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Abstract

In this work, we consider again the shape derivative formula for a volume cost functional which
we studied in preceding papers where we used the Minkowski deformation and the support functions
in the convex setting. Here, we extend it to some non convex domains, namely the star-shaped ones.
The formula also happens to be an extension of a well known formula in the Brunn-Minkowski theory.
Finally, we illustrate the formula by applying it to the computation of the shape derivative for a shape
optimization problem and by giving an algorithm based on the gradient method.

Keywords shape optimization, shape derivative, volume functional, convex domain, starshaped domain, sup-
port function, gauge function, Minkowski deformation, Brunn-Minkowski.

1 Introduction

This paper deals with a generalization of a shape derivative formula for a volume cost functional with respect to
a class of convex domains, a formula that we already studied in [2, 3], and our aim is to extend it to non convex
domains. To be precise, consider the shape functional 7 defined by

T@) = /Q fd,

where €2 is a bounded open subset of R™ and f is a fixed function defined in R".

Using the deformation (1 —¢)Qg + ¢, € €]0,1], of Q and a C! function f, A. A. Niftiyev and Y. Gasimov [19]
first gave the expression of the shape derivative of J with respect to the class of convex domains of class C? by
means of support functions:

Theorem (A. Niftiyev,Y. Gasimov) If Q, Q are bounded convex domains of class C? and the function f is of class
C', then, the limit
J((1 =) +e0) — J ()

lim
e—0t £
exists and is equal to
/m f(z) (Pa(vo(x)) — Po,(vo(x))) do(z), (1)
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where vy(x) denotes the outward unit normal vector to 0 at x, and Pq,, Pq are the support functions of the
domains €y, 2, respectively.

Recently, A. Boulkhemair and A. Chakib [3] extended this formula to the case where f is in the Sobolev space
WI’I(R"). Inspired by the Brunn-Minkowski theory (see, for example, R. Schneider, [22]), they also proposed a

loc
similar shape derivative formula by considering the Minkowski deformation Qg + €€ of Q :

Theorem (A. Boulkhemair, A. Chakib) If Qg,Q are bounded convex domains of class C? and the function f is in
the Sobolev space Wﬁ;cl(R"), then, the limit

iy J(Q0 +29) — J(Q)

e—0t £

exists and is equal to

(x) Pa(vo(z)) do(), (2)
Q9

where vo(z) denotes the outward unit normal vector to 9 at x, and Pq is the support function of the domain .

In fact, this formula holds true even for bounded convex domains, see [2].

If one compares (1) and (2), one can easily remark that, unlike the first formula, the second one does not
depend on the support function of €y. This suggests that (2) should hold true for non convex §g, which would
be very interesting for applications in shape optimization. Unfortunately, up to now we have not been able to
treat the case of general non convex domains. In this paper, we shall extend formula (2) to the case where Qg is
a star-shaped domain of class C2. In fact, we were naturally led to star-shapedness because one can take again
parts of the idea of proof of [2,3], mainly the use of gauge functions. Note that, by using such a method, this is the
best result one can obtain since the star-shaped domains are exactly the sublevel sets of non negative continuous
homogeneous functions. Thus, to be able to treat the case of more general non convex domains, one has to find
new ideas. Anyhow, we shall return to this problem in a future work. Recall also that, when f =1, (2) is a well
known formula in the Brunn-Minkowski theory of convex bodies, see [22] for example. So, our result happens to
be also an extension of such a formula to the case where f # 1 and )y is not necessarily a convex domain.

Originally, this work was motivated by numerical approximation in shape optimization problems, since it is
indeed the most difficult aspect of this subject. We refer to [1], for example, for explanations about the issues that
arise when implementing numerically the minimization of a shape integral functional, via some gradient method, by
using the usual expression of the shape derivative by means of vector fields. Briefly, the reason is that, when using
vector fields, at each iteration we have to extend the vector field (obtained only on the boundary) to all the domain
or to re-mesh, and both approaches are expensive. On the other hand, when we use support functions, at each
iteration, we get not only a set of boundary points but also a support function which, by taking its sub-differential
at the origin, gives the next domain. This is why we are interested in the above formulas that is, expressions that
use support functions instead of vector fields.This is illustrated in the last section, where we apply the formulas to
the computation of the shape derivative of a simple shape optimization problem and give an algorithm based on
the gradient method. Anyway, these formulas are actually applied in the forthcoming paper [6].

