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Resumo

Nesta tese, examinamos dois problemas distintos no ambito de sistemas de parametros
distribuidos: um diz respeito ao controle de sistemas, mais precisamente, a questao da
controlabilidade nula local, e o outro refere-se a observabilidade e problemas inversos.

Primeiro, estabelecemos a controlabilidade nula local do sistema de Boussinesq 3D
utilizando um tnico controle escalar distribuido atuando exclusivamente na equacao da
temperatura. Para isso, primeiro linearizamos o sistema em torno de uma trajetoria
adequada. Inspirados no trabalho classico de M. Gromov e nas contribuigoes recentes de J.
M. Coron e P. Lissy sobre a equagao de Navier-Stokes, empregamos um método algébrico
para reduzir sistematicamente o nimero de controles necessarios, aproveitando resultados
de controlabilidade conhecidos para sistemas com um ntmero maior de controles.
Finalmente, utilizando um teorema da funcao inversa, provamos a controlabilidade nula
local do sistema nao linear. Esses resultados demonstram que o sistema de Boussinesq é
localmente controlavel sem acao direta sobre o campo de velocidade, destacando a forca
do acoplamento entre as equagoes térmicas e de dinamica de fluidos.

Segundo, investigamos o problema da colocagao ¢étima de sensores para um sistema de
termoelasticidade linear. Adotando uma abordagem randomizada para os dados iniciais,
reduzimos o problema a maximizacao de um funcional espectral definido pelas autofungoes
do operador de Laplace e por uma sequéncia de pesos correspondentes ao inverso dos
maiores autovalores de uma certa sequéncia de matrizes.

Do ponto de vista tedrico, analisamos a existéncia de conjuntos 6timos estudando
o hiato de relaxacao entre fungoes caracteristicas e fungoes densidade. Demonstramos
que, se 0s pesos espectrais convergem para seu limite por baixo, a existéncia de um
conjunto 6timo classico é garantida sob a hipotese de Ergodicidade Quantica (QUE) ou
sob condicoes assintoticas de separacao mais fracas. Também tratamos casos em que
a QUE falha, como no ortotope n-dimensional, provando resultados de existéncia sob
restricoes geométricas especificas.

Aplicando esse arcabouco ao sistema termoeléstico, realizamos uma analise assintotica



detalhada de altas frequéncias dos pesos espectrais. Identificamos dois regimes fisicos
distintos dependendo da velocidade de propagacao das ondas e dos parametros de
acoplamento. Derivamos condigoes algébricas suficientes explicitas sobre os parametros
fisicos (for¢a de acoplamento, viscosidade, velocidade de onda e horizonte de tempo) que
garantem a convergéncia dos pesos espectrais por baixo, assegurando assim a existéncia

de um dominio 6timo para sensores.

Palavras-chave: Sistema de Boussinesq; Controlabilidade nula local;
Controle distribuido; Sistema termoeléastico linear; Posicionamento 6timo de sensores;
Hipotese QUE.



Abstract

In this thesis, we examine two distinct problems in the context of distributed parameter
systems: one concerns system control, more precisely, the issue of local null controllability,
and the other concerns observability and inverse problems.

First, we establish the local null controllability of the 3D Boussinesq system using a
single distributed scalar control acting solely on the temperature equation. To achieve
this, we first linearize the system around a suitable trajectory. Inspired by the classical
work of M. Gromov and the recent contributions of J. M. Coron and P. Lissy on the Navier-
Stokes equation, we employ an algebraic method to systematically reduce the number of
required controls, leveraging known controllability results for systems with more controls.
Finally, using an inverse function theorem, we prove the local null controllability of the
nonlinear system. These results demonstrate that the Boussinesq system is locally null-
controllable without direct action on the velocity field, highlighting the strength of the
coupling between the thermal and fluid dynamic equations.

Second, we investigate the optimal sensor placement problem for a linear thermoe-
lasticity system on a bounded domain. Adopting a randomized approach to the initial
data, we reduce the problem to the maximization of a spectral functional defined by the
eigenfunctions of the Laplacian and a sequence of weights corresponding to the inverse of
the maximum eigenvalues of a particular sequence of matrices.

From a theoretical perspective, we analyze the existence of optimal sets by studying
the relaxation gap between characteristic functions and density functions. We prove that if
the spectral weights converge to their limit from below, the existence of a classical optimal
set is guaranteed under Quantum Ergodicity (QUE) assumptions or weaker asymptotic
separation conditions. We also address cases where QUE fails, such as the n-dimensional
orthotope, proving existence results under specific geometric constraints.

Applying this framework to the thermoelasticity system, we perform a detailed high-
frequency asymptotic analysis of the spectral weights. We identify two distinct physical

regimes depending on the wave speed and coupling parameters. We derive explicit



algebraic sufficient conditions on the physical parameters (coupling strength, viscosity,
wave speed, and time horizon) that ensure the spectral weights converge from below,

thereby guaranteeing the existence of an optimal sensor domain.

Keywords: Boussinesq system; Local null controllability;
Distributed control; Thermoelastic system; Optimal sensor placement;

QUE assumption.
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Introduction

Observability, Controllability and Inverse Problems

The interest in understanding the behavior of natural phenomena has led humanity to
develop models capable of describing and predicting their dynamics. From this motivation
arises a fundamental question: beyond observing these phenomena, is it possible to
influence or control them in order to achieve a desired outcome?

With the advancement of mathematics and physics, it became clear that many of
these phenomena can be represented by mathematical models, particularly differential
equations, which describe the temporal evolution of dynamical systems. This formal-
ization has enabled the use of analytical and numerical tools to study and modify the
behavior of such systems, giving rise to the field known as Modern Control Theory.

A central question in this area concerns controllability, the ability to drive a time-
evolving system to a predetermined target state via appropriate external intervention, a
concept crucial across disciplines ranging from engineering to biology. Intricately linked
to this is the dual concept of observability, which ensures that the system’s complete
internal state can be reconstructed from partial measurements taken over a restricted
region or boundary. Beyond its fundamental role in effective control, observability
lies at the heart of inverse problems, where the objective shifts from predicting future
evolution to determining unknown parameters, initial conditions, or internal sources based
solely on observed effects. Unlike direct problems, these inverse formulations require
identifying causes from consequences, a frequently ill-posed task that necessitates delicate
mathematical techniques, such as Carleman estimates and regularization methods, to
ensure rigorous analysis.

Thus, observability, controllability, and inverse problems form a set of complemen-
tary approaches that allow not only the understanding but also the influence and recon-
struction of the behavior of complex systems described by differential equations. They

constitute the theoretical foundation for modeling, intervention, and identification of real
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phenomena, reinforcing the central role of mathematics at the interface between theory
and applications.

The main goal of this thesis is to study the notion of controllability and observability
for certain problems arising in the theory of partial differential equations (PDEs). In
broad terms, we investigate under which conditions it is possible, through appropriate
control actions, to influence the evolution of systems governed by PDEs in order to reach
specific configurations or trajectories.

From a mathematical point of view, observability is often expressed by inequalities

of the type

T
lu(O)|% < C / / (e, )P da dt,

where H is the natural energy space of the system and w C 2 represents the observation
region. This inequality guarantees that the total initial energy of the system can
be estimated from partial measurements, ensuring the possibility of reconstructing the
complete state from limited observations.

Controllability refers to the ability to drive the system, through distributed or
boundary controls, from an initial state ug to a desired final state ur. For linear systems

of the form

Ju = Au+ B,

exact controllability is achieved when there exists a control f € L*(0,T;U) such that

w(T) = urp.

Mathematically, exact controllability is equivalent to the observability of the adjoint
equation, a relation formalized by the Hilbert Uniqueness Method (HUM).

Inverse problems aim to determine unknown parameters, sources, or initial
conditions from observed data, reversing the usual direction of the modeling process. In
general, these problems are ill-posed, meaning that small perturbations in the observed
data can cause large variations in the solution. Analytical tools such as Carleman

estimates provide stability inequalities of the form

|uo|| < Ce/¢|observed datall,

and ensure uniqueness conditions for parameter reconstruction. Regularization tech-
niques, variational formulations, and optimization methods are typically employed to

stabilize numerical solutions.
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In general, the control problem consists of determining a control function capable of
making the system evolve according to a desired behavior, driving the state toward a
pre-established configuration. Depending on the objective and the imposed constraints,
different notions of controllability can be defined. The optimal control problem, for
instance, seeks a control that minimizes a cost functional, taking into account both the

proximity to the desired final state and the effort associated with the control.

Exact controllability refers to the ability to steer the system from an initial state
to a final state within a finite time interval. A weaker notion, called approximate
controllability, requires only that the final state can be made arbitrarily close to the target.
Null controllability aims to drive the system to the zero state, while controllability along
trajectories seeks to follow a pre-established reference trajectory. These notions form the
analytical foundation of modern control theory, providing the necessary tools to study
active intervention in dynamical systems, particularly in partial differential equations,
whose analysis is naturally more complex due to the infinite-dimensional nature of the

state spaces and the presence of dissipative or dispersive effects.

As examples of applications involving controllability, observability, and inverse
problems, we may refer, for instance, to the following works: [5], [13],[22], [41], [42]
and [53].

To provide a concrete application of these general concepts, this thesis investigates two
specific problems situated at the interface of control theory and inverse problems. The
first part is dedicated to the controllability of fluid dynamics, specifically addressing the
Boussinesq system. The primary objective here is to establish local null controllability
using a reduced number of controls, solely acting on the temperature equation, thereby
exploiting the physical coupling between the thermal and velocity fields. The second part
shifts focus to the optimal design of sensors for a system of linear thermoelasticity. In
this context, we adopt a probabilistic framework to determine the optimal observation
domain that maximizes the observability constant, relying on a detailed spectral analysis

of the coupled hyperbolic-parabolic dynamics.

Controllability for Boussinesq system with a single thermal control

Let Q C R3 be a bounded domain with a smooth boundary 9, and let w be a
nonempty open subset of 2. For a given final time T > 0, and using the following
notations Qr := (0,7) x Q and X := (0,7) x 0.
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We will consider the following controlled Boussinesq system

(

v — Ay+ (y-V)y+ Vp=fes in Qr,

et—A9+yV6:va inQT7
V-y=0 in Qr, (1)
y=0,0=0 on X,

\y((E,O) = yO(x)v (9(.%,0) = 90(95) in Q’

where (y,0) represents the state of the fluid, with y being the velocity and 6 the
temperature, while p is the associated pressure. The pair (yo, 0y) denotes the initial state.
The control action is given by the term y,v, where x, is a fixed, non-negative smooth
function with compact support contained in w (that is, x, € C§°(w)). The function
v = v(x,t) is the control to be determined, and e3 = (0,0, 1) is the third vector of the
canonical basis of R3.

In this thesis, one of our objectives is to study the null controllability of the Boussinesq
system under a single thermal control.

The Boussinesq system is a fundamental model in fluid dynamics used to describe fluid
motion caused by temperature differences. Essentially, the model combines the Navier-
Stokes equations, which describe the fluid’s velocity and pressure, with a heat equation
for the temperature. The link between them is the buoyancy effect: as the temperature
changes, so does the fluid’s density, causing warmer, lighter fluid to rise and cooler, denser
fluid to sink. The model is designed to capture this gravity-driven motion.

Because it describes this process well, the Boussinesq system is widely applied in many
fields. For example, it is used in oceanography to understand sea currents, in meteorology
to predict weather patterns, and in geophysics to study the Earth’s mantle convection.
For a more detailed mathematical study of the model, the reader can consult standard
reference books in the field, such as |2, 28].

Beyond its theoretical significance, establishing controllability results for the Boussi-
nesq system has profound practical implications. The ability to steer or stabilize heat-
driven flows is a central challenge in many areas of engineering and environmental science.
In advanced manufacturing, for example, controlling the Boussinesq dynamics is essential
for processes like semiconductor crystal growth, where suppressing natural convection is
necessary to avoid imperfections and ensure material homogeneity [27, 21]. In energy and
thermal management, the goal is often the opposite: to enhance convective flows to maxi-
mize the efficiency of heat exchangers or to ensure the safe cooling of critical components,
a topic extensively detailed in foundational texts on heat transfer [23|. Furthermore,

understanding the control mechanisms of such systems offers insights into managing en-
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vironmental phenomena, such as the dispersion of pollutants in lakes or coastal waters.
Thus, developing a robust control theory for the Boussinesq system is a crucial step to-

wards creating effective strategies for these diverse applications.

The controllability of the Boussinesq system has been the subject of extensive
research, primarily focusing on local results under various boundary conditions. Key early
contributions include the work of Fursikov and Imanuvilov, who established local exact
boundary controllability with controls on the entire boundary in [14] and analyzed exact
controllability with distributed controls under periodic conditions in [15]. For the widely
studied Dirichlet boundary conditions, Guerrero [19]| proved local exact controllability
to trajectories. This line of research was further advanced by reducing the number of
necessary controls, as demonstrated in seminal works such as Carreno [3| and in [11, 16].

The inviscid case has also been explored by Fernandez-Cara, Santos, and Souza in [12].

Regarding the more specific case of Navier-slip boundary conditions, the literature is
more recent. For the Navier-Stokes system, a significant breakthrough was achieved in
[6], providing a positive answer to Lions’ well-known open question on small-time global
exact controllability; this result was recently extended to smooth solutions in [24]. Earlier
works include the small-time global result for the 2D case by Coron [4] and the local
controllability to trajectories with general nonlinear Navier conditions by Guerrero [18].
For the Boussinesq system with these boundary conditions, we highlight the local results
obtained in [22, 26].

A central theme in the control of coupled systems is the possibility of steering the entire
state by acting on fewer equations than the system possesses. This ’control reduction’
problem is fundamental, as minimizing the number of actuators has significant practical
implications.

A pivotal contribution in this direction for fluid dynamics was made by Coron and Lissy
in [5]. They established the local null controllability of the 3D Navier-Stokes system using
a distributed control with only one non-vanishing component. To do so, they introduced a
powerful algebraic method, inspired by the work of Gromov, to demonstrate how a single
control could indirectly influence all components of the system.

Recent progress has been made in reducing the number of controls for the Boussinesq
system, as demonstrated in the seminal works of Carreno [3] and in |11, 16]. However,
a notable feature of these results, and indeed of all previous works on this topic, is
that the control mechanism always retains at least one component acting directly on
the fluid’s velocity field. In this paper, we demonstrate for the first time that such direct
intervention is not necessary. We establish the local null controllability of the system using
a single scalar control that acts exclusively on the temperature equation. This finding

is particularly significant from a practical standpoint, as it demonstrates that the entire
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fluid state can be driven to rest by only manipulating its temperature. This highlights a

powerful indirect control mechanism inherent in the system’s physical coupling.

Optimal Shape and Location of Sensors for Linear Thermoelastic-
ity

The optimal design of sensors for linear partial differential equation systems (PDEs)
is an important research topic. The goal is to determine the optimal location of sensors
to monitor and control systems governed by linear PDEs. The appropriate choice of
location and number of sensors can significantly impact the accuracy and efficiency of the

monitoring and control system.

In this sense, the optimal design of sensors problem can be formulated as follows:

e Determine the optimal location: find the optimal location of sensors to minimize
or maximize an objective function, such as the accuracy of measurements or the

efficiency of the control.

e Satisfy constraints: Satisfy physical and practical constraints, such as limiting the

number of sensors or accessibility to certain regions of the system.

The optimal design of sensors for linear PDE systems has applications in several areas,
for example in process control, such as material production and energy generation, in
environmental monitoring, including air and water quality assessment, and in aerospace
engineering, involving the monitoring and control of aeronautical and space systems,
among others.

In the context of observability inequalities, the optimal sensor design problem can
be formulated as follows: Find the best observation region w such that the observability
constants are minimized.

Observability inequalities are fundamental tools for establishing the observability of
a system, meaning that its state can be reconstructed from a set of measurements.
The associated observability constants characterize the quality of this observability;
consequently, minimizing them is crucial to ensure an accurate reconstruction of the
system’s state. For more details, see [46], [47], [48], [49] and [50].

In this sense, we consider a linear system of thermoelasticity defined on a bounded

open subset 0 C RY. The system consists of coupled wave and heat equations given by:

Uy — AAu+ aAd =0 in Qx(0,7),
t9t — vAf + But =0 in Qx (O,T), (2)
u=60=0 on 0N x (0,7),

u(0) = u® u, (0) = u',0(0) =6° in Q,
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where T' > 0 is the final time, 02 denotes the boundary of €2, and «, 3, ¢, v are positive
real numbers representing the coupling parameters, wave speed, and thermal diffusivity,

respectively.

For system (2), we address the problem of determining the optimal shape and location
of sensors to measure the signals propagating in §2 over a given time horizon. The objective
is to place these sensors in a configuration that allows for the reconstruction of the
solutions in the most efficient way possible (i.e., optimizing the well-posedness of the

inverse problem).

To address the inverse problem of reconstructing solutions from partial measurements,
a standard mathematical strategy involves establishing a suitable observability inequality.

For the system (2), such an inequality generally takes the form:
1w, YD) 1% < Aollull, , + AllON%, ... (3)

where X and X; , (i = 0,1) are appropriate Banach spaces. Typically, X corresponds
to the energy space (e.g., a Sobolev space H*(£2)), while the observation spaces are often
Xi = L*(w x (0,7)). The coefficients Ay and A; are non-negative constants depending

on the physical parameters a, 3, ¢, v, T and the geometry of w, satisfying the condition
Ao+ Ay #0.

In the context of observability inequalities, the problem of optimizing the sensor shape
and location reduces to finding the "best" domain w such that the constants Ay and A
are minimized. This is because these constants effectively quantify the well-posedness of
the corresponding inverse problem. Specifically, the smaller the observability constants in

(3), the more stable and better-conditioned the reconstruction of the solution becomes.

Generally, determining the optimal shape and location of sensors is a challenging
task, particularly when considering fixed initial data. Indeed, expanding the solution
of (2) in an orthonormal basis introduces cross-terms on the right-hand side of (3),
rendering the corresponding optimization problem highly complex and difficult to solve
(see |42]). Moreover, in many practical scenarios, the exact initial data is unknown, and
reconstruction is typically performed using a large set of measurements. Consequently,
to robustly model the observation problem, it is natural to search for optimal sets that

solve the problem on average.

In the literature, various approaches address the problem of optimal sensor placement.
Applied studies in physics and engineering often focus on finite-dimensional optimization
derived from the discretization of continuous models, for instance [30, 32|. However,
this approach can suffer from numerical instabilities such as the spillover phenomenon.

Alternatively, some authors circumvent these issues by restricting the admissible sets
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to those satisfying strict geometric constraints, such as a finite number of sensors with
prescribed shapes [31, 34, 37, 45| From a mathematical perspective, relaxed formulations
have been extensively studied, particularly for the optimal design of actuators for the
heat equation [47, 29|, as well as numerical investigations [38, 39]. However, significant
challenges arise when considering fixed initial data: for the wave equation, the optimal
shape problem can yield highly complex solutions [43| or exhibit spillover [44, 33].

In this work, we will also focus on the problem of optimal sensor placement for the
system (2), assuming that the initial data to be reconstructed are not fully known. To
address this, we model the data as random, meaning that their coefficients in a given basis
are treated as random variables. This probabilistic framework is motivated by several key
results in the literature.

Existing literature reveals a striking contrast between hyperbolic and parabolic
equations regarding shape optimization. For the wave equation, as shown in [41], the
optimal sensor placement problem is generally ill-posed in the class of characteristic
functions. A relaxation gap typically exists, meaning the optimal solution is a density
function taking values in [0, 1] rather than a classical set. Exceptions exist only in specific
scenarios, such as the damped wave equation [40]. Conversely, for the heat equation, [42]
proves that the problem is well-posed: an optimal classical set always exists.

This dichotomy makes the analysis of the thermoelasticity system (2) particularly
intriguing, as it couples hyperbolic and parabolic dynamics. Determining whether the
optimization problem admits a classical solution is therefore non-trivial and depends
heavily on which dynamic dominates the observation.

As we will demonstrate, under the randomized framework, the problem of maximizing

the observability constant reduces to analyzing the spectral functional:

Jx) = inf / 164(x) ? d, (4)

where the weights ~; are derived from the system’s spectral properties. The existence of
an optimal set is governed by the asymptotic monotonicity of this sequence. Specifically,
convergence from below typically favors attainability. In contrast, the case of convergence
from above is more intricate; while no general existence or non-existence result is available,
we demonstrate that attainability still holds in certain specific scenarios.

Consequently, before addressing the specific problem for the thermoelasticity system,
we dedicate Section 3.2 to a rigorous study of the abstract functional J. We investigate
sufficient conditions on the sequence (;) and the eigenfunctions (¢;) that guarantee the
existence of optimal sets, thereby providing the theoretical foundation for our subsequent

physical analysis.



Chapter 1

Preliminaries and Fundamental Results

We present some fundamental results that will be used throughout this thesis. These
theorems and propositions establish the analytical and functional foundation necessary
for the theoretical development and for the study of the problems investigated in the

following chapters.

A central step in our analysis relies on a Carleman estimate adapted to the linearized
Navier—Stokes system. This type of inequality provides a weighted control of the solutions
and plays a relevant role in establishing observability properties for fluid systems. In
the context of the present work, this result is particularly important, as it serves as
the foundation for deriving a new Carleman estimate for the Boussinesq system. For
reference, we recall below the estimate originally proved in [20, Proposition 3.1|, which

will be essential for the development of one of the main results of this thesis.

Proposition 1.1 (Carleman Estimate for the Navier—Stokes System) Let ) be a
bounded domain of R™. Define Q@ = Q x (0,T) and X = 0Q x (0,T). For any open subset

wo of €, there exists a positive constant C' > 0, depending only on ) and wy, such that

I(s,\;V x¢) < 033)\4/ e 2T 3\ x op|? dr dt + C/ 3% 01| da dt,

e
wox(0,T) Q

for any A\ > C, s > C(T° + T1), and for every 1 satisfying the system

(4~ A+ V=g, inQ,
V=0, mn Q,
Y =0, on X,

| ¥li=0 = o, in §Q.

20
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Here, the functional I(s,\;u) is defined by

Vul? dx dt.

I(s,\;u) = 53>\4/

6—23a€—2sa*£3|u|2 da dt 4 S>\2/ 6—25046—2504*5
Q Q

The next result allows us to uniquely represent certain continuous linear functionals
defined on the underlying Hilbert space, thus playing a punctual yet essential role in our
analysis. In particular, it ensures the precise identification of the elements required for
the formulation of the control terms of the problem. For completeness and to clarify its

specific use within our framework, we recall its classical statement below.

Theorem 1.2 (Riesz Representation Theorem) Let H be a Hilbert space over R or
C, with inner product (-,-). Then for every continuous linear functional f : H — K (with
K =R or C), there exists a unique element y € H such that

f(z) =(x,y), forallze H.

Moreover, the norm of f satisfies

1= llyll-
The proof can be found in [51].

Another important ingredient in our analysis concerns the regularity of the control
terms associated with the Boussinesq system. In order to ensure that the region where the
control acts can be treated within functional spaces compatible with both the Carleman
estimates and the algebraic resolvability established previously, we rely on a classical
interpolation result in Hilbert spaces. This result provides a rigorous framework for
combining different levels of regularity in a coherent manner and guarantees that the
control functions attain the functional precision required for the development of our
approach.

To introduce the functional setting used in what follows, and for the sake of
completeness, we recall the definition of the interpolation spaces involved. More precisely,
for 0 € (0,1), the space [D(Ag) N D(A;), X] is defined, in the sense of Lions—Magenes,
as the domain of the fractional power A= where A is a positive self-adjoint operator in
X whose domain coincides with D(Ay) N D(A;), endowed with the corresponding graph

norm.

Theorem 1.3 Let X be a separable Hilbert space, and let Ay and Ay be two self-adjoint,
strictly positive, and commuting operators on X. Denote by D(4;), i = 0,1, the domain

of A;, equipped with the corresponding graph norm.
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Then, for any 0 € (0,1), we have
[D(Ao) N D(Ay), X]p = [D(Ao), X]p N [D(A1), X]p,
with equivalence of norms.
The proof of this theorem can be found in [25, Theorem 13.1].

Remark 1.4 As proved in Section 13.2 of [25], the following application of Theorem 1.3
proves particularly useful when dealing with functional spaces defined over product
domains, such as Ry X R (or Qu X Qy, where Q, C R} and Q, C Ry are open sets). In
these cases, the variables may exhibit distinct properties.

Such situations commonly arise in the study of evolution equations, quasi-elliptic
equations, and more broadly in problems involving non-elliptic differential operators. To
tllustrate this, the authors provide a simple example.

On the space R? x RZ/, define

Hiw — {u (L4 €272 4+ (1+ )" a e L?(Rg:"d} ,

where the Fourier transform  is given by

1 .
y — —i(z-€+yn)
U(£7 77) (27T)(n+n/)/2 \/IR;;LXRZ/ (& U(Qf, y) dx dy

Note that
0,0 __ 0 _ 72 n+n’
Ha;,y - Ha;,y - Lz,y(Rx,y )

It follows directly from Theorem 1.3 that, for mon-negative indices s; and o;, the
following interpolation identity holds:

[H;ij H;?gf?]g _ Hé};9)51+052,(179)01+902'

The Inverse Mapping Theorem plays a decisive role in our analysis. After establishing
null controllability for the linearized system, we invoke this classical result from functional
analysis to extend such a property to the fully nonlinear Boussinesq system. In broad
terms, the theorem ensures that whenever the associated linearized operator is surjective,
the nonlinear mapping becomes locally invertible, allowing us to solve the controllability
problem for sufficiently small perturbations.

We now state precisely the theorem that will be used.
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Theorem 1.5 (Inverse Mapping Theorem) Let E and F' be two Banach spaces, and
let A: E — F be a C' map in a neighborhood of eg € E. Assume that the Fréchet
derivative A'(ey) € L(E; F) is a surjective (onto) operator.

Then, there exist positive constants n > 0 and C' > 0 such that for every f € F
verifying ||f — follr <n, where fo = Aley), there exists e € E satisfying:

a) Ale) = f;
b) lle —eolle < Cllf = follr-

For more details, see, e.g., [1, Chapter 2, p. 107].

An additional compactness result that plays a structural role in our analysis is the
Banach—Alaoglu Theorem. It ensures the weak® compactness of bounded sets in dual
spaces, which is essential whenever we need to extract convergent subsequences from
families of controls or uniformly bounded functions. This compactness property provides
the stability required to pass to the limit in several functional arguments used throughout
the work.

We recall its statement below for completeness.

Theorem 1.6 (Banach—Alaoglu Theorem) Let X be a normed vector space and

denote by X' its dual space. Then the closed unit ball
Bxr:={fe X :|fll <1}

is compact in the weak-x topology o(X', X).
Moreover, if X is separable, then Bx: is metrizable in the weak-x topology. The proof
can be found in [55].

In addition to the previously mentioned results, two further theorems play a significant
role in the analysis developed in this work. In particular, they will be used in the study
of the truncated problem associated with (4), allowing us to properly characterize the

structure of optimal solutions. These results are stated as follows:

Theorem 1.7 (Sion’s Minimax Theorem) Let X be a convexr subset of a linear
topological space, and let'Y be a compact convex subset of a linear topological space. Let
f: X xY —= R be a real-valued function such that:

a) for every fizedy € Y, the function f(-,y) is upper semicontinuous and quasi-concave
on X;
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b) for every fized x € X, the function f(x,-) is lower semicontinuous and quasi-convex
onY.

Then,

sup min f(z, = min su z,Y).
Sup min f(z,y) = min xe)gf( 0)

For further details and proofs, see, e.q., [56, 57].

