IMPROVED POINCARE INEQUALITIES IN FRACTIONAL
SOBOLEV SPACES

I. DRELICHMAN AND R. G. DURAN

ABSTRACT. We obtain improved fractional Poincaré and Sobolev Poincaré inequali-
ties including powers of the distance to the boundary in John, s-John domains and
Holder-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) inf (@) = clla@ < CIVF () d(@)’llre)

where d(x) denotes the distance to the boundary of Q, b € [0,1], and p and ¢ satisfy
appropriate restrictions. The usual assumption for these inequalities to hold is that
the domain € C R" belongs to the class of John or s-John domains (they will be called
p-John in this paper, since s is reserved for the fractional derivative), see Section 2
for a precise definition. In the case of John domains, a partial converse is also true in
the following sense: if () has finite measure and satisfies a separation property, then
the validity of the Sobolev-Poincaré inequality implies the John condition (see [6]).
A possibly incomplete list of references on improved Poincaré inequalities and their
generalizations to weighted settings and measure spaces includes [7, 8, 9, 10, 14, 15,
16, 17, 20, 21].

More recently, some authors have turned their attention to fractional generalizations
of Poincaré and Sobolev-Poincaré inequalities, where a fractional seminorm appears
instead of the norm in W'P(Q). Indeed, in [13, 18] the following inequalities were
introduced for John domains:

(1.2) inf | f(y) — cllra@ < C {/ /
ceR Q JQNB" (z,rdist(x,00))

with 1 <p <¢ <% and 5,7 € (0, 1).

The seminorm appearing on the RHS of (1.2) can be seen to be equivalent on Lips-
chitz domains to the usual seminorm in W*?(2), that is, integrating over Q x € (see
[12, equation (13)]), but it can be strictly smaller than the usual seminorm for general
John domains (see [13, Proposition 3.4]). Moreover, it is easy to see that, unlike the

classical Poincaré inequality, the inequality

HOEFIGIR
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z — x|ntsp

_ p 1/p
13 nf 1) ooy < € { [ [ VETE 4y
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holds for any bounded domain © and s € (0,1) (see Section 2), while the stronger
inequality

. /() = f(@)P v
1.4 inf || f(y) — ¢||» SC{// dy dx
(1.4) ceRH () = el a Jonpn(zrdistzo0) |2 — o|"TP

may fail for general domains, for instance, for certain 5-John domains if /3 is sufficiently
large (see Theorem 4.3).
Regarding the Sobolev-Poincaré inequality, it was proved in [23, Theorem 1.2] that

. () = F@)lP w
(1.5) inf |[f(y) =l 225 ) < C{/ﬁ/gmdl/dfc}

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 [13, Theorem 3.1]). On John
domains, as mentioned before, the Sobolev-Poincaré inequality holds with the stronger
seminorm and, moreover, it was proved in [13, Theorem 6.1] that a partial converse also
holds: if a fractional Sobolev-Poincaré inequality with the stronger seminorm holds on
a domain () 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

i |f(z) = f()|P b }1/p
: B WAZ) = JEE)F
(1.6)  inf 1f(y) = cllLaaey < C {/ﬂ /xz<d(x)/2 (z,2)°dzdx

|z — x|ntsp

where d(x) := dist(z,00), 0(x,z) := min{d(z),d(z)}, & C R" is a John or -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 [13]
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 [10] to the
fractional case. The key starting point in that paper was the estimate

V()]

|lz—y|<Cid(z) |.T - y|n—1

[fly) = fI<C di

where € is a John domain, f € C=(Q2) 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, [21, 14, 16], but it is essential for our argument in [10] that
the fractional integral of the gradient be restricted to the region |z —y| < C1d(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 of John and g-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 f-John domains with 5 = 1/« but are known to
have better embedding properties, see e.g. [4, 20].
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To the best of our knowledge, the fractional inequalities for 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 [8, 9, 15, 20], 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 = ¢ = 2, a = 0
and b < 2s (their proof remains unchanged for 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 John domains and
Holder-av domains, and almost sharp (except at the endpoint) for 5-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 definitions
and preliminaries; in Section 3 we obtain the fractional representation in John domains
and use it to obtain the improved inequalities; in Section 4 we obtain the fractional
representation in §-John domains and use it to obtain the improved inequalities, and
we discuss their optimality; finally, in Section 5 we consider the special case of Holder-«
domains, also discussing the optimality of our result.