Concerning the method of proof, we follow in fact the same plan as that of [3,4]. More precisely, we first
assume that the deformation domain {2 is strongly convex, which allows us to construct some parameterization of
the deformed domain Qg + £Q by means of some C!—diffeomorphism defined on €y. The construction is based
on some analytical and geometric properties of gauge and support functions of star-shaped domains, and reduces
the problem to the usual computation of the shape derivative using vector fields. Note also that the construction
of the C'—diffeomorphism relies on a crucial result about the inclusion of the convolution of two hypersurfaces.
Finally, the case of a general convex ) is treated by using the approximation of {2 by a sequence of strongly convex
domains and is based on some crucial analytical and geometric lemmas. We quote in particular the result on the
continuity of the gauge function with respect to star-shaped domains by means of the Hausdorff distance.

The plan of the paper is as follows. In section 2, we recall some facts about star-shaped domains and give their
proofs. The main results are stated in Section 3 where we also prove consequences of Formula (2) to the situation
where the function f depends also on domains, which is usual in shape optimization problems. The fourth section
is devoted to the proof of the main results using many lemmas. Finally, in Section 5, in order to illustrate these
results, we give a simple application to a shape optimization problem and an algorithm for the resolution of this
type of problems based on the gradient method.



2 Preliminaries on star-shaped domains

There are several definitions of what is called a star-shaped set in the literature. Here, we shall use the following
one:

Definition 1. An open subset (or a domain) 2 of R™ is said to be star-shaped with respect to some xq € €, if for
all x € Q, Q contains the segment [xq,x[= {(1 — t)zo +txr; 0 <t < 1}.

It follows from this definition that the domain €2 is convex if and only if it is star-shaped with respect to each
xo € Q.

In what follows, we shall often work with bounded domains which are star-shaped with respect to 0. The
reason for this is that such domains are naturally associated to gauge functions like the convex domains. So, let
Q) be a bounded domain which is star-shaped with respect to 0. For each x € R", consider the following set of
positive real numbers

{NA>0, 2€ )0},

which is always non empty since {2 is a neighborhood of 0. By definition, the gauge function associated to €2 is the
real function Jg : R® — R, given by

Ja(z) =inf{\ >0,z € A2}

Like for the convex bodies, the gauge functions characterize the star-shaped domains they are associated to. In
the following proposition, we summarize their main properties.

Proposition 1. Let 2 C R™ be a bounded domain which is star-shaped with respect to 0. Then, the gauge
function Jq is a non negative continuous positively homogeneous function of degree 1. More precisely, we have the
fol]owjng properties:

(1) Ja(0) =0, Jo(z) >0, Vo #0.

(44) Ja(tz) = tJo(z), Vo € R, Vt € R,.
(i) Q = {z e R"; Jo(z) < 1}.

(i) 00 ={z e R™; Jo(z) =1}.

(v) Jo : R® = R is continuous.

(v

) If Q' is another domain which is star-shaped with respect to 0 and Q' C Q, then, Jg < Jo.

Proof. (i), (i7) and (vi) are easy consequences of the definition of Jg and the fact that {2 is a bounded neighbor-
hood of 0.

(#31) = As it follows from the definition, if Jo(z) < 1, we have x € AQ for all A > Jq(x), and in particular for A = 1.
Conversely, if z € Q, we have, by definition, only Jo(z) < 1. But the fact that  is open and star-shaped with
respect to 0 implies that € AQ for some A < 1; hence, Jo(x) < 1.

(iv) : Tt follows from (7i7) that if © € 92, then Jo(z) > 1. Now, by star-shapedness, we have tz € Q, Vt € [0, 1]
which implies Jo(tx) = tJao(x) < 1, ¥Vt € [0,1]; hence, Jao(xz) < A, VA > 1 which implies Jo(z) < 1, and so
Ja(xz) = 1. Conversely, if Jo(z) = 1, we have z ¢ 2 and x € A2 for all A > 1 which implies that tz € Q, V¢ €]0,1[.
Since tx — x when t — 17, we obtain that z € 9.

(v) : Since Jq is a positively homogeneous function, to prove its continuity it suffices to show that {Jg < 1} is an
open set and that {Jo < 1} is a closed set. But this follows from (ii7) and (iv) since {Jq < 1} =  is open and
{Jaq <1} = Q is closed. |

It is well known in convex analysis that the gauge function of any convex domain is Lipschitz continuous. This
is no longer true for star-shaped domains. Since such a Lipschitz regularity will be needed in the sequel, in fact,
we shall work exactly with the star-shaped domains whose gauge functions are Lipschitz continuous. In order to
be able to describe geometrically this subfamily of domains, let us give the following definition.

Definition 2. An open set @ C R" is said to be star-shaped with respect to a subset G C §, if it is star-shaped
with respect to any point of G.

This definition allows us to characterize in a simple manner the star-shaped domains whose gauge functions
are Lipschitz continuous. This is done in the following result for which we provide a new and simple proof (see
also [7,11]).



