p-HARMONIC APPROXIMATION OF FUNCTIONS OF LEAST
GRADIENT

PETRI JUUTINEN

ABSTRACT. The purpose of this note is to establish a natural connection
between the minimizers of two closely related variational problems. We
prove global and local convergence results for the p-harmonic functions,
defined as continuous local minimizers of the LP norm of the gradient for
1 <p< oo, as p— 1, and show that the limit function minimizes at least
locally the total variation of the vector-valued measure Vu in BV ().

1. INTRODUCTION

Let © € IR™, n > 1, be a bounded Lipschitz domain and f : 9Q — IR
a continuous function. The problem of minimizing the total variation of the
vector-valued measure Vu on 2

(1.1)  [|[Vul[(Q) = sup {/ udivodz : o € C3°(Q;IR"), |o(z)| <1 for x € Q}
Q
in the set
{u:ueBV(Q)NC(Q), u=f on N}

has been studied in detail by Sternberg, Williams and Ziemer in [17]. The
purpose of this note is to establish a connection between the minimizers of the
above problem, called functions of least gradient, and the so-called p-harmonic
functions, which are defined as (continuous) local minimizers of the L? norm of
the gradient in the Sobolev space Wllof(Q) for 1 < p < oo (see Definition 2.2
below).

Apart from the continuity requirement, these variational problems represent
archetypal minimization problems in their respective spaces BV and W'P. The
co-area formula

IVl = [ Plvz o veBr®),
where P({v > t},Q) = ||[Vx{u>¢[|(€2) denotes the perimeter of the superlevel
set {x € Q:v(x) >t} in Q, readily connects functions of least gradient to the
theory of parametric minimal surfaces [8]. Indeed, in [1] Bombieri, De Giorgi
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and Giusti have shown that the superlevel sets of a function of lest gradient
are area-minimizing. Conversely, Sternberg et al. [17] prove the existence of a
function of least gradient (under certain geometric conditions on the domain)
by explicitly constructing each of its superlevel sets in such a way that they are
area-minimizing and reflect the boundary condition. Another context in which
functions of least gradient play an important role is the asymptotic behavior of
solutions to the generalized motion by mean curvature, see [18], [11].

The theory of p-harmonic functions can in turn be seen as a natural gener-
alization of the classical theory of harmonic functions, where the usual Dirichlet
integral has been replaced by the functional

Iy(u) = /Q|Vu|p dz, 1<p<oo,

and the Laplace equation by the nonlinear p-Laplace equation
(1.2) —Apu = —div(|Vu|P~?Vu) = 0.

Due to the nonlinearity and degeneracy of the equation, p-harmonic functions
are, in general, not smooth and hence (1.2) has to be understood in a weak sense,
see Definition 2.2. Notice that in the case p = 2, we recover the Dirichlet integral
and the Laplace equation —Awu = 0. The p-Laplace equation is the prototype of
a class of quasi-linear equations in the form

—div Ay (z, Vu(z)) =0,  Ay(z,&) =€,

and it is fundamental in the nonlinear potential theory; cf. [10]. The p-harmonic
operator Apu also appears in many contexts in physics.

We have two main results in this paper. The first one, Theorem 3.1, shows
that if €2 is a smooth domain whose boundary has positive mean curvature and
f € C(09), then the sequence of the unique p-harmonic functions u, € Wllo’f Q)N
C(Q) that agree with f on dQ converges uniformly, as p — 1, to a function
h € BV(Q) N C(2) that is the unique function of least gradient with boundary
data f. The assumptions on the domain and boundary data guarantee that the
problem of finding a function of least gradient with the given boundary values
is well-posed, but this is not the case if ) is an arbitrary bounded domain, see
[17]. Therefore such a convergence result cannot hold in wider generality, and
we must turn to local results. In this regard we show that if {up}i<p<2 is a
sequence of p-harmonic functions, bounded in Lj,. for some s > 1, then, up to

a subsequence, u, — uy in L  for 1 < ¢ < n/(n —1) and the limit function
u1 € BV}, minimizes the total variation locally:

