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We investigate the continuity and differentiability of the Hardy constant with
respect to perturbations of the domain in the case where the problem involves the
distance from a boundary submanifold. We also investigate the case where only the
submanifold is deformed.
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1. Introduction

Suppose © C R™ is a bounded domain (open, connected) with boundary 9f2, and
let 3 C 90 be a subset of the boundary. If there exists a positive constant C' > 0
such that the inequality

2
/Q|vu\2dx > C/Q Z—de, ue HH(Q), (1.1)
>

with dy = dist(+, X) is valid, we say that the Hardy inequality is satisfied for the
pair (€2, 3). Such inequalities are known to hold in a variety of settings, and for the
particular cases ¥ = {0} (point singularities) and ¥ = 9Q (the entire boundary)
the relevant literature is quite extensive (especially for the latter case).

An important aspect of the theory of Hardy inequalities is to specify the best
constant for a particular pair (€2, ¥), that is, the quantity

Vul?d
HQ,S) = inf f“‘i“‘zx (1.2)
ueH}(Q) [o u?/d3 dx

which is called the Hardy constant.
The particular case 3 = 92 has been studied extensively and, apart from the well-
known convexity condition, other conditions have been introduced which guarantee

that the Hardy constant assumes the critical value 1/4, see [1, 3, 9, 13, 16] and
references therein.

(© The Author(s), 2023. Published by Cambridge University Press on behalf of The Royal Society
of Edinburgh. This is an Open Access article, distributed under the terms of the Creative Commons
Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
re-use, distribution, and reproduction in any medium, provided the original work is properly
cited.

https://doi.org/10.1017/prm.2023.15 Published online by Cambridge University Pr%&s


mailto:mpaschal@math.uoa.gr
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/prm.2023.15&domain=pdf
https://doi.org/10.1017/prm.2023.15

Shape sensitivity of the Hardy constant 409

The case of the point singularity has also been studied in recent years. Sufficient
conditions to have H (), {o}) = n?/4 (again, the critical value) have been obtained
in [4, 10], see also [7, 8, 12] for results within this context.

The intermediate case where ¥ is a part of the boundary which is larger than
a single point and smaller than the entire boundary has been addressed in [11],
in which the authors discuss the smooth case where 0f) is smooth and X is a
submanifold of 99 of dimension dim > = s.

In this paper, we are primarily concerned with the behaviour of the Hardy con-
stant under perturbations of the domain and the subset 3. In particular, if ¢ is a
diffeomorphism, we get a map

o — H(p(R), (X)), (1.3)

and our task is to investigate questions of continuity and differentiability of that
map in an appropriate sense which is made precise in the next section. This problem
has already been studied in a more general LP setting for the special case ¥ = 02
in [5], so our work here is a natural continuation of that work.

We also concern ourselves with the problem where only the submanifold is per-
turbed. This is expressed in a very neat way in the case of a point singularity: if
we regard the Hardy constant as a function H : 92 — R,

H(o) = H(,{0}),

then this function is differentiable on 02, under some reasonable assumptions.

As a final remark, let us note that to extend this theory for p # 2, results similar
to those of [11] which relate the value of the best constant with the existence of
minimizers (which we use in the sequel) would be required. This leaves an important
open problem, which is in fact very interesting in its own right. Another issue is
the regularity of the domain: in the results concerning differentiability of the Hardy
constant, smoothness is assumed, since it is assumed in the results of [11], that are
an important part of our approach. A conjecture is that these results can probably
go as low as C™® in regularity, see for example [15] for similar results for the case
3 =00Q.

2. Diffeomorphism groups

In this section we offer a quick review of finite-order diffeomorphism groups in R™.
For details, see [2]. A C*-diffeomorphism of R” is a homeomorphism ¢ : R™ — R”
that is k-times bi-differentiable. The set of all such maps is denoted by Dif f*(R™).
It is obviously a group under composition. For our purposes, it is sufficient to work
with the subgroup Dif f¥(R™) of C*-diffeomorphisms with compact support; the
support of a diffeomorphism is defined to be the closure of the set of points that
the diffeomorphism acts upon non-trivially, i.e.

supp(p) = {z € R" : p(x) # z}.

