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AN ELEMENTARY PROOF OF THE CONTINUITY FROM L2(Q)
TO H!(Q)" OF BOGOVSKII'S RIGHT INVERSE OF THE
DIVERGENCE

RICARDO G. DURAN

ABSTRACT. The existence of right inverses of the divergence as an operator from H}(Q)" to
Lg(ﬂ) is a problem that has been widely studied because of its importance in the analysis of
the classic equations of fluid dynamics. When € is a bounded domain which is star-shaped with
respect to a ball B, a right inverse given by an integral operator was introduced by Bogovskii,
who also proved its continuity using the Calderén-Zygmund theory of singular integrals.

In this paper we give an alternative elementary proof of the continuity using the Fourier
transform. As a consequence, we obtain estimates for the constant in the continuity in terms of
the ratio between the diameter of €2 and that of B. Moreover, using the relation between the
existence of right inverses of the divergence with the Korn and improved Poincaré inequalities, we
obtain estimates for the constants in these two inequalities. We also show that one can proceed
in the opposite way, that is, the existence of a continuous right inverse of the divergence, as well
as estimates for the constant in that continuity, can be obtained from the improved Poincaré
inequality. We give an interesting example of this situation in the case of convex domains.

1. INTRODUCTION

Let Q C R™ be a bounded domain. Given a smooth vector field u defined in €
we will denote with Du its differential matrix, namely,

8ui
b= (3% )

and for a tensor field (a;;) we define its norm by

n
HGH%Q(Q) = Z ||aij||2L2(Q)-

ij=1

The existence of solutions u € Hg ()" of
divu = f (1.1)

satisfying
[1Dul| 120y < Caiv,all fllL2(2), (1.2)
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60 R. G. DURAN

where f € L§(Q) :={f € L*(Q) : [, f = 0} and the constant Cy;,, o depends only
on {2, is a problem that has been widely analyzed because of its several applications
and connections with other important results.

Assume that Q C R” is a domain with diameter R which is star-shaped with
respect to a ball B C , which we assume centered at the origin and of radius p.
For a function w € C§°(B) such that [, w = 1, a solution of (1.1) is given by

u@) = [ Glao)fw)dy (13)
Q
where G = (G4, -+ ,G,,) is defined by

e = [t (5 5)

Moreover, u € H}(Q)" and (1.2) is satisfied.

This formula was introduced in [6] by Bogovskii who proved the estimate (1.2), as
well as its generalization for LP, 1 < p < oo, using the general Calderén-Zygmund
theory of singular integrals developed in [7].

More recently, several papers have considered extensions and applications of this
formula. In [10], a weighted version of (1.2), which is of interest in finite element
analysis, was proved. In [1], an extension of Bogovskii’s formula was introduced for
the rather general class of John domains and the estimate (1.2) was proved using
again the Calderén-Zygmund theory. Also, extensions of (1.2) for fractional order
positive and negative Sobolev norms have been obtained in [3, 13].

The goal of this paper is twofold:

First, we want to give a simple proof of the estimate (1.2) for the solution given
by (1.3) using elementary properties of the Fourier transform. In this way we avoid
the use of the complicated general theory of singular integral operators. We believe
that this can be interesting for teaching purposes.

Second, we are interested in obtaining some information on the constant in terms
of the ratio R/p. As a byproduct, this result can be used to give estimates for the
constants in some Korn and improved Poincaré inequalities.

The paper is organized in such a way that the reader interested only in the
first part needs to read only up to the end of Section 2, which deals with the
continuity of the singular integral operator. In Section 3 we modify the proof of
the continuity in order to obtain a sharper estimate of the constant in (1.2). In
Section 4 we obtain estimates for the constant in the so called second case of Korn
inequality. Finally, Section 5 deals with the improved Poincaré inequality. First,
we recall that the existence of solutions of (1.1) satisfying (1.2) can be proved by
assuming the improved Poincaré inequality. Moreover, tracing constants in this
proof, it is possible to obtain information for the constant in (1.2) from that in
the improved Poincaré inequality. As an interesting example of this situation we
show how sharp estimates for the constant in (1.2) can be obtained for the case of
convex domains. On the other hand, we show that in some cases one can proceed
the other way around, namely, it is possible to obtain estimates for the constant in
the improved Poincaré inequality knowing estimates for the constant in (1.2). This
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is, for example, the case of planar star-shaped domains. Consequently, we obtain
new estimates for the constant in the improved Poincaré inequality in this case.