[Vur [[(K) < [[Vol|(K)

whenever v € BV,.(2) is such that v = u; outside a compact subset K C Q.
This is Theorem 4.1. It is easy to give examples showing that u; need not be
continuous, but if it is, then it is of course locally a function of least gradient.
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The above results appear quite natural, especially after noticing that
IVall@) = [ vl dz

for u € WH1(Q). However, some caution is needed in the proofs, because func-
tions of least gradient differ from p-harmonic functions in many aspects. Most
importantly, the characterization of p-harmonic functions in terms of equation
(1.2) shows that the property of being p-harmonic is completely local. The same
is not true for the functions of least gradient since their superlevel sets must be
area-minimizing, and that is not a local property. From this it also follows that
the functions of least gradient cannot be characterized by a differential equation.
Furthermore, p-harmonic functions enjoy local C*® regularity and higher inte-
grability, whereas functions of least gradient are, in general, merely continuous
and need not have any Sobolev regularity.

Our results give yet another existence proof for the functions of least gra-
dient, cf. [15], [17], [18]. Moreover, it is clear that all estimates for p-harmonic
functions that are independent of p for p close to 1 remain valid for the func-
tions of least gradient. As an example, we mention the sup-estimate in Remark
4.4. And although the class of functions of least gradient is not characterized
by a differential equation, the approximation results provides an equation that
all continuous functions of least gradient must satisfy in the viscosity sense, see
Remark 3.3. The novelty here is that this necessary condition can be checked
even if the function in question is not in W1,

The asymptotic behavior as p — 1 of the solutions to the non-homogeneous
p-Laplace equation —A,u = f(z) with zero boundary values has been studied by
Cicalese and Trombetti [2], and in the special case f = 1, which models torsional
creep, by Kawohl [13]. Another related problem is to understand the limit, as
p — 1, of the p-Laplace eigenvalue problem —Apu = Alu[P~2u. This has been
considered by Demengel [4] and Kawohl and Fridman [14].

2. PRELIMINARIES

In this section, we recall some definitions and results that are needed later,
and also prove a uniform continuity estimate (Lemma 2.3 below) that plays an
important role in the proof of Theorem 3.1.

We begin with the functions of least gradient that were already defined in
the introduction. Regarding existence and uniqueness, we recall the following
result due to Sternberg et al. [17]:

Theorem 2.1. Let Q C IR" be a bounded Lipschitz domain such that OQ has
non-negative mean curvature (in a weak sense) and is not locally are-minimizing.
If f € C(09), then there exists a unique function of least gradient h € BV ()N
C(Q) such that h = f on 0.

Examples of the form h(z,y) = f(z/y) in two dimensions show that, in
general, functions of least gradient have regularity in the interior no better than
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that at the boundary. Fortunately it is also true that better regularity of the
boundary data induces better regularity in the interior. For us it is particularly
important to know that if Q is a smooth domain having positive mean curvature
and the boundary data f € C11(99), then the function of least gradient h that
agrees with f on 0 is Lipschitz continuous in 2, see [17], Theorem 5.9.

Next we briefly review some aspects of the theory of p-harmonic functions.

Definition 2.2. A continuous function u € Wlif(ﬂ) is p-harmonic in Q if
(2.1) / |VulP~2Vu - Vpdr =0
Q

for every ¢ € C3°(€2). Here 1 < p < 0.

By the regularity theory of elliptic partial differential equations, the conti-
nuity is redundant in the definition. According to a theorem of Ural’tseva, in the
case p > 2, later extended by DiBenedetto and Lewis to all p > 1, u € C’ll(;? ()
for some o = a(p,n) > 0; see e.g. [5] and the references therein. Furthermore,
if a p-harmonic function u belongs to W?(Q), then (2.1) holds also for every
© € W, P().

The p-Laplace equation is the Euler-Lagrange equation for the variational
integral

(2.2) I,(u) = [ |Vu(z)|P de.
Q

More precisely, a continuous function u € I/Vllof (Q) is p-harmonic in Q if and
only if

/ |VulP dr < / |Vo|P dz whenever Qg cC Q and u — v € Wy " ().
Qo Q0

Given a function g € VVO1 P(Q), it readily follows from the strict convexity
of the functional I, that there exists a unique p-harmonic function u, such that
Up, — g € VVO1 "P(Q). However, the solvability of the boundary value problem

