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We study the class of functions on Lipschitz-graph domains satisfying a
differential-oscillation condition and show that such functions are e-approximable. As
a consequence, we obtain the quantitative Fatou theorem in the spirit of works, for
example, by Garnett [6] and Bortz—Hofmann [1]. Such a class contains harmonic
functions, as well as non-harmonic ones, for example, nonnegative subharmonic
functions whose gradient norm is quasi-nearly subharmonic, as illustrated by our
discussion.
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1. Introduction and preliminaries

In this note, we consider the Lipschitz-type domains in the form

Q= {(z,y) e RE 1y > (x)}, (1)
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where ¢ : R™ — R is an L-Lipschitz function. On such domains, we would
like to study functions satisfying the oscillation condition (*) or the differential
inequality (#), to be defined next, and relations between these conditions. Firstly,
let us consider a function u € C?(Q) that satisfies the following oscillation condition
on any ball B, C 2 such that 2B, C €Q:

2

oscp, (u) < C [ ri™" / (|Vul? + |uAu|) dg™ ! *)
(14m)Br

for some n € [0,1) and C' > 0. Such a class has been considered in [7], when studying
relations between the nontangential maximal function and convenient versions of
the area function of general (nonharmonic) functions. A priori, it might not be
clear how wide is this family of functions. However, in Section 3.2, we discuss
several examples of conditions and functions satisfying (*), in particular, we show
in Proposition 3.3 that condition (*) holds if

u € C%and |Vu|®is C-quasi-nearly subharmonic, for some 0 < o < 2 and C' > 0.

The latter condition means that |Vu|* satisfies the sub-mean value property for all
balls in Q with some positive constant C' > 0, see (27). In particular, it holds when
|Vu|® is subharmonic. This observation allows us to show that solutions of several
important semilinear PDEs in the form

Au = f(u,Vu), uecC?

satisfy condition A|Vu|? > 0, see Proposition 3.5.
We consider next the following differential inequality:

|[ulAu| < 9\Vu|2 in Q (#)

for some 6 > 0. However, further restriction on 6 is necessary in order to control
the area function by the non-tangential maximal function of u. Namely, we need
to assume that 0 < 8 < 1. From now on, we will say that a function u satisfies
condition (#) if 0 < 6 < 1.

The class of functions (#) clearly encloses harmonic ones, but it is wider, see
Propositions 3.1 and 3.2. In Section 3.2, we discuss the relations between con-
ditions (#) and (*) and identify the Bloch-type condition, see (29), which for
functions satisfying (#) implies (*), see Proposition 3.7 and also Remark 3.6, show-
ing that (#) need not imply (*), in general. Moreover, for the conditions (#) and (*)
to hold together, it suffices to assume that

u € C?satisfies (#) and |Vu|*is C-quasi-nearly subharmonic, for some 0 < o < 2
and C > 0,

see the discussion following the statement of Proposition 3.7.
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Estimate (*) together with (#) imply that

(0scp, (1))? Spp " / Vul dgmH, (2)
(14n)B,

which can be understood as the Morrey-type estimate for u.

Our main goal is to show the e-approzimation property for functions satisfy-
ing (#) and (*) on domains 2. The importance of this property comes from an
observation that a natural candidate for a Carleson measure of a harmonic func-
tion, namely |Vu(z)|dz, may fail to be a Carleson measure (see e.g., [6, Section 6,
Ch. VIII]). In order to bypass this problem, the notion of e-approximability has
been introduced [22, 23] and has turned out to be important in the studies of the
BMO extension problems and Corona theorems [6, 13], the characterization of the
uniform rectifiability [10-12] and in the Quantitative Fatou theorems ([1, 6], see
also [8]).

DEFINITION 1.1 (e-approximability). Lete > 0 and 2 C R’}fl satisfy (1). We say
that a function u : Q@ — R is e-approximable, if there exists a function ¢ € BVi,.(2)
such that

(D) llu—elleo <e,
(2) |Veldy defines a Carleson measure on 2, that is, for every x € 9

1
sup  — |Vu(y)|dg"t < C.. (3)
r€(0,diam Q) " JQNB(z,r)

The latter condition can be equivalently formulated in terms of the surface mea-
sure, since domain € is given by the Lipschitz graph, and thus the surface measure
is n-Ahlfors regular on the boundary, implying that o(B(z,r) N IN) ~ r™. Let us
also add that regularity of the e-approximation ¢ can be improved, see Remark 2.5
at the end of Section 2 below.

Our main goal is to prove the following result.

THEOREM 1.1. Let Q@ C R be the Lipschitz-graph domain as in (1) and let
further u : Q@ — R be bounded and satisfy conditions (#) and (*). Then for every
e > 0 function u is e-approximable in ).

The result generalizes the e-approximability result for harmonic functions, since
the harmonic functions trivially satisfy the condition (#) but also the condition (*),
as simple consequence of the subharmonicity of the gradient norm of harmonic
functions. Moreover, Theorem 1.1 holds for a wider class of functions, see Section 3
for more details.

In order to give a slightly wider perspective on our results, let us mention that,
so far the e-approximability has been proven for solutions of elliptic PDEs in the
divergence form: div(AVu) = 0, where |V A| satisfies the Carleson measure condi-
tion and the growth estimate, see (2.5) and (2.6) in [1]. Furthermore, it is worth
mentioning that in [11, Remark 5.29] the authors provide some sufficient conditions
for the e-approximability of a function u (not necessarily satisfying any PDE): the
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boundedness of u, the local control of oscillation of v and that it satisfies the
Carleson measure estimate in the following form:

1 .
sup — [Vu(y)[* dist(y, 02)dy < Cllu|F = (q)-
z€dN,0<r<diam(Q) T B(z,r)

Notice that, following the spirit of [11], our condition (*) provides the control
of oscillation, whereas our version of the Carleson measure estimate follows from
Proposition 2.4 and that is the place where condition (#) is utilized.

We would like to emphasize that for nonnegative subharmonic functions, the
condition (#) can be omitted, provided that |Vu|® is a quasi-nearly subharmonic
function for some «, as attested by the following observation whose proof we discuss
in Section 3.2 and Appendix II.

THEOREM 1.2. Let u € C? be nonnegative and subharmonic in an open set Q C
R+ that is, Au > 0. Furthermore, let |Vu|® be a quasi-nearly subharmonic
function in Q for some 0 < a < 2. Then u satisfies (*) and is e-approzimable in
domains Q as in (1).

The key consequence of Theorems 1.1 and 1.2 is the following Quantitative Fatou
Theorem (see Definition 1.3 of the counting function).

COROLLARY 1.3 (Quantitative Fatou Theorem). Let Q@ C RV be the Lipschitz-
graph domain as in (1) and let further u : Q — R be a bounded C?-function with
lulloo < 1 and satisfy either (i) conditions (#) and (*), or (ii) be a nonnegative
subharmonic function for which |Vu|® is a C-quasi-nearly subharmonic for some
0<a<2andC > 0. Then for every point w € 02

1
sup — N(r,e,p)(2)do(z) < C(g, e, B,m,Q),
o<r<ro ™ JoQNB(w,r)

where €,a,B are constants in the definition of the counting function N. In
particular, constant C' is independent of u.

The proof is a verbatim repetition of the proof of Lemma 2.9 in [14] and,
therefore, we omit it.

Let us remark that the notion of the counting function is known in the litera-
ture, see for instance [1, 6, 14]. It provides a way to estimate how much a function
oscillates while approaching the boundary. The aforementioned works study the
counting function in the context of the Quantitative Fatou Property, which gen-
eralizes the classical Fatou theorem stating that a non-tangential limit exists at
a.e. point of the boundary. In the language of counting function, it reads that the
counting function NV is finite a.e.

PRELIMINARIES AND NOTATION

Let us recall some necessary definitions and notation used throughout our work.

From now on, unless specified otherwise, by Q we always denote a Lipschitz-type
domain as in (1).
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DEFINITION 1.2. For a > 0, a cone with a vertex at point (x,p(x)) € IQ and
aperture « is defined as follows
La(z) = {(2,y) e R : |2 —a| < aly — ¢(x))}.

Notice that for every x € R™, a cone I'y(z) is congruent to a cone {(x,y) €
R ¢ |z| < ay}. However, such cones need not be contained in the domain €.
Therefore, we introduce the truncated cone:

Losi(z) :=To(x)N{(z,y) : () + s <y < ¢(z) + t},

where 0 < s <t < oco. In that notation I'y(2) = T'a,0,00(x). Since function ¢ is
L-Lipschitz, it holds that T'y o (z) C £ only for o < % (and hence, from now on,
we only consider o < ).

DEFINITION 1.3 (Counting function). Let I'q () be a truncated cone with the
vertez at a point (x,P(x)) € 9. Let u be a continuous function defined on Q). Fiz
e>0,0<B8<1and0<r <1l We say that a sequence of points x, € Iy 0. ()
is (r,e, B, x)-admissible for u if

lu(zn) —uw(Tn_1)| > ¢ and |z, — x| < BlTp_1 — x|
Set
N(r,e, B)(x) := sup{k : there exists an (r,e, 3, x)-admissible sequence of length k}.
We will call N a counting function.

