N

N

Quelques problemes de contrdle optimal d’équations aux
dérivées partielles et applications au procédé de fusion
sélective par laser (SLM)

Tonia-Maria Alam

» To cite this version:

Tonia-Maria Alam. Quelques problémes de controle optimal d’équations aux dérivées partielles et
applications au procédé de fusion sélective par laser (SLM). Optimisation et contrdle [math.OC].
Université Polytechnique Hauts-de-France, 2020. Frangais. NNT : 2020UPHF0022 . tel-03390313

HAL Id: tel-03390313
https://theses.hal.science/tel-03390313

Submitted on 21 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03390313
https://hal.archives-ouvertes.fr

& INSTITUT NATIONAL
~/ Université DES SCIENCES
Polytechnique APPLIOUEES
HAUTS-DE-FRANCE HAUTS-DE-FRANCE

Theése de doctorat

Pour obtenir le grade de Docteur de
I'UNIVERSITE POLYTECHNIQUE HAUTS-DE-FRANCE
ET DE L'INSA HAUTS-DE-FRANCE

Mathématiques appliquées
Présentée et soutenue par Tonia-Maria, ALAM.
Le 15/12/2020, a Valenciennes

Ecole doctorale : Sciences Pour I'Ingénieur (ED SPI 072)

Equipe de recherche, Laboratoire : Laboratoire de Mathématiques et ses Applications
de Valenciennes (LAMAV - EA 4015)

Quelques problemes de contréle optimal d’'équations aux dérivées

partielles et applications au procédé de fusion sélective par laser
(SLM)

JURY

Rapporteurs

e Allaire, Grégoire. Professeur. Ecole Polytechnique, Palaiseau, France

e Vexler, Boris. Professeur. Université Technique de Munich, Munich, Allemagne

Examinateurs

e De Coster, Colette. Professeur. Université Polytechnique Hauts-de-France,
Valenciennes, France (Présidente du jury)

e Paquet, Luc. Professeur. Université Polytechnique Hauts-de-France, Valenciennes,
France

e Raymond, Jean-Pierre. Professeur. Université Paul Sabatier Toulouse 3, Toulouse,
France

Invité



e Bay, Thierry. Maitre de conférence. Université Polytechnique Hauts-de-France,
Valenciennes, France

Directeur de thése

e Nicaise, Serge. Professeur. Université Polytechnique Hauts-de-France, Valenciennes,
France



Abstract

In this thesis, we study optimal control problems of partial differential equations with
an application to the selective laser melting process. The thesis consists of four chapters.
In chapter 1, we introduce the topic of the thesis and we present the main results.
Chapter 2 deals with an optimal control problem of the heat equation with non-convex
constraints on the control. The problem corresponds to laser path optimization in the
selective laser melting process. First, we introduce this technology and the control
problem. The laser path is the control. Then we show existence of optimal controls and
we deduce a first order necessary optimality condition. The difficulty in discretizing the
non-convex constraints leads us to introduce another constraint on the control, being
non differentiable we treat it by penalization. In chapter 3, we study the existence of
local solutions for the heat-Maxwell coupled system, the permittivity dependent on
the temperature. The model describes the diffusion of heat with volumic heat source
induced by electromagnetic waves. The model being nonlinear, we first show that
Maxwell’s equations are well posed using the theory of evolution systems (theory of T.
Kato) in the hyperbolic case. Then, we show the existence of local solutions for the
coupled problem using the Schauder’s fixed point theorem. Finally in chapter 4, we
study an optimal control problem related to external electromagnetic source. The state
equation is the heat-Maxwell system presented in chapter 3 but with a permittivity
independent of the temperature. The control is the external electromagnetic source
and could be the electric field of lasers. We show the well posedness of the state
equation then we prove existence of optimal controls. At last, a first-order necessary
condition for a control to be optimal is then derived in the form of a variational inequality.

Key words: Heat Equation, Maxwell’s equations, heat-Maxwell coupled system, laser
path optimization, optimal control, non convex constraints, first-order necessary optimal-
ity condition.



Résumé. Dans cette thése, nous étudions quelques problemes de controle optimal
des équations aux dérivées partielles avec appliqués au procédé de fusion sélective par
laser. La thése se compose de quatre chapitres. Dans le chapitre 1, nous introduisons
le sujet de la thése et nous présentons les principaux résultats obtenus. Le chapitre 2
traite un probléme de controle optimal de ’équation de la chaleur avec des contraintes
non convexes sur le controéle. Le probléme correspond a 'optimisation de la trajectoire
du laser dans le procédé de fusion sélective par laser. Tout d’abord, nous présentons
cette technologie et le probléme de controle optimal étudié. Le controle est la trajectoire
du laser. Ensuite, nous montrons 'existence d’un controle optimal et nous en déduisons
une condition d’optimalité nécessaire du premier ordre. La difficulté a discrétiser les con-
traintes non convexes nous ameénent & introduire une autre contrainte géométrique sur la
trajectoire du laser, étant non différentiable nous la traitons par pénalisation. Dans le
chapitre 3, nous étudions I'existence de solutions locales pour le systéme couplé chaleur-
Maxwell, la permittivité dépendante de la température. Le modéle décrit la diffusion de
la chaleur avec une source de chaleur volumique induite par des ondes électromagnétiques.
Le modeéle étant non linéaire, nous montrons d’abord que les équations de Maxwell sont
bien posées en utilisant la théorie des systémes d’évolution (théorie de T. Kato) dans
le cas hyperbolique. Puis, nous montrons l’existence de solutions locales pour le prob-
léme couplé en utilisant le théoréme du point fixe de Schauder. Enfin au chapitre 4,
nous étudions un probléme de controle optimal lié & la source électromagnétique externe.
L’équation d’état est le systéme chaleur-Maxwell présenté au chapitre 3 mais avec une
permittivité indépendant de la température. Le controle est la source électromagnétique
externe et pourrait étre le champ électrique des lasers. Nous montrons que 1’équation
d’état est bien posé puis nous prouvons l'existence d'un contrdle optimal. Enfin, une
condition nécessaire du premier ordre pour qu'un controéle soit optimal est alors dérivée
sous la forme d’une inégalité variationnelle.
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Chapter 1

Introduction

1.1 Aim and motivation

Additive manufacturing technologies (AMT), including 3D printing, have undergone con-
siderable development during the last decade. It differs from traditional material removal
processes like milling, turning, and spark erosion, because this technology family creates
metal components by incremental addition of material instead of removal of chips. Start-
ing from a three-dimensional CAD (computer aided design) representation of an object,
the object is virtually "sliced" into a set of two-dimensional layers. These layers are then
successively fused and consolidated on top of each other to recreate the three-dimensional
object. AM technologies using laser avoid the need for toolings such as jigs, molds, and
fixtures. Also, fabrication of optimized and complex patterns that are especially applica-
ble in automotive, aerospace, and biomedical products becomes much easier. Specifically,
AM can manufacture complex geometries which are hard or impossible to fabricate by
conventional cutting tools and technologies. Moreover, it is economical to use AM for
ranges of low to large batches in a short period with low material waste and low residual
stress.

Laser sintering is a process in which a high energy laser beam scans the surface of
a powder bed (the powder can be metal, polymer or ceramics) and the melted powder
solidifies to form the bulk part. Selective Laser Melting (SLM) is the most commonly
used terminology to describe laser sintering of metals. SLM makes it possible to create
fully functional parts directly by melting metallic powder by a layer-by-layer technology
without using any intermediate binders or any additional processing steps after the laser
melting operation. Laser sintering is very complicated because of its fast laser scan rates
and material transformations (solidification and liquefaction) in a very short time frame.
The temperature field was found to be inhomogeneous by many previous researchers
[57][30][61]. Meanwhile, the temperature evolution history in laser sintering has signif-
icant effects on the quality of the final parts, such as density, dimensions, mechanical
properties, microstructure, etc. For metals, rapid repeated heating and cooling cycles of
successive layers of the powder feedstock during SLM build process is responsible for large
temperature gradients, as a consequence high residual stresses and deformation appear,
and may even lead to crack formation in the fabricated part. Thermal distortion of the
fabricated part is one serious problem in SLM [16].

Our aim in this thesis is to study two main problems in SLM. The first one is presented
in chapter 2, where a laser path optimization problem in SLM is proposed and studied. In
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fact, laser scanning strategies in SLM influence temperature distribution. Indeed highly
localized heat inputs may result in large temperature gradient and thus lead to deforma-
tions during SLM process. Our aim in Chapter 2 is to propose a mathematical model to
find an optimal trajectory minimizing thermal gradients within the produced part using
optimal control theory of PDE’s. The second problem studied in this thesis is the interac-
tion between the laser and the heat in the heated medium. This is a heat-diffusion system
that involves a laser beam source irradiating locally a three dimensional medium. This
technique is used in laser melting process for additive metallic manufacturing. To model
accurately the laser interaction with the medium, we consider the coupling between the
heat diffusion equation and Maxwell’s equations. We also take into account, the tempera-
ture dependence of the electric permittivity of the medium inside the domain. In chapter
3 we prove existence of local solutions for the non-linear coupled Heat-Maxwell system.
In chapter 4 we study an optimal control problem of the external electromagnetic source.

1.2 Chapters content and manuscrit organization

1.2.1 Laser path optimization

Chapter 2 concerns a problem arising with selective laser melting. First, we explain the
physical problem in section 2.1. In section 2.2 we give the system that we will study.
The problem depends on the function v, that represents the displacement of the laser
beam on the top layer I'y, and the goal is to find ~ satisfying constraints related to the
problem: the laser beam has to cover in some way the surface I';, and additionnally the
gradient of the temperature inside the layer €2 is the smallest possible. We translate this
in the following optimal control problem:
The state equation is given by

pcoy—kAy=0 in Q=Qx]0,T]

—/{%zhy—gv on ¥ =1I4x]0,T7],
(1.1) —Kk5l=hy on Yo =1I%x]0,T7,

—kgt =h(y—yp) on ¥3=1I3x]0,T],

y(x,0) = yo(x) for x € Q.

Here y(x,t) denotes the temperature at point x € Q and time ¢t €]0, T, yo is the initial
temperature, while yg € L?*(T'3) corresponds to the temperature at the top of the previous
layer. Here, 2 C R?is a bounded and simply connected domain with a connected Lipschitz
boundary I', that is supposed to be split up

I'=T,UT,UTs,

where I';, i = 1,2, 3, are disjoint open disjoint subsets of I'. In the SLM process, I'y
corresponds to the upper surface of the added layer and is supposed to be included in
a plane, that without loss of generality we assume to be R%. By v(x), we denote the
outward normal direction at the point € I'. The heat source g, is of the form

|z =)

RQ

R2 ) , for all (z,t) € 3.
7r

(1.2) gy(z,t) = Oéz exp (—2

The parameters p, ¢, k, h, @, P and R are positive constants. The control v : ¢ € [0,T] —
I'; represents the displacement of the laser beam center on I'y with respect to time.
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The cost functional is defined by

1 T )\ T
() = / / | Uy, t) |2 de dt + 22 / / y(a.t) — yolt) P do di
(1.3) 2Jo Ja 2 Jo Ja
A

+ 77 |~ ||%11(O,T;R2)7

where A\g > 0 and A, > 0 are constants, while yg € L*(Q) is a given function.
Our aim is to solve the following problem:

(OCP) min J(y(7),7),

0iS Uad

where y(7) denotes the weak solution of problem (1.1) associated with the control -, and
the set of admissible controls U,q C H'(0,T;R?) is defined as follows. For ¢ > R, and a
fixed positive constant ¢, U,q is defined by

Uad =A{7 € H'(0,T5R%); R(7) CT1-¢, Re(v) =T

and |+ (¢) |[< cae. t€][0,T]}, (1.4)
where R(v) := ~([0,T7),
' ={x el;dist (z,0I'1) > €}, (1.5)
and
R.(v) ={x € T'y; dist(z,R(7)) < €}. (1.6)

The link between our non convex set of admissible controls and laser trajectory in SLM
process is explained in section 2.2. In subsection 2.2.1 we prove that the optimal control
problem has at least one optimal control. In subsection 2.2.2, we prove the differentiability
of the control-to-state mapping, result from which we infer the differentiability of the
reduced cost functional. In subsection 2.2.3, the adjoint state is introduced which allow
us to compute the Fréchet derivative of this reduced cost functional.

The constraints on the displacement v make the displacement space U,y nonconvex,
and that brings difficulties, that we overcome using Kuhn-Tucker conditions in subsection
2.2.3. Then we find a necessary condition that an optimal control satisfies. The proofs
are classical and follow from usual stategies in optimal control theory [28, 53|. Section
2.2 corresponds to the paper [2| in collaboration with Serge Nicaise and Luc Paquet.

The two constraints R(y) C I'y _, Re(y) = I'; are strong, and do not seem appropriate
for discretization. Hence, in section 2.3 we intend to replace the previous nonconvex
constraints by other conditions on the trajectory v, by adding a penalization term to the
cost functional (1.3). Namely, given 6 > 0 a penalization parameter, we add to J(y(7), ),

the term
1 T 2
2 (ZR/ VI @) |2 +02dt— | Ty ]) )
0

Formally as 6 is close to zero, this will force the control to satisfy

T
OR / V(6| dE | Ty |, (1.7)
0
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which means that the area covered by the laser is close to the area of I'y. We consider
the penalized optimal control problems: Given # > 0, find 4% € U, such that

(OCP?) J(y(7),7") = mmJ( (7):7),

e Upd
with,

P = S + g (28 [ VIO F - 100} L (1)

J(y(v) //|Vy xt|2dxdt+—//|y )(2,t) — yo(x,t) | do dt

+_ Iy 117 (0,T;R2) -
(1.9)

Here, we assume that I'; is a convex subset of R2. If € > R the set of admissible controls

Ul ={ye€ H*0,T;T,); 3c>0st |7(t)|<cae te€[0,T]

(1.10)
and 2R/ t) | dt <| Ty | +2ediam(T)}

will be convex. The choice of the control space H?(0,T’; R?) is made for two main reasons:
the first one is to guarantee the existence of an optimal control and the second one
is to obtain smoother laser paths. From an industrial point of view, we believe that
the use of C! curves will be more efficient than C° curves since smoother curves will
diminish thermal gradients. Furthermore this kind of paths has been used in many
additive manufacturing technologies |26, 63].

In subsection 2.3.1 we prove existence of at least one optimal control. In subsection
2.3.2 and 2.3.3 we derive the necessary optimality condition the optimal control satisfies,
and we also determine explicitly VieJ the gradient of the reduced cost functional in
H?(0,T;R?).

Section 2.4 is devoted to the discrete penalized optimal control problem (OCP?). In
subsection 2.4.1 we present the main optimization algorithms useful for our study. The
two dimensional setup which we discretize is presented in subsection 2.4.2. In subsec-
tion 2.4.3 the parametrization of the laser path is introduced. We describe the path v
using cubic Hermite spline basis where the degree of freedom are both the value and the
derivative at each value:

(o) = (24 ) meee) + o (51 ) %0

Q1

1
+ (3’5) HY (P (1)) + A (gk) LM (1)), for all t € [tj_1,ty), k=1---,N.
k k
(1.11)
Here, Ag = % is the step size of the uniform subdivision to = 0 < t; < --- <ty =T

of the time interval [0,7]. In subsection 2.4.4 we perform preliminary simulations to
show how we coupled the Heat equation to the parametrized path. We discretize the two
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dimensional heat equation by using the P!-finite element method in space and the implicit
Euler method in time. In order to avoid the use of too many optimization parameters
but to have a good approximation of the solution of the heat equation, we have decided
to use a finer parametrization (t;;), 1 <k < N, 1 < j <n, for the use of Euler’s scheme.
We consider the uniform subdivision ¢t = 0 < t; < --- < t,y = T of the time interval
[0, T] with step size A; = % where n represents the number of points in which we want
to simulate the temperature between the time interval [t;_q,t;] forall k =1,--- N.

The discrete optimization problem is presented without constraint in subsection 2.4.5
to show how we handled the discretisation of the associated adjoint problem and the
necessary optimality conditions in presence of the parametrized path. The adjoint system
associated to the two dimensional heat equation is discretized using the P;-finite element
method in space and the Euler implicit backward scheme in time. Similarly to the discrete
state equation we have used a finer paramatrization (t;,), 1 <k < N, 1 < j <n for the
Euler’s scheme with step size A;. Vp.J is the sum of a solution of an ODE and 7. In
order to compute its discrete form we will solve the ODE using Hermite finite elements
in one dimension. This finite element space is the same as the one used for the discrete
curves which allow us to compute V 2 by adding the solution of the ODE and ~ in the
same discrete functional space without passing by a transfer matrix.

In subsection 2.4.6 the fully constrained optimization problem is discretised: Firstly,
by adding box constraints on the points (aq,- -+, ayn) of v to keep the path inside €.
Secondly, by adding the geometric constraint (1.7) on the path ~.

Finally in section 2.5, we discuss another parametrization of the path v using Bézier
curves. In the end of this section we present ideas about how to control the power |14, 39|
in the selective laser melting process.

For further information about laser path optimization in additive manufaturing with
laser powder bed fusion and to consider a second numerical approach for path optimiza-
tion, the reader is warmly invited to further look into the Allaire’s and Boissier’s work
especially in [8] and [9].

1.2.2 Heat diffusion equations with volumic heat source induced
by electromagnetic waves

In chapter 3 we are interested in heat diffusion equations with volumic heat source induced
by electromagnetic waves. A typical heat-diffusion system involves a laser beam source
irradiating locally a three dimensional medium §2. This technique is used in laser melting
process for additive metallic manufacturing |6, 62|. In [1], Maxwell’s equations have also
been considered to model accurately the interaction of the laser beam with biological
tissues preferably to Beer’s law or to the radiative transfer equation. To model accurately
the laser interaction with the medium €2, we consider in €2 the coupling between the heat
diffusion equation and Maxwell’s equations. In [59], time-harmonic electric and magnetic
fields of some fixed frequency are considered, but the derived equations [59, Eq.(2.1)-(2.5)]
lead to a contradiction as explained in [59, Remark 2.1]|.

Let us now describe our model. Let us fix some T" > 0, we consider in the space-time
cylinder Q = 2x]0, T'[, the 3-dimensional parabolic initial-boundary value problem:
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Oy —div(aVy) = S(y)  inQ,
—a% =h(y — ) on Y, (1.12)
y(-,0) = o in €.

Here, y denotes the temperature, o the thermal diffusivity constant, n the outward
unit normal vector field along the boundary I' of €2, A > 0 the heat transfer coefficient
and y, the temperature of the surrounding medium (air). By X = I'x]0,T[, we denote
the lateral boundary of the space-time cylinder ). The heat source function S(y) in
(1.12), represents the volumic power absorbed by the medium €2 from the electromagnetic
field generated in 2 by an external source e.g. a laser beam. S(y)(x,t) is defined as the
multiplication of the absorption coefficient y, depending on x € 2 and on the temperature
y(z,t), with the electric field intensity weighted around x:

S()(x,t) = pa(z,y(z, 1) | (B(y) * pa)(w,t) [, for all (z,¢) € Q. (1.13)

©0a € CHR®) represents a weight function which is supposed to be at least of class C!
on R? and with compact support. In formula (1.13), E represents the electric field in €
solution of the following Maxwell’s equations:

( Oi(e(-,y)E) —curlH+ ocE =0 in Q,
O(uH) + curl E=0 in Q,
div(uH) =0 in Q,
Exn=E.: xn on X, (1.14)
H-n=0 on X,
. E(,O) = Eo, H(70) = HO in Q.

In these equations, H denotes the magnetic component of the electromagnetic field (E, H)
in €2, o the electrical conductivity, u the magnetic permeability, e(x, y(z,t)) the electric
permittivity depending on the space and on the temperature y. E.,; denotes the electric
field irradiating the boundary of €2 due to an external source. The first equation in the
Maxwell system (1.14) is coupled to the heat diffusion initial boundary value problem
(1.12) by the dependence of the permittivity ¢ with respect to the temperature y, and
the heat diffusion initial boundary value problem (1.12) is coupled to the Maxwell system
(1.14) by the right-hand side into the heat equation (1.12), the heat source term S(y)
(1.13) depending on the electric field E(y).
We begin by recalling the following standard functional spaces:

H(curl, Q) = {p € L*(Q); curl ¢ € L*(Q)},
H(div,Q) = {¢ € L*(Q); divey € LA(Q)},

Hy(curl, Q) = {p € L*(Q);curlp € L*(Q), o x n =0 on '},
Ho(div, Q) = {4 € L¥(Q); dive € LX(Q),4 -n =0 on T},
J.(Q, 1) = {¢ € L*(Q);div (up) = 0,9 -n =0 on I'}.
JL(Q, 1) = H(curl, Q) N J,(Q, ),

p . du p Tu
W5’1<Q) ={u e LP(Q): O, € L"(Q), O0z;0x;
ou

ot
Our hypothesis on the coefficients appearing in (1.12), (1.13), and (1.14) are the following

€ LP(Q), i,j=1,2,3

and € LP(Q)} 1<p<+oo.
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e We assume that yo € CH(2). We assume o € C3(2), a > 0 on Q, h € CH(99),
h > 0 on I' and that y, € C?(X). We assume that the absorption coefficient
tal.,.) € CEHQ x R) and ¢, € C?(R?). Here, CF(Q) is the space of bounded
continous functions with derivatives up to the order £ bounded and continuous.
Ck(Q) is the space of compactly supported continuous functions with derivatives
up to the order k£ compactly supported and continuous.

e The function (z,y) — e(x,y) is real valued, positive, continuous on € x R with first
order partial derivatives with respect to the variables x; (i = 1,2,3) and y, also
continuous on ) x R. Also, there exist positive constants €;, €y such that:

0<e <e(r,y) <ep, forall (z,y) € 2 xR,

e 0 € L*(Q) and the function p € WH(Q). There are positive constants o and ji;
such that:
0 < po < p(x) < py, for all z € Q.

We suppose that ) is a bounded domain of R® with a boundary of class C?. On I" we
have the boundary condition E x n = E.,; X n. Under the following hypothesis on E.,;
and (Eo, Ho)

e (Eg,Hy) € H(curl,Q) x JL(Q, 1) and E.y € C*([0,T); HY(R? \ Q)) such that
curl Egpy - nyy, = 0, B (., 0) X n,. = Eq x ny,

we construct an extension W of E.,; to €. Introducing the new variable £ := E — W,
problem (1.14) is reduced to the following Maxwell system with homogeneous boundary
conditions of solutions (£, E). To alleviate the notations, £ is denoted by E:

([ O,E —é(-,y) cwrlH + €(-,y) (0 + 0ye(+,y)0y)E = Gy (t)  in Q,
OH + ficurl E = Go(t) in Q,
Exn=0 on X,
H-n=0 on X, (1.15)
div(uH) =0 in @,
\ E<70) = Eo, H<>O) =H, in €,

with a right-hand side G = (G1, Gg) and (Eq, Hy) € Hy(curl, Q) x JL(, ). Here

1
and f[i(z):= —, for all x € Q.

é(z, z(x, 1)) :== )

e(z, z(x, 1))’

Moreover, supposing that the permittivity is independent of the temperature near the
boundary of €2, we may assume that the right-hand sides in the Maxwell system do not
depend on the temperature.

This is for problem (1.15), coupled with the heat diffusion equation (1.12)-(1.13), that
we want to prove the existence of a local solution. Firstly we consider in section 3.2 the
Maxwell system (1.15), with a fixed distribution of temperature

z € CY[0,T); CH(Q)). (1.16)
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Consequently in (1.15), the permittivity depends not only on the space variable but
also on the time variable, through its dependence with respect to the distribution of
temperature z. In subsection 3.2.2, we apply the method of evolution systems in the
hyperbolic case [44, Chapter 5, pp. 126-149] to establish the well posedness of our initial
boundary value problem (1.15). Maxwell’s system (1.15) (with z instead of y) can be
written as an abstract Cauchy problem

(1) 0= mmm( g )+

o - (1.17)
a ) O=1{ g,
where the operator A, (t) and M., (t) in the real Hilbert space
H =L*(Q) x Ju(Q, ), (1.18)

are defined as follow. For all ¢ = (¢, 1) belonging to the domain independent of ¢

D(A,) = Hy(curl, Q) x J, (2, p), (1.19)
we set
A (t)p = {€(-, 2(+, 1)) curl ), —frcurl p} € H, (1.20)
Mz(t)¢ = {_é('v Z('? t))(d + 826('7 Z('v t))atz)% 0}7 (1'21)
with . .
é(z, z(x, 1)) :== D) and [(z):= @)’ for all x € Q. (1.22)

In subsection 3.2.1, we prove that for each t € [0,7T], A.(t) generates a Cy — group
of unitary operators in the Hilbert space H;: H endowed with the time dependent inner
product with weights € := €(-, z(-, t)) and p := p(-) [40]

(5) (7= [ (e st )onte) o) + nohin(o) - valode. (129

We then prove that the family of operators (A.(t) + M. (t))cjo,r) Vverifies the hypotheses
from [44].

Consequently, by [44, Theorem 4.6, p.143| there exists a unique evolution system
U.(t,s), 0 < s <t < T inH. Also, for every initial condition (Eq; Hy) € Y := D(A,)
and every right-hand side G € C([0,7];Y), the initial value problem (1.17) possesses a
unique Y -valued solution given by

(5)o=van(E)s foenaon o

By a Y-valued solution, we mean that

(E,H) € C([0,T}:Y)n CY([0, T} H),
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verifies (1.17) such that (Eg, Hy) € Y. Moreover in subsection 3.2.3, we show that for
G € C'([0,T); H) this latest result remains true.

In section 3.3, we go back to the coupled problem (1.12)-(1.13)-(1.15). In subsection
3.3.1, we study the boundedness properties with respect to z of the evolution systems
(U.(t, s))o<s<t<T generated by the family of operators

(AL (1) + M, (£))oerer for z € B(0, R) C CY([0,T]; C(2)), R > 0.

We find consequently that

| (E., H.) [legomy) < C(R) (1.25)

and
d

=Y
From these bounds, we deduce that the family {(E.;H.)}.cp(o,r) is bounded in C([0, T7;
Y') and the family of their time derivatives in C'([0; T]; H). Then, we study the continuity
properties of the heat source term S(z) in the heat equation (1.12), and of its time
derivative %(tz) as a function of 2 from C*([0,T]; C*(Q)) into the space LP(0,T;C(Q)),
for any p €|1, +o0|.

In subsection 3.3.2, our purpose is to prove that the initial nonlinear boundary value
problem for the heat equation (1.12) admits at least one local solution. Firstly, we reduce
our nonlinear initial non-homogeneous boundary value problem for the heat equation
(1.12), to the homogeneous nonlinear initial boundary value problem with zero initial
condition

E.,H.) |lcqoma< C(R). (1.26)

Oy —div(aVy) =Sy +w) inQ,
adl +hj=0 on ¥, (1.27)
y(-,0) =0 in 2,

with § := y — w, where w € C1([0,T]; C*(Q)) is solution of the auxilary linear initial
boundary value problem for the heat equation (1.12)

Ow —div(aVw) =0 in Q,
ag—z +hw=nhuy, on X, (1.28)
w(-,0) =1 in .

To prove the existence of a local solution to (1.27), we introduce the linear problem

Oy, —div(aVy,) =S(z+w) inQ,
a%: + by, =0 on ¥, (1.29)
7.(-,0) =0 in €,

by fixing the distribution of temperature in the right-hand side to some arbitrary z €
B(0;R) c C'([0,T];C*(Q)) such that z(0) = 0. (1.29) admits a solution in W2>!(Q)
[32, Ch.IV-Sec.9, VII-Sec.10] (p > 5) which is denoted by ¢.. For this last problem, we
consider also its derivated problem with respect to time

O — div(a Vo) = L(S(z +w)) in @,
adl + hv =0 on X, (1.30)
v(50) = tta(, 90 () | (o a)(-) [ on
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for which its solution is %gjz [32]. From the continuous embedding of the Sobolev space
[32, Lemma 3.3 p.80]

Wy Q) = C([0,T]; C*(Q)) for p > 5,
it then follows that ¢, € C*([0,T]; C*(£2)). But, the closed convex subset
K(0: R) = B(0: B) 1 {= € B(0: R):2(0) = 0} € C'([0,T]: C'()

is not stable by the mapping
2= 1,

so we can not apply to this mapping the Schauder fixed point theorem. In order to define
an operator from K (0; R) C CY([0,T]; C*(Q)) into itself, we will need firstly to restrict
Y, to some fixed subinterval [0,tf] (¢t > 0) of [0, 7] of sufficiently small length and then
to extend 7.0+, appropriately to the whole interval [0, 7] in order to obtain an element
of C([0,T]; C*(Q)) corresponding to z of norm less than or equal to R. This extension,
denoted 7, is built. For R sufficiently large we prove, that there exists t; €]0,7/2] such
that

(¥:l10,51) € K(0; R) for all 2 € K(0; R) :

Using the boundedness and continuity properties established in subsection 3.3.1, we prove
that the mapping which sends

—_——

z € K(0; R) = (U:lj0.)) € K(0; R)

is continuous and that its range is a relatively compact subset in C*([0, T]; C1(€2)), so it
possesses a fixed point ¢ by Schauder’s point fix theorem. By the “causality principle”, its
restriction to the time interval [0,¢f] is a solution to the homogeneous nonlinear initial
boundary value problem (1.27) on the time interval [0,7;]. Adding w solution of (1.28)
restricted to the interval [0,%;] to (ljo,,, we obtain a solution to the nonlinear initial
boundary value problem (1.12) on [0, ¢/].

Finally in subsection 3.3.3, we consider the case of a right-hand side in C*([0, T]; H).
We prove that the estimates (1.25) and (1.26) remain valid in this case. Also, all the
reasonings of subsections 3.3.1 and 3.3.2 which follow from the estimates (1.25) and (1.26)
remain valid. Consequently, the existence of a local weak solution to our coupled nonlinear
initial boundary value problem (1.12) between the heat equation and the Maxwell system
(1.17) is also valid when the right-hand side G = (Gy, Gz) in the Maxwell system (1.17)
belongs to C'([0, T]; H).

In conclusion, the main result we have proved in chapter 3 is that for every
(0. Eo, Hy) € CH(Q) x Y and G € C*([0,T]; H)
the initial boundary value problem (1.12)-(1.13)-(1.15) admits a local solution
(y. B, H) € C([0,]; C(Q)) x (C([0,27]:Y) N CH([0, 1] H)).

Chapter 3 corresponds to the paper [3] in collaboration with Luc Paquet.
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1.2.3 Controlling the electromagnetic external source

In chapter 4, we study a related optimal control problem to the Heat-Maxwell coupled
system studied in chapter 3. To simplify matters, we suppose that the permittivity e
depends only on the space and not on the temperature. Consequently, the electric field
E does not depend on the temperature y.

We suppose that the electric field E.,; of the exterior electromagnetic field (Ec., Heyt)
hitting 2 is in the complementary of €, R*\ Q, of the form

Ecui(z,t) Zf] )eestj(z,t), N > 1, (1.31)
where
ecrr; € CH([0,T); H(curl ,R*\ Q)) (1.32)

for j =1,..., N are such that
(curleey ) -1 =0 (1.33)

on the boundary I of Q. € is supposed to be an open bounded subset of R® with
Lipschitz boundary. f; for j =1,..., N are given real-valued functions depending of the
time variable ¢ only. Our optimal control problem is the following:

min J(y,v) : //|Vyxt|2dxdt—|—zj@/]/

~ i) P drdi+ 3 [ 3@, 7) ~ o) LS / (1) Pt
k=1 "0

(1.34)

with Qj C Q, T‘j71 < 7—‘]‘72 , [7}’1,7—“7‘72] - [O,T], )‘j,Q >0 (j = 1,...,M), Ao > 0,A >0,
subject the following Heat-Maxwell system:

Oy — div(aVy) = S(y) inQ,
—agt = h(y — ) on ¥, (1.35)
y(, 0) = Yo in Q,

where the heat source S(y) is defined by (1.13) and E the electric field in €2 is solution
of the Maxwell system:

Oi(eE) —curlH+0cE =0 in Q,

OH + i curl E =0 in Q,
Exn=E.  xn on %, (1.36)
H-n=0 on X,

E(-,0) = By, H(-,0) = H, i,

where o > 0 belongs to C(Q), h > 0 belongs to C(T), € > € > 0 belongs to LOO(Q) €=
1€ L*>(Q), o > 0 belongs to L>(2), pu > 19 > 0 belongs to L>(2) and fi = 1 6 L> (2
are only functions of z. We assume that the absorption coefficient pu, € C} (Q x R)

i
monotone decreasing with respect to y. The initial condition yy € C(Q) and y, € C(Z).
E..; is given by (1.31), such that

)

S
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—fj// + fj = Uy mn ]O, T[,

fi(0) = fio, (1.37)
fi(0) = fia,
where v = (vj)j.vzl C U are the controls belonging to the control space U = [L?*(0,T)]".
N
The set of admissible controls is the closed convex subset U,y := HUadJ C U, where for
j=1
j=1,...,N:
Usa; = {v; € L*(0,T);vj4 < v;(t) < wjp ace. t €[0,T]}. (1.38)

The numbers f;o € R and f;; € R will remain fixed. y; ¢ in the cost functional (1.34) is
a given template temperature distribution in L?(Q).

Here, we have considered a more general cost functional than previously in chapter 2
by replacing the term

Ao [T ,
- | y(z,t) —yo(z,t) |* do dt
2 0 Q

by the more flexible expression

M T o

A [ 2
ZT/ / | y(x,t) —yox,t) |* do dt,
j=1 Tjp 79

the idea being that it is not clear how to choose adequaltly the function yg. For the
functions y; o defined on ; X [T} 1, T} 2], we could choose for example y; o equals to a fixed
temperature a little greater than the temperature of fusion of the powder e.g. 1600 °C

[54] as we want the powder to have fused everywhere during a certain subinterval of the
N

time of treatment. It seems also natural to require that U 2; = 1 and the different
j=1
pieces €2, to overlap near their boundaries to glue perfectly together.
Our aim in section 4.2 is to prove the well posedness of the heat-Maxwell system. To
do this, the steps of the proof are shown in what follow. Under hypothesis (1.32) and
(1.33) on e, and

j=N
E)yxn= me €t ;(0) xn onT, (1.39)
j=1

we reduce the Maxwell problem (1.36) to an intial homogeneous boundary value problem
by extending e, ; to € in a vector field

e; € CV([0,7]; H(curl, Q))

such that
€ X Tl = €y X 1. and (curle;) -7 =0onTI.

The new couple of vector fields (€, H) is solution of the following intial homogeneous
boundary value problem
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( j=N
€ —écurlH +éo € = —Z(f]’-ej + fi€} + éo fie;) in Q,
=
j=N !
OH + i curl € = —/lij curle; in Q,
j=1 (1.40)
Exn=0 on X = I'x]0, T,
H-n=0 on X,
j=N
0) = E() - ijvoej((]), H(O) = HO in €.
\ J=1

The new vector field £ is given by

E(x,t) =E(x,t) — S:fj(t)ej(x,t), for all (z,t) € Q x [0,T7.

i=1

We also suppose that Hy € JL(Q, u1).

Consequently, the initial condition (&, Hy) to our initial boundary value problem
(1.40) belongs to the domain D(A) (given by (1.19)) of the infinitesimal generator
A = A+ M in the Hilbert space H (given by (1.18)). The operators A, M are given
respectively by (1.20) and (1.21), with one difference that é depends only on the space.
We prove that the right hand side of (1.40)

G:te0,T]— G(t) = (=) _(fi(t)e;(t) + f;(t)e)(t) + éofi(t)e;(t)),
(1.41)

is a Lipschitz continuous function.

Using the theory of semi-groups [44, Corollary 2.11 p.109], we prove that the initial
boundary value problem for the Maxwell’s equations (1 36) possesses one and only one
strong solution (E,H) for any given control v = (v ) _, € Uyq, and any given initial

(1

condition (Eq, Hy) € H(curl,Q) x JL(9, ) verifying (1.39), E..; being given by (1.31)
and (1.37) i.e. possesses one and only one function

d
(E,H) ¢ W"(0,T;H) = {U € L'(0,T;H) such that d—Ij € L'0,T;H)}

verifying (E, H)(0) = (Eo, Hy) and equations (1.36) for a.e. ¢ € [0,7]. This solution is

given by
j=N

(E,H)(t) = (E(t) + Y _f;(t)e;(t), H(t)) for all t € [0, 7],

j=1
where (£(t), H(t)) is given by the equation:

(€O H@) = T 6 T+ T Gls)ds, (1.42)
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with (7})i>0 the semigroup generated by the operator A = A+ M in H, G given by
(1.41), a Lipschitz continuous function, and

j=N
E = Ey — ij,oej(()) € Hy(curl, Q). (1.43)
j=1

We prove that the semilinear parabolic initial boundary value problem (1.35) with electro-
magnetic heat source (1.13), possesses a unique weak solution y € W(0,7) N C(Q) using
[53, Theorem 5.5 p.268] about existence and uniqueness of the weak solution of general

semilinear parabolic initial-boundary value problems of the form [53, (5.1) p.265]:

Oy —div(aVy) +d(z,t,y) =0 in Q = Q2x]0,T7,
a% +b(z,t,y) =g on X :=I'x]0,T7, (1.44)
y(-,0) =yo in €.

Thus, we first check that the nonlinear term

d(z,t,y) = =Sz, t,y) = —pa(z,y) |(E* @q)(z, 1),

is monotone increasing with respect to y and locally Lipschitz continuous with respect
to y for almost every (z,t) € ). Furthermore, d satisfies for a positive constant K the
boundedness condition

| d(x,t,0) |<K K (x,t) € X. (1.45)

Then we prove that the boundary term

b(xa ta y) = h(.ﬁlﬁ)(y - yb(x’ t))>

satisfies the same properties as d. Consequently, the semi-linear parabolic initial boundary
value problem (1.35), (1.13) has a unique weak solution y € W(0,7) N C(Q) for any
E € C([0,T]; L*(Q)?), any y, € C(X) and any initial condition yo € C(2). Moreover for

any r > 2.5 and any s > 4, there exists a constant C(r, s) such that

IWllwor) + 1Wllcg) <CO s)(||Hal- O) B+ gal*(-, )]

L@ (1.46)
+ 1Ay (-, )]

Lsx) t ||?JO||C(Q))~

Let us point out that the temperature y depends on the electric field E, which depends
on E., thuson f = (fj)j.vzl € L*(0,T)" which itself depends on the control v = (vj)j.vzl €
Uaa.