—Ay,u=0 in Q,
v(z) = f(x) for all z € 09,

where f € C(0R2), is a more subtle issue, cf. [10]. In this paper we will use the
fact that the problem (2.3) is well-posed for any 1 < p < oo if 99 is Lipschitz.
Moreover, since we are interested in the convergence of p-harmonic functions as
p — 1, we need continuity estimates that are independent of the parameter p at
least for p close to 1. These follow by a quite standard application of the barrier
method:

(2.3)

Lemma 2.3. Suppose that €2 is a bounded smooth domain whose boundary ev-
erywhere has positive mean curvature. Let f € C(OQ) and for 1 < p < 2 let
Up € Wllof(Q) N C(Q) be the unique p-harmonic function satisfying u, = f on
0. Then the sequence {up}1<p<a is equicontinuous in Q.
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Proof. Let p : [0,00[— [0,00[ be a smooth, concave and increasing modulus of
continuity for f, i.e.,

[f(@) = fW) < plz —yl)  for z,y € O

it is not difficult to see that such a function p always exists. We will show that
there exists a constant C' > 0, depending only on f and €2, such that

(2.4) lup(z) = up(y)| < Cpl|a —y|'/?)

for z,y € Q.

We notice first that it is enough to prove that (2.4) holds whenever = € €,
y € 09, and |z — y| < 0 for some 0 < & < 1. This can be deduced using the
comparison principle and the translation invariance of p-harmonic functions, cf.
Lemma 5.1 in [17], and by noting that if |z — y| > 4, then

2supyq | f]
up(y)| < o

WPU’I —9\1/2)~

|up(z) —

Thus it suffices to construct, for each 2o € 99, barriers w™,w= € C%(Q) N C(Q)
such that

(1) w*(20) = f(20),
(i) w™ <up <wt on (2N B(z,9)),
(iii) —Apwt >0 and —A,w™ <0 in QN B(z,9),
(iv) |wF(z) — f(20)| < Cp(jx — 20|*/?) for = € QN B(z,9).
Indeed, (ii), (iii) and the comparison principle imply w™ < u, < w in QN
B(zp, ), which together with (i) and (iv) shows that
lup () — up(20)| < Cp(lz — 20|Y/?) for x € QN B(zo,9).

In the construction of the required barriers, we utilize some well-known properties
of the (signed) distance function d(x), see e.g. [7], [9]. First, since Q is a smooth
domain, d(x) is smooth in some small neighborhood U of the boundary and

(2.5) —Ad(z) > (n—-1) nr1"191?2 H(z)>0 for x € U,
zE

where H(z) denotes the mean curvature of 92 at z. Secondly, from the fact
that |Vd(z)| = 1 for x € U, it follows that D?d(x)Vd(x) = 0. From now on, we
assume that § > 0 is so small that B(z,20) C U for every z € 09Q.
Following [17], we look for the barrier w™ in the form
w' (@) = f(20) + g(v(2)),
where g(t) = Cp(t'/?),
v(x) = |z — 20|? + Md(z)
and A > 0, C' > 0 are to be determined. A direct computation gives

Apwt =g ()P Ay + (p— 1)g' (v)P 29" (v)|[V]P.
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Using the fact that D?d(x)Vd(x) = 0, we have
Apv = [VuP72(2n + AAd) + (p — 2)|Vo[P~*(8|z — 20> + 8AVd - (z — 20)
+ 20 + 4AD*d(z — 20) - (x — 20)).
Assuming A > 46, which implies A/2 < |Vo| < 2), this leads to the estimate
Apy < CiOP YA + Co NP2 in QN B(zo,9),

where both constants Cy, Cy > 0 are independent of p for 1 < p < 2. By (2.5)
we therefore obtain —A,v > 0 in Q N B(zp,d) provided that A > 0 is chosen to
be sufficiently large. Since p is concave and increasing, we conclude

—Apwt > —g' (V)P A > 0.

Hence (iii) holds for w™. Since properties (i) and (iv) are clearly valid, it remains
to check (ii). By choosing C' > 1 large enough, we have w*(z) > supyq |f| >
up(x) for x € QN IB(zp,d). On the other hand,

wp(@) = J(2) < f(z0) + pllz — 20) Swh(@)  for « € HQN Blz0,0),

and hence also (ii) holds for w¥. The barrier w™ is constructed in an analogous
manner. g

Remark 2.4. The assumption that 2 is a smooth domain is not really needed in
Lemma 2.3, since it is not necessary that the barriers w*,w™ are twice differen-
tiable in Q. Indeed, it is enough to have condition (iii) above valid in the viscosity
sense, and this can be done, for example, if € is convex and 92 everywhere has
positive mean curvature “in the viscosity sense” : there exists 1 > 0 so that,
whenever g € 9Q and U C Q is a smooth domain such that 90U N 9N = {xo},
we have

Hy(xg) > pu > 0;

here Hy(z) is the mean curvature of OU at z(. Since this extension of Lemma
2.3 is not needed in what follows, we omit the details.