Since we work on bounded domains, this is done without loss of general-
ity, and spares us some technical considerations that are consequence of the
non-compactness of R”.
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We now equip Dif f*(R") with the weak C* topology (or compact-open topol-
ogy). To describe this topology, it suffices to describe the basic open sets that
generate it. These are the ‘balls’:

No(K,€) = {¢ € Dif fe R") : [ = @llow (i) < €}

of centre ¢ € Dif f*(R™), radius € > 0 and domain K, which is a compact subset
of R™. Here, we assume

||<P||Ck(K)= Z ||3a<P||L°°(K)-
0<|al<k

In this topology, Dif f*(R™) is a topological group, which is in fact locally home-
omorphic to the Banach space of C* vector fields of compact support X*(R") =
Ck(R™, R™), thus assuming the structure of an infinite dimensional Lie group.

The directional derivative of a continuous function H : Dif f*(R") - R at ¢ €
Dif f*(R™) in the direction of ¢ € X¥(R™) is given by the limit

Dy H(E) H(p +t§),

~ dtli=o
provided it exists. Note that the compact support assumption guarantees that ¢ +
t¢ is always a diffeomorphism provided that ¢ is small enough. If this is defined for
all o € Dif fE(R") and all £ € X¥(R"), we say that H is (Gateaux) differentiable.
3. Continuity of the Hardy constant

Here we discuss some continuity results. By co(€2) we denote the convex hull of .

THEOREM 3.1. Let  C R™ be an open set with non-empty boundary, and let ¥ C
0 be an arbitrary subset of the boundary. Then there exist € > 0 and ¢ > 0 such
that for every C* diffeomorphism ¢ with ||Dyp — I|| < €,

|H(p(2), p(2)) — H(2,X)| < cH(Q, )| Dp — I|| oo (co, () (3.1)
where co, () = co() U o~ (co(p(2))).
Proof. Let u € Hg () be normalized by [, u?/dfdx = 1. For v = w0 ¢!, consider
the Rayleigh quotient
fw(g) |Vol*dy a |(Dp)~ T Vu|?| det Dp|dx

R(p(2), p(2))[v] = fp(Q) U2/di(z)dy - fg(u2/di(2) o )| det Dg&?‘dx7

where the last equality follows from the change of variables y = ¢(z). After some
elementary calculations, it follows that

R(p(), p(2))[v] = R(2,%)[4]

Jo(I(Dg) =T Vul2| det Dl | Vul?)dz— [ [Vul2d( [o((u?|det Dipl)/(d2 5, 0 9))d — 1)
Jo(u?] det D) /(@2 ) 0 ¢))dw '
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In order to get an estimate for the expression
(D)™ " Vul?| det Dog| — |Vul?,

we first note that |AT|| = ||A|| as operator norms. To get an upper bound for the
operator norm of the inverse, we also make the assumption that ¢ is a ‘small’
diffeomorphism in the sense that Dy(z) = I + €(x) where ||e(x)|| < 1. In this case
it is known that

-1 T 1
(D9 @ < =y

Besides, for such € there is a constant k = x(n) such that
|det(I +€) — 1| < &l
so eventually we have the estimate
(D)™ " Vul?| det Dy| — |[Vul® < C|Vul*|| Dy — 1|

for some constant C' > 0 provided that || D¢ — I|| is small.

