs from 2 only by a set of Lebesgue measure zero. Since xqg € FE is a
Lebesgue point, we obtain that

u*(zo) = ess lim inf u(y) < lim lu(y)| dy = u(xo).
Yy—xo r—0 Q(z0,7)
We complete the proof of u = u* a.e. by showing that u(xy) < u*(zg) for all
Ty € E.
Note that —u is a quasisubminimizer bounded from above. Thus Corol-
lary 3.6 with & = —u(zo) yields

esssup (u(xg) —u) < ][ (u(zg) —u)y dr+1r < ][ lu(zo) — u| dx +r,
Q(zo,7) Q(zo,r)

Q("EO’T/2)
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provided r is small enough. Therefore,

u(zg) — essinf u = esssup (u(xg) —u) < ][ |u(xo) — u| dx +r.
Q(zo0,7/2) Q(zo,7r/2) Q(zo,7)
Since xq is a Lebesgue point, the right hand side tends to zero as r — 01. As
above, we see that lim,_,g+ essinfg(y, /) u < u*(29). Together, these gieve that
u(xg) < u*(xg) and so u = u* a.e.
For the Lebesgue point property let zy € (2. Since u* € VVl};f(')(Q) we may
choose Ry so small that

/ o(x, |[Vu*|) de < 1.
Q(mo,3R1)

Since u* is lower semicontinuous and locally bounded, for every ¢ > 0 there
exist Ry and m > ¢ such that u*(z9) — ¢ < u* < m in B(zg, R2). Let R
be so small that m|B(zg, R3)| < 1. Denote v := u* — u*(x9) + £. Then v is
a quasisuperminimizer, Vv = Vu* and 0 < v < 2m. By Holder’s inequality
we may assume that the exponent h in the weak Harnack inequality is less
than one. Thus the weak Harnack inequality (Theorem 4.3) yields for R <
min{Rl, RZ, Rg} that

][ |u*(z) — u*(zo)| dx
Q(zo,R)
= ][ lv(x) — v(xo)| dr < v(x0) +][ |v| dx
Q(z0,R)

Q(zo,R)

_ €+][ || de < & + (2m)1h][ ol da
Q(z0,R) Q(zo,R)

<e+Om'™ essinf v +Cm' "R
Q(z0,R/2)

<e+COm' e+ Cm"R.

Letting R — 0" and ¢ — 0, we obtain that z is a Lebesgue point of u*. This
concludes the proof.

The following lemma extends the class of permissible test functions.

Lemma 4.5. Let ¢ € ®,(Q2) satisfy (aDec) and let u be a local quasisupermin-
imazer. Then

/ oy |Vul)de < LK | (e, |V(ut o)) de
{v#£0} {v#0}

for allv € Wl"p(')(Q) which can be approximated by a sequence of non-negative
v; € WHO(Q) with sptv; € Q, {v; # 0} C {v # 0} and v; — v in W0 (Q)
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Proof. We may assume the the right-hand side is finite since otherwise there is
nothing to prove. Let v and v; be as in the statement of the result. We use v;
as a test function:

/ oz, |Vaul) de < K o, |V (u+ v7)|) da.
{'Uﬁéo} {’Ui#O}

On the other hand, we have the trivial inequality
/ o(x, |Vu|)de < K o(x, [V (u+v;)]) de.
{0£0}\ {vi£0} {v£0}\{v:0}

since Vu; = 0 almost everywhere in {v # 0} \ {v; # 0} C {v; = 0}. Since
{v; # 0} C {v # 0}, we obtain

/ oz, |Vu|) dz < / o(x, |Vul|) dzx +/ o(x, |Vul|) dzx
{040} {00} {v£0}\ {0i£0}
<K [ oVt d
{v£0}
< 27LK oz, |V(u+v)|) +p(z,|V(v; —v)|) de
{v£0}

by adding the two previous inequalities and by using (aDec). The claim follows
from this as ¢ — oo since the second term goes to zero due to ||v; — v| o) = 0.
This concludes the proof.

