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Abstract

In this paper, we describe the structure of shape derivatives around sets which are only
assumed to be of finite perimeter in RY. This structure allows us to define a useful notion
of positivity of the shape derivative and we show it implies its continuity with respect to
the uniform norm when the boundary is Lipschitz (this restriction is essentially optimal).
We apply this idea to various cases including the perimeter-type functionals for convex and
pseudo-convex shapes or the Dirichlet energy of an open set.

Keywords: Shape optimization, shape derivatives, sets of finite perimeter, convex sets,
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1 Introduction and main results

The goal of this paper is to describe and to exploit the structure of shape derivatives around
wrreqular shapes. We will only assume that they are of finite perimeter.

Let us first recall the famous Hadamard’s structure theorem around regular shapes. Let E be a
regular open subset of RY. We introduce small perturbations of E of the form Ey := (Id + 0)(E)
where Id = identity and 6 is a small element of the space

0:={0:RY = R"Y; #is C*, # and D@ are bounded},

endowed with the norm ||6]1 o := sup,cgpn |0(2)] +sup,cpn || D8(x)], where || - || is a chosen norm
for linear mappings from RY into itself. We consider a shape functional

Jg:©0 — R
0 — Jg(0):=J((Id+6)(E)),

defined at least in a neighborhood of the origin, where J : {Ep C RY; § small} — R is given.
We denote by J7(0) the Fréchet derivative (or differential) of Jg at # = 0 when it exists. Then,
Hadamard’s structure theorem states that this derivative depends only on the normal component
of the deformations at the boundary of E. More precisely (see the pioneer work [10], or [13], [5] p.
348, [11] p. 219, and [14]):

Proposition 1.1 Let E be an open subset of RY of class C? and assume that Jg is (Fréchet)
differentiable at 6 = 0 in ©. Denote by vy the outward unit normal derivative to OFE. Then, there
exists | : CL(OE,R) — R a continuous linear form such that

V&€ O, Tp(0)-&=1U¢or vE), (1)
where g denotes the restriction of & to the topological boundary OF of E.

Without any assumption on the regularity of E, we at least have the following (see [5] p. 348
or [11] p. 217):
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Proposition 1.2 Let E C RN. We assume that Jg is differentiable at 0 in ©. Then J4(0) is a
distribution in RN of order at most 1 and whose support is included in OF.

A first question we address here is the following: what is left of the structure (1) when E is
wrreqular?

Throughout the paper, we will assume that the functional Jg satisfies
for all small 61,0, € ©, [Ey, = Ep, a.e.] = [Te(b1)= Te(62)]. (2)

As Id + 6 is a diffeomorphism for ||6]|1,0c small, this is obviously satisfied as soon as FE is regular
enough since then: Fy, = Fy, a.e. implies Fy, = Ep, "everywhere”. When F is irregular, it is also
satisfied for many functionals: it actually means that J (or Jg) is a function of the characteristic
function of Ey, seen as a class of functions defined a.e.. This contains even H'-energy functionals
(see examples in Section 3).

We will also assume that E s of finite perimeter so that we may use the tools of geometric
measure theory (see the Appendix). In particular, we know that the unit normal vg may be
defined everywhere on the so-called reduced boundary I' := O*E. Moreover, if HY~! denotes the
(N — 1)-dimensional Hausdorff measure (see the Appendix), the restriction mapping

P:£€O & -vp e L, HN )

is well-defined. We then prove the following first main result (where ®(©) denotes the image of
D):

Theorem 1.3 Let E be a set of finite perimeter and I' = O*F its reduced boundary. Then, there
exists a Banach space structure on ®(0) such that, for any functional Jg satisfying (2) and dif-
ferentiable at 6 = 0, we have

Ve €0, Jp(0)-&=1&r vE), (3)
where | is a continuous linear form on ®(0).

When F is regular as in Proposition 1.1, ®(0) is nothing but C!(992) endowed with its C''-norm.
In all cases, it is stronger than or equal to the uniform norm (= L°°(I')-norm). In general, ®(O)
and its norm are difficult to identify explicitly. We try to do it next in some specific cases. In
particular, we are interested in cases where the linear form [ is actually continuous with respect to
the uniform norm, that is when [ may essentially be considered as a Radon measure on I.

