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Chapter 1

Introduction

Disclaimer : Those lecture notes were written to support a Master course given by the author at Toulouse between
2016 and 2018. Since then, they were regularly updated but are still far from being complete and many references of
the literature are lacking (I promise they will be added in the next release !).

It still contains almost surely many mistakes, inaccuracies or typos. Any reader is encouraged to send me' any
comments or suggestions.

I.1 Whatis it all about ?

We shall consider a very unprecise setting for the moment : consider a (differential) dynamical system

{ y/ = F(tvyav(t))7 (L1)

y(0) = yo,

in which the user can act on the system through the input v. Here, y (resp. v) live in a state space E (resp. a control
space U) which are finite dimensional spaces (the ODE case) or in infinite dimensional spaces (the PDE case).

We assume (for simplicity) that the functional setting is such that (I.1) is globally well-posed for any initial data
Yo and any control v in a suitable functional space.

Definition 1.1.1
Let yo € E. We say that:

e (I.1) is exactly controllable from yg if : for any yr € E, there exists a control v : (0,T) — U such
that the corresponding solution y, ,, of (1.1) satisfies

Yoo (T) = yr-

If this property holds for any vy, we simply say that the system is exactly controllable.

lfranck .boyer@math.univ-toulouse.fr
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2 Chapter 1. Introduction

e (I.1) is approximately controllable from yq if : for any yr € FE, and any € > 0, there exists a
control v : (0,T) — U such that the corresponding solution y, y, of (1.1) satisfies

Yo, (1) —yrllE < €.

If this property holds for any yo, we simply say that the system is approximately controllable.

e (I.1) is controllable to the trajectories from yq if : for any yo € E, and any v : (0,T) — U, there
exists a control v : (0,T") — U such that the corresponding solution y, ,, of (1.1) satisfies

Yv,yo (T) = Yv,50 (T)

If this property holds for any vy, we simply say that the system is controllable to trajectories.

It is clear from the definitions that
exact controllability = approximate controllability,

exact controllability = controllability to trajectories.

Moreover, for linear problems we have
controllability to trajectories = null-controllability,
and it can be often observed that
controllability to trajectories = approximate controllability.
We will possibly also discuss about related topics like :
e Optimal control : find v such that the couple (y, v) satisfies some optimality criterion.

e Closed-loop stabilisation : Assume that 0 is an unstable fixed point of y — F'(y,0) (we assume here that F’
is autonomous), does it exist an operator K such that, if we define the control v = Ky, then 0 becomes an
asymptotically stable fixed point of ' = F(y, Ky).

.2 Examples

Let us present a few examples.

I.2.1 The stupid example
v+ Ay =v,
y(0) = yo.

We want to drive y to a target yp. Take any smooth function y that satisfy y(0) = yo and y(T') = yr and set
v =19 — Ay and we are done ... Of course there is much more to say on this example, like finding an optimal control
in some sense.

Thanks to the Duhamel formula, we can write the solution explicitly as a function of yy and v

t
y(t) = e My +/ e M=)y (s) ds.
0

It follows that y(7") = yr for some v, if we have

T
/ e MT=3)y(s) ds = yr — e y.
0

@O0 F. BOYER - APRIL 23, 2021



|.2. Examples 3

Any function satisfying this integral condition will be a solution of our problem. It is clear that there exists plenty of
such admissible functions.

e Let us try to consider a constant control v(s) = M for any s € [0, 7] and for some M. The equation to be

solved is
1—e Y
M N =yr—e Yo.
It follows that T
_\Yr—€e Yo
M=XT—=

The L? norm on [0, T'] of this control is given by
loll 20,y = IMIVT.

— If yr # 0, we thus have
1oll 20,1y ~ass00 AVT lyr]-

This proves that the cost of such a control blows up as A — oo.

This is natural since the equation is more dissipative when A is large and thus the system has more diffi-
culties to achieve a non zero state.

— Conversely, if yr = 0, we have
0]l 22(0,7) ~A-s+00 AVT |yole ™7,
and thus the cost of the control is asymptotically small when A is large.
e Why do not take an exponential control ? For a given u € R, we set
v(t) = Me MT=H),
the controllability condition reads

1— e~ A+u)T

A p

—\T
=yr —¢€ Yo,

so that T
yr —e " Yo

Let us compute the L? norm of such a control
1—e 2T

T
o(t)*dt = M?
| e i

_ ()\ + H)2 (yT - e_ATy0)2 (1 o 672’LLT)
24 (1— e—()\-i-u)T)Q ’

We will see later that this quantity is minimal for ; = )\ and we then obtain

T —NT,, \2
2 4, (yr —e Yo) —2AT
/0 lv(t)|* dt = 2\ (1= c—27) (1—e ),

so that
vl L2 (0,7) ~A—st00 V2A|yr|.

Observe that this cost behaves like v/ for large A compared to the constant control case which behaves like
for large \.

@O0 F. BOYER - APRIL 23, 2021



4 Chapter 1. Introduction

1.2.2 The rocket

We consider a rocket which is trying to land on the ground. The rocket is supposed to be a single material point (!!)
and the motion is 1D (in the vertical direction). Let = be the altitude of the rocket and y its vertical velocity. The initial
altitude is denoted by zg > 0 and the initial velocity is denoted by yg (we assume yg < 0 without loss of generality).

The control v is the force generated by the engines of the rocket. The equations of motion of this very simple
example are

2'(t) = y(t),
y'(t) =o(t) — g,
33(0) =x9 > 0,
y(0) = yo <0,

The goal is to land the rocket at time 7" : we want z(T) = y(T") = 0.
An explicit computation leads to

t
y(t) = yo —gt+/ v(s) ds,
0
t 1 +
z(t) = ho+/ y(7) dT = ho + yot — §gt2 +/ v(s)(t — s)ds.
0 0

We conclude that, for a given 7" > 0, the control law v does the job if and only if it satisfies

T
| vyds =o1+ ol
0 (1.2)

T 1,
v(s)sds = —gT* + ho.
0 2

This is our first (and not last !) contact with a moment’s problem.
There is clearly an infinite number of solutions to the system (I.2). Let us try to build two examples:

e For some Ty € (0,7") and some M > 0 to be fixed later, we look for a control of the following form

M fort < T,
v(t) =
0 fort > Ty.

System (1.2) leads to
MTy = gT + |yol,

T2 1
M=Y = —¢gT? + hy.

2 2
This can be solved as follows
T? 4+ 2h
Ty = u’
9T + |yol
and
_ (9T + Iyol)®
gT2 + 2h0 ’
Note that the condition Ty < T gives
2h0 S |y0‘Ta

which mean that such a solution is possible only for a control time 7" large enough.

@O0 F. BOYER - APRIL 23, 2021



|.2. Examples 5
e For some «, 3 to be fixed later, we set
v(t) =a+ pt, Vte (0,T).
System (1.2) leads to
T2
T + == 9T + |yol,
T? T 1
- Z — ZqT?
a 5 + 3 3 29 + ho,
that we can solve explicitely
s Tlyol
= hy—
512 0 5
T? ho 1 2 T\y0|
S A2 Rl LAY |
*g T TR 0Ty
to obtain 0l m 610l
Yo 0 Yo
t) = = t—T/2) | — — —=— ). L
o) = (g+20) + -y (7 - O a3

We observe that there is no condition on the time T for this function to be a mathematical solution of our

problem. However, we have

max |v(t)| ~7—0

(0,71

6ho
T2’

which proves that, for small control times 7', the magnitude of the necessary power of the engines may be

infinite. This is of course not reasonable.

Similarly, for a real rocket, we expect v to be a non negative function. Looking at the expression above, we see
that the non-negativity of v holds if and only if the following condition holds

6ho — 3|yo|T| < 9T + |yolT.

Here also, this condition is satisfied if 7" is large enough and certainly not satisfied for small values of 7T". It thus
seems that this particular control is not physically admissible for small control times 7.

The above solution defined in (I.3) is nevertheless interesting (from a modeling and mathematical point of view)
since we can show that it is, for a given 7', the unique solution among all possible solutions which has a minimal

L? norm.

T
| P a -
0

argmin
w admissible

T
/ lw(t)|? dt.
0

Let us prove this in few lines : if w : [0,7] — R is a control function that drives the solution at rest at time 7',
then it also solves the equations (I.2) and in particular we have

/OT(U —w)(s)ds

0,

/0T8<’U —w)(s)ds = 0.

Since v is a linear function, that is a combination of s — 1 and s — s, the above relations give

/OTv(v—w)ds:O.

This means that v — w is orthogonal to v in L? and the Pythagorean theorem leads to

lwlZ2 = ll(w =) +vlz2 = lw = vlZ2 + [vlZ2 > [Jv]Z,

with equality if and only if v = w.

The solution v is thus the optimal cost control with this particular definition of the cost.

GlOIS(O)
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6 Chapter I. Introduction

Exercise 1.2.2 (The damped rocket model)

In practice, the command of the pilot is not instantaneously transmitted to the rocket. To model this behavior,
we introduce a delay time T > 0 and replace the previous model with the following one

() = (),
() = wlt) ~ g,
w/(t) = (0(t) — wit),
x(0) =z > 0,
y(0) =40 <0,
w(0) = 0.

By using the same approach as before, show that the previous system is controllable at any time T" > (.
Compute explicitly such controls and try to find the one with minimal L*(0,T) norm.

I.2.3 Nonlinear examples

We consider a nonlinear autonomous (this is just for simplicity) ODE system of the form (I.1) and we assume that
F(0,0) = 0 in such a way that (y,v) = 0 is a solution of the system. We would like to study the local controllability
of the nonlinear system. To this end, we consider the linearized system

y = Ay + Bo, 1.4)

where A = DyF(0,0) and B = D, F(0,0) are the partial Jacobian matrices of F* with respect to the state and the
control variable respectively.

We will not discuss this point in detail but the general philosophy is the following:

e Positive linear test:

If the linearized system (I.4) around (0,0) is controllable, then the initial nonlinear system (I.1) is locally
controllable at any time 7' > 0. More precisely, it means that for any 7" > 0, there exists € > 0 such that for
any yo,yr € R" satisfying ||yo|| < € and ||yr| < e, there exists a control v € L*(0,7,R™) such that the
solution of (I.1) starting at yo satisfies y(7') = yr.

e Negative linear test:

Unfortunately (or fortunately !) it happens that the linear test is not sufficient to determine the local controlla-
bility of a nonlinear system around an equilibrium. In other words : nonlinearity helps !

There exists systems such that the linearized system is not controllable and that are nevertheless controllable.

e The nonlinear spring:
y' = —ky(1+ Cy?) +o(t).

The linearized system around the equilibrium (y = 0,v = 0) is
y' = —ky+o,

which is a controllable system (exercise ...). Therefore, we may prove that the nonlinear system is also control-
lable locally around the equilibrium y = ' = 0.

e The baby troller: This is an example taken from [ ].

The unknowns of this system are the 2D coordinates (y1, y2) of the center of mass of the troller, and the direction
ys of the troller (that is the angle with respect to any fixed direction). There are two controls v; and vy since

@O0 F. BOYER - APRIL 23, 2021



|.2. Examples 7

the pilot can push the troller in the direction given by y3 (with a velocity v1) or turn the troller (with an angular
veloctiy v2). The set of equations is then

?/1 = v1 cos(y3),
yh = vy sin(ys),

/
y3 = V2.

Observe that any point 7 € R3, & = 0 € R? is an equilibrium of the system. The linearized system around this
equilibirum reads

yi = v1 cos(y3),
yh = vy sin(ys),

yé = V2.
It is clear that this system is not controllable since the quantity
sin(¥3)y1 — cos(¥3)y2,

does not depend on time.

It follows that the (even local) controllability of the nonlinear system is much more difficult to prove ... and
actually cannot rely on usual linearization arguments. However, it is true that the nonlinear system is locally
controllable, see [ ].

I.2.4 PDE examples

e The transport equation : Boundary control

Let yo : (0,L) — R and ¢ > 0, we consider the following controlled problem

Oy + cduy = 0, Y(t, z) € (0, +00) x (0, L),
y(O,x) = yo(f’?)’ Vo € (OvL)’ (L5)
y(t,0) = v(t).

When posed on the whole space R, the exact solution of the transport problem reads
y(t,z) = yo(c —xt), Vt >0,Vz € R.

This can be proved by showing that the solution is constant along (backward) characteristics. In presence of an
inflow boundary, the same property holds but it may happen that the characteristics touch the boundary at some
positive time. In this case, the boundary condition has to be taken into account.

Therefore, for a given yg and v, the unique solution to Problem (I.5) is given by

(t, ) yo(x —ct), forx € (0,L),t < z/c,
y L) =
Y v(t —x/c), forxze (0,L),t>x/c.

In the limit case t = z/c there is an over-determination of the solution that cannot be solved in general. It
follows that, even if yo and v are smooth, the solution is a weak solution which is possibly discontinuous. If,
additionally, the initial condition and the boundary data satisfy the compatibility condition

@O0 F. BOYER - APRIL 23, 2021



8 Chapter 1. Introduction

then the exact solution is continuous.

Theorem 1.2.3

— If T > L/c the transport problem is exactly controllable at time T, for initial data and target in
L?(0, L) and with a control in L?(0,T).

If additionally we have T' > L/c and yo,yr are smooth, then we can find a smooth control v that
produces a smooth solution .

— If T < L/c the transport problem is not even approximately controllable at time T.

e The heat equation : distributed internal control acting everywhere.

Let yo : (0, L) — R, we consider the following controlled problem

Oy — Oiy =v(t,x), V(t,x) € (0,400) x (0, L),
y(va) = y0($)7 Vx € (OaL)a (1.6)
y(t,0) =y(t,L) =0, Vt> 0.

Take L = 7 to simplify the computations. We look for y, v as a development in Fourier series

) = V27 3 ya(t) sin(na),

n>1
=/2/x Z vy, (t) sin(nz)
n>1
For each n the equation (1.6) gives
Y (t) + nQiUn(t) = vn(1),

where y,(0) = yn0 = /2/7 fo yo(z) sin(nx) dx is the n-th Fourier coefficient of the initial data y. We try
to achieve a state yr € L? (2) whose Fourier coefficients are given y,, 7.

For each n we thus have to build a control v,, for a single ODE. We have seen that there are many solutions to
do so. We need to take care of this choice since, at the end, we need to justify the convergence in some sense of
the series that defines v.

— Reachable set from 0. We assume that yy = 0 and we would like to understand what kind of targets can
be achieved and the related regularity of the control.
* If we choose v, to be constant in time, the computations of Section 1.2.1 show that

2
n"Yn,T

on(t) = T Zar ~oo U

Formally, we have thus found a time independent control v that reads

\/iz nynT = sin(nz).

n>1

The question is : what is the meaning of this series. Does it converges in L?(0, 7) for instance ? We
see that
ve L*0,7) & ype H*0,7)N HY0,7),

ve H Y 0,7) & yre HLO0,7),
ve H20,7) < yrec L*0,n).

OO0 F. BOYER - APRIL 23, 2021



|.2. Examples 9

x Can we do better 2 We have seen in Section I.2.1, that a better control (in the sense of a smaller L?
. . . . 2
norm) consists in chosing an exponential control v,,(t) = M,e~™ (T~*)_ In that case, we have the
estimate

lvnllz2(0,7) ~+00 CPlYnT

It can then be checked that the regularity of such a control is related to the regularity of yr as follows.
ve L?(0,T,L%0,7)) < yre H(0,7),

ve L0, T, H Y0,7) < yrc L*0,n).

As a conclusion, if one wants to control to a target which is in L?(0,7), we can either take a time-
independent control in H~2(0, 7) or a time dependent control in L?(0, T, H~1(0, 7)). In some sense we
pay the higher regularity in space of v by a smaller regularity in time of v.

Another way to understand this analysis is that, if one wants to be able to control the equation with a
control that only belongs to L2((0,7') x €2), we need to impose yr € H2(0, 7). A target yr belonging to
L%(0,7) \ H(0,7) (such as a indicatrix function for instance) is not achievable by controls in L.

Null-controllability : We ask now a different question : we assume that yr = 0 and that ¥ is any
function. Is it possible to achieve 0 at time 7" starting from any yo ?

* If we choose vy, to be constant in time, the computations of Section 1.2.1 show that

2 _—n?T
—n“e”" Tynpo 2 —n2T

Uﬂ(t) = 1 _ T ~too TNE Yn,0-

Formally, we have thus found a time independent control v that reads

/ n26_n2Tyn,0 .
’U(IE) = Z/WZ_W Sln(nm).

n>1

and we observe that this series converges for any 1 in a possibly very negative Sobolev space H ~*.
This is a nice consequence of the regularizing effect of the heat equation (without source terms).

It follows immediately that the null-controllability of the heat equation is much more easy to achieve
than the exact controllability to any given trajectory.

* Just like before we could then try to find the optimal control in the L? sense. We will discuss this
question in a more general setting later on.

In practice, we will be interested in control problems for the heat equation that are supported in a subset of the
domain €2 or on the boundary. This makes the problem much more difficult as we will see in the sequel since
it is no more possible to use a basic Fourier decomposition that lead to the resolution of a countable family of
controlled scalar, linear, and independent ODEs.

GlOIS(O)
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Chapter 11

Controllability of linear ordinary differential
equations

In this chapter, we focus our attention on the following controlled system

{y’(t) + Ay(t) = Bo(t), (IL1)

y(0) = yo,

where A € M,(R), B € M, »(R), y(t) € R™ and v(t) € R™. Note that A and B do not depend on time (even
though some part of the following analysis can be adapted for non autonomous systems).
We shall often denote by 2 = R" the state space and by U = R™ the control space.

II.1 Preliminaries

II.1.1 Exact representation formula

Given an initial data yp € R"™ and a control v, we recall that (II.1) can be explicitely solved by means of the funda-
mental solution of the homogeneous equation ¢ — e~ *4z, z € R” and of the Duhamel formula. We obtain

t
y(t) = e HAyo + / =94 By(s) ds, Wt € [0,T].
0
In particular, the solution at time 7" (which is the object we are interested in) is given by

T
y(T) = e T4y, +/ e_(T_S)ABU(s) ds. (1.2)
0
We recall that the exponential of any matrix M is defined by the series
Mk
M — R
e = Z k!’
k>0

which is locally uniformly convergent.
The linear part (in v) of the solution will be denoted by

T
LTvdéf/ e~ T=9)4By(s) ds,
0

it corresponds to the solution of our system with the initial data yp = 0.
In the non-autonomous case, we need to use the resolvant matrix as recalled in Section A.1 of Appendix A.
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12 Chapter II. Controllability of linear ordinary differential equations

II.1.2 Duality

As we will see later on, it will be very useful to adopt a dual point of view in our analysis. For the moment, we simply
pick any g7 € R™ and we take the Euclidean inner product of (II.2) by g7. We get

T
<MT»wmr=@”“mgﬂE+/“@*T*“ngqﬂE@,
0

that we can rewrite, using the adjoint operators (=transpose matrix in this context), as follows

T
W(T),qr)E = (Yo,e TV qr)p + / (v(s), B*e~T=9)4" 41\ ds. (IL3)
0

We can still reformulate at little bit this formula by introducing the adjoint equation of (II.1) which is the backward in
time homogeneous system (i.e. without any control term)

—q'(t)+ A*q(t) =0, (11.4)
with the final data ¢(T") = g and which can be explicitely computed
g(t) = e T4 gp.

We will see in Section IL.5 the reason why the adjoint equation enters the game.
With this notation, (II.3) becomes

T
<MHAGWE—@mWME+A<M%BWQMM& (LS)

and this equation holds true for any solution ¢ of the adjoint system (I1.4)

I1.1.3 Reachable states. Control spaces

The solution of our system (I1.2) is well-defined as soon as v € L*(0,T,R™) = L'(0,7T,U), see section A.2 of
Appendix A and the corresponding solution map L7 : v +— y is continuous from L*(0, T, U) into C°([0, T, E).
For any subspace V' C L'(0,T,U) we define the set of reachable states at time 7" as follows

T
Ry (yo) & {e_TAyo +/ e~ T=94By(s)ds, forve V} = e yo+ Lr(V).
0

We immediately see that Rz v (yo) is a (finite dimensional) affine subspace of E = R™. Moreover, since L is
continuous for the L' (0, T, U) topology, we obtain that

Ry (yo) = Rrv (yo),
and since this last space is finite dimensional, we finally have
Ry (yo) = Rrv (yo)-
As a consequence, for any dense subspace V of L'(0, T, U), we have
Rryv(yo) = Rr.110,1,0)(%0)-

Therefore, in the sequel we can choose, without consequence, any dense subspace of L' (0,T,U) to study the con-
trollability properties of our system and the corresponding reachable set will simply be denoted by R (yp).

As a consequence of the previous analysis, we have that if yp € Rp(yo) we can actually achieve this target with
a control belonging to the space C2°(]0, T7).
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II.2 Kalman criterion. Unique continuation

The first criterion we have in order to decide whether or not (I1.1) is controllable is the following famous result.

Theorem I1.2.1 (Kalman rank criterion)

LetT' > 0. The following propositions are equivalent.
1. Problem (S) is exactly controllable at time T (for any yo, yr ...)
2. Problem (S) is approximately controllable at time T (for any yo, yr ...)

3. The matrices A and B satisfy

rank(K) = n, with K = (B|AB|...|A""'B) € My mn(R). (IL6)

If any of the above properties hold we say that the pair (A, B) is controllable.

The matrix K in this result is called the Kalman matrix.
Remark I1.2.2

o This result shows, in particular, that in this framework the notions of approximate and exact control-
lability are equivalent.

e [t also shows that those two notions are independent of the time horizon T.

e [t is very useful to observe that the rank condition (11.6) is equivalent to the following property

Ker K* = {0}.

Proof :
In this proof, we assume that yg is any fixed initial data.

1.<2. Since we work in a finite dimensional setting, it follows from (I1.2) that

exact controllability from yg <= Rpr(yo) = E
<= Rr(yo) is dense in E

<= approximate controllability from yg.

1.=3. Assume that rank(K) < n, or equivalently that Ker K* = {0}; it follows that there exists g7 € R™ \ {0} such
that K*gr = 0. But we have

K*qr =0<= B*(A")Pqr =0, Vp<n
<= B*(A")Pqr =0, Vp > 0, by the Cayley-Hamilton Theorem
= B*e *4"qp =0, Vs € [0,T], by the properties of the exponential.

By (I1.3), we deduce that such a g7 is necessarily orthogonal to the vector space Ry (yo)—e~ T 44, and therefore
this subspace cannot be equal to R™.

3.=1. Assume that our system is not exactly controllable at time 7". It implies that, there exists a g7 # 0 which is
orthogonal to Ry (yo) — e~ T4yo. By (I1.3), we deduce that for any control v we have

T
/ (v(s), B*e~ T qr)y ds = 0.
0
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14 Chapter II. Controllability of linear ordinary differential equations

We apply this equality to the particular control v(s) = B*e~(T=9)A" 41 to deduce that we necessarily have
B¢ A qr =0, Vs e [0,T].

The equivalences above show that g7 € Ker K™ and thus this kernel cannot reduce to {0}.

Remark 11.2.3
At the very beginning of the proof we have shown that

qr € Ker K* <~ qr € Q7,

where Qr is the set of the non-observable adjoint states defined by

def

Qr = {qr €R", B*e**qr =0, Vs € [0,T]}.

Thus, another formulation of the Kalman criterion is
(A, B) is controllable <> (B*e_SA*qT =0, Vs€[0,T] = qr = 0>.

This last property is called the unique continuation property of the adjoint system through the observation
operator B*.

The point we want to emphasize here is that, in the infinite dimension case, it can be difficult to define a
Kalman matrix (or operator) if A is an unbounded linear operator (because we need to compute successive
powers of A) but however, it seems to be affordable to define the set Qr as soon as we have a suitable
semi-group theory that gives a sense to e **" for s > 0 since it is not possible in general to simply set
e—sA = > k>0 & (—=sA*)¥ when A* is a differential operator:

More precisely, if we imagine for a moment that A is an unbounded linear operator in an Hilbert space (for
instance the Laplace-Dirichlet operator in some Sobolev space), then it is very difficult to define a kind of
Kalman operator since it would require to consider successive powers of A, each of them being defined on
different domains (that are getting smaller and smaller at each application of A).

Example 11.2.4
Without loss of generality we can assume that B is full rank rank(B) = m.
1. If the pair (A, B) is controllable, then the eigenspaces of A* (and thus also those of A) has at most

dimension m. For instance if m = 1, a necessary condition for the controllability of the pair (A, B)
is that each eigenvalue of A* is geometrically simple.

Another necessary condition is that the minimal polynomial of A* is of degree exactly n.
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2. Second order systems. With the same notations as before, the second order controlled system
y" + Ay = Bv,
is controllable if and only if the pair (A, B) satisfies the Kalman criterion.

3. Conditions on the control: If the pair (A, B) is controllable then we can find controls satisfying
additional properties.

e Forany vy € R™ and vr € R™ we can find a control v from yq to yr for our system such that

y(0) = yo, y(T) = yr, v(0) = vy, and v(T) = vp.

e We can find a control v € C°(0,T) such that y(0) = yo and y(T') = yr.

In view of the techniques we will present later on on the controllability of parabolic PDEs, we shall now present
another proof of the previous theorem.
Proof (of Theorem I1.2.1 - direct proof):

We shall actually prove that, if the Kalman condition is satisfied then our system is indeed controllable. Moreover,
we shall give a constructive proof of the control.

For simplicity (and since we are mainly interested in presenting the method and not in the general result that we
have already proved before), we shall assume that m = 1. We also assume that y7 = 0 (which is always possible for
a linear system).

By assumption the square (since m = 1) matrix K is invertible and thus we shall use the change of variable
y = Kz in order to transform our control system. A simple computation shows that

0 -+ -+ 0 aip
1 :
0 1 0 a2.n
B=K ,and AK = K | a3.n
0 0
~ 0 0 1 ann
=B
=A
It follows that the equation for 2
K2 + AKz = Bu,
becomes B -
K(Z + Az) = KB,
and since K is invertible
2 4+ Az = Bv (I1.7)

With the Kalman matrix, we thus have been able to put our system into a canonical form where A has a companion
structure (it looks pretty much like a Jordan block) and B is the first vector of the canonical basis of R”.

This structure if often called cascade systems in control theory. The important feature of A is that its under
diagonal terms do not vanish. It reveals the particular way by which the control v acts on the system. Indeed, v
directly appears in the first equation and then tries to drive z; to the target at time 7' (observe however that the
dynamics is also coupled with the rest of the system by the term ay ,,2,)

21 (8) + a1 pzn(t) = v(t).
The control v does not appear in the second equation

25(t) + 21(t) + az.nzn(t) =0,
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16 Chapter II. Controllability of linear ordinary differential equations

but this equation contains a term z; that plays the role of an indirect control of 25, and so on ...
Let us now give the construction of the control v:

e We start by defining (Z;)1<;<x, to be the free solution of the system (the one with v = 0).
e We choose a truncature function 7 : [0, 7] — R such that y = 1 on [0,7'/3] and n = 0 on [2T'/3,T].

e We start by choosing

def

zn(t) = n(t)Zn (1),
then, by using the last equation of the system (II.7), we need to define

def

Zn—1(t) = 2,(t) — an—1.n2n(1).

Similarly, by using the equation number n — 1 of (I1.7), we set

def

Zn—a(t) = 2, _1(t) — an—2.nzn(t).

by induction, we define z,,_3, ..., 22 in the same way.

Finally, the first equation of the system (I1.7) gives us the control we need
v(t) = 21(t) + a1,n2n(t).

By such a construction, the functions (z;); satisfy the controlled system with the control v we just defined.

e Let us prove, by reverse induction that, for any k£ we have

2k = 2, in |0,T/3],
= 5 n 0,773 -~
2, =0, in [27/3,T).
This will in particular prove that z(7") = 0 and that z(0) = 2(0) = 2(0) = 2.
— For k = n, the properties (I1.8) simply comes from the choice of the truncature function.
— For k = n — 1, we observe that, by construction and induction, for any ¢ € [0,7/3],
Zn—l(t) = Zé(t) - an—l,nzn(t) = Z;l,(t) - CLn—l,ngn(t) = Zn—l(t)a
the last equality coming from the fact that z solves the free equation.
— Andsoonuptok =1, ...
|

Exercise I11.2.5

Propose a similar proof to deal with the case m = 2 and rank(B) = m = 2.

Exercise I1.2.6

Assume that A, B are such that the rank r of the Kalman matrix K satisfies r < n. Then there exists a

P € GL,(R) such that
_ A A 51 _ By
A_P<0 A22>P ,and B=P 0 )

and moreover the pair (A11, By) is controllable.
What are the consequences of this result for the controllability of the initial system ?
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Exercise I1.2.7 (Partial controllability)

We assume given p < n and a matrix P € My, ,(R). We say that (11.1) is partially controllable relatively
to P if and only if for any yo € R"™ and any yr € RP there exists a control v € L?(0,T;U) such that the
associated solution to (11.1) satisfies

Py(T) = yr.
Show that (11.1) is partially conntrollable relatively to P if and only if

rank(Kp) = p,

where
def

Kp = (PB|PAB|...|PA" 'B) € My (R).

I1.3 Fattorini-Hautus test

We are going to establish another criterion for the controllability of autonomous linear ODE systems. This one
will only be concerned with the eigenspaces of the matrix A*, and we know that there are plenty of unbounded
operators for which we can define a suitable spectral theory. It is then easy to imagine that we will be able, at least, to
formulate a similar result in the infinite dimension case.

Theorem I1.3.8 (Fattorini-Hautus test)
The pair (A, B) is controllable if and only if we have

Ker (B*) N Ker (A* — XI) = {0}, VA e C. (I1.9)
In other words : (A, B) is controllable if and only if

B*¢ # 0, for any eigenvector ¢ of A*.

Let us start with the following straightforward lemma (in which the space ()7 is considered as a subspace of C™).

Lemma I1.3.9
For any polynomial P € C[X| we have

P(A")Qr C Qr.

Proof :
Let g7 € Q7. By definition, we have
B*e* qr =0, Vs € R,

so that by differentiating k times with respect to s, we get
B* et (A"kqr =0, Vs e R.

It means that (A*)*qr € Q7. The proof is complete. ]
Proof (of Theorem I1.3.8):

The Kalman criterion says that (A, B) is controllable if and only if we have Ker K* = {0}. Moreover, we saw at
the end of Section II.2 that this condition is equivalent to saying that there is no non-observable adjoint states excepted
0, that is

Qr = {0}.
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18 Chapter II. Controllability of linear ordinary differential equations

e Assume first that (I1.9) is not true. There exists a A € C and a ¢ # 0 such that
A*¢p = A\¢, and B*¢ = 0.
Note that, in particular, A is an eigenvalue of A*. A straighforward computation shows that
B*e4" ¢ — B* (e*S)‘¢> — ¢B*¢ = 0.
This proves that ¢ € Qp so that Qp # {0}. Therefore the system does not fulfill the Kalman criterion. We
have proved the non controllability of the system.

e Assume that (11.9) holds and let ¢ € Q7. We shall prove that ¢ = 0. To begin with we take A € C an eigenvalue
of A* and we introduce F) the generalized eigenspace associated with A, that is

E,\ = Ker (Cn(A* — )\I)n
Linear algebra says that we can write the direct sum
Cn:E)\l@”'@E)\pa

with distinct values of (\;);.

We recall that the projector on E associated with such a direct sum can be expressed as a polynomial in A* :
there exists polynomials P, € C[X] such that

p
6= Py (A")¢, with Py, (A")¢ € By, Vi€ {1,...p}. (I1.10)
i=1

By Lemma [1.3.9, we have ¢, 4 Py(A*)¢ € Q. We want to show that ¢, = 0. If it is not the case, there
exists £ > 1 such that
(A* = XD)*¢y =0, and (A* — XI)* Loy # 0.

This proves that (A* — AI)*~1¢, is an eigenvector of A* and, by Lemma 11.3.9 it belongs to Q7. Since by
definition we have Q)7 C Ker B*, we have proved that

(A* — XI)*~1¢py € Ker (B*) N Ker (A* — \I),

which is a contradiction with (I1.9).