DEFINITION 1.4 (Area function). Let f : Q — [0,00] be a measurable function.
The area function associated with the density f is defined by

2

(Aaf)(z) = (/F ( )f(ay)(yrzﬁ(x))l”dzdy) , z€R"

Similarly, we define the truncated version of the area function A, s+ f with respect
to cones 'y 4 -

In what follows, we are mostly interested in the case f = |Vu|? for a function
u € C%(Q). Then we write

1
2

a,s,t(a:)

(Ag,s,00) (@) = (Aa,s,t| Vu?) () = (/F [Vu(z,y)](y — ¢(x))1_”dzdy>

DEFINITION 1.5 (Nontangential maximal function). Let f : @ — [0,00] be a
continuous function. The nontangential maximal function of f is defined as follows

(Nof)(z) = sup |f(y)], = eR"
Fa(m)

As above, the truncated nontangential maximal function of f, denoted by Ny s+ f
is defined analogously with respect to cones I'y s ;.
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DEFINITION 1.6 (Carleson measure). Let Q be an open set in R"*1. We say that
a (positive) Borel measure i on § is a Carleson measure on 2, if there exists a
constant C > 0 such that

w(QN B(x,r)) <Cr*,  forallx € 0Q and r > 0.
The Carleson measure constant of p is defined as the infimum of constants C' above.

DEFINITION 1.7 (Local BV functions). Let Q be an open set in R" ™. We say
that an L} -function f has locally bounded variation in €, and denote it by f €

loc

BVioe(Q), if for any open set Q' € Q the total variation of f over Q' is finite:

sup (2) div¥(z) do < co.
VeCH(Q R 1), ||[¥]| Lo <1 JQ/

Recall that the latter expression defines a (Radon) measure on €, see
[3, Section 5.1].

2. Proof of Theorem 1.1

Let us briefly describe our approach to the proof of the main result. Firstly, we
recall and formulate some auxiliary notions regarding curved cubes, the associated
red and blue sets and the stopping condition allowing us to choose the appropriate
families of cubes. Then we a construct function ¢, the first approximation of ¢,
see (7) and show in Proposition 2.1 that ¢; defines the Carleson measure. The
proof of Proposition 2.1 relies on two auxiliary observations, namely Lemmas 2.2
and 2.3. The first one gives a lower bound estimate for the area function and is
applied in the proof of Lemma 2.3 to control the sum of volumes of cubes obtained
by the stopping procedure. Then, we construct the function ¢, see (20) and show
that it e-approximates the function w in the L*°-norm. In order to show condition
(2) in Definition 1.1, we study the decomposition of the gradient of ¢, see (21), and
show that each of its terms leads to the Carleson condition, see estimates (Carl)
and (Car2). An important auxiliary result, perhaps of independent interest, is pre-
sented in Proposition 2.4 and proved in Appendix I. It gives the L? bounds for the
area function on cubes. The above approach has been inspired by the discussion
in [6, Section 6, Ch. VIII]) and also by [11].

Let us first set up the stage for the geometric constructions we use to prove our
result.

Curved cubes and associated centres. We denote by (g the unit cube in
R™ and by {Q jn} the family of dyadic cubes in the dyadic decomposition of

Qo:

m

i = {(z1,...,2n) €R® 1 5;27" <, < (j; +1)27™}, for m € N and
Jireeerdn €0, 2m — 1),

m
VARTER

In the case parameters m and ji,...,J, are fixed or their exact values are not
important for the discussion, we will write ) to denote a cube in the m-th generation
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NZA2N

X0 R"

Figure 1. The centre ¢ of a cube Q and its associated centre le

for some m. For the sake of notation, in what follows we will usually denote the
side length of @ by I(Q) rather than 27™.
Let further

Qo ={(z,y) eR"™ 12 € Qo,d(x) <y <1+ (x)}

be an associated curved unit cube in R"™! where ¢ : Qo — R is a Lipschitz
function. Similarly, for a given cube @, we define the curved cube

Q={(z,y) eR"™ 1z €Q,¢(z) <y < o(x) +UQ)}.

In what follows, we will often omit the word curved when discussing sets Q and
instead simply write cube.

Let 4 denotes a centre of a (curved) cube Q, that is, Ty = (g, p(xg)+27™m71),
where z¢ is a centre of ). Note that since by (1) it holds that ¢ is L-Lipschitz, we
have the following inclusions:

(Q)) C Q C B(zs, C(LIQ)), C(L) = %\/LQ +2L+2.
(4)

1
Blzsy, ———I
( @ ovIT¥1
Moreover, we define the associated centre of Q as follows:
_ e 3._

g = 1o +enril(Q) = (xq, d(zq) +27" 1 +1(Q)) = <xQ7¢($Q) 52 m) - (9)

The name of this point is justified by the fact that le does not lie inside Q, and is

the centre of the curved cube lying directly above cube Q and obtained by shifting

up Q in 1(Q), see Figure 1.
Stopping time conditions. Let us now define a stopping procedure.
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R”

Figure 2. The set T(Q) (brown set) with respect to the set Q (set bounded by black line).

/\/
R(O)

g %

Figure 3. An examplerf how a set R(Q) may look like. Cubes Ql, Q2, Q3 are removed from
cube Q to obtain R(Q). In general, there may be infinitely many sets that are removed
from Q.

Set

Go := {Qo} and denote by
!

G := a family of maximal curved cubes Q C @ such that lu(zg,) — u(acQ)| > €.

Next, define
G:= |J Gi(@Q),
Q€G1
where Gl(Q) is defined the same way as G with Qo replaced with Q Then define
inductively families of sets Gy, for kK = 2,.... Denote by G = |J,,_, Gk Let us
introduce a domain which roughly can be understood as follows: given any curved

cube Q € G consider its subset constructed by removing those maximal curved
cubes @Q;, where the jump of the values of u at associated centres is big: |u(xQ) —

u(le)| > ¢, that is, we define

RQ:=0Q\ |J @ forayQeG.
Q:€G1(Q)
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Thus, set R(Q) consists of all curved subcubes in Q with small oscillations of w,
see Figure 3. We remark that this construction is similar to the one in Garnett’s
book, see the proof of Theorem 6.1 in [6, Section 6 in Ch. VIII].

Notice that given two different sets @, Wea , the corresponding domains R(@)
and R(ﬁ/\) can only intersect piecewise along boundaries, but their interiors are
pairwise disjoint. Finally, we define blue and red sets, which are essential in our
construction. Denote by T(Q) the set Q translated vertically by %Z(Q):

T(Q) = {(z.y) €R™ 12 € Q6(x) + 3HQ) Sy < 9(a) + SUQ)..  (6)

The key feature of sets T(Q), to which we appeal several times below, is that they
are separated from the graph of the Lipschitz function ¢, that is, from the boundary
of Q. Moreover, an important feature of sets T'(Q) is that the associated centre of
Q is the centre of an upper side of T(Q) see Figure 2.

Sets T'(Q) are not disjoint. However, for a given set Q, a set T'(Q) intersects only
finitely many other sets of the form T(Q]) Moreover, the cardinality of a family
of sets #{j : T(Q ) NT(Q;) # Q)} is uniformly bounded for all choices of Q. When
dealing with set Qq, we set T(Qo) := {(z,y) € R™ : 2 € Qo, ¢(z) + Qo) <y <
() +1(Qo)}, that is, its upper half.

Fix ¢ > 0 and let k > 0. We say that T(Q) is blue, if

0SCrp( () U < ke.

Otherwise, we say that T(Q) is red.

Proof of Theorem 1.1. Firstly, we define an auxiliary function ¢y : UleG R(Qr) —
R, which later on will be used to define the e-approximation of w, cf. (20)

Z_: Z Qs XR(Qk)( z)- (7)

Notice that, ¢; is in fact defined for all z € QO and, moreover, for any Q eqG,it
holds that

[ werldzmt < 3 10N oR@,), (8)

Q;eG
where |-| denotes the n-Hausdorff measure. Here, the expression |V | is understood
only in the distributional sense and the component functions of V; are the signed

measures supported on the appropriate faces in 8R(Qj)7 see the discussion for the
upper-half space in R? on p. 345 in [6, Section 6, Ch. VIII]. Therefore, Xr(@p | (7)

are the n-Hausdorff measures of Q N BR(Qj) and the above estimate is justified.
Our first step is to prove the following observation, which applied to (8), shows
that |[V1|dZ" ! is a Carleson measure.

PROPOSITION 2.1. For any Q it holds that ZQjeG |Q NAR(Q;)| < C=21(Q)™.
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Proof. We may assume, without loss of generality, that Q € @. For otherwise, we
consider a family M(Q) of cubes such that Q; € M(Q) if Q1 cQ, 0 € G and Q1
is maximal. Then it suffices to prove the assertion for each of the cubes in M(Q).
Hence, from now on, we assume that Q € G. In order to show the assertion of
Proposition 2.1, we consider two cases depending on whether Qj is contained in Q
or not and then prove two auxiliary observations in Lemmas 2.2 and 2.3.

