Control of the induced earthquakes
Master Thesis

Student: Lucas Davron
Advisors: Pierre Lissy* Swann Marx! Davide Barilari*

2023

Pauphine | PSL

UNIVERSITE PARIS

CENTRALE UNIVERSITA
NANTES i

*Université Paris-Dauphine
TEcole Centrale Nantes
fUniversita degli studi di Padova




Contents

[1 _Introduction to the research topic|

1.1 ontrol of the induced earthquakes

1.2 ontrol o s via duality methods|. . . . . .
e Titics

[2.1 Realizations of the anti-dual space

2.2 nti-dual with respect to a pivot| . . . . . . ..

[2.3 Unbounded operators and D(A*)7|

P31

Unbounded operators] . . ... ... ..

[2.3.2  Semi-groups

2.4 Control systems

2.4.1

ell-posedness| . . . . ... ... ...

2.4.2  Controllability|
2.5 Boundary control systems|
2.6 An abstract point of view|

[2.6.1 Conjugation of unbounded operators|
|2.6.2 [he category of control systems|

[0-6.3 The category of boundary control systems| . . . . . . ... ... ... .....

[3__Well posedness of the system]|

3.1 oice of the functionnal settin,

13.2  Spectral analysis|

Bo1

Spectrumof A . ... ...

13.2.2  Bases 1n Hilbert spaces|

13.2.3  Riesz basis property for the eigenvectorsof A . . . . . . .. . ... ... ...

3.3  demi-group generation| . . . . .. ... ... ..

[3-4 " Admissibility of D]

[4__Controllability of the system|

.1 ull controllability

4.2 Approximate controllability]

E2.1

Unique continuation for a heat problem|

4.2.2  Approximate controllability dictated by the waves| . . . . ... .. ... ...

|IA° Regularity for a wave problem|

[References]

10
11
12
15
16
17
18
21
21
22
24

26
26
28
28
31
32
37
38

44
44
49
49
56

61

80



1 Introduction to the research topic

1.1 Control of the induced earthquakes

It is now a scientific fact that human activities can induce earthquakes (see [9] for a thorough re-
view). Owing to the online database [24], oil and gas industry together with geothermy and water
reservoir impoundment are the anthropogenic activities which are accountable for the largest part
of the known induced earthquakes.

The oil and gas industry processes may induce earthquakes at the stage of extraction. This is
mostly the case with hydraulic fracturing (a.k.a. fracking), when disposing waste water, or even
when disposing back water that was already present in the extraction site, see [20] for more on the
earthquakes induced by the oil and gas industry. These phenomenons are all linked with the injec-
tion of a fluid in the ground. Fluid injection causing earthquakes is refered to as injection-induced
earthquakes or fluid-injection-induced earthquakes. This Mémoire is devoted to the mathematical
analysis of a model for fluid-injection-induced earthquakes.

Our model is taken from [11] and is depicted in Figure (1). It bears a simplified structure, no-
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Figure 1: Modelization of the control system, at the right ¢ represents injected water through a
well, in red the generated pression travells toward the sismic fault, in blue the displacement spreads
from the fault until it reaches 2 = D which is an attached point. Taken from [11]



tably because it is 1D. The corresponding system of equations is (see [11])

i = gy, —-Di <x<0,
Uz (t,0) _ /L(u(t70)7fitg(t70)7t)—/to o — /L(U(to)gr,(tﬂ),t)p(t, 0),
U(t, —Dl) = O, (1)
D = dpza, 0 <z < Dy,
pm(ta 0) = 0,
pa(t,D2) = q+ e,

where for mathematical convenience, we changed notation of [11] and Figure from D < 0 to
—D;. In these equations, ¢ > 0 is the time variable, —D; < x < Ds is the space variable, u = u(t, x)
is the displacement of earth’ crust, p = p(t, ) is the pressure, ¢ = ¢(¢) is the injected fluid, ¢ is a
noise, p is an unknown function, and ¢, d, G, j19, 0’ are physical constants.

To the best of our knowledge, very little is known about this model. Most of the undertaken
work has been focusing on closely related ODE models, see [22] and [23]. For instance it is not
clear if the system is controllable or stabilizable. Moreover in [11] the authors design controls
decoupling the system. Namely they aim at controlling the wave subsystem

Ut = CQU;EI, —-Di <x<0,
up(t,0) = y(u(t,O),ugt,O),t)—#o o — #(u(t,O)gﬁ(t,O),t)p(t,0)7

U(t, _Dl) = Oa

interpretting p(¢,0) as a control, and to separately control the heat subsystem

Y43 = dpxma << DQ,
p:z:(t7 0) = 0,
pz(t,D2) = q+e.

This motivates the study of the coupling mechanism in . To this aim we will simplify this model
into

u(t,x) = Pug(t,z), —Dy<z<0,
Um(t’ 0) = p(ta 0)7
u(t, —Dl) = 0, (2)
pe(t,x) = dpg.(t,x), 0<z< Dy,
px(ta 0) = 0,
p:((ta DQ) = q(t)7

and aim at study its controllability.

1.2 Control of PDEs via duality methods

Consider the system
) 2 = Az+ Bu,
sae){ G 2k 3

)

where

e A is an unbounded operator (the dynamics) on a Hilbert space X (the state space),



e B e L .(U;D(A*)*) is the control operator and U is the control space (another Hilbert space),

e z = z(t) is the quantity of interest, 0 < ¢ < T is the time variable, 0 < T' < oo is the horizon
time,

e 20 € X is the initial condition,
e u e L?(0,T;U) is the control.

Assume that is well-posed, in a sense to be clarified later, so that for any 2° € X and v €
L*(0,T;U) there exists a unique solution z = z(t) to (3).

Definition 1.2.0.1. (Ezact controllability)

The system is said ezactly controllable (at time T) if for any initial data 2° € X, for any
terminal data 2T € X, there exists a control u € L?(0,T;U) which steers z° to 27 at time T. That
18 such that the solution z of solves

2(T) = 27,

To show directly that is controllable is a hard task because we actually have to exhibit a
control. Rather, using duality theory it is possible to show that controllability is equivalent to the
obtention of some inequality. The latter is much more appealing, for we may apply all our favourite
tools from real, complex, and functionnal analysis.

The solution z of is given by the Duhamel formula

¢
2(t) = et420 +/ et =*)4 Buy(s)ds,
0

hence we have the closed formula for the final state

T
2(T) = eT42° —|—/ e(T=5)4 Bu(s)ds.
0

We introduce the operator

o [ POTU) — X
r u — fOTe(T_S)ABu(S)ds

which is such that the final state reads
2(T) = eT42° + Fru.
The following Theorem is an example of duality theory appliyed to the control of .
Theorem 1.2.0.2. Under the standing assumptions, the following are equivalent:
1. The system is exactly controllable,
2. The map Fr: L*(0,T;U) — H is onto,



3. The system is initial time observable:
T
Je>0, Ve'eH, < c/ | B*S;°||*dt.
0

For a proof of this result we refer to [4, Theorem 2.4.2]. The inequality of the third point is
referred as an ”initial time observability for the adjoint system” inequality, or for short ”initial time
observability”.

The system is called an abstract linear control system, or a control system for short. From
a formal point of view, it looks closely like a distributed contorl system. Those distributed control
systems are controlable systems where the control takes place inside of the physical domain. To
illustrate this, consider the following controled heat equation

zie(t, ) = zu(t, )+ 1,(z)ult, x),
2:(t,0) = 0, (4)
ze(t, L) = 0,

where 0 < L < 00, w C (0, L) is a non empty and open subset, and u = u(¢, ) is the control. This
models the evolution of the temperature of a metal string which does not exchange energy with the
exterior. Note that at each time ¢, the controller is able to choose the heat source at any = € w.
For this reason is called a distributed control system. Another situation is when the controler
is only capable of choosing the heat source at one extremity of the string, for instance

2i(t,x) = zg(t,x),
22 (£,0) ult), )
z.(t,L) = 0.

The equations now look different because the control does not take place in the abstract ODE,
but rather at the boundary. Such a system is more suited for the applications and can be
theoretically categorized as a boundary control system

z2 = Lz,
(L,G): Gz = wu, (6)
2(0) = 29

where L is the dynamics operator and G is the boundary control operator. Comparing and ,
the intuition tells us that should be the easiest system to control, since the control acts on more
space. In the next Section we explain how to deal with such boundary control systems.



2 Generalities

In this Section we establish all the mathematical framework to investigate the controllability of
and introduce some notations. This Section is rather theoretical and the confident reader is invited
to directly go to Section (3).

We will use the following conventions:

e For theoretical purposes, all vector spaces are complex but we search for real valued solutions
to our PDEs.

e Scalar products are denoted (-,-)y while duality pairing are denoted (-,-)xy. We will take
them both linear on the first argument and anti-linear on the second (see below for an expla-
nation).

e The word “isomorphism” should be understood as in the category where the objects live, which
should be clear from the context. Categories are refered by bold letters. The superscript “co”
indicates that morphisms are allowed to increase the norm. For instance, Ban® stands for the
category of C-Banach spaces with morphisms the linear and continuous maps. Therefore, in
Ban™ the isomorphisms are the linear, continuous and bijective maps (and not the surjective
linear isometries). The superscript “1” means that on the contrary morphisms do not increase
the norm, and thus Ban'-isomorphisms are isometric.

e If XY are complex vector spaces we denote by £(X;Y') the set of linear maps from X to
Y. When both X and Y are equipped with a topology we refer to the set of continuous and
linear maps X — Y as L.(X;Y).

2.1 Realizations of the anti-dual space

We begin by recalling the notion of realisations of the anti-dual spaceﬂ In what follows H is an
arbitrary complex Hilbert space and H' denotes it’s anti-dual space, the set of all anti-linear and
continuous maps H — C. Considering the anti-dual space in place of the dual space is harmless in
practice and has the theoretical advantage that the Riesz isomorphism

u +— (u,)m
Ru:y g o

is C-linear, hence an isomorphism. This is indeed harmless because it amounts to add a complex
conjugation to every function representing linear functionnals.

Definition 2.1.0.1. A realization of the anti-dual space of H is a couple (H*,®) where H* is a
complex Hilbert space and ® : H* — H’ is an isomorphism.

Note that in the above definition, H' is endowed with its Hilbert structure, which exists in view
of the Riesz identification theorem.

Remark 2.1.0.2. @In the above definition one cannot forget ®, because in practice all the Hilbert
spaces are separable infinite dimensional, hence isomorphic to each others.

I'We refer to [1, Chapitre ITI] for this notion. Note that herein the author deals with real Hilbert spaces, which is
not suitable for spectral theory.



We shall note that H always has two realizations of its anti-dual. The first one is trivial,
(H',1dg). The second one is given by the Riesz isomorphism Ry : H — H’, which makes (H, Ry)
a realization of the anti-dual space of H. In the latter case we say that H is a pivot space. We
adopt the convention to use the H' notation for the ”true” anti-dual (the one made by functionnals)
and H* for a realization of the anti-dual space (which could be H'...).

Observe that we can put H* and H in duality via
(R*, W) g+ = (®h*, h) o 1

which defines a duality pairing between H and H*. The knowledge of the map ® is contained in
this duality bracket which allows one to essentially “forget” ®.

The following Proposition generalizes the concept of an adjoint operator (in Hilbert spaces), al-
lowing one to take advantage of a specific realization of the anti-dual space.

Proposition 2.1.0.3. Let Hi, Hy be complex Hilbert spaces together with respective anti-dual real-
izations Hf and Hj. Let also T € L.(Hy; Ha) and the formal definition

<T*h§7h1>H1«’H1 = <h§,Th1>H2*7H27 Vh; EH;, Vh, € Hi.
We then have
1. This defines T* € L.(Hy; HY) such that

1T 2 rysmzy = 1T 25
2. If both realizations are trivial we recover the definition of the adjoint in TVS:
T* € L(Hy; Hy), (T*p2,h1)mr b, = (w2, Th) by H,-
3. If both spaces are pivot, we recover the definition of the adjoint in Hilb:

T* € L(Ho; Hi), (T"ha,h1)m, = (ha, Thi)m,.

2.2 Anti-dual with respect to a pivot
We recall the meaning of
VCcCH=H cV*

where H,V are fixed complex Hilbert spaces with V C H continuous dense.

Remark 2.2.0.1. @The notation V. C H means that V is a linear subspace of H, that has in
addition a Hilbert structure in its own right. This hypothesis is not anecdotic as in practice all
the Hilbert spaces are separable infinite dimensional, hence isomorphic to each others (in Hilb).
Therefore, in order to establish a consistant theory we ought to keep track of the embedding V — H.
This is contained in the identification of V' as a subset of H.

Let us first recall a result on completion.



Proposition 2.2.0.2. (Completion of a normed space) K
Let X be a normed space, then it has a completion in the sense that there exists some couple (X, 1)
with

e X is a Banach space,
e i: X — X linear isometric dense map.

It should be noted that the completion of a normed space is not unique, but only unique up to
an isomorphism (it solves a universal property). This situation will transpose for realizations of the
anti-dual with respect to a pivot.

The following result explains how to produce a realization of the anti-dual of V' that exploits
V CH.

Theorem 2.2.0.3. The map
{ H — V
D :
h +— :
is linear, injective and dense. Moreover,

[All« == sup |(h,v)x]
veV
llvllv=1

is a norm on H. Therefore, for all (H i) completion of (H, || - ||«), denoting & :H — V' the linear
and continuous extension of ®, we get that ® is a Ban'! isomorphism and H is hilbertz’zabl. With
such a Hilbert structure, (H,®) is a realisation of the anti-dual of V.

Proof. The map @ is trivially a well defined linear map from H to £(V;C). It is in fact V' valued
because for any h € H and v € V there holds

[(@R)v] = |(h, v)m| < [|Allallvlla < cllhllzllvllv

where ¢ > 0 is such that
Vw eV, |w|m < cllw|lv.

It is also clearly a linear map. The injectivity then follows from the density of V' C H. The
density comes from a famous corollary of Hahn-Banach (see |2, Corollary 1.8]) which asserts that
®(H) C V' is dense if (and only if) for any £ € V",

Ve € ®(H), (§p)vryv =0]=£=0.
For such a &, being V reflexive (it is Hilbert), there exists vy € V such that
Voe V', (&e)vry = (p,vo)v v
Therefore, the hypothesis on & means that for any h € H,

0 = <£, @h)v//7v/ = <©h,’l}o>\//’v = (h,Uo)H.

2We say that a Banach space is hilbertizable when its norm is equivalent to a norm deriving from a scalar product.
This is equivalent to being Ban'-isomorphic to a Hilbert space.




Then vy = 0 and § = 0, which shows the density of ®(H) C V".

It is then elementary to check that || - ||, is a norm on H. Pick (H,4) any completion of (H, | - ),
then @ : (H, || - ||«) — V' is linear and continuous, it is isometric by definition of || - ||.. It thus has
a linear and continuous extension ® € Ec(ﬁ ; V'), Then ® : H — V' is linear and isometric. We
claim it is furthermore surjective: indeed ® has closed range (it is classical that a coercive linear
operator has closed range), hence

Range & > Cly» Range ® > Cly, ®(H) = V.
Then ®: H — V' is bijective, hence a Ban® isomorphism.

Up to now in this proof V' has been invoked as a Banach space, endowed of the operator norm
(denoted ||-||y+), and & : H — V"’ is a Ban' isomorphism but not yet a Hilb isomorphism. Both the
Banach spaces H and V' are hilbertizable, hence they both possess scalar products inducing their
norms. For then the map d:H — V'is a Hilb isomorphism because being linear and isometric is
enough to respect the scalar product. O

Such a (ﬁ ,<i>) is called the anti-dual space of V with respect of the pivot H and will often
be denoted V*. Observe that V* is not uniquely defined, though it is unique up to isomorphism
since it solves some universal property. This means that when it is not explicitely said, all results
concerning V* should begin by fixing a realization of V*.

Note that V* is endowed of the norm

[ulvs = [|Pul|v-
which is such that
Vue H, |ullv-= sup |(u,0)u| < cllulla.
veV
lvllv=1

Proposition 2.2.0.4. (First non trivial applications)

1.
Yue H, VoeV, (u,p)v-v = (u,9)u.
2.
H={uecV*":3c¢>0, VYoeV, [u,p)v-v|<clellu}.
3.

V={ueV":3¢>0, YoeV, [(u,p)v-v]<c|o|v-}

This Proposition shows why V* is a convenient choice of realization of the anti-dual space of V,
when H is a “nice” Hilbert space.

2.3 Unbounded operators and D(A*)*

In this Subsection we perform several constructions on operators using the notion of anti-dual space
with respect to a pivot. Most of the material is taken from |25, Section 2].

10



2.3.1 Unbounded operators

Throughout this Subsubsection we assume that A is a closable, densely defined, unboundedﬂ op-
erator on a Hilbert space X and refer to |15, Sections 2.1, 2.4] for elementary spectral theory
considerations.