2. BOUNDEDNESS OF THE SINGULAR INTEGRAL OPERATOR
In order to work with functions defined in R™ we extend f by zero outside of {2
n (1.3).
Let us recall the basic properties of the Fourier transform that we will need (see
for example [24]). The Fourier transform is defined for f € L'(R") by

fle) = / ¢ £ ()

Here and in the rest of the paper, when we do not indicate the domain of integration
it is understood that it is R™. The Fourier transform can be extended to f in the
class of tempered distributions &', in particular, it is defined in L*(R") and it is
an isometry, i.e.,
I fllz2@ny = If | L2rny-

We will use the well known equality

of

8xj

The k-component of u is given by

(€) = 2mi&; f(£).

U = Uk,1 — Uk,2,

g (@ //( k_yk))w<y+¥>f(y)dyf—:-
ug 2 (z //ykw<y+—) f()dyj—,f-

These double integrals exist, if for example we assume that f € L'(R") and has
compact support. Indeed, if supp f C B(0, M) then both integrands vanish unless
‘y—i— ”—;y‘ < p and |y| < M, and so, assuming that p < M, we can restrict the
domain of integration to |z —y| < 2Mt. Therefore, integrating first in the ¢ variable,
it follows that, for i =1, 2,

st < ¢ [ A ay

where the constant C' depends only on w, n, and M. Since f € L'(R") the last
integral is finite for almost every .
In order to take the derivatives of uy ; it is convenient to write

wia (@ —hm/ [ (o 2D (54 222 s v,
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and

ug 2 (2 _g%/ /ykw<y+—> f(y)dy j—n,

where, as we will see, the limits exist in §’. Consider the first integral and, to
simplify notation, define ¢(x) = zxw(x). Then, given g € S we have to show that

/(/:/Qp(‘“g) f(y)dyf—f) 9(x) da
%/</ Jo(v+ =) rwany ) ste)ao

when € — 0. It is enough to see that

e )

But, making the change of variable z = xt;y in the interior integral we have

o= [ [ [let+ 2176 otw + 2] dydt < gl

which proves (2.1). The integral defining uj o can be treated in the same way,
indeed, defining now ¢(x) = w(z), the only difference with the case of uy 1 is the
factor yi appearing in the integrand, but it can be bounded assuming again that
f has compact support.

Now, for € > 0 fixed, we can take the derivative inside the integral, and therefore,

0
a—Uk = Tjn f + Tij2(yrf) (2.2)
z;

where Ty 1 and Ty, 2 are of the form

_ehi%//a [ (y+Ty)]f(y)dyf—f (2.3)

with ¢(z) = zpw(z) for Ty,1 and ¢(z) = w(x) for Tkjo.
We are going to prove continuity of operators of the form given in (2.3) where
p € C§°(B) with B = B(0, p). With this goal we decompose the operator as

Tf=Tf+Tpf

risw =t [ [ o2 [ (v 27| s an 2.4
Tof(x //a {(y+¥>}f(y)dyf—:

An estimate of || T2 f||z2(rn) for L2-functions f vanishing outside  can be ob-
tained easily as we show in the following lemma.

Wllg@)ldzdy 5 >0, (21)

ol @ 1 fllLrwe)e

where

and
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Lemma 2.1. If f € L?(R") vanishes outside ) then

1T fl20) < 2"(Q|

[RAFRTES)

3 1l oo (rm)

Proof. We have

Tzf(m)Z/{/; (52) (+ =Y %}f@)dy. (25)
e /lf )l dy

and the result follows immediately using the Schwarz inequality. o

We now proceed to bound the operator 7) in L?. This will be done using
the Fourier transform. By standard density arguments it is enough to bound the
operator acting on f smooth enough. In the following lemma we give a simple form
for T} in terms of Fourier transforms.