Next, for x € Q, we obtain an estimate of d,(s)(¢(x)) in terms of ds(z). Since
dy, = ds,, we may assume that ¥ is closed. Then there exists o(x) € ¥ such that
dy.(z) = |x — o(x)|. Consider the straight line segment ~ : [0, 1] — R™,

v(t) =1 —t)o(z) + tz

joining these two points. Then clearly ds;(x) = I(7) (the arc length of ). Then, by
definition, we have that

1
Aoz (p(2)) < U o) = / (9 07) (B)|dt < | D] e eoteryy s (),

thus

do(z)(p(2)) < ds(2)(1+ Do — 1|1 (co()))-
It follows that

u?| det D info | det Dy u?
———dz > 5 | zdx
o dyx)ov (L+I1De = L= (co)))? Ja d3

L= &l[Dp — I p=(a)
- (1 + ||D90 - 1HL°C(CO(Q)))2’

the last inequality being valid due to normalization, thus

u?| det D
/ %dx >1-— CHD(p - IHLOO(CO(Q))
Q Yo 0%

for some constant C' provided that ||Dy — I|| is small.
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Using all these estimates we obtain
R(p(Q2), o(2))[v] = R(Q, X)[u] < cR(Q, Z)[u]| De — || L= (co(e))
for some ¢ > 0. Passing to the appropriate limit of minimizers, we get
H(‘)D(Q)a @(Z)) - H(Q7 Z) < CH(Qv E)||D<p - I||L°°(CO(Q))
Replacing ©Q and ¥ by ¢(Q) and ¢(X) and ¢ by ¢!, it follows that
H(Q,%) — H(p(22),9(X)) < cH(p(%), w(z))H(D%’)_l - I”L“’(g&*l(co(zp(ﬂ))))'

Since

|1De — 1|
1—|[De—1I|’
it follows that there is ¢ > 0 such that the reverse inequality

H(Q,3) — H(p(R2), (X)) < cH(Q,D)[[Dp — I oo (o1 (co(o(2))))

also holds for small ||[Dy — I||. The result follows. O

I(De) ™" =1l <

For small || — id|| 1, we have that if Q is relatively compact, so is co,(£2), so we
immediately deduce the following.

COROLLARY 3.2. Let Q C R"™ be open and bounded, and let ¥ C 02. Then the map
0 — H(p(Q), p(X)) is continuous with respect to the weak C topology.

A few remarks are in order. First, the result does not hold for the case k =0
(homeomorphisms), as it is essential to be able to control first derivatives. Next,
note that estimate (3.1) holds independent of the boundedness of 2 or compactness
of supp(y), and is therefore substantially more general than the corollary.

Although of no use to the sequel, we now present a collateral result that
is obtained without extra effort. Instead of the standard Euclidean distance
dist(z, y) = | — y|, for z, y € Q one could use the alternative ‘interior’ distance

dist(z,y) = nf{I(3) : 7 € (0, 1],2),(0) = z.7(1) =y},
and consider the Hardy problem

. Vul?d

HOQ,Y) = i Jo [Vufrdz. (3.2)
uweHL(Q) fQ u?/d% dx

where dg(z) = &E%(x, ¥)). For that case, we obtain the almost identical result

THEOREM 3.3. Let 2 C R™ be open set with non-empty boundary, and let ¥ C 02
be an arbitrary subset of the boundary. Then there exist € > 0 and ¢ > 0 such that
for every C' diffeomorphism o with | Do — I|| < e,

[H(0(),0(2)) = H(Q, B)| < cH(Q, %) Dy — I = (0. (3.3)
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Proof. The proof is almost identical to that of estimate (3.1). The only difference
is that instead of picking v to be the straight line segment joining x and o(x), one

chooses a sequence of curves v, such that I(v,) — ds(x). O

Note that taking convex hulls is unnecessary here, since all distances are
compared inside ).

4. Differentiability of the Hardy constant

Now we present our main results regarding differentiability. Our methodology is sim-
ilar to the one developed in [5] (which concerns the case ¥ = 92), with appropriate
modifications.

LEMMA 4.1. Suppose that @ C R™ is open with non-empty boundary and let ¥ C OS2
be closed. Let p € Diff:(R"), £ € XL(R™) and let to > 0 be such that

=p+tE
is a C1 diffeomorphism for all t € [—to, to]. Then:
(i) There exists a constant ¢ = c¢(Q, @, &, to) such that
€2,y (1)) — €25 (0 @)] < el ) (0@ (41)
for all x € 2 and all t € [—to, to].