Theorem 1.8 (Bathtub Principle) Let (2,3, 1) be a measure space and let f : Q — R

be a measurable function such that
p({zx e Q: f(z) <t}) <oo, VteR.

Let G > 0 be a given number and define the class of measurable functions

C = {g : Q0 — [0, 1] measurable ‘/Qg(x) p(dx) = G}.

Consider the minimization problem

I=inf / 1(@) glx) pld).

gec

Then this problem is solved by the function

9(x) = xqr<s1(x) + e xr=s} (T),

where
s=sup{t e R: u({z € Q: f(z) < t}) < G},

and the constant ¢ € [0,1] is determined by
cp({r € Q: f(x) = s}) = G —p({zr € Q: f(x) <s}).

The proof of this theorem can be found in (see, e.g., [36, Theorem 1.14]).

Finally, another result that plays an important analytical role in this work is
the Riemann-Lebesgue Lemma. It will be used to guarantee the decay of certain
Fourier coefficients associated with the functions under consideration, which is relevant
for asymptotic estimates and approximation arguments throughout the analysis. Its

statement is as follows:

Lemma 1.9 (Riemann-Lebesgue Lemma) Let f € L' (R). Then its Fourier
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transform
- — —ix€ d
fie) = [ s
satisfies
émlﬂazu

Equivalently, if f € L'([0,7]), then the Fourier coefficients

a, = /OTr f(z) cos(nz) dx, b, = /07r f(z)sin(nz) dx

satisfy

lim a, =0, lim b, = 0.
n—oo n—oo

For a proof, see, e.g., [52].
In the following, we present a summary of each chapter, detailing the control and
observability problems addressed in this thesis. To this end, we outline the two works

that constitute this study in the following order:
Chapter 2

Let 2 C R3 be a bounded domain with a smooth boundary 952, and let w be a nonempty
open subset of €. For a given final time 7" > 0, we use the notations Qr := (0,7 x
and X7 := (0,7") x 0.

We are concerned with the controlled Boussinesq system:

(

v —Ay+ (y-V)y+ Vp=fes in Qr,

et—A9+yV6:va inQT7
y=0,0=0 on X,

4(2,0) = yo(w), 6(,0) = bo(x) n

where (y,0) represents the state of the fluid, with y being the velocity and 6 the
temperature, while p is the associated pressure. The pair (yo, 0y) denotes the initial state.
The control action is given by the term x,v, where y, is a fixed, non-negative smooth
function with compact support contained in w (that is, x, € C§°(w)). The function
v = v(x,t) is the control to be determined, and ez = (0,0, 1) is the third vector of the
canonical basis of R3.

We first introduce the function space for divergence-free fields, which is standard in
fluid mechanics:

Vi={we H;(Q)?|V-w=0inQ}.
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The main result of this paper concerns the local null controllability for the system

(1.1). More precisely, we have the following result:

Theorem 1.10 For every T > 0, there exists n > 0 such that for any initial data yo € V'
and 0y € H}(Q) verifying
loll? + 160l < -

there exists a scalar controlv € L*(Qr) and a corresponding solution (y,0) with regularity

y € L*0,T; H*(Q)>NV)N L>(0,T; V),
6 € L*(0,T; H*(Q) N Hy()) N L>(0, T Hy(Q)),

that, together with some pressure p € L*(Qr), solves system (1.1) and satisfies the null

controllability condition:
y(T,-)=0 and 6(T,)=0 1in. (1.2)

The proof of Theorem 1.10 is obtained by following the strategies below:

Linearization and the Return Method. Since system (1.1) is nonlinear, our strategy
relies on an inverse mapping theorem. This requires first proving the null
controllability of a linearized system. We employ the "Return Method," whose goal
is to find a specific trajectory (7,0,p,v) of (1.1) such that the system linearized

around it is null-controllable. This linearized system, with state (y,6,p), is given

by:
(1= Ay + @ V)y+ (- V)T + Vp=0bes+ F in Qr,
0, — N0 +75-VO+y- V0= [+ in Qr,
V.y=0 in Qr, (1.3)
y=0,0=0 on X,
y(0) = yo, 0(0) = 0o in Q,

\
where the source terms F' and f are assumed to have a suitable exponential decay
ast —T~.

Algebraic Solvability. To prove the null controllability of the linearized system (1.3)
with a single control v, we use the concept of "algebraic solvability". This strategy

splits the problem into two parts:

1. An analytic part, where we prove the existence of a control u that solves the
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null controllability problem for a system with full actuation:

AN 4+ G-V + (y- V)T + 0y p = Fi + Blu, in Qr,

— Ay + (T V)Y + (y - V)T + Onp = Fr + B, in Oy,

— AP+ G- V)P + (y - V)G + Opyp = F3+9+%3 in Qr,
0, — A0 +7-VO+y V0= [+ B, in Qp, (1.4)
Vey=0, in Qr,
y=0,0=0 on Y,
y(0) = yo, 0(0) = g in €,

\

Here, B = (B!, B2 B3, B?) is a carefully chosen control operator.

2. An algebraic part, where we show that for the control u found above, we can

find a new control v such that the following system, with zero initial data, has a

solution:
() Ay 4 G-V + (v V)T + 0= —Blu,  in Q.
— AP+ G-V + (y- V)P + Opp = —B%u,  in Qr,
AP+ G- V)Y + (- V)P + O =0 — BPu, in Qr,

10— A0+7-VO+y-Vl=—Bu+7, in Qr, (1.5)
V.y=0, in Qr,
y=0,0=0 on Y,

\y(O) =0,6(0)=0 in

The null controllability for (1.3) then follows by linearity, summing the solutions
of (1.4) and (1.5).

Observability for the Adjoint System. To address the analytic part (system (1.4)),
we use duality. It is well known that its null controllability is equivalent to an

observability inequality for the corresponding adjoint system:

([~ —Ap— Dy +Vr=G+60Vy in Qr,
—h =AY —yVip =g+ ¢ - e3 in  Qr,

{ V.p=0 in Qr, (1.6)
p=0,v=0 on Xr,

L o(T) =¢", (1) =y" in Q,

where Dy = Vo + V. The desired observability inequality will be a consequence
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of a global Carleman inequality for (1.6) (see Lemma 2.10).

Conclusion via Inverse Mapping Theorem. Finally, once the null controllability for
the nonhomogeneous linearized system (1.3) is established, we apply an inverse
mapping theorem to deduce the local null controllability for the original nonlinear

system (1.1).

Chapter 3

Consider a linear thermoelastic system defined on a bounded open subset Q C RV,

The system consists of a wave equation coupled with a heat equation, given by

(

Uy — Au+ aAfd =0 in Qx(0,7),
0y — vAO + Pu; =0 in Qx(0,7), 7)
u=0=0 on 00 x (0,7,

[ u(0) =u°, u(0) =wu', (0) =6 in Q,

where T' > 0 is the final time, 0f) denotes the boundary of €2, and «,(,c,v are
positive constants representing the coupling parameters, the wave speed, and the thermal
diffusivity.

We aim to study the optimal sensor placement problem for this system; that is, to
determine which regions of €2 provide the best capacity for observing the thermoelastic
dynamics. As will be explained throughout the text, this problem can be reduced to the

following optimization problem:

sup J(Xw), (1.8)
XwEUL
where
J(Xw) = 1nf %/|q§, )|? da, (1.9)

with (¢;)jen- being a Hilbert basis of L*((2, C), consisting of eigenfunctions of the Laplace

operator A with homogeneous Dirichlet boundary conditions.

The maximization is performed over the set of admissible characteristic functions
U, = { xo | w C Q is measurable and satisfies |w| = L|Q|}, (1.10)

for a fixed parameter L € (0, 1), representing the fraction of the domain where the sensors

may be placed.

Through a detailed asymptotic expansion in the high-frequency regime, we character-
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ized the behavior of the thermoelastic weights as

) R |
Y= 1_u7+0 F )
J J

where the exponent k£ and the coefficient R depend on the physical parameters «, 3, ¢, v
and on the time horizon 7.

Moreover, under assumptions of Quantum Ergodicity on the eigenfunctions, we
investigate the existence of an optimal sensor domain for the thermoelastic problem.
Even in geometries where this hypothesis fails (for example, n-dimensional orthotopes),

we show that in the case of the orthotope, optimal sets may still exist in this regime.



Chapter 2

Local null controllability for Boussinesq

system with a single thermal control

In this chapter, we show that the 3D Boussinesq system is locally controllable using
only a single control in the temperature equation, exploiting the coupling between
temperature and velocity through linearization, algebraic techniques, and an inverse

function theorem.

2.1 Main Result

Let Q@ C R? be a bounded domain with a smooth boundary 0, and let w be
a nonempty open subset of 2. For a given final time 7" > 0, we use the notations
QT = (O,T) x €) and ET = (O,T) x 0f).

We are concerned with the controlled Boussinesq system:

/

v —Ay+ (y-V)y+ Vp=fes in Qr,

0, — A0 +y-VO=x,v in Qr,
y=0,0=0 on X,

\y($,0) = y0($)7 9(1’,0) = 00(37) in €2,

where (y,0) represents the state of the fluid, with y being the velocity and 6 the
temperature, while p is the associated pressure. The pair (1o, 0y) denotes the initial state.
The control action is given by the term x,v, where Yy, is a fixed, non-negative smooth
function with compact support contained in w (that is, x, € C§°(w)). The function
v = v(x,t) is the control to be determined, and e; = (0,0, 1) is the third vector of the

30
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canonical basis of R3,
We first introduce the function space for divergence-free fields, which is standard in
fluid mechanics:
Vi={we Hy(Q)?|V-w=0in Q}.

The main result of this paper concerns the local null controllability for the system

(2.1). More precisely, we have the following result:

Theorem 2.1 For every T > 0, there exists n > 0 such that for any initial data yo € V
and 0y € H}(Q) verifying
loll? + 160l < -

there exists a scalar controlv € L*(Qr) and a corresponding solution (y,0) with regularity

y € L*(0,T; H*(Q)>NV)N L>(0,T;V),
0 € L*(0,T; H*(Q) N Hy()) N L>(0, T Hy (),

that, together with some pressure p € L*(Qr), solves system (2.1) and satisfies the null

controllability condition:

y(T,-) =0 and O(T,)=0 in . (2.2)

2.2  Preliminary results

In this section, we introduce the fundamental ideas developed in [17], which have
been further examined and extended in [5], particularly in the context of controllability

problems.

2.2.1 Gromov’s Algebraic Solvability

This section introduces the main concepts of algebraic solvability, following [17, 5].
Let Qg be an open subset of Q7. We begin with the formal definition of a linear partial

differential operator.

Definition 2.2 (Linear Partial Differential Operator) Let k,I,n € N. A linear
map £ : C®(Qo)* — C®(Qo)" is a linear partial differential operator of order n if there
exist matriz-valued functions A, € C*®(Qo; L(R®,RY)) for all multi-indices o € N* with
la| < n, such that for any o € C=(Qo)*:

£(@)(€) = D Aal9)00(8), V¢ € Q.

laj<n
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An operator £ is called a linear partial differential operator if it is of order n for some
n € N.

For every linear partial differential operator 9t = Zla\ <m Aa0%, its formal adjoint is
the operator 9* : C°(Qy)! — C=(Qy)* defined by

M () = Y (~1)9(ATy), (2.3)

|a<m
where A% is the transpose of the matrix-valued function A,.

Remark 2.3 (Properties of the Adjoint) The formal adjoint satisfies the following

fundamental properties:
1. (O)* = 9.

2. If M = C®°(Qy)! — C>=(Qo)™ is another linear partial differential operator, then
(Mo M)* = M* o N*.

Now, let k,l,m be positive integers, and let £, : C>®(Qg)! — C>®(Qy)™ and
By 1 C®(Qy)* — C*(Qy)™ be linear partial differential operators. We consider the
problem of finding a solution z € C*(Qy)" to the linear system

Loz = DBou, (2.4)

for a given datum u € C>(Qy)*.
Following [17, p.148], we introduce the key concept of algebraic solvability for this

system.

Definition 2.4 (Algebraic Solvability) The linear equation (2.4) is said to be alge-
braically solvable if there exists a linear partial differential operator My : C°(Qo)* —
C>=(Qo)! such that, for every datum u € C*(Qo)¥, the function z = Mou is a solution.

This condition is equivalent to the operator identity:
£0 o} 9)10 = %0. (25)

Following the approach in [17, 5], we analyze the condition (2.5) by considering the
adjoint operators. Using the properties from Remark 2.3, taking the adjoint of both sides
of the identity £y o My = B yields the equivalent condition:

M o £ =By, (2.6)
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Therefore, establishing the algebraic solvability for the original problem (2.4) is equivalent

to establishing it for the corresponding adjoint problem.

2.2.2 Constructing a suitable trajectory

In this section, we construct an explicit trajectory, denoted by (¥,p,0,7), for the
Boussinesq system (2.1). This trajectory is designed to start and end at the zero state
and to be such that the linearized control system around it is null-controllable. Our
strategy is to first adopt the specific trajectory (7,p) constructed for the Navier-Stokes
equations in [5]. Then, leveraging the cascade structure of the Boussinesq system, we
construct the corresponding temperature component § and the required control 7.

For completeness, we now recall the main ideas from [5] for the construction of the
fluid trajectory (,p).

Without loss of generality, we assume that the origin belongs to the control domain,
i.e., 0 € w. Since w is an open set, we can fix a radius ro > 0 small enough such that the

closed cylinder centered at the origin, defined by
¢ = {(ZEl,l’Q,l'g) eR? | ZL'% + 903 < T(2)7 |$3| < TO}a (27)

is compactly contained in w.
We now introduce two auxiliary smooth functions, g and h, which are essential for
building the trajectory. Let g = g(t,w,x3) and h = h(t,w, z3) be functions in C*°(R?; R)

satisfying the support condition:
supp(g) U supp(h) C [T/4,T] x [=o0,rg] x [=ro, 70]. (2.8)

Using the auxiliary functions g and h, we define the velocity trajectory 7 € C*°(R*; R?)

as
2
g ta r 7I3>x1

(
g(t,l'l,flfg,iﬁg) = g(t77"27333)$2 9 (29>
h(t,r? z3)

where 7 := \/2? + 23 denotes the radial coordinate.
From equations (2.7), (2.8), and (2.9), it follows directly that the support of the

trajectory 7 is contained within the space-time cylinder:
supp(y) C [T/4,T] x €. (2.10)

Since €; is compactly contained in €2, this implies, in particular, that 3 has a null trace
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on the lateral boundary Y.

For the constructed velocity field i to be divergence-free, the functions g and A must
satisfy a compatibility condition. A direct computation using the definition (2.9) shows

that the divergence of 7 is
V- § =29+ 2r°0ug + Oy, h.

Therefore, if
Opsh = —2(g + w0yg), (2.11)

then the incompressibility condition V -7 = 0 holds.

The corresponding pressure trajectory p € C*°(R?) is defined via an auxiliary function

p as
ﬁ(t,[L‘l,IQ,l’g) :]/)\(t,l'% ‘l‘l’%,l’g), (212>

where p = p(t,w, x3) is constructed to satisfy the momentum equation and is given by

the integral formula:

_ L[
plt,w, x3) := —5/ [&g—(4w'3wwg+88wg+8x3z3g)+2w’g@wg+92+h8xgg dw'. (2.13)

The definitions above directly imply the properties of the constructed trajectory. From
the support condition (2.8) and the definitions of 7 and p, it follows that both have support

strictly inside the space-time domain:
supp(y) Usupp(p) C [T/4,T] x €&, (2.14)

Furthermore, the pressure p is defined by (2.13) precisely so that the first two components

of the momentum equation are satisfied:

U =AY + G-V +0,p=0 inQr, (2.15)
U — AP+ (G- V)P +0,,p=0 in Qr.

Now we proceed with the construction of the temperature and control trajectories.
First, we define the temperature § € C*°(R*) by rearranging the third component of the
momentum equation:

0:=7; =AY + (7 - V)Y’ + 0u,D. (2.16)

Then, the corresponding control trajectory v € C*°(R?) is defined as the source term that
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makes (7, ) a solution to the heat equation:
T:=0,— A +7- V0. (2.17)

By construction, the tuple (7, p, 0, U) is a smooth solution to the full Boussinesq system

(2.1) (with control term y,v identified as 7).

Since the trajectory components § and v are defined in (2.16) and (2.17) using

derivatives of 7 and p, they inherit the same support properties. Specifically,

supp(#) Usupp(v) C [T'/4,T] x €;. (2.18)

This property is crucial, as it implies that the constructed trajectory (7,6) is zero at
the initial and final times (¢ = 0 and ¢t = T') and satisfies the required null boundary

conditions on .

Combining the previous steps, specifically, the incompressibility condition (2.11) and
the definitions of p in (2.12), @ in (2.16), and ¥ in (2.17), we conclude that the constructed
trajectory satisfies the Boussinesq system. That is, the tuple (7, p, 0, v) solves:

T — A+ (7- V)7 + VD = fes, in Qr,
V-5 =0, in Qr, (2.19)
0, —ANO+7-VO =1, in Qr.

The construction of the trajectory depends on the functions g and h, which must satisfy
the support condition (2.8) and the compatibility condition (2.11). We now provide an
explicit construction of such functions. These are crucial in proving that the linearized

system around the trajectory (7,0,p,) is null-controllable.

To this end, let ¥ > 0 be a large constant whose value will be chosen later. We define

three auxiliary smooth functions a, b, c € C*°(R) with the following properties:

supp(a) C [T'/4,T] and a(t) = e T fort € (T/2,T], (2.20)
supp(b) C (—o0,75) and b(w) =w for w € (—oo,rd /4], (2.21)
supp(c) C (=7ro,70) and c(xs) = 25 for x5 € [—1ro/2,70/2]. (2.22)

Using these functions, we set

g(t,w, x3) := ca(t)b(w)c (z3) (2.23)
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and
h(t, w,z3) == —2ea(t) (b(w) + wb (w)) c(x3), (2.24)

where € > 0 is a small parameter. A direct computation confirms that these definitions

of g and h satisfy the divergence-free condition (2.11).

2.3 Null Controllability of the Linearized System

As outlined in Chapter 1, the proof of controllability for the linearized system is divided
into two main parts: an analytic part and an algebraic part. In this section, we will
combine these strategies to establish the null controllability of the linearized Boussinesq
system (1.3).

Writing the Boussinesq system component-wise, linearized around the trajectory

(7,0,p), we obtain the following system for the state (y, 0, p):

p

Y — Ay + @G- V)y' 4+ (y- V)G + Opp = I, in Qr,

yi = AP+ (G- V)Y A+ (y - V)T + Ouyp = F2, in Qr,

v =AY+ G- V)P + (Y- V)P + Oup=F*+0, inQr,

0, — A +7-VO+y- V= f+ 0, in Qr, (2.25)
V.y=0, in Qr,

y=20,0=0, on X,

y(0) = yo, 6(0) = 0o, in Q,

\

where F' = (F', F?, F3) and f are source terms and v is the control function. Then, the

main result of this section is the following:
Proposition 2.5 For any time T > 0, the linear system (2.25) is null-controllable.

The proof of Proposition 2.5 is based on the concept of algebraic solvability. This
strategy reduces the problem of controlling system (2.25) with a single input to a related
problem with a larger set of controls, for which controllability can be established by

analytic methods.

2.3.1 Algebraic Solvability for the Linearized Boussinesq System

In this section, we apply the algebraic solvability framework to our problem. First,

we define a smaller subdomain where the algebraic construction will take place. Let &,
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be the closed cylinder strictly contained within €;, defined by

2
¢ = {(5’317452,373) eR® |2l +a3 < %0> 5] < %} : (2.26)

Now, let wy be any nonempty open subset of €,. We define the space-time subdomain for

our algebraic problem as

Qo = (§7T> X Wy. (227)

We define the linear partial differential operator £ : C*(Qg)® — C*(Qy)® associated
with the linearized system. Its action on the tuple (y,p,0,v) is given by:

yi — Ayt + (T V)y' 4+ (- V)7 + Ouyp
yi = A+ (T V)P 4 (v - V)T + Oy
=y AP+ TV +(y- V)P +0p—0 | (2.28)
0, —AO+75-VO+y-V0—v
V.y

SEEES S

Let k be a positive integer and let B := (B!, B2 B3 B1) : C°(Q)F — C°(Qo)* be
a linear partial differential operator. We now consider the following fully actuated linear
system:
Bly
B2u
= [ B3|, (2.29)
By
0

SEEEES ST S NS

where u € C*(Qy)* is the given control (datum) and the tuple (y, p,0,v) € C>®(Qy)°
is the unknown solution.

Based on Definition 2.4, we will adapt the definition of algebraic solvability to the
system 2.29.

Definition 2.6 (Algebraic Solvability) The linear system (2.29) is said to be alge-

braically solvable if there exists a linear partial differential operator M : C=(Qy)F —

C>=(Qy)® such that for any datum u € C*®(Qo)*, the tuple (y,p,0,v) = Mu is a solution.
This is equivalent to finding an operator O that satisfies the identity:

Lo = (f) . (2.30)

Here, the operator on the right-hand side maps u € C*(Q)* to the 5-component vector



2.3. Null Controllability of the Linearized System 38

(Blu, B2u, B3u, Blu,0) € C=(Q)°, consistent with the output of £.
Following [5], we choose the dimension of the auxiliary control space to be k = 8. We

define the linear partial differential operator B : C°°(Qg)® — C*°(Qo)? by its action on a

control u = (u', ..., u®) as follows:

Oy ut + Oy u® + Oy u?

Opyut + Oy, u® + Opyub

u?

u8

B(u) := (2.31)

With the operators £ and B now explicitly defined in (2.28) and (2.31), we can state

the main algebraic solvability result of this section.

Proposition 2.7 There exist constants € > 0 and T* > 0 such that for every e € (0, €*)
and every T € (0,T*), one can find a nonempty open subset wy C €5 and a linear partial

differential operator
M : C%(Qo)* — C(Qo)°

for which the algebraic solvability condition (2.30) holds.

Proof: Following the arguments of [5], we first reduce the problem to a smaller set of
operators. Let the linear partial differential operator £ : C*°(Qg)* — C*(Qo)? be defined
by its action on a state (y,p) € C=(Q)* a

1

y Ay'+ @G- V)y' +(y- V)7 + 0up
£o (p) =y - AP+ @G- V)Y + (Y- V)74 0up | - (2.32)
V.y

Correspondingly, let By : C=(Q)® — C°°(Qo)* be the operator acting on the first six
1

control components ug := (u', ..., u®) as follows:
Oyt + Opyu® + Oy u?
Bo(ug) = | Opu* + Oy, u® + Opyu® | - (2.33)
0

With the operators £y and B, defined, we can decompose the fully actuated system
(2.29). The first two momentum equations and the divergence constraint can be written

compactly as the reduced system:

Lo(y,p) = Bo(uo), (2.34)
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where ug := (u', ..., u®) denotes the first six components of the control.

Recalling that we set & = 8 and the specific form of B from (2.31), the choices
B3u = 4" and Bu = u® mean that the third and fourth equations of the full system
(2.29) can be read as:

Y — AP+ G- V)P + (v VPP A+ Opp — 0 =1, (2.35)

and
0, —AO+7-VO+y- -VO—v=u’ (2.36)

This means that the structure of the fully actuated system allows for a crucial
simplification. Since the variables  and v can be determined algebraically from equations
(2.35) and (2.36) once (y,p) and the controls (u”, u®) are known, the algebraic solvability
of the full system (2.29) reduces to that of the subsystem (2.34).

Therefore, the task is to prove the existence of a linear partial differential operator
My : C(Qp)® — C>(Qy)* that satisfies the reduced solvability condition £ o0 My = By.

As established in Section 2.2.1, this is equivalent to solving the adjoint formulation:
M o £ = By, (2.37)

This means we need to find a linear partial differential operator 9t (which will define
9%) such that for any ¢ € C®(Qo)?, if (z,7) € C®(Qy)? is a solution to the system
L5(z,m) = ¢, ie.,

4
—z = A2t = (5 V)2t 4 (0,72 + (00,7722 — Opym = ¢,
—27 = A2 — (§- V)22 + (05,712 + (05,7%) 2% — Oy = 2,

(2.38)
(8503@1)21 + (ar3?72)z2 - 89637r = 903a

\_V'Z:SOZLu

then B(z, ) = N(yp).

Following the strategy in [5], we address this by treating system (2.38) as a system of
algebraic equations. While it is "analytically" overdetermined (4 equations for 3 unknown
functions), it is "algebraically" underdetermined if we treat the functions and all their
partial derivatives as independent algebraic unknowns. The core idea is to differentiate the
equations in (2.38) a sufficient number of times to generate a new, larger system of linear
algebraic equations that is overdetermined (i.e., has more equations than unknowns).

This algebraic procedure was carried out in [5]. The procedure involves the following

steps:
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e Differentiation: The equations of the system are differentiated multiple times. For
instance, in the reference, the first two equations were differentiated 19 times and
the last 21 times, creating a massive system of 30,360 equations for 29,900 algebraic

unknowns (the functions’ derivatives up to a certain order).

e Matrix Formulation: The large system is written in matrix form, LyZ = ®, where
Z is the vector of all algebraic unknowns (derivatives of z) and @ is the vector of

source terms (derivatives of ¢).

e Inversion: A suitable square submatrix P of the large matrix Lo is found and
proven to be invertible. This is done with the help of a computer performing
symbolic computations, and it is sufficient to prove this invertibility at a single,
well-chosen point. The Dulmage-Mendelsohn decomposition can be used to find

such a submatrix.

e Construction of M: The desired operator N (and thus M) is then constructed based

on the inverse of this submatrix, P~!.

By applying this established procedure, the existence of the operator 91, is guaranteed,
which concludes the proof. |

Remark 2.8 (On the choice of the operator B) The most natural choice for the
operator B would be the identity, a strategy that is successful in other contexts (see, e.q.,
[8, 9, 7]). However, for the Boussinesq and Navier-Stokes systems, this approach fails.
As explained in [5, Remark 4], the presence of the pressure term and the incompressibility

constraint prevents the algebraic solvability condition from holding with such a simple

choice of B.

Remark 2.9 (Extension to Sobolev Spaces) For simplicity, we have formulated the
algebraic solvability proposition in a C setting. This framework, however, must be
compatible with the Sobolev spaces used in the analytic part of the proof. The key idea
is that the solution operator M, as a linear partial differential operator, extends to a
continuous linear map between appropriate weighted Sobolev spaces, say M : Hy — Ho,
where Hy has lower reqularity than Hy. The analytic part of our proof consists of
establishing a null controllability result for the fully actuated system (1.4) with a control
u € Hy. The algebraic solvability result then guarantees the existence of our single control

v € Hy for the original linearized system (1.3).
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2.3.2 Controllability of the Linear System with Fictitious Control

In this section, we establish a null controllability result for the fully actuated system
(1.4), which constitutes the analytic part of our proof. The argument is based on the
Hilbert Uniqueness Method (HUM), which relies on proving a suitable observability
inequality for the adjoint system (1.6). This inequality is, in turn, a consequence of
a global Carleman estimate. Following the approach in [5], this method allows us to
construct a control v in an appropriate function space such that the control term Bu

drives the solution to zero at the final time.

Carleman Estimate for the Adjoint System

We establish a suitable Carleman inequality for the adjoint system (1.6), which is the
key tool to prove the null controllability of the fully actuated system (1.4). Our approach
is adapted from the proofs by Gueye for the Navier-Stokes system in [20] and by Guerrero
for the Boussinesq system in [19].