Even if one is interested in minimizers, sub- and superminimizers are often
useful tools owing to their greater flexibility. One example of this is the follow-
ing pasting result, which allows us to splice together two superminimizers. In
the special case D = (), the lemma yields that minimum of two quasisupermin-
imizers is a quasisuperminimizer. Naturally this yields the corresponding result
for the maximum of two quasisubminimizers. The proof of the next lemma is
based on Lemma 7.13 of [1].

Lemma 4.6 (Pasting lemma for quasisuperminimizers). Let ¢ € ®,,(€2) satisfy
(A0), (A1), (alnc) and (aDec). Assume that D C Q and that u; and uy are

K -quasisuperminimizers in D and €2, respectively. Let

u::{m in Q\ D

min{uy, us} in D.

Ifu e I/Vli’f(')(Q), then u is a 29LK?-quasisuperminimizer.
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Proof. Let € € W'¥()(Q) be non-negative test function with spt& C Q. Let
G :={{ >0} and v := u+ . The claim is then that

/ oz, |Vu|) dx < KQ/ o(x, |Vu|) dx
a a

Let ' € Q be an open set containing G. Let A := {uy < v} and note that
(v—wu2)y =01in Q\ A. Since u, is a quasisuperminimizer in Q and A C G € Q
we obtain that

/A (z, |[Vus|) d K/ 2, |V (us + (v — up) \)da:—K/ z, |Vo|) dz

Let w := min{ug, v} and E := {w > u}. We observe that w > u can only
happen when u < us and £ > 0, so we derive £ = {x € GND : ui(x) < us(x)}.
Thus w > u = u; in F and (w —u); = 01in Q\ E. Lemma 2.10 yields that
there exist non-negative u; € W) (D N Q') with sptu; € DN Y, {u; # 0} C
{(w—u)y # 0} and u; — (w — ), in WO (D N Q'), by assumptions (A0),
(A1), (alnc) and (aDec). Since u; is a quasisuperminimizer in D we obtain by
Lemma 4.5 that

[ eta vl de < 2LK [ ple D+ =) da
_ LK / v, |Vw)) d

=21LK o(x, |Vo|)dx + 21 LK o(x, |Vug|) dx
B\A ENA

If v € G\ A, then us(x) > v(z) > wu(zr) so we must have z € D and
uy(x) < ug(x). This means that x € E. Since A C G, we obtain G = E U A.
We complete the proof by using the estimates above in a suitable order:

[ e vilyde= [ ola | Vual)do+ [ oo [Tui)do
e A\E E
</ oz, |Vs|) dz + K gp(x,]Vuzl)dx—l—K/ oz, | Vo)) do
B\A

ENA
K/ 2, |Va|) d:c+K/ v, |Vol) dz
<2qLK2/go(x7|Vv|)dx+K2/ o(x, |Vvl|) dx

A E\A

= 2‘1LK2/ o(x, |Vu|) dx
G

This concludes the proof.
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5. Capacity density condition for superminimizers

In this section we continue our study of regularity properties of superminimizers.
Note that we have to make two restrictions at this point compared to earlier
sections: instead of quasisuperminimizers we consider superminimizers, and in

place of ®,(€2) we have ®(Q2).

Lemma 5.1. Let ¢ € ®(Q) satisfy (alnc) and (aDec), and let o € (0,p—1]. If
u 1S a non-negative superminimizer, then

/ u oz, |Vul) dr < / u " o(z, £ig) du.
B 2B

Proof. Let n € C5°(2B) be a cut-off function: 0 < 7 <1, n = 1in B and
V1| < diam(B)~'. Let uy := ku+ 1 and vy := £n%u;®, a > 0. Then

—Q
Vo, = g’ 2=V — o2 Vu

and so

a1 quk| V|
v < et LV
V04 ) <o 20

Testing with v, and using convexity and 7%, "' € [0, 1], we find that

+(1- nqu;a’1)|Vu|.

