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Minimal time for the exact controllability of one-dimensional
first-order linear hyperbolic systems by one-sided boundary
controls

Long Hu* Guillaume Olive!

January 15, 2019

Abstract

In this article we study the minimal time for the exact controllability of one-dimensional
first-order linear hyperbolic systems when all the controls are acting on the same side of the
boundary. We establish an explicit and easy-to-compute formula for this time with respect to
all the coupling parameters of the system. This partially solves an open problem raised in the
celebrated survey and in the article [Hul5]. The proof relies on the introduction of a
canonical U L—-decomposition and the compactness-uniqueness method.

Keywords: Hyperbolic systems, Boundary controllability, Minimal control time, U L—-decomposition,
Compactness-uniqueness method.

1 Introduction and main result

In this article we are interested in the controllability properties of the following class of one-
dimensional first-order linear hyperbolic systems, which appears for instance in linearized Saint-
Venant equations and many other physical models of balance laws (see e.g. [BC16, Chapter 1]):

&) = A 9t ) + M(@y(t,2)

yi(t,0) = Qy_(t,0), y_(t,1)=u(t), t€(0,+00),z€(0,1). (1)
y(0,2) = y°(x),

In (@), y(t,-) is the state at time ¢, y° is the initial data and wu(#) is the control at time t. We
denote by n > 2 the total number of equations of the system. The matrix A € C%1([0,1])"*" is

assumed to be diagonal:
A = diag(A1, ..., An), (2)

with p > 1 negative eigenvalues and m > 1 positive eigenvalues (so that p + m = n) such that:

A(z) < < Ap(2) <0< Appi(z) < - < Appm(z), Vo el0,1], (3)
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and we assume that, in case two eigenvalues agree somewhere, they agree everywhere:
Vi,je{l,....nk, i (Frel01], Ai@) =) = (Ni(z) = Aj(x), Vozel0,1]). (4)

All along this paper, for a vector (or vector-valued function) y € R™ we use the notation

where y; € R? and y_ € R™. Finally, the matrix M € L>(0,1)™*™ couples the equations of the
system inside the domain and the constant matrix @ € RP*™ couples the equations of the system on
the boundary x = 0.

Taking formally the inner product in R™ (denoted by -) of () with a smooth function ¢ and
integrating in time and space, we are lead to the following definition of solution (see e.g. [BCI6] pp.
250-251]):

Definition 1.1. Let y° € L?(0,1)" and u € L?(0,+00)™. We say that a function y is a (weak)
solution to (@) if y € C°([0, +00); L?(0,1)") and, for every T > 0,

1 1
| vt etayde— [ @) p0,.0)ds
0 0
ot dp dp A .
—/0 /0 y(t,x) - (E(t,x) —A(:v)a—x(t,:v) + (_8_3:(96) + M(z) ) cp(t,:v)) dxdt
T
+ [ Ao a, )
0

for every ¢ € C1([0,T] x [0,1])" such that ¢, (-,1) = 0 and ¢_(-,0) = R*¢4(-,0), where R € RPX™
is defined by
R=—A (0)QA_(0), (6)

and Ay = diag(Ai,...,Ap) and A_ = diag(Apt1,...,An).

We recall that A € C%1([0,1])"*™ = W1°°(0,1)"*" so that 22 exists and belongs to L>(0, 1)"*".
We can establish that system (IJ) is well-posed, that is, for every y° € L?(0,1)" and u € L?(0, +-00)™,
there exists a unique solution y € C°([0, +00); L?(0,1)") to (@) and this solution depends continuously
on 3% and u on compact time intervals (see e.g. Section Bl below). The regularity of the solution to
@) allows us to consider control problems in L?(0,1)". We say that the system () is:

e exactly controllable in time T if, for every 3°,y' € L?(0,1)", there exists u € L?(0, 4+00)™ such
that the corresponding solution y € C°([0, +00); L2(0,1)") to system () satisfies y(T) = y*.

e null controllable in time 7" if the previous property holds at least for 3! = 0.

e approximately controllable in time 7' if, for every ¢ > 0 and every y°,y' € L?(0,1)", there exists
u € L?(0,+00)™ such that the corresponding solution y € C°([0, +00); L2(0,1)") to system ()
satisfies Hy(T) - y1HL2(0,1)" <e.

Clearly, exact controllability in time 7" implies null and approximate controllability in the same
time. For any (A, M, Q) that satisfies the above standing assumptions, we denote by Tins (A, M, Q) €
[0, 4+00] the minimal time for the exact controllability of (), that is

Tint (A, M, Q) =inf {T' >0, () is exactly controllable in time 7'} . (7)



The time Tint (A, M, Q) is named “minimal time” according to the current literature, despite it is
not always a minimal element of the set. We keep this naming here, but we use the notation with
the “inf” to avoid eventual confusions. Since exact controllability in time T3 clearly implies exact
controllability in time Ty for every To > Ty, the time Tin¢ (A, M, Q) € [0, +00] is also the unique time
that satisfies the following two properties:

o If T'> Tine (A, M, Q), then () is exactly controllable in time 7.
o If T < Tine (A, M, Q), then () is not exactly controllable in time 7.

The goal of the present article is precisely to explicitly characterize Tins (A, M, Q) in terms of A, M and
Q. To the best of our knowledge, finding the minimal time for the controllability of one-dimensional
first-order linear hyperbolic systems is a problem that dates back at least to the celebrated survey
[Rus78|. In this article, the author introduced two times, one for which we have exact controllability
after this time, and another one for which we do not have exact controllability before this other time
(this is also done for the null controllability, with different times). There, the author also observed
that in general these two times do not agree, thus leaving a gap in between where the situation was
not clear. There are not a lot of other works in the literature devoted to a characterization of the
minimal time of control for this class of systems. It seems that the attention was mainly directed
towards the controllability of quasilinear versions of such systems afterwards, see for instance the book
|Li10] and the references therein. More recently in [Hulb], the author also addressed the question of
finding the minimal time of control and he showed that the time of [Rus78| giving the positive result
can actually be reduced if we require stronger assumptions on the boundary coupling parameter Q).
The author also showed that, for some very particular () within this class, the time he obtained is
in fact the minimal time of control. Extending the condition of [Hulf], a new and smaller time of
control was then introduced in [CN18]|, but it was again shown to be the minimal time only in some
particular situations. To summarize, most of the works in the literature require conditions on @ to
obtain a better time for the exact (or null) controllability of such systems and, as a result, they are
unable to deal with general (Q not meeting their conditions. In addition, none of them are actually
able to show what happens just before their time without considering particular cases of systems (this
is done only for M = 0 in [Hul5l [CN18]), thus legitimately questioning the optimality of the times
they introduced in these articles. In this paper, we will finally completely solve this long-standing
problem (regarding the exact controllability property) by developing the original ideas of [Rus78],
combined with some results of [DO18] and [NRLS6], and by introducing an accurate factorization of

Q similar to the one of [DJMO6].
Before going further and stating the main result of this paper, we need to introduce some notations
and concepts. We start with the characteristics associated with system (). For every i € {1,...,n},

every t > 0 and z € [0,1] fixed, we introduce the characteristic x;(-;t, ) € C* ([si*(t,z), s?" (¢, x)])
passing through (¢, z), that is the solution to the ordinary differential equation:

d n(t, x), 89" (¢,
Exi(svtv‘r) =i (xi(s;t,x)), sé€ [Sz (t,z),s7™ (¢, )] ) (8)

xi(t;t, x) = x,

where si%(¢, ), s (¢, 2) € R (with sit(t,x) < t < s?"(t,x)) are the enter and exit parameters of the
domain [0, 1], that is the unique respective solutions to

xi(sit(t, )t x) =1, xi(s9u(¢,2);t,2) =0, ifie{l,...,p},

xi(sit(t, )t x) =0, xi(s9u(t,x);t,2) =1, ifie{p+1,...,n}.



Their existence and uniqueness are guaranteed by the assumption ([Bl). We then introduce

sut(0,1)  ifie{1,...,p},
T;(A) =

s9U9(0,0) ifie{p+1,...,n}.

Since the speeds do not depend on time, the exact value of T;(A) can actually be obtained by
integrating over [0, 1] the differential equation satisfied by the inverse function & — x; ' (&;¢,2) (see

e.g. (B0) and (BI) below):

b .
zjmdg ifie{l,...,p}, )

Ti(0) = ;
——d¢ ifie{p+1,...,n}.
/0 Ai(€) ¢ J
For the rest of this article it is important to keep in mind that the assumption (B]) implies the following
order relation between the T;(A):

Tl(A) <...<Z Tp(A),
(11)
Tp+m(A) < ST (A).

It is known that the combination of the two largest times T),(A) 4+ Tp+1(A) yields a time for which
the exact controllability of () holds if rank @ = p. This was proved for instance in [Rus78, Theorem
3.2] but with a slightly different boundary condition at x = 1, namely y_(¢,1) = Dyy4(¢,1) + Du(t)
with D; € R™*P and D € R™*™ invertible (so that m = p), which makes the corresponding
system time-reversible and has clearly equivalent controllability properties. Let us also mention
|[Li10, Theorem 3.2] for a constructive method, moreover for quasilinear systems. It is then not
difficult to see that T,,(A) + Tp+1(A) is the sharpest time for the exact controllability of () which is
uniform with respect to all possible choices of M and @, i.e.

max max Ting (A, M, Q) = Tp(A) + Tp41(A). (12)
rank Q=p

In [Rus78], the author already tried to improve the time (I2)) by imposing some conditions on Q.
Notably, he showed in [Rus78, Theorem 3.7 (still in the above context) that the exact controllability
holds in time 77, where

T;(A)+T;,(A) if j; exists,
T = max (T;,T,(A)), ;= (13)

i€{p+1,....n} Ti(A) if not,

N

where j; € {1,...,p} is the largest index such that g¢;, ;—p # 0, if it existd]. In [Rus78, Theorem 3.6],
he also introduced a time Ty > 0 for which the exact controllability fails for T < T but he already
observed that in general these two times 7} and T do not agree.

More recently, it has been shown in [HuI5|, and then in [CNT8|, that the time (I2)) may be sharpen
for another particular class of matrices (). To be more precise, let us introduce the following condition
for every i € {1,...,p}:

the 7 x ¢ matrix formed from the last ¢ rows and the last 7 columns of () is invertible. (14)

IThere is a missprint in the definition of j; in [Rus78 Proposition 3.4]: it should be (Da‘);:p in place of (DS)SI
(which does not always make sense since i € {p+1,...,n}).