Before stating the Carleman inequality, we introduce the classical weight functions
used in the analysis of parabolic equations [13]. Let wy be the nonempty open set
previously defined in (2.27). It is a well-known result that there exists a function

n° € C?(Q) satisfying the following properties:
e 1°(x) > 0 for all x € Q;
e 1°(x) =0 for all x € 9%
e |Vn°(z)] >0 for all z € Q \ wp.

For a proof of the existence of such a function 1°, see, for instance, [13].
We now define the weight functions required for the Carleman estimate, which depend
on a large parameter A > 0. Let the functions a and £ be defined on (7'/2,T") x 2 by

A2l ooy — A0 oo ) 470 ()
(t—=T/2)>(T —t)° ’
A0 oo 0y 70 ()

o) = G — o

a(t,z) = (2.39)

(2.40)

Furthermore, we define their time-dependent spatial extrema:

a*(t) := maxa(t, x),
EISY)

§(t) := max £(t, x),

zef)
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a(t) == min«a(t, ).
e
We state the Carleman inequality for the adjoint system (1.6), which is the key to
proving the null controllability of the fully actuated system. Our approach is adapted
from the methods developed in [20] and [19].

Lemma 2.10 (Carleman Estimate) Let x : @ — [0, 400) be a lower semicontinuous
function that is not identically zero. There exist constants C; > 0,C3 > 0, g9 > 0, and
vo > 0 with the following property.

For any choice of parameters Ki > Cy, K3 > Cs, r,7 € (0,1), v > 1y, and € € (0, &),
there exists a constant C' > 0 such that for any source terms G € (L*(Qr))® and

g € L*(Qr), and any final data (o7, ), the solution (¢,1) of the adjoint system (1.6)
satisfies:

-K
(T2, ) 2y + 1CT/2, ey // exp( T t)>so|2dxdt

+//QT/2 exp (f(t ) Y|? da dt
<C <//QT/2 exp( — 1 >‘G|2dxdt + QT/QxeX ( o ) |V x p|* dz dt
//Qmexp( m > lg|? da dt +//QT/2xeXp ((t_ u (;_t) ) |¢|2dmdt) (2.41)

Here, the domain of integration is Qr/o == (T//2,T) x Q.

Proof: Without loss of generality, we may assume that the observation function y is the
characteristic function of a nonempty open subset, i.e., Y = 1.+ for some open set w* C 2.
For the trajectory constructed in Section 2.2.2, we now specify that the control domain w
corresponds to this observation set, so w = w*. The Carleman inequality will be derived
for the adjoint system (1.6), considered on the restricted domain @7/, and the boundary
Y= (T/2,T) x 0.

By the explicit construction of the trajectory (see Section 2.2.2), the following
estimates hold for some constant C' > 0 that does not depend on € or v. The velocity

trajectory satisfies:

7(t, )| + |VF(t,2)| < Ceexp ((T%Vt%’)) for all (¢,) € (§T> X Q. (242)

Similarly, using the definitions of the pressure and temperature trajectories, we obtain
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the estimate for 6:

— Ce

0t 2)| < gy exp (ﬁ) for all (t,z) € (gT) Q. (2.43)

Applying the Carleman estimate from Proposition 1.1, there exists a constant C' > 0

such that the following inequality holds:

soAY / e OB EBIT o d dt + 5N / e 2BV X @) da dt
Qr/2 Q

T/2

G|? dz dt

S C 83)\4/ e—2sa—2$ua*§3|v % ()0|2 dx dt +/ e—25;wc*
(T/2,T)xw*

Qr/2
_21/ *
+82/ exp (—) e~ 2spa (
Qr/2 (T - t)5

+€2 / ef2s,ua
Qr/2

This estimate holds for all A > C and s > C(T° + T'?), where y > 0 is a parameter to be
specified later. The domain of integration is Qs := (7/2,T) x €.

ol* +[Vel*) du dt

012V da dt) . (2.44)

Remark 2.11 The Carleman estimate in [20] is stated for the case p = 1. A simple
adaptation of the proof allows for the inclusion of the additional parameter p, which

provides more flexibility.

Next, we apply a standard Carleman estimate for the heat equation (see, e.g., [13]) to
the equation for ¢ in the adjoint system (1.6). For this, we introduce a positive constant
m > 0 to adjust the weight. For sufficiently large parameters C, \,s > 0, we obtain the

inequality:
s\ / e 253 |)? da dt + s\ / e 2|V ? da dt
Qr/2 Qr/2

+ 571 / e~ 2mse e Anp|? da dt
Qr/2

(2.45)

<O s\ / e~ 2mse g3 a2 da dt + / e 25 g|? da dt
(T/2,T)xw* QT2

—2
+52/ exp (—V5) e~ 2\ Vap 2 da dt + / e 2 o es|? du dt | .
Qr/2 (T - t) Qr/2

A simple computation shows that the last term on the right-hand side of (2.45) can
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be estimated. First, since a(t,x) > a(t), we have:

/ e~ 2% - eg)? da dt < / e~ o . eg|? da dt
Qr/2 Qr/2

<C e~ 2msAE3|Y x| d dt.

Q12

(2.46)

The second inequality is a consequence of a weighted Poincaré-type estimate for

divergence-free vector fields, which bounds the L? norm of the field by the L? norm

of its curl.

Moreover, the term involving |V|? on the right-hand side of (2.45) can be absorbed
by the corresponding, larger term on the left-hand side. This is achieved by choosing the

parameter ¢ in the trajectory construction to be sufficiently small relative to the large

Carleman parameters s and .

Combining this absorption argument with the estimate for the coupling term (2.46),

the inequality (2.45) simplifies to:
s3I\ / e 2 E3h12 da dt + s\? / e 2L Vap|? da dt
Qr/2 Qr/2

+ S_l/ e~ 2mse e Agh|? da dt
Qr/2

Qr/2

<C 33)\4/ eQ’"sag?’yw\?dde/ e 2" g|? d dt
(T/2,T) xw*

+/ e~ M3 x (p]dedt) :
Qr/2

(2.47)

Combining the Carleman estimate for the curl of ¢, (2.44), and the estimate for ),
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(2.47), we obtain the following combined inequality:

N / e 2OTPHC BT X @ da dt + 5N / e 2OTBHEV(V X )| da dt
Q12 Q

T/2

+ s*\ / e~ 2msag3|o)|? da dt + sA? / e~ 2L\ Vop|? da dt
Q12 Q

T2

+ sl/ e~ 2mse e Anp|? da dt
Qr/2

<C (53)\4 / e 2B ST x o dur di
(T/2,T)xw*

+53)\4/ 6—2mso¢£3‘¢’2 dl’dt—l-/ e—23ua*
(T/2,T)xw* Qr/2

_2 *
—l—/ e 25 g|* dw dt—|—52/ exp [ =) e 2sma (Jp|* + |V|?) dx dt
Qr Q (T =1)°
/2 T/2

+£? / e~ 2102 |Vap|? da dt + /
QT2

Qr/2

G|? dx dt

eTIMSAE3|Y X | da dt) .

(2.48)

Finally, the last term on the right-hand side of (2.48) can be absorbed by the
corresponding term for the curl of ¢ on the left-hand side. This absorption is possible
for large s and A if the exponential weights satisfy the condition ma(t) > (1 4+ p)a*(t)
for t € (T/2,T). As demonstrated in [5], this inequality can be satisfied for a sufficiently
large A by choosing the parameters appropriately, for instance by taking m = %(1 + ).

To handle the penultimate term on the right-hand side of (2.48), we apply integration
by parts to the term involving [V)|*:

/ e—2sua*
Qr/2

012 Vap|? do dt = / e 2 div (|0)*¢ V) dx dt
Qr/2

_ /Q e~ (V([02) - Vap) o) dar it (2.49)
T/2

. / e—25uo¢
Qr/2

By the divergence theorem, the first term on the right-hand side of (2.49) vanishes,

0)2(AY) da dt.

since 1 = 0 on the boundary of the spatial domain. The identity thus simplifies to:

/ e—2sua
Q12

03| Vy|* dedt = —A — B,
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where we have defined the terms A and B as

A= / e 21 (V(10]?) - V) o da dt, (2.50)
QT2

B - / e—ZS;La*
Q12

We now estimate the terms A and B. For term A, defined in (2.50), we apply

012 (A dx dt. (2.51)

the Cauchy-Schwarz and Young inequalities. Since the support of 6 is contained in

(T'/2,T) x w*, the integrals are non-zero only in this region. For any § > 0:
A<c [ e BIvEve]de d
T/2

_ O/ (81/2>\51/26_8ma’v1/1|> . (S_1/2)\_15_1/26_28ua*+5ma|§’|V§||¢|) dr dt
Q2 (2.52)
< 0sA\? / e~ 2SO Vp|* d dt
Q12

+ Css™IA™ /(T/ . e tonerRomac =G|V | du dt.
2, T)xXw*

To bound the final integral in the estimate (2.52), we require the exponent in its weight

function to be non-positive. This gives the condition:
—4spa” +2sma <0 <= ma <2ua’.

Recalling that «(t,z) < o*(t) and using the specific choice m = 2(1 + p), a sufficient
condition for this to hold is

3

S+ ) < 24,

which is satisfied for any p > 3.

Similarly, we estimate term B defined in (2.51). For any ¢ > 0, applying the Cauchy-

Schwarz and Young inequalities yields:

|B| S C/ e—QSua*
Q12

< ds7 ! / e~ 2mse e Ag|? da dt (2.53)
QT2

01| A dw dt

+ Css\° /(m . e tomarrzomac| G| du dt.
, ) Xw*

As before, the exponential weight in the final integral is bounded by choosing > 3.
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By substituting the estimates (2.52) and (2.53) into the combined inequality (2.48) and
performing the absorption of the remainder terms (by choosing the parameters €, m, i, s, A

appropriately), we arrive at the final Carleman estimate:

V(V x @) da dt

S3>\4/ 6—25(1+u)o¢*53|v % S0|2 dx dt + S)\2/ 6—28(1+u)a*€
Q12 Q

T/2

+ 5921 / e 23|12 da dt + s\ / e 2|V da dt
Qr/2 Qr/2
+ 571 / e 2 Anp|? da dt
Q12
<C (33)\4 / e 20BN o da di (2.54)
(T/2,T) xw* '

—|—S3>\4/ 6—2msa£3|w|2 dr dt+/ €—2s,uoz*
(T/2,T)xw* Qr/2

—l—/ e 2" g|* d dt
Qr/2

+£2/ exp <—> e (Jo]* + [V|*) da dt | .
Qr/2 (T B t)5

G|? dx dt

By setting m = %(1 + 1) and simplifying the exponential weights using @ < a < o,

the estimate (2.54) can be expressed as:

s34 / e 2’ 317 5 |2 da dt + sA? / e T (V x )| du dt
Q12 Q

T/2

Vo|? da dt

+ 83)\4/ 6—38(1+u)a*§3|¢|2 de dt + S)\Q/ 6—38(1+M)C¥*£
Qr/2 Qr/2
<C (33)\4/ eT2H 3T X | da dt
(T/2,T) xw*

(2.55)
G|? dx dt

+S3/\4/ 6—38(1+#)a€3|¢|2 dx dt + / e—ZS;La*
(T/2,T)xw* Qr/2

+ / 6_35(1+“)a]g]2 dx dt
Qr/2

—2v .
—1—52/ exp (—) e 2 (|2 + |Vop|?) dz dt | .
Qr/2 (T B t)s

We now simplify the left-hand side of the Carleman estimate using two classical

inequalities for vector fields. First, since V- ¢ = 0 in Q7 and ¢ = 0 on Y7, the full
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gradient of ¢ is controlled by its curl:

/ —25(1-1—/1
Qr/2

Second, the Poincaré inequality provides control of the function itself by its gradient:

/ 6—28(
Qr/2

dx dt. (2.56)

dr dt < C’/ e 2s(1+m)a
Qr/2

dedt < C / e~ 2s(+pa” da dt. (2.57)
Qr/2

Combining the estimates (2.56) and (2.57) with the main inequality (2.55), we obtain

the Carleman estimate for the adjoint solution. For sufficiently large parameters s and A,

we have:

33A4/ e~ 25(Hme (1) 4 || )dxdt+s)\2/ e~ 2s(tmar( + |V|?) dx dt

QT/2 Qr/2
<C <33A4/ e 72 B3IV x p|? da dt + 33)\4/ e 73 UFMa3 1012 d dt

(T/2,T) xw* (T/2,T) xw*
+/ 6—25ua*|G|2 dx dt—f—/ 6—3s(l+u)a|g|2 dr dt
Qr/2 Qr/2
—2v «
te? / (T 200" (| of2 4 (Vo) drdt |
Qr/2
(2.58)

The next step is dedicated to absorbing the remainder term involving 2 on the right-
hand side of the main estimate (2.58). This requires a careful comparison of the weight

functions. First of all, we split the time interval [T'/2,T] into three parts:

—2v «
62/ e @07 2 (|o]* + |V ) do dt =
Qr/2
—2v «
82/ e ™07 ¢ (o] + |V g|?) da dit
(T/2,5T/8)
—2v «
+ 52/ eT=0% e 7251 (||? 4 |Vp|?) d dt
(5T/8,3T/4)x Q)

—2v «
+ 52/ e @07 =21 (o2 4+ |V drdt = Ay + Ay + Az (2.59)
(3T/4,T)xQ
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To deal with Ay, we apply the following energy estimate:

5T/8
/ (Hsp(t)”%ﬂ(m + ||¢(t)||?p(g>> dt

T/2

3T /4
<C (/ (II@(t)||%2(m + ||¢<t>||%2(m) dt+/ (IG + |g/?) da:dt). (2.60)
5T/8 (T/2,3T/4)xQ

Therefore, using the boundness of the weight function combined with (2.60):

—2v
A < 52/ e (=) (T-0)® o= 2spa (|g0]2+|Vg0\2)da:dt+C/ (IG)? + |gI?) dadt.
Qr/2 (T/2,3T/4)xQ

(2.61)
analogously
—2v
Ay < 52/ e =T e =28k (|12 4 |V p|?) dur dt. (2.62)
Q12
Finally, using the bound
! <t trte@T/aT
= or )
(=TT =) =TT 1)
_(T\5 2v
Az < 52/ N (|¢* + |Vop|?) dz dt. (2.63)
(3T/4,T)xQ
By defining the constants
Ry := 612>\||770||L°°(sz) _ 610>\HTIO||LC>0(Q>7
Ry = 612>\||770||L00(Q) _ 611)‘HT]0”L°‘>(Q)’
we have that
R R R
a*(t) = 0 and a(t) = ! (2.64)

(=TT -0y

: (=T -0

2

Substituting the bounds for the weight functions (2.64) into the estimate (2.58), and

after choosing ¢ small enough to absorb the last remainder term, we obtain the Carleman
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inequality:
—2s(14+p)Rg —3s(14+p)Rg
/ e =270 (Jof? 4 |Vgl?) dxdt+/ e BP0 ([p)? 4 |Vp|?) d d
Qr/2 Qr/2
—2suRy —3s(14+u) Ry
S C (/ e(p%)S(Tﬂsﬁ |V % 90|2 d!L‘ dt +/ 6(t7%)5(T7t)5 |¢|2 d!L‘ dt
(T/2,T)xw* (T/2,T)xw*

_ 2c*1/+2sy,R1 (265)
+€2/ e DN (Jof? + [Vel?) du dt
Q12

725;1,er 9 —3s(14+p)Ry 9
+ e T-° |G|* dx dt + e T-° |g|*dxdt|.
Q12

QT2
where ¢* = min{1, (7'/4)°}. Note that the weight functions appearing on the integral of

G and g have a exponetinal decay only at ¢ = T. This is due to the fact that in (2.61)
the time integrals of these terms are localized at the time interval (%, %), zone where the

corresponding weight can be bounded from bellow.

Finally, the last term on the right-hand side of (2.58) involving €2 can be absorbed into
the left-hand side. For a sufficiently small ¢, this is possible if its exponential weight is
smaller than the corresponding weight on the left-hand side. That is, using that Ry < Ry,
we require:

_ 2c*v+2spRy —2s(14+p)Rg
e =TT L pt=5)P(T-0>

This is equivalent to the condition 2s(1 + )Ry < 2¢*v + 2su Ry, which we can write as a

requirement for the parameter v:

s(1+ pu)Ry — suRRy
c* '

v >

(2.66)

Since all other parameters (s, u, Ro,, R1,c*) are fixed at this stage, this inequality can
always be satisfied by choosing the parameter v in our trajectory construction to be

sufficiently large.

Therefore, after choosing the parameter v large enough to satisfy (2.66), the final

remainder term is absorbed, and the inequality (2.65) becomes:
—2s(14p)Rg —3s(1+pn)Rg
/ e T=0° (|pf* + |V|?) dodt + / e T=0 (|? + |V|*) da dt
Q12 Qr/2
—2spRy —3s(1+p)Ry
<c ( / eCRITT|Y x ol dadt + / D F R drdt  (2.67)
(T/2,T) xw* (T/2,T) xw*

725,U,Rr1 9 738(1+H2R1 9
+ e ™-0° |G|* dx dt + e T-0° |g|*dxdt]|.
Qr/2 Qr/2
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To simplify the weight expressions, we define the constants

Ko :=2s(1 + u) Ry,
Ky :=2suR;,.

With this notation, for the condition (2.66) required for the absorption of the final

remainder term to hold, it is sufficient to have:

1 [(Ky— K,
> — [ — ). 2.68
V_c*( 2 ) ( )

As noted before, since all parameters on the right-hand side are fixed, this inequality can

always be satisfied by choosing the trajectory parameter v to be sufficiently large.

Observe that if v satisfies .
c

then (2.68) holds.

We now analyze the asymptotic behavior of the constants K and K; as the parameters
A and p become large. We first note the following limits:
e12Mn°llce — p10X[17%]|0o 14+ p

lim =1 and lim —— =1.
Aotoo el2Mm0llee — 1179100 p=too

Using the definitions of Ry and R,, the ratio of Ky and K is

Ko _ 2s(1+p)Ry (14 1) (1M l0M)

K, 2spR; (A — e11AA)
14 p\ (el — (10x4
- ( 1 > <612)\A _ ellAA) )

where A := ||n°||p(q). Taking the limit as A\, u — +o0, we find that:

lim — =1.
A, pu—~00 Kl

Consequently, from the asymptotic behavior of the ratio Ky/K;, we can conclude the
following. For any r € (0, 1), there exist constants ug > 0 and Ay > 0 such that for all

> o and A > Ag:
K
Ko< —. (2.70)
T
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By making a similar analysis with

Ky :=3s(1 + u) Ry,
Kg = 38(1 + M)Rl,

For any 7 € (0,1), there exist constants py > 0 and Ay > 0 such that for all 1 > po and
A 2 )\0:

K.
K, < 73 (2.71)

Therefore, (2.67) becomes

/ (i) (lel* + 1Vel?) dxdf*/ i) (I0f? + Vo) dedt
Qr /2 Qr/2

(Fgim) ()
<C / e\=22T=02 ) I\7 5 | d dt —i—/ e\T-0%) |G dx dt
(T/2,T) xw* Qr/2

(rtir) (745
+/ e\ W\2da:dt+/ e\ T g dw dt | .
(T/2,T)xw* Qry2

(2.72)
for all u > g, A > Ng, and r,7 € (0, 1).
Finally, by combining the inequality (2.72) with classical energy estimates for the
adjoint system, one can deduce the full estimate stated in the lemma. This concludes the
proof.

Remark 2.12 (Choice of the Trajectory Parameter v) We can now choose the tra-
jectory parameter v explicitly to satisfy the absorption condition (2.69). Let us define

v L (1 - 1) K. (2.73)

ct\r

For this choice of v to be positive, we must have r < 1. Using that K1 > rKy, it is not
difficult to see that this parameter satisfies (2.69).

2.3.3 Null Controllability with Fictitious Controls

We begin by defining the various time-dependent weight functions used in this section,
which depend on the constant K, K3 > 0 from the Carleman estimate.
First, we define the one-sided weights, which are singular only at the final time ¢t = T"

K3

(t) = ) (2.74)
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(k)
pr(t) :==e\ r@=05/, (2.75)
Next, we define the symmetric weights, which are singular at both t = T7'/2 and ¢t = T":

(- T/2>5<T t)5)

[\
-3
D

=e€

(- T/2>5<T t>5)7

[\
-
oo

=€

(-
e( o)
(-
(-

— e\ (- T/2)5(T t>5)

~—~ ~~ — —
= ~
© ~J
S~—— S~— S~—— SN~—

Using the Carleman inequality established above, we now prove a null-controllability
result for a system with controls that have a specific derivative structure. Let x,, €

C°(wp) be a non-trivial cutoff function. We have the following result:

Proposition 2.13 Under the assumptions of Lemma 2.10, and for any parameter

satisfying 1/2 < r < 1 and 1/2 < 7 < 1, consider the linearized Boussinesq control

system:
—Ay+ @G- Vy+ (- V)g+Vp=fi+0es+V x ((VxX0)xu,) inQr,
0, —ANO+7-VO+y V0= fo+ xu,u in Qr,
t ! ’ Ja X @r (2.80)
V-y=0 in Qr,
\y:O,GZO 0n2T7

with controls (v,u) and with source terms satisfying p,*(f1, f2) € L*(Qr)*.

Then for every initial data (yo,60) € V x H}(Q), there exists a solution (y,0,p) and
controls (u,v) to (2.80) satisfying the initial condition (y(0),0(0)) = (yo,00) and the null
controllability condition (y(T),0(T)) = (0,0).

Moreover, for every I?l € (0, Ky), Ky e (0, K3), the solution and controls satisfy the

following reqularity properties:

e%(v X V)Xwo € L*(0,T; H*(Q)*) N H*(0,T; H(Q)?), (2.81)
TCRR Ty, € L2(0, 7 HP(S) 1 H7(0,T: (), (2.52)
e<2<7{<flt)5)y € L*(0,T; H*(Q)*) N L>(0,T; H'(R2)?), (2.83)
(G0 € 12(0,7; HA(Q)) 1 L(0, T HY(Q). (2.84)

Proof: The proof is divided into two time intervals. For a given initial state (yo,6y) €
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V x Hy(Q), we first let the solution of system (2.80) evolve naturally with zero controls
(u=v =0) on the interval (0,7"/2). We denote the state reached at time 7'/2 as:
(yT/27 9T/2) = (y(T/Q, ')7 8<T/27 ))

The core of the proof is then to construct controls (u,v) on the interval (7/2,T) that
steer the system from this intermediate state (y7/2,07/2) to the zero state at time 7. A
key property of these constructed controls is that they decay exponentially as t — T'/2%
and t — T~ allowing for a smooth transition to zero control outside this interval.

To reduce the problem to one with zero initial data at ¢t = 7'/2, we introduce a smooth
cutoff function in time. Let € € (0,7/4) be a small constant, and let v € C*([T/2,T])
be a function such that

1 ifte[T/2,T/2+ €,

TOR 255)
0 ifte[T—¢T].

We then perform the change of variables (z,q,7) = (y,0,p) — v(y*, 0, p*), where
(y*,0%,p*) is a reference solution designed to satisfy the initial data at ¢ = 7'/2. This

reference solution solves the following system on Qs := (1/2,T) x Q:

(y; = Ay + G- V)y + (v V)T + Vp" = fi +0%es, in Qrp,
0F — AO* +7- VO +y* -V = fo, in Qr/s,
V-y =0, in Qra, (2.86)
y*=0,0"=0, on Yy/s,

(v (T/2,) =y"%, 0°(T)2,-) = 677, in Q.

A direct computation shows that the new variables (z, ¢, 7) solve the following system,

which now has the desired zero initial data:

(20— D24 (T V)24 (2- V)T +Vr=F +qes + V x (VX 0)xu), in Q1/2,
qt—Aq—l—y-Vq—l—z-V@:Fg—irxwou, in Qr/2,
V-2=0, in Qr/2,
z=0,q=0, on Xryz,
(2(T/2,-) =0, q(T/2,-) =0, in €,
(2.87)

where the new source terms F] and F, are defined as:

Fr=0-7f -7y, (2.88)
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In summary, this change of variables converts the problem of controlling system (2.80)
from a non-zero initial state into an equivalent problem for system (2.87) with a zero
initial state. This transformation is advantageous because the new source terms (Fi, F5)

preserve the required weighted regularity,

(o, 2P, p 2 Fy) € (L*(Qr))? < L*(Qr), (2.89)

and also have the additional property of vanishing in a neighborhood of the initial time
t="T/2.

Let P denote the Leray projector, which is the orthogonal projector from (L?*(€))3
onto the space of divergence-free vector fields. For any field ¢ € (L%(€))3, its projection
is given by the Helmholtz-Hodge decomposition:

Py :=¢p—Vp, (2.90)

where the scalar potential p is the unique (up to an additive constant) solution to the
Neumann problem:
Ap=V - in(Q,

9p _
on

(2.91)
@-n  on 0.

Here, n is the unit outward normal vector to the boundary 0f2.

The operator P has two fundamental properties. First, it exhibits a commutation
property with the Laplacian for smooth vector fields with compact support, meaning
P(Ap) = A(Pyp) for all ¢ € C5°(Q)3. Furthermore, by density, P extends uniquely to a
continuous linear operator on Sobolev spaces. As a zero-order operator, it preserves the

regularity space, yielding the bounded map:
P:H Q)= H Q)3 (2.92)

For simplicity, we continue to denote this extended operator by P.

We now define the main differential operators for the linearized and adjoint systems.
Let P be the Leray projector. These operators map from a space of functions to a space

of distributions as follows:

S, S* :D'((T/2,T); Hy(2)* x Hy () — D'((T/2,T); H(Q)* x H(Q)).
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The operator for the adjoint system, .S, is given by:

— — P(Ap + (Vo)g + (V)T — Vo
S(o) = [ (Ap (902 (Vy)'e )\ (2.93)
—th = A=y -Vip—p-eg
Its formal adjoint, the operator for the linearized system, 5%, is:
—PAy—(y-Vy—(y-V)y+40
§(y.0) = (Ve T PAY =@ V)y = (- V)T +bea) ) (2.04)
O, —A0+7y-VO+y-VO

Recall that Q7o := (T'/2,T) x 2. We define a closed unbounded differential operator

S (L*(Qry2)" = (L*(Qrp2))"*
on the domain

D(S) 1= {(0.) | o € LA(T/2.T); (2 0 H)(Q)) 1 H'(T/2,T); (LHQ)),
v € LA(T/2,T) (M 0 H)(Q) N H(T/2.T); 13(9),  (2.99)

o(T,-) =0, %(T,-) =0 in Q}

The action of the operator is given by

(2.96)

—or — P(Ap + (V)i + (V)T — Vi)
—thy =AY =7 -V —p-e3 '

S(p, ) = (

Based on the operator S, we define a scale of Hilbert spaces. For any non-negative integer

m, we define the space X,,, as the domain of the m-th power of S:

X :=D(S™). (2.97)
The spaces with negative indices are defined by duality:

X o= (X0, (2.98)

with (L*(Q7/2))* serving as the pivot space. Consequently, for any integers k < I, we
have the continuous embedding;:

The space X, is a Hilbert space when endowed with the inner product

<(‘P17¢1)> (@2,¢2)>Xm = <Sm(901>wl)asm(%,¢2)>(L2(QT/2))47 (2-100)
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for any (¢1,11), (¢2,%2) € X,,. The norm induced by this inner product is denoted by
-l

By duality, the adjoint operator §* can be extended to a bounded linear operator on
the scale of spaces { X, }mez. For any non-negative integer m, this extension maps X_,,
to X_,,_1 and is defined by the relation:

<S*Zl,22>x_m_1,xm+1 = <217822>X_m,Xm, (2.101)

which holds for all z; € X_,,, and 2z, € X;,11.
We define the space H, as the set of pairs (¢, 1) belonging to the regularity class

(L*((T/2,T);: (V-0 HA()*) N H'((T/2,T); (L*()%))
x (L*((T/2,T); (Hy N H*)(Q)) N H'((T/2,T); L*(2)))

that additionally satisfy the following two conditions:

VP1S(p, ) € X, (2.102)
( V XwopTv A P, V Xwopf*w) € (LQ(QT/2>>4' (2103)

Note that condition (2.102) involves the operator S, not the unbounded operator S.
This is a crucial distinction. The domain of S, D(S), requires functions to be zero at
the final time ¢ = T'. Since the space Hg is being defined without this a priori condition,
we use the formal operator S to represent the action of the differential expression in the

sense of distributions.