(i) If d<p(2) is differentiable at ¢(x) and o(x) € X is the single point such that
dp(s)(p(2)) = |p(x) — (o (@))], then

L] o) = 20(@)  plo@) - (@)~ o). (@2)

Proof. (1) Let x € €. Since ¥ is closed, there exists a o € ¥ such that d,x)(¢(z)) =
lp(x) — p(o)]|. Tt follows that

4, 2y (pe(2)) < lpr() — i (0)]* = lg(x) — @(0) + t(E(x) — &(0))[?
= &2 s (p(2)) + 2t(p(x) — () - (§(x) — &(0)) + £]E(x) — £(0) .

Moreover, we have that

1

& () §op™ ) (sp(o) + (1 = s)p(x))ds

<D 0 9™l (co(oi () — ¢(0)]
= HD(§O Y Lo (eote(e)) dps) ().
Likewise, let oy € ¥ be such that d,, s (21(2)) = |1(x) — @i(01)]. Then
42, (s (e(2)) = |p(2) = (o) P +2t( () —p(0v)) - (€(x) —€(00)) +t2[E(x) — &(o0)
> d2 sy (p(2)) + 2t(p(x) — p(0v)) - (€(x) — &(0¢)) + t°|E(x) — E(0n) [,
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and as before we have

[€(x) = (o) < ND(E 0 9y )l (cotor () depr () (2 ().

As [—to, to] is compact, [|D(£0 ;)| Lo (co(e () attains a finite maximum value
in it, and so follows the existence of a constant so that the conclusion holds.

(2) Assume that d,(x) is differentiable at (). Thus there exists a unique o =
o(x) € ¥ such that d,(s)(p(x)) = |o(z) — p(o(z))|. From (4.1), we know that
lim dy, () (92 (2)) = dip(z) (p(2))- (4.3)

Now we claim that lim; g0y = 0 (0y as defined in the previous step). To this
end, it suffices to show that

lim ¢ (1) = (o).

Assume, by contradiction, that there exists ¢’ € 3, o’ # o, such that, possibly
passing to a subsequence,

. o /
lim (o) = (o).
Then
lp(2) — (") > dy(s) (p(2)) +€
for some € > 0. In particular,
lim o1 (00) — ()] = |0(0”) = (@) > dyp() (p(2)) + €.
Moreover,
[pi(or) — () > = |i(or) — @e(x) + t&(x)?
= d2, () (e(@)) + 2t(pe(00) — (@) - E(2) + 2[€(2) P,
and by (4.3) we deduce that
lim |¢i(00) = @(@)] = dy(s) (p(2)),
a contradiction.

From the estimates of the previous step and the claim we deduce that

L] sy oula)) = 20(x) — plo(@) - (Ela) — (o 2). o

From this point on, we will assume that € is bounded and Lipschitz (in the sense
of being locally the subgraph of a Lipschitz continuous function). By the results of
[9], we know that the Hardy inequality holds in €2 for some positive constant for
¥ = 99. Since ds;, > dyq, the same is true if we choose any ¥ C 9.
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LEMMA 4.2. Suppose that Q C R"™ is a bounded Lipschitz domain and let X C 02 be
closed. Let alsow € H} () and p € L>(Q). Then the function G : Dif f1(R") — R

(k> 1) given by
/ wp —dx
A

is Gateauz differentiable and, for & € XL(R™)

[ @R@p@)ee) - po@) - (@) — o)
DGl =2 | T s (2(2) ¢

x.

Proof. Let ¢ € Dif f1(R™) and ¢; = ¢ + t£ as before. Then

dz.

Glp) — Glo) _ _/ w5, () © P~ dys) © @)
t o U, 0 e (s 0 0)

By estimate (4.1), there is a constant ¢ > 0 such that

wAp(dZ, () © 01 = dysy ©0) <P

(@, ) 2By 00) By

for ¢ sufficiently small. Since p € L>°(Q) and € is bounded, and since u € H} () and
the Hardy inequality holds (the latter is true because C! diffeomorphisms preserve
the Lipschitz property!), it follows that the integrand is absolutely bounded by an
L' function and the dominated convergence theorem applies.