It was then proved in [Hul5, Theorem 1.1], by developing the constructive approach of [Lil0, Theorem
3.2, that for every @) such that (Id]) holds for i = p, the system () with M = 0 (in fact, a quasilinear
version of (dl)) is exactly controllable in time T for every T > Tb, where

Ty = max {Tpi1(A) + T (A), Tpa (A)} - (15)

We emphasize that the condition (I4]) for ¢ = p is stronger than just assuming that rank @ = p when
m > p. In [Hulb, Remark 1.3], the author then showed an example of @ that satisfies ([[4]) for i = p
for which the system () with M = 0 is not exactly controllable in time T for every T' < Tb.

On the other hand, using the so-called backstepping method, it was proved in [CN18, Theorem
2] that for every @ such that (I4)) holds for every i € {1,...,p} and every but a possible countable
number of M, the system () is exactly controllable in time T5, where

Ts= max (Ti(A) + Togi(A), Tpsa(A)). (16)
i€{1,...,p}

It is also shown in [CNI8| Theorem 3| that the part “but a possible countable number of” in the
previous statement can be removed if we look for exact controllability in times 7' > T3, but it is done
under obviously too restrictive assumptions (m = 2, p = 1 or p = 2, A constant, M analytic in a
neighborhood of z = 0, etc.). Finally, in [CN18, Proposition 1| the authors showed that the system
(@) with M = 0 is not exactly controllable in time T for every T' < T3 but, once again, only for @
satisfying (Id]) for every i € {1,...,p}.

In this article we will obtain the minimal time of control for any fixed @), without assuming
anything more than rank@ = p. This will generalize the previous results. As already mentioned
before, we use a different approach than in the two last mentioned articles and we go back to the
original ideas of the first paper [Rus7§].

To deal with general @) and state our main result we need to introduce the concept of canonical
form for full row rank matrices (a related notion can be found in [DJMOG], Definition 2|):

Definition 1.2. We say that a matrix Q € RPX™ is in canonical form if there exist distinct column
indices ¢1(Q°),...,c,(Q%) € {1,...,m} such that:

qaci(QO)?’éOa
vie{l,....p}, @ =0, Vji>c(QY), j¢{c1(Q),....c(Q"}, (17)
qgj:()v Vi < ci(Q).

)

Example 1.3. Consider the following matrices

0 [1] 4 —1 0 0 [4] 1 4 -1 0

Qi=fo o [2] 3| @=|[1] 2 ol @=]oz2 3 0
o o0 o [1] o [1] o 00 1 1

The matrices QY and QY are both in canonical form, with c3(QY) = 4, c2(QY) = 3, c1(QY) = 2 and
c3(Q9) =2, 2(Q9) =1, c1(QY) = 3. However, QY is not in canonical form because there is no c3(Q3)
that simultaneously satisfies the second and third conditions of ().

Remark 1.4. If Q° € RP*™ is in canonical form, then necessarily:

(i) The indices ¢1(Q°),...,c,(Q") are unique.



(ii) ¢); =0 for every i € {1,...,p} and j & {c1(Q°),...,c,(Q")}.
(iii) rank Q% = p.

(iv) We have
Wiy =0, Yk>i, Vie{l,... p}. (18)

The first point is clear since ¢;(Q) is the column index of the unique non-zero entry of the i-th row
of Q" that is not in the columns with indices ¢;+1(QY),...,c,(Q"). The second point immediately
follows from the two last conditions in (7). The third point is also clear by considering a linear
combination of the only p non-zero columns of Q° and looking first at its last row, then at its last
but one row, etc. For the last point, first note that for ¢ = p, (I8)) is clear since there is no condition
(k€ {1,...,p}). Fori = p— 1, we have to check that qg,cp,l(m) = 0. Since ¢, 1(Q°) # ¢,(Q°) we
have two possibilities, either ¢,_1(Q°) < ¢,(Q°) so that the equality follows from the last condition
in (), either ¢,—1(Q°%) > ¢,(Q°) so that the equality follows from the second condition in (7).
Repeating the reasoning for i = p — 2,p — 3, etc. eventually leads to (IJ]).

Next, we present a result that comes from the Gaussian elimination and that we will call in this
article “canonical U L-decomposition” (U for upper and L for lower, see also Remark [[.I2] below for
this naming):

Proposition 1.5. Let Q € RPX™ with rank(Q = p. Then, there exists a unique Q° € RP*™ such
that the following two properties hold:

(i) There exists L € R™*™ such that QL = Q" with L lower triangular ((;; =0 if i < j) and with
only ones on its diagonal (0;; =1 for every i).

(ii) Q° is in canonical form.
We call Q° the canonical form of Q.

We mention that, because of possible zero columns of (), the matrix L is in general not unique.
The proof of Proposition is given in Appendix [Al With this proposition, we can extend the
definition of the ¢; indices in Definition to any full row rank matrix:

Definition 1.6. Let Q € RP*™ with rank @ = p. We define ¢1(Q),...,c,(Q) € {1,...,m} by
ci(Q) = ci(@Q),
where QU is the canonical form of @ provided by Proposition

Example 1.7. We illustrate how the find the decomposition of Proposition[L.3 in practice. Consider

4 6 3 -1 4 —4 4
Qi=|8 -1 5 3|, Q=15 2 0
2 -1 1 1 2 1 0

Let us deal with Q1 first. We look at the last row, we take the last nonzero entry as pivot. We remove
the entries to the left on the same row by doing the column substitutions C3 < C3—Cy, Cs + Cy+CYy



and C7 <+ C1 —2C4 so that

1 0 0 0
6 5 4 —1

0 1 0 0
Q1L = Q1 =12 2 2 3

0 0 1 0
000 1

-2 1 -1 1

We now move up one row and take as mew pivot the last monzero entry that is not in Cy. We
remove the entries to the left on the same row by doing the column substitutions Cy <— Cy — Cs and

Cp + Cy — C5 so that

1 0 0 0
2 1 4 -1
0 1 0 0
Q1L1Ly = Q114 =10 0 2 3
-1 -1 1 0
0 0 0 1
0 0 0 1

1 0 0 O
01 4 -1
-2 1 0 0
Q1L =Q1L1L> =lo 0 2 3 |=0
0O 0 1 0
00 0 1
0 0 0 1

Similarly, it can be checked the canonical form of Q2 is in fact QY of Example L3

Remark 1.8. Where we want to put entries to zero in Example [ 7 in fact depends on the way the
times are ordered (Il). This will be more clear during the proof of Theorem Bl below. We mention
this point to highlight the fact that the definition of the canonical form is linked to this ordering and
a change in (1)) may then require another kind of factorization of Q).

After such a long but necessary preparation we can now clearly state the main result of this paper:

Theorem 1.9. Let A € C%L([0,1])"*" satisfy @), @) and @), M € L>=(0,1)"*" and Q € RP*™ be
fixed. We have:

(i) Ting (A, M, Q) < o0 if, and only if, rank @ = p.
(i) If rank Q = p, then

Ting (A, M, Q) = iegl_a_%p}(TpH (A), Ti(A) + Tpiey)(A)), (19)

where ¢1(Q), ..., cp(Q) € {1,...,m} are defined in Definition 10



To the best of our knowledge, this is the first result that completely characterizes the minimal
time for the exact controllability of (). Not only this, but this result also shows that the time
(@A is explicit in terms of A (recall (I0)) and in terms of @ as well, since the computation of the
indices ¢;(Q) rely on the Gaussian elimination, which is a very efficient algorithm that shows that
the minimal time ([)) is actually easy to compute in practice.

Example 1.10. A comparison with the other times of the literature (I3), (IT) and (6] can be made.
For Q, € R3** of Example .71 we have

Tint (A, M, Q1) = T3 = max (T4(A), Ty (A) + T5(A), Ta(A) + To(A), T3(A) + T2 (M) ,

whereas Ty = Ty(A) + T5(A) and To = max (T4(A), T5(A) + T5(A)). On the contrary, the case of
Q2 € R3*3 of Exzample [ is not covered by the results [CNI8], and for this parameter we have

Tt (A, M,Qs) = max (T4(A), T1(A) + To(A), To(A) + Tu(A), T(A) + T5(A))
= max (To(A) + Tu(A), T3(A) + T5(A))

whereas Ty = Ty = Ty(\) + T3(A).

Remark 1.11. Observe that the expression ([[9) of Tinf (A, M, Q) does not depend on M. This
means that the internal coupling terms M (x)y(¢, ) in (@) have almost no impact on the controllability
properties of this system. All our attention should then be on the coupling on the boundary Q. Let
us however mention that whether the infimum in the definition (@) of Tint (A, M, Q) is or is not a
minimum depends on the values of M. In fact, by using the techniques we will develop below, it can
be shown that the minimum is reached if, and only if, () is approximately controllable in time (I9)),
and it is known that this latter property depends on M, as for instance illustrated in [Rus78| pp.
659-661] (see also item 2. of [CN18, Theorem 1]). A complete characterization of the parameters M
and @ for which the infimum is equal to the minimum seems an open problem (some partial results

can be found in [CN18§]).

Remark 1.12. We have seen that T),(A) + T,+1(A) is the worst possible time of control. On the
other hand, it can be checked that

min max (Tp+1(A), Ti(A) + Tpie, (A )—T,
L mm (ie{l,...,pﬁ Dt (VL T(A) 4+ Tyeen (V) ) = T
cien, 7k

where we recall that T3 is defined in (I6), and the minimum is reached for ¢; satisfying
ci=m—p+i, Vie{l,...,p}. (20)

The condition (20) means that the canonical form Q¥ of @ is an upper triangular matrix, see e.g.
Q") of Example Thus in this case @ has a “standard” U L—decomposition. Moreover, it can be
shown with the Gaussian elimination that a full row-rank matrix @ admits such a decomposition if,
and only if, @ satisfies ([4]) for every i € {1,...,p} (see e.g. [Gan59, Theorem IL.1]). As a result,
we see that we recover the time and the assumption given in [CNI8| Theorem 2|. Note as well that
our observation justifies the name of “optimal time” given in this article (before it, there were no real
justification to such a naming).