Therefore, ¢, = 0 for any eigenvalue A and, by (I1.10), we eventually get ¢ = 0.

Remark I1.3.10

The above proof of the Fattorini-Hautus test is not necessarily the simplest one in the finite dimension case
but it has the advantage to be generalizable to the infinite dimensional setting, see Theorem 111.3.7.

Exercise I1.3.11 (Simultaneous control)

Let us assume that m = 1 and we are given two pairs (A1, By) (dimension ny) and (Az, Ba) (of dimension
ny). We assume that both pairs are controllable and we ask the question of whether they are simultaneously
controllable (that is we can drive the two systems from one point to another by using the same control for
both systems).

Show that the two systems are simultaneously controllable if and only if Sp(A1) N Sp(Az) = 0.
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II.4 The moments method

We shall now describe, still in the simplest case of an autonomous linear controlled system of ODEs, one of the
methods that can be used to construct a control and that will appear to be powerful in the analysis of the control of
evolution PDEs in the next chapters. We will assume that the Fattorini-Hautus condition (I1.9) holds and we fix the
target to be yr = 0 to simplify a little the computations.

This method relies on more or less explicit formulas for the exponential matrices e~
A*.

We present the method in the case m = 1 (B is thus a single column vector) even though it can be adapted to
more general settings. Let us denote by A = Sp(A*) the complex spectrum of A*. Since m = 1, we known by the
Hautus test (or by Example 11.2.4) that all the eigenspaces are one dimensional.

For each A € A, we can then choose one eigenvector ®§ € C™. Let oy € N* be the algebraic multiplicity of the
eigenvalue A\ and <I>§, 1 < j < «a, — 1 be an associated Jordan chain, that is a sequence of generalized eigenvectors
that satisfy

s4" using eigenelements of

(A* =@, =0l Te{1,...,an}.

Those vectors are defined up to the addition of any multiple of the eigenvector <I>E{. Since B*<I>9\ # 0 by (I1.9) we
can impose, in addition, the condition

B*®l =0, Vi<I<ay—1. (IL.11)

With those notations, we can compute for any s € R, the action of the exponential on the Jordan chain as follows

l
el = e [()H]R)
=0

or with the Leibniz formula
efsA* (IDZ _ (esq)) [(/\)lJrl].

Using (I1.3), we see that a function v is a control (with target yr = 0) if and only if we have (here U = R)

*

T
/ v(s)B*e™ T~ grds = —(yo, e TV qr) g = —(e T y0,ar)E, Yar € R™
0

Note that we can also test this equality with complex adjoint states g € C™.

By linearity, it is enough to test this equality on a basis of C". In particular, we can use the basis (<I>l/\)0<l)\<€ A X
SISO —
and we obtain that v is a control if and only if we have

T
/ v(s)(er_s B*®) (N ds = —(e Ty, L), YA€ A, VO<I<ay—1.
0
Using (II.11), we get that this set of equations simplifies as follows
T
(B*Y) / v(s)er—s[(N) '] ds = —(e T4y, @), VAEA, VO <1< ay—1.
0
Defining

a7y, @4)
Ba)

we see that v is control for our problem if and only if the function u(t) = v(T — t) (introduced to simplify the
formulas) satisfies

T
/ u(s)es[(V)! ] ds =wh, YAe A, VO<I<ay-1. (I1.12)
0
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20 Chapter II. Controllability of linear ordinary differential equations

This kind of problem is called a moments problem : we need to find a function v whose integrals against a given
family of functions is prescribed, or in other words, to find a function v whose L?(0,T') inner products against a
family of functions in L? is prescribed. If this family was orthogonal in L? the solution will be straightforward but
unfortunately it is clearly not the case here.

However it can easily be seen that

E={e](M)"], Ae A,0<I <y},

is a linearly independent family in L2(0,T).
By Proposition A.4.10, we know that there exists a biorthogonal family in L?(0,7T) to E that we denote by

F={fl, Ne A,0<I<ay}.
This means that we have -
| e 15k ds = 831
0

It is then clear that the function .
Q) —

u(t) = > WSA),

AEA =0

is a solution to (I1.12). Therefore v(t) = u(T" — t) is a control that drives the solution to our system to y7 = 0 at time
T.

Remark 11.4.12

The argument above is actually an alternative proof that the Fattorini-Hautus criterion is a sufficient con-
trollability condition for our system (indeed we managed to build a control by simply using the fact that
B*¢ # 0 for any ¢ which is an eigenvector of A*).

Remark 11.4.13 (Optimal L?(0, T') control)

The construction above strongly depends on the choice of the biorthogonal family F' since there are infinitely
many such families. However, choosing the unique such family that satisfy

F C Span(F), (I1.13)

as mentioned in Proposition (A.4.10), then we can prove that the associated control, that we call vy, is the
one of minimal L*(0, T')-norm.

Indeed, assume thatv € L?(0,T) is any other admissible control for our problem and let ug(t) = vo(T —t)
and u(t) = v(T —t). Since u and ug both satisfy the same system of linear equations (11.12), we first deduce
that

/T(u(s) —ug(s))es[(N) T ds =0, VA€ A V0 <I<ay—1.
0

Using now the fact that ug is a combination of the elements in F' and by the assumption (11.13), we conclude
that

T
/ (u(s) —up(s))up(s)ds = 0.
0
This naturally implies that
lullZe = lluoll7e + llw — uoll7,

and of course that
lollZ2 = llwoll72 + llo = voll 7.

This actually proves that vy is the unique admissible control with minimal L? norm.
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IL.S Linear-Quadratic optimal control problems

In this section, we will discuss a class of problems which is slightly different from the controllability issues that
we discussed previously. However, some of those results will be useful later on and are interesting by themselves (in
particular in applications).

II.5.1 Framework

Since it does not change anything to the forthcoming analysis we do not assume in this section that the linear ODE
we are studying is autonomous. More precisely, we suppose given continuous maps t — A(t) € M,(R) and
t — B(t) € My »(R) and an initial data yo and we consider the following controlled ODE

{y’(t) +A(t)y(t) = Bt)o(t), (IL.14)

Following Sections A.1 and A.2 of the Appendix A, this problem is well-posed for v € L'(0,7, R™), in which
case the solution satisfies y € CY([0, 7], R™) and the solution map v € L' — y € C° is continuous.

Letnow t — M, (t) € S;F(R), t — M,(t) € S;;(R) be two continuous maps with values in the set of symmetric
semi-definite positive matrices S,/ (R) and My € S, be a symmetric semi-definite positive matrix. We assume that
M, is uniformly definite positive :

Ja >0, (My(t)E,&u > allg|?, V& € R™,Vt € [0,T). (IL15)

For any given control function v € L?(0,T,R™), we can now define the cost functional

T T
Fo) = 5 [ 0000 pde+ 5 [0, 000 i+ M),

where, in this formula, y is the unique solution to (II.14) associated with the given control v. Since y depends linearly
on the couple (yp, v), we see that the functional F' is quadratic and convex. Moreover, it is strictly convex thanks to
the assumption (I1.15).

IL.5.2 Main result. Adjoint state
Theorem I1.5.14

Under the assumptions above, there exists a unique minimiser v € L*(0,T,R™), of the functional F on
the set L*(0, T, R™).
Moreover, v is the unique function in L*(0, T, R™) such that there exists ¢ € C'([0,T],R"™) satisfying the
set of equations
y'(t) + At)y(t) = B(t)o(t),
y(0) = o,
—q'(t) + A" (t)q(t) + M, (t)y(t) = O, (IL16)
q(T) = —Mry(T),
o(t) = My(t) "' B*(t)q(1)
Moreover, the optimal energy is given by
inf F = F(2) =~ 4(0), o)
in =F)=—= , .
L2(0,T,R™) 2 q %/E

Such a function q is called adjoint state associated with our optimization problem.
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22 Chapter II. Controllability of linear ordinary differential equations

Observe that there is no assumption on A and B for such an optimization problem to have a solution.

Remark I1.5.15

One of the consequence of the previous theorem is that the optimal control v is at least continuous in time
and, if all the matrix-valued functions in the problem are C* then the solution v is itself C*.

Before proving the theorem we can make the following computation.

Proposition I11.5.16
Assume that (y, q,v) is a solution to system (11.16), then we define ¢(t) = (y(t), q(t)) and we have

¢'(t) = (My()y(t), y(t)) & + (Mo (t)v(t), v(t))u-

In particular, the solution of (11.16) (if it exists) is unique.

Proof :
We just compute the derivative of ¢ to get
¢'(t) = ('), y) e + (a(t),y' (1)) &
= (A%(t)q(t) + My()y(t),y(t)) e — (q(t), A(t)y(t) — B(t)v(t)) s
= (My()y(t), y(t) & + (B*(t)q(t), v(t))v
= (My()y(t), y(t) & + (My(t)v(t), v(t))u.

In particular, ¢ is non-decreasing. If yo = 0, then ¢(0) = 0 and thus ¢(7") > 0 and by construction we have

(T) = —(Mry(T),y(T))E = 0.

By assumption on My, we deduce that Mpy(T) = 0 (notice that My is not assumed to be definite positive) and using
the equation relating ¢(7') to y(7"), we deduce that ¢(T") = 0 and that ¢(T") =
It follows, by integration over the time interval (0, 7"), that

T T
/ (Myy,y)p + (Myv,v)y dt = / ¢'(t) dt = ¢(T) — ¢(0) = 0.
0 0

By assumption on M,,, we deduce that v = 0. The equation for ¥ leads to y = 0 and finally the equation on ¢ gives
q=0.
]

Let us now prove the main result.

Proof (of Theorem I1.5.14):

Uniqueness of the minimizer comes from the strict convexity of F'. Moreover, F' is non-negative and therefore
has a finite infimum. In order to prove existence of the minimizer, we consider a minimizing sequence (vy,), C
L2(0,T,R™) :

F(v,) —— inf F.

n—oo

We want to prove that (vy,), is convergent. We may proceed by weak convergence arguments (that are more general)
but in the present case we can simply use the fact that F" is quadratic and that the dependence of y with respect to v is
affine. In particular, we have

T
3 <v1 ; m) N /0 (My(y1 +y2) (1), (41 + ) (1)) 1 dt

T
+ /0 (My(v1 +v2)(1), (v1 + v2)())u dt + (Mr(y1 + y2)(T), (y1 + v2)(T)) &,
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and by the parallelogram formula we have

8F <”1;“2> = 4F (1) + 4F ()

T T
- 8( /0 (M (51— 12)(8), (s — y2) () dt + /0 (M (01 — 02) (1), (01 — 02) () dt

+ (002~ (D).~ ) (D )
By (II.15), we deduce that
U1 + U2 2
2F — < F(v1) 4+ F(v2) — afjvr — va|72.

Applying this inequality to two elements of the minimizing sequence v,, and v, ,, we get
. Un + Un+tp 2
2inf FF < 2F — < F(vn) + F(vngp) — al|vn — Vngpl| 725

from which we deduce that
li — =0.
nlm (iglg an Un—&—pHB)

This proves that (v,,), is a Cauchy sequence in L?(0, T, R™). Since this space is complete, we deduce that (vy,)s,
converges towards some limit v in this space. Let y,, be the solution of (II.14) associated with v,, and ¥ the solution
associated with v. The continuity of the solution operator v — y (see Appendix A.2) gives that y,, converges towards
yin C°([0, T],R™).

It is thus a simple exercice to pass to the limit in the definition of F'(v,,) and to prove that it actually converges
towards F'(v). The proof of the first part is complete.

Let us compute the differential of F' at the equilibrium © in the direction h € L?(0, T, R™). We have

T T
dF(v).h = / (M (t)y(t),5(¢)) e dt + / (M, (t)v(t), h(t))v dt + (Mry(T),6(T)) &,
0 0
where 9 is the solution of the problem

{5’@) + A(t)8(t) = B(t)h(t),

Let ¢ be the unique solution to the adjoint problem

—q'(t) + A*(t)q(t) + Myy(t) =0,
q(T) = —Mry(T),

‘We deduce that
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It follows that -
dF().h = /0 (ML (£)5(t) — B (0)q(t), h(D))u dt.
The Euler-Lagrange equation for the minimization problem for F’ gives dF'(v) = 0 so that we finally find that
M,(t)o(t) = B*(t)q(t), Vt e [0,T].

This is the expected condition between the optimal control ¥ and the adjoint state q. The first part of the proof is
complete.

We introduce the function ¢(t) = (q(t), y(t)) g, we have ¢(T") = —(Mpy(T),y(T)) g, and by Proposition I1.5.16
we conclude that

, _ 1 1T, 11
ol P = F0) = =50(T) 5 [ 60t = 5000 = =5 . a0

IL.5.3 Justification of the gradient computation

It remains to explain how we obtain in general the equations for the adjoint state. The formal computation (that may
be fully justified in many cases) makes use of the notion of Lagragian.

Let us set J (v, y) to be the same definition as F' but with independent unknowns v and y. Minimizing F’ amounts
at minimizing J with the additional constraints that y(0) = yo and ¢/ (t) + A(t)y(t) = B(t)v(t).

To take into account those constraints, we introduce two dual variables ¢ : [0,7] — R™ and gy € R"™. The
Lagrangian functional is thus defined by

T
L(v,y,q,q0) = J(v,y) + /0 (a(t), ' (t) + A(t)y(t) — B(t)o(t)) e dt + (qo, y(0) — yo) E-

A simple integration by parts leads to

L(v,y,9,90) = J(v,y) + /0T<—q’(t) + A" (t)q(t), y(t)) g dt — OT<B*(t)q(t), u(t))u dt
+ (1), y(T)) & — (a(0),4(0)) & + (g0, ¥(0) — yo) -
And finally, the initial functional F satisfies
F(v) = L(v,y[v], v}, go[v]),

for any choice of ¢[v] and go[v] since y[v] satisfies both constraints. It follows that the differential of F’ satisfies

dF(v).h = 0yL.h + 0y L.(dy[v].h) + 04L.(dq[v].h) + Og, L.(dgo[v].h),
= Oy L.h + 0,L.(dy[v].h),
since 0y L and Oy, L are precisely the two constraints satisfied by y[v]. The idea is now to choose g[v] and go[v] so as

to eliminate the term in 0, L.
For any 0 : [0,7] — R"™, we have

T
0,L.6 = / (Myy(t) — ¢ (t) + A" ()q(t), 5(8)) i dt + (Mry(T), (1)) + (a(T), 5(T)) 5 — (a(0) — g0, 5(0)) -

This quantity vanishes for any ¢ if and only if we have the relations

qo = Q(O),
q(T) = —Mpy(T),
—q'(t) + A*(t)q(t) = —Myy(t).
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This defines the dual variables ¢ and ¢g in a unique way for a given v (and thus a given y). Those are the Lagrange
multipliers of the constrained optimization problem.
Once we have defined those values, the computation of the differential of F' leads to

T T
dF(v)‘hZ3UL(v7y[v]7Q[v]7q0[vD-hZ/O <Mu(t)v(t),h(t)>Udt—/0 (B*q(t), h(t))v dt,

which is of course the same expression as above.

II.5.4 Ricatti equation

The set of optimality equations (II.16) is in general a complicated system of coupled ODEs that is not a Cauchy
problem. It is remarkable that its solution can be obtained through the resolution of a Cauchy problem for a nonlin-
ear matrix-valued ordinary differential equation. It has in particular some important applications to the closed-loop
stabilization of the initial problem.

Theorem

I1.5.17 (Adjoint state and Ricatti equation)

Under the previous assumptions, there exists a matrix-valued map t € [0, T] — E(t) that only depends on
A,B, M, M,, Mr, and T, such that the adjoint state q in the previous theorem satisfies

q(t) = —E(t)y(t), Yt € [0,T].

In other words, the optimal control v can be realized, whatever the initial data yq is, as a closed-loop
control

0(t) = =M(t) "' B* () E(t)y(t).

Moreover, the function E is the unique solution in [0,T] to the following (backward in time) Cauchy
problem associated with a Ricatti differential equation

{ E'(t) = —My(t) + A*(t)E(t) + E(t)A(t) + E(t)B(t) M, (t) "' B*(t) E(t), (IL.17)

Finally, E(t) is symmetric semi-definite positive for any t and even definite positive if My is definite
positive, and we have

1
inf  F(v) = -(E(0 :
LQ(Ol’f:lF’Rm) (v) 2< (0)yo, yo) B

Observe that the Ricatti equation is a matrix-valued nonlinear differential equation which is not necessarily easy to
solve. Actually, it is not even clear that the solution exists on the whole time interval [0, T']; this will be a consequence
of the proof.

Proof :

The Cauchy-Lipschitz theorem ensures that (II.17) has a unique solution locally around ¢t = T'.

We start by assuming that this solution is defined on the whole time interval [0, T']. It is clear that E* satisfies the
same Cauchy problem as F and thus, by uniqueness, £ = E*.

Then we define y to be the unique solution of the Cauchy problem

{y’(t) + A(t)y(t) = —=B(t) M, (t) ' B*(t) E(t)y(t),
y(0) = yo.

Then we set

and

GlOIS(O)
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In order to show that such a v is the optimal control, we need to check all the equations in (II.16). The first two
equations and the last two are satisfied by construction, it remains to check the third equation. This is a simple
computation

)+ E)y' () — A" () E()y(t)
Jy(t) + E@)y'(¢)

E(t)[A(t)y(t) + B(t)M,(8) ™ B (t) B(t)y(t)]
= ()y(t)

This proves the fact that, provided that F exists, the triple (y, v, ¢) is the unique solution of our optimality condition
equations.

The fact that the optimal energy is given by %(E (0)yo, yo) £ is a simple consequence of Proposition I1.5.16 and
of the fact that ¢(T") = —(M7y(T), y(T))E, so that

—q'(t) + A" (t)q(t ) ( Jy(t
(

inf F:F(v):—ﬂb /¢> t) dt = —fcb()

L2(0,T,R™)

As a consequence, ¢(0) is non-positive for any yg, which proves that E is semi-definite positive.

Moreover, we deduce that %(E (0)yo, yo) £ is not larger than the value of the cost functional /' when computed on
the control v = 0. A simple computation of the solution of the ODE without control gives that the following bound
holds

T
r [ )
(EO)0, 05 < ( |Mz] + /0 1) e Jo ol Vo € B™.

This gives a bound on || E(0)]].
We can now prove the global existence of £ on [0, 7. Indeed, if we assume that E is defined on [¢*, T'] for some
0 < t* < T, the previous computation (with the initial time ¢* instead of 0) shows that

T
Bt < <\MTH +/ VMyH> 2 S Al
t*

r 21714
< (\MTH+/O rMyn)e 11,

It follows that E is bounded independently of ¢* and therefore can not blow up in finite time. Therefore the existence
and uniqueness of E' over the whole time interval [0, T is proved. |

II.6 The HUM control

Let us come back now to the controllability question (and we assume again that A and B are time-independent).

We would like to address the question of the characterisation of a best control among all the possible controls, if
such controls exist. Of course, this notion will depend on some criterion that we would like to choose as a measure of
the “quality” or the “cost” of the control.

The HUM formulation Assume that yg, yr are such that yr € Rr(yp). We can easily prove that the set of
admissible controls

adm(y07yT) d:ef {U € L2<07T7 U)7 yv(T) = yT}7

is a non-empty convex set which is closed in L?(0, T; U). Therefore, there exists a unique control of minimal -
norm, that we denote by vg. It satisfies the optimization problem

F(v) = inf F(v), (I.18)

veadm(yo,yr)
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where we have introduced

w1l [T
o) / lo@)|% dt, Vo L2(0, T U).

We recall the definition of the solution operator (without initial data)
T
Ly :v € L*(0,T;U) / e~ T=9)4By(s)ds € E,
0

in such a way that the (affine) constraint set reads
adm(yo, yr) = {v € L*(0,T;U), Ly(v) =yp —e Ty}

Since vy is a solution of the constrained optimisation problem, we can use the Lagrange multiplier theorem to affirm
that there exists a vector g7 € E such that

dF(vo).w = {qr,dLy(vo)w)g, Yw € L*(0,T;U).

Since L is linear, we have d L7 (vg).w = Lr(w) and the differential of the quadratic functional F is given by
T
dF (vg).w = / (vo(s), w(s))y ds, Yw € L*(0,T;U).
0

It follows that vy satisfies, for some g7 € E and for any w € L2(0,T; U) the equation

T T
/(vo(s),w(s))Uds:/ (qT,e_(T_S)ABw(s»Eds,
0

0

which gives
vo(s) = Bre”T=)4" g1, (IL.19)

This proves that the HUM control vy has a special form as shown above. In particular if one wants to compute vg
we only have to determine the Lagrange multiplier ¢7. To this end, we plug the form (I1.19) into the equation that vg

has to fulfill -
yr = e~ Ty, + (/ o~ (T—5)A g g o~ (T—5)A* ds> ar
0

which is a linear system in g7 that we write
Agr = yr — e "y, (I1.20)

where we have introduced the Gramian matrix
T
A / e~ T=8)App*e—(T—5)A" 4q
0

We observe that A is a symmetric positive semi-definite matrix and that is definite if and only if the Kalman criterion
is satisfied.

Finally, the HUM control vy can be computed by solving first the linear system (I1.20), whose unique solution is
denoted by g7 opt and then by using (I1.19).

It is also of interest to observe that the optimal g7 ¢ € E is the unique solution of the optimization problem

J(qr,opt) = q;rgE J(qr), (IL.21)

where we have introduced the functional

*

a1l (T Ceaae |2 B
J(QT)d:f2/0 HB e~ (T=94 QTHU ds + (yo,e T qr)E — (yr, 47) B
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One can prove, by the Fenchel-Rockafellar duality theorem, that J is the adjoint problem associated with the initial
optimisation problem (IL.18).

Observe that (I1.21) is an unconstrained finite dimensional optimization problem whereas (II.18) is a constrained
infinite dimensional optimization problem. This is one of the reason why it is often more suitable to solve (I.21)
instead of (I1.18).

Actually, the explicit computation of the matrix A and its inversion can be quite heavy (in large dimension) and,
in practice, we may prefer to solve the linear system (I1.20) by using an iterative method (like the conjugate gradient
for instance) that only necessitates to compute matrix-vector products. For any given g7, the product Agr, can be
obtained with the following general procedure:

e Solve the adjoint (backward) equation —¢’(t) + A*q(t) = 0 with the final data ¢(T") = ¢, in the present case,
it gives
g(t) = e T g,

e Define the control v by v(t) = B*q(t).

e Solve the primal (forward) problem y/(¢) + Ay(t) = Bu(t), with initial data y(0) = 0. In the present case it
gives

t
y(t):/ e~ =)ABy(s) ds.
0

e The value of Agr is then given by
Agr = y(T),
since we have

T

y(T) = e~ T=)4By(s) ds

e~ T=9ABB*¢(s) ds

T

I
c\h%

e—(T—s)ABB*e—(T—s)A* qr ds

Remark 11.6.18

At the end of this analysis, we have actually proved that the optimal control in L*(0,T;U) (the HUM
control) has the particular form (11.19), which proves in particular that vg is smooth and thus the ODE
system is satisfied in the usual sense for this control.

Remark 11.6.19

Our analysis shows, as a side effect, that vy is the unique possible control for our system that we can write
under the form (11.19).

Exercise 11.6.20

Assume that the pair (A, B) is controllable, and let T > 0 given. Show that there exists € > 0 such
that for any yo,yr € E, there exists a control for our problem that belongs to C*°([0,T) and such that
Suppv C [e,T — €.
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How much it costs ? Observability inequalities

We can now ask the question of computing the cost of the control. We suppose given A, B, the initial data yy and
the target yr.

above and we have the following result.

The best control vy (the so-called HUM control) is given as a solution of the optimization problem described
Proposition 11.7.21

Assume that the Kalman rank condition is satisfied for the pair (A, B), then the optimal cost of control
from yq to yr for our system is given by

/T lvo(t)||% dt = sup [{yr, ar) e — (Yo, e " gr) |
0 qre€l

i

(Agr,ar)E
where A is the Gramiam operator that we built in the previous section.

Proof :

Let C' be the value of the supremum in the right-hand side (this supremum is finite since the quantity is homoge-
neous in ¢y and, by the Kalman condition, we know that (Aqy, gr) g # 0 as soon as gp # 0).

Let g7,op¢ be the unique solution to (I1.20), in such a way that vg(s) = BresA” qT,0pt- We observe first that

T T

(AT 0pt: AT 0pt) E =/ 1B ¢ qr.opt |77 ds =/ lvo(s) 113 ds,
0

and second, by (I1.20), we have

<AQT,opt7 QT,opt>E = <yT7 QT,opt>E - <y07 e *QT,opt>E-
It follows that
> [(yr, aropt) 2 — Yo €T qriopt) B
B <AQT,0pt7 qT,opt>E

T
— (At aron)e = [ ()]} ds.
0
inequality that

Conversely, if v is any control that drives the solution from yg to yr we see from (I1.5) and the Cauchy-Schwarz

1
. T 2 1
yr, ar)e — (yo,e T4 qr)p| < </0 \U(S)\%Jd8> (Aqr,qr) -

Taking the square of this inequality and then the supremum over all the possible g7 gives that

T
cs/nww@w,
0

and since this is true for all possible controls, this is in particular true for the optimal control vy and we get
g 2
¢ < [ ) ds
0

[
The previous result gives an estimate of the control cost, in the case where the pair (A, B) is controllable. We can
actually be a little bit more precise: we shall prove that the boundedness of the supremum in the previous condition is
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a necessary and sufficient condition for the system to be controllable from yg to y7.

Theorem I1.7.22

Let A, B be any pair of matrices (we do not assume that the Kalman condition holds). Then, System (11.1)
is controllable from yq to yr if and only if, for some C' > 0, the following inequality holds

T
yr,ar)e — (yo.e " qr)pl* < 02/ |B*e~T=)4" 4|3 ds, Vqr € E. (11.22)
0

Moreover, the best constant C'in this inequality is exactly equal the L*(0,T; U) norm of the HUM control
vg from yg to yr.

The above inequality is called an observability inequality on the adjoint equation. It amounts to control some
information on any solution of the problem (in the left-hand side of the inequality) by the observation (which is the
right-hand side term of the inequality). The operator B* is called the observation operator.

We also note that, by definition of the Gramiam A, the right-hand side of the required observability inequality can
also be written as follows

C*(Aqr, q1) E-

Proof :

Since e~ 14

is invertible | we can always write
-TA| TA
yr=e <6 yT>‘

So that the control problem is the same if we replace y7 by 0 and yg by yo — €74y and we see that the left-hand side
in the inequality is changed accordingly.
From now on, we will thus assume without loss of generality that y7 = 0 and that yg is any element in F.

e We first assume that there exists a control v € L?(0,T) that drives yo to 0 at time 7. Hence the set adm (g, 0)
is not empty. We define v to be the unique minimal L2-norm element in adm(yg, 0). The same argument as in
the previous proposition shows that for any ¢ we have

T T
<mmTAWMFS<A MMQ%%)<A\B%<T@Awww>.

This proves (11.22) with C' = [[vol| 20, 7,07y

e Assume now that (I1.22) holds for some C' > 0. We would like to prove that adm(yo, 0) is not empty. The idea
is to replace the constraint v € adm(yo, 0) (that is y(7') = 0) in the optimization problem (II.18) by a penalty
term.

For any € > 0, we set

e 1
) =5 [ Il ds + 5 Iyl

where in this expression, y is the unique solution of (II.1) starting from the initial data yg.

The last term penalizes the fact that we would like y(7") = 0. Formally, we expect that, as € — 0, this term will
impose y(7') to get close from yr.

We consider now the following optimization problem: to find v. € L2(0,T;U) such that

F.(ve) = veng(l)fT;U) F.(v). (I.23)

'this will not be true anymore for infinite dimensional problems when the underlying equation is not time reversible, which is precisely the
case of parabolic equations
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This functional exactly falls into the framework of the LQ optimal control problems that we studied in Section
IL.5, in the particular case where

1
M, (t) = 1d, My(t) =0, ¥t €[0,7], and My =_Id

The characterisation theorem I1.5.14 implies that this functional F; has a unique minimiser v, which is charac-
terised by the following set of equations

( yé(t) + Aya(t) = Bva(t)a
ye(o) = Yo,
—qL(t) + A*qe(t) = 0,
() = ~2ye(T),
Us(t) = B*qa(t)

Our goal is to study the behavior of (ve, 3., q-) when ¢ — 0. To this end, we try to obtain uniform bounds on
those quantities.

To this end, we multiply (in the sense of the euclidean inner product of E)) the state equation (the first one) by
¢-(t) and we integrate the result over (0, 7). Using integration by parts and the other equations in the optimality
system above, we obtain

T T
/ HUEHth: / <U67B*QE>U dt
0 0

T
:/ <B7)67Qe>Edt
0
T
:/ <yé+Ay57QE>Edt
0

T
= (T, ¢ (T) & — (0 0(0)) & + /0 (oo —d. + A*@) i, dt

= eI ~ {yo, 0=(0) -

It follows that 1
[0ellZ2 0.2, + =y (D)IIP = —(%0, 4:(0)) .
( ) T e

And, if we set g7 = ¢-(T"), we can write this formula by using only the adjoint variable

2dt +¢llqrel®* = —(yo. e TV are) 5. (I1.24)

T e
/ |Bre DA g
0

We use now the observability inequality (I1.22) (where we recall that y7 was taken to be 0 here). This inequality
exactly gives us a bound on the right-hand side term

1
2

T
o e A g g < © ( | im0 qT,€|2dt)
0

We deduce that .
H’UEH%Q :/ ||B*6_(T—t)A*qT’€H2 dt S 6127
0

ellgre||® < C2.
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From those estimates we obtain that (v. ). is bounded in L?(0, T; U) and therefore we can extract a subsequence
(ve, )i that weakly converges towards some v € L?(0,T;U). Let y be the solution of (II.1) associated with
this control v and the initial data 1. Since the solution operator Ly is continuous from L?(0,T;U) into E, we
deduce that (L7 (v., ))r weakly converges towards Ly (v) as k — oo (note however that F is finite dimensional
so that this convergence is also strong). It follows that y. (7)) — y(T) ase — 0

Moreover, by definition of g7, we have the relation

yE(T) = _EQT,a

and from the bound below we deduce that
ly=(D)lle < ellgrelle < Cve — 0.

Gathering all the above properties, we have shown that the weak limit v is such that the solution y satisfies

which exactly means that the control v drives the solution of our system from 0 to yp, or in other words
v € adm(yo, 0).

This set being non empty we can consider the miminal L? norm control vy and, from the first part of the proof
we know that necessarily we have

C < |lvollz20,m,0) < vl 2200,1707)-
Coming back to the bound on v, obtained above we see that

lim sup H’Uek HL2(0,T;U) <G
k—o0

and since v is the weak limit of (v, ), we conclude by usual properties of weak convergence in an Hilbert space
that the convergence is actually strong and that we have the equality ||v|| 20,70y = C.

This implies in particular that ||v||z20707 < |lvollr2(0,r,) and since vp is the unique minimal L?-norm
control, we deduce that v = vg. In particular C' = [|vo || z2(0,7,07)-

The standard uniqueness argument finally shows that the whole family (v.). strongly converges towards the
HUM control vyg.

Observe that the family of the optimal adjoint states for the penalized problems (¢r ). may not converge in this
setting (except in the case where the Kalman rank condition is satisfied).
]

Remark I1.7.23

If we have no other information on the matrices A, B or on the initial data v, the only hope to bound the
right-hand side of (11.24) is to write

—TA*

~(yo.e " are)e < llyollle™ ™ Illlarel,

and to use the Young inequality to absorb the norm of qr . by the second term in the left-hand side to obtain

2

T
— _ * 1 — *
/ 1B~ T 0 gr | dt + llare | < lyoll*lle
0

This estimate is clearly useless since it does not provide a uniform bound on the control v (and this is of
course what is expected !).
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As a conclusion of this analysis, we have converted a controllability question (which is a problem of proving the
existence of some mathematical object satisfying some requirements) into an observability question which is : can we
prove an a priori inequality like (I1.22) that concerns solutions to an uncontrolled equation (the adjoint problem).