We endow the space Hy with the inner product a(-,-) defined by

a((p1,¥1), (@2,92)) = (/1 S(@1,¥1), Vo1 S92, ¥2)) xa

+/ XewoP1 Y11b2 dx dt.
Qr/2

where (¢1,11) and (9, ¥2) are two elements of Hy. The Carleman estimate (2.72) ensures
that the induced norm ||(¢, ¥)|l2, := v/a((¢,v), (¢, 1)) is indeed a norm on Hy.

Let H denote the completion of H, with respect to the inner product a(-,-). By

construction, any element (p,9) € H satisfies the regularity conditions (2.102) and
(2.103).

Furthermore, as a consequence of the full Carleman proof, we have the final weighted
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estimate that links the norm of the space H to the standard L? norm. There exists a
constant C' > 0 such that for all (¢, ) € H:

IVl 2(@ras + IVl 2y < Ol (0, e (2.105)

With the source terms (F}, Fy) defined as in (2.88), we now define the linear functional
[:H— R by

lp, ) = / F - pdxdt —I—/ Fyp dx dt. (2.106)
Qr/2 Qr/2

This linear form is continuous on H. More precisely, using the Cauchy-Schwarz
inequality and the estimate (2.105), we have:

(o, 0)] < / P -l dedt + / | Fyop| der

Qr/2 Qr/2

< 1o5) ™2l 2@y 1 (05) 20Nl 2@ 1 + 105 T2 Bl 2@ i) 105 20 2201 )

< € (168 2(@rye) + 107 2 il z2(@yays + 1972 oll 20,9 ) 18
(2.107)

where C' > 0 is a constant independent of (¢, ), and the original source terms (fi, f)

belong to the appropriate weighted L? space. Note that we changed the weight from p

T

and p?* to p, due to the fact that (Fy, F5) vanishes near t = L.
Since [ is a continuous linear functional on the Hilbert space H, the Riesz representa-

tion theorem guarantees the existence of a unique pair
(6, 0) €H (2.108)
such that for every (p,1) € H, the following variational identity holds:

a((,7), (¢, 1)) = (. ). (2.109)

By identifying the terms in the variational identity (2.109), we can now define the
control terms (w,,w,) that solve the problem. They are constructed from the Riesz

representer (¢, @@) by first defining the intermediate controls
(u,v) = (p1"Y, P1P) (2.110)
and then setting the control terms as follows:

Wy :=V X (X V X v), (2.111)
Wy = Xugg U- (2.112)
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The remainder of the proof is dedicated to showing that these controls, and the
corresponding solution they generate, indeed satisfy the high-order regularity properties

stated in Proposition 2.13.

First, we use the Riesz identity to get an estimate on the adjoint solution (¢, zﬂ) We
start with the identity (2.109) and choose the test function to be the solution itself, i.e.,

(p, 1) = (@,1&). This gives: ) )
(@, )15 = U, ).

Using the continuity estimate for [ from (2.107), we have:

16 )l < € (160 z2@arm) + 67 V2 Filli@ym + 107 2 oll2r) - (2:113)

This is the fundamental estimate for the adjoint solution.

Now, with the estimate (2.113) in hand, we can estimate the controls (w,,w,). For
the control w,, we use a duality argument to estimate its norm in L?(T/2,T; H=1(f)), for
any test function & € L3(T/2,T; H}(Q)) with unit norm:

((07) " Pwe, € 21y r2amy = ((05) 2 (—=P5V X (X V X @), €)
— [ D NV A9 (T ) d
QT2

< [V XwoPT(V A L2(@r) IV A €l L2(@r)2)
< OV XwoPi(V A @) L2(Qr))-

By the definition of the dual norm and the inner product a(-,-), this implies:
1(o0) ™ Pwoll 2o -1 < ClIV X0 (VA @) 22(@ryn) < Cll(R, W) [l

For the control w,, the computation is simpler as it requires no duality:

H(pi*>7l/2wUHL2(QT/2) = ”(p>{*)71/2< pl XUJOw HLQ(QT/2 H V pl XWO,QDHL2 QT/Q
< O, ¥)

The crucial consequence of these weighted estimates is that they formally imply that
the controls (w,,w,) have exponential decay as the time ¢ approaches the endpoints of
the control interval, 7'/2 and T

The final step is to construct the solution to the linearized problem using the element

(gb,v,@) € H found via the Riesz representation theorem. We first define an auxiliary
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variable:
(3.0) = (878 (VS (¢,9)) (2.114)

which, by construction, belongs to the space X_o5. The solution to our control problem
is then given by:

(9,0) == \/p1(3,0). (2.115)

~

By unwinding the variational identity (2.109), one can show that the pair (7, 0) satisfies

the following equation in the distributional sense:

A

S*(9,0) = (F1, ) + (wy, wy) € X, (2.116)

where (F7, Fy) are the source terms defined in (2.88), and (w,, w,,) are the control terms
constructed from (v, u) as they appear in system (2.80).
Let us show that the controls are indeed more regular. For that, we need the following

lemma.

Lemma 2.14 (Bootstrap Regularity) For any integer m > 0, if a distribution y
satisfies y € X_,,, and S*y € X_,,,, theny € X_,,41.

Proof: The proof is by induction on m. The base case m = 0 is a direct consequence of
standard parabolic regularity theory for the operator S*.

Now, assume m > 1. Suppose y € X_,, and S*y € X_,,. Our goal is to show
that y € X_,,41. By definition, this is equivalent to showing that the linear functional
L,(h) := (y, h) is continuous on the space X,,_;.

Let h € X,,_1. Since the operator S : X,, — X,,_1 is surjective, there exists a state
a € X,, such that S = h. Using the definition of the adjoint operator, we can write the
pairing as:

{y, h) = {y, Sa) = (8%y, o).

We now apply the Cauchy-Schwarz inequality. Since S*y € X_,, by hypothesis and

a € X,,, we have:
[y, | = Sy, )| < 157y llx_ el x-

A key identity for the norms on this scale of spaces is that ||a|lx,, = ||Salx,, ,. Since

h = Sa, this implies ||a|x,, = ||h]|x,,_,- Substituting this back into our estimate, we get:

[y | < 15"yl x|l s

Since ||S*yl|x_,, is a fixed finite constant, this inequality shows that the functional L,(h)
is bounded on X, 1. Therefore, by definition of the dual space, y € (X,,-1) = X i1
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Our starting point is the final observability estimate (2.105), which clearly implies
that:
(o1 () (0r) 2, P17 (017) " (07)200) € L2 Q)"
This baseline regularity of ($,) translates, via the control definitions (2.110), (2.111),
and (2.112) into an initial, low-order regularity for the controls (u,v). These controls then

act as source terms in the direct system (2.80) for (y, 6). By applying standard parabolic
regularity theory, this gives a slightly improved regularity for the solution (y, ).

The Bootstrap Regularity Lemma 2.14 is the technical tool that formally justifies the

gain of regularity at each step of this iteration.

To precisely measure the regularity at each step, we introduce slightly weaker weight

functions by choosing parameters K; < K; and K3 < K3, for instance:

pi(t) = e(‘(t—T/;)(g(T—t)f’)7 (2.117)
K
P (t) = e<‘<t—T/2>53<T—t>5). (2.118)

Applying S, we get that:

* (k) — K\ L oA ek k) — T 1 ' PPN x/ *\ 1 ].A
S(p1() " (pr)2 @, oy (7)) 2 ) = <<§> (0})2p10 + (pi(p1)2) 0
1 1
1 1~ _ 1 / ) ) ) 1 R
+P1(6) " ()2 La + P(pi" (7)) (p77) 29/ V0), (%) (077)2 0370+ (1" (07)2) 5
1 1

)
= (D1 + Dy + D3 — Dy, D5 + Dg + D7 — Dg), (2.119)

where Li() = ¢y — P(AG + (V)T + (V) T) and La(vh) = 4y — A + 5 - Vi

Since

! _ET Ky —K;
pi (t—3)(T—1)

we get that D; € LZ(QT/2). A similar analysis can be made to prove that Dy, D5 and Dy
are in L*(Qr/2), by switching conveniently K; for K.

For D3, we write it in the form:

N

Ds = pi(51) (022 (p1) "2 (p1)2 L ().
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From (2.102) and

5
. K{(t—-T/2)° K
R e e 3

(t—5)5(T-1)5

=
IS

P (P) T )R (p) 2 = e

Since, K 1 < K in order for the above exponential to be bounded, it suffices to require

that
Ki(t—T/2)° ﬁ

2 2
for every t € (T'/2,T). Which hold if
T\’ 1
2 r’

Since r is a parameter belonging to (0,1), we take T

< 0,

which is equivalent to r < %—Z

sufficiently small so that % > 1.

A similar analysis can be made for D; by switching K; to K3. Indeed

5
~ K (t=T/2 K
K3—K3+*271( /2) -5

(t—5)5(T—1)®

N

P )2 (1)

Analogously to what was done previously, to obtain the boundedness of the function,

=€

it suffices to assume that
Ki(t—T/2)° K; <0
2 2r '
Since that K; < K3, alternatively,

Ko(t=T)2° K

<0
2 2r ’

for every ¢t € (T'/2,T). Which hold again by asking r < %—i and T small.

Therefore, we obtain that D; € L?(Qr/s). The coupling terms Ds and Dg can be
estimated in a straightforward manner using the Cauchy-Schwarz inequality and the
properties of the weight functions. These estimates readily show that D, and Dg also
belong to (L*(Qr/2))*.

We have established that all terms D; belong to Xy = (L*(Qr/2))*. This is precisely
the setup for the Bootstrap Regularity Lemma 2.14. Applying the lemma with m = 0

allows us to deduce a gain in regularity:

(@, W) = (p3(51) " ()2, p1 (A7) () /™)) € Xo. (2.120)

This means the weighted state belongs to the domain of the operator S.
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By repeatedly applying the Bootstrap Regularity Lemma 2.14, and adjusting the
parameters K 1 < K and f(g < K3 as needed at each step, we can raise the regularity of
the weighted state iteratively, getting (®, ¥) € X,.

After a sufficient number of iterations, we reach the final desired regularity:

(@, %) = (P (A1) (01)2, o1 (A7) () *) € Xor. (2.121)
This final regularity for the weighted adjoint state is sufficient to prove the regularity of
the controls and solution stated in Proposition 2.13.

In this way, we conclude the final regularity property for the controls. By substituting
the definitions of u and v, the result that (®, ¥) € Xo; from the iterative argument implies

that this pair of weighted controls possesses high regularity:

(%—p_’“w VPr wu> € Xos. (2.122)

Vo =k

i P1

Now, we return to the equation (2.116) to establish the final regularity for the solution
(9,0). For any K € (0, K1), let’s define the one-sided weight function:

—K

p1(t) := eT=0% (2.123)

Our goal is to analyze the regularity of the weighted solution (5,)"%/2(j,0). First of all,
it is not difficult to see that

~

(51)2(@.0) = (51) 201 ?(5,0) € X s, (2.124)

since Ky < K and, therefore, (51)""2p;*/2 is bounded.

From (2.116), we can see that:

s(20.0)= () GO+ E R+ w129

Observe that

((F1, F2) = (00)' 2 (pi) M2 (Fy, )

-
H

1
Vi1
and

1 *\1/2 2flt5 _2tTI;15Tt5
—(Pr) — e2(T-t)5 g 2r(t—T/2)5(T—1)

N

The above funtion is bounded for ¢ close 7'/2 and for ¢ close to T it is bounded if
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N K
Ki(t—T/2)° - =L <0
T

for every t € (T'/2,T). Which hold if

_ (T\’° K
Kl(—) <=1
2 r

since f(l < Kj, then 1[~(1 < 1K1, and the estimate follows by asking % > (%)5 Which
is equivalent to r < #5. Since r is a parameter belonging to (0, 1), we take T" sufficiently
small so that 2 1

We concluded that

%(Fb Fy) € L*(Qr)2). (2.126)

Now, let us work with the controls. First, we writte

Uy (VR LT
TR N AN

Analyzing the term involving w,, using (2.122), we have that this term will lies in Xoj

if \;} won is bounded. Indeed

5 1 _ Ky LS| K
PL_~ e TR a—0p p2r -5 T—0P o 3r—np

\/_\/~_ =e 2 e2T-t)°
Py P

This weight will be bounded if

. K -
K(t—T/2)° + =% — 2K, <0,
r
which is true if %
K\(T/2)° + =X — 2K, < 0
T

which is equivalent to asking
1

> (T/2p

Similarly, we have that for the term involving w, that j% T is bounded.
Indeed

ﬁ** 1 K3 K3 K
1 — e =TPT-05 g2 t-F)5(T-0)5 o305
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This weight will be bounded if
1

(2-(T/2)°)

Again, for T sufficiently small m € (0, 1), which turns feaseable this choice for r and

<.

T.
In this way ﬁ(wv,wu) € Xy, which combined with (2.124), (2.125) and (2.126),
implies that ﬁ(g),é) € X _95. We can start the argument all over again in (2.124), by
taking K, even smaller if necessary, but still sufficiently close to K, replacing X_o5 by
X 5. AfterAusing again (2.124), (2.125) and (2.126) a that ﬁ(wv, wy,) € Xa5 we conclude

that ﬁ(g, 0) € X _54. We can proceed with this bootstrap argument until we reach
! (,0) € X (2.127)

—F\Y, 1- .

Vi

It is important to remark that this is the maximum regularity we can reach since we are

limited to de regularity (2.126) for the source terms. [

2.3.4 Null Controllability of the Linear System: Proof of Propo-

sition 2.5

We are now in a position to prove Proposition 2.5. The proof synthesizes the key results
from the preceding sections: the null controllability with fictitious controls established in
Subsection 2.3.3 (the analytic part) and the algebraic solvability from Subsection 2.3.1
(the algebraic part).

The main technical step is to ensure these two frameworks are compatible. Specifically,
while the algebraic solvability (Proposition 2.7) was established in a setting of smooth
functions (C'*°), the analytic results rely on weighted Sobolev spaces. As we will show,
the linear partial differential operator 91, whose existence is guaranteed by the algebraic
theory, can be extended to operate on these function spaces, thereby bridging the two

results.

Proposition 2.15 For T > 0 sufficiently small, there exist constants ro, 71 € (0,1) and
C1,Cy > 0 with the following property:

For any initial data (yo,00) € V x HY(), any source terms (fi, fo) such that
(p?1/2f1,p;1/2f2) € L*(Qr)® x L*(Qr), and any parameters r € (ro,1), r* € (r1,1),
Ky > O, K3 > Cy, with the trajectory parameter v defined by

yo L (1 _ 1) K, (2.128)

c*\r
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there exists a scalar control v and a corresponding solution (y,0,p) to the linearized

Boussinesq system

( —Ay+ G- Vy+(y-V)g+Vp= fi+0e;5 inQr,

O — N0 +5-VO+y-VO=fo+ xuv in Qr,

V.y=0 in Qr, (2.129)
y=20,0=0 on X,

L4(0,-) =0, 0(0,-) = b in €,

such that (y(T,-),0(T,-)) = (0,0).
Moreover, for some constant o > 0 independent of the data, the solution satisfies the

reqularity estimates:

aKq

exT-0%y € L2(0,T; HX(Q)* N V) N L=(0,T; V), (2.130)
TR0 € [2(0,T; HA(Q) N HA(Q)) N L2(0,T; HA(Q)), (2.131)
X5y € LX(Qr), (2.132)
p€ L*0,T; H'(Q)). (2.133)

Proof:[Proof of Proposition 2.15] The proof is constructive and follows the two-step
strategy outlined in the introduction. First, we solve a null controllability problem for an
auxiliary system with a larger set of "fictitious" controls. Second, we use the algebraic
solvability theory to show that these fictitious controls can be generated by a new state
driven by a single thermal control. The sum of these two solutions will then solve the
original problem.

We begin by applying Proposition 2.13. For the given initial data (y,6y) and source
terms (f1, f2), there exists a solution (y*, 6%, p*) and a pair of fictitious controls (u*, v*) that
solve the system (2.80), satisfying the null controllability condition (y*(7,-),0"(T,-)) =
(0,0).

Furthermore, for any constants K; € (0, K;) and K3 € (0, K3), this solution and its

corresponding controls possess the following high-order regularity:

s 2 53(())3 27 =103
e2(t=1/25T=0% (V X v")x,, € L*(0,T; H>>(Q)°) N H*"(0,T; H(2)°), (2.134)
P 1 LA 2 54 27 2

e2=T/25T=0% y*y € L2(0,T; H>*(2)) N H='(0,T; L*(Q)), (2.135)
emy* e L*(0,T; H*(Q)> N V) N L®(0,T; V), (2.136)

K
3T g% € L2(0,T; HA(Q) N HE(Q)) N L0, T; HL(Q)). (2.137)
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Now, we must connect this analytic result to the algebraic solvability framework
from Subsection 2.3.1. The algebraic operator 91 is defined on the space-time cylinder
Qo = (T/2,T) X wy. Therefore, we first need to establish the regularity of the fictitious

controls on this subdomain.

By applying classical interpolation theory for such spaces (see, e.g., [25, Section 13.2,
p.96]), we can trade spatial regularity for temporal regularity to obtain a more standard

Sobolev regularity on ). This yields:

T v . 17/ 13
e20-T/25(T-0% (V X v*)xw, € H(Qo)?, (2.138)
and _ .
2 tfng(22751 /;i 5a* 17
e2=1/25T=0% y* x, € H '(Qo). (2.139)

The solution (y*,0*) solves the desired linearized system (2.129) but with additional
"fictitious" source terms on the right-hand side. Let us define these terms, localized to
the subdomain Qy:

w = (V X U")Xwp» (2.140)
h := 1" X, (2.141)

With these definitions, the system solved by (y*, #*, p*) can be written as:

Yy = Ay + (7 V) + (- V)T + V' = fi +0%es + V x w,

- (2.142)
0 — AG* +7 - VO +y* VO = fo+h.

Our goal is to find a new state (g, 6), generated by a single control o, that solves a system
with source terms —V x w and —h. By linearity, the sum (y,6) = (y* + ¢, 6* + 0) will
then be the desired solution to (2.129).

To apply the algebraic solvability result (Proposition 2.7), we must first construct an
appropriate input datum u € C*(Qg)® for the operator 9B defined in (2.31). We need to
find u such that Bu matches the target source terms. Specifically, for 98 given by (2.31)

we take u as:

ut = 0,u* = —w? ud = v ut = W’ = 0,0’ = w' W' = 0w — 0, W, u® = h.

(2.143)
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In this way:
Oy W? — Oy w?
Oy wt — Oy, w?
By = | T T (2.144)
Oyt — Oy, w?

Therefore, one has that (V Aw, h) € Im(B).

Now, we apply the algebraic solvability result from Proposition 2.7. using the datum
u € H'7(Qo)® constructed in (2.143). A crucial technical point is the transition from the
C* framework of the proposition to the Sobolev spaces required here. This extension is
valid because the solution operator 9t is a linear partial differential operator (of order 17,

as shown in [5]). Its action is well-defined on w, and it produces a new solution.

This guarantees the existence of (g, 0, p, 0) = 9Mu that solve the following system from

zero initial data:

p

gt—Aﬂ+(§-V)§+(ﬂ-V)y+Vﬁ=—(wa)+l§eg, in Qr,
Oy — A+ - VO +§- V0= —h+ oD, in Qr,
t ’ ’ Koo m Qr (2.145)
V@]ZO, inQT,
\g(ov ) = 07 é(Oa ) - 07 in €.

However, we must analyze the behavior of this new solution near the final time t = T'.

The coefficients of the operator 9t depend on the trajectory (7,0), which has a strong
temporal behavior governed by the parameter v. As established in the proof of [[5],

Proposition 2|, the solution (g, 0) generated by 9t can therefore grow as ¢t — T, with a

7321v
rate at most e(T-v° .

We must now verify that this potential growth from the operator 91 is overcome by
the rapid decay inherent in our specific datum u. This requires a direct comparison of

the competing exponential weights.

The decay of u is governed by the two weights from (2.138) and (2.139), which involve
the constants K and K3, respectively. By choosing the parameters appropriately, we can
ensure that K3 > K. Consequently, the decay associated with the K, term is slower and

thus represents the limiting factor.

Ky (2=1/n)
Therefore, the problem reduces to showing that the decay from the weight e 20¢-7/2°T-1?°
7321v
is strong enough to dominate the growth from the operator, which is of the order e@-v°.

To formalize this comparison, the combined exponent must remain negative for all
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t € (T'/2,T). This leads to the condition:

7321v Ki(2—1/r)
(T —t)>  2(t—T/2)5(T —t)° <0. (2.146)

Multiplying by the positive term 2(¢t — T/2)°(T — t)® gives the equivalent inequality:
2-7321-v-(t—T/2)° — K1(2—1/r) < 0. (2.147)

The left-hand side of (2.147) is an increasing function of ¢. Therefore, the inequality holds
for all ¢t € (T'/2,T) if it holds at the endpoint of the interval, i.e., in the limit as ¢t — 7.
Taking this limit yields the sufficient condition:

2-7321-v-(T/2)° — K1(2 — 1/r) < 0. (2.148)

Since we can choose K arbitrarily close to K7, the condition (2.148) is satisfied if the

stricter inequality holds:

2.7321-v-(T/2)° — Ki(2—1/r) < 0. (2.149)

To satisfy this, we substitute the expression for v from (2.128) into the inequality,
which leads to:
.1 /1 1
2.7321-(T/2)° — (= —1) K, — (2= =) K, <0, (2.150)
¢\ r r
To obtain a sufficient, time-independent condition, we use the bound (¢t —7/2)° < (T/2)°.
For T > 0 sufficiently small, the definition of ¢* gives ¢* = (T'/4)°. Applying these bounds

to the previous inequality reduces the problem to analyzing:

27321 (T/2)° - ﬁ (% — 1) — (2 — %) < 0. (2.151)

It is straightforward to show that the inequality (2.151) is equivalent to:

S |

(2°-7321+1) < 2°- 7321 +2, (2.152)

which, in turn, yields the explicit condition on the parameter 7:

267321 +1

>
"7 267321 1 2

(2.153)
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This condition can be ensured, since the right-hand side of (2.153) is a constant less than
1, allowing for a choice of r arbitrarily close to 1. Let a € (0, 1) be a fixed parameter. We

define
26.7321+1

T TRl 2—a
Then, for any r € (rg, 1), the inequality r > r¢ holds, which is algebraically equivalent to,

(2.154)

with 7" > 0 sufficiently small:

ak; < <2—%>K1—2-7321-%<%—1)K1

1 1 1 1
2—~) — K, —2.7321-— (-~ 1)K
<( ) Ty TG ( ) 1

- (2 - %) ﬁ[ﬁ —2.7321y (2.155)

Let a € (0,1), 7 € (r9,1) and let T" > 0 be sufficiently small. Assume that K, is

chosen such that

1 K
K K 2—— ) ————2-7321v. 2.156
ot s 2<( ) (T2 ’ (2150

Such a choice is possible thanks to the positive margin ensured by the previous conditions.

Observe now that, for every ¢ € (7/2,T), one has
(t=T/2)° <(T/2),

and consequently,
1 1

< .
(T/2)° ~ (t=T/2)
Therefore, inequality (2.156) immediately implies

1 K,
K, < K 2—— | ——FF=—2-7321 te(T/2,7T). 2.1
aKi < 2<( 7~> (=T 7321 v, Vte (T/2,T) (2.157)

The inequality (2.157) is constructed precisely to guarantee that the decay induced
by the exponential weight dominates the growth generated by the operator. Indeed,
rearranging the terms, we obtain that for all t € (T/2,T),

1
2.7321,/_M<

=TT < —K>. (2.158)

Dividing (2.158) by 2(T — t)° > 0, we conclude that the corresponding exponents
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satisfy the strict chain of inequalities

7321v Ki(2-1) K, ok,
(T —t)5_2(t —T/2)5(T — ) < _Q(T—t)5 < _2(T — 0 Vte (T/2,T). (2.159)

Because this inequality is strict, we can choose the parameter K, < K, from our
fictitious control estimate to be sufficiently close to K7 such that the full estimate holds.

This leads to the final chain of inequalities:

73210 Kj(2—1/7) —aKy
eT-0% ¢ 26-1/25(T-5 < e2T-0)7 (2.160)

Finally, we set
(y,0,p,v) = (y* +9,0" +0,p" + p,0),

Using usual regularity result for the linearized Navier-Stokes and Heat operators (now

considered on the intire time interval (0,7")), we obtain
aK
7Ty € LA(0,T), HA(Q)*) N L=((0,T), H'(©)), (2.161)

T 0 € L2((0,T), H2(Q)) N L®((0,T), H'(Q)), (2.162)

as soon (yo, 0y) € V x H'(Q) the proof of Proposition 2.15 is completed.

2.4 Null-controllability of nonlinear system

2.4.1 Proof of the Nonlinear Controllability Result

In this final section, we prove our main result, Theorem 2.1. The strategy is to leverage
the null controllability of the linearized system, established in Proposition 2.15, to deduce
a local result for the original nonlinear system.

The core tool for this transition from a linear to a local nonlinear result is a generalized
inverse mapping theorem. We rely on the version Theorem 1.5.

We are going to use similar ideas as those in [5, 10, 13, 14, 15|. Let «, ro, and r; be
the parameters given in Proposition 2.15, and let r € (7, 1) with 7 := max{rg, 1 }.

We will now apply Theorem 1.5 with the Banach spaces E and F' defined as follows.
First, the space F is defined as the set of tuples (y, p, 6, v) such that:

E = {(%p,@,v) € L(Qr)® x L*(Qr) x L*(Qr) x L*(Qr)
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aK

X%y € [2(0,T; HX(Q)? NV) N L=(0,T; V), Vp € L*(Qr)
T € L2(0,T: HA(Q) 1 HY(R)) N L¥(0,T; Hy(Q)),
Ty € L2(Qr),

T [y — Ay + (- V)y + (y- V)T + Vp — fes) € LX(Qr),
T [0, — A9+ - VO +y - VB € L3(Qr),

y(0) €V, 6(0) € Hé(Q)}. (2.163)
And the target space F' is defined as:

Fi= {(G, htio, 00) | €777 G € L¥(Qr)?, e3P h € LA(Qr), yo € V. b € Hg(sz)} .
(2.164)
In these space we consider the usual norms.
We endow these spaces with their natural product norms.

Now, we introduce the mapping A : £ — F":

Aly.p,0,0) = (e = Ay + (y - Vy + 7 V)y + (v V)7 + Vo — bes,
0 — A0 +y-VO+7-VO0+y- VO — o0,
y(0), 6(0))

Let us now verify that the mapping A satisfies the hypotheses of the Inverse Mapping

Theorem. To do this, we begin with the following lemma.
Lemma 2.16 The mapping A has its range included in F and is of class C* on E.