Proposition 2. Let 2 C R™ be a bounded domain which is star-shaped with respect to 0. Then, its gauge function
Jq is Lipschitz continuous if and only if §) is star-shaped with respect to some ball B(0,r) C Q centered at 0 and
with radius r > 0. Moreover, when this condition is satisfied, one can take 1/r as a Lipschitz constant for Jq.
Proof. Assume first that Jq satisfies the inequality |Jo(y) — Jo(z)| < L|y — 2| for all z,y € R™, and let us show
that Q is star-shaped with respect to the ball B(0,7). For all y € B(0,7), x € Q and t € [0, 1], it follows from the
assumption that
1 1
Jo((1 —t)y + tz) < Jo(tz) + ;|(1 -ty <t.l+ ;(1 —t)r =1,

which says exactly that (1 —t)y + tz € Q for all y € B(0,7), x € Q and t € [0,1], that is, Q is star-shaped with
respect to the ball B(0,r).

Conversely, assume that 2 is star-shaped with respect to the ball B(0,r), » > 0. For each x € 99, consider
the convex hull of the set B(0,7) U {z} and denote by Q, its interior. Clearly, 2, is a convex domain and a subset
of . Thus, it follows from Proposition 1 (vi) that

Jao < Ja, < JBo,r)-
Hence, we can write, for all y € R"™,

1
Ja(y) < Ja,(y) < Ja, (@) + Ja,(y — 2) < Ja(x) + Jpon (Y —2) < Jalz) + —ly — 2],

since Jo, is a convex function, Jo(z) = 1= Jg, (z) and Jp(o,)(2) = |2|/r. So, Ja(y) — Jo(z) < 1|y — z| under the
assumption z € 9. This is also true if z = 0 and when z # 0, it follows from this inequality, since z/Jq(z) is on
Yy x

09, that .
Jo (ng(x)> ~Ja (JJE@) = Te@  To@

which implies by homogeneity that Jo(y) — Jo(z) < %\y — x| for all z,y € R™, and, by symmetry, the Lipschitz
continuity of Jq. [ ]

)

We shall also need the following technical result. Note here that the scalar product in R™ of = by y is denoted
in what follows by (x,y) or sometimes by z.y .

Lemma 1. If Q C R"™ is a bounded domain which is star-shaped with respect to a ball B(0,r), then, we have
(v(x),x) =,
for almost every x € 02, where v(x) is the outward unit normal vector at x.
Proof. It follows from Proposition 1 that
Q={zxeR"; Jo(r) <1}, I0={zeR"; Jg,(x) =1}, (3)

and from Proposition 2 that Jqo is Lipschitz continuous with a Lipschitz constant equal to %, that is, for all
z,y € R™,
1
[Ja(z) = Ja(y)l < —lo —yl,
which implies that |V.Jg| < 1 ae. according to Rademacher’s theorem (see [14], for example), and that the
outward unit normal vector is given by
VJ
v(z) = 2ol
IVJa(z)|

for almost every = € 9. Moreover, since Jg is positively homogeneous, we have, for every x € 012,

Ja(e +tz) — Ja(x) _ . (L+1)Ja(z) — Jo(z)

(Vala),x) = finy : - : = Jole) =1
which implies that
VJQ(.’L') > 1
v(z),r) ==, T ) == =T,
o) = (et =) = e
for almost every x € 0f. [ |

Like for the convex domains, the regularity of a star-shaped domain with respect to a ball is that of its gauge
function:



Lemma 2. Let  C R"™ be a bounded domain which is star-shaped with respect to a ball B(0,r), r > 0. Then, Q
is of class C*, k > 1, if and only if its gauge function Jq is of class C* in R™\{0}.

The proof of this last result is the same as that given in [3] in the case of convex domains and makes use of the
fact that (v(z),z) does not vanish which is insured by Lemma 1 in our case. So, we refer to it.
Finally, the following result will also be used:

Proposition 3. Let (®.)o<c<c, be a family of C! diffeomorphisms from R™ onto R™ such that ®y(z) = = and
(e,2) + ®.(z) and (g,y) — ®-'(y) are of class C' in [0,e9] x R™. Then, for all f € WL (R"), the limit
lim, o+ (f(®e(2)) — f(z))/e exists in L}, (R™) and is equal to Vf(z). L ®.(z)|c=0.

loc

For a proof of this lemma, see [16], Chapter 5.

3 Main results

Let us first define the set of admissible domains I to be the set of bounded open subset of R™ which are of class
C? and star-shaped with respect to some ball.
Recall that the support function Py of a bounded convex domain €2 is given by

Po(x) =supz.y =supz.y,
yeQ yeQ

where z.y denotes the standard scalar product of  and y in R", a product that we shall also denote sometimes by

(,y)-
We can now state the first result of this paper which concerns the shape derivative of the volume functional

Q- J(Q) :/Qf(x)dx.

