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Abstract

We consider a heat transmission problem across an irregular in-
terface — that is, non-Lipschitz or fractal — between two media (a hot
one and a cold one). The interface is modelled as the support of a
d-upper regular measure. We introduce the properties of the interior
and exterior trace operators for two-sided extension domains, which
allow to prove the well-posedness (in the sense of Hadamard) of the
problem on a large class of domains, which contains regular domains,
but also domains with variable boundary dimension. Then, we prove
the convergence in the sense of Mosco of the energy form connected
to the heat content of one of the domains and the heat transfer for
(e,00)-domains. Finally, we prove the existence of an optimal shape
maximizing the heat energy transfer in a class of (g, 0o)-domains, al-
lowing fractal boundaries, while that optimum can generally not be
reached in the class of Lipschitz domains.

1 Introduction

Optimizing the efficiency of heat transfers is a problem which often arises in
the design of industrial objects, especially in the context of new technologies
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(for the cooling of microprocessors for example). It is linked to the heat
propagation shortly after the beginning of the cooling of an object. Intu-
itively, the greater the area of the exchange surface, the most efficient the
heat transfer (see Figs. 1 and 2, where the volumes of the initially cold and
hot media are preserved, while the lengths of the interfaces increase). The
idea that the shape of the interface between media has a significant impact
on the speed of the diffusive heat transfer is well known from a physical per-
spective; for instance, it results from notable works by de Gennes | ].
The heat propagation can be described by the increase of heat content of
the initially cold medium. The matter of the efficiency of the heat transfer
is then related with the asymptotic expansion of the heat content for small
times t. De Gennes | | stated that the asymptotic behaviour of the heat
content in an n-dimensional domain is proportional to the measure of the
interface multiplied by t™~#/2 where d is the Hausdorff dimension of the in-
terface. The heat propagation for the small times is also directly connected
to the area of the interior Minkowski sausage (i.e. the v/t-neighbourhood of
the interface on the hot side). That argument was investigated experimen-
tally and numerically in the case of prefractal configurations (see | 1)
in | ]. It was established analytically in [ | in the framework
of regular and d-set boundaries for the heat transmission model between two
media, described by different diffusion coefficients and an interface with finite
or infinite resistivity (see (1.1)).

For that matter, it is natural to consider shapes of finite volumes (due
to industrial constraints) but with large or rough surfaces, which is why it
appears consistent to think of objects with boundaries described by frac-
tals | |. Indeed, fractal shapes are self-similar (or scale invariant),
which means they present irregularities at all scales, making the perimeter of
the object infinite: the Hausdorff dimension of the boundary is non-integer.
Therefore, the short-time heat transfer is more efficient across fractal bound-
aries, the Hausdorff dimension of which is superior to n — 1, which is the
dimension of regular (for instance, Lipschitz) boundaries. Figures 1 and 2
illustrate that phenomenon, representing the cooling of a hot domain into
a cold one through generation 0 to 3 Minkowski pre-fractal interfaces. In
Figure 1 (generations 0 and 1), the heat only spreads to the part of the cold
domain sticking to the boundary. Nonetheless, the enhanced cooling near
the angles of the generation 1 curve is already visible. In line with that
observation, the heat transfer appears more efficient as the interface grows
more irregular: in Figure 2 (generations 2 and 3), the heat spreads further
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into the cold domain within the same time frame as in the previous cases,
progressively reaching the overall shape of the fractal boundary rather than
sticking to the interface. Consequently, the hot domain cools down more
efficiently (represented by the yellow areas in the hot domains), and even
more so for the generation 3 interface.

Figure 1: Numerical simulation (with COMSOL Multiphysics) of the cooling
of a hot medium (in red) by a cold medium (in blue) across a generation 0
(on the left) and a generation 1 (on the right) Minkowski pre-fractal curve.
The propagation time is the same for both figures. The heat distributions
satisfy homogeneous Neumann boundary conditions on the outer boundaries
(a thermally insulated cavity) and the diffusion coefficients of two media
are supposed to be distinct. The volume of the media is constant, due the
symmetric property of Minkowski pre-fractal curve.

There are many mathematical results on the asymptotic behaviour of the
heat content in the case of one medium with a hot boundary (i.e., Dirichlet
boundary condition): for a C*® boundary | , |, for a polygo-
nal boundary | | and for a triadic Von Koch snowflake | ]. The
special case of a countable disjoint union of scaled copies of a given open
set in R” is studied in | ]. The case of a continuous Riemannian met-
ric (without discontinuity of the diffusion coefficients across the interface) on
smooth compact n-dimensional Riemannian manifolds with a smooth bound-
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Figure 2: Numerical simulation (COMSOL Multiphysics) of the cooling of a
hot medium (in red) by a cold medium (in blue) across a generation 2 (on
the left) and a generation 3 (on the right) Minkowski pre-fractal curve. The
cooling time and boundary conditions are the same as for Figure 1.

ary was considered in | |. The case of continuous transmission boundary
conditions for the expansion of the heat kernel on the diagonal was studied
in | . A survey of results on the asymptotic expansion of the heat
kernel for different boundary conditions can be found in | ]

Although it is not the approach followed in this work, problems regard-
ing heat diffusion have also been widely studied from a probabilistic per-
spective, relying on the connection between the analytical concept of Dirich-
let forms and the probabilistic notion of Feller semi-group | |. More
specifically, it is well known that solutions to the heat equation can be ex-
pressed in terms of Brownian diffusions, see for instance | , Paragraph
6] and | , |. In those papers, the solution to the Dirichlet heat
problem is expressed in terms of the parabolic measure. Given a point in the
domain, the measure of a time interval and a Borel subset of the boundary
can be expressed as the probability for a Brownian motion starting from that
point to reach the boundary subset within the time interval (see also | ).
With that approach, domain regularity is of little relevance: boundary points
are split into regular points (i.e., starting points for Brownian motions hitting



the boundary arbitrarily soon almost surely) and irregular points. The latter
form a null set for the parabolic measure | ] and are connected to the
thinness of the domain. Though the domain under study needs no specific
regularity, the boundary conditions are seen as continuous functions. The
analytical approach however demands some boundary regularity but allows
less smooth conditions. For that matter, rather than strictly equivalent, the
analytical and probabilistic approaches to the heat problem can be regarded
as complementary.