Then,
T2 f(z)] <27

5‘x]

Lemma 2.2. For f € C§°(R") we have

o~

Tof(€) = 2rit, / B F((1L - 1)E) d (2.6)

Proof. From (2.4) we have
Tlf = lim T1 ef;
e—=0

where
1

Tlvef(@:/:/a%j [@ <y+¥)]f(y)dyj—s

and the limit is taken in S’.
Now, we have

T/l,e\f(ﬁ)=//§/a%j [so (y+ g)}f(y)e‘%”fd ﬂdm

and, since this triple integral exists, we can interchange the order of integration.
Therefore, integrating by parts we obtain

- ) B ]
Toof(€) = 2mi; / / / . (y+ %) Flw) e S dedy

and making the change of variable

(x—y)

Z =Y+ 7
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in the interior integral,

TooF(€) = 2nic, / / / ) 2T =00E £z dy di

~ orie / [ [ o9 e a0 sy dy .

Tuod(€) = 2mi€; [ B F((1 - ne)at

€

=

and therefore,

and taking e — 0 we conclude the proof. O
Using the expression given in (2.6) we will give an estimate for the operator T3
in L?. First we prove an auxiliary result.

Lemma 2.3. Define Cy, = p~ |l L1 ey o’ Then,
Ll ]Rn
oo
amlg) [ I3 dt < Cp
Proof. We have
2] [ lptee)lat = 2nigs| / ple)lde + 2l [ fpoldei= 1411
Tole;T
Now,
I<p M@l poony < 27 ol pageny
and
> 2P e > 1
II= 27r/ w dt < 27r||g§¢|\Lw(Rn)/ t2 dt
%/}‘&j‘ €51 %p‘g 151
but
242~ %
J
and therefore,
1|02 © 2
1< — O / dt <p 0%
27 8x |§J| 8x
Loo(Rr) * Tl L1(R™)
and the lemma is proved. |

As a consequence of this lemma we obtain the following estimate for the operator
7.

Lemma 2.4. If C, , is the constant defined in the previous lemma, then

ITafllz2ee) <277 Copll fllzoee.
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Proof. Applying the Schwarz inequality in (2.6) we have

T < ( / " omle; 13(t6)| dt) ( / Sonle 301 F((1L - 162 dt)

and so, from Lemma 2.3,
_ 3 N
THOP < Gy [ 2mlg IBCNFI - DO at
Then, integrating in £ and making the change of variable n = (1 — ¢)£, we obtain

[ mreori<c,, / [ i |p (52 )| 1Foe ande

and, integrating first in the variable ¢ and making now the change s = t/(1 — t),
we get

— 1 ~
/ITlf(£)|2d£§ 2”—1(7«,,,3/ </0 27T|nj||s5(877)|d8) ()| dn.

Therefore, applying again Lemma 2.3,
[ mrerae <2z, [1Fwe

and we conclude the proof recalling that the Fourier transform is an isometry in
L2(R™). o
Summing up the lemmas we obtain the main result of this section.

Theorem 2.1. If T is the operator given in (2.3) and [ vanishes outside €2, then

IT fll2@) < Copellfllzz@
with

n-1 n—1
Copa=272 p eollpwy+277 p

e
2
J

ol 22

L1(R7) 0j || L (R™)

3. DEPENDENCE OF THE CONSTANT ON 2

An interesting question is what can be said, in terms of the geometry of the
domain €, about the behavior of the constant Cg;, o in the estimate (1.2). Recall
that we are assuming that the domain 2 has diameter R and that it is star-shaped
with respect to a ball of radius p which, to simplify notation, we assume centered
at the origin.

It is known that the constant cannot be bounded independently of the ratio
R/p. Indeed, this can be seen by the following elementary example which also
shows that, in some cases,

Ciiv,a > c1(R/p) (3.1)
where ¢y is a constant independent of €).
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Given positive numbers a and ¢, consider the rectangular domain €, . := (—a, a)x
(—¢,¢) and suppose that, for any f € L3(£,.), there exists u € H}(Qqc) solv-
ing (1.1) and satisfying the estimate (1.2) with a constant Cyiy 0 = C, .. Take
f(x1,22) = x1 and the corresponding solution u, then

1] —/ x1di u——/ u —/ x—aul
= vu = =
HIL2(Ra.0) Qa e ! Qa o ' Q 283:2

a, s a,e

ou
P < Cucllzzll o 1l 2
972 |[12(q,.)
and so,
21l 22(Qa.) < Caell®all2(, )
but,
o “etat and
xr 2 = — a an X 2 = — a
1L2(Qa,c) 3 2(1L2(Qa,z) \/g
and therefore,
Coe > (afe).