Remark I1.7.24

If, for any qr, we introduce t — q(t) the solution of the adjoint equation
—q'(t) + A%q(t) =0, ¢(T) = qr,

the observability inequality can be written as follows

T
s az) 5 — (0, 2(0)) 5] < C2 /O 1B*q(s)|% ds, Var € R,

which is slightly more general since it does not require any semi-group theory (and in particular can be
generalised to non-autonomous equations).

Let us consider two particular cases of interest:

e Exact controllability : we assume that yg = 0 and y; € R” is any target. The control cost is denoted by
C'(0,y7) and is the best constant in the inequality

T
yr, qr) B> < C(0,yr)? / |B*e=T=94" g% ds, Vqr € E. (I1.25)
0

e Null-controllability : we assume that y7 = 0 and yg € FE is any initial data. The control cost is denoted by
C(yo0,0) and is the best constant in the inequality
T
(o, e " qr)el* < C(y0,0)? / |B*e~ T~ qp||% ds, Var € E. (I1.26)
0

In the finite dimensional setting those two cases are very similar but it will make some difference when we will study
parabolic PDEs.

Let ¢ be a normalized eigenvector of A* associated with the eigenvalue A and we assume that Re (\) > 0 (we
mimick here the expected behavior of a parabolic PDE). Let us evaluate the costs C'(¢,0) and C(0, ¢).

e We first take g7 = ¢ in (I1.25) (with y; = ¢) to get

) 2Re (M)
C(Oa ¢) = ||B*¢H2U(1 — ¢—2TRe ()\))’

and we can obtain a rough bound from below

5 _ 2Re(N)
OO Banp
This illustrates the fact that, if B* is a given bounded operator, the cost of the exact controllability for a given
eigenmode increases at least with the dissipation rate Re (A). In the limit Re (A) — oo, this cost is therefore
blowing up.
This is not a good news if one imagines that we eventually want to control parabolic PDEs which are typically
based on operators with sequences of eigenvalues that tends to infinity.

The physical interpretation of this phenomenon is clear : the natural behavior of such a system for large values
of Re () is to strongly dissipate the solution with time which is exactly the converse of the fact that we require
the solution to be driven to a constant normalized state ¢ at time 7.

This is the first appearance of the fact that, for dissipative systems (i.e. parabolic PDEs), the exact controllability
property is not a good notion.
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e Let us do the same computation in (I1.26) by taking yo = ¢ and g = ¢, we get

2Re ()\)672726 \NT
C($,0)* >
1B*¢|7,

This is a much better behavior : if B*¢ remains away from zero, the lower bound of the cost exponentially
decreases when Re () increases. Of course, this is only a lower bound and thus it does not give any information
on the boundedness of C(¢, 0) itself but it seems to be reasonable to expect null controllability for a dissipative
system, and bounds that are in some sense, uniform in \.

Observe that, in both cases, the observability cost for one single mode ¢ depends on the size of || B*¢||;. The smaller
this quantity is, the larger is the observability cost.

Global notions If we want to come back to more global properties (namely that are independent of the initial data
and of the target) we have the following characterisations.

Theorem I1.7.25

1. System (11.1) is exactly controllable at time T' if and only if for some Cops ezact > 0 we have

T
HQTHZE < Cgbs,emact/o ||B*678A QTHQUd& Vgr € R™.
If this inequality holds, then for any yo, yr there exists a control v € adm(yo, yr) such that
”UHLQ(O,T;U) < Cabs,exactHyT - 6_TAyOHE-

2. System (11.1) is null-controllable at time T' if and only if for some Cops puy > 0 we have
TA* T A*
e ™ arlfy < Chupua [ 157V arlfpds, Var € "
0

If this inequality holds, then for any yq there exists a control v € adm(yo, 0) such that

||UHL2(0,T;U) < C’obs,null HyOHE

Of course, in the finite dimensional setting the two notions are equivalent but the values of the constants Cops czact
and Cips neu may not be the same.

Exercise I1.7.26 (Asymptotics of the observability constants, see [ D

The above observability constants actually depend on the control time T' and it is clear that this cost should
blow up when T’ gets smaller.
More precisely, we can show (by mentioning explicitly the dependence in T’ of the consant) that

v

Cobs,emact,T T:O TK+% )

where K is the smallest integer such that

rank(B|AB|...|AXB) =n,

and v > 0 is a computable constant depending only on A and B.

GlOIS(O)
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Controllability of abstract parabolic PDEs

III.1 General setting

Let us consider now an abstract setting : £/ and U are two Hilbert spaces

e A:D(A) C E — FE is some unbounded operator' such that —.4 generates a strongly continuous semi-group
in E. The semi-group will be denoted by ¢ — e~*A € L(E). We refer to usual textbooks in functional analysis
for precise definition of those concepts (see for instance [ 1, [ , Appendix A], [ 1,1 ]. We
will also give a simple contruction of the heat semi-group at the beginning of Chapter IV.

We recall that a necessary and sufficient condition for the existence of this semigroup is (Hille- Yosida theorem)
that D(.A) is dense in E and

Jw e R, M > 1, s.t. (A + A) is invertible for any A > w and ||[(A] +.A)"™|| < M(A —w) ™, Vm > 0.

We will sometimes need to assume that the semi-group is analytic which means that there exists an analytic
extension z — e~*A in a sector of C of the form

Sa ={2€C, Re(z) >0, and [Zm z| < aRe z},
for some o > 0. This property always holds in the case for parabolic equations.
The adjoint semi-group will be denoted by ¢ —+ e~*4",

e B:U — D(A*) the control operator. It is actually more easy to work with the adjoint B* of BB, which is, by
definition an operator from D(A*) into U (since we identify U with its dual space).

e We assume that B is admissible in the following sense
(5 s B*efsf‘*qT) e L2(0,T;U), Vqr € E,

and moreover, there exists a C' > 0 such that
T *
|18t T g e < CPlarl, Var € .
0
In practice, it is enough to check the above inequality for g7 € D(A*) since D(.A*) is dense in E.
The (formal) control problem we are looking at is the following

(TL.1)

Oy + Ay = Bvin |0, T,
y(0) = yo.

"et say self-adjoint with compact resolvent, if you want to simplify
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The suitable meaning we give to this problem is by duality.

Theorem II1.1.1 (Well-posedness in a dual sense)

Forany yo € E and v € L*(0,T; U), there exists a unique y = Yy 4, € C°([0, T, E) such that

t
<y(t)7Qt>E - <y07eitA Qt>E = / <U(S)7B*ei(tis)fl Qt>Ud87 Vt S [OvT]avqt S L.
0
Moveover, there exists C > 0 such that

sup |y()[le < Cllyolle + vl z2(0,7,0)-
te[0,7)

Proof :
This is a consequence of the admissibility assumption for B and of the Riesz representation theorem.

e Letusfixat € [0,7]. We consider the linear map

t
@ € Ev— (yo,e g +/ (v(s), B e =4 g\ ds.
0

Thanks to the admissibility condition for 3, we see that this linear map is continuous on F. Thanks to the Riesz
representation theorem, we deduce that there exists a unique element y; € FE satisfying the equality

t
(e a)e = (o, e ar) e +/ (v(s), B*e "4 gy ds, Vg € E.
0
Additionally, we have the bound

lytlle < Cllyolle + vl 20,m0))
for some constant C' > 0.

o We set y(t) = y; for any ¢. It is clear, by definition, that y(0) = yo. It remains to check that the map y is
strongly continuous in time.

Let (t,)n C [0,7] a sequence that converges towards some ¢ € [0, 7], we need to prove that y(¢,) — y(t) in
E. To this end, we consider (¢, ), C E a sequence that weakly converges towards some ¢; € E and we want
to show that

<y(tn)7 Qtn>E m <y(t)7 Qt>E-

We consider o € L?(R) the extension of v by zero outside the interval (0, 7). We can write
* tn *
Witn) @) B = (yo. e au,) b + / (v(s), B'e™ =g, )y ds
0
ln
— (A e+ [ (0l 8, B g, ds
0

T
= <e’t”’4y0, qt, ) E +/ (0(tn, — $), BresA qt,, ) E ds.
0

The first term is treated by the weak-strong convergence property and using the strong continuity of the semi-
group. The second term is treated in the same way by using:

— The admissibility condition that leads to the weak convergence of s — B*e™4"¢, in L?>(0,T,U) and
the strong convergence of the translations s + v(t,, — s) in L2(0,T,U).
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]

Actually, we shall also encounter cases where the admissibility condition for B does not hold exactly as written

above. More precisely, assume that there exists an Hilbert space F' continuously and densely embedded in E and such
that

(t — B*e_SA*qT> € L*(0,T;U), VYqr € F,
and

T
| 1B T gt < CPlarl, Var € .
0

In that case, we may consider the dual space F’ (more precisely, its representation obtained by using E as a pivot
space) and prove the following result

Theorem II1.1.2 (Well-posedness in a dual sense - weaker form)

Under the assumptions above, for any yo € E and v € L*(0,T;U), there exists a unique y = Yoo €
C°([0,T), F') such that

t
<y(t)7Qt>F’,F - <Z/07€_M qt>E = / <U(3)7B*6_(t_S)A qt)U dS, Vit € [OvTqut cF.
0

Moreover, if F' is stable by the semi-group generated by A*, the above definition can be extended to any
initial data yo € F'.

Here also we have seen the important role played by the adjoint problem (which is a backward in time parabolic
problem)

— g+ A*q =0, (I11.2)
III.2 Examples

Let 2 be a bounded smooth connected domain of R%. Let w be a non empty open subset of 2 and I'y a non empty
open subset of 0.

e Distributed control for the heat equation.

We consider the problem
Oy — Ay = 1,v, in )
y =0, on .

The natural state space is £ = L?({2), the control space is also U = L?(£2) (we could have defined U = L?(w)

without any real difference), the domain of A is D(A) = H?(2) N H{(£2), and the control operator is B = 1,
so that we get also B* = 1,,,.

e (Dirichlet) Boundary control for the heat equation.

Let us consider the problem
Oy — Ay =0, in
y = 1r,v, on Of.

Here the control operator B is not so easy to define and it is in fact easier to define its adjoint B* (through a
formal integration by parts). More precisely, we set

B* < 1r,0,.
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In order for the admissibility condition for this operator to hold, we see that we have, for instance, to work in
the space F' = H, & (). Indeed, in that case, one can show by standard arguments that

t e qr e L2(0,T, H*(Q)), Vqr € F,
and by trace theorems
t s Ou(e M qp) € L2(0, T, H?(8Q)) c L*(0,T, L*(99)).
Actually, one may use for any any of the spaces F' = D(A®) with s > 1/2.

e Distributed control for parabolic systems.
In the last part of the course, we will be interested in coupled parabolic systems, as for instance the following

problem

Oy — Ay + C(t,z)y = 1,Bv, inQ
{ty y+C(t )y v, in (13)

y =0, on 0,
where 3 is now a n-component function. The state space is E = (L?(£2))", the control space is U = (L*(Q))™,
B € M,, n(R) is the control matrix and C(t, x) € M, ,,(R) is the coupling matrix.

In that case, the control operator is B = 1,,B and its adjoint is B* = 1, B*.

o (Dirichlet) Boundary control for parabolic systems.

Similarly, we can consider the boundary control problem

oy — A C(t =0, in{
{ty y+C(t,r)y=0, in (1IL4)

y = 1r,Bv, on oS
The definition of the functional spaces and of the operator are clear.

e More general examples:

Of course we may consider a large number of other examples such as : time- and or space-dependent diffusion
coefficients, different diffusion operators for each component, first or second order coupling terms, non linear
terms, etc ...

III.3 Controllability - Observability

The general definitions for approximate/exact/null- controllability questions are formally the same as before.

We have already seen in the first chapter that exact controllability for parabolic equations is certainly not a suitable
notion. We may in fact prove that, in general, the set of reachable functions for the heat equation with a distributed
control supported on a strict subset of {2 is a very small set. For instance, usual regularity properties for such PDEs
show that any reachable target must be smooth (at least C*°) in 2 \ @.

We will thus restrict our attention now on the approximate and null-controllability properties. By adapting the
arguments given in the finite dimensional case, we can prove the following properties.

Theorem II1.3.3 (Approximate controllability and Unique continuation)

Our system (I11.1) is approximately controllable at time T > 0 if and only if the adjoint system (111.2)
satisfies the unique continuation property with respect to the observation operator B*, namely : for any
solution q of (111.2) with q(T') € F, we have

<B*q(t) = 0,Vt e (o,:r)) — ¢=0.
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With the semi-group notation, the Unique Continuation property writes

Notice that, if the semi-group generated by —A* is analytic, then the unique continuation property does not depend
on 7', and thus so is the approximate controllability.
Proof :

e Assume that the Unique Continuation property does not hold. There exists gr € F, gr # 0 such that
B*e~(T—DA" 1. — (. By definition, for any control v, we have

T
(WD), qr)rr r — (Yo, e T4 qr)p = / (v(s), B e T4 gy ds = 0, (I11.5)
0
and if follows that
W(T) — e T yo, qr)pr p = 0,

which proves that the reachable space at time 7' cannot be dense in F’. Indeed, if z € F’ is any element such
that (2, g7) pr p # 0, then e*TAyO + £z is not reachable for any £ > 0.

e Assume that the approximate controllability does not hold in F’. By the Hahn-Banach theorem, it means that
there exists ayr € F’ and a ¢p € F \ {0} such that

(r,ar)rr = W), qr)F.F,

for any control v € L%(0,T,U).
From (I11.5) we deduce that, for any v € L?(0,7,U)

T
/ (v(s), B e T g\ ds < (yr — e Ty, qr) F'.F-
0

We apply this inequality to v = %B*e_(T_S)A* qr, with § > 0, which gives

1 [T T _
5/ 1B*e~ =94 41|13 ds < (yr — e T Pyo, qr) o -
0

Letting 6 going to 0 leads to
T
/ 1B* e~ T4 |7 ds = 0
0

and since g # 0, we obtained that the unique continuation property does not hold for the adjoint problem.

Theorem II1.3.4 (Null controllability and Observability)

Our system (111.1) is null-controllable in E at time T' > 0 if and only if the adjoint system (111.2) satisfies
the following observability property with respect to the observation operator B, namely :
There exists a C' > 0 such that for any solution q of (I1L.2) with ¢(T') € F, we have

T
I3 < ¢ / 1B q(0)|[3 dt.
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With the semi-group notation, the observability inequality writes

T
He*TA qTHQE < Cz/ HB*e*(T*t)A qTHZUdt, Yqr € F.
0

Remark II1.3.5

If we are interested in the null-controllability with initial data in F', then the above inequalities should hold
with ||q(0)||% in the left-hand side.

Proof :
This result is a straightforward consequence of the following general result in functional analysis (which is itself
a consequence of the closed graph theorem).

Lemma II1.3.6 (see Proposition 12.1.2 in [ D

Let Hy, Ho, Hj be three Hilbert spaces and F' : Hi — Hs, G : Hy — Hj3 be two bounded linear operators.
Then the following properties are equivalent

1. The range of F is included in the range of G.

2. There exists a C' > 0 such that the following inequalities hold

HF*ZHHl < CHG*QTHsz Vo € H3.

If those properties are true, there exists a bounded linear operator L : Hy — Ho such that

F=GolL, and | L|g,—~m, <C.

To prove the theorem, we apply the previous lemma with Hy = L?(0,T;U), H; = H3 = E, and

F:yecEme ™y ek,

T
G:veL*0,T,U) / e~ T=)4By(s)ds € E,
0

(this integral being well-defined by duality as seen before).
|

There is no natural (and easy to manage) generalization of the Kalman rank criterion in the infinite dimension
case. However, the Fattorini-Hautus test still holds under quite general assumptions but it will of course only gives an
approximate controllability result .

Theorem I11.3.7 (Fattorini-Hautus test)

Assume that:

o A* has a compact resolvant and a complete system of root vectors.
e BB* is a bounded operator from D(A*) (with the graph norm) into U.

We also assume that the semi-group generated by —A* is analytic, even though the result can be adapted if
it is not the case.
Then, our system (111.1) is approximately controllable at time T' > 0 if and only if we have

(Ker B*) N Ker (A" — A\I) = {0}, VA eC.

In particular, the approximate controllability property does not depend on T
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For a proof of this result in the framework above which is more general than the original one by Fattorini, we refer
to [ ].
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Chapter IV

The heat equation

In this chapter we are interested in the controllability properties of a parabolic scalar equation of the heat type in a
bounded domain. We will actually be a little bit more general by looking at the following equation.
Let © be a bounded connected smooth domain of R%. Let v € CY(Q,R) be a diffusion coefficient such that

Ymin = infgy > 0 and o € C°(€), R) a potential term. Let A be the differential operator defined by
(Ay)(z) = —div (v(2)Vy) + a(z)y. (Iv.1)
We shall consider the partial differential evolution equation given by
Oy + Ay =0, in (0,7) x Q. (Iv.2)

If we look at .4 as an unbounded operator in L?({2) with domain D(A) = H?(Q2) N H(£2), we know that A is
self-adjoint and with compact resolvent. As a consequence, we have a complete spectral theory for this operator:

e The spectrum A of A = A* is only made of positive eigenvalues, moreover A is locally finite, unbounded but
satisfies the bound from below
inf A > iI§12f Q. Iv.3)

e For each A € A, the eigenspace Ker (A — ) is finite dimensional and we have the orthogonality property in
L*(9)
Ker (A—X) LKer (A —pu), VA#peA.

We denote by 7 the orthogonal projection in L?(£2) onto the eigenspace Ker (A — ).

e We have an orthogonal spectral decomposition of the space L?(€2). This means that for any 1) € L?(£2) we
have

Y= my, (IV4)

AEA

this family being summable in L?(£2), and we have the Bessel-Parseval equality

11720 = D Imadlliz(q)-

AEA

e Forany ¢ € H}(Q), the sum (IV.4) is also converging in H}(£2) and there exists C1, Cy > 0, depending only
on the coefficients v and «, such that

CLY I+ ADImlie < llFn < C2 ) (14 ADIImad 1z,

AEA AEA
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e — A generates a semi-group that can be explicitely computed as follows
e M =" e Pmyy, Ve LX(9Q).
AEA
Notice in particular the following energy estimate
le™ Yl 2y < e ™ MYl 20), Vi € B, VE 2 0. (IV.5)

In the case where inf A > 0, we see that the system is dissipative in L?(2), see Remark IV.0.1.

e We shall need the following spaces
B, = D Ker (A-N). (IV.6)

AEA
A<p

Let P, be the orthogonal projection in L? onto E,,, which can be expressed as follows

P, = Z .
AZp

We can prove the following additional dissipation property

le™™ P 2y < e |[¥ll2(), V¥ € E,st. Py =0, Vt > 0. (IV.7)

We will see in the sequel that other qualitative properties for the spectrum of the operator will be needed to analyze
the controllability of the system.
We will analyze two types of controls:

e The distributed control problem: Let w be a non empty open subset of 2. We look for a control v € L?(]0, T[xw) =
L?(0,T;U) with U = L?(w) such that the solution y € C°([0, T, E), with E = L?(£2), of the problem

Owy + Ay = 1,v, in Q,
y =0, on 0, (IV.8)
y(0) = wo
satisfies either ||y(T') — yr|| g < e (approximate controllability) or y(7") = 0 (null-controllability).

e The boundary control problem: Let I'g be a non empty open subset of I". We look for a control v € L?(]0, T[xI'g) =
L?(0,T;U) with U = L?(T) such that the solution y € C%([0, T, E), with E = H (), of the problem
By + Ay = 0, in Q,
y = 1p,v, on 0€2, av.9)
y(0) = wo
satisfies either ||y(T') — yr||g < e (approximate controllability) or y(7") = 0 (null-controllability).

Remark 1V.0.1

From the point of view of controllability we can always assume, if necessary, that the potential « is non
negative, which implies inf A > 0 (see (IV.3)), and thus all the eigenvalues are positive.
Indeed, is one sets §j = e~y we see that i solves the problem

O+ (A+a)j = 1,e” ", in Q,
y =20, on 09,
y(O) = Yo,

which amounts at adding the constant a to a.

As a consequence of the previous remark, we will systematically assume in the sequel that o > 0.
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IV.1 Further spectral properties and applications

IV.1.1 The 1D case

We assume in this section that @ = (0, 1). From a spectral point of view this particularly implies that all the eigen-
values are simple, therefore we can choose one eigenfunction ¢, in each eigenspace Ker (A — \), that we shall take
normalized in L?(Q). The projection operator 7 is thus simply given for any A € A by

™Y = (U, ¢\ 2dx, VU € L*(Q).

The second property which is specific to the 1D case' is the following asymptotic property, called Weyl’s law

N(r) ~ Ny,

r—00

for some constant N > 0, where N is the counting function of the family A (see Section A.6). We will present a
proof of a weaker (but sufficient) version of this result below.

IV.1.1.1 Spectral estimates

The properties stated in this section are very classical but we adopt here the formalism and proofs introduced in
[ ] that have the advantage to being easy to extend to more general situations like the discrete setting for
instance.

Proposition IV.1.2

Under the assumptions above, for both boundary and distributed control problems, we have

B*éy # 0, VA € A.

In particular, the heat equation is approximately controllable at any time T' > 0 in both cases.

Proof :

In both cases, if we assume that B*¢) = 0, it implies that there exists a point a € [0, 1] such that ¢y(a) =
¢\ (a) = 0. Indeed, we either take a to be a boundary point of 2, or a point inside the control domain w.

Since ¢, satisfies a second order linear homogeneous differential equation, this would imply ¢, = 0 which is
impossible.

The approximate controllability in both cases is now a consequence of the Fattorini-Hautus test (see Theorem
[11.3.7). ]

Let us introduce the notations

a9 = —¢'(0), and 9.0 = ¢/(1),
for the left and right normal derivatives of a function ¢ : (0,1) — R.
Theorem IV.1.3
Under the assumptions above, there exists C(c,y,w) > 0 and Ca(c,7y), Cs(a, ) > 0 such that

||¢>\||%2(w) > C’l(a,%w), VA e Aa

0epr] > O, V)V, YA€ A, Ve € {l,r},
A= p| = Cola, VA, VA# € A,
Na(r) < Cs(e,y)v/r,  ¥r>0.

"Weyl’s law also holds in higher dimension but it becomes N (r) ~ N r%, where d is the space dimension
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Remark IV.1.4 (Laplace operator)

For the standard Laplace operator v = 1, a = 0, the eigenfunctions and eigenvalues are explicitely given
by
A = {k’n% k e N*},

ox(z) = \/isin(\r)\x), A €EA.

The properties proved in the above theorem are thus straightforward it this case. Moreover, there are
clearly optimal.

We begin with the following lemma.

Lemma IV.1.5
Let w be a non-empty open subset of Q). There exists C1(c,7y) > 0 and Co(cv,v,w) > 0 such that we have,
forany \ € A,
1
X’&%F > Ci(a, ) Ra, Ve € {l,r},
and

162172 > Cala,7,w) R,
where we have defined
wr e 9@+ PP
BUED [ (y) 2 + 22164 (y) 2

R (IV.10)

Proof :

e By definition of R, and the fact that ¢ (0) = 0, we have

7(0 1
IR O = R (Ion0 + L1040 = Ralonl, vy € 2
By integration over y € €2, we can use the normalisation condition and the equation satisfied by ¢, to find that
(0
UTAGIEEN
For A large enough, we deduce that
(0
AU

which gives the claim for 0;¢). A similar proof holds for 0, ¢,.

e Let (a,b) C w be a connected component of w. The Sturm comparison theorem (see Theorem A.5.15 and
Corollary A.5.16) implies that there is a A\g(«v, 7y, w) such that for A > \g, we can find two zeros a) < by of ¢y
such that (ay,by) C (a,b) and

by —ax>(b—a)/2. (Iv.11)

We multiply by ¢, the equation satisfied by ¢, on (ay, b)) and we integrate by parts, using that a) and by are

zeros of ¢,. We obtain
2% b
/ ﬂ%P+M@F_A/ o1,

ax ax
and since we have assumed that o > 0, we find that

by by ~
/ 2% 2/ X!qﬁ&\?- 1V.12)
ay ay
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By definition of R we have, for any x,y € 2

on@)? + 2@ 2 s (J0a ) + L1007

We can integrate this inequality with respect to = € (ay, by) on the one hand and with respecttoy € 2 = (0, 1)
on the other hand to get

b b 1
/ ’¢A|2+/ %W\\Q >R,\(b,\—a,\)/ (|¢/\|2+%‘¢/,\|2> > Ra(bx — ay).

ay a 0

By (IV.12), the normalisation condition of ¢ in L2(Q) and (IV.11), we arrive to

bx b—a
/ ‘¢/\’2 2 R)\ 4 )
ax

bx bh—
/W>/ 622 > RA2=2.
w ay 4

Since there is a finite number of eigenvalues that satisfy A < g, the claim is proved thanks to Proposition
IvV.1.2.

so that, for A > \g, we have

[
Now we propose a reformulation of the differential equation that will permit us to prove uniform lower bounds
for the quantity R .

Lemma IV.1.6

Let f : Q2 — R be a continuous function and X\ > 0. Suppose that u : @ — R satisfies the second-order
differential equation (without any prescribed boundary conditions)

Au(z) = du(z) + f(x), VreQ, (IV.13)
then the following equation holds
U'(z) = M(z)U(x) + Q(x)U(z) + F(z), VxeQ, (IV.14)

where we have defined the vectors

def u(x) def 0
U(x) ( Mu’(aﬁ)) and F(x) = (_ f() ) :
) v(@)A

]

and the matrices

v [ V) wao = Ly
= X = a(x 1
a0 D V@) (f) @

The key-point of this formulation is that the large terms in v/A only appear in the skew-symmetric matrix M (x),
while the matrix Q(z) only contain bounded terms with respect to A.
As a consequence of this particular structure, we can obtain the following estimates.
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Lemma IV.1.7

With the same notations as in Lemma IV.1.6, and assuming that X > 1, there exists C o (a0, 7), indepen-
dent of A\, such that for any x,y € €), we have
Yy
[ 1@ ds
X

0@ < Clar) (HU<x>H n ) . v.15)

Proof :
Let z,y € €. Without loss of generality we assume y > x. It is fundamental to notice that the matrices (M (s))s
pairwise commute, so that the resolvant operator associated with z — M (z) simply reads

S(y, ) = exp ( / " M(s) ds) .

We can then use Duhamel’s formula to deduce from the equation (I'V.14) the following expression
y
Uly) = S(y,v)U(z) + / S(y,5) (Q(s)U(s) + F(s)) ds. (IV.16)
x

We use now the fact that the matrix M (s) is skew symmetric for any s, and so is [¥ M (s) ds. It follows that the
resolvant S(y, s) is unitary ||.S(y, s)|| = 1 for any y, s. We get

[1r@ias+ | [Mliioe)as

S irnas e (| [ 1aeas)).

which gives the result since )(s) is bounded uniformly in s and A, by using the assumptions on the coefficient v and
Qo [
We can now prove the main Theorem of this section.
Proof (of Theorem IV.1.3):
A first remark is that it is enough to prove the claims for A large enough and in particular we can assume without
loss of generality that A > 1.

1T < U )]+ +

Gronwall’s lemma finally yields

10w < (uvmu n

e We begin with the proof of the first two points of the theorem. By definition, ¢, is solution of the equation

Apy = Aoy,

which is exactly (IV.13) with w = ¢, and f = 0. From Lemma IV.1.7 we deduce that there exists C' & C' (7, @),
independent of A, such that for any =,y € Q,

o) + L1 wE 2 ¢ (In@P + 1B @E). avy)

which exactly proves that the quantity R defined in (IV.10) is uniformly bounded from below. The claim thus
immediately follows from Lemma IV.1.5.

e We shall now prove the third point in Theorem I'V.1.3. For any two A > p in A with u > 1, we define

u(@) = ¢, (1)a(z) — $h(1)dp(@),
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in such a way that u(1) = /(1) = 0 and
Au = du+ f,
with
f(@) = (1) (A= p) du(z), Vze.

Using the notations introduced in Lemma IV.1.6, we observe that by construction we have U (1) = 0 so that the
estimate (I'V.15) specialized in z = 1 leads to

1 1
Wl <c [ IFelds<c [ IFE)ds e
Y 0
Using the expression for F' and f, we find that

m(\ﬂm )/!qbu )| ds, Yy € Q.

Thanks to the normalisation condition ||¢[| z2(q) = 1 and the expressions of U and u, we obtain for any y € €,

(Ao >\)2.

We integrate this inequality with respect to y € (0,1) and we use the L*((2) orthonormality of ¢ and ¢,, to
finally get

Ul <

C

16, (1)a(y) — oA (Do, (y)|* <

. 2
WP < ()7 + (60)7 < =< (2]

and since ¢\ (1) # 0, we conclude that

for some C' > 0 independent of A and .

e Let us finally prove the estimate on the counting function Ny. We first observe that the estimate we proved
above implies that

C
N —ul = F VA VElL YA#pe A,
from which we deduce

c
VA =zl 231, VA # p € A. (IV.18)

Letus fix 7 > 0 and let A\; < --- < Ay, (,) all the elements in A N [0, r]. We set A\g = 0.
We can write on the one hand

N (7)

(f-ﬁ) ANy S VT,

k=1

and on the other hand, by using (IV.18),

(Vo= VAm) = S = 1) + v/ = ONao),

Na(r)
k=1

with C' = min(v/A1, C1/2). Combining the two inequalities above we obtain

NA(r) < ST,

and the proof is complete.
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IV.1.1.2 Approximate controllability

The results obtained in Theorem IV.1.3 and the Fattorini-Hautus test (Theorem I11.3.7) immediately shows that both
problems (IV.8) and (IV.9) are approximately controllable in 1D at any time 7" > 0.

IV.1.1.3 Null-controllability

We shall now prove the null-controllability of (IV.8) and (IV.9), still in 1D, by using the moments method. We already
encountered this method in Section 1.4 in order to deal with the controllability of finite dimensional linear differential

systems.
The main difference here is that there is now a countable infinite number of frequencies in the system. In this
framework, this strategy were for instance used in the seminal papers [ , 1.

That is the reason why we will need to be able to prove the existence of a countable biorthogonal family functions
to the set of all real exponential functions present in the definition of semigroup of the operator. Moreover, we shall
need precise estimate on those families.

To begin with, let us introduce a few notations. For any A > 0 we define e[\] € L?(0, +00) to be the exponential

function
e[A] := (t — e_)‘t) .

When evaluating this function at time ¢ we shall write e;[\] = e~**. This bracket notation is motivated by the fact
that we shall need, later, to use the divided differences formalism recalled in Section A.3.
Let A be a family of real numbers in (0, +00) such that

1
Z 5 < +oo (IV.19)

We shall denote by R a remainder function associated to A (see Definition A.6.19). We will also assume the following
gap condition
A—ul>p, VA£peEA. (IV.20)

The theorems we need are the following (their proofs are postponed to Section IV.1.2).

Theorem IV.1.8 (Biorthogonal families of exponential functions in infinite horizon)

Let A satisfying (IV.19) and (IV.20).
There exists a family (qx o) aea in L?(0, +00) satisfying

(Q)\,ooa e[M])L2(0,+oo) = 5)\7;u VA> JURS A?

as well as the estimate
arooll22(0,400) < €M, WA € A,

where € : R — R is a function such that limg_, ; - £(s) = 0 that only depends on p and R.

Theorem IV.1.9 (Biorthogonal families of exponential functions in finite horizon)

Let A satisfying (IV.19) and (1V.20).
For any time T > 0, there exists a family (qx)xen in L?(0,T) satisfying

(QA,Tv e[:u])LQ(O,T) = 5)\,,11,7 V)" ®e Av

and the estimate
laxrll 2oy < KefMA, v € A,

where € : R — R is a function such that limg_, | o £(s) = 0 that only depends on p and R, and K > 0 is
a constant depending only on T, p and R.
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Those results can be made more precise if one has a sharper asymptotic behavior of the family A.

Theorem IV.1.10
Let N > 0and o € (0,1).

e [f the counting function of A satisfies an a priori bound
N(r) < Nr%, Vr >0, (IV.21)

then, in Theorems IV.1.8 and IV.1.9, we can take

C+logr
e(r) = T

where C depends only on o and N
o [fthe counting function of A satisfies an even more precise estimate
IN(r) = Nr®| < Nr®',  Vr >0, (IV.22)
with N > 0 and 0 < o/ < q, then, in Theorems IV.1.8 and IV.1.9, we can take

C

e(r) = 1=

where C' depends only on o, o/, N, N.

