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Abstract
We consider the maximal operator with respect to uncentered cubes on a Euclidean space
of arbitrary dimension. We prove that for any function with bounded variation, the variation of
its maximal function is bounded by the variation of the function times a dimensional constant.
We also prove the corresponding result for maximal operators with respect to more general sets
of cubes.

1 Introduction

For a locally integrable function f € Li _(R?), with d € N, we consider the uncentered Hardy-

loc
Littlewood maximal function over cubes, defined by

1
Mf(x) (o) /Qf(y) dy,
where the supremum is taken over all open axes-parallel cubes ) which contain = € R%. We discuss
maximal operators with respect to more general sets of cubes in Section |2} Usually, the maximal
operator integrates over |f| instead of f, because the maximal function is used for LP estimates,
but we also discuss sign-changing functions. The regularity of a maximal operator was first studied
in [Kin97], where Kinnunen proved that for p > 1 and f € W1P(R9) the bound

HVMpr < Cd,p”Vpr (1-1)

holds, from which it follows that the Hardy-Littlewood maximal operator is bounded on WP (R?).
Originally, Kinnunen proved only for the Hardy-Littlewood maximal operator which averages
over all balls centered in x, but his arguments work for a variety of maximal operators, including
the operator M defined above. His strategy relies on the LP-boundedness of the maximal operator,
and thus fails for p = 1. The question of whether nevertheless holds with p = 1 for any
maximal operator has become a well known problem and has been subject to considerable research.
However, it has so far remained mostly unanswered, except in one dimension. Our main result is
the following.
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Theorem 1.1. Let f € L%OC(Rd) with var f < co. Then Mf is locally integrable to the power of
d/(d—1) and
varMf < Cyvar f (1.2)

where the constant Cyq depends only on the dimension d.

Theorem answers a question in the paper [HO04] of Hajtasz and Onninen from 2004 for the
uncentered maximal operator over cubes. Lahti showed in [Lah20] that the variation bound
implies that for functions f € W1(R?) we have VMf € L*(RY). This is proved in [Lah20] only
for the Hardy-Littlewood maximal operator with respect to balls, but the result continues to hold
for the maximal operator with respect to cubes, with essentially the same proof. We can conclude
that the bound

[VMf|[1 ey < CallVfllL1ra)

holds. We prove the variation bound corresponding to also for maximal operators which
average over more general sets of cubes than M, see Theorems [2.4] and 2.5, Remarks [2:6] 2.7]
and and Proposition [2.8

For a function f : R — R, the variation bound for the uncentered maximal function has already
been proven in [Tan02] by Tanaka and in [APLO7] by Aldaz and Pérez Lézaro. Note that in one
dimension, balls and cubes are the same. For the centered Hardy-Littlewood maximal function
Kurka proved the bound in [Kurl5]. The latter proof turned out to be much more complicated.
In [APL09] Aldaz and Pérez Lazaro have proven the gradient bound for the uncentered maximal
operator for block decreasing functions in W1(R?) and any dimension d. In [Luil8] Luiro has done
the same for radial functions. More endpoint results are available for related maximal operators,
for example convolution maximal operators [CS13| [CGR19], fractional maximal operators [KS03|
CM17, [CM17, BM19, BRS19) [Wei21l [ HKKT15], and discrete maximal operators [CH12], as well as
maximal operators on different spaces, such as in the metric setting [KT07] and on Hardy-Sobolev
spaces [PPSS18]. For more background information on the regularity of maximal operators there
is a survey [Carl9] by Carneiro. Local regularity properties of the maximal function, which are
weaker than the gradient bound of the maximal operator have also been studied [HM10], [ACPL12].
The question whether the maximal operator is a continuous operator on the gradient level is even
more difficult to answer than its boundedness because the maximal operator is not linear. Some
progress has already been made on this question in [Lui07, [CMP17, [CGRM20, BGRMW?21].

This is the fourth paper in a series [Wei20bl [Wei20al, [Wei21] on higher dimensional variation
bounds of maximal operators, using geometric measure theory and covering arguments. In [Wei20b]
we prove for the uncentered Hardy-Littlewood maximal function of characteristic functions, in
[Wei20a] we prove it for the dyadic maximal operator for general functions, and in [Wei21] we prove
the corresponding result for the fractional maximal operator. Here we apply tools developed in
[Wei20Db, [Wei20a]. Note that it is not possible to extend the variation bound from characteristic to
simple and then general functions, using only the sublinearity of the maximal function. The pitfall
in that strategy is that while the maximal function is sublinear, this is not true on the gradient
level: There are characteristic functions f1, fo such that var M(f1 + f2) > var M f; + var M fs, see
[Wei20al, Example 5.2].

The starting point here and in [Wei20bl (Wei20a] is the coarea formula, which expresses the
variation of the maximal function in terms of the boundary of the distribution set. We observe
that the distribution set of the uncentered maximal function is the union of all cubes on which the
function has the corresponding average. We divide the cubes of the distribution set of the maximal
function, into two groups: We say that those which intersect the distribution set of the function a lot



have high density, and the others have low density. The union of the high density cubes looks similar
to the distribution set of the function, and for characteristic functions we have already bounded its
boundary in [Wei20b] due to a result in the spirit of the isoperimetric inequality. The motivation
for that bound came from [KKSTO08, Theorem 3.1] by Kinnunen, Korte, Shanmugalingam and
Tuominen. In [Wei20a] and in this paper the high density cubes are bounded using the same
argument. This bound is even strong enough to control the low density balls for characteristic
functions in the global setting in [Wei20b]. But in the local setting in [Wei20b] dealing with the
low density balls is more involved. It requires a careful decomposition of the function in parallel
with the low density balls of the maximal function by dyadic scales. In that paper it also relies on
the fact that the function is a characteristic function. In [Wei20a] we devise a strategy for dealing
with the low density cubes for general functions in the dyadic cube setting. The advantage of the
dyadic setting is that the decomposition of the low density cubes and the function are a lot more
straightforward because dyadic cubes only intersect in trivial ways. Furthermore, the argument
contains a sum over side lengths of cubes which converges as a geometric sum for dyadic cubes. In
[Wei21] we bound the fractional operator, using that it disregards small balls, which allows for a
reduction from balls to dyadic cubes so that we can apply the result from [Wei20a]. Non-fractional
maximal operators are much more sensitive, in that we have to deal with complicated intersections
of balls or cubes of any size. In this paper we represent the low density cubes of the maximal
function by a subfamily of cubes with dyadic properties, which allows to apply the key dyadic
result from [Wei20a]. In order to make the rest of the dyadic strategy of [Wei20a] work here, the
function is decomposed in a similar way as in the local case of [Wei20h].
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The author has been partially supported by the Vilho, Yrj6 and Kalle Vaisdla Foundation of the
Finnish Academy of Science and Letters, and the Magnus Ehrnrooth foundation.