2. NOTATION AND PRELIMINARIES

Throughout the paper, @ C R" (n > 2) will be a bounded domain and d(z) will
denote the distance of a point x € €2 to the boundary of 2. We will assume, without
loss of generality, that 0 € ().

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 ) whenever needed.

For completeness, we include the following elementary result mentioned in the intro-
duction:

Proposition 2.1. The fractional Poincaré inequality

; n—+sp _ p 1/p
inﬂgllf - c||Lp(Q) < {M/ Mdydm}
ce QJO

o ly— 2l
holds for any bounded domain 2 C R".
Proof. Let fq = \QI fQ x) dx. Then, by Minkowski’s integral inequality,

If = fallr@) = H@ (f(y) — f(x))dx )

() = Fl@)” dy)” da
<, ([
Hence, by Holder’s inequality,

I = Falltsn < o [ [ 170) = s g

n+sp p
< dwm_/ Mdydx
[8] aJa

jy =l
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We remark that the constant in the previous inequality is far from being sharp, see
for instance [5, Theorem 1] for the best constant when {2 is a cube.
We will use the following definition of S-John domains:

Definition 2.1. A bounded domain Q@ C R™ is a 5-John domain (6 > 1) if there exists
a family of rectifiable curves given by y(t,y), 0 <t <1, y € Q, and positive constants
A, K and C such that,

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

(2) d(y(t,y)) = \?

(3) Wty <K

(4) for all z,y € Q and r < Ld(z), there holds l(y(y) N B(z,r)) < Cr, where y(y)
denotes the curve joining 0 with y, and [ the length.

When 8 =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 [11, 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 John domains. These 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 < 00, and f € C*(Q) we have
_ h(x
iy -fl<c @)

T —dx
ly—z|<C1d(x) |ZL’ - yl

where f is a constant and

e (/lm—wsm/z |f!(1j)U)—_ﬂ?\{”(if)’|p dw> ;

fory € Q, h =0 outside ), and C' and C} are positive constants depending only on n
and €.

Proof. Take ¢ € C§(B(0,\/2)) such that [ ¢ =1 and define
u(z,t) = (f * ¢0)(2)

and
n(t) = u(y(t,y) + tz,1).
Observe that the curve y(t,y) + tz is contained in € whenever z € B(0,/2). Indeed,
in this case |y(¢,y) + tz — y(t,y)| < tA/2 < d(v(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) - (3(t, 2) + 2) +ue(y(t,y) + tz,t) dt
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Multiplying by ¢(z), integrating in z and defining f = [(f * )(2)¢(2)dz we have

fw) == (fly) = (f =0)(2)e(z)dz

Rn

= [ [ Tulatt) + 2.0 () + 21l s

L ou
- / Ot ) + 2, (=) dtd
ST

=—(I+1I)
Making the change of variables (¢, y) + tz = x and using that
Vu=fx*V(p)
and
V(pe)(z) = tnIHVsO(%)
we obtain

]:/Ol/Rn / ];gl)vw(x_tw> duw - (7(t,y)+x_7t<t’y)) w(m_z(t’w)dmf—j

Observe that, since the support of ¢ is contained in B(0, A/2), the integrand vanishes
unless |z — y(t,y)| < At/2 which implies

M
(3.7) |z —y| < |z -7yt y)|+ |ty —yl < 5+\/5Kt-

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

/tn1+1V90<$ ) dw=0

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

x—v(t,y)‘

A
F(t,y) + " §K+§,

we obtain

JS(J/W/;W| AMQWW’W(CE;%‘ ‘so(x_z(t’yw dw%dx

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

d(y(t,y))

402(t.9) < hity) = ol + d(e) < 5+ dla) < 200

+ d(z)

and so
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In particular At/2 < 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
— 1
Igc/ / / | f(w) J;Eiﬂ L
le—y|<Crd(z) Jela—y| Jjz—w|<d(@)/2  |w — |77 "V
1