Generally speaking, fractal geometries have been vastly studied for their
potential industrial applications and their omnipresence in nature, see |
as well as | | for instance. From a mathematical perspective, various
types of heat models have been studied on irregular and fractal domains.
In | ], the heat equation and other diffusion models are studied on ran-
dom Koch snowflakes for Dirichlet, Neumann and Robin boundary condi-
tions by approximation of the fractal shape by the associated pre-fractal

sequence. In [ |, the existence and uniqueness of solutions to diffusion
problems on Koch domains with Wentzell boundary conditions are proved.
In | | the heat exchange interface consists of a so-called Koch-
mixture. See | , , | for other problems set on domains with

Koch fractal boundaries. Those boundaries are examples of d-sets | ]
for d = In4/1n3, which have a fixed Hausdorff dimension (which is d). So
far, from an analytical perspective, problems regarding heat diffusions on
irregular shapes have been set on domains with at least d-set boundaries, see
for instance | , ]. Other boundary value problems have been
studied on domains with d-set boundaries (see | | on the Poincaré-
Steklov — or Dirichlet-to-Neumann — operator for Laplacian transport with
Robin boundary conditions), but also boundaries with varying Hausdorff di-

mension. Here, as in | , ] (see also | ] for a more
detailed discussion), we use boundaries described as the support of a finite
upper-regular Borel measure, as in | ], where Poisson-type problems

are studied on domains with boundaries of bounded Hausdorff dimension,
with Dirichlet, Neumann and Robin boundary conditions. Recently, prob-
lems with Dirichlet and Neumann boundary conditions were even studied on
extension domains, without a specified boundary measure | , ].
However, when the variational formulation of the problem considered con-
tains a boundary integral (as for the heat transmission problem considered
here), the choice of a boundary measure becomes crucial.
In this paper, we model the heat transfer problem as follows (see also |



Consider a hot domain Q% with boundary 92 and cold complement domain
Q™ (so that Q7 and Q~ are separated by their boundary 092). The do-
main Q7 is characterized by a thermal diffusivity D* > 0 and its comple-
ment by D~ > 0, where those coefficients are assumed to be distinct. The
thermal resistance of the boundary is modelled by a continuous function
A 09 — [0, +o0]. If the heat distribution u is initially unitary on Q% and
null on Q~ — modelling the cooling of QF by Q= — then it is solution to the
following problem:

(Ou* — DFAu* =0 on |0, +oo[xQF,
D_aaiy_ =A(u” —u") on |0, +00[x09Q,
ou* _ou” (1.1)
+ou - ou
D 5 D o on |0, +00[x 012,
u™(0,-) = on QF,
(v (0,) =0 on .

To consider boundary value problems such as Problem (1.1) on irregular
shapes (for instance, fractals), the first concern regards the definition of the
boundary conditions. On the one hand, the solution we seck is defined on
QT U Q~, which means it cannot simply be restricted to the boundary. To
generalize that idea, we use the trace operators. In the case of Lipschitz

boundaries, that notion was defined by Agmon in 1965 | , p. 37] and
studied notably by Necas in 1967 | , Subsections 2.4 - 2.6], Adams in
1975 | , Subsections V.3, VIL.9] and Marschall in 1987 | ], and the

trace space (i.e., the range of the trace operators) corresponds to the Sobolev
space H'/? on the boundary. Then, it was generalized to d-set boundaries
(see [ ) ])in | |, in which case the trace space can be identified
with the Besov space BE’Q, where f = 1—(n—d)/2 and with n, the dimension
of the ambient space. Later on, the trace operator was defined for d-upper
regular boundaries | , , |, in which case it is proved the
trace space is a Hilbert space, although it can no longer be identified with
either one of the previous spaces. All three approaches rely on the existence
of a boundary measure (Lebesgue’s measure, a d-measure and a d-upper
regular measure respectively) to define that operator. In 2009, Biegert | ]
relied on the extension property of H'-Sobolev extension domains to define
a trace operator which, in particular, does not depend on the choice of a
boundary measure. On the other hand, fractals are nowhere differentiable,
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which prevents from defining the normal derivatives in the usual way. For
that matter, it is necessary to consider a weak definition of normal derivatives
as in | | (see also [ ] on extension domains) via Green’s formula,
as elements of the dual of the trace space. Altogether, the notions of trace
operators and weak normal derivatives, as well as the functional framework
for domains with irregular boundaries from | | allow to consider
boundary value problems such as problem (1.1) from a variational perspective
on a broad class of domains (see Definition 2.1), including domains with
fractal boundaries or with changing Hausdorff boundary dimensions.

In this article, we are interested in the existence of an optimal shape
for the heat transfer problem between two media separated by a resistive
boundary. The shape is optimal in the sense that it minimizes the total
energy of the hot medium as the heat propagates during a fixed time 7' > 0.
In other words, we are seeking an optimal shape for the interface in some
admissible class (first, in a class of uniform Lipschitz surfaces with uniformly
bounded lengths and then, in a class of surfaces with uniformly bounded
dimensions) to cool the initially hot medium in the most efficient way on
a time interval [0,7] (the problem is described by (1.1) and the energy to
minimize, by (3.1)). The main interest is for 7" sufficiently small, however
the results obtained hold for any fixed T" > 0.

Regarding the heat equation, the existence of a Lipschitz minimizer to
the heat energy in a class of insulated Lipschitz domains with bounded vol-

ume is proved in | ]. The existence of an optimal heating boundary
to maximize the heat diffusion is proved in | ] in the case of plane do-
mains. Still in the plane, it is proved in | | there exists an optimal

shape to approximate a given heat distribution in a class of domains with a
given number of holes and setting a homogeneous Dirichlet condition on the
boundary.