Using those results we can deduce the following two null-controllability results as follows.

Theorem IV.1.11 (Boundary null-controllability in 1D)

Assume that d = 1, Q = (0,1). Let Ty = {1} for instance. For any yo € L*(Q2), and T > 0, there exists a
control v € L*(0,T) such that the solution of (IV.9) satisfies y(T) = 0.

Proof :
Let T > 0 be given. For any v € L?(0,T), the solution y of (IV.9) satisfies

T
YD) o2 11y — (o e o\ -1y = / v(t)e” TG, gxdt, VA € A.
0
Hence, v is a null-control for our system if and only if the function u(t) < v(T — t) satisfies

T
e ) = [ ule Noronde, A€ A
0

where we used here that yo € L?(£2). We are thus led to find a function u € L?(0,T) that satisfies the following

moment problem
AT

T B _
/ u(t)e Mdt = {vo, $r)12¢ . VAEA.
0 Or P

From the properties of the eigenvalues A given in Theorem I'V.1.3 and Theorem IV.1.9, we know that there exists
a biorthogonal family (gy 7)xea to the exponentials made upon the family A. It follows that, as we did in the finite
dimensional setting, we may formally solve the moment problem above by defining

_ —uT
u(t) = Z up(t), with u,(t) = <y0’g“(>;26 qur(t), VpeA.
HEA TR
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Indeed, if this series makes sense (and if the following computation can be justified) we have for any A € A,

AT

! - ot —(y0, &3 2e”
w(B)e=M dt — (v, Bu)r2€ / dup()e N dt = W0 oL ,
/0 ( ) MEE;X ar¢,u 0 H’T( ) ar(b/\

:5/\#

and the claim will be proved. It remains to show the convergence of the series in L2(0,7T"). To this end, we will show
that it is normally convergent. Indeed we have

lyoll 2"
lwull 207y < Y (9,7l L2(0,1)> (IV.23)
om

and by the estimate given in Theorem 1V.1.9, we deduce that

K NJollL? ”yO HL 6—/,LT€€(,M)/L

u 2
ol < K (5255
1
< Cra, e—(T—e(n))
10,60l
Since lim o, € = 0 we deduce that for, for some o > 0, we have
1 —uT/2
HUMHL2(O,T) < CT,A,yome , YueA pu> po.
rPu

Finally, we use the bound from below for lﬁrqﬁﬂl given in Theorem IV.1.3, to deduce that

e—,uT/2
lwull 20y < C N Yu € A, p> po,

which proves, thanks to (A.15), that »_ [lul/r2(,r) < +0o and concludes the proof. |
HEA
We can use the same kind of proof in the case of the distributed control problem.

Theorem IV.1.12 (Distributed null-controllability in 1D)

Assume that d = 1, Q = (0, 1). Let w be any non empty open subset of ). For any yo € L*(Q), and T > 0,
there exists a control v € L?((0,T) x w) such that the solution of (IV.8) satisfies y(T') = 0.

Proof :
We start with the same formulation as before, for any function v € L2((0,T) x w)

T
WT), dx) 12 — (o) 12 = Jﬁ /fzmt,x>e-Cf—”A¢A<w>dmcu, VA€ A.

The solution vanishes at time 7', if and only if the function u(t, 2) & v(T — ¢, z) satisfies the following space-time

moment problem
T
/ / u(t, z)e Moy (x) de dt = —(yo, da) p2e M, VYA € A.
0 w

To solve this problem, we look for a biorthogonal family (Gx7)xea in L?((0,T) X w) to the family of functions
{(t,z) € (0,T) x w s ¢r(x)e *}. We propose the following family

) der Or()

(j)\7T(t,£L‘ = Hgb)\”2 Q)\,T(t)a V(t,x) S (O,T) X Q, VA € A,
L2(w
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and we indeed check, by the Fubini theorem, that for any A, u € A, we have

/ [tz @i = w (/ W““) </ ”’T“)“tdt>:‘”’“‘

:5%#

Finally, we can define a formal null-control u by the series

us Zu“, with u,, (t, ) = —(yo, du)r2e "G r(t, T).
HEA

It remains to check the convergence of this series by computing

_ - _ Hq T ‘LQ 0,7
lunl 201y < 9o llz2e ™ NGuirlz2(omy ey < Ilyoll oo™ =0,
[ dull L2
so that, for some pg > 0,
1 _
HU,U«HL2((0,T)><UJ) < Kyo,T,Ai MT/Z’ Yu € A, i > pg-
Ppll 22 w)

Using the bound from below for ||¢,| 12 () in Theorem IV.1.3 and (A.15), we conclude the convergence in L*((0, T')
w) of the series that defines u and the claim is proved. |
IV.1.2 Biorthogonal family of exponentials

The main goal of this section is to prove Theorems IV.1.8 and IV.1.9. Let us consider a given family of positive
numbers A that satisfies, for the moment, the summability condition (IV.19).

IV.1.2.1 Blaschke products

Let us define C™ to be the complex half-plane

Ct¥ {zeC,Rez>0}.

Proposition and Definition IV.1.13
Under assumption (IV.19), for any L C A, the following product

defH” -, vzech,
,uGL

is well-defined and holomorphic on C*. Its zeros are exactly the points in L.
Moreover, we have the lower bound

WL (2)| > |[WL(Rez)|, VzeC . (IV.24)

Proof :
In the case where L is finite, the existence and holomorphy are straightforward. Assume now that L is infinite and
let us fix M > 0. We write
Wi(z) = W (2).W[ (2),
with
n—z
p+z’

W () =

peL
p<AM
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w—z
Wi(z) = L
neL p
u>4M

Since L N [0, 4M] is finite, the well-posedness and the properties of W are clear. Let us study the other factor W;
on the open half-disk Dy & C* N D(0, M).

For any pn > 4M, and z € D);, we have
2|z  2M

<—<—=1/2

i
otz

_ 2z
= e

and thus, using that, for any w € C such that |w| < 1/2, we have

w|
| 1 < <2
Jlog(1 + )| < =707 < 2lul,
we obtain that
‘ <,u—z)‘ 4)z| _ 4AM
log (L=2) | < 22 < 225
[ v v

By using (IV.19) we get that the infinite product WZ“ is uniformly convergent in D, and has no zeros in Dy;. The
claim is proved.

Finally, to each € L and z € C*, since 1 > 0 and Re z > 0, we have
2 (u—TRe2)?+ (Imz)?

= >
(W+Rez)?+ (Imz)? —

(n— Rez)
(u+ Rez)?’

w—z
Btz

which implies the last claim. [ |
In addition to the summability property (IV.19), we assume now that a weak gap condition is satisfied: there exists
an integer p > 1 and a p > 0 such that

#(AN[u,p+p)) <p, Ypu>0. (IV.25)

For p = 1, this is nothing but the usual gap condition (IV.20). The weaker assumption (IV.25) will be useful when we
will tackle the boundary null-controllability issue for coupled parabolic systems in Section V.4.2.
With those assumptions, we can prove the following estimates on the Blaschke product Wi,.

Proposition IV.1.14

Let p > Q0 and p > 1 an integer, we assume the weak gap condition (IV.25) and the summability condition
(IV.19). Let R be a remainder function for A.

There exists a decreasing function r +— (1) such that lim,_, ;- €(r) = 0, depending only on p,p and R
such that, for any L C A, we have

< e Vg >0, such that d(x,L) > p/2.

‘ WLl(-T)

In particular, for any A\ € A, we have

S 65(/\))\
W (A) ’
Proof :
We fix > 0 such that d(x, L) > p/2. Our goal is to bound the quantity
1 H 1+ 2
x
WL(x) o€l o
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We introduce the following convergent products

Q@) = T (1+3).

oel
def €T
p@ =L~
o€l

and we study separately those two expressions.

1. Bound from above for ().
Let us fix some value of 0 < zg < x that will be determined later and we write ) as the product of ()1 and ()2

defined by
def xr def x
Qi) = T <1+5), and  Qa(z) = ] (1+;>.
el o€L
o<z o>z

e In ()1 we have 0 < x(y < x sothat 1 + % < %I and it follows from Proposition A.6.18 that

log Qi(z) < ) log <2;>

oel
o<xo

2z
<N(zo)log (inf A>

<N (zo)log (2R(0)z)
<R(0)zglog (2R(0)x)

)
where we have used (A.13) to get N (zg)/zo < R(0) and (A.14).
e In ()5 we use the bound 1 + % < /7 to obtain

log Q2(x) < g <y gg 2R(z0/2).

oel oEN
o>x0 o>x0/2

Finally, we have proved that
log Q(z) < R(0)xglog (2R(0)z) + zR(x0/2).

Choosing z¢ = z/(log x)?, we eventually get

log Q(z) < z [R(O)WR(O)@ +R (x)] : (IV.26)

(log z)? 2(log x)?

2. Bound from below for D.

We write D as a product of four terms
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e All the factors in D; are larger than 1 so that Dq(z) > 1.

e In the term Dy we notice that we necessarily have o < x — p/2 since d(z, L) > p/2. Therefore, we can
write

logDa(x) = Y log <$ - U) :

oel
z/2<o<x—p/2

r— 0o
> e,
X
ocl

z/2<o<z—p/2

v

xz—p/2 1
—l0g(p/20)N1(& — p/2) ~log(1/2)No /D) + [T Nyt
x/2 Z
/2
—L0g(p/)Nu(w - p) - l(2)NL (o~ p/2) + log(IN(/2) + [ . N~ ) di
/2 Ni(x — p/2) = Np(z — u)

du.

—(log2) [N (2/2) — Np(x — p/2)] /

p/2 u
Let us remark that, since L C A, we have for any s < r
Ni(r) = Ni(s) = #(L N (s,7])
< #(AN(s,7]) (Iv.27)
= Na(r) — Na(s).

We can then use the following two estimates on N = Ny for u € [p/2,x/2].

— The first one comes from Proposition A.6.20
IN(z —u) = N(z = p/2)| < (z - p/2)R(x — u) < 2R(z/2).
— The second one comes from the weak gap assumption (IV.25) that gives

IN(z —u) = N(z — p/2)| < #(AN [z —u,z — p/2])

Indeed, [z — u,x — p/2] can be splitinto | (u — p/2)/p] + 1 disjoint intervals of length less than p,
each of them containing at most p elements of A.

Let us now combine the previous two estimates as follows

IN(z —u) - N(z — p/2)| < ,/?R@m)\/&ﬁ,

®/2 N(x — p/2) — N(z — u) 2p @/2 1
/p du < pR(m/Q)\/E/p —du

so that

/2 u /2 Vu
<2 [2LRG/2Va/ a2
<C, ,o\/R(z/2).
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As a conclusion, we have proved that
log Da(x) > —(log2)xR(x/2) — Cp px/ R(x/2).

e The term Ds is treated in a similar way as Ds:

logDs(z)= > log <“ - m) ,

oL
z+p/2<0<2x

g—X
> E 1
- 0g< 2x >’
o€l
z+p/2<0<2x

=log(1/2)Nr(2x) — log(p/2z)Nr(x + p/2) — /+ fpt—x
a+p

¥ Np(z+u)— Np(z+p/2) du

p/2 u

2x 1

N (t) dt

=—1log2(Np(2x) — Np(z + p/2)) —

Y

we conclude by using (IV.27) and by combining the following two inequalities
IN(x +u) — N(x+ p/2)| <2zR(z + p/2) < 2zR(x),

2
!N@+U%4Wx+M%Mwa

as we did for Ds.

e For the term D4 we use that
1—u>e " VYucl0,1/2],

so that 1 1
1 — - > — - > — .
og Dy(z) > -2z > ~> -2 > — > —20R(23)
oel gEN
2x<c0 2x<co

All in all we have obtained

1
08 (77 <108 Q) ~log D(a)
log(2R(0)x) x

<Cp, |R(O R R(z/2 R(z/2

—D:p ( ) (10g$)2 Z(Ing)Q + (1"/ ) + (.73/ ) €z,
which is the expected estimate if we define €(x) to be factor in front of x in the right-hand side. By the properties of
R we have indeed that this ¢ is non increasing and that lim,_,~, £(z) = 0. [ ]
Remark IV.1.15

Note that the estimates on the terms Dy and Ds really need the gap condition. For instance, the following
basic estimate

logDa(z) > Y log (x . ”) ,

o€L
z/2<o<z—p/2

> —(N(z) — N(z/2))log(2z/p)
> —zR(z/2)log(2z/p),

is not sufficient since it may happen that x — R(x/2)log(x) does not tend to 0 at infinity.
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Corollary IV.1.16

Let p > 0 and p > 1 an integer, we assume the weak gap condition (IV.25) and the summability condition
(IV.19). Let R be a remainder function for A.

For any k > 0, there exists a decreasing function r +— &(r) such that lim,_, o, £(r) = 0, depending only
on k, p,p and R such that, for any L C A, such that we have

()"

<@ r > 0, such that d(z, L) > 3p/A.

Proof :
Let z > 0 such that d(x, L) > 3p/4. We also assume that x > p/4 (if not the result is straightforward). Let I',
be the circle in the complex plane centered at = and of radius p/4. By the Cauchy formula we have

1\® K[ (/W) (z)
() =i [ 2
Ck

)" < 2l

so that

TR er, [ Wi(2) |

We can use (IV.24) to deduce

ol

( 1 ><k> @) < Ch .
— )| < —/= up
Wi, pk+1 yElz—p/4,2+p/4] WL(y)

Since any y € [x — p/4, x + p/4] satisfies d(y, L) > p/2, we can use Proposition IV.1.14 to obtain

(k)
‘< : > (55)| < %es(y)y < Ch e=@=p/H(z+p/4)

WL pht1 pFt1

which concludes the proof of the claim, by changing the definition of the function €. [ |

IV.1.2.2 Biorthogonal functions in L?(0, +0c). Proof of Theorem IV.1.8

In this subsection we assume that A satisfies (IV.19) and (IV.20).
We start by observing that for any A, 4 € A we have

1

=—. V.28
Nt (IV.28)

(e[l e[u]) L2 (0,400

For any subset L of A, we introduce the family £ < {e[u], n € L} in L2(0,+00). As defined in Section A.4, we
introduce 7¢, the orthogonal projection in L?(0, 4+00) onto Span &y,
For any finite subset L of A, we see by (IV.28) that the Gram matrix G', of the family &7, in L?(0, +0c0) is just the

Cauchy matrix
- 1
GL=(——)
L ()\ + u) AEL
neL

whose determinant is explicitly computable (see Proposition A.4.14) as follows

- () 11 (552)

AEL
A<p
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By usual results on Gram determinants (see Proposition A.4.9) we have that for any o € A and any finite . C A with
oédlL,

Ay
5(6[0]7 EL)2 = AzL )

and we finally obtain the explicit formula

S(elol, €)= o 1 (ZIZ)Q,

pe

that can be written as follows using the Blaschke product W}, introduced in the Definition and Proposition [V.1.13,
1
V20

A priori, this formula is only valid for a finite subset L of A. However, by Lemma A.4.7 we know that

(elo], L) = (Wr(o)]. (Iv.29)

5(Ua gA\{O’}) = nh—>H<;lo 6(07 5An\{0})?

where, for instance, we have chosen A,, = AN [0, n]. By (IV.29) and the uniform convergence property of the infinite

product we get
1 . 1
6(0, Envioy) = Ner lim [Wy,\ (0} (0)] = % Wa\(o} ()| > 0.

g N—00

Since this is true for any o € A, we deduce by Proposition A.4.12 that there exists a family (¢y,00)oea in L?(0, +00)
which is biorthogonal to £, and it satisfies

1
Wiy (o)

The proof of Theorem IV.1.8 is thus complete thanks to the estimate given in Proposition IV.1.14, with p = 1 in the
present case.

=20

1
190,00[| 22 (0,400) = (0, En\fo})

IV.1.2.3 Biorthogonal family on (0, 7). Proof of Theorem IV.1.9

Let us introduce the linear space spanned by all the exponential functions corresponding to A
Ej) ¥ Span(&y),

and the closures of this space in L?(0, oo) and L?(0,T), T > 0, respectively

def

def
FA,oo =

Ex0) Fyp S ERR00 T >0,

Restriction operator. For a given 7' > 0 we define I'5 7 to be the restriction operator

FA,T : f S FA,oo — f\[O,T] S FA,T,
which is of course linear, continuous and onto. We shall now prove that this operator is invertible. More precisely we
have:
Proposition 1V.1.17

Assume that A satisfies (IV.19) and (IV.20) and let R be a remainder function for A.
For any T > 0, there exists a Cr 1 > 0, depending only on T', R and p, such that

[ £lz2(0,400) < CroprlTarfllLzom), Vf € Faco- (IV.30)
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Proof :

By density, is is enough to prove (IV.30) for f € E5. We will use a contradiction argument.

Let us fix a 7" > 0 and assume that this inequality is false: then there exists a sequence (A"),, of subsets of
(0, +00) each of them satisfying the summability condition (IV.19) with remainder function R, the gap condition
(IV.20), and a sequence of functions f,, € En such that

[fnllL2(0,400) = 1, and [Can 7 full20m) < /7

Each f,, can be written

t) =Y ateN], (IV.31)

AEA™

where a} # 0 only for finitely many values of A\. From Theorem IV.1.8, we know that, for each n there exists a
biorthogonal family (¢} . )xean to Ean in L?(0, 00) that satisfies

1% ool £2(0,400) < €A, WA € A",

where ¢ is a non increasing function tending to O at infinity which does depend on n since all the A™ share the same
gap p and the same remainder function R.
Taking the inner product of (IV.31) by some ¢ ~, and using the biorthogonality property, we have, for any n and
any A € A"
ax = (fn, qg\L,oo)LQ(O,oo)‘

From the Cauchy-Schwarz inequality and the bounds above, we deduce that
la}] < eMA VA e A™ vn > 1.
Let us now introduce the holomorphic extension of f;,
2) < Z ave,[\], VzeC.
AEA™
By the estimate of a’} above, we deduce
|fn(z)| < 2 ea(A)Ae—)\Rez _ Z e A(Rez—e(N) ) (IV.32)
AEAR AEA™

Using (A.15), we get that the sequence (f,,)n is bounded on every half-plane C\ = {2z € C,Rez > n}, with > 0.
By Montel’s theorem, we deduce that ( f,,),, converges locally uniformly in C* towards an holomorphic function f.
By construction of (f5,), we also have [|['an 1 fnl[22(0,7) — 0 when n — oo which implies that f = 0 on (0, T').
Since f is holomophic in C*, we deduce by the isolated zeros principle that f = 0 everywhere in C.
As a consequence, for any S > T, we have

S S
| itora—— [Crwra—o

0 n—oo 0
We choose now .

SE 2 [ ——

) <R<O>>
By (A.14) and since ¢ is non increasing, we have
S n
(/\)gg, YAe A", Vn>1

Therefore, with this choice of .S, we deduce from (IV.32) that, for any ¢ > S and any n > 1,

)] < 3 e,

AEAR
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and thus, using (A.15), we get

o0 2
JAROTED

AEAT
<2R(0) Y e
AEA™
2
< URO)°
= S

It follows that
—+o00
[ il o
S S—o00

uniformly in n. Since ( f,,), is uniformly bounded on [S, +-o0] this implies

[Tinorase [Tinwa oo
s - s S—00

uniformly in n. All in all, we have finally proved that || fu|/z2(0,40c) — O which is a contradiction with the initial
assumption that || f,. || 72(0,4o0) = 1. The claim is proved. [ ]

Conclusion. Forany A € A, we set
def

o1 = (Tr ) oo (IV.33)
where () o0 )rea is the biorthogonal family to €4 in L?(0, +00) given by Theorem I1V.1.8. Notice that, by construc-
tion, we have ¢y o, € FA oo, s0 that formula (IV.33) makes sense.

We can now check that this family (gx 7) e satisfies the required properties

e Forany A, u € A, we have

(ox1> elu]) r20r) = (Ta ) @roo Tareltt]) 20,7y = (@r00 (Car) "' Tazeli]) 12(0,400) = Orp-
e Forany A € A, we can use Proposition IV.1.18 to get

lonrllzzom) < IT37) Mlarcollz2,400) = ITA 2000l 22(0,400) < Croprllarcoll 20, 100)

and thus, the bounds on (g oo )aen are transferred to (¢ 7)rca With the additional constant Cg , 7 in front of
the exponential. The claim is proved.

IV.1.2.4 Sharper estimates of the biorthogonal family on (0, 7).

In the case where we assume a suitable asymptotic behavior on the counting function of A, we can obtain an explicit
estimate of the norm of the restriction operator I'7 o as a function of 7" and then an explicit estimate of the norm of
the biorthogonal family with respect to 7" and A. In section IV.1.2.5 we will give, as an application, an estimate of the
control cost for our parabolic PDE as a function of the control time.

The remainder of this section is devoted to the proof of the following result which is a refinement of Proposition
IV.1.17.

More precisely, in this section we will only assume that the counting function N associated with A satisfies (IV.21)
for some N and some o € (0,1) (this of course implies (IV.19)). It is important to notice that we do not require any
gap assumption.

Theorem 1V.1.18

Assume that A satisfies (IV.21), then there exists C1 > 0, depending only on N and o, such that for any
T > 0, we have

11220 400) < CreST T ICarfll20my  VF € Facor
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Note that, all the constants C; in the statements and proofs of this section will only depend on the parameters N

and «.

The proof makes use of real and complex analysis tools. Our first goal will be to construct an entire function
satisfying the following properties.

Proposition IV.1.19

For any T > 0, there exists an entire function G  satisfying:
1. G\, is of exponential type T,
2. Gy (0) =1,
3. Gpo(iX) = 0forany A € A,
4. G, is square integrable on the real axis and satisfies

G Al L2y < Cae®™ 7.

Proof :

This function will be found as the product of two functions:

- an entire function F)y, depending only on A, that cancels on 7 A but which does not satisfy the expected estimates.

- a mutiplier function M, depending only on 7, and N that will let us produce a suitable bound on G .

e Step 1: An infinite product cancelling on iA.

Let us define

FA(z)défH<1+Z;>, 2 eC,

AEA

which is well-defined and holomorphic on C since the series % is convergent.

Lemma IV.1.20

The following estimate holds
|Fa(z)] < 7,

with

Proof :

We will estimate the logarithm of |F (z)| as follows

log [Fa(2)] < log <1 + ’i‘) .

A€A

Using the summability formulas in Proposition A.6.18, we get

GlOIS(O)

z| 4+ 1)
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e Step 2 : A suitable multiplier.

The function Fy constructed above is clearly not square integrable on the real line. We will thus now construct
a multiplier function M., depending only on 7 and of the parameters o, N of the counting function N, whose
role is to make the product F M, square integrable on the real line, still controlling its exponential type.

To this end, we set

C4 dzmc 40403,
and we consider a 7 > 0 such that .
CE
T < 174 (IV.34)
—o
Let L C (0, +00) be the following family
1
L &t B |
{T0+<C4> , N> },
with )
def (1—05)7' Tl-a -1
= | — —-C, .
0 ( Ca ) !
The assumption (IV.34) implies that 7o > 0 and that
1
1— e
inf L = <(CO‘)T> . (IV.35)
4

It is very easy to prove that the counting function N associated with L satisfies
Cy(r —ro)* =1 < NL(r) < Cyr®, Vr >0,
and of course

N (r) =0, r <inflL.

Lemma IV.1.21
We have the property

Proof :

We apply the summation formulas of Proposition A.6.18
1 1

leL
>* 1
= / 5 NL(r) dr

nfL T

> 1
< 04/ 5 dr
infL T

- 104 (inf L)*!

—

=T.
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We can now introduce the following multiplier

Mo (2) H sin(z/l)'

leL 2/l

Lemma I'V.1.22

— There exists Cs > 0 such that
|M,(2)] < Cse™?l, vz eC.

— There exists Cg > 0 such that

Ca o -125
|M,(z)] < e 2al#%+Csm T2 gy e R,

Proof :

— We note that, for any complex number z, we have

2k

B z |z
= kzm(_1>k(2k+1)! =2 @+ 1)

sin z

z

Thus, we clearly have
M (2)] < e(Zrer DI < ¢7lel,
by Lemma IV.1.21.
— We simply write for any x > 0

9

Mo ()] < H sin(z/1)

leL (L‘/l
and we use that the sinc function is less than 1 to obtain
l
M_(z)| < —.
M) <] -

leL
>z

Taking the logarithm, it follows

log [ M- (z)| < )" log (i)

leL
1>z

L[N,
0 r

xT
N,
_ &dr
infL T

</ 1 —Cy(r —ro) g

~ JinfL r

:log(x/infL)—C’4/x ( 1l ____ ™ )dr

mfL \(r—7ro)t7®  r(r—mr)l=e

. Cy . > o
<1 ) — S (2 — 1) — (inf L — r)® —
< log(w/infL) a <<x ro)* — (in ro) ) I /7«0 r(r—rg)l—® o

1

. C o . (e} (03 >
S log(flj/ inf L) — 24 ((.TJ — 7"0) — (mf L — 7'()) > + 047'0 /1 W dr.
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Using that (inf L — r¢)® = C%l’ the sublinearity of the function » — r and (I'V.35), we deduce that

flogr )+ L+ Y e a/ool d
og T — T T T.
g a o 0 470 ) 7"(7“—1)1_0‘

l—«

1
log |M,(z)| <logx — gma + <log
a

11—« 4

Since rop < inf L and using (IV.35), we obtain that for some C7 > 0 (depending only on «, and N), we
have

log 7

C __a
log |M-(x)| <logz — g +Cy <1 47 1—a> _
a

11—«
The claim comes the comparison between the logarithm and the power functions x +— x® and 7 — 71—«

e Step 3 : The final construction.

We can now consider the product function

def

GAr+(2) = FA(2)M,(z), Vz € C.

Using the above estimates on Fy and M, we know that G/ - is entire, of exponential type 7, and that it cancels
ateach z = i\, A € A and finally satisfies G5 ~(0) = 1.

Moreover, for any = € R, we have

so that, for some C, > 0 we have and so |G ;||z2 < Cae

(G s (z)] < o Colal™+Cor™ T

I

__a
Cor 1-

Estimates on sums of real exponentials and on generalized Miintz polynomials.

Proposition IV.1.23

There exists Cs > 0, such that for any T > 0 and any function f in Exyq0y = Span(e[0], e[A], A € A) that
we write
f=a0+ Za)\e[)\],
AEA
we have the estimate

. B Cor— T
Jim [ F(8)] = Jaol < Cse™™ " lall 20 20

Proof :

Applying the Paley-Wiener theorem to the function G'z 7 built in Proposition IV.1.19, we get the existence of a
function g , € L?(R) such that

and

GlOIS(O)

Gi+(2) :/ gAJ(t)eitZ dt,

—T

L
Cor 1-a

98,7l 22y = 1Ga L2y < Coe

F. BOYER - APRIL 23, 2021



66 Chapter IV. The heat equation

We compute the following integral

T T

f(t + T)QA,T(t) dt = fO /T gA,‘r(t) dt + Z fAeAT/ ef)‘tgAyT(t) dt

- AEA -7
= foGa-(0) + Z Fre NG (iN)
XeA

= fo,

by using the properties of G5 . The conclusion follows from the Cauchy-Schwarz inequality and the estimate of

||9A,r||L2(R)- [ ]
We recall from Appendix A.7 that the set of Miintz polynomial functions M (A U {0}) is the set of functions
defined as

=po+ Zml’ z € [0, +00),
AEA

where only a finite number of coefficients p) are non zero.
Proposition 1V.1.24
There exists Co > 0 such that for any T satisfying (IV.34) and 7 < 1 we have

p(0)] < Coe™ " IpllLeqa—r1y, Vp € M(AU{0}).

Proof :
We set
ft) = ple), vt>o0.

By construction, we have f € Eyygoy so that we can apply Proposition IV.1.23. Since p(0) = po we get

p(0)] < Cse™™ || fllz2(0.2m)-

Since 7 < 1, we can bound the L? norm by the L°° norm
p(0)] < Cse%™ || fll(0,2r)
< Cse%T T Ipll poo (e-2r 1)
Since e=27 > 1 — 27, we finally get
p(0)] < Cse™™ " |Ipllpoe(1-271),

and the claim is proved by changing 7 in 7/2 and adapting the constant accordingly. [ |

Theorem 1V.1.25

Let s > 0 and A be a closed subset of [0, 1] whose Lebesgue measure is at least s. Under the same
assumptions as above, we have

Pl oo (0inf 4y < Coe®* " Ipllpoeray, Vp € M(AU{O}).

Proof :
Let Ly C A U {0} be the finite subset corresponding to the non zero coefficients of p in the basis of M (A). We
define the interval Iy = [1 — s, 1].
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Let 77, 1, be the generalized Tchebychev polynomial corresponding to Lg and to the set I as defined in Appendix
AT
We use Theorem A.7.31 with I = I (since |A| > s = |I] and sup A < 1 = sup I;) and we deduce that

21l oo (0,inf 4) < [TLo,1. (0)] [Pl £oo )
Applying Proposition I1V.1.24 to T}, 7, (and 7 replaced by s) we get

o
[

|TL,1,(0)] < Coe®* 7,
and the claim is proved. u
We can now move to a similar L2 estimate.

Theorem IV.1.26
There exists Cg > 0 such that for any 0 < s < 1, we have

Ipllz2(0.1) < Croe?* " lpllzz(1_s1y, VP € M(AU{0}).

Proof :
For any s > 0 and p € M (A U {0}), we introduce the compact set

2
As = {IL‘ € [1 -5 1]7 |p($)| < \/?”pHLQ(ls,l)} )

Bs=[1—-s1]\ A,

and

Integrating |p|? on B, we get

2
2 2 2
P = [ 0P 2 2ol Bl

£

from which we deduce that
|Bs| < s/2,

and consequently
|As| > s/2.

We apply Theorem IV.1.25 to this set A, to get

-2 -2 [2
Ipll oo 0,1—5) < Coe™* " [Ipllpoe(a,) < Coe“®® \/;”pHL?(ls,l)a

and consequently
-2 /2
Ipll £2(0,1—5) < Coe™** \/?HpHLQ(ls,l)?

and finally

e 2
Cys™ T-a
|Mﬁm§%0+¥% SNW%H”

The claim is proved. u

We can now come back to our original problem and prove the expected result.
Proof (of Theorem 1V.1.18):
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of . 1 . .
We set \g = min (R(O)’ 1>. Let f = Y ycpane[A] € Exandlet 0 < ¢ < +o0. By using straighforward

changes of variable we get

- - 2
i i
/ yf(t)|2dt:/ D axe | dt
0 0 Ixea
: 2
:/ Za)\e_()‘_)‘O/Q)t e_AOtdt
0
ek , (IV.36)
1 Aot _A=Xo/2, .
= — axe o e "dt
Moo |3
1 A—Xg/2 2
:/ i Za;&n Ao dz.
e 20" |Nea

Let us define a new family A as follows

et — 2

R {W e A} C (0, +00).
Ao

By (A.14), we see that inf A > \g, and thus we have

(inf A) = Xo/2 _

inf A = _1.
2

0
In particular, the counting function N of this new family satisfies

~ 1
N(T‘):O, VT‘<§,

and, moreover

- - 1
N(r) = NXo/2+ Xor) < N(2X\or) < N(2r) < N2%r*, Vr > 3

since \g < 1. Therefore, N satisfies the same assumption as (IV.21) with N changed into N2,

A1 -
We then apply Theorem 1V.1.26 to g(z) = 3 AeA p,\x(AO 2> € M(A), that we reformulate by using formula
(IV.36) with £ = +00 and £ = —log(1 — s)/Ag. It follows

_ log(1—s)

+o00 __a
/0 [P dt < Crpe® M/O Y If)P .

Since —log(1 — s) < 2s forany s € (0,1/2), we deduce that

2s

+o0 __a Ve
/0 [F(B)2dt < Crperos ¢ /0 F)Rdt,

from which, for any 7' < %0 we can set s = T'\¢/2 and obtain

[ isora < o () SR
0 0

and the proof is complete for 7' < )%0 ForT' > %, the result is a straightforward consequence of the previous case. m
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IV.1.2.5 Control cost estimate.