Consequently, if @ > ¢, it follows that in this example (3.1) holds.

For the kind of domains that we are considering the following estimate for the
constant Cgip.q is given in [12]

Caiva < Co(R/p)"

with a constant Cy independent of 2. The reader can check that the result given
in Theorem 2.1 recovers this estimate. However, as we will show, this result can
be improved.

Indeed, Theorem 2.1 does not give a good estimate of the constant in terms
of the function ¢ (or equivalently on p). Curiously, this is due to the estimate
obtained in Lemma 2.1 for the operator T5 which in some sense is easier to handle
than T7. Then, in order to obtain a sharper bound, we will give in the following
lemmas a different argument to bound T5.

Lemma 3.1. If 1 <p < "5 then

ITofllLemn) < 5~ | f1 L ®ny-

H Ox;

L1(Rn)

Proof. From (2.5) we have

Tof (2] <//‘<§—“"> v+

Making the change of variable

d
D1y

z—y+Ty
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in the interior integral, we obtain

tz —x 1
Tof (= |<2//axj H <t_1)‘(1_t)ndzdt.

Applying now the Minkowski inequality for integrals we have

imslen <2 [ [ 220 ([ (555)] «

and, by the change of variable

» 1

tz —x
t—1

E =
in the interior integral, it follows that

1 1
e / L
Li(R") =, (1—t)

2

1T e < 2 H

Ly

therefore, since p’ > n, the integral on the right hand side of this inequality is finite
and so we obtain the lemma. O

Unfortunately the restriction for the value of p in the previous lemma excludes
the case p = 2. However, using well known interpolation theorems we can obtain
an estimate for the L? case.

Lemma 3.2. If f € L*(R") vanishes outside Q0 then, for 1 <p < L=,

n L

P &p?

1—-2
2

Dy

22
IT2fll20) < m—mmz 1 2 | I fllz20)
(1—-2)2 9z {| L @y Ox; Lo (R™)
Proof. From the definition of 75 (2.5) it is easy to see that
dyp
T2 f L) <2719 e Il o
Lj Il Loe ()

Then, the result follows immediately from this estimate together with Lemma 3.1
and the well known Riesz-Thorin interpolation theorem (see for example [14, p. 34])
which states that

z 1-%
||T2H£(L2,L2) < HT2||E(Lp,Lp)||T2||L(Lzoo,Loo)- o

Summing up we obtain the following estimate in terms of the function .

Theorem 3.1. If T is the operator given in (2.3), [ wvanishes outside €, and
1<p< 2, then

n—1 22
I1Tfllz2) < |22 Copt+ %
(1- y)2

5@,p|ﬂ|“2’> 171l 2

where
2

Py
o2

J

Cop=p""lollLi@ny +p

L1(R")
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and .
gl 5 W
o axa L1(R") Ox; L=(Q)
Proof. The result follows immediately from Lemmas 2.4 and 3.2. o

We want to bound H Sl HLZ(]RW) using the expression (2.2). This is the goal of
the following theorem.

In what follows C,, denotes a constant depending only on n, not necessarily the
same at each occurrence, and A ~ B means that A/B is bounded by above and
below by positive constants which may depend on n and p only.

Theorem 3.2. Let Q0 C R™ be a bounded domain of diameter R which is star-
shaped with respect to a ball B C Q of radius p and u € H}(Q) be the solution of
(1.1) given by (1.3). Then, there exists a constant C,, depending only on n such

that
2\ ¢ o\ T
e - I i )

Proof. As we have mentioned, both operators on the right hand side of (2.2) are
of the form given in (2.3). We will estimate the term Tj; 2 (yx f) which is the worst
part due to the presence of y;. The reader can check that the term Tj; 1 f can be
bounded analogously.