Proof:[Proof] We decompose the mapping A as the sum of a linear operator A; and a
nonlinear operator Ay, i.e., A = A; + A,.
The linear operator A; : E — F' is defined as:

Auly,p,0,0) = (= Dy + @ V)y + (y- V)i + Vp — bes,
0, — A0 +7-VO+1y-V0 — xuv,
y(0), 6(0))

The nonlinear operator Ay : F — F is defined as:

-A2(y7p797?]) = ((y : v)ya y- V‘g, 07 O)
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By the construction of the spaces E' and F', the linear operator A; : F — F is continuous

by definition, and therefore is of class C*.

The operator A, is quadratic. For such a mapping between Banach spaces, being of
class C! is equivalent to being continuous. Thus, to prove that A, maps E into F' and
is C*, it suffices to show its continuity. This requires proving the following estimate for

some constant C > 0:

62r<TEt)5 (y . V)y 4 €2T(Tit)5 (y - VQ) < CH (%p, 0, 1))”% (2.165)
L*(Qr)? L*(Qr)
Let us begin by introducing the weighted functions
K3 K3

gt x) = enTy(t,z) and O(t,x) = e T (L, x).

We recall that K := 2suR; and K3 := 3s(1 + p) Ry, which implies K7 < K3 for u > 0.
Since r and « can be taken arbitrarily close to 1, we can choose them such that % < aKj.
This ensures that the weight defining § and 6 is weaker than the primary weight in the

norm of E:
Kg OéKl

<
4r 2

From the definition of the norm ||(y, p,0,v)| g, we deduce:

HgHL"O(O,T;V) S ||(y7p7 9,’0)”]_«7, (2166)
HgHLQ(O,T;HQ(QPﬁV) < H(y’pa 97U>HE7 (2.167)
101 20711300y < (Y, 2,6, 0) | (2.168)

Now, from the classical Sobolev embedding H*(2) < L*() in dimension 3, and applying
the L?(0,T; H?) estimate from (2.167), we deduce that there exists a constant C' > 0 such
that:

191 220,732 @99) < Cli(y, 6, p,0) |- (2.169)

We now estimate the nonlinear term (7 - V)g. By applying a standard product inequality

, we have:
1T - V)3l z20,75220)%) < CNIVG| Lo 0,229 |71 20,752 (2)3) - (2.170)

By substituting the bounds from (2.166) (for the L>°L? norm of Vg) and (2.169) (for the

L2L> norm of g) into (2.170), we obtain the desired estimate for the quadratic term:

1@ - V)il 2070202 < Cll(y,p. 0, v)|%- (2.171)
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Similarly, we estimate the second nonlinear term (g - V)#:
||g ° VéHLQ(O,T;LQ(Q)B) S C”@HLZ(O,T;LOO(Q)?’) ||v§||LOO(07T;L2(Q)3). (2172)

By substituting the bounds from (2.170) (for the L*L> norm of §) and (2.168) (for
the L>°L? norm of V) into the product inequality (2.172), we obtain:

17 - VOl 2072205 < Cll(y, v, 6, 0)[I%- (2.173)

By substituting the weighted functions g and 6 back in terms of y and 6, the estimates
(2.171) and (2.173) become:

2

__K3 _
e2r(T—1t)° (y V)y S CH(yapve;v)H%?
L2(Qr)3

2

_ K3
e2r(T—t)° (y V)Q S C||(y7p787v)||%

L2(Qr)

Summing these two inequalities directly yields the target estimate (2.165). This
confirms the continuity of the quadratic map A,.

Since A; is continuous and linear, and A5 has been shown to be continuous, their sum
A=A + Ay is a C' map from F to F. [ |

We now verify the final hypothesis of Theorem 1.5: the surjectivity of the Fréchet
derivative A'(ep).

To do this, we consider the derivative at the origin, e = (0,0,0,0) € E. The derivative
A'(eg) is the linear operator A;. A direct computation of the derivative of A at eg shows
that for any (y,p,0,v) € E:

[A(e0)](y, p, 6,v) = (yt —Ay+@-V)y+(y-V)y+ Vp—Oes,
0r — A9 + V- (07) — X,
y(0), 6(0))

We must show that this operator A’(ep) : E — F' is onto (surjective). This is precisely
the result established in Proposition 2.15.

Consequently, all hypotheses of the Inverse Mapping Theorem (Theorem 1.5) are
satisfied. We apply the theorem at the point ey = (0,0,0,0) € E. The image of this
point is fy = A(eg) = (0,0,0,0) € F.

The theorem guarantees that there exists a 6 > 0 such that for any target element
f = (G, h,yo,6y) € F satistying || f — follr < d, there exists e = (y,p,0,v) € FE with
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Ale) = f.
We are interested in the specific target f = (0,0, yo,0o), which corresponds to solving

the nonlinear system with zero source terms. The condition on the norm becomes:

1€0,0, 0, 60) [ 7 = |(v0, 60)[|vxrza ) < 6.

For any initial data (o, 6y) small enough to satisfy this condition, the theorem provides a
solution e = (y,p,0,v) € E. The condition A(e) = f means that (y,p,0,v) is a solution
to the full nonlinear Boussinesq system (2.1) with initial data (yo, 6p).

The condition e € FE is crucial. The definition of the space E requires that the
solution possesies the specified weighted regularity, such as 62<T ﬂ"’ y € L>(0,T;V). Since

the weight e2(T- W1 explodes as t — T'~, this regularity is only possible if the solution itself
vanishes. Thus, the property e € E inherently implies the null controllability condition:

y(T,-) =0 and O(T,-)=0 in .

This concludes the proof of Theorem 2.1.

2.5 Future Problems

As a proposal for future work, we intend to develop studies involving Boussinesq
systems, which couple the Navier—Stokes equations with the temperature transport
equation and provide a natural framework for the investigation of insensitizing controls.
In these problems, the objective is to design control strategies capable of keeping certain
observables practically invariant under small perturbations in the initial data, even when
the control acts only on a subset of the system equations. A central issue in this context
is the possibility of achieving such controls with a reduced number of actuators, which
represents both a theoretical and practical challenge. Similarly, we intend to investigate
micropolar fluid systems, which incorporate particle micro-rotation effects and angular
momentum tensors, and which present additional challenges both in the definition of
insensitizing controls and in the characterization of controllability in the presence of

limited controls.



Chapter

Optimal design of sensors for a system

of linear thermoelasticity

In this chapter, we will study the problem of optimal sensor placement for the system

thermoelasticity, assuming that the initial data to be reconstructed are not fully known.

3.1 Linear thermoelastic system

Let a linear system of thermoelasticity, in a bounded and open subset 2 of RY.

The system consists of coupled wave and heat equations and reads as follows:

uy — Au+ aAd =0 in Qx(0,7),
0, — vAO + Buy =0 in Qx(0,7), (3.1)
u=0=0 on 0 x (0,7), '

u(0) = u? u (0) = u',0(0) =6° in Q,

where T > 0 is a final time, 0f) is the boundary of €2, and «, 5, c,v are positive real
numbers.

For system (3.1), we want to solve the problem of deciding the best place and shape
for sensors that will make measurements of signals propagating in €2 over a given horizon
of time. It is desirable to place these sensors so that we can reconstruct the solutions in
the best possible way.

To solve a prescribed inverse problem for partial differential equations, one strategy

which is usually applied is to prove that a suitable observability inequality holds. For

This chapter was developed in collaboration with Yannick Privat (Institut Elie Cartan de Lorraine,
Université de Lorraine) and Emmanuel Trélat (Sorbonne Université).

76



Chapter 3. Optimal design of sensors for a system of linear thermoelasticity 77

system (3.1), we will see that this inequality has the general form
1w, (D% < Aollul, ,, + AdllOll%, ., (3-2)

where X and X; ,, 7 = 0, 1, are suitable Banach spaces, and A or A; are positive constants
depending only on ¢, o, v, 3, T and w, and so that Ay + A; # 0. In most of problems we
find that X is a Sobolev space like W*%(Q), for s € R, and X; ,, = L*(w x (0,7)).

3.2 Existence of Optimal Solutions

Let (¢;);en be a Hilbert basis of L?(£2, C), consisting of eigenfunctions of the Laplace
operator A with null Dirichlet boundary conditions. In particular, these functions are

analytic in (2.

We will see in the following subsections that finding the optimal sets that minimize the
observability constant for the thermoelasticity system reduces to studying the maximizers

of functionals of the form

J(xw) = inf 7 / 164(2) [ d, (3.3)

1EN*

where the maximization is performed over the set of admissible characteristic functions
UL, = {xw |w is a measurable subset of 2 with Lebesgue measure |w| = L|Q|}, (3.4)

for a given L € (0, 1).
The optimization problem under consideration is therefore

sup J(Xw)- (3.5)

XweZ/[L
In what follows, we assume that the sequence (7;)ien+ in (3.3) converges to a limit
v* e R as 1 — 4o00.
As is common in shape optimization problems, we first study a relaxed version of the
problem (3.5). This approach consists of replacing the set of characteristic functions Uy,

with its convex closure in the weak-* topology of L>°(2). This relaxed set of admissible

functions is given by

i, — {a € 19 [0,1)) ’ /Qa(x) dz = L|Q|} | (3.6)
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The functional J, defined in (3.3), is then extended to functions a € Uy, as

1EN*

J(a) = inf 7, / a(2)|5(x) 2 dz. (3.7)
Q
The corresponding relaxed optimization problem is

sup J(a). (3.8)

(IEHL

Since Uy, C Uy, the relaxed problem provides an upper bound for the original one, that
is,
sup J(xw) < sup J(a). (3.9)

Xw EZ’{L CLEHL

The existence of a solution to the relaxed problem is guaranteed by the following

lemma.

Lemma 3.1 For any L € (0,1), the relazed problem (3.8) admits at least one solution
a* € UL.

Proof: For each i € N*, the functional J;(a) := ~; [, a(z)|¢;(x)|* dz is linear in a. As
the integral of a function in L>()) against a function in L'(€), it is also continuous on
L*>(Q) with respect to the weak-* topology.

The functional J(a) = inf;en+ J;(a), being the infimum of a family of weak-* continuous
functionals, is weak-* upper semicontinuous. Furthermore, the set of admissible functions
U, is compact in the weak-* topology of L>(2). This is because U, is a weak-* closed set
contained within the closed unit ball of L>°(£2), which is compact by the Banach-Alaoglu
theorem. Therefore, by the generalized Weierstrass extreme value theorem, the upper
semicontinuous functional J attains its maximum value on the compact set U/, ]

A standard approach to this type of optimization problem is to first analyze a truncated
version of the functional. This leads to the following existence and regularity result for

the non-relaxed problem.

Proposition 3.2 For any N € N*, let the truncated functional Jy : Uy, — R be defined
by
Jy(a) = inf fyi/a(x)]¢i(x)|2dx,
Q

1<i<N

where (v;)Y., are positive real numbers.

Then, the optimization problem

sup Jn(xw)
Xw euL
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possesses a unique solution x,~n € Ur. Furthermore, the optimal set w™ is semi-analytic

and, as a consequence, has a finite number of connected components.

Proof: The proof is analogous to the arguments presented in [41, Theorem 8| and [42,
Proposition 2|. For completeness, we give a detailed account here. First, we note that the
truncated functional Jy is concave and continuous on the weak-* compact set ;. By the
Weierstrass theorem, the problem sup,.z;, Jn(a) admits at least one solution aV e U,

We now show that any such solution must be a characteristic function.

The problem can be rewritten using the simplex set

N
Sy = {5 = (Bh<jen ERY | D 85 = 1}
j=1

By applying the Sion minimax theorem, we can interchange the supremum and the

infimum:

w inf 5, [ al@lo, ) de = sup ing Zm [ a@osop ds

a€Uy,

— inf sup Zm / )|y () d.

PESN aEUL

This ensures the existence of a saddle point (a’V,3") € U x Sy. The saddle point

property implies that a” solves the linear optimization problem

max/a(m)GN(:p) dz, (3.10)
Q

acUr,

where the kernel Gy(z) is defined as Gy (x) := ZJ L Bl ()2,

N we apply the bathtub principle (see, Theorem 1.8).

To characterize the solution a
The principle asserts that there exists a level AV € R such that any solution a¥ to (3.10)

must satisfy
aV(r) =1ae on {Gy >} and a”(z) =0ae. on {Gy < \"}.

The key is to show that the level-set Ey\v = {z € Q | Gy(x) = AV} has zero Lebesgue
measure. We argue by contradiction. Assume |E\~| > 0. Since G () is real analytic,
this implies that Gy (z) = AV for all x € . However, since the eigenfunctions satisfy the

zero Dirichlet boundary condition (¢;|aq = 0), we must have G'x|sq = 0, which forces the
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constant to be zero, i.e., A’V = 0. The equation thus becomes
N
> BNl ()P =0, forallz € Q.
j=1

Since this is a sum of non-negative terms, each term must be individually zero. For each j,
we have 8N ~;]¢;(x)|> = 0 for all z. As eigenfunctions are non-trivial by definition (¢; # 0)
and ~; > 0, we must conclude that BJN = 0. This holds for all j, which contradicts the fact
that 8V € Sy (since its components must sum to 1). The initial assumption is therefore
false, and any level-set of Gy must have zero Lebesgue measure.

Since |Eyw~| = 0, the solution to (3.10) is unique (up to a set of measure zero) and is

given by the characteristic function

aN(l") = X{er|GN(z)>AN}($)-

This proves that any solution to the relaxed problem is, in fact, a classical solution in Uy,.

The uniqueness of the maximizer for Jy follows from this characterization and the
concavity of Jy. If there were two distinct maximizers, their convex combination
would also be a maximizer, but it would not be a characteristic function, leading to
a contradiction.

Finally, since the eigenfunctions ¢; are analytic, G y(z) is also analytic. Consequently,
the optimal set w = {z € Q | Gy(x) > AV}, being a superlevel-set of an analytic
function, is semi-analytic and thus has a finite number of connected components. |

The relationship between the truncated functionals and the relaxed functional J(a) is
precisely established in the following lemma. While the proof follows arguments similar

to those in [41, Theorem 8|, we include it here for completeness.

Lemma 3.3 The truncated problems approximate the full relaxed problem in the following

Sense:

(i) (Convergence of maximal values) The sequence of mazimal values of the

truncated problems converges to the maximal value of the full problem, i.e.,
lim (max JN(a)> = max J(a).
N—o0 aeﬁL aeﬁL

(ii) (Convergence of maximizers) Let (a™)yen- be a sequence such that, for each
N, oV is a mazimizer of Jy over Uy. Then this sequence admits a subsequence that
converges in the weak-* topology of L=(Q) to an element a* in Uy, and any such

limat point a* 1s a maximizer for the full functional J.
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Proof: Let (a’)yen+ be a sequence where, for each N, o is a maximizer of Jy. Since
the set U, is weak-* compact, this sequence admits a subsequence (which we still denote
by aV) that converges to a limit point @ € Uy.

For any fixed integer p € N*, and for all N > p, we have Jy(a) < J,(a) for any a,
because the infimum for Jy is taken over a larger set of indices. This leads to the following

chain of inequalities for any N > p:

max J(a) < max Jy(a) = Jy(a™) < J,(a).
acUy, a€Uy,

Taking the limit superior as N — oo across this chain yields:

max J(a) < limsup Jy(a”) < limsup J,(a").

a€U], N—oo N—oo

The functional J,, is the infimum of a finite number of continuous linear functionals, which
makes it weak-* upper semicontinuous. By the definition of upper semicontinuity, we have

limsupy_,o, Jp(a”) < J,(@).
Combining these results, we find that for any fixed p:

max J(a) < J,(a).
a€Ur,

This inequality holds for all p € N*. We can now take the limit as p — oco. By definition

of J, we have lim, ., J,(@) = J(@). This gives:

max J(a) < J(a).

QEHL

Since @ € Uy, the reverse inequality J(@) < max,.z;, J(a) is immediate. We must
therefore have equality:
J(a) = max J(a).

a€Ur,

This shows that any limit point @ of the sequence of maximizers (a") is a maximizer for

the full functional J. This proves part (ii) of the lemma.
Part (i) follows directly. Our chain of inequalities shows that
max J(a) < liminf Jy(a™) < limsup Jy(aV) < J(@)

. Since we just proved that J(@) = max.J(a), all inequalities must be equalities. This



3.2. Existence of Optimal Solutions &2

implies that the limit exists and
lim (max JN(a)) = max J(a).
N—o0 a€UT, a€EUT,

This completes the proof of part (i). [ |

Thus far, our analysis has guaranteed two key results: the existence of an optimal
solution a* in the relaxed set U , and the existence of a unique classical solution
X~ for the truncated problem (Proposition 3.2). However, our original problem (3.5)
seeks a classical solution, that is, a characteristic function x, € Uy, for the full, non-
relaxed functional J. In the following section, we present a first positive result in this
direction, guaranteeing the existence of such a classical solution under certain ergodicity

assumptions.

3.2.1 Existence of optimal solutions under ergodicity assumptions

In this subsection, we investigate the existence of a classical maximizer for the original
problem (3.5). This question is equivalent to determining whether the optimal value of
the relaxed problem (3.8) is attained by a characteristic function. In other words, we

check if there is a "gap" in the inequality (3.9):

sup J(xw) = sup J(a).
XwEUL GLEHL

To do this, we now work under the following ergodicity and regularity assumptions on

the eigenfunction basis.

(H') Quantum Ergodicity (QUE): The sequence of probability measures p; := ¢j2 dx

converges vaguely to the uniform measure on €. That is, for every continuous

function f € C(Q),
J—r00 1

(H?) Uniform L*-Boundedness: The eigenfunctions are uniformly bounded. That is,

there exists a constant A > 0 such that

|05l o) < A, forall j € N*.

Remark 3.4 The assumptions (HY) and (H?) together imply that (|¢;|*) converges in
the weak-* topology of L>(S2) to the constant function ﬁ In fact, let g € L*(). Since



Chapter 3. Optimal design of sensors for a system of linear thermoelasticity 83

C>(Q) is dense in L*(Q), we can take a sequence (fn)nen C CX(Q) such that f, — g
strongly in L'(Q). Then, for every n € N and j € N*,

AMM@wWM=AM@<MM%WWM+Ah@mme

Using hypothesis (H?), we can bound the first term on the right-hand side. By the Hélder

inequality, we have:

<8P lz=@llg = full i@ < A%lg = fall o)

o)~ oy s

Since f, — g strongly in L*(Q), the right-hand side converges to zero as n — oo. This

convergence is uniform with respect to j because the bound A? is independent of j.

For any given € > 0, we can first fix an ng € N large enough so that:

<e, foralljeN".

[ 60 = fu@iesta)fda

Now, with ng held constant, we apply hypothesis (H') to the fized continuous function
fno(x). This implies that there exists an index jo (which depends on our choice of ng)
such that for all 7 > jo:

/fno )5 |2x—@/fno o) de| <

Furthermore, the term involving g and f,, is also small by taking ny even bigger if

’ﬁ/ﬁfm(x)dx—ﬁ/ﬂg(x)d

By combining these estimates using the triangle inequality (from the decomposition in the

necessary:

o = Gllrce) <
IQI ’ 2

previous step), we find that for all j > jo:

) 1
QﬂM@mwwquﬂx

Since € was arbitrary, the left-hand side must converge to zero.

<e+6+—
2]

Proposition 3.5 Assume hypotheses (H') and (H?) hold. Suppose the sequence (vy;) has
the following asymptotic expansion for some k € N, v* > 0, R # 0, and for all i large
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. R 1
Vi ="y (1_E> +O(J) . (3.11)

Furthermore, if the sequence (vy;) has a global minimum, let iy be a minimizer and assume

Yo [ < 1.
>

Then, there exists an integer Ny € N* such that for all N > Ny, the value of the full

problem is equal to the value of the Ny-truncated problem:

enough:

that v;, < v* and the volume fraction L satisfies

J(x.,) = I (¥o).
nax (Xw) max o (Xw)

In particular, the full optimization problem for J possesses a unique mazimizer. This
mazimizer is the set wN° from Proposition 3.2, which is semi-analytic and has a finite

number of connected components.

The proof of this proposition follows from analogous arguments as the ones of [41],
Theorem 9. However, in [41] they use the fact that the the corresponding sequence (7;)
is increasing to v*. By investigating their proof, we have seen that it sufficient to ask
Yie < 7. To understand better the role of (v;)ien«, we will provide a proof.

Proof:

Let b* € Uy, be a maximizer for the relaxed functional J(a) in (3.7), whose existence
is guaranteed by Lemma 3.1. We first prove that there exists an Ny € N* such that b* is
also a maximizer for the truncated functional Jy,(a).

Our analysis relies on the asymptotic behavior of the terms defining J. By hypothesis
(H') and (H?), and since [, b*(x) dz = L|SQ|, we have the convergence

lim [ b*(z)|¢i(z)]*dz = L.
1—r 00 [¢)

*

From the asymptotic expansion (3.11), we also have lim; .o, v; = 7*.

Combining these two limits, it follows that for any € > 0, there exists an integer N
such that for all i > Nj:

0w [ F@la@Pde = (Lo, (3.12)
Q

On the one hand, from (3.12) and the hypothesis that 10 < L, we can choose € small

enough such that v*(L—¢€) > v;,. This implies the “tail” of the infimum is bounded below:

inf 5, / b (@)l6s(@) P dw > 7 (L = €) > 7.

i>Nog
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On the other hand, we analyze the “head” of the infimum, Jy,(b*). Since Ny was chosen
large enough so that the global minimizer iy is in the set {1,..., Ny}, and using that
b*(x) < 1, we get:

nf o [ F@lodolde< nt o [ (o) da

mf v =,
1<i<No dign, 1P Tio

1

We now recall that
J(b*) = min <JN0(b*), inf 7, / b*(x)|gbi(x)|2dx> |
i>No Q
Substituting our findings, we have
J(b*) = Jn, (b").

We now show that J(b*) = Jy,(b™), where b is the unique maximizer of the
truncated functional Jy, (see Proposition 3.2).

We have already shown that J(b*) = Jy,(b*). Since b™° is the unique maximizer of
Jn, (by definition), it follows that

J<b*) - ‘]No(b*> < JNo(bNO)'

We argue by contradiction. Assume that Jy,(b*) < Jn,(b™) and consider the

perturbation b; = b* + t(b™° — b*). Since the functional Jy, is concave,
Ino(be) = g (B™°) 4 (1 — 1) T, (b7) > Ty (0), (3.13)

for every t € (0,1]. The first inequality follows from concavity, and the second (strict)
inequality holds because Jy, (b)) > Jy,(b*) by our assumption.
We must also analyze the "tail" of the infimum for b, (i.e., for ¢ > Np). Since
bNo b* € Uy, their values lie in [0, 1], which implies b (x) — b*(z) € [—1,1].
Furthermore, since the sequence (v;) converges, it is bounded. Let M = sup;cy- vi <
oo. For every i > Ny, we can establish the following lower bound (assuming the basis is

normalized, [, |¢;]> dz = 1):

%émmm@szwéwmm@Wm+méwwm—W@WMWM
zww—m+méemmmmx

=7 (L—¢€)—ty >~vy(L—¢)—tM, (3.14)
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for every i > Nj.
We now select t to be small enough to ensure the "tail" of the infimum (i.e., for i > N)

remains strictly greater than ~;,. Recall from our assumption that v*(L — €) > ~;,. Let

us take ¢t such that .
i Yio
O<t<—(L—-—e—-—
M ( ‘ 7*)’

which is equivalent to 0 < ¢t < (v*(L —€) — v;,)/M.
Applying this to our previously derived lower bound, v; [, by(2)|¢;(x)|* de > +*(L —
€) —tM, we obtain:

[ bl @Rz - g - (TESI =)

This gives the following complete inequality chain:

%/th(x)\¢z'(fv)|2dw > Y = %O/Qb*(x)|¢z'o(fv)|2dw > J(bY), (3.15)

for every ¢ > Nj. ]

Remark 3.6 If we take R > 0 in the asymptotic expansion (3.11) of Proposition 3.5,
the sequence converges to v* from below (at least for i large enough). This implies that
the global minimum ~;, = inf;~y; must be strictly less than the limit v*. Therefore,
the assumption ~;, < v* 1s automatically satisfied and is not needed as an independent

hypothesis.

Remark 3.7 The assumptions (H') and (H?) hold true in dimension one. For Q =
(0,m), the eigenfunctions ¢;(x) = \/2/msin(jz) satisfy: (H?) ||¢;]lze) = /2/7 for all

j € N*, which is uniform. (H') The sequence ((b?)jeN* converges to 1/m in the weak-*
topology of L>(0, ).

Remark 3.8 The QUE assumption (H') is not general. It fails for domains like the
square Q = (0,m)? (with sine-product eigenfunctions) and the unit disk (with Bessel-

function eigenfunctions), as shown in [41, Proposition 1].

As highlighted in Remarks 3.7 and 3.8, the QUE assumption (H') is strong and

geometry-dependent. We now investigate cases where (H') might fail.

3.2.2 Existence of optimal solutions under asymptotic lower

bound assumption

Since the QUE assumption does not hold in all scenarios, we now consider, in some

sense, a weaker set of conditions.
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Let © be a bounded, connected subset of R, and let L € (0,1) and T > 0 be
arbitrary. We assume there exists a Hilbert basis (¢;)jen+ of L?(Q2,C) consisting of
(complex-valued) eigenfunctions of —A with Dirichlet boundary condition, associated
with (complex) eigenvalues (A;);en+ such that Re(A;) < --- < Re()\;) < ---. We further

assume that the following property is satisfied:

(H!) (Asymptotic Lower Bound) For every a € L>(£; [0, 1]) such that [, a(z)dx =
L[|, there exists an integer Ny € N* (which may depend on a) such that

lim inf 7 (T) /Q a(2)[65(2) 2 dx > 7 (T).

Jj——4oo
We now prove that under assumptions (H!), a result similar to Proposition 3.5 holds.

Proposition 3.9 Under assumptions (HY), the optimal shape design problem (3.5)
admits a unique solution X+ € Ur.

Moreover, there exists an integer N1(T') such that for every N > Ny(T), this solution
Xo+ 1S also the unique mazimizer of the N-truncated problem, and their maximal values
are equal:

J(xw) = IN(Xw)-
g 70w = g i)
Proof: According to Lemma 3.1, the relaxed optimal design problem (3.8) has at least
one solution a* € Uy . The assumption (H!) applied to a* implies that there exists
N; € N*, with N; > Ny, such that

i 5(7) | @ @)loax > 0 (7, (3.16)

J>N1

Since Ny > Ny, the truncated functional Jy, (a*) satisfies
Ia(@) =t (@) [ @@l dx < (1) [ @'(@)lox, (o) dx.
<j<M Q Q
Assuming a*(z) < 1 and normalized eigenfunctions ([, [¢n,|*dx = 1), this gives

JNI ((l*) < YNo (T>
By definition, the full functional J(a*) can be split at N;:

J(a*) = min (JN1<a*>,ji>njgl ) | a*<x>|¢j|2dx>.

From (3.16), the asymptotic part (the infimum for j > Ny) is strictly greater than vy, (7).
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Since we just showed Jy, (a*) < yn,(T), the minimum must be the truncated functional:
J(a*) = Jn, (a").

Using hypotheses the analiticity of the eigenfunctions, and Proposition 3.2, let

a™' € Uy, be the unique maximizer of Jy, over Uy. We now prove that J(a*) = Jy, (a™).

Since a¥! is the maximizer, we have Jy, (a*) < Jy, (a™). We proceed by contradiction,

assuming the inequality is strict:
J(a*) < Jy, (a™").