_ P A
< / ( / () = f(z) dw) ( /
o—y|<Crd(z) Jefr—y| \Jjo—w|<d(z)2 W — T|"TP n

1
- ————dtdx

tn—i—ﬁ—&-l—s

Vg@(x_tw>’ dw dt dx

P’ P
dw

ve( )

where we have used |z — w| < At/2 to bound the integrand.
Therefore, since

1

( / Ve(=7) ' dw>pl = [Vl

we conclude that

1 1 h
I< 0/ / h(@) g dt da < 0/ LG RS
lo—y|<Crd(a) Jela—y| T le—y|<Crd(z) 1T — VI

where the new constant depends also on ||[V||,.
To estimate 11 we proceed in a similar way. Indeed, since [ ¢, (z)dz = 1 for all ¢,

we have [ %‘%(x)dx = 0. Moreover, a straightforward computation shows that

%(m) - tnil@b(%)

where 1) := —np — x - V. Therefore, repeating the arguments that we used to bound
I we obtain,

1 — J—
< C/ / / If(w)n+1f(w)! ‘¢<x w)‘ dwd_:dx
lo—y|<Crd(@) Jela—y| Jfo-wi<d@)z T ¢ ¢

and consequently

IISC’/ ﬂdw
|

z—y|<Cid(zx) |IL’ - y|n—s
UJ

In the proof of the next Theorem we will make use of the following well known result
(see, e.g., [24, Lemma 2.8.3]).

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

/ Mdy < Ce"My(x)
ly

—z|<e |I - y|n—a
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Theorem 3.1. Let Q C R” beaJohndomam l<p<g<oo,a>0b< ”+“)P_|_
%, Then, given s € (0,1) and f € C’OO(Q)

sp —n and, additionally,
we have

. - f(2) — f(z)]P S
w110 ~clunoa <0 | [ [ AL e oz

z — x|ntsp
where 6(x, z) := min{d(z),d(2)}.

Proof. We proceed by duality. Let g € L7 (€, d*) such that 191l 1 .00y = Hgd? 10 @) =
1. Interchanging the order of integration and using Proposition 3.1 we have

/ 1)~ fowawray<c [ [ |x_(y|)l () dy ha)da
o)l .

C —d 7 dyh(x)d(x)ed
< /Q /| o T ) dy @)

where we have used that d(y) < |z—y|+d(z) < (C141)d(z) in the region of integration.
Now we consider separately the cases p = ¢ and p < q.
If p = q, it is clear that it suffices to prove the statement for b = a + sp. Using
Lemma 3.1 we have that

/ @) - Fle(y)d(y)*dy < C / d(x)* M (gd¥ )(w)h(x)de

Q
(3.9) < C||d5+%h||Lp(Q)||M(9d7)||Lp’(Q)

But,
_ p
oy [ M-S,
lz—z|<d(z)/2 |Z - x‘n—&—sp

and then,

" _ P
|4 bl ) = [ dayree | e
Q o—zl<d(z)/2 |2 — T["TP

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

||d$+”h|| <C// )Sp“LaMdzdx.
|z—z|<d(z

|z — x|ntsp

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 (Tga);; < Then for fixed p, a, b it suffices to prove
the theorem for ¢ = Y(L?rgip If we define n = 2 — % it follows from our assumptions
that 0 <7 < s (the first inequality using that (ﬂa)s]; < ;22 and the second one using

that p < r(LTz:a ). Therefore, by (3.8) and using that |z — y| < Cyd(x) we have

|f(y) = Fla(y)d(y)*dy < C I (gd? )(x)h(x)dz
J e

(3.10) < Ol bl| ooy [ s (907 )| g
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where L,g(z) = [ 7=y 1s the fractional integral (or Riesz potential) of order 7 of
g, provided 0 < v < n. Observe that, indeed, 0 < s — 7 < n holds because 0 < n < s
and s € (0,1).

As before,

it <0 f [ s UL

|z — x|ntep

. N O
/Q/|a:—z|<d(:r;)/2( ?) |z — x|tsp o

Using this estimate in (3.10) we conclude the proof using the boundedness of the
fractional integral I,_,, : LY — L for % =1_ 1 and the choice of g.

(nta)p
nibasp > P In this case, for fixed p,a,b it

. Then, we may bound

It remains to consider the case p < ¢,
suffices to consider ¢ =

/ W) - Flo@)dy)dy < C / (gd¥) (@) h(x)d(x) de
< C||dihl| ooy 1 197 ) | v

and the fact
O

and conclude by using the boundedness of I, : LY — L¥' for % =

S
n

1
p
that Hd%hHLP(Q) < CHCZ%}LHLP(Q) because, under our assumptions, J < 2.

hSHIS

For the case p = 1 we will make use of the following “weak implies strong” result. It
is proved in [13, Theorem 4.1] in the case u = v, but the reader can easily check that
the same proof holds for two different measures.