By using the material of the previous section, we can now obtain an estimate of the control cost for the heat equation
(both in the distributed and boundary control cases).

Theorem I1V.1.27
The null-control v obtained in Theorem IV.1.11 (resp. in 1V.1.12) satisfies the estimate

C
vl 220,y < CeT [lyoll 2 ()

C
(FeSP- vl 22 (0,7 xw) < CeTHyOHL%Q)) :

where C does not depend on T and .

Proof :

We use here the precised Weyl’s law for the elliptic operator A defined in (TV.1) that says that the counting function
associated with A = Sp(.A) satisfies

IN(r) = NVr| < N,

where N depends only on the coefficients appearing in the operator A.

With this information at hand and the sharp estimates given by Theorems IV.1.10 and by Theorem IV.1.18, we
can conclude that the biorthogonal family (g 7)xea associated to the spectrum of A satisfy the estimate

C
lonTl 2o < CeTeCYA, VA € A,

where C' does not depend on 7.

Coming back, for instance, to the proof of Theorem IV.1.11, we find that for any p € A, the estimate (IV.23) now
leads to

lwoll ¢ _ur ¢
luull 20y < C—=eTe He VE,
14 (7 ) \/:E

Young’s inequality gives

so that we finally obtain

lwoll ¢ _ 1o
lull 20y < C'=eT e #/2,
14 (7 ) \/IE

for a constant C’ that does not depend on T'. The end of the proof is now the same and the cost of the control is
obtained by summing all those estimates that makes appear the expected exponential term depending on 7.

The argument is exactly the same in the case of the distributed control. [ |

IV.1.3 The multi-D case

This will be the opportunity to encounter our first Carleman estimate. Those are weighted a priori estimate on
solutions of PDEs that imply many important qualitative properties for those PDEs such as unique continuation,
spectral estimates, and so on. We refer for instance to the references [ ]and [ ].
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We first state the following two estimates without proof. We shall actually give the proof of a slightly more general
estimate in Section I'V.3.

Theorem IV.1.28 (Boundary Carleman estimate)

Let T be a non empty open subset of ). There exists a function ¢ € C*(Q), a C > 0 and sy > 0 such
that, for any u € H*(Q) N H () and any s > so, we have

e ullaey + slleVultaq < € (e Aulfa g + slle*onulla) av:37)

Theorem I1V.1.29 (Interior Carleman estimate)

Let w be a non empty open subset of ). There exists a function p € C*(Q), a C > 0 and a sy > 0 such
that, for any u € H*(Q) N H () and any s > so, we have

53”63901/,”%2(9) + SH@S(PVUH%Q(Q) S C <|’€S¢AU||%2(Q) + S3H€S<PU”%2(DJ)) . (IV38)

Proposition 1V.1.30
Let w C Qand ' C 0X) as before, then the eigenfunctions of A satisfy

[0l r2(w) # 0, and |0,¢|| L2(r) # 0, Vo € Ker (A—X)\ {0},VA € A.

Proof :
We start from the equation satisfied by ¢ under the following form

—v(A¢) =2V - Vy — (Av)¢p + ag = )\,

which gives

A¢:a—A¢_2V¢-V’y_ﬂ
Y y Y

¢.
We deduce the pointwise inequality
|A¢| < Cany(1+ [A])|9] + C5 V.
e Assume first that ¢ = 0 on w. We can apply (IV.38) in which the observation term cancels and we get
e @ll72(q) + slle™* Vol Ty < C(L+ M) €972y + Clle™? Vel 2(q)-
Taking s large enough (depending on k) we can conclude that
e 6|22y + 1€ Vb [z < O,
which implies ¢ = 0 and thus a contradiction.

e If we assume that 0,,¢» = 0 on I, we apply the same reasoning with the other Carleman estimate.
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Remark IV.1.31

The reasoning above shows that for s = C1 A2/3 e have
$*[1€%2||72(q) + sl Vo||72() < C5°[le* |72,

Since |9 12(q) = 1, we deduce
||¢||%2(w) > 06_035 — 06_0‘0‘2/3'

Similarly, we can show
2
1072y = Ce™ P ",

However, with the above elements, we have proved the approximate controllability properties for the heat equa-
tion. Indeed, using the Fattorini-Hautus theorem (Theorem II1.3.7), we see that the claim of Proposition 1V.1.30
exactly gives the following result.

Theorem I1V.1.32

Under the above assumptions, both problems (IV.8) and (IV.9) are approximately controllable from any
initial data yo € L*(Q) and at any time T > 0.

IV.2 The method of Lebeau and Robbiano

In order to deal with the null-controllability problem in dimension greater than 1, we will need a much stronger
spectral property for the eigenfunctions of A.

More precisely, we will prove the following spectral inequality (taken from [ ], see also [ 1) that will
be crucial in our analysis.

Theorem 1V.2.33 (Lebeau-Robbiano spectral inequality)

Let Q) as before and w a non empty open subset of §). There exists a C > 0 depending only on «, v, w such
that: for any p > 0 we have

Il z2() < CeVF Dl 120 » Vo € Ep,

where E,, is defined in (1V.6).

Remark IV.2.34

The above spectral inequality (as well as the proof below of the controllability result) does not hold for the
boundary control problem. This is very easy to see, even in 1D for instance, that for any two eigenvalues
A # p, we can find a non trivial linear combination ¢ = axx + a,d, such that 8y p|,—o = 0.

The above spectral inequality can be proved by means of another kind of global elliptic Carleman estimate that
will be proved in Section IV.3. We only give here the simplified version of this Carleman estimate that we need at that
point and proceed to the proof of the spectral inequality.
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Proposition IV.2.35

Let Q) and w as before. Let T* > 0 be given and we set Q = (0,T*) x Q. There exists a positive function
¢ € C?(Q) such that Vp(T*,.) = 0 and C, so > 0 such that:

For any s > sq, and any function u € C?(Q) satisfying u(0,.) = 0 and u = 0 on [0, T x 99, we have the
estimate

836254,0(T /|u |2 <C«S€28(p /|vmu T* )|2+CS/|634P T’LL(O )|2

+ 2] (2u — Au)|[a )

Proof (of Theorem 1V.2.33):
Let us consider any element v € FE,,, that we write

”:ZWGE#»

AEA
A<p

with vy € Ker (A — \) for each \. We define the function v : Q — R as follows

sinh \FT
—————uz(x).

This function is the unique solution of the following Cauchy problem for the elliptic augmented operator 92 — A,
indeed we have

u(0,.) =0, 9:u(0,.)=wv, (02— A)(u)=0.

We can apply the above Carleman estimate to this particular function u and find
s3e25#(T / lu(T*,.)|? < C’S/ |e57(0) |2 4 Cge?se(T / IVou(T*, ). (IV.39)

Let us compute the norms at time 77:

e Since the vy, are pairwise orthogonal in L?(2), we simply have

. loall32, . . .
/'“(T")'QZZAL?\ h(VAT")? > E Joall3] sinh (VAT") 2. (IV.40)
Q AEA H\en
A<p A<u

e For the gradient term, we first observe that
‘/Ww@ﬁWSC/VWw@ﬂN C{Au(T, %), u(T* C/Mu
Q Q
§OMMﬂﬂm@ﬂ»mm+OAm@nn

Then we use that, for any A, \’, we have

(Avy,va) 2 = NJoal| 22050

to write
(Au(T*, ), u(T*,)) = Y oAl fz] sinh(VAT)2.
AEA
AZp
Using (IV.40), we have finally proved that
/ IVou(T*, ) < CA 4+ p / lu(T*, )% (IV.41)
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Using (IV.41) in (IV.39), we have finally obtained
s3e25% T)/ lu(T*, )|* < Cs/ ]es‘po )v|2 —l—C’seQS“’(T (1+ p) / lu(T*, )%

Since this inequality holds for any value of s, large enough, we see that we can choose s = C \/p for some C in order
to absorb the last term by the left-hand side term of the inequality. It remains, for this particular value of s

3/2 C\fap /’u |2<C\/>/’ec\fap ’U|2
and then, changing the values of the constants if necessary, we get
C
[ @ )R < ST,

To conclude, we use the inequality |sinh(¢)/¢| > 1 for any ¢ € R, to write

2

. sinh(ﬁT*)

/ |U(T ’,)|2 — Z HU)\H%Q \/X| Z CT* Z ||’U/\||%2 = CT*H’UH%z
Q AEA AEA
A< A<p

[
With this inequality at hand we can prove a partial observability inequality and a related partial distributed con-
trollability result. We recall that we assume that all the eigenvalues of A are positive.

Proposition 1V.2.36
There exists a C' > 0 such that for any time T > 0 and any p > 0, we have the following inequality

CeCVHi

le™™grI%

2 < [ 1€ Al ds. Var € B,

Note that the operator A is self-adjoint and thus the adjoint operator that we should have put in this inequality is
nothing but A* = A. Moreover, we also have B = B* = 1,, which explains the form of the right hand side.
Proof :

Since the space [, is stable by the operator A (it is built upon its eigenfunctions), we know that e (
belongs to F, as soon as g € E,. Therefore, we can apply the Lebeau-Robbiano spectral inequality to this particular
element of £,

T*S)AqT

(t—s)A

le™ qrl72i) < Ce“VF e T M|,

By the dissipation estimate (IV.5), we find that
le~™ar |22y < CeCVElle =D Aqr |2,

(with A1 possibly negative). We can now integrate this inequality with respect to s on (0, 7) to find

—T C T —(7—
rlle arla < CeV [ e gl

which gives the result. [ |
For any ¢ > 0, and 7 > 0, we consider the following finite dimensional control problem

{&ty + Ay = Py(1,v(t, 2))

(IV.42)
y(0) = you € Ep,
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with v € L?(0,7; E,). Since E,, is stable by A, this problem can be recast in the ODE form
y,(t) + Auy = BMU,

by setting A, = Ajg, and B, = P,(1,.). The state space is £ = E,, and the control space is also U = E,, with their
natural inner product.
We observe that
A, =A,, and B, = By,

Corollary 1V.2.37

Forany p > 0, 7 > 0 and yo,, € E,, the partial control System (IV.42) is null-controllable at time T and
more precisely, there exists control v, € L*(0,7, E,) such that the solution satisfies y(1) = 0 and such

that
¢CVE
HUAL”LQ(O,T;EN) < Cﬁ”%u”&-
Proof :

We simply use the results we proved in the finite dimensional framework and in particular the second point of
Theorem I1.7.25. [ |
Proposition 1V.2.38

Forany > 0, 7 > 0 and yo € E, there exists a control v, € L*(0,7, L*(Q)) for our original system
(IV.8) such that
P,uy(T) = 07
and
eCVE
Iolz0) < O = laolls
ly(m)llz < Cae®VE iy -
Proof :

We take v, to be the control for the partial control system obtained in Corollary 1V.2.37 with the initial data
Yo,u = Puyo. Let y be the solution of the full system associated with this control

Oy + Ay = Tuvg, y(0) = yo.
We apply the projector P, (which commutes with A) to get
O (Puy) + A(Puy) = Pu(lwvy), (Buy)(0) = Puyo.

This proves that P,y is the (unique) solution of (IV.42), and by construction we have P,y(7) = 0. Moreover, since
P, is an orthogonal projection in £, we have

lvullz207m) < CeVE| Puyolle < CeVE ol &
Finally, we write the Duhamel formula

y(t) =yo + /0 e_(T_S)ABUu(S) ds,

and take the norm in £ .
ly(T)lle < llyolle +/0 le™ T B, (s) | 2 ds.
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We use now the dissipation estimate for A4 (IV.5) (with A\; > 0 here) and the fact that B = 1, is bounded with norm
1. It follows

-
ly(Mll < llyoll e + C/O lou(s)lle ds < llyolle + CVTllvull 20,5 ).
and the conclusion follows by the estimate we got on the norm of v,,. [ |

Corollary 1V.2.39
Forany n > 0,0 < 7 < T and yo € E, there exists a control v, € L*(0,7, L?(Q)) such that

CVi
vullz2(0msm) < C w0l 2,
1% (0’1 ) \/7—

ly()ll5 < Coe®VE=% o |-

Proof :
The idea is to use the previous proposition on the time interval (0, 7/2). This gives us a control w,, € L?(0,7/2; E)
such that P,y(7/2) = 0 and

Cvi
w2200 /2:5) < C—= 9ol 25
wIIL2(0,7/2;E) \/F

ly(/2)||E < Coe®>VE|yo| .

Now, on the second half of the time interval we do nothing in order to take advantage of the natural dissipation of the
system and to the fact that all frequencies less than x have been killed at time 7/2. It means that the control we finally
consider is

on(t) = wy(t), forte (0,7/2),
: 0, fort € (1/2,71).

It is clear that v, and w,, have the same L2-norm. Moreover, since v, = 0on (7/2,7), we have
y(r) = e 2y(r/2),
and thus, since P,y(7/2) = 0, it follows by (IV.7)

TH

ly(M) e < e 2M|y(r/2)llp < C2e%2VF2 ||yol| .

Theorem 1V.2.40 (Lebeau-Robbiano null-controllability theorem [ D
For any T > 0, the heat-like equation (IV.2), is null-controllable at time T

Proof :
The idea is to split the time interval (0,7") into small subintervals of size 7;, j > 1 with

> =T
j>1
and to apply successively a partial control as in the previous corollary with a cut frequency p; that tends to infinity
when 7 — oo.
More precisely, we set

T )
BYR and Hj = ﬁ(QJ)Qa

Tj:2

with 8 > 0 to be determined later.
LetTj = > _; T forj > 1.
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ly(®)llz2(0)
Do nothing Control
/ low Do |
and so
lvollL2() freq. noth- nd
Control low < u2 ing
frequencies
= m /K !
0 koS X T T T m T
2 2 2 2

Figure IV.1: The Lebeau-Robbiano method

e During the time interval (0, 7) = (0,7} ), we apply a control v; as given by Corollary IV.2.39 with u = pq, in

such a way that
ey

V1
T1H1

ly(Th) || E < Coe®>VF="2 ||y -

€
vill 20,y < C lyoll 2,

e During the time interval (71,77 + 72) we apply a control v, as given by Corollary 1V.2.39 with p = po, in such

a way that

ec\/ 2

ly(T1) | &,

_ 71Kl T2H2
2 772 [lyolle-

< C
||U2HL2(T1,T2,E) > NG

ly(T2)||p < C2eC2WVitvin)

e And so on, by induction we build a control v; on the time interval (7};_1, 7)) such that
v
aki

y(Ty)l 5 < CFeC? Thar VAE=3 Tho Tt |1y | 5.

ol L2z 1 1y3m) < € 1y(Tj-) 2,

e By construction, we have

J J J J
Czkz\//Tk— ;kZTkﬂk = CQ\/BkZQk — ngZQk
=1 =1 =1 =1

= (Co/B— 5T * = 1)

We are thus led to choose 3 large enough so that

and we have obtained that for any j,
R
ly(T)lle < G303 Jlyoll -

e Going back to the estimate of the norm of v;, we have

CVrj

VT

< C?Qj/zc%‘—lec\/ﬁzf—ézf

e

lvillzecr;_1m) < C ly(T5-1)lle

llyolle-
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Wee that we can choose 3 even larger to ensure that

BEB—CVB>0.
We finally got the estimate

CCs 1o it i
il L2y 1) < ﬁw/QC’g e |lyol &

e All the previous estimates show that

2
Z ||vj||L2(Tj—17Tj§E) < +oo,
J=1

and in particular the function v that is obtained by gluing all together the (v;); is an element of L?(0, 7 E).
The associated solution y of the PDE is continuous in time on [0, 7] with values in £ and satisfies

S Aoit1
ly(TH)l < C3C3e™ " |lyollp —— 0.
Jj—o0

This implies y(7') = 0, since 7; — T" as j — oo.

The claim is proved.

Remark 1V.2.41
A careful inspection of the proof shows that one can take (5 of the form

a

B:ﬁa

with o > 0 large enough independent of T'. It follows that 3 and j3 will be proportional to 1T and therefore
we can obtain the following estimate on the control cost

c
[vllL20.7;8) < CeT [lyoll -

This exponential behavior of the cost in the limit T — 0 is actually optimal.

IV.3  Global elliptic Carleman estimates and applications

As we have seen below, the Carleman inequalities aim at giving global weighted estimates of a solution of a PDE
(here we shall specifically consider elliptic PDEs) as a function of source terms and of some partial information on
the solution itself either on a part of the boundary, or on a part of the domain. For a more complete discussion about
those kind of estimates (including some insights on the profound reasons why they are true) we refer for instance to

[ ; I

@O0 F. BOYER - APRIL 23, 2021



78 Chapter IV. The heat equation

IV.3.1 The basic computation
Let  be a Lipschitz domain of R? and ¢ € C?(£2,R) be a smooth function to be determined later.

Proposition 1V.3.42

For any u € C%(Q,R), and any s > 0, we set v = e*?u. The following inequality holds
[ (U0%)(V¢. Vo) = AplVeP) ol +5 [ [2AD*0) (V0. Vo) + Apl Vel
5 [ [Velouglol? ~s | dupionel
o0 o0
< - 23/ vVov - VAp + 32/ |Ap|?|v)?
Q Q

- s/ ang0|V||v|2 - 23/ Onv(V v -V ¢) + 25/ Apvdy,v
oN 0N oN

+ (e (Auw) |72 (y-

Proof :
We first write the following derivation formulas

Ve = (sVy)e®?,

Ae? = s%| V| + s(Ap)es?.

Then we set f = Awu and we compute
Vo = e**(Vu) + (Ve )u = e*?(Vu) + sVp(e*Pu) = e**(Vu) + s(Vo)u,

Av = A(e*u) = (Ae®?)u +2(Ve'?) - (Vu) + e*?(Au),

which gives
Av = 3| Vo2v 4+ s(Ap)v 4 25(Vp) - (Vo — su(Vp)) + 59 f,

and finally
Av = —5%|Vo|*v + s(Ap)v + 25V - Vv + ¥ f. (Iv.43)

We write this formula in the following form

<AU + sz\Vgva) + < —2sVy - Vo — 23Agov> =e*f —s(Ap)v.

-~

=Miv =M>sv

We write

2(Myv, Mav) 2 < ||Miv]|72 + 2(Miv, Mav) g2 + | Mav|[72 = | My + Mav||72q,
= [l f — s(Ap)v[|72 < 2[€* fII72 + 25% [ (Ap)]| 72

The two right-hand side terms are the ones we expect in the inequality. Let us now compute the inner product
(Miv, Mav) 2. We denote by ;; the inner product of the term number 4 of M;v with the term number j of Mav.
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e Term I1; : We perform two integration by parts

I = —23/ (Vo - Vv)Av = —232/ 0;p0;vAv
Q Ja

=2s Z/ O;V - Vuov + 2s Z/ 0;pVO;v - Vv — 25/ (Ve - Vv)o,v
—Ja —Ja o9
= 25/ D?p(Vv, Vo) + SZ/ 9;00; (|Vv]?) — 25/ (Vo - Vv)o,v
Q —Ja o0
= 28/ D?p(Vv, Vv) — s/ Ap|Vu)? + s/ | Vu|? — 28/ (Ve - Vu)opv.
Q Q [2/9] [2/9]
e Term [15: We perform one integration by parts

I, = —23/ ApAvv
Q

= 23/ (Ap)|Vo|? + 25 / (VAp - Vo)v —2s Apvo,v.
Q Q o0

e Term I3 : We perform one integration by parts
Iy = 253/Q IVo|*(Ve - Vo)v
= =5 [ IVel(ve- Dlof
== [ VP (an(oPve) - Aghl?)
= [ V(6R) - Vehl = [ aplVellol + 5 [ (A)ToPlol

e /Q (2D%0.(Ve, Vo) + Ap| V) o] — ° /a  Onel Vel ol

e The term Iy is left unchanged
I =25 [ (A¢) Vel
Q

Adding all the above terms and gathering all of them lead to the expected inequality. For the boundary terms, we
make use of the following formulas

VI = 0nf PP+ 1V 1%,
(Vf-Vg) =0nfOug +Vf Vg
]
If one wants to get some interesting information from the above huge inequality, we see that first two (volumic)

terms in the left-hand side needs to have the good sign, at least on some large enough part of the domain and/or the
boundary. More precisely, we would like that, for some 5 > 0 and some subsets K C ) and ¥ C 912, we have

2D2<p + A is uniformly $-coercive on K, (Iv.44)
2D%*p(Vp, V) — Ap|Vel* > B|Vel?, on K, (IV.45)
Vel > 8, onK, (IV.46)

Onp < —f, onX. av.4r)

Let us point out that we cannot expect those assumptions to be valid all together with K = Q and ¥ = 0€:
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e Imagine that assumption (IV.46) holds with K = ), then we know that ¢ has to achieve its maximum on the
boundary 0f2 which proves that (IV.47) cannot hold for ¥ = 0S).

e Imagine that (IV.44) holds for K = (), then by taking the trace we deduce that
(d+2)Ap > df, in(,

and thus, by the Stokes formula,

d
O = [ Ap>—=05IQ| >0,
| ow= [ a0z s
which prevents (IV.47) to be true with X = 0f).

Therefore, we will need to relax our requirements on K and X and that will lead to the observation terms in the
final Carleman estimate.

More precisely, it is possible to build suitable weight functions as stated in the following result whose proof is
postponed to Section [V.3.4.

Lemma IV.3.43

1. Boundary observation : Let I' C 0€). There exists a § > 0 and a function ¢ satisfying (IV.44),
(IV.45) and (IV.46) with K = Q and (IV.A7) with ¥ = 0Q \ T..

Moreover, we can choose o that satisfies

Ve =0, ondQ.

2. Interior observation : Let w C € a non empty open subset of (2. There exists a 3 > 0 and a function
o satisfying (IV.44), (IV.45) and (IV.46) with K = Q \ w, and (IV.47) with ¥ = 0f).

Moreover, we can choose  that satisfies

V”(p = 0, on 0f2.

IV.3.2 Proof of the boundary Carleman estimate

We may now prove Theorem IV.1.28. For the moment we shall not use the fact that v satisfies any boundary condition
in order to identify the precise point where this property will be used.

We take a function ¢ associated with I', as in the first point of Lemma IV.3.43.

We apply the inequality of Proposition 1V.3.42 with this particular function ¢ using its properties to get

3353/ ]v\2+sﬁ/ \Vv]2+s3ﬂ3/ v’2+35/ \8nv\2
Q Q OO\D HO\D
< IVols® / o] + 8/| Vg o / 10012 + 5 Volloo / IV 0f? + 25]| A o / [0][8]
T T o0 o0
+2||es¢’(Au)||%z(Q)—25/QUVU-VA¢+252/Q|Ag0|2|v|2.
Adding the terms s33% [ [v|* and s [} |Onv|* on both sides of the inequality gives
K / of? + 58 / Vol? + $76° / of? + 58 / 0,0
Q Q o0 o0
< 2|Vl / of? + 25]| Vg o / 180?45 Volloo / 1V 0f? + 25]| A 1o / (0] 8]
I T o0 o0

+ 2Hew(Au)H%Q(Q) - QS/QUVU -VAp + 282/@ |Ap|?|v|%
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We see that the left-hand side terms give global information on v and Vv in €2 and on v and J,v on 0f2.
The last two terms can be bounded as follows

—23/ vVu - VAp + 252/ \Agp[2|v\2 < Cysllv]| 2]Vl g2 + CQPSQHUHLQ
Q Q

< Cos®||0llZ + Co| V] 7.

We observe that the powers of s in those terms are less than the powers of s on similar terms in the left-hand side of
the inequality. Therefore, there exists a sp > 0 depending only on ¢, such that those terms can be absorbed in the
inequality. We get

Kr / of? + 58 / Vol + 267 / of? + 58 / 0,0
Q Q o0 o0
< Cys? / W 4+ s / Out]? + Cos / Vol + Cys / [oll0n] + 20 (A2 0.
I T o0 o0

The fourth term in the right-hand side can be estimated by using the Cauchy-Schwarz and Young inequalities as

follows
qos/ 018w 5@,52/ |v\2+C~’¢,/ B2
o0 o0N o0

It follows (thanks to the low powers in s of those terms) that, for s large enough, we can absorb those contributions
by the left-hand side terms in our inequality.
It remains the following inequality

5353/ |v|2—|—sﬁ/ |Vv!2+s353/ |v|2—|—sﬁ/ |8nv|2
0 Q o0 o0
<Cps? / 02 + Cps / B0 + Cys / 1950l + 20 (Aw)| 220,
T N o0

which is valid for any function u without any assumption on the boundary conditions.

The only term which is not an observation term is the third one in the right-hand side. At that point, we need to
consider the boundary condition for u. Indeed, if we assume that . = 0 (or equivalently v = 0) on 92\ T', we deduce
that Vv = 0 on 9Q \ T and thus we have

3353/ ]v|2+sﬁ/ \Vv]2+sﬂ/ |90
Q Q o0
<C,s? / 02 + Cps / B0 + Cys / 19502 + 20 (Aw)| 20,
r T T

which is a first suitable Carleman estimate with observation on I'.
The announced estimate is a particular case of the above inequality in the case where v = 0 on the whole boundary
09 (and thus Vv = 0)

58 [ o 45 [ [V 458 [ 1000 < Cs [ 1000 + 21 (B0
Q Q o0 I

We just finally need to go back to the function u. We first note that
o] = e*lul,

and
Vv = e*?(Vu) 4+ (Ve*?)u = e*?(Vu) + s(Vp) e’ u,
=v
so that we have
s|ePVul|? < s|Vu|* + 3| V|||
Moreover,
Opv = €*?(0pu) + u(0,e%%) = e*¥(Opu),

since © = 0 on the boundary. The claim is proved.
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IV.3.3 Proof of the distributed Carleman estimate

We may now prove Theorem 1V.1.29. We take a function ¢ associated with w, as in the second point of Lemma
1v.3.43.

We apply the inequality of Proposition 1V.3.42 with this particular function ¢ using its properties to get, for any
function v that vanishes on the boundary

538 / f? + 58 / Vol + 58 / Bu0]? <C,ps? / [0f? + Cps / Vol + 2 (Au) |23
Q\w Q\w o w w
+282/ |Ag02|v|2—28/vVv-VAg0
(9] (9]

Adding the terms s°3° / lv|? and s3 / |V|? on both sides of the inequality gives (with another value of the constant
C’<p) w w

85 [ foP 458 [ 1902 458 [ 100 <Cos® [ o + Cos [ V0 + 20 (80) B
Q Q o0 w w
+252/ \A¢|2|U|228/UVU-VA90,
Q Q

and we can now absorb the last two terms as we did previously, by assuming that s > sg for some sy depending only
on the weight function ¢. We finally get

5353 / [of? + 58 / Vol? + 58 / B0]? < O, / W[ + Cps / 902 + 20| (A2
Q Q o0 w w

This is actually a Carleman estimate with observation terms in w but we would like a little bit more, namely to obtain
a similar estimate without observation terms containing derivatives of v. Let us show how to obtain such an estimate.

To begin with we consider a small non-empty observation domain wy such that wy C w and we apply the above
Carleman estimate to this new observation domain (this imply to use a weight function ¢ adapted to this new obser-
vation domain). It follows that

85 [ o 458 [ 1902 458 [ 1000P <0 [ o +Cs [ V0 + 20 (B0) B
Q Q o0 wo wo

and we will now show how to get rid of the term fwo |Vu|?2. Let 7 be a non-negative smooth function compactly
supported in w and such that 7 = 1 in wy. We write by an integration by parts

s | |Vo? Ss/n\Vu]Q = —s/vVv-Vn—s/nv(Av).

wo

Then we use the equation satisfied by v (see (IV.43)) that we recall here

Av = e*?(Au) + s(Ap)v — s*|Vp|*v + 25V - Vo,

s/ IVu|? < G, <5/ |v[|VUH—s/ v|es‘P|Au+52/ |v[2+s3/ |U\2+52/ |v||Vv|>.
wo w w w w w

Since s > sq, we deduce

3/ Vo2 < C, <32/ vuw+s/ ]v|es‘P|Aul+s3/ UE).
wo w w w

to obtain
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The last term is the observation term we would like to keep at the end. The second term can be bounded by the
Cauchy-Schwarz and Young inequalities

s [ leleeiau <26 [Pz [ er @ <26 [ P+ 2le (b,

Finally, we also use the Cauchy-Schwarz inequality and the refined Young inequality to bound the first term as follows

1 1
52/ ]| Vo] :/53/2|vsl/2|Vv] < 85/ \w?+s3/ ]2 < Es/ |vu|2+53/ WP,
w w 2 J, 2e w 2 Jao 2e w

so that we can take € small enough (depending only on () such that the term in Vv is absorbed by the corresponding
term in the left-hand side of the inequality. The proof is complete.

IV.3.4 Construction of the weight functions

Our goal is to prove Lemma IV.3.43. We begin by constructing a first function with particular properties.

Lemma IV.3.44

Let U be a bounded domain of I&d of class C* and V' C U a non empty open subset of U.
There exists a function ) € C*(U) such that:

e ¢ =d(.,0U) in a neighborhood of OU. In particular 1 = 0 and 0,1 = —1 on OU.
e y>0inU.

o Vi) =£ 0 in the compact K ©U \ V. In particular, there exists o > 0 such that

VY| > a, in K.
Proof :
Using the Morse lemma, we can find a function ¢ that satisfies the first two properties and which has a finite
number of critical points in U, let say z1, ..., T, see for instance [ ]. Then we choose n distinct points 1, ..., Yn

in V. There exists a diffeomorphism G from U into itself such that G(y;) = z; and such that G(y) = y in a
neighborhood of OU. This can be done by considering the flow of a suitable compactly supported vector field. We
easily check that ¢ = ¥ o G satisfies all the required properties. [ |

We may now prove the second point of Lemma [V.3.43. We apply the previous lemma with U = Q2 and V = w.
We set ¢ = ¥ for A > 0. and perform the following computations

Vi = AVy)p,

D*p = MD*))p + N (V) @ (Vib)g,
Ap = A(AY)p + NV 2p.

e We first compute
2D%p + Ap = M2(D*P) + (Av))p + N (2(VY) @ (V) + Vi),

and we see that for any £ € R?

;(w% L AQ)LEE) = N2V - €2 + [VOPIER) — ACyle?
> (2T - ACy)|[.
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Therefore, since Vi does not vanish in K, we can choose A large enough so that
1 .
S0+ 8¢).(6,6) 2 ONIVYPIEP, in K,

and since ¢ > 1, we get
2D%p + Ap > CN*| V%, in K.

e We compute now

2D%p.(Vp, Vo) — Ap|Vp|? = N2¢? (2D%p.(Vih, Vip) — Ap|Vi[?)
= M2 (N2 VY| o + 2AD*.(V), Vi) — MAY) |V [*p)
> ¢P(Mat — CyN?), in K.

Here also, for X large enough we deduce that

2D%p.(V, V) — Ap|Ve|? > Ma?, in K.

Let us now prove the first point of Lemma IV.3.43. To this end, we consider a bounded open set U that contains
2 and such that 9Q N U C T. Then we choose some non empty open subset V' such that V N Q = (.
We build a function ¢ related with this choice of U and V, and we easily see that its restriction to {2 satisfies all
the required properties since
o0\ T c oU.

IV.3.5 A Carleman estimate for augmented elliptic operators with special boundary conditions
For T* > 0, we set @ = (0,T*) x ) be a time-space domain (even though the time variable here has nothing to do
with the physical time of the initial problem). We consider the augmented elliptic operator

Ary =024 A,

where the operator A (as well as V) only concerns the space variables. The complete gradient operator will be denoted
by

Vie = (07, V).
Note that all the analysis below still apply with A replaced by the general elliptic operator —.A, with suitable regularity
assumptions on 7.

Lemma IV.3.45

Let w C ) be a non-empty open subset of §). There exists a weight function ¢ € C*(Q) that satisfies the
assumptions (I1V.44), (IV.45) and (IV.46) on the time-space domain () and moreover

Onp <0, on (0, T*) x 09,
(=0rp) < =B, on{0} x (Q\w),
Orp < —f, on{T*} x Q,
Vaep(T*,.) =0, inf.

