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Abstract. We obtain improved fractional Poincaré and Sobolev—Poincaré inequalities includ-
ing powers of the distance to the boundary in bounded John, s-John, and Hélder-a@ domains, and
discuss their optimality.

1. Introduction

Poincaré and Sobolev—Poincaré inequalities in non-Lipschitz domains have been
the object of extensive study. They can be seen as special cases of the following
larger family of so-called improved Poincaré inequalities:

(1.1) 01212 1f = C||Lf1(Q) < C||Vf||LP(Q,db)

where d(x) denotes the distance of z to the boundary of Q, LP(, d°) is the LP-space
with measure d°(x)dx, and b, p and ¢ satisfy appropriate restrictions. The usual
assumption for these inequalities to hold is that the domain €2 in R"™ belongs to
the class of John or f-John domains, see Section 2 for a precise definition. In the
case of John domains, a partial converse is also true in the following sense: if €2 has
finite measure and satisfies a separation property, then the validity of the Sobolev—
Poincaré inequality implies the John condition (see [5]). A possibly incomplete list
of references on improved Poincaré inequalities and their generalizations to weighted
settings and measure spaces includes [6, 7, 8, 9, 13, 14, 18, 19, 22, 23].

More recently, some authors have turned their attention to fractional general-
izations of Poincaré and Sobolev—Poincaré inequalities, where a fractional seminorm
appears instead of the norm in WP(Q). Indeed, in [20] the following inequalities
were introduced for bounded John domains:

_ p 1/p
(1.2) inf || f — c[[La) < C’{/ / Mdzdm}
c€R o JonBr (e dist(@o0) |2 — T|"TP

with 1 <p < ¢ < - and 5,7 € (0,1).
The seminorm appearing on the RHS of (1.2) can be seen to be equivalent on
Lipschitz domains to the usual seminorm in W*P(Q2), that is, integrating over {2 x

(see |11, equation (13)]), but it can be strictly smaller than the usual seminorm for
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general John domains (see [12, Proposition 3.4|). Moreover, it is easy to see that,
unlike the classical Poincaré inequality, the inequality

_ p 1/p
(1.3) i |1/ — ello < c{/ﬂ [ %dw}

holds for any bounded domain © and s € (0,1) (see |3, Lemma 3.1]), while the
stronger inequality

] 2) — T P 1/p
Ly gl dew <c{ [ | L LEE 00
ceR o JonBr (e dist(@o0) |12 — T|"TP

may fail for general domains, for instance, for certain §-John domains if 5 is suffi-
ciently large (see Theorem 4.3).

Regarding the Sobolev—Poincaré inequality, it was proved in [26, Theorem 1.2]
that

. f(2) = f(2)]P p
(1.5) flf — el 2t < € { /Q /Q e df“}

holds for the class of Ahlfors n-regular domains, which is larger than that of the
John domains, but if we turn to the inequality with the stronger seminorm, there
are Ahlfors n-regular domains for which the inequality fails (see [12, Theorem 3.1]).
On bounded John domains, as mentioned before, the Sobolev—Poincaré inequality
holds with the stronger seminorm and, moreover, it was proved in [12, Theorem 6.1]
that a partial converse also holds: if a fractional Sobolev—Poincaré inequality with
the stronger seminorm holds on a domain {2 with finite measure which satisfies the
separation property, then €2 must satisfy the John condition.

In this paper, we study generalizations of (1.2) which include—on both sides—
weights that are a power of the distance to the boundary. More precisely, we obtain
improved inequalities of the form

: |f(z) = f(x)] b }1/;,;
. f q a _—
(1.6) clg |f — cllzoany < C {/Q /|m—z§d(x)/2 d(z, z)’dzdx

[z — z[ntor

where d(z) := dist(x, 092), 0(z, 2) := min{d(z),d(z)}, Q in R" is a bounded John or
[B-John domain and the parameters satisfy appropriate restrictions. The reader will
remark that the domain of integration on the left corresponds to the choice 7 = % in
the notation of (1.2); this is to simplify notation, we could have chosen any 7 € (0, 1)
as it will be clear from the proof. We also remark that the term “improved” used in
[12] refers to the use of the stronger seminorm as in (1.4), while in this paper we use
it to emphasize the presence of powers of the distance to the boundary as weights,
as it is customary in the integer case.

Our technique consists in extending the arguments used in our work [9] to the

fractional case. The key starting point in that paper was the estimate

fly) - fl<C V@I

dx
o—y|<Crd(z) 1T — Y[

where (2 is a bounded John domain, f € C*(Q) and f is an appropriate average of
f- The idea of recovering f from its gradient to prove Sobolev—Poincaré inequalities
is present in several authors, for instance, [23, 18, 13, 15, 16|, but it is essential for
our argument in [9] that the fractional integral of the gradient be restricted to the
region |z —y| < Cid(x), a fact that we believe is not exploited in other proofs. In this
paper we give a generalization of this representation to the fractional case in the case
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of bounded John and §-John domains, that can also be of independent interest. We
also consider separately the case of Holder-a domains, which belong to the class of
p-John domains with 5 = 1/« but are known to have better embedding properties,
see e.g. 4, 22|.