The rest of the paper is organized as follows. In the next section we simply recast the system
(@D into its abstract form and prove basic properties. In Section Bl we make use of the notion of
canonical UL—-decomposition to establish necessary and sufficient conditions for the system () to
be exact controllable in a given time when there are no internal coupling terms, i.e. when M = 0.
In Section @l we use compactness-uniqueness arguments to show that the minimal time of control
remains the same when we add a bounded perturbation M.



2 Abstract setting

It is well-known that the system (II) can equivalently be rewritten as an abstract evolution system:

%y(t) = Apy(t) + Bu(t), te€(0,+00), (1)

y(0) =",
also to be referred to as (A, B) in the sequel, where we can identify the operators Ap; and B

through their adjoints by formally taking the inner product of (2I) with a smooth function ¢ and
then comparing with (B)). The state and control spaces are

H=1L*0,1)", U=R™
They are equipped with their usual inner products and identified with their dual. The unbounded
linear operator Ay : D(Ap) C H — H is defined, for every y € D(Anr) by

Aury(e) = A@) 32 (@) + M()y(@), = € (0,1),

with domain
D(Ay) ={y € H'(0,1)", y4+(0) =Qy-(0), y-(1)=0}.

It is clear that D(Ajs) is dense in H since it contains C'°(0,1)™. A computation shows that
D(Ay) ={z€ H'(0,1)", z.(1)=0, z_(0)=R"2.(0)},

where we recall that R € RP*™ is defined in (@), and we have, for every z € D(A4%,),

Ay z(z) = —A(x)%(z) + <—%(z) + M(x)*> z(z), x€(0,1). (22)

Note that in fact D(A},) does not depend on M. On the other hand, the control operator B €
L(U,D(A3,)') is given for every u € U and z € D(A},) by

(Bu, Z>D(A7u)lvD(A7v1) =u-A_(1)z_(1). (23)

Note that B is well-defined since Bu is continuous on H*(0, L)" (by the trace theorem H'(0,1)" —
C°([0,1])™) and since ”'”D(A}‘vz) and ||| g1 (g 1y are equivalent norms on D(A},). Finally, the adjoint
B* € L(D(A%,),U) is given for every z € D(A%,) by

B'z=A_(1)z_(1).

Using the method of characteristics, it is not difficult to show that the operator Aj; generates a
Cy-semigroup when M is diagonal and we even have an explicit formula for it. Since we will mainly
perform computations on the adjoint semigroup in the sequel, it is then when M = ‘g—j; that the
adjoint semigroup will have the simplest expression (see ([22])).

Proposition 2.1. For every i € {1,...,p} and j € {1,...,m}, let ¢i,dp1; € CH1([0,1]) be the
non-negative and increasing functions defined for every x € [0,1] by

| r 1
¢i(517)——/0 mdf, ¢p+j($)—/0 mdﬁv (24)



(note that ¢;(1) = Ti(A) and ¢p+j(1) = Tpt;(A), see (I0)). Then, the operator A%, generates a
Ox
Co-semigroup on H given, for everyt >0 and 2° € H, by

2 (o7 (t+ i), ift+ dilx) < ¢i(1),
(Sagy (07°) (@)= ( ) (25)

0, if t + ¢i(x) > ¢i(1),

for everyi € {1,...,p} and a.e. x € (0,1), and by
(SA s (t)*zo) ()
p+J
2y (Gpiy (Bprs(@) = 1), if t — dpij(x) <0,

p
Z“,pﬂ‘z? (077! (t = dptj (@), 0 <t—pyj(x) < r(l),
=1

!, : | (26)

> ripriz (67 (= bpri (@), if k(1) <t = Gpis(x) < Bryr (D),
1=k+1
0 if ¢p(1) < t — (@),

for every j € {1,...,m} and a.e. x € (0,1).
Proof. We only show how to find the formula ([28) and (26). It can be checked afterwards that these
formula define a Cy-semigroup and that A%, is indeed the corresponding generator (by using the
dx
very definition of what is a Cp-semigroup). We recall that 2(t) = Sa,, (t)*2° is the unique solution
Dz

to the following abstract O.D.E. when 20 € D(A4%,) (see e.g. [ENOQ, Lemma I1.1.3]):
oz

d
—Z(t) = A%a 2(t), t€]0,400),
dt Er
Z(0) = 2°
Therefore, we expect Z to solve

0z 0z

E(tv ‘T) - _A(x)a_x(tv ‘T)v

Z.(t,1) =0, Z_(t,0)=R*%.(t,0), t€[0,400),z€(0,1). (27)

2(0,z) = 2%(x),

Let us first find 2; for i € {1,...,p}. Since Z; solves

621' (951 .
5i(1) =0, te [0, 450).x € (0,1),

5i(0, ‘T) = Z?(‘T)v
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along the characteristic x; we have

Zi (s, xi(s;t,2)) =0, Vs € [si(t,x), s (t,x)], s € [0,+00).

ds
It follows that
2 (xi(0st,2)), if si*(t, @) <0,
éi(t, JJ) = (28)
0 i (1, ) > 0.
On the other hand, for j € {1,...,m}, similar computations lead to
. Zpys (Xp4i (051, 2)) sin (t,x) <0,
Zp+_j(t,.’l,') = p R ] (29)
Zri,p+jzi (SQIDI]‘FJ(t’ I)a O) ) p+] (t fE) > 0.
i—1

Now, since A; does not depend on time, we have a more explicit formula for x;(0; ¢, x) and si®(¢, z).
Indeed, the inverse function ¢ +— x; ' (¢;¢, x) solves

ax; ! _ 1 1
o © = I T - v S0 50

Xi_l(x;t, x) =t.

Therefore, x;l(y;t x)=t+ f Y d§ Using the functions (24]), we have

) — t+gi(x) — dily), ifie{l,...,p}, 1)

t—di(a) + dily), ifie{p+1,....n}.

Recalling the definition (@) of si(t,z), we then have

t— ¢i(x), ifie{p+1,...,n},
and
¢;1 (t+¢i(z)), ifie{l,...,p} and si"(t,z) <0,
Xi (05t 2) = (33)
o7 (di(x) —t), ifie{p+1,...,n} and si"(t,2) < 0.

Plugging these formula in [28) and (29), and taking into account that ¢;(1) < ¢i+1(1) for every

ie{l,...,p—1} by ([Id), we obtain (25) and (24]).
O

Remark 2.2. Observe that the right-hand sides in ([25]) and (286), considered as functions of ¢ and =,
make sense for z° € L?(0,1)" only (i.e. the compositions are well-defined), either for every ¢ > 0 and
a.e. x € [0,1], or for every € [0,1) and a.e. t > 0. For instance for (28] this follows from the fact that
the maps = € (0,¢; ' (¢:(1) — 1)) = ¢; ' (t + ¢i(z)) and ¢ € (0,¢:(1) — ¢i(x)) = ¢; ' (t + ¢y (w)) are
Cl-diffeomorphisms (for every t € [0,¢;(1)) and z € [0, 1), respectively). For the rest of this article,

we then abuse the notation Sy4,, (£)*2°(z) to denote either of these functions when 2% € L?(0,1)".
oz
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Let us now turn out to the properties of the control operator B. First of all, it can be checked
directly from the formula (28) that, when z° € D(A%, ), the function z (S’A oA (t)*z(J) (x) belongs
dx Dz —
to H'(0,1)™ and has a trace at = 1 equal to (S’A on (t)*zo) (1) since the right-hand side of (28])
or _

is a continuous function of z on [0, 1] for such z°. A simple change of variable then easily shows that,
for any 0 < T < ¢y, (1), there exists C' > 0 such that

T 2
/ HB*SAM (0720 dar< 203, V2 e D(AL). (34)
0 bz U oz

This property shows that B is a so-called admissible control operator for A o (see e.g. [TWO09,
Theorem 4.4.3]). :

Since the operator Ay is nothing but a bounded perturbation of A o4, it follows that Aj; also
generates a Cop-semigroup on H (see e.g. [ENO0Q, Theorem II1.1.3]) and that B is also admissible for
Apr (see e.g. [DOIS| p. 401]). It also follows that the abstract system (2I]) is well-posed in the sense
that: for every y° € H and every u € L?(0, +o00; U), there exists a unique solution y € C°([0, +00); H)
to (2I) given by the Duhamel formula (see e.g. Proposition 4.2.5]):

y(T) = Sa,, (T)y° + ®p(T)u, VT >0, (35)

where ®,/(T) is the so-called input map of (A, B), that is the linear operator defined for every
u € L?(0,400;U) by

T
@M(T)u_/o Say (T — s)Bu(s) ds.

We recall that a prioriIm @,/ (7)) € D(A%,)’ but the admissibility of B in fact means that Im ®,,(7") C
H for some (and hence all) T' > 0 (see e.g. Definition 4.2.1]). From this assumption it follows
that the function T' € [0, 4+00) — ®(T)u € H is continuous for every u € L?(0,+o00;U) (see e.g.
TW0Q9, Proposition 4.2.4]), so that the function y defined by (B3] indeed belongs to C°([0, +00); H).
From the admissibility of B it also follows that ®,/(T) € L(L?*(0,+o00;U), H) (see e.g. [TW09,
Proposition 4.2.2]). The adjoint ®,(T)* € L(H, L*(0,+00;U)) is nothing but the unique continuous
linear extension to H of the map that takes z! € D(A},) and associates to it the following function
of L?(0,+o00;U) (see e.g. Proposition 4.4.1]):

B*Sa, (T —1)*2', ifte (0,T),
t € (0,+00) —>

0, ift >1T.

Finally, it can be checked that the function y defined by (B3] satisfies () and is thus the (weak)
solution to () in the sense of Definition [[1] (see e.g. [Cor07, pp. 63-65]).

Let us now recall that all the notions of controllability can be reformulated in terms of Im @, (7).
Indeed, it is not difficult to see that (A, B) is exactly (resp. approximately) controllable in time T
if, and only if, Im ®5,(T) = H (resp. Im®;(T) = H). It is also well-known that the controllability
has a dual concept named observability. More precisely (see e.g. [TW09, Theorem 11.2.1]), (A, B)
is exactly controllable in time 7' if, and only if, there exists C' > 0 such that

T
12|15 < C/ | (T)*2 ()|, dt, V= € H, (36)
0

and (Aps, B) is approximately controllable in time 7' if, and only if,

(@M (T)*2'(t) =0, ae te(0,7))=2"=0, Vz'eH. (37)
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Finally, for M = g—ﬁ, the adjoint of the input map ®aa (T)* is explicit. Indeed, we see from
Ox
the formula (28) that the operator 2! € L2(0,1)" +— A_(1) (Sa,, (T =)*s1) (1) (extended by
Oz

zero outside (0,7')) belongs to L£(H, L?(0,+00;U)). Since we have already seen that it agrees with
B*Sa,, (T —-)*z! for 2! € D(A%,), by uniqueness of the continuous extension, this shows that the
oz Ox

adjoint of the input map is given, for every z! € H, by

o (T)"24 (1) = A(1) (SA%(T—t)*zl) 1), ae. te(0,7).