For Ty 2 the function ¢ is exactly w, which is supported in B(0,p) and has
integral equal to one. Therefore, ¢ can be taken as

p(x) = p~"p(p~ '),
where 1) is a smooth function supported in the unit ball and with integral equal to
one. Then,

890 _ —n—1 81/1 8230 . —n— 2821/}
axj( z)=p oz, (P ), 922 (x)=p o2 5(p ')
and so,
1 2‘)0 1
Cop=p lelo@r) +p|| 55 ~p (3.2)
L1 (R™)
and R
~ dp dp ||” 2 1en(1_?
C,. —H— - ~ ptTr=32), (3.3)
P O Lr®n) 11925 || foo (g

Therefore, applying Theorem 3.1 for T' = T} 2, using |yx| < R and the relations
(3.2) and (3.3), we obtain, for 1 <p < -4,

()"
(1) Ml
(- 2% \IB|

L
p
B R 1 1 e [8] 3(5%5-p)
—c, 1 (5" (& Il

1D 2 () < Cn
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Now, assuming that % is large enough, we can choose p such that

1 n_ 1
2\n—1 ") 7 1og &

|Bl

obtaining
n—2

R 1 0\ D
[1Dull 2 gy < Cn PR (E) ellfllz2e),
p/

and so, we conclude the proof using that
—1 2(n—1
l_ﬁ,:(n )( nl_p):LQR
P plog ({3)

and p < 5. O

Remark 3.1. In the particular case n = 2 the theorem gives

R R
1Dl 2y < C <;> log <;> T

In view of the example given above this estimate is almost optimal (i.e., optimal
up to the logarithmic factor).

4. THE KORN INEQUALITY

As it is well known, Korn type inequalities are strongly connected with the exis-
tence of solutions of (1.1) satisfying (1.2). For example, in the particular case of two
dimensional simple connected domains with a C' boundary, the explicit relation
between the best constant in (1.2) and that in the so-called second case of Korn
inequality was given in [17]. More generally, for arbitrary domains in n dimensions,
n > 2, the Korn inequality can be derived from the existence of solutions of the
divergence satisfying (1.2), and therefore, information on the constant in the Korn
inequality can be obtained from estimates for the constant in (1.2).

A lot of work has been done in order to obtain the behavior of the constant in
the different versions of Korn inequality in terms of the domain (see [16] and its
references).

We are going to show how our results in the previous section can be used to
obtain estimates for the constant in the second case of Korn inequality. Let us
mention that domains which are star-shaped with respect to a ball were considered
by Kondratiev and Oleinik in [20, 21] where the authors obtain sharp estimates for
the constant in a Korn inequality in terms of R/p. However, their results are for
a different type of Korn inequality than the one that we are considering and it is
not clear what is the relation between the constants in the two different Korn type
inequalities.

For a vector field v e H'(Q)", e(v) and u(v) denote the symmetric and skew
symmetric part of Dv respectively, i.e.,

E"(V)_l ({)Ui +8Uj
T2\ o T oy
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and

1 (%i 8’Uj
Mij(v) - 5 <8J)J B 8l‘1>
Then, the so-called second case of Korn inequality states that there exists a
constant Cx o such that
[Dv|L2(0) < Cralle(v)llLz@)
for vector fields v € H'(Q)" satisfying

/HU(V)Z()’ for di,j=1,...,n. (4.1)
Q

The argument used in the proof of the following theorem is known but we include
it for the sake of completeness. For an arbitrary domain €2 we will say that it admits
a right inverse of the divergence with constant Cy;y q if, for any f € L3(€), there
exists u € H{(Q)" satisfying

diva=f
and
1Dl 2y < Caiv,oll fllz2@)-
Theorem 4.1. If Q admits a right inverse of the divergence with constant Cg;y 0,
then the second case of Korn inequality holds in Q with a constant Ck o which
satisfies
Cra < (1 +4n*)Y2Ch 0

Proof. Let v € H'(Q)" such that (4.1) holds. By density we can assume that v
is smooth. By orthogonality we have

IDVIZ2(0) = leMZ2 () + 11(V)12(q)

and so, observing that Cg;, 0 > 1, it is enough to prove that

()72 (@) < 407 Cliy alleW)II72(0) - (4.2)