Since A is densely defined and closable, it has a well defined adjoint A* which is also a densely
defined and closed unbounded operator on X with domain D(A*) (see [15][Section 2.4]. We will
endow D(A*) with the graph norm

lullDaey = llullk + | A" ull%

which makes it a Hilbert space. We let D(A*)* be a realisation of the anti-dual of D(A*) with
respect to X.

Lemma 2.3.1.1. 1. A has an extension L.(X; D(A*)*) that we call A.
2. A is a densely defined unbounded operator on D(A*)*.
3. If X € p(A), then X € p(A) and

In particular, p(A) C p(A).
Proof. 1. It is enough to show that
Jde >0, Vze D(A), |[Az]lpa~ <cllz]x-
We then write for arbitrary z € D(A)

|Az||pasy- = sup  |(Az,¢)x]
pED(A")
H%’”D(A*):l

= sup (2, A%9)x|
pED(A")
H%’”D(A*):l

<llzllx-
2. The fact that A is an unbounded operator on D(A*)* is trivial. The fact that it is densely

defined follows from the definition of D(A*)* as a completion of (X, || - ||p(a=)-).

3. Assume there exists A € p(A4), we have to show that (A—A) : X — D(A*)* is bijective and its
inverse is L.(D(A*)*). We claim that (A — A)~! has a L.(D(A*)*; X) extension, this follows

3This is a slightly weaker assumption than the one used in [25], which is that A is a densely defined operator with
nonempty resolvant set.

11



from the following computation, which holds for any ¢ € X

I =A)ellx = sup (A= A) " o, u)x]
=1

= sup |(p,(A—A*)""u)x]|
=1

< sup (0, 9) x|
YED(A")

1Yl pasy <I=A") "Mz (x5paxy)

=[x -4~ llzocx;pasyllellpeasy

where we have used in the second equality that, since A € p(A) and A is a closable densely
defined operator, we have

Xep(A), [(A- A= (R4

Then by continuity and density, the extension of (A — A)~! is the inverse of \ — A.

We now give a precise meaning to the genuine equations
<Axa90>D(A*)*,D(A*) = (iC,A*(p)X, D(A*)** :D(A*)

Proposition 2.3.1.2. Let A be a closable densely defined operator on X and D(A*)* be any
realization of the anti-dual space of D(A*) with respect to X.

1. We have .
Ve e X, VpeD(AY), (Az,0)pa~y pa~) = (z, A"0)x.

2. The space D(A*) is a realization of the anti-dual space of D(A*)*.

Proof. 1. The equation to show is trivial if z € D(A), in view of Proposition (2.2.0.4)). By
continuity of A : X — D(A*)* and density of D(A) C X we conclude that the equation holds
for any x € X.

2. Fix @ : D(A*)* — D(A*)’ the Hilb-isomorphism such that (D(A*)*, ®) is a realization of the
anti-dual space of D(A*) with respect to X. We then have that

Rp(ay-® 'Rp(a-y : D(A*) — [D(A*)*]

is a Hilb-isomorphism, by composition.

2.3.2 Semi-groups

We now assume that A generates a strongly continuous semi-group on X that we denote (S;);>o.

Lemma 2.3.2.1. 1. For anyt >0, the map Sy : X — X has a L(D(A*)*) extension denoted
St.

12



2. The induced family (St)tzo is a strongly continuous semi-group on D(A*)*.

3. For any t > 0 we have
Vu € D(A")", Ve e D(AY), (u, St*§0>D(A*)*,D(A*) = <‘§tua §0>D(A*)*,D(A*)-

4. The generator of (St)tzo is A, with domain X .

Proof. 1. Let x € X, we have

[Sixl|pasy- =  sup  [(Siz, ¢) x|
wED(A™)
H‘P”D(A*):l
= sup [(z,57¢)x|
pED(A™)
H‘P”D(A*):l
<S¢ Nl cocasy Izl pas)- (7)
where we have used that Sy € L.(D(A*)). Indeed, for any ¢ € D(A*) we have Sf¢ € D(A*)
and

187 ellbasy = IIS:ellx + IA*SFell%
< ISFIZ. o llellx + 157 A 1%
< ISz, x) (lelix + 14" ¢l1%)
= 18112, x) llellDasy- (8)
2. The semi-group property is easy to get from density and continuity. We are left to show the
strong continuity:
D(A*)*

Vo e D(A*)*, S ——s
t—0+

To this aim we first show that

M >0, v0<t<1, ||§t\|£c(D(A*)*) < M.
This is from (@ and , which yield

IS¢ 2. pasyy < ISFllopiany < ISl c.x)-

Now we fix z € D(A*)" and ()32, a sequence of X converging to z in D(A*)*. We obtain
thUp HS't:c - :L'HD(A*)* S 1nfhmsup (”St.’ﬂ - Stxj”D(A*)* + Hgtl’j — xjHD(A*)* + ||.’L‘] — x”D(A*)*)
t—0+ J t—0+

< inf lim sup ||5‘tz - StxjHD(A*)*
J t—0t

S inflimsup ||§t||£c(D(A*)*) X — mj”D(A*)*
J t—0t

=0.

13



3. The equality is trivial when v € X and we conclude by density and continuity.

4. We let A be the generator of the strongly continuous semi-group (gt)tzo on D(A*)*. We show
that A = (X, A). For any x € D(A), we have
Six —x  x Az,

t t—0+

hence

S,z —x DA Ax

t t—0+ ’

and we deduce (D(A), A) € A. Now to show that (X, A) = A we first claim that
(X, 4) © (D(4), 4) (9)

where the closure is taken in D(A*)*. Indeed, let x € X, we show that there exists a sequence
(x;) of D(A) such that

DA o DAY
xj A z, Az; % Azx.
j—o0 j—o0

We will take (x;) any sequence of D(A) that goes to « for the X topology, which exists as A
is a densely defined operator. We then obviously have

D(A*)*
Tj ——— 2
J—00

and because A € L,(X; D(A*)*) we have
(A"

~ D o
Az; —— Az,
Jj—o0

This shows @, and by closedness of A we obtain
(X,A) c (D(A),A) c A = A.

We then show that the operator (X, A) is a generator on D(A*)*. To this aim we observe
that it is conjugated with A (seen here as an unbounded operator on X) as follows. For a
fixed A € p(A), which exists as A is a generator, the map

A—A: X = DAY

is a Ban®-isomorphism in view of Lemma (2.3.1.1]). It makes the following diagram commute

X —A . pan)
AfAT
D) —2 5 X

as shown by (A — A)(D(A)) = X and for any ¢ € D(A),
(A—A)TTAN - A)p = Ap.

14



Therefore, as it is classical that an operator that is conjugated with a generator is itself a
generator, (X, A) is a generator on D(A*)*.

We conclude the proof using a maximality argument, namely we will show that if P,Q are
generators on a Hilbert space H such that P C @, then in fact P = ). To this aim let
x € D(Q), we have x € D(P) as soon as the quantity

tP,. _
Cr7T 4so,
t
has a limit in H as t — 07. We will show that
Yt >0, Vzoe D(Q), efzy=eu. (10)
Indeed, if o € D(P) the two above curves are both C([0,00); D(Q))NC* ([0, 00); H) and such
that p p
tP. _ ptP,.  _ A tP tQ,. _ A tP
@ - p — = = .
dte o e xg = Qe xg, dte To = Qe xg

Hence they are classical solutions of the abstract ODE

{i“(t) = Qux(t),
z(0) = o,

and by uniqueness they agree. Thus
Vt >0, Vo€ D(P), ePuy=e .
Now fix t > 0 and = € D(Q), let (z;) be a sequence of D(P) going to x in H, we pass to the
limit in
Vj e N, etP:Ej = ethj,
to obtain . Finally, for any ¢t > 0 and = € D(Q) we obtain

ey —2  etPr—g
= — Pz,
t t

which shows © € D(P) and Pz = Qz, as desired.

2.4 Control systems

In this Subsection we adress the well posedness and controllability for control systems , we will
follow the lines of [4]. Fix U, X complex Hilbert spaces, A generator on X and B € L.(U; D(A*)*).
We write B* the the adjoint of B where U is a pivot space and D(A*)* has realization of its dual
D(A*). In other words: B* € L.(D(A*);U).
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2.4.1 Well-posedness

Definition 2.4.1.1. The operator B is an admissible control operator for A if
T
J0<T<oo, Fc>0, Vze DAY, / | B*S; z||%dt < c||z||%-
0

It is classical to show that if the above condition is satisfied for a fixed 0 < T < oo, then it is
also satisfied for any 0 < 7' < co. From now on we assume that B is admissible, we can then for
any 0 < T < oo extend by linearity and continuity the map

{ z — [t — B*S5_ 7]
(DA, - x) —  L*(0,T;U)

on the whole of X. We will denote by the same symbol this extension.
Definition 2.4.1.2. Let 2o € X andu € L?(0,T;U). A transposition solution of the control system
is a map z € C([0,T]; X) such that
Vre[0,T], Yo €X, (2(1),¢)x —(2°,8%07)x :/ (u(t), B*S:_,07)ydt.
0

Observe that this definition only requires the knowledge of B*.

Theorem 2.4.1.3. Assume that A is a generator and that B € L.(U; D(A*)*) is an admissible
control operator for A. Then is well-posed in the sensee that for any 0 < T < oo, 2° € X and
u € L2(0,T;U), it has a unique transposition solution on [0, T]. Moreover, denoting z € C([0,T]; X)
the corresponding solution, we have an estimation of the form

VO<T <oo, Je>0, V2"eX, VueL*0,T;U), |zllcqorx) <c(2°la+ lullrzor)) -

For a proof of this result, see [4, Theorem 2.37 |. Note that one can then build the input-output
map

[1]

{ L7.([0,00);U) x X — C([0,00); X)
(u, 20) — z(+)

which is linear continuous when all the involved spaces are endowed of their natural Fréchet struc-
ture.

We now turn to the derivation of an explicit formula for the solution.
Proposition 2.4.1.4. The solution of 1s given by the extended Duhamel formula

t
VE >0, z(t)=5,2° Jr/ St_sBu(s)ds,
0

where in particular

[tH /Ot S'tSBu(s)ds} € C([0,00); X).
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Proof. Let ¢ € D(A*), observe that a priori

t
{tb—>/ S’t_sBu(s)ds} € C([0,00); D(A")¥),
0
and compute for any 0 <t < oo
(2(t), ¥) D(ay=, p(axy = (2(t), ¥)x

t
= (2,57 0)x + / (u(s), B*S;_y@)uds
0
t
= (St’zO?SD)X +/ <StfsBu(3)7SD>D(A*)*,D(A*)d8
0

t
= (S:2%, ©) p(a) D(ax) + </ St—sBu(S)d57<P> :
0 D(A*)*,D(A*)

This shows the extended Duhamel formula, finally to get

t
[t»—)/ S}_sBu(s)ds} € C([0,00); X),
0
a first method is to invoke that
z(+), [t — Stzo] € C(]0,00); X),
hence the difference .
{t — / S’t_sBu(s)ds} =z2(-) = [t 52"
0

is C([0,00); X). A more concrete way is to observe that

t
t»—>/ S,_sBu(s)ds
0

takes values in X because B is admissible and in view of Proposition (2.2.0.4). Then we can
adapt the arguments of |4], in the existence part from the proof of Theorem 2.37, to show the
continuity. O

We will refer to a system that satisfies the hypotheses of Theorem (2.4.1.3]) to a well-posed
system.
2.4.2 Controllability

We define exact, null and approximate controllability for control systems . We fix a finite horizon
time 0 < T < o0.

Definition 2.4.2.1. (Ezact controllability)
The system X(A, B) is said exactly controllable at time T if for any 2° € X, for any 2T € X, there
exists a control u € L*(0,T;U) such that the solution z solves

2(T) = 27,
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Definition 2.4.2.2. (Approzimate controllability)
The system (A, B) is said approximatly controllable at time T if

V02T e X, Ve>0, JueL?0,T;U), |27 —2(T)|x <e.

Definition 2.4.2.3. (Null controllability)
The system X(A, B) is said null controllable at time T if

V20 e X, Jue L*0,T;U), =2(T)=0.

We now state the caracterizations of controllability derived by the control theory by duality, we
refer to [4] for proofs of these criterions.

Theorem 2.4.2.4. 1. The system X(A, B) is exactly controllable at time T if and only if the
adjoint system is initial time observable:

T
>0, YoeDAY), ok <ec / 1B S5 |2 dt.
0

2. The system X(A, B) is null controllable at time T if and only if the adjoint system is final
time observable:

T
>0, VpeD(AY), |IShellk <c / |B°5; |3 dt.

3. The system (A, B) is approzimately controllable at time T if and only if the adjoint system
has the unique continuation property:

VoeX, B*'S;o=0= p=0.

Observe that for the approximate controllability, the symbol B*S} ¢ stands for the extension of
the map
{ z — [t — B*S*z]
(DA |- x) —  L20,T;0)

evaluated at the vector ¢.

2.5 Boundary control systems

We now give a precise framework for boundary control systems @, we follow the lines and notations
of [25] Section 10]. Let U, Z, X be complex Hilbert spaces modelizing respectively the control space,
the domain of A and the state space. We assume that Z C X continuously and densly.

Definition 2.5.0.1. A boundary control system on (U, Z,X) is a pair (L,G) where
LeLdZ:X), GeL(ZU),
are such that

e G is onto,
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e NullG C X is dense ,
o The unbounded operator A on X defined by
D(A)=NullG, Az= Lz,
18 closable densely deﬁnecﬂ

Recall that D(A*) is a Hilbert space with the graph norm, and that D(A*) C X is dense, so
that we are allowed to fix D(A*)* a realisation of the anti-dual of D(A*) with respect to the pivot X.

We can apply all the results of Subsection (2.3) and extend A as A e L.(X;D(A*)*) which is
the generator of the extended semi-group (S;);>o that is strongly continuous on D(A*)*.

The following theorem gives a canonical way of transforming a boundary control problem @ into
a control problem and is the cental result of this paragraph.

Theorem 2.5.0.2. There exists a unique B € L.(U; D(A*)*) such that
L=A+BG.

Proof. We begin by the uniqueness, assume that there exists two such operators B, denote them
B; and Bs. Then from . .
A+ BiG=L=A+ BG

we deduce
(B — B3)G =0.

Being G surjective we get B; = By hence the uniqueness.

We now turn to the existence, note that G is surjective hence it has a right inverse R € L.(U; Z)
(see |2, Theorem 2.12]). We then consider

B:=(L— AR € L.(U; D(A*)*)
which is such that . . R
BG=(L—-A)RG=(L—-A)(RG—-1dz)+ L — A. (11)

Now observe that
G(RG —1dz) =0,

so that
Range(RG —Idz) C NullG = D(A),

and because L = A in D(A) we obtain
(L — A)(RG —1dz) = 0.

Coming back to we obtain R
BG=L-A

as required. O

4 Again this is a slightly weaker assumption than what is done in [25| Section 10].
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With such a result we formally have

{ z = Lz = 5= Az + Bu
Gz = |,

which was our original goal. It is straightforward to show that this implication is true at least for
classical solutions, as stated in the following Proposition.

Proposition 2.5.0.3. Let 0 < T < oo, 2° € Z and u € L?(0,T;U). Assume that there exists
z € C([0,T]; Z) N CY[0,T); X) classical solution of (6)), then z is a classical solution of

5 = Az+ Bu,
z(0) = 29,
This shows that .
2=Az+ Bu
is a consistent weak formulation of
z = Lz,
Gz = u,

The next lemma is a key tool when doing explicit computations.

Lemma 2.5.0.4. For any D(A*)* realization of the anti-dual of D(A*) with respect to the pivot
X, there exists a realisation of the dual of D(A*)* such that

[D(AT)*]" = D(A7),

and
B* € £(D(A");U)

solves
VzeZ, VpeD(AY), (Lz,o)x =(z,A"¢)x +(Gz,B*p)y. (12)

Proof. We let @ : D(A*)* — D(A*)’ be the Hilb-isomorhpsim making D(A*)* a realization of the
anti-dual space of D(A*) with respect to the pivot X. As in Proposition (2.3.1.2)) we consider

v = RD(A*)*(I)ilRD(A*)

which makes D(A*) a realization of the anti-dual space of D(A*)*. Setting U as a pivot we get
B* € L.(D(A*);U) and for any z € Z and ¢ € D(A*) we get

(sz @)X = ((A + BG)Z’ QO)X

= (Az, 0) p(asy- p(as) + (BGz,¢) p(ar)- p(ax)
= (2, A"¢)x + (BGz,9) p(a+)+,D(a%)-

Therefore we are left to show that

(BGz,0)pa=y=,pa+) = (Gz, B*¢)u,
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on the one hand we have
(B*p,Gz)u B*p,Gz)u~u

©, BGz)(p(a*)*)*,D(A")*

Vo, BGz)(D(A*)*),D(A*)*
Rp(asy® ' Rp(as)p, BGz)(D(a)+) D(A")>
(o 1RD(A*)§07BGZ)D(A*)* (Ruu, v) g i = (u,0) )

Rp(a=yp, ®BG2)p(a-y
(I)BGZ RD A*) )D(Ax)l

=
=
=
=
=
=
= (
=

PBGz,0) pary, DA ((p, Ruu)gr = (@, W) a' 1)

and the other hand we have by definition of the duality pairing (-,-) p(a«)«,p(a=) that
(BGz,p)pa=)- DAy = (PBGz, p) p(ary . D(a*)

which concludes the proof. O

Remark 2.5.0.5. Because G is surjective, the formula allows one to completely determine
B*. It is remarkable that B depends on the choice of D(A*)*, but the above formula for B* only
depends on L and A*. It is this version of B* that we will use.