Lemma 3.2. Let p and v be positive Borel measures on an open set 0 C R"™, such
that p(2) < oo, v(2) < oo, let 0 < s <1 and 1l <p < q < oo. Then the following
conditions are equivalent:

(1) There is a constant Cy > 0 such that the inequality

(e e 02\ o> e <o [ B0 TR )

c€R 0 — z|ntsp

for any f € C=(Q).
(2) There is a constant Cy > 0 such that the mequalzty

fly) = fZ)P ;
mf/f ) — c|Tdu( <C’ // ——————dv(z)dv(y
c€R | " dp(x 2 o—y|<d(e)/2 ‘y_z‘n+sp (2) ())
holds, for every f € C*(Q).

Theorem 3.2. Let Q C R™ be a John domain, 1 < q < 2= a > 0, and b <

n—s’

(";r“) n+s. Then, given s € (0,1) and f € C*(£) we have

inf || £(9) — cllzaon < C / /| s @) = F@) o

where 6(x, z) := min{d(z),d(2)}.



Proof. 1f ¢ = 1 the result follows as in the previous proof.
If ¢ > 1, it is clear that it suffices to prove our statement for b = ";“) n+ s.

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

Then,
<C//x y|<cld t|x—( )|n s dzvd(y)*d

<C/ Ldydm
Q

t JenB@.cia@) 1T —yl"*
=5L+1

where I; corresponds to the region where |z — y| < 42 and I to its complement.

Observe that when |z — y| < (x) , we have that (;) < d(y) < 3d(x), so that

h 1
I < C/ ﬁ/ s dyd(x) d
woyl<d@)2  t  JEnB@C@) [T — Y]

<C / M|Emz3(gc Cyd(z))|» d(x)* dx
o—yl<d(@)/2

< C/ h@ </ x(y)d(y )“d?J); d(z)* ) da
le—y|<d(@)/2 T ENB(z,Crd(z))

= (J/ &N(EHB@ Cid(x)))» d(z)* =) da
|o—y|<d(z)/

<c| Mu(m%uw(m, Cud(@)) 5 dw) 0= da
o—yl<d(@)/2

for any 0 < 6 < 1, where in the second step we have used a well-known result (see,
e.g., [19, formula (7.2.6)]).
Now, if we set ¢ = I and use that pu(B(z, C1d(z))) < d(z)""* we have

I < Cu(E)ql//—d(x)bdx.
Q

So we only need to check that 0 < % <1, that holds because 1 < g <

) =

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

I < C/ M/ d(yzis dy dx
o U JEnB@Cid@) d(x)

= C’/ Mu(EﬂB(m,Cld(x)))dx

: C/ dt(x w(E) 1(B(x, Crd(2)))" ™" da

< Cu(E )i’ %d(ﬂ?)bdfﬂ

@\

where this time we have chosen 6 = % that clearly satisfies 0 < 6 < 1.
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Finally, we arrive at

w(E)it < C /Q h(z)d(z)" da

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

. — T
inf || f — ¢l ra,ae) < C/ / 1) = J(@)] §(z,y)° dr dy
cer Q Jja—y|<d(z)/2

ly — a|"ts

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

4. THE CASE OF 3-JOHN DOMAINS

In this section we obtain a representation analogous to that of Proposition 3.1 in the
case of -John domains, for g > 1. Observe that, although the estimate also holds for
B =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+ 1%1 + %.
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 dilating
2, that d(0) = 15.

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

h(x) p_ (nta)p %
gy C( h(z)P d(z)>" s d:c)
lz—y|<Crd(x) [z — | |e—y|<Cad(z) P

whereb<sp—p+1—n+}%+wifp>1, andb:s—n—i—%ifp:l,fisa

B
constant and

b= ( Lo H T )’

fory € Q, h =0 outside 2, and C', Cy and Cy are positive constants depending only
on n and ).

