REGULARITY OF THE LOCAL FRACTIONAL MAXIMAL
FUNCTION
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TUOMINEN

ABSTRACT. This paper studies smoothing properties of the local fractional
maximal operator, which is defined in a proper subdomain of the Euclidean
space. We prove new pointwise estimates for the weak gradient of the
maximal function, which imply norm estimates in Sobolev spaces. An
unexpected feature is that these estimates contain extra terms involving
spherical and fractional maximal functions. Moreover, we construct sev-
eral explicit examples which show that our results are essentially optimal.
Extensions to metric measure spaces are also discussed.

1. INTRODUCTION

Fractional maximal operators are standard tools in partial differential equa-
tions, potential theory and harmonic analysis. In the Euclidean setting, they

have been studied in [3], [4], [5], [28], [30], [32] and [37]. It has been observed
in [28] that the global fractional maximal operator M, defined by

(11) Mau() =supr*f Juty)]dy,

r>0 B(.’L’,’I’)
has similar smoothing properties as the Riesz potential. More precisely, there
is a constant C, depending only on n and «, such that

(1.2) |D Mg u(z)| < C Mg u(z)

for almost every x € R". This implies that the fractional maximal operator
maps LP(R™) to a certain Sobolev space. If the function itself is a Sobolev
function, then the fractional maximal function belongs to a Sobolev space
with a higher exponent. This follows quite easily from the Sobolev theorem
using the facts that M, is sublinear and commutes with translations, see [28,
Theorem 2.1]. The regularity properties of the Hardy-Littlewood maximal
function, that is (1.1) with o = 0, have been studied in [6], [10], [18], [19], [25],
29], [31], [33], [35] and [47].
This paper studies smoothness of the local fractional maximal function

Magu(z) = sup r° / ()] dy,

B(z,r)
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where the supremum is taken over all radii r satisfying 0 < r < dist(z, R™\ Q).
In this case, the family of balls in the definition of the maximal function
depends on the point x € 2 and the same arguments as in the global case do
not apply. For the Hardy-Littlewood maximal function, the question has been
studied in [26] and [19], see also [34]. For the local Hardy-Littlewood maximal
operator Mg with o = 0 we have

(1.3) |D Mqu(x)| <2Mq|Dul|(z)

for almost every x € 2. In particular, this implies that the maximal function
is bounded in Sobolev space W?(€Q) when 1 < p < oo.

The situation is more delicate for the local fractional maximal operator M, o
with @ > 0. One might expect that pointwise estimates (1.2) and (1.3) would
also hold in that case. However, this is not true as such. Instead of (1.2), we
have

|D My ou(z)| < C’( Ma—1ou(z) + SQ_LQU/(.T>)

for almost every x € (), where C' depends only on n. The local spherical
fractional maximal function is defined as

S rou(z) = supro~! / ()| dH (y),
OB(z,r)

where the supremum is taken over all radii  for which 0 < r < dist(z, R™\ Q).
Norm estimates for the spherical maximal operator are much more delicate
than the corresponding estimates for the standard maximal operator, but they
can be obtained along the lines of [40] and [42]. These estimates are of inde-
pendent interest and they are discussed in Section 2. Consequently, the local
fractional maximal function belongs locally to a certain Sobolev space.

We also show that

D Maau(z)| <2Mqal|Dul(z) + aMa_10u(x)

for almost every x € 2. This is an extension of (1.3), but again there is
and extra term on the right hand side. Because of this the local fractional
maximal function of a Sobolev function is not necessarily smoother than the
fractional maximal function of an arbitrary function in L”(€2). This is in a strict
contrast with the smoothing properties in the global case discussed in [28].
Moreover, we show that M, o u has zero boundary values in the Sobolev sense
and hence it can be potentially used as a test function in the theory of partial
differential equations. In Section 4, we construct several explicit examples,
which complement our study and show that our results are essentially optimal.
Another delicate feature is that the local fractional maximal operator over
cubes has worse smoothing properties than M, o defined over balls.

In the last section, we extend the regularity results of the local fractional
maximal operator in metric measure spaces. As in the non-fractional case
2], we use a discrete version of the maximal operator, because the standard
maximal operators do not have the required regularity properties without any
additional assumptions on the metric and measure. In the metric setting,
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fractional maximal operators have been studied for example in [13], [14], [15],
20], [22], [38], [39] and [48].

2. NOTATION AND PRELIMINARIES

Throughout the paper, the characteristic function of a set E is denoted by
Xg. In general, C'is a positive constant whose value is not necessarily the same
at each occurrence.

Let © C R™ be an open set such that R” \ Q # () and let a > 0. The local
fractional maximal function of a locally integrable function w is

Mag u(x) = sup r° / ()] dy,
B(z,r)

where the supremum is taken over all radii r satisfying 0 < r < dist(z, R™\ Q).

- ]{8 u(y) dy = %' /B u(y) dy

denotes the integral average of u over B. If a = 0, we have the local Hardy-
Littlewood maximal function

Mau(z) =supf —u(y)|dy.
B(z,r)
When 2 = R”, the supremum is taken over all » > 0 and we obtain the
fractional maximal function M, u and the Hardy-Littlewood maximal function
Mu. A Sobolev type theorem for the fractional maximal operator follows
easily from the Hardy-Littlewood maximal function theorem.

Theorem 2.1. Let p > 1 and 0 < a < n/p. There is a constant C > 0,
independent of u, such that

| Ma ]| Lo ny < Cllul Loy,
for every u € LP(R™) with p* = np/(n — ap).