3 Controllability of the unperturbed system

The goal of this section is to characterize the minimal time for the exact controllability of the unper-
turbed system (Ag, B), i.e. of the system

dy _ dy
E(t,x) = A(:c)a—x(t,:v),
yi(t,0) = Qu_(t,0), y_(t,1)=u(t), t€(0,400),z€(0,1). (38)

y(0,z) =1°(x),

It is indeed natural to first investigate what happens when M = 0 and constitutes a first step
towards our main result Theorem [[LO] We will then use a perturbation argument in the next section
to deal with internal couplings M # 0. For the system (B8]) we will actually establish an even more
precise result, namely:

Theorem 3.1. Let A € C%1([0,1])"*" satisfy @) and @), and Q € RP*™ be fived. For every T > 0,
B8] is exactly controllable in time T if, and only if, the following two properties hold:

(i) rank @ = p.
(it) T = maxjeq1,.. p} (Tp+1 (A), Ti(A) + Tpiei (@) (A))-

Remark 3.2. Note that the assumption (@) is not needed in Theorem Bl We also point out that
the assumption @) could be weaken all along this section into the following:

Ai(z) <0< Apyj(x), Vxelo,l], Vie{l,....,p}, Vje{l,....m},

as long as we assume that the eigenvalues are ordered in such a way that (II]) holds, which can always
be done without loss of generality.

As simple as system (B8] looks like (the equations are not coupled inside the domain), a necessary
and sufficient condition for the exact controllability for general boundary couplings Q was not known
before, to the best of our knowledge. As already mentioned in the introduction, the sufficiency is
established in [Hulb, Theorem 1.1] for couplings Q satisfying the condition (I4) for ¢ = p (which is
stronger than and for times T > To, where we recall that T5 is defined by ([I5) (possibly larger
than in see e.g. Example [[T0). Moreover, the necessity is only shown for a particular choice
of @ in [Huld, Remark 1.3]. On the other hand, it is proved in [CNI8, Proposition 1|, under the
standing assumption that @ satisfies (I4) for every i € {1,...,p}, that is a sufficient condition
for the null controllability in time 7', and that it also becomes necessary if we add Theorem [31]
is thus the first result to provide a complete answer to this problem. It also partially solves the open
problem in [Rus78, Remark p. 656] (we say “partially” because this paper was focused on the null
controllability): “This raises the question, unresolved at the moment, concerning the identification
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of a “critical time” T, such that observability holds if T" > T, and does not hold if 7' < T,.. Such a
critical time T, can readily be shown to exist but no satisfactory characterization of it is available at
this writing.” The key point to solve this problem is to carefully investigate the boundary condition
at © = 0, which somehow allows to transfer the actions of the controls to the indirectly controlled
components (i.e. to the components associated with a positive speed in our framework). This is
where the introduction of the canonical U L-decomposition of @ is crucial.

Before giving the proof of Theorem [B.I] we mention that we can add any diagonal matrix to the
system (B8) without changing its controllability properties. We use it to simplify the diagonal terms
in the adjoint system, and thus the computations below (in other words, we can use the formula (25))

and (24))).

Lemma 3.3. Let A € C%'([0,1])"*"™ satisfy @) and @) and Q € RP*™. For every T > 0, (A%,B)
is exactly controllable in time T if, and only if, (Ao, B) is exactly controllable in time T.

The proof of Lemma is a simple change of variable. It is contained in Appendix

3.1 Sufficient conditions

In this part we establish the positive result, that is we assume that rank@ = p and that T >
max;e 1, p} (Tpr1(A), Ti(A) + Tpic,()(A)) and we are going to prove that in this case (Ao, B) is
exactly controllable in time 7. Thanks to Lemma[3.3] it is equivalent to prove the exact controllability
of (A o1, B). Now, to prove that (A a1, B) is exactly controllable in time T, we will use the duality

and show that there exists C' > 0 such that, for every z! € L?(0,1)", we have

T
1213200y < C / o (L D)2 dt, (39)

where z € CY([0,T]; L?(0,1)™) is the solution to the adjoint system, i.e. z(t) = Sa,, (T —t)*z*.

Ox
In what follows, C' > 0 is a positive constant that may change from line to line but that does not
depend on z'.
1) For j € {1,...,m}, since in particular T' > T, 11(A) > T4 ;(A), using the method of character-
istics (see e.g. (28] with 20 = 2! and T — t in place of t), we have

T
12 i
= <c/ 2 (6 1) . .
|| erJHLZ(OJ) —Tptj(A) pﬂ

These terms are good because it concerns z_(¢,1) (see ([B9)). Similarly, for ¢ € {1,...,p}, since
T > T;(A), we have (see e.g. ([28)

T
12 2
o <€ [, IO a (a1)

These terms are not good because it concerns z4 (¢,0). We would like to get ride of it. The
only information that we know about z (¢,0) is through the boundary condition

2 (t,0) = R*z, (t,0). (42)

Since rank @ = p we also have rank R = p. Therefore, R* € R™*P has at least one left-
inverse and we can express z, (t,0) in function of z_(¢,0). However, we do not really want to
completely inverse this relation without looking more closely at it as it will eventually lead to
the observability inequality ([BY)) only for times 7" larger or equal than the time T}, (A)+T,11(A),
which is not the minimal one in general.
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2) This is where we use the decomposition of Proposition According to it, there exist a

canonical form Q° € RP*™ and a lower triangular matrix L € R™>™ such that

QL=Q".
As a result, ([@2)) implies that (we recall that R = —A,(0)QA_(0)~1)
Q%) A (0)24 (1,0) = —L*A_(0)z_(£,0). (43)

We now look carefully at this relation row by row for the row indices ¢;(Q). Let i« € {1,...,p}
be fixed. The ¢;(Q)-th row of {3 is

D @@ M(0)2k(50) = =D 4 @) Ap+5(0)2p45(£,0).

p m
k=

1 j=1

Using some of the structural properties of Q° and L, namely, g} (@ =0 for k > i (see (I8) in
Remark [4)) and ¢; ; = 0 for ¢ < j, this is equivalent to

D i@ Mk (0)26(50) + 60 N (0)2:(8,0) = = D Lo @ At (0)2p45(8,0).
k<i JjZei(Q)

Using now the fact that q?ci(Q) # 0, we obtain

1
zi(t,0) = poaswN qu,ci(Q)/\k(O)Zk(tv 0) — i@ Ap+5(0)2p+; (1, 0) | . (44)
i,¢i(Q)7 k<i Jj2ci(Q)

We recall that the goal is to estimate z;(¢,0) on the time interval (T" — T;(A),T) (see ().
Therefore, we estimate each term in the brackets in ([@4]) on this interval.

To estimate the first term, we first observe, using the method of characteristics and the boundary
condition zy(-,1) = 0, that we have z(-,0) = 0 in (0,7 — T, (A)) for every k € {1,...,p} (see
9)), so that
T T
/ |z (,0)) dt = / |z (8, 0))° dt, Yk <.
T—Ti(A) T—T5(A)
Therefore, for the first term in the right-hand side of ({@4]), we have

T T
/ S oM O)z(t0)| dt <C (2, 0)| dt
T=Ti(A) | p<i T-Ti(A)
T
e / (2, 0)| dt
; T—Ti(A)
T
e / (2, 0)| dt
; T—Tk (A)

The important point is that it is estimated by a similar expression than the one we want to
estimate but that contains only terms for k < i.

The second term to be estimated is the one which fixes the time T;(A) + T}, 4¢,(0)(A). Indeed,
we first observe that, using the method of characteristics (see (26)) and the fact that T >
Ti(A) + Tpiei(@)(A) > Ti(A) + Ty (A) for j > ¢i(Q), we have

T , T—T, s (A) ) ’
| oPdsc s LD dey Y5 2 Q).
T-Ti(A) T=Ti(A)=Tp4;(A)
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Therefore, for the second term in the right-hand side of (@), we have

2

T
/ Z em Apri(0)zpe;(t,0)] dt < c/ ST s (t.0))7 dt
T—T;(A) e T—T;(A) J>ei(Q)
T
=Cc > / |2ps i (,0)* dt
2ei(@ 7T
T—Tps ()
<cy | st DP
jei(@Q) Y T=TiM)=Tp4i(A)
T
<C [ et
0
To summarize, we have obtained the following estimate, valid for every i € {1,...,p}:
T T
/ |zi(t,0)| dt<CZ/ |zk (t,0)|? dt+0/ l2— (t,1)]| 2 dt.
T—T;(A) et 0

By induction (starting with ¢ = 1) we easily deduce that, for every i € {1,...,p},

T T
/’ mwmfﬁsc/nawmﬁmﬁ
0

T—-T;(A)

Combined with ([@I]) and (@Q) this establishes [89) and conclude the proof of the positive result.

3.2 Necessary conditions

We now turn out to the proof of the negative result, that is we assume that (Ao, B) is exactly
controllable in a time 7" > 0 and we show that both conditions |(i)| and |(ii) n )| of Theorem [B1] necessary
hold. Once again, thanks to Lemma[3.3] it is equivalent assume the exact controllability of (A an, B).

We then argue by contraposition and show that, if one of the condltlons. or- fails, then (A an B)
is not approximately controllable in time T for any 7' > 0. Now, to prove that (A aa, B) 1s not
approximately controllable in time 7', we will use the duality and show that there exists 2! € L2(0,1)"
such that

z2_(t,1) =0, a.e.te(0,7), 2L £0,
where as usual z € C°([0,T]; L?(0,1)") is the solution to the adjoint system, i.e. z(t) = Sa,
t) 2t

(T =

5

1) First we show that, if rank @ < p, then (A an, B) is not approximately controllable in time T'
for any 7" > 0. Let then T" > 0 be fixed. Smce rank R = rank ), by assumption, there exists
1 € RP such that

R'n=0, n#0.