2.6 An abstract point of view

We will developp a rather abstract point of view on boundary control systems allowing one to
completely identify them as control systems. As a useful application we will see a proper way to
get rid of the constants in (2).

2.6.1 Conjugation of unbounded operators

For starters we recall a result about the conjugation of unbounded operators.

Lemma 2.6.1.1. Let A be an unbounded operator on a Banach space X and B an unbounded
operator on a Banach space Y. Assume that there exists T : X — Y a Ban®™ isomorphism such
that T(D(A)) = D(B) and B =TAT~!. Then

1. p(A) = p(B) and for any X € p(A), A= B)"t=T(\— A)~'T-1
2. A and B are simultaneously densely defined (resp. closed, resp. generators).
3. T :D(A) — D(B) is a NS* isomorphism.

It seems desirable to be able to take the conjugate of B = TAT !, which can be done as summed
up in the following result.

Lemma 2.6.1.2. Suppose X and Y are Hilbert and let A and B be densely defined operators
respectively on X and Y. Let also T : X — 'Y be linear and continuous. Assume that

T(D(A)) = D(B), BT = AT.

We then have the following.
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1. T* : D(B*) — D(A*) is well defined, solves the equation T*B* = A*T*.

2. T* € L(D(B*); D(AY)).

3. IfT: X —Y was a Ban™ (resp. Hilb) isomorphism, then so is T* : D(B*) — D(A*).
We finally extend these results to duals with respect to pivot spaces.

Lemma 2.6.1.3. Suppose X andY are Hilbert and let A and B be closable densely defined operators
respectively on X and Y. Assume that

T(D(A)) =D(B), BT = AT,
for T : X =Y linear and continuous. We then have
1. T has a L.(D(A*)*; D(B*)*) extension denoted T.
2. IfT: X —Y was a Ban™ (resp. Hilb) isomorphism, then so is T : D(A*)* — D(B*)*.

2.6.2 The category of control systems

We define the category of the control system CS as follows. An object is a quadruplet (U, X, A, B*)
where U, X are complex Hilbert spaces, A is a densely defined operator on X and B* € L.(D(A*); U )
A morphism (U, X1, A1, BY) — (Ua, X2, Az, B3) is a couple (@, ¥), where

o & c L.(X1;X2) is such that ®(D(A41)) C D(A2) and the diagram

D(Al) L} X1

| l@ (13)

D(As) —225 X,

commutes in Set.

e U e L.(U;Us) is such that the diagram

DAy 2 v,

S

D(435) 2 1,

commutes in Set.

Note that in the last diagram, ®* : D(A%) — D(A7) is a well defined linear and continuous map

owing to Lemma (2.6.1.2).

The composition of morphisms in CS is the standard composition of functions, it is straightforward
that it is associative, and hence CS is a well defined category. For short and when there is no

5B* is a formal notation, we do not suppose that B* is the adjoint of an operator B € L.(U; D(A*)*) because
we do not want the choice of D(A*)* to interfer
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possible ambiguity we will call 3(A, B) such a control system.

If (U, X, A, B*) is a control system we say that it is well-posed if A generates a semi-group and B* is
admissible in finite time. Observe that the admissibility in finite time requires only the knowledge
of B*, and not of B, hence this is well defined. We define the full sub-category of CS whose objects
are the well-posed control systems, we call it wpCS.

Lemma 2.6.2.1. 1. The isomorphisms of CS are the morphisms (®, V) such that both ® and ¥
are bijections. Moreover, if (D, ¥) : (Uy, X1, A1, BY) = (Ua, Xa, Aa, B3) is a CS-isomorphism
then

e &: X| — X5 is a Ban™ isomorphism,
o &: D(A)) — D(As) is a NS isomorphism,
o O*: D(A3) — D(A}) is a Ban™ isomorphism.
2. Two control systems that are isomorphic in CS are simultaneously well-posed. In other words,
wpCS is stable by the isomorphisms of CS.
3. If (2,0) : (Uy, X4, A1, B}) — (Ua, X2, Az, B3) is a wpCS-isomorphism, then ® : D(A})* —
D(A%)* is a Ban™ isomorphism.
Given a well-posed control system X(A, B), as shown in Theorem ([2.4.1.3)), there exists the
input-output map
= f L ([0,00):U0) x X — C([0,00); X)
—HAB) (u, 20) — z(")
which is, in theory, the only thing we need to define the controllability of the system. We can now

explicitely say how the morphisms of wpCS act on the input-output map.

Proposition 2.6.2.2. If (P, V) : X2(Ay, B1) — X(As, By) is a wpCS-morphism, if z is the solution
of

z = Alz + Blu,
z(0) = 20,
then & := ®z is the solution of _
§ = A+ BaVu,
¢0) = 20,

In other words,
Ex(4s,B2) (Y1, ©2°) = ®Es5 4, 5,)(u, 2°).
From the this formula we may inspect how the morphisms of CS transport the controllability.

Proposition 2.6.2.3. Assume that (®,¥) : X(Ay, B1) = X(As, Ba) is a wpCS-morphism and fix
0<T < oo.

1. If ® : X — Xy is surjective and X(A1, By) is exactly controllable in time T, then so is
Y(Ag, By).

2. If @ : X1 — X5 is a Ban™-isomorphism and ¥(Aq, By) is approzimately (resp. null) con-
trollable in time T, then so is ©(As, Ba).

In particular we obtain that the controllability at a fixed time 7" is unchanged by CS-isomorphism.
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2.6.3 The category of boundary control systems

Definition 2.6.3.1. The category of boundary control systems BCS has objects (U, Z, X, L, Q)
where

o U, Z, X are complex Hilbert spaces with Z C X continuously and as sets,
e LeLlL(Z;X)and G € L(Z;U).

We will denote such an object X(L, G) when there is no possible confusion. A morphism (U1, Z1,X1,L1,G1) —
(Ua, Zo, X2, Lo, G2) is a couple (P, V) where

o & e L.(X1;X2) is such that ®(Z1) C Zs
o U c KC(U1;U2),

e The diagrams

A EEZEN X, 7 _G U,
b e e s
Lz G2
ZQ —_— X2 ZQ — X2

commute in Set.
The composition of morphisms is the natural one.

If ¥(L,G) is a boundary control system we can define the unbounded operator on X
D(A) =NullG, Az=Lz.

At this point it is merely an unbounded operator. We say that a boundary control system (L, G) is
admissible when it satisfies the hypotheses of Theorem , namely when A is closable densely
defined and G is surjective. We consider the full sub-category of BCS made of these admissible
boundary control systems, we call it admBCS.

As for CS it is straightforward to check that the isomorphisms of BCS are the morphisms (@, V)
such that both ® : X; — X5 and ¥ : U; — Us are bijective. It is then easy to check that two

isomorphic boundary control systems are simultaneously admissible.

We now consider the functor

admBCS CS
r:{ (U,ZX,L,G) — (UX,A, B*
(©, D) — (D, T)

where B* is given by Theorem ([2.5.0.2)).

Theorem 2.6.3.2. The functor F is faithfull. Moreover if F(X(L,G)) is a well-posed control
system, for any u € L?(0,T;U) and 29 € X, if there exists 2(-) € C*([0,T]; X) N C([0,T); Z)
classical solution of @, we have

VO<t<T, z(t)=Eprswa)(w2)t).
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This Theorem motivates the understanding of boundary control systems as control systems,
and we will always assimilate the mathematical object (L, G) with X(A, B*). In particular we
won’t define again the notions of well-posedness, the input-output map, or the controllability of a
boundary control systems: those are already defined in the super-category CS.

Remark 2.6.3.3. It is possible to make the definition of F' independent of the axiom of the choice,
defining it on objects by its graph

{((U,2,X,L,G),(U,X,A,T)) : AD(A*)*, 3B € L (U;D(A*)*), TI'=B*, L=A+BG}.

Remark 2.6.3.4. The question of the functor F being full is not clear but interesting. We leave it
as an open question.

At this point we have two notions of boundary control system, the one from the corresponding
Subsection of this document (taken from [25]); and the one of this Subsection. In order not to make
any confusion we will always refer to a boundary control system as in this Subsection as a BCS
object.
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3 Well posedness of the system

In this Section we adress the well-posedness of .

3.1 Choice of the functionnal setting

We have to choose the objects U, Z, X, L, G so that the hypotheses of Theorem ([2.4.1.3) are met
with the induced operators A, B*. We will choose the most natural functionnal setting for . Let
us first introduce some notations: for any —oco < a < b < +o00 we let

H(la)(a, b) = {u € H'(a,b) : u(a) = 0},

and we observe that for any u € H (1a)

)| = u(e) = u(@)] = | [ ' u’<t>dt\ <cf (o).

So on the set H/,)(a,b) the H' norm is equivalent to

b
fulfy, = [ WP
a
We then endow H (1a) with the associated Hilbert space structure. We will also denote
H% g(a,b) = {u € H*(a,b) : uy(a) = ug (b) = 0}, H(Za) = {u € H?*(a,b) : uz(a) = 0}.

We let
Xp,.py = Hl_p,y(=D1,0) x L*(=D1,0) x L*(0, Dy)

be the state space, and
Zpy,p; = {(um,p) € (H2 N H(1*D1))(_D170) X H(I*D1)(_D170) x H2(07D2) 1uz(0) = p(0), p2(0) = 0} )

endowed with the subspace Hilbert structure, on which we define the operator

u v
L v = gy
P dpza
Let also
u
G v = pI(D2)7 U=C.
p

At this point, the modelization data (C, Zp, p,, Xp, p,, L, G) makes a boundary control system (a
BCS object) on (U, Zp,.p,, Xp,,p,), that we call ¥(c,d, D1, Dy). We will first reduce the study to
the case c=d = 1.

Lemma 3.1.0.1. Fiz the constants ¢,d, D1, D > 0, then X(c,d, D1, D3) is equivalent to ¥ (1, 1,¢Dq, \/&Dg)
in BCS.
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Proof. Consider the maps
P - { (U7U7p) — (’U,(/C),’U(/C),p(/\/g)) , U = \/gld(c )
ZDI;DZ — Zch,\/EDz

It is clear that (®, ) meets the 2 first points of the definition of a BCS morphism with

Xy = ‘XCDh\/ED27

and that ® and ¥ are both Ban®-isomorphisms. Therefore, (¢, d, D1, Ds) is equivalent to the
object of BCS
¥:=(CZ

C

D1 viDys Xep, vip, ®LOTVAGE ™).
‘We observe that

0 1 0

PLP ! = (;‘l—; 0 O2 , ‘I’G(P_l(uw’p):]?x(o)
0 0 %
dx?

and therefore
S(c,d, Dy, Dy) ~ S =3 (1, 1,¢Dy, \/&Dg) .

O
In view of this Lemma, we consider the system
up(t,x) = uUge(t,z), —D1 <z <0,
uy(t,0) = p(t,0),
U(t, —Dl) = 07 (14)
pt(t7x) = p.LaL(tvx)v O<$<D27
px(t7 O) = 0,
pm(t; D2) = Q(t)»

with arbitrary D1, Do > 0. Consider the state space
X = H| p,(=D1,0) x L*(—=D1,0) x L*(0, Dy),
together with
7 = {(u,v,p) € (H*NH{_p,))(=D1,0) x H'_p,(=D1,0) x H*(0, D3) : ux(0) = p(0), pa(0) = 0} )

The control space is C and the boundary control system is

U v U
Ll v |=| te |, G| v | =p(Do).
p Pz p

We now wish to make the BCS object ¥(L,G) admissible and such that FX(L,G) is well-posed
(an object of wpCS). The operator A is defined by

u v
D(A) =NullG = {(u,v,p) € H2ﬂH(17D1)><H(17D1)><H]2\,H cuzr(0)=p(0)}, Al v | =1 twe
p DPzx

In view of Theorem ([2.4.1.3)), the system is well-posed as soon as
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1. G is surjective,
2. A is a generator on X,
3. B is an admissible contol operator.
The rest of this Section is devoted to the obtention of these facts.
Proposition 3.1.0.2. The map G is surjective and the set NullG C X is dense.

Proof. Since G is linear and its codomain has dimension 1, it is enough to check that G # 0. To this
aim, we introduce p € C°°[0, Ds] such that p(0) = p,(0) = 0 and p,(Ds) = 1. Then (0,0,p) € Z
and G(u,v,p) = 1.

To check density fix (u,v,p) € X and consider any function ¢ such that

¢ S Ccoo(iDlvoL

¢(0) = 1,
¢2(0) = 0.
Then consider approximations
(- 2
C(=Dy,0) 3 v, L2, o 02(0, Dy) 5 p; 2O,
J—00 j—

and observe that
u—u(0)¢ € Hy(—D1,0).

So there is a sequence (u;) of C2°(—Dy,0) that goes to u — u(0)¢ in the H' norm and moreover it
is easy to check
uj +u(0)¢
o € Null¢
pj
so that Null G is dense in X. O

3.2 Spectral analysis

We will investigate the spectrum of A and show that the eigenvectors of A (properly rescaled) form
a Riesz basis of X.

3.2.1 Spectrum of A

Lemma 3.2.1.1. (Spectrum of A)
The operator A has point spectrum

2
1
(IP(A):{i)\fjﬁb:mEN}U{)\fL:nEN}7 )\L‘l;:i m-+ = L’ AP = nm 7
2 Dl DQ
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and all these eigenvalues are simple.

For any m € N, Null(A\", — A) is generated by V" F = (ul,, A2 ul | 0), where

ul () = icos m—i—1 T
™\ Dy 2) D7)

For any m € N, Null(—=\!, — A) is generated by V"= = (ul,, — A" ul 0).

m'm?

For any n € N, Null(AZ — A) is generated by VP = (ub, NeuP  pP), where

n

2 nm if
Ph) { B (35 N, (15)
VD’ Bon=u
and u? is the solution of
Uz = ()‘?z)zuv
u(=Dy) = 0, (16)
uz(0) = pp(0).

[19e%})

The suprescript “p” stands for parabolic and “h” stands for hyperbolic. We will often refer to
these two branches of eigenvalues, and the corresponding eigenvectors, with those adjectives.

Proof. We begin by showing that for all n € N, has exactly one solution. For n € N* observe
that the equation

& =)’
has two distinct real solutions £ = A2, because A\ # 0. Therefore, has a solution if and only
if the following system has a solution in (o, 3) € C?:

—DiAP DiX?
{ e 1p —|—ﬁep pO, (17)
a)‘n - 6>‘n = pn(o)a

where recal that p? is defined by . More precisely, the solutions u of are in bijection with

the solutions («, ) of (17). Therefore, to show that has a unique solution is equivalent to
showing that the system (17) has a unique solution. The determinant of the latter is

e—D1XE o DiXE

€

—D1 AP D1 \P
AP oy | T AT e )
n n

which is non zero, hence has a unique solution. In case n = 0 we have A} = 0 and becomes

Ugx = 0;
U(—Dl) = 07
ug(0) = \/%7,
which has the unique solution
u(z) = L (x+ Dy)




Now we reason by analysis and synthesis to show the claimed point spectrum and eigenspaces.
Assume first that there exists A € 0,(A), let V = (u,v,p) be an associated eigenvector. We will
distinguish two cases.

If p # 0, there exists a non-zero solution of

o = >‘pa
Dz (D2) = 07
Dz (O> = 0,

hence there exists n € N such that

and, up to a rescaling of V,

= pp(2).

Therefore, u solves and v = A\u.

If p =0 then u # 0 (otherwise V' = 0) and u solves

Uz = Mu
u(—Dl) = 0
ug(0) = 0

hence there exists m € N such that

and )
T
A== — ) =— =+£X
) <m + 2) D m
In any cases A = A" or A = —A" we have (up to a rescaling of V) u = u”, and v = £A\" ", as
required.

Up to now we have shown that
op(A) C{EN" :m e NJU{NE : n € N}

and that for any
A€ o,(A)N({EA, :meNIU{N :neN}),
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the claimed vector line is well defined (because then has a unique solution) and the corre-
sponding eigenspace is contained in the claimed vector line.