CASE 1: Q; is such that Q NIR(Q;) # 0 and Q; ¢ Q.

(1.1) Let 1(Q;) < I(Q). Then, it holds that intQNintQ; = @, but the boundaries
of curved cubes @ and QJ still intersect.

It holds that QNAR(Q;) is a subset of the vertical faces of Q (throughout
the paper, by vertical faces we mean those different from the bottom and
the top deck of a cube/curved cube) It is the case, since: (1) (), has to
touch Q, as otherwise Q N 8R(Q]) = () and such a curved cube does not
contribute to the sum ZQﬁG |Q NAR(Q;)|; (2) since 1(Q;) < I(Q), only
vertical sides can touch.

For different curved cubes Qj satisfying [(Q;) < I(Q), the corresponding
sets Q N OR(Q;) can intersect along a set of positive (n — 1)-Hausdorff
measure only, due to the definition of G and R(Qj). Indeed, let Q; # Qx
be such cubes. Then we have three cases:
(a) Cubes @, and Qj, have no common face and intQ; NintQ = O in which
case the corresponding sets QﬁaR(Qk) and Qﬂ@R(Ql) can intersect along
a set of positive (n — 1)-Hausdorff measure only. See Figure 4.
(b) Cubes Q; and Q) have a common face and intQ; N intQy, = 0. Then
sets QNAR(Qy) and QNAR(Q,) are subsets of a common face of Q, which
can only intersect along an (n — 1) dimensional set dQ N AQy, N HQ;.
(¢) Interiors of cubes Qj and Q) intersect, but this means that one of
the cubes contains another, for instance, let Qj C Qk. However, then
Q; N R(Qr) = 0 and so the conclusion is as in case (a) above.

Therefore, all such Q; amount to at most C(n)l(Q)™ in Z(i)jeG QN

GR(QJ-)|7 as they cover at most all vertical faces of Q.
(1.2) Let {(Q;) > U(Q).

Then, there are at most C'(n) of such cubes Q] In order to see that
this holds, let us consider two cases. If Q 04 Qj, then there cannot be
more of such QJ than faces of Q. This is a consequence of the following
observations: (1) Qn 8R(Qj) # () by assumptions, and so Q and Qj have
to touch; (2) since Qj € G and [(Q;) > I(Q), then for each face F' of Q
there is at most one curved cube in G such that it touches F' with the
face of side length bigger than [(Q) and, moreover, Q N OR(Q;) # 0 (see
also Figure 5)

Let now Q C Q], then there exists exactly one cube in family G such
that Q N OR(QJ) # (). To prove it, note that for any bigger cube Qj €
G with Q € Q; C Qy it holds that Q NIR(Qx) = 0, as for such Q,
the cube QJ is not contained in R(Qy), as it had to be removed in the
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c)
/\/

o

(@Y

Figure 4. This figure illustrates (a) and (c) in Case 1.1 in Proposition 2.1. Since (b) may
only be observed if the dimension is greater than two, it is not shown as a figure. Red line
is a set QN AQ;. A set R(Q;) N Q is a subset of a red set, whereas a set R(Qx) N Q is
contained in a yellow line above a red one. Therefore, these sets may only intersect along
a set of dimension n — 1.

iQ>

Figure 5. This figure shows Case 1.2 in Proposition 2.1. The purple cube refers to the case
Q ¢ Q; and the green one refers to the case Q) C Q.

construction of R(Q}). Therefore, there is only one cube such that Q C Qj

and Q NAR(Q;) # 0.
Thus, similarly to Case 1.1, such cubes contribute at most C(n)i(Q)

to the sum ZQjeG |Q NOR(Q;)-

n

In summary, the discussion in Cases 1.1 and 1.2 gives that

> 1QNIRQ))] < CmQ)" (9)
QjEG»Qj zQ

CASE 2: Qj is such that Q N 8R(Qj) # () and Qj cO.
Then, trivially we have that

S IQnoRr@)I <) > UQ)™ (10)

Q,;€G,Q,CQ Q,;€G,Q;CQ
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To continue the proof of Proposition 2.1, let us prove the following observation.

LEMMA 2.2. Let Q € G. It holds that

> Q) <= [ Vuley) Py - o)) dody,

§,€G1(0) R(@)

P

where C = C(n, L,0,n) and the set R(Q) is defined as follows:

N = = T(Qj), if T(Qj)z's red
R(Q) = Q; where Qj:= .
QjeLGJl(@ ] " \Useve, Taoian (). if T(Qy)is blue
(11)

By UQj, we denote the upper deck of Qj. (We refer to the discussion in the proof

below, see (17), where the set R(Q) is constructed and its meaning explained,).

Proof. Let Qj € G1(Q).
CASE 1: The translated curved cube T'(Q;) is red (cf. (6) for the definition of
T(Q;)). Then, it follows by (2) and (4) that

B < (oser g, 1) Snran UQ) [ (TP, (12)
T(Qj)

for some k > 0 whose exact value will be determined later in this proof. Hence,
since T(Q;) N0 = 0 we have that y — ¢(z) ~, 1 [(Q;) for all (z,y) € T(Q;).
Thus, we get

K2(Q5)" S &2 / V(e )Py — é(x)) dady. (13)
T(Qj)

CASE 2: Set T(Q;) is blue.
Since Q; € G1(Q), we know that \u(le]) —u(zy)| > e. Next, let us define the
point
04 Yoye—
Ty, =% Tt §Z(Qj)en+1a
which has the same x coordinate as the centre of the curved cube To, but its y
coordinate equals ¢(z) +1(Q;). Thus, one can think that such a point is a vertical
projection of the centre of the cube QJ on the upper deck of Q], denoted by UQJ.

1

However, notice that xél. does not lie in the boundary 992 while we would like to
J

consider a cone with the vertex at that point. Therefore, we let Q; = Q+€,771(Q;)

be a subdomain of 2 obtained by shifting (2 vertically up by {(Q;). Now :E 7! G 0Q;.
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Therefore, we have
(14)

Nl

1
Nao,11(q,) (= U(JJQ))@CQ

where the (truncated) non-tangential maximal function N is considered with

)>e

J

respect to the domain ;.
1
We now show that estimate (14) holds not only at a:él‘, the centre of the upper
J

deck of Qj, but in fact at its all points X, that is,
0,0,21(@) (U —u(zg))(X) Z e

Let us consider vertical shifts of points X € UQj so that they belong to T(Qj)\@j,
for example, X + %e,ﬂ_ll(Qj) and notice that they satisfy
X +1650(Q)) €Ta(X) and X + 1&niil(Q)) € T(Qy).
As a consequence we get, by the triangle inequality and since T(Qj) is blue, that
e < Julagy) —ulzg)l < fulay) — ulX + fEnr1l(Q))] + [u(X + feniil(Q;))
~ ulag)| < he + u(X + kerril(Q))) — uleg)

and hence
(X + 3en31l(Qy)) — ulzg)l > (1~ k)e. (15)

Therefore, for every X € UQ]-7 we obtain the following estimate

(L= k)e < Ny 0,110, (v —u(z5))(X).

Hence, for any X € UQj
(1= KPEQ)" St (N e (0 = ulzg))*(X) [ o

< [ e siia = uleg))?(X) dor™

[ IVl (y = d(a) = 1(Q;))! =" dady (N 5 4)
UQj JTa0,1/21(q;) (X)

< / Vul(y — é(x) — 1(Q;)) dady
U Ta0,1/210)(X)

XeUuQ;
(Fubini’s Theorem)

</ VU y = o(w)) dady, (16)
U Ta0/2u@,) (X)
XeUQj
where the third (N < A) inequality follows by the fact that U Qj C 09 and by
applying the local version of Theorem 1.1 (b) for p = 2 in [7] allowing us to consider
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O

~

Figure 6. This figure shows how sets Q’i and Q; look like for T(Qy) red and T(Q;) blue,
respectively. Notice that for a blue T'(Q);) we drew a bit more of a graph of ¢ as a blue
set is a union of truncated cones and the way in which the cone is truncated depends

on ¢.

—

Figure 7. This figure shows how a domain R(Q) is constructed. It is a union of red and

blue sets of the form Qk

the truncated versions of the N, and the A, functions, see the comment following
the statement of Theorem 1.2 in [7]. Note that in [7, Theorem 1.1(b)] its assertion
is stated for a variant of the area function, called S,, which is comparable to A,
under the assumption (#).

The set UXeUQj L'o0,11(q,)(X) consists of the upper-half of T(Q,) and addi-
tional parts belonging to neighbouring curved cubes.