/ o(x, Vu) dr < / nqu,;o"lnp(a:, M) + (1 = ntuy,* N(x, |Vul) dz.
2B 2B kam

We then move the last term on the right to the left:

DIV
/ Uqu];a—lgp(x? |Vul|)de < / nqulzaqu(% w) .
2B 0B :

Next we multiply the equation by k™! and observe that n~%p(x, cn) is almost
decreasing in 7. Since xp < 1 < X2p, we obtain that

/B(u + ) oz, [Vu|) de /QB(u + ) o(z, (u+ §)|Vn|) de.

The left-hand side is increasing in &, and since 1 4+ a < p, the right-hand side
is almost decreasing in k. Furthermore,

(ut 1) oz, (u+1)Vnl) S (w+ 1) o(z, (u+1)|Vn]) < oz, ) e L,

since ¢ is doubling and |Vn| < ¢/r. Thus by monotone convergence (LHS) and
dominated convergence (RHS) we obtain, as k — oo, that

/ u (x| Vul) de S / u” o (x, ulVl) de S / U™ (T, g da
B 2B

2B

This concludes the proof.
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Now we can show the fine continuity of the lower semicontinuous represen-
tative of a superminimizer.

Theorem 5.2. Let p € ®(R"™) satisfy (A0), (A1), (Al-n), (alnc) and (aDec).
If u 1s a non-negative superminimizer, then for every ¢ > 0 and every xy € §2
Cty (Bwo, 1) N {lu* = w* ()] > <}, Blao,21))
Co(y (B(xo, ), B(xo, 27“))

—0

as r — 0%. Here u* is the lower semicontinuous representative of u defined in
Theorem /.J.

Proof. We may assume that ¢ € (0,1]. For simplicity we denote u* by w.
By Theorem 4.4, we know that u(zg) = liminf, ,,, u(x). Thus there exists
ro > 0 such that B(zg,r0) N{x € Q: u(x) < u(xg) —e} = 0. So let us study
E:={z e Q:u(x) >} with I := u(zo) +e. We assume that r € (0, 1r) and
e € (0,1) and denote B := B(zo, 7).

Let n € C5°(2B) be such that 0 < p < 1,7 =11in B and |Vy| < v
Let m(r) := infp(zy,r)no min{u, i} and v := min{u,} —m(4r). Then EN B C
{gvn > 1} and by Lemma 4.6 v is a non-negative superminimizer.

Since  is lower semicontinuous and 7 is continuous, the set {2vn > 1} is
open. Thus 2vn is suitable test function for the capacity and we obtain

C@(-)(B NE,2B) < /

2B

@(%W(%vn)l)dﬂcéf e(z, 2n|Vv]) + ¢(z, 20|Vn|) dx

2B

since |V(con)| < 2max{cn|Vv|,cv|Vn|}. Using n < 1, doubling and v < 2 we
find that

p(x, 2n|Vo) < o(z, 2|Vo|) S oz, |[Vo]) S v to(z, [Vul),

where the implicit constant depends on . Then it follows from Lemma 5.1 that

[ etatnvides [ oot Voo [ o ptn ) do
2B 2B 4B

By doubling, the definition of 5 and v < 2, we have ¢(z, 2v|Vn|) < ¢(z,2) <
v p(x,2), where the implicit constant depends on e.

Since v < 2, it follows from (alnc) that ¢(z, %) < vP@i5(%). These estimates
imply that

Cga(.)(B NE,2B) < / Uﬁa*lgo(x, %) dr < SOIB(%)/ WP .
4B 4B
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We choose a € (0,p — 1) so large that the exponent of v is less than or equal to
the exponent h in the weak Harnack inequality, Theorem 4.3. Then

By Lemma 2.8, Ci)(B,2B) Z ¢yp(,)r" and by (Aln), ¢i5(,) S ¢a5(;).
Since m(r) is bounded and decreasing, it has a limit at 0. Thus m(2r) —
m(4r) +r — 0 as r — 0, and so the result follows. This concludes the proof.

Remark 5.3. In the previous theorem, if u is a-H6lder continuous, then m(2r)—
m(4r) +r < r® and we get a quantitative bound for the decay with a constant
depending on ¢.