In section 4.3 we prove existence of an optimal control v = (vj);.vzl € U,q. We indicate
this dependence of the temperature y with respect to the control v, by writing y,. Let
us introduce the reduced cost functional:

~

J Upg = R:v = J(yo,0).

The idea of the proof is to show that J is weakly lower semi-continuous. More precisely,
let us consider a minimizing sequence (v¥));5 in Uy,q, such that

Jw®) = inf J(v),

vEU,q
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we can prove that the sequence (E,u))i>0 is bounded in C([0,T];L*(Q)), so that
(Ey) * ©a)r>0 is bounded in C([0,T]; C(Q2)) = C(Q). Therefore this latest result with
estimate (1.46) show us, that (y,x) )r>0 is bounded in W(0,7T"). Modulo extracting a new
subsequence, we prove that (y,w) )r>0 converges weakly in W (0, 7). By the compact em-
bedding from H'(Q) into LP(Q) for 1 < p < 6 and the Lions-Aubin compactness lemma
[47, p.106], (y,) k>0 is strongly convergent in L?(Q). In conclusion we have existence of
an optimal control, v such that

J(v) = wlel}/[fl;d J(w).

In order to determine a first order necessary optimality condition for our problem, we
prove in section 4.4 that the reduced cost functional J is Fréchet differentiable. The proof
reduces essentially to show that the control-to-state mapping is Fréchet differentiable. We
find that the control-to-state mapping

S:L*0, 7)Y — W(0,T)nC(Q) (1.47)

which sends v = (vj)jyzl € L*0,T)Y onto y weak solution of the semilinear initial
parabolic boundary value problem (1.35)-(1.13), is Fréchet differentiable at any pomt
v = (vj);yzl € L?(0,T)N. Tts Fréchet derivative at the point v = (v]) L€ L0, T)N
the linear continuous mapping

DS(v) : 6v = (5%) L€ L0, )Y = 6y e W(0,T)NC(Q) (1.48)
where 0y is a solution of the linear initial boundary value problem

86y —div(aVéy) — aﬂy"( L) B * @)%y

Z ottalry) (B ) - (OB * 20) in @ (1.49)
a% + héy =0 on X,

with (0E, 0H) € W0, T; H) strong solution of (1.36)-(1.37). The Fréchet derivative of
J is

V)5u = / / Vyo(2,1) - V(DS(0)50)(x, 1) davdt

+ZAJQ// yo(x, 1) — yi0(x, 1)) (DS()6v) (2, t) dudt (1.50)
—I—)\Q/(yv(x T) — ya(2))(DS(v)6v)(z, T) dx+)\2/vk )ouy,(t)dt.

The adjoint system for our problem presented in section 4.5 is the following

(

o 4 div(an) + % (2, y)|E * pal*p =

Z)\]Q y]Q 1Q ><]TJ 1 TJQ[ in Q? (151)

+hp ay“ on X,

on

p( T) = Xa(yu(. T) — ya) on £,
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By a weak solution p € W(0,T') of the backward parabolic boundary value problem
(1.51), we mean that for every ¢ € L*(0,T; H'(Q)) :

/0 /Qg—z(x,t)gp(x,t)dxdt—/ /oz(x)Vp(m,t)Vgp(x,t)dxdt
i / % (0, y(, ) + a2 (2, Dp(a, D)o, )l

/ /Vy z,t)Vo(z,t)dedt — Z)\]Q/ ’ / —y0)(x, t)p(z, t)dxdt

/ / ol )dS(x)dt

p(z,T) = Aoy (2, T) — ya(x)), for ae. z € Q. (1.53)

By formulas (1.48), (1.50) and (1.52), we can determine the first order necessary
condition. If v € U,4 is an optimal control, then

(1.52)

and

) /0 /ﬂ o, 5o (2, )P (s ) (B % 00) (@, 1) - (5F # o) (1) davdt
+AY / Tﬁk(t)dvk(t)dt >0,

for all 6v = v — v, v € Uyq, IF being deduced from v by solving (1.36)-(1.37).

(1.54)



Chapter 2

Laser path optimization in the selective
laser melting process (SLM) using
optimal control theory

2.1 Introduction

Selective laser melting (SLM) is an Additive Layer Manufacturing process used to produce
three-dimensional objects from metal powders by melting the material in a layer-by-layer
manner. First, a thin layer of powder is spread onto a build platform and simultaneously
levelled or compacted to the required thickness. The laser beam scans the powder surface
at an appropriate speed, heating the surface according to the desired scanning pattern
and part profile. The mechanisms of SLM have been discussed in [29, 52, 48|.

Thermal distortion of the fabricated part is one serious problem in SLM process [16],
because of its fast laser scan rates and material transformations (solidification and liquifa-
tion) in a very short time frame. The temperature field was found to be inhomogeneous
by many previous researchers [57, 61|. Meanwhile, the temperature evolution history in
SLM process has significant effects on the quality of the final parts, such as density, di-
mensions, mechanical properties, microstructure, etc. For metals, rapid repeated heating
and cooling cycles of the powder during SLM build process is responsible for large tem-
perature gradients resulting in hight residual stresses and deformations, and may even
lead to crack formation in the fabricated part.

Our aim in this chapter is to propose a laser path optimization model minimizing
thermal gradients in SLM. First we will perform a litterature survey on the effect of
scanning strategy (laser trajectory) on temperature gradients and residual stresses (since
large temperature gradient generates residual stresses and cracks) in SLM. In subsection
2.1.1, we will discuss temperature distribution in SLM and we will present the thermal
model coupled with the laser trajectory which we adopted in our study. In subsection
2.1.2, we will mention some works whose authors have noticed and tested the effect of
laser scanning strategy in SLM, even with random trajectories. In section 2.4.4, we
will present preliminary results on the effect of parametric curves on the distribution of
temperature and thermal gradient in SLM. In section 2.2 we will study mathematically
the laser path optimization model using optimal control theory. In section 2.3, we will
present a penalized optimization model related to the problem presented in section 2.2
but with different interpretation of the laser path constraints. Section 2.4 will be devoted

21
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to present the discretization of our optimization model.

2.1.1 Temperature distribution

Since temperature distribution in laser sintering is important, many researchers have
put their efforts toward understanding the SLM process and formulating models to de-
scribe SLM thermal evolution. The laser scans on the top of the powder bed following
a prescribed scan pattern. The heat transfer process consists of powder bed radiation,
convection between the powder bed and environment, and heat conduction inside the
powder bed and between the powder bed and substrate. The latent heat of fusion is large
in SLM. The complexity brought about by the powder phase change and the correspond-
ing variation of the thermal properties during SLM also complicates the heat transfer
problem. In order to better reflect the SLM process, a lot of research on key process
variables such as laser beam characteristics and powder thermal properties has been con-
ducted. The simplest laser beam has been assumed to be a point source which is not
in conjunction with reality. It has been found that the laser beam can be characterized
using three parameters namely diameter, power, and intensity distribution. The most
widely adopted model in literature is the Gaussian laser beam model [17]:
2

q(r) = j—}l;e_;; (2.1)

where P is the laser power, R the spot radius and r the radial distance.

The thermal model that describes the propagation of heat through a single layer of
powder irradiated by the laser is the following one [31, 18, 54, 50]. Let Q C R® be a layer
of thickness § and boundary I' = T'; UL, UT5. The thermal balance in €2 is described by
the following heat equation (see figure 2.1):

p(y) c(y) Ory — div(k(y) Vy) =0 in Q=Qx]0,TT,
—ff(y)%ﬁ = h(Y) (Y = Yea) + €(W) 058 (¥* —y&p) — 94(y) on ¥ =T x]0,T7,
—£(Yy) g2 = h(Y) (Y — Yex) on ¥y =T, x]0,T7,
Y = Yex on 23:P3X]07T[a
y(z,0) = yo(x) for x € Q.

(2.2)
More precisely, €2 is a Lipschitz bounded open set of R3, with boundary I' devided in
three parts I'y, I'; and I's.

e y:=y(z,t) the temperature,

Yo the initial temperature,

Yer the ambient temperature,

I'; the part of the boundary irradiated by the laser,

I's the part of the boundary on which the convection is only applied,

I's the part of the boundary in contact with the built platform or with the previous
layer, on which a constant temperature y,, is applied

p the density,
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e ¢ the calorific capacity,
e « the thermal conductivity,

e g,(y) := a(y) ¢, the Gaussian laser flux model where « is the absorbance of the
material and

2P — (1) |?
¢, (z,t) = —pp €XP (—2%) , for all (z,t) € 3

P is the laser power, R is the radius of the laser spot, x = (x1,25) € I'; the surface
irradiated by the laser and v : ¢ € [0,7] — I'; the laser path which represents the
displacement of the laser beam center with respect to time,

e h the heat exchange coefficient,

e 0gp the Stefan Bolzman constant (5.67036 x 1078 W - m~2. K—1),
e ¢ the material emissivity,

e v the outgoing normal of I',

e h(y) (y — Yer) the surface convection heat loss described using Newton’s law of
cooling,

e c(y)osp (y* — y2) the power radiation described using Stefan-Boltzmann law.

Remark 1. From the heating of metal powders above their melting temperature, and
subsequent cooling, result big variations of material thermal properties with respect to
temperature, so that we consider that p, ¢, k, h and € depend on temperature.

Remark 2. Note that in (2.2) the boundary condition on X3 can be replaced by a Robin
type boundary condition

—r(y) % =hy) (Y — Yex) on ;.

Remark 3. A two-dimensional version of (2.2) with volumic Gaussian laser source also
exists, see |9, 38, 43, 51, 55|, and can be treated with similar arguments used here.

In appendix A we have studied the existence of solutions to the non linear thermal
model (2.2).

2.1.2 Effect of scanning strategies in SLM

Our main interest is to prove that laser scanning strategies influence temperature dis-
tribution. Indeed highly localized heat inputs may result in large temperature gradient
and thus lead to deformations during SLM process. We will briefly discuss some results
in literature describing the relation between scan strategies and thermal distribution in
SLM.
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laser trajectory y(t)

|
_l

laser beam

I;

Figure 2.1: One layer Q of thickness § with boundary I' = Ty UT, U Ts.

In [54], six laser paths were compared: a continuous round-trip trajectory of the laser
(denoted by AR), a spaced round-trip trajectory (referred to as ARE), a spiral trajectory
that runs from the corner of the piece towards the inside of this one (noted SPI) and
another going from the center of the piece towards the outside (noted SPE), a trajec-
tory in zigzag (noted ZZ) and a last point-by-point (noted PP) where one merges the
material by spaced points on the surface of the powder (figure 2.2 shows the different
laser paths studied in [54]). The simulation results show that thermal gradients are very
disparate from one type of trajectory to another, as well as the maximum temperatures
reached. The point-by-point manufacturing strategy has lower temperature levels than
in the other cases. These temperatures depend strongly on the position of the laser, they
will be all more important as the laser heats areas closer and closer. For example, the
temperature reached at the point of impact of the laser for the zigzag trajectory is around
1815°C. For the point-by-point trajectory, it reaches 1500°C. For the point by point path,
temperature gradients and the maximum amplitude of the temperatures reached are the
lowest compared to the other cases. The simulation results in [54] of the cumulative
plastic deformation fields in the parts at the end of the process for the 6 laser trajectories
shows that the point-by-point scanning of the laser generates the least amount of plastic
deformation. On the contrary, the spiral-shaped trajectories, inwards (SPI), is the one
that leads to the highest plastic deformation.

Also Nickel [41] and Klingbeil [30], studied the metal deposition process for three
laser scanning strategies including a round trip trajectory (AR), a spiral inward (SPI)
and another outward (SPE). Their results show that spiral trajectories are the ones
that induce the most deformation. From their results we can deduce that the paths
which contributes to large temperature gradient also lead to hight residual stresses and
deformations.

Cheng et al. [12] also investigate the influence of scanning strategies on temperature
gradient. They studied six scanning strategies with distinct difference between each other.
They have been summarized in figure 2.3; Case (a) is a random island scanning, the whole
scanning domain has been divided into 9 islands and with a scanning direction rotation
process on the subsequent layer, the completion sequence of the single island is randomly
selected. A prime degree rotation is used to avoid repeated scan vector in just a few
layers, e.g., the scanning vector will be exactly the same after 4 layers for 90° rotation
angle.

The temperature distribution contours for laser scanning on the third layer have been
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Figure 2.2: Cartographies of temperature fields for different laser paths at time ¢ studied
in [54].
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Figure 2.3: The different laser paths studied in [12].

collected in [12] at the time point which is half of the total time needed for one layer
scanning, and are shown in figure 2.3. The minimum temperature of part substrate did
not maintain at room temperature of 20°C. It reached to around 300°C when laser beam
traveled on the third layer for all cases because of small part size and high beam power.
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It is noticed that the three line scanning cases have comparatively lower minimum sub-
strate temperature while the island scanning case has the highest minimum substrate
temperature. Since the island scanning case needs comparatively more time to complete
a layer, more heat is introduced to the substrate. The maximum temperatures of different
scanning strategies are also different from each other at this time point. Generally speak-
ing, the island scanning case has the highest maximum temperature which is caused by
residual heat effect from short scanning path in a single island. In addition, steady state
maximum temperature is very hard to reach in these cases due to frequently change of
scanning direction, path angle and length. Concerning residual stresses and deformations
Cheng et al. [12] have found that the out-in scanning case has the maximum stresses
while the 45° inclined scanning case can reduce residual stress in both directions among
all tested cases. The 45° inclined scanning case has a smaller deformation while the in-out
scanning case has a larger deformation in build direction than other cases.

In mathematical analysis, a space-filling curve is a curve whose range contains the
entire 2-dimensional unit square (or more generally an n-dimensional unit hypercube).
Giuseppe Peano (1858-1932) was the first to discover one, space-filling curves in the 2-
dimensional plane are sometimes called Peano curves. It was Hilbert (1891) who first
popularized their existence and gave an insight into their generation. Space filling curves
belong to the class of FASS curves; an acronym for space-filling, self-avoiding, simple,
and self-similar. In [37] and [11], fractal scanning strategies based upon mathematical fill
curves, namely the Hilbert and Peano-Gosper curve were explored.

In [37] a comparision between S scanning and Fractal scanning (figure 2.4 ) to inves-
tigate the effect of laser scanning patterns on temperature, residual thermal stresses and
distortion. It was shown that the stresses of a layer processed by a moving laser beam
is decreased with fractal scanning pattern. Compared to the S scanning pattern, much
more symmetrical temperature field and smaller distortion can be gained with the fractal
scanning pattern.

In [11] an island scan sample was used for comparison with fractal scan strategies
based upon Hilbert and Peano-Gosper curves (figure 2.5). The result shows that Fractal
scanning reduce cracking when compared to the island scanning but fractal scan strategies
have limited scope for optimisation, relying on laser power and scan speed.
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Figure 2.4: S scanning pattern and fractal scanning pattern based upon Hilbert curve
studied in [37].
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Figure 2.5: Illustration of island scan control sample and scan strategies generated using
(a) Hilbert and (b) Peano-Gosper mathematical space filling curves as studied in [11].

2.2 The optimal control problem

In this section we present a model incorporating trajectory optimization to minimize
thermal gradients in SLM. Our aim is to propose a mathematical model to find an optimal
trajectory minimizing thermal gradients within the produced part using optimal control
theory of PDE’s. Thus, we introduce the appropriate cost functional and the set of
admissible controls taking into account the constraints on laser trajectory. To the best
of our knowledge, we know only one recent paper and thesis dealing with this topic using
shape optimization tools |9, 8]. The main difference between our model and [9] is that our
approach is based on geometry: the geometrical constraint is imposed on the trajectories
to cover the built structure, the optimal arbitrary and parametrizable trajectories being
chosen to minimize the gradient temperature, while their approach is based on physics:
the minimization functional is chosen in order that the temperature must attain a melting
value and the paths are broken lines. As mentioned in [9] such an optimization could
seem too costly to be used straightly in the industry but it may give some intuitions
about an optimal path satisfying the industrial constraints, validating some patterns or
proposing new ones. Furthermore, using a parametrizable control trajectories allow us to
use different types of initial curves (for instance the ones employed by industry), hence
the chosen algorithm will furnish different "optimal” curves that can be compared in order
to chose the best one.

We consider the optimal control of a linear heat equation that models the distribution
of temperature within one layer €2 heated on its upper surface by a Gaussian laser beam
[31, 18, 54| with a linear heat transfer with the bottom layer:



28 CHAPTER 2. LASER PATH OPTIMIZATION IN SLM

pcoy—kAy=0 in Q=Qx]0,T]

—/ﬂ%:hy—gy on ¥ =1I4x]0,T7,

K g = hy on 22 = FQ X ]O,T[, (23)
—kgt =h(y—yp) on ¥3=1I3x]0,T],
y(x,0) = yo(x) for x €.

These equations are the linear version of (2.2). Here y(x,t) denotes the temperature
at point x €  and time t €]0,T], yo is the initial temperature, while yg € L?*(T'3)
corresponds to the temperature at the top of the previous layer. We may always suppose
that the ambient temperature ., is zero by taking as new dependent variable y — ., so
that we are led to the system (2.3). Here, Q C R? is a bounded and simply connected
domain with a connected Lipschitz boundary I'; that is supposed to be split up

I'=T,Ul,UTs,

where I';, 1 = 1,2, 3, are disjoint open disjoint subsets of I'. In the SLM process, I'y
corresponds to the upper surface of the added layer and is supposed to be included in
a plane, that without loss of generality we assume to be R?. By v(x), we denote the
outward normal direction at the point € I'. The heat source g, is of the form

2
gy(z,t) = aj—]]; exp (—2%) , for all (z,t) € X;. (2.4)
The parameters p, ¢, k, h, «, P and R are positive constants. The control v : ¢ € [0,T] —
I'; represents the displacement of the laser beam center on I'; with respect to time. Note
that g, depends nonlinearly on .

We have chosen the Robin type boundary condition on >3 rather than a non-
homogeneous Dirichlet boundary condition (see problem (2.2)) because it is more realistic
in the practical point of view.

As suggested before, our main goal is to find a trajectory 7 (the control) in such a
way as to minimize temperature gradients inside the layer €2 with the constraints that the
laser beam runs over the whole surface I'y and does not leave it. From a mathematical
point of view, these constraints lead to a non convex admissible set of controls, which is
the main difficulty to overcome.

The outline of this section is as follows. In subsection 2.2.1, we introduce the optimal
control problem. We explain the link between our non convex set of admissible controls
and laser trajectory in SLM process. Then we prove existence of a solution to the optimal
control problem. In subsection 2.2.2, we prove the differentiability of the control-to-state
mapping, result from which we infer the differentiability of the reduced cost functional.
In subsection 2.2.3, the adjoint state is introduced which allow us to compute the Fréchet
derivative of this reduced cost functional. Therefore, we derive a first order necessary
condition for a control to be optimal in the form of a variational inequality. The main
difficulty is in the non convex constraints required on the control 7.

2.2.1 Existence of an optimal control

For further purposes, we introduce the following (Hilbert) space:

W(0,T) :={u € L*(0,T; H(Q)) such that i% € L*(0,T; (H'(2))}.
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Recall that by Theorem 3.12 in [53], if yo belongs to L*(Q2), yp € L*(X3) and v €
H'(0,T;R?) then the initial-boundary value problem (2.3) has a unique solution y in
W(0,T) N L>(0,T; L*(f)) in the sense that

pc/0T<dy< 0. et Dot [ [ Tytet) Vote, 0 e
+h / (x,t) p(z,t)dS(z dt—/ /thth (x,t)dS(x)dt (2.5)

- /0 /F g (. )l 1) dS(z) dt =

for all ¢ € L?(0,T; H()).

Our goal is to find a trajectory v (a control) in such a way as to minimize the tem-
perature gradient inside the layer ). We also want to allow the control to be chosen
in such a way that the corresponding temperature distribution y in @ (the state) is the
best possible approximation to a given temperature distribution yg € L?(Q). To meet
all requirements, we define the following cost functional

J(y,7) : / /|Vyxt ]2da;dt—|——/ /|yxt —yo(x,t) |? dz dt 26

Ay
+ ? | “Hl(O,T;R2)>

where A\g > 0 and A\, > 0 are constants, while yo € L*(Q) is a given function. Note
that A, is a regularization parameter and that if Ag = 0, the only goal is to minimize the
temperature gradient. The optimal control problem is

(OCP) min J(y(7),7),

YE€Uad

where y(7) denotes the weak solution of problem (2.3) associated with the control -, and
the set of admissible controls U,q C H'(0,T;R?) is defined as follows. For ¢ > R, and a
fixed positive constant ¢, U,y is defined by

Ugd = {r)/ S H1(07T7 R2)7 R(/}/) - FL—E’ RE(V) =1

and |+ (t) |< cae. t€[0,T]}, (2.7)
where R(7) := ~([0,T7]),
1—e ={z €T'y;dist (z,01) > €}, (2.8)
and
R.(y) = {x € T'y; dist (z, R(v)) < €}. (2.9)

Note that the condition dist(x,0I'1) > € has a physical meaning because the control
t — ~(t) is nothing else than the path traced by the laser beam center which has R for
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radius. Practically, e should be chosen in function of R. The constraint R(y) C I'y _.
is chosen to describe that v must stay from an e distance from the boundary of I'y.
Moreover, R.(y) = I'y is to constrain v to cover I';. Note that U,y is not convex due
to the two constraints R(vy) C I'y _. and R.(y) = I'y (see figure 2.6). By the theory of
"tubes" |7], if 9Ty € C?(R?), U,q will be non void if € > 0 is chosen sufficently small and
the constant ¢ in definition (2.7) is chosen large enough.

Iy

Figure 2.6: The surface I'; scanned by the laser

Let us prove some preliminary results that will allow us to show that (OCP) has at
least one optimal control.

Proposition 1. U,q is a weakly closed subset of H'(0,T;R?).

Proof. Let (7,)nen C Uiq be a weakly convergent sequence in H'(0,7;R?) and let us
call v its weak limit. As the embedding from H'(0,T;R?) into C([0,T];R?) is compact,
the weak convergence in H'(0,T;R?) of (7,)nen to v implies the strong convergence of
(Yn)nen in C([0, T]; R?).

Given z € I'y, there exists (¢,)nen C [0, 7] such that
Yu(tn) € T'1—e for every n € N,

|z — yu(tn)| <€ for every n € N.

As [0,T] is compact there exists a subsequence (t,;)jen C [0,77] convergent to some
t € [0,7].
Thus we have

|y (Eny) = () | <[y (Eng) = () [+ [ 7 (En) = (2) |

) (2.10)
<l In; — 7 lloo + | V(tnj) —(t) | — 0 as j — oo.

This implies that |z —y(¢)| < e. Thus, R.(y) =I'y and R(y) C I'y _, (recalling that I'; _,
is closed) .

Using Mazur’s theorem [60], for all j € N* there exists a convex combination

.|

;j j
Up,; = Z%’Yk, (Oék >0, Zak = 1) , such that || v —un; ||m10rr)<
k=1 k=1
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This implies that
|7 =y, [lL2.rm2)— 0 as j — oo

In particular, there exists a subsequence (u ) ren such that

ul, (t) = +/'(t) as k — oo for a.e. t € [0,T].

Ny

As | uy, (t) |< cforae. t €0,T], then also
| v'(t) |< ¢ for a.e. t € [0,T].

Thus v € Uyg. O

Proposition 2. The control-to-state mapping G : v € Uyqg — y(v) € W(0,T) is weakly
sequentially continuous.

Proof. Let (7)nen C U.q be a weakly convergent sequence in H'(0,7T;R?) and let
v € U,q its weak limit. By the compact embedding from H'(0,T;R?) into C([0,T7]; R?),
(Yn)nen strongly converges to v in C([0,7T];R?). From Theorem 3.13 in [53] it follows
that the sequence (y(7,))nen is @ bounded sequence in the space W (0,T'). Consequently,
it possesses a weakly convergent subsequence (y(7»,))jen in the space W(0,T'). Let y be
the weak limit of (y(7x,))jen-

For i < e < 1, the embedding from W (0, T) into L(0, T’; H*(Q2)) is a linear continuous
compact mapping by the Lions-Aubin compactness Lemma [34, p.57]. The trace mapping
L0, T; HS(Q)) — L2(0,T; H=Y2(T))

Y — Y-
is linear and continuous [35|, and thus the trace mapping from L*(0,7T; H¢(Q)) into
L3(X) = L?(0,T; L*(T)) is also linear and continuous. This implies that the sequence of
traces on X of (y(7,,))jen strongly converges to yx in L*(X).

Now we recall that each y(v,,) satisfies the equivalent weak formulation of problem
(2.3), namely

pe | R0 vy e et [ [ o)) Vet deds

h / [t v@ ey as@a—n [ [ ypt)ole) o0 as

WRQ/ /Flexp( |x—;n]()\2) o(x) o(t) dS(x) dt = 0,

for all v € H'(Q), and all ¢ € L*(0,T).

By the Lebesgue convergence theorem we have,

/ /pl ewp( 173”7( : |2> v(z)p(t)dS(z)dt —
/ / exp( p72<t>‘ ) v(@) o(t)dS(z)dt
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as j — oo, for all v € H'(Q) and all p € L*(0,T).

Using all the previous convergence properties to pass to the limit in the above equation
as j — oo, we obtain y = y(v). Thus (y(7n,))jen Weakly converges to y(vy) in W(0,T).
Therefore any subsequence of (y(7y,))nen contains a further subsequence which converges
weakly to y(v) in W(0,T). This implies that the whole sequence itself (y(7,))nen con-
verges weakly to y(v) in W(0,7T"). This proves the proposition. O

Definition 3. The reduced cost functional is defined by

j: Uad — R
v J(G(), )

We are ready to prove our main result, namely the existence of at least one optimal
control.

Theorem 4 (Existence of an optimal control). Supposing U,q # 0, then the optimal
control problem (OCP) admits at least one optimal control 7 € Uyg.

Proof. Since .J(7) > 0, the infimum

L:= inf J(v),

’yEUad

exists and there is a sequence (v, )neny C Uaq such that j(%) — L as n — 4o00.
The sequence (Yn)nen C Usa is bounded in H'(0,T;R?), because [|7nll71g ey <

/\%j (7n) for all n € N. Hence, it possesses a subsequence (7,,)jen Weakly convergent to
some element ¥ € U,y. This implies that

_ . 2L
|z 0,rm:) < 11{“ inf [| yn; ||l 0.0R2) < \ oo (2.11)
J—00 ~

By proposition 2 G(v,,) — G(¥) in W(0,T') which implies that G(v,;) — G(¥) in
L*(0,T; H()), and thus

FGO) Nz, o< iminf || Gyw,) llz2orim ) - (2.12)
The embedding from W (0,T) into L*(0,T; L*(Q2)) being compact [34, p.57], the se-

quence G(7y,) also strongly converges to G(7) in L*(0, 7T L*(2)).
Using all the previous convergence properties and formula (2.6) we have

1 . . T 2 )\Q . . 2
L> glmint [ [ 1960,)(0.0) [ do dt-+ Zhimint]| G,) ~ o o

Ayl 5o
+ 7711?_1}102]? || Tn ||§{1(O,T;R?)> J('Y)

By the definition of L we have also that L < J(5). Thus L = J(7).
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2.2.2 Differentiability of the control-to-state mapping.

Our aim is to derive necessary optimality conditions for an admissible control to be
optimal. We first have to discuss the differentiability of the control-to-state mapping.

Lemma 5. The mapping

G: Uy — L20,T;H(Q))
v y()

1s Fréchet differentiable.

Proof. We can write GG as the restriction to U, of the composition of the Fréchet differ-
entiable mappings w, g and ¢, where w, g and ¢ are defined as follows:

w: HY0,T;R?) — C(T, x[0,7))

- 2.13
Y — —cr [ 7(7) [ (213)
where cgp = 2 and J(7)(z,t) == —~(t), V(z,t) € Ty x [0, 7],
g: CTyx[0,T]) — L*%) (2.14)
u —  aexp(u) '
where a = af—;, and
q: L?*(3) — L*0,T;HY()) (2.15)
g — Y '
where y denotes the weak solution of the initial boundary value problem:
pcoy —rkAy=0 in Q,
m% =hy—g on Xy,
—K ily/ =hy on Y, (2.16)
—’fglf =h(y—yp) on Y3,
y(x,0) = yo(z) for z €,

Yo € L?(Q) denoting a fixed initial condition.

e We start by proving that w is Fréchet differentiable, when C(T'; x [0,7]) is en-
dowed with its natural norm ||  [|ee:= SUp(, yyer, x(o7) (2, )|. For all 6y € H'(0,T;R?)
we have:

[w(y +67) —w)] (z,t) = —cr |z = (v + 7)) [P = | 2 — (1) |]
= oy (1) (20— 29() — (1))
e (5 —2(1) - 1E) — cn | G4(t) P, W(a,t) € Ty x [0,T),



34 CHAPTER 2. LASER PATH OPTIMIZATION IN SLM

where - denotes here the inner product in R?. Using the fact that H'(0,7;R?) —
C([0,T];R?), there exists a constant > 0 such that

I8y Plloe 1197 i orime)
167 Tmorasy ~ 167 e

=0 H (5’}/ HHI(O,T;RQ)_> O as H (5”}/ "Hl(O,T;RQ)_) O

Hence, w is Fréchet differentiable with Fréchet derivative
Dw(y) -8y = 2crA(y) - 0, for all 5y € H'(0,T;R?).

e The mapping ¢ is Fréchet differentiable being an affine mapping and continuous by
[53, (3.26) p.140]. The mapping g being a superposition operator (also called Nemytskii
operator) is known to be Fréchet differentiable by [53, p.202] or [4]. We therefore skip
the details and only give their Fréchet derivatives, which are respectively given by

Dq(j) =7, for all j € L*(%,),

with

o LA(%) — L*0,T; H'(Q))
g — 7(9) = Y,

where 15 is the unique solution of

pcatyg—ﬁAygzo in Q,
ay2 = hys — on X1,
81/ = hyg on 22 U 23,

yg(', O) =0 in Q.

(2.17)

and

Dg(u) - Su = aexp(u)du, for all du € C(I'; x [0,T]).

In conclusion, G is Fréchet differentiable with Fréchet derivative

DG(v) - 67 = D(qogow)(y)-dy
= Dq(g(w(7)) (gow)(y) - d7)

= (Dq(g(w(7))) o Dg(w(7))) - (Dw(y) - §7)

= 7((Dg(w(v)) o Dw(y)) - 67)

(

= 2acg T(exp(w()) F(7) - §7), for all v € H'(0,T;R?).

)
)- (D
))e
)

]

From the previous lemma and by composition we deduce that the reduced cost func-
tional v € H'(0,T;R?) — J(G(v),7) € R is Fréchet differentiable. Let us denote by

v(7y,67) := 2acg T(exp(w (7)) 7(v) - 07) (2.18)

the Fréchet derivative of the control-to-state mapping v € U,q +— G(v) € L*(0,T; H'(2)).
Using the previous result, we obtain
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D)1= [ [ VG0 Tty 59)(a.t) dedt + Xq (G) = v, v 57)) sz
+ Ay (7,07 0 rR2) = / / VG(v)(x,t) - Vo(y, 6v)(z,t) dedt
+ /\Q/ / (x,t)v(y,07)(x,t) dedt — )\Q/ / yo(z, t)v(y, 0v)(x,t) dxdt

T
+ /\7/ () - oy () dt + )\7/ y(t) - 8+ (t) dt, for all 6y € H'(0,T;R?).
0 0
(2.19)

2.2.3 Adjoint equation and necessary optimality conditions

It is well known that an optimal control ¥ minimizing J in U,y has to obey the variational
inequality

DJ()(y —7) > 0 for all y € Uy, (2.20)
provided that J is Gateaux differentiable at ~4 and U, convex. In our case J is Fréchet
differentiable but U,y is not convex, thus (2.20) is no more true. Therefore, we introduce
at any point v € U, the cone of admissible directions and we use the Kuhn-Tucker
conditions. More precisely, we recall from [15, p.211] the following definition and result.

Definition 6. Let V' a normed vector space and U,4 a non-empty subset of V. For every
v € Uy,g, the cone of admissible directions at v is

C(y):={0} U {we V\{0}; I(wm)r=0 C Usa, 1 # v Vk > 0 s.t. klg]gofyk =~ and
T — 7
lim }.
ool =1l Twl

(2.21)

Theorem 7 (Kuhn-Tucker). Let V' be a normed vector space and Uyq a non-empty subset
of V. Let J: O CV — R, a function defined on an open set O of V such that U,q C O.
If J has at 5 € U,q a relative minimum compared to the subset U,q, and if J is Fréchet
differentiable at 4 then

DJ(%) - (65) > 0 for every 67 € C(¥), (2.22)
i.e. DJ(%) belongs to the dual cone of the cone of admissible directions C(7) at 7.

Since J is Fréchet differentiable, Theorem 7 and (2.19) allow us to derive a necessary
condition for an admissible control to be optimal. However, this necessary condition
would not be practical due to the appearance of v(%, %) in (2.19) which should be com-
puted by solving the initial boundary value problem (2.17) for g = exp(w(¥))5(%) - 6%
each time we consider another 67 € C(%) to check if the necessary condition (2.22) is
true at 7. To resolve this difficulty, it is classical to introduce the “adjoint system” whose
solution is called the adjoint state [53]. We claim that the adjoint system for our problem
is the following linear backward boundary value problem

Pcatp +rAp =AG7) = A(G(7) —yg) in Q,
W4 pp =290 on I'x]0,T], (2.23)
p( T) =0 in Q.
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Definition 8. Let 4 be an optimal control of (OCP) with associated state G(¥). A
function p € W(0,T) is said to be a weak solution to (2.23) if p(-,7") = 0 in © and

T
—pc/ < Op(-,t), 0(-t) >mi () w10 dt—i—/i/ /Vpa: t)- V(z, t)dxdt

+h / / (. t)p(x, £)dS () dt = /0 /Q VG(F) (2, )Vp(x, t)dudt (2.24)

g / [ (66) = vo)a ). o

for every p € L*(0,T; H'(Q)).

Let us notice that (2.23) admits a unique weak solution in W(0,7T), see [19, pp.
512-513] for instance.

Theorem 9. If ¥ € U,y is an optimal control of (OCP) with associated state G(7),
and p € W(0,T) the corresponding adjoint state that solves (2.23), then the variational
mequality

A / (67 (B)dt + A, / T(8) - (67) (H)dt
T 2acp / / exp(w(T) (x, ))F(7) (. ) - (67) ()pla, £)dS(x)dt > 0

holds for all 65 € C(7).

(2.25)

Proof. If 4 is an optimal control for the problem (OCP) then by Theorem 7
DJ(7) - (6%) > 0 for all 67 € C(7).
By (2.19) and (2.24) we have
T
DJ(7)-(67) = —pC/ < Op(+51),v(7,07) (- 1) >m1 (@) a1 (o) dt
0

T T

[ [ Optet) VoG dedt 1 [ [ ple e, e 0@ (226)
0 e ; o Jr

+M/ () - (67)(t) dt+>w/ 7(t) - (67)'(t) dt

0 0

where we recall that v(7,6%) given by (2.18) is the weak solution of

ps?ﬂgw, 87) — 1 Av(5,57) = 0 moQ
v(3.97) 4 hv(¥,0%) = 2acg exp(w(7))¥(y) - 07 on 21, (2.27)
61)(7;5’7) + h’U(")/, 57) =0 on 22 U 23, .
0(7,07)(2,0) = 0 for w e

and p is the weak solution of (2.23). Using the fact that v(7, %) is the weak solution of
(2.27), taking p(-, -) as test function in the weak formulation of (2.27) and using the inte-
gration by parts formula in W (0, T) [53, p.148| taking into account that v(¥,dy)(-,0) =0
and p(-,T) = 0, we obtain:
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— pc/o < Op(-, 1), v(7,09) (-, ) >m () 1) dt + /1/0 /QVp(x,t) -Vou(7,6%)(x, t)dxdt
+h /O /F p(, £)0(3,07) (z, £)dS () dt
— 2acn / / exp(w(3)(w, )7 (7) (2, 1) - (69)(Dp(, 1)dS (@)t

By replacing this last identity in (2.26) we get

DJ() - (67) = 2acx / / exp(w(7) (2, )7 (7) (. 1) - (67) (t)plr, £)dS () dt

o [C3w-noiees, [ 70600

0

This concludes the proof of the Theorem.

2.3 The penalized control problem

The previous approach has two drawbacks: First the set of admissible controls is not
convex. Secondly the constraints on the control R(y) C I'y ., Re(y) = I'y do not seem
appropriate for discretization. Therefore, in this section we intend to replace the previous
nonconvex constraints by other conditions on the trajectory ~, by adding a penalization
term to the cost functional (2.6). Namely, given 6 > 0 a penalization parameter, we add
to J(y(7),7), the term

1 T 2
- <2R/ VIO P +0dt— | T 1> |
0

Formally as 6 is close to zero, this will force the control to satisfy

T
2R/ |Y/(t) | dt ~| T |, (2.28)
0

which means that the area covered by the laser is close to the area of I'y.

2.3.1 Existence of an optimal control

We consider the penalized optimal control problem: Given 6 > 0, find 4% € U?, such that

(OCP?) T (y(7%),7%) = min J°(y(v),7),

yeu?,
with,

) = Hoo + g ([ VITOFARE- Ti) e
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where we take here

/ /]Vy )(z,t) |2dxdt+—/ /|y )(z,t) — yo(z,t) | do dt

+_ Iy 11 (0,T;R2) -
(2.30)

In this section, we assume that I'; to be a convex subset of R?. If ¢ > R the set of
admissible controls

UP,={y€ H*0,T;T); 3c>0st |7(t)|<cae t€[0,T]

T (2.31)
and QR/ | ~'(t) | dt <| Ty | +2ediam(Ty)}
0

will be convex.
Proposition 10. U?, is closed.

Proof. Let (Vu)nen C H?(0,T;R?) be a convergent sequence in U?, and let us call v its
limit. This implies that «/, converge to 7" in L?(0, T’; R?), so that there exists a subsequence

Y, — 7 as k — oo a.e. (2.32)

As | v, (t) |< c for almost every t € [0, T], by passing to the limit we obtain
| 7/(t) |< ¢ for almost every t € [0, T]. (2.33)

Also, we have that v/ — +' in L'(0,T;R?) so we can pass to the limit in the second
constraint defining U?, obtaining that

T
OR / |Y/(8) | dt <| Ty | +2¢ diam(T). (2.34)
0

]

It is clear that since U?, is convex and closed that it is weakly closed.