Since dy,(x)(¢(x)) is differentiable for almost all z € €2, the unique point o(z) € ¥
is defined for almost all € © and the result follows by (4.2). O

We wish to prove that the Hardy constant H(p(£2), ¢(X)) is Gateaux differ-
entiable with respect to ¢, which is equivalent to proving that the map t+—
H(p:(Q), ¢(X)) is differentiable with respect to ¢ for any ¢ € X1(R"), where

=@+

Doing so will be possible provided that there are actual minimizers to the constants
H(pi(Q), (X)), and that these actually behave ‘well’ as t varies, i.e. they are
stable.

Here we draw some important facts coming from other works that are vital in
order to proceed. Note that since these results are stated for smooth (meaning C'*°)
domains, we also adopt this assumption from now on, as stated in the Introduction.

LEMMA 4.3. Suppose that Q CR™ (n > 2) is a smooth bounded domain, and let
Y C 99 be a closed submanifold of dimension s € {0, 1, ..., n—1}. Consider the

IFor a rigorous proof of this fact, see lemma 3.5 of [6].
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Hardy problem

Vul?d
HQ,S) = inf 7f9‘2“|2 .
ueHi((JQ), Jqu?/d%dx

Then precisely one of the following alternatives is true:

(i) The problem has a minimizer and H(Q, ¥) < (n — s)?/4.

(ii) The problem does not have a minimizer and H(Q2, ¥) = (n — s)?/4.

Proof. This is corollary 1.3 in [11]. The case s = 0 was treated separately in [12],
and the case s =n — 1 is well known (see [16]). O

So in order to proceed we need from now on the additional assumption that
H(p(2), p(X)) < (n — s)?/4 in order to guarantee the existence of minimizers. This
assumption is not terribly restrictive, since ¢ — H(¢©(Q), ©(X)) is a continuous map
and the inverse image of (—¢, (n — s)?/4) with respect to that map is an open set
of Dif f}(R™). This means That if H(, X) is less than the critical value, there is
always an open neighbourhood of the identity to conduct a local analysis. The case
where H (2, ¥) attains the critical value remains an open problem, as in [5].

Next we provide some estimates for these minimizers.

LEMMA 4.4. Let Q and ¥ be as in the previous lemma, and suppose that v € H}(Q)
is a minimizer of (4.4). Then there is a constant C = C(Q, ) > 0 such that

v < Cdaads,

where

s—n++/(n—s)2—4H(Q,X)
2

Proof. This was proved in [17] for the eigenfunction corresponding to the first
eigenvalue of the relevant Schrodinger operator (lemmas 2.1 and 2.2). The same
steps can be repeated for A = 0, which simplifies the proof even further. ]

THEOREM 4.5. Suppose that Q@ C R™ (n > 2) is a smooth bounded domain, and let
¥ C 09 be a closed submanifold of dimension s. Let v € HL(Q) be a minimizer of

(4.4) (and so H(2, X) < (n — s)?/4). Then the following estimates are satisfied:

v < Cdytt,
Vo] < Cdg,

where C' = C(Q, X).

Proof. The first estimate is obvious from the previous lemma and the fact that
doq < dsx.
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For the second one we proceed as follows. Let x €  and let R = dgq(z)/3. Then
for every y € B(x, R) we have that

2R < dpa(y) < 4R.
At this point we invoke a gradient estimate such as
1
[Vo(z)| < C(n) ( sup [v|+ R sup |f|>,
R oB(z,R) B(z,R)

where f = H(Q, X)v/d%, see for example [14] (paragraph 3.4) for an analogue with
cubes. Thus, after some elementary calculations, we get

|[Vo(z)| < C sup d$ < C(ds(x) + R)* < Cdsi(z),
B(z,R)

where in each step constant factors are absorbed in C. O

THEOREM 4.6. Let Q@ C R™ (n > 2) be a smooth bounded domain, and let ¥ C O
be a closed submanifold of dimension s. Suppose that H(2, ¥) < (n — s)?/4. Thus
for any € € XL(R™), ;= id + 1€ € Dif f1(R") and H(p:(Q), ¢+(X)) < (n —s)*/4
for t small enough.