[ rst0 =0,

there exists u” € H ()" such that

Given ¢ and j, since

div uij = Mij (V)

and
[Du|[ 1, ) < Caivalliig (V)| L20)- (4.3)
Then,
135 ()22 () = /Q,Uij(v) divu = —/Qvuij(vyuij
but,

8uij(v) - (%ik(v) _ (%jk(v)
Oz, z; Ox;
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and so,

Dein( Oeji(v ij
1245 (v HLZ(Q) Z/( 81;3 g;(z )>ukj

and using now (4.3) we obtain,

145 (V172 0y < Caiw, 1115 (v) HLz(Q)Z (leaW)lz2@) + llejr(V)liL2@)) -

Therefore,

n

1/2
2
1235V 22 () < Caiva {Z leix(V)llL2@) + llein (¥l L2)) }

k=1
and then
n
i3 2y < 2C0m Y (leax(Eze) + lesmlFzey) -
k=1
Finally, summing now in ¢ and j we obtain (4.2). O

Consequently, using the results of the previous section we obtain an estimate for
the Korn inequality in star-shaped domains.

Theorem 4.2. Let Q) C R™ be a bounded domain of diameter R which is star-
shaped with respect to a ball B C Q of radius p. Then, there exists a constant C,
depending only on n such that, for all v.€ HY(Q)" satisfying fQ wij(v) =0, for
ij=1,....n,

QT ()
1DVl ey < G (|B| oz 5) " Il

Proof. The result follows immediately from Theorems 3.2 and 4.1. o

5. THE IMPROVED POINCARE INEQUALITY

In this section we consider another well known result usually called improved
Poincaré inequality. To recall this inequality we need to introduce some notation.
For a bounded domain 2 C R"” and any x € ) we denote with d(z) the distance
from x to the boundary of Q. Then, the improved Poincaré inequality states that
there exists a constant C;p o such that, for any f € H1(Q) N L3(Q),

I fllz2) < CirlldV fllL2(q)- (5.1)

It is known that this inequality is valid for Lipschitz domains and, more generally,
for John domains (see for example [5, 9, 18]).
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For the star-shaped domains that we are considering in this paper, the argument
given in [9], applied in this particular case, can be used to show that

Cipa < Cn(R/p)" (5.2)

indeed, this was done in [1, Prop. 5.2] for the analogous inequality in L', but it
is easy to see that the arguments extend straightforward to the L? case. We are
going to show that the dependence on R/p can be improved using our estimates of
Section 3, at least in the two dimensional case.

In [11] the relation between Poincaré type inequalities and solutions of the di-
vergence was analyzed in a very general context. A particular case of the results in
that paper says that the improved Poincaré inequality (5.1) implies the existence
of a right inverse of the divergence as an operator from HE(Q)" to L3(2). The
interest of this result is that it allows us to obtain information on the constant in
(1.2) from that for the constant in the improved Poincaré inequality. We will give
an example of this situation for the case of convex domains.

Let us reproduce the argument given in [11] for the sake of completeness. With
this purpose we need to use a Whitney decomposition of €2, i.e., a sequence of cubes
{Q;} with pairwise disjoint interiors and such that, if d; and ¢; are the distance
of @Q; to the boundary of {2 and the length of its edges respectively, then d;/¢; is
bounded by above and below by positive constants depending only on n. Associated
with this decomposition there is a partition of unity {¢;}, namely, 3, ¢; = 1in €,

with ¢; € C§° (@j) where @j is an expansion of @); still with diameter proportional
to its distance to the boundary of 2. A Whitney decomposition exists for any
domain (see for example [24] for a proof).

Lemma 5.1. If the improved Poincaré inequality (5.1) is satisfied in 2 then, given
[ € LE(Q) and a Whitney decomposition of 2, there exists a sequence {f;} such

that f; € L3(Q;), f =, f;. and
11172 < Chn ZHfJHLz(Q (5.3)

and

Z||f]||L2(Q Cu(1 + Cir) I flI72()- (5.4)

Proof. First we observe that, by duality, (5.1) implies that, for all f € L3(Q),
there exists v € L?(2)" such that

divv=f inQ,v-n=0 on 9 (5.5)
and

= < C; , 5.6
|G, = Corlflzacey (5.6)

where both equations in (5.5) have to be understood in a distributional sense.
Indeed,
L(vg) = [ 1g
Q
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defines a linear form on the subspace of L?(Q)" formed by the gradient vector
fields. L is well defined because [, f = 0. Moreover, it follows from (5.1) that

IL(Vg)| =

/Q f(g—?)‘ < Cirallfl2e [499] 220y

where g is the average of g in €.