In this context, a next natural question is then: Does positivity imply continuity of the linear
form I(+) with respect to the uniform norm?

Thanks to the structure Theorem 1.3, we may indeed define a natural notion of positivity for
J£(0) by saying that [ is positive: for all £ € ©

[¢r-ve >0 HY "' —ae.onT] = [JL0)-E=1(&r-vE) >0]. (4)

As we will see, this property will simply be satisfied as soon as J is non decreasing with respect
to the inclusion a.e..

A second main result of this paper is the following (see Propositions 3.2 and 3.4): Positivity of
[ does imply its L -continuity when E is an open set with a Lipschitz boundary. And this is rather
optimal: we provide an example showing that it is not the case as soon as OF has a singularity like
a cusp. Surprisingly enough, it is then possible that, at the same time, J7(0) is L°°-continuous
and [ is not.

The rest of the paper is devoted to applications of the L>°-continuity result. For instance, it

is known that, if Pr(0) := P((Id + 6)(E)) where P(-) is the perimeter function and P(E) < 400,
then Pg(-) is differentiable at 6 = 0 (for any set with P(E) < +o00) and its derivative is given by

veeo, P¢E<0>~€=/er-£dHN—1, (5)



where Vr - € :=V - & — (D€ - vg) - vg denotes the tangential divergence of £ on I'. If E is regular
enough, we may rewrite this as

Ve € o, Pé(O)-fZAHrg'VEdHN_17 (6)

where Hr denotes the mean curvature of I' = 9F. Thus, Theorem 1.3 provides a way to define -in
a very weak sense- the mean curvature of any set with finite perimeter (see also [1] and [2]). Next,
our approach of positivity, leads to more precise results for convex sets. For instance, we state:

Theorem 1.4 Let C be a bounded convex subset of RN . Then there exists k > 0 such that
Ve €O, [Pe(0) €l < kll§ac - vollL=(aomnn-1y - (7)

In particular, there exists an RY -valued measure H with support in OC such that

VE € o, Pg(o)-gz/acvac-gdHN—lz 8cg.d?1. 8)

Remark 1.5 The existence of the vector-valued mean curvature measure H for a convex set is
natural. A proof of its existence may be found for instance in [1] (through a quite different
way). Here, we obtain it as representing the shape derivative of the perimeter; moreover, its
Radon-measure property is obtained by a rather elementary approach relying on the existence and
the positivity of the linear mapping I(-): note that the second part of the theorem is indeed an
immediate consequence of the first one since it implies

VE€ O, [Po(0) &l < El€llLeoomv-1) < k[l L@y gy,

N

from which the existence of H follows. But, the estimate (7) is quite more precise than the only
—

existence of H.

We also deduce from the above considerations that the derivative of § — facg g (where
Cyo = (Id+ 0)(()) is also a measure for regular enough functions g.

As stated in Proposition 3.6, properties of Theorem 1.4 may be extended to Lipschitz pseudo-
conver sets and this improves a result in [1].

Finally, we apply our approach to quite different classes of functionals appearing in shape
optimization problems associated with partial differential equations. We do it, in particular, for
the Dirichlet energy of a variable open (or even measurable) bounded subset of R?, namely

1
0 Tu(0) = [ 5IVuof = fus,

Ey
where f: RY — R is given and ug is the solution of the Dirichlet problem
—Aug=f on Eg = (Id+ 6)(E), ug =0 on 0Fy.

We also consider the functionals 6 — A\, (Ey) where A\, (-) denotes the k-th eigenvalue of the Laplace
operator with homogeneous Dirichlet boundary conditions.

2 Proof of the structure theorem and examples

Proof of Theorem 1.3:



Preliminary remark. Let us recall the two main steps of a proof in the case F is regular.
First,

[E-ve=00nT] = [J4(0)-£=0].
(This comes from the invariance of I' by the flow of £). Then, this allows one to factorize J%(0)

through the quotient space ©/K where K := {{ € ©;¢-vg = 0 on T'}. The second step of the
proof is to identify this quotient space as being isometric to C1(I') by studying the mapping

o: 6 — CHI)
§ = §|F'VE-

One can see that ® induces a isomorphism ® between ©/K and C*(I') for their usual norms, with
the use of a continuous extension operator from C!(T') to ©.
These two steps may be reproduced in the general case as follows.