To conclude the proof we are left to show that for any

Ae{+M\  m eN}U{I2 :n e N},
the claimed generator (i.e. V,»* or VP depending on \) is indeed an eigenvector (associated to \).
At this point this is trivial. O

3.2.2 Bases in Hilbert spaces

Prior to show that the eigenvectors of A, properly rescaled, make a Riesz basis of X we recall some
general facts concerning the theory of bases in Hilbert spaces. In what follows X is an arbitrary
Hilbert space.

Definition 3.2.2.1. A Riesz basis of X is a sequence (e,)5 of X which is the image of a Hilbert
basis of X by a bounded invertible linear map X — X.

Definition 3.2.2.2. A sequence (€,)5%, of X is said w-independent if for any complex sequence
(Cn)?to:o; Zf

0< Y leal*llenllk < oo, (18)
n=0

then Z Ccpén cannot converge to 0.

Remark 3.2.2.3. In case the sequence (e,,)°2 is almost normalized, i.e.

0< iréf lenllx < sup[len]lx < oo,
n

the condition 1s equivalent to
o0
0< Z len|? < 0.
n=0

Thus, w-independence boils down to: for any (cn)52, € (*(N), if the series > cne, converges to 0,
then (cy,) is the null series.

Definition 3.2.2.4. Two sequences (€,)5>y and (fn)22, of X are said quadratically close if

oo

D llen = falli < oe.

n=0
A usefull result to prove that a given sequence is a Riesz basis is the following.

Theorem 3.2.2.5. ([10, Theorem 2.3 of Chapter 6])
If (e4)22, is a sequence of X that is w-independent and quadratically close to a Riesz basis of X,
then (e5,)22, s itself a Riesz basis of X.
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Up to this point a basis of X is a sequence, yet the spectrum of A is naturally indexed by
{1,2,3} x N as it has three (countable infinite) branches. This motivates the adaptation of the
above tools to families of vectors. Until the end of this Subsubsection we fix I a countable infinite
set.

Definition 3.2.2.6. A family (e;)ics is a Riesz basis of X if there exists some ¢ : N — I bijection
which makes (e,n))neo @ Riesz basis of X.

It is clear that if (e;);es is a Riesz basis of X, then for any ¢ : N — I bijection the sequence

(ep(n))nso is a Riesz basis of X.

We can then adapt all the above theory for families of vectors.

Definition 3.2.2.7. We say that (e;);cr is w-independent if for any family of scalars (¢;)icr, for
any bijection ¢ : N — I, if

0< Z |C<,o(n)‘2||6<p(n)||§( < oo

n=0

then ch,(n)e@(n) cannot converge to 0.
Definition 3.2.2.8. Two families (e;)icr and (f;)icr of X are quadratically close if
> lles = fillk < 0.
il
Corollary 3.2.2.9. The family (e;):cr is a Riesz basis of X if and only if it is w-independent and
quadratically close to a Riesz basis of X.
3.2.3 Riesz basis property for the eigenvectors of A

We look for equivalents of the norm of these eigenvectors, we first deal with the parabolic component:

d 2
V2 = IRl + It + W2l = [ ot

+ NP luf 172 +1
L2

where an easy computation brings a closed formula for uf, for n > 1 (recall that this is the solution

of (16))
, _ 1 2 6)\ZI 67/\230
un () = N\ Dy \1+e 2000~ 2D 11 )°

Now write
e}\ﬁ.’l) e—kﬁw
o X)) = ———— r) = ———-
n( ) 1+672D1)‘£7 Bn( ) 62D1>‘ﬁ +1
and compute
9 1 1 —e2D1A
HanHL2 = 1 +e—2D1>\ﬁ|2 2)\P
Remembering that AP — —oo we get
—2D1 A2
e n — 00
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hence

1
lanllZe ~ smFm—sp57
2| NE [e—2DiA%

which vanishes. Similarly we obtain
1

2

which also vanishes. Note that

llenllZ2 = o(l|BnllZ)

hence by Cauchy-Schwartz

1
l|aen — /BnH%Z = ||an||%2 — 2R(an, Bn)r2 + ||ﬁnH%2 ~ ||ﬁnH%2 ~ W-
n
Then 1 9 1 1
P2 — — 2 o~ = 19
||un||L2 ‘)‘ELP D2Han BTL”L2 D, |>\£|3 ( )
which vanishes. The remaining computations for the parabolic component are now easy:
d I 1 (27 arehe APe= e ||
2 S Y i
dr "2 N\ Dy 1+e 2D1An  e2Didn 4 1|,
2
= EHOM + BnHQLZ’
1 1
~ 20
D: [V 20
which also vanishes, hence
VPlx ~1. (21)
Now for the hyperbolic eigenvectors we readily obtain
Va1 = 21012 (22)
Then define 1 1
VneEN, Vig =Vl Von= 5V, Vew=3V"
n n

and consider the candidate family to be a Riesz basis (V;);c(1,2,31xnv. Observe that in view of the
asymptotics and , and since the vectors V.»* VP never vanish, the family (Vi)ie{1,2,3) xnv
is almost normalized.

Theorem 3.2.3.1. The family (V;);cq1,2,3)xnv i a Riesz basis of X.

Proof. Step 1: We show that (V;);c1,2,3}xn is w-independent.

We fix ¢ : N — {1,2,3} x N bijective, we assume that for some sequence ()%, € ¢?(N) there
holds

N
X
Z anV¢(n) m O,

n=0
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and we show that (a,,)52 is constant to 0. Note that this is enough in view of Remark ([3.2.2.3]).
We explicitly write down for fixed N € N|

P h h h h
N N Yoty N Ui/ Adims N Ui/ Nin)a
doanVormy = Y om | Xplo, |+ D om Ug(n), + ) om ~Ug(n)s
n=0 n=0 pp n=0 0 n=0 0
B(n)1=1 #(n)2 B(n)1=2 #(n)1=3
(23)

Take the third coordinate of the above sequence and send N to +o0o to obtain

N L?(0,D3)

2
z—:0 anp];(n)z N—o0 0.
o(n)1=1

Since (p£)2, is a Hilbert basis of L2(0, Dy), we obtain
VneN, ¢n)=1= a, =0,

which means that the parabolic component of ()22, vanishes. Therefore becomes

h h h h
N N %(n)ﬁ/ Ab(n)s N Ug(n) }{ Ad(n)
YNEN, Y anVym= > Ug(n), + Y U (n),

n=0 0 0

n=0 n=0
#(n)1=2 $(n)1=3

Further for any N € N, the two first coordinate of the right hand side of the above equation are

given by
> Ugms > Ugn) h
n)o n)2
> (,\h ’“¢(n)2> + D o <,\h ’_“¢(n)2> (24)
n=>0 o(n)2 n=0 p(n)2
¢(n)1=2 ¢(n)1=3

which goes to (0,0) in H(I_Dl) x L2. Define the bijective sequences (p,)>%, and (¢, )%, of N by

n=0 n=0

Vn € N, ¢(pn) = (27n)7 ¢(qn) = (3vn)'

Fix n € N, take the L?-scalar product of the first coordinate of against u” and let N — oo to

discover
Qq
n

Al

Qp
~ + =0,
An
oo

because (u”)2, is a Hilbert basis of L?(—D;,0). Doing the same with the second coordinate we

obtain that

Qp,, — Qg, = O’
hence the couple (v, , oy, ) solves
(03 (0%
(s -0
Qp,, — Qq, = 07

whence «p, = a4, = 0. This means that the the hyperbolic components of (c, )52, vanishes, hence
(an)po is null, and (V;)ieq1,2,31 xn is w-independent.
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Step 2: We show that (V);cf1,2,31xn is quadratically close to the family
{( m7>\h ) me N} U {(uZm_)‘?nao) tme N} U {(07071717;) ne N}
where the indexation by {1,2,3} x N is obvious.

To this aim, note that the two hyperbolic branches are equal hence they are quadratically close.
Moreover the parabolic branches solve

o0 o0
DIVE=0,00)1% =Y IIUﬁIIfq(gD1 + [ AR ||72
=l n=0

where, in view of the asymptotics (19 and ( .,

1 1 1 1

2
||“ﬁ||H1 | pUpHLz FQW’

~ TSNP
-pn Do [Mh]

which are summable, hence the quadratic closedness.

Step 3: We show that the family

U ul 0} :meN}U o —ul 0) :meNzU{(0,0,p2):n € N}
N, ) N, )

is a Riesz basis of X.

We first reduce the problem as follows. Observe that in arbitrary Hilbert spaces Hy, Ha, if (v,)%2,
(resp. (wp)22,) is a Riesz basis of H; (resp. of Hs), then the family

{(vn,0) : n e N}U{(0,w,,) : n € N}

is a Riesz basis of H; x Hs. Thus, to show the claim it is enough to show that

(o) merfo(Ghw) mer)

is a Riesz basis of H(_j, ) x L?, and that (p};)7Z is a Riesz basis of L?. The second point is trivial
as (pP)°°, is a Hilbert basis of L2. Now for the first point, we will use a characterization of Riesz
bases, namely we will show that the family is total and that there exists C7,C5 > 0 constants such
that for any N € N and aoi, e ozﬁ € C, there holds the frame type inequalities

N N h h 2
Ch Z (’O‘MQ + |a;’2> < Z {oﬁ (zh , m> +a,, <;L;L”,—uﬁl)} (25)
m=0 m=0 m H} p,  xL?
al 2 2
<C 3 (Joi + |ait]*) - (26)
m=0
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This characterization is classical and we refer to [3, Theorem 3.6.6] for a proof. Let us first show
that the family is total, let (u,v) be in its orthogonal, we then fix (a,)S0_g, (Bm)50_ the two square
summable sequences such that

oo oo

h h

u = E AUy, U= g Bm Uy s
m=0 m=0

where the two series converge simply in L2, which is possible as (ul’)%°_, is a Hilbert basis of
L?. Actually, because u € H, (1_ p,) We even have better: the series Y o, u”, converges in H (1_ D1):

Therefore, for any m € N we obtain

h
)
m H! x L2

(=Dy)
d ul, h
= (um, d:c)%)Lg + (v, up,) L2
oo
an, ( d , d , )
= N\Nh 7un) 7um + ﬁm
nz:% A Ndz ™™ dw 2
where we have used that the sequence (L u/)™ is orthogonal in L? with
d 2 N = 1° h
£ - =)= =-(02
L [ - o

h
Similarly, using that (u,v) is also orthogonal to (7;#:, —ufg) we obtain
_/\anm - ﬁm =0,

hence
Qm = Bm =0,

whence the totality of the family, since m € N was arbitrary.
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It remains only to show the frame-type inequalities —, to this aim we compute

N h h
+ Upp, h — U, h
2 {‘“m (Aﬁn’“m> o (Az;‘“M)}
m=0

2

1 2
Hi_p,*E

N oot o N 2
m m h + - h
(32 (52 #52) o St

m=0 H(l—Dl) x L2
2 2
N i _ N
_ Ay Qo d h + — h
-3 (e s ot 2 oot
m=0 L2 m=0 L2
N oot a2 N
_ m m h |2 + -2
- Z /\’m+ﬂ |)‘m‘ +Z|am_am|
m=0 m=0
N
=2 (loh” + lan ),
m=0
which shows that - hold with C; = Cy = 2. O

3.3 Semi-group generation

In this Subsection we show that A generates a Cjy semi-group on X. We note that with our choices
for (X, D(A), A) it is not trivial that A is a generator. Indeed we do not know if the operator is
dissipative in view of

u u u Ds
v o Jenw. (al o] o)) =vowo- [
p p p X 0
where the right hand side seems not bounded with respect to || - || x.

In [26] the authors study a boundary control system that is very close to 7 and overcome
this lack of dissipativity by differentiating the boundary conditions, implementing the result in the
domain of the operator, and augmenting the order of the Sobolev spaces making X . Because of the
boundary condition

pa(t,0) =0,

if one wants to adapt this method to get dissipativity for A, one also needs to implement the
condition

Uz (0) = 0,

to get (uy,p) € H*(—D1, D3) (according to the notations of the authors). We will show that A is a
generator without adding boundary conditions, using the Riesz spectral structure of A. We call a
Riesz spectral operator on X a closed densely defined operator whose eigenvalues are simple, with
finitely many accumulation point, and for which there exists a Riesz basis of X made of eigenvectors.
We refer to [5 Section 3.2] for a proof of the following Theorem.
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Theorem 3.3.0.1. Let A be a Riesz spectral operator on X. Then A is a generator if and only if

sup R < oo.
Aeop(A)

As a direct consequence of the spectral study of A we obtain the following.

Corollary 3.3.0.2. The operator A is a generator.

3.4 Admissibility of B

We begin by deriving a closed formula for B* € L.(D(A*);C). To this aim we will first compute
A*.

Lemma 3.4.0.1. The operator A* is given by
D(A*) = {(f,9:h) € Hipy N H{_p,y X H'_py x Hip,y + g(0) + he(0) = 0},

and
A*(fv g, h) = (_ga _fwwa hzw)
Proof. We first show that

D(A*) C {(f,9,h) € Hipy N H{_p,y x H_py x Hp,) + g(0) + he (0) = 0}
Let (f,g,h) € D(A*), we a priori have
(frg,h) € X = H|_p,) x L* x I?

and there exists a constant ¢ > 0 such that

0 0 Do
/ Vg fo + / Ugag + / Dazh
—Dy —D; 0

Let p € C¢°(0, D2), we have (0,0,p) € D(A) hence the above estimation becomes

D->
/ Pazh
0

Therefore we obtain p € H? by elliptic regularity (see [15, Lemme A.4]). Furthermore, for any
p € H?(0,D3) such that p(0) = p,(0) = p.(D2) = 0 we obtain (0,0,p) € D(A) so that by
integration by part
D»>
/ Paah
0

It is then classical to infer that h,(D2) = 0.

V(u,v,p) € D(A), = [(A(w, 0,p), (f,9,0) x| < e([[ullar + o]z + llpllz2) -

< cl|pllz>-

clipllz> =

Do

Next for arbitrary v € C°(—D1,0), (0,v,0) € D(A) hence

0
c|v||Lzz]/ vmfz—‘ / vaf
—D —D
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Thus f,, € L? and f € H?. Now for any v € H(lfDl) we get (0,v,0) € D(A) and

de>V ot
-D

Again it is straightforward to check that necessarily f(0) = 0.

_ ’_ /_ ODI Vet + £2(0)0(0)] .

We now have to be more cautious for g, for any u € H? with u(—D;) = u,(0) = 0 we have
(u,0,0) € D(A) hence
0
’/ Uzzd
—Dy

T { a [w = [h a(t)dt}

1 2 1
Hgy —  HigNH_p,)

<clullmy , | = cllua] 2. (27)

—Dy)

Observe that the map

is well defined, hence for any o € H (10) we may apply with u = T« to discover

0
[
—-D,

This shows that g € H' and using integration by part, we obtain for any a € H (10) and v = T«
that (u,0,0) € D(A) hence by the above estimate

0
cllal|pz > ‘/ Qg
-D;

We then deduce that g(—D;) = 0 as required.

< clla|| 2.

0

= ‘—g(—Dl)a(—Dl) —/ 9z ¥| .

—D;

We now obtain that g(0) + h,(0) = 0, we start again from the definition of (f,g,h) € D(A*)
to obtain, using integration by parts, for any (u,v,p) € D(A),

¢(lullgr + llvllz> + lIpllz2) = [(Alw, v,p), (f, 9, h)) x|

0 0 D»
—D1 —D; 0

== / ’ faa + g(0)ug(0) — / ’ 9utz + 1 (0)p(0) + /0 . D

—D; —D

0 0 Do
= |- mhw—/ %%+A haap + (9(0) + ha(0))p(0)|  (28)

—Dy

which shows that indeed ¢(0) + h,(0) = 0.
Now for any (f,g,h) € D(A*) we have

(fvg7h) € {(fagah) € H(20) mI_I(l—Dl) X H(l—Dl) X H(2D2) g(O) + h:r(o) = 0}
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So for any (u,v,p) € D(A), using which also holds without absolute values, we obtain

(A(U,U,p), (fvga h))X = (<_97 _fma:, hwx)z (u7 pr))Xa

so that
V(f,g,h) GD(A*), A*(f,g,h) :(_gy_fa:xahxac)-
Conversely, if

(f,9:h) € {(f,9,h) € Hipy N H{_p,) x H_py x Hp,y = g(0) + by (0) = 0},
the equality brings (f,g,h) € D(A*), which proves the formula for A*. O

Proposition 3.4.0.2. We have, for any (f,g,h) € D(A*),
B = h(Dy).

Proof. In view of (12]), we have

() ()0 (G) (),

Il
/_
D

for all

=g
m
N
>Q =
m
S
—
h
*
S~—

We conclude by surjectivity of G. O

Now the admissibility of B can be stated as follows: there exists ¢ > 0 such that for all
o = (fo, 90, ho) € D(A*), the classical solution ¢ = Sfpo = (f,g,h) of the adjoint system

ft = -9,
gt = _fx;m
ht = hxxa
f(t7 7D1) = 07
f2(t,0) = 0,
ha(t.Dy) = 0, (29)
g(t,0) + he(t,0) = 0,
f(O? x) = fo(x)v
9(0,z) = go(2),
h(0, z) = ho(x),

solves

T
| DR < e (Ul + laoli + =)

40



Proposition 3.4.0.3. The operator B is admissible for A.