From the previous step, J(a*) = Jy, (a*), so our assumption is Jy, (a*) < Jy, (a™).

Consider the perturbation a; = (1 — t)a* + ta™ for ¢t € (0, 1]. By the concavity of Jy,

and our assumption,
JNl(CLt) > (1 - t)JNl(CL*> +tJn, (CLNl) > (1 - t)JNl(CL*> +tJn, (CL*) = Jn (CL*) (317)
Since J(a*) = Jy, (a*), equation (3.17) directly implies:

Iy, (ar) > J(a*), for every t € (0,1]. (3.18)

Next, we analyze the asymptotic part of the functional J(a;). From (3. 16) we know

that inf;sn, v;(T) [ a*(2)]¢;* dx > o (T). Let & = infjop, 35(T) [, a*(x)|¢;|* dx —
TNo (T) > 0.

For any 5 > N;, we have
24(T) / ar(2)]6 2 dx = (1 — ) (T) / a* ()| dc + 7, (T) / o™ ()], dx.

Since ™ > 0, this implies 7;(T) [, ai(z)|¢;> dx > (1 — t)v;(T) [, a*(x)|¢;]* dx. Thus,
for all 7 > Ny:

(T / 0r(2)[6y? dx > (1 — £) (3 (T) + )

By choosing ¢ > 0 sufficiently small (e.g., t < 0/(2(vn,(T) + 6))), we can ensure
(1 —=t)(yno(T') + &) > Y, (T'). Therefore, for such t,

if (7) | aa)losldo > 3, (7). (3.19)

J>N1

Furthermore, since Ny < Ny, we have Jy, (a;) < vn, (7). Combining that with (3.19), the
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minimum must be:

J(a;) = JIn, (ar).

This result, combined with (3.18), gives J(a;) > J(a*), which contradicts the optimality
of a*. [ |

Remark 3.10 The assumptions of Proposition 3.5 (specifically (H'), (H?), and the
condition L > ~,;,/7*) are strong enough to imply hypothesis (HY).
Indeed, from Remark 3.4 , (H') and (H?) give

i 25(7) [ a(o)lo,a)f dx = Ly

Jj—+oo

The condition L > ~;,/~* is equivalent to Ly* > ~;,. By choosing Ny = iy , we have

lim inf ~;(T') /Q a(z)|¢;(2)]* dx = Ly* > i = v, (T).

Jj—+oo
Thus, hypothesis (HL) is satisfied.

Remark 3.11 Hypothesis (HY) fails if v* < i, for all k, i.c., if v* is the global minimum.

Indeed, since [, al¢;|* <1 (assuming normalized ¢;), we have:

liminf 35(7) | a(o)]6;o) dx < limint2,(T) = 7"
j—o0 Q j—00
So (HY) cannot hold.

Although ergodicity ((H'), (H?)) implies (H}) (see Remark 3.10), this hypothesis
is not always necessary for attainability. We now demonstrate this by analyzing the
n-dimensional orthotope case.

Case: The n-Dimensional Orthotope

Assume Q = (0, 7)" for n € N*. We consider the usual Hilbert basis of eigenfunctions,

given by
2 n/2 n
¢j(x) = (;) HSiH(jkﬂck), (3.20)
k=1
for any multi-index 7 = (ji,...,7,) € (N*)". The corresponding eigenvalues are
Aj = ZZ:1 ]Ig

Remark 3.12 The eigenfunctions (3.20) for n > 1 generally fail the QUE assumption
(H'Y), as noted for n =2 in Remark 3.8.
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We first recall the following lemma, whose proof can be found in [41, Lemma 5|.

Lemma 3.13 Let M > 0 and a € L*>((0,7)"; [0, M]). Then

aalx)dx
inf / a(x)qu(:c)Q dr > MF[n] (M) )
(O,m)™

jE(N*)n T Mmn—1

where j = (J1,...,Jn), ¢; is defined in (3.20), F' is the function defined on [0, 7] by
F(s) = (s —sins), and F" is the n-fold composition of F with itself.

Proposition 3.14 Assume 2 = (0, )", with eigenfunctions (3.20). Let v* = lim;_, 7,
and jo = argmin,cy.7;. If the sequence satisfies v;, < v*, then there exist Ly € (0,1) and
Ny € N* such that

_ 21
nax J(Xw) max In (Xw) (3.21)

for every L € [Lg, 1) and every N > Nj.
In particular, for L € [Lo, 1), the problem (3.5) has a unique solution x,n,, and this

optimal set w™N° is semi-analytic with a finite number of connected components.

Proof: Let jo = argmin;y.y; and v* = lim; ,o7;. We assume L € [Lo,1) is chosen
sufficiently close to 1. Since 7;, < v* (by hypothesis of Theorem 3.14), we can select € > 0
small enough such that L > % + €.

Applying Lemma 3.13 with M = 1 and for the functions a stisfying [, a(x)dz =

L|Q| = L7", the lemma gives a uniform lower bound for all j € (N*)™:

1.qn-1 T

/ a(z)¢;(z)* dx > 1F["] ( L ) = lF["](Iﬂr).
(0,m)"

Since F(r) = (7 — sin7) = 7, it follows by induction that FI'l(7) = 7. As L — 1, we
have Lw — m, and by continuity, FI"/(L7) — 7. Thus, the term 1F(Lx) converges
to 1 as L — 1. We can therefore choose Ly € (0,1) such that for any L € [Lg,1),
1FM(Lr) > L —e.

Since v; — v* as j — 00, there exists Ny € N* such that v; > v* — e for all j > Nj.
Combining these, for L € [Ly, 1) and j > Ny:

b [ awoardez (- oL 0. (3.22)
(0,m)™

By our initial choice of L, we have (v* — ¢€)(L — €) > =;,, which in particular implies

on (H!). The conclusion follows from Proposition 3.9. |
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Remark 3.15 Another key example, studied in [42], is the unit disk, where eigenfunctions
are defined using Bessel functions. A uniform lower bound analogous to Lemma 3.13 is
not known for this framework and remains an open question.

In [42], a property similar to (HY) was proven, but that proof relied on spectral
inequalities and the fact that their sequence y; — oo. Since the sequence in our paper
converges to a finite limit (y; — v*), that argument does not apply. Thus, the validity of

(HY) for the disk in our framework is also an open question.

3.2.3 On the Condition infy; < *

In our previous attainability proofs (e.g., Proposition 3.5 and Proposition 3.14), the
condition inf ~y; < +* was essential. This assumption allowed us to show that the relaxed
solution a* is also a maximizer for a truncated functional Jy,, which, by Proposition 3.2,
has a unique classical solution.

Nevertheless, this condition is sufficient but may not be necessary. We now explore
cases where attainability holds even when this assumption is not met.

We now analyze the specific case of Laplacian eigenfunctions with Dirichlet boundary
conditions on = (0,7), assuming that v* = inf~; . The eigenfunctions are ¢;(z) =
\/2/msin(jz), so the functional J defined in (3.5) becomes:

2
J(xw) = inf v / = sin?(jx) dx. (3.23)

JEN* ™

The corresponding relaxed (or "convex") version, defined for a € Uy, is given by:

T2
J(a) = }rellgfyj/o %a(a:) sin?(jz) dz. (3.24)
Our focus remains on the optimization problems (3.5) and (3.8), which we now analyze
in the specific 1D setting defined by (3.23) and (3.24).

Lemma 3.16 The value of the supremum for the relaxed problem (3.8) in the 1D case
(3.24) is Lv*.
sup J(a) = Lvy". (3.25)
CLEHL
Moreover, this supremum is attained by any function a € Uy, whose Fourier series is of

the form
“+o0o

a(x) =L+ Z(aj cos(2jz) + b;sin(2jz)),

J=1

provided the cosine coefficients satisfy a; < 0 for all 7 € N*.
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Proof:
The proof is inspired by [44, Proposition 1|, which addresses the specific case where
For any a € Uy, the infimum is bounded by the limit of its terms:
Ia) = it v [ Zalw)sint (o) de < i (52 [ ale) sin(jo)
a) = inf ~; —a(x)sin®(jx)de < lim (v, - — a(x)sin®(jx)dx | .
jeN*% o T J T jooo i ™ Jo J
We have two limits: lim; ., y; = v*. For the integral, using sin®(jz) = (1 — cos(2jx))/2,

we get

/0 () sin(jr) do = /O () dr — /0 " o) cos(2j2) du.

Since foﬂ a(x)dx = Lm and the second term tends to 0 by the Riemann-Lebesgue Lemma,
lim;_,o [o a(x)sin®(jz) de = &F. This shows J(a) < Lv* for all a € Uy

To show the supremum is attained, assume a € U, satisfies the hypothesis a; <0 (its
Fourier coefficients for cos(2jz)). Using sin®(jz) = (1 — cos(2jz)):

V) /Oﬂ %a(x) sin®(jx) do = ; (% /Oﬂa(x) dr — 1 /07r a(z) cos(2jx) da:)

™

> ;L.

Taking the infimum over j:

> [ inf ~: = L~*.
J(a)_leean*% Ly

Remark 3.17 The result in [44, Proposition 1] establishes a necessary and sufficient
condition: the supremum is Lvy* if and only if the Fourier coefficients satisfy a; < 0.

However, this equivalence relies on the fact that v; = v* =1 in their context.

By repeating their proof in our framework, we cannot derive the necessary condition

a; < 0. This is evident from the following estimate:
. . "2 9.
Lvy* = inf v; | —a(z)sin®(jz)dz
0 T
T2 1 1
:jiean* ’yj/o %a(:c) (5 - 5003(2]’3:)) dx
> inf (v [ Za@)de) + inf L) cos(2j) d
> Inf {7 i —a(z) dz nf = i —a(z) cos(2jz) dz

= Ly — sup (yj /0 ' %a(m) cos(2jz) da:) . (3.26)

JEN*
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This inequality implies

™1
sup (’yj/ ;&(m) cos(2jx) dx) > 0.
0

JEN*

Consequently, we cannot conclude that the cosine coefficients must be non-positive for all
7.
Therefore, following the approach in [44], we will show that in the specific case L = %,

an optimal set exists and attains the supremum value L~*

Proposition 3.18 Consider the admissible class

271/2 = {a € L*>((0,7);[0,1]) : / a(x)dr = g}
0
and the functional
J(a) = inf yj/ ga(x) sin®(jr) dz,
o T

where (7j);>1 15 @ sequence of positive numbers satisfying

lim v; =+ with ~* = inf ;.

j—r00 FEN™

Then, the supremum of J on U, is attained and is equal to +* /2.

Proof: Let w C [0,7] be a measurable subset with measure |w| = 7/2, satisfying the
symmetry condition:
TEw <= 1T—1¢w.

Define the characteristic function x,,(z) = 1,(z). By construction, x.,, € U;o. We first
claim that the Fourier cosine coeflicients vanish:

/ Xw(z)cos(2jx)dr =0 for every j > 1.
0

To see this, first observe that the integral over the full domain is zero:

T . 2 . T
/ cos(2jz) dr = {M} =0.
0 2] 0

We decompose the integral over [0, 7] into the sum over w and its complement w' =
0, 7] \ w:
O:/ cos(2jx) da::/cos(Qjm) d:v—l—/ cos(2jz) dz.
0 w

w/
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To analyze the term over w’, we apply the change of variable y = 7 — x. Given the
symmetry of the set construction (r € W' <= 7 — x € w), the domain of integration

transforms from w’ to w. Consequently,

/w cos(2j) dr = / cos(2j(m — o)) dy.

w

Using the periodicity and evenness of the cosine function, we have cos(2j(m — y)) =

cos(2jy) for any integer j. Thus, the integral over the complement becomes:

/cos(?jx) dx:/cos(2jy) dy.

w

Substituting this back into the decomposition of the total integral, we obtain:

02/008(2]’:6) dm+/cos(2jx) dsz/cos(Zj:c) dx.

w

This implies | cos(2jx)dz = 0. Consequently, the Fourier cosine coefficients of the

characteristic function vanish:
/ Xw(T)cos(2jx)dz =0 for every j > 1.
0

Finally, we evaluate the functional for this characteristic function x,. Using the identity

sin®(jz) = 3 (1 — cos(2jz)), we compute the integral term for any j € N*:

2 [ ewsninas =2 [ (5 - jeostzim) da

T
1

s /OW Yol@) dz — %/OW () cos(2j) da.

T
Substituting the known values fo7r Xw(®) dr = 5 and foﬁ Xw(Z) cos(2jx) dz = 0, we obtain:

2 /Oﬂ Yo () sin®(jz) do =

™

3=
o N
|
o
I
|

This value is independent of j. Therefore, the functional becomes:
. 1 I v
J(xw) = inf (fyj : 5) =—inf 7, = —.

jEN* 2 jeN* 2

A similar strategy allows us to extend the previous existence results to the orthotope

2 = (0,7)". For the sake of simplicity, we focus on the two-dimensional case n = 2.
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We investigate the behavior of the functional J; restricted to Cartesian product sets.
Specifically, we consider characteristic functions a = y,, where w = w; x wy C (0, )% The

functional is given by:

4
Jo(xe) = Inf ; — sin?(jz) sin?(ky) dx dy.
2(Xw) (j,k)e(N*)Q%,k//w - (jr) sin®(ky) dx dy

Our goal is to explicitly construct product sets w = w; X wq satisfying the area
constraint |w| = |wy||ws| = L7? for the specific values L € {1/4,1/2}. We will demonstrate

that for these sets, the functional attains the optimal value:

J. =Ly h = inf ke
2(Xw) = Lv",  where v L S

Throughout this analysis, we assume that 7;; > 0 and that the sequence converges to
this limit, i.e., im; z 00 Vi = 7"
Considering a product set w = w; X wy, the separability of the integrand allows us to

factorize the double integral:

% / /w sin®(jz) sin? (ky) da dy = (% /w 1 sin®(jz) dw) <% /w 2 sin®(ky) dy)-

We introduce, for i € {1,2}, the quantities

2
a;(m) == —/ sin®(mt) dt, for m € N*.

™

With this notation, the functional takes the compact form:

Jo(Xw) = inf ; ) (k).
2(Xw) (j,k)lg(N*P Vi o1 () (k)

To analyze the functions «;(j), we apply the identity sin’(nt) = £(1 — cos(2nt)),

yielding:
wi| 1

——/ cos(2jx) dz.

a(j) = T

To ensure that «;(j) is constant (independent of j), we require the oscillatory integrals

to vanish. This is achieved by choosing w; to satisfy the anti-reflective symmetry condition:
TEw <= Tm—1z¢uw,

which implies |w;| = 7/2, or by choosing the full domain w; = (0,7), which implies

|wi\ = .
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For such product sets w = w; X ws, the functional becomes:

|w1||w2] _ LT(’2

2 v =L

J2(Xw) ="

™ ™

We remark that there are infinitely many sets (w;,ws) satisfying these properties.
However, since the measure of each component w; is constrained to be either 7/2 or
7, this construction yields optimal solutions specifically for the cases L = % (where
wi| = |wa| = 7/2) and L = § (where one set has measure 7/2 and the other 7).

For the general case (2 = (0, 7)", a similar strategy allows us to deduce the existence of
optimal sets specifically when the volume fraction takes the form L = Q%n for any integer
me{l,...,n}.

By constructing product sets where m components are symmetric subsets of measure
7/2 (eliminating oscillatory terms) and the remaining n — m components are the full
interval (0, 7), we obtain a set with volume fraction L = (1/2)™-1"™ = 1/2™ that attains
the optimal value L~y*. In this way we have the following resulto for the n-dimensional

orthotope:

Proposition 3.19 Consider the domain 2 = (0, 7)™ and the functional J defined by

I = inf o [l de
where ¢; are the sine-product eigenfunctions defined in (3.20). Assume the sequence (7;)
satisfies lim|j| o0 v; = ¥ and v; > * for all j.

If the volume fraction satisfies L = Zlm for some integer m € {1,...,n}, then the
supremum of J over Uy, is attained and is equal to Lv*.

Specifically, the maximum is reached by any product set w = wy X - -+ X w,, constructed

as follows:

e m components are measurable subsets of (0,7) with measure 7/2 satisfying the

symmetry condition r € wy, <= T — 1 ¢ wy;

e The remaining n — m components are the full interval (0, ).

Remark 3.20 Proposition 3.19 establishes the existence of optimal sets in cases where
the sequence converges from above (v; > ~v*). However, as shown in Remark 3.11, the
condition (HY) fails in this exact scenario. This demonstrates that (HL) is not a necessary

condition for the existence of classical solutions in general.
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A similar reasoning applies to the case where Q = {z € R?;||z|| < 1}. In this case,

the Hilbert basis of eigenfunctions is defined by the triply indexed sequence of functions

Ro(r)/V2r if j=0,

7 (3.27)
RiY;m(6) i j>1,

¢j7k7m<r7 9) = {

for j € Nk € N* and m = 1,2, where (r, ) are the usual polar coordinates. The functions
1 1

Y; m(0) are defined by Y;(6) = ﬁcos(jﬁ) and Y5 (0) = ﬁsin(]ﬂ) and the functions

R, are defined by

R (70) — \/EJJ‘(ZJ‘JCT) _ \/§Jj(2j7k7’)
5l g rdr

(3.28)

where J; is the Bessel function of the first kind of order j, and z;; > 0 is the k'
positive zero of J;. The corresponding eigenvalues consist of a doubly indexed sequence
(—Ajk)jen ken+, where A = Z;k is of multiplicity 1, if j =0 and 2, if 7 > 1.

The similarity arises from the separation of variables in the eigenfunctions. Specifically,
using the identity ¢;xm(r,8) = R;(r)Y; () and the normalization of the radial part
(fol R, (r)rdr = 1), we obtain:

2 1 1 27
Bsa [ [ Ristor o daras = o ([ ristorar) ([ V(02 a0)
0 0 0 0
2

=Lk | Yim(0)*d0,
0

This effectively reduces the problem to an angular integral, analogous to the 1D interval

case.

In this framework, we establish the following result for the unit disk.

Proposition 3.21 Assume Q = {z € R? : ||z|| < 1} is the unit disk, equipped with
the basis of eigenfunctions defined in terms of Bessel functions. Let A be the class of

measurable subsets w C ) expressible in polar coordinates as product sets:
w={(rcosf,rsinf) :r € w,, 0 € wy},

where w, C [0,1] and wy C [0, 27| are measurable sets such that |w| = L|Q)| = L.
If L = %, then the supremum of J over the class A is equal to Ly* and is attained.
Specifically, the mazximum is reached by any set w € A of the form w = {(r,0) :

r € [0,1],0 € wy}, where the angular set wy has measure m and satisfies the symmetry
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condition:
wgNwy =0 and wpUwy=10,27] (up to measure zero),

where wy = {27 — 0 : 0 € wy} is the symmetric image of wy.

3.3 System of Linear Thermoelasticity

We consider a linear system of thermoelasticity defined on a bounded open subset

Q) C RY. The system consists of coupled wave and heat equations given by :

uy — Au+ alAfd =0 in Qx(0,7),
Qt — VAl + ﬁut =0 in Qx (O,T), (3 29)
u=0=0 on 09 x (0,7, '

uw(0) = u®, w(0) = ', 0(0)=6° in Q,

where T' > 0 is the final time and 0f2 denotes the boundary of 2. The coupling parameters
a, B and the viscosity v are assumed to be positive constants. The System (3.29) models
the coupling between a wave equation for the displacement u and a parabolic equation
for the temperature 6.

We introduce the following functional spaces:
H = Hy(Q) x L*(Q) x Hy (), (3.30)

and
H =L*Q) x H Q) x H Q). (3.31)

The system (3.29) is well-posed in the energy space H. The associated energy is given
by:

E(t) = %/Q (]ut(x,t)\z + | Vu(z, t)]* + %]V@(w,t)\z) dx. (3.32)

3.3.1 Spectral Decomposition

In [35], the authors established the null controllability of system (3.29) in the energy
space H. To achieve this, they performed a spectral decomposition of the system using the
basis generated by the eigenfunctions of the Laplacian operator in H}(€2). They observed
that, for high frequencies, the spectrum splits into distinct parabolic and hyperbolic parts.

By projecting the system onto the corresponding subspaces, they obtained two weakly
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coupled systems: one behaving like a heat equation and the other like a wave equation.

They then applied arguments from [53] and [54], respectively, to control each component.

Although this paper does not focus on controllability, the spectral decomposition

analysis provided in [35] is fundamental to our work.

We consider the operator A : D(A) C H — H associated with the system (3.29). Its
domain is defined by

D(A) = (H*(Q) N Hy(Q)) x Hy(Q) x {6 € H*(Q) : = A0 = 0 on 9Q},

and its matrix representation is given by

0 I 0
A=|3AA 0 —aA
0 —pI vA

Consequently, the system (3.29) can be rewritten as the abstract first-order evolution

{ V=AU, (3.33)
U(0) = U,

equation:

where U (t) = (u(t),us(t),0(t))" and initial data Uy = (ug, us,60) "
Let (¢;)jen+ be a Hilbert basis of L?(§2) consisting of the eigenfunctions of the Dirichlet

Laplacian:

»; =0 on 0f).

The associated eigenfrequencies form a non-decreasing sequence of positive real numbers:

O<w <wg < oo <w, <vvv = +o00.

We decompose the solution U(t) of (3.33) into a Fourier series
Ut) =Y Ui(t)e;(x), (3.35)
j=1

where, for each j, the coefficient vector U;(t) € C? satisfies the ordinary differential

equation:

dU;(t)
dt

= A]'Uj (t), with Aj = —c2w2 0 aw2 . (336)
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Eigenvalues and Eigenfunctions

The eigenvalues of A; are the roots of the characteristic polynomial:
2., 2 2 2 2 _
(A 4 c“wyi) (A + vwy) + afrw; = 0. (3.37)

We seek the eigenvalues as perturbations of the uncoupled spectrum. Specifically, we
define the parabolic branch \;; = —uwj? + ¢; and the hyperbolic branch A;» = icw; + n;.
Substituting these expressions into (3.37), we find that the perturbation terms ¢; and 7;

must satisfy the following implicit equations:

a3 (1/ — %) —af (ic + Z—J)
€ = 5 and 7 = - : (3.38)
We define the auxiliary functions F!, F?: C x R — C by:
af(v — 2%) af(ic+ zn)
F! —c— d F? = . (3.39
(e2) = e (v — 2%€)% + 22¢2 atl (n,2) =n+ (2ic + zn) (v + zic + 22n) (3:39)

Evaluating these functions at z = 0, we find the following roots:

Ft (O‘—ﬁ,o) =0 and F? (—% 0) =0.

v v’

Moreover, we compute the partial derivatives with respect to the first arguments (e
and 7). For F'', we obtain:
OF? —af2? (v — 2%€)? + 2%¢%) + 20822 (v — 2%€)?

W(G, z)=1- (v — 2e) + 262)°

Similarly, for F2:

0_77(7]7 Z)

aBz(2ic+ 2n)(v + zic + 2°n) — aflic + zn) (2(v + zic + 2*n) + 2%(2ic + zn))

=1
- (2ic + 2n)% (v + zic + 22n)?

Evaluating these expressions at z = 0, the rational terms vanish due to the factors of z

in the numerators. Thus, we find:

OF! [ap OF? [ af
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By the Implicit Function Theorem, there exists a neighborhood U C C of z = 0 and

unique analytic functions €, : U — C, satisfying the initial conditions €(0) = % and
n(0) = —02‘—5, such that
F'(e(2),2) =0 and F?*(n(z),z) =0 forall z€U.
Furthermore, these functions satisfy the differential relations:
d oF! , d OF? ’
—E(z) = ——8351 (el2), 2) and _7](2) = ——68;2 (n(z) z) (3.40)
dz 5 (€(2), 2) dz Sy (0(2),2)

We explicitly compute the partial derivatives with respect to z at the origin:

OF*! (%’O) — 0 and OF? <_Oé_5 O) :_ia6(4c2—aﬂ)

0z 0z 2v’ 8cr? '
Recall from the previous step that the partial derivatives with respect to the first variables
(e and n) are equal to 1 at these points. Substituting these values into (3.40), we obtain

the derivatives of the implicit functions at z = 0:

d d
d—Z(o)zo and  22(0)

_iaf(4c® — af)
dz"~ ‘

8cr?

For subsequent computations, we require a higher-order asymptotic expansion for the
eigenvalues A than the one provided in [35]. To this end, we compute the second derivative
of €(z). Differentiating (3.40), we obtain:

d?e 90z dz T 022 | e 9z \ 0 dz | Beoz
@(2) = — oF1 2 s (341)
( Oe )

(82F1 de 82F1> aFl  gF! <82F1 de 82F1>

where all partial derivatives of F'' are evaluated at (e(2), 2).
Evaluating this expression at z = 0, and recalling that %(0) =0 and aa—il(o‘—f, 0) =0,
the expression simplifies significantly. We obtain:

d2 2003
50 = =5 (s =),

By a completely analogous computation, we obtain the second derivative for n at the
origin:
d2
) = _ _
dz? v3 16¢213 43 2cv

202 8cr?

af ot 3a2/3? N af (aﬁcz’ a2ﬂ2i)i
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Simplifying the last term (using 2 = —1):

) _ 08P —af)
dz? v3
Thus, for j sufficiently large, we substitute z = wj_l into the Taylor expansions.
Recalling that Aj; = —vw? + e(w; ') and Xjp = icw; 4+ n(w; '), we obtain the following
asymptotic expansions:
For the parabolic branch:
af af(af—c2) 1 1
N = —vwf + — T ot O 5 (3.42)
j j

For the hyperbolic branch, utilizing the simplified form of the second derivative derived

previously:

Mt = dew; — — +
J 7Y Scr/? w; 2v3

af a4 — af) 1 + M% +0 ( ! ) . (3.43)
J

The eigenvalues derived in (3.42) and (3.43) correspond to the roots of the characteris-
tic polynomial (3.37) of the matrix A;. The spectrum is thus partitioned into a "parabolic"
branch, represented by the single real eigenvalue /\7;-7 , and a "hyperbolic" branch, consisting

of the complex conjugate pair )\;” and A?’ = AJTJF

Computation of the Eigenvectors

The eigenvectors U corresponding to an eigenvalue A € 0,(A) satisfy the equation
AU = \U.

By expressing the eigenvector in the Fourier series form U = Y72 (U}, U7, U?) " ¢;, we

find that for each mode j, the coefficients must satisfy the following system:
2 _ 771
Us = \Uj,
2 2771 2773 _ \T72

2 2773 3
—BU; —vw; U7 = AU3.

Substituting U7 = AU} into the system, we eliminate U} and obtain the following
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coupled equations for U jl and U ]3:

{—C%JZU} +awlU? = NUJ,
1 21713 _ 3
—BAU} — U3 = AUY.

Thus, for a given eigenvalue A, the eigenvectors have the form:

)\2+c; ]2 1
Uy, = Uf ,\:J:\;iZ ¢; or equivalently Uy = Uj1 A b, (3.44)
J
8A
1 _>\+ij2.

Therefore, a natural strategy is to associate the first structural form in (3.44) with
the parabolic eigenvalue A? , and the second form with the hyperbolic eigenvalues )\?i.
To ensure the eigenvectors remain bounded in the energy space H, we select the
normalizations U]?’ = i for the parabolic mode and Uj1 = ()\?i)*l for the hyperbolic

modes. In summary, the eigenvectors associated with high frequencies are given by:

aw; h£t\—1
[ (A7)
p aXlw; h+
1 _ =B
> T

As established in [35], by incorporating the generalized eigenvectors associated with
low frequencies into the set (3.45), we obtain a Riesz basis {U;1,Uj2,U; 3} for the energy
space H. For j sufficiently large, these correspond to U;; = UJP , Ujp = U;”r, and
Ujs=U ;".