Theorem 1. Let Qg € U, Q be a bounded convex domain and f € W(D) where D is a large smooth bounded
domain which contains all the sets Qo + €€, € € [0,1]. Then, we have

i TELEDIC) = [ ) Patin(o)do(a) )
e— 90

where vy denotes the outward unit normal vector on 0€)g.

The proof of this theorem will be given in the following section. Here, we state and prove a corollary of this
result which treats a case that occurs frequently in the applications, that is, the case where the function f itself
depends on the parameter €.

Corollary 1. Let Qo, 2 and D be as in Theorem 1, let (f.), 0 < e < 1, be a family of functions in L'(D) such
that fo € WHY(D) and let h be a function such that (f. — fo)/e — h in L*(D) ase — 0T. Let us set Q. = Qo +eQ
and

[(s):/Q fe(x)dx.

Then, we have

i LOTO [ yoyito s [ )Pl e). (5)
e Q0 Q0

Proof. We write

1(e) — 1(0) :/QE (1(f€ — fo)(x) — h(gc)) dz + /Q h(a:)dx—i-% (/Q fo(w)dx — . fo(af)dx) ,

9 3

and then we study each of the three terms of the right hand side of this equality. It follows from the assumption

" | (G = @ —ne) s < [ |20 ) -




On the other hand, since the characteristic functions of 2. converge almost everywhere to the characteristic
function of Q¢ when € — 0%, it follows from the Lebesgue convergence theorem and from (4) that

I(e) = 1(0)

lim ———~ = h(z)dx + fo(x)Po(vo(z))do(z) .
e—0+ € Qo Q0

Remark 1. When Qg and ) are bounded convex domains, we know from the Brunn-Minkowski theory in convex
geometry that one can write

V(Qo+10) =) (7)%1@»(90,9), t>0,
=0\
where V' denotes the volume, that is, the n-dimensional Lebesgue measure, and the coefficients Vj(ﬁo,ﬁ) are what
people call the mized volumes of Qy and Q and are significant in convex geometry, see [22], [17] or [23] for example.

Here, we want just to remark simply that V5 (90, Q) = V(Qg), this is clear, and that it is known since a long time
that

n

(V@ +tQ) - V(@Q))/t =Y (?) 715, 0) — nVi(, Q) = /8 Pa(o(z)) do(z)

j=1 o

as t — 0. Thus, our formula (4) is an extension of the above one to the case where f # 1 and € is not necessarily
convex.

4 Proof of Theorem 1

Note first that one can assume that f € W, (R") or even f € W!(R™). Indeed, one can reduce to this case just
by extending the function f to R™ by means of the usual results on Sobolev spaces.

We follow the same idea as [3], that is, we treat first the case where the deformation domain € is strongly
convex, the general case being obtained by means of an appropriate approximation.

To be able to use gauge functions, we have to assume that Qg and 2 are neighborhoods of 0. However, this is
not a restriction of generality. Indeed, assume that Theorem 1 (and hence also Corollary 1) is proved in this case,

then, if Qy and ) are neighborhoods of 0 and ¢y, ¢ € R”, we have, by obvious changes of variables,

(T (co+ Qo +e(c+Q)) —T(co+Q))/e = (T(co+ec+ Q) —T(co+Q))/e

1

:( fleo+ec+x)de —
€ Q.

fco + ) da;) .

Q()
It follows then from Proposition 3 that

f(x+co+ec) = fl@+co)
€

— Vf(z 4 co).c = div(f(z +co)e) in L}, . (R™)

as € — 0%, and from Corollary 1 that

lim L0t Sotelet W) =Tleoto) [yt o pio(e) doa) + / div(f(z + co)c)dz.
e—0+ € Q0 Qo

Now, it remains to apply the divergence formula to get

lim Jeot+ Qo +elc+ ) = Tleo + o) = f(z+ co)Pa(vo(x))do + f(z+co) cvo(x) do
e—0*t IS 800 80

f(@ + co)Peyalvo(z)) do
Qo

- / F(2) Peya(veg s (2)) do,
A(co+Q0)

where v, 10, is the exterior unit normal vector to d(co + Qo) at z, which establishes the formula in the case where
the domains are not necessarily neighbourhoods of 0.

In what follows g is thus assumed to be star-shaped with respect to the ball B(0,r) and 2 is a neighborhood
of 0.



4.1 Case where the deformation domain is strongly convex

Assume that Q is strongly convex, that is, near each point of its boundary, the open set € is defined by {¢ < 0}
and its boundary 992 by {» = 0}, with some C? function ¢ whose Hessian matrix is strictly positive. Such an
assumption allows us to do some geometrical construction to show that the domain Qy 4 Q2 is the deformation
of €y via some diffeomorphism. This reduces the problem to a well known situation of deformations with vector
fields, see [16] for example. The construction relies on several lemmas and starts with the following:

Lemma 3. Let Qg and 2 be bounded open subsets of R of class C? and assume that ) is strongly convex. Then,
there exists a map aq : 0Q¢ — OS2, such that

(i) For all x € 9y, Pa(vo(x)) = vo(x).an(x).