Step 1 : Let ¢ in © such that ¢ -vg =0 HV"1-a.e. on I'. Let v, be its associated flow (see the
statement of Lemma 4.3 in the Appendix). Let us prove that v, (E) = E a.e. for all ¢. It will follow
from assumption (2) that Jg(v, —I) = J(w(E)) = J(E) for all ¢ and consequently J1(0)-& =0
since then J J

= %n:OJE(% —1)=Jp(0)- %u:o% = Jg(0)-€.

From Lemma 4.3, we have that %(XE o) = 0 in the sense of distributions in R x RY since,
for all ¢ € C°(R x RY):

8 — — —
[ Swen= [ (pon)ae Do e  ve) dH <0
RxrN Ot o*E

Since t — xg oy € Li,(RY) is continuous, it follows that xg oy, = g a.e. for all ¢.

Step 2 : Thanks to Step 1, we can factorize J;(0) as:

Jr(0)

where K :={£ € ©0,¢-vg =0 H¥"!—aq.c. on T} and 7 is the canonical projection on the quotient
space. Next, the mapping
®: © — LI,HNY
§ = §|F Vg,

induces the (algebraic) isomorphism ®

0 —2-9(0)
|
0/K

Since K is a closed subspace of the Banach space ©, then ©/K is also a Banach space for the

induced quotient norm. We now choose to equip the image ®(0) = 5(@ /K) with the transported
norm, namely

Vo € 2(0), ll¢ll == 187 ()llo/x = mf{[¢]l1,00: - v = HY ' —ael,



which provides a Banach space structure for the space ®(©) and ® is an isometry. This is summa-
rized in the following diagram:

o T (0) R
/l" /
/
@(\6/1{ l
\J?
®(0)

We now introduce I := [ o ®~! which is a linear continuous form on the space ®(0): we have for

allé €O

Tp(0)- & =1(r(€)) =T (D om(€)) = UD(E)) = U(r - vi).

Remark 2.1 The norm on ®(©) is stronger than (or equal to) the L>(T, H¥~!)-norm. Indeed,
since for £ € ©, [|€ - vElloo == (I - VEl|Leo@mv-1) < [[€lloc < [I€]l1,00, We have for all ¢ € ®(0)

loll = inf{llg]l00:€ - vE = ¢ HN ! —ace} > inf{||€ vplwi€ ve =@ HY T —ae. } = @]

Remark 2.2 It may be interesting to compare our invariance condition
¢-vg =0HN" a.e on O°F, (9)

with usual Nagumo type conditions for the flow ~; associated with £ according to the appendix
(see for instance [4], [5]). One knows that, for a closed set F,

Waygpjc:F]@ﬁvxeeﬂa1§ngx4du»+AﬂxLPv::m. (10)

Here, the distance function is not well adapted since our sets are defined only a.e. However, if
E C RY is a measurable set, it is classical (see e.g. [8]) to introduce an adequate representation
of E as E = (EU Ey) \ Ey where Ey, Ey are open sets defined as follows where £V denotes the
Lebesgue measure in RV :

Eo={z eRY; Ir, LY(ENB(z,r)) =0}, By = {z ¢ RY; Ir, LY(EN B(z,r)) = LN (B(z,7))}.

Then E = E ae. and 0*°E = OE. By our analysis, condition (9) implies that v (E) = E a.e..
Since, v is a C 1—diﬁeomorphism, it easy to check that this implies the invariance of the three sets
E1,RY \ Ey and OE. According to (10), this is equivalent to

vxeaE,M@ng—%ux+xguxaﬁ)=o.

Conversely, this condition does not seem sufficient in general to imply the a.e. invariance of £
(or of E) by ~: (or to imply (9) which is equivalent by Lemma 4.3). It is however the case if E (or

E) is equal a.e. to an open set or to a closed set. Indeed, in this cases, we would have respectively
E=FE; ae. or E=RY\ Ej ae.. It is in particular the case if LY (OF) = 0.

Example 2.3 The structure proved in Theorem 1.3 may sometimes require some transformations
to become more explicit. Let us for instance consider the perimeter function P(-) around the square
[0,1]2 C R2. An easy computation leads to the following for £ € © with compact support around
the origin:

PE(0) -6 = ~610.0) ~ £0.0) =da(©) ( |} ). )



The dependence on §-vg is rather surprising since vg is not defined at (0,0) and Pp(0) is supported
in (0,0). Nevertheless, we can find explicitly the linear form :

Vo € ®(0), l(¢) = j}ig}) ¢(0,y) — lim o(z,0).