Let us then define 2! € L?(0,1)" for every z € (0,1) by

z.l(x):{m if o € (0.6, (T1(4))) Vie{l,...,p}, 2L (z) =0.

! 0  otherwise,

Note that it is well-defined since T1(A) = ¢1(1) < ¢;(1) for every i € {1,...,p}. Let z €
C°([0,T]; L?(0,1)™) be the solution to the adjoint system corresponding to this data. The
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method of characteristics (see (23])) gives

i ifte (T —Ti(A),T) and t >0,
vie{l...p}, u(t0)=3" ' € (I =T(A),T) and t >
0  otherwise,
so that
Rz (t,0) =0, ae. te(0,7). (45)

It follows that z_ = 0 (see (28)). In particular, z_(t,1) = 0 a.e. ¢ € (0,7). Since it is clear that
2% # 0, this shows that (A 24, B) is not approximately controllable in time T for any 7' > 0 if

rank @ < p.
Let us now assume that rank @ = p but

T< max (Tpea(A),Ti(A) + Tyie o) (A)):
7’6{17"')1)}
Let us show once again that, in this case, the system (Aaa, B) is not approximately controllable

o
in time 7. First of all, we can always assume that

T > max (Ty(A), Ty1(A))

Indeed, let T < max (T,,(A), Tp+1(A)) be fixed. Assume for instance that T),(A) > Tp41(A). Let
us then define z! € L?(0,1)" for every z € (0,1) by

2 (z) = 0.

i | ) o ifxe(0,6;,4T)),
2(x) =0, Vie{l,...,p—1}, Zl(x)_{1 if 2 € (¢, (T),1),

Note that z! # 0 since 211) =1 in the open set (¢Ij1(T), 1), which is not empty by assumption.
Let z € CY([0,T]; L?(0,1)™) be the solution to the adjoint system corresponding to this data.
The method of characteristics (see [28])) gives

z4(t,0) =0, ae te(0,7).

In particular, we have again ([@3]) and we conclude as in the previous step. The case T),(A) <
Tp11(A) can be treated similarly.

From now on, let ig € {1,...,p} be fixed such that

T (A) + Tyt @) (8) = | max (T(A) + Tippe, o) (A))

Let us now construct the final data 2! € L?(0,1)" for which the controllability will fail. Let
a4 € RP be defined by

0 ifie{l,... io—1},
1 if i = g,
o =
qucl 0oy, ifie{io+1,...,p}.
qza(@)

Let then 5 € R™ be defined by
B=(Q") A+(0)ay,
that is, 3; = > 1 _, quj/\k (0)ay for every j € {1,...,m}. Using the second property of Remark
[C4] we see first that
Bi=0, Vjg{a(Q),...,(@Q)}.
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On the other hand, using the property (I8)) and the definition of a, we have

o

ifie{l,...io—1},
/BCl(Q) Z qd cI(Q))\k ak + q1 c; Q))\ (O)al - qloo,CiO (Q))‘io (O) ifi = iO?

k<i 0 ifie{io+1,...,p}.
Let us now introduce a— = (ap11,...,0,) € R™ defined by
o = —A_(0) (L) B,
so that )
—=—A(0)7TH (L) T QY A4 (0)ay (46)
Note that, since L* is an upper triangular matrix and 3; = 0 for j > ¢;,(Q), we have
apj =0, Vj>cio(Q)- (47)

We now define 2! € L?(0,1)" for every z € (0,1) by

o i€ fio, . ph and 67 (T = Tpae, @A) <@ < 67 (T, (M),
0  otherwise.

Note that 2! is well-defined since 0 < T — Tpieiy (@) (A) < Tiy(A) by assumption and since
Ty (A) = ¢io (1) < ¢4(1) for i € {io, ..., p}. Itis also clear that z* # O since 2} (2) = a;, =1 #0
for every z in the non-empty open set (¢; Yr-T preio (@ (M), qﬁi_ol(TiO (A))).

Let z € C°([0,T); L?(0,1)™) be the solution to the adjoint system corresponding to this data.
Let us now show that
z_(t,1) =0, ae. te(0,T). (48)

Since 21 =0 and T > Tp1(A) > Tp4;(A), the method of characteristics (see (28])) gives
Zpts(t,1) =0, ae. te (T —Tp,;(A),T), Vje{l,...,m}. (49)

On the other hand, for every i € {1,...,ip — 1}, since 2z} = 0 and z(¢,1) = 0, the method of
characteristics (see (23)) gives

zi(t,0)=0=q;, ae te(0,T), Vie{l,...,ip—1}. (50)

Finally, since T > T,(A) > T;(A) > T;,(A) for i € {io,...,p}, the method of characteristics
(see [29)) gives

. T -T; (A t<T,.e.. A),
ViE{io,...,p}, Zl(t,O): “ ' . 0( )< < Pt IO(Q)( ) (51)
0 otherwise.
Let us now recall the boundary condition at x = 0 that z satisfies:
2 (t,0) = =A_(0)"H(L*)"H(Q")* A4 (0) 24 (¢,0).
Combined with (B0), (5I) and the relation (@) between o and o, we see that
T —-T; (A t<T,ie. A),
Vie{lom}, o) =07 DTl <E<Tie,@M) g
0 otherwise.
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In particular, thanks to (@), we have
Z2pti(t,0) =0, ae te(0,T), Vje{c(Q)+1,....,m}.

On the other hand, if ¢ > T4 ;(A) and j < ¢;,(Q) we then have t > T),, .. (g)(A) so that, by

62,
2o (1,0) =0, ae. t € (T (A),T), Vie{l,...,c;,(Q)}.

As a result,
2pti(t,0) =0, ae te€ (Tp;(N),T), Vje{l,....m}.

The method of characteristics (see (26])) then gives
Zpti(t,1) =0, ae te (0,7 —T,;(A), Vje{l,...,m}.

Combined with (@), we see that ([@8) holds. Since we have seen that z' # 0, the system
(A a4, B) is not approximately controllable in time 7.

4 Stability of the minimal time of control

In this section we show that the internal coupling term M in () has almost no impact on the exact
controllability properties of () and that it can be completely removed without affecting the minimal
time of control. More precisely, the goal of this section is to establish the following perturbation
result:

Theorem 4.1. For every A € C%([0,1])"*" that satisfies @), @) and @), Q € RP*™ and M €
L>(0,1)™*™, we have
ﬂnf (Aa Ma Q) = T’inf (A; 07 Q) : (53)

Note that this will achieve the proof of our main result Theorem[[.9, when combined with Theorem

B of the previous section.

4.1 Idea of the proof and preliminary results

The key point in the proof of Theorem H1] is to show that the difference between the input maps
of two systems (not exactly (Ag, B) and (A, B), but some perturbations of them) is a compact
operator. Indeed, the conclusion will then follow from the following general abstract result:

Theorem 4.2. Let H and U be two complex Hilbert spaces. Let Ay : D(A1) C H — H be the
generator of a Cy-semigroup on H and let B € L(U, D(A3)") be admissible for Ay. Let P € L(H) be
a bounded operator and let us form the unbounded operator As = Ay + P with D(As) = D(Ay). For
i=1,2, let ®;(T) € L(L?*(0,+00;U), H) be the input map of (A;, B) at time T > 0, and let

Ting (A;, B) =inf {T >0, (A;, B) is exactly controllable in time T} € [0, 400].
We assume that:
(i) Fori=1,2, (A;, B) satisfies the Fattorini-Hautus test, i.e.
ker(A — A7) nker B* = {0}, VAeC. (54)
(i1) ©1(T)* — Do(T)* is compact for every T > 0.
Then, we have Tine (As, B) = Ting (A1, B).
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This general result was already noticed in [DOT8, Remarks 2.4 and 1.5] and similar ideas have
also been used earlier in [Rus78, p. 657, p. 659] (with a stronger assumption than [(i)| though). The
proof of Theorem is a simple application of the compactness-uniqueness result [DO18, Theorem
4.1], it is detailed at the beginning of Appendix [Bl for the sake of completeness.

Let us now point out that concerning our system () it is actually claimed (without proof) in
[Rus78l p. 657| that “A somewhat involved, but not conceptually difficult, argument allows one to
see that the operator differences S* — S, C* — C are both compact.” (see also [Rus78, p. 659]),
where C* — C% corresponds to @ (T)* — @z, (T)* in our notation, where My denotes the diagonal
part of M (strictly speaking it is only almost true, since we recall that a different boundary condition
at x = 1 is considered in [Rus78|). However, it appears to us that the proof of this claim is not
straightforward at all, in particular because the solution to the adjoint system of (Aas, B) is not
explicit if M has no particular structure. We also think that it deserves more than these three lines
since it is in fact the key point to transfer the controllability properties of one system onto another,
thanks to Theorem The main goal of Section [ is thus to provide a complete proof of this fact.
As already mentioned, once this is done, Theorem E.J] will be an immediate consequence of Theorem
432l because the assumption will be easily checked in our case. Now, in order to check that the
difference between the input maps of two systems is compact, we developed the following practical
sufficient condition involving only the unperturbed system:

Lemma 4.3. Under the framework of Theorem [{-3 (we do not assume and here though), we
assume that:

(ii) There exist = > 0, a Hilbert space H, a function G € L*(0,e; L(H, H)) with G(t) compact for
a.e. t € (0,e) and C > 0 such that, for a.e. t € (0,¢),

1BV, + [VE©)y < OG0 5. V2 € D(Ay).
where VZ(t) = f(f K(t,s)z(s)ds is the Volterra operator with kernel K(t,s) = Sa,(t — s)* P*
and Z(t) = Sa, (t)*2°.
Then, the assumption [(ii)] of Theorem [£.3 holds.

The proof of Lemma [£3]is postponed to Appendix [Bl for the sake of the presentation. It relies on
some ideas of [NRL86| and an estimate that can be found in [DOTS].

Remark 4.4. It is crucial to observe that the assumption in Lemma only concerns the
semigroup of the unperturbed system (A7, B). This is what makes this result usable in practice. Note
as well that this assumption has to be checked only for small times, which makes the computation
easier in our case. Finally, let us also mention that another more general condition than can be
found in Proposition [B.2] below.