3. GLOBAL RESULTS

Our main result in this section is the following theorem:

Theorem 3.1. Suppose that Q2 C IR"™ is a bounded smooth domain whose bound-
ary has positive mean curvature and f € C(09), and let h € BV (Q) N C(Q)
be the unique function of least gradient such that h = f on 0. Then if
Up € VVlt)Cp(Q) N C(Q) is the unique p-harmonic function satisfying u, = f on

0, we have

up, — h locally uniformly in Q.

Proof. Suppose first that f € C11(Q). Then h is Lipschitz continuous, see [17]
Theorem 5.9. In particular, it belongs to the Sobolev space WP(Q) for every
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1 < p < oo. Since up minimizes the LP norm of the gradient, we have by using
Holder’s inequality that

1/p
IVull©) = [ [Fupldo <ol ( / |Vuppdx)

1/p
< Q- </Q|Vh|p dx) < [Q|esssup,cqo|Vh(z)|.

Thus {up }1<p<2 is bounded in BV (), and by the compactness properties of BV
functions we find a subsequence, still denoted by (u,), converging to a function
u; € BV(Q) in L'. By the lower semicontinuity of the total variation with
respect to L' convergence, we obtain

1/p
(IVup]|(©2) < limi?f IV, ||(2) < lim i{lf \Q|1_1/p (/ |[Vh|P dw)
p— p— O

_ / Vh|de = | V|(5).
Q

Next we invoke Lemma 2.3 and the comparison principle to conclude that {u,}
is equicontinuous and uniformly bounded in ©. Thus, up to a subsequence,
up — w1 uniformly. In particular, u; is continuous and u; = f on 0€2. Hence
it follows from (3.1) and the uniqueness of h that u; = h in Q. This proves the
theorem in the case f € C11(99).

The general case follows by using a rather standard approximation proce-
dure. If f is merely continuous, we select a sequence (f;) of smooth functions
converging to f uniformly on 992. For 1 < p < oo, let u,(f) and u,(f;) denote
the unique p-harmonic functions with boundary data f and f;, respectively. The
comparison principle for p-harmonic functions and (the proof of ) Lemma 2.3 then
imply that the set {u,(f), up( fj)?;} is uniformly bounded and equicontinuous.
Hence there exists a sequence pi0 — 1 and uq(f) € BV(Q) such that

x| =

(3-2) sup [up, o (f) = wr(f)] <
Q

Next we select inductively the sequences (pg ), j = 1,2,..., so that (pg ;) is a
subsequence of (py j_1) and
1
(33) sup |U‘pk,j (fj) - hj| < E’
Q

where h; € BV (Q) is the function of least gradient with boundary values f;.
Moreover, it follows from the comparison principle for the functions of least
gradient, see [17], that

(3.4) sup [h — h;| <sup|f — fjl,
Q o0

where h € C(Q2) N BV (Q) is the unique function of least gradient with boundary
values f.
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In order to conclude the proof, it suffices to show that ui(f) = h. To
this end, we denote p; = p;; and compute, using (3.2), (3.3), (3.4) and the
comparison principle for the p-harmonic functions,

sup [u1 (f) — h| < sup fus (f) — up, (F)] + sup fup, (f) = up, ()]
+ Slglzp|upj (f5) = hjl + Sup |hj — hl
< 5+ suplf — fi| + 5+ suplf — fil.
oQ o0
Since f; — f uniformly on 02, we are done. O

Remark 3.2. The approximation of the continuous boundary data f by a se-
quence of smooth functions (f;) is needed in the proof above due to the fact that
mere continuity of the boundary data is clearly not enough to guarantee any
Sobolev regularity for the function of least gradient, not even locally. Indeed,
let C':[0,1] — [0,1] be the usual Cantor function associated to the standard
1/3-Cantor set, cf. [16], and define

u(z,y) := C(x) for (z,y) € B := B1/2((1/2,0)).
It is easy to see that u € BV (B)NC*(B) with a = log2/log3, but u ¢ Wl’l(B)

loc
since C' is not absolutely continuous. From the fact that superlevel sets of a func-
tion of least gradient are area-minimizing it readily follows that w is a function
of least gradient in B. An analogous example can be constructed for any given

O<a<l.