Now the corresponding boundedness result for the local fractional maximal
function follows easily because for each u € LP(Q2), p > 1, we have

(2.1) [ Magullpe @) < | MaluXo)llpe gey < ClluXallwr@n) = Cllull e

The local spherical fractional maximal function of u is

Suau() =swprtf ful)] dH ),
OB(z,r)

where the supremum is taken over all radii  for which 0 < r < dist(z, R™\ Q).
Observe that the barred integral denotes the integral average with respect to
the Hausdorff measure H"~1. When Q = R", the supremum is taken over all
r > 0 and we obtain the global spherical fractional maximal function S,u.

The following norm estimate for the spherical fractional maximal operator
will be useful for us.
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Theorem 2.2. Letn > 2, p>n/(n—1) and 0 < a < min{(n — 1)/p, n —
2n/((n—1)p)}. Then

(22) |Satlle ey < Cllull oo,
where p* = np/(n — ap) and the constant C' depends only on n, p and .

For a = 0, this was proved by Stein [46] in the case n > 3 and by Bourgain
9] in the case n = 2. For a > 0, the result is due to Schlag [40, Theorem 1.3]
when n = 2 and Schlag and Sogge [42, Theorem 4.1] when n > 3. In [40] and
[42] the result is stated for the operator

Su(z) = sup][ |u(y)| dH" ™ (y),
OB (z,r)

1<r<2

but the corresponding result for S, follows by the Littlewood-Paley theory as
in [9, p.71-73] , [45, Section 2.4] and [41, Section 3.1]. In particular, Theorem
2.2 implies that the local spherical fractional maximal operator satisfies

(2.3) [Sa0ull o @) < Cllullze@)-
We recall the definition of the Sobolev space
WP (Q) = {u € LP(Q) : |Du| € LP(Q)},

where Du = (Dju,...,Dyu) is the weak gradient of u. The weak partial
derivatives of u, denoted by D;u, i = 1,...,n, are defined as such functions

V; € Ll G))that
/uggo da::—/vigodx
o 0% Q

loc
for every ¢ € C5°(Q). The Sobolev space with zero boundary values W, 7 (Q)
is the completion of C§°(Q2) with respect to the norm

1/p
lullwrr@) = (/ IUIpdm+/ |Du|pda:) .
Q Q

3. DERIVATIVE OF THE LOCAL FRACTIONAL MAXIMAL FUNCTION

In this section, we prove pointwise estimates for the weak gradient of the
local fractional maximal function. By integrating the pointwise estimates we
also get the corresponding norm estimates.

We define the fractional average functions uf: Q — [—oo0,00], 0 < ¢t < 1,
0 < a < o0, of alocally integrable function u as

(3.1) ug () = (t8(x))° ]2 o M)

where §(z) = dist(x, R™ \ 2). We start by deriving an estimate for the weak
gradient of the fractional average function of an LP-function.
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Lemma 3.1. Letn > 2, p>n/(n—1),0<t<1and 1 < a < min{(n —
)/p,n—2n/((n—1p)} + 1. Ifu € LP(Q), then |Du| € LI(Q) with ¢ =
np/(n — (o — 1)p). Moreover,

(3.2) |Dug'(z)| < C’( Mo—1ou(z) + Sa_LQu(x))
for almost every x € ), where the constant C' depends only on n.

Proof. Suppose first that v € LP(2) N C*(2). According to Rademacher’s
theorem, as a Lipschitz function, ¢ is differentiable almost everywhere in (2.
Moreover, |D(z)| = 1 for almost every = € Q. Denoting w,, = |B(0,1)|, the
Leibniz rule gives

D (@) = Di (s (65 ™) [ ulw)dy

B(z,té(z))

T (65(x))* "D, ( [ uw dy) il
B(z,té(x))

for almost every x € ), and by the chain rule

Dz</ u(y) dy) :/ Diu(y) dy
B(z,té(x)) B(,té(z))

#D0@) [ dnt i), i=1n,
OB(z,té(x))

for almost every x € (2. Here we also used the fact that

(9 n—1
. u(y) dy = u(y) dH"(y).
or Jpar OB(z,r)

Collecting the terms in a vector form, we obtain

Du () = w; 't (a — n)§(x)* "' D (x) / uly) dy
B(z,té(x))

(3.3) + w;l(té(m))“‘” / Du(y) dy

B(z,té(x))

Ty (68(2))* "D () / uly) M (y)

OB(z,td(x))

for almost every x € (). Applying Gauss’ theorem to the integral in the second
term we have

/ Duly) dy = / u(y)v(y) AH (),
B(z,té(x))

OB(z,té(x))

where v(y) = (y — x)/(td(x)) is the unit outer normal of B(z,td(x)).
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Modifying the integrals into their average forms, we obtain

e o L
(3.4) T n(td(x))*! / s B )

a0 e

for almost every x € ). For the boundary integral terms, we have used the
relation between the Lebesgue measure of a ball and the Hausdorff measure of
its boundary H" 1 (0B(x,7)) = nw,r" 1.

Taking the vector norms in the identity of the derivative and recalling that
0<t<1and |Dd(x)| =1 for almost every x € 2, we obtain

D) < o nlaa@) el

T n(t5(z))*! / ()| o(y)| 4 ()

OB(z,t5(x))

Tty 20 uly)| A ()
() dB(z,t5(z))

< n(t5(z))>" / fu(y)] dy

B(z,té(x))

T n(t6(z))*? / u(y)] A (y)

OB(z,té(x))

T n(t6(z))*? / u(y)] A (y)

OB(z,td(x))
S C( Ma_LQ U(ZE) -+ Sa_l,QU(I))

for almost every « € Q. Thus, (3.2) holds for smooth functions.