Indeed, —£;(0,0) = limy 0 & - vg(0,y) since vg(0,y) = (—1,0) when 0 < y < 1, and similarly for
£2(0,0). We see that [ is here continuous with respect to the L>-norm (and for the ®(©)-norm as
well by Remark 2.1).

The same computation will work for any set with an angle at a point xg of its boundary. Indeed,
the limits (v~, ") of vg(-) from the left and from the right at ¢ form a basis of R?: then we can
easily reconstruct the contribution to the form [ of any Dirac mass at xg.

Example 2.4 The situation is quite different when E has a cusp at its boundary since then
(v~,v™) is not a basis any more. Let us consider for instance what happens when FE is, locally
around the origin, the set above the graph of y = f(x) = |z|* in R? (a € (0,1)).

An easy computation leads, for any £ € © supported around the origin (see next example)

P};(O)-S:/Fpr-uEdHl7252(0,0),

where Hr is the mean curvature, defined and integrable on the regular part OF \ {(0,0)}. In this
case, we may prove that Py (0) - & =1(¢ - vg) with

Vi € 8(0). () = [ Hrpdi = lim lp(o.lal") + ool alal" .
Indeed, for x # 0

€ vel(z, f(2)) = [&1(z, f(2)) f'(2) = &z, f(2))]/V1+ (f(2))%

so that
lim [5 : VE}(LC,ZBQ) = 51(070)7 wli%l_[f : VE}($7 |x‘u) = _51(070)7

z—0t

while, using that & € C!

i [o (€ ve)(a,]al®) + (- vi) (—a 2])] = ~207162(0,0) (12)

Example 2.5 Piecewise regular boundaries: We may generalize the previous computations
(Examples 2.3-2.4) to any open set E bounded by a closed ”curve” which is piecewise regular in
the following sense: the positively oriented boundary OF is parametrized by its length parameter
and is the image of a continuous mapping ¢ : [0, L] — R? such that for some subdivision 0 = s¢ <
51<..<sp=L,andforalli=1,...,p

C S Cl([Si_l,Si]) N W2’1($i_178i), Hp S Ll(C(Si_l,Si)).

Moreover, ( is injective on |0, L] and ¢(0) = ((L).

Then, [ € © — T(&) := Pg(0) - £ — [ Hr& - vg dH'] is a distribution, of order at most 1,
supported in the singular points. In order to identify it, assume £ is compactly supported around
¢; = ((s;). Then, from the expression of P((Id + t§)(E), we easily deduce

_ fit1 d d
tHP((Id + t€)(E)) — P(E)] = €(t) +/ [#'(5) 7 €1(C(5)) + 3/ () 7-&2(C(s))] ds.
Integrating by parts on (s;_1, s;) and (s;, $;+1), and after subtracting the ”regular” part, we obtain

T(€) = [a'(s;) — 2" (sD)]&r(Co) + [y (s7) — o' (s)]162(G) = €(Gi) - [¢'(s77) = C'(s7)].

This be may summarized as follows:



Proposition 2.6 With the above notations and assumptions
Ve €0, Pp(0) € = [ Hrls ve) an + 366 [7) — 5T

The last term in the expression above depends on the tangential components of £ at the singular
points. Although not obvious, by Theorem 1.3 it is also a function of §5- - vg. It may be made
explicit by computations as in Examples 2.3-2.4. We refer to [9] for similar computations and to
[12] for differentiation around cracks, where tangential components also appear.