Proof. Let (f,g,h) be a classical solution of the above system, then f is a classical solution of the
hyperbolic subsystem

ftt = fa::z:7
f(ta _Dl) = 07
fo(t,0) =0, (30)

f0,2) = fo(x),
fe(0,2) = go(x).
From the hidden regularity for this wave problem (see [4, Theorem 2.53] or Theorem (A.0.0.1) from
the Appendix)
£ 00,1 < ol + llgollzz-

Moreover, denoting ¢(t) = —f:(t,0) € C[0,T] we have h a classical solution of

ht = h;wm
hy(t,Dg) = 0,
ha(t,0) = qlt), (31)
h(0,z) = ho(x).

Thus it is enough to show that, for any ¢ € L?(0,T) and hg € H(QO), any strong solution A of
is such that

T
/0 [h(t, D2)* S Nla@®) 1720,y + N0l 72(0,p,)- (32)
We put in the realm of Theorem (2.4.1.3|) introducing
d2

X =1L1%0,D,), L Z={he€ H?:h(0) =0}, Gh=nh.0), U=C.

= dz?

It is elementary to check that such objects satisfy the hypotheses of the Theorem (2.4.1.3)), with

semi group

Sih = Z(h,vn)xe“"tvm
n=0
where
2
nmw
Hn = — <-D1> 5
and

cos(v/—pnx), if n € N*,
”"(x)“{ (1M ! if n=0

is the eigenbasis associated to the generator A. It is also elementary to check that the extended
semi-group (S;)¢>0 on D(A*)* solves

Vh € D(A*)*, Sth = Z<h7vn>D(A*)*7D(A*)6N"tUn~

n=0
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Moreover the associated in-domain control operator B is such that B* = §; where d,, denotes the
Dirac mass as xg. Now it is elementary to obtain when ¢ = 0. Therefore, from the extended
Duhamel formula we can assume without loss of generality that hy = 0. In this case

t
h(t) = / Si_<Bq(s)ds
:/ Z Bq(s e“"(t Donds

/ n(0)eln =)y, ds
:/ q(s) Zvn(O)e““(t_s)vnds.
0 n=0

Let -
x) = Zx"2 € C*(-1,1),
n=0

which is known as a Jacobi function. It is known that (see |19, problem 36, Part Two, Chapter 1])

W@f%gQ-

Then

2

S5 (Y g () 2

n=0

shows that p € Lj, [0,00). In particular, being (v,)32, bounded in C[0, Ds],

[

o0

q(s) Z vn(O)e““(t_s)vn

t
ds 5 [ lats)lute — s)ds < oo
n=0

C10,D2]

whence \ -
/ v (0)g(s) Z eltn(t=3)y, ds
0 n=0

is an integral that converges in L'(0,T;C|0,Ds]). In view of the Hille’s theorem for bounded
operators (see [6, Proposition 1.2.2]) we obtain

h(taDQ) = 5D2h(t) = / 5D2 ZU” 6“” (t—s) Un ds

since dp, is a linear and continuous functionnal on C|[0, D2]. We can then pass dp, into the series
because, for any fixed 0 < s < ¢, it converges in H% (this is an easy computation). Finally we
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compute

2

dt

oo

e.“m (t— S)ds

T
/ Ih(t, Dy)| dt</
0

A
/ / / q(s)?p(t — s)dsdt (Jensen)

( do> « / / u(t — s)dtds (Fubini)
< ) X/o q(s)?ds

which yields the admissibility of B. O

2

w(t — s)ds| dt

Remember that up to now we have proved that generates a well-posed boundary control
system. However since D;, Dy > 0 were arbitrary we have the following.

Corollary 3.4.0.4. 1. For every D1, Do > 0, the system s a well-posed boundary control
system.

2. For every c,d, D1, Dy > 0, the system is a well-posed boundary control system.
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4 Controllability of the system
We now tackle the controllability of , we acknowledge that the output map formally writes

B*S:(fovg()v hO) = h(t, DQ)

4.1 Null controllability

We will show that is not null controllable, in arbitrary time and with arbitrary Sobolev expo-
nent on the output (see below for a precise statement).

Remember that in view of Theorem (2.4.2.4)), null controllability is equivalent to final time ob-
servability:

T
¥(fo,90,ho) € D(A™), A, |+ I9(D)Ze + [T 22 §/0 |h(t, Dy)|dt
where (f,g,h) = (f(t),g(t), h(t)) = S;(fo, go, ho) is the solution of

d .
a(.f).%h):A (fag7h)a (f(O),g(O),h(O)): (f07g07h0)'
In [26] the authors study the null controllability for a coupled model very close to . To con-

tradict the final time observability they test it with against hyperbolic eigenvectors of A*, we will
follow the same idea.

We recall that A* is defined on the state space

X = H{_p,)(=D1,0) x L*(=D1,0) x L*(0, D)

by
D(A") ={(f,9,h) € H?N H(l—Dl) X H(l—Dl) x H? f2(0) = hy(D2) = g(0) + hy(0) = 0},
and
f —9
A g = —Jfzz
h hoa

Theorem 4.1.0.1. For any 0 <T < oo, D; >0, Dy >0 and N € N, we have

IA(, Do)l v oy

1mn —
(fo,90,h0)€ED(A™) HS%(an 9o, hO)HX
ST (f0,90,h0)#0

Proof. Fix N € Nand T, Dy, D> > 0. For any n € N, we consider
1 /2 1
/\n:Z(n+2) Dll, fn('r): chos<(n+2) ‘&x)v In = —Anfn,
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and

2 efnl 675"13 1 Y :
_ |2 o ) N im/4
hn (x) - \/;gn (e2§nD2 —1 + 1— e_2£nD2 > ’ gn B <n * 2) D]_ ¢ .

We check that (fn,gn,hn) € D(A*) and that A*(fn, gn, hn) = Aa(fn, gns hn). First h, is well
defined because

1 A 1 ,
eF%nD2 _ 1 0= 42, [ (n+ = | ——e"/4D,y € 2inZ = | (n+ = ) —&"/4D, € inZ
2 D1 2 Dl

where the right hand side is not possible considering the arguments of those complex numbers.
Further we obviously have

fn7gn€H2(_D1a0)a gn€H2<OaD2),

and f, solves
fn(_Dl) = 07

Therefore, to get (fn, gn, hn) € D(A*) and A*(fn, Gn, An) = An(fn, gn, hn) we are left to check that
h,, solves

(hn)z(0) = —gn(0),
(hn)z(D1) = 0.

The differential equation comes from 2 = \,, and we check the boundary conditions:

2 fn _gn
(hn)2(0) = _\/;15” <625nD2 —1 T 1— e2§nD2>
2 efanQ 6£7LD2

2
=\, E
= _gn(o)v

and

[T, [ €D gl
(hn)e(D2) = — fo (e%LDz R p—T Y

n
Y 2 1 1
- on E e€nD2 — ¢—€nD2  &nDz _ o—E€nD>

=0.

Thus (fn, gn, hrn) is indeed an eigenvector of A* associated to A,, and

vt >0, S;(fnagna hn) = 6)‘"t(fmgm hn)
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We will denote
vt >0, (fn(t)agn(t)ahn<t)) = St*(fnagnvhn)v

and acknowledge that f,, (¢) never vanishes. We will show that

17 (s D)3 0.7y
el e
[FaE, o

(34)

which is enough to conclude. On the one hand, being \,, purely imaginary, we have

@iy, =1l = (e 5) 5) ~ ()

On the other hand,
OFhy,

a2 D) 0 = Z/ >
Z/ INEeAnth,, (D) dt
k=00

N
= Z ‘)‘n|2kT|hn(D2)‘2

k=0

2
dt

(t, Ds)

2N

o[ APV 2 -1 2 (T

—————— ~ Tlhy(D — .
a1 P,

We get an equivalent for |h,,(D2)|, prior to do so observe that

RE, = (n+2) T \f—>oo7

D, 2

= T|hn(D2)‘

hence
e~ D2 4,

A(Dy)| = ,/
2)| = D1
nm
~ R 72 —&n D>
noe \/ D1 \/ D; le |

Now

egnDZ e_énDZ

e2nD2 — 1 1— e 2%nD2
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hence

2 (nm N
Hh’ﬂ('?D2)”%[N(07T) T|h"(D2)| <D1>
L (T)||? noo N2
[EGI. (%)

Dy

O

Corollary 4.1.0.2. 1. For any T, Dy, Dy > 0, the system is not null controllable at time
T.

2. For every c,d, Dy, Dy, T > 0, the system is mot null controllable at time T. Moreover,
also satisfies .

Proof. 1. This is an immediate consequence of , which is stronger than the contradiction of
the initial time observability for the adjoint system:

A (-, D2)l L2 (0,7)

‘S’}k“(megOa hO)”X B

mn
(fo,90,ho)ED(A™)
St (fo,90,h0)#0

2. Let ¢,d,D1,Dy, T > 0, in view of Lemma (3.1.0.1) we have X(c,d, Dy, D) equivalent to
5 (1, 1,eDy, \/&DQ) in BCS via

o { ) 2 G HND) g g

ZD17D2 — Z(:Dl,\/EDz

Denote (S;)¢>0 the semi-group induced by X(c, d, D1, D3), A the induced generator and B the
induced control operator. We then have

S =059, B=®BY !,
so that for any Vy € D(A*), we have

SiVo # 0 <= S;.9*V, # 0.
Now for such V; we obtain

1B*SVollu~ory _ (¥~ B*S @ Vol v 0,1)
||5;“V0HXDI,D2 ”((I)_l)*s;“q)*VOHXDI,DQ

1B*S®* Vol (o,1)

< |(\IJ*1)*I|£C(<C)H(I)*I\ﬁc(chlﬁDz;XDl,Dz) e
T

HXch,\/EDQ
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Finally, using that ®*S} = S5.®* and that ®* : D(A*) — D(A*) is a bijection we arrive to

{D*Vo : Vo € D(AY), SiVy #£0} = {Vo: Vo € D(A*), SiVp # 0},

whence
1B*SVo | 1~ (0.1) . | B*S*@* Vol v (0,1)
p S in o
MaeDAs) IS7Vollxp, s VeDiAn 1572 Vollx, . van,

I1B*S*Vollz~ o,1)

voeD(A*) ||S5Vollx
Vo

eDq,V/dDy
=0.
0

Coming back to , we observe that this vanishing limit is stronger than the mere negation
of the null controlability, which is . We conclude this Subsection stating precisely this stronger
result, to this aim we will briefly introduce additional theoretical background in control systems
theory.

Definition 4.1.0.3. Let VW be closed and linear subspaces of X, we say that the V-component
of (A, B) is null controlable at time T with initial data in W if

V2o €W, Fue L*(0,T;U), Myz(T)=0,
where Iy : X — X stands for the orthogonal projection onto V.

Note that the concept of “V-component” is equivalent to the introduction of an output operator,
giving rise to what is broadly denoted X(A, B, IIy ). Using duality theory it is elementary to obtain
the following result.

Proposition 4.1.0.4. The V-component of the system X(A, B) is null-controlable at time T with
initial data in W if and only if

de>0, VzeV, ||st;2’||x < CllF;’Z“L2(O,T;U)- (35)

Proof. Assume that the V-component of the system X(A, B) is null-controlable at time T with
initial data in W. We then have for any zo € W the existence of u € L?(0,T;U) such that

0 =Ty z(T) =1y Srzo + vy Fru.

This shows that
Range ITy Sl C RangeIly Frr

hence, owing to the Douglas Lemma and being the orthogonal projections self-adjoint operators,
Je>0, VzeX, [HwStllvz|x < cllFrIlyz|rzo,ru).-

The last assertion is clearly equivalent to , which shows the direct implication.

The proof of the converse implication can be obtained reversing the used arguments since they
are in fact all equivalences. O
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Now let
W =H_p)x{0} x{0}, V =CISpan{(fn,gn,hn): n € N},

and observe that V' is one of the two branches of hyperbolic eigenvectors of A*. Indeed, one can
show that
0p(A%) = 0,(A) = {£\" :m e NYU{\? : n € N},

and that
Null(\, — A*) = Span(f,, gn, hn).

Moreover, we say that (35) has a defect of infinite order when it does not hold whenever the
L?(0,T;U) norm is replaced by the HY (0,T;U) pseudo-norm on L?(0,T;U).

Corollary 4.1.0.5. 1. For any T, Dy, Dy > 0, the V-component of s not null controllable
at time T, with initial data in W. This moreover happens with a defect of infinite order.

2. For every c,d, D1, Do, T > 0, the same holds for .

4.2 Approximate controllability

Recall that approximate controllability is equivalent to the injectivity of the linear and continuous
extension of the map

{ @ — B*Stp
(D(A*), ]I lx) — L*(0,T3U)

We will denote by O this L£.(X; L?(0,T;U)) extension.

4.2.1 Unique continuation for a heat problem

The injectivity O has the following “unique continuation” interpretation: for any (fo, go, ho) € X,
if (f,g,h) is the solution of the adjoint system starting from (fo, go, ho), then if it solves

h(t,Dy) =0,

in L2(0,T), we have (fo, go, ho) = (0,0,0). Since the output operator O a priori bears information
about the parabolic component h = h(t), this motivates the the study of the heat problem

ht hrl‘v
h(t,D2) = 0, (36)
ho(t,D2) = 0,

and we wish to show that its solutions are necessarily constant to 0. This is tedious as it is an
ill-posed PDE problem. We will use regularity theory for the heat equation in 1D, as summed up
in the following result.

Lemma 4.2.1.1. (Caloric regularity in 1D)
Let 0 < T,L < o0 be fized, assume that u € D'((0,T) x (0,L)) is a distributionnal solution of the
heat equation

Ut = Ugy-
Thenu € C*((0,T)x(0, L)) is a classical solution of the heat equation. Moreover, for any0 <t <T
we have u(t,-) analytic on (0, L).
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Proof. The heat operator
0 0?

ot 9z
is hypoelliptic on R? (see |18, Sections 8 and 9]). This gives us that from
o 9 o
(5~ 502 ) v =0 C=(O.7) x (0.1)
we in fact have
ue C™((0,T) x (0,L)).

Note carefully that this means that u can be assimilated with a C*°((0,T) x (0,L)) function,
say ¢, so that u = Ty where Ty stands for the distribution associated to the locally integrable
function ¢. But since the distributionnal calculus generalizes the standard calculus we obtain in

D'((0,7) x (0,L)) that
0 0? a 02
Ty o == \)Ty=(=—-Z=)u=0.
¢e=dos (at ax2> ¢ <8t 8x2) u=0
We then get ¢ — ¢z = 0 in L}, .((0,T) x (0, L)), hence almost everywhere. By continuity, ¢ is a
classical solution of the heat equation on (0,77) x (0, L).

For the analycity in space we refer to |17, Theorem 1, Chapter 6]. O

We can now show the unique continuation property for the parabolic component of the adjoint

system .
Lemma 4.2.1.2. Let (fo, go, ho) € X be such that ©1(fo, go,ho) =0. Then h =0.

Proof. Step 0: We first give a heuristic. Since h solves , we obtain that for any 0 < ty < T, the
anlytic map ¢(x) = h(tg, x) is such that all its derivatives at Dy vanishes, owing to the computation

2
& (D3) = 2 hte, Ds) = Lhito, Dy) = L0 =0

Ox? ot ot
and an induction argument. Then ¢ = 0 and h = 0. However, this requires regularity for h.

Step 1: We extract in the information we will need concerning h.

We keep in mind that h solves the Cauchy problem

ht - hww7
hz(tao) = _ft(t70)7
ho(t.Dy) = 0, (37)
h(0,z) = ho(x),

which does not fit the Hille-Yosida theory (the boundary conditions are not homogeneous), whereas
we will need this framework. Therefore we will only use this system at the formal level.
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We acknowledge that h € C([0,T]; L?(0, D3)), h(0) = ho and that for any 0 <t < T, we have

[t

d t
IDQ/O Ms)ds =0, h(t)=ho=Zz | h(s)ds.  (38)

t
H*(0,D —
/0 hs)ds € H*(0, D),

Moreover we claim that hy = hy, in D'((0,T) x (0, D3)). Indeed we first obtain it for (fo, go, ho) €
D(A*) because then (f,g,h) is a strong solution of . Next for (fo,g0,h0) € X we pick an
approximating sequence ((f2, g3, h7))j ° o of D(A*) such that

(f07g()7h]) (fo,go,ho)
In particular we obtain that the solution (f7, g7, h?) of with initial data (fg, gg, h%) solves

(fj7gj’h]) (f7 ’ )

C([0,7];X)
e
oo

which is enough to pass to the limit j — oo in the weak formulation

T Do ) T D, )
W € C2((0,T) x (0, D)), ¥j €N, —/ / hjgot:/ / .
0 0 0 0

Thus hy = hy, in D'((0,T) x (0, D3)). By regularity theory, we therefore have (up to a modification
on a null set) that h is a C*°((0,T") x (0, D2)) caloric function and h(tp,-) is analytic on (0, Ds),
for any 0 < tg <T.