The difficulty of dealing with questions regarding the existence of opti-
mal shapes is highlighted in [ , ] for problems with Robin bound-
ary conditions, or as soon as the variational formulation displays an integral
with respect to the boundary measure (due to non-homogeneous Robin or
Neumann conditions). The main obstacle arises from the non-continuity of
boundary perimeters for the convergence in the sense of characteristic func-
tions (they are only lower semi-continuous | , Proposition 2.3.7]). As
the shape of a boundary varies, so does its measure. The natural notion
of convergence for those measures is the weak convergence. The complexity
stems from the fact that the weak limit of a sequence of Hausdorff measures
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of co-dimension 1 (which are the ‘natural’ surface measures for Lipschitz
boundaries) is not necessarily a Hausdorff measure itself. To overcome that
problem in the framework of Lipschitz boundaries, relaxation methods have
been developed using free-boundary problems with discontinuities in | ,
Proposition 2.3.6]. However, those methods do not preserve compactness
properties and therefore, do not ensure the existence of an optimal shape.
Historically, the framework of compact classes for the existence of optimal
shapes (adapted to boundary problems with homogeneous Neumann condi-
tions) is set by the famous results of Chenais | |. That class of uniformly
Lipschitz domains | | is compact for the three usual types of domain con-
vergence: in the sense of characteristic functions, compact sets and in the
sense of Hausdorff. However, as for Robin-type boundary value problems,
that class is not sufficient for our heat transfer problem.
That problem was recently solved in | , , ,
]. In | | is proved the existence of an optimal Lipschitz
shape on which there exists a measure, equivalent to the perimeter mea-
sure, achieving the infimum of the acoustic energy in the framework of the
Helmholtz equation with a complex-valued Robin-type boundary condition.
The admissible class of domains was chosen with the perimeter measures on
the Lipschitz boundaries. Since the optimal shape, albeit Lipschitz, is pro-
vided with a boundary measure equivalent but not necessarily equal to the
perimeter measure, the infimum of the energy is not necessarily reached. Re-
sults of the same type are obtained in the framework of a non-homogeneous
Neumann type boundary condition in | ] in the framework of the
linear elasticity system with the aim to maximize the stability of an archi-
tectural structure. The relaxation of the assumption to work in the class of
domains with the uniformly bounded measure of the perimeters is to work
in the class of uniform domains with uniformly bounded d-upper and s-lower
boundary measures | ]. This class is compact for the weak conver-
gence of boundary measures and thus allows to provide the existence of an
optimal shape minimizing the energy coming from the stationary elliptic vari-
ational problems corresponding to Robin-type or non-homogeneous Neumann
boundary conditions (see | | for the Helmholtz problem, | ]
for the linear elasticity system and | | for an abstract elliptic prob-
lem). The shape optimization for the time dependant transmission problems,
which we consider in this paper for system (1.1), has never been previously
considered. Here, we use a similar class of admissible shapes to [ ]
and adapt the method to the case of the heat diffusion problem, which is a
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time-dependant transmission problem.

The main results of this paper are the following: on a large class of do-
mains, referred to as ‘two-sided admissible domains’ and which can have
boundaries with varying Hausdorff dimension, we introduce interior and ex-
terior trace operators. We characterize them in terms of isometries with the
Sobolev space H', which is new in the framework of two-sided admissible
domains. We also identify their kernels as the closures of the sets of C*
functions with compact supports, as in the regular case (Theorem 2.3). We
define interior and exterior weak normal derivatives in the same spirit as what
is done in | | on d-sets. In the framework of our two-sided admissible
domains, we prove the well-posedness (in the sense of Hadamard) of a gen-
eralized version of problem (1.1), adding a source term, considering general
initial conditions and without assuming the thermal diffusivity is constant
inside or outside (Theorem 2.7). We introduce the energy form correspond-
ing to the total heat content of the domain Q" throughout the diffusion and
the heat transfer from QF to Q~, and prove the convergence of that energy
form in the sense of Mosco as we approximate (e, 00)-domains | ] (The-
orem 3.2). Finally, similarly to | , Theorem 3.2] but this time in
the new context of the time-depending heat transmission problem, we prove
that the class of Lipschitz domains provides only the infimum of the speed
heat transfer (Theorem 3.6): optimal shapes should be endowed with bound-
ary measures which are not necessarily Hausdorff measures. For that matter,
we extend the class of admissible domains to a class of (g, 00)-domains (or
uniform domains) with measures of bounded dimensions (initially introduced
in | ]), in which we prove the existence of an optimal shape for our
heat transfer framework in Theorem 3.9.

This paper is organised as follows: in Section 2 we introduce the class
of two-sided extension domains, the trace operators and the weak normal
derivatives (Subsection 2.1). We prove the isometric properties of the trace.
In Subsection 2.2, we state a generalized version of problem (1.1) and prove
its well-posedness. In Section 3, we prove the Mosco convergence of the heat
energy form (Subsection 3.1). Then, in Subsection 3.2, we consider the shape
optimization problem: we start with seeking an optimal shape in a class of
Lipschitz domains and then turn to a class of (g, oo)-domains.

Throughout this paper, n > 2 is the dimension of the ambient space. If
A and B are topological spaces, C(A, B) denotes the set of all continuous
functions mapping A to B. All domains considered coincide with the interior
of their closure.



2 Framework and well-posedness

2.1 Functional framework

We begin with defining the general class of domains on which our study is
carried out.

Definition 2.1 (Two-sided admissible domains). Let © be a bounded do-
main of R™ with connected boundary, such that the Hausdorff dimension of
its boundary 02 is (locally) included in [n — 1,n[. Let p be a positive finite
Borel measure with supp u = 9Q. The couple (€, ) is called a two-sided
admissible domain if

(i) QF = Q and its complement domain Q~ := R™"\Q are H'-extension
domains of R™ | ]: there exist bounded linear extension operators
E* : HY(Q*) — HY(R™) with norms depending only on © (and n);

(ii) the boundary measure p is d-upper regular for a fixed d € [n — 1,n][:
there exists ¢4 > 0 such that

Vo € 0, ¥r €]0,1], u(B.(z)) < cqr?, (2.1)

where B,.(z) is the open ball of R"™ of center x and radius 7.

Typical examples of two-sided admissible domains are Lipschitz domains |

], (¢,00)-domains (defined in Subsection 3.1) in R? | ] and non-
tangentially accessible (NTA) domains | : ]. We recall that a
domain 2 = QF is an NTA domain (see | |) if there exist M, o > 0 such

that

(i) Q7 satisfies the corkscrew condition:

Vye o, Vr<rg, I2€Q", |z—yl<r and d(x,00) > M 'r;

(ii) Q~ satisfies the corkscrew condition as well;

(i) QF satisfies the Harnack chain condition: there exists C' > 0 such
that for all p > 0, 0 > 1 and z1,22 € QF with d(x;2,00) > p and
|z1 — 22| < 6p, there exist a chain of open balls (Bj)repi,ny with NV
bounded by a constant depending only on 9, with x1 € B; and x5 € By
and such that

ByN By #9 and O 'diam(By) < d(Byg, Q) < Cdiam(By).
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Condition (2.1) implies that the Hausdorff dimension of the boundary is
bounded below by d. However, unlike for d-sets, that dimension can vary,
which allows to consider domains with boundaries which are partly fractal
and partly Lipschitz for example (see Figure 3). For Lipschitz boundaries,
usual choices are g = AV the (n — 1)-dimensional Lebesgue measure and
p=H"Y the (n — 1)-dimensional Hausdorff measure.

Figure 3: An example of a two-sided admissible domain of R?, lying inside
the blue line. The upper part of the boundary is a Von Koch curve, which is a
%—set (represented by a fifth generation pre-fractal [source: Wikipedia]). The
lower part consists of a portion of a square, which is Lipschitz. The boundary
is endowed with the 1-dimensional Lebesgue measure on the lower part and
the %—dimensional Hausdorff measure on the upper part: condition (2.1) is
satisfied for d = 1.

