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Abstract We prove geometric L? versions of Hardy’s inequality for the sub-elliptic
Laplacian on convex domains €2 in the Heisenberg group H”, where convex is meant
in the Euclidean sense. When p = 2 and €2 is the half-space given by (£, v) > d this
generalizes an inequality previously obtained by Luan and Yang. For such p and
the inequality is sharp and takes the form

(X Yi(€),v)?
/lanm dE > - /Z @)dl‘;t(g ;Q)f) O 2 de,

where dist( -, d2) denotes the Euclidean distance from 0€2.

Mathematics Subject Classification 35A23 - 35H20

1 Introduction

In [12] Luan and Yang prove the Hardy inequality

Jx|” + |y P?
[, Weaiag = [ R ae, 1)

+ +
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336 S. Larson

where an element & € H" is written as & = (x, y, 1), withx, y € R? and ¢t € R, and
H} := {£ € H" : t > 0}. In this paper we provide a different proof of this inequality,
generalize it to any half-space of H" and use it to obtain a weighted geometric Hardy
inequality on a convex domain €2, where convex is meant in the Euclidean sense. The
weight that appears in our results is in some sense a natural sub-elliptic weighting of
the Euclidean distance and is closely related to distances studied in [14, 16].

We begin with a short introduction providing the basic definitions, notation and
background necessary for the sequel.

The n-dimensional Heisenberg group, which we denote by H", may be described
as the set R?"*! equipped with the group law

n
Eok =(R+%9+5.1+T+2D (B — &),
i=1

where we use the notation & = (X1, ..., Xy, Y1,-+-, Y, 1) = (x,y,1) € R2%+1 The

inverse element of &, with respect to the group law, is denoted by £ ~! and we note
that £~! = —&. The group law induces the following dilation operation

8, (&) == (Ax, Ay, A1) for A > 0.
The Lie algebra of left-invariant vector fields on H" is spanned by

9 9 9
Xi= 2 42y and V= - —2x
DS gy TRV, ad K= g T A

d
Jt

)

for 1 <i < n, together with their commutators. The only non-zero commutators are

0

[Xi Y] = 4.

We also define the associated gradient Vi := (X1, ..., Xp, Y1,...,Y,) and the

Heisenberg Laplacian Agn on H", formally given by A := >, Xl-2 + Yiz. The

collection of vector fields {X;,Y; : 1 < i < n} satisfies the Hormander finite rank
condition:

Rank Lie[ Xy, ..., X,,, Y1, ..., Y, ] =2n+ 1.
Thus the Heisenberg Laplacian is a second order hypoelliptic differential operator [10].
We call a Lipschitz curve y : I C R — H" horizontal if its tangent at almost every

T € [ is spanned by the X; and Y}, that is, for a.e. T € I there exist a, b € R" such
that

y'(t) =D aiXi(y(®) +biYi(y(¥)).

i=1
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Geometric Hardy inequalities for the sub-elliptic ... 337

We denote the set of all horizontal curves y: I — H" by Sy (/) and for a given
y € Sp (1) we define its length I(y) as

I(y) = / (la@)* + b)) dx.
1

By the accessibility theorem of Chow and Rashevsky any pair of points &y, & € Q
where €2 is an open connected subset of H" can be joined by a horizontal curve
y: [0, 1] — H" of finite length (see [5,15]).

The Carnot—Carathéodory distance 8., on H" is defined as

8cc(80, 1) == inf{l(y) : y € Sp ([0, 1), ¥ (0) = &0, y (1) = &1}

The Carnot—Carathéodory distance is not the only distance that has a natural connec-
tion to H". A second distance that arises naturally when considering the fundamental
solution of Apn is the Kaplan distance (see [9]):

Sk (0. §1) == p(&; 0 &0,
where p is the Kaplan gauge on H" defined by

p&) = (x> + Iy +42) /.