Let vy be a one-parameter family of positive minimizers for H(p:(2), ¢r(%)),
normalized by

2
/ d2vt dz =1,
Pe(Q) Yo ()

and let ug = vy oy : 0 — R. Then
ug — ug in Hy(Q). (4.5)
Proof. By the normalization condition on the minimizers, it follows that
IVl 2o (0)) = H(9e(2), 91(X)), thus [[ve (o)) and ||uel () are uniformly
bounded. Hence, possibly passing to a subsequence, there is a 1y such that
up — Uy weakly in Hé,
~ . 2
up — Ug in L~.

We will show that g satisfies the same normalization condition, i.e.

~2
Up
—dr =1.
/Q d3,

This is actually a consequence of the dominated convergence theorem applied on

2
u;
——————|det Dypy(z)|dx =1,
/Q dit(ﬂ)(sof(x))| wt( )l
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provided it is applicable. Indeed, from the previous estimates, we have that there
are C' > 0 and « such that 2a +n — s > 0 such that

ur(x) < Cdg ) (1(2))

gat(Z)
uniformly in ¢ for ¢ small enough. It follows that
ui

dit(z) (pe(x))

Choosing a tubular neighbourhood ¥ (t) = {z € Q : d, () (¢:(z)) < €} and passing
to coordinates given by exponential mapping, for 7(z) = d, (z)(¢:(z)) we have that

| det Doy ()] < CdZ sy (01 (@)

/ d?ﬂ?(Z)(Sﬁt(x))dx < C’/ pRotn—s=1q,
Ze(t) o

where the integral of the right-hand side is convergent since 2a+n —s—1 > —1.
Hence the integrand is uniformly bounded in ¢ by an integrable function, and the
claim follows.

From vector inequality |a|? > |b|> + 2b - (a — b), it follows that

(). 1() = [ 1(Dp) TVl det D da
2/Q|Vﬁ0|2|detDapt|dx
+2 /Q Viio - (Dgy)~ " Vuy — Viig)| det Dy, |dz.
By the dominated convergence theorem and the continuity of H, it follows that
@) > [ Vit
S0 Uy must be a positive normalized minimizer, and by the uniqueness of such

minimizers it follows that @y = uo.
Moreover, also by the dominated convergence theorem, we have that

}ir% (H(cpt / |Vut2dx>

~ lim (\(D%)*Tvum det Dyy| — |Vut|2>dx —0,
—YJQ

so it follows that
hm/ |V |2de = H(Q, %) = /|Vu0\dat.
Q

Since weak convergence and convergence in norm imply strong convergence, the
proof is complete. O
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THEOREM 4.7. Let Q C R™ (n > 2) be a smooth bounded domain, and let ¥ C 0
be a closed submanifold of dimension s. Suppose that H(S, X) < (n — s)?/4 and let
v be a minimizer that achieves H (S, 3) normalized by

2
v
—dz =1.
Jo
Then the map H : ¢ — H(p(2), (X)) is Gateaux differentiable at idgn and

DigH(¢) = /Q[\Vv|2div(§) —2(D€)Vo - Vuldz

v? v?
+ H(Q,E)/ Q@de (6 —Eo0) — gdiv(f) dex,

Q

where o(x) is the (a.e. unique) point in ¥ such that ds,(x) = | — o(z)].

Proof. Let ¢, = id + t£ and vy a sequence of positive normalized minimizers as
before. By the definition of the Hardy constant and change of variables, we have
that

H(QLY) = min Rul,
(2,%) uegﬁl{l{o} +[u]

where R[u] = Ny[u]/Dyful,

Nifu] :/ (D)~ TVaul2| det Dgy|da,
Q

2

DyJu] = / | det Dyy|da.
Q dtpt(E) O Pt
Since vy achieves H (p+(Q), ¢+(2)), we have that H(¢:(£2), ¢t(X)) = Ri[ut], where
ur = vy 0 @y as before.
It follows, by the definition of the Hardy constant, that