However, those parts may only be contained in cubes in the same generation
(in the dyadic decomposition) as T(Q;) and intersect only finitely many of such
cubes whose number is estimated by a constant C'(n, ). To be more specific, notice
that the distance of a point in I, 1;(¢,) (X) to the axis of the cone can be at most

20d(Q;). Hence, as we are only interested in cubes in the same generation as T(Q;),
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in each direction, such a cone can only intersect at most [§ | other cubes. Moreover,

as faces of Qj are n-dimensional, a cone can overlap with up to w,([§])" other
cubes, where w,, stands for the measure of n-dimensional unit ball. Therefore, upon
adding up in (16) over all cubes Q; € G1(Q), we increase the constant on the right-
hand side only by a factor of C(n,a) + 1. Thus, the discussion of Case 2 is also
completed.

In order to estimate the sum in the assertion of the lemma, we now combine
Cases 1 and 2. For this, we also need to analyse how a red set T(Qj) may intersect
other red sets. Notice that the case of cubes in the same generation as a red T(Q]’)
is already taken care of above. However, it may happen that T(Qj) intersects with
sets that belong to one generation below the one of T(Qj), that is, to (m — 1)-th
generation for T(Qj) belonging to the m-th generation, for some m. Nevertheless,
since the number of such cubes is finite, T'(Q;) can only intersect C(n) of such
cubes.

Finally, we combine estimates (13) and (16) to arrive at the assertion of
Lemma 2.2:

HQ)" < Ce™® | |Vu(y)lP(y — ¢(x)),
QJGEG;(Q) /R(Q)

where R(Q) := UQjeGl(Q) Q; with

G, = T(Q;), if T(Q;)is red - an
UXeUQj L0110, (X), if T(Q;) is blue.

—~—

See Figures 6 and 7 illustrating the construction of the set R(Q).

Notice that by (13) and (16), the assertion of the lemma holds with C' depending
on max{k~2, (1 — k)~?} and, thus taking into account also (15), any 0 < k < 1 is
suitable. O

Lemma 2.2 implies the following observation.
LEMMA 2.3. Let Q € G. Then, Y g, c0L(Qs)" < Ce~21(Q)".

Before we prove the lemma, let us recall the following notion of shadow of a point
and show the claim needed to complete the proof of Lemma 2.3.

Let w € R™ and z € Q. The shadow of z, denoted by Sh(z) := Sh, (), is a
subset of 0€2, defined in the following way:

(w,d(w)) € Sha s4(2) & 2 € Ty 5t(w).

Claim. Let z = (z,y) € C’(n,a)@. Then

B((z.6(x)) (4= 6(x))) 102 € Sha . cman(@)(2).

«
"1+ Lo
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Proof. Firstly, we may assume that z = (0,¢) and ¢(0) = 0. Without loss of general-
ity, we can further restrict ourselves to the case when n = 1. Firstly, we find n € R"
such that (1, (1)) € Sha,0,¢(n,a)1(0)(2). Suppose that 7 > 0. Then, one of the sides
of the cone I'y o ¢(n,a)1(@) (1) is given by the equation y = —2z + L+ ¢(n).

By the definition of a shadow, point (7,¢(n)) € Shaocmau@)(z) if z €
Lo 0,C(n,)1(Q) (1), which happens if ¢ > L5+ ¢(n). Therefore, we have L7+ ¢(n) <
t < C(n,a)l(Q), and so n < —ap(n) + aC(n,a)l(Q). Since ¢ is Lipschitz and
#(0) = 0, we get —Lan < —a¢(n) < Lan. Hence, we obtain

n < —Lan 4+ aC(n,a)l(Q),and son <

(@)
Therefore, for the points (n,¢(n)) with |n| < 357C(n,a)l(Q) it holds that

(1, ¢(1)) € Sha0,0(n,0Q)(?)-
Moreover, by the definition of a cone, we have t < C(n, @)l(Q). It follows that for

1 < 15551, it holds that 7 € Sy 0,0(n,a)1(q)(2)- Therefore, B((0,0), z%5t) NI C
Sha 0,0 (n,a)1(@)(2)- Finally, we let z = (x,y) and obtain
B((.’E, ¢((L‘)) 1+ LO& (y ¢( ))) no2 C Sha,O,C(n,a)l(Q)(Z)v
which concludes the proof of the claim. O
Proof of Lemma 2.3. It holds that
POEERICHEED DI SN (i
Q;€G,Q;CQ k>0 Q;eGL(Q)
=1Q"+) D UQ)"
k21Q;ean(Q)
DN > U@y
k21 Q'eGr1(Q) Q;€G1(Q)
Nn L,o, 77 + 572 Z
k>1
Z / \Vu(z,y)|?(y — ¢(x)) dzdy (Lemma 2.2)
Q' €G- R(Q")
Snnon @+ [ [Vute )y — o) dady,

where the second inequality follows, by the discussion similar to the one at the end
of the proof of Lemma 2.2, from the fact that any cube may be counted at most
finitely many times with the uniform constant depending on n and «. However,

since sets R(Q)') may also contain unions of cones, we may need to consider a

—_~—

cube bigger than Q so that (JR(Q') € C(n,a)Q. The proof of Lemma 2.3 will be
completed once we show that
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/ [Vu(z, )Py — 6(x)) dady Sn 0, UQ)™ (18)
C(n,a)Q

In order to prove this estimate, notice that for z = (z,y) € C(n,«)Q it holds that
y — ¢(z) Sp,r d(2,0Q). Then the above claim together with the Fubini theorem
allow us to obtain the following estimate

/ | Vulz,y)P(y — ¢(x)) dady
C(n,a)Q

~ / [ Vule,y) Py — 6(2) " (y — d(x))" dady
C(n,a)Q

- / V(e y) Py — o)
C(n,a)Q

x ( /a 0 XB((xmx)),@(y—w)))nmda) dady

~n,La / N Vu(z, y)|2(y - qb(x))l_n (/ XSha,O,C(n,a)l(Q)dg> dady
C(n,0)Q o0

Rn,La / </ X [Vu(z,y)*(y — ¢(17))lanFa,o,cw,aw(Q) dxdy) do
o C(n,a)Q

(Fubini’s theorem)

L /Q (Aaocman@t)’ (@) dz < (C(n, a)l(Q))". (19)

The last inequality follows from the following observation, whose proof we present
in the appendix. O

PROPOSITION 2.4. Let Q C Rfﬁ“ be the Lipschitz-graph domain as in (1) and let
further u : Q — R be bounded and satisfy condition (#). Then for any dyadic cube
Q C R™ it holds that

/Q (Awoaio)? (2) dz < (@),

where the constant ¢ depends only on «, 0 as in (#), n and the Lipschitz constant

L of ¢.

Therefore, the inequality (18) is proven and, hence, the proof of Lemma 2.3 is
completed.

Upon combining the discussion in (9) and (10) together with Lemma 2.3, we
complete the proof of Proposition 2.1.

CONTINUATION OF THE PROOF OF THEOREM 1.1:

Recall that, as already mentioned in the discussion following (7) and (8),
Proposition 2.1 shows that [V;|d. 2"t is a Carleson measure in Q. Let us now
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define the following function ¢ : Q — R:

u(z) if z belongs to any red T(Q)

(20)
p1(z) otherwise

p(2) =

Our goal is to prove that ¢ is an e-approximation of u as in Definition 1.1. Denote
by

RED the union of all red sets T(Q) and by BLUE the union of all blue sets
T(Q),for Q C Q.

If z € RED, then u(z) — ¢(z) = 0, whereas if z € BLUE, then z € R(Q) for some
Q € G. Suppose that z € T(Q). Since, by the definition (6), the set T(Q,) is a
vertical translation of cube Ql, its upper half may be a subset of one R-set (i.e.,
R(Q) for some Q € (), while its lower half may lie in another R-set. Moreover,
it can also happen that T(Ql) is entirely contained in one R-set. This discussion

leads to the following two cases.
If T(Q1) C R(Q), then

u(z) - p1(2)
u(2) — (g, Xnig)(D) < u(z) - ulaly )|+
u(al,) — ulag)| < ke +<,

where the first ke comes from the fact that T(Q1) is blue and the second & is
obtained because Q1 is not entirely removed from R(Q).

If T(Q) ¢ R(Q) then suppose first that z belongs to the lower half of T'(Q1),
that is, z € T(Q1) N Q1. Then z € R(Q;) and since T(Q,) is blue, we have that
u(2) - (2)] < ke A

If z belongs to the upper half of T(Q1), that is, z € T(Ql) \ Q1, then z lies
in T(PQl) where PQl denotes the parent of Ql, meamng the smallest cube Q
containing Q1. Moreover, z € T(PQ)NPQ,. If T(PQ,) is blue, then |u(z)—p(z)| <
ke in a similar manner as before. Otherwise, if T(PQ1) is red, then this case has
already been taken care of above (see also Figure 8).

This discussion shows that ||u — ¢lle < (k+ 1)e.