By [ , Theorem 5], condition (i) from Definition 2.1 implies that
OF are n-sets (d-sets for d = n). Roughly speaking, that means the domain
2 should have neither inward nor outward cusps (see Figure 4).

In this section, whenever (€2, i) is a two-sided admissible domain of R",
we use the following notations:

« QT := Q is thought of as the hot domain and its complement domain

Q™ :=R™"\Q is thought of as cold;
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Figure 4: An example of a domain €2 which is not a two-sided extension
domain due to the presence of an inward and an outward cusp: neither Q*
nor )~ is an H'-extension domain.

e if u: (t,2) €]0,+0o[xR" — u(t,z) € R, then u* := (o 4oo[xn*) are
its restrictions to Q1 and Q~ respectively.

The H'-extension property of QF ensures the existence of bounded linear
interior and exterior trace operators from H'(Q") and H'(Q™) respectively
(as in [ |). The interior trace operator is defined in the same way as
in | , Section 5] (see also | ]). Note that its definition does
not depend on the way elements of H'(Q") are extended to H'(R") | :
Theorem 6.1]. Therefore, as in the d-regular case | , Theorem 1], we
use the following equivalent definition:

Definition 2.2 (Trace operators). Let (€2, 1) be a two-sided admissible do-
main of R".

« The interior trace operator Tr™ : HY(QT) — Tr" (HY(QT)) C L*(09, ) is
defined by

1

Trt = li d Q q.e. 2.2
T u(z) rgcr)l+ AM(Q+ N B.(x)) /fz+["|BT(m) wy)dy, wedlge, (22)

where A denotes Lebesgue’s measure on R™.
« The exterior trace operator Tr™ : H(Q™) — T~ (H'(Q7)) C L*(0, i) is
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defined by

) 1
Tr~ u(z) = )L%i QN B.(1)) /QOB,.(x) u(y)dy, ze€0qe. (2.3)
In that definition, the term quasi-everywhere (q.e.) is understood in terms
of the capacity Cap, from | , Section 2]. Unlike the space L?(9, ), the
range of the trace operators does not depend on u. As for [ ,
Theorem 5.1}, it follows from | , Corollaries 7.3 and 7.4] and the fact
that the measure on 0f is finite (see | , Theorems 7.2.2 and 7.3.2]) that

the limits (2.2) and (2.3) exist p-a.e.

The following theorem summarizes the main properties of the trace oper-
ators and a characterization of their range (see also | |). Among those
properties are the characterization of the trace operator as an isometry and
of its kernel, which are new in our framework. Results of a similar nature in
a different setting can be found in | | for planar screens, in which
traces on subsets of hyperplanes are considered.

Theorem 2.3 (Trace theorem). Let (€2, 1) be a two-sided admissible domain
of R™. Then, the following assertions hold.

1. The trace operators Tr™ : H'(QF) — L2(0Q, 1) are linear and compact.
2. The image of the trace operators
B(0Q) .= Tr" (HY(QF)) = e~ (H' (7))
is a Hilbert space endowed with either one of the equivalent norms:
1l == min{[Jvll g | f = Tr* v} (2.4)

The embedding B(OY) C L*(0Q, u) is dense and compact. In what
follows, we denote || - [|paa) == || - |1+

3. Ker(Tr®) = HY(QF) = Cgo(Qi)”.HHl(ﬂi) is the closure in H' of the set
of indefinitely differentiable functions with compact support in QF.

4. The trace operators Tr™ : H'(Q%) — (B(0Q), || |lny+) are partial isome-
tries with operator norms equal to 1.

13



5. Tt - Vi(QF) = B(0R) define isometries, where
Vi(QF) = {ve H(Q) | (A + 1)v =0 weakly} (2.5)

are the spaces of 1-harmonic functions on QF endowed with the stan-
dard H' norms. It holds:

V1(QF) = Ker(Tr*)*t = (H3(QF))* . (2.6)
Proof. Point (1) follows from | ], see also | , Corollary 7.4] and |
Proposition 3]. Point (2) follows partially from the definition, see also |
Theorem 1], , Theorem 5.1], [ , Theorem 2|, where the norm

was defined as:
”.f“Tr“' = 1Hf{||1)||H1(Q+) | f = Tr+ ’U}.
Here, we specify that the infimum is reached. To prove that, it is sufficient

to use the continuity of the trace operator from H'(f2) to its image and
Stampacchia’s theorem | , Theorem V.6], ensuring the existence of u €

H (), where
H}(Qﬂ = {ve H'(Q") ! Trt v = f on 00}, (2.7)

unique minimizer of || - ||+ on Hp(Q%). Tt is equivalent to the weak
well-posedness on H*(21) of the non-homogeneous Dirichlet boundary value
problem for (—A + 1):

{—Au +u=0 onQT, (2.8)

Trtu = f.

The weak solution to problem (2.8) is understood in the sense of its varia-
tional formulation on H}(2F):

Vo e HYQ),  (w,0)m@ = [uld g0, (2.9)

which, in particular, implies:
Vo e H{(QY), (HUHHW) = | flsee < u= v). (2.10)
To prove Point (3), we use the following characterization from | , Corol-

lary 2.3.1 and Example 2.3.1], holding regardless of the boundary regularity:
Hy(RM\0Q) = {ve H'(R") | 9 =0 q.e. on 09},

14



where ¥ denotes the quasi-continuous version of v. u € H'(Q") can be
extended to H}(R™\0R) if and only if u € H}(QT), and it can be extended
to the space on the right hand side of the equality if and only if Tr" u = 0.
Points (4) and (5) are corollaries of the previous points, of Stampacchia’s
theorem in particular. Let us prove (2.6). For v € H'(Q"), by Green’s
formula (see Definition 2.5 below), the following equivalences hold:

ue V() <= —Au+u =0 weakly on QF
— Vv e Ker(Tr"), (u,v)pi+) =0
<= u € Ker(Tr")"..

Since Trt : Ker(Tr")t — B(09Q) is bijective, by (2.10), it is an isometry.
Therefore, since Ker(Tr" )t C HY(QT) is a closed Hilbert space endowed with
|- ||z (as an orthogonal complement), the trace operator Tr* : HY(QF) —
B(012) is a partial isometry of operator norm equal to 1. The results regarding
Tr™ are proved in the same way. O]

Remark 2.4. As mentioned before, the trace space B(0€2) does not depend
on the boundary measure u. If 9 is Lipschitz, then B(9Q)) = HY2(9) in
the sense of equivalent norms. If 0€) is a d-set for some n — 2 < d < n,
then | : ] B(0S2) = B5*(09Q) with =1 — 254 > 0.