[fy) - fl<C

=

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

u(z,t) = (f * ¢i)(2)
Then, following [11], we define

7(y) = inf{t : y(t,y) N B(y,d(y)/2) = 0}

and

wd(y(t,y)  ift>1(y)

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

£ = 2.d0v(7(y),9))
15 dy)

ot y) = {fly—v(t,y)l if t < 7(y)
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Notice that 7 < ¢ < < < since

A (w).9) < r).v) — ol +dly) = T2 4 dy) = Ja(y)

and

d(y) < |y —v(7(w), v)| +d(v(7(y),y)) = d(y) < 2d(v(7(y),y))-

Also, remark that p(0,y) = 0 and p(1,y) = 1 and that y(¢,y) + p(t,y)z € Q for every
t €[0,1] and z € B(0,A/2) (see [11] for details). Hence, if we define

n(t) = u(y(t,y) + p(t,y)z, p(t,y))
we have that

F(0) = (F * 9)(2) = uly,0) — u(z,1) = (0) — (1) = — / o (1) dt
- / V(b 9) + plts )z plt, ) - (it y) + plt,y)2)
ou

815( 1Y) + et y)z, p(ty) - p(Ly) dt
Then, if f = [(f * p)(2)p(2) dz, we have

/n/ Vu(y + pz, p) - (7 + p2)e(2) dt dz

—/n i at(%LpZ p)pe(z)dtdz
—(I+ 1)

To estimate I, we make the change of variables
dx

p"(t,y)
and use the definition of v and the support of ¢ to arrive at

= [ L e s ()05

Now we use that | pn{AVgo(%)dw = 0 (to subtract f(z) in the integral with

respect to w), that the integrand vanishes unless |z —w| < 3p(t, y), that [z —~(t,y)| <

2p(t,y) (both because of the support of ¢) and that p(t,y) = Vd(v(t,y)) - ¥(t,y)
(whence, [p| < |]), to write

< S s (A

L r—w . x— dt
<0/// ()l - )dw7‘¢ ‘ o
n |z—w|<Ap/2 ‘.1' — ’LU’ pp SO( p > ‘ ‘ ( p ) anrlfs

vty +plty)z=2 , dz=
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Now, we claim that Ap(t,y) < d(z). Indeed, when t € [0, 7(y)], we have that

p(t,y) =&y — (L, y)| < gd(y)
because 7 is inside B(y,d(y)/2). But,
(4.11) d(y) < |z —y|+d(z)

<lz =~y + vt y) —yl +dx)

p(t,y) + <p(t,y) +d(z)

So,

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

A ot y) + d(x)

p(t,y) = id(v(t, y)) < %kﬂ =t y)| + id(x) <2 B

15 15
so that

. <

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

r<c /R n /0 1 ( /| s |f|iwz;|{l(+2|pdw);
(LI ) e (557)
< f s e )" ] (557)
=0 [ ) [ hile(S5) e
:C(/nh(:z:)/oT(y)...dtd:c—i—/nh(:c)/T(ly)...dtdx>

=C(I,+ I)
For I,, notice that proceeding as in (4.11) we have that

o=l < (54 ¢)oltn) < (5 + 5¢)d@) < Cud(o)

d(z) < d(z).

dt

pn+1—s dl’

dt

pn+1fs dl’

dx

Thus, we can write

() xr — dt
. Y
I, < C/ h(l‘)/ |7|’s0< )‘ Az
lz—y|<Crd(z) 0 P |z — y|




Now, the integral vanishes unless

lz —~(t,y)| < plt,y)5 < plty) =Ely — (1t y)| <&z —~(ty)| +Elr —y

Lo | >

which implies

§
1=¢

1
lz —(t,y)| < |x—y|§ZI:B—y|,

so we can bound

(x) " 7 )‘—dt
C’/ h(x / X Loy V(Y dx
|lz—y|<Chd(x) 0 e twlssle=yl |z — y|rtios

c / h(z) (v(y) N Bz, |z — y)/4)) ——— da
lz—y|<Crd(x)

|z =yl
h
cof M,
lz—y|<C1d(z) |z —y

where in the last step we have used property (4) of 8-John domains.
To bound I, observe that for ¢ € [7(y), 1] we have

I,

IN

IN

(4.13) @) < da (1)) + |~ (8.9)] < Bplt.y) + J(t.0),

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

A . 1
(414) |z —vy| < |z =yt |+ [yt y) —yl < 5/)(15, y) + Cly(t,y)|t < Cad(x)?

so that, if p =1,

! T —" dt
L= [ b [ Rl e
" () p/lpmt

IN

1
dt
C/ h(x)/ Xlz— i) Y]y de
|T_y|<02d(a:)% (y) |[z—(t,y)|< 5 d(x)n+1_s

c / L h(z) () N B(x, d(x)/2))d()* " de
|z—y|<Cad(x) P

C’/ L h(z)d(z)""da
lz—y|<Cad(z) P

IN

IN

where we have used (4.12) and property (4).