The case u € LP(Q) follows from an approximation argument. For u €
LP(Q), there is a sequence {¢;}; of functions in LP(Q2) N C*°(2) such that
w; — uwin LP(2) as j — oo. Definition (3.1) implies that

uy () = lim (@) (x),
j—oo

when z € ). By the proved case for the smooth functions, we have
(35) ‘D((pj)?(x)‘ < C(Mafl,ﬂ 80]('%.) +Sozfl,ﬂ @j(x»? .7 = 1727"'7
for almost every x € €. This inequality and the boundedness results (2.1) and
(2.3) imply that

ID(9))21zaey < C (| Mar.0 95llza@) + Sa—1.0 95l L02))

SOH@]HL?’(Q)) j:172a"'7
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where ¢ = np/(n — (o — 1)p) and C' depends only on n, p and «. Thus,
{ID(¢;)¢|}; is a bounded sequence in L4(f2) and has a weakly converging
subsequence {|D(p;, )¢}k in L9(Q). Since (g;)f converges pointwise to uf,
we conclude that the weak gradient Du exists and that |D(y;, )| converges
weakly to |Du$| in L4(Q)) as k — oco. This follows from the definitions of weak
convergence and weak derivatives.

To establish (3.2), we want to proceed to the limit in (3.5) as j — oo. By
the sublinearity of the maximal operator and (2.1), we obtain

| Ma—1,00; — Ma-10ullzeq) < [| Ma—1,0(0; — )|l L)
SCHng—uHLp(Q), jg=12....
Analogously, by (2.3), we get
[Sa-1.09; = Sa-r9ullza) < Cllg; —ullr),  7=12,....
Hence M,_10¢; + Sa-1,0¢; converges to M,_10u + Sa—10u in L) as
J — oQ.

To complete the proof, we need the following simple property of weak con-
vergence: If f — f and gy — ¢ weakly in LY(Q) and fr < g, k = 1,2,...,
almost everywhere in ), then f < g almost everywhere in 2. Applying the
property to (3.5) with

fr=|D(g;)f| and g = C(Ma-1.09j + Sa-1095,),
we obtain (3.2). This completes the proof. d

The weak gradient of the local fractional maximal function of an LP-function
satisfies a pointwise estimate in terms of a local fractional maximal function
and local spherical fractional maximal function of the function itself. The
following is the main result of this section.

Theorem 3.2. Letn >2, p>n/(n—1) and let 1 < o < min{(n—1)/p, n—
2n/((n—1)p)} + 1. If u € LP(Q), then |D My qu| € L1(Q) with ¢ = np/(n —
(v — 1)p). Moreover,

(3.6) |D My ou(z)| < C’(./\/la_LQ u(z) + Sa_LQu(:U))
for almost every x € ), where the constant C' depends only on n.

Proof. Let t;, j = 1,2,..., be an enumeration of the rationals between 0 and
1 and let

uj:\uﬁz_, j=1,2,....
By Lemma 3.1, we see that |Du;| € LI(Q) for every j = 1,2,... and (3.2)
gives us the estimate
[Duj()] < C(Macru(@) + Sacrou(x)),  G=12,...,
for almost every x € Q. We define vg: 2 — [—00, 00| as the pointwise maxi-

muin

vk(a:)zlrgfxéuj(:v), k=1,2,....
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Then {v}x is an increasing sequence of functions converging pointwise to

Mo u. Moreover, the weak gradients Dvy, £ = 1,2,..., exist since Du;
exists for each j = 1,2,..., and we can estimate

— ) < )
oy D= 1D s o] < Do)

< C(Mafl,ﬂ U(l’) +Sa71,ﬂu($))7 k= 1a27"'7

for almost every x € €.

The rest of the proof goes along the lines of the final part of the proof for
Lemma 3.1. By (3.7), (2.1) and (2.3), we obtain

1Dve]| Loy < C (Il Mozt tllza@) + [Sa-1,0ull o))
SCHUHL;:(Q), /{,‘:1,2,

Hence {|Duvy|}x is a bounded sequence in L9(Q2) with v, — Mo u pointwise
in 2 as k — oo. Thus, there is a weakly converging subsequence {|Duvy,|}; that
has to converge weakly to |D M, qu| in L4(2) as j — oo. We may proceed

to the weak limit in (3.7), using the same argument as in the end of the proof
of Lemma 3.1, and claim (3.6) follows. 0

Corollary 3.3. Letn > 2, p>n/(n—1) and let 1 < a <n/p. If |Q] < o0
and u € LP(Q), then My qu € WH(Q) with ¢ = np/(n — (o — 1)p).

Proof. By (2.1) we have M, qu € LP (Q) and |[DM, qu| € L9(2) by Theorem
3.2 because
n . [n—1 2n
— < min , n—-———+ 1.
p

p (n—1)p
Since g < p*, we have

| Moo ullpay < |97V | Moo ull g o) < 00
by Holder’s inequality. Hence M, qu € WhH(Q). O

Next we will show that the local fractional maximal operator actually maps
LP(€2) to the Sobolev space with zero boundary values. For this we need the
following Hardy-type result proved in [27, Theorem 3.13].

Theorem 3.4. Let Q C R™, Q # R", be an open set. If u € WHP(Q) and
u(z) !
d
/Q <dist(:c,R” \ Q)) T <00
then u € W, ().