2 Preliminaries and core results

In this paper we understand a cube to be open, nonempty and with arbitrary orientation. For the
maximal function however it plays no role if cubes are open or closed, see Proposition [2.8] and also
all other statements and proofs in this paper continue to hold almost verbatim for closed or half
open cubes. We denote the side length of a cube @ by 1(Q) > 0. We say that @ is of scale 2™ if
1(Q) € [2™,2"F1). Recall the definition of the collection of dyadic cubes

U{@r 21 +2%) x .o x (wa,za +2") 1i=1,...,n, ; € 2"Z}.
nez

For a cube @ let ¢ be a linear transformation with ¢(Qg) = (0,1)%. We say that Q is dyadic with
respect to Qq if ©(Q) is a dyadic cube contained in (0,1)%. We denote by D(Q) the set of dyadic
cubes with respect to (g. For a cube @ with center cg and K > 0 we denote the dilated cube by

KQ={cg+Kr:cog+reQ}

Definition 2.1. A set Q of cubes is dyadically complete if for every Qo, P € Q with P C @y, all
cubes @ € D(Qp) with P C Q also belong to Q.



We work in the setting of functions of bounded variation, as in Evans-Gariepy [EGI5], Section 5.
Let Q C R? be an open set. A function f € L{ (Q) is said to have locally bounded variation if for

loc
every open and compactly contained set V' C ) we have

sup{/vfdivap cp e CHV;RY), |p| < 1} < 0.

Such a function comes with a Radon measure x and a p-measurable function o : Q — R?% which
satisfies |o(z)| = 1 for p-a.e. z € R? and such that for all ¢ € CL(Q;R?) we have

/fdivgo:/goadﬂ.
1 v

We define the variation of f in Q by varg f = u(Q). If f ¢ L () then we set varg f = co. For

loc
a measurable set £ C R? denote by E, E and § E the topological interior, closure and boundary
of E, respectively. The measure theoretic closure and the measure theoretic boundary of E are

defined as
L(B(z,r)NE)

E = {az : lim sup ]
T

>0} and 0. E=E NRIVE
r—0
The measure theoretic versions are robust against changes with measure zero. Note that E'CE
and thus 0, E C 9 E. For a cube, its measure theoretic boundary and its closure agree with the
respective topological quantities.
For a set Q of cubes let
Ue=U @

QeQ
The integral average of a function f € L'(Q) over a cube @ is denoted by

1
fQ:L-(Q)/Qf(x)dx'

{f>A}={zcR?: f(x) > \}

for the superlevelset of a function f : R? — R. We define {f > A} similarly. By a < b we mean
that there exists a constant Cy that depends only on the dimension d such that a < Cyb.
The following coarea formula gives a useful interpretation of the variation.

Lemma 2.2 ([EGI5, Theorem 3.40]). Let  C R? be an open set and assume that f € LL ().
Then

‘We write

Vargf:/’;'-[d_l(a* {f>2nQ)dA
R

In [EGIE, Theorem 3.40] the formula is stated with the set {f > A} in place of {f > A}, but it
can be proven for {f > A} using the same proof. Our core result is the following.

Theorem 2.3. Let Q be a finite set of cubes which is dyadically complete and let f € L*(RY) be a
function with var|j g f < oo. For A € R denote Q*={Q € Q: fo > A}. Then

/jo Hd—l(aUQA\{fz /\}*> d/\ng/jo Hd‘l(a*{fz)\}ﬂUQ) A, (2.1)

where Cy depends only on the dimension.



The set Q™ is of interest because
Mf > 2= {Q: fo > A}

In light of the coarea formula Lemma [2.2| and because {f > A} \ {Mf > A} has measure zero, (2.1
is essentially a version of
varMf < Cyvar f

for a finite set of cubes. We prove Theorem [2.3] in Section [3] That section contains the key
arguments of this paper. Section[d]is a more technical section where we deal mostly with integrability
and convergence issues. In Section [£.I] we deduce the following theorem from Theorem by
approximation.

Theorem 2.4. Given an open set Q C R?, let Q be a dyadically complete set of cubes Q with Q C
and let f € LL (Q) be a function with varg f < co. Then for every Q € Q we have fQ |f| < oo,

loc
and the mazximal function defined by

1
Mo/ (x) = max{fm oo /Q ) dy} (2.2)

d

belongs to L, /C(d_l)(ﬂ) and satisfies

O

varg MQf S Cd varg f,

where the constant Cy depends only on the dimension d.

In order to deduce Theorem let © = R% and let Q be the set of all axes-parallel cubes. By the
Lebesgue differentiation theorem for almost every z € R? we have Mf(x) > f(z) and consequently
Mg f(x) = Mf(z). Thus we can conclude Theorem [1.1] from Theorem

Another maximal operator which is essentially of the form is the local maximal operator.
For an open set 2 and a function f € L] (2) we define the local maximal function by

Mof(z)= sup /Qf(y)dy,

z€Q, QCO

where the supremum is taken over all axes-parallel cubes ) which are compactly contained in
Q) and contain x. Similarly as above, we may also consider the local maximal operator which
considers cubes with arbitrary orientation. It is usually more difficult to prove regularity results
for local maximal operators than for global maximal operators, because some arguments use that
the maximal operator also takes into account certain blow-ups of balls or cubes. In fact for the
fractional maximal operator, gradient bounds which hold for the global operator fail for the local
operator, see [HKKT15, Example 4.2]. Not so here, we also obtain Theoremfor general domains.