Roughly speaking, the proof of Theorem [Tl will then be reduced to check the assumption of
Lemma We will see in the next section that the computation of VZ(¢) will reveal some integral
operators of a particular form, for which we will need the following technical result to conclude (see

also [NRL86, Lemma 4|):

Lemma 4.5. Let  C R? be the bounded open subset defined by
Q={(s,z) eR?>, z€(0,1), alz)<bz), sce€ (alz)blx))},

for some functions a,b € C*1([0,1]). We assume that Q # (). Let 3 € C*(Q) with B(Q) C (0,1) and
0B — 0B —

(E(s,x) >0, V(s,x)e€ Q) or (E(s,x) <0, V(s,x)e€ Q) .
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Denoting the inverse of the map s — B(s,x) by B~1(-,x), we also assume that x %({,x) does
not depend on xz. For every x € [0,1], let J(x) C R be the bounded open subset defined by

J(z) = {s € (a(x),b(x)), f1(B(s,2)) < fa(x)} ifa(z) < b(x),

] otherwise,

for some f1, fo € CH1([0,1]) with %—fg > 0 dn [0,1] or 68'—7;1 < 0 4n [0,1]. Let then Q' C Q be the
bounded open subset defined by
Q' ={(s,2) eR?* z€(0,1), s€J(z)}.

Let a € CH(QY) with () C (0,1) and
—(s,2) #0, V(s,z) e Q. (55)

Finally, let k € L*°(0,1).
Then, for every f € L%*(0,1) and z € [0,1], the function s — k(B(s,z))f(a(s,z)) belongs to
LY(J(x)) with the estimate

Il Lo (0,1
’ . 56
infoe o) | 2 (s, 2)| 17z, (%)

<

/J( )k(ﬁ(s,x))f(a(s,x)) ds

Moreover, the linear operator defined for every f € L?(0,1) and z € [0,1] by
Kfw) = [ k0,2 ot s 67)

has the following properties:
(i) K (L*(0,1)) € L*(0,1) and the operator f € L?(0,1) — K f € L*(0,1) is compact.

(i) K (H'(0,1)) € H*(0,1) and, for every f € H*(0,1) and x € [0,1], the trace of Kf at x is
equal to K f(z).

(iii) For every x € [0,1], the operator f € L?*(0,1) — K f(z) € R is compact.
Proof.

1) By assumption (53)), the function s € J(z) — a(s,z) is a C''-diffeomorphism for every x € [0, 1]
such that a(x) < b(x). Its inverse will be denoted by a~!(-,z). Using the change of variable
s+ afs,r) we see that the function s — k(B(s,z))f(a(s,z)) belongs to L'(J(z)) and

k(B (o (&), 2))
[oleY

1
Kf(x) :/ hE x)f(§)ds,  h(& )= 2 (a71(& 2), )|
0 0 otherwise.
(58)
The Cauchy-Schwarz inequality immediately gives the estimate (G6). Since the kernel h €

L*>((0,1) x (0,1)), it is well-known that the operators of the form (B8] are compact, so that
holds.

]loz(J(w),w) (5) if CL(.I) < b(I)a
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2) For the proof of item we assume for instance that we are in the case g—f > 0 in Q and

68'—’2 > 0 in [0,1]. Using then the change of variable s — (s, z) when a(z) < b(z) shows that

e ey 2
K@= [ HOF (057 €n).0) PG

where

B(b(x),x) if a(z) < b(z) and f1(B(b(z),x)) < fa(2),
@) =3 fit(f2(2) if alw) < b(z) and fi(Bla(z),2)) < fa(z) < f1(Bb(z), ),

B(a(z),z)  otherwise.

Thanks to our regularity assumptions, we see that, when f € H'(0,1), K f is continuous on
[0, 1] and piecewise H*(0, 1), which yields K f € H'(0, 1) with trace at = € [0, 1] equal to K f(z).

3) Finally, the compactness of f € L?(0,1) — K f(z) is immediate since this operator is bounded
by the estimate (B0 and its range is a finite-dimensional space.

O

We conclude this section with the statement of a last lemma. We will see during the proof of
Theorem [T below that it is crucial to have only integral terms on subsets of the form J(z) satisfying
the assumptions of the previous lemma. Since these subsets do not in general agree with (0, 1), we
may have other undesirable integral terms. The goal of the next lemma is to show that we can
remove these possible other “bad” integral terms if we assume (), which is the main purpose of this
assumption.

Lemma 4.6. For everyi € {1,...,n}, let

E,={je{l,...,n}| Fzxe€l0,1], Ni(zx)=N(2)}.
Assume that [) holds, i.e.

E,={je{l,...,n}| Xi(z)=Xi(z), Vze][0,1]}.

Then, for every M € L*(0,1)"*", there exists M e L°(0,1)™*™ such that the following two proper-
ties hold:

(i) For every T > 0, (Az, B) is exactly controllable in time T if, and only if, (A, B) is exactly
controllable in time T'.

(i1) For everyi € {1,...,n} and every j € E;, we have

- O\
m j(z) = 5@3‘8—35(96)7 a.e. x € (0,1),

where 0; ; denotes the Kronecker delta, i.e. 6;; =1 ifi = j and d; ; = 0 otherwise.

In fact, we can prescribe any L°° function on the diagonal of M , we chose %’}; only for later
computational purposes. The proof of Lemma [.6is technical and it is postponed to Appendix [C] for

the sake of clarity. It is essentially an appropriate change of variable.

Remark 4.7. Let us mention that it is assumed in [NRL86L p. 322] that m;; = 0 for every
1 €{l,...,n} and j € E; with j # i. Roughly speaking, Lemma [£.0] shows that the assumptions in

[Rus78| are stronger than the assumptions in [NRLS6].
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4.2

Proof of Theorem [4.1]

The main steps of the proof of Theorem [l have been explained in the previous section. Let us now
go into the details.

1)

Let M € L*(0,1)"*™ be fixed and let M e L® (0,1)™*™ be the corresponding matrix provided

by Lemma .6l The idea is to apply Theorem with
~  OA
Ale%, Ay = Ay, P:M_a_x'

Once the assumptions of this theorem will be checked, we will obtain
~ A
T (A 1,Q) = Tur (4. 53.0).
oz

The desired identity (53]) will then follows from item |(i)| of Lemma A6 and Lemma

First of all, we have to check that (A 24, B) and (A7, B) satisty the Fattorini-Hautus test. This
is an easy step. In fact, let us show that (Aps, B) satisfies the Fattorini-Hautus test for every
M € L>=(0,1)"*". Let A € C and z € D(A};) be such that A},z = Az and B*z = 0. Thus,
z € H(0,1)" solves the system of O.D.E.

%(z) = —A(z)™? <)\IanXn + %(z) — M(a:)*) z(x), x€(0,1),
z(1) =0,

so that z = 0 by uniqueness.

We now turn out to the proof of the second condition in Theorem [£22] We recall that it is
enough to check the assumption of Lemma [£3l In our case, we will do it for

e = ¢1(1),

so that the expression (20) of the unperturbed semigroup has only two possibilities when ¢ €
(0,¢), which will make the computations below easier. In order to check this condition
we will show that (VZ(t));(z) is in fact a sum of integral terms of the form (G7), with the
corresponding assumptions of Lemma being satisfied. The conclusion will then follow from
this lemma (see below).

First of all, we recall that, for every ¢t > 0 and f € L?(0,¢; L?(0,1)"), we have the identity
t t
</ f(s)ds) (3:):/ fi(s,x)ds, ae. xz€(0,1), Vie{l,...,n}.
0 i 0

This can be seen using for instance the property L; (fotf(s) ds) = fg L; ,(f(s))ds with

the continuous linear forms L; ,g = (g, 80>L2(o 1), Where ¢ € L?(0,1), and Fubini’s theorem.
Therefore, for every i € {1,...,n}, we can write

(VE®), (&) = /Ot (Sags (=) P*2(6)) (@)s.

We first perform the computations for i € {1,...,p}. From the expression (28] of the semigroup,
we have

(VE®); () = / (P*2(s)), (i (0 — ,2)) ds,

J; (t,x)
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where J; (¢, x) is open set defined for every ¢ > 0 and z € [0, 1] by

Jo(tx)={s€(0,t), s"(t—s,z)<0}.

On the other hand, denoting the entries of M* — % by (p;j)lgi,jgn’ we have,

(P*’g( )) (XZ( - szk: Xl - ))27@ (S7Xi(0;t_57x))'
As a result, combining both expressions yields

(VE®), (@ / S bt (05t — 5,2)) B (s, xi (051 — 5,2) .

(t,z)

Let us now recall that M has been constructed in such a way that (see item of Lemma [L6])
PiR(€) =0, ae £€(0,1), VkeE,

so that

VA = 30 [ a0t =) F a0t =) ds

We split the sum into two sums, according to whether k& € {1,...,p} or k € {p+1,...,n}:

(VZ(©)), (x) = (VZ(1))i,<p(@) + (VE(1))i,>p(x) with

P
(VZ())i,<p(z Z / Pir (Xi (03t —s,2)) 21 (5, x:(0; t — s, 2)) ds,
k: Ji (t,x)

kZE;

and

(Vé z>p Z / pzk Xz t—S,:E))gk (vai(O;t_va)) ds.

k=p+1

Let us deal with the first sum (V 2(t)); <p(z). Thanks to the semigroup formula (28], we have

(VE())i, < Z/ oy P a0 — 5,2)) 2 (xr (055, xs(0s — 5,2))) ds,
ik tz
k& i

where J; ;" (t,z) C J; (t,z) is open set defined by

Jo (tx)={se J (ta), s (s, xi(0;t — 5,2)) < 0}, Vke{l,...,p}.

7‘)

Let us now deal with the second sum (VZ(t)); >p(x). Thanks to the semigroup formula (23]
and (28)) (here we use the fact that ¢ < ¢1(1)), we have

n

Z(t)i>p(x) = M (0:t —s,2)) 20 05, xi(0;t — s, @ s,
(V)i 5 (2) kgllk(tz)p,k<x<0t )22 Ouk (0: 5, xi05 £ — 5,2)) d

n

p
+ > / Piy (05t = 5,2)) > rerzf (xe (0553 (5, x:(03 — s,2)),0)) ds,
kept17 Ji i (b) =1
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where J; " (t,2), J; t(t,z) C J; (t,x) are the open sets defined by

J;k_(t,x) = {s €J; (tx), s(s,xi(0;t—s,2)) < O}, VkEe{p+1,...,n},

J;,:r(t,:zr) = {s e J; (t,x), s}cn (s,x:(0;t — s,2)) > 0} , Vke{p+1,...,n}.