To understand problem (1.1), we also need to define normal derivatives on
Q). The class of two-sided admissible domains contains fractal shapes, which
are known for being nowhere differentiable. For that matter, we cannot use
the usual definition, which relies on the existence of a normal vector. For
that matter, we use the weak definition of normal derivatives as elements of
the dual of the trace space, similarly to what is done in | ].

Definition 2.5 (Weak normal derivatives). Consider a two-sided admissible
domain (€, u) of R™.
« Let u € HA(QT), where

HA(Q) = {ve H'(Q") | Ave L*(Q1)}. (2.11)

The weak interior normal derivative of u is the element ¢ € B'(9€2) such
that:

Yo e H'(QF), (o Trt ), o= / (Auv)vdzr+ | Vu-Vodz, (2.12)
’ O+ O+
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+
denoted by % = .

« Letu € HA(27) ((2.11) with Q™ instead of Q). The weak exterior normal
derivative of u is the element ¢ € B'(0f2) such that:

Yo € HY(Q), <w,Tr_v>B,B:—/ (Au)vdx—/ Vu-Vode, (2.13)
: 0

denoted by % = 4,
1%

The sign convention in the definition of the weak exterior normal deriva-
tive corresponds, in the regular case, to choosing the outward normal vector
to Q7 to define both derivatives. The boundary conditions in the heat trans-
fer equation from problem (1.1) are boundary jumps, defined as follows in
the case of two-sided admissible domains.

Definition 2.6 (Boundary jump values). Consider a two-sided admissible
domain (€2, 1) of R™ and a thermal diffusivity D € T (R"), where

T(R") := {D € L>=(R") ’ essinfD >0 and

R
3V neighbourhood of 92, Dly\gn € C(V\IQ,10, +00]) . (2.14)
Let u € V(R™), where
V(R") :={ve L’ R") |vT € H(QF), v~ € H'(Q)}, (2.15)
endowed with the norm:
I Iv@n == /- 22y + 1DV - oy (2.16)
The jump in trace of u across 0f2 is defined by:
[Tru] :==Trtu— Tr™ w.
In addition, if ut € HA(QT) (Eq. (2.11)) and u~ € HA(Q27), then the

jump in co-normal derivative of u is denoted by:
Ju otu 0 u
D—| =D% — D~
|[ 8Vﬂ v ov’
where, for x € 9Q, D*(z) = ll/l_I)IglC D(y).

yeQt

16



Let (2, 1) be a two-sided admissible domain of R™. We consider the
following heat transmission problem:

(Ou — DAu = f on |0, +oo[x (R™\092),
D‘%#—A[[Tru]] =0 on |0,4o00[x01,
5 v (2.17)
u
ﬂDﬁﬂ —0 on 10, +o0[x 89,
L u(0, ) = ug on R™\ 092,

where ug € L?(R"), f € L*(]0, +oo[, L*(R™)), D € T(R") and A € C(99, [0, +o0]).

Those quantities can be interpreted as follows:
« w is the (time-dependent) heat distribution on R";

« ug € L*(R") is the initial heat distribution. In the example of prob-
lem (1.1), ug = Tg+: the domain Q% is initially hot, while its comple-
ment is cold, and the problem models the heat diffusion from Q% to
Q-

« f € L*(]0, 400, L*(R")) is the (time-dependent) heat source on R";

« D € T(R") is the thermal diffusivity. In the example of problem (1.1),

D = D*lg+ + D 1o with DT # D=, which models the diffusion
properties of two homogeneous media;

« A € C(09,]0,400]) is the resistivity of the heat conduction by the
boundary. If A = 0, then the boundary 0f) acts as a thermal insula-
tor. If A = +o0, then the heat distribution w is continuous across the
boundary.

In the case of a Lipschitz domain, the measure p is chosen as the Haus-
dorff measure H™~ Y, which is the usual way to measure the perimeter of
those domains. With that choice, the model is consistent with the physical
phenomenon.

2.2 Well-posedness of the model

We begin with proving that our problem is well-posed.
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Let uo € LA(R™), f& L2(]0, +o0[, L2(R™)), D€ T(R™) and A € C(9, [0, +o00)).

Problem (2.17) is understood in term of its variational formulation, given by:

vVt >0, Vo e V(R"), (Qwu(t),v)r2mn) + alu(t),v) = (f(t),v) 2@n),
u(0,-) = ug € L*(R™),
(2.18)

a(u,v) = / DVu -Vodr + / A[Tru][Tr o] dp. (2.19)
R™\0Q {A<+o0}

Theorem 2.7 (Well-posedness). Let (2, i) be a two-sided admissible domain
of R". Let ug € L*(R"), f € L*(]0,4o0[,L*(R")), D € T(R") and A €
C(09,]0,+0o<]). Then, there exists a unique solution u which is in the space
HY (R, L*(R"))NL*(R,, V(R")) to the variational formulation (Eq. (2.18)).
For allt > 0, that solution satisfies the following energy identity:

% ]u(t)]2d33+/0 a<u(7),u<7)>d7:%/w |u0(a:)\2dx+/0 f(r)dr.

- (2.20)

Proof. For all T' > 0, the existence and uniqueness of the solution u in the
space H'([0,T], L*(R"))NL*(]0,T'[, V(R")) to formulation (2.18) on the time
interval [0, 7] for T > 0 given uy € L*(R") is proved as in | , Paragraph
7.1.2]. Here, the bilinear form a : V(R™) x V(R"™) — R satisfies the following
coercivity estimate:

Yo € V(RY), a(v,v) > [vlfy@n — [0llZ2@en).

The uniqueness of the solution on [0,7] for all T > 0 (given ug € L*(R"))
proves the solutions on each time interval are compatible: if u; is a solution on
[0, 7] and s is a solution on [0, T3], then u; = uy on [0, 73 ATy]. That allows
to define a unique global solution v € H'(R,, L*(R")) N L*(R,, V(R™)). O

Remark 2.8. Since HY(R,, L*(R")) C C(R,, L*(R™)), u is also an element
of C(R,, L*(R"™)).