Proposition 11. The control-to-state mapping v € Uyq — y(7y) € W(0,T) is weakly
sequentially continuous.

Proof. Similar to the proof of proposition 2. n

The reduced cost functional J?(-), is now defined by

J(y) = J(y <2R/ VI () 2 +62dt— | Ty | ) . (2.35)

Theorem 12 (Existence of an optimal control). The optimal control problem (OCP?)
admits at least one optimal control 4° € U?,.
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Proof. Since .J%(v) > 0, the infimum

LY = inf J%(y),

P
vEU 4

exists and there is a minimizing sequence (7, )nen C U2, such that J (Yn) = LY asn — oo.
The sequence (v,)nen C U, being bounded in H?(0,T;R?) it posseses a subsequence
(n,)jen weakly convergent to some element 4% € U?,. This implies

219

177 [ r2(0,7:m2) < }H}}O inf || v, |200,0R2) < oW (2.36)
Y

Since H*(0,7T;R?) is compactly embedded in C*([0,77;R?) then (v,,);en strongly con-
verges to 4% € C1([0,T];R?). This implies (’y;j)neN converges uniformly to 4% on [0, 77,
and thus that

T T
/ |, (@) 2 +0%dt — / VI A(t) |2 +0%dt as j — +oo.
0 0

By the previous proposition y(7,;) — y(¥%) in W(0,T) this implies that Y(Vn;) — y(79)
in L*(0,T; Hf, () thus

_0 ..
H y(“Y ) HLQ(O,T;H%S(Q))g hjﬂigf ” y(%j) ||L2(O,T;H1l3(§2)) . (2-37)

The embedding from W (0, T') into L?(0,T; L*(R2)) being compact [34], the sequence y(7y,)
also converge strongly to y(3%) in L2(0,T; L*(9)).
Using all the previous convergence properties we have

A
0 .. 2 d . 2
L’ > hjrgg)lf | y(m;) ’lLQ(O,T;Hll3(Q)) +?}g§o” Y(m;) = ya 22

+ hm 1nf || ’}/nj |’H2(O,T;R2)
j—o0

1 T t
b (20 [t @ P - 1)) > J)

0 Jj—o0

and by the definition of L? we have L’ < J(5%). Thus L’ = J(3%).
[l

Proposition 13. Let (0;);en a sequence of positive numbers tending to 0. Let 5% be an
optimal control of the penalized control problem (OCPGJ'). If there exists v1 € Uyg and a
constant ¢ independant of 6; such that JOi (71) < ¢, then there is a subsequence (3% )pen
such that 3%« converges strongly to some v € H'(0,T;R?) as k — 400 and

T
QR/ y(8) | de =| Ty |
0

Proof. Since 4% is a minimum then

J(3%) < J% () <, (2.38)

hence )
1 7% |20 < J%(7%) < c. (2.39)
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7% being bounded in H?(0,T; R?) it possesses a subsequence (7% ),cn weakly convergent
to some element v in H2(0,T;R?). Since H2(0,T;R?) <> C'([0,T];R?) then (5% )pen
converges strongly to v in C*([0, T]; R?) and therefore in H'(0,T;R?). Now multiplying
J%(5%%) by 62 we get

T 2
(ZR/ \/y F0i'® |2 462 dt— | Ty |) <6 c, (2.40)
0

by tending k£ to 400 we get

2R/ £)|dt =|T |. (2.41)

2.3.2 Differentiability of the control-to-state mapping.
Lemma 14. The mapping

G: H*0,T;R?) — L*0,T;H (Q))
gl — y(7)
is Fréchet differentiable.

Proof. It is the same proof of Lemma 5. It is sufficient to notice that G can be written
as a composition of the Fréchet differentiable mappings w, g and ¢ (see [33, p.262]|), where
w, g and ¢ are defined as follows:

w: H*0,T;R*) — C(Ty x10,7T))

- 2.42
1 — —en |30 P (242)
where cg = 7 and §(v)(z,t) == x —~(t), V(z,t) € Ty x [0, 7],
) r 2
p(u)
where a = 04%, and
q: L*%) — L*%0,T;HY(DQ)) (2.44)
g — '
where y denotes the weak solution of the initial boundary value problem:
pcaty—/-iﬁy—() in Q,
a =hy—g on X,
é/y =hy on X, (2.45)

Yy = 0 on s,
y(@,0) =yo(zr) for z€Q,
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Yo € L?(Q) denoting a fixed initial condition. Therefore we can conclude that

DG(v) -0y = D(gogow)(y)- oy
= U(’yaé')/), for all 5"}/ c HZ(O’T; R2>,

where v(7, §v) is a solution of (2.27). O

Lemma 15. The mapping

T
l:ve€HY(0,T;R?) / VI () |2 +02dt (2.46)
0
1s Fréchet differentiable.

Proof. We firstly prove that the mapping [ is Gateaux differentiable at every point
v € HY0,T;R?). Let 6y € H*(0,T;R?) and h > 0

Iy + héy) —1(7) /T\/Iv )+ hoy'(t) |2 +62 — /] ¥ (t) ) P +02
h 0 h

:/T [/ () + 3 (1) P~ |7 () 7 "
h (VIO RO P 8+ [7O P +P)

:/T 2y (1) - 0/(t) + 1| 57/ (8) P »
(m )+ 0oy @) P 0+ /[0 P +)

V(1) -0 [0V [
\/Iv +h67 t) 12 +0% + /(1) [ +6

(2.47)

We have that

/ 2
h/ |57<>’ < /‘5,}/ |2dt
o VIV )+ oY (t) P +0%+ /[ 7 (t) 2 +62 =9
h
S 5 || (5’}/ ‘|H1(O,T;R2) — 0 as h — 0+.
(2.48)

Let (hy,)nen such that h, — 07, since 4" and 69’ € L?(0,T;R?) then by Cauchy-Schwartz
we have
v -0y
VT E R PP 7 PR D
thus by the dominated Lebesgue’s convergence theorem we have

V'(t) - 67/ (t)dt R A0y (1)
\/Iv )+ oy (1) PHP2+ VO P+ Jo /1) 2 +62

Iv 0y |€ L'(0,T),

as n — +00.

Therefore the Gateau derivative of [ is

T / /
, v'(t) - 07 (t)
U'(v;07) = dt, 2.49
(i) = | T (2.49)
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as it is a continuous linear form in v on H'(0,T;R?).

Let us prove that v € H'(0,T;R?) — l'(y;-) € (H*(0,T;R?))* is continuous. This
will implies that [ is Fréchet differentiable [27]. Let (7,)nen @ sequence of H'(0,T;R?)
convergent to v. In fact

RO SO NP S A OR G40 dt'

sup
”‘S'YHHl(O,T;Rz)Sl | 'ﬂz(t) |2 +92 0 | Vl(t) |2 +02
/ / (2.50)
- Sup 7n2 2 72 2 ’
H‘;’YHHl(o,T;R?)Sl \/l %/1 ’ +(9 \/’ 7/ ’ —1—0 L2(0,T;R2?)
By the hypothesis on (7,)nen and the dominated convergence theorem we have
H / / 2 H / / 2
VIV P+ IV P A Lgrgey IV P V0 P02 o ey
2
VI P+ I P A0 Lgrge
2
1 T 1 1
< Sl =7llmoerre +/ - |7/ (t) | dt
02 TR VIR T e
— 0 as n — 4o00.
(2.51)

Therefore by (2.50) and (2.51) I'(v,,-) — U'(7,+) in H(0,T;R?)*. Thus [ is Fréchet
differentiable.
[l

Lemma 16. The mapping

1 T
g:n € HX0,T:R?) §(2R/0 VIO P +0dt— | Ty |)? (2.52)

1s Fréchet differentiable.

Proof. We can write ¢ as the composition of the Fréchet differentiable mappings w and
q defined as follow:

w: H*0,T;R*) — R

2.53
¥ — 2R fOT VA () |2 +02dt— | Ty |, ( )
and
g: R — R
T — 9%u2. (2.54)
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w is Fréchet differentiable by the previous lemma and its Fréchet derivative is given by
(2.49).
For all 6u € R

(u+ du)® = u® + du® + 2u du, (2.55)
so it is clear that 5
Dg(u) - du = Pk ou. (2.56)

Thus
Dq(v) - 6y = D(g o w)(y) - 07
= Dg(w(v)) - Dw(v) - oy

T T, ) (2.57)
— 2 (or [ VIO FEa- v ) (2n [ O,
A o VI

0P+

O

Using the previous lemmas, we obtain:

DJ?(v) -6y = / / VG(v)(z,t) - Vo(y, 07)(z,t) dedt
+)\Q/ / (x,t)v(y,0v)(z,t) dedt — )\Q/ / yo(z,t) vy, 0v)(x,t) dedt
w3, [ mr@d, [ 0w, [0 o
IO A1)
92( / t) | +9dt—|F1>< B dt).

£) 2 +6°
(2.58)

where v(7, d) is a solution of (2.27).

2.3.3 Adjoint equation and necessary optimality conditions
The adjoint system of our problem is the following linear backward boundary value prob-

lems .
{ pcoip+ Kk Ap =AGH?) — \(G(H?) — yo) in Q,

k% 4 hp = 2600 on TI'x]0,TT, (2.59)

p( T)=0 in Q.

Theorem 17. If ¥° € U,y is an optimal control of (OCP?) with associated state G(3%),
and p € W(0,T) the corresponding adjoint state that solves (2.59), then the variational
mequality

D) 5y =) / 0)- G+, [ <79>'<t>-<5v>'<t>dtm | @ @ro

(ZR / VI GO | +6%dt— | Ty | ) <2R / \/! 5?1226115)

+2acq [ / exp(w(3") ()37 (. 1) - (57) (t)p(, )dS ()t > 0

(2.60)
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holds for all 6y € U,g.
Proof. For the proof see theorem 9. [

DJ 9(v) is a continuous linear mapping on H?(0,T;R?). Thus by Riesz representation
theorem it is the scalar product by a unique element of 2(0,T;R?) that we denote by
VHQ J(")/)

DJ?(y) -0y = (Vi J°(7), 67) u2(orrey for all 6y € H?(0,T;R?).

Proposition 18. V2 je(y) can be obtained by solving the following boundary value prob-
lem on the time interval (0,T)

v'(0) = v®(0),
v'(T) = v®(T)
v"(0) =0,
V"(T) = 0.

v W(t) — 0" (t) + v(b‘)) = f(#)

(2.61)

and

uld(t) —u(t )+ u(t) = —q"(t)
—/(0) +u!?(0) = —¢'(0),
(D) + (D) = ~¢(T), (2.62)
u”(0) =0,
u"(T) = 0.

with

£(t) = 2acp / exp(w(7) (D)7 (7) (. p(z, 1)dS (x) (2.63)

Iy

and

o (79)’(75)
q'( 92 (QR/ \/| t) 2 +0%di— | Iy |) ( \/| 1) 2 +92> : (2.64)

Then Vi J?(v) = v+ u+ Ayy.

Proof. Let us set

J:Uyg—R:iyr = //|Vy |2(:z:tdxdt—|— //|y —yo |? (x,t)dxdt

(2.65)
By formula (2.60)

DJ(7) - 6y = 2acx / /Fexp(ww)(x,tmw)(x,t)-<5w><t>p<x,t>ds<x>dt7 (2.66)

for all 6y € H?(0,T;R?). This latest expression shows immediately that .J'(v) -0~ is equal
to the L?-scalar product of 6y € H?(0,T;R?) C L?*(0,T;R?) with the square integrable
function on the time interval (0,7)

fit— 2acR/ exp(w(y)(x,t)7(y)(x, t)p(x, t)dS(z). (2.67)

I



2.3. THE PENALIZED CONTROL PROBLEM 45

Now, we want to write 0y — J'(7) - 67 as the H?(0, T; R?)-scalar product of dy with some
H?(0,T;R?)-function v. Thus we must have

('U, 67)H2(0,T;R2) = (f, 5’}/)L2(07T;R2), Vé’y € H2(O, T, R2> (268)
ie.

/0 o(t) - o (1)t + /O V() - 69/ (1) dt + /0 o (8) - 07 (¢) = /0 FOGY A (2.69)

for all 6y € H*(0,T;R?). That v exists and is unique folllows from the Riesz representa-
tion theorem. Taking §y € C>°(0,T; R?) and integrating by parts, we obtain

oW — " v =f. (2.70)

f being a square integrable function on (0, T), it follows from (2.70) that v € H*(0, T; R?).
Making an integration by part in (2.69), we obtain that

V'(0) = v<3><0>,

V'(T) = v®N(T),
2(0) = 0, (2.71)
v =0.

Thus j/(’Y) 07 = (v,67)m2(0,7R2)-
Let us set

A (79)’(25)
q 92 (QR/ \/| | +60%dt |F1 |) ( \/| |2 _|_92> ) (2'72)

We want to find v € H%(0,T; R?) such that
(w, 07) m20,mr2) = (4'(1), 07 L2(0,7iR2)- (2.73)
Taking 0y € C2°(0,T; R?), we obtain
u(t) —u"(t) + u(t) = —¢"(t)

in the weak sense ¢” being square integrable on (0, 7). This implies that u € H*(0, T’; R?).
Performing an integration by parts in (2.73) we obtain the boundary conditions

(2.74)

Knowing that

. 8 A 1/ (7 2
J(v) = J(y) + 5 I %2 0.7:2) + (/0 VI (@) [P +602dt— | Ty I) ,

Dja(’y) 0y = Dj( )67+ A (% 5’7)H2(0 T;R2) + (u, 57)H2(0,T;R2)
= (v+u+ A7, 07)m207R2)

Thus A
Vied® =v+u+ A7
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2.4 Numerical approximations

This section is devoted to the discretization of the penalized optimal control problem
(OCP?). 1In subsection 2.4.1 we present the main optimization algorithms useful for
our study. Our numerical tests are in a two dimensional setup which is presented in
subsection 2.4.2. In subsection 2.4.2 the parametrization of the laser path is introduced.
In subsection 2.4.4 |, we perform preliminary simulations to show how we coupled the Heat
equation to the parametrized path. The discretization optimization problem is presented
without constraint in subsection 2.4.5 to show how we handled the discretisation of the
associated adjoint problem and the necessary optimality condition in presence of the
parametrized path. Finally, in subsection 2.4.6 the fully constrained optimization problem
is discretized.

2.4.1 Optimization algorithms

In this section we recall the main optimization algorithms we have used. We will not
discuss convergence analysis for these algorithms. Details about these methods can be
found in the following references: [28, Chapter 2|, [42, Chapter 17].

The gradient descent algorithm

We present a descent method for simply constrained problem of the form

min f(z)

zelU

with U = R", f : U — R continuously Fréchet differentiable. We know in order to
minimize a convex function, we need to find a stationary point. One possible approach is
to start at an arbitrary point, and move in the opposite side of the gradient at that point
towards the next point, and repeat until converging to a stationary point. In general,
one can consider a search for a stationary point as having two components: the direction
and the step size. The direction decides which direction we search next, and the step size
determines how far we go in that particular direction. Such methods can be generally
described as starting at some arbitrary point xg and then at every step k£ > 0 iteratively
moving in the direction dj, by step size o to the next point, xy; = 2+ 0xdy. In gradient
descent, the direction is the negative gradient at the point, i.e. d = —V f(z). Thus, the
iterative search of gradient descent can be described through the following recursive rule:

Tp+1 = T — O'ka(ZL‘k)

Since our objective is to minimize the function, one reasonable approach is to choose the
step size in manner that will deminish the value at the new point, i.e. find the step size
that minimizes f(xyy1). Namely, choose a descent direction oy, such that

f(@rgr + ordy) < f(x).
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Formally, given a desired precision € > 0, we define the gradient descent algorithm as
described below.

Algorithm 1: Gradient descent

0. Choose an initial point xg € U;
while || Vf(zg) ||> € do
1. Set d, = =V f(xy);
2. Choose oy > 0 such that f(zy + oxdi) < f(zr);
3. Set Thy1 = Tk + O'kdk;
4. k+—k+1;
end
5. return xy;

The projected gradient algorithm

We now present a descent method for simply constrained problem of the form

min f(z),

subject to a < x <0,
with U = R", f : U — R is a Fréchet differentiable function and a, b € R", a < b are
positive constants. The presence of the constraint set [a,b] requires to take care that
we stay feasible with respect to [a,b]. The projected gradient descent algorithm uses
an initial point zy, and then updates it for £ = 1,2,3,--- by first performing gradient
descent on the current solution and then projecting it back onto the constraint set. This
can be expressed as

Trp1 = Play) (zx + ondy)

where P,y is the corresponding orthogonal projection into [a, b|:
Play)(y) = max(a, min(y, b)). (2.75)

Formally, given a desired precision € > 0, we define the gradient descent algorithm as
described below.

Algorithm 2: Projected Gradient descent

0. Choose an initial point xg € U;
while || 7, — Pjg (2 + ordy) ||> € do
1. Set di, = —Vf(fl?k;);
2. Choose o > 0 such that f(zy + ordy) < f(x);
3. Set Thy1 = P[a,b] (Qik + O'kdk);
4. k+ k+1;
end
5. return xy;

Remark 4. The motivation of the stopping criterium in algorithm 2, is that if z; would
be equal to Py (zr + okdy), this would mean that

(Vf(xg),y —xk)r >0, for all y € U such that y € [a, b].

This is an approximation of the necessary condition f'(z)(y — z) > 0 for all y € [a, b],
that every local minimum z must satisfy.
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The augmented-Lagrangian algorithm

Augmented Lagrangian methods are a certain class of algorithms for solving constrained
optimization problems. They have similarities to quadratic penalty methods in that they
replace a constrained optimization problem by a series of unconstrained problems and add
a penalty term to the objective. Namely, the unconstrained objective is the Lagrangian
of the constrained problem, with an additional penalty term (the augmentation). The
augmented-Lagrangian method reduces the possibility of ill conditioning of the subprob-
lems that are generated in the quadratic penalty approach (see section 17.1 and 17.4 of
[42] for more explanation about the ill conditioning). We are interesred in the following
optimization problem with inequalities constraint.

min f(z),

subject to  ¢(x) >0,

with U = R"™ and the functions f : U — R, ¢ : U — R are Fréchet differentiable. We
consider the Lagrangian function

£: (URRY) — R
(T, i) = L@, A p) = f(2) +(c(), A; )
with ) ,
olea), ) = { 2GR el ) 2.0

2
We want to solve the following unconstrained optimization problem:

min £(z, A; ). (2.77)

Once the approximate solution z;, is obtained, we use the following formulas to update
the Lagrange multipliers

Agt+1 = max(Ag — c(xg)/pr, 0), (2.78)

Algorithm 4 gives the augmented Lagrangian method used in this section.

Algorithm 3: Augmented Lagrangian

0. Choose an initial point x§ € U, p > 0, tolerance 7 > 0 and A\ > 0 ;
for £ =0,1,2,--- do
1. Starting from 7, use the gradient descent minimization algorithm 1 to
find an approximate minimizer xj of L(-, Ag; px) ;
if || Vo L(xp, Ag; px) || < 7 then
iteration accepted STOP with approximate solution xy;
else
2. Update Lagrange multiplier by formula (2.78);
3. Choose new penalty parameter 11 € (0, jix);
4. Set starting point for the next iteration with zj , = x;;

end

end
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The Lancelot algorithm

We consider an optimization problem of the form

min (),

subject to  ¢(z) > 0and a <z < b,

with U = R"”, the function f : U — R, ¢: U — R are Fréchet differentiable functions and
a, b are positive constants. The algorithm designed to solve this optimization problem
is a combination between the projected gradient descent algorithm 2 and the augmented
Lagrangien algorithm 4.

Algorithm 4: Augmented Lagrangian

0. Choose an initial point x§ € U, pg > 0, tolerance 7 > 0 and A\ > 0 ;
for k=0,1,2,--- do
1. Starting from zj, use the projected gradient descent minimization
algorithm 2 to find an approximate minimizer x of L(-, Ag; pix) ;

if || Vo L(xk, Ak i) [|[< 7 then

iteration accepted STOP with approximate solution xy;
else

2. Update Lagrange multiplier by formula (2.78);

3. Choose new penalty parameter .1 € (0, jix);

4. Set starting point for the next iteration to x;,, = xy;
end

end

2.4.2 Two dimensional laser path optimization model

In order to simplify the numerical tests we restrict ourselves to the two dimensional model
proposed in [9, 38| with a slight difference that we have considered non-homogenous
Robin boundary condition on I' to take into account heat exchange with the exterior
environment. The model describing temperature distribution within a single layer of
thickness 0 is given by:

pcdy —rkAy=—%(y—y)+% m Q=0x]0,T],
—m% =2 (y—yo) on L =TIx]0,T], (2.79)
y(x,0) = yo(x) for z €,

Here € is supposed to be equal to [0, 1]? and g, represents the Gaussian laser beam given
by:
2P |z — () P
gy(z,t) = Qs XD (—2T , for all (z,t) € Q x [0,T], (2.80)
where v : t € [0,T] — € represents the displacement of the laser beam center on {2 with
respect to time. We want to compute the discrete solution of the following optimization
problem.
Given # > 0, we want to find a discrete solution of the following minimization problem

min .J%(7). (2.81)

P
veU,,
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where,

//|Vy :ct|2dxdt+—( /\/Wdt—lfﬂ)

+ 5 7 | ||H2(0TR2)

(2.82)

and UP, is given (2.31). The existence of an optimal control and the determination
of the first order optimality condition can be done using the same arguments as those
mentionned in section 2.3. We give the adjoint equation and the first order necessary
optimality condition without proofs.

The adjoint system of (2.79) is the following linear backward boundary value problem

QC?thr/iAp:—%(p—yo)JrAy(We) in Q,
dya(z ) “gi - (p — 1) on X, (2.83)

where G(5?) is the associated state to an optimal control 4¢ € Uad

If 4% € U?, is an optimal control with associated state y(3?), and p € W(0,T) the
corresponding adJ01nt state that solves (2.83), then the variational inequality

DJ*(7) -6y = A / 7(t) - (57)(t)dt+kw/0 (70)’(t)-(57)’(t)dt+AvA (3°)"(¢) - (67)"(t)t,

(2R / VI GOY(t) 2 +62dt— | Ty | ) (23 / ¢| ‘?f;édt)

+2aep [ [ exp(wE) w06 e.0) - (52) (e, OdS ()it >0
(2.84)
holds for all §y € U?,. )
Therefore, we can now compute Vz2J%(y) which is given by
Ve J'(y) = v4u+ Ay, (2.85)

where v is a solution of (2.61) ans w is a solution of (2.62).

2.4.3 Path and Heat equation discretization

To parametrize the laser path we use cubic Hermite spline basis. This choice will allow us
to obtain smoother laser paths and therefore to have control on the path derivative. From
an industrial point of view, we believe that the use of C* curves will be more efficient
than C° curves since smoother curves will diminish thermal gradients. Furthermore this
kind of paths has been used in many additive manufacturing technologies [26, 63].

We start by recalling the cubic Hermite spline basis on the unit interval [0, 1]. Given
a starting point pg at t = 0 and an ending point p; at t = 1 with starting tangent mg at
t = 0 and ending tangent m; at ¢ = 1, the polynomial of interpolation is given by

P(t) = H'(t)po + HO(t)mo + H' (t)pr + H* (t)ma, (2.86)

where H refers to the basis functions (see figure 2.7):
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HO(t) = 263 — 3t* + 1,
o HO(t) =13 — 22 + ¢,
o H'(t) = —2t3 + 3t%
o H'(t) =11
1,
7H0
7H1
7‘;;0
Jagt
0 :
1 t

Figure 2.7: Hermite basis functions.

Interpolation in an arbitrary interval [t;_i, tx] is done using the following formula [22]

P(t) =H (W (0))p—s + H (W ()t — tremr )y + H' (0 ()1

. (2.87)

+ HY (B (#) (t — tir) s,

with

t— 1t

t® (1) = E=ter) oy € [th_1, ], (2.88)
(te — i)

Pr—1 = P(tr-1), p = P(te), mg—1 = P'(ty—1), mp = P'(L1). (2.89)
Let us consider the uniform subdivision {5 = 0 < t; < --- < ty = T of the time
interval [0,7] with uniform step size Ay = % We describe the path ~ using cubic

Hermite spline basis where the degree of freedom are both the value and the derivative
at each value:

st = (24 ) B + o (G5 ) %)

g\ k) B oA bl k=1
+(ai)H(t (t))+Ao<5k) L) (8)), for all ¢ € [ty ty), k = 1 ,z(vz.go)

Then we discretize (2.79) by using, the P!-finite element method in space and the implicit
Euler method in time. Let us consider the uniform subdivision tp =0 < t; < -+ < t,y =
T of the time interval [0, 7] with step size A; = £2 where n represents the number of
points in which we want to simulate the temperature between the time interval [t;_1, ]
for all Kk =1,--- ,N. In order to avoid to use too many optimization parameters but to
have a good approximation of the solution of the heat equation, we have decided to use
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a rough paramatrization ¢;, 1 < k < N, for the path and a finer parametrization (t;z),
1<k <N, 1< j<n, for the use of Euler’s scheme. We then discretize (2.79) using the
implicit Euler method where we denote by:

Y7 ~y(x, 5 Ay) (2.91)
where %(w, jA1) is replaced by
Yi_yi-1
Ay

we are reduced to find Y7 For given ((oy,, o, B3, B7))keqt, N} using the path v given by
formula (2.90) then we find Y7 solution of

peY T GAYT = B (YT Yy 4 L jA) forall j=1,-- 0N,

—r%G =5 (Y7 = Y0) forall j—=1,---,nN, (292)

Considering a regular family of triangulation (73),-0 on Q, using the P;- finite element
method we arrive at the fully discrete approximation of (2.79). Find Y} € V}, solution of

pc/ th vpdx + Am/ Vth - Vupdx + AI%/ (Y,f — Yon) vpdx
Q Q Q

h .
+ Alg / (Y}f - Yb,h) ’UhdS — Al/ %(l‘,jAl) ’UhdS (293)
r Q
— pc/ Y,f_lvhdx =0 for all v, € V},
Q

where the subset V}, is a conforming approximation of H'().

Remark 5. The choice of the implicit Euler method is to avoid a CFL condition, thus
the error will only depend on the time and space step size.

2.4.4 Preliminary numerical results

Our aim is to study the influence of some parametric curves on the distribution of tem-
perature and thermal gradient in the selective laser melting process. Namely, given a
parametric curve in the right hand side of the heat equation we compute the maximum
temperature reached during the process and the L? norm of the temperature gradient.

For the thermal properties we have used the data mentionned in [12], where they used
Titanium Alloy Ti6Al4V powder (see table 2.1).

We have tested four types of paths given by (2.90), we mention in table 2.2 all the
data used for the FEM and the geometry. The numerical tests presented in this chap-
ter are performed with the help of Python [56] and the open-source software package
Netgen/NGSolve [46], a FEM library with Python interface.

When we compare the result presented in table 2.3, we can conclude that the spiral
paths has the largest maximum temperature while the interior spiral path induce the most
important thermal gradients. On the other hand we notice that the basic path has the
lowest maximum temperature and the zigzag path induce the lowest thermal gradients.
Therefore these results are coherent with those presented by Vanbelle et al. [55, 54| and
Cheng et al. [12].
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Titanium Alloy Ti6Al4V

Laser power P =200W

Laser velocity 1m.s™1

Laser radius R=50x10"%m
Layer thickness § =40 x 107%m
Initial temperature Yo = 273°C

Heat exchange coefficient h=10W.m=2.°C
Powder density p = 4000 kg.m™3
Thermal conductivity k=0.25W.m~t.°C1
Calorific capacity c=450J.kg=t.°cC!

Table 2.1: Thermal parameters.

FEM & Geometry

Fem step size h = %
Number of points N =50
Number of intermediate points n =10
Final time tp=1
Dimension of 2 [0,1] x [0,1]

Table 2.2: Data used for the FEM and the geometry.

Temperature

1.0

0.8
0.6
0.4
0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.8: Basic path at time ¢ = 0.87.

2.4.5 Discretization of the unconstraint optimization problem

In order to explain how we discretize the adjoint equation and V 2.J we will consider the
optimization problem presented in subsection 2.4.2 without the constraints on v and the
geometrical constraint

1 T 2
= (23/ VIV @) 2 +02dt— | Q |) 6>0.
0

The control space U := H?(0,T;R?) is discretized using the cubic Hermite spline basis .
Let us consider the uniform subdivision tg = 0 < t; < --- < ty = T of the time interval
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Path max. temperature | Vy |2
Basic (figure 2.8) 2446 258485
Interior spiral (figure 2.9) 2763 326636
Exterior spiral (figure 2.10) 2745 276869
Zigzag (figure 2.11) 2714 234869

Table 2.3: Different paths tested.

Temperature

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.9: Interior spiral path at time t=0.87.

Temperature

1.0

Figure 2.10: Exterior spiral path at time t=0.87.

0, 7.
We replace U by

UN :=={vy € C([0,T);R?); 4(t) is given by (2.90) ; ((a, &, Br, B keqr, - vy € R}
(2.94)

The adjoint system associated to (2.79) is discretized using the P;-finite element method
in space and the Euler implicit backward scheme in time. Similarly to the discrete state
equation (2.92) we have used a finer paramatrization (¢,;), 1 <k < N, 1 < j <n for the
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Temperature

1.0
I 2520
2270

2020

0.8

0.6 k1770

F 1520
04 F 1270

r 1020

770

I 520
270

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.11: Zigzag path at time ¢t = 0.87.

Euler’s scheme. We denote by .
P~ p(xa.]Al)
%(m,jAl) is replaced by
pi+l _ pi
A

For given Y7 solution of (2.92), we want to find P? solution to

pCPj+A11_Pj + Kk AP :—%(Pj—Yb)—i-AYj forall j=1,---,nN,
P2 — kI = (P - Y) forall j=1,--,nN,  (2.95)
PT =0.

Considering a regular family of triangulation (73)5-0 on Q, using the P;- finite element
method we arrive at the fully discrete approximation of (2.95). Find P} € V}, solution of

) . h )
pc/ P,f“ vpdx — Am/ VP] - Vupdx + A1g/ (P! —You) vpdx
0 Q Q
—pe / P/ opda + / VY Vuydz (2.96)
Q Q
h .
— Alg / (P! —Yon)vpdS(xz) =0 for all v, € Vj,
r

where the subset V}, is a conforming approximation of H'(Q2). In order to compute the
discrete form of R
Vi (7) =v+ Ay

with v solution of (2.61) we will solve (2.61) using Hermite finite elements in one dimen-
sion. We therefore build a mesh of [0, 7] corresponding to a division into N elements.
An Hermite finite element is a triplet (K3, P) where the reference finite element triad
(K,3, P) is defined by
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Therefore, this approximation uses two degrees of freedom per node: for each node k of
coordinate tj these are the nodal value of the function vy = v,(t) and the nodal value of
the derivative dvy = %(tk)' This makes it possible to uniquely define the approximation
vy, which therefore has 2V degrees of freedom (the values at node k = 0 and k = T are
imposed by the boundary condition (2.71)). This finite element space is a conforming
approximation of H?(0,T). This approximation is written as a linear combination of
the nodal values of the function and of its derivative. By noting ®,(¢) the base functions
associated with the nodal values of the function v, and W(t) the base functions associated
with the nodal values of the derivative dvy defined as follow (see figure 2.12)

i (t) = L al () (H (O (1)) 4 Ly gy (8 (HO (4D (1)),

. . 2.97

Ui(t) = Lyt (Ot — b)) H (B (1)) + Lptyepa () (g — te) HOEFD (1)), (297
where

t®(t) = % for all t € [t;_y,ts]. (2.98)

Figure 2.12: Hermite element finite basis functions.

Thus, a function vy, in this finite element space is written by:
N N
va(t) = op®i(t) + Y dopT(t).
k=1 k=1

On an element [t;_1,tg], this approximation is written:
Uh(t) = Uk—l(pk—l(t) + dvk_llllk_l(t) + qu)k(t) + dvklllk(t)

vy, is a Hermite polynomial of degree 3, the four associated shape functions, which are Her-
mite polynomials of degree 3 are given by HO(t®)(¢)), H°(t®)(¢)), H*(t®)(t)), H (t™)(¢))
already defined in subsection 2.4.2.

Remark 6. This finite element space is the same as the one used for the discrete curves
which allow us to compute V g2J by adding v and y in the same discrete functional space
without passing by a transfer matrix.



2.4. NUMERICAL APPROXIMATIONS o7

Algorithm 5: Unsconstrained optimization
0. Initial path 4%, e = 0.1 ;
1. Computation of an approximated solution of the heat equation and the
adjoint equations along the path ~o;

2. Computation of the objective function J and V H2j along the path ~o;
while || Vi, J(7k) ||> € do

3. Set dk = —VHQJA(%);

4. Choose o} > 0 such that

J (v + apdy) < J () (2.99)

5. Set Vry1 = Yk + Opdy;

6. Computation of an approximated solution of the heat and the adjoint
equations along the new path 4. 1;

7. Update J and VH2j;

8. k+ k+1;

end

9. return ~;

Initial path Optimized path

0.9 1

0.8 1 400 4

0.7 1

0.6 1 300 A

0.5 1
200 A
0.4 1

0.37 100 -

0.2

0.1+ 0q -

T T T T T T T T T T
0.2 0.4 0.6 0.8 0 50 100 150 200 250

Figure 2.13: Initial and optimized path

A preliminary test has been carried out. The initial curve is given by figure 2.13 and
it is composed of nine optimization points. The thermal properties we used are given by
table 2.1. The finite elements and geometry data we used are given by table 2.2. We
have chosen \, = 107 and oy in algorithm 5 was computed by solving the minimisation
problem (2.99). After 200 iterations we obtain the optimized path which go out of the
domain (the red point show the location of the initial path) which is quite consistent since
we have no constraints on the path and we demand to minimize || Vy(v) ||z2. Further,
the temperature in the domain for the optimized path is 265°C'. After 100 iterations, we
may notice that || Vy(v) ||z2 and J(y) remains almost 0. Let us stress that without the
term A, || v || m2(0,7;r2) in the cost functional (2.82) we could not achieve convergence.
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1e10 Evolution of thermal gradients 1e10  Evolution of cost functional
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Figure 2.14: Evolution of thermal gradients and cost functional

2.4.6 Discretization of the constraint optimization problem
Box constraints

In order to keep the path inside @ = [0, 1] x [0, 1] we add the following box constraints
on the points (aq,--- ,ay) of 7.

0<a,<lfork=1,--- N,

2.100
0<a}<lfork=1,---,N, (2.100)

To handle these box constraints we will apply the projected gradient algorithm where the
projection is defined as follows

R2N [07 1]2N

P[071]2N . —
(Oél,"',OéN> — (Cla"'>CN)

for aj = (of,a3) € R?, ¢; = (¢}, ¢3) € [0,1]* is given by

Q; if 0 S % S ]_,
c; = 0if a; <0,
1if a; > 1, (2.101)

= max(0, min(eay, 1)).

Remark 7. The constraint (2.100) is not enough to justify that the curve remains inside
Q). In fact the derivatives can let the curves go out of the domain. But as a first
approximation the constraints (2.100) seem sufficient to force the curve to stay inside the
domain. In subsection 2.5.1 we propose an improvement of this constraints by using the
fact that any Bézier curve is fully contained within the convex hull of its control polygon.



2.4. NUMERICAL APPROXIMATIONS 59

Algorithm 6: Box constrained optimization
0. Initial path 4%, e = 0.1 ;
1. Computation of an approximated solution of the heat equation and the
adjoint equations along the path ~o;

2. Computation of the objective function J and V H2j along the path ~o;
while H Ve — P[071]2N (")/k + Okdk) HRZNZ e do
3. Set dk = —Vj("}/k),
4. Choose o}, > 0 such that j(% + opdy) < j(%);
5. Compute Pyg1j2n (7% + 0xdy) using formula (2.101) and set
Yer1 = Py, 12y (v + kadk)
6. Update J and VHQJ
7. k+—k+1;
end
8. return ;

Inequality constraints and perspectives

To make the laser path cover the area of the domain €2 we add the following geometrical
constraint:

¢(7) = 2R / |7 || de— | Q>0

~ 2R / HZ%M (% ) HY(19(0) + Ao (g) HOEDW) 1 109)

1 k—1

+ (Zé) HY(tW(1)) + Ag (gz) HY (W @) || dt— | Q |> 0.

k

To solve this optimization problem with inequalities constraint we will use the aug-
mented Lagrangian method [42]. We recall from [42] the Lagrangien:

4 N
L7, Ak; po) - +ZZ¢ S AT o) + W (es (), A o), (2.103)
7=1 k=1
where cg‘?(’y) represents the five constraints for all k = 0,--- | N. Let us define for j € [1, 5],
k=1, N
Nck(39) + g (G2 if =cl(7) = oM <0
ey = 4 A+ g5 (G 0)), i P = 2.104
vle; 70 X5 i) = { B (NF)2, otherwise. ( )

We want to solve the following optimization problem:

mﬁyin L5 Ak i) (2.105)

We are currently working on the inequality constraints and its related numerical tests are
in progress and will be available soon.
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2.5 Discussions and outlook

The prospects for laser path optimization are numerous. We mention in what follows
some ideas that we will study in a further work.

2.5.1 Simplified computation of optimal trajectories using Bézier
curve parametrization

In order to guarantee that the path stay inside the domain, we propose to use Bézier
curve parametrization (see remark 7). We will go back to the three dimensional settings
to describe the discrete control space.
We suppose that
['y = [a,b] X [¢,d],

—00 < a<b< 400, —00 < ¢ < d< +0o be arectangle in the plane R?. Let us consider
I'_c=la+eb—¢ x[c+ed—¢

formed by the points of I'; whose distance to the boundary 9I'y of I'y is larger or equal
to €, € €]0, min(%52, <)

Let us consider the uniform subdivision tg = 0 < t; < --- < ty = T of the time
interval [0,7] with uniform step size Ay = % The cubic Hermite parametrized path
given by (2.90) can be equivalently written as a cubic Bézier curve [22| on [tx_1, ;] for

alk=1,--- N:

v(t) = Bo(t®)(t))bag—s + Bi(t*(£))ba—z + Bo(t® (£))bg—1 + Ba(t® (t))bsr,  (2.106)
where t*)(t) is given by (2.98) and
e By(tW(t)) =
o Bi(tM(t
o By(th)(t
o By(tW(1)) = t™(1)?,

are the Bernstein basis of degree 3.
Namely, we can express bsr_3, b3i_2, bsr_1, b3x in term of the points and the derivatives
at ty_1 and tg. For each time interval [tx_1, k], K = 1,--- , N, we have

o Y(tk—1) = bsp—s,
o Y(tr) = bsy,

o V(tr1) = ﬁ(bskﬁ — bsi—3) thus bg_o = y(tx—1) + %’Y'(tkq),

o 7 (tr) = 7——(bs — bsk—1) thus bgp_y = y(tx) — =52/ (1)

te—tr—1

Replacing bsy._3, bak_2, bak_1, bar in (2.106) by these latest formulas we obtain the cubic
Hermite parametrization of v given by (2.90). bsg_3, bsx_2, bsr_1, bsp are the control
points of the curve (t) for every t € [t_1, tx] [22, pp.71-75] (see figure 2.15).