3 Using the positivity of the shape derivatives

3.1 Positivity implies continuity...in good enough situations

It is classical that positivity of linear forms often implies their continuity, in particular for L°°-
norms. In this subsection, we analyze this kind of continuity properties for shape derivatives of
functionals satisfying (2). The notion of positivity we consider for J4(0) is defined in (4). It is
satisfied whenever J is non decreasing with respect to the inclusion a.e.. Indeed

Lemma 3.1 Let E C RN with finite perimeter and let Jg be a functional satisfying (2) and
differentiable at 8 = 0. If for all small 6 € ©

[E C Ey a.e.] = [JE(O) < jE(G)} s
then J5(0) > 0 in the sense of (4).
Proof. Let { € © with {r-vep >0 HN-1 —a.e. on T and let ; be its flow. Thanks to Lemma
4.3, for all ¢ € C5°(R x RY) with ¢ > 0,

/ 8—SDXE oy = / (o Hdet D(yvy 1) (€ -ve)dHN ™1 >0 for small t .
RxRN Ot OB

We deduce that %XE o <0, it follows that, for all ¢ > 0, xgp oy < xg a.e. or also E C (FE)
a.e.. By monotonicity of Jg, we have Jg(0) < Jr(v — Id). Differentiating at ¢ = 0 leads to
JE(0) - € > 0 (see Step 1 in the proof of Theorem 1.3). O

The main estimate coming from the positivity of J;(0) is based on the following ”abstract”
result.

Proposition 3.2 Let E C RY be a set of finite perimeter such that
&0 € © with &g - vE 21 HN"L — g.e. on O*E for somen >0 . (13)
If a shape derivative Jp,(0) is positive in the sense of (4), then there exists some k > 0 such that
VEe O, |T(0) & < ko - vellLe@EnN-1) -

In particular, the distribution J;(0) is of order 0, that is to say, a vector valued measure (supported

on OF).
Proof. Let £ €O, ' =0"E, |[§ Vil = [|§ - VEllLo @ my-1),C0 = &oyr - vE. We may write

Go

Go
=€ vEllooZ- < &r v < 1€ Vel =
n n

By positivity and linearity of I, we deduce

1(Co) o)
n

l
< i€ ve) < gr - vel o,

=€ vl

which yields the result with k& = 1({p) /7. O



Remark 3.3 The condition (13) requires some regularity. Indeed, we prove that if F has a cusp,
(13) is not verified (see subsection (3.2) below). However,

Proposition 3.4 If E is a bounded open set with Lipschitz boundary, then E verifies (13).

Proof. Given x € OF, up to a change of coordinates, we may assume that OF is locally the graph
of a Lipschitz function f* : Q, c R¥~! — R on a neighborhood of x € JE. The normal vg to

the boundary is given by vg(z/, f*(2')) = (=Vf*(2'),1)//|Vf*(2’)|? + 1 so that, if {2/, zn) =
(0,1), we have on OF:

(o ve)(@ an) =1/VIVI@)P + 12 1/VIVf I3 +1=n>0.

Using the compactness of OF and a regular partition of unity, we construct a global vector field &
satisfying (13). O

3.2 A counterexample

The following example shows that, when Lipschitz continuity of the boundary does not hold, not
only condition (13) may not be satisfied, but positivity of ! may not imply its L°°-continuity.
We consider again Example 2.4 with a cusp. We saw -see (11)- that

AR / Hr € vpdH' — 26(0,0) = (& - vp).
r
Let us consider the shape functional

Je(0) = P(Eg) — . H(z)dz,

where H is the extension to R? of Hr given by

_3
2

V(z,y) € R%, H(z,y) = f"(@)[1 + f'(2)’] 7 = ala = D]e|*7*[1 + a®Jz[**]

Then, %—IZ ~z—oCx 2% s0 that H € Wlloc1 (R?) if @ < 1/2 (which we assume). This is enough to
differentiate Jg and to obtain

TE(0) - € =—-2&(0,0) = L (§r - vE).

The distribution J7(0) is of order 0 (a Dirac mass) and is positive since, according, for instance,
to (12)
[£-vg>00ndFE\ (0,0)] = —£(0,0)>0.

However, I is not continuous for the uniform norm. Indeed, let p € C§°(R?),0 < p < 1 with
support in B(0,n) and p =1 on B(0,1/2). We choose £ = (0,1)p. Then, &(0,0) = 1, while

1€ VE]loo < sup [1+ a2|x\2°‘_2]_1/2 =1+ a2772“_2]_1/2 —0asn— 0,
|z|<n

so that there does not exist k such that
v € 0,1T5(0) - §] = 2[€2(0,0)] < kll€ - vE| -
3.3 Perimeter of convex and pseudoconvex sets

Let us first apply the results of the previous sections to convex sets.

Proposition 3.5 Let C be a bounded convex set in RN . We let Pco(6) := P((Id+ 6)(C)). Then
PL(0) is positive.