Step 2: We re-arrange the system so that it fits the Hille-Yosida theory.

We first move away from all the space and time boundaries, except for x = Dy (this is where
we will need regularity theory). Fix ¢ > 0 small so that the intervals

(,T —¢€), (€ Do)

are well defined and non empty. Second we use a lift for A in to exchange the non-homogeneous
boundary condition with a source term. We consider the functions

V() = hy(t,e) € C®[e,T — €], he(z) = hle,x) € L*(e, Dy)

which are boundary and initial datum such that formally

ht = hw:m
hy (t, 6) = w(t) )
hao(t,Dy) = O, (39)
hie,x) = he(z),

n (e,T —€) x (e, D3). We consider the lift

1

k(t,z) = A= Dy)

U(t) (@ — D2)* € CF([e,T — €] x [e, Ds])
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which is such that defining the functions
u=h—k, F=ky—kt, uc(x)=nh(x)—k(ez),

we formally deduce from the system

Ut = Ugy + Fv
Um(tv 6) = 0,
w(tD) = O, (40)
u(e,z) = ue(x),

on (€,T —€) x (¢, D3). Note that given the regularity of the boundary and initial datum, i.e.,
FeC™(e,T — € x [e,D3]), uc € L?(e, Dy),

the problem is actually well posed within the Hille-Yosida theory: it has a unique mild solution
u € C([e, T — €]; L*(e, Dy)).

We now show that u, which is a priori C([e,T — €]; L?(e, D2)), is a mild solution of (40). First
observe that for any e <t < T — ¢,

/ u(s)ds = / Th(s) — k(s))ds

:/: h(s)als—/elt k(s)ds
:/Ot h(s)ds—/oeh(s)ds—/:k(s)ds

which is a sum of three H?(e, Dy) functions, hence is H?(e, Dy). Moreover we get, being u and k
smooth on (0,7) x (0, D5), that

t t
d
z_e/e u(s)cl:s_/€ .

in view of the definition of . For the other initial condition we use again the mild formulation of

(129) (see (38)) to obtain
t d t e t t

/ u(s)ds = — {/ h(s)ds 7/ h(s)dsf/ k(s)ds} = 0707/ ky(s,Da)ds = 0.
x=Dy Je€ d.’II r=D> 0 0 € €

We are left to check the mild formulation of the abstract ODE, which is

d

i u(s)ds = [ (s, = vl)ds = 0

Tr=¢€

a4
dx

d2 t t
u(t) — ue = @/E u(s)ds —|—/E F(s)ds.
Replacing u and F' by their definitions, this amounts to

2 t t
h(t) — k(1) — he) + k(e) = % / [h(s) — k(s)]ds + / o () — Ky ()]s,
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which is equivalent to
a [t
h(t) — h(e) = @/6 h(s)ds.

This last equation holds true evaluating the mild formulation in at times t and €, and taking
the difference. This shows that u is a mild solution in .

Step 3: We apply the theory of analytic generators to obtain regularity for h.

In view of the previous step, we have uw mild solution of . Note that this problem reads as
an abstract ODE with a source term, with generator the Neumann Laplacian. The latter generator
is analytic, hence
u € C™((e,T — €|; H*(¢, Dy)).

We refer to [16, Theorem 11.44] for a precise statement of the regularity theory of analytic semi-
groups. Therefore,

h=k+uecC®((e,T —¢]; H(¢, D).
Note that € > 0 is arbitrarily small, so that we also have

h e C™([e,T — €|; H*(e, Dy)).

Step 4: We show that in the system , the boundary conditions at x = Dy are solved point-
wise by h.

From the previous Step we obtain
h e C®([e,T — €]; H*(e, D))
and since the trace maps

« — Oé(DQ) (e} — am(DQ)
{HQ(E,DQ) — c {H2(6,D2) — C

are continuous, we obtain that the maps
t— h(t,Dg), t— hx(t,Dg),

are well-defined for any ¢t € [¢,T — €] and furthermore of class C°°. Moreover, we deduce that h
solves the boundary condition
h(t,D3) = hy(t,D2) =0

everywhere in t € [e,T — €]. Indeed, h; and h,, are two functions in
C>®([e,T — €]; L (e, D3)) N C™((e, T — €) x (€, D3))

which agree pointwise on (¢,7 — €) x (e, Ds). Therefore for any ¢ € C*((e,T — €) x (e, Da)),
we multiply the equality hy = h, by ¢ and integrate over (¢,7 — €) X (¢, D2) to discover, after
integrations by part, that

/TE {(p(t, DQ)hr(ta DQ) + <)0.’L'(t7 DQ)h(t, DQ)} dt = 0.
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From the above integral vanishing, we obtain that the functions h(t, D3) and h,(t, D2) are almost
everywhere null on (¢,7 — €). Being continuous on this intervall, they both vanish everywhere on
(e,T —¢).

Step 5: Now we consider the reflexion of h through the {x = D5} axis:

It z) = h(t,x), if e<t<T—F¢, e<x< Do,
T h(t,2Dy — ), if e<t<T—¢ Dy<a<2Dy—e,

and claim that it is a distributionnal solution of the heat equation on (e, T — €) x (€,2D3 — €).
First observe that ¢ is well defined in C([e, T — €] x [¢,2D2 — €]) because
he C™([e,T — €]; H*(e, D3)) C C([e, T — €] x [e, D3)).

Further, fix o € C°((¢,T —€) X (¢,2D5 — €)) and compute

T—e 2Do—e¢ T—e Do T—e 2Do—e¢

On the one hand,

T—e Do T—e D»>
/ / 19(901% + ‘PM) = / / h(wt + ‘PTT)

Do T—e
= {h( —e,x)p(T —€e,x) — h(e,z)p(e,x) } do — / / hip+

€

T—e

+ / {h(ta D2)90$(t7 DQ) - h(ta E)Wﬂ(tv 6) - hx(ta DQ)QD(tv D2> + hx(tv 6)@(757 6)} dt+
T—e Do

e

=0

On the other hand, the term

T—e 2Ds—e€ T—e 2Ds—e€
/ / (61 + @22) / / (£,2Dy — 2) (et 2) + Pus(t, 7))

T—e Do
= / / h(t,z) {ot(t, 2D — ) + @ua(t,2Ds — x) } dadt
also vanishes by similar computations. This shows that
Yy =V in D'((e,T —¢€) x (,2Dg — ¢€)).
Step 6: We conclude by making the heuristic of Step 0 rigorous.

Now ¥ € C([e,T — €] x [,2D5 — ¢€]) is a caloric distribution on (¢,7 — €) X (¢,2D3 — €). By
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regularity theory it is in fact a C®°((e,T — €) x (¢,2D5 — €)) caloric function. Moreover, for a fixed
€ < tg < T — € the function ¢(z) = J(tg, z) is analytic on (€,2Ds — €). We then claim that

vneN, ¢™(Dy)=0.

Observe that this claim would be enough to conclude the proof of the Lemma. Indeed if this is
the case, being ¢ analytic we get ¢ = 0 on (e,2D5 — €), hence u = 0 on {tg} x (€, D3), and being
€<ty <T —e€and 0 <e<1 aritrary we get h = 0.

To show that all derivatives of ¢ vanish at Dy, we first deal with the odd derivatives and observe
that for any n € N,

lim ¢+ (z) = 6" (Dy) = lim ¢+ (x). (41)
z—Dy z—DF
On the one hand, if ¢ < x < Dy we have
@ +1) 62n+1
o (x) = Wh(t0»$)7
and thus the quantity
a2n+1
W}L(t(hfl’), e<r < DQ,

has a limit as  — D5 . On the other hand, if Dy < x < 2Dy — € we have

enen gy =~ 2 9D,
¢ (z) = Hp2n+1 (to, 2 — ),
and thus the quantity
82n+1
Szt 2Dz =), D < <2D;—¢,

also has a limit as # — DJ . By composition of the limits, we obtain

82n+1 62n+1
i gzt it 202 —a) = lim 5 h(to, o)

and thus brings
(20t ) 2n+1 92n+1 (20t )
o) = I G M0 = B Gy, 2Dz =) = =0T D),
hence ¢(2"+1)(Dy) = 0. For the even derivatives we formally write
2n n n

d dn
@7)(Dy) = lim ——h(t = lim —h(t = —h(ty,Ds) = —0 = 0.
P = I 00 0) = B g 00 ) = gt P2) =

We observe that the third equality has to be justified, it will follow from the fact that for arbitrary
k € N, and compact intervalls I, J, the map

q).{ CH(I;C(J)) — C(J;CH(I))
e (zealt,z) — (x— (E— alt,x)))
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is well defined with

With this fact, we obtain that

heC>(e,T —e€; H2(e, Dy)) C C([e, D3]; C™[e, T —€])
hence
h(-,D3) = 0.

This concludes the proof. O

4.2.2 Approximate controllability dictated by the waves

Prior to state and prove the approximate controllability for we acknowledge the following
elementary result.

Lemma 4.2.2.1. The boundary control system

ftt = fza:a —-D; <z <0,
f(t7 _Dl) = 0,
fo(t,0) = q(t), (42)
f0,2) = folz),
ft(0,z) = go(z),

1s approximately controllable in any time T > 2D1, and not approximately controllable for any time
0<T<2D;.

This result is not easy to find in the litterature and to the best of our knowledge, only the case
T > 2D, was clearly stated and proved (see [4, Proposition 2.60]). For the sake of completeness we
shall give a proof of this Lemma.

Proof. 1t is elementary to show that is an admissible and well-posed boundary control system,
with output operator

B*S; (fo, 90) = fi(t,0).
Further, we obtain for any (fo,g0) € H(l_Dl) x L?(—D1,0) and almost every t € (0,T) that

fu(t,0) = \/Dle {=(or ea) V= Awsin(y/=Xat) + (90, e0) cos(v/=Aat) } (43)
n=0

where the series converges in L7 (R) and where we used the notations of Lemma (A.0.0.1]).

On the one hand, assume that T' > 2Dy, let (fo, g0) € H(lfDl) x L?(—D1,0) be such that f;(t,0) =0
in L2(0,T), from

VneN, -\, = (n+;) =

D,
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we infer that all the sines and cosines appearing in the series making f;(¢,0) in solve

Vt e R, sin(y/=An(t+2Dq)) = —sin(v/—Ant), cos(v/—An(t+2D1)) = —cos(v/—Ant).

Thus the series in is an L? (R) function that is almost everywhere null on R. We re arrange

loc
this as
o0 o0

Z(fmcn)\/_i)\nsin( _ATLt):Z(ngn)COS( _>\nt)

n=0 n=0

almost everywhere on R. The above function is therefore almost everywhere odd and even, hence

vanishes. Being
2
,/—Dl cos(y/—Ant), n€eN,

a Hilbert basis of L?(0, D;) we conclude that
VYneN, (go,cn) =0,
hence gy = 0. Similarly we conclude that

YneN, (fo,en)V =2 =0,

and being the (v —A,)5% never vanishing, we also have f; = 0. Hence the approximate controla-
bility.

We now assume that 0 < 7" < 2D and show that is not approximately controlable at time T'.
To this aim, we claim that denoting for n € Z* |

VTRt _ =i/ At
the family {e?V~=*nt}, 7 is such that there exists (an)nez € ¢2(Z) for which

¢ = Z ane™y =t € L2(0,2D;)
nez

)

is defined through an unconditionnaly convergent series, has its support contained in [T, 2D;] and
is not constant to 0. Assume for a moment that this is true and write

b = age’V ot 4 Z {aneimt _’_aine—i\/—;)\nt}
n=1
= by cos(v/ —Aot) + ico sin(v/ —Aot) + Z {bn cos(v/ —Ant) + icy, sin( —)\nt)}
n=1
oo
= Z {bn cos(y/ —Ant) + icy sin( —/\nt)} ,
n=0

in L?(0,2D1), setting
Yn>1, by=an+a_n, cp=a,—a_p,
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and
bo = Cp = Qg-

This makes (b,)22, and (¢,)52, square summable. At this point, the equations

- - = ic
V c N7 (vaCn) n n
" { (907071) = bn

define fy € H(l_Dl)(fDl, 0) and gy € L?(—D1,0). They cannot both vanish since then a,, = 0 for
any n € Z and ¢ = 0. We then consider (fo,g0) as an initial condition of , denote f = f(t)
its mild solution, and from we deduce that f;(¢,0) = 0 almost everywhere on (0,7") whereas
(fo,90) # 0, hence the lack of approximate controllability.

We are left to show that there exists (a,)nez € £2(Z) for which

¢:=> ane’™ ' e L*(0,2Dy)
nez

is defined through an unconditionnaly convergent series, has its support contained in [T, 2D;] and
is not constant to 0. We will do so in several steps.

Step 0: We first give a heuristic that will be usefull for later.

For fixed u € L?(0,2D1) and (uy,)nez € ¢%(Z), we formally have

TN jnmy om oy _inmy _iom g
g upe’V At = = E unpe' P1'e' 201’ 4 g upe 'Pile "1’ =y (44)
nez n>0 n>0
-(n+1)7rt jnm g T
= ) uue’” P14 g upe' P = ye' (45)
n>0 n<0
i =T ¢ 2
— ue'?hrt ¢ {1}HE7 (02D (46)
i =Tt 2
— u e {1t} HL70.2D) (47)

and we define the Hilbert space
H o= {eiﬁt}L,L%o,le).

Step 1: We show that the family {e?V~*#t}, o7 is orthogonal in L?(0,2D;).
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If n £ m are in N we compute

2D,
(en,em)r2(0,2D1) = / en(t)em(t)dt
0

1 [P .
_ 61\/7)\nt671\/7)\mtdt
2D1 Jo
1 2D
_ / VR gy
2D1 0

as vV—An # V= Am being the sequence (v/—\,)S%, injective. If n # m are in Z1 we similarly obtain
that e, and e,, are orthogonal. The last case is when n € N and m € Z7, for which we compute
for any n € N and m € N*,

2D,
(e €—m)L2(0.2D1) = / en(t)em(@)dt
0

1 2D, ) )
_ 62\/7)\nt61\/7)\mtdt
2Dy Jo
1 2D, )
_ / VTR gy
2D1 0

= ()7
being (v —An)5% positive. Hence the orthogonality.
Step 2: We show that the family {e’V~*»*}, c7 is a Riesz basis of H.

Note that the family is valued in H because of —. Since the family has constant non-
zero norm, it remains only to show that it is total in H (see e.g. |3, Theorem 3.6.6]). Let v € H,

because of and we have

ueiﬁt c {I}J_,L2(O,2D1).
It is clear that the family {e"P1'},cz- is a Riesz basis in {1}--£*(02D1)  hence the existence of
(tn)nez € (?(Z) such that holds, where the two series converge unconditionnaly. Because the

multiplication by ¢'#1" is a linear and continuous bijection on L2(0,2D;), we deduce that
implies , where the series also converge unconditionnally. This shows that the series

§ unez\/ —Ant
nez

converges unconditionnally and equals u, which is thus in the closed span of {e!V~*»t}, 7. This
shows that the family is a Riesz basis of H.

Step 3: We conclude the argument exhibiting ¢.
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We write that

{u € L?(0,2D,) : suppu C [T,2D1]} N H = {u € L*(0,2D;) : suppu C [T,2D;]} N {eiﬁt}L’Lz(o’le)
5 {e—iﬁt}g_,LQ(Tng)7

where the smallest of these vector spaces is non reduced to zero by dimension considerations, since
T < 2D;. Therefore there exists ¢ € H \ {0} that has support in [T,2D;]. In view of the previous
Step, it decomposes as
¢ = Z ane’ 7>\nta (an)nEZ € 62(2)7
neEZ

where the series converges unconditionnally, as required. O
We are now able to completely decide the approximate controllability of the system.
Theorem 4.2.2.2. Fiz the constants ¢,d, D1, Dy, T > 0. We have

1. The system (D1, D2) (see (L4)) is approzimately controllable at time T if and only if T >
2D;.

2. The system X(c,d, Dy, Ds) (see ) is approximately controllable at time T if and only if
T Z QCDl.

Proof. The second assertion is a consequence of the first assertion, being
S(e,d, Dy, Dy) ~ %(1,1,¢Dy, VdDs)

and owing to Proposition (2.6.2.3)). Hence there is only necessity of proving the first assertion.

Assume first that T > 2D, we show that the system X(D;, Ds) is approximately controllable
in time T. To this aim let (fo, go,ho) € X be such that O (fo, g0, ho) = 0, in view of Lemma
[#2.1.2) we have h =0, so hg = 0. Moreover, as f = f(t) is the mild solution of (30]), as shown in
Lemma we have fo = go = 0. Therefore the approximate controllability of ¥(D1, D) at
time 7.