Theorem 2.5. Let Q C R? open and f € L _(Q) with varq f < co. Then Mqf € Ld/(dfl)(Q) and

loc loc

varg Mo f < Cyvarqg f.

For the proof of Theorem let Q be the set of cubes Q with @ C Q. Then Q is dyadically
complete and Theorem [2.5] follows from Theorem [2.4] by the same argument as Theorem [T.1]



Remark 2.6. The proofs of Theorems [I.1] and [2.5] work the same way for the maximal operators
that average over all cubes with arbitrary orientation which contain the point z, it is not necessary
to consider only axes-parallel cubes.

Remark 2.7. Theorem also applies to the global and the local dyadic operator, so it supersedes
the main results in [Wei20al.

Proposition 2.8. Denote by Mg f the maximal function given by the same definition as Mg f,
except the supremum is taken over all cubes ) € Q with z € ). Then for almost every z € Q we
have Mg f(x) = Mg f(z). In particular, Theorem also holds for Mg f.

We prove Proposition 2.8 in Section [£.2]

Remark 2.9. Every cube @ with z € @ and Q C Q2 can be approximated from the inside by cubes
P with z € P and P C Q. That means in the definition of Mg f we may replace the condition
Q C Q by Q C Q without changing the maximal function. Together with Proposition we can
conclude that if we define cubes to be closed instead of open, or replace Q by @, then the definitions
of the maximal functions barely change, and hence also Theorem [2.4] and its consequences continue
to hold. Furthermore, also the proofs in this paper continue to work almost verbatim if we define
cubes to be closed, open, or half-open.

In [Wei20a] we assumed that the dyadic maximal operator averages only over cubes which are
compactly contained in the domain €2 in order to ensure local integrability of the maximal function.
This condition is not necessary, provided that varg f < oo.

Remark 2.10. Everything in the proof of Theorem [I.1] also holds not only for cubes but also almost
verbatim for rectangles with a bounded ratio of sidelengths, tetrahedrons and other convex sets
that can be written as disjoint unions of finitely many smaller versions of themselves. Except from
Proposition [3.12] everything also works for balls instead of cubes.

Remark 2.11. In Theorem@we take the maximum with f for the following reason. Let f = 1(g 1)
and for N € N let Qn be the set of dyadic cubes with side length at least 2, and the cubes
(n127N, (n1+1)27V) x ... x (ng27N, (ng+1)27N) € (0,1)% where n1, ..., ng are integers such that
1+ ...+ x4 is even. Then the maximal operator that averages over all cubes in Qu has variation
of the order 2N¢.2-N(d=1) — 9N which goes to infinity for N — oco. It is not clear however if or
when the dyadic completeness of Q is necessary.

The space L] () is not the correct domain for Mg because f € L () does not imply that
Mgqf is finite almost everywhere, as has already been observed in [HO04, footnote (2), p. 170]. If
we strengthen the assumption to f € L'(Q), then Mqf is finite almost everywhere by the weak
bound for the maximal operator. Proposition [4.1] shows that an alternative way ensure the almost

everywhere finiteness of Mg f is to demand varg f < oo in addition to f € L{ (Q).

Remark 2.12. Theorem [2.4]and its consequences also extend to the maximal function of the absolute
value due to var M(|f]) < Cyvar|f] < Cyvar f.

Lahti proved in [Lah20] for the local Hardy-Littlewood maximal operator 1\7[Q with respect to
balls that if we have the local variation bound varg M f < Cgvarg f, then for all Sobolev functions
f € WH(Q) their maximal function is a local Sobolev function with [[VMq f|l 1) S IV fllL1(0)-
In the global setting 2 = R? this continues to hold for the Hardy-Littlewoood maximal operator
M with respect to cubes by a similar proof. The following example, which is also due to Lahti,
however shows that for cubes it fails in the local setting.



Q1 4

Q2

{f >0}

Figure 1: For x € Q with x5 > 0, the typical cubes @1, Q2, Q2 which both contain x and intersect
{f > 0} do not lie within Q.

Example 2.13 (Lahti). Let Q@ = (=5,5) x (=10,0) U (—1,1) x [0,2) and f(z) = max{0,—14 —
x1 —x3}. Then Q is open and f € WH(Q), but neither the local maximal function with respect to
axes-parallel cubes nor the local maximal function with respect to cubes with arbitrary orientation
belong to WhH1(Q).

The reason is that both local maximal functions have a jump on the line [-1,1] x {0}. Every
x € Q with 29 < 0 is contained in a cube Q. = (=5 +¢,5 —¢) x (=10 + £,0 — €), which means
the local maximal functions in such x attain at least the value Wlo fQ f>0.Inxz € Q with o >0
however both local maximal functions are zero. In order to show that let z €  with o > 0 and @
be a cube with @ C Q and x € Q. Then @ must have a corner in (—1,1) x (0,2). In order for @ to
intersect {f > 0} which is the open triangle with endpoints (=5, —10), (=5, —9), (—4, —10), it must
also have a corner in this triangle. This is not possible for a cube which is contained in 2, as is
illustrated in Figure [l The cubes Q1 and @) represent the case when the corners in questions are
neighboring corners of Q). If the corners are opposing corners then @ is of the form Q3. However,
the leftmost corners of cubes like ()1 and Q3 and the lowest corner of Q> cannot be contained in €.

3 The case of a finite set of cubes

In this section we prove Theorem Let f € L'(R%) and Q be a finite set of cubes. For A € R
set Q) = {Q € Q: fo > A\}. We consider the following partition

Q' =Q)UQU Q.
The set QS‘ consists of all cubes Q € Q* with

L@QN{f>A})>27"L(Q),



the set Qj\ consists of all cubes @ € o* \ Q()\ with
c(@nU@) = 27L(Q),
and the set Q2 consists of all remaining cubes in Q*. We split the boundary of Q* as follows,

H oMz ) < H (o (U uU)\T=ar) + 1 (aUd).  6)

We bound the first summand in Section [3.1] In Sections [3.2] to [3.4] we collect the necessary ingre-
dients to deal with the second summand. In Section we combine these results to a proof of
Theorem [2.3] The results in Sections [3.1] and [3.3] are taken from [Wei20b, Wei20a] with necessary
modifications.