6. Regular boundary points

Definition 6.1. Let @ C R” be bounded and f € W'¥0)(Q). We say that
u € WH0(Q) is a minimizer with boundary values f € Wh()(Q) if u — f €
W, ?() and

/ (. |Vul) di < / o, |V (u + v)]) de
Q Q

for all v e W (Q).

We denote by H(f) the minimizer with boundary values f € W'*()(Q). If
f 092 — R is Lipschitz on the boundary of €2, then it can be, by McShane
extension, extend to R" as a bounded Lipschitz function. The extension of f

can be used in the above definition as weak boundary value, u— f € W, ’W(')(Q).
For g € C'(09) we define

Hy@)=  sw  H(f)@).

f<g,f is Lipschitz
This definition is based on the fact continuous function can be approximated
by Lipschitz functions.
We have previously shown existence of minimizers with given Dirichlet

boundary values f € W#()(Q) in Theorem 7.3 of [17]. However, if f € C(99),
the same conclusion can be reached under fewer assumptions on ¢.

Theorem 6.2. Let Q@ C R™ be bounded. Let p € ®(Q) satisfy (alnc) and
(aDec). Then for every f € WO (Q)N L>(Q), there exists a minimizer H(f).

If ¢ is strictly convex and satisfies (A0), the minimizer is unique, and if
(A1-n) holds, then it is continuous.
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Proof. Let M > 0 be such that |f| < M a.e. If ups is a cut-off of u at levels

—M and M, then
/ oz, [Vunl) dz < / oz, [Vu) da
Q Q

Thus we conclude that the possible minimizer satisfies |u| < M.
Let u; € W0(Q) be a sequence of functions with u; — f € Wy ¥ (Q) and

inf/ o(x, |Vul|) x—hm/ z,|Vu,|)d

We assume without loss of generality that |u;| < M. Then oy ,()(u;) is uni-
formly bounded, and so (u;) is a bounded sequence in W¥)(Q) [10, Corol-
lary 2.1.15]. By [16], W¥()(Q) is a reflexive Banach space, and so (u;) has
a weakly convergent subsequence. Since g, is weakly lower semicontinuous
[10, Theorem 2.2.8|, the weak limit u satisfies

/ o(x, |Vu|)d hm/ z, | V) dx—lnf/ o(x, |Vul) dz
Q

and hence v is the minimizer.

When ¢ € ® is strictly convex and satisfies (A0), the possible minimizer is
unique by Theorem 7.5 of [17]. If ¢ € ®(Q) satisfies (A0), (Al-n), (alnc) and
(aDec), a locally bounded minimizer is locally Holder continuous by |18, Corol-
lary 1.5] (note that assumption (A1) is then not needed, cf. [18, Theorem 5.7].)
This concludes the proof.

Definition 6.3. Let (2 C R". We say that x € 0L is regqular if

lim Hy(y) = f(z)

y—x,yesd
for all f € C'(0€2). A boundary point is irregular if it is not regular.

This means that the minimizer attains the boundary values not only in a
Sobolev sense but point-wise. The next lemma gives a comparison principle for
minimizers.

Lemma 6.4. Let Q@ C R™ be bounded. Let p € ®(Q) be strictly conver and
satisfy (A0), (A1), (A1-n), (alnc) and (aDec). Let f,g € WH¢0(Q) N L®(Q).
If f < g almost everywhere in Q, then H(f) < H(g) everywhere in €.

Proof. 1t follows from Theorem 6.2 that H(f) and H(g) exist and are unique
and continuous.
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hLau:umMHuxH@»mmh:dﬂn—f—Uﬂm—wev%“%m.
Then

f+H(g) —g+min{g — f,h} =min{H(g),h+ f+ H(g9) —g} =u

so that w — f = H(g) — g + min{g — f,h}. Then u — f € Wol’(p(')(Q), since
H(g)—ge€ Wol"p(')(Q) and by Lemma 2.11 min{g — f,h} € W(}’W(')(Q).