For the subsequent analysis, we introduce the space
H = HNQ) x L*(Q) x L*(Q). (3.46)

To ensure suitable properties in this space, we renormalize the parabolic eigenvectors
(specifically, multiplying the previous UJZ»’ by w;). The high-frequency eigenvectors for H
take the form:

2

aw? h£\—
oy e
aXPw? h4+
e P I PO

1 2 ht
Vw3 +/\j
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These vectors, together with the corresponding generalized eigenvectors for the low

frequencies, form a Riesz basis for H.

3.3.2 Observability Inequalities

This section is primarily devoted to establishing the following observability estimates.

Lemma 3.22 There exist positive constants Cy and C, depending on the coefficients

c,a, v, 3, the time T, and the observation domain w, such that:

012 T
BT ey + Bl + S5 10+ B D10y < Co [ [ 1o, (3.48)

and
T
B (T sy + BT 22y + 020Dy < C / / 0P drdt,  (3.49)

for any solution (u,0) of system (3.29) with initial data (u°,u',0°) € H} () x L*(Q) x
H}Q).

Proof:

for any initial data (u°,u',0°) € H, there exists a unique solution satisfying:
(u,u,0) € C([0,T]; H). (3.50)

The adjoint system associated with (3.29) is given by:

(

vy — (A +af)Av+vBAY =0 in Qx (0,7),

-y —VvAY+alAv=0 in Qx (0,7),
J e 0 (0,7) (3.51)
v=1Y=0 ondx(0,7T),

v(T) =, v (T) =", Y(T) =¢° in Q.

\

Based on the results established in [35], we know that there exist positive constants

Ky and K such that the following observability inequalities hold :

T
[0 + [140) = YO sy + 10Oy < Ko [ [ o dwar, (352

and

T
[0(0)[1Z2(q) + [[06(0) = BY(0)[[F-1 () + 1 (0) | F-1 () SKl/O /|¢I2d$dt, (3.53)
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for every solution of (3.51) with initial data (v°,v*,¢°%) € H'.

The strategy to prove the desired inequalities (3.48) and (3.49) relies on a duality
argument. By applying a suitable change of variables, we can transform the established
adjoint observability estimates (3.52) and (3.53) into the corresponding estimates for the
direct system.

Observation of u: We assume the initial data satisfies (u°,u',0°) € H. We introduce

the transformed variables:
6 =ald, = Pu,.

From system (3.29), substituting the transformed variables @ = fu; and 6 = ald, it
is straightforward to verify that (@, QN) satisfies the following system:

.

iy — (¢ + af) Al + vBAG =0 in Q x (0,7),
0, — vAO + aAl =0 in Q x (0,7),
i=0=0 on 9 x (0,7),
a(0) = put, 4 (0) = B(AAU’ —aAB®), 0(0) = aAF® in Q.

(3.54)

Since the transformed system (3.54) has the same structure as the adjoint system
(3.51), we can apply the observability estimate (3.52) to the pair (@,6). Substituting
the definitions @ = Bu, and § = aAd back into the inequality, we obtain the following

estimate in terms of (u,6):

T
B2 llue( T2 ) +B%H 1 AU(T) 510y AT 10 SBQKo/O /Iut\zdﬂfdt, (3.59)

which holds for every initial data (u° u',60°) € H.
Now, for any initial data (u® u!,6°) € H, consider the auxiliary initial data
(09, 4",0°) € D(A) determined by the following system:

le — UO
AAW — and® =, (3.56)

vAQ® — Bat = 6°.

Let (@,6) denote the unique solution of system (3.29) associated with this initial data
(a0, at,6°).

It is straightforward to verify that the functions v = 4; and 6 = 0, constitute the
unique solution of system (3.29) with initial data (u°, u!,6°) € H. Consequently, we can
apply the observability estimate (3.55) to the solution (@,6). Substituting u = @, and

0 = 60,, and using the system equations to express the Laplacian terms A4 and Af in
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terms of u and 6, we obtain:

2
BT ey + 5 |

uw(T) + %(Q(T) + BU(T))HHl(Q)

a? T
SO+ By < #F [ [l dwar. @57

Using the inequality ||z +y||> > 3||z[|* — ||y||*, we establish the following lower bound
for the mixed term:
2 3202

w(T) + SO +pum)|, = Dl -

B2

16 + Bu)(T)|I3-1(0y-
(3.58)

2
Combining this estimate with (3.57), we obtain:

2
«
BT 22 + F lueMla-10) + 510 + Bu) (D)1

T 202
<Ko [ [ 1P dedt+ R0 + 50T (359

Finally, we use the estimate (3.57) to bound the second term on the right-hand side
of (3.59). This yields the final inequality (3.48).
Observation of 0: We proceed analogously. Applying the observability inequality (3.53)

to the transformed pair (i, 6), we obtain:

T
B ) ey + | ST sy + 02| AOD sy < B [ [ 180 dat,
b (3.60)
which holds for any initial data (u°, u!,6°) € H.
Now, for arbitrary data (u,u',6°) € H, we introduce auxiliary initial data (a°, 4!, 6°)

defined as the solutions to the elliptic problems:
AW =4, At =u', AF° =

Let (u, é) be the solution of (3.29) corresponding to this auxiliary data. Linearity implies
that Ad = u and Af = 0. Applying estimate (3.60) to (@, §), we observe that terms such
as ||A0A(T)||H71(Q) become ||0(T')||gr-1(). This yields the final inequality (3.49). |

In fact, it is possible to establish improved observability estimates with a stronger
energy norm on the left-hand side. Due to the regularizing effect of the heat equation, the
thermal component can be estimated in the L*(2) norm rather than H~1(£2). Accordingly,

we have the following result for the adjoint system:
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Lemma 3.23 There exist positive constants Ko and K, such that

5 T
(0 gy + 10400) = B sy + 1Oy < o [ [P vt (31

and

[0(0) 172 + 16(0) = BY(0) |71 (@) + 1V (0) 1220 / /|¢I2d$dt, (3.62)

for every solution of (3.51) with initial data (v°,v',¢°) € H'.

Proof: The proof follows by establishing that system (3.29) is null controllable for initial
thermal data 0° € L?(Q2). This constitutes a regularity improvement over the results in
[35], which require 0° € HJ ().

Given any initial data U° = (u,u!,6°) € H, we have the spectral expansion:

U= (af UM +a; U™ +b,U7),

J=1

where the coefficients satisfy the square-summability condition required by the Riesz basis

structure:

D (af P+ oy [P + [b?) < .
j=1

Consequently, the solution U(t) = (u,u;,0)" of system (3.29) admits the following

spectral representation:

Z ( +Uh+ )\ +CL Uh j +b]Uf6)\:;t> )

Jj=1

In particular, by extracting the third component of the vector solution, the tempera-

ture variable can be written as:

h+ _ _5 h— »
J J

Using the asymptotic expansions derived in (3.42) and (3.43), and recalling that

Re(2)t

le*t| = e , we deduce the following decay estimates.

For the hyperbolic branch, observing that the wj_l term is purely imaginary, the real
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part decay is governed by:

o) <o (ol o
2v wj wj

Similarly, for the parabolic branch:

< exp <2 [—I/W? + ? +0 (%)} t) < (2 (1 +0 (%)) . (3.65)

Furthermore, we estimate the magnitude of the coefficients appearing in the series

h+
62)\j t

P
62)\jt

expansion:
2

2
5‘%’

2 ht
vw;i + /\j

52
= . 3.66
1/2—1-(02—045)&—1—(9(%) (300

Consequently, summing over the high frequencies j > Ny, we obtain the following

estimate:

(3.67)

h— P
e2Re(>\j )t+ ‘bj|2w;1€2)\jt

2 h—
vwj + )\j

< Cla, B,e,v) Y (laf P+ lag [+ [b]) -

J>No

This demonstrates that the temperature variable exhibits a regularizing effect,
ensuring that 6(t) € H*(Q) N HJ(Q) for all ¢ > 0. Consequently, the conclusion of
Lemma 3.23 is established through the following argument: Consider the system (3.29)
with initial data (u°, u!,6°) € H. From the estimates derived above, we deduce that the
thermal component satisfies 0(t) € H*(Q) N HY(Q) for ¢t > 0. This improved regularity
implies that the full state vector satisfies (u, uy, 0)(t) € H for any ¢ > 0. Since the system
enters the standard energy space H instantaneously, we can apply the null controllability
results from [35] to drive the system to rest using distributed controls. By duality, this
controllability result implies the validity of the observability estimates stated in Lemma
3.23. |
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3.3.3 The Observability Constant

To address the problem of optimizing the shape and location of sensors for system
(3.29), we adopt the approach developed in [41, 42|, which is based on randomized
initial data. We utilize the spectral expansion of the solution in terms of the Riesz basis
{Uj,k}jeN*,ke{l,z,s} derived in Section 3.3.1. Thus, we write the solution as:

U(t) = Z (l’}Uj@@A;t + x?ULQe’\?t + (’E?Uj’ge)\?t) , (368)

Jj=1

where, for each j € N*, the scalar coefficients 1, 22 m? satisfy the linear system determined

Jrgo
by the initial data:
.
P + 23Ul + U = [ 0()6(0) do,
Q

o U? + 25U, + 25U —/Qul(x)<bj(x)dx,

Jj~ 51 J Jjoi3

J

\#@ﬁﬂ%&+ﬁﬁyiém@%@M£

Here, the vector components are denoted by
Ur=|U3 |, forjeN ke{l23}

The sequence {)\;}izl,m consists of the generalized eigenvalues of the matrix A;. In
particular, there exists a threshold integer iy > 0 such that for all high frequencies 7 > Ry,

the spectral elements coincide with the parabolic and hyperbolic branches derived earlier:

h h—
A=A A= N =

J J

and the corresponding eigenvectors satisfy:

Ujl :Up

’ 77

_ 77h+ _ 77h—
U = UM, Uy =UM.

Observability Constant for Wave Observation

In this section, we compute the observability constant for the case where the

observation is performed on the wave equation component .
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We begin by defining the scaled coefficients:
=aiUly, by =a23Ul,, & =a3U},, forje N

Next, we perform a change of variables to shift the reference time to 7"

i

>

g

S
=

e
i

>

w

S

Substituting these into (3.68), we obtain the following expansions for the state variables:

( o0

u(t) = Z (aje_’\al'(T_t) + bje_’\i(T_t) + cje_’\?(T—t)> ¢;,

<.
Il
—

w(t) =Y (a])\l ST 4 A2 NI A 3em ‘”) 5, (3.69)

<.
I
-

For any non-zero initial data (u®,u',8°) € H’, the observability constant with wave

observation is defined by the following variational formula:

fOT fQ Xo|u|? da dt

Cr(xw) =  inf 5 . (3.70)
/ 2 2
o 119;0)6;3 B2|u(T) 320 + B2l (T) 1 () + %10 + Bu)(T)[[32 (g
We define the denominator of the observability ratio as the functional:
2
!
D(a,b,¢) = B*|a(T) 12y + B llul T)l-10) + 5 10 + Bu)(D)IIZ2(0y. (3.71)

Substituting the spectral expansions from (3.69) and utilizing the orthonormality of the
basis (¢;);en- (along with the isometric isomorphism || - || g-1(q) = ||cuj_1 “||z2), we obtain

the following series representation:

0 2
CL b C Z (ﬁzlaj+bj+cj]2+E\)\;aj—i—)\?bij)\?ch
j=1 (3.72)
(0%

o (G en) oo (e s) o (B0

Similarly, using the spectral expansion (3.69), we express the observation integral (the

2

2

+
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numerator of the observability ratio) as

[ frsa-[ ]

Thus, combining the expressions (3.73) and (3.71), we can rewrite the observability

2

dz dt.

=1

constant as the solution to the following constrained minimization problem:

Cr(xw) = inf / /
a,b,cel?(C

D(a,b,c)=

2

Z HCR bje” AJ(T—1) +cje_’\?(T_t)> ¢j(x)| dxdt,

(3.74)

where a = (a;), b = (b;), and ¢ = (¢;) denote the coefficient sequences.

We define the randomized solution u”(¢) corresponding to an event v € X’ by the series

expansion:

oo
Z (51 jaie T 4 By bie T +5§,jcj€_A?(T_t)> b5,
j=1
defined on a probability space (X, A,P). Here, for each k € {1,2,3}, the sequence
(Bk,;)jen+ consists of independent random variables of Bernoulli type, having mean equal
to 0, variance equal to 1, and a super-exponential decay.
Given the stochastic nature of v, it is natural to analyze the randomized observability
constant, which is based on the expected value of the measurements.
Since the solution u” depends on the random event v € X, it is natural to
study the randomized observability constant, which considers the expected value of the

measurements. This is defined by:

CYT,Rand (Xw)

—inf {E fOTfQ X Z;;(ﬁf,jajeﬂ\}@%) + 512/,jbj67/\?(T7t) + Bsu,jcj Xt ) |2 dxdt
B2||U<T)||%2(Q) + BQHUt(T)H%fl(Q) + 3—§H(9 + BU’)(T>||L2(Q)
such that (u”,u',6") € H’}

Equivalently, using the functional D defined in (3.71), we can write:

C(T,Ramd (Xw)

—inf {E /OT/W

> (Biae T 4+ By bie T 4 By e T gl dudt

Jj=1
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such that a,b,c € [*(C), D(a,b,c) = 1}. (3.75)

Using the statistical properties of the expectation operator E-—specifically, that the
random variables have mean zero, unit variance, and are independent—the cross-terms
in the squared modulus vanish. Consequently, the randomized observability constant
simplifies to the ratio of diagonal quadratic forms:

N(a,b,c)

CrRrand(Xw) =  inf ———= 3.76
7:Rana (X a,b,(l:relﬁ((c) D(a,b,c) (3.76)

where the numerator N is given by:

T
a b, c Z <|a]’2/ —2Re(A\})(T—t) dt—|— \b |2/ —QRe()\JQ.)(T—t) dt
0

T
+|Cj’2/0 2Re)\3 >/|¢] ’2(1(13

and the denominator D(a, b, c) is given by (3.72). We introduce the change of variables

(3.77)

to normalize the time-integral weights:

T T
dj — g \// e—zRe(A})(T—t) dt, e = bj \// 6—2Re(>\?)(T—t) dt,
0 0
T
fj = ¢ / €—2Re(A}7’e)(T—t) dt.
0

Substituting these into the expression for the randomized observability constant, we find

and

that the inverse of the constant is given by:

1
CT,Rand(Xw)
> (A]U\de + A22|ej |2 + A3 f5]% + 2R(A} 2d;E;) + 2R(A3d, f;) + 29%(A§r2ejfj))
sup )
defer? oo (14512 + lei2 + 1f512) ), |51 da

(3.78)

where the coefficients are defined by:
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)

33 _ A22
A3 = A22,

ALl — 1 32 _1_52\’\;'2 I L
J T —2Re/\1td wjz. V2

0

U3 2

3,2 +
Uj, 8

)

Jo e -
Al2 1 g2 2N e (U g (U 4 g A3 — A12
y — 2 2 1 1 ) ] - ]
J \/fT 2Re>\]tdtf —2Rex2t o w5 v\ U1 U2 J J
0

A273 2 (U3 U3
32 _ 1 2 2757 Q 7,2 7,3
A3? = — ——— (B + L+ (8 (B8] )
fTe 2Re)\jtdt fTe 2R6)\jtdt J 7,2 7,3
0 0

Thus, we can express the inverse of the randomized observability constant in a compact

IA%]2
AP = (ﬁ?w +

form:
1 Z] (M, vi)es
= sup

- 3.79
OT,Rand(Xw) d,e,fcr? j=1 ’VJ ‘2 f ‘¢j ’2 dl' ( )

where v; = (dj,e;, f;)T and M; = (Af’l)%l:l is a Hermitian matrix for each j.

The next result characterize the randomized observability constant:

Proposition 3.24 The inverse of the randomized observability constant is given by the

supremum. of the spectral modes:

1 A (M)
—— =Sup 3.80
Cr.rand(Xw)  jene [ ¢;(x)]? da (350
Consequently, the observability constant itself is characterized by:
o ()| dx
CT Rand(Xw) = in f|]—| (381)

JGN Amax(Mj)

where Amax(M;) denotes the largest eigenvalue of the Hermitian matriz M;.

Proof: Let Q(v) denote the quotient in (3.79) and let I; = [ |¢;(x)|* dz. We define the
Amax (M)
TR

Upper Bound: TFor any sequence v € (* we have the bound (M,v;,v;) <

supremum of the spectral modes as S = sup; -

Amax(M;)|v;|?>. By definition of S, we have Apax(M;) < Si; for all j. Summing over

J, we obtain:
oo

D My vi) <SGV =8 |v,l.
j=1 j=1 j=1
This implies Q(v) < S for all v # 0, and consequently sup, Q(v) < S.

Lower Bound: By definition of the supremum, for any given ¢ > 0, there exists an

index k € N* such that
)\max(Mk:)

S —
e < A
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Let ), € C® be a normalized eigenvector of M} corresponding to Apax(My). We

construct the test sequence £€¥) = (v;);en- defined by:

el if j =k,
0 ifj#k

Vj:

Substituting this sequence into the quotient yields:

<Mke£xlf21x,e£1’12x> - /\maX(Mk’)

= >S5 — e
ASGONE Ii ‘

QEY) =

Since € is arbitrary, we conclude that sup, Q(v) > S.

Combining the upper and lower bounds, we have sup, Q(v) = S. The result follows

by taking the inverse. |

Next, we analyze the asymptotic behavior of the spectral quantity Apax(2/;) in terms

of the frequency w;. The following technical lemma provides the necessary expansions.

Lemma 3.25 Consider functions defined for z € C near the origin by the following local

behaviors:

A+ Bz+C22+ 02
H(z) = 2 3( )’
1+ D22+ O(23)
1(2) = /A4 Bz2 + O(23),
1
A+ B2+ C22+ D23+ 0O(24)
1
K(z)= .
C) = B+ o

J(2)

Then, for z sufficiently small, we have the following asymptotic expansions:

H(z) = A+ Bz+ (C — AD)2* + O(2*),
VA+ 2224+ 0(2%) if A#0,

I(z) =
VBz + O(2?) if A=0,
1 B B>~ AC , 2ABC - A’D - B , \
J(z):Z—Fz’—i— iR . 2>+ O(z%),
1 B
K(z)= i EZ—FO(ZZ)

To simplify the notation for the matrix coefficients, we define the inverse time-integral
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T T ) -1
&= (/ e 2Rey) dt) and & = (/ e~ 2Re(X))t dt) :
0 0

Using these definitions and substituting the expansions above, the coefficients of the

factors: )

matrix M; for j > Ry are given by:

2
it g (g XL 02| (@ + o+ P
5 /6 +B ‘ ’2 _2 w? )
Wi J
h
w2 _gr gy el D af (G
J J |wj’2 2 |ij2+)\?+‘2 ’

(3.82)

= NP 0218 (2 + af)w? + | B2
A1-72 _ 5152 2 27777 - 7 J J
J J j<ﬁ +6 w? +1/2a Vw?-—i-)\?’ ’
(A2 a2 (vBuw?)?
42— g2 (52+52 102 |

3 V2 (vw? + )\h+)

We now compute the asymptotic behavior of each matrix coefficient in (3.82). For

high frequencies j > Ry, the following expansions are required:

2|2 a3 1 1
2 2 2
At ic _af 1 iaf(dc® —ap) 1 1
S_— =+ ——+0 (—4> , (3.84)
w; wj 2w w 8cv ; w;
AP 2 2 1 1
@:Cucof_fro(_él), (3.85)
U? V2 c? B(2¢* —aB) 1 1
iy - 2 - _ L S A —
o, +B=—wi+ (a ﬁ) + R +0 (w?> , (3.86)
;’,Q_i_ﬁ 5_.05+ 5 (5—22) +0 1 (387)
Ujs B ZVWJ 27\ ‘ w; wi)’ '
U2, cf B 1 1
T —9 — . .
UJI’3+@ ﬁ+@ —|—22(a6 C)wj+0<w§?) (3.88)

Using the expansion established in (3.86), we compute the square of the term appearing
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. 1,1
in Aj’:

<.

N

o? <(c + aB)w?

Iz ow

+!A§!2) 426 — a4 € +262a5—a252+0<i>‘

2 .
14 Wj

(3.89)

<.

Combining the first expansion in (3.82) with the results from (3.83) and (3.89), and

using the notation 8;, we obtain the asymptotic behavior for A;’lz

449208 — o232
A}’l:5].1<y2w;.1+(202—2a5+ﬁ2y2)w32»+<ﬂ2—2a53+c + Ci? aﬁ)

Similarly, utilizing the expansion (3.87), we derive the asymptotic behavior of the term

. . 2,2
appearing in A;™:

a2 Vﬂw?

2 At
vwj + >\j

2

o232 B
b < +aﬁ20%+0(i3>) (3.91)

2
14 v F

Substituting this result and the expansion from (3.85) into the expression for A?’z, and

recalling the definition of £7, we obtain:

2,2 2 (B 2 Ba 2 2.2 1
Aj zé'j( (v (1+c)+a)+7(—ac + fctv +6a)wj+(’)(—?)). (3.92)

V2

. . .. . . . 3.9 .
Proceeding in a similar manner, we derive the asymptotic expansion for A;”. Using

the notation £, we obtain:

(3.93)

—2Re(A )t

We investigate the asymptotic behavior of the integral term fOT e dt for large
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j. Let z = w]-’l. Considering the expansion for sufficiently small z, we have:

T T
/ 6—2Re()\?+)t dt — / 6(“75—%?(c2—a6)22+0(23))t dt
0 0

e(%ﬁ—%(c2—aﬁ)z2+(’)(z3))t
ol _ (2 — qf)2? + O(z5) .

T

(3.94)

o(2-28(2-aB)22+0())T _ ¢
T2 d@—ap)? + 0

Thus, evaluating the expression at the limit z = 0, we obtain:

T + T ap
/ —2Re(A7) gy :/ evtdt.
0 z2=0 0

We compute the first derivative with respect to z. Applying the quotient rule to the

expression derived in (3.94), we obtain:

i /T62Re (Bt e
dz \ Jo

_ (e(%"+0(z2>)T - 1> (—2zo;—f(02 —aff) + @(ZQ)) ]

262

1
CE L O(22)

— 22T (2 — af)e™

+ 2,2?;—?(02 —af) <6¥T - 1) + O(2?)

—22%2(c? — af) [QBT aﬁT—l)—l—l]—i—(’)( 2)
P L 0(22) '

Consequently, evaluating the derivative at z = 0, we find:

T
i (/ e—zRe(A§L+)t dt)
dz \ Jo

We compute the second derivative with respect to z. Differentiating the result from

=0.
z=0

the previous step, we focus on the leading order terms. Applying the quotient rule and

noting that the term proportional to z in the numerator simplifies the calculation at
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z — 0, we obtain:

e
x < ?2 +0(2 )) 0(22)]
(-5 -en o) (o7 1) 4 1] 4 0(2)

—2( — af) el

B2 af)2? + O(28)

4

Consequently, evaluating the second derivative at z = 0, the expression simplifies to

2 T . o002 .
& / 2Rt gy “AC—af) [ e (0B ]
dz? \ J, afv v

Consequently, applying the Taylor expansion up to second order (noting that the first

z=0

derivative vanishes) and substituting z = 1/w;, we obtain
(c? —aﬁ)[ ('BT—l)—f—l]l 1
—+0 (—3) - (3.95)
: w
J

apt
e v dt —
afv )

T i T
/ 6_2 Re()\j )t dt — /
0 0

Combining the asymptotic expansion for the numerator from (3.92) and the denomi-

nator from (3.95), we express A? 2
2 (P(1+ ) + a?) + 2ledtiiied 1 o (1)
422 _ 5" Y “ “ (3.96)
2 2 2By as ' '
T Bt (2—ap) [e v (7T71)+1] L L
fO ev dl — afv w2 + o <$>
J J

Similarly, by combining the asymptotic expansion from (3.93) with the denominator

expansion (3.95), we obtain the expression for A 2
9 (1/2(1 — )+ a2) - zca(2a+,81/2) 1‘ ( 0‘6 v _ 30 — 5021/2) L4+0 (13>
32 _ B° w2 3
I 2 B .
Bt (2=ap) e v T (P T-1)+1
frera- ST ) ()
i j
(3.97)

At this stage, we reintroduce the notation z = 1/w; to perform precise asymptotic
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simplifications. Applying the expansion rules from Lemma 3.25 to (3.96), we obtain:

2
427 = %&d (1 + ) +a? + Cap2? + O()) (3.98)
V2 0 e v

where the second-order coefficient is given by:

a(a?B + A (—a + fr?))

Cop = 3
X (/Teaft dt) AL+ )+ (¢ - af) [T (LT - 1) +1
0 afv
B a(a?B + A(—a + B1?)) . (1/2(1 +c?) +a2)(c —af) [ T (%T — 1) + 1}
B v? V2(ea€T —1) '
We also have that:
A?’2 _ - fTﬁjaft - <l/2(1 . 02) 4 a2 . ’ica(2ay+ BV2)Z + C372,Z2 + O(ZS)> ’ (3'99)

where the second-order coefficient is given by:

a(af(2a + Br2) — 2¢%(3a + Bi?))

Cap = 5,2
v
(21— *) + a?)(c? — ap) [e%T (8T —1) + 1}
+ T .
U2(ea€ —1)

In particular, squaring the moduli of these expansions, we obtain:

4
|AZ?? = 4 — ( (V1 +) +a?)’
vt (fOTeaf dt>
+2 (P (14 ) +a?) Copz® + (9(23)) ) (3.100)
4
|AY)? = b ( (1 -+ a2)2
vt < OTeaft dt>

+ [C2a2(2ij L (V21— ) + a?) C3,2} 2+ 0(2‘3)>- (3.101)

Given the specific structure of the matrix M;, its eigenvalues A satisfy the characteristic
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equation:
(AP =N (A7 = 22 = |A2?)%) + 21477 (Re(AT?) — (A2° = X)) =0. (3.102)
Expanding this expression, we obtain the cubic polynomial:

X 4 (A7 4 2437 N2
+ (2471 AT — (AZ?)? + |APPP + 21A%) A (3.103)
+ AT ((AZ%)2 — |AT?1) + 2| A4;%)7 (Re(A77) — AT?) = 0.

We regard the coefficients A?’l as functions of the continuous variable z = 1/w;. Let
P(\, z) denote the characteristic polynomial defined by the left-hand side of (3.103).

We observe that any coefficient involving the parabolic index 1 (namely A% and
Ab?) decays exponentially to zero as z — 0 (i.e., w; — o00). This is due to the
exponential growth of the parabolic eigenvalue real part in the time integral denominators.
Consequently, evaluating the polynomial at the limit z = 0, the constant term (which

depends entirely on these vanishing coefficients) becomes zero. Thus, we have:
P(0,0) = 0.

Computing the partial derivative of P with respect to A, we obtain:

oP
SN2 = BN 2(A)T 24N+ (247 AT — AP 4 | AP+ 2| ADP) L (3.104)

Evaluating this at the limit (A, z) = (0,0), and recalling that the coefficients associated
with the parabolic mode (Ajl-’l and Ajl-’Q) vanish at z = 0, we have:
OP

a(ov()) = _|"4?’2|2 .

3,212
143

z=0
Substituting the zero-order terms from the expansions (3.100) and (3.101), a straightfor-
ward algebraic calculation yields:

204
0.0 =20

oA v? ( T et dt)

S(P + ).