In summary, for every i € {1,...,p}, we have

-3 P (i (0 — 5,2)) 22 Ook (035, %0 — 5,2)) ds
k=1 iy (6:2)
kZE;
n p
+ Z /7+ pik (xi(0 ZW k2 (xe (058 (s,x:(0;t — s,2)),0)) ds.  (59)
k=pt+17 ik (L,2) =1
5) Similar computations for j € {1,...,m} show that
(VZ(t)py ( Z /” pp+j,k (Xp5 (05 = 5,2)) 2 (xk (038, Xp45 (03 — 5,3))) ds
kQEp+J v k i
n P )
+ Z /7+ Ppijk (Xpt+i (05t — s,7)) me? (i (05 72 (8, Xp+5 (05t — 5,2)),0)) ds
k=p+1 7 Jprj k(e i=1
kZEpyj
+ZTi,p+j Z / - p;‘)k( (O,Sp_,,_J( S,I),O))
i=1 k=1 T, (B2)
kZE;
X 0( (O;s,xl (O,spﬂ( s,x),O))) ds

+Z7‘W+] Z/ pix (X (O,spﬂ( s,2),0))

+
= p+1 Ik, (652)

X er,kzg (Xﬁ (07 S}cn (87 Xi (07 Sp-‘,—_]( S,Ji), 0)) 70)) dSu (60)
{=1

where J =, (¢, 2), Jp+J i (t,x) and Jp+J gi(t @), J;L_H r.i(t, ) are the open sets defined for every

t>0andx€[0,1]by

pr; Rt {s S pﬂ(t,x), 451 (5, Xp1; (05t — 5,2)) < O} ,
J;fjm(t x)=1{s€ pﬂ(t z), £si (s, (O,spﬂ( s,x),0)) <0},

(t,x),J I .(t,z) are the open sets defined by

and where J_ st

p+J

JT

p+J

={s€(0,t), +s (t—sz)<0}.

6) We have just seen that, for every t € (0,¢), 2° € L?(0,1)", i € {1,...,n} and a.e. = € (0,1),
(VZ(t)); (x) is a sum of terms of the form (BZ). If we manage to prove that each of these
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terms satisfies the assumptions of Lemma 5] then this will show that the expressions in the
right-hand sides of (B9) and (G0) make sense for every = € [0,1] (not only a.e.) and belong to
H'(0,1) when z° € H'(0,1)", with a trace at = 1 equal to the same expression but with x
changed into 1. A natural candidate for the function G of Lemma 3] will then be the function
defined for every t € (0,¢) and 2° € L?(0,1)" by

G1)2* = (V1) 1 (V) (VE@), (1, (VE@), - . (VEW),) (61)

where G(t) is considered as an operator from the space H = L?(0,1)" onto the product space
H =R™xL2(0,1)" and where, by abuse of notation, (VZ(t)), in (6I) denotes in fact the function
defined for every x € [0, 1] by the expression in the right-hand side of B9) (if i € {1,...,p}) or
@) (ifi=p+je{p+1,...,n}). We use asimilar abuse of notation for (Vz(t)),,, (1).

Let us now check that each of the integral terms in (B9) and (G0 satisfies the assumptions of
Lemma L5l We focus on the terms in (VZ(t)),,; (z) since they are the most important ones
(because (V'Z(t)),,, ; (1) appears in (1)) and since the terms in (BJ) can be treated similarly to
the first two terms in (G0). Let then j € {1,...,m} be fixed. For obvious reasons of presentation
we will also only treat one type of integrals in (V2(?)),,, ; (). Let us point out that the a priori
extra assumptions in Lemma are used to treat all the other cases. We choose to deal with
the first type of integrals in (G0), namely,

/77 p;Jrj,k (Xp+5 (0t — s, 2)) 2’2 (Xk (058, Xp+5(0;t — 5,2))) ds = K(t)zg(:v)

e (6)

Let then k € {1,...,n} with k € E,1; be fixed. We are in the configuration of Lemma [L.5] with

J(I) - p_-‘,-_j)k(t?:r)? ﬂ(S,CC) = Xerj(O;t_SaI)a 0‘(57:6) = Xk (O;SaXerj(O;t_Sv'r))a
ﬁ_l(gv I) = ¢P+j(§) - ¢p+j(‘r) +t,

Q={(s,2) eR?, z€(0,1), se Jp_ﬂ(t,ac)}, a(z) = max (0,t — ¢psj(x)), blx) =t

Opri(§) + —or(l), ifk<p,
fie) = @ T ore = 3 f2(@) = fps(2) — 1.

G+ (&) — x(8), itk>p, k¢ Ep,

The regularities of these functions are clear. Note that, for this case, we have a(z) < b(x) for
every x € (0,1] since ¢t > 0. Recalling the definition ([24)) of the ¢y, and thanks to (), we can

check that, if k < p, then %L > 0in [0,1] and, if k > p with k & By, then either 5 > 0 in

[0,1] (if &k > p+7) or %—fg < 01in [0,1] (if & < p+ j). Let us now compute the derivatives of
[ and «. First of all, it can be checked (using for instance the explicit formula ([B2) and B3]))
that, for every i € {1,...,n}, every t > 0 and z € (0, 1) such that si*(¢,z) < 0, we have

aa? (058, 2) = =& (08, 2))
T Ot) = X b0t 0)
It follows that
%(va) = _% (03t = s,2) = Apij (Xp+5 (05 — 5,2)) ©2)

26



and

Oa 0 0 0 ;
E(S’ x) = % (058, xp+;(0;t — s,2)) — % (058, Xp+;(0;t — s,)) %(O; t—s,x),
)

A »(x+<(o;t—s,w))>
= X (0 (058, X (05— s,))) 1 — 222 Xt
k (Xk (058, Xpt5( 5,2)) ( Me (Xpts (03t — s,2))

(63)

From these computations, we see that none of these terms are equal to zero. For the first term
([62), this follows from the basic assumption (B]). For the second term (63)) this is where we use
in a crucial way that k & E, ;. As a result, all the assumptions of Lemma are satisfied.

8) Finally, thanks again to the fact that k ¢ E,4,, we have

_ /\p+j(§) ‘ >0

min] [\ ()] >0, min A (§)

£€o,1 £€10,1]

Thus, we see from (63) that ‘%—‘;“ can be estimated from below by a positive constant that does
not depend on ¢, s or z. As a consequence, from the estimate (56]) of Lemma 5 we obtain that
there exists C' > 0 such that

|K(t)z(1)] + HK(t)ZgHU(o,l) <C|z vt e (0,¢).

0
kHL?(O,l)’

Since similar estimates hold for the other integrals and the other components, this shows that
for the function G defined by (BII) we also have G € L*>°(0,¢; L(H, H)) C L*(0,e; L(H, H)). All
the assumptions of Lemma, are now satisfied. This completes the proof of Theorem A1

A Canonical UL—-decomposition

In this appendix we give a proof of Proposition L5 which is a crucial result to define the key elements
in our main result Theorem [[LI Let Q@ € RP*™ with rank Q) = p be given. We recall that want to
prove that there exists a unique Q° € RP*™ such that the following two properties hold:

(i) There exists L € R™*™ such that QL = Q° with L lower triangular (¢;; = 0 if i < j) and with
only ones on its diagonal (¢;; = 1 for every ).

(i) QY is in canonical form (Definition [L2).
Proof of Proposition [

1) The existence follows from the Gaussian elimination, as shown for instance in Example [[7
We briefly recall the general procedure. Since rank Q = p, the last row of @ € RP*™ cannot
be zero. Let then ¢, € {1,...,m} be the last non-zero entry of the last row of Q. We then
remove the entries of @ at the left of g, .,. In matricial form this means that we multiply @
to the right by a lower triangular matrix with only ones on its diagonal and zero everywhere

. . — —dp,cp—1
else, except for its ¢,-row whose first ¢, — 1 entries are equal to qq’“ e qp 2 We then
p,cp p,cp

obtain an equivalent matrix to () which has only one non zero entry on its last row. We then
forget about the last row to obtain a (p — 1) x m matrix with full-row rank and we repeat the
procedure (c,—1 being the last non-zero entry of such a matrix which is not in the ¢, column,
etc.). It is not difficult to see that the matrix resulting from these operations is in canonical
form.
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2) To show the uniqueness, we assume that there exist two canonical form Q°, @0 € RP*™ and two

lower triangular matrices with only ones on their diagonal L, L € R™*™ guch that QL = Q°
and QL = Q° and we prove that Q° = Q°. Denoting L' = L~'L, we have

Q*=Q"L,

and L’ is a lower triangular matrix with only ones on its diagonal. Looking at this equality
column by column, we have

QU =Q)+ > £,Q0, Vie{l,....m}.

i=j+1
We want to prove that Q} = @9 for every j. For j = m it is clear. For j = m — 1, we have

ronfl = @2171 + Ein,mﬂ@?n- (64)

If @Qn = 0 then we are done. Assume then that éfn # 0. This necessarily means that m €
{c1 QY), .. .,cp(éo)} by the two last conditions in (7). Let us write m = ¢;, (Q°). Then,

(jgn,m—l = 0 by the last condition in (7). On the other hand, since Q°, = éfn by the previous
step, the same considerations apply to Q%,, i.e. m = ¢, (Q") for some k,,. Let us show that
we necessarily have k,, = 4,,. If k,, > i,,, then (jgm)m = 0 by (I8) in Remark [[4l Since
4. m 7 0 by the first condition in (IT), the identity g . =gy . would fail. By the same
arguments, i,, > k,, is not possible either. As a result, m = ¢;, (Q") and thus onm,mfl =0 as
well. Therefore, looking at the i,,-th row of the equality ([64), we obtain

0= g;n,mflqiom,m'
Since ¢f ., # 0 by the first condition in (IZ), we obtain that £}, ,, ; = 0. Coming back to
(@) we have established that Q°,_, = Q°% _,. Reasoning by induction we easily obtain that

Q? = @9 for every j. This completes the proof of the uniqueness part.

O

B Sufficient conditions for the stability of the minimal time of
control

In this appendix we prove Theorem [£.2] and Lemma [£3] which provide practical sufficient conditions
to ensure that the minimal time for exact controllability is invariant under bounded perturbations of
the generator. The proof is based on the compactness-uniqueness method and the Volterra integral
equation satisfied by semigroups of boundedly perturbed generators.