3.1 Cubes with large intersection

In this section we prove Proposition [3.6] a bound on the part of the boundary of the superlevelset
of the maximal function which comes from cubes which intersect the superlevelset of the function
significantly. In [Wei20b, Proposition 4.4] we already showed this result for balls instead of cubes.
The proof of Proposition [3.6] works the same way, here we only need to ensure that the steps which
we have done only for balls in [Wei20b] also work for cubes.

For two nonzero x,y € R? we denote by <((z,y) the angle between z and y, i.e. the unique value
<(z,y) € [0, w] with

(,y) = llzllllyll cos(<(,y))-

Lemma 3.1. Let @ be a cube centered in the origin and z € Q. Then for the outer normal vector

e to Q) in x we have
a(z,e) < 7/2 — aresin(1/Vd).

The precise value arcsin(1/v/d) does not matter here, what is important is that the angle is
bounded away from /2.

Proof. It suffices to consider the cube @Q = (—1,1)? and the face with outer normal e = (1,0,...,0).
Then z; =1 and z; € [—1,1] which implies

(,e)

[l llell —

2

d
O

Lemma 3.2 ([Wei20b, Lemma 4.2] with more general numerology). For every € > 0 there is a
number NN large enough such that the following holds. Let B be a ball centered in the origin. Then
for any two points y1,y. € B and x1, x5 € R? with |21, |22| > (N +1) diam(B)/2 and <t(x,12) < €
we have

<(y1 — x1,y2 — x2) < 2e.

The proof works just like the proof of [Wei20b, Lemma 4.2].

Definition 3.3. For L € R we call a set S C R? a Lipschitz surface with constant L if there is a
subset U C R4"! and a function f : U — R which is Lipschitz-continuous with constant L, such
that S is a rotation and translation of the graph {(z, f(z)) : x € U}.

oo



Lemma 3.4. Let S be a bounded Lipschitz surface with constant L. Then H?1(S) < (1 +
L) diam(S)41.

Proof. Tt suffices to apply the area formula [EG15, Theorem 3.8] to the function z — (x, f(x)). O

Lemma 3.5 ([Wei20bl Lemma 4.1] for cubes). Let K > 0, let B be a ball and let Q be a finite set
of cubes @ with 1(Q) > K diam(B). Then 9|J QN B is a union of a dimensional constant times
K~ 41 many Lipschitz surfaces with Lipschitz constant depending only on the dimension, and

1 (ol N B) < (K- + )4 (0B).

The proof works the same way as in [Wei20h], except that we have to take into account
Lemma which for balls holds with angle 0 instead of /2 — arcsin(1/v/d). The details are
given below.

Proof. Tt suffices to consider the case that B is centered in the origin. Take N from Lemma [3.2
with ¢ = arcsin(1/v/d)/2. First consider the case K > N. Denote by cq the center of a cube Q.
Let Q1,Q2 € Q be cubes whose centers have an angle of at most arcsin(1/v/d)/2. For i = 1,2
let ©; € 0Q; N B. Then by Lemma the angle between x1 — cg, and x2 — cg, is at most
arcsin(1/v/d). For i = 1,2 let e; be the outer surface normal to Q; in ;. Then by Lemma we
have <t(e;, 2 — cg,) < 7/2 — arcsin(1/+/d), and by the subadditivity of angles we can conclude

<(e1,e2) < 2[m/2 — arcsin(1/Vd)] + arcsin(1/vd) = 7 — arcsin(1/Vd). (3.2)

Take a maximal set A of unit vectors which are separated by an angle of at least arcsin(1/v/d)/4.
Then |A| < d@~Y/2] and for every Q € Q theres is an e € A with <(e,cg) < arcsin(1/v/d). That
means we can write 9 J @ N B as the union

3UQQB = U GU{Q € Q:<(e,cq) < arcsin(l/\/g)/él} N B.

ecA

By (3.2) for each e € A the set in the union on the right hand side of the previous display is a
Lipschitz surface with constant 1/tan(arcsin(1/v/d)) ~ v/d, whose perimeter is thus bounded by a
fixed multiple of vdH?'(dB) due to Lemma We can conclude

del(aU on B) < Zﬂd*(aU{Q € Q: <le,co) < arcsinu/\/&)/zl} N B)

e€cA
< JAWVAH 1 (0B) < dY*H1(OB).
The case K < N can be concluded from the case K > N just as in [Wei20b|] by covering B by a

dimensional constant times (N/K)? many balls B’ with diam(B’) = £ diam(B) and applying the
above argument to each B’. O

Proposition 3.6 ([Wei20b, Proposition 4.4] for cubes). Let ¢ € (0,1). Let E C R? be a set
of locally finite perimeter and let @ be a finite set of cubes such that for each Q € Q we have
L(ENQ) > eL(Q). Then

H (ol Jo\E) s w (o EnJ Q).



We explain below how the proof of [Wei20bl, Proposition 4.4] also proves Proposition The
only addition we need from this paper is Lemma (3.5

Proof. [Wei20bl, Proposition 4.4] is proved using [Wei20bl Lemma 4.1 and Lemma 4.3]. The proof
of [Wei20bl Lemma 4.3] verbatim also works for cubes, as its dependency [Wei20bl, Lemma 2.5] is
already proven for cubes as well in [Wei20b]. Using [Wei20b|, Lemma 4.3] for cubes, and Lemma [3.5]
instead of [Wei20b, Lemma 4.1], one can take the proof of [Wei20b, Proposition 4.4] verbatim to
prove Proposition Note that [Wei20b, Proposition 4.4] is stated with the measure theoretic
boundary instead where in Proposition [3.6] is the topological boundary, but since we are dealing
with finitely many cubes, the arguments work the same for both notions of the boundary. O

We use Proposition3.6|and the following boundary decomposition to deal with the first summand
in BI).
Lemma 3.7 ([Wei20b, Lemma 1.7]). Let A, B C RY be measurable. Then

9, (AUB) C (0, A\ B ) U, B. (3.3)

Formula (3.3) also holds with the topological instead of the measure theoretic quantities. Because
E C E, it continues to hold with the topological boundary and the measure theoretic closure.