(#) For all x € 09, v(ao(x)) = vo(x) where v(y) denotes the exterior unit normal vector to 0f) at y.

(iii) The map ag : 0o — 0Q is of class C*.

The proof of this lemma indeed do not assume a particular geometry for {2y and is the same as that of Lemma
1 of [3], so we refer to it.

Now, we would like to extend ag to a map from g to © and even from R™ to R™. This is done by using
homogeneity.

Lemma 4. )y and () being as in the preceding lemma, assume moreover that €y is star-shaped with respect to a
ball centered at 0. Then, there exists a map a defined from R™ to R™, satisfying the following properties:

(1) a = ag on 0.

(ii) a(Qo) C 2 and a(R™\ Qq) C R™\ Q.

(ii7) a is positively homogeneous of degree 1, Lipschitz continuous on R™ and of class C* in R™ \ {0}.

a(z) = 0 ifx=0
) Jay, () ag(z/Jo, (x))  if z # 0.

Using Proposition 1, Proposition 2, Lemma 2 and Lemma 3, it is easy to check that a satisfies (i), (i¢) and (¢3i). W

Proof. We define a on R™ by

Using the vector field a, let us now consider the map
O .(x) =x +ea(x), z€R", £>0.

Since a is lipschitz continuous on R™, it is a classical fact (and easy to check) that, if € is sufficiently small, @, is a
Lipschitz homeomorphism from R™ onto R™. Moreover, it follows from the inverse function theorem that ®. is a
Cl-diffeomorphism from R™ \ 0 onto R™ \ 0. We shall use ®. to parameterize the set Qo + €. In order to be able
to do that, we need the following result which estimates the boundary of the Minkowski sum of two subsets of R"
using the convolution of hypersurfaces.

Lemma 5. Let A, B C R" be open, bounded and of class C'. Consider the following set
OAxIB:={zx+y : x € 0A, y € OB and va(z)=vp(y)} (6)
where v4 and v are the outward unit normal vectors to A and OB respectively. Then, we have
0(A+ B) C 90Ax0B.
Proof. Recall that the Minkowski sum of two subsets A, B of R™ can also be written as

A+B={zeR"; (-A+2x)N B #0}. (7)

Let x € 9(A+ B). It follows from (7) that (—A+x)NB = () and that (—A + 2)NB # 0; hence, d(—A+x)NIB # ().
Let y € 0(—A+ x) NIB. Since —A + x C R™ \ B, the hypersurfaces 9(—A + z) and 9B are tangent at y and
we have T, 0(—A +z) = T, 0B and v(_a44)(y) = —vB(y). Now, y € (A +x) = —0A +z, so that x € 0A +y
and there exists a € A such that x = y + a. Moreover, since —A + «x is the image of A by the diffeomorphism
z+ —z + x, we also have

—va(a) = v aa)(y) = —vB(Y),

which achieves the proof of the lemma. |

We will also need the following result:



Lemma 6. Let Q be a bounded and strongly convex domain of class C? and let v denote the outward unit vector
field normal to 89Q. Then, v : 00 — S™~! is injective.

Proof. There exists a strongly convex C? function ¢ : R™ — R such that Q = {x € R" / ¢(z) < 0}, 00 = {z €
R™ / p(z) =0}, Ve #00ndQ and v = Ve/|Vy|. Let ,y € IQ be such that v(z) = v(y) and let us show that
x = y. Assume that x # y. Since ¢ is strongly convex, it follows from Taylor’s formula that

(Vo(z),y —z) <oy) —p(x) and (Vo(y),z —y) < () —o(y).

Since p(x) = p(y) = 0, multiplying respectively by IVgol(r)l and \Vgal(y)\ yields
<V(£L’),y*£ﬂ> <0 and <l/(y)ax7y> < Oa
which gives a contradiction since v(x) = v(y). So, z = y and the lemma is proved. |

The above lemmas allow us to prove the following crucial one which concerns the parameterization of the
perturbed domain 2. by means of Qy and ®..

Lemma 7. Let Qg € U and Q be a bounded and strongly convex domain of class C? in R™. Consider the set
Q. = Qo + eQ and the map ®. : x — x + ea(zx), € > 0, where a is as in Lemma 4. Then, if € is sufficiently small,
we have the following:

(’L) (1)5(890) = 890 * 0§} and 605 - 8(@8(90))
(i1) P(Q0) = Qe.
Here, vy and v denote the outward unit normal vector to )y and §2 respectively.