Corollary 3.5. Let n > 2 and Q@ C R™ be an open set with 2] < oo. Let
p>n/(n—1)and 1 < a <n/p. Ifu € LP(Q), then Myou € Wy (Q) with
qg=np/(n—(a—1)p).

Proof. By Corollary 3.3, M, qu € WH(Q). Tt suffices to show that

5:5) [ (et ar < o
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The claim then follows from Theorem 3.4. Since
Maau(z) < dist(z, R"\ Q) M1 u(z)

for every = € Q, inequality (3.8) follows from (2.1). Hence M, qu € Wy ().
U

Next we derive estimates for Sobolev functions. In general, Sobolev functions
do satisfy neither any better inequality for weak gradients nor better embed-
ding than LP-functions, but since no spherical maximal function is needed in
the Sobolev setting, the estimate holds also when 1 < p < n/(n —1). The
following is a variant of Lemma 3.1.

Lemma 3.6. Letn > 2, 1 <p<n, 1 <a<n/pandlet0 <t <1 If
Q] < 0o and uw € W'P(Q), then |Duy| € LY(Q) with ¢ = np/(n — (a — 1)p).
Moreover,

(3.9) |Dug'(x)] < 2Mpq|Dul(x) + aMa_10u(z)
for almost every x € Q2.

Proof. Suppose first that u € W'?(Q)NC*>(2). Equation (3.3) in the proof of
Lemma 3.1 holds in this case, as well, and modifying the integrals into average
forms we obtain

Dui(z) = a(té(z))”

o Di(z) u n—1/\ ”
+@) ] Duty)dy

B(z,té(x))

for almost every x € Q.
In order to estimate the difference of the two integrals in the parenthesis,
we use Green’s first identity

[ G = [ (u)det) + Dut) - Detw)
OB(z,r) B(w,r)

where v(y) = (y—=x)/r is the unit outer normal of B(x,r). We choose r = t(z)
and v(y) = |y — z|*>/2. With these choices

Du(y) =y — =z, —y(y) =7, Avly)=n

and Green’s formula reads
1

fo i -f = Duw) -y
0B(z,t5(x)) B(w,t8(x)) " J B(z,t5(x))
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Taking the vector norms in the identity of the derivative and recalling that
|Dé(x)| = 1 almost everywhere and 0 < ¢ < 1, we obtain

1D @)] < ateslo) S u(y)] dy
Ba,t6(x))
D) 1

+n(té(z))

Du(y)||ly — x| dy
6(x) n]{g(x,ta(x))‘ Wl |

+E@)r ] Dul)ldy

B(z,té(z))

< a(t5(x))" f fuy)] dy

B(z,té(x))

n <t5<x>>a/ Du(y)| dy

B(z,té(x))

+ @) |Duty)ldy
B(z,té(z))
<aMu1ou(x) +2Maq|Dul(z)
for almost every = € Q. Thus, (3.9) holds for smooth functions.
The case u € WHP(Q) follows from an approximation argument. For u €
WP(Q), there is a sequence {p;}; of functions in W?(Q) N C*(Q) such that
;= uin WHP(Q) as j — oo. By definition (3.1) we see that

uy' () = lim (@) (x),
j—oo
when z € ). By the proved case for smooth functions we have
(3.10)  |D(9))f (2)] < 2 Mo |Dgjl(2) + a Ma—r0pj(z),  j=1.2,...,

for almost every x € Q. Let p* = np/(n — ap) and ¢ = np/(n — (a — 1)p).
Then || flza) < C|If|lzo (o for any f € LF"(€2) since ¢ < p* and Q] < oo.
The estimate (3.10) and the boundedness result (2.1) imply

HD(SDJ)?HM(Q) < 2[[Mag |D90J|HL«1(Q) +al|Maoi0 @OJ'HLq(Q)
< O Mag |D90J|HLP*(Q) +al|Ma-10 90J'||Lq(Q)
< ClDg;llr@) + Clleilli e
< Cllejllwire, — 7=1,2,...,

where C' depends on n, p, a and |Q2|. Thus, {D(p;){'}; is a bounded sequence
in L9(€2) and has a weakly converging subsequence {D(¢;, )¢ }r. Since (¢;)¢
converges to u; pointwise, we conclude that the Sobolev derivative Duy* exists
and that D(p,, ) — Duy weakly in L(2) as k — oo.

To establish (3.9), we want to proceed to the limit in (3.10) as j — oo. This
goes as in the proof of Lemma 3.1, and we obtain the claim. O

The following is a variant of Theorem 3.2 for Sobolev functions.
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Theorem 3.7. Letn > 2, 1 <p<nandletl < a <n/p. If | < oo and
u € WP (Q), then My qu € WH(Q) with g = np/(n — (o — 1)p). Moreover,

D My u(z)| <2Mayq|Dul|(z) + a Ma_1.0u(z)
for almost every x € Q2.

The proof is analogous to the proofs of Theorem 3.2 and Corollary 3.3, but
using Lemma 3.6 instead of Lemma 3.1.

Remark 3.8. If  is bounded with a C'-boundary, then Theorem 3.7 holds
with a better exponent p* = np/(n — ap) instead of ¢. Indeed, in this setting
we have the Sobolev inequality

[ullr@) < Cllullwre@),
where r = np/(n — p) is the Sobolev conjugate of p, and we can estimate
1D Magullpe ) < 2| Mag [ Dull| 1o @) + all Ma—1,0 ull o (o)
< Ol DullLe(e) + Cllullzr @
< C||Dul[rr@) + Cllullwisq)
< Cllullwrr)-
In the second inequality, we used (2.1) and the fact that p* can be written as

p*=nr/(n—(a—1)r).