It turns out that the two distance functions above are bi-Lipschitz equivalent, that is,
there exists a constant C > 0 such that for all €0, &! € H" we have that

C7 '8k (%0, 1) < 8cc (€0, E1) < CSk (£0, &1).

Let M C H" be a 2n-dimensional C! manifold. We call a point & € M a
characteristic point of M if the tangent space Tg, M is spanned by {X; (&), , ¥; (&) :
1<i<n}

Even though both §.. and 6k appear naturally when considering the geometric
structure of H” these distances can be rather difficult to work with, see for instance the
work of Arcozzi and Ferrari [1,2]. Extra difficulties arise when studying the behaviour
of the distance to a hypersurface M close to one of its characteristic points.

In what follows we will be interested in inequalities of the form

@)1
Vi Pd C | —————dé, 2
[ vsen@ e = ¢ | —eElae @

where @ C H", p > 2 and p is some, possibly weighted, distance from & to the
boundary of 2. In the Euclidean setting, with V. replaced by the usual gradient and
p by the Euclidean distance, such inequalities have a long history and wide range of
applications (see, for instance, [4,8,13]).

In the setting of the Heisenberg group results of this kind have been obtained
through methods based on sub-elliptic capacity and Fefferman—Phong inequalities.
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338 S. Larson

In [7] the authors provide sharp conditions on the triple €2, p and C for the validity
of (2). However, the results obtained in [7] are of a rather non-explicit nature and what
they say in a specific setting is not very approachable.

One of the obstacles in proving inequalities of the form (2) on domains in H" is that
the natural distances on H" (§.¢, 6 ) are rather difficult to work with. If Q = H" \ {&y}
and p is the Carnot—Carathéodory or Kaplan distance to the point &y € H" inequalities
of this form have been studied in a several articles (see, for instance, [6,9,11,17]).
However, when 92 is a more complicated set the problem becomes more difficult.
Results concerning the behaviour of the distance from sets and a detailed analysis of
the problems arising can be found in work by Arcozzi and Ferrari [1,2].

In this article we begin by generalizing (1) to the case where Q2 is an arbitrary
half-space of H". The proof given here differs from that given in [12] and contains
their result as a special case. Moreover, from our proof of (1) and the corresponding
generalizations we are able to apply a standard argument and find L” versions of the
inequalities.

In Sect. 3, we combine our inequalities for half-spaces with a method used by
Avkhadiev in the Euclidean setting [3] to obtain an inequality of the form (2) for
convex domains in H", here convex is meant in the Euclidean sense, and with p being
a weighted Euclidean distance. More specifically we have that

I i X (&), viENIP + [{Yi(§), v(ENIP
pEP dist(&, 9Q)?

)

i=1
where p > 2, dist(-, d€2) denotes the Euclidean distance to the boundary of €2 and
V(&) € S* is such that & + dist(£, IQ)v(£) € 3.

2 Hardy inequalities on half-spaces of H"

For v € S* and d € R let I, 4 be the hyperplane in H" defined by the equation
(&, v) = d. Correspondingly, let H:’d be the half-space of H" where (&, v) > d.

Theorem 2.1 Let u € C°(IT] @)~ Then the following inequality holds

(Xi(8), v)2 + (Yi(§),v)?
/n |VH"“| @ =y / Z dlst(é BI'IJ’d)2 julds- )

v,d

By choosing v to be the unit vector in the ¢ direction and d to be zero the above
theorem reduces to (1).

In the case of a half-space it was pointed out to us by Ruszkowski that outside
a certain cone the weighted distance appearing in Theorem 2.1 is comparable to the
Carnot—Carathéodory distance on the Heisenberg group. In fact, the weighted distance
coincides with areduced version of the Carnot—Carathéodory distance [ 14, 16], namely

w(E, 0Q) = inf{8.c(€,§) : & € 02N Span(X;(§), Y;(§) : 1 <i < n)}.