Corollary 3.8. Define Q*, Q) and Q) from f and Q as in the beginning of Section [} Then
w-(o(UuU@)\T=A) sx (0. 1r 2 00U @),
Proof. By Lemma [3.7] with the topological boundary we have
o(UauJe) co(Ua)\Ua va(Ue).

by Proposition [3.6] we have

wt U\ Tz a) sH (o4 20U 93)
and by Proposition [3.6] and Lemma [3.7] we obtain

nt(aJar\Uouir = b ) st (o (U uir = 4 nlUet)
< o.Jen =N nUa) +x' (0. 7= 0 nlJed).

We use that the measure theoretic boundary is contained in the topological boundary and combine
these three displays to finish the proof. O

3.2 Reducing to almost dyadically structured cubes

Proposition 3.9. Let f, Q, Q3 be as in the beginning of Section [3| Then there exists a subset S C
U, 93 with the following properties. Let Q, R € S with 1(R) < 1(Q). Then L(RN Q) < 27'L(R),
or R has a strictly smaller scale than @ and fr > fg. Furthermore

/Z 1 (0@ A E Y (o~ da)H! T (0Q) (3.4)

Qes

10



where

Ao =inf{X: LQN{f>2}) <277'L(Q)}.
Proof. We construct S using the following algorithm.

Algorithm. Initiate R = J, Q3 and S = (). We iterate the following procedure.

If R is empty then output S and stop. If R is nonempty let 2™ be the scale of the largest cube
in R, i.e. n is the largest integer for which there is a Q € R with 1(Q) > 2". Take a cube S € R
scale 2" which attains

max{fo:Q € R, I(Q) > 2"}
and add it to S. Then remove all cubes @ with fo < fs and £(Q N S) > 27! min{L(Q), £(9)}
from R and repeat.

In each iteration in the above loop we remove at least the cube S from R that we added to
S. Since |J, Q3 is finite this means the algorithm will terminate and return a set S of cubes. Let
S,T € S be distinct cubes with 1(S) < I(T). If £L(SNT) < 271L(S) then there is nothing to show,
so assume L£(SNT) > 271L(S). Then S and T cannot be of the same scale, because otherwise
one of them would have been removed while the other was added to §. That means S is of strictly
smaller scale than T, which means T has been added to S in an earlier step than S, and thus
fs > fr because otherwise S would have been removed in that step. It remains to prove . Let
A € R and Q € Q3. Then there is a cube S which has been added to S when @ was removed from
R. This means S has at least the same scale as @ and

L(QNS)>2" ' min{L(Q),L(S)} >271L(Q)

and fg > fo > A. This implies A > Ag because otherwise S € QS‘ which would contradict @ € Q%‘.
So for each A € R we have

%= U {eex:c@ns)=2"L@)},

SeS:As<A<fs

and we can conclude from Proposition [3.6] that

wtoJad) s Y w(al{ee @ L@ns) 22 L@Q))

SeS:As<A<fs

S ) HTHes)

SeS:As<A<fs
Integrating both sides over A implies (3.4]) and finishes the proof. O
For a cube @ denote by cg the center of @ and by vg the orientation of Q.

Lemma 3.10. For every € > 0 there is a § > 0 such that for any cubes Q, P with 1(P) < (149) (Q)
and |cg —cp| < 61(Q) and |vg —vp| < 6 we have P C (1 +¢)Q.

Proof. For e > 0 set § = /(2 +2V/d). Let P and Q be cubes as above. Denote
D(P.Q) = sup inf [z — y].

x€PYE

11



For an orientation v denote by 7,(Q) the cube @ rotated by v. Then P = %mp_v@ (Q)+cp—cg
and thus

1(P) 1(P)

@TUP*UQ (Q)> +D (@T’U}?f'UQ (Q>7 Tvp—vg (Q)) + D(T’UP*’UQ (Q)a Q)

< SUQ) + VA I(Q) + VS 1(Q) < £1(Q).

D(P,Q) < D(P,

Since every point « with inf,cq |z —y| < €1(Q) is contained in (1+4¢)Q this concludes the proof. [

Lemma 3.11. Let S be a set of cubes with the same scale such that for any two distinct Q, R € S
we have £(Q N R) < 27'min{£(Q), L(R)}. Then for any constant C' > 1 and any point = € R?
the number of cubes in {C'Q : Q € S} which contain z is bounded by a constant depending only
on C and the dimension.

Proof. Tt suffices to consider the case that all cubes @ in S satisfy 27! <1(Q) < 1. Then for every
cube Q € S with x € CQ we have cg € B(z, VdC). Let R € S with z € CR be a cube with
I(R) <1(Q) that is distinct from @. Then by Lemma there is a 0 > 0 such that |cg — cgr| > 6

or lvg —vg|>dor RC(1+ 2-4-1)3 Q. Because the last alternative implies
LQNR) = L(R) —27"71L(Q) > 27 L(R) = 27" min{L(Q), L(R)},

one of the first two must hold. We can conclude that the number of cubes @ in § with x € CQ is
uniformly bounded because the set of coordinates {(cg,vg) : @ € S, x € CQ} is d—separated and
contained in a bounded subset of R¥*1, O

3.3 A sparse mass estimate

Recall that ©(Qg) is the set of dyadic cubes with respect to a base cube Qy. We have the following
proposition at our disposal.

Proposition 3.12 ([Wei20a, Corollary 3.3]). Let Qo be a cube, A\g € R and f € L'(Qo) with
L{f>=N}NQo) <27971L(Qo). Then

£(Qo)(fau—o) < 21 /, " 2(1r 2 00U(Q € D(@0) - fo 2 A L@N{T 2 M) < £Q)/2)) dr

Qo

In [Wei20a, Corollary 3.3] the union on the right hand side is only over maximal cubes @, and
the condition f > X is replaced by f > A. Proposition [3.12]still holds in this form because dropping
the maximality assumption only makes the statement weaker and the sets {f > A} and {f > A}
agree up to Lebesgue-measure zero for almost every A.