4. EXAMPLES

Our first example shows that the inequality
(4.1) |IDM, qu(x)| < CMqqqu(z),
for almost every x € (), cannot hold in general. Hence, the term containing

the spherical maximal function in (3.6) cannot be dismissed.

Example 4.1. Let n > 2 and Q = B(0,1) CR™ Let 1 < p < oo, « > 1 and
let 0 < 8 < 1. Then the function u,

u(z) = (1 — |z]),

belongs to LP(2) N LY(Q). When 0 < |z| < p, p small enough, the maximizing
radius for the maximal functions M, qu(z) and M,_;qu(z) is the largest
possible, i.e. 1 —|z|. To see this, it suffices to consider Mg u and averages
without the fractional coefficient. Denote f: {(z,7r) :r >0, |z|+7r < 1} — R,

fle.r) = ]Q o M) / )y

which is continuous because u is continuous. Since f(x,r) — oo as x — 0
and 7 — 1, there exists p; > 0 such that f(z,r) > 1 whenever |z| < p; and
1—2p; <r <1—|z|. Then denote g: B(0,p;) — R,

4(x) = Mg u(z) — _max / )y

0<r<1-2p1
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which is continuous because u is continuous. Since g(0) > 0, there exists py > 0
such that g(z) > 0 when |z| < py. This implies that

Mo u(z) > / u(y) dy
B(z,r)

for every 0 <r < 1 — |z| whenever |z| < min{p;, p2} = p.
Thus, by (3.4) in the proof of Lemma 3.1,

DMy qu(e) = (n = o) (1~ [al) s

R SR L)

xz

—n—(1—|z|)*" ]/83(%1_@) u(y) dH" ™ (y)

||
for almost every x with |z| < p. By symmetry, the contribution from the
integral in the second term has the same direction % as the first term, whereas

the direction of the last term is the opposite. Thus, all the terms lie in the
same line of R™ and it is sufficient to compare the vector norm of the first term
and the sum of the latter terms. For the first term,

X _
(n—a)— (1 — |z])* 1][ u(y) dy‘ = |n — ol My_19u(z) < M,
z| B(z,1—|z|)
where M depends only on n, p, a, § and p. For the latter terms,
T 1

][aB(x,uxD u(y) () |g;|> dHn_l(w‘ = ][S(x) uly) dH" ™ (y),

where S(z) is the half sphere S(z) = {y € 0B(z,1 — |z]) : (y — x) - x < 0}.
Further, when |z| < ¢,

w0 el ) 2

n(l—e)*?
2(25)5/19 ’

which goes to co as ¢ — 0. We conclude that for small values of |z|, the
boundary integral terms dominate, and thus (4.1) cannot hold.

The next example shows that Theorem 3.7 is sharp. There are domains €2 C
R™, n > 2, for which M, o(W?(Q)) ¢ W4(Q) when ¢ > g = np/(n — (a —
1)p). This is in strict contrast with the global case, where M, : WP(R") —
WP (R") with p* = np/(n — ap), see [28, Theorem 2.1].

Example 4.2. Let n > 2, a > 1 and (o — 1)p < n. Let

Q:int(DBkUC’k>,

k=1
where

By =[kk+2" x[0,27F]" and Cp=[k+27% k+1] x[0,27%"!
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is a corridor connecting By to Byyi. We will show that for every ¢ > ¢ =
np/(n — (o — 1)p), there exists u € W1P(Q) such that
|D Magul & LI(Q).

Let ¢ > ¢q and let p = ng/(n + (o — 1)G). Then p > p. Define u such that
u = 2F/? on B; and w increases linearly from 2F%/? to 2(-+1n/P on ). Then
it is easy to see that u € WP(Q).

If z € %Bk, where %Bk is a cube with the same center as Bj, and with side
length half side length of By, we have that

Megu(r) = dist(z, R™\ By)*2k/?.
Hence, for almost every x € %Bk,
|D Mo u(z)| = adist(z, R"\ By 12f/P > Cokm/p-atl) — cokn/d,
which implies that

/ |D Mo u(x)|?de > CZ/ 2" dr = oco.
Q iB
k=1 2"k

Define the local fractional maximal function over cubes by setting

—

Meogulz) = sup ][ ()] dy,
Q(z,r)

Q(z,r)CQ

where Q(z,r) = (x; —ryz1 +71) X -+ X (2, — 1,2, + 1) is & cube with center
x = (z1,...,2,) and of side length 2r. As noted in [28], in the global case the
maximal operator over cubes behaves similarly as the maximal operator over
balls. Somewhat surprisingly, in the local case, the smoothing properties of
the maximal operator over cubes are much worse. Indeed, we show that there

are domains €2 C R"™ such that MQ,Q(LP(Q)) ¢ WHP(Q) when p > p.

Example 4.3. Let Q = (0,2) x (—1,2)""! and let u: Q — R be of the form
u(z) = v(xy1), where v is non-negative and continuous. If Q(x,r) C Q, then

1 x1+r
ro‘]/ lu(y)|dy = —TO‘_I/ v(t) dt.
Q(z,r) 2 1T

Hence, for a > 1 and = € (0,1)", we have

—_~ 1 2$1
M qu(z) = §x‘f‘_1/ v(t) dt
0
and
—~ 1 211
DiM, qu(z) = 5(& — 1)x‘f‘_2/ v(t)dt + 29 '(21).
0
It follows that

DiMg qu(z) > Cv(2z4),

—~

for x € (1/2,1) x (0,1)"!, which shows that D; M, qu cannot belong to a
higher LP space than wu.
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In all our results in Section 3, we assumed that o > 1. Our final example
shows that, in the case 0 < a < 1, M, qu can be very irregular, even when
u is a constant function. Indeed, we show that for any r» > 0, there exists a
domain €2 such that the weak gradient of the fractional maximal function of a
constant function does not belong to L"(€).