13
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If p > 1, to bound [,, by Hélder’s inequality and property (4) we have

1 . T —
= [ b [ Rlle(*0)
" () p
1 1
<c ([ e bla) (
lz—y|<C2d(z) A 7(y) 7(y)

! x—y\ P 1
< c/ h(z)d(x) (/ o(2=2) 1) s
‘I—y|<02d(z)% (y) p p(n+1 s)p’

Therefore, since p ~ d(x) by (4.12) and (4.13), using Holder’s inequality again we
arrive at

1 /
_(nta)py1 T —Y\|P 1
I<C/ h(z)d(x) b 7 )P(/ ( ) ,dt)
b > ‘x_y|<c2d(x)% ( ) ( ) ) ' P (n—&—l—s)p/-i-(b—(ng;l)p—l)%

p
<c( /  hleyd(a) =5 dr)”
|z—y|<Cad(z) P

! Pl 1
</T(y)/" SO( o

n X / (n+a)p p’ dt)
P pfn+(n+1fs)p +-5 D5
and finally, by property (2),
(n+a) Lot 1
nee(f a5 ar) ([ E——)
|z—y|<Cad(z) B 0 Pl (ntl=s)p'+(b— 5= -1 ]

<C ( / ’
o=yl <Cad(z) P

provided 0 < 5[—n +n+1—-3s)p + (b— (”Zg)p — 1)%’] < 1 which holds for b <

ps—p+1—mn+bEz L4 ("+a P and sufficiently close to that number.

dt
pn+1fs

(%)

1
/

3=

S e

T —

e

-

-
3=

h(z)Pd(z)t= 5" dx)

To estlmate 17 We proceed in a similar way. Indeed, since [ ¢ (x)dz =1 for all ¢,
we have f 2t (x)dr = 0. Moreover, recalling that

8got 1 x

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

= /n /o1 /|ac—w|<xp/2(f(w) - f(x))p:“ﬂ}(x ; w> dww<

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

)ﬁdx

Y22

Using the above representation we obtain the improved inequalities in the case of
[-John domains:

1 / 1
/

1
7

" dx
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Theorem 4.1. Let 0 C R™ be a B-John domain, 1 < p < q < 0o, a > 0, b <
(n+a)p + pﬁl +sp—p+1—n and, additionally, q < 7?—__;; when p < 2. Given s € (0,1)
and f e C®(Q) we have

_ P 1/p
gwﬂw—¢M@mso{//;%wwj%ﬁ—ﬂ@L&a@%wﬁ>

z — x|ntsp
where 6(x, z) := min{d(z),d(2)}.
Proof. By Proposition 4.1 we have

- h(x (n+a)p %
i -flsef M ([ b d(a) 5 )
le—yl<Crd(z) [T = Yl |z—y|<Cad(z)?
=A+DB
Observe that [|A||Lsq4) can be bounded as in Theorem 3.1, so it suffices to re-

strict ourselves to ||B||Lq Qe = [1B? ||L,(Q &)’ We have, using Minkowski’s integral

inequality,

P

(n-‘ra)p 1 a
BP — p b— P a
I Mmm)Cﬂ/<Ly@Myh@d“ i) it
<C / 2)Pd(z)b ("””’( / 1d(y)“dy) dz
|z—y|<Cad(x) B

+a)p

< C/Qh( o)Pd(x)" d(x)g/zykogd(x)

_C /Q h(z)Pd(z) do

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

=

1
| Bl La(a,a0) < C'(/ h(x)pd(x)bdx> .
Q
This concludes the proof. O

As discussed before, in the case p = 1 we recover the endpoint value for b and can
prove the following:
Theorem 4.2. Let Q C R" be a B-John domain, 1 < ¢ < 2= ¢ > 0 and b <

(nq;a) +s—mn. Given s € (0,1) and f € C*(Q) we have

|f(z) = f(@)]| b
1nf f(y) —c||lraa.aa <C// 0(z, z)’dzdx
|| ( ) ||L (Q,d*) sl <d(z)/2 |Z — .Z"n+s ( )

where §(x, z) :== min{d(z),d(z)}.