To the best of our knowledge, the fractional inequalities for bounded S-John
domains are new even in the unweighted case, and the weighted inequalities are new
even in the case of Lipschitz domains. Indeed, although the generalization to weighted
norms on both sides of the inequality is quite natural and along the lines of the results
for improved Poincaré inequalities involving the gradient found in |7, 8, 14, 22|, we
believe that the only antecedent of these weighted fractional inequalities is found
in [1, Proposition 4.7], where (1.6) is obtained in a star-shaped domain in the case
p=¢q=2,a=0and b < 2s (their proof remains unchanged for bounded John
domains but does not cover the case b = 2s where the inequality also holds, see |1,
Remark 4.8] and Theorem 3.1 below). Moreover, the results we obtain are sharp in
the case of bounded John domains and Hélder-o domains, and almost sharp (except
at the endpoint) for bounded $-John domains, and we provide counterexamples to
support this statement.

The rest of the paper is as follows: in Section 2 we recall some necessary def-
initions and preliminaries; in Section 3 we obtain the fractional representation in
bounded John domains and use it to obtain the improved inequalities; in Section 4
we obtain the fractional representation in bounded S-John domains and use it to ob-
tain the improved inequalities, and we discuss their optimality; finally, in Section 5
we consider the special case of Holder-a domains, also discussing the optimality of
our result.

2. Notation and preliminaries

Throughout the paper, 2 in R™ (n > 2) will be a bounded domain and d(z) will
denote the distance of a point x € €2 to the boundary of ). We will assume, without
loss of generality, that 0 € Q. As it is customary, C' will denote a positive constant
that may change even within a single string of inequalities, and functions f defined
in 2 will be extended by zero outside {2 whenever needed.

We will use the following definition of bounded $-John domains:

Definition 2.1. A bounded domain €2 in R" is a §-John domain (8 > 1) if there
exists a family of rectifiable curves given by v(t,y), 0 <t < 1, y € €, and positive
constants A < 1, K and C' such that,

(1) 7(0,y) =y, v(1,y) =0,

(2) d(y(t,y)) = A7,

(3) [¥(t,y) < K,

(4) for all z,y € Q and r < 2d(x), there holds {(y(y) N B(z,r)) < Cr, where 7(y)

denotes the curve joining 0 with y, and [ the length.

When g = 1, we will simply refer to John domains, instead of 1-John domains.

Remark 2.1. The above definition is not the usual one, which includes only
properties (1), (2) and (3). However, it can be seen that the curves can be chosen to
make property (4) hold (see [10, Section 2]).

3. The case of John domains

In this section we obtain a representation that allows us to estimate f in terms
of its fractional derivative and use it to obtain the inequalities in bounded John
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domains. These inequalities are split in two theorems, since the case p = 1 requires
a “weak implies strong” argument that we develop separately. The inequalities are
sharp (as will be seen in Theorem 4.3) and, to the best of our knowledge, they are
new even in the case of Lipschitz domains.

Proposition 3.1. Given s € (0,1), 1 < p < 0o, and f € C*(2) we have
- h(x
fw) -7l [ LGRS
ly—z|<Crd(x |95— |

where f is a constant and

)= (/|sn—w|Sd(m>/z |flg/;})—_ﬂfIj’i(f’)’|]D dw) E

for y € ), h = 0 outside (2, and C' and C are positive constants depending only on
n and €.

Proof. Take ¢ € C3(B(0,\/4)) such that [¢ =1 and define
u(x, t) = (f * ¢i)(2)

and
n(t) = uly(t,y) +iz,1).
Observe that the curve (¢, y) +tz is contained in 2 whenever z € B(0, A/4). Indeed,

in this case |y(t,y) +tz — y(t,y)| < tA/4 < d(~(t,y)).
Then,

fy) = (fx9)(2) = uly,0) —u(z,1) = n(0) —n(1) = —/0 ' (t) di

—/0 Vu(y(t,y) +tz,t) - (Y(t, 2) + 2) + ug(y(t,y) + tz, t) dt

Multiplying by ¢(z), integrating in z and defining f = [(f * ¢)(2)¢(2)dz we have
f0) -7 = [ (10~ (7= D@l dz
—— [ [ vt + 120 Gl + ) dra
R”

// Yt y) + tz, () dtdz

—(I+1I)
Making the change of variables (¢, y) + tz = x and using the fact that
Vu = f*V(p)

and

we obtain

LB (e ) 0
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Observe that, since the support of ¢ is contained in B(0,A/4), the integrand
vanishes unless |z — y(t,y)| < At/4 which implies

Y
(3.7) [ =yl < |z =7(t.y)l+ Iv(t.y) —yl < 7 + VoKt

Then we can restrict the integral to ¢t > c|x — y| with a constant ¢ depending only
on K, X and n.
On the other hand, using that