We use this function ¢ in Proposition 1V.3.42 on the domain () for any function « that satisfies

u(0,.) =0, in £,
u(r,.) =0, on 9 forany 7 € (0,77).
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Observe that u does not vanish for 7 = T so that u does not satisfy homogeneous boundary condition on 0Q). This
is why the Carleman estimate we will prove is different from the one developed above.
We obtain

Kr / wf? + 8 / Vs 025563 / (T, )2 + Bs / 0,0(T, )2 + Bs /Q 100,

<—s / O (T, )|V 40T, )2 + 201 (A 2 )

— 25/ V2V Vi Ar o + 232/ ’AT’IQD|2‘U|2.
Q Q

The last two terms can be asborbed for s > s( as before, and we can add the observation term at time 7 = 0 on w on
both sides of the inequality to obtain

80 [ Wl 58 [ [eanlt 05" [ ) 4 s [ iorotr o+ s / 6r0(0

< CS/ 10, 0( y2+03/ Voo (T, )P + Clle*? (Arpu)l|72(g)-

Coming back to the function wu, and using that ¢ does not depend on x at 7 = T, we have finally obtained the
following Carleman estimate.

Proposition 1V.3.46

For any s > sy, any u € C?(Q) such that u(0,.) = 0 and u(t,.) = 0 on O for any t € (0,T*), we have

33/ ewu12+s/ \eva,xuMS/ 9099 00, )2
Q

+ s3e2ee(T” / lu(T*, )| + se?# 1" )/ |0 u(T*, )2

< Cs [ 090,000, ) + CeoT /Q Vo, )2+ Clle*? (Brat) 22y

Remark IV.3.47

All the above elliptic Carleman estimates can be adapted to more general differential operators, like
—div (4V+) for a smooth enough diffusion coefficient -y (and even for in some non-smooth cases).

IV.4 The Fursikov-Imanuvilov approach

Contrary to the Lebeau-Robbiano strategy that amounts to build, step by step, a null-control for our problem, the
method proposed by Fursikov and Imanuvilov in [ ] consists in directly proving the observability inequality on
the adjoint problem.

IV.4.1 Global parabolic Carleman estimates

We shall derive and use now a new kind of Carleman estimates. Those inequalities will directly concern the solutions
of the parabolic operator under study.

The control time 7" > 0 is fixed and we set 0(t) = (T 7 We give the following result without proof (see [ 1,
[ Jor[ ]) since it follows very similar lines as the ones of the proof of the elliptic Carleman estimate (but
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with more technicalities).

Theorem I1V.4.48

Let w be a non empty open subset of ). There exists a function o € C?(QQ) such that

sup ¢ < 0, and inf |Vp| > 0,
Q Q\w

and for which we have the following property: for any d € R, there exists so > 0 and C' > 0 such that the
following estimate holds for any s > so and any u € C2([0,T] x Q) such that u = 0 on (0, T) x O

/OT/Q(SH)d 656“"u’2—I-/OT/Q(SH)d_2
<C </0T/w(89)d ese“"u’2 —|—/OT/Q(89)d_3

The sign + in the parabolic operator just means that the estimate holds true for both operators 9y — A and

Oy + A.

) 2
e’ “"Vu‘

oot ).

As usual we can extend, by density, this estimate to less regular functions w as soon as all the terms in the inequality
make sense.

Remark 1V.4.49

A careful inspection of the proof shows that the same estimate holds with the following additional terms in
the left-hand side
T 9 T
/ / (s6)" ¥ 0|+ / / (s6)"~
0o Jo 0 Jo

Notice that, since ¢ is negative and 6(t) — oo when ¢t — 0 or ¢ — T, all the weights in this estimate are
exponentially small near ¢ = 0 and ¢ = T". This explains why the estimate holds without any assumption on the values
ofuattimet=0ort="1T.

) 2
e’ ‘PAu‘

IV.4.2  Another proof of the null-controllability of the heat equation

With the above estimate at hand, we can directly prove the observability inequality we need.

Theorem 1V.4.50

With the same assumption as before, there exists C' > 0 such that, for any solution q of the adjoint problem

—0iq — Agq =0,

with q(T) € L?(S2), then we have

T
12(0)[1Z2 (0 §02/0 /\q(t,x)]zdtda:.

As a consequence, we have proved the null-controllability of the heat equation for any time T > (.

Proof :
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We choose d = 0 and take some s > sg; then we apply the Carleman estimate above to the function ¢. Only
keeping the first term in the left-hand side, we get

T 9 T
I
0 Q 0 w

Since ¢ < 0 and § > 0, we easily see that e*?¥ < 1. Moreover, we restrict the left-hand side integral to the time

interval (7'/4,31'/4) to get
s 2 T
N
% Q 0 w

On the interval (T'/4,3T/4) we have 0(t) < 16/3T2. We deduce that

2
esg@q) .

259 > 323 nle on (T/4,3T/4) x Q.

We have thus obtained for another value of C'

3L T
/T /!q\ZSC/ /Iq!2~
T Q 0 w

We use now the dissipation property of the (backward) heat equation which gives
lg(O)lZ2 < la(s)lI72(q). Vs € (0,T).
By integration on (7'/4,317'/4) we get

3T
2 T
oI < 7 [, la)lEo)
4

and the claim is proved by combining the last two inequalities. [ |
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Chapter V

Coupled parabolic equations

In this chapter, we would like to investigate controllability properties for coupled systems like (II1.3) and (II1.4). A
particular attention will be paid to the case where rank B < n, that is when there are less controls than components in
the system. We refer to the survey paper [ ] even though many results were published on this topic after
this survey.

V.1 Systems with as many controls as components

Let us first discuss the case where rank B = n (which implies that m > n). We can remove some (useless)
columns to B and assume that m = n and that B is invertible.
Theorem V.1.1

Let w be a non empty open subset of Q) and T' > 0 and assume that B is a square invertible n X n matrix.
Then, System (111.3) is null-controllable at time T

Notice that we do not make any structure assumption on the coupling matrix C'(¢, ), we only assume that C' €
L>((0,T) x Q).
Proof :

We propose a proof based on the global parabolic Carleman estimate. The adjoint system associated with (I11.3)
reads

—0iq — Aq+ C*(t,z)q = 0,

which can be also written, component-by-component for any i € {1, ...,n}, as follows

—0qi — Agi = — Z ¢ji(t, )g;.
J

We apply to each ¢; the Carleman estimate given in Theorem [V.4.48, with d = 0, the same value of s > sg and,
of course, the same weight function ¢. It follows that

T 9 T
S el <e 7]
0 Q 0 w

We sum over i all those inequalities and we observe that on (0, T"), the function #~2 is bounded to deduce that, for all

s > 8o
T 9 T 2 T
<C // + & //68%-2.
XZ:/O/Q Zi:o w ngj:o Q| J|

s6
e?q;

) T
oy / / (s8) %[0, 2.
j 0 Q

0 0
e*?q; e*?q;
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We see that, for s large enough (depending only on the data !), the last term is absorbed by the left-hand side term.

We deduce that
T 0 2 T
es Wq.‘ SC / /
S el =ex

Using the same arguments as in Theorem 1V.4.50, we arrive at

3L T
2 2
gl <C //q,
A A

Still denoting by |.| the Euclidean norm in R™, this reads

2
es@apqi‘ )

% 2 r 2
/T/Q|SC//|Q“
T Q 0 w

‘We use now the fact that B is an invertible matrix to deduce that for some other constant C', we have

3T T

4 2 * 12

[ [up<c [ [ V1)
L Ja 0 Jw

We would like now to use the dissipation argument. Because of the coupling terms we cannot simply use the
estimate (IV.5) for the heat equation. Instead we will prove an energy estimate for the backward equation which
implies that [[¢(0)|z2(q) can be bounded, up to a multiplicative constant, by |[q(s)||z2(q) for any s > 0.

To this end we multiply the adjoint equation (in the sense of the Euclidean inner product of R™) by ¢(¢, x) and we
integrate over €. It follows that

—/Q((?tq)-qda:—/QAq-quz—/Q(C*CJ)-qu-

Integrating by parts the second term it follows that

1d .
—/ \QI2dx+/ Vq|* dz = —/(C q)-qdr < ”C||L°°/ lq|* dz,
2dt Jq Q Q Q

in particular we have
d
~Zla®) () < 21C ) = llal®) 32

Using the Gronwall inequality we deduce that
lg(®)l L2y < €@ M= lg(s) | 20y, VO<t<s<T,

and in particular
la(0)ll 20y < "1 lg(s) | 20y, YO < s < T

Combining this inequality with (V.1) we obtain

T
0Ol <C [ [ 1B

and the observability inequality is proved as well as the null-controllability by duality. [ |
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V.2 Boundary versus distributed controllability

We first notice that, for the scalar problems we have studied before, the boundary and distributed controllability
problems are in fact equivalent in some sense.

e Distributed controllability = Boundary controllability:

Imagine that you are able to prove the null-controllability for our system for any choice of €2 and w, then we
can prove the boundary controllability by considering an extended domain §2 that contains {2 and which is built
in such a way that 2 N Q2 C T’y (see Figure V.1). Then we choose a region w C 2\ €.

We then extend our initial data yg to the whole domain Q and apply the controllability result with control sup-

ported in w on the new extended problem, let § € C°([0,T7], L?*(Q2)) be the corresponding controlled solution.
Since w N Q = (), we see that the restriction ofyy on Q, y = Y| satisfies the heat equation (without source term)

in (2. Moreover, since ¢ vanishes on 99 we see in particular that y vanishes on 02 \ I'g by construction of the
extended domain €.

It remains to set v = §r, in the trace sense, which is an element of L*(0,T; H 2 (I'p)) which is an admissible
boundary control for the original problem.

e

Figure V.1: Distributed controllability implies boundary controllability

e Boundary controllability = Distributed controllability:

A similar reasoning shows that the converse implication is true, see Figure V.2.

Figure V.2: Boundary controllability implies distributed controllability

The same arguments show that boundary and distributed controllability are equivalent problems in the case where
m = rankB = n.

However, in the sequel of this chapter we shall consider coupled parabolic systems with less controls than com-
ponents in the system m < n. One can easily see that, in this case, the above reasoning does not hold anymore and in
fact we will see that the boundary and distributed controllability systems may really present different behaviors.

V.3 Distributed control problems

V.3.1 Constant coefficient systems with less controls than equations

In this section we assume that C'(¢, z) is a constant matrix C, that m = rankB < n.

Proposition V.3.2

A necessary condition for the null- or approximate- controllability for (111.3) is that the pair (C, B) is
controllable.
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Proof :
Let y be any solution of (II1.3) and ¢ an eigenfunction of the Laplace operator associated with the eigenvalue A.
We deduce that the quantity

2(t) = (y(t), ¢a) 2 € RY,

solves the following equation

d

£z+)\z+Cz = Bu,\(t), (V.2)
where vy (t) = (v(t,.),ludr)r2 € R™. Then, the controllability of (III.3) implies the one of (V.2), which itself
implies that the pair (C' 4+ A\Id, B) is controllable and so is the pair (C, B). [ ]

Theorem V.3.3

Under the above assumptions and if we assume that the pair (C, B) is controllable, then the system (111.3)
is approximately controllable for any time T' > 0.

Proof :
The adjoint system reads
—0iq — Aqg+ C*q = 0.

Each eigenvalue of —A + C* is of the form A = o + p where 0 € Sp(—A) and 1 € Sp(C*) and any element in
Ker ((—A + C*) — \) can be written

P, = ji: }E:UUZ uﬂv

o€Sp(—A) i=1
uGSp(C*)
A=0c+u

where (Vg ;)1<i<n, is an orthonormal family of Ker (—A — o) and (®,,;)1<i<n, C Ker (C* — p).
When we apply the observation operator B* = 1, B*, we obtain

B*éAf: EE: j{: (uvaz QMJ-

c€Sp(—A
MGSP(C*)
A=0+u

Assume now that B*®, = 0. This implies, by the Lebeau-Robbiano spectral inequality (Theorem 1V.2.33), that

we actually have
0= Z ZUUZ B*®,, ;, Yxe.

oc€Sp(—A)
ueSp(C*)
A=0+u

Since all the functions (v,.;),; are orthonormal, we can take the L?(£2) norm and obtain

0= ZHB* will

c€eSp(—A
#GSp(C*)
A=0c+u

This implies that B*®,, ; = 0 for any 1 and any ¢. Since the pair (B, C) is controllable and ®,, ; € Ker (C* — 1), the
finite-dimensional Fattorini-Hautus test leads to ®, ; = 0 for any x and any 7 and finally, we find that ®, = 0.

It follows that our adjoint system satisfies the (infinite dimensional) Fattorini-Hautus test from which we deduce
the approximate controllability of the system. [ |
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Actually, a stronger result can be obtained by using Carleman estimates.

Theorem V.3.4

Under the above assumptions the system (111.3) is null-controllable for any time T > 0.

Proof :

To simplify a little bit the proof we assume that n = 2 and m = 1; however the same proof easily extends to the
general case.

Let us introduce the Kalman matrix K = (B, C'B) and we perform the change of variable y = K z to obtain

Koiz— KA+ CKz = 1,Bw,

Since K is invertible and KC = C'Z and B = K B, with

~ 0 C12 ~ 1
C = B =
() =)
the system is transformed into a cascade system
Oz — Az + Cz = 1,Buw,

that we write

Opz1 — Az + c1070 = lyv,
Opzo — Azg + 21 + co229 = 0.

The corresponding adjoint system is

— 01 — Aqi + @ =0,
— 02 — Aqa 4+ c12q1 + c22q2 =0,

and the observation operator if B* = 1,B* = 1,, (1 0), which is nothing but the operator that takes the restriction
on w to the first component of the adjoint state.

We notice that the approximate observability is clear from the elliptic Carleman estimate.

In other words, the observability inequality we need to prove for this adjoint system is

T
a1 ()32 + la2(0) 2200y = lla(O)]I32 < € /0 / g1l

As we have seen before, we already know how to prove the same inequality but with an other observation term
on w involving the term g3 but here we do not want this term in the inequality. The only way to get rid of this term is
to express go as a function of ¢; by using the first equation ¢o = 0;q1 + Aq1. However, this will make appear high
derivatives of ¢; that are not allowed.

We thus need to come back at the Carleman estimate level. To simplify the computations, we define the quantities

s | ' | oy

With those notation, we write the parabolic Carleman estimate for ¢; with d = d; and for g with another value
d = d2. Moreover, we will take into account some of the terms allowed by Remark 1V.4.49. For q; we get

2
esesof‘ .

J(dh q1, Q) + J(dl - 21 le? Q) < CJ(dlv qlaw) + Cj(dl - 31 3t£]1 + A(]17 Q)a

and for ¢o

J(d2) (127 Q) + J(d2 - 27 VQQv Q) + ‘](dQ - 47 8tQ27 Q) + J(d2 - 4) AQQ, Q)
< CJ(dz, q2,w) + CJ(dy — 3,0:q2 + Aga, ),
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We use now the equations satisfied by ¢; and ¢, to get

J(dlv q1, Q) + J(dl - 27 Vqla Q) < CJ(dla wa) + CJ(dl - 37 q2, Q)7 (VS)

J(d27qQ> Q) + J(dQ - 27 V(I2a Q) + J(d2 - 47 6#]2, Q) + J(d2 - 47 AqQ7 Q)
< CJ(d2,q2,w) +CJ(da — 3,q1,2) + CJ(d2 — 3,q2,9?), (V4)

In order to perform the following computations we choose now d; = 7 and do = 4 and we add (V.3) that we multiply
by some € > 0 and (V.4). We obtain

eJ(7,q1,Q) +eJ(5, Va1, Q) + J(4,q2,92) + J(2,Vq2,) + J (0, 0q2,2) + J(0, Aga, )
< CelJ(7,q1,w) + CeJ(4,q2,Q) + CJI(4,q2,w) + CJ(1,q1,Q) + CJI(1, g2, Q).

By chosing € > 0 small enough (depending only on the data) we can absorb the second term in the right-hand side
by the third one of the left-hand side. This value of € being now fixed, we will not make it appear in the sequel.
Moreover, we use that
C
(s0)' = (s0)*(s0) ™ < = (s0)*,

S

(s6)! = (s6)7(s6)© < &

876(89)77

to say that, for a well chosen s; (depending only on the data), and any s > s;, we can absorb the last two terms in the
right-hand side by the first and third of the left-hand side.
To sum up, we have now the following estimate

‘](77 qi, Q) + J(5a V(ha Q) + J(4’ q2, Q) + J(za quv Q) + J(Oa atq% Q) + ‘](07 Aq27 Q)
<CJ(7,q1,w) +CJ(4,q2,w).
We still have two observation terms and we would like to get rid of the one in ¢». It seems that we do not have make
great progresses compared to the estimate obtained in Section V.1. However, the additional term in the left-hand side,
as well as the different powers of (s6) in both terms is a real progress.
First of all we replace the observation set w in the above estimate by a smaller one wg (such that oy C w). This

requires of course to consider a slightly different weight function but we do not change the notation. We consider now
a function 1 compactly supported in w and such that 0 < 7 < 1and n = 1 in wy. It follows, by using the first equation

of the system that
T
T = [ [ ()
0

<[ ' / On(89)4

T
- / / n(s6)*e> % g5 (Bran + Aa).
0 w

2
689%(12 ‘

2
659@(]2 ’

We evaluate now the term (referred to as 1) in 0;q1 and the one (referred to as Is) in Ag; independently.

o In the term I;, we perform an integration by parts in time (observing that there is no boundary term since the
weight e25%¢ is exponentially flat in 0 and 7.

T T
h=— [ [ o) @ - [ [ nsts a0+ 25000) > g
0 w 0 w
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Using that #" < (02, and the Cauchy-Schwarz inequality (with a suitable repartition of the weights (s6)*® in
both terms), we get (for s > 1)

T
I S/ / 1(s0)*e*%|q10,q0] +C/ / (50)%e*%?| gaq1
0 w

SCJ(Ovatq27 ) J(87qlaw)2 + CJ(4’(]27Q) J(87q17w) .

NI
N
D=

Observe that we have mentioned 2 instead of w in the terms concerning ¢s since we actually don’t care that
there are supported in w (we will absorb them by left-hand side terms of the estimate). However, it is crucial
that the terms in g; are localised in w; those will contribute to the observation term at the end.

e In the term I we perform three successive integrations by parts in space (without boundary terms since 7 is
compactly supported), in order to make all the derivatives apply on g2 instead of ¢;. It follows

T T
—/ /77(8(9)46259“0ng -Vaq1 —/ /(89)46289“"QQ(V77+ 2s0Vp) -V
:/ /n(59)4 25950(AqQ )1 +/ / (s0) 4 259¢q1(Vn+230V<p) Vo
0

T
+/¢ (s6)'e*¥Vqa - (V) + 250V ) q
0

E

T
/ (50)*e*%° (An 4 25s0Ap + 250V - Vi + 45202 Vo |2 qaqn
0

<c / / (56)1¢>9%| Agljas] + C / / (56)5¢*9%| 1| Vo] + C / / (56)5¢>%| g1 go

<CJ(0, Aga, )2 (8,q1,w)7 + CJ(2, Vo, 0)2J(8,q1,w) % + CJ(4,q2,92)2.J (8, q1,w)?.

E

[NIE

We gather the bound on /; and the one on /5 and we use Young’s inequality to obtain
J(T,q1,) + J(5, Va1, Q) + J(4,q2,Q2) + J(2, Va2, Q) + J(0,0¢q2, Q) + J(0, Aga, Q)
<CJ(7,q1,w) + CJ(8,q1,w).
We finally obtained an estimate with a unique local observation term in ¢;
J(7,q1,2) + J(5,Vq1,Q) + J(4,q2,Q) + J (2, Vg2, Q) + J(0,0:q2, Q) + J(0, Ag2, Q) < CJ(8,q1,w).
We retain from this inequality only the terms in ¢; and g2
J(7,q1,9) + J (4,62, Q) < CJ (8, q1,w),

from which the observability inequality can proved the same way as before, by using dissipation estimatesonq. H

V.3.2 Variable coefficient cascade systems - The good case

In the case where the coupling coefficients in the system depend on z, we will see that the controllability properties
of the system may be quite different.

If we assume that the significant coupling coefficients (i.e. the ones that are responsible for the indirect action
of one controlled component of the system on the non-controlled components) do not identically vanish inside the
control domain w, the analysis is simpler. More precisely, as an example, we consider the following 2 X 2 system

Opz1 — A2y + + = luv,
{tzl 21 + c11(x)z1 + c12(x) 22 v V.5)

Orza — Azo + co1(x)z1 + c22(x)22 =0,
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and we assume that co; does not identically vanish in w, and more precisely : there exists a non-empty wg C w such
that
dwy C w, s.t inf ’621‘ > 0. (V.6)
wo

Using similar techniques as in the scalar case, based on elliptic Carleman estimates, we can prove the following
result.

Proposition V.3.5

Under the assumption (V.0), the system (V.5) is approximately controllable for any time T" > 0.

Proof :

We will use the Fattorini-Hautus criterion. Let ¢ be a (complex) eigenfunction of the adjoint elliptic operator
associated with the (complex) eigenvalue A. We assume that B*q = 1,q; = 0 and we would like to prove that ¢ = 0.
The equation satisfied by ¢ are

—Aq +cen(z)g +ea(x)ge = A,
— Aga + c12(z)q1 + co2(x)g2 = Ago.

By assumption, we have ¢; = 0 in wg and inf,,, |c21| > 0 so that the first equation leads to g = 0 in wg. We apply
now the global elliptic Carleman estimate given in Theorem IV.1.29 (for the observation domain wg) to ¢ and ¢ and
we sum the two inequalities to obtain for any s > s,

33H€S¢Q1H% ) 33’\€S¢Q2HL2(Q) < C(HQWA%HH(Q) + HGWAQQHH + 33H€WQIHL2(WO) +5°]e*Pgo| 7 wo))'
Since g1 = ¢2 = 0 in wy and using the equations to express Aqg; and Ags, we get

s°lle* a1l 2 + 5% el 2 q <C(m%XHCZJHL°° IAP) (le*?aull 2 () + lle*azll7aq))-
Taking s large enough gives
s3]|e%® —|—s3 e’¥ 9 < 0
|| q1 L q2 L > U,

and the claim is proved. u
In fact the following, much stronger, result holds.

Proposition V.3.6

Under the same assumption (V.6), the system (V.5) is null-controllable at any time T' > 0 (even if we allow
the coefficients c;j to depend on time).

Proof :
The strategy we used in Section V.1 can be applied exactly in the same way for such variable coefficients cascade
systems. The only point is to be able to express g as a function of ¢; in wg by writing

1
Q= — <3tCI1 +Aq — 0116]1>-
21

Details are left to the reader. [

V.3.3 Variable coefficient cascade systems - The not so good case

In this section we will consider particular cascade systems in which the support of the coupling terms do not intersect
the control region.

V.7)

oy + Ay + C(x)y = 1,Bv, inQ)
y =0, on 9L,
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with

It is clear that the strategies relying on Carleman estimates are not usable in such a case since we will not be able to
remove the unwanted observation term at the end as we did in Section V.1.

The general analysis of such systems (in particular in higher dimensions) remains an open problem at that time.
We will concentrate here on the case of the 2 x 2 systems in the cascade form, that is we assume that the coupling

matrix reads
0 0
C(x) = <021($) 0> . (V.8)

Most of the analysis will rely on a precise knowledge of the eigenelements of the operator

L= A+Cx)".

V.3.3.1 Description of the spectrum of £*
A very simple analysis, using the Fredholm alternative, gives us the structure of the spectrum of L£*.

Proposition V.3.7 (Spectrum of £*)

We have Sp(L*) = Sp(A). For any A € Sp(A), let ny = dim Ker (A — \) and ($xi)ic[1,n,] be an
orthonormal family of eigenfunctions of A associated with \. For each i € [1,n)] we define

I,\,i(621)d=ef/ co1|pxil? da.
0

1. Foreachi € [1,n,], the vector-valued function

q))\,i = <¢871> ’

2. Foreachi € [1,ny] such that I ;(co1) = O, there exists an eigenfunction of L* of the form

Y
Pai = <¢/\,i> ’

where QNS,\J is a solution of (A — )\)cz;,\,i = —C210\-

is an eigenfunction of L*.

3. Foreachi € [1,ny] suchthat Iy ;(c21) # O, there exists a generalised eigenfunction of L* satisfying
(L* = X) (W) = Py, of the form

by, = (ém)
T Ivi(ean) \@a) ]
where QEM is any solution of (A — )\)q;,\ﬂ; = — <021 - IM'(CQl)) Oxi-

Finally, the family {® ;, <i>,\7i, A\ € A, i € [1,n,]} is linearly independent and complete in (L?(£2))2.
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V.3.3.2 Approximate controllability in any dimension

By using the Fattorini-Hautus test, we known that the study of the approximate controllability of our system amounts
at determining whether or not the eigenfunctions of £* belong to the kernel of B* = 1, B*.

In any dimension, we have a sufficient approximate controllability condition which is the following.

Theorem V.3.8

Assume that co1 is continuous not identically zero and that co1 > 0, then the 2 x 2 system (V.7) with C
given by (V.8) is approximately controllable at any time T' > .

Proof :

By assumption on c21, we know that for any A € A and any 4 € [1,7n,] the number I ;(c21) cannot vanish since
it is the integral of a non-negative function which is not identically zero. Indeed, by Proposition IV.1.30, we know
that any eigenfunction of A cannot identically vanish on the non-empty open subset {x € 0, co1(z) > 0}.

Therefore, we know from Proposition V.3.7 that every eigenfunction ® € Ker (L* — \) can be written

By definition of the observation operator 5* we thus have

n)
B*® =1, (Z aA,z¢A,z‘> :
=1

Therefore, if B*® = 0 we deduce that a) ; = 0 for every ¢ thanks to Proposition I'V.1.30 and thus ® = 0.
From the Fattorini-Hautus test (Theorem I11.3.7), the claim is proved. [ ]

V.3.3.3 Approximate controllability in 1D

In the 1D case (see [ ]), we can give a more precise result which is a necessary and sufficient approximate
controllability condition. Since, in that case, each eigenvalue of 4 is simple we can use Proposition V.3.7 with
ny = 1 for any . As a consequence, we will drop the index ¢ in the notation. To get a complete analysis we will need
to introduce a function 1y linearly independent from ¢, and that solves the ODE

Ay = M.

Note that 1/ does not satisfy the Dirichlet boundary conditions.

Definition V.3.9

For any A € Sp(A), any interval [a,b] C [0,1], and any integrable function f, we define the following
element of R?

b
(f% ;j;j\> ) if[a7 b] noQt = ®7
My(f.[a, b)) = { Ve 252

<ff£@> ifa,b] N0 £ 0.
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Theorem V.3.10

Assume that ca1 identically vanishes in the control region w.
Then the 2 x 2 cascade system (V.7) is approximately controllable if and only if, for any \ € Sp(.A), there
exists a connected component [a,b] of Q \ w such that

M)\(Cgl(;s)\, [a, b]) 75 0.

Remark V.3.11

If co1 does not identically vanish in w, we already know by Theorem V.3.8 that the system is approximately
controllable, in any dimension.

Proof :

e Let us show that the condition is sufficient. To this end, we assume that the system is not approximately con-
trollable. By the Fattorini-Hautus test (see Theorem I11.3.7) we know that it necessarily exists an eigenfunction
® of L* associated with the eigenvalue A such that 5*® = 0.

— If I(c21) # 0, then we know that ® is necessarily a multiple of ) = (%\) and therefore B*® is a
multiple of 1,,¢, which cannot be identically zero.

— We thus conclude that I (co1) = 0, and thus up to a multiplicative factor ® is necessarily of the form

<Z>A>

d = ,

<¢A

where ¢, satisfies, along with the Dirichlet boundary conditions, the equation

(A—A)gr = —ca .

By assumption we have B*® = 0 which implies that ¢ = 0 on w.

- Let [a, b] be a connected component of €2 \ w, and let us compute by integration by parts

b b ~
/ eonldnf? de = — / (A= N)éa ) da
LU N TN

Let us show that all the terms in this last formula vanish.

s If a € Q, we have a € dw, and since we have assumed that ¢ = 0 in w, we obtain ¢y (a) = qg’/\ (a) =
0 and thus

(704dx) (@) = (vAda)(a) = 0.
s If a € O then ¢y (a) = px(a) = 0 thanks to the boundary conditions and thus we also have

(v¢hdx)(a) = (vdhoa)(a) = 0.

* A similar reasoning holds for the point b.

It follows that we necessarily have

b
/ 021|¢)\‘2 ClZL‘ = 0.
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— If, in addition, [a, b] does not touch the boundary of 2 we can compute similarly

b b )
/ c21P\U\ dx = —/ (A= X)pr)Ypdx

= [yd\unlh — [vdavill
-0,

by the same argument as before.

— Allin all, we have eventually shown that

M (ca1x,[a,b]) = 0,

and the claim is proved.

e Let us now show that the proposed condition is necessary. Let us assume that for a given eigenvalue )\, we have
M) (c216x, [a,b]) = 0 for any connected component [a, b] of Q2 \ w.

This implies, in particular that for any such [a, b] we have

b
/ corléa[? da = 0,
a

and since co; = 0 in w, we eventually find by summation that

/ 621|¢)\‘2d1’ =0.
Q
This exactly means that Iy (c21) = 0.
By Proposition V.3.7 we conclude that there any function of the form
® =) + ),
with 8 € R, is an eigenfunction of £*. In particular we have
B*® = 1,(dx + Bor).

We set ( = ¢~> A + Boy and we will determine (3 is such a way that { identically vanish in w.

— We will first find a value of 5 and a point z¢ € @ such that {(x¢) = ¢'(zo) = 0.

* If N OQ # 0, then we take any zop € W N JQ. We immediately have ((xo) = 0 and ('(z9) =
&\ (zo) + B\ (o). Since ¢\ (z0) # 0 we see that one can choose /5 such that (' (zg) = 0.

« If w N O = (), we consider [0, b] the connected component of €2 \ w that contains 0. By assumption,

we have )
/ 621|¢))\‘2 =0.
0

We can find a § > 0 small enough such that |b, b + 6[C w and ¢ (b + ) # 0. We can then choose
such that

0= ¢x(b+ ) + Boa(b + 8) = ((b+ ).

Since c91 = 0 in w, we deduce that

b+4d
0= / co1|da|? da
0

b+6
. /0 (AC = X)éx da
(3¢ (b + ),
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where we have used that (0) = ¢,(0) = {(b+ §) = 0.
Since (b + ) (b + &) # 0, we necessarily have ¢'(b + ¢) = 0 and therefore the point zg = b + ¢
fulfills our requirements.

— Let us show now that {(z1) = O for any point ; € w. Assume for instance that x; > xp. Since

We have thus found an eigenfunction & = (

[0, 1] N2\ w is an union of connected components of €2 \ w we have, by assumption

1 T
/ co1 || d Z/ 219\ dx = 0.

o o

Using again an integration by parts, the equations satisfied by (, ¢ and 5, and the fact that {(xg) =
¢'(zo) = 0, we obtain the two equations

0= —¢'(z1)Pr(z1) + ((z1)P)\ (21),
0= —('(x1)¥al(z1) + ((z1)Y (21).

Since ¢, and v, are two linearly independent solutions of the same second order linear ODE, we know
that the Wronskian determinant satisfies

éa(z1)  Ya(wr)

(z1) ()| 7

and thus we conclude that
C(x1) = ¢ (21) = 0.

The claim is proved.

¢

é ) of L£* such that B*® = 1, = 0 and thus (V.7) is not
A

approximately controllable, thanks to the Fattorini-Hautus test.

Some examples. Let us analyze some particular examples of such systems. We will see that many different situa-
tions can occur.

e We consider the set O = (1/4,3/4) and we take for some a € R

c21(z) = (z — a)lo(z).