Notice that

VSD = (Vsﬁl)XQO\RED + (VU)XRED + J> (21)

where J denotes jumps along boundaries of RED. We already proved that
|V1|dgm ! is a Carleson measure. Therefore, by the definition of ¢ in (20), it
remains to prove that on the set RED, the measure |Vip|d "t = |Vu|dZ" ! is a
Carleson measure and that also J gives a Carleson measure. Since ||ul| < 1 and
lu — @lloe Sk € it follows that |J] < (14 ¢€) ZT(Qj)redl(Qj)n' From those, it will
follow that |V¢| defines a Carleson measure.
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T(PQO,)

9

Figure 8. This figure shows the situation when z belongs to the upper half of T(Ql)
green cube is a cube 01, the cube bounded by a brown line is a parent of 1, that is,
PO;.

Our goal amounts to proving the two inequalities (Carl) and (Car2). The first
one allows us to handle the Vu term in (21), while (Car2) takes care of the J part.

1
Z /T(QJ Vul Snzm gl(Q)na (Carl)

T(Q])red Q cQ

1 n
E (QJ) ~n,L,n EZ(Q) . (Car2)
T(QAj)red7 QjCQ

Let us begin with proving (Car2). Let us choose a finite cover by hyperbolic balls
centred at points of any given cube T'(Q);). Since we are interested now in red cubes,

we have by (2) that for any such ball B, of radius r from the covering of T(Qj) it
holds

2 < (oscp,u)? < 7’1_”/ |Vul?, for some fixed i € [0,1). (22)
(1+m)

Notice that for any point z € T(Q]) holds that the distance d;(z) of z to the
bottom face of Qj, satisfies %Z(Q]) § j

ball B, containing z it holds that r < §;(
C > 0. Thus, we have that

(2) < U(Q;). Moreover, for any hyperbolic
z) < Cr, for some fixed numerical constant
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r= (5J(Z) ~ Z(Q])
Let us fix one ball B, from the covering of T(Qj), centred at the point To, +
€nt131(Q;) a centre of T(Q,) and such that (1 +7)B, € T(Q;). Such a ball can

be obtained by similar reasoning as in (4) and r := % would suffice.

Therefore, upon multiplying inequality (22) by [(Q;)", we get

Qs 5 [ Ve (23)

J

as the above constructed ball B, satisfies (14 7)B, C T(Q;). From this and the
Holder inequality together with (4), we infer the following estimate

2
/ Vul| s / Vul? | (@) ~
T(Qj) T(QJ)
1 2
/ v Q) < / AR
T(Qj) € T(Qj)

1
/ V] Sr L / |Vl
T(Q;) €J1(Q))

J

which gives

We now proceed with the first inequality (Carl), as it turns out that proving it will
also complete the proof of (Car2).

R TR VRS | (QJ)Wu(z)Féj(z)

T(Q] Jred, Q] CQ QJ )red, QJ CQ

<ol f/ |Vu(2)|?6(= (24)

where in the last inequality, by d(z) we denote the distance of point z to the
bottom face of Q Moreover, the last inequality holds true, due to the observation
that although sets T'(Q);) may, in general intersect, for different ();, each point in
Q belongs to at most two sets T(Qj). Thus, the integral on the right-hand side
of the last estimate in (24) may increase at most twice. Finally, similarly to the
discussion of estimate (18) in the proof of Lemma 2.3, we observe that for any point
w € Q N 0N, that is, in the bottom face of cube Q, it holds that

Z :(xvy) € Fa,O,l(Q) (w) Ang
(w, 6(w)) € Sha 00 (=) 2 B( (2, 8(),

«

= e@)) nog.

Moreover, notice that for z = (z,y) € Q it holds that 6(z) < I(Q) ~np y —
¢(x). These observations, together with the analogous computations as in (19) and
Proposition 2.4, imply that
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: /Q V) a(e) dz /Q [Vu(z,y)P(y = 6(2)' " (y - 6(x))" dady

oot [ (Auonon) @de S 20Q) (@)
Q

e

This completes the argument for inequality (Carl) and the proof of (Car2) follows
as well, upon combining (23) with (24) and (25).

Hence, |Vp|dzdy is a Carleson measure and, therefore, the proof of the
g-approximability of u in QO is completed.

Notice that in the proof, it is not important that we consider a unit cube. Hence,
our reasoning gives e-approximation for any cube Q regardless of its side length.
To obtain an e-approximation in set €2, we follow the approach in the end of the
proof of Theorem 1.3 in [11, Section 5. Let us choose a point zp in R™. Let Qy
be a family of cubes in R™ such that x( is a centre of each of those cubes and
1(Qr) = 2%. Denote by ¢}, an e-approximation on set Q. Define

b= Z SDkXQk+1\Qk~
k=0

One can verify that ¢ is an e-approximation in 2 and we leave the details to the
reader. Thus, the proof of e-approximability of u in 2 is completed.

REMARK 2.5. As observed in several works (e.g., [6, 11, 13]), the regularity of the
e-approximation ¢ obtained in the proof above can be improved to C°°. Indeed,
this follows by Lemmas 3.2 (i) 3.6 and 3.8 in [13] and by the standard mollification
procedure, see for example, [3, Section 4.2].

3. Functions satisfying conditions (#) and (*)

In this section, we first discuss some sufficient conditions for C? functions to sat-
isfy (#), see Propositions 3.1 and 3.2. In particular, it turns out that one can
generate functions satisfying (#) from the harmonic or superharmonic ones. Then,
we discuss the quasi-nearly subharmonicity condition that provides a variety of
examples of functions satisfying the condition (*), see Section 3.2 and, in particu-
lar, Proposition 3.3. Furthermore, Corollary 3.4 together with the Bochner identity
enable us to show that several solutions to the semi-linear PDEs satisfy (*), see
Proposition 3.5. As a consequence of our investigations, we identify the Bloch-type
condition (29), which together with (#) imply the oscillation condition (*), see
Proposition 3.7.

Finally, the main result of this section is Theorem 1.2. There, we discuss condi-
tions, which together with the condition (*) give us the e-approximation without
appealing to the condition (#). The proof of Theorem 1.2 turns out to rely on the
L?-estimate for the square function S (see Proposition 3.8), similar to the one for
the area function A, whose proof we discuss in Appendix II.
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3.1. Functions satisfying condition (#)

Let us discuss some non-harmonic examples of C2-functions satisfying the condition
luAu| < O|Vul>, 0<6<1

in the Euclidean domains € C Rﬁ“. Our presentation is independent of the
boundary regularity of domains and so, in particular, applies to the setting of
Lipschitz-graph domains as considered in our work.

If u is a C? solution to the equation

|uAu| = ¢|Vul? (26)

for any ¢ such that 0 < ¢ < 0, then it satisfies condition (#) as well. Let us consider
two cases: (1) v > 0 and (2) u < 0.

In the first case, by applying the substitution v = u'~¢ — 1 we transform the
equation (26) to the harmonic one. Indeed, we directly find that since Vv = (1 —
c)u~°Vu, then

Av = (1 —c)div(u=Vu) = (1 — c)u™ "' (uAu — ¢|Vul?) = 0.

If w is nonnegative and bounded (as required in Theorems 1.1 and 1.2), then we
obtain that —1 < v < oo in 2. Moreover, since in our paper we are mainly inter-
ested in unbounded domains, cf. (1), let us mention that the existence of bounded
harmonic functions in unbounded domains follows from various variants of the
Phragmén—Lindel6f theorem provided the appropriate rate of growth of a function
at infinity, see for example, Sections 9 and 12 in [19, Chapter 2]. In consequence,
we obtain the following family of functions solving (26) and so also (#):

u:(v+1)ﬁ, 0<c<é.

Furthermore, as w > 0 by assumptions and solves (26), it follows that w is
subharmonic.

For the second case, we obtain the analogous conclusion as in Case 1, since by
applying the substitution w = (—u)!17¢ — 1, we again transform Equation (26) to
the harmonic one.

Notice that in the similar way, we may generate solutions to the inequality (#)
from the superharmonic functions. Indeed, if we assume that uAwu > 0, then by the
same computations as for the Case 1 above, u satisfies uAu < 0|Vul? if and only
if the function v := u'~? — 1 is superharmonic, that is, Av < 0. (In this case u
trivially satisfies uAu > 0 > —0|Vu|? and so (#) holds.)

We summarize the discussion above in the following observation.

PROPOSITION 3.1. Let Q C R"™! be an unbounded domain. If v is a bounded
harmonic function in Q and v > —1 in Q, then the function u = (v + 1)T—=

is nonnegative and satisfies condition (#) for any 0 < ¢ < 0. Moreover, u is

subharmonic. Similarly, the function u = —(v—i—l)ﬁ s nonpositive superharmonic
and satisfies condition (#).
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If v is a bounded superharmonic function in Q andv > —1 in ), then the function
1
u:= (v+1)T-7 is nonnegative subharmonic and satisfies condition (#).

As a complementary observation, we provide some further differential conditions
implying (#).

PROPOSITION 3.2. Let Q C R"*! be an open set and u be a C?-function. If uAu >
0 in Q, then each of the following conditions implies (#) for 0 < 0 < 1:

Alnu <0, Au~! > 0,
Au® <0 for some 0 < a<1. (Then (#) holds with 0 :=1—a.)