[ eve((5 )=

we can subtract f(z) in the integral with respect to w. Then, changing the order of
integration between ¢ and = and using that

x—(t,y)
t

A

we obtain

I< c/m /C;_m /HSW If(win;f(x)l 'W(wzw)‘ ‘¢<x—vt(t,y)>'dw %dm

with a constant C' depending only on K and A.
Now observe that

At d(v(t,
A0(t.9) < (k) — 2l + d(x) < 2 4 () < TOEI) 4 g
e N _dl(ty) _ d) _d()
t Yty T x
— < —< < .
T I R
In particular At/4 < d(z)/2 which combined with (3.7) gives
|z —y| < Crd(x)

with a constant C; depending only on K, A and ||¢]|~. Consequently,

1<c/‘ /1 /‘ fw) = f(=)] 1
T Jey<cide) Jele—yl Jo—wi<d@yp w—a|p T TS
1 B » 1
o (L B
fe—yi<Crd(@) Jelo—yl \Jjo—wi<a@)a W = z["F
r—w
([ Jre(=52)

P P’ 1
where we have used | — w| < At/4 to bound the integrand.
Therefore, since

w(x_tw)‘ dw dt d

S =

1

(/nV¢@;w)ﬂmﬁy=Hvﬁwﬁ

! 1 h
[<cC / h(z)——— dt dz < C (=)
[a—yI<Crd()

n+l—s
clz—yl t

we conclude that

T dx
|z—y|<Cird(x) |z -y

where the new constant depends also on ||V,
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To estimate I we proceed in a similar way. Indeed, since [ ¢;(z)dz =1 for all
t, we have f 8% x) dx = 0. Moreover, a straightforward computation shows that

Oy 1 x

o )= tn+1w<¥)
where ¢ := —np—x- V. Therefore, repeating the arguments that we used to bound
I we obtain,

1 —
m<c / / \f(w)n+lf($)\ ‘w<x
lo—y|<Crd(z) J clz—y| J [z—w|<d(z) /2 t

and consequently

h(z)
o—y|<Crd(z) |T — Y["*
In the proof of the next theorem we will make use of the following well known
result [17, Lemma (a)].

I1<C dz. 0J

Lemma 3.1. Let Mg be the Hardy-Littlewood maximal function of g. Given
0 < 0 < n there exists a positive constant C, depending only on n and o, such that,
for any € > 0,

[ B0 ooy
ly—z|<e |$ - y|n 7

Theorem 3.1. Let €2 in R"™ be a bounded John domain, 1 < p < q < 00, a > 0,
b < @ + sp — n and, additionally, q¢ < nﬁ—’;p when p < 2. Then, given s € (0,1)
and f € C*(Q)) we have

— ( )P 1/p
mf 1f = clla@aey < C [// §(z,2) dzdx
|lz—z|<d(z)/2

|z —:E|"+5p

where §(z, z) := min{d(z), d(z)}.
Proof. We proceed by duality. Let g € L7(,d*) such that ||g|| L (Qda) =

I gdqg’ e (@) = 1. Interchanging the order of integration and using Proposition 3.1
we have

O
s - famarayse [ [ ‘x_ s d) T dyh(e) do

0 sy e
(3.9) <o//|y e T AW dy b2 de)'

where we have used that d(y) < |r —y| + d(z) < (Cy + 1)d(x) in the region of
integration.

Now we consider separately the cases p = ¢ and p < q. If p = ¢, it is clear that
it suffices to prove the statement for b = a + sp. Using Lemma 3.1 we have that

/ () — Flgly) d(y) dy < C / d()* s M(gd¥ ) (@)h(z) da
Q

(3.9) < Olld™* Al oy | M (9 | o)

But,

|f(z) = f(x)|
h(z)P = " d
(=) /|m—z§d(:v)/2 |z — x|ntep :
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and then,

_ p
d8+ph ) /d T Sp+a/ Mdzdx
| Iz 0 (@) le—z|<d(z)j2 |7 — TP

but in the domain of integration d(z) < 2d(z) and, therefore,

_ p
||als+ph||Lp(Q <C’/Q/ 5 5(x,z)5p+“Mdzdzz.

[z — z[nter

Replacing this estimate in (3.9) we conclude the proof using the boundedness of the
maximal operator in L” and the choice of qg.
If p < g, assume first that (”+a)p

= n—sp
(n+a)p
n+b—sp"’

that 0 < n < s (the first inequality using that Tg“)j; < 2% and the second one

using that p < r(LTg“sp) Therefore, by (3.8) and using that |z — y| < Cid(z) we have

[ 1) = ) dwydy < € [ d@) 1y ga? ) (o) do

(3.10) < C)ld bl i@y | Ly (967 )| o

. Then, for fixed p, a, b it suffices to prove

a

the theorem for ¢ = If we deﬁne n= 5 — g it follows from our assumptions

where I, g(z) = [ = dy is the fractional integral (or Riesz potential) of order
~v of g, provided 0 < v < n. Observe that, indeed, 0 < s —1n < n holds because
0<n<sandse(01).

As before,

ap — p
|5 R|, <C// 8(z, z)"”*FMdzdx
L (Q _ n-l,-sp

Q Jjz—z|<d(z)/2 z|

|z

=C S, 2 bw dz dx.
/Q/x—z|<d(:c)/2 (=:2) |z — z|"tep !

Using this estimate in (3.10) we conclude the proof using the boundedness of the

fractional integral I,_,: LY — LV for % = % — >0 and the choice of g.