2.5. DISCUSSIONS AND OUTLOOK 61

Daj— bak—1

b3i—3 b3y,

lp—1 tk

Figure 2.15: Bézier curve on [tj_1, ty]

Corollary 19. For all t € [tg_1,tx], 7(t) belongs to the closed convex hull of the four
points bsy_3, bsp—2, bsp—1 and bsy.

Proof. For all t € [t i, t], t5(t) € [0,1], the four coefficients By(t*(t)), Bi(t*(t)),
By(t*(t)), Bs(t*(t)) are non-negative. Moreover, the sum of these four coefficients is
equal to 1. Thus on each time interval [t,_1,t;], 7 is a convex combination of bsy_3, bgx_2,
bgk_l and bgk. ]

The discrete set of admissible controls is given by
Udiseret = {(bo, ..., bsn);bo, ... by € Ty} = T3V C (R?)PNH, (2.107)

under the form of box constraints. Therefore, in order to keep the curve inside the
domain it will be interesting to use cubic Bézier curve parametrization. Instead of putting
constraints on the points and their associated derivatives, we put them on its control
polygone. By corrollary 19 the path will remain inside I';.

2.5.2 Power control in SLM

In the previous sections we have presented optimization models controlling the laser
path in additive manufacturing. In this section we will present preliminaries optimal
control models about power optimization in SLM. In the litterature we can find some
new engineering work discussing the effect of laser power on the fabricated part and the
material [14, 39]. In the following we will present three ways to control the power in
SLM. The first idea is to only control the laser power by considering it as a L?-control,
the second one is to control the power by only manipulating the laser path based on the
theoritical results presented in sections 2.2 and 2.3 and the third one is to combine laser
path and laser power optimization based on the latest two ideas.

The ideas presented in this section results from a joined work with Grégoire Allaire and
Mathilde Boissier, from the Centre de Mathématiques appliquées (CMAP), in Palaiseau,
France. In 8], numerical approaches were conducted to optimize the power, force its
bang-bang properties and control its number of variations, also a coupled power and
laser path optimization model is given. In [9, 8| a second numerical approach for path
optimization is presented.

P € L%(0,T, [0, Ppax))

Our aim is to find an optimal laser power minimizing temperature gradient in SLM. In
what follows we use the same theoretical setting as in section 2.2. Therefore the state
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equation is given by (2.3) with

2P(t) |z — () |?
gy(z,t) = « —p2 CXD (_2T , for all (z,t) € ¥y, (2.108)
where
P:te0t]—R (2.109)

is the laser power and v € H'(0,T;R?) is a given laser path which could also be the
optimal control computed by solving (OCP?). We define the following cost functional

J(y, P) ::1/ /IVy(:c,t) 2 d:cdt+%Q/0 /Q!y(x,t)—ycz(x,ﬂ * du dt (2.110)

/\p
- I Pl

where A\g > 0 and A\p > 0 are constants, while yg € L*(Q) is a given function. The
optimal control problem is

min J(y(P), P), (2.111)

PeUp

where Up is the set of admissible controls
Up = {P € L*(0,T;R)such that 0 < P(t) < P }-

Theorem 20 (Existence of an optimal control). Supposing Up # (), then the optimal
control problem (2.111) admits at least one optimal control P € Up.

Proof. The proof is based on the same technics used in the theorem 4. O

Theorem 21. If P € Up is an optimal control of (2.111) with associated state y(P),
and p € W(0,T) the corresponding adjoint state that solves (2.23), then the variational
inequality

DJ(y(P), P)-6P = Ap / B - (6P) (1)t

+2ack /0 (5P)(1) /E af Jg) exp (—QW_R#W) p(z, )dS(x)dt > 0

(2.112)

holds for all P € U,y.

Corollary 22. One can check that

( Pras if \pP(t) + s, a TFRQ) exp <—2|x7}7€—§t)|2> p(x,t)dS(z) <0

P(t)={ € [0.Puaa if AeP(t) + [, a2 exp (-2'%;5”') pla,t)dS(z) = 0

0 i APP(t) + [, 258 exp (=229 p(z, )dS (x) > 0
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Controlling the power by controlling the path

An alternative approach to avoid laser power to induce important thermal distortions
when the acceleration of the path is important is to replace (2.108) by

gy (z,t) = a2<p i gpigjll(t) ) exp (—2—‘ * _Rz(t) ’2) , for all (z,t) € ¥y, (2.113)

where for all ¢ € [0, t]

P(1Y'(t)|?) = { Prae if |9"(t) |P< s

0 if [~"(t) |*> s.

Pphaz 1s a positive constant that represents laser power and (¢.)een € C2°(R) is a sequence
of mollifiers [10, p. 108] and s is a threshhold. One can check that

Pras if | 'Yll(t) |2< S —€
(Px@)(I7"(1) [7) = €10, Poaa| it s — e <[7"(t) P< s + €.
0 if [4"(t) *>s+e

In this way we have only one variable of optimization which is v. Here we link the power
and the curvature of 7. Indeed in additive manufacturing machines, speed and curvature
are linked so if we want to scan homogeneously, it can be interesting to vary the power
as a function of the curvature. The optimization problem is the following:

min J(y(7),7), (2.114)

0iS Uad

with J is given by (2.6) and U,y defined by (2.7). The study of this problem can be done
using the same steps presented in section 2.2 and will be investigated in a further work.
Controlling the path and the power
We consider the optimal control problem

1 [T o [T
win, Jw.P) =g [ [ 1V Parare 32 [ [y —sole.n) P dz

PeUp,v€Uuq
Ap

+ 5 1P Zerw) 25 17 lmoree)
(2.115)
subject to the state equation (2.3) with g, given by (2.108) and to the two set of admissible

controls Up and U,y. The study of this problem is based on same technics presented in
[53, Chapter 3].

The disadvantages of these three models is that in the industrial applications the
power cannot for the moment really vary continuously.
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Chapter 3

Existence of local solutions for the
coupled Heat-Maxwell’s equations with
temperature dependent permittivity

3.1 Introduction

We are interested in heat diffusion equations with volumic heat source induced by electro-
magnetic waves. A typical heat-diffusion system involves a laser beam source irradiating
locally a three dimensional medium 2. This technique is used in laser melting process
for additive metallic manufacturing [62, 6]. In chapter 2, we have simply considered the
heat diffusion equation in 2 with a inhomogeneous Robin boundary condition on some
part of its boundary irradiated the absorbed part of a laser beam energy. In chapter 2,
we wanted to control the temperature and its gradient inside ) during the processing
time interval [0,T], T fixed. In this chapter, to model accurately the laser interaction
with the medium 2, we consider in €2 the coupling between the heat diffusion equation
and Maxwell’s equations. We also take into account, the temperature dependence of the
electric permittivity of the medium inside Q. In [1], Maxwell’s equations have also been
considered to model accurately the interaction of the laser beam with biological tissues
preferably to Beer’s law or to the radiative transfer equation. In [59], time-harmonic elec-
tric and magnetic fields of some fixed frequency are considered, but the derived equations
[59, Eq.(2.1)-(2.5)] lead to a contradiction as explained in [59, Remark 2.1]. The tem-
perature solution of [59, (2.2)-(2.4)-(2.5)] which appears in the permittivity coefficient is
not even necessary periodic in time, thus the electric and magnetic fields could not be
time-harmonic. Therefore the choice of time-harmonic Maxwell’s equations in [59] is not
appropriate.

Let us now describe our model. Let us fix some T" > 0, we consider in the space-time
cylinder @ = 2x]0, T'[, the 3-dimensional parabolic initial-boundary value problem:

Oy —div(aVy) = S(y) inQ,

—agl = h(y —u) on %, (3.1)
y(-,0) = yo in Q.

Here, y denotes the temperature, o the thermal diffusivity constant, n the outward
unit normal vectorfield along the boundary I' of €2, A > 0 the heat transfer coefficient
and y, the temperature of the surrounding medium (air). By X = I'x]0,T[, we denote

65
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the lateral boundary of the space-time cylinder ). The heat source function S(y) in
(3.1), represents the volumic power absorbed by the medium €2 from the electromagnetic
field generated in 2 by an external source e.g. a laser beam. S(y)(x,t) is defined as the
multiplication of the absorption coefficient y, depending on x € 2 and on the temperature
y(x,t), with the electric field intensity weighted around z:

S)(@,t) = palz, y(@, 1) | (B(y) *pa)(x,t) *, for all (z,1) € Q. (3:2)

©0a € CHR?) represents a weight function which is supposed to be at least of class C!
on R? and with compact support. In formula (3.2), E represents the electric field in
solution of the following Maxwell’s equations:

( Oi(e(-,y)E) —cwrlH+ cE =0 in Q,
O(uH) + curl E=0 in Q,
div(pH) =0 in @Q,
Exn= Ee:ct Xn on Z, (33)
H-n=0 on X,
L E(,O) = Eo, H(,O) = HO in €.

In these equations, H denotes the magnetic component of the electromagnetic field (E, H)
in , o the electrical conductivity, ;1 the magnetic permeability, e(z,y(x,t)) the electric
permittivity dependant on the space and the temperature y. E..; denotes the electric
field irradiating the boundary of €2 due to an external source. The first equation in the
Maxwell system (3.3) is coupled to the heat diffusion initial boundary value problem (3.1)
by the dependence of the permittivity € with respect to the temperature y, and the heat
diffusion initial boundary value problem (3.1) is coupled to the Maxwell system (3.3) by
the right-hand side into the heat equation (3.1), the heat source term S(y)(x,t) (3.2)
depending on the electric field E(y). Our hypotheses on the coefficients appearing in
(3.1), (3.2), and (3.3) will be precised further.

Our purpose is to establish the existence of local solutions to this coupled problem.
First, we fix the temperature distribution, we study the Maxwell system by using the
theory of evolution systems (section 3.2), the difficulty being due to the dependence of
the permittivity with respect to the temperature and consequently to time. Next, we
study the coupled problem (section 3.3) by introducing a fixed point problem in the
closed convex set K(0;R) := B(0;R) N {z € B(0; R); 2(0) = 0} of the Banach space
C*([0,T]; C1(£2)) and proving that the hypotheses of Schauder’s theorem are verified for
R sufficiently large. The construction of the fixed point problem is nontrivial as we need
K(0; R) to be stable.

3.2 Maxwell’s equations with temperature dependent
permittivity

In this section, we fix the distribution of temperature appearing in the permittivity
coefficient of the Maxwell system (3.3) decoupling in this way Problem (3.3) from the
Heat initial boundary value problem (3.1). The resulting problem is thus a Maxwell initial
boundary value problem with time dependent permittivity through the distribution of
temperature.
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3.2.1 Preliminaries

Throughout this chapter, € is always assumed to be a bounded domain in R?® and its
boundary T to be of class C?. We set L%(Q2) := L*(Q)3 and H'(Q) := H'(Q)3. We begin
by defining the following standard functional spaces:

H(curl, Q) = {p € L*(Q); curl p € L*(Q)},

H(div, Q) = {¢ € L*(Q);divy € L*(Q)},

Hy(curl, Q) = {p € L*(Q);curlp € L*(Q), o x n =0 on '},
Hy(div, Q) = {y € L*(Q);divy € L*(2),%-n =0 on '},
J.(Q,p) = {vp € L*(Q);div (up) = 0,4 - n =0 on T'}.
JH(Q, 1) = H(curl, Q) N J,(Q, ),

We make the following assumptions on the coefficients and data of the Maxwell prob-

lem (3.3):

(H1) The function (,y) +— e(x,y) is real valued, positive, continuous on €2 x R with first
order partial derivatives with respect to the variables w; (1 = 1,2,3) and y, also
continuous on €2 x R. Also, there exist positive constants €;, ¢y such that:

0<en <e(r,y) <e, forall (x,y) € Q2 xR,

(H2) o € L>*(Q) and the function p € W>°(Q). There are positive constants py and p
such that:
0 < po < p(x) < py, for all z € Q.

(H3) (Eo,Hp) € H(curl,Q) x JL(Q,u) and E.; € C?*([0,T]; HY(R? \ ©)) such that
curl Eeyy -y, = 0, Ecge(,0) X n, = Eo X ny,.

Remark 8. By identifying E.,; with the time-dependent differential form of degree 1 on
R3\ Q: Eepr1da! + Eey0da? + Eyy 3da?, the hypothesis curl Eqyy -njy = 0 on E,yy in (H3),
amounts to assume that at any time ¢ € [0, 7], the exterior derivative on I' of its trace
on I' is equal to 0 [49, p.136].

Remark 9. - By assumption (H2) on p and the standard formula
div (uy) = pdivey + V-1 = 0 for all ¢ € J,,(Q, p), (3.4)
we have divy = —iv,u -p € L*(Q2), and therefore J,,(Q, ) C Hy(div, Q).
- Consequently: JL(Q, u) C Hy(div, Q) N H(curl, Q) — H'(Q) [24, p.44].
Proposition 23. J,,(Q, 1) is a closed subspace of L?(Q).

Proof. Let us consider a sequence (p)ren C Jn(€, 1) converging to some ¢ € L%(1).
div (uthx) = 0 in 2 implies that

/ iy - Vdr = 0 for all ¢ € D(Q) = C°(9).
Q
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Since ¢, — 1 in L*(Q2), as k — +o00, we have also that

/ - Vodr = 0 for all ¢ € D(Q),
Q

which implies that div (u1)) = 0 in the weak sense. By assumption (H2) and the standard
formula

div (uy) = pdive + V- 1,
we get
pdivey = — Vu - € L*(Q).
~—
€L>(Q)

Thus div ¢ € L*(Q2) and thus ¢ € H(div; ). Consequently the normal trace ¢ - n. of ¢
has sense, and ¢ -y € H/2(T'). As (¢r)ren converges to ¢ in L*(Q), it follows that:

1 1
div ¢, = =~V -y — —=Vu -1 =divey in L*(Q), k — +oo.
u [
Therefore 1, — 1 in H(div; ) so that ¢ - n). = 0 since ¢ - n, = 0, for all k € N. We
have therefore proved that div (u1) = 0 and that ¢-n)_ =0onI'. Thus ¢ € J,(Q, ). O
We will need the following lemma in the proof of Proposition 25.

Lemma 24. If ¢, 0y € H(curl, ) such that o1 x nj. = pa X n., then curly; - n). =
curly - ny.. In particular, if o € Ho(curl,Y), then curle - nj, = 0.

Proof. Let 1) € H(curl,2). Using Green’s formulas, firstly for the divergence operator

and afer for the curl operator |24, p.34|, we obtain that for all v € C'*°(Q):

/Pcurlw(x) -n(z)v(x)dS(z) = / div (v curly)(z) dx

= / v(z)(div curlw)(a:)d:c+/curlw(af) - Vo(x)dx

Q Q (3.5)
— / curl (x) - Vo(x)dx = / () - curl Vo(x)dx

0 0
+ [0 xn@Tu@aste) = [ (@ xn)a)Vela)as),

Let us precise that the boundary integrals appearing in (3.5) must be considered as
bracket of dualities

/Curlw(x) -n(z) v(x)dS(z) =< (v carly) - n, Ir > pgy-1/2(r) g2y
r

and
/ (1 % ) (£)Vo()dS(x) =< 1 X 1, Vo 511730 s11/2q0) -
I

Thus for all v € C>(Q)

/Fcurlw(x) -n(z)v(x)dS(z) = /F@ZJ x n)(zx) - Vo(z)dS(z). (3.6)
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Applying (3.6) to ¢, and 2, and using our hypothesis that p1 X n. = @a X 1), we obtain
that for all v € C*(2)

/Fcurlgal(x) -n(z)v(r)dS(r) = /Curl wo(z) - n(x)v(x)dS(x). (3.7)

T

Consequently curlp; - n. = curlp; - n). ]
In the following we fix the distribution of temperature y to
2 € C'([0,T];CH(Q), (3.8)

in the permittivity coefficient of the Maxwell-Ampére equation (4.7);. In doing so,
we obtain the following linear initial nonhomogeneous boundary value problem for the
Maxwell’s equations:

( O E — ﬁcurlH + 6(.1%) oE + %E =0 inQ,
O.H + icurlE =0 in Q,
Exn=E. xn on X,
H-n=0 on X,
E(,O) = Eo, H(,O) = HO in Q.

\

Let us note in the first equation, that the coefficients are time dependent due to the
presence of z; moreover in the last coefficient appears also %. To reduce problem (3.9) to
a linear initial homogeneous boundary value problem, we must construct an appropriate
extension of E.,; to €.

Proposition 25. Under assumption (H3), there exists a wvectorial function W €
C?([0,T]; HY(2)) such that

Wxn=E. xXn on X,
curl W -n =0 on X, (3.10)
W(,0)xn=Eyxn on T.

Proof. As Tr(E.,:) € C*([0,T]; HY/2(T")) (Tr(.) denotes the trace operator), there exists
W e C*([0,T]; H*(Q2)) such that for all ¢ € [0,T]

Wl(-at)u“ = Eert1(-at>|r )
Waleot)p = Beaty ()0 (3.11)
Wg(., t>|F = Eextg('7t>|r .

Since the boundary of Q is of class C?, n; € CY(T), i =1,2,3 and

nsWy — noWs
W xn=|nmW;—n3W;
noWy — ny W (3.12)

= E.: Xxn, on X.
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By hypothesis (H3): Eeu(.,0) x n. = Eg x nj. so that W(.,0) x n = = Eo x n.. By
formula (3.6):
/cuer(x, t)-n(z)v(r)dS(x) = /(W x n)(x,t) - Vo(x)dS(z), (3.13)
r r

for all v € C*°(R®). By similar reasonings on R®\ Q as those made on Q to establish
formula (3.6), we have also that for all v € C°°(R?):

/curl Ecpi(z,t) -n(x)v(x)dS(x) = /(Em x n)(z,t) - Vo(z)dS(x). (3.14)
r r
Thus by (3.12), (3.13) and (3.14), we have that curl W(.,t) - n = curl Ec,4(.,t) - n, on I'.
By hypothesis (H3) on E¢., curl E.¢(.,t) -n = 0 on I'. Thus curl W(.,¢) -n =0 on I
for all t € (0,7, so that (3.10); is also true. O

Introducing the new variable £ := E — W problem (3.9) is reduced to the following
problem with homogeneous boundary conditions:

(0, —é(-,2) curl H + €(-, 2) (0 + O.€(+, 2)042)E =
—OW — €(+, 2)(0 + 0.€(+, 2)0p2) W in Q,
OH + peurl € = —ficurl W in Q,
Exn=0 on X, (3.15)
H-n=0 on 2,
div (uH) =0 in Q,
\ 6(7()) :EU_W('70)> H<7O) =H, in Q7
where
é(z, 2(x, 1)) ! and ji(x) ! for all z € Q) (3.16)
é(x, z(x,1)) i= ——r, = ——, for : .
e,z ) T T ()
Let us set:

G(1) = (Gu(t), Go(1))
= (W (-, 1) — (-, 2(- ) (0 + e, 2(-, 1)z (-, 1)) W (-, 1), —fscurl W (-, 1)),

for all t € [0,7].
Let us introduce the Hilbert space

H =L*Q) x J.(Q, p). (3.18)

Remark 10. The condition div (¢H(.,?)) = 0 and the boundary condition H(.,)-n =0
in the Maxwell’s equations (3.9) follow from the requirement that (E(t), H(t)) belongs to
H.

Unless otherwise specified, we consider on H the scalar product induced by L?() x
L?(Q2). The corresponding norm will be denoted by || - || or || - |lo.o. By Proposition 23,
H is a closed subspace of L(2) x L2(Q).

Proposition 26. 1. G(t) € H, for a.e. t €[0,T).
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2. Supposing that the permittivity e(x, z) does not depend on z but only on = in a
neighborhood Q \ K of the boundary of Q, K compact set of 0, replacing W by
nW where ) is a C™ function on 0 equals to 1 in a neighborhood of T and 0 on
a neighborhood of K, thus still satisfying the three conditions (3.10), we obtain a
right-hand side G € C*([0,T); H) and independent of .

Proof. 1. From formula (3.17) and W € C?([0,T]; H'(Q)) follows that G(t) € L*(Q)
for a.e. t € [0,T]. By (3.10)(;) follows that Ga(t) € J,,(Q, ) for a.e. t € [0,T].
2. Replacing in equations (3.15)(; and (3.15) @), W by 1(.)W, we obtain:

oW

= ) = o ()W(-1) and Ga(t) = —f curl (n(.)W (-, 1))

Gi(t) = —n()

which are clearly independent of z. By Proposition 25, ©¥ belongs to C*([0, T]; H'(2))
and thus a fortiori to C1([0,T]; L?(f2)). Using hypotheses (H1) and (H2), it follows that
G, € C([0,T];L*(2)). By W € C?([0,T]; H'(2)) and hypotheses (H2), it is clear that
Gy € C*([0,T];L%(2)). A fortiori Gy € C'([0,T]; L3(2)) and as Ga(t) belongs to the
closed subspace J,,(Q, 1) of L?(Q) for a.e. t € [0,T], Go € C1([0,T7; J,.(2, ).

In conclusion G = (G1, Gz) € C*([0,T]; H) and is independent of z. O

Let us observe also that £(.,0) = Eg — W(.,0) € Hy(curl,2). Renaming £ by E, we
will study thus in the following, the well posedness of the Maxwell initial value problem
with homogeneous boundary conditions:

([ OE — é(-,2) curl H + €(, 2) (0 + 0.€(+, 2)0:2)E = Gy () in Q,
OH + ficurl E = Gy(t) in Q,
Exn=0 on X,
H n=0 on 27 (319)
div (pH) =0 in Q,
L E(, O) = Eo, H(,O) = HO in Q,

with a right-hand side G = (G1, Gz) belonging to C*([0,T]; H) and an initial condition
(Eo, Hy) € Hy(curl, Q) x T3 (2, p).

In our study, we will need also to endow

H = L(Q) x Jn(Q, p), (3.20)
with other scalar products than the scalar product induced by L*(2) x L?(Q) on H.
We will also consider on H the scalar product with weights € = €(-, 2(-,¢)) and
= p() :

(5) (5 = [ (e statonta) - ate) + nohin(o) - vala)de, (320

for all (o1, p2), (¥1,19) € H. When H is endowed with this scalar product it will be
denoted by H;.
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Remark 11. Due to assumptions (H1)-(H2), the norms || - ||, and || - || are equivalent:

min(co, i) { e+ |¢<x>|2>da:] < [ (el )lp(@P + n(o)li (o) o
(3.22)

< maa(er, 1) [ Lot + 16w Pya

for all (p,9) € H.

To rewrite the initial value problem (3.19) in the form of an abstract Cauchy problem,
we now define two families of operators in the real Hilbert space H. For t € [0,T], we
firstly define the unbounded operator A(t) in ‘H. Its domain D(.A(t)) being independent
of t, we denote it D(A), where

D(A) = Hy(curl, Q) x J-(Q, u). (3.23)
For all ¢ = (p,1) € D(A), we set
At)p = {€(-, z(-, 1)) curl Y, —ficurl o} € H. (3.24)
We also define the bounded operator in H:

M(t)p = {—€(-, 2(-, 1)) (0 + O.€(-, 2(-, 1)) Oz)p, 0}. (3.25)

Having introduced these operators A(t) and M(t), the initial value problem (3.19)
may be rewritten in the form of the following abstract Cauchy problem: given G =
(G1, Gg) belonging to C([0, T]; D(A)) or C*([0,T]; H) and an initial condition (Eg, Hy) €
D(A), find (E,H) € C([0,T); D(A)) N C*([0,T]; H) such that for all ¢ € [0,T]

2 (B0 =@m+me (g0 ) +eo.
(1) (11

()o-(5)

Proposition 27. 1. The common domain D(A) of the linear operators A(t) is dense
in H.

(3.26)

2. A(t) is a closed linear operator in H.

3. D(A) endowed with the graph norm is a separable Hilbert space.

4. For every t € [0,T], A(t) and —A(t) are mazimal dissipative operators in Hy i.e
(At)p, ), =0  for all ¢ € D(A), (3.27)

and the range of the linear operator (A(t) £ AI) is equal to H for all X > 0. In
particular, for all t € [0,T], A(t) generates a Cy-group of unitary operators in H
[44, (6.2) pp. 22-23].

Proof. 1. J}(Q, 1) is dense in J,,(Q, i) [40, Lemma 2.3]. The density of Hy(curl,2) in
L2(92) is due to the fact that

D(Q)? € Ho(curl, Q) C L*(Q) and D(Q)? is dense in L*(12),
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where D(Q2) := C°(2). It follows that D(A) is dense in H.

2. Let us fix t € [0,7]. If (¢ = (ok,¥r))ken C D(A) such that ¢, — ¢ in H
and A(t)¢r — V¥ in H, we have then

ok — @, Y — ¥ in L*(Q),

and (curl ¢ )ren, (curlpp)ren converge in L2(Q). But curly, — curly in D'(Q)3,
curl o, — curly in D'(Q)3, so that curleyy, — curly in L%(Q) and curlp, — curlyp
in L?(Q). Also div(uy)(= 0) — div(uy) in D'(Q). Therefore curlp € L*(Q),
curly € L2(Q), div (uyp) = 0 and

or — ¢ in H(curl,Q),

Y, — ¢ in H(div, Q) N H(curl, Q).

This implies that
op X n(=0) = ¢ x n in H V(T3

and
Yr -n(=0) = 1p-nin H-VYX(T).

Therefore ¢ x n =0 and ¢ -n = 0 on I'. We conclude that ¢ € D(A) and ¥ = A(t)¢.
Consequently, A(t) is a closed operator in H.

3. D(A) endowed with the graph norm may be seen as a subspace of Hy(curl; Q) x H'(Q)
[24, p.54] and is thus separable |20, (3.10.9)].

4. The proof is done in [40, Lemma 3.1].

[]

Corollary 28. 1. For each t € [0,T], A(t) is an infinitesimal generator of a Cjy-
semigroup (Py(s))s>0 of contractions on H,.

2. For each t € [0,T], A(t) + M(t) is the infinitesimal generator of a Cy semigroup
(Ty(s))s>0 on M, satisfying

| T3 (5) || e < e MWl - for all s > 0. (3.28)

Proof. 1. From Proposition 27 follows that A(t) is an infinitesimal generator of a
Co-semigroup (P;(s))s>o of contractions on H;.

2. As M(t) is a bounded linear operator on H;, by Theorem 1.1 in [44, p. 76|,
A(t) + M(t) is also the infinitesimal generator of a Cjy semigroup on H, satisfying
moreover the growth bound (3.28).

[

Corollary 29. A*(t) = —A(t) in H endowed with the scalar product (-,+)y,, for all
t €10,T]. In particular D(A*(t)) = D(A) for all t € [0,T].

Proof. The proof is a consequence of Stone’s Theorem [44, p. 41] that we recall below:
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Theorem 30 (Stone’s theorem). A is the infinitesimal generator of a Cy-group of unitary
operators on a Hilbert space H if and only if A* = —A.

By Proposition 27 and [44, (6.2) p. 23|, A(t) satisfies the hypothesis of Stone’s
Theorem in the real Hilbert space H endowed with the scalar product (-,-)z,. Thus
A(t)* = —A(t), for all t € [0,T]. O

3.2.2 Well posedness of Maxwell’s equations using evolution sys-
tems theory

In appendix B, we have proved the existence of a weak solution to the linear Maxwell’
system by using Galerkin’s method like in [21], but we are not able to prove its uniqueness
like in [21] due to the dependence of the permittivity coefficient with respect to the
temperature and thus a fortiori with respect to time. Also, in our coupled nonlinear
problem with the heat equation, to prove the existence of local solutions, we will need
information on the dependence of the solution to the Maxwell’ system with tespect to
the temperature.

Consequently, in this subsection, we will use rather the method of evolution systems
in the hyperbolic case [44, Chapter 5, pp.126-149] to establish the well posedness of our
initial boundary value problem (3.26). We must thus verify hypothesis (H;) in [44, p.135|
i.e. that {A(t) + M(t)} e, [44, p.130] is a stable family of infinitesimal generators [44,
p.130], hypotheses (Hy)" in [44, p.142| and (H3) in [44, p.135]:

(Ha)™ There is a family {Q(t) }scjo,7) of isomorphisms of Y := D(A) onto H such that for
every Y, Q(t)v is continuously differentiable in H on [0, 7] and

QMAMQ()™ = A(t) + B(t)
where B(t), 0 <t < T, is a strongly continuous family of bounded operators on H.

(H3) Fort € [0,T], A(t) is a bounded operator from Y into H and ¢t — A(¢) is continuous
in the £(Y,H) (linear continuous form from Y to H).

Firstly, concerning the stability of the family of infinitesimal generators {.A(t) }:cjo,17,
we have the following proposition:

Proposition 31. The family { A(t) }icjo,r) of infinitesimal generators of the Cy semigroups
(Pi(s))s>0 is stable on H. More precisely, there is a constant M > 1 such that:

k
I TI 2, (s0) llcao< M, foralls; >0, j=1,---k (3.29)

j=1
and any finite sequence 0 <t; <ty <--- <t, <T, k=1,2,---.

Remark 12. For any finite sequence 0 < t; < t, < --- < ¢ of real numbers, prod-
ucts like H?Zl Py, (s5) means P, (sx)P,_, (Sk-1) - P, (s2) P, (s1). We say that they are
“time-ordered” [44, p.130]. This is important because in general such products are non-
commutative.

The proof of Proposition 31 requires the following lemma:
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Lemma 32. Let q(t) = [, (e(z, z(z,t))|o(@)|* + pu(x)|v(x)|?)dz, for all (p,v) € H. Then
there exists cog > 0 (3.32) such that

Va®) < e 9 /q(s), forallt > s. (3.30)

Proof. By assumption (H1) and (3.8), we have,
dq dz
0= | Gl s )l Pds

dt dt
dz 3.31
< 15 Iealledlmen { [ o) + oG0P 350
Q
S Co q(t)a
with 1 d
z
= || — 9 re) . . 2
= ol s (3.32)
Then
Ding(t)] < c
g Al = co.

If we integrate from s to ¢ in the above inequality, we obtain
q(t) < q(s)e*,
and therefore the requested estimate is proved. O

Proof. (of Proposition 31) First of all note that (P(s))s>o is a Cj semigroup of con-
tractions in H, for all ¢ € [0, 7] i.e. that

| Pi(s) || cn< 1 for all s > 0.
Let us set ¢; = (max(er, j11))"/?. Then by Lemma 32:

T2 (900 s =1 Paclse) -+~ Py (s1)o [l

j=1
<ci || Py (sk) - Py (s1)v HHtk
< e[| Py (si) leau | Pos (1) -+ Py (s1)0 [0,
< ¢ e’ (ti—ti1) | Py, (sp=1) -+ Py (s1)v ||Htk_1
<er e | By (s5) e ol Poa(sk2) - Po(51)v [,

< o HIAT | Py () P

< e |y,
- 1
gﬁ?ﬂwm{

(3.33)

Since A(t), for all t € [0,7T] is a Cy semigroup of contractions in H;, then by the Hille-
Yosida Theorem [44, p. 8], the resolvent set p(.A(t)) contains R, i.e. p(A(t)) D]0, oo for
all t € [0,T]. Also by the last inequality in (3.33), inequality (2.4) of Theorem 2.2 of [44,
p.131] is verified with M = 2¢ 37 (3.32) and w = 0, proving the stability of {A(t) Yo,

O]
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Since M(t) is a bounded linear operator for all ¢ € [0, 7|, by Theorem 1.1 in [44, p. 76|,
A(t)+ M(t) is also the infinitesimal generator of a Cyy semigroup on the real Hilbert space
H. Concerning the stability of the family of infinitesimal generators {A(t) + M(t) }icpo,n
, we have the following proposition:

Corollary 33. {A(t) + M(t)}icpo,r) is a stable family of infinitesimal generators of Cy
semigroups (T3(s))s>o0 on H with stablity constants M and KM, where K is any constant
such that || M(t) ||z < K for all t € [0,T].

Proof. For each ¢t € [0,7], let us denote by (73(s))s>0 the Cy semigroup generated by
the operator A(t) + M(t). By the previous Lemma {A(t)},cp0,r) is stable with stability
constants M and 0. Then by Theorem 2.3 in [44, p. 132, {A(t) + M(t) }ico, is a stable
family of infinitesimal generators with stablity constants M and KM i.e

k
M

” R()\],A(tj) + M(t])) HE(H)S for all )‘j > KM (334)

and
i k
I T 7 (50) Nl < MM for all s; > 0, (3.35)
j=1
with any finite sequence 0 <t; < - - <t;, <T, k=1,2,3,---. n

Thus the family {A(t) + M(t) }+co,r of infinitesimal generators on H verifies hypoth-
esis (H;) in [44, p.135].

In the following, according with the notations of [44, Chapter 5, pp.126-149], we will
denote by Y the domain of the operator A(t) which is also the domain of the operator
A(t) + M(t). The domains of these operators do not depend on ¢. For this reason Y has
also been denoted previously by D(A) (4.12).

Proposition 34. Y is A(t) + M(t) admissible (see Definition 5.3 in [44, p.122] or [414,
p.135]) for allt € [0,T] i.e. Y is an invariant subspace of (T3(s))s>0. Moreover the Cy
semigroup generated by the operator A(t) + M(t), and the restriction of (Ti(s))s>0 to Y
is a Cy semigroup in'Y (i.e. it is a strongly continuous semigroup for the graph norm

-y )-

Proof. Since Y is the domain of A(t)+M(t), then Y is stable by the semigroup (73(s))s>0
whose generator is A(t) + M(t) for all ¢t € [0, T]. Let us now check that

Ti(s)y, 1Y =Y (3.36)
is a Cy semigroup on Y endowed with the graph norm. Let v € Y, we observe that
(A(t) + M(@))Ti(s)v = Ti(s)(A(t) + M(t))v, (3.37)
then by (3.35)

| (A(t) + M) Ty (s)o lw< MM (|| A(t)v [l +K || v [l30).
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Due to the stability of (7;(s))s>0 and to the last inequatlity we obtain

| ADT(s)0 s < MM (| A)o [l +K || v llse) + K || Ti(s)o 1
< MM A e +K || v [l) + K MM | g
< 2RMESM | v [y MM | At e

This implies

ITi(s)o lly =[ A@)Ti(s)v lls + (| Ti(s)v [l
< M2K + 1) | v [l + M || A(t)o ||
< MK+ 1D)e (| v [l + [ At)v [|20)-

Therefore (A.6) follows. Furthermore recalling (3.37)

)
FA@)(Te(s)v = v) [l= Te(s)(A(t) + M(t))v = M) Ti(s

v = A(t) [l

)
(

=l Tis)(AW) + M(B) — (Ad) + M@)o + M) (o~ Tils)e) Iy a9
=[I (Ti(s) = D(A) + M(£))v I3 + | M) ool v —Tils)v [l ’
—0ass— 0"

Thus || Tx(s)v —v |[[y— 0 as s — 0%, O

Proposition 34 is a part of hypothesis (Hs) in [44, p.135]. But we will now prove
rather that {A(t) + M(t) }sco,r) verifies the stronger hypothesis (H>)™* in [44, p.142]. In
fact, as we already know that the stability hypothesis (H;) in [44, p.135| is verified by
the family {A(t) + M(t) }icpo,r, this will imply that hypothesis (H,) in [44, p.135] is also
verified consequently to [44, Lemma 4.4 p.142|). By showing that {A(t) + M(t)}icpo,n
verifies hypotheses (H;), (H3) |44, p.135], and hypothesis (H2)" in [44, p.142] instead
of simply hypotheses (Hy), (H2), (Hs) |44, p.135], we will obtain that the generated
evolution system U(t,s), 0 < s <t < T, by { A(t) + M(t) }scp,r) satisfies properties (E),
(Es), (E3) in [44, p.135]:

Ey) |U(t,s) ||< Mexp{w(t—s)} for 0 <s<t<T.

By) UL, )0 |ims= {A(s) + M(s)}v for v € Y,0 < s < T.

=

Ey

(£1)
(E2)
(Es) LU(t,s)v=—U(t,s){A(s) + M(s)}vforveY,0< s <t < T,
(Ey) U(t,s)Y CY for0<s<t<T,

(E5)

Es5) forv e Y, U(t,s)v is continuous in Y for 0 < s <t < T

where the derivative from the right in (E;) and the derivative in (E3) are in the strong
sense in H. These properties are essentials to solve our inhomogeneous initial value
problem (3.26) [44, Theorem 5.2 p.146]. To achieve that purpose, we will need a stronger
hypothesis on the conductivity o than made previously in subsection 3.2.1. We suppose
in the following that
(H4)

o€ Whe(Q). (3.39)

We define Q(t) = I — A(t) for all t € [0,T]. (Q(t))icp,n is a family of isomorphisms of
Y onto H. We firstly check that (H2)" in[44, p.142| is true :
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Proposition 35. For every v = (¢,v) € Y, the mapping t — Q(t)v is continuously
differentiable in H on [0,T]. Denoting by %Q(t) the mapping Y — H : v — %(Q(t)v),
the mapping t € [0,T] — 2£Q(t) € L(Y,H) 1s also continuous.