Proof. Let z € 0. According to Lemma 4 and Lemma 3, a(z) = ag(z) € 9Q and vy(x) = v(a(z)); hence,
b (z) =z + cax) € Oy * €09, Conversely, if z € Iy * 99, there exists (x,y) € 9Qy x I such that z =z + ey
and vg(z) = veq(ey) = v(y). Applying once again Lemma 4, we have a(z) € Q and vo(z) = v(a(z)) = v(y).
Next, applying Lemma 6 yields a(z) = y. Therefore, z = z + ca(x) = P (x) € P (9Q). Thus, we have proved
that ®.(9) = 00 * €99. Now, according to Lemma 5, we have

090 = 0(Qp + £9Q) C 0 * D(Q) = 9N * €0 = . (90) = OV (D),

which achieves the proof of (i).

To show (i), note first that ®.(Qg) C €2, is an obvious consequence of Lemma 4. To prove the other inclusion, let
us first remark that it follows from the homogeneity of ®. that () is also a star-shaped domain with respect
to 0 as it can be checked easily. Next, assume that there exists € {2, such that z € R™\®.(€). Then, it follows
from Proposition 1 that 0 < Jo_(z) < 1 and Jg_(q,)(z) > 1. Now, consider z. = z/Jq, (x) € 08.. Clearly,
Jo_(90) (%) = Jo_(0,) () /Ja.(x) > 1, that is, . ¢ O(P:(£)), which contradicts (i). Thus, ®.(Q20) = Q.. [ ]

Lemma 7 provides the main tool in the proof of Theorem 1 in the case where €2 is strongly convex and of
class C2. Indeed, according to this lemma, Q. = ®.(£2y) and the problem is reduced to the case of a deformation
of Qg by a diffeomorphism or, more precisely, a Lipschitz homeomorphism. According to [21] for example, we have
the following shape derivative formula

= f(@)a(x).vy(z) do,

e=0+ 0Qo

d
d—ej(Qo + EQ)

and according to Lemma 3 and Lemma 4, we have

a(z).vo(z) = ag(z).vp(z) = Po(vo(x)).

Hence the formula ~ O O
tim 0D = TE) _ [ 5 By (g2 o)

e—0t g 890

and this achieves the proof of Theorem 1 in the case where € is strongly convex.



4.2 The general case

The domain 2 is now assumed to be bounded and (only) convex. We shall approximate it by a sequence of strongly
convex ones. To do that, let us recall the following approximation result used in [3].

Lemma 8. Let Q be a bounded convex domain in R". Then, there exists a sequence (2¥)en of strongly convex
smooth open subsets of ) such that

where d¥ denotes the Hausdorff distance.

Such an approximation is used to prove the following lemma which is an important step in the proof of our
theorem.

Lemma 9. Let Qy € U, Q2 be a bounded convex domain in R™ and (QF)en the sequence given by Lemma 8 which
approximates ). Then, for all € € [0,1] and for all k € N, we have

a1 (@F, Q) <ed”(@°,9Q).
where QF = Qg + eQF et Q. = Qg + Q.
Proof. We have ﬁ]: =Qo+ 0" and Q. = Qo + &9, thus according to [22], page 64, we have
a1 (@, Q) = dH Qo + 0", Qo + Q) < dH (Q, Q) + d (0", £9).
Since @ C Q, then df (60", Q) = sup, . d(x,e0") = ed? (@, Q). Thus, d (O}, 0.) < e (2", 9). n

We need also the following result.

Proposition 4. Let A, B C R™ be two bounded domains which are star-shaped with respect to the ball B(0,r),
r > 0, and such that A C B. Then, we have

1 .
sup |J4 — Jp| < T—QdH(A,B) (8)
Sn—l

Proof. Let 2 € dB. Since A C B, there exists y, € dA such that d(z, A) = |x — y.|. According to Proposition 2,
the gauge functions Jy, Jp are Lipschitz functions with Lipschitz constant % Therefore, since J4(y,) =1 = Jp(x)

and A C B, we can write
[Ja(@) = Jp(@)| < |Ja(x) = Ja(ya)l + [Ja(yz) — Ja(2)] = [Ja(z) = Ja(ye)]
<r o -y = rtd(z, A)
<rlsupd(z,A) =r~td¥ (4, B),
2€B
an inequality that holds for z € 9B. Now, if z € S"~1, we have T € 0B, and by using the homogeneity of the
gauge functions we obtain

x x _
Ja(z) —J = Jp(@)|Ja(-——) —J, <J a1 (4, B).
[Ja(z) — Jp(z)| = Jp(2)| A(JB(I)) B(JB(I))l_ B(z)r (A, B)
Since B(0,7) C B, we have Jg(x) < Jp(o,r(x) = |z|/r = 1/r, which implies the desired inequality. [ ]

The last lemma is crucial for our proof.