Example 4.4. Let n > 1, 0 < a < 1 and r > 0. We will construct a bounded
open set {2 C R™ such that, for u = 1, we have

Maqu = dist(-,R™\ )¢

and the weak gradient of M, o u does not belong to L"(2). Let 8 be an integer
satisfying 8 > n/((1 — a)r), and let

Q=B(0,2)\ | Sk

k>1
where
= {27k 4o WPk 5 — 1  2fkn,

If 2 € S, and y € S; with 2 # y, then the balls B(z,2-1+9k=1) and
B(y,2-+91=1) are disjoint. For each y € B(z,2- (k1) \ {z}, we have
Mo au(y) = |y — z|%, which implies that

D Maqu(y)| = aly — 2zt > ¢2- A=k
It follows that

/\DMmu ' dy > 22/ 1D Mg u(y)]" dy

B(z,2~1+8)k~ )

k>1 €Sy
> Z oBkng—(1+p)kng—(1+8)(a—1)rk
k>1
= CZ ((+A)(1—c)r=—m)k —
k>1

and hence the weak gradient of M, o u does not belong to L™(£2).

5. THE LOCAL DISCRETE FRACTIONAL MAXIMAL FUNCTION IN METRIC
SPACE

In this section, we study the smoothing properties of the local discrete frac-
tional maximal function in a metric space which is equipped with a doubling
measure. We begin by recalling some definitions.

5.1. Sobolev spaces on metric spaces. Let X = (X,d, ) be a locally
compact metric measure space equipped with a metric d and a Borel regular,
doubling outer measure p. The doubling property means that there is a fixed
constant ¢y > 0, called a doubling constant of u, such that

N(B(*Ta 270)) < Cdﬂ<B(x’ T))
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for each ball B(z,r) = {y € X : d(y,x) < r}. We also assume that nonempty
open sets have positive measure and bounded sets have finite measure. We
say that the measure 1 satisfies a measure lower bound condition if there exist
constants () > 1 and ¢; > 0 such that

(5.1) u(B(x,r)) > ar?

for all x € X and r > 0. This assumption is needed for the boundedness of
the fractional maximal operator in LP.

General metric spaces lack the notion of smooth functions, but there exists
a natural counterpart of Sobolev spaces, defined by Shanmugalingam in [43]
and based on upper gradients. A Borel function g > 0 is an upper gradient of
a function v on an open set 2 C X, if for all curves v joining points x and y
in €2,

(5.2) |mw—u@ns/g@,

Y

whenever both u(x) and wu(y) are finite, and fvgds = oo otherwise. By a
curve, we mean a nonconstant, rectifiable, continuous mapping from a compact
interval to X.

If ¢ > 0 is a measurable function and (5.2) only fails for a curve family
with zero p-modulus, then g is a p-weak upper gradient of u on 2. For the
p-modulus on metric measure spaces and the properties of upper gradients, see
for example [7], [16], [23], [43], and [44]. If 1 < p < oo and u € LP(2), let

1/p
follooioy = ([ fuPdnsint [ i)
Q 9 Ja

where the infimum is taken over all p-weak upper gradients of u. The Sobolev
space on {2 is the quotient space

N'P(Q) = {u: [lulljrr) < 00}/~,

where u ~ v if and only if ||[u — v||y1.r) = 0.
For a measurable set £ C X, the Sobolev space with zero boundary values
is
Ny?(E) = {ulp:ue N"(X) andu=01in X \ E}.

By [44, Theorem 4.4], also the space Ny ?(E), equipped with the norm inherited
from N'P(X), is a Banach space. Note that we obtain the same class of
functions as above if we require u to vanish p-quasi everywhere in X \ F in the
sense of p-capacity, since Sobolev functions are defined pointwise outside sets
of zero capacity, see [43] and [8].

In Theorems 5.1 and 5.8, we assume, in addition to the doubling condition,
that X supports a (weak) (1, p)-Poincaré inequality, which means that there
exist constants cp > 0 and A > 1 such that for all balls B, all locally integrable
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functions v and for all p-weak upper gradients g, of u, we have

1/p
l/lu-—utht§6pr</)gﬁdu) ,
B AB

wzfumzmm*/um
B B

is the integral average of u over B.

In the Euclidean space with the Lebesgue measure, NP(Q) = W?(Q) for
all domains Q@ C R" and ¢, = |Du| is a minimal upper gradient of u, see [43]
and [44]. Standard examples of doubling metric spaces supporting Poincaré
inequalities include (weighted) Euclidean spaces, compact Riemannian mani-
folds, metric graphs, and Carnot-Carathéodory spaces. See for instance [17]
and [16], and the references therein, for more extensive lists of examples and
applications.