Proof. Let us first show that the mapping v € Y — £Q(t)v € H is linear and bounded.
By assumptions (H1) and (3.8), we have:

d 0é 0z
I Qv s =l 52 (20, 1)) 5 (el ¥ e
6’6 0z ’

<l 52 G2 t) 5 6t) ool v lly -

Furthermore, for all v € Y, using assumptions (H1) and (3.8), the mapping ¢ € [0,7] —
LQ(t)v € H is continuous:

d d

| (%Q(t)v)tﬁfz - (@Q(t)v)mtl [E%

<l Gt o) = G )Gt sl oy O

< O([ta =ta]) [[ v [y,

for all 0 < t; <ty <T. We have:

d d
I 7Q(t2) = = Q1) lleeran < Otz —ta]) = O as [tz — 11 [= 0, (3.42)
proving that the mapping [0, 7] — L(Y,H) : t — <LQ(t) is also continuous. O

To prove hypothesis (Hs)" in [44, p.142] is true in our context, it remains to prove
that

QU)(A() + M()Q() ™" = (A(t) + M(t)) + B(t)

where

B:0,T] - L(H) : t— B(t)

is a strongly continuous family of bounded linear operators on H to be defined later.
To prove the following proposition, we need a stronger hypothesis on the permittivity
€(z, z) than we have made previously in subsection 3.2.1. In the following, we suppose
moreover on the permittivity e(x, z) that:

(H5) g—jg and 525~ (k = 1,2,3) exist and are continuous and bounded.

Proposition 36. For all t € [0,T], we have
M@)Y CY. (3.43)

Proof. Let ¢ € Hy(curl,Q) we will prove that €(, z(-,t))(oc + 0.e(+, 2(+,1))0i2)p €
Hj(curl, Q). We use the standard formula

curl ((€(, 2(-, 1)) (0 + Dz€(-, 2(:,1))9rz(+, 1)) )p) ()
= é(z, z(x, 1)) (0 + O.€(x, 2(x, 1)) 0pz(x, t))curl p(x) (3.44)
+ Vo (€(-, 2(-, 1)) (0 + 0.€(+, 2(+, 1) Dez(+, 1)) ) (x) x p(z), for all z € Q.
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By assumptions (H1), (H5) and (H4) on ¢, 2z, d;z and o, we have:
| (@, t) = é(x, 2(x, 1)) (0 + O.€(w, 2(x,1))0p2(2,1)) ||0.0< +00

and

|| (ZL’, t) = vﬂﬂ(é(v z('? t))(O' + 826(-, Z(" t))atz('a t)))(l‘) ||00,Q< +00.
Therefore
curl ((é(, 2(-,1))(0 + 0:€(-, 2(+, 1)) 92 (-, 1)) J) € L* ().
Also [€(+, z(+, 1)) (o + O.€(+, 2(+, 1))y 2(., t) )] x n|r = 0. This concludes the proof. O

It is now easy to verify that the domain of definition of the operator Q(t)(A(t) +
M(@E)Q(t)™ is Y. Thus Q(t)(A(t) + M(t)Q(t)™" and A(t) + M(t) have the same
domain of definition Y. Also the domain of definition of Q(¢)A(t)Q(¢)~" is Y. Thus

QU)(A(t) + M1)Q() " = A(t) + QI)M(H)Q(H) ™
(A(t) + M(1) + QMBQE) ™ — M(1),

(3.45)

for all t € [0, 7.

To prove that hypothesis (Hy)" in [44, p.142] is true in our context, it remains
thus to prove that the mapping

t€[0,7] = B(t) = Q)M®)Q(t)"" — M(t) € L(H),
is a strongly continuous family of bounded operators on H.

Lemma 37. The mapping [0,T] — L(Y,H) : t — A(t) is continuous. Consequently the
mapping [0,T] — L(Y,H) : t — Q(t) is also continuous.

Proof. Let (p,v) € Y = Hy(curl, Q) x JL(Q, ). By the definition of the operator A(t),
we have A(t) (¢, ) = (é(., z(.,t)) curlp, —ficurl(v)) € H. Then for ¢1,ts € [0,T],

(A(t2) = A1) (¢, ¥) = (€0, 2(-, 1)) = €, 2(., 1)) curl P, 0).

Thus

1(A(t2) — A1) (0, )l < [IEC 2 t2)) — €0 20 ) o0 [1(2, D)y -

The function ¢ — €(., z(.,t)) is uniformly continuous from the closed interval [0, 7] into

C(§2). Thus

[(A(t2) = A1) (¢, )l < Ot = ) [0 V)ly ¥ (9, 9) €Y.

Consequently
[(A(t2) = AW v0) < O(E2 — 1)

The second assertion follows immediately from the definition of Q(t). O

Corollary 38. The mapping [0,T] — L(H,Y) : t — Q)™ is also continuous.
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Proof. The set of linear invertible continuous mapping from Y into H is an open subset
denoted by A of L(Y,H) and the mapping from A into L£(H,Y) which sends S € A
onto its inverse S~ is continuous [20, (8.3.2)]. Thus the result follows by composition of
continous mappings. O

For the mapping ¢ — M(t) , one has the following lemma:

Lemma 39. The mapping [0,T] — L(H) : t — M(t) is continuous. A fortiori, it is
continuous as a mapping from [0,T) — L(Y,H). It is also continuous as a mapping from
0,T] — L(Y).

Proof. Let(y,1) € Y. By the definition of the operator M(t), we have for t;,t5 € [0, T):

(Mt2) = M(t1)) (p,9) = (L€, 2( 2)) (0 () + 5= (0 2(82)) 50 (o 22))

e O+ oo ) ), 0)

(3.46)

z € CY([0,T],C*()) implies that the functions ¢ — z(.,t) and ¢ — 22(.,¢) are uniformly

continuous from [0, 7] into C(Q2). Thus

[(M(t2) = M(t1)) (0, D)l < O(ft2 = ta]) [[(, 0)[ly, , for all (i, ¢) € H.

Consequently
[(M(t2) = M(t1))ll 20) < O([t2 = ).

From formula (3.44) and z € C*([0, T], C*(Q)), follows also
[(M(t2) = M(t1))ll .vy < O([t2 = ta).
O

Corollary 40. The mapping B : [0,T] — L(H) : t = QE)MH)Q(t)™r — M(t) is a
strongly continuous family of bounded linear operators on H.

Proof. Let v := (p,v) € H. The mapping [0,7] — H : t — M(t)v is continuous.
The mapping [0,7] — Y : ¢ — Q(¢)'v is also continuous. ¢ — M(t) € L(Y) being
continuous, the mapping [0,7] — Y : ¢ = M(¢)Q(¢) v is also continuous. The mapping

0, 7] = L(Y,H) : t — Q(t)

being also continuous, the mapping [0, 7] — H : t — Q(¢) M (¢)Q(t) v is also continuous.
Thus, the mapping

[0, 7] = H : t = Q)MB)Q) v — M(t)v
is also continuous. O

As a consequence, hypothesis (Hy)™ in [44, p.142] is verified. Also, from Lemma 37 and
Lemma 39 follows, that the mapping [0, 7] — L(Y,H) : t — A(t) + M(t) is continuous.
Thus, hypothesis (H3) in [44, p.135] is also verified. Hypothesis (H7) in [44, p.135] follows
from Corollary 33. Consequently, by Theorem 4.6 in [44, p.143|, there exists a unique
evolution system U(t,s),0 < s <t < T in H satisfying properties (E;) — (Ej5) listed in
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[44]. Also, by [44, Theorem 5.2, pp.146-147| for every G = (G, G2) € C([0,7];Y) and
every (Eo, Hy) € Y, the initial value problem

45 )0 =m Mo (g )+ 6w
(1) (5t

E E, (3.47)
(1)o-(a)
possesses a unique Y-valued solution given by the formula:
t

0

We have considered a right-hand side G € C([0,T];Y), but we will prove in Proposition
41, that this is true also for a right-hand side G € C'([0, T]; H). By a Y-valued solution,
we mean that

(E,H) € C([0,T}Y)n CY([0, T} H),

verties % (1) 0=+ mm( 5 ) +e

at every point ¢ € [0, 7] and (E,H) (0) = (E¢,Hy) € Y. We have added the subscript z
to A(t), M(t) and U(t, s) to underline their dependence with respect to the distribution
of temperature z through the permittivity coefficient €(-, z(-, ¢)) in the Maxwell equations
(3.19) :

([ OE =é(,2) curl H — (-, 2) (0 + 0.¢(+, 2)0,2)E + G1(t)  in Q,
OH = —jicurl E 4+ Gy(t) in Q,
Exn=0 on X,
H-n=0 on X (349)
div(uH) =0 in @
L E(, 0) = Eo, H(, 0) = HO in Q.

Thus, the unbounded operator A, (t) in the space H with domain of definition ¥ =
D(A) is defined by formula (3.24) and the linear bounded operator M. (¢) in the space
H, by formula (3.25). In formula (3.48), (U.(t, s))o<s<t<r denotes the evolution system

generated by the family of operators (A, (t) + M. (t))o<t<r |44, p-135].

3.2.3 The inhomogeneous Cauchy problem with a r.h.s. G €
CH[0,T];H)

Previously we have considered in the abstract Cauchy problem for Maxwell’s equations

(3.47), a right-hand side (r.h.s.) G = (G, Gz) belonging to C([0,7];Y). We want now

to consider the case of a right-hand side G € C*([0, T]; H):

Theorem 41. For every G = (G1,Gg) € CY([0,T]; H), and every

(EoHy) €Y,



82 CHAPTER 3. THE COUPLED HEAT-MAXWELL’S EQUATIONS

the initial value problem

s ( BV =mamemm( o) v
(4 (sis

( E )(O) _ ( E, ) (3.50)
H H,
possesses a unique Y -valued solution given by the formula:
t
( o ) (t) = U.(£,0) ( EIZ ) + /Uz(t,r)G(r)dr. (3.51)
0

As explained at the end of the previous subsection, the subscript z indicates that
the quantity under consideration depends on z. In particular Q,(t) = I — A,(t). In the
present subsection, when indicated, the subscript z is rather superflous, as the distribution
of temperature z is fixed in this subsection. But it will be no more the case in section
3.3. Before going into the proof of Theorem 41, we give some lemmas

Lemma 42. For every f € C([0,T];H), the mapping
h,:[0,T] =Y :t— Q.(t) f(t) (3.52)
is continuous.
Proof. Let t, € [0, 7],
1= (t) = ha(to)lly = [|Q=() 71 f(2) — Q(to) ™ f(to) |,
<R f(1) = Q) f (ko)) + [|Q=(8) £ (o) — Q=(to) " F (o)
< ( sup HQZ(S)”Hm;y)) 1£(8) = f(to)llye + 1Q=(6) " = Qx(t0) ™| £y I1F (t0) 15,

0<s<T

< HQZ(')_lHC([QT];[;(H;y)) Hf(t) - f(tO)HH + ||Qz(t)_l - QZ(t())_ng(H;y) Hf<t0)”7-[
(3.53)

f being continuous, || f(t) — f(to) ||lu— 0 as t — t,. By Corollary 38, the mapping
0, 7] = L(H,Y) : t — Q,(t)" is continuous, and thus || Q.(t)™' — Q.(to) ™" |lzaey)— 0
as t — tg. Thus by the previous inequality h,(t) — h,(to) as t — to. Therefore h, is
continuous at point tg. ty being arbitrary in [0, 7], the lemma follows. O

Lemma 43. For every f € C'([0,T); H), the mapping
he [0,T] =Y it Q.(t)7' f(1) (3.54)
is continuously differentiable. Its derivative is given by the formulas
(1) = =Q-() ' Q-()Q- (1) F(t) + ()1 (1) = Q1) (f'(1) = Q-()Q=() " f(1)),
for any t € [0,T], where Q.(t) = 2Q.(t).

Proof. Let us write the mapping h, : [0,7] — Y as the composition of the following
mappings:
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o U:[0,T] — LY, H) x H :t— (Q.(t), f(1)),
e V:OxH—=LMHY)xH:(B,g)— (B!, g) where

O:={BecL(Y,H);IB € L(H,Y)},

oW LH,Y)XH—=Y :(Sg)— Sg.
We have for all ¢ € [0, T]: h,(t) =WoVol(t). Now:

1. The mapping U is continuously differentiable as it is easily seen that the map-
ping [0,7] — L(Y,H) : t — Q,(t) = I — A,(t) is continuously differentiable
by inspection of the explicit form of the operator A,(t) : Y — H : (p,¢) —
(€(., z(.,t)) curly, — i curl ).

2. The mapping V is continuously differentiable by [20, (8.3.2)] and its derivative at
the point (B, g) is the linear continuous mapping

DV(B,g): LY, H) x H — L(H,Y) x H : (6B,5g) — (—B"'6B B™",g)

3. The mapping WV is a bilinear continuous mapping. It is thus continuously differen-
tiable by [20, (8.1.4)] and its derivative at the point (S, g) is the linear continuous

mapping

DW(S,q) : LIH,Y) x H — Y : (55,59) — (65)g + S(5g).

By |20, (8.2.1), (8.4.1)], we have that

RL(1) = (DW(Q=(t) ", f(t)) 0 DV(Q.(2), F(1))-(Q= (1), ['(2)).

Replacing in that formula by the above expressions for the derivatives, we obtain the
result. O

Lemma 44. Let g be any continuous function from [0,T] into Y, continuously differen-
tiable as a function from [0,T) into H. Then for every t € [0,T], the mapping

ke 0 [0,8] = Yt U(t,7)g(r)

is continuously differentiable. Its derivative is given by the formula:

dk
—2(r) = =Us(t, 1) A (n)g(r) + Ux(t,1)g'(r), (0 <r <t <T)
where in the present context A,(r) := A,(r) + M,(r).

Proof. Let r € [0,¢] and Ar € R\ {0} such that r» + Ar € [0, ¢],

U.(t,r+ Ar)g(r + Ar) = U.(t,r)g(r)
Ar

ULt + AL AAT) —9(r)
" (3.55)

U,(t,r + Ar) = U,(t,r)
+ AT g(r>
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As g(r) € Y, the second term in the right-hand side tends to —U,(t,r)A.(r)g(r) |44,
p.135] as Ar — 0. For the first term in the right-hand side:

|+ anZEEED = gy
< ot an @0 - gy 0+ A0 - e 0] 350

< Cst Hg(r + AAT: —g(r) J )

+ [[(U.(t,r + Ar) = U.(t, 7)) g (r)|| = 0

as Ar — 0. Summarizing:
U.(t,r + Ar)g(r + Ar) — U(t, 7)g(r)
Ar
as Ar — 0. 0

— Uz(t7 7“)9/(7“) - Uz(t7 T)AZ(T)Q(T),

We now give the proof of Theorem 41; we follow the proof of Theorem 5.3 of [44, p.147|
but taking into account that in our context @, (t) := I —.A,(t) and not I — A, (t) — M, (t):

Proof. (of Theorem 41) Let us set

t

w,(t) := /Uz(t,r)G(r)dr.

0

By hypothesis G € C'([0,T];H). By Lemma 43, the function r — Q.(r)"'G(r) is
continuously differentiable from [0, 7] into Y. By the preceding lemma applied with the
function r — Q.(r)"'G(r), we get:

%(Uz(tv r)Q:(r)T'G(r)) = U.(t,1)[=(A:(r) + M.(r)Q=(r) ' G(r) + Qx(r) ' g:(r)],

where by Lemma 43: g.(r) := G'(r) — QZ(T)QZ(T)_lG(r). Recalling that in our context
Q.(t) :=1— A,(t), we get:

2(Uz(t )Q:(r) " G(r)) = U.(t,r)G(r) + Us(t,7)Q:(r) " (g:(r) — G(r))

or
— U.(t,r)M.(r)Q-(r) "' G(r).

Let us integrate both sides of this equality from r = 0 to » = t. We obtain: w,(t) =
Q.(t)"'G(t) — v,(t), where

(3.57)

t

v:(t) = U.(£,0)Q:(0) ' G(0) +/Uz(t,r)[Qz(T)‘1(gz(r) = G(r)) = M.(r)Q.(r) ' G(r)]dr.

0

Now, what can we say about v,(t): The function
r€10,T] = Qx(r) " (g:(r) = G(r) = M(r)Q:(r) "' G(r) €Y
is continuous. Let us explain why. By Corollary 38, the mapping from

r[0,T] — Q.(r)™' € L(H,Y)
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is continuous. Also, by Lemma 39, the mapping
€0,T] — M,(r) € LY)
is continuous. Thus the mapping
€10, T) = M.(r)Q.(r)'G(r) €Y

is continuous. On the other hand, from the explicit expression of A,(r), it follows easily
that the mapping from .
rel0, 7] — Q.(r) € LIY,H)

is continuous. As ‘
9:(r) == G'(r) = Q.(r)Q.(r) "' G(r),

it is now clear that g, is a continuous mapping from [0, 7] into H, so that the mapping
€[0,7] = Qx(r) " (g:(r) = G(r)) € Y

is continuous. Therefore, we obtain that the mapping

€[0,7] = Qx(r) ' (g:(r) — G(r)) = M. (r)Q:(r) 'G(r) € Y

is continuous. Also,
0-(0) = Q-(0)'G(0) € V.

Thus by [44, Theorem 5.2. p.146], the mapping v, from [0, 7] into Y is the Y -solution of
the initial value problem:

G (1) = (A(t) + M. (1))v:(t) + Q=(1) " (g:(t) — G(t)) = M(H)Q:(t) ' G(?) (3.58)
v:(0) = Q:(0)"'G(0) '

We have %=

Tdt =(t) = 4 SHHG() - dv; =(t), so that:

dt dt

W 1) = LQu07 G — T20) = Q)G D)~ Q0@ (1) ~ Sz ()
=Q.()"(G'() - Q ()Qz(t) G(1)) = (A:(t) + M.(1))v-(t)
= Q=) (g:(t) = G(1)) + M.(1)Q=(t) ' G(t)
= Q-(1)HG/(t) = Q=()Q-(1) ' G(1)) — (A:(1) + M.(1))v.(t) — Q-(1) ' G/(¢)
+Q:() ' Q(D)Q-() ' G(t) + () ()+M (H)Q:(t) " G(1)
= —(A:(t) + M. ())v:(t) + Mo (0)Q:(1) G (1) + Q=) ' G(t)
= (A:(t) + M. ())w.(t) — (A:(?)
+ M.(1)Q:(1) T G(t) + ML (H)Q.(1) ' G(t) + Qx(t) ' G(t)
= (A:(t) + Mo (t)w.(t) = Q:(t) ' G(t) + G(t) + Q=(t) ' G(t
= (A.(t) + M. (t))w.(t) + G(t)

(3.59)

Consequently the mapping [0,7] — Y : ¢t — w.(t) + U,(¢,0) ( I]?IO ) is the Y-solution of
0
the initial value problem (3.50). O
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3.3 Existence of a local solution to the coupled problem

In this section, we want to prove that the coupled problem between Maxwell’s equations
(3.49)= (3.19) with z := y, and the heat equation (3.1) with the heat source (3.2), has a
local solution. By a local solution we mean a solution on a time interval [0,¢] with ¢; > 0
and t; < T. In that purpose, we will define a fixed point problem between Maxwell’s
equations (3.49) with z € B(0; R) C C'([0,T];C*(Q)) and the heat equation (3.1) but
with the heat source S(z) . In the following subsections 3.3.1 and 3.3.2, we suppose that
the right-hand side G = (G, Gz) in the Maxwell system (3.50) belongs to C([0,7T];Y).

Later, in subsection 3.3.3, we will consider the case of a right-hand side G = (G1, G»)
in the Maxwell system (3.50) in C'*([0,T]; H).

3.3.1 Boundedness and continuity results

Firstly, we study the boundedness properties of the evolution systems (U.(t, s))o<s<i<T
generated by the family of operators (A.(t) + M. (t))o<i<r for z € B(0; R) € C*([0,T7;
Cl()), R > 0 fixed, of the (E,,H.) in C([0,T];Y) and of their time derivatives

<EZ,HZ> = 4(E.,H.) in C([0,T};%). Then, we study the continuity properties of

the heat source term (3.2): S(z) == (., 2(.,.)) | (E(2) *x@,)(.,.) |* and of its time deriva-
tive, as a function of z from the space C1([0,T]; C*(Q)) into the space LP(0,T;C(2)3),
for any p €]1, 400[. These results will be needed to be allowed to apply Schauder’s fixed
point theorem to prove the existence of a local solution to our coupled problem (3.1)-(3.2):
see Propositions 68, 69.

Proposition 45. Let ¢, € C}(R®), then for all 1 < p < co:
E c LP(0,T;L*(Q)) — E* ¢, € LF(0,T;C'(Q)?)
18 linear continuous, and

| Ex*valleormcr@sy S ITE |zl @a ller@) -

Proof. Let us first prove that for all p, € C}(R?), E € L*(Q) — Ex ¢, € C(Q)? is
linear continuous. By Cauchy-Schwarz’s inequality, we have Va € R3:

(B g0 (@) | =] / E(y)pa(c — y)dy |

< (/Q | E(y) |? dy)% (/Q | palz —y) [° dy) él (3.60)
([ imoea) (| o-va)

<[ E ll20ll #a ll2rs -

Thus,
I E*@q [[oors <[ E ll20ll ¢a [l2rs -
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If we take (¢n)nen C C.(Q2)? such that ¢, — E in L*(Q) as n — oo, then by (3.60)
Yy * g converges uniformly to E * ¢, on R®. From (¢, gpa)|Q eC (Q)?’, it then follows
that E x ¢, € C(Q)3.

It is clear that 0., (E * ¢,)(z) = (E * d,, 0.)(z) for all z € R® k = 1,2,3. Then also
by the same argument 8, (E * ¢,) € C(Q)?. Therefore E * p, € C1(Q2)3.

Now, let us consider E € LP(0,T;L*(€2)). Then, for almost every t € [0,T], E(-, ) €
L2(Q), E(-,t) * 0, € C1(Q)? and

| E(,1) *@a lor@p S TEGD 2ol o llora) -

Hence

=

T P
| E* @, HLP(O,T;CI(Q)B) N (/0 | E(-,) Hiz(g) dt) | H01(Q) .

]

Proposition 46. For z € B(0; R) C C*([0,T]; C1(Q)), the families of evolution operators
(U,(t,s))o<s<t<T, are uniformly bounded in L(H) by a constant C(R) independent of z,
depending only on R.

Proof. We know by Corollary 33, that {A.(t) + M. (%) }icjo,r) is a stable family of in-
finitesimal generators with stablity constants M and K M, so that by Theorem 3.1 of [44,
p.135]

| U.(t,5) || 2e0)< MefME=s) < ppeMT,

Looking to the proof of Corollary 33, it appears that M = c2e(®0/27T (3.33) with ¢? =
maz(€x, pu), Co = m | fl_i ool % loo0xr (3-32) and K = supg<;<p HMZ(t)HL(H)‘
Thus, clearly M < C(R). In view of the definition of M. (¢) (3.25) and hypotheses (H1),
(H2) of our paper (see subsection 3.2.1), it is clear that || M.(t) ||z < C(R) where
C(R) denotes a constant depending only on R. Thus || U.(t,s) ||z < C(R). O

Using the previous proposition, it follows immediately from formula (3.48), the fol-
lowing H-estimate on the solution of the initial boundary value problem (3.47) for z in
the ball B(0; R) C C'([0,T]; C*(Q)).

Corollary 47. For every fized
(EO, Ho) S Y,

and every fivred G = (G, Ge) € C([0,T];Y), the Y-valued solution
(E.,,H,): [0,T] =Y :t— (E,,H,) (1)

of the initial boundary value problem (3.47) with z € B(0; R) C C*([0,T]; C*(Q)), defined
by formula (3.48) satisfies the inequality:

I(B= ) () < CCRY(| (o, Ho)ly + sup [G(s) 1 1) (3.61)
< CR(IE0 )l + swp [GE)ly T (362)

In particular the solution (E.,H.) € C([0,T];H) and is uniformly bounded in this space
by a constant C(R) depending only on the radius of the ball B(0; R) C C*([0,T); C*(Q)).
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But, we need also a Y-estimate on the solution of the initial boundary value problem
(3.47) for z in the ball B(0; R) c C*([0,T];CY(2)). Firstly, we need to establish that
| U.(t,s)ly |lcvy £ C(R). We have the following propostion similar to Propostion 46,
but in the space Y:

Proposition 48. For z € B(0; R) C C*([0,T]; C1(Q)), the families of evolution operators
(U(t, s)|y)o<s<t<r, are uniformly bounded in L(Y') by a constant C'st(R) independent of
z, depending only on R in fact.

Proof. By Theorem 4.6 of [44, (4.15) p. 143|, we have:

Uz(t7 S) = Qz(t)_lwz(t7 S)Qz(s)v (363)

where W,(t, s) is the unique solution of the integral equation:
t
W.(t,s)x = U.(t,s)x + /Wz(t, r)[B.(r) + C,(r)|U,(r,s)x dr,Yx € H.

C.(r) == Q.(r)Q.(r)~'. B.(r) has been defined in Corollary 40. We have written B, (r)
(resp. C,(r)) instead of B(r) (resp. C(r)) to underline the dependence with respect to
z(.,r) of B(r) (resp. C(r)). It is clear from the definition of the operator A,(s), from
Q:(s) :== I — A.(s), and hypothesis (H1), that [|Q.(s)[|;(y4) < Cst(R) independent of z
and s. From Ascoli’s theorem [20, (7.5.7)], it follows that the embedding of B(0; R) C
C1([0,T); C1(£2)) into the space C(Q) is relatively compact. This implies that {z(., s); 2 €

B(0; R), s € [0,T]} is relatively compact in C(€2). The mapping
EeC(Qw Qe LIV, H)

is continuous so that {Q.(s) € L(Y,H);z € B(0; R),s € [0,T]} is relatively compact in
G the open set of linear invertible mappings G C L(Y,H). The mapping mappings

UeGCLY,H)—U"'eL(HY)

being continuous, it follows also that {Q.(s)™! € L(H,Y);z € B(0;R),s € [0,T]} is a

relatively compact subset in £(H,Y") so that ||Qz(5>_1H£(’H7y) < Cst(R) independent of

z and s. From {z(.,s);2z € B(0; R),s € [0,T]} relatively compact in C(Q), hypothesis

(H1), and || 2(.,s) ||< Cst(R) , we have also that HQZ(S)HL( : < Cst(R) independent
Y,H

of z. Consequently

| C.(s) ||z < Cst(R).

Now let us recall that
B.(t) = Q.()M.(1)Q.(t) ™" — M.(t) € L(H).
Looking to formula (3.44) in the proof of Proposition 36, we deduce that
| M.(2) [lev)< Cst(R).

It follows that
| B=(t) [l < Cst(R)
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and

| B:(t) + C.(t) [lcan< Cst(R).
From Proposition 46 and
| B(t) + C.(t) [lepn< Cst(R)
follows by inequality (4.11) in [44, p.142|, that
| W2 (t) [lcan< Cst(R).
From formula (3.63),
HQZ(S)HL(Y,H) < Cst(R)
and
1Q:() " | ey < Ost(R),

now follows

| U=t 8)|y [leon< Cst(R).
O
We have now a similar estimate to (3.62) but in the space Y on the solution of the

initial boundary value problem (3.47) for z in the ball B(0; R) C C*([0,T]; C*(2)). Its
proof follows immediately from the previous proposition and formula (3.48):

Corollary 49. For every fized

(Eo,Hy) €Y,
and every fized G = (G1, Gz2) € C([0,T];Y), the Y-valued solution (E,,H,) : [0,7] = Y :
t = (E,,H.) (t) of the initial value problem (3.47) with z € B(0; R) C C([0,T]; C*(Q)),
defined by formula (3.48) satisfies the inequality:

(B H.) () < CR)IE0 H)lly + sup [(Gs)ly (3.64)
< CR)(I(Bo, Ho)lly + sup [(G(s)ly 7 (365)

In particular the solution (E.,H.) € C([0,T];Y) and is uniformly bounded in this space
by a constant C(R) depending only on the radius of the ball B(0; R) C C([0,T]; C*()).

By the equation of evolution (3.47), || A.(t) |lzv)< C(R), || M.(t) ||zv< C(R)
and estimate (3.65), we have the following H-estimate, on the time derivative of the
solution to the initial boundary value problem (3.47):

Corollary 50. For every fized
(Eo,Hyp) €Y,

and every fited G = (G1, Go) € C([0,T];Y), the time-derivative of the Y-valued solution
(E,,H,) : [0,T] = Y :t — (E.,,H,)(t) of the initial value problem (3.47) with =z €
B(0; R) C CL([0,T); CH(Q)), defined by formula (3.48) satisfies the inequality:

| (Bm) (), < ORI B0 Ho)lly + sup |Gls)ly 0+ ]| Glt) [ (3.66)
< CUR)((Bo. Ho)lly + sup [G(s)ly T)+ || Q1) 1 (367

<EZ,HZ) € C([0,T];H) and is uniformly bounded in this space by a constant C(R)
depending only on the radius of the ball B(0; R) C CY([0,T]; C*(Q)).
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In particular, from Corollary 49 and Corollary 50 follow the inequalities:
| (E., H.) |leqomy) < C(R) (3.68)

and o

| (Ez>Hz) e < C(R). (3.69)
But the spaces C([0,T]; Y') and the space C([0, T']; H) are not reflexive. So we will consider
rather (E,, H,) and (EZ,Hz) in the spaces LP(0,7;Y) (1 < p < 4+00) and LP(0,T;H)

(1 < p < 400) respectively, spaces which are reflexive. As a first continuity result, we
want to prove that:

Proposition 51. If (2,)nen € CY([0,T]; C1(2)) converges to z in C*([0,T]; C*(Q)) then
(E...H.,),cn converges weakly to (E.,H;) in LP(0,T;Y) and (Ezn,Hzn) converges

neN

weakly to (EZ, HZ> in LP(0,T;H), for any p €]1, 4+00].

To prove this continuity result, we need to introduce the notion of regular solution
to the initial boundary value problem (3.47) and we will prove the uniqueness of regular
solutions. In particular, we will show that every Y-solution is a regular solution in that
sense.

Definition 52. We will say that U = (E,H) € L*0,T;Y) such that & (E,H) €
L*(0,T;H) is a regular solution to the initial boundary value problem (3.47) with
G € L*(0,T;H) and

Uy = (Eo, H(]) € H, (370)
if and only if

. (3.71)
— (M(U(L), (1)), Jdt = /0 (G(2), ¢(t))n.dt + (Uo, 9(0))2q
for all
¢ € L*(0,T;Y) such that % € L*(0,T;H) and ¢(T) = 0, (3.72)
where
B.()U(t) := {e(-, 2(-,1))0:¢(-, (-, 1)) 9z (-, 1) E(2), 0} (3.73)

Remark 13. 1. Let us remark that U = (E,H) € L*(0,T;Y) and $ (E,H) €
L?(0,T;H), implies that (E,H) € C’([O,T],’H) In particular U(0) has sense and
belongs to H.

2. Let us observe that
(B.(t) + M, (t))U(t) = (—€(-, 2(-,t))0E, 0) . (3.74)

Proposition 53. Let U := (E,H) be a regular solution to the initial boundary value
problem (3.47) in the sense of the preceding definition. Then for every y € Y, the
function “t — (U(t),y)n, € H'(0,T) and verifies for a.e. t €]0,T]:

d

Moreover U(0) = U.
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Proof. Let us take ¢(t) = 0(t)y in (3.71) where § € D([0,T[) and y € Y. We obtain:

/0 [ (U, 9)2,0'(8) + (U(1), A= (D)y)2, 0(t) — ((B(t) + M. (1)U (1), y)a, 0(t)]dt

:/ (G(1), 9)3,0()dt + (Uo, )3, 0(0).
0 (3.76)

Now, the function

belongs to L?(0,T). If we restrict us in (3.76) to functions in D(]0,T[), the last term
in the right-hand side of (3.76) disappears and (3.76) impies that for every y € Y, the
function ‘¢ — (U(t),y),” € H*(0,T) and verifies for a.e. t €]0, T (3.75).

Now, let us suppose that our function € in (3.76) belongs to D([0,7), and knowing
that ‘t — (U(t),y)n,” € H'(0,T), let us integrate by parts the first term in the left-hand
side in (3.76). We obtain:

/0 [ (U(1), y) 0(E)E + (U(0), 4)3,0(0) =

/0 [—(U @), A:(O)y)n, + (B:(t) + M.()U (L), y)a, + (G(t), y),]0(8)dt
+(U07 y)’HOQ(O)

Using (3.75), after simplifying it remains: (U(0),y)y, = (Uo, y)n,- By the density of YV’
into H, we obtain U(0) = U. O

Proposition 54. Every reqular solution to the initial boundary value problem (5.47) with
initial condition Uy = (Eq, Hy) € H is unique.

Proof. Let U = (E,H) = U; — Uy, where U; and U, are two regular solutions for
the initial boundary value problem (3.47). Thus, in view of the previous definition and
proposition, U := (E, H) verifies U(0) = 0 and:

| rwe, 000 4 (U(1), AdD)DO)ts — (BoAOU(), H(0))r

ot (3.77)
— (M:(D)U(2), ¢(t))n,]dt = 0,
for all
¢ € L*(0,T;Y) such that % € L*(0,T;H) and ¢(T) = 0. (3.78)

Our aim is to prove that U = 0. Let us choose for test function ¢ in (3.77), the
function

Gt o(t) = (T —1t)"U(t). (3.79)
We obtain:

ot
(B.(OU (1), (T — )" U(#))s, — (MU (), (T — 1)U (£)),]dt = 0.

| e, T s wo, Ao - v o (3.50)
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Let us first notice that:

/0 (U, whtdt _

- /Q {e(:z:, 2(z,t))E(x, t)%((T —t)"E(z,t)) + p(x)H(z, t)%((T —t)"H(x, t))} dxdt

~ 5 | et )G 1 Bt X = 0+ o) | Bat) P (7 = ]

—i—/Q [e(z, 2(x,t)) | E(z,t) P n(T —t)" " + p(z) | H(z,t) > n(T — )" "] dadt

— 5 [ TeCw 2o ) | B t) P (T = " + o) | Hw, ) (T = 1)) d

2 Jq
1 Oe 0z 2 n
= /Q o2, 0) 5 (0, 0) | B, t) [ (T = t)"dadt,
(3.81)

having performed at the end two integration by parts with respect to the time ¢t. By
assumption (H1) on € and (3.8) we have the bound on the last term in (3.81):

1 [ Oe 0z 9 .

1 n
< 5 19 i@l 02 g | 1 B(a,t) (7 —tdec (3.52)

< T ” 826 ||oo,Q><z(Q)|| atz ||00,Q
- 2n€q

/Q ez, 2(2,0)) | B(x, ) [2 n(T — )" dudt.

On the other hand by Green’s formula for the curl operator [24, Theorem 2.11], the fact

that E(.,t) € Hy(curl;Q), H(.,t) € H(curl; ) and the density of D(Q)? in H(curl; Q)
124, p.34]:

Ut), A.(t) (T —t)"U(t))n, = /QE(x, t)-curl (T —t)"H(z,t))dx
(3.83)
- / H(z,1) - curl (T — £)"E(z, £))dz — 0

for all t € [0,7T]. Thus fOT(U(t), A, (t)(T —t)"U(t))y,dt = 0. By (3.74), assumption (H1)
on € and assumption (H2) on o, we have the following bound:

| / (ML (E) + BL()U (1), (T — )" U (1))t |<

/ | o(2) | | E(z,t | (T — t)"dadt <
@ (3.84)

2 ool [1
219 lloca T / = | E(2,8) [ n(T — )" dedt <
n Q 2

2o ”oo,Q T
neg

/ %e(g;, (2, 8)) | E(z, ¢) > n(T — t)" 'dudt.
Q
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From (3.80), (3.81), (3.82), (3.83) and (3.84) follows that

T a n n
o- | [—(U(t» O 17U + (U0, AT ~ U@t

- /0 [(M.(8) + B.(0)U (1), (T — t)"U(#))3,] dt

1 T
2 51— 05)/ ez, 2(2,0)) | B, 8) [P (T — )" + p() | H(z,t) [* n(T — )"~"] dwdt
Q
1
> 5 [ [ew 2. 0) | Blat) P =+ o) | He.t) P (T = 0] do,
Q
(3.85)
for n sufficiently large which implies that U = (E,H) = 0 i.e. Uy = Us. O

Proposition 55. Fvery Y -valued solution to the initial boundary value problem (3.47)
with (Eg,Hy) € Y is a reqular solution.

Proof. Let (E,H) € C([0,T];Y)NC*([0,T]; H) a Y-valued solution to the initial bound-
ary value problem (3.47). If we multiply (3.47) by ¢ = (p,v) € L*(0,T;Y) (Y = D(A))
such that 22 = (22, %) € 12(0, T;H) and (¢(T),%(T)) = 0, we get:

/Q le(w, z(x,t))%(m,t) ~p(x,t) — curl H(z, t) - p(x,t) + u(x)oii—l;l(x,t) )z, t)} dxdt
Oe 0z
+ /Q [curlE(x,t) ~p(x,t) + (o + $($, z(x,t))a(x,t))E(x,t) : gp(x,t)} dxdt

- /Q (s 2, )G, ) - () + () G, 1) - ()] v,
(3.86)

Integrating by parts in ¢ on [0,7] and using the fact that a fortiori (¢,?) €
H'(0,T;H), we obtain after simplification:

—/Qe(x,z(:c,t))E(:c,t)%—f(x,t)dxdt—/Qu(m)H(:v,t)aa—lf(x,t)dmdt

curl E(x,t) - ¥(x, t)dedt — | curlH(z,t) - p(x,t)dxd
- conlBGe, ) v Dot~ | ol HG 1) ol

oE(x,t) - o(z,t)dxd .
+/Q (x,t) - @(z,t)dxdt (3.87)
= /Q le(x, z(x,t))Gi(x,t) - p(x,t) + pu(x)Ga(x, t) - (x, t)] dedt

+ /Q [6<I7 Z($, O))E(I7 0) ’ @('L 0) + IU,(JI)H(ZE, O) ’ 1/}(1;7 0)] dz.