@ Springer



Geometric Hardy inequalities for the sub-elliptic ... 339

For results concerning this reduced distance and Hardy inequalities closely related to
those obtained here we refer to [14] and an upcoming article by Ruszkowski [16].

We proceed by providing a factorization-type proof of the above theorem and
also sketch how to obtain the same statement from (1) through a simple translation
argument. The second argument has the slight advantage that it gives a geometric inter-
pretation of the weight appearing in the inequality, but most importantly it simplifies
the proof that (3) is sharp. However, later in the article we will need the calculations
performed in our first proof.

Proof of Theorem 2.1 The inequality is obtained by a simple factorization argument
and the optimization of a parameter o. Foru € Cg°(IT; ;) andany V € H ! (IT} 43 R
with components (Vy, ..., V,) we have that

05/ | (Vi + aV)u|® d&
l-[+

v,d

n
= Z/+ (X + aVul® + (Vi + aVayi)ul*)dg
i=l1 Hv,d

n
= Z/+ (1XiulP+1Y;ul* —erlul*(X; (V) + Yi (Vi) + & |u (V2 + Vi) dE,
i=1 7

where the last equality is obtained by partial integration and the fact that # has compact
support.
Rearranging the terms one finds the following inequality

/+ |Vepul® Z/nt, alu?(X; (Vi) + Yi(Vai) — (V2 + V) dE. - (4)

v,d i=1
We now choose the components of V as

ey X)) v) (X))
Vi) = dist(£, 911 )~ (5.v) —d

(Yi(®),v) _ (Yi(5),v)
dist(£, 911} )~ (§,v) —d’

Vaiti(§) =

A simple calculation gives us that

(Xi(8),v)? (Y (&), v)?

Xl(%)(g):_m and Yl(Vn-H)(g):_W
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340 S. Larson

Inserting into equation (4) we find that

(Xi (&), v)> + (Yi(E), ) ,
/H Viul? > a(1+oz)/n+ Z dm@ e g e

Choosing « to maximize —«/(1 + o) completes the proof. O

As mentioned above the theorem admits a second proof through a translation argu-
ment, and we proceed by sketching this alternative proof. The main reason for including
this is that it reduces the proof of sharpness of (3) to considering a given half-space, but
it also gives a second geometric interpretation of the weight appearing in the theorem.

We sketch the proof only in the case of H!. The ideas translate without change to
higher dimension but the geometry of the argument is more transparent in the case
n = 1. For simplicity we will also only deal with the case d = 0, i.e. a plane passing
through the origin.

For v = (vx,vy, 1) € S2, let IT, be the plane in H! defined by the equation
(£,v) = 0.If v, # 0 we can find a £° € IT, such that £° is a characteristic point of
I1,. This reduces to solving the following system of equations:

(X(),v) =0,
(Y(§),v)=0
(g.v) =0.

From the first two equations we find that

v v
x=— and y=-——">
2v; 2v;

which combined with the third equation gives the solution

0 1 &
= —_— —])x
2\)1 0

Applying a change of variables given by left translation by —£° and using the left-
invariance of X and Y reduces the left-hand side of inequality (3) to the case of
MM, = {£§ € H' : + = 0}. Thus we may apply (1). Changing back variables the
right-hand side becomes, after some algebraic manipulations, the desired expression.
For arbitrary non-vertical planes (v; # 0) the argument goes through without any
substantial change. For vertical planes (v, = 0) the result can be found through a
simple limiting process.

In the case treated by Luan and Yang the term |x|?+|y|* has a clear interpretation as
the square of the Euclidean distance to the centre of H', which here actually coincides
with the Carnot—Carathéodory distance. This is precisely the distance from & to the
subspace of H! consisting of points where v is orthogonal to both X and Y.

@ Springer



Geometric Hardy inequalities for the sub-elliptic ... 341

The translation argument above then provides the interpretation that the weight
corresponds to the Carnot—Carathéodory distance from the subspace where the X;
and Y; span a hyperplane which is parallel to IT,, multiplied by a factor corresponding
to how “tilted” IT, is. If we let 7, denote the subspace of H! given by {£¢ € H! :
X&) L v, Y(&) L v} one finds that

(X @), 0>+ (Y E), v _ 50

1 = v; 6.8, Hy).