0

By the Implicit Function Theorem, since we established that %(0,0) # 0, there
exists a unique solution A\; = A;(z) to the characteristic equation (3.103), defined and
continuously differentiable in a neighborhood of z = 0, satisfying A;(0) = 0.

Furthermore, observe that P(0, z) depends exclusively on the coefficients AY! and A2



Chapter 3. Optimal design of sensors for a system of linear thermoelasticity 121

As shown previously, these coefficients exhibit exponential decay as z — 0. Consequently,
the function z — P(0, z) is flat at the origin, implying that all its derivatives with respect
to z vanish at z = 0. This property transfers to the root A\;(z), meaning it decays faster

than any polynomial order:
M(z) = O(z%) for any k € N.
We factorize the polynomial P(\, z) by isolating the root A (z):
P\, 2) = (A= M (2)(=A* + a(2)\ + b(2)).

By comparing coefficients with the original polynomial (3.103), and recalling that A;(z),
1,1 1,2 . . . : .
Ay, and A" decay faster than any polynomial order, we identify the asymptotic behavior

of the coefficients a(z) and b(z):

a(z) = 2A§’2(z) +0O(zF) and b(z) = —]A§’2(2)|2 + |A§?’2(z)|2 + O(2"),

for any integer £ > 0.
Solving the quadratic equation —\? + a(2)A + b(z) = 0, we obtain the two remaining

roots: )
A(2) = 5 <a(z) + (=D)F/a(2)? + 46(2)) , for k=23
Substituting the asymptotic expressions for a(z) and b(z) derived previously, the

discriminant simplifies as follows:
a(2)? + 4b(2) = (2477)° + A(=| AT + |A77P) = 4| 477 + O(").

Among the three eigenvalues (A =~ 0, Ao, and \3), the largest one for sufficiently small z
is clearly As(z) (corresponding to the positive sign), as A?’z is positive. Thus, evaluating

at z = 1/w,;, we obtain the expansion:

1 1
422 3,2
Aa(1/wj) = A7" + (| [ATP+ O <w_f> +0 (on) : (3.105)
Applying Lemma 3.25 to the expansion (3.101), we distinguish two cases based on
the behavior of the leading term. To simplify the notation, we introduce the auxiliary
constants:

AT =121+ +a® and A =11 -2+’ (3.106)

Case 1: A~ #0
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In this general case, the leading term of the discriminant is non-zero. Using the
notation A~ defined in (3.106), and applying Lemma 3.25 to the expansion (3.101), we

obtain:

1 32 MJFQNCM 1 1
AP0l = | = A~ v 1ol =) ).
R e e Gl 205 2O\

J J

(3.107)

Substituting this result and the expansion for A?’Q into the expression for Ay, and

utilizing the notation A*, we find:

2
)\2 <i) = TB aﬁt AJF + ’Ai,
Wi I/2f

- (23—;51’2)2 +2ACs
]

% e (%) ) | (3.108)

Finally, applying the inversion expansion from Lemma 3.25 yields the asymptotic

behavior of the inverse eigenvalue:

1 v Teaﬁtdt 1 1
e 0 Y 1_R ’ ,7,T_+O<_)>7 3109
Aa(w; ) ﬂQ(A++|A‘|)( (@80 T) W3 (3.109)

where the coefficient R := R(a, 8,¢,v,T) groups the second-order terms and is defined

by:
2.2 2\2
! (Cm sgn(A7)Cyy + SOt BV ) (3.110)

NN 202 A

Case 2: A= =0
This case proceeds analogously, with the key difference being that the leading term of
the discriminant vanishes. Consequently, we apply the expansion for I(z) from Lemma

3.25 in the case A = 0. This yields a first-order expansion for the square root term:

2 2
|A§?’2]2 Lo ik _ TB . <ca(2a + Bv )i +0O <i2)> ) (3.111)
wj V2 [ e dt v Wi Wj

Substituting this first-order expansion for the square root term into the expression for

A2, and recalling that in this regime the leading term of A?’Q is proportional to A™, we

1Y 32 ca2a+ fr?) 1 1
Ao (w—J> = iz fT aBt (A+ + fw_] +0 (w—]2>) . (3.112)

obtain:
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Finally, applying the inversion expansion from Lemma 3.25 yields the asymptotic

behavior of the inverse eigenvalue:

1 V2 [y e dt 1 1
— 1— — — A1
/\2(w'—1) 62A+ ( R(OC,B,C, v, T)Wj +0 (wf)) ) (3 3)

where, in this case, the first-order coefficient is defined by:

ca(2a + Br?)

R(a, B,c,v,T) = AT

(3.114)

Summarizing the analysis, we arrive at the main characterization result.

Theorem 3.26 The randomized observability constant defined in (3.75) takes the form

C’TRand Xw = 1nf 7]/|¢] |2 d{E (3115)

where the sequence of weights is given by vy; = m

For sufficiently large j, these weights satisfy the asymptotic expansions derived in
(3.109) if the parameter A~ # 0, and (3.113) if A~ = 0.

Motivated by Propositions 3.5 and 3.14, it is crucial to determine the sign of the
coefficients R and R. Specifically, if these coefficients are positive, the asymptotic behavior
v~y (L — ij_k) implies that the sequence converges from below for sufficiently high

frequencies. This guarantees that the condition inf,cn- 7; < 7 is satisfied.

Corollary 3.27 We have the following simplified expressions for the coefficient R:

Subcase 1: A~ >0

2 2,2
R(a, B,c,v,T) = ﬁ(a—<2aﬁ+/@ —40)

20?20 + Br?)? N 2(V2 + ozz)(c - aﬁ)( ST (%T _ 1) + 1)> (3.116)

apfT

V2A~ V2™ —1)

Subcase 2: A~ <0

2ac af?

R(Q,B,C,V,T):ﬁ< <26 + T

20220+ B17)? | 26(c —aﬂ)( ST —1) +1)
A + ) ) (3.117)
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where A% are defined in (3.106).

Then, we deduce the following sufficient conditions for the positivity of the coefficients,

which guarantees convergence from below.

Corollary 3.28 The following conditions are sufficient to ensure that R is strictly

positive:
i. If A~ =0;
ii. If A= <0, it is sufficient that:

2ac?  af?

af < and 2B+ — — —& =0
v 2
iii. If A= >0, it is sufficient that:
2.2
af < and 2045—1-/621/ —4c* > 0.

Remark 3.29 [t is important to remark that the sufficient conditions (ii) and (iii) in
Corollary 3.28 are not sharp; rather, they serve as simplified criteria to ensure R is
positive.

To illustrate this, consider the case where c = 1. In this scenario, we are in the scenario
A~ =a? > 0 (Case 1). Examining the constant polynomial terms in the expression for

R, we observe that they simplify to a strictly positive quantity:

B2 B 4) N (2a + Br?)?

02
v (2&6 i V2 (3.118)
B(a? +2v2) (B2 + 4a) .
= > 0.
202

Since this polynomial part is always positive, the algebraic condition "2a6+--- > 0" from
item (iii) is not needed.

Consequently, the only remaining condition from item (iii) is the one required to ensure
the non-negativity of the time-dependent term, which is aff < 2.

By continuity, since the polynomial component of R is strictly positive at ¢ = 1 (as
shown in (3.118)), it remains positive for values of ¢ sufficiently close to 1. Consequently,
the condition a3 < c¢* is also sufficient to ensure the positivity of R in a neighborhood of

c=1.
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Remark 3.30 A similar conclusion holds for sufficiently large values of the wave speed c.
Specifically, consider the regime where c is large enough such that A~ < 0 (which occurs
when ¢ > 1+ o?/1?).

Ezamining the sufficient condition derived in Corollary 3.28 (ii), we require:
2ac?  aB?

——>0.
V2 2 =

26c% +

Rearranging this expression to isolate ¢, we obtain:

c (25—1— 2a) > Q—BQ.

2 9

Since the coefficients a, B,V are positive, the term multiplying ¢ is strictly positive.
Therefore, for sufficiently large c, this inequality is automatically satisfied.

Consequently, in the high-velocity regime (where A~ < 0), the only remaining
condition to ensure the positivity of R is a8 < c®>. Note that the condition A~ < 0
itself implies ¢ > 1, so if the coupling is weak (af < 1), the positivity of R is guaranteed

unconditionally for all such large c.

Remark 3.31 Motivated by Proposition 3.19, it is of significant interest to identify
conditions ensuring that the sequence converges from above globally, i.e., infjen- v; = 7.

Our asymptotic analysis provides a partial answer: if we establish conditions such
that the coefficient R is negative, we guarantee that v; > ~v* for all sufficiently large j.
However, since these computations are valid only asymptotically (for w; — o0), they do
not control the behavior of the sequence at low frequencies. Fven if R < 0, it is possible
that v; < ~v* for some small j. Consequently, determining whether the global infimum

coincides with the limit for the thermoelasticity system remains an open question.

Remark 3.32 Consider the case ¢ = 1. Using Corollary 3.27 and the expression derived
in (3.118), we find that the limit of the coefficient R as the coupling parameter o vanishes
18: | E
ilir(l) R(a, 5,1,v,T) = 5 > 0.

Since a positive R implies that the weights vy; converge from below, this result might suggest
that the limiting problem (observing a single wave equation, as seen in (3.29)) always
possesses optimal sets. This would contradict the results of [41], which show that optimal
sets for the wave equation do not generally exist.

However, this contradiction is resolved by observing that the limits do not commute.

The randomized observability constant for the coupled system does not converge to the
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constant for the wave equation as o — 0 in this regime. Specifically, when ¢ = 1, the
structural parameter A~ = v*(1 — %) + o? reduces to o*. As a — 0, we have A~ — 0.
The expansion used to derive R (see (3.107)) relies on the first case of Lemma 3.25
(I(z) with A # 0), valid only when A~ # 0. As a — 0, the constant term A vanishes,
shifting the system into the case where A = 0. Since the asymptotic expansion for
VA+ B22 is not continuous with respect to A at A = 0, the limit of the coefficient R

does not capture the true behavior of the uncoupled wave equation.

Observability Constant for Heat Observation

In the case where the observation is performed on the thermal component 6, we utilize
the improved regularity estimate derived in Lemma 3.23. The observability constant is
defined by:

= inf Jo Jo xul0P de dt
(uo,ul,e())e]g BQHUt(T)H}Qer(Q) + 5204““(T)H§{71(Q) + a2]0(T) [2arq

(3.119)

We proceed analogously to the previous section by rewriting the observability constant
(3.119) in terms of the orthonormal basis. Starting from the general spectral expansion
(3.68), we introduce a change of variables normalized with respect to the third component

(the thermal component) of the eigenvectors:
j=aUb, by =230, & =a3Ul;, forj €N

Applying the time-shift transformation as before:

R

>

g

!
S

e
R

>

w

S

Substituting these into the spectral expansion, we obtain the following expressions for

the state variables:

u(t) =y ( 20 g, it eogir o, Do - t)@-,

j=1 UJ 1 J,2 3,3
>0 Ul Ul Ul

u(t) =y <ajA; Ugle—WT 4 bA2 U{fe—V(T DA Ug?’e—” (=) > ¢ (3.120)
j=1

We define the energy functional D associated with the heat observation, using the L2
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norm for the temperature component as discussed:
D(a,b,c) = B2||u(T) -2y + B2 (D) | 7r-1() + @*[10(T)II720- (3.121)

Substituting the spectral expansions into this definition, we obtain:

00 2
A~ ﬁ204 U1 U1 U13
D(aab7c):;<w? JUS _'_bJU]32+ JUJB
2
B g Ui ey Ui Uis
—1 |\ L4 Aibj 5= 2+ X3 (3.122)
Tt U3 7 U3 1973,

+Oz2|aj+bj+cj|2>.

Similarly, using the spectral expansion (3.120), the observation integral for the heat

component is given by:

[ froa] |

Thus, combining the observation integral (3.123) and the energy functional (3.121), we

2

Z ae*’\(Tt—i-be AN(T *t)+ceA§’Tt>¢j() dx dt.
=1

(3.123)

rewrite the observability constant as the solution to the following minimization problem:

2
Cr(x,) = inf ;(T1) ) ¢ bje” X (T-1) + cjef’\?(Tft)) oj(x)| dxdt.
achZ2
D(a,b,c)=
(3.124)

The randomized solution for the temperature variable 6, corresponding to an event v, is

given by:
_ v N2(T— v A3 (T—
Z (ﬁlyay =9 + By jbje T 4 By e t)> ;-
7j=1
Consequently, the randomized observability constant is defined by:

(u®,ul,6%)eH’
(UO 7u1 »90)?50

T
XE//XWZ
0 Jo =

Crnmalx.) = | inf [(BQHut(TM!?q2<Q>+6204HU(T)H?{1<Q)+oz2|\9(T)H%2(Q>)

2
v AT v NT- v NI
(/31,jaj€ MO 4 gy e T 4 gy e VT t)> oy

dx dt ]
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Equivalently, in terms of the spectral coefficients and the functional D defined in (3.121):

C(T,Rand (Xw) ==

2
, T Vo AT v T
abfel};((c E (/0 / > (51;% M 1 g bie T 4 Y e (T ﬂ) ;) dﬂ?dt) -

D(a,b,c)=1 =1
(3.125)
Using the properties of the expectation E (specifically, the independence and unit

variance of the random variables), the cross-terms vanish. Consequently, the randomized

observability constant simplifies to a ratio of diagonal quadratic forms:

.. N(ab,c)
Crpand(xw) = | Iof 3.126
T,R. d(X ) a7b’(1:r€1g2 D( b ( )
Here, the numerator N is defined by:
N > T ) T )
N(a,b,c) :Z |aj|2/ e~ 2ROt gy 4 |bj|2/ o—2Re(2)t gy
i— 0 0
"~ (3.127)

T
4 ’Cj’2/ e—QRe(A?)t dt) / ’%(CE)‘Q dz,
0 w

and the denominator D(a, b, c) corresponds to the energy expansion given in (3.122).

We introduce the change of variables to normalize the time integrals:

T T T ,
dj =a; \// e—ZRe(Agl')t dt, e; = bj \// 6—2Re(/\§’-)t dt, fj — ¢ \// 6—2Re(,\«;)t dt.
0 0 0

Substituting these into the ratio, we find that the inverse of the randomized observability
constant is given by:

1
CT,Rand(Xw)

S5y (AP + 4222 + ATP 2 +2Re(A} dje) + 2Re(A31d; ;) + 2Re(A3%¢; ) )
sup ;
defer? Do (1d512 + lei2 + 1£512) [, |¢5(2)? dz

(3.128)

To simplify the notation, we reuse the inverse time-integral factors defined previously:

T -1 T -1
£l = ( / e 2ROt dt) and & = ( / eQRe(A?ﬁdt) :
0 0
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Recalling that Re(A?) = Re(\?), the factor for the third eigenvalue is identical to £7. The

matrix coefficients for the heat observation case can thus be written compactly as:

2
AV gt (5_2 Uia <C4+ |A}2|2) +a2) |
Wy

w? Uﬁl

2| UL | A2|2
A2 = g2 5_2 12 (c4 v 12| ) +a?|, AY =47
wj |Ujy wj

—— (32U U, ALNZ —

1,2 5 3,1 Y42 7Y 2 3,1 412
Aj = 5]1532 2U3 U3 (C +7>+0&), Aj _Aj
2 (71 [/} AZ)\3
A3? — g2 <6_ 3,2 1,3 (c4+ J J> +042) ‘
2773 3 2
’ T\ W Ui Uy Wj

Thus, the inverse of the randomized observability constant takes the compact matrix form:

1 ~ e > e (Mjvj, vi)es
CrRand(Xw) — defer ;11 Vil? [, |o(2)|? da’

(3.129)

where M, = (A?’l)z,lzl is the Hermitian matrix defined above.

Proceeding analogously to the wave equation case (Corollary 3.24), we characterize

the constant by the spectral modes:

)\max M;
CT,Rand(Xw) - <Sup ( ]) (3130)

)1 f ‘qjj Pd:U
jeN*f |pj(x)|? dz ]GN*

(M)

where Apax(M;) denotes the largest eigenvalue of M;. In what follows, we analyze the

asymptotic behavior of Ayax(M;) as w; — oo.

In what follows, we derive the asymptotic expansions for the coefficients A?’l. As
the computational method closely parallels the wave observation case, we present the
results concisely. We again express the coefficients as functions of the continuous variable

We start by analyzing the coefficient A}’l. Based on the spectral definitions, we have:

1

foT e~ 2Re(A\))t gy (

A;’l = o’ + (9(22)) .

Since Re(/\Jl.) ~ —l/wf- — —o0, the integral in the denominator grows exponentially.

Consequently, A]l-’1 decays exponentially to zero as j — oo (or equivalently, as z — 0).

Next, we consider the coefficient AJQPQ. Substituting the asymptotic expansions for the
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eigenvalues and eigenvectors into its definition, we obtain:

2+ 121+ A) + [ — (208 — 1) — apf] 22 + O(2®)

AP = (3.131)
’ T apBt (c2—aB) {EQTBT(QTBTfl)Jrl}
fO ev dt - afv ZQ + 0(23)
Applying the rational expansion from Lemma 3.25 to (3.131), we obtain:
1 ~
A = ——— (- (14 A2+ G2 + O(Y)). (3.132)
Jo e dt

where the second-order coefficient is given by:

C~272 = (04 — (2aB — 1)c* — aﬁ)
(@ + (1+ A)?) (2 — af) [eaTBT (LT —1) + 1]

+ =
v2(e - 1)

In particular, squaring the expansion derived above, we obtain:

1 ~
]A?’Q\Q _ W ( (a2 +(1+ 02)1/2)2 +2 (a2 + (1+ 02)1/2) C272z2 + (9(23)> )
0o €V

(3.133)

Next, we compute the asymptotic expansion for the coefficient A?’Q. Substituting the

relevant spectral expansions, we obtain:

o2+ 121 =) +icv(af — 22+ 2)z + (5028 —af + ¢t — 2) 22 + O(z%)

af
T aBt (c2—apB) 67T(%5T—1)+1
fo e v dt — { D }

32
Aj =

224+ 0(23)
(3.134)

Applying Lemma 3.25 to (3.134), we derive the final asymptotic form for A?’zz

1 , )
A?’Q = T ((oz2 + (1= A)W) +icv(af — 2¢° +2)2 4+ C322° + O(z?’)> , (3.135)

0o €

where the second-order coefficient is given by:

C~372 = (%a252 — aﬁ + C4 — CQ)
(@ + (1 = A)?) (¢ — af) [eaTBT (LT — 1) + 1}
+ BT .
V(e v —1)
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Squaring the modulus of the expansion, we obtain:
3,212 _
43P =
! 5 ( (a2 +(1- 02)1/2)2—1— {021/2(0& —2¢2 +2)? +2(a® + (1 — )?) 5372} z2+(’)(23)> .

(3.136)

Proceeding as in the wave observation analysis, we distinguish between the generic
and critical regimes based on whether the parameter A~, defined in (3.106), vanishes or

not.
Case 1: A~ #0

Proceeding analogously to the previous section, the largest eigenvalue behaves as
Ao(z) =~ A§’2 + \/\A?’2|2. Applying Lemma 3.25 to the expansion derived in (3.136),

we obtain:

1 _ v (af —2c¢ +2)? + 2A~C.
\/|A?72|2 +0(2F) = m <|A | + ( 2|A—|) 222+ O(z3)).
O v

(3.137)

Consequently, substituting the expansions into the expression for the largest eigen-

value, we obtain:

1
Ao(2) = ——mr— <A+ + A7

fo e v dt
. ~ 2,2 -9 2 2 2
+ (cg,2 +sgn(A7)Cas + 2 WQ | A—IC +2) ) 22 +O(z3)), (3.138)

provided that A~ # 0.

Therefore, applying the inversion expansion from Lemma 3.25, we derive the

asymptotic behavior of the inverse:

1 g abt 1 2 3
:/0 e v dt (m—Rl(a,B,c,y,T)z +0O(z )), (3.139)

where the coefficient Ry := («, 8, ¢, v, T) is defined by:
N e
- (AT +]A])2

(3.140)
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Case 2: A~ =0
In this specific case, the constant term inside the square root vanishes. Consequently,
the leading behavior is determined by the linear term in z. Applying the expansion for

I(z) from Lemma 3.25 (case A = 0), we obtain a first-order expansion:

1
\/|A?’2 2 (2F) = m (CV| — 2% +af 42z + (9(22)) ) (3.141)
0 v

Consequently, substituting this expansion into the expression for A\, and applying the

inversion formula , we obtain the asymptotic behavior of the inverse eigenvalue.

1 T s 1
— T dr | — — T 2 142
o | (g mlasenne o), e

where the first-order coefficient is defined by:

cv| — 22 +aﬁ+2\

Rl(aaﬁacyva) (AJr)

(3.143)

Summarizing the analysis for the heat observation, we arrive at the main characteri-

zation result.

Theorem 3.33 The randomized observability constant defined in (3.125) takes the form

CTRand(Xw = inf 7]/|¢] |2 dlE (3144)

JEN*

where the sequence of weights is given by ~y; = /\;(M)
max 7

For sufficiently large j, these weights satisfy the asymptotic expansions derived in
(3.139) if A= #0, and (3.142) if A= = 0.

Analogous to the wave equation case, if the coefficient R; is positive, the sequence of
weights converges from below. As discussed in Section 3.2, this condition is sufficient to
guarantee the existence of an optimal set, provided that the eigenfunctions satisfy specific
properties (such as the Quantum Ergodicity assumption or the alternative hypotheses
(H3).

We now derive simplified expressions for R; to facilitate this sign analysis.

Corollary 3.34 Recalling the notation A~ = v*(1 — %) + a2, we have the following

simplifications for Ry:

i. Subcase 1: A~ >0 The global denominator simplifies to 2(v* + a?).
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1 L 90 2 4
R1<Oé,6, C, I/,T) = m(§a /8 - 20(,6(1 +c )+2C
2.2 _ 9.2 2 2 _ BT (a8 1) 11
+cy(a5 %c +2) I af (e (;/ﬁ )+  (3.145)
2A I 67T_1

ii. Subcase 2: A~ <0 The global denominator simplifies to 2v%c2.

1
Rl(aaﬁa GV, T) = 20202 (262(1 - Oéﬁ) - 505262
2,2(08 — 92 4 9)2 2 _ 82T (@B 1) 41
L evlap 22 ol (e (jﬁ ) . (3.146)
2|A| v? evl —1

Corollary 3.35 The following conditions are sufficient to ensure that the coefficient Ry

18 strictly positive:

i. If A= =0, then Ry > 0 holds automatically for all parameters (and is strictly positive
provided af8 # 2¢* — 2).

ii. If A= <0, it is sufficient that:
2 2 L o5
af <c& and 2c (1—a6)—§a6 > 0.
iii. If A= >0, it is sufficient that:

1
af <c* and 504262 —2af(1 + %) +2¢* > 0.

In [42], the authors established the existence of optimal sets under suitable condi-
tions.A crucial feature of their analysis is that the sequence ; grows exponentially, which
facilitates the proof of attainability. In our framework, however, the sequence is bounded.
A natural question is whether a similar existence result holds if we decouple the system

by letting the coupling parameter vanish, i.e., 7 — 0.

Corollary 3.36 In the limit as f — 0, the coefficient Ry converges to a strictly positive

values. Consequently, the sequence y; converges from below.

Proof: We analyze the limit of the coefficients derived in Corollary 3.34 and Corollary
3.35 as B — 0. Note that A~ is independent of .
Case 1: A= =0
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Using the definition of R; in (3.143), and noting that a8 — 0:

ev| =2 +2]  2ev|]l -2
(A2 (AF)

lim Ry (a, B,c,v,T) = > 0.
B—0

Case 2: A~ #0
We use the simplified expressions from Corollary 3.34. In the limit 5 — 0, the singular

term simplifies as:

2% (aff — 2¢% + 2)? . A2 —2¢%)? 231 —?)?
2|A7] 2|A7] A7

Subcase A~ > 0: The global denominator is 2(v? + o?) = AT + A~. The polynomial
part simplifies to 2¢*. Thus:

, 1 4 21— 2)?
éﬂ%Rl_m(% )

Subcase A~ < 0: The global denominator is 2v%c> = AT — A~. The polynomial part
simplifies to 2¢2. Thus:

_ 1 s 272031 — 2)?
%E%Rl—m(% T )

In all cases, the limits are sums of strictly positive terms, confirming that R; > 0. |

3.4 Conclusion

In this work, we addressed the optimal sensor placement problem for a system of
linear thermoelasticity on a bounded domain 2. By adopting a randomized approach to

the initial data, we reduced the problem to maximizing a spectral functional of the form

J(Xw) = mf %/|qu |2dx

where the weights 7; are determined in terms of the eigenvalues of a matrix determined
by the observability inequality.

The core of our analysis focused on bridging the gap between the relaxed optimization
problem (where solutions are density functions) and the original problem (where solutions
must be characteristic functions of sets). As discussed in Section 3.2, the existence of

a classical optimal set w* is closely linked to the asymptotic behavior of the sequence
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(7j)jen+. Specifically, if the sequence converges to its limit v* from below (i.e., v; < v*
for large 7), the relaxation gap vanishes, and an optimal set exists under mild ergodicity
assumptions on the eigenfunctions.

Through a detailed asymptotic expansion in the high-frequency regime, we character-

ized the behavior of the thermoelastic weights as

i R 1
v=v I\ el ) )
J J

where the exponent £ and the coefficient R depend on the physical parameters o, 5, ¢, v

and the time horizon T'. We identified two distinct regimes:

1. A= # 0: Here, the convergence is of second order (k = 2). We derived explicit
algebraic conditions on the parameters (Corollary 3.28) sufficient to ensure R > 0.
Notably, we showed that for sufficiently weak coupling (5 — 0), sufficiently large
time horizons, or wave speeds satisfying specific inequalities, the condition R > 0

holds. In these scenarios, the existence of an optimal sensor shape is guaranteed.

2. A7 = 0: Here, the convergence is of first order (k = 1). We established that the
corresponding coefficient R is strictly positive, similarly ensuring the existence of

optimal sets.
The sign of R has significant theoretical implications:

e When R > 0 (Convergence from Below): The sequence approaches the
limit from below for high frequencies. If the eigenfunctions satisfy the Quantum
Ergodicity assumptions (H') and(H?), the existence of an optimal sensor domain is
guaranteed. Even in geometries where QUE fails (e.g., n-dimensional orthotopes),

we demonstrated in Section 3.2.2 that optimal sets can still exist in this regime.

e When R < 0 (Convergence from Above): The sufficient condition (H}) fails.
As discussed in Section 3.2.2, while optimal sets may exist for specific volume

fractions, the general existence problem in this regime remains challenging.

Finally, we highlight an important open question. Our asymptotic analysis guarantees
the behavior of «; only for sufficiently large j. Establishing the global condition
infjen< 75 = 7 requires control over the low frequencies, which the asymptotic coefficient
R does not provide. Therefore, determining conditions under which the global infimum
coincides with the limit for the fully coupled thermoelasticity system remains a subject

for future investigation.
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3.5 Future Problems

From the perspective of the present work, some directions for future research
involve conducting more detailed analyses or developing alternative lines of investigation
(including from a numerical point of view) regarding the case in which superior
convergence is observed, specifically when R < 0.

Another relevant issue is the consideration of other random variables or stochastic
perturbations.  Extending the current framework to include different probabilistic
scenarios could provide a deeper understanding of the robustness and sensitivity of optimal
sensor configurations.

Additionally, the challenge of producing results on the Disk remains, as we were unable
to obtain satisfactory outcomes due to the lack of exponential growth of our v;. These

represent possible directions for future work stemming from the present study.
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