Proof. (See also [3] for a different approach). According to Lemma 3.1, it is sufficient to prove
that, for small € ©,
[C'C Co] = [P(C) < P(Cy)] .

For this, we use the classical property (see the Appendix)
VD C RY measurable, bounded, VH C R” closed halfspace, P(D N H) < P(D) . (14)

Next, we use that C' = Nn>0H, where H,, are closed halfspaces. For the sequence defined by:
Vn > 0,D,41 = D, N Hy; Dy = Cy, we have

n—oo

0

Proof of Theorem 1.4. A bounded convex open set has a Lipschitz boundary. We apply
Propositions 3.5,3.4,3.2 to obtain the estimate (7). Then (8) follows as indicated in the remark
following Theorem 1.4. O

The above results may be extended to pseudoconvex sets in the spirit of [1]: our approach
allows us to assume that the boundary is only Lipschitz (rather than C1:®).

Proposition 3.6 Let E C RY be a bounded open set with a Lipschitz boundary. Assume that E

is pseudo-convex, that is, with the notations of the proof of Proposition 3.4: for all x € OE and
for all v : Q, — R Lipschitz continuous, nonnegative and compactly supported, one has

| VIHFVF@PW < [ TN IR i (15)

Then the conclusions of Theorem 1.4 hold.

Proof: Like in the proof of Theorem 1.4, it is sufficient to prove that Pf(0) > 0. According to
Lemma 3.1 (and its proof) and by localization (using a partition of unity), it is sufficient to prove
that, for  and ¢ small

€ v > 0 0n OE, Supp(€) € B(a,n)] = [P(w(E)) = P(E)).

Like in the proof of Lemma 3.1, we have E C v (F). But 0v(F) is also the graph of a Lipschitz
function v : Q, — [0,400): indeed, if we denote v,(z, f*(z')) = (' (z/, f= (")), (2, f7(2))),
then, &’ — ~/(a/, f*(2’)) is a local bi-Lipschitz diffeomorphism since D,v;(x) is closed to the
identity (¢ small) and f* is Lipschitz continuous. Then the inequality (15) exactly says that
P(w(E)) > P(E). O

3.4 Integrals on variable boundaries

We now consider the more general shape functional § — Jg(0) = fFe gdHN "1 where I' = 0*E and

g € CY(RYN), with (g, Vg) bounded. By change of variable (see [11] for the regular case, and [8] for
the case of sets of finite perimeter we are using here), we obtain :

V0 such that ||0]1,00 <1, Je(f) = / go (Id+6) Jacr(Id + 0)dHN !
r

where JacrT := |det(DT)|.|!DT~! - vg|. We can prove (as in the regular case done in [11]) that
this functional is differentiable at § = 0. Using

Jacr(Id+1t§) =1+tVr-&+o(t), go(Id+1t) =g+1tVg- &+ o(t),

we obtain

JE(O)f:/FVg-&Jrer-f-



We rewrite this with the help of the formulas

Vg-£+9Vr-£=Vg-{+Vr-(96) —Vrg- &= (Vg-ve)(&-ve)+ Vr - (g€).

Tp(0)-€ = /F(Vg ve)(€-vE) +/FVF (98) = /F(Vg vg)(€-vE) + Pgp(0) - (9€).

If 1,,1; denote the linear functionals respectively associated to J}(0) and Pf(0) by Theorem 1.3,
we obtain

Yo € B(O), Ly(p) = / (V- vg) o+ h(ge).

As a consequence, since Vg is bounded, {; is L*-continuous if and only if l; is L -continuous.
For example, it is the case when E = C' is a convex set, and then (see Theorem 1.4),

Jé(O)~§:/E)C(V9~Vc)(€'Vc)+/é)Cg€-dﬁ~

3.5 Application to the Dirichlet energy

Given f € L%(RY), to each open bounded subset E of RY we may associate the solution to the
Dirichlet problem

ug € H}(E), —Augp=fonE, (16)

and its Dirichlet energy
1 2 1 2
J(E) = §|V’U,E| - qu = —5 |VUE| . (17)
E E

The last equality may be obtained by multiplying (16) by ug and integrating by parts. We also
know that

1
J(E) = min{/ §|Vv|2 — fv;ve Hy(E)}. (18)
E
For E C RY given, let us analyze the derivative of € © — Jg(0) := J(Ep).

As proved for instance in [11], for each bounded open subset E, [§ € © — Jg(0)] is Fréchet-
differentiable at = 0 and this does not require any regularity of E.