One should note that this weight behaves well with respect to both £ and v. In particular,
if we let v; tend to zero this converges to 1/4. As this leads to a rather surprising
invariance of the Hardy inequality with respect to any choice of vertical plane we state
this as a corollary.

Corollary 2.2 Letu € Cgo(l'[;” ) with vy = 0. Then the following inequality holds

2
/ |anu|2d521/ S L
H:r,d 4 ntd dlSl‘(%',anv)d)

With the above translation argument in hand we see that to prove the sharpness (3)
it suffices to consider a given pair of v € S and d € R. Thus we restrict our attention
to the case I"I;d ={(x,y,t) e H" : t > 0}, thatis,v = (0,...,0,1) and d = 0. We
will also make use of the identity

9
Vi = V'u + 2A§/8_Ltl’

where £’ = (x, y), V’ denotes the gradient in R*" acting in the & variables and A is
the skew symmetric matrix

It follows that

9 9
\Vipu|? = (Vi + 2A§/a—b;, Viu+ 2A§/8—L;)
d ou 12
= VUl + 452 (A, Vi) + 488 ||

ou ou
— V/ 2 4" (A /,V/ 4 n2|zz
IViul™ + at( £, Viu) + 4[5 ”

The sharpness of (3) now follows from a straightforward variational argument with
the ansatz u(x, y, t) = w(t)¢(x, y). We argue as follows:
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342 S. Larson

S, 1Vl dé Jur, Ve (pw)|? d&
inf Y

<
20y2 "

ueCg(IIf ) fl‘[+d Ix] t—g|}| u|? de ¢€COO(R2 ) f |X| t‘gl}l lpw|? de
vy weCy®(R4)

. Ir, Jran (IWV@I> + dww'$(AE, V) + 41812 |pw'|?)dE’ dt
m

$eC (R o 6216 2 ddt
wec%o E) fm Jr

. |:fR+ wiPdt  foo, [VpIPds’ e, ww'dl o, (A, Vo) dE’
PeCS(R™) fR+ “;fT'Zdt Jron &P |91% dE’ Jr ‘%‘zdt Jron &P 191% dE’
weCs(Ry) *
2
4fR+ |w/| dt . f]RZVt |$/|2|¢|2d§/i|
f]R+ Md[ fRZn |§/|2|¢|2 dé/

t2
fe WP dt foo, (Vo ds’ e, Iw’lzdt]_1

¢€Ci§l<R2")[fR g w1/ 21012 a8’ f w44
weCP(Ry) + ! +

where we used that 2 fR+ ww' dt = fR+ (w?)' dt = 0, the sharp Hardy inequality on
R, and that

Jgon IVOI* &’

in - =0,
peC R [pon €101 dE’
which follows by a simple dimensionality argument. Hence the constant appearing
in Theorem 2.1 is sharp. For vertical planes, i.e. the ones that can not be reached by
translation, the sharpness follows by a limiting procedure but can also be found by an
almost identical variational argument but considering a slightly different quotient.

2.1 An L? Hardy inequality on a half-space of H"

We may use standard techniques to generalize the proof of the previous theorem to
construct L” Hardy inequalities for any p > 2. We summarize the results in the
following theorem.