Lemma 10. Let Q¢ € U, Q2 be a bounded convex domain and f € Wll’,l(]R"), and let (QF) ey be as in Lemma 8.

oc

Then, there exists a constant C > 0 such that, for all k € N and all ¢ € [0,1], we have

<Cced(@",0),

o f(x)dx — /QE f(x)dx

where QF = Qg + eQF et Q. = Qp + Q.



Proof. We follow the idea of [4]. Let r > 0 be such that € is star-shaped with respect to B(0,r) and let B(0, R)
be a large ball which contains all the sets Qg + &2, € € [0,1]. As one can easily check, Q. and ¥ are star-shaped

with respect to B(0,r), and we shall denote by J. and J* respectively their gauge functions. Let us denote by
I¥(f) the difference

f(@)dz — | f(z)dx
Q.

ok

Since Q. = {J. < 1} and QF = {JF < 1}, by using polar coordinates, we can write

1 1 1
Je (w) _ Jk (W) _ Je (w) _
= [ [T s e~ [ [T e o= [ [T ppa)n g
sn Jo snr Jo sir o

This allows us to estimate I*(f) as follows :

k
O

Note that, since B(0,7) C QF c Q. € B(0, R), we have Jp(o,r) < J- < J¥ < Jp(o,. Recall that Jp . (x) = |2|/r,
Jp(o,r)(x) = |z|/R. Hence,

Je(w) — Jek(w)
Je(w)JF(w)

sup £ (pw)p™ | dew.
S amiraml

IH ()] < B2 / ew) — )] sup [f(pw)p" do.

Sn—1 pE|[r,R]

Since . and QF are star-shaped with respect to B(0,7) and QF C €., it follows from Lemma 4 and Lemma 9

that

1 o

sup |J. — JF| < , ).

H =k = £ —
0.,0.) < =d¥4Q
su A" (O, T) < 5 '

Therefore,

I* < Re d1@" 0 =1
()] < —d7 (2, Q) sup |f(pw)p" ™" | dw.
r Sn=1 p€[r,R]

It remains to apply the following classical inequality for functions of one real variable :

1
lele=in < T / lo(t)] dt + / @t e WD), (9)

where I is a bounded interval and |I] is its length. In fact, this is just a precise version of Sobolev’s inequality. Its
proof is easy when ¢ is of class C! on I and the general case is obtained by a density argument and is left to the
reader. Applying (9) to the function p — f(pw) p"~! yields

atn < Bt @ [ [T (1l (B - 002 4 97 dps

r? ||

e @I nl N
iyl Q)/T<$<R(R_T+ @)+ 9@ )

R2 1 n—1
< dHQQ<+ +1)/ z)| + |Vf(x)|) dx
2 ( ) jr— " rg\x|§R(|f( )+ 1Vf(@)])
R%e 1 n—1
< Lrar@ o (g + T 1) oo,
which achieves the proof of the lemma. |

Using the above lemmas, we can now finish the proof of Theorem 1. Let § > 0 be arbitrary. We can write:

J@0+59) = TEh) [ 1) Po(w(a))do(x) = - ( IRCCE f<x>dz>
& Qg < Qe Qé

10




3

+1< f(@)da - f(x)dx)— (2) P (vo) (2)dor(x)
Qk Qo 89

+ [ £@)(Por (@) = Pa(to(x)) ) do(a). (10)
0Qo

For the first term in the righthand side of (10), according to Lemma 8 and Lemma 10, there exists ky € N, such
for all k > ko and for all € €]0, 1], we have

( | #ayda - f(x)dz)
Q. QF

Using the formula [Py — Pp|pe(sn-1) = d” (A, B) for compact convex sets, (see for example [22], page 66), we
can estimate the last term in the righthand side of (10) as follows :

1
= < 4.
- ) (11)

/690 f(PQk(Vo) - PQ(VO))dU

—k —
< 1P = Polumisony [ Ifldo =a" @) [ iflde
0

Qo

which implies that it tends to 0 when & — oo by virtue of Lemma 8. Hence, there exists k1 € N, such that, for all
k > kq, we have

<. (12)

/mo f(PQk (vo) — PQ(VO))da

Now, if kg = max{ko, k1 }, since Q*2 is strongly convex, it follows from the first part of the proof that there exists
es such that for all € < g5, we have

1
- < f(z)dx — f(x)dx) - () Pars (vo(z))do(x)| < 6. (13)
€ \Jqakz Qo Q0
By taking k = ko in (10) and using (11), (12) and (13), we obtain that, for all € < &4,
1
([ s@an [ sei) - [ Pt < 5,
€ \Ja. Qo folon)
which achieves the proof of Theorem 1. |

5 Application

To illustrate our work, we give an example of application to a shape optimization problem and compute the shape
derivative of some functional related to the solution of a partial differential equation.
Let us define the set U,4 of admissible domains by

Q€ Uyg = Qis a C° open subset of R™ which is star-shaped with respect to some ball of radius 7.