Remark 3.3. It is proved in [12] that a function u, € C(f2) is p-harmonic in
if and only if it is a viscosity solution of

(3.5) —|Vul?Au — (p — 2) D*uVu - Vu = 0,

or, equivalently, of —|Vu|*"PA,u = 0. Thus it follows from the stability results
of viscosity solutions, see e.g. [3], and Theorem 3.1 above that if h € C'(f) is a
function of least gradient, it satisfies

(3.6) ~|Vul?Au + D*uVu - Vu =0
in the viscosity sense. However, the converse is not true, as shown by the func-

tions in [18], Example 3.6.

Remark 3.4. It easily follows from Theorem 3.1 and the comparison principle
for p-harmonic functions that if € is bounded smooth domain whose boundary
has positive mean curvature, f, € C(99Q) for 1 < p < 2,

—Ayu, =0 in Q,
Up = fp on 0§,

and f, — f uniformly, then u, — h uniformly and & is the unique function of
least gradient with boundary data f.
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4. LOCAL RESULTS

In this last section, we investigate local convergence properties of p-harmonic
functions as p — 1. Since we do not assume anything about their boundary
behavior nor about the domain 2, it is clear that the limit functions, if there
are any, need not be continuous. Hence it is reasonable to drop the requirement
that a function of least gradient should be continuous. More precisely, we say
that h € BV},.(Q) is locally a function of least gradient, if

IVA[(K) < [[Vol|(K)

whenever v € BV,.(Q2) is such that v = h outside a compact subset K C .
This definition has been used for example in [1] and [15].

Theorem 4.1. Let Q C IR" be open and suppose that u, € Wﬁ)f(Q) N C((Q)
are p-harmonic functions so that for some s > 1, the sequence {up}1<p<a is
bounded in L*(U) for every open U CC Q. Then there exists p; — 1 such that
Uy, — U1 € BVioe(Q) in L} (Q) for every 1 < g <n/(n—1) and uy is locally a
(possibly discontinuous) function of least gradient.

Remark 4.2. We prove in fact a slightly stronger result: any subsequential
limit of {up}1<pcs in L (), 1 < ¢ < n/(n—1), is locally a function of least
gradient.

Before proving Theorem 4.1, let us point out a concrete situation where its
assumptions are satisfied and Theorem 3.1 cannot be applied. Let f: 9Q — IR
be a bounded function, {2 any bounded domain, and denote by h, the lower
Perron solution (see e.g. [10], Chapter 9) to the Dirichlet problem

—Apv =0 in Q,
(4.1) { v=f on 0f.
Then h, € Wllo’f () N C(Q) is p-harmonic in Q, but, in general, it is not true
that
lim h,(7) = f(2)

for z € 092. However, since f is bounded, it follows that

sup |h,(z)] < sup |f(2)].

€N z€00

Thus Theorem 4.1 applies to the sequence {h,}1<p<2, and we conclude that
any subsequential limit when p — 1 is locally a function of least gradient. An
analogous result holds for the sequence of the upper Perron solutions of (4.1).

We begin the proof of Theorem 4.1 by showing that the sequence {up}1<p<s
contains a convergent subsequence.

Lemma 4.3. Let Q C IR" be any open set and let {up}ti<p<s be a sequence
of p-harmonic functions that is locally bounded in L*(QY). Then there exists a
subsequence p; \, 1 and uy € BVioo(Q) such that u,, — uy in L} () for any
1<g<n/(n—1).
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Proof. Using upy? € Wol’p(Q), where 1) € C§° (), as a test-function in the weak
formulation of the p-Laplace equation, we obtain a Caccioppoli-type inequality

(12) [Vl s < [ juPivor .
Q Q

See e.g. [10], Chapter 3 for details. Now we have for 1 < p < s and for each ball
B = B(x,r) for which 2B CC  that