The problem being well-posed, the heat distribution is unique given the
parameters of the problem and it is possible to consider the properties of the
energy form related to the heat content in Q1 and the heat transfer from QF

to Q.
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3 Convergence and optimization

In this section, we consider the energy form associated to the heat content
inside a domain () and its convergence as we approximate §2. Throughout
this section, the diffusion time 7" > 0 is fixed, U denotes a (large) bounded
Lipschitz domain and A € C(U, [0, +o¢]). In what follows, we assume A <
+o0o on U to simplify the expressions. Retrieving the general case can be
done by replacing ‘02" with ‘02N {A < +oc}’ in the definition of the energy
form (Eq. (3.1) below). All the results stated hereafter remain valid once
that modification has been made. We assume the thermal diffusivity D is a
constant DT > 0 on all the interior domains, and another constant D~ > 0
on the exterior domains, as in the case of problem (1.1). Without loss of
generality, we set DT = 1.

3.1 Mosco convergence of the energy forms

If (2, ) is a two-sided admissible domain of R™ with {2 C U, we define the
energy functional Jr(Q, 1) on L2(]0, T, L*(U)) by:

T T
Jr (2, p1)(u) :://]Vu|2dxdt+//|u]2dxdt
0 Ja 0 Jo
T
—|—/ A|[Tru])® dpdt. (3.1)
0 Joq

We prove the convergence of the energy form Jr defined by (3.1) in the
sense of Mosco | , Definition 2.1.1] along an approximating sequence of
(¢, 00)-domains for some € > 0. We recall that € is a (¢, 00)-domain | ]
if for all z,y € €2, there exists a rectifiable arc v drawn on €2 and joining z
and y, of length ¢(7) and such that:

(i) €(y) < 224

(i) for all z € v, d(z,00) > ‘5'%\;%7"

Mosco convergence is defined as follows.
Definition 3.1 (Mosco convergence). Let H be a Hilbert space. Let (F,,,)men
be a sequence of quadratic forms on H. (Fy,;)men is said to converge in the

sense of Mosco (or M-converge) to a quadratic form F' on H if the following
conditions hold:
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(i) if (xp)men € HY and x € H are such that z,, — x, then

F(z) < liminf F,,(x,,);

m—o0

(ii) for all x € H, there exists (Z,,)men € H" such that z,, — = and

F(z) = lim F,(z,).

m—00

To prove such convergence, if ) is an H'-extension domain, we denote
by Eq : H'(2) — H'(U) a linear bounded H'-extension operator. If u €
L*(]0,T[, H'(£2)), the extension Equ is understood as follows:

Equ:t€[0,T] — (z € U — [Equ(t)](z)). (3.2)

In that sense, Eq is also regarded as L*(]0, T[, H*(Q?)) — L?(]0, T[, H*(U)).

The following theorem states the Mosco convergence of the energy forms (3.1)
along a converging sequence of domains. Its proofs uses similar methods
as those used in | , Theorem 8], however the main differences are
twofold: the energy functional considered here is time-dependant and the
boundary term we consider is connected to the jump in trace instead of the
trace value.

Theorem 3.2 (Mosco convergence of the energy forms). Let ¢ > 0. Let
(Qn)men be sequence of (g,00)-domains included in U and (fiy)men be a
sequence of finite Borel measures with supp ply, = 0y, all satisfying (2.1)
for the same d € [n—1,n| and the same constant cq > 0. Assume there exist
a domain Q0 and a measure j with supp pu = 9S) such that:

(1) (Qm)men converges to Q in the sense of characteristic functions and
Hausdorff (denoted by Q,, LR Q);

(1) (fm)men converges to p weakly (denoted by pu,, — p), i.e.,
Yo e C’(U,R), / ediy, — pdpu.
A m=ee Jaq

Then,
Hm  Jp(Q, ) = J(2, 1) in the sense of Mosco. (3.3)

m—00
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Proof. Let (u,,) € L*(]0,T[,L2(U))N and u € L*(]0,T[,L*(U)) such that
Uy, — u. We aim at proving condition (i) from Definition 3.1, that is:

Jr(, p)(w) < HminfJr(Qp, tom) (Un,)- (3.4)
m—00
Up to passing to a subsequence, we may assume:
lminf Jpr (e, pon) () = Hm J7(Qp, ) (W),
meN m—00

and
VmeN, unla, € L*(10,T[, H (),

so that the limit is finite. Then, from the definition of J7, it holds:

SU% ||y, || L20,77, 1 () < +00. (3.5)
me
By | , Proposition 4, Remark 8|, there exists a sequence of linear

bounded extension operators (Eq,, : H () — H'(U))men and a constant
cg > 0 such that:

Vm e N, ||BEq,, (o, )|l 2qorpm @) < celltmlon |l L2gor,m @)

hence, by (3.5), (Eq,, (uml|a,,))men (in the sense of (3.2)) is bounded in the
Hilbert space L2(]0,T[, H(U)). Up to passing to a subsequence, we may
assume there exists us, € L*(]0,T[, H'(U)) such that Eq,, (tumlo,,) = U
in L2(]0,T[, H'(Q,,)). From the convergence of the domains in the sense of
characteristic functions, we may also assume 1  — 1q a.e., hence:

1o, Eq, (tmla,) = Lot in L*(]0,T[, L*(U)),
1, VEq,, (tmla, ) — 1gVus in L*(]0, T[, L*(U)").
)

Since 1, Eq,, (Uml|a,,) = La, tm — Louin L3(]0, T, L*(U)) (see also |
Paragraph 7.1.2, Theorem 3] for the initial condition), we can deduce:

?

UOO’Q = u]Q (36)

In the same way, up to passing to a subsequence, we can assume that for all
m € N, unling,, € L*(J0,T[, H'(U\Qy)), where €, denotes the closure of
Q,,, and obtain:

Iyva,, tm — Ipgu  in L*()0, T[, H(U)). (3.7)

21



Using a similar decomposition as in the proof of | , Theorem 5|
(i.e., approximating the H'-extensions of u with smooth functions) yields:

T T
/ / ATrhe wp|® dpy, dt — / / A|Tr}qul? dpdt,
0 Jon 0 Jog

T T
// A|Try um]2dukdt—>// A|Trpqul® dpdt,  (3.8)
0 Joo, " 0 Joo
T T
// A(Trhe wm)(Trog ) duy dt—>// A(Trjqu) (Tryqu) dudt,
0 Jo, " " 0 Joo

The limits from Eq. (3.8) along with the lower semi-continuity of the weak
limits from Eqgs. (3.6) and (3.7) yield (3.4).