— Subcase 1 : Assume that w C (3/4,1). The only connected component of 2 \ w that touches the coupling

GlOIS(O)

support O contains (0,3/4). In that case we know that the system is approximately controllable if and
only if

/ eor|éa2 dz £ 0.
O

A simple computation thus shows that
the system is approximately controllable <= a & {ay}aea,

where

[ aloxP
=240 VA e A.

;=S
/ ™
(@)
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— Subcase 2 : Assume now that w N (3/4,1) # 0 and w N (0,1/4) # 0. If a & {ar}rea, then it is clear
that the system is approximately controllable from the previous analysis. However, since the concerned
connected component of 2 \ w does not touch the boundary of 2, we have to check whether or not we

have
/ 2192 = 0.
o

This condition is not explicit in general but we can discuss a particular case where A = —d2. In this case
we have A = {k?7%, k > 1} and ¢y (z) = sin(v/Az) and 9\ (2) = cos(v/Az) and we can check that
ay =1/2forany A € A.

It remains to compute, for a = ay = 1/2,

3/4 _—1(—1)’“/2 if A = k272 with k even
c = x —1/2)sin(vVAz) cos(VAx) = { 8VA X ’
/0 21Px5 /1/4 (& = 1/2)sin(V ) cos(V Ax) {Z/\l(—l)(’f_l)/Q, if A = k2x? with k odd.

Since those quantities never vanish, we deduce that our system, for this choice of w, is always approxi-
mately controllable.

V.3.3.4 Null controllability in 1D
The main result in this direction proved in [ ] is, in a simplified version, the following

Theorem V.3.12

Assume that w in an interval that touches the boundary of ) and that ca1 = 0 in the control domain w.
Then there exists a time Ty(ca1) € [0, +00] such that

o ForT > Ty(ca1), the system (V.7) with (V.8) is null-controllable.
o ForT < Ty(ca1), the system (V.7) with (V.8) is not null-controllable.

Moreover, for any T* € [0, 00|, there exists a coupling function co1 such that Ty(co1) = T

Note that in the above reference a more or less explicit formula for Ty (co1 ) is given.
The proof strategy is the following

e Compute the eigenelements of the operator £L*. We find that the eigenfunctions are the

(%)

with the associated generalized eigenfunctions given by
(=)
or)’

e Case T > Ty(ci2) : the positive controllability result is proved by using the moments method.

for some explicit function v,.

e CaseT < Tp(cy2) : the negative controllability result is proved by showing that the observability inequality does
not hold for some well-chosen final data g built as a combination of the above two (generalized) eigenfunctions
of L*.

@O0 F. BOYER - APRIL 23, 2021



V.4. Boundary controllability results for some 1D systems 103

V.4 Boundary controllability results for some 1D systems

We will only consider here the following constant coefficient system in the 1D interval 2 = (0, 1)

{6ty+Ay+Cy:0, inQ2=(0,1)

V.9
Yy = 1{0}BU, on 0f2. ( )

We will point out the main differences with the distributed control problem for the same system.

V4.1 Approximate controllability
Proposition V.4.13

A necessary condition for the null- or approximate- controllability for (V.9) is that the pair (C, B) is
controllable.

Proof :
Let y be any solution of (V.9) and ¢, an eigenfunction of A associated with an eigenvalue A. Then, we obtain that
the quantity z(t) = (y(t), ¢a)r2 € R™, solves the following ordinary differential equation

d
prd + Az + Cz = +¢(0)Bu(t). (V.10)
Then the null-controllability (resp. approximate controllability) of (V.9), implies the null-controllability (resp. ap-

proximate controllability) of the reduced system (V.10). It implies that the pair (C'+ AId, ¢/, (0) B) is controllable and
since ¢, (0) # 0, this gives in turn that (C, B) satisfies the Kalman criterion. [ ]

Theorem V.4.14

Assume that m = 1 = RankB (the general case can be studied similarly).
System (V.9) is approximately controllable at time T > 0 if and only if the pair (C, B) is controllable and
the following condition holds

o+pu=o0+uy =o=0, (V.11)
forany 0,0’ € Sp(A) and p, i/ € Sp(C*).

Proof :
Each eigenvalue of £* = A 4 C* is of the form A = o + pu where o € Sp(.A) and p € Sp(C*) and any element
in Ker (£* — \) can be written
o= > Ge()V,
o€eSp(A)

RESP(C™)
A=0c+u

where each V), belongs to Ker (C* — p).

When applying the observation operator B* = B* % w0 W€ obtain
Boy=— > ¢,(0)BV,.
o€Sp(A)
HESP(C™)
A=0c+u

o Assume that Condition (V.11) holds. It implies that there is only one term in the sum above. It follows that
B*®y = —¢,(0)B"V,,

for a given o and a given u. Since we have assumed that (C, B) is controllable the finite dimensional Fattorini-
Hautus test proves that B*V,, # 0, and since ¢, (0) # 0 we deduce that B*®, # 0.

This proves the Fattorini-Hautus condition.
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e Assume that (V.11) does not hold. Then there exist 0,0’ € Sp(A) with o # ¢’ and p, i/ € Sp(C*) such that
oc+pu=0c +u.

We pick V,,, Vs two eigenvectors of C* associated with 1 and p respectively. Then, the function

4,0

(=) = By
m

¢,(0)
bo(2)Vy — BZ‘VM/ bo () Vi

which is well-defined since, by the Fattorini-Hautus test applied to the pair (C, B), we have B*V,, # 0 and
B*V,, # 0. By construction, ® is an eigenfunction of our adjoint operator £*. Moreover we have

* _ ¢;’(O) / *
5O =~ L 0B, +

¢5(0)
B*Vul

¢, (0)B*V,y = 0.

This shows that the Fattorini-Hautus test is not fulfilled by our system and thus it is not approximately control-
lable.

Remark V.4.15

Observe that Condition (V.11) automatically holds when C* has only one eigenvalue, which is the case for
instance when C' is a Jordan block, that is to say when our parabolic system has a cascade structure.

V.4.2 Null-controllability

Let us now study the null-controllability of (V.9). The usual Kalman matrix change of variable let us put the system
in cascade form (observe that it is crucial here that the same diffusion operator appears in each equation.

To simplify the presentation we assume n = 2 and m = 1 and thus we consider the following cascade system

O + Ay =0, in (0,1)
Oy + Ay +y1 =0, in (0,1)

y(t,e=1) = (8) Cand y(t,z = 0) — (é) o(®).

The proof will rely on the moments method for which we need a generalized version of the results given in Section
IV.1.2 and that we will present now.

(V.12)

V.4.2.1 More about biorthogonal families of real exponential type functions

We first generalize the definitions introduced in Section 1V.1.1.3, following the formalism of generalized divided
differences that we recall in Appendix, Section A.3

‘ —$)J
e[AUFD] &I <t — ( f) e’\t> € L*(0,00).
J!

We can then formulate the suitable generalization of Theorem IV.1.9 for taking into account the multiplicity of

OO0 F. BOYER - APRIL 23, 2021



V.4. Boundary controllability results for some 1D systems 105

the eigenvalues in our control problem. Its proof is postponed to Section V.4.2.3.

Theorem V.4.16 (Generalized biorthogonal families in finite horizon)

Let A be a family in (0, +00) satisfying (IV.19)-(IV.20) and let m € N*.
Then, for any T > 0, there exists a family (¢} 1) rea in L?(0,T) satisfying
T lefo,m]

€|0,m

(qg\,Ta e[u(j—’—l)])Lz(O,T) = 5A,u5l,j) VA, p € Alge [[O7m]]a
and the estimate
g5 7l 220,y < KDY, WA € A, V1 € [0,m],

where € : R — R is a function such that lims_, , o £(s) = 0 that only depends on m, p and the remainder
function R, and K > 0 is a constant depending only on T, m, p and R.
Moreover, if the counting function of A satisfies (IV.21) or (IV.22) then ¢ can be chosen as in IV.1.10.

V.4.2.2 Application to the null-controllability of (V.12)
Theorem V.4.17

For any initial data yo € (L*(Q))?, and any T > 0, there exists a control v € L*(0,T) such that the
solution of (V.12) satisfies y(T') = 0. Moreover, we have the estimate

C
vl 220,y < CeT |lyol| L2,

where C > 0 does not depend on T..

We first give the proof of the controllability result. The control cost estimate will be discussed in Section V.4.2.4.
Proof (Existence of the control):

The spectrum of the adjoint operator £* = A + is described in Proposition V.3.7 (with c3; = 1 here).

0
00
) = Ix(1) # 0 for any A, we deduce that for each \ € A, there

D) = (%A> )
= 0
q))\ = <¢A> )

B*®y = ¢\ (0), B*®y=0. (V.13)

Since, in the current setting we have ny = 1 and I\ (c21
is, up to a constant, a single eigenfunction

and an associated generalized eigenvector

and we observe that

We can immediately compute
{e_tﬁ P, = e_tA(I))\,

eitﬁ*(i))\ = eit)‘((i),\ — t(I))\).

In that case it is cleat that the family {®y, ®y, A € A} is an Hilbert basis of (L?(2))? (we actually only need that
it is complete) and therefore a function v € L?(0,T) is a null-control for our problem if and only if it satisfies the
following moments equations

T
e_T)‘<yo,‘I>,\>E:/ U(S)e—A(T—s)B*@AdS
0

T
e Myo, &r — TN ) p = / v(s)e M =B (D) — (T — 5) ) )ds.
0
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Those equations can be simplified using the definitions of ®}, ) » and (V.13) as follows

T
(o, &3 12 = / o(s)e T2 gs,
0

6—T)\
—TA

940)
T
5 (6 = Tl oz ) = [l = )T

Setting u(t) := v(T — t), we are now looking for a function u that solves the following moment problem

T
| et i =z,
0
T
/ u(t)et[/\(z)]dt = w}“T’yo,
0

where

—TX —TX
0 def € def €

WA Tyo = W(yo,h@)m, and W) 1, = M((?Jo,%@)ﬂ - T<y0,17¢/\>L2>-

This moment problem can now be solved by using the generalized biorthogonal family given by Theorem V.4.16 (with
m = 1 in the present case) as follows

u(t) = Z (WE)\,T,yOQE)\,T(t) + W}\,T,yoq,l\,T(t)) .
AEA

Indeed, by the estimates given in the Theorem and the definition of the terms w, we find the convergence of the series
in L2(0,T), exactly as we did in the proof of Theorem IV.1.11. Moreover, it clearly satisfies the required moment
problem by construction of the biorthogonal family.

V.4.2.3 Proof of Theorem V.4.16
As we did in Section IV.1.2, we will start by proving the result with 7' = +o0, then we will present the restruction

argument to justify the construction in the case 7" < +o0.

Infinite time horizon. Assume that A satisfies (IV.20) and (IV.19) and let A € A. For any h > 0 we introduce the
new family

éLJA—l—jh

and the subset

Ly = [J@AN AN} +jh).

Cs

0

J

Lemma V.4.18

Assume that h < =L, then the family Ay, satisfies the weak gap condition (IV.25) with the gap p/2 and
p=m+ 1 B
Moreover, Ay, has a remainder function R which only depends on R and m.

Proof :
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e Assume that (IV.25) does not hold for Aj, with the given parameters. Then, for some i > 0 we have

#(AN [+ p/2)) >m+ 1.

In particular there are two elements in [u, 1 + p) that are of the form A + ik and N + jh with A # X and
i,7 € [0, m]. In particular we have

[(A+ih) = (X' + )| < p/2,

and thus
IAN=N|<p/2+ i —jlh < p/2+mh < p.
This is a contradiction with (IV.20).

e Letr > 0, we have

IEED B B

€A i=0 AeA
a>r A+ih>r
“ 1 = 1
=2 Tt X ~
=0 AeA A+ih =0 AEA A+ih
A>T r>A+ih>r
- 1 1
IO DD D e
=0 AeA =0 AEA
A>r r>A>r—ih

u“ 1
<(m+DR)+> > pp—
=0 AEA
r>A>r—ih

-Ifr< % then in particular (A.14) we have r < inf A, so that the second term above is 0.

m g
=0 r°*

- Ifr> ﬁ then we can simply bound the second term by » |

All in all, we got that the function

~ m2
R(r) £ (m + )R(r) + - min (R(O), 1) ,

if a remainder function for Aj, which proves the claim.

|
For any o € (0, +00) with o & Ly, we define now
pilo) < elo] —mp,elo),
and we set
P)\’h et {ph[)\],ph[)\, A+ h], .. ,ph[)\, A+ mh]}
Proposition V.4.19
The minimal biorthogonal family in L*(0, +0c) to the family P j,, denoted by (qlA p)ico,m]> Satisfies
IG5 11l 220, 400) < CAF2EOON 1y < g (), (V.14)

for some hy(\) depending only on A\, C' > 0 depending only on m and € a decreasing function such that
lim, 1o €(r) = 0 depending only on R, p and m.
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Proof :
Let us introduce the functions o]
def Ph|O
o] = .
fh[ ] WL}L(U)
Using Propositions A.4.13 and A.4.14 we obtain that for any o, ¢’ & Ly, we have
Wi, (o)W, (o)
(Pl Prl0") 1200, 100) =~ 2
and thus 1
(fh[U]afh[U/])L2(0,+oo) = otol
In particular, it appears that
(fulo], fulo']) r2(0,400) = (elo], e[0']) L2(0,00)- (V.15)

We consider the (linearly independent) family
Fyp = {(2)\)1/2fh[)\], COF2F A F R )2 N A+ mh]},

that spans the same space as P j,.
By using (V.15) we get for any k, [ € [0, m] that

<(2A)k+1/2fh[A, e A ERL V)2 N A+ m])
L2(0,+00)

= (2N (e[, . A+ kR e]A, . A + Lh]) 12(0,+00)
(2)\)k+l+1 <€[)\(k+1)]76[)\(l+1)])

h—0 L2(0,400)
— (2A)kHH /+°° (_t)ke—)\t(_t)le—)\t gt
. K Il
too (=pktt
- /0 P

It follows that the Gram matrix of F) j, converges, when h — 0 towards a matrix which is independent of A and which
is, in fact, nothing but the Gram matrix of the family ¢ +— (—¢)* /k! in the weighted space L?(0, +o0, e~ dt).

Therefore, by Propositions A.4.10 and A.4.9, there exists ho(A) > 0, such that for any h < hg, the minimal
biorthogonal family of F) j,, denoted by (g)\,h,i)ie[[o,m]] satisfies the uniform bound

|£2(0,400) < C, (V.16)

(oW

where C' > 0 depends only on m.
We set now

dnm (1 , ,
BrE ) (WL) X+ 1Ry o) A+ R (2N Y205 i
7=l

It is clear that qﬁ\ 5, € Span(Py ;) and we compute the following inner product

(PRI s A+ KR]LGA 1) £2(0 400)

k

=Y Wi, [A+ih, .., A+ kh] (fh[)\,...,)\+ih],q§7h)L2(o7+oo)
=0
kK m 1

=3 Wi, [A+ih, ..., A+ kD] < > A+ 1h, ..., A+ jh]
i=0 j=l WL,

X (207 (2NTY2 fu A, A+ ih], 9xn,3) 12(0. 4 00) -

-~
=8;,j
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In the case where k < [, the sum above is zero since it is not possible that © = j. Assume now that k£ > [, thanks to
the Leibniz formula (Proposition A.3.4), the sum reduces to

k
. 1
(rA s A+ KR G ) r2(0400) = D WA + iy ooy A+ kD) (WL
h

) A+ Dy ooy A+ D]

1=l

1
= Wi, ) A+ lhy s A+ kh
<WLh Lh> A+ 1y oo AR

= 1A+ lh, .oy A + KR
= 6k71.

This proves that (qf\ n)i€]o,m] is indeed the minimal biorthogonal family to Py .
Moreover, thanks to (V.16) , we have the explicit bound

1
A+ 1h, .. )+ jh]|.
<WLh>[ jh]

Thanks to the Lagrange theorem (Proposition A.3.3) and to the estimates given in Corollary I1V.1.16, we finally get
the uniform bound (V.14). Here we have used that L satisfies the assumptions (IV.25) and (IV.19) uniformly with
respect to h, thanks to Lemma V.4.18.
The proof is complete. n
We can now terminate the proof. Let y € A.

1
||Q£\,h||L2(0,+oo) < ON"2 max
JE[,m]

o If u # A, then pu + ih € Ly, for any i € [0, m], and thus by construction we have

(a5, €li+iR]) 12(0,100) = 0,

which gives, by linear combinations,
(@5 €lts -+ kD)) 1200, 400) = 0,V € [0,m].
e If 1 = A, still by construction, we have

(@hps €[ s A+ BR]) L2(0 100) = (Ghps €[N, ooy A+ KR] — Tr, e[, ooy X+ KR]) £2(0 4 00)

= (qg\,hap[)‘u e At kh])LQ(O,-i-oo)
= k-

We have thus proved that
(qf\,h, e[ty ooy 4+ kh]) 1200 400) = ONpOkt, Vi € A VE, L € [0,m]. (V.17)
Moreover, by Propositions A.3.3 and A.3.6 and the Lebesgue theorem, we easily see that for any ¢ > 0 and any

integer k, we have

k+1)]

ety .., b + kh] — e[ul , strongly in L?(0, +00).
%

By (V.14) we see that, up to a subsequence, we can find a ¢} € L?(0, +00) such that
¢, —— ¢4, weakly in L?(0, 00),
M h—0

and that satisfies the same bound as in (V.14).
The claim is finally proved by performing a weak-strong limit in (V.17).
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Restriction argument on (0,7"). The estimate of the restriction operator obtained in Proposition IV.1.17 can be
easily extended to the present case by replacing €5 by

Em e LeDEH] A e A, ke [0,m]},

and E (resp. Fo 7 and Fj o) by E}" (resp. Fy'p and B} ) accordingly.

V.4.2.4 Control cost estimate.

Refined estimate. Assuming that the counting function of A satisfies (IV.21) (in addition to the gap assumption
(IV.20)) we can also extend Theorem IV.1.18 to obtain a sharp estimate of the restriction operator as a function of
time.

Theorem V.4.20

There exists C11 > 0 (depending only on o, N and on m) such that

(63
1—

[P L2 (0,4-00) < Cpen? ° P20y, VP € EY".

Proof :
Let P € £} that we write

P = Zm: Z ag\e[)\(jﬂ)},

j=0 A€A
where only a finite number of coefficients (ai) j,» are non zero. For h > 0 we define

m
P, = Z Z ale[N, ..., A+ jh] € En, .
j=0 AeA
It is straightforward to see that the counting function N, of Ay, satisfies

Np(r) <mN(r), Vr >0,

and thus B
Np(r) <mNr®, Vr > 0.

This estimate being uniform in h we can apply Theorem IV.1.18 to P so that for a C' > 0, independent of &, we have
IPallz20.400) < CeT " | Pallpqory- (V.18)
The conclusion follows by passing to the limit as & — 0 in this estimate since, as we have already seen, we have
P, —— P, in L*(0, 00).
h—0

|
Using the same arguments as in Section IV.1.2.5 based on Theorems V.4.16 and V.4.20, the control cost estimate
given in Theorem V.4.17 is now straightforward.
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Appendix A

Appendices

A.1 Non-autonomous linear ODEs. Resolvant

We consider a linear, non autonomous and homogeneous ODE of dimension 7 as follows

{y’(t) + A(t)y(t) = f(1), (A.1)

y(0) = o,
It can be proved that there exists a unique map (¢,s) € R x R — R(t,s) € M, (R) called the resolvant that satisfies

D Rt 19) + AR o) = 0,

dt
R(to,to) = 1d.
This maps satisfies the group property
R(t1, tQ)R(tQ, t3) = R(t1, tg), Vti,to,t3 € R.

With this definition, the unique solution to the problem (A.1), is given by the Duhamel formula

oit) = Rit.0un + [ "R(t, )£ (s) ds.

Example A.1.1 (Autonomous case)

When A(t) = A does not depend on time, we can check that
R(t,s) = e (=94,

and the above formula becomes

t
y(t) = e yo + / =4 £ (5) ds.
0

A.2 Linear ODEs with integrable data

Consider the following system of ODEs, with A € M,,(R) independent of time and f € L'(0,T,R"™),
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The usual Cauchy theorem applies (with minor adaptation related to the fact that, because of the non regularity of f,
the solution 3 may not be of class C') and gives a unique solution .
Let us prove that the linear solution map

®: (yo, f) € R" x LY(0,T,R™) — y € C°([0, T], R™),
is continuous. The Duhamel formula gives
t
y(t) = e Myo + / e (=941 (s) ds,
0
and by taking the norm, for a given ¢ € [0, 7], we get
t T
Iyt < Mol + [N dt < Crllanl + [ 17 ds)

Which proves that
1ylleoo,r,mm) < Crllvoll + 121 0,7m))-

A.3 Divided differences

A.3.1 Definition and basic properties

Let V be a real vector space, n € N and z1,...,x, € R. Assume that x1,...,x, are pairwise distinct (see Sec-
tion A.3.2 for a generalization). Let fi,..., f, € V be given.
Definition A.3.2

The divided differences are defined by

flzd & fi, Vie [1,n],

and then recursively for any k € [2,n], for any pairwise distinct i1, . . . , i € [1,n], by
f[xi17 L 71_Zk] d;f fl:xila R 7«’1?2‘]6_‘1] - f[$i2, e ,J,’Zk]
LTjy — Lgy,

If f: R — V isa given function it will be implicitely assumed that f; = f[z;] = f(z;). It can be proved that the
divided differences are symmetric functions of their arguments.

Proposition A.3.3 (Lagrange theorem)

Assume that V = R and that f € C"' (Conv{w1,...,x,}). For any k € [1,n], for any pairwise distinct
i1, ..., € [1,n], there exists a z € Conv{x;,, ...,z } such that
FED(z)
f[xh) . ,I’Z‘k] = W

We recall a simple way to compute divided differences of a product which is known as the Leibniz rule.

Proposition A.3.4

Letg:R — Rand (gf)[z] < g(x)f[z]. For any k € [1,n], for any pairwise distinct iy, . .. iy, € [1,n],

k

(9)[wiys -y zi] = Zg[%’l,---,xz‘j]f[wz'j,---,xik]-

j=1
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A.3.2 Generalized divided differences

Assume that V' is a normed vector space. Let x = (x1,...,z,) € R"™ be pairwise distinct real numbers and let o € N"
a multi-index such that & > 0. To such a multi-index we associate elements of V' that we gather in a f,, € Vel and
that are indexed as follows

fl, jel,n]le0,a;—1].

Definition A.3.5
For any i € N" such that i < «, we can define f[acgm), e ,x%“")] € V by using the following rules
—1 . ‘ .
Flay™ el = £ iy = 0 forall ' # §, (A2)
and for all j1 # jo and pj, > 0, pj, >0
1y —1) (1jz) o (1) (1jp—1)
f[xgmz...,mﬁl“")]:f['”’mjl b T, v ] f[...,arj1 b T, ,] A3)
Lj1 = Ljy

The above definition does not depend on the order in which we apply the second rule (A.3), moreover it is consistent
with the standard divided differences definition in the following sense:

Proposition A.3.6
If f : R — V is a smooth function, and if we set
D (g
fi= T8 i e 1) v e 0,05 - 1)

then for any 11 € N, 11 < «, the associated generalized divided difference satisfies

(p1) (hn)] = 1 h h
f[xl ""7xn ] h%f[yla“wy“”]?

where:

e foreachp € [1,|p

], limp, 0 y;} exists and belongs to {x1, ..., T},

e foreach j € [1,n], there is exactly yi; values of p such that limy,_,q yg = x;.

A.4 Biorthogonal families in a Hilbert space

A.4.1 Notation and basic result
Let A be any subset of H. We denote by 74 the orthogonal projection onto Span(A) and we introduce the quantity

def

0(z, A) = d(z,Span(A)) = d(z,Span(A)) = ||z — max|g, Ve H. (A4)

We will see below a systematic way, based on linear algebra, to compute 6(x, A) when A is finite. The following
elementary result gives us a way to compute §(z, A) when A is countable by approaching A by a sequence of finite
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sets A,,.
Lemma A.4.7
Let A be any subset of H and (A,),, an increasing sequence of subsets such that
A= A (A.5)
n>1
For any x € H, we have
n—oo
TA, T — TAZL,
and in particular
6(z, Ap) =25 6(x, A).
Proof :

Let us define the operators 7T, s A, — TA-
We have the standard estimate ||7},|| < 2 from the properties of orthogonal projections. Moreover, thanks to (A.5)
we know that for any = € Span(A) there exists a ng such that z € Span(A,,) for any n > ny so that

T,z =0, VYn>ng,

and in particular
lim T,z =0, Vz € Span(4), (A.6)

n—oo

For any x € H, and y € Span(A) we can write
[Tnzllz < |Tu(x — )l + [Toylla < 20z —ylla + 1 Taylla,
and thus by (A.6), we get

limsup | Tz g < 2|z — y|| &

n—0o0

By density of Span(A) into Span(A), we deduce that
lim T,z =0, Vx € Span(A).

n—oo

+ we have

Moreover, by construction, for any x € Span(A)
TA, T =maz =0,

and thus T}, = 0 for any n. The claim is proved since

H = Span(A) @ Span(A)*.

A.4.2 Gram matrices. Gram determinants

For any finite subset £ = {ey, ..., e, } C H, the Gram matrix of F is defined by

Gp = <(6i, 6j)H> ,
i,5€[1,n]
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and the associated (Gram) determinant is denotes by Ap ' det G g- Note that G depends on the numbering of the
elements of £ but not Ag.

Lemma A.4.8 (Linear independence characterization)

We have the following two properties.

1. The family E is linearly independent if and only if

S(ei, E\ {ei}) >0, Vie[l,n].

2. The family E is linearly independent if and only if A # 0.

Proof :

1. Since E is finite, Span(E \ {e;}) is closed and it follows that
d(ei, E\ {ei}) > 0 <= ¢; & Span(E \ {e;}),

which proves the claim.
n
2. Let X ="(z1,...,2,) € R"andz = }_ z;e; € H. By definition we have
i=1

n

(X,GpX) = Z viwj(e;, ej)n = H$||%{~

3,j=1

It follows that G is a positive symmetric matrix and that det Gg = 0 if and only if 0 is an eigenvalue of G .
Moreover, with the above notation, we have Gg X = 0 if and only if x = 0 and the claim is proved.

Proposition A.4.9

With the notation above, for any x € H \ E, we have

Apu(z)

§(z,F)? = A

Note that for © € E we have §(z, E) = 0.

Proof :
We observe, by elementary operations on rows and columns, that Apy) = Apufz—rge). Moreover, since
x — mpa is orthogonal to all the vectors (e;);, this last Gram matrix has the following block-by-block form

. s 0
EU{z—mgz} — 0 Hx o ﬂ—ExH%—I )

and therefore we have

AEU{achrE:Jc} = ”37 - ﬂ-E‘T”%{AEﬂ
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which is the claimed formula. ]

Proposition A.4.10 (Bi-orthogonal family. Finite case)

Let E = {ey,...,en} C H be a finite family in H.
The following two properties are equivalent.

1. The family FE is linearly independent.

2. There exists a finite family F' = { f1, ..., fn} of cardinal n such that
(ei, f])H = 51‘7]'7 VZ,j S [[1,%]] (A7)
We say that F' is a biorthogonal family of F.

If those two properties hold then there exists a unique such biorthogonal family such that F' C SpanE. It
satisfies moreover the matrix equality
GrgGr = 1d,

and in particular we have

1 .
| fillr = e B\ (e’ Vi € [1,n]. (A.8)

Remark A.4.11

If Fis any biorthogonal family of E in H, then the orthogonal projections f; = mg f, still satisfy (A.7) and
belong to Span(FE). Therefore it is the unique family F' given in the proposition.
It follows that F' is the minimal biorthogonal family to E in the sense that

1fillzr < W fillr, Wi € [L,n].

Proof :

e Assume that " is a biorthogonal family of £ and let (c;);e[1,,) C R such that

n
0= E Q;€4.
=1

For any j € [1,n] we take the inner product of this equality with f; and we get

0= Zai(eiafj)H = aj.

i=1
This proves that E is linearly independent.

o Assume now that F is linearly independent. We will look for a family F' in the following form

n

fi=> ajier,

k=1
where the matrix A = (a;;); % € My (R) has to be determined.
The equations (A.7) can be written for any i, j € [1, n],

n
dij = Z ajk(er, e)m
k=1

=(AGE);ji-
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This reduces to the matrix equation AGg = Id. Since F is linearly independent, we know that G is invertible
and thus that there exists an unique matrix A (which appears to be symmetric) that satisfies our requirements.
This proves existence and uniqueness of the biorthogonal family F'. We can then compute

(fi £1)m = aajiler, e)n
ol
= (AGEA)y;,

and since AGg = 1Id, we deduce that G = A.

Since Gp = Ggl we can express G thanks to the cofactor matrix of G and in particular, for the diagonal
coefficient || f;||%; of G, using that the associated cofactor of G i is nothing but the Gram determinant A g ¢}

we obtain N
2. — 2E\{ei}
Iy = —ed

and thus (A.8) by Proposition A.4.9.

[
When F is an infinite family, the existence of a biorthogonal family is no more equivalent to the linear indepen-
dence of F, and we need a slightly stronger assumption.

Proposition A.4.12 (Bi-orthogonal family. Infinite case)

Let E be any family of elements of H.
The following two propositions are equivalent.

1. There exists a family F' = (f.)ecp C H such that
(é’ fe)H :56,67 Ve,ée E.
Such a family is called a biorthogonal family to E.

2. We have
o(e, E\{e}) >0, VeecE. (A.9)

If those properties hold, there is a unique such family F such that F C Span(FE) and it satisfies

1
[ fellar = (e B\ {e]) Ve € E.

Proof :

e Assume that there exists a biorthogonal family F' then for any y € Span(E \ {e}) we have

L=(e,fo)g=(e—y, fo)u <l|le —yllallfella

Taking the infimum with respect to y, we get
1< d(e, EN\A{e})|fella-

e Conversely, assume (A.9) and define

1
fe= W(e - 7rE\{e}e)-
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By construction, if € € E'\ {e} we have
%) —— i =0
676 H — (5(67E\{e})2 € 7TE\{6}€,6 H — 9
and
(0 p—— P S— — mpyge)n = 1
676 H — 6(6,E\{€})2 € ﬂ-E\{e}e7€ H — 5(6,E\{6})2 € ﬂ—E\{e}e7e ﬂE\{e}e H — .

The claim is proved.

A.4.3 Generalized Gram determinants

Let £ = {ej,...,en} and F = {f1, ..., f} two finite families of elements of H. We introduce the generalized Gram

matrix
def
GE,F = <(€17f])H> 5
i,j€[1,n]

and the associated Gram determinant is denoted Ag r = det Gg F.
With this definition we can find a useful generalization of Proposition A.4.9.

Proposition A.4.13

Let E = (e;)1<i<n be a linearly independent family in H.
Forany z,y € H \ E we have

ARu{z},BU{y}

(HT—TFEJC,y—WEy)HZ A

Proof :
The proof is very similar to the one of Proposition A.4.9. We first use elementary operations on the columns of
G EU{s},Bufy) to prove that

Aputa},Bufyr = BEufe}BUly-mpy}
then we use elementary operations on the rows of this matrix to get
ABufe},BU{y) = DBUla—mpe}, BUy-moy}-

Since x — mgx and y — wry are orthogonal to F, this generalized Gram matrix is block diagonal

. (G 0
EU{z—ngaz}, FU{y—mEgy} — 0 (SC — TET,Y — FEy)H .

The claim is proved by computing the determinant. [ |

A.4.4 Cauchy determinants

As an example of Gram determinant we will need to compute the Cauchy determinant, which is by definition the
determinant of the Cauchy matrix

def 1
C, ( , )
4t ) jelin]’

for any family A = {ay, ..., a, } of n positive real numbers.
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We will actually need to introduce a generalized version of that by considering two families A = {ay, ..., a,} and
B = {b1, ..., by} of n positive real numbers and the associated Cauchy matrix

def 1
Cap = <7> )
’ b5 ) jelin]

Let us recall the following explicit formula for this determinant.