{ntap o _np_ Ty this case, for fixed p, a,b

It remains to consider the case p < ¢, ;5= i sp

it suffices to consider ¢ = n"p

/ F) — Fla(w) d(y)*dy < C / 1(gd? )(2)h(x) d(x)} du
< Ol bl o115 (9 d7 ) 1 @

and conclude by using the boundedness of I,: L? — L' for % = % — = and the fact
that Hd%hHLP(Q) < CHd%hHLp(Q) because, under our assumptions, 9 <4 O

For the case p = 1 we will make use of the following “weak imphes strong” result.
It is proved in [12, Theorem 4.1] in the case p = v, but the reader can easily check
that the same proof holds for two different measures.

Lemma 3.2. Let . and v be positive Borel measures on an open set ) in R",
such that p(Q) < oo, v¥(2) < 0o, let 0 < s < 1 and 1 < p < q < oo. Then the
following conditions are equivalent:
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(1) There is a constant Cy > 0 such that the inequality
inf sup pu{z e Q:|f(x) —c| > t})t?

< //wy<d(w)/ |y_;|n£sz)z|pd(2)dv(y)>g

for any f € C>(Q
(2) There is a constant C5 > 0 such that the mequahty

— ( )|p »
1nf/ f —ch <C’ // dv(z) dv
R ‘ ‘ ,LL 2 |x y|<d )/2 | Z|n+8p ( ) (y>>

holds, for every f € C>(Q).
Theorem 3.2. Let ) in R™ be a bounded John domain, 1 < g <
and b < "+a) —n+s. Then, given s € (0,1) and f € C*(Q)) we have

mf |f = cllra,ae) < C/ / — ‘igﬂé(m,z)b dzdx
lz—z|<d(z)/2 |Z —
where §(z, z) := min{d(z), d(z)}.
Proof. If ¢ = 1 the result follows as in the previous proof.
If ¢ > 1, it is clear that it suffices to prove our statement for b = ";ra) n+s.

a >0,

ns’

For this purpose, we will prove a weak inequality first. Hence, we let £ = {y €
Q: |f(y) — f| >t} and consider the measure p such that du(x) = d(z)* dzx. Then,

)< C//w y\<Cld(ac t|x—(y)\” s drdy)”d

< C/ / &dyda:
o t ENB(z,C1d(x |x—y\” 3

=L +1
where I; corresponds to the region where |z — y| < @ and I to its complement.
Observe that when |z —y| < @, we have that @ < d(y) < 3d(x), so that
h 1
L <C ﬂ/ ———dyd(x)" dv
o—yl<d@)/2 t  JEAB@.Cid@) 1T — Yl
h(.ﬁl]) 2 a
<C —~|EN B(x,Cid(x))|» d(x)* dx
ja—yl<d(e)/z !
h n s
<c sy Xw)d(y)" dy) " d(a)" ) da
le—yl<d(@)/2 t ENB(z,C1d(x))
h S S
=C hz) w(E N B(z, Cyd(z)))« d(z)* =) dz
o=yl <d()/2 !
=C M) )% (B, (@) ()0 i

|z—y|<d(z)/2

for any 0 < 6 < 1, where in the second step we have used a well-known result (see,
e.g., [21, formula (7.2.6)]).
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Now, if we set § = 7% and use that p(B(z, C1d(z))) < d(z)""* we have

L < C,LL(E);'/Q@d(:E)de.

So we only need to check that 0 < %

d(x

We proceed now to I,. Using that |x y\ > we have

d a
L <C / / (y> dy d
ENB(z,Crd(z)) (@)

:c/Q (‘”)dt( D" (B A Blr, Cud(x)) da

<C/ dﬁx u(E) 1(B(z, Crd(x))) " de
< Cu(E L’ / —)
t
where this time we have chosen 6 = i, that clearly satisfies 0 < 0 < 1.

Finally, we arrive at

1
E)atgc/hx d(x)
Q

and this in turn implies, by Lemma 3.2 with dv = d(x )% dz, the strong inequality

mf 1f = cllLa,ae) <C// )_fJ(r )|5(:E,y)bdatdy
oyl<d(@)2 Y — x|"TE

where we have used that d(:” < d(y) < 3d(z) to replace cach of these distances by
Co(z,y). O

4. The case of 8-John domains

In this section we obtain a representation analogous to that of Proposition 3.1
in the case of bounded [-John domains, for § > 1. Observe that, although the
estimate also holds for § = 1, it is not only more complicated but also slightly
worse than that of Proposition 3.1 in the case p > 1, since it includes the restriction
b<sp—p+1-—n+tz Ly (";a For this reason the weighted inequalities inherit
this restriction, although we believe they should hold also in the case of equality. An
example at the end of the Section shows that our results are sharp except at this
endpoint.

To simplify calculations, throughout this section we assume, as we may by dilat-
ing €2, that d(0) = 15.

Proposition 4.1. Given s € (0,1),a > 0 and f € C*(Q2) we have

_ h(x) p-(ntaw , \p
— 7d C h(x)?d d
fw-fise | o mmdeso([ ke )

where b < sp — p+1—n+p1+p(”+a ifp>1,andb=s— n+%ifp:1,fis

a constant and )
_ p »
W) = (/ | f(w) — f(z)] dw)
l—w|<d(z)/2 |W— T|"TP
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for y € Q, h = 0 outside (), and C', C and Cy are positive constants depending only
onn and §2.