By the Hahn-Banach theorem L can be extended as a linear continuous func-
tional to the space L3(Q)", where L?%(f2) denotes the Hilbert space with norm
[fllzz := |ldf||r2, and therefore, there exists v € L2, (Q)" satisfying (5.6) and
such that

L(w) = / vV-w Yw € L3(Q)™;
Q
in particular,

/Qv-Vg:/fg Vg e H'(Q)

which is equivalent to (5.5).
Given now f € L3(Q), let v € L?(Q)" satisfying (5.5) and (5.6), and define

fj = div (¢jV).
Then, we have

F = divv = div (v2¢j) =N div(ev) =Y .
J J J

Since supp ¢; C @j we have supp f; C @j and [ f; = 0.
Moreover, using the finite superposition (with constant depending only on n) of

the expanded cubes @j, we obtain immediately (5.3). On the other hand, using
again the finite superposition and that ||¢;[|r~ < 1 and |V¢,||1= < C/d;, we have

12 2 M
15022 < o {1y [, )
and therefore, (5.4) follows from (5.6). o

Theorem 5.1. If the improved Poincaré inequality (5.1) is satisfied in §2, then §)
admits a right inverse of the divergence with constant Cg;y .0 which satisfies

Ciiv,o < Cn(1+ Cipa). (5.7)

Proof. Given f € L3(f2) let f; be the functions given in the previous lemma. Since
f; € L&(Qj), there exists u; € H}(Q;)" such that

divu; = f; and ||Duj||L2(Qj) < Cn”fj”ﬂ(éj)?

indeed, a scaling argument shows that the constant in this inequality is independent
of the size of the cube. Then, u = 37 u; € Hg(R)" is a solution of divu = f.
Moreover, it follows from (5.4) that

[Dul 20y < Cu(1 + Ciro)llfllr2(o)

and the theorem is proved. O
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Let us now consider the case of convex domains. For these domains it was proved
in [4, Cor. 5.3] that, for f € WH1(Q),

R
If =[5l < Cn ” 14V fllL1 () (5.8)

where C), is a constant depending only on n and fgz is the average of f over a
particular subset of 2. From this inequality it is easy to see that, for f € W(Q)
with vanishing mean value,

R
1fllLie) < 2Cn > 1AV fllzr@)- (5.9)

Indeed, if [, f =0, we have

sl =| [ (fs =) <17 = Fsloio
and therefore,

Ifllzr) <N f = faller) + 1f5lleve <21f — fallov e

which together with (5.8) implies (5.9).

It is known that (5.9) implies the improved Poincaré in L?. In fact, this was
proved in a more general context in [11, Prop. 3.3]. In the following lemma we
reproduce, for a particular case, the argument given in that paper but tracing
constants in the proof in order to obtain an explicit dependence of the constant in
the L? estimate in terms of the constant in (5.9).

Lemma 5.2. Let Q be an arbitrary bounded domain. If there exists a constant C
such that, for any f € WH1(Q) with [, f =0,

£z ) < CLlldV fllLr@), (5.10)

then, for any f € H*(Q) N L3(%),
1fllz2@) < 6vV2Cy |dV £l 20 (5.11)
Proof. The first step in the proof given in [11] is to show that for any measurable

E C Q such that |E| > |Q]/2 and any f € W1(Q) which vanishes on E, it follows
from (5.10) that

[fllzr ) < 3C1[dV i) (5.12)
Indeed, calling fq the average of f over €2 and using that f vanishes on E, we have
1 1
ol = | [ (b= D] < o [ 1fa =11,
|fal W E( ) W E| |

and therefore,
€2
Il fellzi@) < Eﬂfﬂ = fllzy -

Then,
1€

Ifllzr e < If = falley@ + 1 falleve) < IIf = falloe + EI\fQ —flliee
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and using that |E| > |2|/2 we obtain