To complete this proof, given u € L?(]0,T[, L*(U)), we seek a sequence
(um) € L2()0, T, L*(U))N such that u,, — v and Jr(Qpm, pm) (Um) — J7(Q, 1) ().
We may assume ulinoo € L*(J0, 7], H (U\99)) so that the limit is finite. We
define

U = (Equ)la,, + (Epngu)ling,,:

where Eq : H'(Q) — H'(U) and Epq : H(U\Q) — H'(U) are linear
continuous extension operators. Then, by dominated convergence,

T T
/ / (Jtm]* + |Vm)?) dzdt — / / (Ju]® + [Vul?) dz dt.
0 JQm 0 JQ

That limit, along with the limits of boundary integrals given by Eq. (3.8) yield
I (i, ) () — J7 (€2, ) (w), which is condition (ii) from Definition 3.1.
[

Given the definition of convergence in the sense of Mosco and Theo-
rem 3.2, we can deduce the I'-convergence of the energy forms. In particular,
by | , Corollary 7.20], the convergence of the energy forms yields the
following result on convergence of minimizers. Note that those minimizers
depend notably on the diffusion time T > 0.

Corollary 3.3 (Convergence of minimizers). Let € > 0. Let (Q,)men be
sequence of (€,00)-domains included in U and (pm)men be a sequence of finite
Borel measures with supp fi, = 0Qn, all satisfying (2.1) for the same d €
[n — 1,n[ and the same constant ¢ > 0. Assume there ezists a domain )
and a measure p with supp pu = 02 such that:
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(1) (Qm)men converges to € in the sense of characteristic functions and
Hausdorff;

(1) (thm)men converges to p weakly.

If (U )men € L2(]0,T[, L*(U))N is such that for allm € N, u,, is a minimizer
of Jr(Qum, tim), then any accumulation point u of (Um)men @S a minimizer of
Jr (€2, 1) and it holds:

JT(Q7/“’L)<U) = lim sup JT(Qma Mm)(um)
m—r0o0
If (Um)men converges to u in L*(]0,T[, L*(U)), then w is a minimizer of

Jr(Q2, 1) and it holds:
T ) () = 1 Tp( s i) ().

Consequently, if (4, ttm)men is a sequence of (g, 00)-domains for some
e > 0 converging to (€2, 1) in the sense of Theorem 3.2, then energy mini-
mizers for (Q, tim)men allow to determine energy minimizers for the limit
domain. In the next section, we prove the existence of an optimal shape in
a class of (¢,00)-domains. In particular, that shape can be fractal: Corol-
lary 3.3 allows to approximate an energy minimizer u (and the associated
energy) on the optimal shape with minimizers on regular shapes.

3.2 Shape optimization

We wish to prove the existence of a domain 2 along with a boundary measure
which maximize the heat transfer from Q to Q~ in a class of domains of
fixed volume. To that end, we consider the following energy functional:

T, 1) = (2, 1) (ua ), (3.9)

where (§2, 1) is a two-sided admissible domain of R", Jr is defined by (3.1)
and w(q,, is the unique weak solution to problem (2.17) for (€2, u) (in the
sense of Theorem 2.7). To prove the existence of an optimal shape (€., i ):

Q*; x) — ' Q) )
Tr(Q, ) (Qrﬁl)reluJT( 1)

we consider several classes of admissible domains U: a class of Lipschitz
domains on the one hand (Paragraph 3.2.1), and a class of uniform domains
on the other hand (Paragraph 3.2.2).
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3.2.1 In a class of Lipschitz domains

We start with seeking an optimal shape in a class of Lipschitz subdomains
of U (which is still a large bounded Lipschitz domain). More specifically, we
wish to prove the existence of an optimal domain €2 which satisfies the e-cone
property [ , Definition 2.4.1] for a given £ > 0, i.e. for all x € 9€, there
exists &, € R™ unitary such that for all y € Q N B.(z), it holds:

{zeR" | (2 —y,&) > cos(e)]z—y| and 0< |z —y| <e} C .

A bounded domain €2 of R™ is Lipschitz if and only if it satisfies the e-cone
property for some € > 0 | , Theorem 2.4.7]. For ¢ > 0, let O(U,¢) be
the set of subdomains of U with connected boundary satisfying the e-cone
property.

We also require the domain €2 to be of fixed volume (with respect to A(™),
its boundary to be confined in G where G’ C U is a domain of R™ and such
that, for a given ¢ > 0, it holds:

vr >0, Vo € 0Q, H"V(0QNB,.(z)) <ér (3.10)

where H (") is the (n — 1)-dimensional Hausdorff measure (here, with sup-
port 092). Note that, by boundedness of U, this implies there exists M
depending on ¢ such that H™ Y (9Q) < M. Condition (3.10) is a restriction
on the perimeter of the domains considered both globally (for r large enough)
and locally (for r small), as illustrated by Figure 5.

From those conditions, we may define the class of admissible Lipschitz
domains as follows (see Figure 6).

Definition 3.4 (Admissible Lipschitz domains). Let ¢ > 0, V' > 0 and ¢ > 0.
Let G C U be a bounded domain of R"™. The class of admissible Lipschitz
domains is defined by:

Uy (G, V,e) = {QeBUe) | \™Q) =V, 9QCG,
and Vr >0, Vo € 09, H" V(00N B,(z)) < er"th (3.11)
A key ingredient in optimization problems is the compactness of the class
of admissible domains with respect to some domain topology. In our case,

the class of admissible Lipschitz domains is compact with respect to the
convergence in the sense of characteristic functions, Hausdorff and compact
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Figure 5: Two Lipschitz domains, €2; and 5. The domain €2; has a greater
perimeter than {25, but the boundary of €y presents oscillations at a higher
frequency than that of ;. Altogether, there exists a constant ¢ > 0 such
that (3.10) holds with ¢ for €2y, but not for Q.

sets | , Definitions 2.2.3, 2.2.8 and 2.2.21]. However, it is not compact
with respect to the weak convergence of boundary measures, in the sense
that the weak limit of a sequence of Hausdorff measures is not necessarily a
Hausdorff measure itself.

Theorem 3.5. Lete >0,V >0andc¢ > 0. Let G C U be a bounded domain
of R™. Then, the class of admissible Lipschitz domains Uy (G, V,¢) is com-
pact for the convergence in the sense of characteristic functions, Hausdorff
and compact sets.