Remark 3.13. In order to prove Theorem [I.1] for the Hardy-Littlewood maximal operator over balls,
a variant of Proposition for balls instead of cubes would be useful. One way to formulate it
for balls is to replace the condition @ € ©(Qo) by the condition B C 2By. However the proof
of Proposition in [Wei20a] relies strongly on dyadic cubes; a proof for balls requires a new
idea. Note that in its current form Proposition only takes into account the parts of f that are
contained within Qg, and lie above fg,. This is not strictly necessary, maybe for balls a variant
that takes f into account also below fp, and within C'By is easier to prove.
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Lemma 3.14. Let )y be a cube and let £ C @ a be measurable set with L(E N Q) < L(Qo)/2.
Then the cubes Q € D(Qp) with

L _LENQ) _1

2d+1 — C(Q) 2

(3.5)

cover almost all of E N Q.

Proof. Let = be a Lebesgue point of E N Qg outside of J{0Q : @ € D(Qo)}. Denote by Q,, the
cube in ®(Q) with z € @, and 1(Q,) = 27"1(Qo). By the Lebesgue differentiation theorem we
have £L(Q, N E)/L(Q,) — 1 as n — co. Let n be the smallest index such that

L(Q,NE)>27912(Q,).

If n =0 then
L(QnNE)<27'L(Qn) (3.6)

holds by assumption on Qq. If n > 0 then £(Q,_1 N E) < 2797 1£(Q,_1) which implies (3.6). O

Lemma 3.15. There exists an € > 0 which depends only on the dimension such that for each cube
@ and for each measurable set £ C @ which satisfy (3.5) we have

1 L(1-e)?QNnE) 1 1
212 < T L(1-o2Q) 2 amE

Proof. Tt is straightforward to see that it suffices to take ¢ with £(Q \ (1 —¢)%2Q) < 27972£(Q), for
example, we may choose ¢ = 27973 /d. O

3.4 Organizing mass

Lemma 3.16. Let S be a finite set of cubes and for each Qg € S let D(Qp) be any set of cubes
which are contained in Q. Denote D = [J, s P(Qo) and assume that no cube in S is strictly
contained in a cube in D. Then for every ¢ > 0 the set D has a subset F with the following
properties.

(1) For any = € R?, there are at most C' many cubes Q € F with z € (1 —¢)2Q.
(2) For each Qg € S and Q € D(Qq) there exists a cube P € F with Q C C1 P and P C C2Q.
The constants C, C; and C3 depend only on € and on the dimension d.

Proof. Denote by D the set of cubes Q@ € D for which there is no P € D with Q C (1 — g)P For
each n € Z denote by D,, the cubes in D of scale 2". Take a maximal set of cubes F,, C D,, such
that for any two distinct cubes Q, P € F,, their dilated cubes (1 —¢)2Q and (1 — )% P are disjoint.
Set F = U, ez Fn-

First we prove |(1)| . Let x € R%. Let Q, P be cubes with so different scales such that diam(P) <
e(1-2)27(Q). f 2 € (1 —¢)?Q and = € (1 — ¢)2P then P C (1 —¢)Q. This means it is not
possible that both Q and P belong to F C D. Thus the set of integers n € Z, for which there is a
cube @ € F, with 2 € (1 —¢)2Q, is bounded. Since by definition of F,, for each n € Z there is at

most one such cube Q) € F,, we can conclude |(1)]
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Now we prove Let Qo € S and @Q € D(Qy). If Q@ € F then we can take P = Q. If
Q € D\ F then there is a cube P € F with 1(Q) < 21(P) and 1(P) < 21(Q) < 21(Qo) which
intersects @ and thus also Q. This implies Q@ C (2v/d 4+ 1)P and P C (2Vd 4+ 1)Qo. If Q ¢ D,
there exists a cube R € D with @ C (1 —¢)R. As in the previous case, this means there is cube
P € F with 1(R) < 21(P) < 41(R) which intersects R, and hence Q C R C (2V/d 4+ 1)P. We
observe that Qg intersects (1 — &)R. Thus if diam(Q) < (1 — ¢)2711(R) then Qo € R. But this
contradicts our assumption on S and D, so we must have 1(R) < 2v/d[e(1 — €)]7'1(Qo) and hence
PC (2\/&4’ 1)R C CaQp. O

3.5 Combining the results
We shall apply the following Poincaré inequality.

Lemma 3.17 ([EGI5, Theorem 5.10(ii)]). Let Q C R be a cube and f € L'(Q) with varg f < .
Then

If = follpara-1 gy < varg f.

In [EG15] it is formulated for balls, but it also holds for cubes. There it is furthermore assumed
that f € BV.(R?), but it is not necessary to make this assumption a priori, because f € L'(Q)
and varg f < oo imply that f extended by 0 outside of @ is indeed a function in BVj,.(R?). And
in fact, the proof of [EGI5, Theorem 5.10(ii)] in [EGI5] also works verbatim for f € L'(Q) with
varg f < co. Moreover, f € LL (Q) and varg f < oo already imply f € L'(Q). We conclude this
from Proposition in the beginning of the proof of Theorem For a characteristic function,
Lemma [3:17) reduces to the isoperimetric inequality. It has a straightforward consequence.

Corollary 3.18. Let § > 0. For any cube @ C R? and any measurable set £ C R? with L(QNE) <
(1 —-4)L(Q) we have
HTH O ENQ)T 2 LIENQT.

Proof. We apply Lemma |3.17| with f = 1p and obtain

d—1
d

LENQ) So lf = fellpara-n ) S varg f = HIL0, ENQ).

O

Lemma 3.19. For a finite set of cubes Q let Q be the set of cubes Q € Q such that for all P € Q
with P 2 @ we have fg > fp. Then for every A € R we have | J{Q € Q: fo > A} =U{Q € Q:
fo > A}

Proof. For A € R and R € Q with fr > A let @ be the largest cube Q@ € Q with R C @ and fr > A.
Since Q is finite such a cube @) exists. Then we have fg > fp for any cube P € Q with Q C P,

which means @Q € Q. This finishes the proof. O

Proof of Theorem[2.3 By Lemma it suffices to consider the set of cubes Q instead of Q. Define
Qo, Q1, Q2 and Q" as in the beginning of Section [3| but from Q instead of from Q. We integrate
(3.1) and Corollary over A € R and obtain

/Hd—l(aUéA\{fz )\}*) dAg/Hd—l(aUQg) d)\—s—C/Hd‘l(a* {fz)\}mU@) an.
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It remains to estimate the first term. We can bound it using Proposition |3.9

/0; H (0 @) dr S D (o — AT (0Q). (3.7)

QeS

For every (o € S and A € R set
DMQo) = {Q €D(Qo) : IP€D(Qo) QC P, fp =X, 27 1L(Q) S LQN{f = A\}) <27'L(Q)}.