[F L) < 3IIf = fallLr @),
which together with (5.10) applied to f — fq gives (5.12).
Now, for E C Q as above and f € H'(Q) vanishing on E we can apply (5.12)
for f? to obtain,

/ <30 / AV 2 <60, / dFIIVF] < 6CL sz lldV £z
Q Q Q

and therefore,

£l 220) < 6 ColldV f[[L2(0)- (5.13)
For a function f we define f; as the function which agrees with f where f > 0 and
is equal to zero otherwise, and f_ := f, — f. Now, given f € H*(f), it is easy to
see by continuity arguments, that there exists A € R such that

/Q(f —-Ni= /Q(f -2 (5.14)

On the other hand one of the two functions (f — )4 or (f — A)_ vanishes in a set
E such that |E| > |2|/2, suppose that it is (f — A)4+ (if not we apply the same
argument to the other function). Then, using (5.13) applied to (f — A)+ we obtain

”(f - )‘)+|‘L2(Q) < 6C1||dvf||L2(Q),

but, in view of (5.14) we have

Jr=a2= [(=nts (=N =2 [ (7= N2 <726V 1,
Q Q Q Q
and the proof concludes by recalling that, for f € L3(Q),

I fllz2) < I1f = M2 m

Theorem 5.2. Let Q C R™ be a bounded conver domain of diameter R which

contains a ball B of radius p. Then, given f € L3(Q), there exists a solution
ue HY Q)™ of (1.1) such that

R

||DUHL2(Q) <Cy ; [ £z

where C, is a constant which depends only on n.

Proof. The result follows immediately from Theorem 5.1, inequality (5.9), and
Lemma 5.2.0

Now, a natural question is whether the converse of Theorem 5.1 is true, namely,
if the improved Poincaré inequality can be proved assuming the existence of contin-
uous right inverses of the divergence. To the author’s knowledge this is not known.
However, a weaker result will allow us to obtain an estimate for the constant in
the improved Poincaré inequality for planar star-shaped domains using the results
of Section 3. In fact, we will see that the converse can be proved if we assume that
the following inequality is satisfied in €Q,

9 1
g < v H (). 1
Hd L2(Q)_CH,Q|| gllrz@ Vg€ Hy(Q) (5.15)
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This is one of the many results called “Hardy inequality” although, at least to
the author’s knowledge, Hardy proved only the one dimensional case. It is known
that this inequality is valid for a very large class of domains (see for example
[15, 19, 22, 23]).

Theorem 5.3. If Q admits a right inverse of the divergence with constant Cgsy .0
and the Hardy inequality (5.15) is satisfied in ), then the improved Poincaré in-
equality (5.1) is valid in Q with a constant Cipq such that

Cira < CuaCaiv.0- (5.16)
Proof. Given f € H(Q) N L3(Q) let u € H}(Q)™ be such that
diva=f and [|Dullr2q) < Caivoll fllL2@)- (5.17)

Then,

2 _ o1y — 4
HfHL2(Q) = /Qfdlvuf —/QVf-u < |dV £l L2 HE‘ 12(9)

< CualldV £zl DullL2(a)

and using (5.17) we conclude the proof. o

In order to apply this theorem together with our results of Section 3 we need
to know estimates for Cp . For example, for simply connected (in particular for
star-shaped) planar domains it has been proved that

Crao < 4 (5.18)

see [2, 3].
Therefore, using this estimate and the results of Section 3, we obtain an estimate
for the constant C;p which improves (5.2).

Theorem 5.4. Let Q C R? be a bounded domain of diameter R which is star-
shaped with respect to a ball B C Q of radius p. Then, there exists a positive
constant C such that, for all f € H*(2) N L3(S2), we have

R R
p p

Proof. The result follows immediately from Theorems 3.2 and 5.3 and inequality
(5.18). O

To finish the paper let us mention that the bound given in the previous theorem
is almost optimal. Indeed, in view of Theorem 5.1, the same example given in
Section 3 shows that in some cases C;p > ¢1(R/p), where ¢1 is a constant.
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