Proof. Tt suffices to prove the result for b close enough to the endpoint value. We
consider ¢ € C§(B(0,/2)) such that [ =1, and set

u(z,t) = (f * @) (x)
Then, following [10], we define
7(y) = inf{t: 7(t,y) N Bly, d(y)/2) = 0}
and
_ )&y =ty it <7(y),
)= {%d(v(t,y)) it t>7(y),

where ¢ is chosen so that p(-,y) is a continuous function, that is,

¢ = 2 d(v(7(y),y))
15 d(y) '

Notice that 7z < ¢ < = since

(), ) < e (w) ) — ol + dly) = 29+ agy) = Bay)

and

dy) <y =),y +d(y(7(y),y)) = d(y) < 2d(v(7(y),v))-

Also, remark that p(0,y) = 0 and p(1,y) = 1 and that v(¢,y) + p(t,y)z € 2 for every
t € [0,1] and z € B(0,/2) (see [10] for details). Hence, if we define

n(t) = u(y(t,y) + p(t,y)z, p(t,y))

we have that

F) — (f % 9)(2) = u(y,0) — u(z, 1) = n(0) — (1) = — / o (8) dt
- / Vauly(t ) + plts )z plt, ) - (it ) + plt,y)2)

= 5 Vy) + ot y)z, p(ty)) - At y) dt
Then, if f= [(f* ¢)(2)p(2) dz, we have

- f= // Vu(y + pz,p) - (7 + pz)p(2) dt dz

// 5 (1 Tz p)pp(2) di dz
—(I+1I1).

To estimate I, we make the change of variables
dz
p"(t,y)
and use the definition of u and the support of ¢ (i.e., that the integrand vanishes
unless |z — w| < 3p(t,y)) to arrive at

o, [T o+ (A

Yt y) +pty)z =2, dz=
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Now, observe that [ %V(p(u>dw = 0 (since ¢ is a compactly supported smooth

function), and so we may subtract f(z) in the integral with respect to w, to obtain

=g s ()

Now, using that |z — w| < $p(t,y), and that [z — (¢, y)| < 3p(t,y) (because of
the support of ¢), and also that |p| < |§] (because p(t,y) = Vd(v(t,y)) - ¥(t,y)), we

may bound
— — dt
Ve ()il ()| st
p p /I prtizs

— 1
1<0/ // J:(f;)‘ d
" |lz—w|<Ap/2 |$ — w| pp’

Now, we claim that A\p(t,y) < d(z). Indeed, when ¢ € [0, 7(y)], we have that

p(t,y) = Ely =7t y)] < Zd(y)
because 7 is inside B(y,d(y)/2). But,
d(y) < |z —yl+d(x) < |z =~y + [yt y) -yl +d(z)

wim

(4.11) _A 1 A1
2#(69)+ goltoy) +dw) = (5 + ¢ )olt.y) + d(a).
So,
Mlty) < =2 —d(x) < d()
PREY)=9"ex '

On the other hand, if ¢ € [7(y), 1], we have that

plt9) = 1ed(2(t:9)) < ele =2 (69)] + 1pdla) < Sopltoy) + ()

— 30
so that
4.12 A 2\ d(z) <d
(112) lty) < () < d).
In particular, since 0 < A < 1, in this case we also have
(4.13) p(ty) < M

2

Hence, using these bounds and Holder’s inequality (with the usual modification
if p = 1) we obtain

1<0/n/ /| e |f|€,3wi;|{z§2|pdw)’l’
([ )pp%dw)ﬁ' w(x;”)

< fo (s o)’ [ (5

=c [ @) [ Hle(7) |y

o[ ra [ T(y)www(‘”;”)

dt ! x—r
dx+/hz/ )
S o [ ) T(y)W'\%”( )
C( +[b)

dt

pn—l—l—s

dx

dt
n—l—l s

X

dt
pn—l— 1-s dl’)
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For I,, notice that proceeding as in (4.11) we have that
A1 1
—yl< (2 ty) < (5+ ) < Cyd(x).
o=yl < (5 + g)oltn) < (5 +3¢) o) < Cul)

Thus, we can write

) x — dt
. 2
I, < C/ h(:):)/ |7|}<p< ) s
|z —y|<Crd(x) 0 P [z —y

Now, the integral vanishes unless

A
|$—7@9HSM@@gSp@w)zﬂy—W@yHS£W—v@wﬂ+ﬂx—m

which implies

§
1 —

1
|z —(t,y)| < gx—mézw—yh

so we can bound

( ) " | ( )| !
]QSC/ h(x / X|z— Le— 7t>y dx
|lz—y|<Cid(x) 0 | ’Y(tvy)|§4| ol |$ y|n 1-s

1
<c / A(x) 6((y) N Bz, & — yl/4)————da
|lz—y|<Cid(z) — |

|z
Sc/ bl
lz—y|<Crd(z |$ - y|n B

where in the last step we have used property (4) of S-John domains.
To bound Iy, observe that for ¢ € [7(y), 1] we have