Theorem 2.3 Forv € S*" andd € R let 1'[;” 4 be the half-space described previously.
Then for p > 2 and u € Cgo(H;r’d) the following inequality holds

X (&), v)IP + [(Yi(§), v)|? p
/de; dist(&, 81'[*(1)17 ul®dg.(5)

/+ |VHnu|pd§ >
I

v,d

Moreover, the constant in the inequality is sharp.
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Geometric Hardy inequalities for the sub-elliptic ... 343

The above L? version of our Hardy inequality on a half-space is perhaps not the
most natural generalization of Theorem 2.1; a more natural weight in the right-hand
side of (5) would be

(S0 (Xi(E), )2 + (Y;(§), v)2) P
dist(&, 911} )7 ‘

However, by Jensen’s inequality it is easy to see that Theorem 2.3 implies a Hardy
inequality with the above weight but with a worse constant. We beheve that such an
inequality should hold with the same constant as in (5), namely ( - ) (which is the
sharp constant also for the Euclidean counterpart), but so far we are not able to prove
this.

Proof of Theorem 2.3 The proof of the theorem is very similar to the proof presented
above for the L? case. By the divergence theorem we have for g € H' (IT}) @) and

V e C®(IT] 4 R*" ) that

I

v,d

divigV)lul” ds = =p [ g{v. V) sgnlul ds.
nv,d

Here and in what follows div and V denote the usual divergence and gradient in R***+1
By Holder’s and Young’s inequalities we have that

—p/ g(V, Vu) sgn(u)|ulP~! dg
1-[+

v,d

1/p _ (p—1/p
<p([ | vevirag) ([ oD ag)
My M

5/ |<v,W>|"ds+(p—1)/ 18P/ PP .
n- n:fd

v,d
Inserting this into (5) and rearranging the terms we obtain
[ ivev) = o= Dlg V)i de < [ vV de.
nu,d Hj,d
Choose V = X; and let

(X (), V)| )”‘1_

g = asgn({X; (&), V))(W
d

By the same calculations as earlier we obtain that

RAGRII. »
)/+ dlSt(f al—[+d)P| | df S/n:rdlxlul d%'
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344 S. Larson

where
Cla, p) = —(p — D(a + |a|P/P~D)y,

Maximizing this constant in « we find that
—1\»r
cep = (=),
p

where the maximum is attained at

(=)
o=——
p

By an almost identical calculation but with V = Y; and

(Yi (&), v)| )"‘1

g = asgn({Y; (&), "))(dist(é oIy )
, v,d

one finds that
—1\7 Y (&), v)|P
(P [ g e < [ v as,
p mf, dist(§, 91} ;)P n,
Adding the two inequalities and summing over i = 1, ..., n we find that

_1 Z/ (X (§),v |p+|(Y(E)V)|||pd§
n, dist(¢, 811 ;)P

/m Z Xju|? + Yiul”) dk.

vd (=1

Since p > 2, the function ¢ : x > xP/2 is superadditive, and therefore

n n
S (1Xoul? + Yiul?) = > (1Xi?) 7 + (1Y) < (Z \Xiul® + |Yu|2)
i=l1 i=l1 i=l1

= |VHnM|p.

Inserting this into the above we get (5).

By a similar argument as in the case p = 2 we can prove that the constant is sharp
in the sense that if it were replaced by a larger constant we could choose 1'[:;’ 4 such that
the inequality fails. To achieve this we wish to find an upper bound for the quantity

fm |Vinu|? d&

inf
oo (X; P4|(Y; )| P
ey Jo, Xio Rl de
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We begin by choosing vy = (1,0, ..., 0) and d = 0. By the same calculations as
in the L? case we then find that the quotient can be rewritten in the form

: u |12\r/2
S (VP 4 45HAE V) i PG )" dt
in 7 .
ueCP(Iy,) fnjo %

With the same ansatz as before, namely u(§) = ¢ (§")w(z), we can bound this from
above by

2
o Je [ (VORI 4 4ww'| 1(AE, V) + 418" il lw'2)" dr dg’
m ’
peCs (R Jen J 125 dt dg’
weCe(R)

where R?" = {£/ € R*" : x > 0}.

In the case p = 2 things are slightly simpler and the above quotient splits into
three parts, one of which easily can be seen to be zero and another which can be
eliminated by a simple scaling argument. However, in the general case we cannot in
such a simple manner split the above integral. But using Jensen’s inequality we can
bound the quotient by some appropriately weighted sum of three terms and then use
a similar scaling argument as for p = 2.