By Proposition and Lemma we have

o0

(foo = X 11 (0Q0) 510 [ 2D Qo)) ax (38)

fo

for every Qg € S. Now we show that for each A € R the premise of Lemma holds for the sets
{Qo €S : fg, <A} and DX(Qp). So let A € R and Q, Qo € S with fg, fo, < X and P € DNQo).
We need to show that @ is not strictly contained in P, so assume for a contradiction that it is.
By the definition of D*(Qo) there is a cube R € D(Qo) with R D P and fg > A. But because Q
is dyadically complete we have R € Q, and so from @ C P C R and fr > A > fo we obtain a
contradiction to our definition of O in Lemma m

That means for every A € R we can apply Lemma to {Qo € S : fo, < A} and DNQo),
with € > 0 from Lemma We denote the resulting set of cubes by F*. By Lemma we

have
c(Ur'@) <c(Uici@:@e P @caqol) <ct Y L@.  (39)

QEFX:QCC2Qo
By (3.7) to (3.9) and Fubini’s theorem we obtain

/ZH“(@UQS) sy 1(@0)71/00 Y @a

Qoe$ fe0 QeFrQces Qo
S/ YL@ D Qo) (3.10)
T Qer QoES,QCC2Qo

For Q € F* let n € Z with 2"~! < 1(Q) < 2". By Proposition and Lemma for each k € Z
the number of cubes Qp € S with 2871 < 1(Qo) < 2% and Q C C2Qy is uniformly bounded. Thus

Yoot = Y, dYool@o)Tts Y, 221

Qo€ES,QRCC2Q0 k>n—2—log Cs QoES, k>n—2—log Cs
QCC2Qo,
2k =1 <1(Qo)<2*
(3.11)
Because Q € D*(Qo) we further have by Lemma and Corollary |3.18| that
(T S L1 =)’ QT S LHf 2 AP N (1= e)?Q) /e
SHTHOAF 2 AN (1 -2)%Q). (3.12)
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Recall that by Lemma for every A € R and x € R? there are at most C different cubes
Q € F* with x € (1 —¢)%2Q. Thus

Z /Hdil(a* {f > /\} N (1 - 5)2Q> = / Z l(l—a)zQ(x) deril(x)
Qerr UF N0 {F22) Gema
<C dH ()
Usna. {f=A}
= OHd-? (Us no,{f > A}) (3.13)
Combining (3.11) to (3.13) we obtain
oL@ Y Qo sH(Usnodr=a). (3.14)
QeFA QoES,QCC2Q0
We integrate (3.14]) over A € R and apply (3.10]) to finish the proof. O

Remark 3.20. Except from Proposition the above proof also works for balls instead of cubes.

4 Local integrability and approximation

4.1 Uncountable sets of cubes

In this section we prove the local integrability of the local maximal function, and use it to deduce
Theorem [2.4] from Theorem 2.3

Proposition 4.1. Let Q C R? be an open set and assume that f € Li () with f > 0 and
varg f < co. Denote

Mof(z) =  sup ﬁ /Q () dy.

z€Q, QCO

Then MQf S Ld/(d_l)(Q).

loc

Remark 4.2. In the global setting, Proposition [£.1] directly follows from general theory: Assume
Q = R? and let f € L'(R?) with var f < oco. Then by the Sobolev embedding theorem we have

f e LY@=1)(R4) and thus Mgaf € LY@D(RY) follows from the Hardy-Littlewood maximal
function theorem.

Proof of Proposition[{.1 It suffices to prove that for every cube Qo with 3Qo C © we have

Mf ()@ dz < co.
Qo

So let Qo be a cube with 3Qy C €. Then Qp C 2 so that fg, < oo, and therefore we have
f2Q0 f4(d=1) < 50 by Lemma 3.17l We can conclude

Mag, f(2)¥ @Y dz < oo
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by the Hardy-Littlewood maximal function theorem. Denote
1 ——C _
K= — d Q N (2 N
{717 | Fdx @0 @ne@f 20, @nay£0}

Then for every = € Qu we have Mq f(z) < max{Mngf(x), K}. Thus it remains to show K < oco.
Let Q C Q) be a cube with Q N (2Q0)¢ # 0 and Q N Qo # 0. Then for & small enough, the dilated
cube (1 — €)Q is admissible in the supremum and (1 — )@ C €. That means there is a sequence
of cubes Q1,Qa, ... with fo, — K as n — oo such that for every n € N we have @, C © and that
Q,, intersects Qo and Q\ 2Qo. That means every cube @,, has side length at least 1(Qo)/v/d, and
@n N 2Qq contains a cube P, with side length uniformly bounded from below. By a compactness
argument there is a subsequence (ny)y such that the cubes (P, ) converge in L'(2Qq) to a cube
P C 2Q with positive side length. That means for Q = 27! P there is a kg such that for all k& > kg
we have Q C P,, C Qn,. Since @ and @, are compactly contained in © we have fq, ank < 0.
Then by Hélder’s inequality and Lemma [3.17] we obtain for k > kg that

fQu, — fol L@ = fou, v @)

< L@V f — fou lpara-n (g
< L@Q)“VUf = fau, lLasa-viq.,)
S L@ varg,, f
< L(Q)" W dvarg f
Thus we can conclude K < |fo| + 1(Q)~ (4~ Y/4varg f < co. This finishes the proof. O

Lemma 4.3 ([EGIH, Theorem 5.2]). Let Q C R? be an open set and assume that fi, fa,... €

Li () are functions with varg f,, < co which converge in L{ (©2) to a function f as n — co. Then

varg f < hnrr_l) i£f varq fn.