The following Hardy-type condition for functions in Sobolev spaces with
zero boundary values has been proved in [1] and in [24].

where

Theorem 5.1. Assume that X supports a (1,p)-Poincaré inequality with 1 <
p <oo. Let Q C X be an open set. If u € N'P(Q) and

/Q (%)pdﬂ(l‘) < 00,

5.2. The fractional maximal function. Let 2 C X be an open set such
that X \ Q # 0 and let & > 0. The local fractional maximal function of a
locally integrable function u is

M. u(z) = sup ra]/ lu| du,

B(z,r)

then u € N, P(Q).

where the supremum is taken over all radii r satisfying 0 < r < dist(z, X \ ).
If & = 0, we have the local Hardy-Littlewood maximal function

Mau(z) = sup][ |u| dp.
B(z,r)

When 2 = X, the supremum is taken over all r > 0 and we obtain the
fractional maximal function M, u and the Hardy-Littlewood maximal function
M.

Sobolev type theorem for the fractional maximal operator follows easily from
the Hardy-Littlewood maximal function theorem. For the proof, see [12], [13]
or [20].

Theorem 5.2. Assume that measure lower bound condition (5.1) holds. If
p>1and 0 < a < Q/p, then there is a constant C > 0, independent of u,
such that

| Maull o xy) < Cllullrx),
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for every uw € LP(X) with p* = Qp/(Q —ap). Ifp=1and 0 < a < Q, then
p({Mau > A} < COfull ) @9

for every u € LY(X). The constant C > 0 depends only on the doubling
constant, the constant in the measure lower bound and c.

Now the corresponding boundedness results for the local fractional maximal
function follow easily because for each open set 2 C X and for each u € L?(9),
p > 1, we have

(5.3) [ Magullpr @) < [ Ma(uXo)ll (x) < ClluXallzex) = Cllulle)-
Similarly, we obtain a weak type estimate when p =1,

) —1 Q/(Q—a)
(5.4) p({z € U: Magu(z) > A}) <C(A Y ullpe) :

The weak type estimate implies that the fractional maximal operator maps L*
locally to L® whenever 1 < s < Q/(Q — «).

Corollary 5.3. Assume that measure lower bound condition (5.1) holds. Let
0<a<Qand1<s<Q/(Q—a). IfQC X, u(Q) < oo and u € L),
then My u € L*(Q2) and

(5.5) | Maqu

L@ < Cllullzr o),

where the constant C depends on the doubling constant, the constant in the
measure lower bound, s, o and ().

Proof. Let a > 0. Now

/Q(Ma,g u)®dy = s/ooo tu({r € Q: Magu(z) > t})dt
~s([+]),

/Oa 5 u({r € Q: Maqu(z) > t})dt < a’u(Q).

where

For the second term, (5.4) together with the assumption 1 < s < Q/(Q — «)
implies that

[t € 0 Magu(e) > e < g [T em-aen a

= Cllullig) *a* /™.

Now norm estimate (5.5) follows by choosing a = ||u||11(q). O
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5.3. The discrete fractional maximal function. We begin the construc-
tion of the local discrete fractional maximal function in the metric setting with
a Whitney covering as in [2, Lemma 4.1], see also the classical references [11]
and [36]. Let Q C X be an open set such that X \ Q # 0, let 0 < a < Q
and let 0 < t < 1 be a scaling parameter. There exist balls B; = B(x;,1;),
1=1,2,..., withr; = %Bt dist(z;, X \ Q), for which

0= GBZ' and i)@Bi(I) <N < o0
i=1 i=1

for all z € 2. The constant N depends only on the doubling constant. More-
over, for all x € 6B;,

(5.6) 12r; < tdist(z, X \ Q) < 24r;.

Using the definition of r;, it is easy to show that if € B; and B, N 6B; # 0,
then

24 3 19 )
(57) r; < 1_7rj < §rj and T; < ETZ‘ < g?“i.
Related to the Whitney covering {B;};, there is a sequence of Lipschitz func-

tions {; }i, called partition of unity, for which

Z%‘@) =1

for all z € Q. Moreover, for each 7, the functions ¢; satisfy the following
properties: 0 < ¢; <1, ¢, =0in X \ 6B;, ¢; > v in 3B;, ¢; is Lipschitz with
constant L/r; where v > 0 and L > 0 depend only on the doubling constant.

Now the discrete fractional convolution of a locally integrable function u at
the scale ¢ is uf,

up () =Y pia)rfuss, © € X
=1

Let t;, j = 1,2,... be an enumeration of the positive rationals of the interval
(0,1). For every scale t;, choose a covering of {2 and a partition of unity as
above. The local discrete fractional maximal function of u in Q is M,  u,

MG qulz) =suplulf (z), x€X.
J

For a = 0, we obtain the local discrete maximal function studied in [2]. The
construction depends on the choice of the coverings, but the estimates below
are independent of them.

The local discrete fractional maximal function is comparable to the standard
local fractional maximal function. The proof of the following lemma is similar
as for local discrete maximal function and local Hardy-Littlewood maximal
function in [2, Lemma 4.2].
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Lemma 5.4. There is a constant C > 1, depending only on the doubling
constant of 1, such that

ct Mi4Q u(z) < Mg u(z) < C Maqu(x)
for every x € X and for each locally integrable function w.

Above, 24 is the constant from (5.6) and

where the supremum is taken over all radii r for which 0 < fr < dist(z, X \ ),
is the restricted local fractional maximal function.

Since the discrete and the standard fractional maximal functions are compa-
rable, the integrability estimates hold for the local discrete fractional maximal
function as well, see Theorem 5.2 and (5.3).