We now assume that 0 < T' < 2D; and show that X(Dy, D) is not null controllable. Since the hyper-
bolic subystem is not approximately controlable at time T', there exists (fo,g0) € H (1_ Dy) X L?
not null such that the mild solution f = f(t) of solves fi(t,0) = 0 almost everywhere on (0, 7).
We then choose Vo = (fo, g0,0) as an initial condition of the adjoint system , it is non zero and
the parabolic component h = h(t) solves

ht = hmzv
h(t,0) = 0,
he(t,D2) = 0,

h(0, z

I
o

)
in the mild sense. By uniqueness, h = 0, thus h(t, D3) = 0, and being Vj # 0 the system X(Dy, Ds)
is not approximately controlable at time 7. O
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A Regularity for a wave problem

Prior to understand that the operator A is Riesz spectral, our method to show that it is a generator
was based on the (b) characterization of the generation property given by Theorem 6.7 of [12]. This
characterization teaches us that a densely defined operator A is a generator if and only if p(A) # 0
and for all initial condition zy € D(A) and 0 < T' < oo, the abstract ODE

S

has a unique classical solution on [0,7]. For our operator A it is straightforward to see that the
only non trivial part is to obtain the regularity for the wave subproblem

Ug (Z 0) ; Q(xtx

u(t,—Dy) = 0 (48)
w0,7) = u%(x)
u(0,2) = 1%x)

with ¢(t) = p(t,0). This motivated the following result on regularity for that we leave here as
an additional material.

Theorem A.0.0.1. 1. For any
u’ € Hl 5 (=D1,0), 0" € L*(—=Dy,0), qe€ L*0,T)
there erists a unique u € L*(0,T; H(l_Dl)) NHY(0,T; L?) weak solutiorﬂ of .

2. In fact, this solution u is C([O,T];H(l_Dl)) NCY([0,T); L?) and u(-,0) € H*(0,T) with

[uC O ao,m) + llulleqoriay, ynerqorizs) S u )l + (00 L2 + llgllz>

3. If
uw e H?, e HY, qe H', u2(0)—q(0)=u(—=D1) =2°(=D;) =0

xT

the weak solution is
C2([0,T); L*) nC'([0, T}; H') N C([0,T]; H?)
and classical.

We emphasize that, to the best of our knowledge, regularity of point 3 has not been done yet.
Our main reference is [4], Theorem 2.53, which is inspired from [7], Chapter 3, Section 8, and only
reaches point 2 of Theorem . To our knowledge, the best regularity theory for ¢ € H' can
be found in [13], Theorem 3.1, which is weaker than what is claimed here, but works in a more
general framework.

in a sense that will be precised in the proof
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Proof. The proof is quite long and technical, we divide it into several steps. The reader which is
already confident with points 1 and 2 is invited to directly go to the of the proof.

Step 1: Classical solutions for the homogeneous system

We introduce the wave operator
X=HpxL*=Dy,0), D(A)=HiNH _pyxH p,, Alu,v) = (0,t.).

This operator is skew-adjoint hence it generates a semi-group that is denotes e**. We can compute
explicitely the mild solution of

Ut =  Ugy
ug(t,0) = 0
U(t7 —Dl) = 0
w0,7) = u%(x)
u(0,z) = (x)
for (u®,0%) € X, it is given by
e, 0°) = u(t, z) i [(uo cn) cos(v/ —Ant) + (0% cn) sin(y/—=Ant) | cn(2)
™ ) = ) = s Cn —An — —An n
' n=0 _)\n
where
1N? /7 \?
Ap = — = —
() (5)
and

en () o cos(v/—Apz) = \/DTlcos( —A\n)

makes a Hilbert basis of L?(~D1,0). Also my : X — H(_, ) is the projection onto the first factor.
From the semi-group theory,

(w0 e X = ue C([O,T];H({Dl)) N C*([0,T); L?)

and
(u®,0%) € D(A) = u € C([0,T}); Hyyy) N CH([0,T); H_p,y) N C*([0,T); L?).

Furthermore, in view of Theorem 11.16 of [16], for any
fewhh0,T;x), (u’°) € D(A)

there exists a unique mild solution u to

Utt = Uggy + f
ug(t,0) = 0
u( 7—D1) = O
u(0,2) = u%x)
u(0,2) = 9%(x)
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and it is moreover classical:
we C*([0,T); L) N CH([0,T); H_p,y) N C([0, T]; Higy N H{_p,))-

It is given by the Duhamel formula
t
u = meA(ul,00) + / T ™A f (s)ds
0

where 71 : X — H({Dl) stands for the projection onto the first factor.

Step 2: Lifted system

For any
(u®,v°) € D(A), qe€W*H0,T)

such that ¢(0) = 0 we have the following compatibility condition
uy(0) = 0 = ¢(0).
We consider
k(t,x) == (x + D1)q(t) € C*([0, T]; L*) N C*([0, T} H{_p,)) N C([0,T]; H* N H{_p,))

which is such that, at least formally, u is a solution of the non homogeneous system if and only
if w :=u — k solves the homogeneous system with a source term

Wit = Wag — ket
wy(t,0) = 0
w(t,—Dy) = 0 (49)
w(0,2) = u’(z)—k(0,z)
wi(0,7) = vO%(x) — k(0,2)

Observe that
u®(x) = k(0,2) = u’(z) € Hipy N H] 1y, v°(x) — k(0,2) = °(x) — (z + D1)¢(0) € H _p, )

and
ky = (x4 D1)i € WH(0,T; H(l—Dl))

brings the source term
(0, —ks) € WHH0, T X).

Thus from the previous step there exists
w € C*([0,T1; L) N CH([0, T} H(_p,)) N C([0, T]; Higy VH{_p,))
classical solution of , whence

wi=w+keC*([0,T; L) N CY([0,T); H_p,)) N C([0,T); H* N H{_p,))
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is a classical solution of .

Step 3: A weak formulation

Let
(u’,0%) € D(A), qeWw>'(0,T), ¢0)=0

and u the associated classical solution of (48], for ¢ € C*([0,T] x [~Dy,0]) such that
Vt € [0,T], &(t,—Di) =0

we multiply uy = ugz, by @, integrate over [0,7] x [—Dq,0], perform some integrations by partﬂ
and discover

0 0 T 0
o(1, 2)ug (7, x)dr— gf)(O,m)vO(x)dx—/ Oe(t, ) us(t, x)dxdt (50)
-D; —D, 0 J—-D;
T T 0
— [ owouwir- [ [ oo (51
0 0 —D

This motivates the following definition of a weak solution for : it is uw € L?(0,T; H(I_Dl)) N

H'(0,T; L?) such that u(0) = u° and for all ¢ as above, holds for almost every 7 € [0,T].
Observe that we essentially proved that a classical solution is a weak solution.

Step 4: Energy estimates

Let
(w%,0°) € D(A), g€ WH(0,T), ¢(0)=0

and u the associated classical solution of , consider the energy
I 2 2 1
E(t) = 3 (up (t, ) + ug(t,z)°)dx € C7[0, T
—D;
which is such that )
E(t) = us(t,0)q(t).
We now choose the test function
d(t,x) = (x 4+ D1)ug(t, x),
which is legitimate because by density and continuity the weak formulations holds for
¢ € L'0,T; Hl_p,)) NWHH(0,T; L?),

and use with integrations by part to discover, for any 7 € [0, 7],

0

/0 (x4D1 )uy (T, x)ut(r,x)dx—/

T l)1 T ) )
. (D () (@)det /0 B(t)dt = = /0 {ue(t,0)*+q(t)}dt

(52)

"We deal with the utt¢ term using parabolic integration by part. We refer to [6], section 2.5, for more details and
proofs.
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Now write the Young inequality
t .
E(t) = E(0) +/ E(r)dr
0
e [* 1 [t
< E(0) + f/ ug(T,0)%dT + 7/ q(T)%dr
2 0 2¢ 0

for an € > 0 to be chosen suitably, depending only on D;. From we get

T T 0 0 T
%/o ug(t,0)%dt = /0 E(t)dt +/ (x 4+ D1)ug(T, z)ue (7, z)dr — / (z + Dy)ul(2)0°(2)dz — &/0 q(t)dt

—Dy —D; 2
(53)
< [ B+ DiEE) + Dl o)1 (54)
0
hence for a suitabe choice of €, we get
T 1 t
B0 < Ol + |03 + € [ B+ 3E(0)+C [ qrar
0 0
for some C > 0 depending only on D;. In view of the integral version of the Grénwall lemma
t
z(t) < B(t) +/ a(s)x(s)ds + xo = x(t) < ez + B(t)
0
we get
E(t) < C (llugllz: + 0°72 + llallZ2) (55)

for a larger C, depending only on T and D;. Observe that using in we obtain for a larger
constant C' = C(T, Dy),

e, 0)1Z2 < € (luglZs + [0°1172 + llallZ2) - (56)

Step 5: Compactness

For a sequence of smooth approximation of the data (u°,v°, q) we build the corresponding classical
solutions and then use compactness arguments in order to find a limit point. Let

(u®,2°) € H(:LDl) x L* qe L*0,7)

and approximations

1 2 2
CX(=Dy1,0] 3 ud L=, CX(=D1,0) 317 25 0%  C2(0,T) 3¢5 — q.
Jjoo

j—o0 joo

By step 2, being
d o

-u8(0) =0 = 4;(0),
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we let for all 7,
u; € C*([0,T); L*) N CH([0,T); H_p,y) N C([0,T); H* N H{_p, )
classical solution of with data (u?, v?, ¢;). Then by , the sequence (u;) is bounded in
CH([0, 7], L) N C([0, TT; Hi_p,))-
By the Aubin-Simon lemma (see Corollary 4 of [21]) the inclusion
L®(0,T; Hl_p,) N H'(0,T; L) — C([0,T]; L?)

is compact whence up to a subsequence (not relabeled) we get the existence of u € C([0,T]; L?)
such that
C([0,T};L?)
Uy —————u
Jj—o0

Next using the Banach-Alaoglu’s theorenﬁ we further get

L®(0,T:H{_p,))—w—* L°°(0,T;L%)—w—x
Uj . u,  (uj)y ———————— Uy
j—>00 ]—>OO

Also from 7 Rellich-Kondrachov theorenﬂ and Kakutani’s theorem (see Theorem 3.18 of [2]),
there exists v € H(0,T) such that
1
(-, 0) H,0c1),

j—o0

Step 6: Passing to the limit in the weak formulation

We show that u built as in the previous step is a weak solution. Observe that it belongs to

the correct space L?(0,T; H({Dl)) N H(0,T; L?) and that

2
u(0) + u;(0) = u(; ~+L ul.
joo
Hence u is a weak solution if and only if it solves the weak formulation. Let ¢ as in the weak
formulation, we obviously have

0 0
#(0, a:)v?(:t)dx — $(0, 2)v° (x)dx
-D; -Dy

and since ¢(+,0) € L?*(0,T) we have for all 0 <7 < T

/0 " 6(t,0); (£)dt — /0 " ot 0)q(t)dt.

8This can be seen applying Corollary 3.30 from [2]. To check the hypotheses of this result we use Theorem 1.4.1
and Corollary 1.3.2 of [6].
9This can be seen as a consequence of the Ascoli-Arzeld theorem together with H(0,7T) — C°1/2[0,T] that
yields
HY(0,T) < C%/2[0,T] —< C[0,T).

Alternatively, Theorem 12.61 from [14] is a more general result.
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Now observe that for any 7,
T 0
b / / G (t, 7)o (1, 2)ddt
0 J-D;

is linear continuous on L2(0,7; L?). Therefore

T 0 T 0
/0 ¢z(t,x)(uj)z(t7x)dxdt—>/0 /_D1 ¢u(t, 2)ug, (t, x)dxdt

—-D,
and similarly
T 0 T 0
[ [ etowneads— [ [ otz
0 —D1 0 _Dl

We are left with the term o

Yi(7) = (1, ) (uj)e (7, z)de.

—Dy
Since all the other terms of the weak formulation are C[0, 7] and converge pointwise, ¢; is C[0,T]
and converges pointwise, denote ¢ the limit. The convergence is dominated in L*°(0,T):

vr e [0,T],  [o;(T)] < [lo(7, )2 l(ug)e (D)2 < Nllmr 0,752 lujllcro,ry;z2)
hence it happens in L?(0,T). Now since

L2 (0,T;L%)
5

(uj)e -

we have for any ¢ € L?(0,T):

T T T 0 T 0
/0 BOE) / G (OE(H)dt = / / 00 ), )t / / ol 2)e(e)

from which we deduce

0
Y(t) = o(t, x)ue(t, v)dx
—D;
almost everywhere and
0 0
o(7, ) (uj)e (7, x)de — o(t, x)ue(t, z)dx
—Dy —D

almost everywhere, as required. This shows the existence of a weak solution.

Step 7: Uniqueness of the weak solution

We let u € L?(0,T; H(I_Dl)) N H(0,T; L?) be any weak solution of

ug(¢,0) =
u(t, —Dl) =
u(0, ) =
Ut(OvT) =

x

O O O OoO8
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and we show that u = 0. We have for any ¢ € C'([0,7] x [~D;,0]) such that ¢(-, —D;) = 0 that
for almost every 7 € [0, T7,

/oDlu (1, 2)p(T,2 da:—/ /D1 (t, )y (t, z)dadt = / /D1 (t, )b (¢, ) ddt.

If (T) = 0 we obtain

/OT/_OD1 ut(t,m)gbt(t,x)dxdt:/OT/_ODl s (t, ) o (t, ) drdt (57)

and therefore, by density and continuity, the above equality holds for any ¢ € C°(0,T; H (1_ Dl))'

We let V = H(lfDl), V* be a realization of the anti-dual space of V with respect to the pivot L2,

and define )

d d2 0
—— V=V <2u,v> ::—/ Ug Vg
dx dx VeV _D,

which is a linear and continuous operator, but does not generalize the standard distributional

calculus. Then we can write )
d

Ut = 53U in D'(0,T;V*).
Observe that from
u € L*0,T;V)
we get
d2
W’U; S L2(O T |7 )
hence

u€ H*0,T;V*).

As a first application we show that u;(0), which has a meaning, vanishes. To this aim fix ¢ €
C([0,T); V) and write

— (3 (0), $(0))v v = [(us(t), (1)) v v]
T
- /0 (e, Sy + (s )y}
T d2 T 0
:/o <dw2“’¢>w,v+/o /_Dl s
=0

where in the third equality we used and (2.2.0.4)). We now show the uniqueness, let 0 < ¢, < T
arbitrary and

_ —fttru(s)ds if 0<t<t,
(b(t)_{ 0 if t.<t<T

which is H1(0,T;V) with

rnJou(s) if 0<t<t,
¢(t)_{ 0 if ¢ <t<T



a2
dx?

T d2 ty d2 ty tr
/0 <d$2u7¢>v*’v - /0 <d$2u’¢>v*’v N _/0 (e, fc)1s = _/0 (Pt o) 2

while on the other hand,

T ‘)
/0<Utt,¢>v*,v=/0 (e, @) v, v

= (up(ty), 6(t)) 12 — (up(0), 6(0)) 12 — / e, $eve v

We use this ¢ as a test function in u; = u to discover that on the one hand

t
:*/ <Ut>¢t>v*,v
0

tr t,
= —/ <Ut7U>V*7V = —/ (UJuU)L2
0 0

so that in view of the Lions-Magenes lemma (see for instance [14], Theorem 8.60) and the Schwartz
symmetry of second derivatives for ¢ € H*(0,T; H'),

0= /0 ”'{(U,ut)Lz — (Ptas Pz) L2}

"dl 9 9
= [ Z2{ullZs = [16u]12s
| gl = ledde)

_ )z +11600)]172 < Ju(t:)|I7 -
- 2 = 2 ’

Thus u(t,) = 0, and since ¢, is arbitrary in [0, 7] we get u = 0 whence the uniqueness.

Step 8: Proof of the continuity of point 2

We start by showing the regularity of the weak solution. From Step 5 and 6, for any initial data

(u’,u',q) € H_p, ) x L? x L? there exists a weak solution u € L>(0, T; H}_p, ) N W'>(0,T; L?)

with trace v € H'(0,7T) (in the sense that for the constructed approximation, the trace converges
to v). We show that it turns out to be C([O,T];H(I_Dl)) NnC([o,T); L?).