Proof. Clearly, it suffices to prove the result for b = "q—za + s —n. By Proposition 4.1,
we have

1f(y) =

IN

lz—y|<C1id(z) |{23'—

C _Mx) e / h(z)d(z)* "dw
"= [o—yl<Cad(z) P
A+ B
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Observe that ||A|| 11 (0,4e) and || Al|La.ce(0,qe) (for ¢ > 1) can be bounded as in Theorem
3.2. So we must consider ||B||raa) (¢ > 1). By Minkowski’s integral inequality, we

have
1

Bl <€ [ b@day ([ d) )" do
Q |o—y|<Cad(z) P

<C /Q h(z) d(x)s—”(d(x)% /| 1 dyfdx

—y|<Cad(x)?

-

at+n

_C /Q W) d(z)* "5 da

where in the second line we have used that d(y) < |z — y| + d(z) < Cd(m)é 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. O

To analyze the optimality of our estimates (in terms of the upper bound on q)
we consider the following “rooms and corridors” domain introduced in [15] (see the
discussion after Corollary 5).Therefore, we will be somewhat sketchy.

Theorem 4.3. Let s € (0,1),a >0 and 1 < p < q < co. There exist a $-John domain
QCR” and f € C(Q) such that

- @, }W
inf — || parq.gey < C // " (x, 2z)’dzdr
w0 —cloam <c{ [ [ VAL s

|2 =

(n+a)p

cannot hold unless q¢ < T o p—

Proof. Assume, for simplicity, that a = b = 0.

Following [15], we define a ‘mushroom’ F of size r as the union of a cylinder of height
r and radius 7° (called the ‘stem’ and denoted by P) with a ball of radius 7 (called
the ‘cap’ and denoted by C), so that they create a mushroom-like shape. The domain
) considered consists of a cube ) and an infinite sequence of disjoint mushrooms
Fi,F,, ... on one side of the cube (called the ‘top’). The stems of Fi, 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; — ﬁ||Lq(Q) > cnrf.
To bound (fo' L@=F@P g, q2) /P observe that:

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

() — Fi(2)|P
// [filz) fzfz)‘ dzdmz/---dx+/---dm—I—/---dm
Q Jjo—z|<d@)2 1T — 2" TP Q P C;

:Il+12+[3
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We have

]- n - ~n P
I < / / | Z+| dz dx
lx—z|<d(z)/2 T |JZ - Z|n P

—d(a:) PP
UwGP B(w T )OQ 7

< C| Unep, B( ) N Q| —p+B(—sp+p)
< Oy PHBn—sptp)

1 n - ~n
[2 / / |l’ i_Js dz dx
|lz—z|<d(z)/2 T |LE - Zl P

gc/ —d(x)" PP dx

p+/5 (—sp+p)

< C|Pi|r;

_ 1—p+B(—sp+p+n—1)
=Cr,

1 n n
I3 < / / |2 Z+| dz dx
|x—z|<d(x)/2 ’I“ |IL’ - Z|n P

—d(m) PP g
Uwep; B(wr )nC; T

< C|Uyep, B(w,r; ) N Ci|,r,i_p+5(—sp+p)
< Crfp+ﬂ(n—sp+p)
- T

Then, there must hold rq < C(py PPy Which, for sufficiently small 7,
can only hold if ¢ < e ﬁ(n"fl ) S 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). O

5. THE CASE OF HOLDER-a@ DOMAINS

Roughly speaking, a Holder-a domain is given locally by the hypograph, in an appro-
priate orthogonal system, of a Holder-a function (a typical example being a cuspidal
domain). For a precise definition we refer to [11, Section 5.2].

These domains are a particular case of $-John domains with 5 = 1/a. 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 [20, 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-a, @ = 0, and p > 1, and we prove its optimality. We believe that these
restrictions are only technical.
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Theorem 5.1. Let 2 C R™ be a Hélder-a domain, 1 < p < g < 0o, b < p(s—n)+
p(n—1+a)(1+ % - %), and, additionally, ¢ < ;=L when p < . Given s € (0,1) and

f e C>®(Q) we have

. (2) = f(=@)I” b }W

nf La C ——— " §(x, z)’dzdx

inf || £(y) - Fllzog) < {/:qu)m Iz — afrto (z,2)°dzd
where §(z, z) = min{d(z),d(2)}.