The structure of this derivative is given by Theorem 1.3 as soon as Jg () depends only on xg,,
i.e., as soon as J satisfies the property (2). This is the case if E is regular since then Ey, = Ep,
a.e. implies Ep, = Ep, everywhere (we use that Id + 61, Id + 0 are diffeomorphisms).

Let us describe an optimal and (very) weak notion of regularity of E for which (2) still holds for
the Dirichlet energy. Let us first recall some definitions for E C R" only measurable and bounded
(see e.g. [11]):

HYE) := {ve H' (RY); v = 0 quasi — everywhere outside E} . (19)

f]&(E) = {ve H'(RY); v=0a.c. outside E} . (20)

It is well-known that the "right” extension for the definition of H}(E) in a non-regular setting is
given by (19) where ”quasi — everywhere” means ”everywhere except on a set of capacity zero”
for the usual H'(R™Y)-capacity. In particular, it coincides with the usual definition of HJ(FE) for
any bounded open set E. The second definition (which is different and leads to a larger space)
has also proven to be useful in shape optimization problems, due to the simplicity of its definition
and due to the fact that we are then eventually lead to work with E’s which are regular enough to
satisfy

H}(E) = Hy(E). (21)
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Here, we adopt this second point of view and we assume that E satisfies (21). Then for § small in
©, since Id + 0 is a diffeomorphism, it is easy to verify that Fy also satisfies (21). It follows that
the Dirichlet energy 0 — Jg(0) = J(Ey) where J is defined according to (17) with Ejy in place of
Q satisfies the hypothesis (2). Indeed, we then have for small 6;,6, € ©

[Eo, = Eo, a.e] = [Hy (Eo,) = Hy(Ey,)] = [Hy (Eo,) = Hy(Ey,)] = [J(Eo,) = J(Ej,)).
And we have the following, in the spirit of Theorem 1.3:

Proposition 3.7 Let E be measurable, bounded, with finite perimeter and satisfying (21). Then,
there exists | : ®(0) — R linear continuous and positive such that

VE€ O, Tp(0)-&=—l(§os vE)
Then, if moreover E has a Lipschitz boundary, then I is L°°-continuous.

Proof. For the existence of [, we apply Theorem 1.3. For the positivity of [, we apply Lemma 3.1
after noticing that, thanks to (21)

[E C Egae]=[Hy(E)C Hy(Ep)] = [J(E) > J(Ep)].
For the last remark, we apply Propositions 3.4-3.2. g

Remark: When F is regular enough, we have

1
~T50) ¢ =3 [ [VusP(e-ve),

and the structure as well as the positivity of the derivative are then obvious. The above proposition
says that positivity (in our sense) remains true without much regularity on E and even if one is
not allowed to write the above expression which, in particular, requires that a trace of Vug be
defined on the boundary. If E has a Lipschitz boundary, the L°-continuity of [ provides some kind
of L'-bound on the trace of |[Vug|*.

The same property holds for the derivative of the eigenvalues of the Laplace operator with
homogeneous Dirichlet boundary conditions. They may be defined for measurable sets (2 satisfying
(21). If we denote the k-th eigenvalue by Ai (), then we have also the monotonicity property:
[E C Ep] = [M(E) > M\(Ep)]. If they are simple eigenvalues, they are also Fréchet-differentiable
on O at 6 = 0 without any regularity on F. Their derivatives are given in the regular case by

~(A)E((0)- &= aE[vuk -vp)* (& ve),

where uy is the associated eigenfunction. The positivity of the derivative is obvious on this formula.
Using the monotonicity property of A\; and the same arguments as in the previous proposition, we
prove that, even with poor regularity on E, (A)'5(0) - £ = —I(§9-g - v&) for some [ > 0.