Proof. The proof of the first assertion is based on the same type of computations
and therefore, we will show only the argument for the first of the two conditions.
We have that, at points in €2 where u # 0, it holds that

uAu — |Vul|?

2 9

0> Alnu =div (1Vu) =
U U

and so [uAu| < |Vu|? holds in  (as, if u = 0 at some point in £, then this inequality
holds trivially). By analogy, the following direct calculations give us condition (#)
in the last assertion as well:

(%

ulfoz

a . «
0> Au :d1v< Vu) = W(uAu—(l—a)\VuP).

3.2. Functions satisfying condition (*)

The purpose of this section is to address sufficient conditions implying the con-
dition (*) and discuss relations between conditions (*) and (#). As mentioned in
Introduction a key role plays the following property.

We say that a nonnegative locally bounded measurable function f : @ — R
defined on an open set 2 C R"*! is C-quasi-nearly subharmonic (qns, for short)
for a constant C' > 0 if the following inequality holds:

C
S0 < e [ T (21)

for any ball B(x,r) C Q and constant C' = C(n) > 0.

In particular, C2?-subharmonic functions are 1/w,,;1-quasi-nearly subharmonic,
where w,,; stands for the volume of the unit ball in R"*!. A class of such
functions has been investigated in the literature, for example, in [16-18]. Apart
from the subharmonic functions, the quasi-nearly subharmonicity holds for a large
class of nonnegative subsolutions of the second-order elliptic PDEs, the so-called
A-harmonic equations: divA(Vu) = 0, see (3.42) and the discussion in [9, Chapter
3]. In the setting of PDEs, the gqns property is more known as the supremum esti-
mate, see also [15] for how such estimates can be employed in the studies of the
boundary behaviour of quasiregular mappings.
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The power of the qns property lies in the fact that it holds for several classes of
functions, for example (see Section 4 in [18)]):

harmonic functions,

convex functions,

solutions of the harmonic eigenvalue problem Awu = Au for some A,
regularly oscillating functions, that is, functions f such that for any ball

B(zo,7) with B(zo,r) C £, it holds that

Vi)l < S swpIf() ~ flao))

z€B(xo,T)

for some constants C' > 0 and k € N. Moreover, then it also holds that
|Vu| is qus, see [18, Theorem D]. The class of regularly oscillating functions
contains the following one, see [18, Theorem EJ:

o (Z-regular functions f satisfying the condition:

Af@) < —C

For such functions Theorem E in [18] asserts that also |Vul is qns.

From our point of view, the following observation is of special importance, as it
turns out that the quasi-nearly subharmonicity of powers of the gradient norm
implies the oscillation condition (*).

PROPOSITION 3.3. Let  C R be an open set and u € C%(Q) be such that |Vu|®
is C-gns for any 0 < o < 2 and some constant C' > 0. Then, condition (*) holds.

Proof. Since |Vu|* is C-qus, it satisfies the submean value property (27) on
Euclidean balls B C Q with radius » > 0 for some constant C' > 0. In particu-
lar, we may restrict the discussion to the case of balls B C (1 +n)B C , where 7
is as in (*). Hence, for any z,y € B and some point z € B, lying on a line segment
joining x and y, we have

u(z) —u(y)[* < [Vu(2)|*|z —y|*

< % / |Vul® | r®
r (1+n)B

a

C : >
< — Vul? 14+n)B| =
- </<1+n>3' |> (1 +m)B]

(by the Holder inequality)

17 o
2

1
< C(n,m) (r"—l /(1+U)B|Vu|2+ uAu)
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Therefore, we proved that (*) holds with ¢(t) = Ct, in the notation of [7, p. 194],
with C depending on n,7, and the diameter of domain 2. O

The following observation is an immediate consequence of Proposition 3.3 and
the fact that C? subharmonic functions are quasi-nearly subharmonic.

COROLLARY 3.4. Let Q C R™™ be an open set and u € C?(2) be such that |Vu|®
is subharmonic, that is, A|Vu|® > 0 for any 0 < o < 2. Then, condition (*) holds.

Since in several cases the above subharmonicity condition can be verified by the
direct computations, one can show that the corollary holds for several classes of
important PDEs. Firstly, recall that by the Bochner identity for C3-functions it
holds that
[Vul?

2

A = ||Hess(u)||> + (VAu, Vu),

where |Hess(u)| stands for the Euclidean norm of the Hessian matrix of w.
Therefore, if (VAu, Vu) > 0 then A|Vul? > 0.

PROPOSITION 3.5. Let u € C? be a solution in a domain Q C R™"*! to one of the
following equations:

(1) Au=c¢, forc >0,

(2) Au= ¢(u), for ¢ :u(Q) - RT and ¢ >0,

(3) Au = ¢(|Vul?), for ¢ : RZ — RT and either ¢’ > 0 and u is conver or
¢’ <0 and u is concave.

Then u satisfies that A|Vul|> > 0 and so, by Corollary 3.4 the oscillation
condition (*) holds for the function u.

Proof. We present the proof only for Equation (3), as the remaining two are handled
by the same approach. It holds that

(VAu, Vu) = (Vo(|Vul?), Vu) = 4¢'(|Vu|?) VuHess(u) (Vu)T > 0,

provided that either ¢’ > 0 and the Hessian matrix Hess(u) is positive-semi definite
(i.e., u is convex), or ¢’ < 0 and the Hessian matrix Hess(u) is negative-semi definite
(i.e., u is concave). Thus, we may directly apply Corollary 3.4. O

Since we are mainly interested in the case of unbounded domains, let us briefly
mention that the existence of solutions to the PDEs (1)—(3) in Proposition 3.5 has
been studied in the literature, for example, in [2, 4, 5].

Relations between conditions (*) and (#). Let us first observe that, in
general, (#) does not imply (*), as attested by the following observation, and so
an additional condition is needed.

REMARK 3.6. Let n > 2 and define the function u(z) = |z|® for any z € R™ and
some fixed £ > 0. Note that for any n > 2, u € W,>*(R™) and u is locally uniformly
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continuous in R™. We directly check that if n = 2, then u satisfies (#) for = # 0
with any 6 > 1. Moreover,

Vu(z)| = el

so that

%
r ][ \Vu|? | a2, e77rF,
B(0,r)

where vy =1ifn >3 and v = % if n = 2. On the other hand,

osc (u, 1—10B(0, r)) ~re.

Therefore, the constant C > 0 in condition (*) cannot be chosen uniformly for
all r > 0 and (*) fails for function w. Furthermore, straightforward computations
give that Au? = 2¢(n + 2¢ — 2)|z[**=Y > 0 and, hence, u? is subharmonic. In
consequence, u gives the counterexample in the Sobolev space in any dimension
n > 2 to both Proposition 5.2 and Lemma 5.3 of [7]. Moreover, the discussed
function also gives a formal counterexample to Proposition 5.1 from [7] in the case
n=2.

Suppose now that a C2-regular function u satisfies the condition (#) and that,
additionally, the Bloch-type condition holds for w:

|Vu($)|§0% xeQ, C>0,keN. (29)
dist” (x, 00)
Similar condition appears, for example, in the studies of eigenfunctions of the
Laplace-Beltrami operator, see Theorem 1 and Lemma 6 in [20].
Then, condition (29) implies the following inequality (at points where u # 0)

Auf < oY < op IVl
|ul dist® (z, 09)
which is the condition (28) with the constant C6. (Note that if u(xg) = 0 at some
point xg, then by (29) it holds that Vu(zg) = 0, and so, by (#), also Au(xg) =0,
implying that (28) holds as well at z.) Thus, by the discussion following (28), we
have that |Vul| is a quasi-nearly subharmonic function. Therefore, by combining
the above discussion with Proposition 3.3, we have proven the following result.

PROPOSITION 3.7. Let u € C?() satisfies the condition (#) and the Bloch-type
condition (29). Then u satisfies the oscillation condition (*).

Let us further observe that, since in the proof of Theorem 1.1 we assume both
conditions (#) and (*) to hold, it is worthy noticing that a sufficient condition for
this to happen is, by Proposition 3.3, that u € C? satisfies (#) and that |Vu|® is
C-qns for some a € (0,2].

We are now in a position to present the main result of this section (see also
Introduction for the statement).
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THEOREM 1.2 Let u € C? be nonnegative and subharmonic in an open set 1 C
R™*L that is, Au > 0. Furthermore, let |Vu|® be a quasi-nearly subharmonic
function in Q for some 0 < o < 2. Then u satisfies (*) and is e-approzimable in
domains Q as in (1).

Before proving Theorem 1.2, let us comment that although Proposition 3.3 and
Corollary 3.4 provide convenient sufficient conditions for a C2-function u to satisfy
the condition (*), it is the additional subharmonicity assumption on u together
with its positivity assumption that allow us to infer the e-approximability. However,
nonnegative functions in Proposition 3.5 are subharmonic as a consequence of the
positivity assumptions on ¢ and functions ¢ and, thus, e-approximable according
to Theorem 1.2.