Similarly we obtain for v := max{H(f), H(g)} that v —g € Wy *")(Q). Let
A:={H(f) > H(g)}. Since H(g) is a minimizer

/ﬂ%WH@WMS/wLWWM
Q Q
—Aw%WHWDm+/ o, [VH(g)]) do,

Q\A

and so

[ et vat) dr < [ el wH)
A A

Thus we obtain that

Aﬂ%WMM%jAM%WH@DM+/ oz, [VH(f)]) de

Q\A

<Lw%WHmDW

and hence u is a minimizer with Sobolev boundary values f. Since by Theo-
rem 6.2 the minimizer is unique, we obtain that H(f) = v = min{H(f), H(g)}
almost everywhere. This yields that H(f) < H(g) almost everywhere, and since
both are continuous this holds everywhere. This concludes the proof.

The previous lemma yields the following fact: If f,g € C'(992) and f < g,
then Hy < H,. The proof follows the proof of Lemma 7.6 in [1]. The next proof
follows the outlines given in Lemma 2.132, p. 141, of [23]

Proposition 6.5. Let Q C R™ be bounded. Let ¢ € ®(Q) be strictly convex and

satisfy (A0), (A1), (Al-n), (alnc) and (aDec). If lim, ., eo H(f)(y) = f(x)
holds for every f € C3°(R™), then x is regular.

Proof. Let g € C(0f2). We extend g, via Tietze’s theorem or Urysohn’s lemma,
to a function in Cy(R™). This extension is denoted again by g. For ¢ > 0, let
f € C°(R™) be such that |f — g| < € in R™, see for example Theorem 4.1 in
[11]. By Lemma 6.4,

H(f)—e=H(f—¢) < H, < H(f +¢) = H(f) +¢.
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Then, for z € 09,

g(z) —2e < f(2) —e < liminf Hy(z) < limsup Hy(x) < f(2) + ¢ < g(z) + 2¢

r—2,2E€) T—2,7€0
and the claim follows as ¢ — 0. This concludes the proof.

Proof of Theorem 1.1. By Proposition 6.5, we may assume that f € C§°(R") in
the definition of regular boundary points. Let H(f) be the continuous minimizer
with boundary values f given by Theorem 6.2. Choose k < f(x). Then there
exists 7 > 0 such that f > k in B(zo,7) \ 2. Let
_Jmin{H(f),k} in B(xo,7)NQ

k in B(xg,r) \ Q.
Next we show that u is a Sobolev function. Since H(f) — f € WOI’“O(')(Q), the
function

_JH(f)=f inQ

7730 in R"\ 0

belongs to W'#()(R™). Hence also g + f € W'*()(R") so that min{k, g+ f} €
W% (R™). This shows that v € W) (B(xq, 7)), since v = min{k, g + f} in
B(zo,1).

Since u is a Sobolev function, the pasting lemma 4.6 yields that u is a su-
perminimizer in B(zy, 7). By Theorem 4.4, u has a representative u* which is
lower semicontinuous. Suppose that u*(zo) # k. Choose € := 1|k — u*(zo)| in
Theorem 5.2 and note that B(zg,r) \ 2 C {|u* — u*(xg)| > €} since u* = k
in B(xzg,7) \ Q. By assumption, the boundary is such that C,(B(zo,r) \
Q, B(xg,2r)) > cC,(B(xg,7), B(x0,2r)) for all sufficiently small r. This contra-
dicts the conclusion of Theorem 5.2. Hence u*(xo) = k.

Since u* is lower semicontinuous we obtain that

liminf H(f)(x) > liminf w*(z) > u*(z) = k.

T—x0,LEN r—x0,2EQ

Since this holds for all k& < f(x¢), we obtain that liminf, ,,, ,eq H(f)(z) >

S (o).

The previous result for —f yields that liminf, ., .eq H(—f)(z) = — f(z0).
Since H(—f) = —H(f) we obtain that limsup,_,,, ,cq H(f)(x) < f(20), s0 0
is regular. This concludes the proof.
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