What we need is the following simple consequence of Jensen’s inequality: For
a>1,x; >0andany a; > 0,i =1, ..., k, we have that

(Sn)" = (S ()

i=1 i=1

(e (340)

i=1

k Koy
=> (X w)
i=1

j=1

We will apply this with k = 3,a = p/2, x; = |Vé[*|w|?, x2 = 4lww'| |p(AE’, Vo),
x3 = 4)&'|2|1¢|?|w’|? and a;’s to be chosen later. We also denote the effective weights
of each x; by c;, that is

3
p/2—1
i _a1 pﬂ(Za])

j=1
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346 S. Larson

Using the above we find that

2
Jrpt |Vanul? dg St (IV'ul® + 425 (AL, V'u) + 418" 12| 24| 2)P/> ag
inf OT = inf —2
ueCy fl‘l* dg ueC§ fn% x{’ d§

X

Jpzn S (1191 [wlP + 2P cofwu|P2IG(AE" VEIPI2 + 2P es &/ PIg | |w'|P)dr g

< inf

Tgecy o Jp 1292 g
u)ecgc fRJr” fR xlp
. |: fR2n \V¢\pd§/ f |w|l7dt
= inf 5
$eC® fRZn \¢\ dg’ f]R |w|? dt
x

+2p62

/Ri" p(AE', Vg)|P/2 dE’ Jie lww' 1P/ dr " f]R2+n &"171617 dt’ S lw'1P dt]

- c3 e .
Jga 125 ag’ Jrlwi? dt Joan B ag Jmlwirde
1 1

By a simple rescaling argument in ¢, by say replacing w(z) by w(t) = w(iz) with
A > 0, one sees that we independently of choice of ¢ can make the last two terms
arbitrarily small. Moreover, since the first term is independent of w we can use the
sharp Hardy inequality in Ri” (see, for instance, [13,18]) to find that

o Vel de 1
i]flfl 0 PG < C]( ) .
e dé p

ueW, + x_

Since we have lost all dependence on ¢, and c3 we are free to choose the a; in such a
way that ¢ is arbitrarily close to 1, which can be done by fixing a», a3 positive and
choosing a; sufficiently large. This completes the proof. O

3 Hardy inequalities for convex domains in H"

We now turn our attention to using Theorem 2.1 to obtain a geometric version of
Hardy’s inequality on convex domains in H”.

Theorem 3.1 Let Q2 be a convex domairAz in H. For & € Q let v(§) denqte the unit
normal of 92 at a point & € 02, where & is such that dist(§, 0Q2) = dist(§,&). Then
for any u € C3°(2) we have that

(X; Yi(§), v(&))?
/Ianm g > ~ /Z ). ”(jlit(é B(Q)f) YO 12 .

Note that we do not require the domain €2 to be bounded. In particular if €2 is a
half-space of H" this is precisely Theorem 2.1. The proof is based on an approach used
in [3] and proceeds along the same lines as the that of Theorem 2.1 with an additional
element in which we approximate the domain €2 by convex polytopes.
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Geometric Hardy inequalities for the sub-elliptic ... 347

Proof of Theorem 3.1 We begin by proving the inequality when € is a convex
polytope. Let { F; }x be the facets of Q2 with corresponding inward pointing unit nor-
mals {vg}r. Further we construct a partition of Q2 into the essentially disjoint sets
Qr = {&€ € Q : dist(§,0) = dist(&, Fx)}. Since the partition elements i are
defined through a finite number of affine inequalities they are polytopes.