As in the previous Step we can obtain
2

W(0,T; (Hp)*) and wy = ——
u e ( ) a( O) ) aln WUt de

u in D'(0,T;(Hg)*).
In view of Lemma 8.1 from [7],

u; € L>(0,T; L*) N C([0,T); (H)*) € C([0,T); L? — w).
Moreover we note

u e L0, T5 H_p,)) N C([0,T]:; L*) € C([0,T]; H{_p,) — w)
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so that the map
1
t B(t) = g {llu@)1Ze + ()17}

is everywhere defined on [0, T, bounded and lower semi continuous. We show that E is upper semi
continuous at 07: let 0 < ¢, < T, we have approximations
L=(0,triH{_py))—w—= L (0,83 L2) —w—x

Uj oo u, (U])t T) Ut

which allow

t)1? 112
ess sup F(t) = ess sup llue (E)N|72 + llue(t)]]72
0<t<t, 0<t<t, 2

= ”(uwﬂut)H%W(O,tT;Lz)xLx(O,tT;LZ)

< limjinf 1) s (i) 17 o0 0,4,:22) % Lo (0,00522),

. 1(u)allZ2 + [lu; |17 '
= lim inf ess sup { joLe JiL +/ u;(s,0)g;(s)ds
0

i 0<t<t, 2

[ugll7e + llu'll7

< Al L [ uga)a(las

where the second equality must be seen as the definition of a norm on L*(0,¢,; L?) x L>(0, ,; L?),
which is elementary to be shown equivalent to the standard one. Next it is straightforward to show
that for a lower semi continuous function, essential suprema are classical suprema, thus

luglZe + llutlz: ™
sup FE(t) =ess sup BE(t) < —2L L Jr/ [v(t)q(t)|dt — E(0),
0<t<t, 0<t<t, 2 0 tr—0F

FE is lower semi continuous at 07 and F is continuous at 0.

We can then easily deduce that E is right continuous on [0,7): for any 0 < ¢ty < T we have
(u(to), ut(to)) € H({Dl) x L? and the restriction of u to [tg,T] is a weak solution of

Ut = Uz to<t<T

ug(¢,0) = q(t to<t<T

u(t,—Dy) = 0 to<t<T
u(to,z) = ulto)(x)
u(to,z) = w(to)(x)

whose energy FE is right continuous at ¢y, doing again the same proof using approximations. Since
E = FE on [ty,T], F is right continuous at .

We also have the left continuity for free: the map w : ¢ — w(T — t) is a solution of the prob-
lem

w(0) = oT 1)
w(t,—Dl) = 0

w(0,2) = u(T)@)
w(0,2) = u(T)@)
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hence the reversed energy E(T — t) is right continuous, hence F is left continuous.

This allows to show the regularity: let ¢o € [0,7] and (¢;) be a sequence of [0,7] with limit
to, using the continuity of E and the weak continuity of u,,u; : [0,T] — L?,

1

5 (lue(ty) = us(to) 12 + llua(t;) = ualto)||72) = E(t;) + B(to) — (ua(ts), ue(to)) 2 — (ua(t;), us (to)) 2

— E(to) + E(to) — (ut(to), ut(to))r2 — (uz(to), uz(to)) L
=0.

Step 9: Proof of the estimations of point 3

Let u be the weak solution corresponding to data (u°,v°,q), consider approximations ug, v?, qj, U
as in Step 5, then the sequence (u;) has a converging subsequence, denote @ the limit:

L¥(0.T3H{_p,))—w—x L™ (0,T5L2) —w—+

ua(j) oo av (uo(j))t oo ” 7:zt

for some extraction o. As shown in Step 6, % is a weak solution to the problem with data (u®,v°, q),
hence @ = u. By classical point-set topology we infer that the whole sequence (u;) converges to wu.
Then by weak-* lower semi-continuity of the norm

lulleqorrmy, Hynerqories S Nl rm )+ lluellie ;2

< timinf {|u;ll e orin_, ) + I)elimco.ras }
Stimin {ula + [ 122 + gy 12}
= [l + %]z + a2

We repeat the same arguments to get

and the required estimations.

Step 10: Deduction of a candidate

We recall that up to this Step, we have established the existence, uniqueness, and regularity of
a weak solution for as in point 3 of Lemma (??). The goal is now to show that with improved
data we can actually get more regularity solution for the solution by computing it explicitely.

We deduce a formula by formal computations. Let

(u’,u') € D(A), qeW>0,T), ¢(0)=0
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and denote u the associated solution. From the Duhamel formula in Step 1 we get, forgetting that
q(0) =0
the following:
t
ult, ) = (z + Dr)q(t) = me'* (u® — (¢ + D1)q(0),u" — (z + D1)4(0)) + / w140, = (@ + D1)i(s))ds
0

(u' — (z + D1)4(0), cn)

{(U(]—(I+D1)Q(0)7Cn)cos( —Ant) + il _A”t)} ol

+ t i (_(.’E + D1§\Q(8) Cn) sln(\/Tn(t — 3))Cn(l')d8

0 n=0 —\n
B i B — (', en) .
_RZ_O (u® — (z 4+ D1)q(0), ¢,) cos(v/—Ant) + Nayw sin( )\nt):| n()

v~ (@ Du)en) [ cing i/ ] e
+nz:;) V=2, [ (V=Au) + / (V=Aalt ))d} ()
- 2 [(uo — (x + D1)q(0), ¢p) cos(v/ —Ant) + (\1;1_%:) sin( —)\nt)] enl@)

9 t . cn(x)
o a6) = a0) ot/ hat) = VA [ sin(/ e s))a(s)s] 5
where we have used
((I+D1)acn):* Dili

and
/0 G(s) sin(y/—Ap(t—5))ds = —sin(v/—Ant)G(0)++/ =2 q(t) =/ —Anq(0) cos( —)\nt)—i—)\n/olsin(\/—)\n(t—s))q(s)ds.

Next from

(o D) = ) o+ D1 cenle) = a0 73 -ento

/Osin(\/f)\n(tfs))q(s)ds: al) a0 cos(\/f)\nt)f/o cos( \_/)\L)\(t_s))Q(s)ds



we can again simplify the expression for u to obtain

> ul C
u(t,z) =Y {(uo(ﬁpl)q(()),cn)cos( —)\nt)+( i;) sin(y/—Ant) | n(2)
n=0 n
+ Z;Z[q(t)—/o cos(v/=An(t — 5))d(s)ds Cj(;”) (58)
n=0 n
=w+ f

Step 11: The candidate is a weak solution

Now, for arbitrary
w e H*NH p,, w €H p,, qeH(0T), u0)=q(0)

we check that the previous candidate u defined by is a weak solution. We start by showing it
is well defined:
we H'(0,T; L) N L*(0,T; H_p,)).

Observe that in ,
w = me (u® — (z + D1)q(0),u') € C*([0,T}; L*) n C* ([0, T}; H_p,) N C([0,T]; Hyyy N H] p,))
so it is sufficient to show that

fe HY0,T; L) N L*(0,T; H{_p,))

where f is, up to now, defined by as a formal series. We will show that the series f converges
in both spaces, that is we will show that the series defined by

S5 5= ) = [ eos(y/ A= i)

converges in H'(0,7; L?) and in L*(0,T; H({Dl)). Observe that f,, € C?[0,7T] with

1) = VA / sin(y/ Tt — ))i(s)ds, (8 = —An / cos(y/ It — 8))i(s)ds.

Hence the series f converges in H(0,T; L?) if and only if

£z
> 22 <o
n=0 n

We can see that the above inequality holds true bounding f,, and f;, in L°(0,7T):

||fn||L°°(0,T) N HQHHl(O,T)a ||f1{L||L°°(0,T) SV _>\n||Q||H1(O,T)
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so that

> anH%Il(o’T) < 2 =1
Z 2~ HqHHl(O,T) Z N\
n=0 n n=0 n

and invoking

2
s
0< Ay~ =) n?
! <D1>
we deduce the convergence of the series.

Further to get the convergence in L2(0,T; H(lf Dl)) we use the orthogonality of (c,) in H(lf D)
with

leallZy ., ==

so that the series converges in L*(0,73 H|_, ) if and only if

i 1 £n 117 20,m)
Y <X
n=0 *>\n

which follows from the above computations.

We then check that u is a weak solution of , we observe w is the weak solution of

w(t7 —Dl) = 0
w(0,2) = u(x)— (z+ D1)q(0)
we(0,2) = w!

so that, by superposition, u is the weak solution of if and only if f is a weak solution of

ftt = fxz
fa(t,0) = q(t)
ft,=Dy) = 0 (59)
f(0,2) = (x+ D1)q(0)
ft(O,x) = 0

To check this, observe we have the correct initial condition

10 =/ 5 a0 24

so we are left to check weak formulation. Let ¢ as in the weak formulation, we wish that for almost
every 7 € [0,T],

= (z + D1)q(0)

0 0 0

o(r, ) fu (s ) / [ i) fult 2 dedt s / [ bata) fulta)dadt = / "ot 0)q(t)dr.

-D —-D; —Dy
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To this aim we observe that because the series making f converges in H'(0,T; L?) we can intervert
the time derivative and the series to obtain in L?(0,T; L?)

_ _\/DTIE;O [sm(\/f/)\%:)q(o) + /OT cos(v/=An (T — s))q(s)ds} cn ().

Similarly

e i ) [ ot/ Rl = e | S

1 d
vV =An "

where

Cyp(z) = —

Further we compute

/OT _ODl (bw(t,x)fm(t7$)d$dt:/07 /_ODl—\/Zg%{q(t)_/OtCOS(\/TM(t_S)M(S)dS} 3’%%(@@@&
o [ o= [ oot = toyas] G apia

\/1:2/ / { */ cos(v/=An(t — 5))d(s )dS] cn(2)o(t, x)dadt

n=0

where the interversion series-integral is justified because of the L? convergence and the last equality
is an integration by part in space. With very similar considerations we obtain

Too 2 = Jo sin(v/=Xn(t — 8))g(s)ds x fo (1, x)cn(z)dz }
(T, ) J¢ U, T )dxrdl = R m 0 D
/0 -D, el @) folt )dndt \/;;{ — [T f cos(v/=Aa(t — 5))g(s)ds [° p, Ot x)cp (x)dadt

’ o(r,x) fi (1, 2)de = \/;Z/Dl/ sin \/: s)) G(s)dso(T,x)en(x)dx

-D;

and

which allows one to check the weak formulation. Hence f is the weak solution of , and u is the
weak solution of .

Step 11: Additionnal regularity for the candidate

We now use the representation formula to show that when
u’ e H?, W e H', gqeH', u}(0)—q(0)=u’(~=D1)=0"(~D1) =0

we have

we C*([0,T]; L*) nCH([0,T); H') N C([0,T]; H?).

We again use the fact that w is in the above space, hence it is enough to check that

fec*Jo,T;L*) nct(j0,7]; HY) nC([0,T); H?).
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We will first show that f € C2([0,T]; L?), we begin by showing that f € H?(0,T; L?). To this aim

we will show that there exists C'= C(T, Dy) > 0 such that

o) 2

Yo € L*(0,T), Vte 0,77,

n=0 170

Let a € L*(0,T),0 <t < T and

_[als) i 0s<s<i
po={ 0§ e\

which is such that
BeLiR), Bl2w) = llollr20,0)-
We also introduce N € N* such that
T < ND;.
We then have

o] 2

>

n=0

2

/ cos(v/ —An(t — s))a(s)ds / cos(v/ —An(t — 8))B(s)ds
0 0

o0
n=0
o0

2

/0 cos(v/ —Ans)B(t — s)ds

n=0

o~ | ND;
= Z /0 cos(v/—An8)B(t — s)ds

n=0

2

o |[N-1 2

(k+1)Dy
= Z/ cos(v/ —An8)B(t — s)ds
n=0| k=0 Y kD1
0o N-1 (k+1)D,
Z/ cos(v/—An8)B(t — s)ds
n=0 k=0 |/FkD1
N—-1 oo

2

2

[
=

(k+1)Dq
/ cos(y/—hns)B(t — 5)ds
k

D,

k=0 n=0

S| [ costy/ At = Dao)ds| < Cllalliao

(60)

(61)

(62)

where the inequality arises from the convexity of the square on R, and the last equality is the

Fubini-Tonelli theorem for non-negative summands. We remember that

cos(v/~Ans) = \/?cn@

where (c,) is a Hilbert basis of L?(—D1,0). It is easy to see that (c,) is also a Hilbert basis of
L?(0, Dy), for instance because the cosine is an even function. Thereore the Parseval (see e.g. [2]

Corollary 5.10) formula yields

00 D 2

! D D
S [ costy/=Ras)ae - sydsds| = S = o, < Gl
n=0
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This shows how to control the summand k£ = 0 in , we now explain how to control the term
k = 1. With a change of variable and the definition of \,, we have

D,

2D,
/ cos(v/—An8)B(t — s)ds = / cos(v/—An(s+ D1))B(t — s — Dy)ds

D, 0 .
:47Um4/ sin(y/—Ans)B(t — s — Dy)ds
0

and the functions
sp(z) :==sin(y/—Apz), neN
are orthogonal in L?(0, D;) with
> _ D
Isnllz2(0,01) = =
Hence the Bessel inequality (see e.g. 5.26 of Chapter 5 from [8]) yields

2

< | 2D, 2 | Dy
Z/ cos(v/ —An8)B(t — s)ds :Z/ sn(8)B(t —s— Dy)ds
n=0 |’/ D1 n=0 |0
D,
< 7“5(75 — = D1)lIZ20.01)
D,
< < Ha”L2 (0,t)"

By induction we see that this inequality holds for any £k =0,..., N — 1 and is true with

D,
C=N>—"
2
where N only depends on T, Dy, as desired.

Next observe that the series representing f converges in H2(0,T; L?) if and only if

> L7
> Wilron

n=0

which we check using

Z”f ||L2(0T) Z/

RS

< / 11200t < a2 0.0

2
dt

/ cos(v/=An(t — 9))g(s)ds

2
dt

cos(v/=An(t — 8))q(s)ds
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We now derive several consequence concerning f, first f € H?(0,7; L?) and we can compute f
differentiating term by terms the series representing f. Second f;; has the following representative,
labeled abusing notation,

fue(t) \/;Z[ cos(v/ = (t — $))i(s)ds| cn

which is such that for any ¢ € [0, T7], the series converges in L? (same application of (60)). We will
show that this representative is C([0,T]; L?). We let 0 <t < t+ h < T and we compute

// h //

n=0 n
n=0
where denoting a the extension of ¢ by 0 outside of [¢,t + h] we get
t+h t ¢
/ cos(v/ —An(t + h — s)q(s)ds — / cos(v/ —An(t — 8)g(s)ds = / cos(v/ —Ans)(a(t+h—s)—a(t—s))ds
0 0 0
t+h
+ / cos(v/—Ap8)a(t + h — s)ds.
¢

In view of the series associated to the first term of the right hand side is controlled, up to a
constant, by

1£7(t+n) —

2

h ¢
cos(v/ —An(t +h —s)4(s )dsf/o cos(v/ —An(t — s)g(s)ds

la(t+h—"-)—a(t — )HL2(0 p = lla(-+h) —a(: )”%2(0*’5) hj* 0

by continuity of the translations in L?(0,t). We deal with the remaining term writting

t+h ND,
/t cos(v/ —Aps)a(t+ h —s)ds = /0 cos(v/ = Ans)a(t + h — s)ds

and we observe that coming back to , the associated series is controlled by (up to a constant)

lac(t +h = T2eieny = N T2 ern) v 0.

Therefore, f : [0, 7] — L? is right continuous, we can adapt the above arguments to show that f”
is also left continuous, whence f € C([0,77]; L?) and f € C*([0,T]; L?).

To conclude on the regularity of f we remember that
ftt :fww in D/(OaTy (H&)*)

whence
fre € C([0,T]; L?)

which brings
fec(o,1]; H?)
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by elliptic regularity. Finally f € C1([0,T]; H') is obtained from the formal equality

fu=— [ | sin(v/=Ralt = s)ite)ds| su(o) € C(0.7) 1)
n=0 0

which can be made rigorous adapting the above arguments and in view of .

Step 12: The candidate is a classical solution

To finish the proof of the Lemma we are left to show that u is a classical solution of . Note
that w(0) = u® and we can show that u;(0) = v° testing

Uy = Uz in D'(0,T;(Hg)*)
against an arbitrary ¢ € C°([0,T); H}) to discover
—(ur(0), ¢(0)) v+ v = [(ue(t), d())v+ vy
= /T{<utt»¢>v*,v + (ug, ) v v}

[ G, e
o L L

¢(0,2)0°(2)dz = —(v°, 6(0))v+ v

—D1

Now observe the PDE uy; = g, holds in the distributional sense and both functions are C([0, T; L?),
hence it holds in C([0,T]; L?). Finally we check that u,(¢,0) = q(t). Test uy = u,, against an
arbitrary test function ¢ as in the weak formulation, to discover for any 7 € [0, T]

ng (t,0)q(t)dt — Gply = o(1, x)uy (7, x)dx — ’ gb(O x)v” (z)dx — drugdadt
-D, —-Dy - —-D,

‘rO
= aoand_ Uy
[ e oo [ [ o

/T @(t,0)q(t)dt = /T o(t,0)uy(t,0)dt
0 0

Differentiate this equality with respect to 7 and take a test function ¢ such that ¢(t,0) = 1 to get
uz(t,0) = q(t). m

which allows
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