Rifut] — Rolue] < H(p(2), p:(2)) — H(Q, %) < Ri[uo] — Roluo]-

Now, R;[u] is a function of two arguments, a real number ¢ and a function u. The
partial derivative of this function with respect to ¢ is denoted by Rj[u]. The last
inequality together with the mean value theorem on the first argument of R imply
that there are numbers £(¢) and 7(t) such that |£(¢)|, |n(¢)| < || and

Ry lwdt < H(pe(Q), 00(X)) — H(Q,X) < Ry 4y [uo]-

If we show that Ry, [w]t and R] , [ug] converge to the same number as ¢ — 0,
differentiability at ¢ = 0 is established. Some basic calculations reveal that

d

X (Do)~ "Vul> = =2(Dg;) ' DE(Depy) " (Dgr) ™' Vu - Vu,
g| det Dgy| = —dw(_gl) :

t [det Doy Lo
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It follows that

Ni[u] = /Q (D) T Vup —— )

——  dz
|dethpt_1 o ]

—2/(Dapt)_lDf(Dgpt)_l(Dcpt)_TVu-Vu|detD<pt|dx,
Q

and
Dlfu] = / u? div(¢)
' 0 dyy() © ¢t | det Doy ' 0 4]
B 2/ u?Vdy, sy 0 pr - (E—Eooy)
Q dy,(s) © Pt

dx

| det Dipy|da.

By the dominated convergence theorem, it follows that
thj% R%(t) [uo] = Roluol,
and by the dominated convergence theorem together with the previous stability
result, we also have
th_{% R/g(t) [ue] = Ro|uo]
and the claim is proved.
It remains to compute the derivative. We have

% t:OH(got(Q),@t(E)) _ N(')[Uo}Do[ugg[ui\]fo[uo]Dé[uo]

= Ngluo] — H(Q,%)Dg[u],

the last equality being valid due to normalization. The result immediately fol-
lows from the previous calculations, putting ¢ = 0 and taking into account that
Uy = 0. O

5. Differentiability with respect to boundary diffeomorphisms
Finally, we turn our attention to the matter of differentiability of the map
¢ r— H(Q, (X)),

for ¢ € Dif f1(982), where Dif f*(09) is the group of diffeomorphisms of class C'*
of the smooth manifold 9Q2. Note that in the case where s =n — 1, this prob-
lem is irrelevant since the boundary as a whole remains invariant under boundary
diffeomorphisms, so in this sense it is new.

First we establish a continuity result. In particular, if ¢ € Dif f*(09), the map
o +— H(Q, p(X)) is shown to be continuous with respect to the C! topology.

2Note that since 99 is compact, those diffeomorphisms are already of compact support. The
topology of Dif f1(99) is given locally as in the Euclidean case, by covering 9Q with a finite
number of charts. For details, see [2].

https://doi.org/10.1017/prm.2023.15 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2023.15

Shape sensitivity of the Hardy constant 421

THEOREM 5.1. Let  C R"™ be a bounded open set with smooth non-empty boundary,
and let 3 C 9Q be an arbitrary subset of the boundary. Then there exist € > 0 and
¢ > 0 such that for any @ € Dif f1(99Q) satisfying || — id| c1(a0) < €, the estimate

|H(Q,¢(X)) — H(L )| < cH(Q,E)|l¢ — Id]|lcr a0 (5.1)
holds.

Proof. This can actually be reduced to the first case. One simply needs to extend
diffeomorphisms of the boundary to diffeomorphisms of the ambient space. This
cannot be done for an arbitrary diffeomorphism, but for small diffeomorphisms
it is achievable since Dif f1(99) is locally contractible. Indeed, for | — id||co <
inj(09) (the injectivity radius of 9€2 is a positive number since 9f) is compact),
define a homotopy h : 9 x [0, 1] — 99,

h(z,t) = exp, (texp; ' (¢(x))),

where exp stands for the exponential map? of 9§ as a Riemannian submanifold of
R™, while the assumption above ensures that h(:, t) remains a diffeomorphism for
all ¢.