Proof of Theorem 1.2.. The first assertion follows immediately from
Proposition 3.3. The second assertion is a consequence of Theorem 1.1 and
the following reasoning. Recall that in the proof of Theorem 1.1, we employ the
following results from [7]:

(1) Theorem 1.1(b), see the discussion following (16) in the proof of Case 2 in
Lemma 2.2,

(2) Lemmas 4.5 and 4.6, see the proof of Proposition 2.4. O

The assumption of Theorem 1.1(b)[7] is satisfied by the condition (*), since in
our setting the function ¢(t) = Ct, see the end of the proof of Proposition 3.3.
Moreover, proofs of Lemmas 4.5 and 4.6 in [7] hold as well for functions satisfying
the assumptions of Theorem 1.2. Indeed, in the proof of Lemma 4.5 on p. 216 in [7]
upon using the Green formula, we trivially estimate (in the notation of [7])

2(1— ) /23 |Vl < 2/23 $(IVul® + ulu),

since the test function ¢ > 0 and uAu > 0 (by the assumptions of Theorem 1.2).
Then, we notice that Au? = 2(|Vu|? + uAu) and so we get that

Vaul? + ulAu) = Au® = A
2 [ vl +usn) = [ oni = [ wao,

where the last equality follows by the first formula in the proof of Lemma 4.5.
Therefore, the assertion of Lemma 4.5 follows as in [7].

A similar argument applies to the proof of Lemma 4.6, as again, we assume that
uAu > 0, and so it holds that Au? = 2(|Vu|? +ulAu) > 2|Vu|?. Hence, the proof of
Corollary 4.6 in [7] follows without appealing to condition (#), and then [7, Lemma
4.4] used to complete the proof of Corollary 4.6 does not involve condition (#). The
same applies now to the proof of Theorem 4.7 in [7], as the results used in its proof,
that is, Lemmas 4.2-4.4 are not relying on condition (#) and the same applies to
Lemma 4.5 and Corollary 4.6 under the assumption uAwu > 0, as just discussed
above.

There remains to discuss the inequality (N < A) employed in the proof of
Lemma 2.2, see the computations following the estimate (15). By [7, Theorem
1.1(b)] we have the estimate N < S, while the condition (#) assumed in
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Theorem 1.1 trivially gives us also the estimate S < A. Hence, the estimate
(N < A) follows. However, this estimate is not available under the assumptions
of Theorem 1.2 and, thus in order to be able to appeal to the N < S-estimate, we
need to introduce the necessary modifications to the auxiliary lemmas employed
in the proof of our Theorem 1.1 and to its proof as well. Since the vast parts of
these proofs remain the same, we will avoid repeating them and discuss only the
modifications.

LEMMA 2.2.

e The assertion of the modified Lemma 2.2 should be modified by adding the
term uAu as follows:
Let @ € G. It holds that

o)< ce? /N (IVu(z,y)|* + ulu) (y — ¢(x)) dady,
Q,€61(Q) R(@)

—_~—

where C = C(n, L,0,n) and the set R(Q) is defined as in Lemma 2.2.

e In the proof of Lemma 2.2, the condition (12) is now the consequence of (*)
and (4), instead of (2) and (4).

o The estimates leading to (16) now involve expression |Vu(z,y)* + ulAu
instead of |Vu(z,y)|?.

LEMMA 2.3.
o All the appearances of the expression |Vu(x,y)|? in the proof of Lemma 2.3
should be substituted by the expression |Vu(x,y)[*> + ulu, and so in

particular,
o the final estimate in (19) should read as follows:

/ (IVu(z, y)? + uAu) (y — ¢(z)) dady
C(n,a)Q

Q

X XTa.0.¢(n.001(0) dxdy) do (Fubini’s theorem)
2 n
Nt /Q (Swn.cman@u)’ @ dz S (Cn.a)l(Q)",

where Sy 51w stands for the (truncated) square function of w defined by
applying Definition 1.4 of the truncated area function (cf. Section 1 in [7]):

(Snst)e) = Ao (520 ) (0) =

1
2

(/F . (IVu(z,9)1* + ulz, y) Au(z,y)) (y - ¢(x))1”dzdy>
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e The modified Proposition 2.} now involves the S-function instead of the

A-function:

PRrROPOSITION 3.8. Let Q C Ri“ be the Lipschitz-graph domain as in (1) and let
further u : 2 — R be a bounded C?-regular and satisfy that uAu > 0. Then for any
dyadic cube @ C R™ it holds that

/Q (Smoai@yn)” (@) dz < c(1(Q))",

where the constant ¢ depends only on n, «, and the Lipschitz constant L of ¢.

We discuss the proof of Proposition 3.8 in Appendix II after the corresponding
proof of Proposition 2.4, as the reasonings in both proofs follow the same lines.

Finally, the corresponding modifications should be introduced in the proof of
Theorem 1.1:

e The expression |Vu(z,y)|?> in the formulas (22) and (23) should be
substituted by the expression |Vu(z,y)|? + uAu.
e Similarly, we modify the two estimates following (23):

2
vul| <.,
</T(Qj)| u) ~mt <~/T(Qj)
<t ( / |Vu? +uAu> 1Q)"
()
z(/ (IVul? + uiu) § >(QJ)
T(Qj)

2
1
5—2/ (IVul]® + uAu) §; |
€ T(Q;)

IVu|2> (@)

and so

e As a consequence, the analogous modifications apply to formulas (24)
and (25), which now read as follows:

3 / V(e |NnLi[(\Vu(z)F—i—uAu)é(z),

T(QJ )red, QJCQ
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and

1

s/Q(|Vu(z)| + ulu) §(2) dz

o 2 [ (Vale, )P +utu) (y = 9(a))' "y - 6(a))" dady
Q
St - [ (Suouan)’ @) S 0@

€

the latter estimate being a consequence of Proposition 3.8.
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Appendix A
Appendix I: the proof of Proposition 2.4

The reasoning relies on the presentation in [7, Section 4] and on a variant of the
observation stated on p. 261 in [6, Exc. 4], see also [21]. Firstly, we state the
following claim and show how it implies the assertion of Proposition 2.4. Then, we
prove the claim.

Claim. Let f:R™ — R be a measurable function and let ¢ € (0, 5) and A > 0. If
for any cube Q C R"™ there exists a constant ag such that

{z € Q:|f(x) —aql > A} <c|Q],
then it holds that
{z € Q:|f(x) —ag| >t} < e *"Q,

where t = 3m\ for m > 0, while ca = (3X\) " 'nln(4/3).

Suppose that the claim is proven. Then Lemma 4.2 (i) in [7] asserts that
Ap0a(f) < Aw o (fB.), for some o > a, ' > 1, all 0 < € < go(a, L) and a
nonnegative measurable function f. Here, fp, stands for the mean value integral
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of f over a hyperbolic ball B.. Namely:

fB. = fB(ay) = ][B«z,y),e(yww)) [ (zy) e

Thus, Proposition 2.4 will be proven provided that we show that
2 n
/Q (Aar o[ Vuf3,)? (2) do < €lQ] = c(U(Q)".
We find that
2
/ (Aa/,07l/|Vu|QBE) (z)dx
Q
2 2
= [ (Aol V) () — (A el V) 0)
2 2
S /Q (Aa/70,oo‘vu|%s) (I’) — (Aa/7l/7w|vu|235) (IQ) d:L'
+/ ’(Aa’,l’,oo‘quBs)Q (II}'Q) — (Aa/7l/7oo|vu|235)2 ({L’)‘ dz.
Q

The second integral on the right-hand side is bounded above by c¢(a,n, L)|Q| in a
consequence of applying Lemma 4.3 in [7], provided that we know that

c

][Bg(z’y) |Vu|2 S W, fOr (Z,y) S Q

This condition immediately follows from the Caccioppoli inequality, see Lemma 4.5
in [7], with the constant ¢ = ¢(n, 0)e~?||ul|2. The first integral above we estimate
by the Cavalieri formula as follows:

/Q (Aar 000V}, ) (2) — (Awr ool Vil )? (20) da

o 2
— [ o€ Qi | (AuoelVul},)* (@) - ao| > 1}t
0
where ag = (Aa/J/,OO\VuFBE)Q (z@). By the reasoning analogous to the proof of
Theorem 4.7 in [7] and by Corollary 4.8 in [7], we know that there exists ¢y such
that for all ¢ > ¢y it holds that

Hx €Q: | (Aa/,O,oo|vu|zBE)2 (z) — aQ} > tOH < E\QL

as by following the notation of [7], see p. 217, we may choose ty, such that

Q|
(to—C1)®
implies a corresponding one with e~*|Q|, which in turn gives us the assertion of

Proposition 2.4.

= 1. By the claim applied to f = (140(/70,00|Vu|2BE)27 the latter estimate
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It remains to show the above Claim. Without the loss of generality let ¢ =
for the constant ¢ as in the assumptions of the claim.