If D is an open bounded (convex) and non empty subset of R™, let us consider the problem

Find Q. € Upq(D) such that J(Q) = o g{nf(D) J ()
€Uaq

where Uyq(D) = {Q € Unq ; N C D},
(PO) J(Q) = / (ug —uq)?dr and wugq is the solution of
Q

—Av4+ov=f in Q
PE
(PE) {gZ:g on 0f)

where uq € HY(D), f € L*(D) and g € H*(D). Let ug be the solution of (PE) on Qg € Uyq(D) and u. be the
solution of (PE) on Q. = Qp+Q, € € [0,1]. Assuming that  is a strongly convex domain, we know from Lemma 7
that . can be considered as a deformation of the domain €y by the vector field a, that is Q. = (Idg + £a)(Q0)
for small enough e. Therefore, at least when f € H!(D), according to [1], we can write

Us = Uy + €ug + €ve

11



where uj, € H?(Qp) is the shape derivative of % with respect to the vector field a and v. — 0 in L?*(D) as € — 07
It follows from that result that

1., - ~ .
—[(we — ud)2 — (o — ud)z} — 2ug(Ug —uq) —— 0 in LI(D),
£ e—0t

which allows one to apply Corollary 1 to obtain

i T(Qo+e0) =T (Q) _
| /Q

e—=0t g

2ug (g — uq)dz +/ (g — uq)? Po(vo)do ().
Qo
Now, in this expression of the shape derivative of J, even the domain integral can be written as a boundary
integral. Indeed, by following, for example, the same method as [16], one can show that u, satisfies the boundary
value problem

—Auj+uy=0 in Qo
o .1 dg 9%u (14)
oo to = (5.5 — 6V§°)(a, Vo) + VugVaq, (a,vp) on 08
where
6QUQ - 82u0

= = Ni,0 N0
2 o 0Ny,
ovg 001

i,j=1
and Vg, is the tangential gradient (see [16]). Note here that, since Q is of class C3, ug is in fact in H3(€),
ufy € H?(Qp) (see [16]), so that the second derivative 2up s well defined on 0. Now, using the solution of the

2
ovg

following adjoint state boundary value problem

A+ =—-2(up—uqg) in Qo
v =0 o9 (15)
oo on 0y
we obtain the following expression of the shape derivative of the functional J (see [1])
Q Q) —TJ(Q
lim T (S +e0) = J(So) = da,{a,vy) do ,
e—0t 3 9N
where B(a)
da, = (uo — ua)® + (Vug, Vib) + ¢ (ug — f) — %Uo — Hygyp.
Now, since € is strongly convex, it follows from Lemma 3 and Lemma 4 that
(a(z),vo(x)) = Pa(vo(z)) on 08, (16)
so that
Q Q) —TJ(Q
lim J (S +22) = I 0): da, Poovdo.
e—0+ 9 BQO
The last thing we propose is an algorithm to solve the shape optimization problem (PO).
Algorithm.
1. Choose Qy € U(D), p €]0, 1] and a precision €.
2. Solve the state equation :
—Aug+ug=f in Q,
PE 17
(PE) {g“” =0 on 0; (7
vo
3. Solve the adjoint state problem
—AY +1 = —2(up —uq) in Qo,
PEA 18
( ) {gﬁ; =0 on 0% ; (18)
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4. Calculate pg solution of

in J
argmin Jo(p)
where
E={p e C(R); pis convex and homogeneous of degree 1 and ¢ < Pp},
e 2(gv)
Jo(p) = / ((UO - Ud)2 + <VUO, v¢> + ’(/)(U() - f) — GL — ’ng) pory do.
Q0 ]
5. At step k,

if ||lug —uallp2o,) <&, Go to 7.
where wy, is the solution of the state equation in Q (the domain at step k).

6. Compute - ~
Qg1 =+ pQr, where Q= 99y (0)
and Go to 2.
7. End.

Remark 2. In the above algorithm, the sequence of domains (€2 )ren is constructed in such a way that (J(Qk))ken
is decreasing. Indeed, let k € N*, then, for a small p €]0, 1], we have

T Q1) = T( ) = T+ o) — T ()
’ < | oy, o vkdo) +0().

Now, since pp = Pg, is a solution of arg mig Ji(p), then
. e

Ti(Pr) = / do, Py, o vgdo < Jix(0) =0,
GIeN '
which guarantees the decrease of the objective function 7. Consequently, ﬁk defines a descent direction for 7.
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