Proof. We follow the proof of | , Lemma 3.1], in dimension n >
2 and considering the Hausdorff measure H (™ V) instead of the Lebesgue
measure A=Y (which coincide for n = 2). Such a modification can be seen
as rescaling the constant c. O

Since the class of admissible Lipschitz domains is compact with respect
to domain convergence, it is possible to find optimal shapes in it for problems
with homogeneous Dirichlet or Neumann boundary conditions. However, in
our case, the energy form Jr also takes the boundary measure into account
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Figure 6: An example of an admissible Lipschitz domain, lying inside the red
boundary 0€2. U is the interior of the black rectangle. G lies between the
blue dashed lines 0G.

and we prove in the following theorem that although an optimal geometry
exists in that class, its boundary is not necessarily endowed with the Haus-
dorff measure. Considering a boundary measure which is not the Hausdorff
measure for a Lipschitz domain can be seen as measuring the perimeter of the
volume in an unusual manner, in particular one which is not consistent with
the physical modelling of heat diffusion problems. A similar phenomenon
can be highlighted in the setting of | , Theorem 3.2], in which a
Helmholtz problem in the plane with a Robin boundary condition is studied.
Note that the optimal shapes discussed in the following theorem depend on
the parameters which were set at the beginning of this section, notably the
transfer time 7.

Theorem 3.6 (Lipschitz optimal shape). Let ¢ >0, V > 0 and ¢ > 0. Let
G C U be a bounded domain of R™. Then, there exists Q. € Uy.(G,V,¢)
and a finite (n— 1)-dimensional positive measure . on 0S), equivalent to the
Hausdorff measure H"™Y such that, for all Borel set T C 0),:

pe(T) = HOD(D), (3.12)
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and

IO O o) £ T (QHO) = T (0 p),
where Jr is defined by (3.9) and wq,, ,,) denotes the solution to problem (2.17)
on (S, ) in the sense of Theorem 2.7.

Proof. Let () men € Uy (G, V,é)N be such that:
Tr(Qu V) e i Tr(QHOY) 2 0,

m—oo Qely(G,V,é
Then, by compactness of the class of admissible Lipschitz domains (The-

orem 3.5), we may assume (up to passing to a subsequence) there exists
Q. € Uy.(G,V,¢) such that

Q, LK o
m—roo
where K stands for convergence in the sense of compact sets. Minor changes
in the proof of | , Lemma 3.1, Point 3] (i.e., considering subsets
of the boundary instead of the whole boundary) yields the existence of .
supported by 0f), satisfying (3.12). For m € N, let u,, be the solution
to problem (2.17) on (Q,,, H™ ) in the sense of Theorem 2.7. Since the
problem is well-posed (see Eq. (2.20)) and by uniform boundedness of the
extension operators Eq, : H'(Q,,) = H'(U), (Eq,,%Un)men forms a bounded
sequence of L2(]0, T[, H(U)) and (Eq,, (O;tm))men forms a bounded sequence
of L2(J0,T[, H*(U)'). Hence, there exists u, such that (up to passing to a
subsequence):
Uy, —— Uso in L*()0, T[, H'(U)),

m— 00

Oty —— Oyl in L2(J0,T[, H'(UY').

Proceeding as in the proof of Theorem 3.2 leading to Eq. (3.6), we prove
Usolo = Us|q, where u, is the weak solution to problem (2.17) on (., ).
Up to passing to a subsequence, we may assume the convergence in the
sense of characteristic functions in an a.e. pointwise convergence. Hence, by
dominated convergence (for the integrals on the bulk) and using the boundary
integral convergences from Eq. (3.8), we can deduce:

TS HOD) = T KO ) s T 1) () = T ).
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Since ju, > H™ Y it follows that:

JT(QMH(WU)(“(Q*,#*)) < Jr (S, ) -

3.2.2 In a class of uniform domains

As it was proved in Theorem 3.6, the measure on the boundary of an optimal
Lipschitz geometry is not necessarily the Hausdorff measure ™ which
means, in some sense, that the energy infimum can be reached outside of
the class of Lipschitz admissible boundaries (implicitly endowed with the
Hausdorff measure as explained before). For that matter, we extend the class
of admissible domains: as of now, we wish to find an optimal domain €2 which
is an (g, 00)-domain for some € > 0 (defined in Subsection 3.1). For ¢ > 0,
let O(U, ¢) be the set of (g, 00)-domains included in U and with a connected
boundary. We also require the boundary to be the support of a measure u
satisfying the d-upper regularity condition (2.1) for some d € [n — 1,n[ and
cq > 0, as well as the s-lower regularity condition for some s € [n —1,n[ and
cs > 0:

Ve e 0Q, Vrel0,1], cr° < p(B(x)), (3.13)
which means the Hausdorff dimension of the boundary cannot exceed s. Nat-
urally, it must hold d < s for such a measure to exist. From those conditions,
we may define the class of admissible uniform domains as follows (see Fig-
ure 7).

Definition 3.7 (Admissible uniform domains). Let ¢ > 0, V' > 0, d,s €
[n—1,n[ with d < s and ¢q,cs > 0. Let G C U be a bounded domain of R™.
The class of admissible uniform domains is defined by:

U (G, V,d, s, cacs) = {(Qp) | Q€ OUe), AX(Q) =V, 00CG,
suppp = 9Q and p satisfies (2.1) and (3.13)}. (3.14)
It follows from | , Theorem 3] that the class of admissible uniform
domains is compact with respect to the convergence in the sense of charac-

teristic functions, Hausdorff and compact sets, but also with respect to the
weak convergence of boundary measures.

Theorem 3.8. Lete >0,V >0, d,s € [n—1,n[ withd < s and cq,cs > 0.
Let G C U be a bounded domain of R"™. Then,
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Figure 7: An example of a admissible uniform domain which is not an admis-

sible Lipschitz domain. The domain lies inside the blue Von Koch curve (rep-

resented by a fifth generation pre-fractal [source: Wikipedia]) and its boundary
In4

is endowed with the m—dimensional Hausdorff measure. U is the interior of

the black rectangle. G lies between the red dashed lines 0G.

(i) the class L[&E(G, V.,d, s, cq, cs) of admissible uniform domains is compact
in the sense of characteristic functions, Hausdorff and compact sets, as
well as in the sense of weak convergence of boundary measures.

(i3) if (Qm, ) men € U (G, V,d, 5, cq, cs)N is such that (fiy,)men converges
weakly, then (,)men converges in the sense of characteristic functions,
Hausdorff and compact sets.

In light of Theorem 3.8, the proof of Theorem 3.6 can be adapted on
the class of admissible uniform domains to prove the existence of an optimal
shape. Note that, once again, the optimal shapes discussed in the following
theorem depend on the parameters which were set at the beginning of this
section, notably the transfer time T

Theorem 3.9 (Uniform optimal shape). Lete >0, V >0, d,s € [n — 1,n|
with d <'s and cq,cs > 0. Let G C U be a bounded domain of R™. Then,
there exists (2, p.) € U (G, V,d, s, cq4,¢s) such that

Q*’ «) = min Q, 5
jT( K ) (Q,M)EZ/{[’}’E(GJ/,d,s,cd,cs) jT( u>
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where Jr is defined by (3.9).
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