Using now Green'’s formula for the curl operator [24, Theorem 2.11], the fact that E(.,¢) €

Hy(curl; ), ¢(.,t) € Hy(curl; Q) and the density of D(2)? in H(curl; Q) [24, p.34], we
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obtain from the previous equation:

—/Qe(a:,z(:n,t))E(x,t)%—f(x,t)dxdt—/Qu(x)H(:B,t)%—lf(:x,t)dxdt

+/ E(z,t) - curl ¥ (x, t)dzdt — / H(x,t) - curl p(x, t)dzdt
Q Q

ocE(x,t) - o(x, t)dzd )
+/Q (z,t) - p(x,t)dxdt (3.88)
= /Q le(x, 2(x, 1)) G (2, t) - p(x,t) + p(x)Ga(z, t) - Y(z,t)] dedt

+ /Q ['5(377 Z(%, O))E(SL‘, 0) ’ 90<'r7 0) + ,u(x)H(:c, O) ’ ¢($7 0)] dzx,

e dt
0. Comparing (3.88) with (3.71), taking into account (3.74), it follows that U = (

)
is a regular solution. O

for all ¢ = (p,9) € L*(0,T;Y) such that % = (22, %) € 12(0, T;H) and (¢(T), (7))
E

9

We now give the proof of Proposition 51:

Proof. Being convergent, the sequence (z,)nen is contained in a certain ball
of radius R in CY([0,7];CY(€)). Consequently, by Corollary 49, the sequence
(E.,,H.,)),en is bounded in LP(0,73Y) and by Corollary 50, the sequence of its
time-derivatives ((E,, ,H., ))nen is bounded in LP(0,T;H). There exists thus a sub-
sequence ((E., ,H., ))ren weakly convergent in the space LF(0,T;Y’) to some element
(E,H) € L?(0,T;Y) such that the sequence of its time derivatives ((Eznk ) Hznk))keN con-
verges weakly to some element (E, ﬂ) € L*(0,T;H), for every 1 < p < +oo (it is easy to
see considering an increasing sequence of real numbers p,, €]1,400] tending to +oo and
using the Cantor diagonal process of extraction of a subsequence, that the limits of the
two sequences ((E., ,H., ))ren and ((Eznk7Han))k€N are independent of p €]1,400[).
Firstly, we must prove that (E,H) = 4 (E, H) in the sense of distributions on |0, T with
range in H. Let p € D(]0,T):

d
< a(EZ”k’H’Z”k%(‘O >=—-< (Eznksznk)790/ >
L T (3.89)
| B 00 e [1, 020 a
0 0

Let us observe that the left-hand side in the previous equality belongs to H and the
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right-hand side in Y C H. Let (¢*,¢*) € H* — Y™*. On one side:

— < (A an dt / Hznk t / t) ,(@*,w*) >H H

=—/0 <E., (t),¢ >90()dt+/ <H., (8),9" > (1) dt

0

= _/0 < (Eznk7HZ"k) (), (" ") >y /<t> dt

- — < (E,H) (1), (¢, ¢*) >yy= ¢'(t) dt as k — +oo,
- < / (B.H) (04/(1) dt, (6", 1) >, ..

_ /0 (E,H) (1)¢/(t) dt, (&*,67) >pne,

and on the other side
T . .
B, EL ) (De(t) dt, (¢, 0" .

< [ (BB, ) @000 (6 07) Su

T
- < (Eznk,Hznk) (0) (6", 0") >nae o) dt
—>/ (@5 0") > p(t) dt as k — +oo.
—< / (B, H) (0)(t) db, (", 67) >3-

Thus < [T (B, H) (00(1) df, (0", 0) >nse= — < 7 (B,H) (0(0) dt, (6" 6%) >
for all (¢*,v*) € H*. Therefore:

/0 (E,H) (1)p(t) dt = — /0 (B, H) ()0'(t) dt, ¥ € D0, T]).

We have thus proved that (E, I:I) = % (E,H) in the sense of distributions.

Now, we must prove that (E, H) = (E,, H,). It suffices for that to prove that (E, H) is
a regular solution of the initial boundary value problem (3.47) i.e. satisfies (3.71) so that
by uniqueness, we will have (E,H) = (E,, H,). What we have mentioned previously in
the proof is valid for any p €]1, +o0[; thus we may choose p = 2. Forallk € N, (E,,,, H,,,),
(E,H) € L?(0,T;Y) and (Enk,an)7 (E,H) € L*(0,T;H). Uy, := (E, ,H,,) satisfies
the variational equation:

/0 [_(Unk (t)v a?—g))ﬂznk(.,w + (Unk (t)7 Aznk (t)¢(t))ﬂznk<.,t) - (ank (t)Unk (t)a ¢(t))Hznk(.,t)

— (M (DU (0000 ot = [ (GO OOt + T 60D
(3.90)

for each

do

¢ € L*(0,T;Y) such that = € L*(0,T;H) and ¢(T) = 0. (3.91)
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We have written H., () (vesp. H., (0)) instead of H; (resp.Hp) in equation (3.90)
to avoid confusion as this scalar product (3.21) on H depends in fact of z,,(.,t) (resp.
Zn,, (-, 0)), so that we must be more precise than previously in our notations. We must
now pass to the limit as & — 400 in equation (3.90). In that purpose let us firstly
remark, using the definition of the #., ( y-scalar product (3.21), that equation (3.90) is
equivalent to

_ /O /Q (c(x, 2n, (2,1))En,, (x,t).%—f(x,t) + () HL,, (m,t).%(x,t))dx dt

—I—/O /Q(Eznk (x,t). curl(v))(x,t) — H., (x,t). curl(p)(z,t))dx dt

—I—/O /Qa(x)Eznk(a:,t).go(x,t)dx dt (3.92)
- /0 /Q {€(2, 2 (2,0)) G (2, )0, £) + ()G, £) 6 (2, ) b
+/Qe(m,znk(x,O))Eg(x).gp(x,O)dx—I—/Qu(x)Ho(m).@/)(x,O)dm

for all ¢ = (p,9)) € L*(0,T;Y) such that % = (%2 20) ¢ 12(0,7;H) and ¢(T) = 0.
Concerning the first term in the left-hand side of equation (3.92), we have the following

inequality:

/o /Qe(x,an(a:,t))Eznk(x,t).g—f(x,t)d:p dt—/o /Qe(x,z(z,t))E(x,t).aa—f(x,t)dx dt

' (e(x, zn, (2, 1)) — €(w, 2(2, 1)) E,,, (x,t).aﬁ(w,t)dx dt
Jo ) AL

<

+

/OT/QE(%Z(&JJ))(EZW (x,t) — E(:c,t))%—f(x,t)dx dt‘

d
<C sw re<x,znk<x,t>>—e(x,z<x,t>>|H—“”
(.)€ dt

L2(0,T;L2(Q)?)

dp

< Es, —Bel2(0)) o Zromi@m omiae?)

Y

(3.93)
as HEz”k||L2(O,T;L2(Q)3) < C a constant independent of k, the sequence (Eznk)keN being
weakly convergent in L*(0,T; L?(2)?) and thus bounded. The sequence of functions
(21, (-, .))ken converging uniformly on @ to z(.,.) and the permittivity function e(.,.)
being supposed to be a continuous function (hypothesis (H1)), the first term in the right
hand side of inequality (3.93) tends to 0 as k& — +o0o. The sequence (E., )ren being
weakly convergent in L2(0,7; L*(Q2)%) and (., (., .))% belonging to L*(0,T; L*(2)%), the
second term in the right-hand side of inequality (3.93) tends to 0 as k — +oo. Thus, the
lefthand side of inequality (3.93) tends to 0 as kK — o0 so that the first term in the left
hand side of equation (3.92):

T agp T 890
_/ (@, 2y (2, 0B, (2,0). S (o, ) dt —/ (@, 2(x, 1) E(w, ). 5 (z, o dt
0 0
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as k — 4o00. Let us now consider the second term in the left hand side of equation (3.92):

/ / )%‘f(az,t)dm dt.

As % ¢ L20,T;L*(Q)%) and p € L>(Q), ,udf belongs also to L2(0,T; L%*()3).

dt
The sequence (Hzn Jken converging Weakly to H in L*(0,7; L*(R2)?), it follows that:

// H., (z,t) aw(xtdxdt — // H(z,1) aw(x t)dr dt as k — +oo.

It 1s the same kind of argument for the thlrd and fourth term in the left hand side of
equation (3.92). o € L*™(2) by hypothesis (H2), it is also straightforward to pass to the
limit in the last term of the left hand side of equation (3.92). Passing to the limit in the
first term of the right-hand side of equation (3.92) results from the Lebesgue dominated
convergence theorem and the convergence of the uniformly bounded sequence of func-
tions (e(., zn, (-, -)))ren to €(., z(.,.)) uniformly on @ to z(.,.) (punctly would suffice). To
pass to the limit in the third term of the right-hand side of equation (3.92), we remark
that from ¢ € H'(0,T;H) follows that ¢(.,0) € L*(2)3. Also, E; € L*(©2)3. On the
other hand, our hypothesis (H1) on the permittivity ¢ and z,, (.,0) — 2(.,0) uniformly
on  as k — +oo, implies that €(., z,,(.,0)) — €(.,2(.,0)) uniformly on Q. Thus by

the Lebesgue dominated convergence theorem [ €(z, 2,, (z,0))Eq(z).p(z,0)dz tends to
Q
/e(x,z(w,O))Eo(x).cp(x,O)dx as k — +oo. Passing to the limit in equation (3.92), we

Q
obtain:

9

(€(z, 2(x, t))E-a—@(x, )+ p(o)H(x, 1)

Y (x,t))dx dt

(E(z,t). curl(¥)(z,t) — H(x,t). curl(p)(z, t))dz dt

o(2)E(z, t).o(z, t)dz dt (3.94)

+

+
S— o — 5 5—

{e(z, 2(x, 1) Gy (2, t).0(x, t) + p(z)Ga(x, t).9(x, t) fdx dt

+
:J\o\ﬁ

e(x,z(x,O))Eo(x).cp(a:,O)dac+/Q/L(I)H0(x).1/z(x,0)dx.

(E, H) is thus the unique regular solution of the variational equation (3.94). But (E,, H.,)
being the Y-solution of (3.47) is also a regular solution of the variational equation (3.94).
So, by uniqueness, we have: (E,H) = (E,,H,). Thus, the subsquence (E

converges weakly to (E,,H,) in LP(0,7;Y) and <E2nk,Hznk> converges weakly to
keN

Zny ) Hznk ) kEN

(Ez, Hz) in LP(0,T;H). But any subsequence of the sequence (E.,, H.,), .\ Possesses a

further subsequence with that property. Thus the sequence itself has this property. This
concludes the proof of Proposition 51. m

We have now the following corollary to Proposition 51.
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Corollary 56. If (z,)nen C CH([0,T];CH(Q)) converges to z in C([0,T]; C1(Q)), then
(E., * gpa)neN (resp. (Ezn % Pa)nen) converges weakly to E, x @, (resp. E. x ©a) N
LP(0,T; CH(2)?) for any p €]1, +oo[. Moreover (E., *pq)nen converges strongly to B, xp,
in LP(0,T; C(Q2)3) for any p €]1, +00.

Proof. From Proposition 51 follows that the sequences (E., )nen (resp. (E., )nen) con-
verges weakly to E, (resp. E,) in LP(0,T; L*()3). The mapping

LP(0,T; L*(Q)%) — LP(0,T;CHQ)?) : J = J x ¢,

being linear and continuous, we have also that (E., %@ )nen (tesp. (E., %04 )nen) converges
weakly to E, % @, (resp. B, * ¢,) in LP(0,T; C’l(Q) ). Now, the embedding from

LP(0,T; CH(Q)?) — LP(0,T; WH1(Q)?)

being continuous for any ¢ €]1, +o0l, so that (E., *p,).en converges also weakly to E, *p,
in LP(0,T; WH4(2)3). The embedding from LP(0,T;C'(2)%) — LP(0,T; L*(Q)?) being
continuous, (B, %@, )nen converges weakly to E., xp, in LP(0, T; L2(2)?). The embedding
from W14(Q)3 — C(Q)? is compact for ¢ > 3, and the embedding from C(Q)? — L?(Q2)3
is continuous. Moreover, the Banach spaces W4(Q)? and L?*(Q)? are reflexive Banach
spaces. Thus, we are in the setting of the Lions-Aubin compacity Lemma [47, p.106],
which tells us that the embedding

{f € LP(0, T; WH(Q)%); f' € LP(0,T; LA(Q)*)} — LP(0,T; O()°)

is compact for q > 3, so that (E,, * ©)nen strongly converges to E, * ¢, in the space
Lr(0,T;C(Q)3%). O

We now study the continuity with respect to z of the heat source term (3.2):

S(2)(@,1) = pa(w, 2(2,1)) | (B(2) * @a)(2, 1) [, V(2,1) € Q, (3.95)
in the right hand side of our heat equation (3.1) and also of its time derivative # This
heat source term may also be equivalently written in the form:

S2)(x,1) = palw, 2(2, 1)) (E(2) * ) (2, 1) | (B(2) * @a) (2, 1))rs, (3.96)

V(z,t) € Q, where (. | .)gs denotes the scalar product in R3.

In the study of the continuity properties of S(z) and d‘zgf) with respect to

z, we will need the following hypothesis on the absorption coefficient p,(.,.):

(H6) We suppose that the absorption coefficient p,(.,.) in formula (3.95) for S
belongs to the Banach space C}(Q2 X R).

This hypothesis is implicitely assumed in the following. Firstly, we prove
the following continuity result for S(z) in z:

Proposition 57. If the sequence (zn)nen C C'([0,T];C'(2) converges to z in
CH[0,T];CH(R)), then (S(zn))nen converges strongly to S(z) in LP(0,T;C(R)), for all
p €1, 400
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Proof. Corollary 56 implies a fortiori that for any p €]1, 400[, the sequence (E,, * ©,)

— neN
converges strongly to E, * ¢, in the Banach space L?(0,T;C(Q2)?) as n — +oo .
“Ezn *90a|2 (z,t) — |EZ*90a|2 (:L’,t)| (3.97)
= [|E., * ¢l (z,1) — [E. x @a| (z,8)] X |[E, * @al (2,1) + |E; * @q| (2, 1)].
Thus:
HlEzn * ‘Pa|2 (1) — B, * ‘:Da|2 (vt)Hoo@
< Bz, * @al (1) = [Ez % @al ()]0 % (3.98)
(=, * @al (- D)l + 1E= * @al (- 1)l s0.0)-
Consequently:
1/p
[[E=, # @al” (1) = B % @l (0|2 ¢ dt
1/2p

(B, % 9a) () = (Ex x 0a) (. D)L g dt

S~ O\'ﬂ

/T
< (
1/2p (3.99)

( (1=, * @al ()l + 1= # @al (1) 0 0) et

—E, « SOaHsz(OTC(Q) 3)
(HEZH Gall oo + 1B * Gallpmorcmm )
— 0 asn — +oo.

Thus |E., * @a|> — |E. % @a|* in the space LP(0,T;C(Q)) as n — +oco. Using hy-
pothesis (H6), we have also that the sequence (fi4(., 2,(.,-))),en converges uniformly to

ta(s, 2(.,.)) as n — +o0o. So, it now follows immediately that the sequence (S(24)),en
converges strongly to S(z) as n — +o0 in the space LP(0,7;C(£2)) as n — +oc. ]

For the sequence of its time derivatives, we have the following result:

Proposition 58. If the sequence (zn)nen C C'([0,T];C'(2) converges to z in
C([0,T];CH(Q)), then the sequence of the time derivatives (45(2n))nen converges weakly
0 45(2) in LP(0,T;C(2)), Vp €]1, +o0|.

Firstly, we need to prove the following lemmas:

Lemma 59. If (2,)nen € CH([0,T7]; CH(2)) converges to z in C1([0,T); C*(Q)), then for
i=1,2,3 and for all s €]1,+o0], (((Ezn)

(E.), * ¢q) - ( (];t)’ * cpa) in the Banach space L*(0,T;C()).

i *Pa) - (8(%;01 #¢a)) _ converges weakly to

Proof. In the following, to alleviate the notations, the ¢ — th component (E,,); of E,,
(resp. (E.), of E,), will be denoted E, ; (resp. E.;) (i = 1,2,3). The sequence

(aEZ” Lk goa> being weakly convergent in L"(0, T'; C(f2)), is bounded in L"(0, T’; C(Q2))
neN




100 CHAPTER 3. THE COUPLED HEAT-MAXWELL’S EQUATIONS

for any r €]1, +00[. We know also that the sequence (E., ; * ©4), .y strongly converges
in LP(0,T;C(2)) to E,; * g, for all p €]1, +oo[. Thus:

8Ezn7i
znz a_ zz*@a) 075 *Spa

5(0,T;0(Q
aEZn i
S HEzn,z _Ezz*¢a||Lp OTC H Pa ~
Lr(0,15C())
1
— 0asn — +oo for — = -+ — by the generalized Holder’s inequality.
s p T

A fortiori

0E, ;
Ezi a_Ezi a — a
(( ni ¥ ,*90)< o *@))nEN

converges weakly to 0 as n — +o00 in L*(0,T;C(Q)) as n — +o0.

On the other hand, Zt" Lok 0, — 6]2;”' * (g converges weakly to 0 as n — +o0o in
L"(0,T;C(Q)) and we may view E.; * p, € LP(0,T;C(Q)) as the linear continuous
operator:

L7(0,T;C(Q) = L*(0, T;C(Q)) : k = (B x 0q).k.
Thus the sequence
OE,, OE,;
((EZ,i * Pa)-( ot * Pa — 81& * ‘Pa)>nEN

converges weakly to 0 as n — +oc in L*(0,T; C(Q)). Adding both sequences, we obtain
the result. O

Let us set

=3
OE., ;
Gn ‘= Z(Ezn,i * Spa) ( ot * (;pa)

i=1
and

=3
OE, ;
g = Z(Ez,z * 9011) < 61&7 * Spa) .

i=1
We have also that the sequence (g,),.n converges weakly to g as n — +oo in

L*(0, T; C(Q)).

Lemma 60. The sequence (o (., 2u(.;-))gn)pen converges weakly to pa(.,2(.,.))g asn —
+o00 in L*(0,T;C(R2)), for all s €]1, 4+o0].

Proof. We notice that

pa(s 20 (s ))gn = pra(, 2())g = (s 20 () = pals 205 )] gn + palss 2(-52)) [9n — 9]

By the preceding lemma, the sequence (g, — g),,cn converges weakly to 0 in the Banach
space L*(0,T;C(Q)). Now, (., 2(.,.)) € (Q) so that it defines a linear and contin-
uous multiplication operator in L*(0,T;C(Q)). Consequently, (ta(.,2(.,.)) [gn — 9])pen
converges also weakly to 0 in L*(0,7;C(f2)). On the other hand, the weak convergence
of (gn),en in L5(0,T; C(€)), implies that (gy),,cy is bounded in L*(0,7; C(2)). The se-
quence (fta(-, 2n(-,-)) = fta(5 2(-, -)))pen converging uniformly to 0 in C(Q), ([ta(-, 2n(.;.))
—tta (-, 2(+s-))]gn)nen converges strongly to 0 in L*(0,7; C(£2)), and thus a fortiori weakly.
To sum up, the sequence (fta(., 2n(-,-))gn — tla(-, 2(.,.))9),en converges weakly to 0 in
L:(0,T;C()). O
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Lemma 61. The sequence (%&" |E.. * @, ) strongly converges and thus
neN

a fortiori weakly to %Z('“) 92 |E, * @,|” in the Banach space LP(0,T;C()), for all
p €)1, o0l

Proof. We have seen in the proof of Proposition 57 that the sequence (|E., * ©4|*),cn
strongly converges to |E, * ,|? in LP(0,T;C(€)) as n — 400, and thus is a fortiori

bounded in LP(0,7;C(Q)). The sequence (z,),.y tends to z in C([0,T];C*(2)) as
n — +oo, it follows using hypothesis (H1), that the sequence (Wi}i?)nm tends

to M% in C(Q) as n — 4o00. These two facts imply the result. O

Proof. We give now the proof of Proposition 58. We have:

d 6#(1( n( )) azn
dts( n) = dy

|Ezn>|<g0a| + 2pa(-, 20(,2))Gn- (3.100)

By the preceding lemma, the first term in the righthand side of formula (3.100) con-
verges weakly to ‘9““('+ |E. % @,|* in L?(0,T;C(Q)). By Lemma 60, the second term
21ta (., 2n (., .))gn converges weakly to 2/,(., 2(.,.))g in LP(0,T;C(2)). Thus (:£5(24))nen
converges weakly to tS( z) in LP(0,T;C(Q2)), for all 1 < p < 400. This proves Proposi-
tion 5H8. [

3.3.2 Solving the coupled heat equation in C'([0,T]; C'(Q2))

In this subsection, we want to prove that the initial nonlinear boundary value problem
for the coupled heat equation (3.1):

Oy — div(aVy) = S(y) in Q,
adl + hy = hy, on Y, (3.101)
y(+,0) = o in Q,

admits at least one local solution i.e. a solution on a time interval [0,tf], with
0< tf <T.

(H7) We assume our initial condition yy to belong to C{(Q). We assume
a € C3(N),a>00nQ, heC ), h>0ondN and that y, € C?(%). In particular, it
is assumed that the functions o and h do not depend on the time variable t. We assume
that our absorption coefficient p,(.,.) appearing in formula (3.95) for the heat source
term S(.) belongs to the Banach space CZ(Q2 x R). Finally, we assume that ¢, € C*(R?).

In this subsection we will need the following Sobolev spaces |25, 32|, for 5 < p < 4o00:

du K = (y) [P
2—2/p 0) = LP(Q): // 812 812
W, P(Q) = {u € LP(); 0z, ), and - 7=y [ dzxdy < +o00,
i=1,---,3},
_ P
I/V1 3/p(8§2) ={u € LP(09); // uly )1| dS(z)dS(y) < 400},
0% 90 | r—y -
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3
ou ou
W2(Q) ={u € Q) luluro=lulo+ 35|+ |5
i=1 tlip,@ p,Q
3 3
0%u
=1 j=1 p,Q

W;—l/p,1/2—1/2p(2) = {u € LP(X) such that inf{| v ||W5,1(Q); vy, = u} < 400}

Firstly, in view to reduce us from problem (3.101) to a problem with homogeneous
boundary condition and zero initial condition, we introduce the auxilary linear initial
boundary value problem for the heat equation:

Ow —div(aVw) =0 in @,
a2 +hw="huy, on X, (3.102)
w(+,0) =1y in €.

Proposition 62. Assuming p > 5 and that the compatibility conditions

o
— + hyo = h y(. 1
Ozan + hyo yb( ,0), (3 03)
and 5

are satisfied in the sense of traces in W;_‘g/p(f)ﬂ), problem (3.102) possesses one and only

one solution w in C*([0,T]; C1(£2)).

Proof. By the compatibility condition (3.103), it follows from [32] that problem (3.103)
possesses one and only one solution in W>*(Q) (see (3.121)). Thus, we consider the
derivated problem with respect to time:

Ow —div(aVuv) =0 in @,
adl + hv = hy, on X, (3.105)
v(-,0) =div(aVyy) in .

From our hypotheses (H7) follows that ¢, € W, YPY*7V/2(%) and div(aVy,) €
WpQJ/p(Q) for any p €15, +oc[. By the compatibility condition (3.104), it still follows
from [32| that the inhomogeneous initial boundary value problem (3.105) possesses a
unique solution v in W (Q) for any p > 5 (the same). By [32, Lemma I1.3.3 p.80], v
and its first order derivatives with respect to the “spatial variables” x, zo, x3 are Holder
continuous functions in Q. Thus, a fortiori, v € C([0, T]; C*(Q)). Let us now set:

t
w(z,t) = yo(x) + /v(a:,s) ds, Yt € [0,T], Yz € Q. (3.106)
0
One verifies easily that w € C'([0,T]; C'()) and is solution of equation (3.102);). That w
verifies boundary condition (3.102) ;) follows by using the compatibility condition (3.103).

Thus w defined by formula (3.106) is the solution of the linear initial boundary value
problem (3.102). O
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Now, setting 3 := y — w, we are reduced to prove that the initial nonlinear boundary
value problem:
Oy —div(aVy) =S +w) inQ,
adl 4+ hj=0 on ¥, (3.107)
9(-,0) =0 in Q,

admits at least one local solution. To prove this, given any p > 5, let us introduce the
following “fixed point problem™ to z € B(0, R) C C'([0,T]; C*(Q)) such that 2(0) = 0,
we associate 7, € W2'(Q), solution of the linear initial boundary value problem [32]:

Oy, —div(aVy,) = S(z+w) in Q,

aZ: 4 hy, =0 on ¥, (3.108)

7.(-,0) =0 in Q.
p being greater than 5, W2Y Q) — C([0,T];C'()) [32]. As £(S(z + w)) €
LP(0,T;C(Q2)), and thus a fortiori to LP(Q), we may consider the derivated problem
with respect to time:

O — div (e Vo) = L(5(z + w)) in Q,
age +hv =0 on ¥, (3.109)
U('? O) = ,ua('v yO()) | (EO * SOa)() ’2 on ).

To guarantee the existence and uniqueness of a solution in Wg’l(Q) to the derivated
problem (3.109), we suppose that its initial condition pa(-,v0(-)) | (Eo * ©4)(-) |* is
admissible [32] i.e. verifies on I :

a% (a(90()) | (Box @a) () 1)+ h pa(,90()) | (Bo % a) () [*= 0, (3.110)

in the sense of traces in the space Wy /7 (I'). By an argument similar to (3.106), using
the fact that z(0) = 0, one deduces easily that the solution v of the derivated problem
(3.109) is v = %. To alleviate the notations, we will denote dgtz rather ¢,. Thus i/, is
solution of:

0. — div (@ Vi) = £(S(z +w))  inQ,
a%E + hij. = 0 on %, (3.111)
U=(+,0) = a5 m0(-)) | (Bo * ¢a)(-) |2 on §2.

The operator which sends z € C*([0, T]; C*(€)) such that 2(0) = 0 onto #., does not leave
the closed convex subset K(0; R) := B(0; R)N{z € B(0; R); 2(0) = 0} of C*([0, T]; C*(2))
stable, so that we can not apply to it the Schauder’s fixed point theorem. In order to
define an operator from the nonvoid closed convex subset K (0; R) of C*([0,T]; C*(£2)) into
itself, we will need firstly to restrict g, to a fixed subinterval [0, ¢s] of [0, 7] of sufficiently
small length and then to extend its restriction appropriately to the whole interval [0, T
in order to obtain an element of C1([0,T]; C*(Q2)) corresponding to z of norm less than
or equal to R. This extension will be made using the following lemma:

Lemma 63. Let X be a Banach space and C*([0,T]; X) the Banach space of C*-functions
on the interval [0,T] with values in X endowed with its usual norm (in the application

we have in mind, X will be C1(Q)). Let t; €]0,T/2] and 0(ts;-) € C>([0,T];R) such
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that 0 < O(ty;-) <1, 0(ts;)os, =1 and 8(ty;t) =0 if t > 1.5 ty. For f € C'([0,44]; X)
such that f(0) = 0, we define its extension f(ty;-) to the interval [0,T] by

R Y RO if 0<t<t
! “f’”‘{ 2P (E)0ltsi1) = /21y —00(1si0). i 1y <t<T, (3.112)

andf tr;t) / (tr; &) dE, for allt € [0,T).
0

Then:
L[ Py < 317 Moo
Fieo.. / .
2. |[f(ty; )‘ 011X < 3T f o) s
- /
S |[f(ty; ')‘ 1 (o) <3T+ D Neqorx < 3T+ D) 1 llergox) -

The proof is elementary and may be left to the reader. In formula (3.112), the
product f'(2t; — t)0(t;;t) must be understood as being equal to 0 in case ¢ would be
greater than 2¢;. Using the third assertion of the lemma, it follows that the extension
operator f — f(ts;-) is a linear continuous operator from the Banach space C'([0,¢;]; X)
into the Banach space C*([0,T7]; X).

If we apply the preceding lemma to the restriction to the interval [0,¢f] of the
function

F10,T) = CHR)) : t e §a(t) — 5:(0)¢
nul at t = 0 and belonging to the Banach space C([0, T]; C*(Q)), we obtain by linearity
of the extension operator (¢,(0) = 0) the function:

t

Flty:)  [0,T] = CHQ)) : > (elior)) (brit) — §-(0) / 0(t:€) d.

0

We have that f(t;; Mots1 = flio,)- Let us define the function

t

folty: ) [0.T] = CHQ)) - £ = §(0) / 0(ty:€) de . (3.113)

0

7-(0) does not depend on = as §-(0) = pta (-, yo(-)) | (Eo * @a)(-) |* on €, so that we have
denoted it simply §(0) in formula (3.113). But the function fo(ts;-) depends on ¢;: it is

the reason of our notation. However as fo(tf, 0) = pa(y0(-)) | (Eo * pa)(-) |% fg(tf; 0)
does not depend on ¢4 also.

The following lemma shows that if we take the radius R > 0 of our closed ball
B(0; R) in the Banach space C'([0, T]; C'(2)) sufficiently large, then the function fo(t;-)
will be contained in its interior and also in the interior of K(0;R) := B(0;R) N {z €
B(0; R); 2(0) = 0} for any t; €]0, Z].
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Lemma 64. Whatever is t; €0, L1 in Lemma 63, the norm of fo(tf;-) in
CH([0,T]; CH(2)) satisfies always the following inequality:

I Foltss ) lerqoaior@y <l ol 90()) | (Bo* @a)(-) Pller @y (1+T): (3.114)

Moreover:
—_ N

H (Zj2|[0,tf]) - f(](tf7 ) ”Cl([O,T};CI(Q)) (3115)
<3(T+ 1) || (Felo) = a5 90()) T (Bo* 0a) () Plleoopicn@y) -
The proof of (3.114) follows immediately from the definition by formula (3.113) of

the function fy(t 7:+). The proof of (3.115) follows from the definition of f and the third
point of the previous extension lemma, Lemma 63.

Let us set

UB(yo, Eo) =l tta(-,%0(-)) | (Bo* ©a)(-) [*llc1 () - (3.116)

Let us observe that || fo(ty;-) |1 (o,1:01 (@) satisfies the inequality:

| folts: ) llerqorier @< (1 +T)UB(yo, Eo),

whatever is t¢ €]0,7/2].

We want to prove that for R > 3(T" + 1)UB(yo, Eo), there exists t; €]0,7/2]
such that for all z € B(0; R) € C'([0,T]; C'(Q2)) satisfying 2(0) = 0: (§]j0.,]) € B(0; R).
To prove that, we will need the following bounds on g, and their time derivatives:

Lemma 65. Let us fix some p €]5,4+00[. For every R > 0 fized, there exists some
constant C(R) > 0 depending only on R such that for all z € B(0; R) C C([0,T]; C*(Q))
satisfying z(0) = 0:

||ijHW§’1(Q) S C(R7p)7

and

< C(R,p).

Y

|1(®)

Proof. We know from the results in [32, Ch.IV-Sec.9, Ch.VII-Sec.10] about general
boundary value problems for parabolic equations applied to the homogeneous Robin
boundary value problem (3.108) (resp.(3.111) with the compatibility condition (3.110)),
that

19:llwz1q) < C@) 1S(z + W)l o) - (3.117)

and:

v

Y- + H:ua('ayo(')) | (EO * (‘0‘1)<') |2HW1§72/1)(Q)

Lr(Q)
(3.118)
From Corollary 49, Corollary 50 and using our Proposition 45, it follows for any p €
|1, +00], the following inequalities:

d
< -
g < CO) (H 9 5(z +w)

| E. % o || 1o(0.1:010) < C(R,p)
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and

I E- * ¢4 I Lr0, 01 @) < C(R, p).-
Using now our hypothesis (H6) that the absorptlon coefficient f1,(.,.) € CL(Q x R), it
follows from these inequalities that for any p €]1, +o0]:

I'S(2) llzror:cr @) < C(R, p)
and '

| S(2) [l eo.1;01 )< C(R, p).
A fortiori for any p €]1, +o0:

I'5(2) lzr@ < C(R, p)

and .
| S(2) lre@< C(R, p).

Now, for z in the closed ball B(0; R) of radius R with centrum at the origin of the Banach
space C'([0,T];CY(Q)), z+w € B(0; R+ || w |lc1om.c1(@)) so that a fortiori

1S(z + w)HLP(Q) < C(R,p)

and
< C(R,p).
Lr(Q)
Using now the inequalities (3.117) and (3.118), the result follows. O

|55+

Theorem 66. Let us suppose that we have choosen

where UB(yo, Eo) has been defined in formula (5.116). Then, there exists t; €]0,T/2]
such that ¥z € B(0; R) C CY([0,T]; CY(Q)) satisfying z(0) = 0:

—_——

(gz|[0,tf]) € B(O, R)

Proof. Vz € B(0; R) C C*([0,T]; C*(€2)) satisfying 2z(0) = 0:

HgZ“WPQ’l(Q) < C(R,p),

and _
7 <C(R
Vel ) (R, p)-
Let us consider p > 0 such that p < = 3(T;“(1T)Zﬁ(y° Bo) _(fo(tf; Yip) € B(0; 3(T+1 ) for

every ty €]0,7/2]. As a consequence of [32, Lemma 3.3 p.80, second inequality], we have
that W' (Q) = C*([0,T]; C()) for a = (1 — 2). Thus:

||?jz”ca([o,T];cl(Q)) < C(R,p),

and

. < C(R,p).
Cce([0.T1;CH () (£:p)




3.3. EXISTENCE OF A LOCAL SOLUTION TO THE COUPLED PROBLEM 107

As 77,(0) = 0, from the first inequality results that choosing ¢; > 0 sufficiently small, we
will have Vt € [0,¢f]:

S

19:( Dl @)y <

for all 2 € B(0;R) C C'([0,T];C*(Q)) satisfying 2(0) = 0. Similarly, as 7.(0) =

fot5;0) = pa(-50()) | (Bo * 0a)(-) |? (in particular is independent of ¢; and z), from
the second inequality results that choosing ¢; > 0 smaller if necessary, we will have
Vit € [0, tf]i

o 7 p
A1) — tvoH <7
i) = oltr ) o <5

for all z € B(0; R) C C*([0,T7]; C*(2)) satisfying 2(0) = 0.

t

Now, fo(ts:t) = pa(-50()) | (Bo * a)(-) I /Q(tf; §) d¢ so that

[ otes )] g < Nl s0 () | Bo % 20)C) Pl

Jev

for all t € [0,t/], so that reducing still ¢; if necessary, we will have for all t € [0,#/]:
£ . P .
Hfo(tf,t)Hcl(Q)) < 2. Thus:

5o(,1) = Jolt )

< (O] +H t;tH
C1Q) 19 ( )||01(Q)) Jo(ty )CI(Q))

so that for all t € [0, /]

oo t) = folt 1)

<

P
o) T 2

On the other hand fo(.,t) = fo(., 0), for all ¢ € [0,t¢] so that

o 2 o 7 P
(1) — t;t‘ < Ily.(.,t) — t;O‘ - <=
i) = Dottt o < i = R0 <5
BY Summing these two last inequalities, we obtain:
o 3 3p
2 — Jo(lss- < —<p
[3-tou1 = Fottr Mown | o onian = 1 <7
By lemma 63:
Yelpots) — foltss oty <3(T'+1)p.
CH([0,T];C1(2))
and

f0<tf3 ')I’[Oif}

<3(T + 1)UB(yo, Eo).

(folts: )oes)

o

§3(T+1)‘

C1([0,T);C1(Q)) ‘C([O:tf]§cl(9))

Thus

—_—

Yz lj0,t)

< 3(T + 1)(p + UB(yo, Eq)).

C1([0,7:C1 ()

As 3(T 4+ 1)(p+ UB(yo, Eg)) < R, it follows that i.|j04,) € B(0; R). O
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Lemma 67. For p > 5, the embedding from W>'(Q) into C([0,T]; C1(Q)) is a linear
compact mapping.

Proof. By the inequality [32, p.343, top|, we have for all p > 5 that:
WO <cllylyy. Yo € W@, (3.120)
We have written this inequality following the notations of [32]. Let us explain these
2

notations. Firstly, [yl = Y (W)Y, where (y)V) = Y DDyl o 132, p.5].

Jj=0 2r+s=j
Consequently:
dy 3 3
(2)
lyllyo = llyll,o o, H " pQ+;; (% 833] y = lylly21 - (3121)

On the other hand [32, p.7], |y|* " means as 1 < 2 — g < 2forp>5:
sup ey

17 =yl + Do |22 -
@ Z (:r,t),(xt’)EQ \t—t’\l %

: |%(xvt)—%(%t’)\ | (@)~ 2 ()|
+Z sup * 1 —5 + sup ( ) .
i (,t),(z,t)EQ |lz—a’|” (@0),(zt)eQ  I1t=t'I?

Oz,

Let us consider now a bounded set E in Wp2’1(Q). There exists thus a real number R > 0,
such that for ally € E : ||yHW3,1(Q) < R. As a consequence of inequality (3.120), the fam-

2 eC@QuyeE}(i=1,23)

are equicontinous families in C'(Q) endowed with the supremum norm. Also for every
fixed (z,t) € Q, the sets {y(x,t);y € E}, { L(x,t)y € E} (i = 1,2,3) are relatively
compact subsets of R. Thus by Ascoli’s theorem 20, (7.5.7)], the sets {y € C(Q);y € E},
{5—; € 0(Q);y € E} (i = 1,2,3) are relatively compact subsets of C'(Q). But the map-
ping

ilies of continuous functions on Q: {y cOQ);yeFE }, {

~ - oy Oy Oy
palt 4, —Z
C(O.THC (@) = CQ)' 1y = (1 5 5 5

is an isometry onto the closed subspace

~ 5y dy dy
4, _ —
{(yay17y27y3) S C(Q) Y axl 8x27y3 81'3

Y, Ox1’ Oz (93?3
subspace of C'(Q)* being the intersection of the cartesian product

yeE}

relatively compact subset of C (Q)* with that closed subspace of C(Q)*. By the previous
isometry {y € C([0,T]; C*(Q));y € E} is a relatively compact subset C([0,T]; C*(Q)).
O

of C(Q)*. The set {( Qu Oy Oy (Q)hy € E} is relatively compact in that closed

{yec(@ yEE}xH{
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Proposition 68. Let us denote by K(0; R) := {z € B(0; R) c C'([0,T]; C*(Q)); z(0) =
0}. Supposing that R > 0 satisfies condition (3.119), then the range of the mapping
from the closed convex set K(0; R) € C*([0,T]; C*(2)) into C1([0,T]; C*(Q)) which sends

z € K(0; R) onto (§i:|j0.,)) is a relatively compact subset in C*([0,T]; C*(Q)).

Proof. By Lemma 65, we know that

HZjZ“Wp?"l(Q) < C(R,p),

and

7. < C(R,p).