5.4. Sobolev boundary values. In the metric setting, smoothing properties
of the discrete fractional maximal operator in the global case have been stud-
ied in [20] and of the standard fractional maximal operator M, in [21]. In the
local case, by [2, Theorem 5.6], the local discrete maximal operator preserves
the boundary values in the Newtonian sense, that is, |u| — Mau € Ny*(Q)
whenever v € N'P(Q). Intuitively, the definition of the fractional maximal
function says that it has to be small near the boundary. In Theorem 5.8, we
will show that if €2 has finite measure, then the local discrete fractional max-
imal operator maps LP(€2)-functions to Sobolev functions with zero boundary
values.

The next theorem, a local version of [20, Theorem 6.1], shows that the
local discrete fractional maximal function of an LP-function has a weak upper
gradient and both My, o u and the weak upper gradient belong to a higher
Lebesgue space than u.

We use the following simple fact in the proof: Assume that u;, 1 =1,2,...,
are functions and ¢;, i = 1,2, ..., are p-weak upper gradients of u;, respectively.
Let u = sup,; u; and g = sup, g;. If u is finite almost everywhere, then g is a
p-weak upper gradient of u. For the proof, we refer to [7].

Theorem 5.5. Assume that measure lower bound condition (5.1) holds. Let
Q C X be an open set and let u € LP(Q) with 1 <p < Q. Let 1 < a < Q/p,

p* = Qp/(Q —ap) and ¢ = Qp/(Q — (a — 1)p). Then CMy—_10u is a weak
upper gradient of M7, o u. Moreover,

IMaqullpr @) < Cllulle@ and || Ma-r0ullie@) < Cllullzr@)-

The constants C > 0 depend only on the doubling constant, the constant in the
measure lower bound, p and .
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Proof. We begin by showing that C' M, _1 o u is a weak upper gradient of |ulf.
Let t € (0,1) NQ be a scale and let {B;}; be a Whitney covering of €. Since

o0
[ulf (2) = Y 0(@)r§ |ulss,,
j=1
each ¢; is L/r;-Lipschitz continuous and has a support in 65}, the function
oo
gi(x) =L Z 7‘?_1|U|3BjXﬁBj (z)
j=1

is a weak upper gradient of |u|¢. We want to find an upper bound for g;. Let
x € Q and let ¢ be such that x € B;. Then, by (5.7), 3B; C B(x,4r;) C 15B,
whenever B; N 6B; # () and hence

i, <Cf  Juldu
B(z,4r;)

The bounded overlap property of the balls 6B; together with estimate (5.7)
implies that

gi(z) < CT?I/B( . lul dp < C My_10u(x).

Consequently, C' M,_; o u is a weak upper gradient of |u|f.
By (5.3), the function MY, ;, u belongs to LP* () and hence it is finite almost
everywhere. As
Mg ulz) = sup [ul? (2),
j

and because C M,_1 qu is an upper gradient of \u]g for every t = 1,2,...,

we conclude that it is an upper gradient of My, o u as well. The norm bounds
follow from Lemma 5.4 and (5.3). O

Remark 5.6. With the assumptions of Theorem 5.5, M7 qu € N-Y(Q) and
I MG @ ullxracay < Cu(A)Ha P
for all open sets A C 2 with p(A) < oco.

ullLo(a)

Remark 5.7. Similar arguments as in the proof of Theorem 5.5 together with
Corollary 5.3 show that if the measure lower bound condition holds, 2 C X is
an open set, u € L'(Q2), u(Q) < oo, and 1 < ¢’ <5< Q/(Q — (o — 1)), then
C Ma-10u is a weak upper gradient of M7 o u and

| Mo ul
In particular, we have that M, o u € N (Q) and
MG g ullyrr@y < Cl(@)V* 2 full 1 0.

Ls(Q) < CHUHLl(Q) and H Maflyg u! L' (Q) < CHUHLl(Q)

The next result shows that the local discrete fractional maximal operator
actually maps LP(2) to the Sobolev space with zero boundary values.
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Theorem 5.8. Assume that measure lower bound condition (5.1) holds and
that X supports a (1,p)-Poincaré inequality with 1 < p < Q. Let Q@ C X
be an open set with u(2) < oo and let u € LP(Q). Let 1 < o < Q/p and

4= Qp/(@Q — (a— 1)p). Then Mi,qu € N2(9).

Proof. Let w € LP(2). By Remark 5.6, M} qu € N"“(Q) and hence, by
Theorem 5.1, it suffices to show that

(5.8) /Q (%)qdu(@ < 00.

We begin by considering |ul{". Let ¢ € (0,1) N Q be a scale and let {B;}; be a
Whitney covering of €2. Let € (2 and let ¢ be such that z € B;. Now

[ulf (@) =Y py(@)r§lulss,,
J

where the sum is over such indices j for which B; N6B; # (). As in the proof
of Theorem 5.5, we use (5.7), the doubling property, the bounded overlap of
the balls B; and (5.6) to obtain that

i, <Cf  Juldu
B(z,4r;)

for all such j, and that
ulo(z) < crg]/ lul dp < C dist(z, X\ Q) Mo_10u(z).

B(x,4r;)
By taking the supremum on the left side we have

M qu(z) < Cdist(z, X \ Q) Mo_10u(r).
This together with (5.3) implies that

M qu(x) \1? .
— | d < _ du < q )
/Q (dist(g:,X \ Q)) u@) < C/Q (Ma—rou)dp < Cllullf,
Hence (5.8) holds and the claim follows. 0

Remark 5.9. The same proof using Remark 5.7 and norm estimate (5.5) gives
a corresponding result for p = 1. Namely, if u € L*(Q), u(Q) < 00, 1 < a < Q,

and 1 < s < Q/(Q — (o — 1)), then M qu € Ny ().
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