1/p
/|Vup|dx§|B|(p_1)/p (/ |vup|de)
B B
< @B ([ juy o)
2B

1/s
§ C(TL)|B|(p*1)/ppT*1 (/ |up|s dl’) |B|(3*P)/sp
2B

n—1-n/s

1/p

< C(n)p ||upl

Ls(Q) r

Thus {u,}1<p<s is bounded in W' (Q), and we obtain, by using the Rellich-
Kondrachov compactness theorem, that there exists a subsequence p; — 1 and
u1 € BVioe(Q2) so that u,, — uy in L () for 1 < ¢ <n/(n—1) as claimed. [

Remark 4.4. Via the Moser iteration technique it follows from a refined ver-
sion of (4.2) that the sequence {u,}1<p<s is actually locally bounded in L>°(€2).
Indeed, for a ball B such that 2B CC ) one obtains

1/s
esssupy |u,| < C|B|7Y* (/ u|sdx) .
2B

The novelty is that this holds with a constant C' that is independent of p for
1<p<s.

Theorem 4.1 follows from Lemma 4.3 and

Proposition 4.5. Let @ C IR" be a bounded open set and suppose that u, €
WLP(Q) N C(Q) are p-harmonic functions so that u, — u; € BV(Q) in LY(Q)
for some 1 < g <n/(n—1). Then uy is a (possibly discontinuous) function of
least gradient in €.

Proof. Let v € BV(Q) be such that v = u; outside a compact subset K C (.
Our aim is to show that

(4.3) [Vur [[(K) < [[Vol[(K)

For a given € > 0, let us choose open sets Qq,U;,V;, i = 1,2 with Lipschitz
boundary so that

KcWvicclU cCcQyccUsccVoCC,

and
[Vuil[(Va \ V1) <&
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this is possible because the measure Vu; has finite total mass. Let us also choose
a smooth cut-off function 7 : 2 — IR satisfying

0<n<1, n=1 in Qq, n=0 in Q\Us.

For 6 > 0 we let vs be the smooth function obtained by mollifying v. Here we
assume that § is so small that outside V; we have vs = (u1)s. In other words,
d > 0 is taken to be smaller than dist(K, 2\ V4).

Now let us use the function

wp = 1 (05 — up) € Wy (Us)

as a test-function for the p-harmonic function wu,. By standard calculations, this
yields

/ nP|Vu,|?P dz S/ 0P|V, |P | Vus| de
Uz

2

+p / 7P vg — up| [Vup P | V|
Uz

Using Holder’s inequality and the properties of the cut-off function 7, we thus

obtain
1/p 1/p
(/ nP|Vu,|? dx) < (/ NP |Vus|? dz)
UQ U2

1/p
+p (/ |(u1)s — upl” |v77|de> :
Uz\Qg

The second integral on the right hand side can be estimated as follows:

/|<u1>5—up|P|Vn|pdmsQ/ |<u1>5—u1|wx> (D/ \vmtdx

U2\ Q0 2\ Q0 \Qo
@ 0
+ (D/ lug — up|qdm> < / |Vn|* dx) .
2\ Qo U2\Q0

Here t = qp/(q — p).
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Let us now finish the proof. Since u, — w; in L?, we obtain
(4.4)

1/p
[IVui]|(€0) < limi{lf [V, ||(Qo) < limi?f (g/ nP|Vu,|? dx)
p— p—

< [19las+ (V / |<u1>5_u1|qu> (U / Wzldm)
Us 2\ Q0 2\ Qo
=/|Vv5|dx+ / IV (u1)s| da + C / (ul)g—u1|qu>
Uy Ux\U, 2\

where the constant C' > 0 is independent of §. Next we use the fact that
regularization does not increase the total variation. More precisely, it follows
from [19], Theorem 5.3.1, that for § small enough

IVs||(U1) < [[Vo][(90)

and
/ V()] de < [V | (Ve \ V) < <.
Uz\U]

Combining these estimates with (4.4) yields

1
q

[Vur[[(€0) < [IVol[(20) + ¢ + C(/U |(u1)s — u[? da?)

\Qo

Since uy € Ln/(”fl)(Q) by the Sobolev embedding theorem and 1 < ¢ < n/(n —

loc
1), we have that (u1)s — uq in L9 as 6 — 0. Hence

Vur[|(Q0) < [[Vol[(S20)-
Since v = u3 in Qo \ K, (4.3) now follows. O
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