(@11 d(@) < ) +le -2l < 15p(ty) + ot y)

and, because we are in a -John domain, and by (4.12) we have that

A ) 1
(415) |z =yl < fo =t y)l+ (ty) —yl < 5ot y) + Cli(E y)lt < Cod(z)?
so that, if p =1,

zbz/nmx)/: e (=)
<c [ n [ e(S0) e

dt
<0 o) [ pile(*57) i
\ﬂﬁ—y\<02d(96)71jT d(x)n+1-s

Now, using the support of ¢ and (4.13), we may write
L, <C h( )/1 dt ;

- ’ Xja— T €
o=yl <Cad(x) ? VIS A(z)

<C / L h(@) £y (y) N B, d(x)/2))d(z)* " da
|z—y|<Cad(z) P

dt
pn—l—l—s

dx

< C’/ L h(z)d(z) ™" dx
|z—y|<Cad(x)#

where in the last step we have used property (4) of 8-John domains.
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If p > 1, to bound [,, by Holder’s inequality and property (4) we have

n= [ n) [ e(55)

1 1

<c b ([ Numeaplilde)”
lr—y| <Cad(x) () =1<

!

1
T —Y\|P
([ [N it
1

<cC 1h@m@ﬁ(/l94I;7)iwjﬂwwmgpm

|z—y|<Cad(z)? 7(y)

dt

pn—i-l—s dx

Therefore, since p ~ d(x) by (4.12) and (4.14), using Hélder’s inequality again we
arrive at

(n+a)p
G Ba )p

I, <C , h(z)d(z)
le—y|<Cad(a)?

1 - 4 1 L
(/ (p(m 7) — dt)P dx
'r(y) p p(n-i—l—s)p’-i—(b—T—l);
1
(nta)
<o(/‘ b () 5 dr)”
|z—y|<Cad( )F
1 L
/ / _ndx / (n+a)p p’ dt>p
n P p—n-i—(n-i—l—s)p +O—g D E

and finally, by property (2),

1
(n a) 1
wee( [ e a) ([ e @)
\w—y\<ng(w)E 0 tﬁ[—n+(n+1—s)p’+(b—T—l)%]

T
le—y|<Cad(a)?

provided 0 < B[-n+ (n+ 1 — s)p’ + (b — % - 1)%] < 1 which holds for b <

ps—p+1—n+ p—;l + (n% and sufficiently close to that number.

To estimate I we proceed in a similar way. Indeed, since [¢¢(z)dz =1 for all
t, we have f aw x)dx = 0. Moreover, recalling that

%(x) - tn1+1w<%)

with ¢ := —ny — x - V. Therefore, repeating the arguments that we used to bound

I we obtain,
(o)

n=f | 1 /| IGCE Fla)

which can be bounded analogously. This completes the proof. 0

Y e

Using the above representation we obtain the improved inequalities in the case
of 5-John domains:
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Theorem 4.1. Let 2 in R™ be a bounded p-John domain, 1 < p < q < o0,
a>0,b< "2 vl gy pt 1 —n and, additionally, ¢ < =2 when p < ©.
Given s € (0,1) and f € C*(Q2) we have

— f(x)]P 1/p
mf ||f—CHLq(Qda < C{//x et ‘Z_x‘nisz‘ 5(% z)bdzdx

where 6(x, z) := min{d(x), d(z)
Proof. By Proposition 4.1 we have

)~ fl <0 oo e )

o—y|<Crd(z) T — Y™
= A+ B.

Observe that ||A|ze,e) can be bounded as in Theorem 3.1, so it suffices to re-

strict ourselves to ||B]|5’;ﬂ(Q oy = 1B HL 2 d0) . We have, using Minkowski’s integral

inequality,

P

18] gw)ZO[ L/ oy HPA) ””’dx)f’d@)ady]q
<c / h(e)d(e) =5 / oy )
(

SC{/ o)Pd(z)’ d()%/ﬁ  dy)’ de
fe-yl<Cad(a)

~c [ W) ds

S

dx

where again we have used that d(y) < |z — y| + d(z) < C’d(z)% and that a > 0.
Therefore,

1
| Bl La(a,q0) < C(/ h(:z:)pd(x)bdx> "
Q
This concludes the proof. =

As discussed before, in the case p = 1 we recover the endpoint value for b and
can prove the following:

Theorem 4.2. Let ) in R" be a bounded [3-John domain, 1 < q < =L 4>0

and b < "+a) +s—n. Given s € (0,1) and f € COO(Q) we have
mf |f = clla@.ae) < C/ / — J;Srf” §(z, 2)" dz dx
le—z|<d(z)/2 |Z —

where 6(x, z) := min{d(x), d(z)}.

Proof. Clearly, it suffices to prove the result for b =
tion 4.1, we have

_ h
fw)—-fl<c LG/ o W) d(2)* " da
|z —y|<Crd(x \SC — |z —y|<Cad(z) B

—A+B

n+a

+ s —n. By Proposi-
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Observe that ||A| 11 (0,q) and ||Al|Lece(@,ae) (for ¢ > 1) can be bounded as in Theo-
rem 3.2. So we must consider || B fa(q,ae) (¢ > 1). By Minkowski’s integral inequality,

we have
Bl <€ [ b diay( [ .
Q |z—y|<Cad(z) 8

<c / h(x) d(x) =" (d(x)? / ) da
Q |z—y|<Cad(x) B
:C/h(:c) d(z)* " dw
Q

d(y)* dy) : dz

where in the second line we have used that d(y) < |z —y|+ d(z) < C’d(z)% and that
a > 0.