W (Q)

Thus, a fortiori, the image of K(0;R) by the mapping z + (7.]j0,]), gjz|[07tf}) in
WQl(Qtf) X W21(Qtf) is bounded, where we have set Q;, := Qx]0,t;[. As p > 5,
by Lemma 67 applied to @, the embedding from W>'(Q;,) into C([0,s]; Cl(Q))
is a linear compact mapping. It follows that the image of K(0; R) by the mapping
z = (Ueljous), Uxlpoe,)) in C[0,t5); CH(2)) x C([0,t5]; C1(2)) is a relatively compact sub-
set. Being contained in the closed subspace

= {(y,v) € C([0, ;] C(Q)) x C([0,24]; C* ()50 =y}

of C([0,ts]; C1(2)) x C([0,t4]; C1()), it is also a relatively compact subset of E (in the
definition of £, v = ¢ must be understood in the sense of distributions on |0, ¢ ¢[ with values
in C1(Q)). Now, E is isomorphic to C*([0,¢s]; C*(Q2)). Thus the image of K (0; R) by the
mapping z — yz\[o t,] is a relatively compact subset of the Banach space C* ([0, t]; cH(Q)).
By Lemma 63, the mapping from C*([0,¢7]; C*(Q)) into C*([0, T]; C*(£2)) which sends f
onto its extension f is linear and continuous. Consequently, the image of K (0; R) by the

e~ —

mapping z — (9.jo,t,)) is also a relatively compact subset of C*([0,T]; CH()). ]

Proposition 69. Supposing that R > 0 satisfies condition (3.119), then the the mapping
from the closed convex set K(0; R) € C*([0,T]; C*(2)) into C1([0,T]; C*(Q)) which sends

z € K(0; R) onto (§:|j0,,)) is a continuous mapping.

Proof. Let us consider a sequence (z,)nen in K(0; R) converging to z € K(0; R) for
the norm of C([0, T]; C*(Q)). It follows from Propositions 57 and 58 that the sequence
(S(2n +w))nen converges strongly to S(z+w) in LP(0,T;C(£2)) and that the sequence of
the time derivatives (£S(z, + w))uen converges weakly to 4 S(z + w) in LP(0,T; C(€2)).

By inequality (3.118) the solution of Problem (3.111) being an affine continuous mapping
of the right-hand side, the sequence (9., )nen is weakly convergent to 77, in VV2 1(Q) but
due to the compact embedding from W2!(Q) into C([0,T]; C*(2)) by Lemma 67 strongly
convergent in C([0,T]; C1()). Also by inequality (3.117), the solution of Problem (3.108)
being a continuous mapping of the right-hand side, the sequence (7., )nen is strongly
convergent to ¢, in C([0,7];C1(Q)). In conclusion, the sequence (9., )nen is strongly
convergent to 7, in C’l([O,T];Cl(Q))._ A fortiori, the sequence (4., [j0,¢;])nen is strongly
convergent to i1, |o,¢,] in C*([0,27]; C*(2)). From Lemma 63 now follows, that the sequence

—_—

(#:0 |10,4,1)men strongly converges to 4i.]jo.,) in C*([0,T]; C*(Q)). So, the result follows. [

We come now to our existence theorem of a local solution to our nonlinear initial
boundary value problem (3.101):
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Theorem 70. Let us suppose that R > 0 has been choosen such that

where UB(yo, Eo) has been defined in formula (5.116). Then, there exists t; €]0,T/2]
such that the mapping from the closed convex set K (0; R) C C1([0,T]; C*(2)), which sends

z€ K(0;R) to (gjth\g;]) € C*([0,T; CY(Q)), has a fived point ( € K(0; R). Consequently
Cliog,) + wloe,) € CH[0,t4]; CHRQ)) is a weak solution of our nonlinear initial boundary
value problem (3.101).

Proof. By Theorem 66, and the hypothesis (3.122) on R, there exists ¢; €]0, £] such that

—~——

for every z € K(0; R), (9-lj04,) € K(0; R). By Proposition 69, the mapping from K'(0; R)

into K (0; R) which sends z € K(0; R) onto (¥.|o,¢ f]) is a continuous mapping. By Propo-
sition 68, its range is a relatively compact subset in the Banach space C*([0, T]; C*(€2)).
Thus by the Schauder fixed point theorem [23, p.171], this mapping has a fixed point
¢ whose restriction to the time interval [0,7;] is a weak solution of the nonlinear initial
boundary value problem (3.108) by the “causality principle”. Adding to (|, wlo,¢,) Weak
solution on the time interval [0, ¢f] of the auxilary non-homogeneous linear initial bound-
ary value problem (3.102), we obtain a weak solution of our nonlinear non-homogeneous
initial boundary value problem (3.101) on the time interval [0, ;] (ty > 0). O

3.3.3 Case of a right-hand side G € C'([0,T]; H)

To prove that Theorem 70 is also true when the right-hand side G = (G, Gz) in the
Maxwell system (3.50) belongs to C*([0, T']; H), we have basically to prove that the bounds
(3.68) and (3.69) remain valid in the case G € C*([0, T]; H).

Proposition 71. For every fized (Eg,Hy) € Y, and every fired G = (G, Gs) €
CY[0,T];H), the Y-valued solutions (E,,H,) : [0,T] — Y : t — (E.,H.)(t) of the
initial value problem (3.50) given by formula (3.51) for z running over B(0;R) C
C*([0,T);CY(S2)) have uniformly bounded norms in the Banach space C([0,T);Y) by a
constant C(R) depending only on the radius R of the ball B(0; R) C CY([0, T]; C*(Q)).

Proof. It suffices to prove that the norm of the mappings w, : [0,7] — Y : t —
t

w,(t) = L(t,r)G(r)dr in AR are uniformly bounded by a constant
U. G(r)dr in C([0,T];Y iformly bounded b C(R

0
for € B(0;R) C C*([0,T];CY(€)). By the proof of Proposition 41, we know that
w,(t) = Q.(t)'G(t) — v.(t), where

va(t) = U.(t,0)Q-(0) "' G(0) +/Uz(t,7°)[Qz(7“)_l(gz(7“) —G(r)) = M.(r)Q(r) "' G(r)]dr,
with g,(r) := G'(r) — QZ(T>Qz(T)_1G(T)-

1. We have shown in the proof of Proposition 48, that ||Qz(t)*1||£(H yy < C(R) in-

dependent of z and ¢ for z € B(0; R) c C'([0,T]; C*(2)) and t € [0,7T]. G()
belonging a fortiori to C([0,T]; H) is bounded. Thus || Q.(t)'G(?) ||y < C(R).

(3.123)
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2. Taking ¢t = 0 in the preceding point, we get: || Q.(0)"'G(0) |y < C(R). Propo-
sition 48, implies in particular that the families of operators (U.(t,0)|y)o<i<r
are uniformly bounded in £(Y) by a constant C(R) for z € B(0,R), so that
| U.(t,0)Q.(0)"*G(0) |ly< C(R) for all t € [0,T].

t
3. Let us now consider the third term —/Uz(t, r)M.(r)Q.(r)"'G(r)dr in the right-
0

hand side of (3.123). We want to bound its norm in the Banach space Y by a
constant depending only on R. By Proposition 48: || U.(t,7)|y ||zv)< C(R). By
the first point || Q.(r)"'G(r) ||y < C(R). Looking to formula (3.44) in the proof
of Proposition 36, we deduce that || M.(7) || zv)< C(R). Thus

t

|- / U (1 1) M. (1) Qu(r) ' G(r)dr |y < C(R).

0

t
4. Finally, let us consider the second term /Uz(t, mQ.(r) " (g.(r) — G(r))dr in the
0

righthand side of (3.123). We want also to bound its norm in the Banach space Y.
In view of the reasonings already made in the two preceding points, it suffices still
to prove that the norm of g.(r) in the Banach space H is bounded by a constant
depending only on R. g¢.(r) = G'(r) — Q.(r)Q.(r)"'G(r). Recalling, that G
belongs to C"([0,T7; H), we have only to prove that || Q.(r) ||z is bounded by
a constant depending only on R. From the explicit expression of Qz(r)

O-(r) ( :Z > _ ( —%(.,z(.,r)z)%(.,r)curlw ) for all (p,0) € Y

the definitions of Y and H and z € B(0; R) C C'([0,T7]; C(Q)) it is clear.

From w,(t) = Q,(t) 'G(t) — v,(t), formula (3.123), and the four preceding points, it is
now clear that || w. |c(o ),y is uniformly bounded by a constant C'(R) depending only
on the radius R of the ball B(0; R) for z € B(0; R) C C'([0,T]; C*()). O

Thus bound (3.68) is still valid. Now, we want to prove that bound (3.69) remains
also valid for a right-hand side G € C*([0, T]; H):

Proposition 72. For every fized (Eg,Hy) € Y, and every fired G = (G, Gq) €
CY[0,T];H), the time derivatives of the Y-valued solutions (E.,H,) : [0,T] =Y : t
(E.,H.) (t) of the initial value problem (3.50) given by formula (3.51), for z running over
the closed ball B(0; R) C C*([0,T]; CY(2)), belong to C([0,T);H), and have their norms
in this space uniformly bounded by a constant C(R) depending only on the radius of the
ball B(0; R) € C1([0,T]; C1(%2)).
¢
Proof. w, : [0,7] = Y : t — w,(t) := /Uz(t, r)G(r)dr is solution of:
0
dw,
(1) = (A.(t) + M. (t)w.(t) + G(t). (3.124)

dt
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From Proposition 71, we know that || w. |c(om;y) is uniformly bounded by a con-
stant C'(R) depending only on the radius R of the ball B(0;R) for z € B(0;R) C
C([0, T]; C1(€)). From (4.12),(3.20),(3.24),(3.25), it is clear that || A.(£)+M.(t) [leeva
is uniformly bounded by a constant C(R) depending only on the radius R of the ball
B(0; R) for z € B(0; R) C C'([0,T]; C*(€)). Thus from formula (3.124), follows now that
| 4= || oo,y is uniformly bounded by a constant C(R) depending only on the radius

R of the ball B(0; R) for z € B(0; R) C C*([0,T]; C*(©2)). On the other hand

| U=(t,0) (Eo, Ho) [ly < [ U=(£,0)ly [leory || (Eo, Ho) [y < C(R) [| (Eo, Ho) ||y
by Proposition 48. Thus

I (A= (t) + M (8))U=(t, 0) (Eo, Ho) [l2 <[ Az (t) + M.(8) [l || U=(,0) (Eo, Ho) Iy
< C(R) || (Eo, Ho) [|y .

(3.125)
In conclusion
d d dw,
| — (B2, Hy) lleqorix =l — (U.(.,0) (Eo, Ho)) + leqo 1)

d dw,
<|| E< U.(.,0) (Eo, Ho)) llcqo,mm + | o lc(o,71:0)

is uniformly bounded by a constant C (ﬁ) depending only on the radius R of the ball
B(0; R) for z € B(0; R) C C'([0,T]; C*(2)). [

Thus, we know now, that the basic estimates (3.68) and (3.69) remain valid for right-
hand sides G € C'([0,T]; H) in the Maxwell system (3.50). Also, all the reasonings of
subsections 3.1 and 3.2 which follow the estimates (3.68) and (3.69) remain valid. Con-
sequently, Theorem 70 on the existence of a local weak solution to our coupled nonlinear
initial boundary value problem (3.101) between the heat equation and the Maxwell sys-
tem (3.50) with z = y, is also valid when the right-hand side G = (G, G2) in the Maxwell
system (3.50) belongs to C*([0, T]; H).



Chapter 4

Optimal electromagnetic external
source field in the Heat-Maxwell
coupled system

4.1 Introduction

In this chapter, we want to study a related optimal control problem to the Heat-Maxwell
coupled system studied in chapter 3. To simplify matters, we suppose here that the
permittivity e depends only on the space and not on the temperature. Consequently, the
electric field E does not depend on the temperature y.

We suppose that the electric field E.,; of the exterior electromagnetic field (Ec, Heyt)
hitting 2 is in the complementary of €, R*\ Q, of the form

Eegi(z, 1) Zf] )eeatj(2,1), N > 1, (4.1)

where

eert; € CV([0,T); H(curl ,R?\ Q)) (4.2)
for 5 =1,..., N are such that

(curleey ;) -n=0onT. (4.3)

Q is supposed to be an open bounded subset of R® with Lipschitz boundary. f; for
j=1,..., N are given real-valued functions depending of the time variable ¢ only. Our
optimal control problem is the following:

min J(y,v) : / /|Vymt |2dxdt—|—z JQ/] / y(x,t) — yjolz,t) |* dr dt
Ao 2 2
+32 [ 1ve 1) e | dm+§; [ mtora

(4.4)

with Qj C €, 7}'71 < 7}72 ) [7}71,7}72] C [O,T], )‘j,Q >0 (j = 1,...,M)7 A>0, \g >0,
subject the following Heat-Maxwell system:

113
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Oy —div(aVy) = S(y) inQ = Qx]0,T7,

—ag—z =h(y — ) on X :=I'x]0,T7, (4.5)
y(-,0) =yo in Q,
where the heat source is defined by
S)(@,t) = pa(z, y(x, 1)) | (B*po)(w,t) 7, forall (z,t) € Q, (4.6)

We assume that the absorption coefficient p, € CE(Q x R) is monotone decreasing
with respect to y, this condition will be necessary to prove the well posedness of (4.5) in
the sense of [53, Theorem 5.5 p.268]. The initial condition yy € C(Q) and y, € C(X). ¢,
being a given regularization function in C'}(R?) and E the electric field in 2 solution of
the following Maxwell system:

O(eE) —curlH+0cE =0 in Q.

OH + i curlE =0 in Q,
Exn=E.: xn on %, (4.7)
H-n=0 on X,

E(,O) = EQ, H(,O) = H() in Q,

where o > 0 belongs to C(€2), h > 0 belongs to C(I'), € > ¢, > 0 belongs to L>(£2),
¢ =1¢eL>(Q), 0> 0belongsto L>(Q), u > o > 0 belongs L>=(Q) and i = % € L>(Q)
are only functions of z with E.,; given by (4.1), such that

—fi+ fi=v; in ]0,T7,

fi(0) = fio, (4.8)
fi0) = fir,
where v = (vj);.vzl € U are the controls belonging to the control space U = [L*(0,T)]".
N
The set of admissible controls is the closed convex subset U,y := HUadJ‘ C U, where for
j=1
j=1,...,N:
Usaj = {v; € L*(0,T); v < v;(t) < wjp ace. t € [0,T]}. (4.9)

The numbers f;o € R and f;; € R will remain fixed. y; ¢ in the cost functional (4.4) is a
given template temperature distribution in L?(Q) and yq € L*(Q2).

Remark 14. We have considered a more general cost functional than previously in
chapter 2 by replacing the term

Ao [T ,
- | y(x,t) — yo(z,t) | do dt
2 0 Q

by the more flexible expression

M Tio

A [0 2
Z 5 / / | y(x,t) —yjox,t) |” do dt,
j=1 Tjp J9;

the idea being that it is not clear how to choose adequately the function yg. We could
choose for example y; o equals to a fixed temperature a little greater than the temperature
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of fusion of the powder e.g. 1600 °C' [54] as we want the powder to have fused everywhere

during a certain subinterval of the time of treatment. It seems also natural to require that
N

U 2; =  and the different pieces €2; to overlap near their boundaries to glue perfectly
j=1
together .

In [58] an optimal control problem for microwave heating was studied, where the
electric and magnetic fields are time harmonic, with fixed frequency.

4.2 Well posednes of the heat-Maxwell system

Similarly, as we have made in chapter 3, we reduce our Maxwell problem (4.7) to an intial
homogeneous boundary value problem by extending e, ; to €2 in a vector field

e; € CV([0,7]; H(curl, Q))
such that
€j X N =€ X n and (curle;) -n=0onT.
Then, we introduce the new vector field £ on 2 by

N
E(x,t) =B(xz,t) = Y _fi(t)e;(w,1), for all (z,t) € 2 x [0,T].
j=1
The new couple of vector fields (£, H) is solution of the following intial homogeneous
boundary value problem for the Maxwell’s equations:

( N
0, —écurlH+é0 £ ==Y (fje; + fi€) +éofe;) inQ,
=1
N
OH + i curl € = —ﬂij curle; in Q,
j=1 (4.10)
Exn=0 on %,
H-n=0 on X,
N
£(0)=Eq— ) _fj0e;(0), H(0) = Hy in Q.
\ J=1
Supposing that
N
EO xXn= ij@ eext,j(o) Xn on F, (411)
j=1

we have that £(0) x n =0 on I' and thus that
N
& :=Eo— Y _[;(0)e;(0) € Hy(curl , Q).
=1

We also suppose that Hy € J1 (92, 1). Consequently, the initial condition (£y, Hp) to our
initial boundary value problem (4.10) belongs to the domain

D(A) = Hy(curl, Q) x JL(Q, 1) (4.12)
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of the infinitesimal generator A = A+ M in the Hilbert space
H =L*Q) x J.(Q, p).
Let us recall from chapter 3, that
A¢ = (écurly, —ficurl ), for all ¢ = (p,¥) € D(A) (4.13)

and that

Mo = (—éop,0) for all ¢ = (p, ) € H. (4.14)

Lemma 73. There exists a constant C(|f;ol, |fi1l, max(|v;al, |vip])) > 0, such that for
every v; € Uga,j, the solution f; € CY([0,T]) of the Cauchy problem (4.8), satisfies the
following bound:

d
I; < C(Ifiol, [ fial, max(|vjal, [vis]))- (4.15)

00,[0,T]

rummmﬂ+H

Proof. Applying the method of variation of arbitrary constants to solve nonhomogeneous
second-order linear differential equations as explained in [45, par. 23, pp.92-93|, f can be
easily computed:

t

fi(t) = fjocosh(t) + f;1sinh(t) + /sinh(y — t)v;(y)dy. (4.16)

0

From that formula follows immediately that

1fillso oy < CUSjol + 1 fi] + max(lval, [vje]))- (4.17)

Differentiating with respect to ¢t formula (4.16), we obtain
¢

(t) = fjosinh(t) + f;1 cosh(t) — /cosh(y — t)vi(y)dy. (4.18)

d,
dt

From that formula for 7 follows immediately also that

H% < C( ol 1l max(usal. [osal)). (4.19)

0,[0,7]

Summing inequalities (4.17) and (4.18), we obtain (4.15). O

Corollary 74. Forv; € Uyqj, fj and d—g are lipschitzian functions on [0,T].

Proof. e Let 1,15 € [0,7] we have

fylta) = filtn) = /%w

t1

and by (4.19), is bounded by C(|f;ol,|fi1l, max(|vjal, |vjpl)) . Thus

00,[0,T

| fi(t2) — fi(t)] < CUSfiol, [ finl, max((vjal, [ve]) [t2 — ta] -
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e We have
— fi+f=v (4.20)

Let t1,t2 € [0,7T]. Integrating both sides from ¢; to t5 in (4.20), we obtain

df;

Loy - /fg ) di = /()d

By the previous result, f; is bounded. Also v;, as v; € Uyq;. Thus, by the previous
equation:

df;
dt

%(tl)

() —

< C([fiols [ £l max(fvjals [vgs])) [t2 =],

proving that is also lipschitzian.

From the previous corollary, it follows immediately:

Corollary 75. G :t € [0,T] — G(t) € H where

=) (fit)e(t) + fi(D)e)(t) + éaf;(t) quJ curle;(t)),  (4.21)

=1
is a Lipschitz continuous function.

We will use the following functional space:

d
W0, T;H) = {u € L'(0,T;H) such that d—? € L'0,T;H)}.
We want to prove that the intial homogeneous boundary value problem for the
Maxwell’s equations (4.10) possesses a unique strong solution on the time interval [0, 7]
by using theorem [44, Corollary 2.11 p.109]:

Theorem 76. (Abstract Cauchy Problem) Let X be a reflexive Banach space and let A be
the infinitesimal generator of a Cy semigroup (T3)i>o on X. If f :[0,T] — X is Lipschitz
continuous on [0,T], then for every x € D(A) the initial value problem

{ 0= Au 10, 1> (4.22)

has a unique strong solution w on [0,T] i.e. w € WH(0,T; X), w(0) = z, w(t) € D(A)
for a.e. t €1[0,T], and w'(t) = Aw(t) + f(t) for a.e. t € [0,T]. This solution is given by

w(t) = Tyr + /t Ti_sf(s)ds, t €[0,T]. (4.23)

Let us denote by (7});>0 the semigroup generated by the operator A = A+ M in the
Hilbert space H = L2(2) x J,(Q, u) with domain D(A). Applying theorem 76 to the
abstract Cauchy problem defined by the infinitesimal generator A in the Hilbert space
H, the righthand side G and the initial condition (&, Hp), we obtain:



118 CHAPTER 4. OPTIMAL ELECTROMAGNETIC EXTERNAL SOURCE

Theorem 77. The initial boundary value problem for the Mazwell’s equations (4.7) pos-
sesses one and only one strong solution (E,H) for any given control v = (Uj)jyzl € Uy,
and any given initial condition (Ey, Hy) € H(curl,Q) x JL(Q, ) verifying (4.11), Ecyy
being given by (4.1) and (4.8) i.e. possesses one and only one function (E,H) €
W0, T;H) verifying (E,H)(0) = (Eo,Hy) and equations (4.7) for a.e. t € [0,T].

This solution is given by

N

(B, H)(t) = () + > f;()e;(t), H(t)) for all t € [0, T], (4.24)

j=1

where (E(t), H(t)) is given by the equation:
(E(t),H(t)) =T, (&, Hy) + /t Ti—sG(s)ds, (4.25)

with G given by formula (4.21) and
& € Hy(curl, Q). (4.26)

Now, that we know that the initial boundary value problem for the Maxwell’s
equations (4.7) , possesses a unique strong solution for any given initial condition
(Eo, Hy) € H(curl, Q) x JL (2, 1) and any given v € U,4, we will prove that the semilinear
parabolic initial boundary value problem for the heat equation (4.5) with electromagnetic

heat source (4.6), possesses a unique weak solution y € W(0,7) N C(Q).

Remark 15. In chapter 3, we have supposed that ¢, € C!(R3), but in the present
chapter, as we have supposed the electric permittivity € independent of the temperature
y, we will need only for our following reasonings that ¢, € L*(R?). As we know by the
above semi-group theory, that E € C([0,T]; L*(Q)), it follows from proposition 51 in
chapter 3 that E x ¢, € C(Q) = C([0,T]; C(Q)). This will suffice us here. Examples of
functions ¢, € L*(R?), could be e.g. wa = 1p(m or @ (-) = e~V [55, p.1522,(2)] for a
small r > 0.

To prove that, we are going to use [53, Theorem 5.5 p.268| about existence and
uniqueness of the weak solution of general semilinear parabolic initial-boundary value
problems of the form |53, (5.1)p.265]:

Oy —div(aVy) +d(x,t,y) =0 in Q,
ag—g +b(z,t,y) =g on X, (4.27)
y('> 0) = Yo in €.

To apply theorem [53, Theorem 5.5 p.268| we recall that d and b must satisfy the following
assumptions:

e d: (@ xR — R is measurable with respect to (z,t) € @ for any fixed y € R.
e b: Y xR — R is measurable with respect to (z,t) € ¥ for any fixed y € R.

e d and b are monotone increasing with respect to y for almost every (z,t) € @ and
(x,t) € X, respectively [53, Assumption 5.1 p.266].
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e d and b satifies the boundedness condition
| d(z,t,0) |[< K and b(x,t,0) < K’ for a.e. (x,t) € @Q respectively € ¥, (4.28)
K and K’ are positive constants [53, Assumption 5.2 p.266].

e For every (z,t) € @ locally Lipschitz continuous with respect to y, that is, for any
M > 0 there is some L(M) > 0 such that

| d(z,t,y1) — d(z,t,y2) |[< L(M) | y1 — yo | for all y; € R, (4.29)

with | y; |[< M, i = 1,2. The same is assumed to hold for b on 3 [53, Assumption
5.2 p.266].

We have now to check the above hypotheses on the semilinear parabolic partial differential
equation (4.5). Firstly, let us check the hypotheses on the nonlinear term

d(z,t,y) = =S(z,t,y) = —pa(z, y) [(E*@.)(z, )]

e So that
d(x,t,0) = —pe(z,0) |(E * goa)(q:,t)|2,

where E * ¢, € C(Q) and p, € CH(Q x R) and thus is a fortiori bounded. Conse-
quently, |d(x,t,0)| is uniformly bounded on Q.

e Moreover

(@, t,y1) — d(x,t, o] = |a(@, y1) — a(z, y2)| [(E * 0a) (2, 1)]%.

But p, € CL(2 x R) which implies that

|z, y1) — palz, y2)| < Clyr — yo

so that
|d($,t,y1) - d(l’,t,y2| < C'|y1 - yZ|'

Due the hypothesis on the absorption coefficient p,, d is monotone increasing with
respect to y.
Secondly, let us check the hypothesis on the boundary condition. In the present case:

b(l’,t,y) = h((l?)(y - yb(xv t))
e We have
b(x,t,0) = —h(z)ys(z, ).

Thus

’b(x7t70)’ <K := suph(:l?) sup |yb('r7t)|
zel’ (z,t)ex

Let us recall that A > 0 and belongs to C1(99).
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e Also, we have that
|b(l’,t,y1) - b(l’,t,y2>| - h(l’)|y1 - y2| < (Slé?h(x)”yl - y2|7

for all y1, y» € R.
As h > 0 belongs to C(I'), b(z,t,y) is monotone increasing with respect to y.

Also, as the coefficient a > 0 belongs to C(£2) implies that the partial differential
operator —div (« V+) verifies the hypotheses [53, pp.37-38| i.e. satisfy the condition
of uniform ellipticity: the hypotheses made on « implies in particular [53, (2.20)p.37]
(also the conormal derivative [53, p.37] is in the present case a->- and « is continuous

on
and strictly positive on OI").
We are thus allowed to apply [53, Theorem 5.5 p.268|, so that, consequently:

Theorem 78. The semi-linear parabolic initial boundary value problem (4.5), (4.6) has
a unique weak solution y € W(0,T)NC(Q) for any E € C([0,T];L%(Q)), any y, € C(2)

and any nitial condition yo € C(Q2). Moreover for any r > 5/2 and any s > 4, there
exists a constant C(r,s) such that

191l oz + 1¥llo@ SCrs)([|al- 0)E * gal*(, )]
s QACD]

L@ (4.30)
szt HyOHC(Q))'

Here W(0,T) is defined by
W(0,7T) :={u e L*(0,T; H(Q)) such that % € L*(0,T; (H'(2))}.

Let us point out that the temperature y depends on the electric field E (4.5)(4.6),
wich depends on E,; (4.7), thus on f = (f]-);.\f:1 € L*(0,T)N which itself depends on the

control v = (vj);.vzl € Uyq (4.8).

4.3 Existence of an optimal control

Now, we want to prove the existence of an optimal control v = ('Uj);-vzl € U,q. We indicate
this dependence of the temperature y with respect to the control v, by writing y,. Let
us introduce the reduced cost functional:

J :Upg = R:v = J(yy,0).
Let us consider a minimizing sequence (v*));so as k — 400 in U,q, such that

J®*) = inf J(v).

(™) = inf J(v)

From the definition of the cost functional (4.4), and of the reduced cost functional, fol-
lows immediately that the sequence (v*));>o is bounded in L?([0,7])N. By (4.21), the
right-hand side corresponding to v®) in the auxilary intial homogeneous boundary value
problem for the Maxwell’s equations (4.10) is:

N

ST1" 0e(t) — [P e (1) — ea fiP(Des(t), —inf " (Heurle;(1)), (4.31)

J=1

Q
—
=

—~
~+
~—

Il
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where f;k) is the solution of the Cauchy problem (4.8) with right-hand side vj(.k). From

(4.15) and the boundedness of (v*));0 in L2([0,T])Y follows that (f*))zs0 and (f* )0
are bounded in C([0,T])". A fortiori the sequence (f*));s¢ is bounded in H'([0,T])".
Also, as the sequence (v*));>o is bounded in L2([0, 7))V, it follows by (4.8) that the
sequence (f" )0 is also bounded in H([0,7])Y. Modulo, extracting subsequences, we
may suppose that the sequence (v®)),~ is weakly convergent in L2([0,7])" and that the
sequences (f®)s0 and () )iso are weakly convergent in H'([0,7])". By the compact
embedding of H*([0, T])" into C ([0, T])", follows that (f*));>0 and (f*));>, are strongly
convergent in C([0, T])™. Consequently, (f*));>0 is strongly convergent to some function
fin CY([0,T))N corresponding by (4.8) to the weak limit v of the sequence (vg)g>o in
L2([0, T])N. From (4.31), follows that

G =3 "(— " (t)es(t) — fP ()€l (t) — eo £ (t)ey (1))
j=1
converges to
N
D (= Fi(t)e;(t) — fi(t)€(t) — éofi(t)e;(t)) in C([0, T]; L7 () as k — +oo,
j=1
and
N
Gék) = Z(—ﬂfj(k)curl e;)
j=1
to
N
> (—pfjeurle)) in C([0,T); 3, (2, 1) as k — +oc.
j=1
We have thus that
G® — G in C([0,T); H) as k — +oc. (4.32)

Let us consider (E, &), H ) solution of (4.7) with

N
ES(2,t) =Y [P (e (n,t), (2,t) € 5.
j=1

We recall that

(By (£), Hyo (1)) = (E,0 (1) + D £ (B)es (- 1), HO (1)), (4.33)
with t
(Eym (1), Hy (1) = T (&, Hy) + / T,_.G®(s)ds, (4.34)

for every t € [0,T]. Passing to the limit as &k — +o00 in (4.33) and (4.34), it is clear by
(4.25), that
(E,U(k),H,U(k)) — (E, H) in C([O,T]; H) as k — +oo.
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Let us now denote by ¥,w), the weak solution in W (0,T) N C(Q) of
Ay — div (a Vy,wm) = S(y,w) in Q,

0
—a= = h(yuw — ) on 3, (4.35)
Yoo (-,0) = Yo in 0,

with
S(Ypm ) (@, 1) = pa(x, yym (z, 1)) | (Eym * pq)(x,t) \2, for all (z,t) € Q. (4.36)

We know by Theorem 78, that this weak solution exists and is unique and satisfies

e lw 0.y + 9w ey SOy 8)(|ia(, 0) By * @al*(-, )|

L@ (4.37)
F 1A Gy (5 ) Loy + lwoll o))

for any r > 5/2 and any s > 4.

The sequence (E,x))g>o is bounded in C([0,T]; L?(Q2)), so that (E,x) * ¢u)r>0 is
bounded in C([0,T];C(Q)) = C(Q). Therefore this latest result with estimate (4.37)
show us, that (y,m )r>o is bounded in W (0,7). Modulo extracting a new subsequence,
we may prove that (y,m) )r>0 converges weakly in W (0,7"). By the compact embedding
from H'(Q) into LP(Q) for 1 < p < 6 and the Lions-Aubin compactness lemma [47,
p-106], (Y, k>0 is strongly convergent in L*(Q).

Proposition 79. The sequence (y,m) )p>0 converges weakly to y, in W(0,T).

Proof. Let us call y the weak limit in W (0,T') of (y, )¢+ Yo is the weak solution of
the parabolic initial boundary value problem:

9y . .
LB Qiv(aVy,w) — tal Yow) | Egw x0a)> =0 in Q,
y() + hy,m = hyp on T,
ymk)( 0) = %o in

i.e. verifies [53, p.140]:
for every ¢ € W,''(Q) := L*(0,T; H'(Q)) N H'(0,T; L*(Q)) such that ¢(-,T) =0

//yvm 2, )% (z,t)dx dt + / o) Vy,m(z,t) - V(x, t)dz dt
+f / D (0w 00 (2) di = [ [ Woyle.ote,0ds(e) de (w39
oot 01de & [ oo o o DB ) P, 1 .

We want to pass to the limit in (4.38). We have seen previously, that (y,m ), converges

a fortiori strongly to y in L?(Q). We know also that %2 € L?(Q). Thus, the first term in
the left-hand side of (4.38)

—//vam(a:,t)%(x,t)dx dt — —//Qy(x,t)%(x,t)dx dt as k — +o0.

As (Yy) ) converges weakly to y in W(0,T'), a fortiori (y,m) ), converges weakly to
y in L*(0,T; H'(Q)) implying that Vy,w converges weakly to Vy in L*(Q). V¢ belongs
also to L*(Q). Thus the second term in the left-hand side of (4.38)

/ Vy,m (z,t) - Vo(z,t)dr dt — // Vy(z,t) - Vo(x, t)dr dt as k — +oc.
Q Q
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The weak convergence of y,x) to y in L?(0,T; H'(2)), implies that the traces y,m |s
converge to y|y, in L*(2), so that the third term in the left-hand side of (4.38)

// )y, (T, ) p(x, t)dS (x dt—>// o(z,t)dS(z) dt as k — +0o0.

In the right-hand side of (4.38),
E, ) * 9, = E, xp, in C (Q)3 as k — 400,

and
Ma(x7yv(’“)($7t)) — MQ(ZL’,y(ZL’,t)) as k — +oo,

so that by the Lebesgue bounded convergence theorem:
J [ oo i DB < )0 ot e dt
Q
// (@ (s )| (B # 00) (2, 6) 26w, 1)z dt as k — +oo.
Q

So, we are allowed to pass to the limit in (4.38), and we obtain:

// xta—¢xtdxdt+//Vyxt Vo(x,t)dx dt
// y(z, t)p(x, t)dS(x) dt = // z)yp(x, t)p(z, t)dS (x) dt

+/yo e 0dl’+//uarr y(2,£))|(By # 04) (2, 1) P(a, t)dr

which means that y is the weak solution in W (0,7") of

— div(aVy) = pa(- (B 0a)P =0 in Q,
y + hy = hyy on 3,
yC10) = () on Q.
Therefore y = y,. O

Corollary 80. J(v) = inf J(w).

wWEULq

Proof. We know that (y,u ), converges weakly to y, in W (0,7T’). This implies by the
Lions-Aubin compactness lemma [47, p.106],

Yoy — YQ = Yo — Yo in L*(Q) as k — +oo0.
This implies the strong convergence of
Yo = YQ) i1y, 1y a)x0; = Yo — YQ) Az, 10000, i L2([Tha, Tja] X Q)

as k — +o0o. Thus

2 . 2
lyo — yQ“L?([Tj’I,Tj,Q}XQj) = kgffoo Yy — yQHLz([Tj’th’Q]XQj) . (4.39)
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Y, € W(0,T) — Vy, € L*(0,T;L*(f2)) being a linear continuous mapping, it follows that
(VYy)) s converges weakly to Vy, in L?(0,T;L*(R2)). The function ||‘||2Lz(o7T;Lz(Q)) is
convex and continuous [5, p.71] and thus weakly lower semi-continuous |53, p.47|. Thus

2 . . 2
HV%||L2(0,T;L2(Q)) < 1]12225 VY0 ||L2(0,T;L2(Q)) : (4.40)

By the linear continuous injection from W (0,7T) into C([0,T]; L*(Q2)) follows that
(Yut) )0 converges also weakly to y, in C([0, T]; L?(€2)). Considering the linear contin-

uous mapping
y € C([0,T|; L*(Q?)) = y(-, T) € L*(Q),

it follows that y,u (-, T) converges also weakly to y,(-,T) in L*(Q). Thus y,w (-, T) — ya
converges also weakly to y, (-, T) — yq in L*(Q2). Moreover, the function ||'||ig(9) is convex
and continuous |5, p.71] and thus weakly lower semi-continuous [53, p.47|, so that

2 . . 2
190 (. T) = yall 2y < Uminf [y, (- T) = yall 2y - (4.41)

Concerning the last term in the definition of the cost functional (4.4) , (v®) Ls Converges

weakly to v € L2([0,7])™ and the function ||-||%, o)~ 18 convex and continuous [5, p.71]
and thus weakly lower semi-continuous [53, p.47j. Thus, we have also:

(4.42)

2 .. (k)]|2
HUHL2([O,T])N < 1,?3;25 ”U HL?([O,T])N

In conclusion

. Tiz2
J(y,) < liminf = / / | Vi, (2,1) |* dz dt + Z i@ léminf/ / | Yoo (2, 1)
—+00 Tj,l Qj

k—4o00 2

AQ A
—yo(x,t) |2 dx dt + —hmmf |y (-, T) — yd||L2 —hmmf Hv (k) HLQ (0T

7,2
Sliigligof //!Vym)xt \Zda:dt+z ]Q/]I / | Yy (2, 1)

—yio(r,t) |* do dt+ — H?/Um( T) = yall 120y + 5 5 H “ HL2 (o))
—hmme(yv )) = 1nf J( ).

k—+o0 weUgyq

(4.43)

We have thus proved, the existence of at least one optimal control. n

4.4 Differentiability of the control to space mapping

Our purpose now is to prove that the reduced cost functional J is Fréchet differentiable.
The proof reduces essentially to prove that the control-to-state mapping is Fréchet dif-
ferentiable.

Theorem 81. The mapping

E e L%(0,T;L*(2) = y € W(0,7) N C(Q),
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y, weak solution of the semilinear initial parabolic boundary value problem (4.5)- (4.6), is
Fréchet differentiable at any point E € L*°(0,T;L*(Q)). Its Fréchet derivative at point E
18 the linear continuous mapping

SE € L>(0,T;L*(Q)) = 6y € W(0,T) N C(Q),
0y, solution of the linear initial parabolic boundary value problem

%(w, t) — div(aVoy)(x,t) — aa‘;“ (z,y(z,t))|E * @q|3s (z, )0y (x, t)

=204 (z,y(x, ) (E* ) (z,t) - (0E * ¢,) (z,1), in  Q,

a%¥(z,t) + héy(z,t) = 0, on X,

5y K 0) =0, m o .
(4.44)

The proof of Theorem 81 will follow from Lemma 82, and Proposition 85 presented
below.

Lemma 82. The mapping
E € L*(0,T;L%(Q)) = |E * pufgs € L¥(Q)

is continuously Fréchet differentiable and its Fréchet derivative at the point E €
L>(0,T;L2()) is the linear continuous mapping

OE = 2(Ex@,) - (0E* ¢,) .