In [EG15], Theorem 5.2] they assume f,, € BV(£2), which is not necessary. Now we are ready to
prove Theorem [2:4]

Proof of Theorem[24) Let Q € Q. Then for every ¢ > 0 we have (1 —£)Q C Q and thus
[ 17@)]do =ty ()] de < £(Q) inf Vol f|(2),
Q 0Ja-9)Q v€3Q

which is finite by Proposition For every ¢ € Q, the set {Mgf > ¢} is the union of all cubes @
with fo > ¢. By Lindelof’s lemma or Proposition [£.4]it has a countable subcover Q9. Define

P=2onlJ U 2@.
qeQ QeQr

Then P is countable and dyadically complete because Q is dyadically complete. Let x € 2. Then
for every A € R with Mg f(x) > A there exists a ¢ € Q with Mg f(x) > ¢ > A, and thus there is a
Q € Q7 C P with fg > ¢ > A. We can conclude that

1

Mof(r) = max{ﬂx), ) /Q i) dy}.
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Consider an increasing sequence Q1, Qo, ... of finite subsets of P which are dyadically complete and
with |J,, @» = P, and define

M) = max{ f0). g, o [ sw) an}.

Then for every = € 2 we have that f(x) <M, f(r) < Mgf(z) and M,, f(z) monotonously tends to
Mg f(x) from below. Let B be a ball with B C Q. Since f € L{ .(Q) we have [, |f| < co and by

loc

Proposition we have [’ 5 Mg f| < co. So we can conclude by monotone convergence that

/B My, f(2) — Mg f(x)] dz — 0.

It follows from Lemma [4.3] that

varg Mg f < lilrgior(l}f varg M, f, (4.1)

and it suffices to bound varg M, f uniformly. We have
(Mo f 2 A ={f >N U Q€ Qn:fo >}
and thus by Lemma we have
HITL(D, {M,.f > \INQ) < H‘H(a* J{ieeQn:fo> A}\m*ﬂQ)Jer*l(a* {f>AnQ).

Using Lemma [2.2] we can conclude from Theorem [2.3] that

wroMaf < [ 1 (0. Uf@ € Qi fo 2 AN\ TTE A ) + 1 0.4/ 2 A ) ax

< (cd+1)/oo H (D, {f > A} N Q) dA
= (Cq+ 1) varg f.

By (4.1) this finishes the proof. O

4.2 Open and closed cubes

In this section we prove Proposition which states that it makes essentially no difference if the
maximal operator is defined using open or closed cubes.

Proposition 4.4. Let Q be a set of cubes @ with 1()) > 0. Then there is a sequence of cubes
Ql,QQ,... € Q with
Ue=aiu@.u....

Furthermore, | J Q and J{Q € Q} are measurable and

c(U@:eeanUe) =0
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In order to prove Proposition [£.4] we need a result on the volume of neighborhoods of Lipschitz
surfaces, recall Definition 3.3

Lemma 4.5. Let € > 0 and let S be a Lipschitz surface with constant L. Then
LAz eRY: Ty e S |z —y| <e}) < (diam(S) + &) (1 + L)e.

Proof. After a translation and rotation of S, by the Kirszbraun theorem there is a Lipschitz function
f:R4L — R with constant L such that S C {(z, f(2)) : 2 € R471, |z| < diam(S)}. Then for every
r=(z1,...,74) € RY and y € S with |z — y| < € we have |(z1,...,24_1)| < diam(S) + ¢ and

If(z1,. s ma1) —xa| < |f(z1,- o swa-1) — f(yr, - ¥a—1)| + |ya — xa| < Le + €.
We can conclude that

L{zeRY:Fye S|z —y|<e})
<Lz eR:|(z1,...,xq-1) < diam(S) + ¢, |zg — f(x1,...,2q-1)] < (1 + L)e})
< (diam(S) 4 €)1 (1 + L)e.

Proof of Proposition[{.]} Because we may write Q as the countable union

o= Uteee:2 <iQ) <2, @ c B0.2")

2€Z keN

it is enough to prove the result for each set in the union separately. Then after rescaling it suffices
to consider the case that Q is a set of cubes Q with 27! < 1(@) < 1 which are all contained in a
fixed ball By.

For each n € N let J,, be the § for ¢ = 27" from Lemma We inductively define a finite
sequence of cubes (Q ) as follows. For each k select a cube @y, € Q such that foralli=1,...,k—1
we have |cg, — cg,| > 0y, or [vg, —vQ,| > dn, if such a cube exists, otherwise stop. We furthermore
select this cube Qj so that it maximizes 1(Qx) up to a factor (1 + &,)~! among all cubes in Q
eligible for selection. Since {(cq,vg) : @ € Q} is a bounded set, this sequence terminates after a
finite number K, of steps, and we denote Q,, = {Q1,...,Qk, }. Then for each P € Q there is a
Q € Q, such that 1(P) < (1+6,)1(Q) and |cp — cg| < 6,1(Q) and |vp —vg| < §,. By Lemma[3.10]
this implies P C (1 +27")Q and thus

J@:edc|J{a+2Q: Qe Q.}. (4.2)
Let P € Q and z € P. Then there is an ¢ > 0 with B(x,¢) C P. Take n with 27"Vd < ¢ and

Q € 9, with P C (1+27™)Q. Then the Hausdorff distance between @ and (1+27")Q is less than
€ which implies = € . We can conclude

Ue=U@uou...).

We can cover By by a set of unit balls By, ..., Bg with K < £(Bg). Since for all Q € Q,, we
have 1(Q) > 1/2, it follows from Lemma that for every 1 < k < K we can write 9J @, N By

19



as a union of boundedly many Lipschitz surfaces with uniformly bounded constants. We apply
Lemma [4.5] to each of these Lipschitz surfaces and obtain

E(U{(l +27 QR Qe 9.1\ Qn) < £({x eR: Fyeal JOu, lz—yl < 2—n+1\/g})

< 927"L(By).

Now we can conclude from (4.2)) that

for n — oo.

c(U@:eeanJo) <c(Ut+2m@: Qe i\Jea) —0

O

Proof of Proposition[2.8 By Propositionwe have for each ¢ € Q that the superlevelsets {Mg f >

¢ =U{Q € Q: fo >q}and {Mof > q} =U{Q € Q: fo > ¢} only differ up to a set of measure
zero. Therefore the set

{Mof >Mof} = [ J{z € Q: Mof(x) > ¢ > Mof(2)}

q€Q
has measure zero. Since Mg f(x) > Mg f(x) for every € (2, this finishes the proof. O
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