Proof. Clearly, given p and ¢, it suffices to prove the claim for b = p(s —n) +p(n—1+

a)(1+1 1),

Recall that by Proposition 4.1 we could use

(5.15)  |f(y)—fl<C _hla) de +C h(x)d(z)*"dz.
lo—y|<Crd(z) 1T — Y["7* |z —y|<Cad(z)e

The key point is to improve this estimate, observing that (4.14) can be improved
if Q is Holder-a. According to the definition given in [11], Q@ = UYX,0; with Oy C Q
and each QN O; (1 < j < N) given by the hypograph of a Hélder-o function in
an appropriate coordinate system. It is clear that it is enough to obtain the desired
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, z = (2/,,), 2’ € R"! z, € R.

Now, by (4.12), |z — y(t,y)| < d(x)/2. But, it was proved in [11, Section 5.2] that
this inequality implies that

2" =y | < Cd(x) ,  |zn— ya| < Cd(2)

and then we can replace the second integral in (5.15) by

/ h(z)d(z)* " dz
\x’—y’\SCd(x),\xn—yn\SCd(x)a

Consequently, proceeding by duality, for [|g|| ;s ) = 1, we have

/\f floy)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 < ¢.
If p = g we write

1
B<C/—/ y)| dyh(z)d(x) T dx
d(z)" 1 S yi<ca(), o —yal<Cd(z)e l9ty)  dyh{z)d(z)

<C/MS ()Sl+addf
< C’”MSQHLP'(Q)thS P
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 LP for
1 < p < o00. Then, the proof concludes as that of Theorem 4.1 and adding over j.
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If p < g, taking n =3 — 2 (notice that 0 < n < n) we have,

0 C/ / 19(y)| dyh(z)d(z)>—+HE-1+)=D) gy
Q d<x)(n—1+a)(1_%) |a’,‘/7y/|§0d(x),|xn7yn|§Cd($)a

< C/Msg(x)h(x)d(x)snﬂn1+a)(1Z) dr
Q

S b
< ClIM; gll 1o oy 1h d [ oo
b

< Cllgll e @y llhd | oo
where we have used that M7 g(x) := supgs, IR\+% Jx1f(W)]dy, 0 < n < n, where R
belongs to the family of rectangles with sides parallel to the axes, and that .M;]9 LY —
L¥ for % = ]lj —ZTand1<p< % (see, e.g., [22, Theorem 3.1]). As before, the proof
concludes as in Theorem 4.1 and adding over j.

O

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 < q < oo. There exist a Holder-a domain €2 C R™ and
f € C™(Q) such that

p 1/p
510 ntlf e =cf [ [ /QM&x,z)bdm}

|z — z|ntep
cannot hold unless b < p(s —1+a)+pn—1+ a)(% — 119)

Proof. Assume that b > p(s —1+a)+p(n —1+ a)(% - Ilj) Using the same notation
as in the previous section we write z = (2/, x,,). Given 0 < a < 1 define the Holder-«
domain

Q={zeR":0<xz, <1, || <z}
and f(z) = x,,¥, with v > 0 to be chosen.

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

Q={zeR": 0<z, <1, | <z//2}
we clearly have d(z) ~ z/®. Then,

Nl inf — ~ < q qu d n nyq—i_?d "
(5.17) dnf |[f = ell oy < 11174 g //|ac'|<ac”“/2 o / x

On the other hand, if |z — 2| < d(x)/2 we have |z, — z,| < z,/2 and so =, ~ z,.
Consequently,

[f(2) = f@)] = 12," = 2,7 < Co” iz — 2al

and therefore,

_ +
|z — x|ntep lz—2|<d(z)/2
—(v1)p LU=

_ p
/ M(S(x, 2)’dz < Ca:n(”+1)pd(:v)b/ |z — z|P~"Pdz
lz—z|<d(z)/2

< C[L‘g(y—’—l)pd( >b+(1 s)p < C
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where in the last inequality we have used that d(x) < 2/ ® and b+ (1—s)p > 0 (which
follows from our assumptions on b, p and ¢). Then,

(5.18

z — x|ntsp Q

1 b+(1—s)ptn—1
—(v+1)p+ —FrF—F—
§C/ xn( ) « dx
0

_ p v b+(1—s)p
[[ MO, g [ e
lz—z|<d(z)/2
) Q

Therefore, (5.16) does not hold if there exists v such that its LHS is infinite and its
RHS is finite, that is, if

b+ (1—s)p+n—1
«

n—1
—yq+T§—1<—(1/+1)p+

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

b>p(3—1+a)+p(n—1+a)<é—%>

as we wanted to see. O
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