Proof. e The mapping

E e L0, T: L2(Q)) = B # oy (2, 1) /E(y,t)goa(x )y € LE(Q)
Q

is linear, and continuous due to the estimate:

(B % a) (. 8)] < / E(y. H)pale — 9)ldy
1/2

Q
1/2
< / E(y, t)[2dy / 0alz — y)2dy
0 (9]

< HEHLoo(o,T;B(Q)S) HSOaHL2(R)3 )
which implies
|| SOaHLoo(Q) < ||<PaHL2(R) HE||L°°(O,T;L2(Q)) :
Its Fréchet derivative at any point E € L*(0,T;L?*(€2)) is the linear continuous

mapping
SE € L>(0,T;L*(Q)) = 6E x ¢, € L™(Q).
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e The mapping
H e L*(Q) — (H,H) € L*(Q) x L=(Q)

is linear and continuous. Therefore its Fréchet derivative at any point H € L*(Q)
is itself.

e The mapping
(F,G) e L*(Q) x L¥(Q) —» F- G € L™(Q)

is bilinear and continuous. Thus it is continuously Fréchet differentiable and its
Fréchet derivative at the point (F, G) is the linear continuous mapping

(6F,5G) € L®(Q) x L(Q) = F - G + 6F - G € L™(Q).

The result follows by the chain rule for the Fréchet derivative of a composite mapping.
O

We consider now the mapping which sends f € L3°(Q) onto the solution of the
semilinear parabolic initial boundary value problem

aty_dlv(a/vy) _fua('vy) =0 in Q ::QX]OaTL
ad? + hy = hy, on X :=I'x]0,T], (4.45)
y(-,0) = yo in Q,

(in view of (4.5)-(4.6), the particular case is when f = |E % p4|3s). LY (Q) is defined by
LE(Q) = {u € L>(Q) such that u > 0 a.e. in Q}.

Firstly, we must prove that problem (4.45) possesses one and only one weak solution. This
time, d(z,t,y) = —f(z,)pa(x,y). As f > 0, and p,(z,y) is decreasing as y is increasing,
d(x,t,y) is increasing as y is increasing. Thus d(z,t,y) is monotically increasing with y.
Also

|d(x,t,0)| = |f(2,1)|pa(x, 0)

is bounded as f and u, are bounded. Moreover as

Opta
e t.) = o) = 12O lhnCon) = st <11 1 | e

|y1_y2’7

oo

d is uniformly lipschitzian in y. We are thus allowed to apply [53, Theorem 5.5 p.268|, so
that, consequently:

Proposition 83. The semi-linear parabolic initial boundary value problem (%.45) has a
unique weak solution y € W(0,T) N C(Q) for any f € LT(Q), any y, € C(X) and any
initial condition yo € C(§2). Moreover there exists a constant C' > 0 such that

||y||W(0,T) + ||?J||C(Q) < C(Hfﬂa(‘,O)HLoo(Q)

F A5 ) poe sy + 1ol ogy)- (4.46)
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In fact, this proposition remains true for any f € L>(Q). Let us multiply both sides
of equation (4.45)(): Oy — div (e Vy) — fra(.,y) = 0 by e. We obtain:

Ou(e™My) — div (a V(eMy)) — ¥(fual. e (eMy)) + Ay) = 0. (4.47)

Considering as new unknown y := ey, this semilinear parabolic equation [53, (5.1)p.265]
is of the form (4.27)(; with

d(z,t,y) = =M (f(@, t)ua(r, e My) + Ae™My).

Now 2d 9
5y (5 19) = =€ e T e 7y) 4+ de ™),

Let us consider A < 0, then

od Ot

_ 8u
—_ — — At > _ a
S t) = N = F@ )P @) = = | f el 5

||oo,(2><R

which will be positive if we choose A “sufficiently negative ”. In that case d is monotonically
increasing with y, so that [53, Assumption 5.1, p.266]| is verified. We have

|d($,t,0>’ = 6/\t|f(.§C,t)|,U/a(.§L’70) S Hfua('?O)HLOO(Q) S|| f ||00,Q” :U’(l<'70) HOO,Q .
Moreover

8,ua

jd(z,t,91) = d(@, 6, 92)] < (| f llsoll 7= llscaxr FIAD [y1 = 2]

so that the mapping y — d(x,t,y) is uniformly lipschitzian in y. Thus [53, Assumption
5.2, p.266] is also verified. Consequently:

Proposition 84. The previous proposition remains true for f € L>=(Q).

Proof. For || >|| f [l % a“a |oo.xrs We have by [53, inequality (5.6) p.268|:

sl Islag € CONXImONn
+Hh My HLoo + ollcy)- '
A being fixed, we have
e tyHW(O,T) ~ |le tyHL2(U,T;P(Iil(Q)) +[[AeMy + ektdyHLQ(OTHl(Q) )
~ ||y||L2(O,T;H1(Q)) + Hd_ZZHLQ(O,T;Hl(Q)*) ~ ||y||W 0,1) >
and thus inequality (4.48) implies inequality (4.46). O

Let us now increment f in equation (4.45)) by df € L=(Q), f + 6 f still belongs to
L>(Q), so that by the previous proposition, the initial boundary value problem (4.45)
with f replaced by f+0 f still possesses one and only one solution y+dy in W (0, T)NC(Q).
The difference 0y = (y + dy) — y is solution of the semilinear parabolic initial boundary
value problem

0oy — div (a Véy) — f.(pa(-sy +0y) — pta(-y)) — pa(sy +0y)0f =0 inQ,

a% + hoy =0 on Y,

dy(-,0) =0 in Q.
(4.49)
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(4.49) may be rewritten:

0oy — div (a Véy) — f.(ta(, y + 0y) — pa(, ) = pa(-,y +0y)of  in Q,
a% + héy =0 on Y, (4.50)

Applying[53, inequality (5.6) p.268|, we have:
oy ISl of Il - (4.51)

Let us introduce dy the weak solution of the linear parabolic initial boundary value
problem:

didy — div (a Vdy) — [ %e(,y)dy = pa(y)8f  in Q,
de +hdy=0 on X, (4.52)
dy( 0)=0 in Q.

Subtracting (4.52) from (4.49), we obtain:
0(6y — dy) — div (aV(3y — dy)) — f %2 (,y)(0y —dy) =h in Q,

aa(&é;dy) + h(dy — dy) =0 on X, (4.53)
(9y = dy)(-,0) = 0 n &

where h = f.(ta(,y + 0y) = ta(y) = B2 (- 9)(09)) + (als y +0y) — al-y))o .

h=f (il y+iy) paly) — B (-, y)oy) + (§y+5y)—ua(-,y))5f
—f/ (y + 0y — v) 2k (., v)dv % () §f

Y

_|_
5y 5
_f/yéy w)ZE (. +w)dw+/0ya““( y+w)dw §f .

Assuming that the absorption coefficient u, € CZ(Q x R) like in [3, hypothesis (H7)],
it follows that || 2 [l (I f llecll 0y I + | 6y llcll 0f llc). By inequality (4.51),
now follows: || & ||| 6f ||A, so that by the linear parabolic initial boundary value
problem (4.53) (the coefficient of the O-order term of equation (4.53)u): —f % Ot (oY) s
nonnegative):

I 6y = dy llwornc@ S I16f 1% - (4.54)
We have thus proved:

Proposition 85. The mapping which sends f € L®(Q) toy € W(0,T) N C(Q) the
unique weak solution of the semilinear parabolic initial boundary value problem (4.45) is
Fréchet differentiable and its Fréchet derivative at point y € W(0,T) N C(Q) is given by
the linear continuous mapping from L>(Q) to W(0,T) N C(Q) which sends §f € L=(Q)
to oy € W(0,T) N C(Q) solution of the linear parabolic initial boundary value problem
(4.52).

Proof. (of Theorem 81) The proof follows from Lemma 82, and Proposition 85 by the
chain’s rule formula for the derivation of a composite function. n

We now consider the mapping

v= ()L, € L*(0,7)N = E € L*(0, T; L*()).
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N

=1 €

Proposition 86. We suppose (4.11). Then, the mapping which sends v = (v;)
L*(0,T)N onto (E,H) € WYH(0,T;H) the strong solution of (4.7) with

N
Eeact = E fjee;tt,j Xn,
Jj=1

the f; solutions of (4.8) (j = 1,...,N), is affine and continuous from L*(0,T)N into
C([0,T);H). Its Fréchet derivative at any point v = (vj);.vzl € L*(0,T)V is the linear part
of this mapping i.e. the linear continuous mapping from L*(0,T)N into C([0,T); H) which
sends dv = ((5vj)§V: onto (0E,0H) € WHH0,T;H) — C([0,T); H) the strong solution of

1

( 0i(e0E) — curldH + 00E =0 in Q,
O0H + [i curldE =0 in Q,
N
OB X 0= 0fi€cs; X n on ¥ :=Tx]0,T], (4.55)
j=1
H-n=20 on %,
[ 0E(-,0) =0, 0H(-,0) =0 in .

with the 0f; (j = 1,...,N) solution of the two-point homogeneous boundary value prob-
lems:

—5f] "4 (Sf] = 5Uj m }O, T[,
5f;(0) =0, (4.56)
5fj/(0) =

Proof. By formulas (4.8) and (4.21), the mapping which sends v = (v;)}_, onto G from
L2([0, T])Y into C ([0, T); H) is affine; it is also continuous by (4.32). By formula (4.25),
the mapping from C([0,T]; H) into C([0,T]; H) which sends G onto (£, H) is also affine
and continuous. By formula (4.24), the mapping from C([0, T]; H) into C(]0, T]; H) which
sends G onto (E, H) is also affine and continuous. So, the composite function which sends
v = (v;)}, onto (E,H) from L*([0, T])" into C([0, T]; H) is affine and continuous. [

Corollary 87. The control-to-state mapping
S:L*0, 7)Y — W(0,T)NnC(Q) (4.57)
)N

which sends v = (v;);,_, € L2(0,T)N onto y weak solution of the semilinear ini-
tial pambolw boundary value problem (4.5)-(4.6), is Fréchet dzﬁer@ntmble at any pomt
v = (v ) | € L*0,T)N. Its Fréchet deriwative at the point v = (vj) e L*(0,T)N

the lmea'r contznuous mapping from the space L*(0, T) into W(0,T) ﬂC’(Q) which sends
v = ((51)]) € L*(0, 7)Y onto oy € W(0,T)NC(Q) solution of the linear initial bound-
ary value problem (4.44) with (6E,dH) € WH(0,T;H) strong solution of (4.55)-(4.56).

Proof. The proof follows from Proposition 86 and Theorem 81 by the chain’s rule formula
for the derivation of a composite function. O

Let us recall the type of cost functional that we consider in this paper (4.4):

j2
: / /|Vyxt |2dxdt+z ]Q/ / y(z,t) — yjolr,t) |* do dt

T
o e T) ) o+ 33 o0
=1

(4.58)
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with Qj C Q, T‘jJ < 7—‘]‘72 ) [7—;‘71,{2—“7‘,2] - [O,T], /\j,Q >0 (] =1,.. ,M)

We now consider its corresponding reduce cost functional:
J() = J(yo,0) = J(S(v),v), (4.59)

where S denotes the control-to-state mapping (4.57). Let us compute its Fréchet deriva-
tive at the given point v € L?(0,T)":

DJ(v)dv = J,(y,v) DS(v)dv + J,(y, v)d0. (4.60)
J being given by formula (4.58), we have:

v)ov = //Vy(a:,t) -V(DS(v)ov)(z,t) dedt

+ZA]Q / / (2.1) — g0z, ) (DS(v)50)(x, 1) dudt (4.61)
+AQ/( (2,T) — ya(x))(DS(v)6v)(x, T) dx+)\Z/vk )ouy,(t)dt.

4.5 First order necessary optimality condition

Let us now introduce the adjoint problem associated to (4.5) :

M

% +div(aVp) + 22(z,y)| B+ al’p = Ay = > Mo = yiQ)lam, sl 1 Q.
j=1

on T hp =5 on X,

p( T) = )‘Q( ( T) = ya) on €,

(4.62)
By a weak solution p € W(0,T) of the backward parabolic boundary value problem,
(4.62), we mean that for every p € L*(0,7; H'(Q)) :

/ / (z,t)(z, t)dwdt — / / 2)Vp(x, ) Vp(x, t)ddt

/ - t>>|E  oul? (., Op(z, Oz, t)dadt
0 e T, (4.63)

T J12
-/ Vy<a:,t>w<x,t>dxdt—Dj,Q / / (9 — 15.0) (@, D)plz, )l
0o Ja Tj1 v

/ / o, )dS () dt

p(z, T) = Xa(y(z, T) — ya(z)), for a.e. x € QL. (4.64)

and

Proposition 88.

DJ(w)sv =2 / / a2, 4, )pa ) (E % 00) @, 8) - (OF » o), 1) dadlt

+A> /O (1) Sug(t)dt

(4.65)
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OE being deduced from dv by solving the linear problem (4.55)-(4.56) independent of v.
Proof. By formulas (4.61), (4.63), and S’ (v)dv = dy (4.52) with
f(z,t) = |Ex*p.*(z,1),

we get:

(51)—// p(z, t)dy(z,t) dS(x dt—// (x,t)dy(z,t) dedt

/ / x)Vp(x,t)Vdy(x,t)dzdt —/ / (z,y(z,1)|E * @q|* (@, )p(x, t)dy(z, t)dzdt

—l-)\g/( (2, T) — ya(x ))dydex—i—)\Z/ (t)ouk(t)
(4.66)

Let us note that the formel integral / / x,t)dy(x,t) dedt must be understood in

T
the sense —/ < 81t( t),dy(-,t) > () m dt. By the formula of integration by

0
parts in W(0,T) [53, p.148|, dy(-,0) = 0 and (4.64), we have:

T T
0 od
_/ < 220 1), dy (1) >p gy ey dt :/ < T )00 1) > mye o) dt
0 at 0 at

(4.67)
o [ (462, T) — ya(w)dy (2, )
Q

As dy is the weak solution of the linear parabolic initial boundary value problem (4.52),
we have in particular that:

T

T
/ < %(-,t),p(-,t) > gy, m1(Q) dt = —/ /a(x)Vp(:v,t)de(x,t)d:vdt
0

/ /d““ z,y(z, 1) |E * .| (x, t)p(z, t)dy(x, t)dedt (4.68)
//,uaxyxtéf(xt xtdxdt—// z)dy(z, t)p(x,t)dS(x)dt
From (4.66), (4.67), (4.68) and 6 f(x,t) =2 (Exp,) - (0E * ¢,), we get O

Corollary 89. (first order necessary condition) If v € Uyq is an optimal control, then
T —
2 [ [ e ot )pa ) (B 0)a.1) - OB w0) (o) dos
0 Jo N
+AY / Ty (t) Oy (t)dt > 0,
k=170

for all v =v — 0, v € Upq, OF being deduced from dv by solving (4.55)-(4.56).

(4.69)



132 CHAPTER 4. OPTIMAL ELECTROMAGNETIC EXTERNAL SOURCE

4.6 Discussion and outlook

This chapter deals with an optimal control problem related to the coupled heat-Maxwell
system studied in chapter 3. Here, we have considered the permittivity independent of
the temperature to simplify matters. We have also considered in this chapter a more
general type of cost functional, more flexible for concrete applications, the choice of yg
being in practice not obvious. The perspectives we want to consider for this work are the
following:

e Our immediate priority will be to improve the variational inequality (4.69). In fact
the variational inequality we derived depend on JE which means that for every
dv we have to solve (4.55)-(4.56). We would like to find a variational inequality
independant of JE.

e Furthermore, we would like to consider the same optimal control problem presented
in this chapter but with the heat-Maxwell system studied in chapter 3 i.e with a
temperature dependent permittivity.



Appendix A

Mathematical study of the nonlinear
thermal model in the selective laser
melting process

We want to prove existence of a solution to problem (2.2). For simplicity, we consider
the following initial boundary value problem.

c(y) Oy — div(k(y) Vy) =0 in Q,
P >O§— h(y) (y = yes) +(v) 755 (5 — 4ly) — aW)I(., ) on B )
ov 2
y(z,0) = yo(x) in Q.

We make the following assumptions:
(H1) c et k are real function belonging to C*(R) and satisfy :

0<c <c(s)<cg<oo forall seR,

0 <k <k(s) <Ky<oo forallseR.

We have neglected here the density p(y).
(H2) h, a et € are real positive function, continuous and increasing. Moreover,

0<a(s)<1l forallseR
(H3) I € L>(%y), I(z,t) >0 for ae. (z,t) € X4
(H4) yo € L*>(Q) and yp > yer > 0 ace. in

Let us set 6(3) = h<y) ’ (y - yeac) +€(y) ‘0SB (y4 - ygm) if s > Yex and ﬁ(s) =0ifs < Yez-
It results from this latest hypothesis that § is a real continuous, positive and increasing
function. Note that (y..) = 0. We suppose:

(H5) (6 is a Lipschitz function and bounded. This last assumption is justified by
the fact that the temperature in Q cannot exceed a certain constant depending on the
data.

We want to examinate the following problem:

133
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c(y) 8t:g —div(k(y) Vy) =0 in Q,
—r(y)52 = Bly) —a(y)I(.,.) on X,
% = 06 on Yo, (A-2)
y(z,0) = yo(x) in Q,

We will use the first two changes of variables made in the thesis of Jean-Marc Talbot at
pages 15-16 [50]. We then obtain the following equations:

5(b(w) — Ao = i~
oz, 0) = Glyolx)) n €

S

Here, G(s) = / k(v)dv is the Kirchoff transformation. It follows from (H1) that G is

Yex
a continuously differentiable function, with strictly positive derivative and therefore G is

invertible. We will denote by g its inverse which is itself continuously differentiable and
strictly increasing from R in R. In the initial boundary value problem (A.3): v = G(y)

s

and therefore y = g(v). b(s) = /p(f) d¢, where p : R — R is a continuous function
0
defined by
(cog)(s)
p(s) = ——=~ Vs eR,
)= (w0 9)s)
which satisfies

O<ﬁ§p(s)§2<+oo Vs € R
K9 K1

Therefore, b(.) Is a strictly increasing continuous function of R in R, and therefore in-
vertible. Denote by d its inverse i.e. d = b~!. According to the hypotheses below we
have that p € C1(R) et b € C*(R). We now introduce the new variable w = b(v), so Av
becomes:

Av = d (w)Aw + d (w)|Vwl|?,

and % becomes:

ov ;. Ow
o =,
Then (A.3) becomes:
% — d'(w)Aw —d' (w)|Vw|* =0 in Q,
—d'(w)% = (Bogod)(w)— (aogod)(w)I(,.) on X,
% =0 on X, (A.4)
w(z,0) = (bo G)(yo(x)) in Q.

in addition, since d is the inverse function of b:

d(w) = b(b_—ll(w)) (A5)

and

o) = — b T w))
d ((,U) - [b'(b_l(w))]s' (A6)
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From (A.5) and (A.6) we have that d € C*(R). Now we can still transform the equation
(A.4) ;) observing that:

d'(w)Aw + d ()| Vw|* = div(d' (w)Vw). (A.7)

Therefore the initial boundary value problem (A.4), can be written as:

8o = div(d (w)Vw) =0 in @,
é—;’diwgm = (Bogod)(w)—(aogod)(w)(.,.) ZE g; (A.8)
w(z,0) = (bo G)(yo()) in €.

To prove that this problem possesses a unique weak solution, we are going to adapt
to our problem (A.8), the proof given in the book of F. Chipot ([13], pp.207-214), by
replacing in his proof of the existence of a weak solution, the space L?(0,T; L*(Q)) by
the space L*(0,T; H*(2)), + <& < 1. Thus given y € L*(0,T; H*({2)), we consider

du

w e W(0,T) :={ue L*0,T; H(Q)); o

€ L*(0,T; H'(Q)")}, (A.9)

the weak solution of the nonhomogeneous linear initial boundary value problem:

p

3
B N "2 (d(y)e) =0in Q,
=1

—d'(y)%2 = (Bogod)(y) — (o god)(y)(..) on Ty, (A.10)
99 — () on N,
3<$70) = (bo G)(yo(x)) for x € Q,

\

and we have to prove that the mapping y — w operates in the closed convex set
B ={ye L*0,T; H(0); 1!l 12011122y < C}

for C' a well choosen strictly positive constant and possesses a fixed point in B by using
Schauder’s fixed point theorem. Let us note that:

1°) the embedding from W (0,7) := {y € L*(0,T; H'(2)); % € L*(0,T; H'()*)} into
L*(0,T; H*(Q)) is a linear continous compact mapping by the Compacity Lemma ([34],
pp.57-60);

2°) The trace mapping y + yx is a linear and continuous mapping from
L2(0,T; H5(2)) into L%(0,T; H==Y/2(9Q) [35], and thus a fortiori from L2(0,T; H(Q))
into L2(X) = L?(0,T; L*(99)).

These latest two ingredients will be used in the proof.

In [50], J.-M. Talbot makes the hypothesis that 8 : R — R is a lipschitzian function;
we will suppose moreover that this function is bounded, setting to which we can reduce us
by considering inf(sup(—n, ), n) for some large n € N. This hypothesis can be supported
by thermal considerations showing that the temperature in 2 can not execeed a certain
bound depending on the data. Now, let us introduce the new unknown:

wa(z,t) = e Mw(z, t).
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The equations (A.10), for the new unknown w,(.,.) become:

(

G+ (e ) = )P (d(Myn)52) = 0in Q,

—d’(e Y Z2 = e M(Bogod)(eMyy) — e M(aogod)(eMy\)I(.,.) on Xy, (A.11)
Bl/ =0on 22,
| 53(,0) = (bo G)wole)) for 2 € 0,

here we have introduced y,(z,t) := e My(x,t), for some A\ > 0. Now let us write, what is

a weak solution of our new fixed point problem (A.11). Let us consider a “test function”
© € HY(Q). Multiplying, both sides of equation (A.11) by ¢ € H*(2), and integrating
over €

/ 992 (2, ) pl(x)d + A / (2, ) p(x)dz + / @ (M) (2, 1)) Veor (2, 1) Ve () dr

Q Q

__ / eN(B 0 god)((Myn) (@, 1) p(x)dS(x) (A12)

I

+/6‘”(04 o god)((eMyx)(x, 1)1 (z,t)p(x)dS(x).

Definition 90. By a weak solution of the nonhomogeneous linear initial boundary value
problem (A.11), we mean a function wy € W(0,T), such that the variational equation
(A.12) is satisfied Vo € H'(Q), and such that wy(.,0) = (boG)(y(.)). This last condition
has sense since W(0,T) < C([0,T]; L*(2)).

Let us suppose that I € L?*(3;). Then the r.h.s. in the variational equation (A.12)
defines an element of L*(0,7T; (H'(Q))*). Also the initial condition (bo G)(yo(.)) € L*(£2)
because b o G : R — R is a strictly increasing function and we have supposed that
Yo € L>(9), so that (bo G)(yo(.)) € L=(R2) C L*(2). Thus by Theorem 1 and Theorem
2 of [19], pp.512-513, the variational equation (A.12) possesses one and only one weak
solution wy in W(0,7).

Let us consider as test functions: ¢ := wy(.,t). By the variational equation (A.12):

/aw* (z,t)dx + /\/w)\(m,t)de - /d’((eAtyA)(a:,t)) |V (z, 1)) dz

Q Q Q
_ / Mo god)((Myy)(x, )] (. on (z, £)dS () (A13)
- [e(80 g0 (@) ). )dS ).
Thus:
b a4 Ml Ol oy + [ @ 08)(,8) [ Vin O d
- / (a0 g o d)(Mya) (@, )] (@, Dwx(z, 1)dS() (A14)

—/e‘”\t(ﬁ o god)((eMy\)(x,t))wx(z,t)dS ().

Iy
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Integrating both sides from 0 to 7', we have:

T

% ||w)\<'7T>Hi2(Q) - % HwA(wO)HiZ(Q) + /\//WA(xat)de dt

0 Q

+ / / (M) (@, ) [Veor (. ) da dt

0% (A.15)
= //e"\t(a ogod)((eMy\)(x,t))(x,t)wy(z,t)dS(x)dt
—//e’\t(ﬁ o god)((eMyy)(x,t))wx(x,t)dS(x)dt.

0 Iy

By (B.1) and (1.11) page 15 [13], v > ]Z—f, so that for a constant ¢(A) > 0, we have for all
e > 0:

% ||WA(-,T)||i2(Q) +c(A) HWAHiQ(O,T;Hl(Q)) < I1(., ')HL?(El) ||WA||L2(21)
+ ||5||Loo(R) |21‘1/2 ||w>\||L2(21) +3 ||bO Go yOHi?(Q) < % ||WA||iz(21) + ﬁ 11, -)||i2(21)
1181 g gy 121172 5 leoallZ2(s, + 181l gy 241" 52 + 3 100 G 0 goll 72
< S0+ 1Bl =y |§31|1/2)7 leonllZ2 0,7, (@) + 302 1o Mz + 3 100 G o goll 7o)
(A.16)
where 7 denotes the norm of the trace operator from L2(0,7;H'())) into

2 . T2 : : 2¢(A) . B
L*(0,T;L*(%y)). By choosing € > 0 strictly smaller than \/(1+ﬁLoo<R>|211/2)72’ it fol

lows from the previous inequality that there exists a constant ¢(\) > 0 such that

Hw)\HLQ(O,T;Hl(Q)) < (MG, -)HL2(21) +boGo yOHLQ(Q)>7 (A.17)

and thus ||w, || 12(0.7:111 () 18 bounded independently of y. Now, multiplying both sides of
the variational equation (A.12), by an arbitrary function £(.) € L?*(0,T), we obtain:

//M dg;dt+A//wA z,t)(x)E(t)dxdt

n / / &((Myn) (@, £)) Veon (. ) Vepl(2)€ (¢ drdt
(A.18)
/ / {8 0 g0 d)((eMy)(w, 1)) ()E(B)dS (x)dt

0 I'y

—l—//e‘*t(a ogod)((eMy\)(x, 1)) (x,t)p(x)E(t)dS (z)dt.

0TIy
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Using the density of H*(Q2) x L*(0,T) into L*(0,T; H*()), it follows that:

//% z, ) (z t)dxdt—l—)\//wA z, t)(z, t)dzdt

T / / d(( ) () Veon () Vb (&, ) el

) (A.19)
=~ [ (3o g d) (e m)a (e DS (@)
>
—I—/e”(a o god)((eMy\)(x, t))I(z,t)(z,t)dS(x)dt, Vi € L?(0,T; H()).
]
Thus:
‘ e ||L2 (0,T;H(Q)*) <A HWAHH(O,T;HI(Q)) + ’Z—f ”WAHL2(0,T;H1(Q)) (A.20)

1/
+HﬁHLoo Sy 1T M e 7

By inequalities (A.17) and (A.20), we have thus proved the following proposition:

Proposition 91. For every y € L*(0,T; H5(Q)), the norm in the space W (0,T) of the
weak solution wy of the nonhomogeneous linear initial boundary value problem (A.11), in
the sense of the variational equality (A.12), is bounded by a constant independent of y.

So let us consider now

B = {y» € L*(0,T; H*(0); [lyall 20,1110y < C

where C' > 0 is the constant mentioned in the above proposition. B is a closed convex
subset of L*(0,T; H*(€2)). Moreover, the mapping which sends yy € L?*(0,T; H*(£2)) onto
wy € W(0,T) weak solution of the nonhomogeneous linear initial boundary value problem
(A.11), in the sense of the variational inequality (A.12). Let us call this mapping ®. By
the compacity of the embedding from W (0,T') into L*(0,T; H¢(2)) ([34], pp.57-60), the
range of ® is relatively compact in B. Thus, to apply Schauder’s fixed theorem, we must
prove the continuity of the mapping ®.

We need to show that @ is continuous on B. So let us consider a sequence y,, » € B
such that
Ynx — Y In B as n — 400 (A.21)

we want to proof that
Wax = O(Ynr) = &(yn) in B as n — +00

where wy, x = ¢(yn,\) denotes the weak solution to (A.11) corresponding to yx = Y z-
(A.21) implies that
Ynx — Y in L*(Q) as n — +o0

and by the reciproque of Lebesgue’s Dominated Convergence theorem there exist a sub-
sequence still labeled by n such that

Ynx — Yx a.e in 2x]0,T[ as n — +oo. (A.22)
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By proposition 91, wy, » is bounded in W (0,T") and by the compacity of the embedding
from W (0,T) into L*(0,T; H¢())) we can extract from n a subsequence, still labeled by
n, such that

WhA — Woeo in L?(0,T; HY(Q)),

Wnoa = Woo in L*(0,T; H'()),
(A.23)

OQwn, Woo i : ¥
R B i L30T (H)(Q))),

md s Bum iy L2(0,T; L2()),

as n — +00, where w., € L*(0,T; H'(Q)) C L*(0,T; H(2)). From (A.12) we deduce
that for all ¢ € H'(Q), for all £ € D(0,7)

/ — (wn(t), p)E'(t) dt+/\/ /wnkxt ) dxdt
0

/0 /d/ e yn,)\)(fﬂ,t))vwn’)\(x’t) . V@(x) f( ) dxdt

s (A.24)
— | [ oo ai@mae e nasiaa

«f / e (a0 g 0 d) (M) (.12, p()E (S (@)

where

(wn,)\<t)7 ()0) = /wn,)\<x7t)90<x>dw'
Q
Recalling the continuity of d’, o god and awo g od, by (A.22) we have

d'((eMyn) (@, 4))V(x) §(t) = d'((eMya) (2, 1)) V() £(1),
e (B ogod)(eMyna)(z,1)p(2)8(t) = e™¥(B o god)((eXyr)(x,1))p()E(?),

e (a0 god)((eMynn)(x, t)I(z,t)p(2)S(t) = e (a0 g o d)((eXyr)(x, ) (x, t)p(x)8(1),

as n — +00, we have also

| d'((eMyna)(@,1))Vip(x) £(t) |< 2 | Vp(a) £(t) |, (2.1) € @,
[ e (Bogod)(eMynn)(@,1)e(@)E() IS B lloorl @()E() |, (2,1) € X,

| e (a0 god)((eMynn)(@, ) (x,t)p(2)8(t) |<| I(z,t)p(x)E(®) |, (2,t) € Ty,

By the Lebesgue dominated convergence theorem we have

d'((eMyn) (@, 1)) V(x) £(t) = d'((eXya) (@, 1)) V() £(t) in L*(Q),
e (Bogod)((eMyna)(w,1))p(x)E(t) = e (B o god)((eMy)(w,1))p()E(t) in L (1),

e (aogod)((eMynn)(z, ) (z, t)p(x)E(t) = e (a0 god)((eMyn)(x, ) (z, t)p(x)E(?),
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in L?(3;). Passing to the limit in (A.24) leads to

4 (Woor ) +>\/woo z,t)p +/d/ eMya) (@, 1)) Vwso (2, 1) Vip(z)da
. / (5 0 god)(( ), t))p(2)dS () (A.25)
+ [e M@ go d)(@ ) (w01 0p@)iS(s) i D0.T)

As we € W(0,T) we have

d Weo

s € L*(0,T; H (2
v € O H Q)

€ L*(0,T; (H'(Q2))"). (A.26)
Now, by the theorem 11.6 in [13] page 191 we can write for a.e. t € (0,7, for all

¢ € H'(Q)

(@nal0):9) — @30.9) = [ Glonrldi= [Goneidtt (a2

y (A.23), and W(0,T) < C(0,T; L*(2)) we have

| <w:z,A’90>(H1(Q))*,H1(Q) | <] W;,A(t) H(Hl(sz))* ® HHl(Q)
<[ wia (@) eIl 0 a2y

<[l Wi lleworez@pll ¢ lla@
<[ wp Nz ra @)l @ llai@

<C| e lla

By Lebesgue dominated convergence we pass to the limit in (A.27) we get

(Wae(t), ) — (@a(0), ) = / (Woors @Vt = (e (£),0) — (wso(0), 0)

a.e. t €, for all p € H(Q2). Thus
wx(2,0) = weo(z,0) for z € . (A.28)

By (A.25), (A.26),(A.28) one sees that w,, the limit of w, x = ¢(y,.) in L?(0,T; H(Q))
is a weak solution of the nonhomogenous linear initial boundary value problem (A.11),
in the sense of the definition (90). Thus wo, = wy = ¢(y») since w,, » has only ¢(y,) as
possible limit in L*(0, T; H¢()).

Since any subsequence of w,, y have the same limit

Wna = O(Ynr) = wr = ¢(yy) in LQ(O,T; H(Q)) as n — +o0.

This complete the proof of the continuity of ¢ and the condition to apply Schauder
theorem are satisfied.



Appendix B

Existence of weak solutions for the
linear Maxwell’s equations

We prove in this appendix the existence of weak solutions for the initial boundary problem
(3.15).

Definition 92. We say a function

U= (EH)eL®0,T:H) (B.1)

is a weak solution of the hyperbolic initial boundary-value problem (3.15) provided

/0 ), 220, U0, AW — BOUE), 6

ot . (B.2)
+ (M(BU(2), (1)), ]dt = /0 (G(t), 9(t))n,dt + (Uo, #(0)) 3,
for each
¢ € L*(0,T; D(A)) such that % € L*(0,T;H) and ¢(T) = 0, (B.3)
e B(H)U(t) = {e(-, 2(-,1))0z€(-, 2(-, 1)) Brz(-, )€, 0}, (B4)
A(t), M(t) and G(t) are respectively given by (3.24), (3.25) and (3.17).
Us = (Eo, Hy) € H. (B.5)

Remark 16. —B(t)U(t) + M(t)U(t) = {é(-, 2(-,t))o&,0}

We will start first by constructing solutions of certain finite-dimensional approxima-
tions to (3.15) and then passing to limits. More precisely, since D(.A) is separable, let
{¢i}2, be an orthonormal basis in D(A) endowed with the graph norm. For arbitrary
but fixed m € N, we now determine approximations U,, := U,,(z,t) through the ansatz

Une.t) = 3 d(6(x) (B0

141
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with unkonwn functions d* : [0,7] — C, i = 1,--- ,m such that

and

(Ur,n(t)v ¢’L)Ht + (A(t)Um(t)v ¢’L)Ht + (M<t>Um<t>7 gbl)%t

Theorem 93 (Construction of approximate solutions). For each integer m = 1,2, -
there exists a unique function U, of the form (B.6) satisfying (B.7), (B.8).

(B.8)

Proof. Assuming U, has the structure (B.6), we first note that
(U}, =3 (bn o, (1) = A(E).(d2) (), ()T, (B.9)
=1

where A(t) := ((¢s, 1)w,)a (4,1 = 1,--- ;m), positive-definite matrix due to assump-
tions (H1) and Remark 2 .
Furthermore

(A(t)Um(t)7 gbz)?—lt + (M(t) Z ¢17 ¢l He ( (t)¢i, le)’;-[t]din(t)

B(t)(dy, (1), -+, din(1))T,

(B.10)

for B(t) == ((A(t)ds, d1)u, + (M) bi, di)a,)a (3,0 = 1,--- ;m). Let us further write
G(t) == (G(t),0:)n, (i=1,---,m). Then (B.8) becomes the linear system of ODEs

(dp (8), - o' ()T + A BO)(dy, (8), -+ din ()T = A@) (G (E), -+, G™())T
(B.11)
subject to the initial condition (B.7). Thus, there exists a unique absolutely continuous
function ¢ — (d} (t),---,d™(t)) satisfying (B.8) and (B.7) for a.e. 0 < ¢ <T. And then
U, defined by (B.6)-(B.7) solves (B.8) for a.e. 0 <t <T. O

We propose now to send m to infinity and to show a subsequence of our solutions U,,
of the approximate problem (B.7), (B.8) converges to a weak solution of (3.15).

Theorem 94 (Existence of weak solution). There exists a weak solution of (3.15).

Proof. First, we need some energy estimates. We multiply equation (B.8) by d' (¢) and
sum over i = 1,---  m; it follows according to (B.6) that

(U (), Un ()3, + (AU (8), U (8)) 30, + (MU (1), Un(8) )0, = (G(2), Um(t)()ﬂt )
B.12
forae0<t<T.
We consider the real part of (B.12); taking account of

RAGU, (1), Upn(t))y, =0 forae0<t<T

and the fact that
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R0 U = 5 55 1 Un®) I =5 [ 55 (o200 5 o U, (B33

for a.e 0 < ¢t < T, according to assumptions (H1)-(H2) and (3.8) there exist C; > 0
and C5 > 0 such that

1d
577 Um(®) 15,) < Cull Un(®) [, + 1| G [lpecll Un(2) Tl
1 1 B.14
< O N Un) B +5 1 GO I +5 1 U B, (B
< C | Un(t) I, +C2 1 G(1) 3, -
Now we write
n(t) =l Un(t) |17, (B.15)
and
§(t) =1 G(1) II3,, - (B.16)
Then (B.14) implies
1'(t) < Cin(t) + C24(1) (B.17)

for a.e. 0 <t <T. Thus the differential form of Gronwall’s inequality yields the estimate

n(t) < et (77(0) + Oy /Otf(s)ds) forae 0<t<T. (B.18)

Since n(0) =|| Un(0) |5,< Cs || Uo |13, by (B.7), we obtain from (B.15)-(B.16)-(B.18)
and Remark 11 :
| Up(t) |13,< constant, independent of m. (B.19)

According to (B.19), U,, is bounded in L>(0,T;H) = dual of L*(0,7;H). Thus, there
exists a subsequence (U, )xen+ such that

Up, — U weakly star in L>(0,T;H). (B.20)

Equivalently
<Up,,¥ >=<U V> foraeV e L(0,T;H), (B.21)

< -,- > being the pairing of L>(0,T;H) and L'(0,T;H). We next fix an integer N and
choose a function V' € C*([0,T], D(A)) having the form

V()= d(t)e: (B.22)

where {d'(t)}, are given smooth functions such that d'(T") = 0.

We choose m > N, multiply (B.8) by d'(t), sum 7 = 1,--- , N, and then integrate
with respect to t to find
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/0 (U3 (), V(). + (ABUm(8), V()10 + (M @)U (t), V(1)) ]dl

T (B.23)
- [ @w.vop
We set m = my;, and we integrate over [0, 7] by parts in (B.23), to find
| a0, B = W0, AV O+ (MU (0 V)
0 (B.24)

= (B(H)Um, (1), 9(t))2, + /O (G(t), V(#))a,dt + (U, (0), V(0)) 345

Due to (B.20), since U,,, (0) — Uy in L*(0,T;H), we can pass to the limit in (B.24).
Thus we obtain the existence of a U which satisfies (B.1) and (B.2) for every ¢ =V of
the form (B.22).

But, due to [36, Theorem 2.1 p.11] if ¢ is given with (B.3), we can find a sequence
{V;};en of functions of the form (B.22) such that

Vi — ¢ in L*(0,T; D(A)),

a dV do
J : 2 .
_t — _t in L (O,T,'H).

We conclude that (B.2) holds for every ¢ satisfying (B.3). O
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