We now pick a neighbourhood of 92 that is diffeomorphic to 92 x (—¢, ¢), and a
cut-off function f: (—¢, €) —» R, 0 < f < 1 that is 1 in a neighbourhood of 0. Then
for (z, y) € 002 x (—¢, €)

®(z,y) = h(z,1 - f(y))

is a diffeomorphism of R™ with compact support that extends ¢ (extend trivially
outside the neighbourhood by the identity). We then apply (3.1) for ® and the
result follows from the fact that

|® = Idgn|[cr < clle — Tdaallcr,
which is obvious by the construction. U

Similar to the Euclidean case, Diff*(9Q) has a differential structure that is
locally homeomorphic to the Banach space X*(9f2) (note that here we need not
take vector fields with compact support since 92 is by assumption compact). The
differential of a map h: Dif f¥(02) — R at ¢ € Dif f*(09Q) along ¢ € X*(9Q) is
given by

d
Doh(8) = |, _ Iexp(tg) o ¢),
provided that the limit exists, where exp(t£) € Dif f*(92) is the map obtained by
exponential mapping along &, which is always a diffeomorphism for ¢ small enough
due to compactness.

3Recall that the exponential map at a point # € M is defined in a neighbourhood of 0 € T, M
and is given by exp(§) = 7¢(1), where ¢ is the unique geodesic such that v¢(0) = = and 'yg(O) =¢.
Moreover we have exp(t§) = v¢(t). The injectivity radius of x is then the largest number inj(z)
such that for || < inj(z), the exponential map at z is injective. This is always a positive number,
and a continuous function of z. Thus on a compact manifold M, its value can be taken to be
uniform, denoted inj(M).
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We finally show that the Hardy constant is Gateaux differentiable with respect
to such boundary diffeomorphisms.

THEOREM 5.2. Let QQ CR™ be bounded and of smooth boundary. Then the
map h: Dif f1(0Q) = R, ¢ +— H(Q, (X)) is differentiable at all points where
H(Q, ¢(X)) < (n—s)?/4.

Proof. Without loss of generality, let ¢ = idgq, and let & € X1(9). Then one can
extend £ to a = € X1(R") (e.g. using a standard argument involving partitions of
unity). One can also assume that the support of Z lies within a neighbourhood of
the form 9 x (—e, €), equipped with a metric such that 9 is a totally geodesic
submanifold* . Then we have that

Diasoh(€) = 5| he(t) = 5| HOexp(t6)(5).

Since exp(t£)(Q) = Q and exp(tZ)|aq = exp(t€), it follows that
d
Ditgn () = 3| H(exp(t2)(©), exp(te)(T)
t=0

d
== Didmn H (dt

exp(tE)) = Dign H(E),

=0

where in the last equalities we regard H as the function ¢ — H(p(Q2), ¢(X)) as
discussed in the previous section. O

There is a particularly neat way to express this form of differentiability in the
special case s = 0 (a point boundary singularity).

COROLLARY 5.3. Let Q C R™ be bounded and of smooth boundary. Then the map
H:00 - R, 0 H(Q, {c}) is differentiable at every o € 0 where H(Q, {o}) <
n?/4.

Proof. The differential D, H (2, {-})(&) for £ € T, 00 is

d

DO'H(Q’ {})(6) = a +=0

H(Q, {7e(1)}),

where ¢ is a curve such that v¢(0) = o and 7;(0) = . From now on assume that
Ve is the unique geodesic with these properties. Choose a vector field = € X(052)
that extends . Then {y¢(t)} = exp(t2)({c}). It follows that

DUH(Qv {})(6) = Didyq h(E)7
where h(p) = H(Q2, ¢({o})) as before. O
4This is a submanifold whose geodesics with respect to the restricted metric are geodesics on
the entire manifold. For example choose the product metric on 92 X (—¢, €) that makes it into

a ‘cylinder’ of base 02 and height 2¢. The reason we introduce this is because we want the
exponential map of the submanifold to coincide with the exponential map of the entire manifold.
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