Proposition A.4.14

For any n and any families A, B we have

1 (ai—a')(bi—h)
det Cqp = J I
AB (zl:l ai—i—bi) X ]gn]] (a +bj)(aj+bi)
1<j

Proof :
Let us perform the proof by induction. For n = 1, the result is clear. Let us now assume n > 2 and we write

A=AU {an}, with A= {ai,...,an—1},

B = BU{b,}, with B = {by,...,b,_1}.

In the definition of det C'4 g we perform row manipulations to cancel all the upper diagonal entries in the last
column. We obtain that

o M
detcABd_fdet( ? ) ,
o 1,j€[1,n]

where M isa (n — 1) x (n — 1) matrix whose entries are

n—aibn—bj 1
bn + a; an + bj a; + b;’

mij = Vi,je[[l,n—l]].

In other words we have

M = Dap1Cj pDa,B2;

where Da g1 (resp. Dap2)isa(n — 1) x (n — 1) diagonal matrices whose entries are §-7t (resp. ZZ;I;; .
Computing the determinant, it follows that
det M = (det C ik —bi)
e etC; 5
i) L b +a;)’
=1
and finally
det Cap = (det Cg 5) x H —bi)
an + b b +a;)
The claim follows by using the induction hypothesis. [ |
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A.5 Sturm comparison theorem

Theorem A.5.15

Let I be an interval of R, v € C1(I), withy > 0 and q1,q2 € C°(I). Let uy and ug be non trivial solutions
to the differential equations

=02 (y(2)0zu1) + q1(z)u; =0, on I,
—0x(7(x)0zu2) + g2(x)uz =0, on 1.

We assume that q1 > qo in I. Then for any distinct zeros a < 3 of uy one the two following proposition
holds

e FEither, there exists one zero of us in the open interval (o, ).

e Or, uy and uy are proportional in [, 5], which implies in particular that 1 = q2 on [a, (3].

Proof :

The main needed ingredient is the Wronskian of w1, us defined as follows

W(z) = (v0yu1)ug — u1 (v0yu2),

whose derivative has the following expression, using the two equations satisfied by u; and wuo
W/(.T) = (q1 — QQ)ullLQ. (A.IO)

Let o < 3 be two zeros of u; in I and assume that there is no zero of us in («, 8). Without loss of generality we
can assume that « and  are consecutive zeros of u1. This means that we can change the sign of u; and us in such a
way that

up > 0and ug >0, in(a,f).

And since u1 (o) = u1(8) = 0, we necessarily have 0, u1 () > 0 and O, u1 () < 0.

We can now collect the following facts:

e We have W (a) = (y0yu1(a))uz(ar) > 0 and W () = 0 if and only if ua () = 0.

e We have W (3) = (v0,u1(B))ua(f) < 0and W () = 0 if and only if ua(8) = 0.

e Since q1 > g9, and uy, ug are positive in («, 3), we deduce from (A.10) that W’ > 0 in («, 8) and in particular
that W is non decreasing in [, (].

The above three properties are only possible if W is identically zero in (¢, 3), and in particular us(a) = ug2(8) = 0.
It follows that we necessarily have W/ = 0 in («a, 8) which implies, from (A.10), that g1 = ¢2 on [«, 3].

Therefore, u; and uy are solutions to the same equation on [« 8] and both vanish at . It follows that w; and
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V= U Z:;EZ; solve the same linear Cauchy problem in [«, 3] and thus are equal. The claim is proved. [ |

Corollary A.5.16

Let I be an interval of R, v € C*(I), withy > 0, ¢ € C°(I) and \ > 0. Let u be a non trivial solutions to
the differential equation

—0z(v(2)0pu) + q(x)u = Au, on 1.

Let a < b two points in 1. Then, if

4

2
1
) ol + 511 (a1

Azw%+<

there exists two distinct zeros of w in [a, b] denoted by «, B such that

o — B > |a — b|/2.

Proof :
Let us introduce the function

which satisfies the equation

and that have the following two explicit zeros

w(a) =0, w(a—kb;a) = 0.

Let us set v = /yw and observe that v has the same zeros as w. Moreover, a straightforward computation shows that
v solves the equation

=0y (70,v) + Gu = 0,

0= |-(52) -7

By the assumption (A.11) on \, we have for any x € [a, ]

where we have defined

41 \? 1
~ > _ A
q(w) > (b_a> 7] 00 2”’7 oo

alloo — A
q(x) — A\

AV,

Therefore, we can apply the comparison principle (Theorem A.5.15) to v and w and deduce that between any two
zeros of w there is a zero of u. In particular, there exists a zero of u, in the interval [a, a+ I’TT“] , that we call a.
By the exact same reasoning we find a zero of « in the interval [b — I’TT“, b] that we call 3 and it is straightforward

to check that oo — 8| > |a — b|/2. |
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A.6 Counting function and summation formulas

Let A C (0,+400) be a locally finite family of positive numbers.

Definition A.6.17 (Counting function)
The counting function associated with the family A is defined by

No(r) = #(AN (—o0,7]).

If there is no ambiguity we shall simply call it N.

We will make use of the following summation formulas.

Proposition A.6.18

Let f : (0,4+00) — R be a C! function. For any 0 < s < r we have the following formulas

S™FO) = FING) - /0 PN,

AEA
A<r

S FO) = F(r)N(r) - F(s)N(s) / PN,

AEA
S<ALr

and

+o00
>IN = ~fONW - [ FON@

AEA
A>r

provided that the sum or the integral converges.

We assume now that
1
— < +00,

and we define the following notion.

Definition A.6.19 (Remainder function)

A function R : R — [0, +00) is called a remainder function for the family A, if it satisfies

lim R(r) =0,

=00

and

1
ZX < R(r), VreR.

AEA
A>T
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Proposition A.6.20
Assume (A.12) and let R be a remainder function for A.
1. For any s < r we have
N(r)— N(s) < rR(s). (A.13)
In particular, we have
1
inf A > —— A.14
m - R(O), ( )
N(r)/r —— 0
r—00
2. Foranyt > 0 we have
» et < Rio). (A.15)
A€A

Proof :

1. The following quantity
1
PRI
S<ALr

can bound from below by 1/ multiplied by the number of terms which is exactly N(r) — N(s) and can be
bounded from above by R(s). This proves the first claim.

Taking s = 0 and » = inf A in (A.13), we get

1 < (inf A)R(0),
since N(0) = 0 and N(inf A) > 1.
Now for any given s, the inequality (A.13) gives

N?(Ar) < R(s)+ Nis)’ Vr > s.

Taking the superior limit when » — oo, it follows

lim sup N(r) < R(s).

r—00 r

This being true for any s, we can take the limit as s — oo to get the claim

lim sup M <0.

r—00 r
2. We use Proposition A.6.18 and (A.13) to get the estimate

+o00
Z e M= / te"" N (r)dr

AEA 0

1 [t N
= - / tre= ' 7(7“)25 dr
t 0 T

—+o00
< R(O)/ e "rdr
0

The claim is proved.
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[
Proposition A.6.21
Assume that, for some 0 < o < 1, and some N > 0 we have
N(r) < Nr%, vr > 0.
Then, we have the following bound from below
infA > N~=, (A.16)

and the function

is a remainder function for A.

Proof :
Let us now prove (A.16). Since inf A € A, we obviously have

N(infA) > 1,
and therefore, with the assumption on N, we deduce
1 < N(inf A)®,

and the claim follows.
Note now that the assumption on N implies that (IV.19) holds necessarily. We apply the summation results of
Proposition A.6.18 with f(r) = 2 to obtain, for r > N—a,

Z%: —Ny) +/Oo t%N(t)dt

AEA
A>T
_ e, o]
<N / 22 dt
77‘
T l-a ’
[
A.7 Generalized Tchebychev polynomials
Most of the material in this section is taken and adapted from [ , ]. We will only give here the results
we need and we let the interested reader have a look at those references for a much more complete study of those

properties.
Our main objective is to establish a Remez-type inequality

1Pl oo (0,inf 4) < ClIpll oo (4)s

for any generalized polynomial

N—-1
pla) =Y pra,
k=0
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with Ay € (0, 400), and any compact set A in (0, +00). More precisely, we will identify the best constant C' in this
inequality and how it depends on A and on the set {0, A, ..., Axy_1}. The precise result will be given in Theorem
A.7.31.

A.7.1 Interpolation in Miintz spaces
Let L C [0, +00) be a finite subset of non negative numbers. In all this section we assume that

0€eL,

def

and we set N = #L. If N > 2 we define
pr = inf (L {0}),

to be the firt non zero element in L.
Let us define the following subset of C°([0, +o0), R) called, Miintz space,

M(L) = Span{z — z*, A e L}.

We plot in Figure A.1 an example of such set

0.00

0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Figure A.1: Muntz space associated to the family L = {0,1,1.2,1.5,2,2.5}.

Proposition A.7.22 (Interpolation properties)

The following properties hold
1. 0 is the only element of M (L) that has at least N distinct zeros in [0, +00).

2. If f € M(L) has exactly N — 1 distinct zeros in [0, +00), then the sign of f changes in the neigh-
borhood of each of its zeros.

3. For any distinct points x1 < ... < zy in [0,400), and any values y1, ...,yn € R, there exists a
unique f € M (L) such that
f(:L‘Z) =1y, Vi€ [[1,N]]

We say that the set M (L) is a Tchebychev system on [0, +00).

Proof :

@O0 F. BOYER - APRIL 23, 2021



126 Chapter A. Appendices

1. We prove the result by induction on N.

e Let assume that N = 1, that is L = {0}. In that case, the functions in M/ (L) are simply constants, and
the claim is clear.

e Assume that the result holds at rank /N and let us consider a set L of cardinal N + 1.
We assume that there exists a function f € M (L) that vanish at NV + 1 distinct points 71 < ... < xy41 in
[0, +00).
We observe that (x — xf'(x)) € M(L \ {0}) and that by the Rolle Theorem, f’ has at least N distinct

def

zeros in [0, 00). Thus, the function = — g(z) = (zf'(x))/x*L belongs to M (L \ {0} — uz) and has
at leat N distinct zeros. Since L \ {0} — p, contains 0 and has a cardinal N, the induction assumption
shows that ¢ = 0, which implies f’ = 0 and thus f = 0.

2. We apply again the Rolle theorem that proves that f has at least N — 2 zeros in (0, +00) that are distinct from
the zeros of f.

We set g(z) < (zf(x))/2** and we observe that g is not identically 0, that it belongs to M (L \ {0} — A) and
has at least N — 2 zeros in (0, +00) that are distinct from the zeros of f. Therefore, g cannot have any other
zero and in particular g cannot vanish at the zeros of f. This implies the f’ cannot vanish at the zeros of f. In
particular, f changes of sign in the neighborhood of each of its zero.

3. The linear map
®:feM(L)— (f(z:)i € RY,

is injective thanks to the first point and maps a space of dimension /N into another space of dimension N.
Therefore, ® is a bijection, and the claim is proved.

|
Proposition A.7.23
Let L ={\1,..,; AN} with0 = A1 < ... < Apn.
1. Forany0 < x1 < ... < xnN we have
def Aj
Vi1, zn) 2 det (xﬂ) > 0. (A17)
1<ij<N
If the points x1,...,xN are not ordered, the sign of the determinant is the signature of the corre-

sponding ordering permutation.

2. Forany k < N — 1 and any points 0 < wy < ... < wg < 400, there exists a p € M (L) such that

p(w;) =0, Vi € [1, k],
(—=D)ip(w) >0, Yw € (w;,wiy1), Vi € [0,k],

. def def
where, for convenience, we have set wg = 0 and w1 = +o00.

Proof :

1. Les 0 < y; < ... < yn be another ordered set of points. For any ¢ € [0, 1] we have V,(tz1+(1—t)y1, ..., tay +
(1 — t)yn) # 0 by the previous proposition. By continuity, we deduce that V,(z1, ..., zn) and VL(y1, ..., yn)
have the same sign. We fix the first V — 1 points and we let x go to +co. By developing the determinant
along the last column, we see that

L
VL($1,...,$N) g N —00 VL/(xl,...,JJN_l)CUg\rfnax ),
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with L/ = L\ {max L}. This implies that Vi (z1,...,zy) has the same sign as Vi/(z1,...,zny_1) and we
conclude by induction.

2. We first remark that it is enough to consider the case k = N — 1. Indeed, if £ < N — 1, we replace L by any
subset L' C L of cardinal k + 1 and containing 0, for which M (L") ¢ M(L).

That being said, for a given sign s € {—1, 1} to be determined later, we define the function p as the following
determinant
pw) = sVi(w,wy,...,wn_1), Yw € [0,400).

By developing the determinant along the first column we get that p € M (L) and moreover it is clear that
p(w;) =0forany 1 <i < N — 1.

The sign properties come from (A.17) and the choice of s.

Proposition A.7.24 (Elementary Lagrange interpolants)

For any set X = {x1 < .. < zny} C (0,+00) of N distinct points there exists a unique family
((I)LX,k)ke[[l,N]] C M(L) such that

Op x k(xj) =0k, Vi ke[l,N].
Moreover, if we set xy = 0 and w1 = +00, the sign of @y, x i is as follows
o Op x> 00n (Tp_1,Tpq1)
o (—1)TFL®; 1 > 0o0n (zj,741) forj € [0,k —1].
o (—1)ITF®; v > 00n (zj,741) for j € [k, N].

Finally, we have
(—1)k+1‘I)L’X,k(0) > 0.

Let us show an example of such elementary Lagrange interpolants in Figure A.2

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Figure A.2: Muntz space associated to the family L = {0,1,1.2,1.5,2,2.5} and the points X =
{0.2,0.5,0.8,1,1.4,1.8}.

Proof :
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The existence and uniqueness of such a family of functions is just a consequence of the third point of Proposition
A.7.22. Tt cannot have another zero in [0, 4+-00) since in that case we would have ®, x ;, = 0 everywhere by the first
point of the same proposition.

From the second point of Proposition A.7.22, we know that ®;, x . has a constant sign between two consecutive
zeros and it changes of sign at each of those points. It is then straightforward to compute its sign by induction on each
given interval starting from the fact that &7, x ,(xx) =1 > 0.

We have seen above that @7, x 1,(0) # 0 and therefore it has the same sign as @7, x ;, on (0, 1), which is (—1)F+1,

Proposition A.7.25 (Comparison principle)

Let X = {x1 < ... < xn}, X = {1 < ... < &n} be two subsets of (0,+00) made of N distinct points.
Let k € [1, N] and assume that

zg < Ty,
’wj _xk‘ > ’i.j _i.k‘7 Vj e [[LN]]v

then
[L,xk(0) <P 5 4 (0)],

with equality if and only if X = X for some 0 < 3 < 1.

Proof :

e Let us first define 5 = %Z’ which is less than or equal to 1 by assumption. We define the set X = BX. By
construction, we have Z;, = xj and

‘.’L'j — .%'k| > ‘i‘j — .@k|, V] S HI,N]]. (A.18)

f

Let us set g(z) & @ (Bx), for all x € [0, 4+00). By homogeneity we have that g € M (L) and satisfies

LX k
9(@:) = @y 5 1 (BTi) = Pp ¢ 1 (&) = G-
Therefore g = ® LXKk In particular, we have
q’L,X,k(O) = cI)L,X’,k(O)'
The problem is thus reduced to proving that

|(I)L,X,k(0)| < |(I)L,X,k(0)‘v

with equality if and only if X = X. This will take several steps.

o We define the following sets:

- For i = [0, k], we set X* o {x1, o0y iy Tig1, ooy TN}
Note that X° = X and that for i € [1, k], we have x; < xj, and Z; < &} = x, so that (A.18) gives

Zg < -i‘iv

which implies
T < i‘prl.

Therefore the points in X* are distinct and well ordered.
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. ; def A A
— For: = [[k,N]], we set X' = {xl, ey X1, They ooy EN4k—is EN4+k—it1s ...,.rN}.
Note that X"V = X and that for i € [k, N — 1] we have xx1_; > @} and Zn_; > 2 = x so that
(A.18) gives

TN4k—i = TN4k—i
so that
TNth—i < TN4k—it+1,

and here also the points in X* are distinct and well ordered.

Observe finally that both definition coincide for i = k since z;, = @, and that X* = X*~1 Moreover, by
construction, for any 4, X’ and X**! differ at most by one single point.

It thus remains to show that
‘@L’Xi+l’k(0)‘ < ‘@L’Xi’k(())’, Vi e [0, N — 1],
with equality if and only if X? = X1,

e Assume that X? # X**! for some i. We set g = @, xip — Pp xit+1 g, Which is a function in M (L), and we
see that g cancels at the N — 1 distinct points that are common to X* and X**!. Let us analyse the sign of g at
0.

— The function g cannot have any other zero. Indeed, in that case it would have IV distinct zeros, and thus it
would identically vanish. This would imply that X? = X**!, a contradiction.
This gives the equality case in our claim since @, xi ;(0) and @}, xi+1 ;(0) have the same sign, which is
(—1)¥*1 (see Proposition A.7.24).

— By the second point of Proposition A.7.22 we know that g changes it sign at the neighborhood of each of
its zeros. We are going to prove that
(—1)**1g(0) > 0. (A.19)

We separate the analysis into two cases depending on the position of ¢ with respect to k£ — 1 (we recall that
i = k — 1 is not possible since in that case we would have X = X*+1),
x Case 1:4€ [0,k —1]:
We compute
9(@ir1) = p xi p(Tit1) — Pp xon g (@it1) = Ppxi gk (Tig), (A.20)
since x;4+1 is a zero of @, xit1 .

By assumption on i we have ;11 < zj and ;41 < T} = xj, and we know that x; 1 # Z;11, so that
(A.18) gives

Tit1 < Tiy1,

and thus z;+1 € (24, Z;41). By (A.20), and Proposition A.7.24, we know that the sign of g(z;4+1) is
such that
(=) g(ig1) > 0.

Using that g changes it sign in the neighborhood of each of its zeros, we know that it changes it sign
exactly ¢ times in [0, z;41] and we get (A.19).

* Case2:7 € [k—1,NJ:
We compute

I(@EN1h—i) = Pp xi p(ENth—i) — Pp xit1 k(ENth—i) = —Pp xit1 k(TN r—i), (A.21)

since T 4k is a zero of @, xi .
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By assumption on ¢, we have x .y ;_; > xp and Ty x_; > T = Tk, and we know that x 1 p_; #
TN+k—i so that (A.18) gives
INtk—i < TN+k—i

and thus Zy4x—; € (EN4k—i—1,TN+k—i)- By (A.21), and Proposition A.7.24, we know that the sign
of g(Znk—q) is such that

(=N g(En4x-i) > 0.
Using that g changes it sign in the neighborhood of each of its zeros, we know that it changes it sign
exactly N + k — ¢ — 1 times in [0, Z ;| and we also get (A.19).

To conclude the proof, we write

O] = [T )] = (DM 0) — 1T (0) = (-1)Fg(0) > 0.

[
A.7.2 Best uniform approximation in Miintz spaces
Theorem A.7.26 (Best uniform approximation in Miintz spaces)
Let A be a (possibly infinite) compact subset of [0, +oo[. We assume that #A > N + 1.
For any function f € C°(A), there is a unique p € M (L) such that
|f = pllLe(a) qu(L)Hf qll oo a) (A.22)

Moreover, p is the unique element in M (L) such that f — p equi-oscillates in at least N + 1 points of A.
This means that there exists t1 < ... < xn11, T; € A, and a sign s = +1, such that

f(xi) = p(ai) = s(=1)"||f = pllpe(a), Vi€ [1,N+1]. (A.23)

Remark A.7.27

In the case where #A < N, then by the interpolation property (Proposition A.7.22) shows that there exists
p € M(L) such that f = p. Therefore, the best uniform approximation property is straightforward in that
case.

Proof :

e Existence of at least one such best approximation is just a compactness argument related to the fact that, M (L)
is finite dimensional.

e Let us first show that any such best approximation p satisfies the claimed equi-oscillation property. We set
g o f — p and we assume that there exists a maximal equi-oscillating sequence for g in A of length k < N + 1
denoted by x1 < ... < z, and we will obtain a contradiction.

For any i € [1, k] we introduce C; = {x € A, z; 1 < x < xz;41, g(x) = g(z;)}, where we have convention-
ally set g = —oo and ;11 = +00. Since g is continuous on A, C; is a closed subset of the compact set A,
and in particular it’s a compact set itself.

We define the convex hull of C; to be

D; = convC; = [z, z]].

We observe, by compacity, that x;", :c;L e C;.
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— We claim that the intervals D; are disjoint. We are thus going to show that

af <axgy, Vie[lk—1].

By construction we know that x; € C; and x;4+1 € C;41 thus, we clearly get that
ol xiy € [xi, wiga],

and that
g(zf) = g(x), glaiy) = g(wit1),
that have two different signs. Hence, we deduce that x;r F T,

Assume that for some 4, we have x| < mf It would imply that the sequence
T <o <3 <3y < T < wign <. < @,

is an equi-oscillating sequence of length k£ + 2, which is a contradiction with the maximality assumption
for the original sequence. The claim is proved.
+

— We have thus built compact disjoint intervals D; = [z, z;"| surrounding each x; such that
9]l Loy = 5(=1)'g(x) > —lgllLoe(a), Yo € AN D;.
By continuity of g, we can find 6, 7; > 0 small enough such that
9]l oo (a) = 5(=1)"g(z) > —(1 = m)l|gllpooa), Vo € AN Dy,

where D; 5 =]z; — d,z; + §[is the open §-neighborhood of D;.

k
- Introducing D = |J D; s, we observe that, by construction, D contains all the points € A, where
lg(x)] = 1|9l o (a) . Therefore, for some 12 > 0 small enough, we have

lg(z)| < (1 =m2)llgllpe(a), Yz € A\ D,

since g is continuous on the compact set A \ D.

— We will now obtain a contradiction with the fact that p solves the best uniform approximation property

(A.22).
+ —

Fori € [1,k — 1] we set w; = L;Z“ By Proposition A.7.23, since £ < N, there exists an element
7 € M(L) such that 7(w;) = 0 for any 4, and such that s(—1)’7 > 0 on each D; s and ||7|| o4y <
19l oo (a)-

We set ¢ = p + nm with i > 0 chosen such that 7 < min(n1, 72) and we will show that || f — q|| . (4) <
19l Loe (a)-

Letx € A.

* If x € AN D; s for some i, then we write
s(=1)'(f = a)(z) = s(=1)"(g(z) = nm(z)) = s(~1)"g(z) — ns(~1)'n(z),
and by the sign property of m on D; s we get
~(L = m)llgllzeeay = nllgllzoe(a) < s(=1)'(f = @)(z) < s(~1)'g(2),

so that we have the strict inequalities

—llgllzeecay < s(=1)"(f — @)(®) < gL (a),

and consequently
I(f = @) (@)| < [|gllLoo(a)-
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« Ifz € A\ D we just write

[(f =) (@) = lg(z) —nm(@)] < [g(@)| +nlm(x)] < (1 =n2)llgllLeeca) +nllgllLoeay < lgllpecay-
We have thus proved that || f — q||oc(4) < [|f — P|| oo (4) Which contradicts (A.22).

e We can now prove the uniqueness of the best uniform approximation in A.

Let us define d < infgenrr) 1 f —qllLoo (4) and we assume that py, p2 € M (L) are such that || f —p; || o (4) = d.
Then, by the triangle inequality, p = % also satisfies || f — pl[z(4) = d. Thanks to the equi-oscillation
property, there exists NV + 1 distinct points 1 < ... < x4 Where

d=|f(x;) — p(z;)| = %Kf(l“i) —p1(zi)) + (f(@i) — p2(24))],

and since | f(z;) — p1(x;)|, | f(x;) — p2(z;)| are both less than d, we obtain that necessarily f(z;) — p1(z;) =
f(zi) — p2(x;). We deduce that py(z;) = p2(x;) for any ¢ € [1, N + 1]. By the uniqueness property of the
Tchebychev system, we conclude that p; = po.

e Finally we prove that any p € M (L) such that f — p has the equi-oscillation property on A (we call 1 < ... <
x N1 the associated family of points) is indeed a best uniform approximation of f on A. To prove that claim,
we assume that there exists ¢ € M (L) such that

If = allizee <IIf = pllze-
This implies in particular that
[(f (i) = (i) + (p(wi) — q(@a)| <[ = pllpee(ay = [ (@) = plai)l,
and since f(z;) — p(;) has the sign s(—1)?, we deduce that the sign of (p — q)(z;) is s(—1)**! (and of course

this quantity cannot be zero). Hence, p — g changes its sign at least N + 1 times, and by the intermediate value
theorem p — ¢ has at least N distinct zeros in (0, +00). By point 1 of Proposition A.7.22, this implies p = g.

Proposition and Definition A.7.28 (Generalized Tchebychev polynomials)

Let A be a compact subset of [0, +00) such that #A > N + 1. There exists a unique (up to a multiplicative
factor) element in M (L) that equi-oscillates in A at exactly N points.
We denote by T, s the unique such function that, in addition, satisfies the normalisation properties

ITr,allLoeca) = 1,
Tr, a(max A) > 0.
Moreover,
o T, 4 has exactly N — 1 zeros in [0, +00). They are all located in the open interval (inf A, sup A).

e The map
2= |Tp,a(2)]

is decreasing on [0, inf A].

The function T7, 4 is called the generalized Tchebychev polynomial on the set A with respect to the family
L.
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N

Figure A.3: The Tchebychev polynomial 77, 4 for L = {0,1,1.2,1.5,2,2.5} and A = [0.2, 2].

We illustrate this definition in Figure A.3.
Proof :

If L = {0}, the result is straightforward (and 77, 4 = 1).

Assume that N > 1l and let L = L \ pr. We consider 7 € M (i) the unique uniform best approximation of
@ — xL on A in M (L') given by Theorem A.7.26. We know that the function 7'(z') % % — 7 () belongs to M (L)
and equi-oscillates at least # L’ + 1 = N times. Moreover, T cannot equi-oscillate N + 1 times because if it were
the case 7" would be the unique best uniform approximation of 0 on A in M (L), and it will immediately imply that
T = 0 on A which is not possible.

Note that the equi-oscillation property implies that T has at least N —1 zeros in the openinterval I = (inf A,sup A).
It is clear that 7" cannot vanish on [sup A, +-00) since in that case, the function would have N distinct zeros and thus
will be identically equal to 0. Therefore, the normalisation conditions we consider are uniquely solvable.

Observe that, if inf A > 0 we also have that T cannot vanish on [0,inf A]. Finally, if inf A = 0, we also have
T(0) # 0. Indeed, if we assume that 7'(0) = 0 and since we have 0 € L, we can easily see that 7" actually belongs to
M (L\ {0}). However, the only function in M (L \ {0}) that has at least N zeros in (0, +00) is the function 0, which
is a contradiction.

Finally, using Rolle’s theorem, we know that Ti 4 has at least N — 2 zeros in (min A, max A). Moreover,
(Tr,4) € M(L\ {0}) thus it cannot have another zero. In particular (T7,4)" has a constant sign on [0, inf A) and
T7,, 4 does not vanish in this interval. The claim is proved. [ ]

Proposition A.7.29 (Maximality property of 77, _4)

Assume that inf A > 0 and let y € [0,inf A). Then for any p € M (L), such that ||p|| o (ay < 1 we have

lp(y)| < [Tr,a(y)l-

Equivalently, we have
P < [Tr,a®)] IpllLeea), Vp € M(L).

Proof :

The map ¥ : p € M (L) — |p(y)| is clearly continuous, thus it attains it maximum on the compact set K = {p €
M(L), |lpllree(ay < 1}

It is clear that this maximum is achieved on a p € M (L) such that [|p[[ 4y = 1.

Assume that p equi-oscillates exactly k times with k& < N. As in the proof of A.7.26 we can build disjoint
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(ordered) open intervals D; 5,4 = 1, ..., k such that
1> s(—1)'p(x) > —(1 —m), Yo € AN D;g,

for D = UiDi’(;,
Ip(x)| <1—mn2, Yoz e A\ D.

For each i € [[1,k— 1], we pick a set of point w; ; /o between D; 5 and D; 1 5 and we consider a7 € M (L) such
that

W(wi+1/2) = O7 VZ S II]., ]{? - 1]],
m(y) =0,

and
s(—=1)'r >0, on D;s.

This is possible since £ < N. We normalize 7 in such a way that
Il (A) = 1.

For > 0 small enough, we see that § = p + nm € M (L) satisfies

and
1G] Lo (ay < 1.

Therefore the element ¢ = /||| ;o (4) is in K and satisfies

U(q) = lq(y)| > Ipy)| = ¥ (p),

which is a contradiction. ]

Proposition A.7.30 (Monotonicity of the generalised Tchebychev polynomial with respect to A)

Let A be any compact subset and I any compact interval of (0,+00) such that
|A| < |I|, and sup A < supI.

Then we have
- lp(0)]
P

< |Tr,1(0)].
pem(r) 1Pl Lo (a)

In particular, we have
|T2,4(0)| < |T,7(0)].

Proof :
o Let X = {Z1, ..., Zn} be the equi-oscillations points in I of 77, ;. In particular we have
Tr.1(#:) = (=)™ Vi€ [1,N]. (A.24)
Introducing the elementary interpolants ® L.X. Wecan write

N

Tpr=) ()@, ¢
=1
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o Letg:s e [0,+o0[— |AN[s,+00)|. This function is continuous, non-increasing, maps [0, +oc[ onto [0, |A
and ¢(s) = 0 for s > sup A. In particular, since |I| < |A|, there exists 0 < 57 < ... < sy < 400 such that

8

o(si) = |I N [Z;, +00)].

We then define
x; = inf <A N s, +oo)>
By compactness of A, we have that 2; € A. From now on we set X < {z1,...,znx} C A.
e Let us now compare X and X.
By definition of ¢ we have ¢(x;) = ¢(s;) since [s;, z;) N A = (). This means that
|A N[z, +00)| = |[I N [Z;, +00)].
Note that those quantities are positive and in particular we have x; < sup A < sup I.

Take now any j, k € [1, N], j < k, we have

o — | = [z}, zx)]
> AN [xjvwk”
=|AN [z}, +00)| = [AN [zk, +00)|
=|IN[Zj,+00)| — |1 N[Z}j,+00)]|
= |Im [jﬁjk”
= |7k — 741,
since [ is an interval that contains 7, and ;.

Similarly we have for any k

xp —max A| > |AN [z, +00)|
— 11OV [, +00)|

= |Z}, — max |,
and since max I > max A, we deduce that x;, < Ty,.

e Due to the previous properties, we can apply Proposition A.7.25 to X and X and conclude that, for any k €
[1, N], we have

[L,xk(0)] <P 5 £ (0)]. (A.25)

Take now any p € M (L) and let us decompose it in the Lagrange basis (®r, x 1)k

N
p(z) = Zp(xk)ch,X,k(x), Vz € [0, +00).
k=1

We evaluate this formula at z = 0 and we apply the triangle inequality

N
lp(0)] < (Z‘(I)L,X,k(o)o Pl Lo (),

k=1

where we have used that all the () belong to the set A, by construction.
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Applying (A.25), we get
N
p(0)] < (Z @L,X,k(0)1> 1P Lo a),
k=1

but the sign of @, ,(0) is (—1)*! and thus by (A.24),

N N N
Z |(I>L7X,k(0)| = Z(_l)kJrlq)L,)”{,k(O) = ZTL,I(jk)(I)LX,k(O) = |T1,1(0)].
k=1 k=1 k=1
The proof is complete.
It is clear that we can apply the above result to p = 17, 4 since, by definition, ||T7, || o) = 1. [ ]

Combining the previous results we finally obtain the following result that was actually the main aim of this
appendix.

Theorem A.7.31 (A Remez inequality)

Let A be a compact subset of (0, +00), I a compact interval of (0, +00) such that
|A| < |I], and sup A < sup .
Then for any p € M (L) we have

1Pl oo 0,inf 4y < [TL,1(0)] [Pl oo (a)-

Proof :
We take any p € M (L) and any y € (0, inf A) and we apply Proposition A.7.29 to get

()| < |To, AWl Loo(ay-

Then we use the monotonicity of 77, 4 on [0, inf A) and the fact that y < inf A to obtain

P < [Tr,a(0)[[[Pl oo (a)-

The conclusion comes from the inequality |77, 4(0)| < |7, 7(0)] that we established in Proposition A.7.30. ]
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