Firstly, let @; C @ denote any cube in the dyadic decomposition of cube @ and
let G1 := |UQ; be the family of all maximal cubes @Q;, satisfying the following
stopping time condition:

L
4’!L

[ € Q¢ 1£(x) — aql > A} > .10

Moreover, set Gy := Ug1 Q;. The family of cubes G has the following properties:
(i) Qgghasc:%n.
(ii) If Q; € G1 and @Q); denotes a parent of @Q);, that is, ¢); is the minimal cube
containing ();, then as Qj ¢ Gy, we have that
1
51051 < o € Q) 17(a) — aq] > M)
R 1, 4 2n
<Hz € Q) |f(z) —agl > A} < 37L|Qj| = 37|Qj|°
(iii) If # € Gy, then |f(z) — ag| < A a.e. in Q. Indeed, if z € Qy, for a cube not

satisfying the stopping condition, then for aset £ := {z € Q : | f(z) —ag| >
A}, we have that

EnNn 1
][Qk g = ||QQ|k| < 3—”,and hence 1g(z) =0 and = ¢ E.
k

The Lebesgue Differentiation Theorem applied to 1g, a characteristic
function of set F, gives the property (iii) to hold at a.e. point of Q.

(iv) ZQjegl |Q;| < 33|Q|. Indeed, since by the stopping condition |Q;| <
3"z € Q; : |f(z) — ag| > A}|, we get

D1Q1< Y 3z € Qs If (@) —agl > A}

Q;€G:1 Q;€G:1

<3"l{z € Q: 1(x) — aql > )| < Q).

Next, we construct a family of cubes Gs, consisting of maximal subcubes of cubes
in Gy, satisfying the following stopping time condition:

1
Hz € Qr: |f(x) —ag,| > A} > 37\Qj\,for some Q; € Gi.

Similarly, define G2 = (Jg, Q& By property (iv) we get that

ED DI D ED IR I <i>%1QL (A1)

Qr€G2 Qi€G1 QrCQ;,QrEG2 Q;i€G1
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Furthermore, for a.e. point ¢ G it holds that
|f(z) —ag| < 3 (A.2)

In order to show (A.2), note that if x ¢ G, then we consider two cases: either (1)
x & Gq, or (2) x € Q; for some Q; € G1. In the first case, we have |f(z) —ag| < A
by property (ii). In the second case, an argument similar to the one giving property
(iii) shows that |f(z) —aq,| < A for a.e x & Gb.

Next, we show that |ag — aq,| < 2X. Define sets

By i={yeQ;:|fly) —agl >N}, Ex:={yecQ;:|fly) —aq,| >}

Then, by property (ii) it holds that |E;| < g—: |Q;| and, moreover, by the hypotheses
of the claim (recall that we fixed ¢ = 7;) we have |E3| < 7|Q;|. Furthermore,
(Qj \ E1) N (Q; \ E2) # 0, as otherwise

2™ 1
Qi1 > 1Q;\ Eal + 1@ \ B2l > (1 - 2 )I@sl + (1 - 37 1Qs1 > Q.

Therefore, there exists y € Q; such that |f(y) —aq| < A and |f(y) —ag,| < A. This
immediately results in the desired estimate

laq = aq,| <|f(y) — agl +[f(y) — ag,| < 2.
Hence, (A.2) follows, as
[f(2) = aq| < [f(x) = ag,| +[aq — aq;| < 3.

We iterate the above stopping time procedure and after m steps obtain the family of
cubes G,,,, and a corresponding set G,,,, with the following properties, cf. property
(iv) and (A.1), (A.2):

O X 1@l<(3)"el @ 1) - ol < 3mAfor ae. x £ Gy

4
Qi€Gm
In a consequence, we get that |{z € Q :|f(x) —ag| > 3mA}| < (%) |Q|. The
latter implies, upon setting ¢ := 3mA, the assertion of Claim, as (3/4)™" =

e~nin4/3)(3N) 7"t Thig completes the proof of Claim and the proof of Proposition 2.4
is completed as well.

Appendix B
Appendix II: the proof of Proposition 3.8

The proof is similar to the one of Proposition 2.4 and is based on reduction to the
same Claim on the John—Nirenberg type estimate stated in Appendix I. However,
since the proposition is the key result to complete the proof of Theorem 1.2,
we present the necessary details. Moreover, presenting these details allows us to
understand where the assumption uAwu > 0 is employed.
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Firstly, the following relation between the S- and A-functions holds, see
Definition 1.4:

(Sonst)e) = A (5802 ) (0) =

[T

( [ (TR et ) - d?(x))l”dzdy)

As in the proof of Proposition 2.4, Lemma 4.2 (i) in [7] allows us to observe that
Se,01(f) < Sar0(fB.), for some o > a, " > 1, all 0 < e < gg(a, L). As previously,
fB. stands for the mean value integral of f over a hyperbolic ball B,. Therefore,
the proof of Proposition 3.8 will be completed provided that we show that

/Q(Sow,o,wuBa)2 (z)dx = /Q (Aa',o,z' (;Alﬁ) 135)2 () dz < c|Q| = c(l(@))".

(B.1)
We find that
/(Sauo,lfuBs)2 (z) dz
Q
— [ (Surocun ) ) = (Sarvcun. ) () do
Q
: / (Sar0.00u,)” (2) = (Sar 1,00, )” (1) dat
Q
[ (St wn)? (w0) = (S etin.)? (@)] i (B2)
Q

As in the proof of Proposition 2.4, the second integral on the right-hand side is
bounded above by c(a,n, L)|Q| in a consequence of applying Lemma 4.3 in [7],
provided that we know that

][BE(Z’y) A(u?) < m, for (z,y) € Q. (B.3)

This condition is a consequence of the following variant of the Caccioppoli
inequality, cf. Lemma 4.5 in [7], with the constant ¢ = ¢(n)e™2||ul|? .

Claim If u € C*(Q) and uAu > 0, then it holds that

Aw?) < —— E
][Bs(z,y) (U ) < (y — QS(Z))Q ~/2BE(Z7’!/) !

In order to prove the claim, we follow the steps of the corresponding proof of [7,
Lemma 4.5] and fix a hyperbolic ball B.(z,y) := B((z,v),e(y—¢(2))) C Ba2:(2,y) C
Q. Let ¢ € C5°(Ba:(2,y)) be a test function such that 0 < ¢ < 1, 4| (2, = 1
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and [|Av|| sy < c(n)(e(y — (;5(2)))72. Then, by the Green formula applied to
functions u? and ¢ in the ball By.(z,y) we get

Au2§/ A(u?)p = uzAwgﬁ/ u?,
/Bg(z,w ) Bae(2,y) ) Bae(2,) e2(y — #(2))? JaB. ()

Note that above we also use that A(u?) > 0. This completes the proof of the
claim. Moreover, the estimate (B.3) follows immediately with the constant ¢ =
e(n)e2 ful .

In order to handle the first integral in (B.2), we first note that a variant of
Corollary 4.6 in [7] holds for the S-function, as well and reads as follows.

Claim Suppose that u € C?(Q) and u is bounded in Q. Then for any cube Q C R™
of side length 1 it holds that

/Q (So0.4)2(x) dw* (z) < C(L.n, a),

where w* stands for the harmonic measure in the (curved) cube 4/@

For the proof we note that by [7, Lemma 4.4], applied to f := %A(UQ) and the
Green function g in @ with respect to its centre Ti5 it holds that

/Q (S0.000*(0) 4" (0) Stona [ Alu)g

4Q
[ e <2l (BA)
9(4Q)

where in the penultimate step we apply the Green theorem to the functions u? —
uz(a:@) and g.

We are in a position to estimate the first integral in (B.2) by the Cavalieri formula
as follows:

/ (S 0,005, )% (2)— (S 1 oti,)? () d =
Q
/ Hx eqQ: ’ (Sa/’opoU,BE)Q (x) — aQ‘ > t}‘ dt,
0

where ag = (SAQ/71/7OOUBE)2 (z@). The remaining part of the proof is the same as
for the corresponding step of the proof of Proposition 2.4, since by the Chebyshev
inequality and (B.4) we have

Q)

w' ({z€Q: Saorup. >t}) < ;

Since, by Theorem 2.1 in [7], the harmonic measure w* satisfies the A..-condition,
by following the reasoning analogous to the proof of Theorem 4.7 in [7], we deduce
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that
. . < 1@l
w ({l’ €qQ: Sa/707l/uBE > t}) ST
for some b > 0. Finally, as in the proof of Proposition 2.4, we appeal to Corollary
4.8 in [7], and show that there exists ¢y such that for all ¢ > ¢, it holds that

Hx €qQ: |(Sa/107oouB5)2 (x) —GQ’ > ﬁo}’ < %lQL

as by following the notation of [7], see p. 217, we may choose ty such that (toc—‘gl‘)b =

1. Thus, the proof of (B.1) is completed and, moreover, by applying the Claim from
Appendix I, we also complete the proof of Proposition 3.8.
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