For each partition element 2; we can now apply the same idea as in the proof of
the previous theorem. The only difference will be that not all the boundary terms from
the partial integration are zero. In each 2, we define the potential V with components

ey (X (§), w)
)= G, By
@), )
Vi ©) = G,

Through the same calculations as before one finds that
n
0= > [ (10 +aVouP + 103 + avyuipul)ds
i=1" %
n
= Z/Q (1Xiul® + 1Yiul* — elul* (X (Vi) + Y; (Vi) + @2 u (V2 + V2))dE
+a Z/ (Vi (X (), nic(§)) + Vs (Y (), nic(§)))d T, (6,

where ny (&) denotes the outward pointing unit normal of 9$2; at £. Note that on
F; C 02, we have that ng (&) = —y.

Since u is compactly supported in 2 the boundary contribution from 9<2 is again
zero, and thus all we need to deal with are the parts of 9€2; that are in the interior of
Q. For each such facet of 2 there is some €2;, [ # k, that shares this facet. Let I'y;
denote the common facet of €2, and €2, and note that ni|r,, = —n;|r,,. Summing over
all partition elements € and letting nyg; = ngl|ry,, i.e. the unit normal of I'y; pointing
from €2 into €2;, we obtain using the earlier calculations for the components of V' that

) (X; (), v(EN + (Vi (&), vEN?
05/Q|VHM| d& — /Z TSt 92 |u|” d&

B lz / (X;i (), v (X (§), ngg) + (Y (§), vi)(Y; (§), ngp)
V7]

2
dT
dist(€, Fy) lul”dl

kAl i=1

_ 2 (X; (&), v(EN? + (Y (E), vEN?
_/QWH"Ml - /z dist(€, 992)2 jul” s

u? dTy.

(6)

1 / (X; (&), v — vp)(X; (), ngg) + (Vi (€), v — ) (Y (), ngy)
T

k<li=1 dist(€, Fi)
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348 S. Larson

In the last equality we use the fact that I'y; is by definition the set where dist(§, Fy) =
dist(&, Fp).
By construction we have that

Tw={(:&v—di=§&-v—d}

Rearranging we find that & - (vy — v;) — di + d; = 0O, that is, ['y; is a hyperplane with
normal v — v;. Therefore, we have vy — v; || ng; and all that remains to do is check
that (vy — vy) - ng > 0. Since v; points into k-th partition element and ny; points
out, vk - ny; is non-negative. By the same argument the term v; - ng; is non-positive.
Therefore, the entire expression is non-negative and moreover we have that

g —vil? = (g —v) - (g — 1) =2 —2u - vy
=2 —2cos(ag),

where «y; is the angle between v, and v;. Thus (v — vy) - ng = /2 — 2 cos oy and
equation (6) gives us that

(X; Y; (§), 2
0</ Vel d — /Z ). V(dit(g a(Q)g%') v(§)) ul? di

. 2
ZZ/ JT—cosag (Ki). a)” + (Yi(8), mu) ul® dT.

V23S dist(&, Fi)

We conclude that the boundary terms are of the correct sign, and the inequality follows.

Let now €2 be an arbitrary convex domain. For u € C§°(2) we can always choose
an increasing sequence of convex polytopes {2 }°° | suchthatu € C3°(R1), 2; C Q
and ; — Q when j — oo. Letting v;(§) be the map v from above corresponding
to €2; we have that

/|anu|2dg=/ |Vinu|? dg
Q Q;

. 4/ Z (Xi(§), v (§)) + (¥i(§), v (©)*

2
dist(€, 92;)2 jul”dg

111

_ /Z (Xi (), v; () + (Yi(§), v;(©))?
n dist(§, 992;)?

|ul? d&

/Z (Xi(€). v () + (Yi(§), v;(§))?

2
dist(, 99)2 jul” ds.

Letting j tend to infinity completes the proof. O
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3.1 L? Hardy inequality for a convex domain

Again we can make slight alterations to the proof above to obtain L”-inequalities,
p > 2, on convex domains. We summarize the results in the following theorem.

Theorem 3.2 Let Q2 be a convex domain in H" and for & € Q let v(§) denote the unit
normal of 92 at a point § € 02, where § is such that dist(§, 02) = dist(§,&). Then
forany p > 2 and u € C§°(R) the following inequality holds

|u|P dé.