The result then follows immediately for ¢ = 1 and using the “weak implies strong”
technique as in Theorem 3.2 for ¢ > 1. U

To analyze the optimality of our estimates (in terms of the upper bound on q)
we consider a “mushroom-type” domain. These type of examples go back to [25] (see
Section 5), and we follow closely the presentation in [14] (see the discussion after
Corollary 5). Therefore, we will be somewhat sketchy.

Theorem 4.3. Let s € (0,1),a > 0 and 1 < p < ¢ < oo. There exist a -John
domain § in R" and f € C*(Q2) such that

. |f(2) = f@)lP b e
f — aqq.doy < 10) dz d
= o = {//x 2|<d()/2 \Z—I\”+Sp (@, 2)" dedo

(n+a)p
1—p+B(b+n—1+p—sp)*

cannot hold unless q <

Proof. Assume, for simplicity, that a = b = 0. Following [14]|, we define a
‘mushroom’ F of size r as the union of a cylinder of height r and radius r° (called
the ‘stem’ and denoted by P) with a ball of radius r (called the ‘cap’ and denoted
by C), so that they create a mushroom-like shape. The domain 2 considered consists
of a cube ) and an infinite sequence of disjoint mushrooms Fj, F5, ... on one side of
the cube (called the ‘top’). The stems of Fy, Fy, ... are perpendicular to the top and
of decreasing size r; — 0. This domain {2 can easily be seen to be a -John domain.

Now, we let f; be the piecewise linear function on €2 such that f; = 0 outside Fj,
fi = 1 on the cap and f; is linear on the stem. We may also assume that f; = 0 for

every i. Hence, ||f; — fill o) > car;
To bound ( fQ f Wi dz da:) observe that:

|z—z|<d(z)/2 |z—z|ntsP
o if x € C;, 2z € ), then the integral vanishes, since d(z) < r; and |z — z| > ry,
o if x,2 € Qorx,z €, then |fi(z) — fi(2)] =0,
e in all remaining cases, |f;(z) — f;(2)|P ~ 7; "z, — 2,|P and 1d(z) < d(z) <
3d(z), so d(z) ~ d(z) < .
Then,

P
// |f’ 7) — fil2)] dzdx:/~-~dx+/ -~-dx+/-"d$€
|z —z| <d(x I - z|n+8p Q Pi Ci

=hL+5L+1;
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We have
1 n nl|? 1 _
I < // [z ;L@mgo/ —d(z) dx
lx—z|<d(z) /2 T |Zl§' - Z| P Uwep, B(w, T‘B)ﬂQ T3
< C| U B m Q‘ —p+B(—sp+p) < Cr—p-ﬁ-ﬁ(n sp+p)
weP;
1 jxy — 2 1
L < / / [z Z+| dde S C | () 7 da
|z—z|<d(z /2T ‘x_z‘n P Pl

< C|,P|r—p+5 —sp+p) C’l“l —p+pB(—sp+p+n—1)

Y

1 |20 — zal? 1
Iy < / / o=l g < c / —d(x) " do
|z—2|<d(z /2 ri |z — 2[ntep Uwep, Bw,r)ne; T

< C'| U B ﬂC \r p+B(—sp+p) < Cr—m—ﬁ(n S;D+p)
weP;

Then, there must hold rq < C(r, 1—PtA(—sptpin- 1)),, which, for sufficiently small r;,
can only hold if ¢ < ;—~ B(n"f Ty 85 We wanted to prove.
It is easy to see that the same example can be used to prove the optimality in

the general case (with a, b not necessarily 0). OJ

5. The case of Holder-o domains

Roughly speaking, a Holder-ao domain is given locally by the hypograph, in an
appropriate orthogonal system, of a Holder-a function (a typical example being a
cuspidal domain). For a precise definition we refer to [10, Section 5.2].

These domains are a particular case of 5-John domains with 8 = 1/«. However,
they are known to have better embedding properties, as they cannot contains ‘“rooms
and corridors” like general -John domains (see, e.g. [4] and [22, Example 2.4]).
Therefore, it is natural that our result of Theorem 4.1 can be improved in this case.

We obtain the following result, which is an improvement of Theorem 4.1 when (2
is Holder-«, assuming that p > 1 and there is no weight on the LHS of the inequality,
and we prove its optimality. We believe that these restrictions are only technical.