4 Appendix
Some facts of geometric measure theory

Let first recall some known facts from geometric measure theory (see e.g. [6] and [7]). Given
E a measurable subset of RV, its perimeter is defined by

P(E) := sup /pr; @ = (1, on) €CERY,RY), sup > @i(z) <1
E IGRngigN

According to the duality formula

/EV cpdr = — <VXE>SO>D/(RN,RN)xcg°(RN,RN) )

11



where D' (RN, R”Y) denotes the space of R"-valued distributions on RY, saying that E is of finite
perimeter means that the distribution Vg is a bounded (vector-valued) measure on RY and its
total mass is given by P(E). This measure has the polar decomposition Vxg = —|Vxg|vF where
|VxEg| is a positive measure, v¥ € L= (RN, |Vxg|) and [v¥| =1 |Vxg|-ae..

Next, we may define a pointwise representation of ¥¥ together with the reduced boundary of
E as follows.

Definition 4.1 Let FE be a set of finite perimeter. Its reduced boundary O*E is defined as the
subset of ¥ € RN such that |Vxg|(B(z,p)) > 0 for all p > 0 and such that the limit

Vxz(B(z,p))

ve(r) == I B )

exists in RY and its Fuclidian norm equals 1.

Actually, vg is a pointwise representation of ¥ and may be interpreted as the generalized outward
unit normal to E. More precisely, we have the following.

Proposition 4.2 The measure |Vxg| is carried by O*E and is the restriction to O*E of the (N —1)-

Hausdorff measure HN =1 on RV :
N—1
IVxe|=H""" o=z,

i.e., VB Borel set, |Vxg|(B) = HY "1 (0"E N B).

Moreover,
N-1
VXE = _|VXE" Vg = —Z/EH |0*E -

A technical lemma

Lemma 4.3 Let E C RN with finite perimeter, ¢ € © and ~y,; its associated flow, that is, the
solution of

d
Vz € RN; vt € Rv a%(x) = g('}/t(«r)), 70(1') =Z.
Then, in the sense of distributions in R x RV,
O (xEom) = Vxsom - Sy = (Vxe-&)o
ot XE©CTNM) = VXEO°MNt 8t% = (VXE Yt

which means that, for all p € Cg°(R x RY),

15]
*/ %XEO%S:/ ed[(Vxe-&) oyl = ..
RxRN RxRN

— [ e det DO e d(Vim) = = [ (por)det Do e v d
RxRN O*E
Proof: Let f, € Cg°(R") such that
1 ’
fn L—> XE, an (c—b)> VXEa
where C;, denotes the space of bounded continuous functions from RY into R. Then

S (nom) = Va0 g = (Vfuor) (€09) = (Vhu- € om.

Using arbitrary ¢ € C°(R x RY), we may rewrite this as
Op
—/ Efnof}/t:/ @ (Vifn-&)on,
RxRN RxRN
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or, after change of variable
- 9% =1 f det D(7 1) = ~1 det D(7;!
¢ OV Jn detD(y ) = (o )(Vfn-§) det D(vy, ).
RxRN RxRN

Since det D(vy; 1) and & are continuous and ¢ is C*° and compactly supported, we may pass to the
limit in this equality to obtain

dp  _ _ _ _

—/ 5¢ ©%  xe det D(y; ") =/ (poy~t)det D(v; )€ - dVxp-
RxRN RXRN

The formula of Lemma 4.3 follows, using also Proposition 4.2. O

A proof of (14):
We choose coordinates (z/,zx) € RV~ x R so that H = {zy < 0}. For t € (0, 1], we set

o x if reH
fi(x) -—{ («' tey) if x€ HE.

Let us check that: (i) P(f¢(D)) < P(D) and (ii) xy,(p) tends a.e. to xpng as t tends to 0.
Then P(DN H) < P(D) will follow by the lower semi-continuity of P(-). The point (ii) comes
easily from the fact that D is bounded. For (i), we first notice that,

Vaolt) = [ = [ a0,
9*DNH 8*f(D)NH

Next, let ¢ € C§°(H®) with ||p(z)|| < 1 for all z € H. We have

/ V~<,0(3:)dx:/ tV-go(x',th)dx:/ V¢ (2, zy)dr,

fe(D)NHe® DNH¢ DNHe

where we set (2, zn) = (to1(2/, tan), ..., ton—1(2 tan), on (2, tan)). As |[v(z)| < 1, we de-
duce that

/ V- o () dz < [Vxo|(H).
fi(D)NHe

Since ¢ is arbitrary in C§°(H¢) where H€ is open, it follows that |Vxy,p)|(H¢) < [Vxp|(H¢). O
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