[ v ae = (24 [ Z (X (), VP + [(Yi(§), v(E)1”

dist(&, Q)P

Proof of Theorem 3.2 The proof of the theorem is very similar to the proof presented
above for the L2 case. We again begin with the case when € is a polytope and consider
the same partition ;. For g € H'(Q) and V € C®(; R?"+1) the divergence
theorem gives us that

/ div(gV)ul? d& = —p / ¢ (V. Vuysgn()ul?~" dé
Qe Qe

+/ gV, k(&) |ul” dTaq, (§).
0%

Consider the first term in the right-hand side. Using Holder’s and Young’s inequalities
we have that

-p / g(V, Vuysgn(u)|u|"~" dg
Qe

I/p _ (p=D/p
<o 1vovurag) ([ 1ee e D ae)
Qp Q

< / (V. Vi) |P d§ + (p — 1)/ 1817/~ ds.
Q Q
Inserting this into 3.1 and rearranging the terms we obtain

/(div(gV)—(p—1)|g|f’/(1’*”>|u|l’dss/ (V, Vu)|? dg
Q

Qe

+/ gV, k(&) |ul? dTaq, ().
92
Choosing V = X; and letting

(X (&), vk>|)f"1

g=u Sgn(<Xi (S)’ Uk))( dlSt(s Fk)

@ Springer



350 S. Larson

we see by the same calculations as earlier that

Cle. p) Mwwsf/ \Xiul? dé
Q

a, dist(€, Fy)P
(X, (§), vk>|)"‘1

+a/mk5gn((Xi(E),vk>)( distE. Fo) (Xi (&), (&) ul” dTyg (§)

where
Cla, p) = —(p — Dl — |a|P/P~D),

Maximizing this constant in « we find as before that

= (=)

where the maximum is attained at

p—1\r-1
wm (22
p

What remains to complete the proof is to show that we can discard the boundary
terms after summing over the €2, in other words we need to prove that

p—1\r-1 _ [(Xi ). v )"
()2 oo ()
(Xi(8), nk(§))|ul” dTyq, (§) < 0.

As in the L? case only the boundary terms that come from the interior of £ are non-
zero, and again these appear in pairs. Thus, in the same manner as before we wish to
show that

_ (X, v\
/Fkl |:sgn((X,(§), vk))(m) (Xi (&), ni)

Xi (), p-l
_Sgn(<Xi(§)’Vl))(%) (Xi(é)v”lkl>:||u|pdrkl 7

is non-negative.

By the same geometric considerations as above ny = B(vy — v;), where 8 =
1/4/2 — 2 cos(ay;). Using this combined with the fact that dist(£, Fy) = dist(&, F))
on I'y; we find that (3.1) can be rewritten as
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B[ (106 @), wl? = sen(Xi @), v X @), w1~ (Xi6), ) + 14X: @), )P
]

—— dTlyy.
dist(g, Fyp—1°

— sgn((X; (&), D) |(X; (€), )P~ (X, (&), vk)]

Thus it suffices to proof that the expression in the brackets is positive. Clearly this
is positive when (X;(§), vx) and (X; (), v;) have different signs. On the other hand
if the two scalar products have the same sign we have an expression of the form
AP — AP=1B — BP=1A 4+ BP~1 where A = |(X;(§), v¢)| and B = |(X; (§), v)|. But
this we can rewrite as

AP —AP7IB — BP=lA 4 BP~l = (AP~ — BP~1)(A — B).

Now it is clear that both terms on the right-hand side have the same sign. Thus (7) is
non-negative and we conclude that the boundary terms can be discarded.

By almost identical calculations we find the corresponding inequalities for the Y;.
Summing all terms and using Jensen’s inequality as in the proof of Theorem 2.3 we
obtain the desired inequality for polytopes. The proof of the theorem can now be
completed in the same manner as for Theorem 3.1. O
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