Theorem 5.1. Let 2 in R™ be a bounded Hélder-o domain, 1 < p < g < o0,
b<p(s—n) +p(n—1+a)(1+ = — —) and, additionally, ¢ < ;=L when p < . Given
s€(0,1) and f € C*(Q2) we have

f@—f@p
1nf f—cllra <C’{// — " §(x,2)" dzdx
H lznca |w—2|<d(z)/2 |Z — x["rep (@)

where 6(x, z) := min{d(x), d(z)

Proof. Clearly, given p and q, it suffices to prove the claim for b = p(s — n) +
p(n—14+a)(1+ % — %) Recall that by Proposition 4.1 we could use

wm>u@—ﬂsc/ hx)

o—y|<Crd(z) 1T — Y["

dx + C’/ h(z)d(z)* " dz.
lz—y|<Cad(z)

The key point is to improve thls estimate, observing that (4.15) can be improved
if 2 is Holder-a. According to the definition given in [10], 2 = U;.V:O O; with Oy C Q
and each QN O; (1 < j < N) given by the hypograph of a Holder-a function in
an appropriate coordinate system. It is clear that it is enough to obtain the desired
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estimate for each O; with fixed j > 1. To simplify notation, assume that in a given O;
the appropriate coordinate system is the usual one, x = (2/,z,,), 2’ € R, x, € R.
Now, by (4.12), |x — ~(t,y)| < d(z)/2. But, it was proved in [10, Section 5.2]
that this inequality implies that
2" —y'| < Cd(x), |z, —ya| < Cd()
and then we can replace the second integral in (5.16) by
/ h(z)d(xz)* " dx.
|z’ =y |<Cd(x),|zn—yn|<Cd(z)>
Consequently, proceeding by duality, for [|g[|;sq) = 1, we have

/|f flgy)dy< A+ B

where A is as in (3.8) (with a = 0), and can be bounded similarly. To estimate B we
consider separately the cases p = ¢ and p < q.
If p = q we write

1
B<C’/7/ g(y)| dyh(z)d(x)* T dx
d(z)" = S yi<ca )\wn—yn\s0d<m>a| )] dygh{z)dtz)

< C [ M gla)ha)d(a) " do < CIMS gl gy d” e

where M?® is the strong maximal function, i.e., the maximal function over the basis
of rectangles with sides parallel to the axes, which is known to be bounded in L? for
1 < p < 00. Then, the proof concludes as that of Theorem 4.1 and adding over j.

n

If p < q, taking n = i (notice that 0 < n < n) we have,

1
B < C/Q d(z)— 1+ =1

Ap —y/|<Cd(z),|xn—yn|<Cd(x)>
< C/MS ( )s n+(n—1+a)(1—%)d$

1g(y)| dyh(z)d(z)> = 1F0=1) gy

b
< CllM;qglle/(g)Hh 4|0y < Cllgll oy 1h 4 200
where we have used that MJg(x) := supps, IR\ﬁ Jrlf(W)ldy, 0 < n < n, where

R belongs to the family of rectangles with sides parallel to the axes, and that M;? :
LY — L¥ for % = % — 2 and 1 <p <7 (see, e.g., [24, Theorem 3.1]). As before, the
proof concludes as in Theorem 4.1 and adding over j. U

In the next Theorem we prove that the previous result is optimal with respect
to the exponent b. We generalize an argument given in [2| for the case s = 1.

Theorem 5.2. Let 1 < p < g < 0o. There exist a Holder-a domain () in R"
and f € C*(Q2) such that

(5.17)  inf [If = o) <c{ / / . /zwé(m)b . dx}”p

|z — z|ntep

cannot hold unless b < p(s — 1+ a) +p(n — 1+ O[)(a — %)
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Proof. Assume that b > p(s — 1+ «a) +p(n — 1+ oz)(% — %) Using the same
notation as in the previous section we write x = (2/,z,,). Given 0 < a < 1 define the
Holder-ao domain

Q={rcR"0<ux, <1, |2/ <z}
and f(z) = x,,”, with v > 0 to be chosen.

It is not difficult to check that d(z) ~ R —|2/|. Then, in the subdomain Q C Q
defined by

Q={zeR":0<z, <1, |2'| <a}/*/2}
we clearly have d(z) ~ z/“.
Now, observe that if [|f|| g, is infinite, then so is infeer |[f — ¢[| 14(g), and that

1 1 n—1
_ —vg+i—
(5.18) 114 - ~/ / :cn”qu’dxnw/ z, Y day,
La(@) 0 Jw'|<ar/ /2 0

On the other hand, if |z — z| < d(z)/2 we have |z, — z,| < 2,,/2 and so z,, ~ z,.
Consequently,
f(2) = f(@)] = |27 = 23"| < Ca" ™ |z — @

and therefore,

_ p
/ |f(Z) J;(i” (5($, z)bdz < CSL’;(V—H)pd(x)b/ |Z _ x|p—n—spdz
o—z|<d(@)/2 |2 — T["TEP |z—z|<d(z)/2
b+(1—s)p

< C I/+1 pd( )b—‘,—(l sp < C V+1)p+

where in the last inequality we have used that d(z) < 2/ and b+ (1—-=s)p=>0
(which follows from our assumptions on b, p and ¢). Then,

— p v b+(1—s)p
// |Z) |fE:E;)7| §(z,z)" dzd:):<C’/ ST
x—z x Z—x|"Te
(5.19) |z—z|<d(z)/2 Ql e 1
—(v +1A—s)ptn—
< C’/ :zn( et « dx,,.
0

Therefore, (5.17) does not hold if there exists v such that its LHS is infinite and its
RHS is finite, that is, if

n—1 b+ (1—s)p+n—1
—VQ+T§—1<—(V—|—1)])+ ( O)ép

and then, the existence of such a v is equivalent to

b>p(s—1+a)+p(n—1+a)($—%>

as we wanted to see. O
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