Let us first briefly recall that the compactness-uniqueness method has been extensively used
to prove the exact controllability of various systems governed by partial differential equations, see
in particular [Lio88] and the pioneering work concerning stability, and it has recently been
improved and put in a complete abstract framework in [DO18|. We refer to the latter article and
the numerous references therein for more details on this method. We only wish to add the references

[DR77, Corollary 4.2] and [Rus78, p. 657, p. 659] to those already present in [DOIS8|. The proof of
Theorem is in fact a simple consequence of the following general abstract result, established in

[DOT8, Theorem 4.1]:
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Theorem B.1. Let H and U be two complex Hilbert spaces. Let A : D(A) C H — H be the
generator of a Co-semigroup on H and let B € L(U,D(A*)") be admissible for A. Let ®(T) €
L(L?(0,+00;U), H) be the input map of (A, B) at time T > 0. Assume that there exist Ty > 0, a
complex Hilbert space fAI, a compact operator G € L(H, ﬁ) and C > 0 such that, for every z' € H,

To
1 < ([ = ol s o215 )

Assume moreover that (A, B) satisfies the Fattorini-Hautus test. Then, (A, B) is exactly controllable
in time T for every T > Tj.

Let us now give the proof of Theorem [£2l In what follows, we use the notation introduced in the
statement of Theorem

Proof of Theorem[{.2 We first prove that Tin¢ (A2, B) < Ting (A1, B). Let then T3 > 0 be such that
(A1, B) is exactly controllable in time 77 and let us show that necessarily Tins (A2, B) < T1. By
assumption and duality there exists C' > 0 such that, for every z' € H,

T
5 < e [ ool

so that,
Tl Tl
1y <20 ([ outr oy aes [ oy - ) 20 )

By assumption we know that the remainder G = ®4(71)* — ®o(71)* is compact and that (Aq, B)
satisfies the Fattorini-Hautus test. Therefore, we can apply Theorem [B.Il and obtain that (As, B) is
exactly controllable in time T} +e¢ for every € > 0. This shows that Tins (A2, B) < Ty +-¢ for every e > 0.
Letting ¢ — 0 we obtain the claim. The proof of the reversed inequality Tint (Aa, B) > Tint (A1, B)
is exactly the same by simply changing the roles of (As, B) and (44, B). O

Let us now turn out to the proof of Lemmal[£3]l First of all, we shall establish the following result:
Proposition B.2. Under the framework of Theorem[].9 (we do not assume and here though),

we assume that:

(ii)" For every T > 0, there exist a Hilbert space ﬁ, a compact operator F € L(H, ﬁ) and C > 0
such that

T T
/0 1B V()| dt+/0 VE@IZ dt < C||FL)%, V20 e D(AY),

where VZ(t) = fot K(t,s)z(s)ds is the Volterra operator with kernel K(t,s) = Sa,(t — s)*P*
and Z(t) = Sa, (t)*2Y.

Then, the assumption|(it)| of Theorem [[-4 holds, i.e. ®1(T)* — ®o(T')* is compact for every T > 0.

Remark B.3. Asin LemmalL3] the assumptionin Proposition[B.2lonly concerns the semigroup
of the unperturbed system (A7, B). Thus, this result is also usable in practice. It was for instance
proved in [DOT8| p. 402| that is satisfied if P is compact. However, we emphasize that the
perturbation is only assumed to be bounded in Proposition [B:2 (it is important because in () the
perturbation is not compact). The condition is an integrated version of It is more general
but it has to be checked for any time 7.
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The proof of Proposition [B.2] relies on some ideas of [NRL86] and an estimate that can be found
for instance in [DOI8|. More precisely, it is based on the two following results:

Lemma B.4. For every f € C1([0,+c0); H) and t > 0,
t
/O S, (t = s)" f(s) ds € D(A?). (66)
Moreover, for every T > 0, there exists C > 0 such that, for every f € C*([0,T]; H),
T
/

The estimate (67) is a consequence of the admissibility of B for A;. For a proof we refer for
instance to [DOT18, Appendix A]. The second result we shall need is the following:

2

t
B [ Sa(t— s f)ds| At <Ol (67)
0 U

Lemma B.5. For every T > 0, there exists C > 0 such that, for every z2° € H,

2

dt. (68)

¢
/ Sa,(t—8)"P*Sa,(s) 2 ds
0 H

T 9 T
/ 1S4, (8720 — Sy (8)* 2|, dt < c/
0 0

The proof of this second lemma is included at the end of the proof of [NRL86, Lemma 3] but let
us briefly recall it for the sake of completeness:

Proof of Lemma[B3. Let V € L(L*(0,T; H)) be the bounded linear operator defined for every y €
L?(0,T; H) by

Vy(t) :/0 K(t,s)y(s)ds, te(0,T),

where the kernel is K (t,s) = Sa, (t — s)*P*. Since K € L>((0,T) x (0,T); L(H)), the operator V is
well-defined and Id —V is invertible (see e.g. [Hoc73, Theorem 2.5]). Therefore, its inverse is bounded
by the closed graph theorem, meaning that there exists C' > 0 such that, for every y € L?(0,T; H),

Hy||L2(O,T;H) <C|dd- V)y||L2(O,T;H) : (69)

Let us now recall the integral equation satisfied by semigroups of boundedly perturbed operators (see
e.g. [ENOQ, Corollary I11.1.7]), valid for every z° € H and t > 0:

t
Sa, (1) 20 =S4, (t)*2° + / Sa,(t—8) P*Sa,(s)*2"ds.
0

Thus, we see that y(t) = Sa, (t)*2° — Sa,(t)*2° is the solution to the following Volterra integral
equation in L2(0,T; H):

(Id = V)y(t) = — /Ot Sa,(t —8)"P*Sa,(s)"2%ds, te(0,T), (70)

and the desired estimate (G8]) then follows from (69]). O
We are now ready to prove Proposition

Proof of Proposition[B2. Let T > 0 be fixed. We will show that there exists C' > 0 such that, for
every z° € H,

|(@1(T)* — @o(T , S C|F| 5. (71)

)*)ZOHLz(O,qLoo;U
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Since F' is assumed to be compact, this will clearly implies that ®1(7)* — ®o(T)* is compact as
well. First of all, note that we only have to prove ([l for z° € D(A}) since this set is dense in
H and all the operators involved in ([{I)) are actually continuous operators on H. Besides, when
20 € D(A3) = D(A}), we have the more explicit expression (®1(T)* — ®2(T)*)2%(t) = B*Sa, (T —
t)*20 — B*Sa, (T —t)*2Y for a.e. t € (0,T). The starting point to estimate this difference is again the
Volterra integral equation ({0). Using (66) we see that each term in ({0 actually belongs to D(A%)
if 20 € D(A}) = D(A3). Therefore, we can apply B* to obtain the following identity:

t
B*Sa, ()20 — B*S4, (1)20 = —B*/ Sa, (t — s)*P*Sa, (s) 20 ds
0

t
B*/ Sa,(t— )" P* (Sa,(s)*2° — Sa,(s)"2°) ds.
0

Using now the estimate ([@7) and then (G8) on the second term of the right-hand side, we obtain

2

T T t
/ |B*Sa, ()" 2° — B*Sa, (t)* 0||U dt < c( B*/ Sa,(t—5)"P*Sa,(s) 2 ds|| dt
0 0 0

T 2
o ")
0 H

Using the assumption [(ii)”] this establishes (7I) for every 20 € D(A}). O

U

t
/ S, (t—s)"P*Sa, (s) 2" ds
0

Let us now conclude this part of the appendix with the proof of Lemma[£3] which in fact provides
sufficient conditions in small time to guarantee that the assumption of Proposition[B.2is satisfied.
The proof is essentially a use of the basic functional equation of semigroups.

Proof of Lemma[.3
1) By assumption, there exist C' > 0 and § € (0,¢) such that, for every 2° € D(A}),

IVZ@)ll < C||G(6)2°] 5

6 6 0
[ isvaon as [vaol a<c [ leo;

where, by abuse of notation, G € .£2(0,; L(H, H)) in ([2) denotes in fact a representative of
the equivalence class G € L2(0,¢; £(H, H)) (so that ||G(t)||£(Hﬁ) < +oo for every t € (0,¢), in
particular for ¢ = ¢) with G(0) and G(¢) compact for a.e. ¢ € (0,6). Note in particular that the
right-hand side in the second estimate define a compact operator from H into L2(0, &; H ) by
Lebesgue’s dominated convergence theorem. We will show that (72)) is enough to imply of
Proposition B2l In what follows, C > 0 denotes a positive constant that may change from line
to line but that remains independent of z°.

(72)

2) Let now T > 0 be fixed. Let k € N be such that £ <T < (k + 1)J. We have

/ IBVE)I dt<Z/J

The change of variable 7 =t — j§ gives

T 2
/0 1B VA3

2

dt.
U

(j+1)3

t
B* / Sa,(8)*P*Sy, (t —5)*2%ds
0

2

dr.

§ T+56
B*/ S, (8)*P*Sa, (1 + j6 — 5)*2"ds
0
U
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Thus, breaking the integral into two parts, we have

T k T 2
/ |B*VE)|l; dt < Z( B*/ Sa, () P*Sa, (T — 8)*Sa, (j6) 20 ds|| dr
0 —0 0 U
5 46 2
+2/ B*/ Sa, () P*Sa, (14750 — )2 ds|| dr
0 T U

The first integral is estimated thanks to the second inequality in ([72]):

2

5 T 5
B*/ S, (5)"P* S, (7 — )" S, (jO)*20ds|| dr < c/ 1G(t)Sa, (56) )% dt.
0 U 0

For the second integral, we perform the change of variable 0 = s — 7 and then use the admissi-
bility of B to obtain

5 T+350 2
/ B*/ Sa, () P*Sa, (1 +70 —5)2ds|| dr
0 T U
5 s 2
~ / B S, (1) [ S, (0)"P*Sa,(j6 — o)L do|| dr < CIVEGIHI .
0 0 U

Combining both estimates, we have thus obtained

T k 5
/0 IBVE@); dt < C Y (/O |G (t)Sa, (76)"2°| 5 dt + IIVé(j5)||Z> :
j=0

Note that all the previous computations are also valid for B = Id since we only used the second
inequality in (72)) and the admissibility of B. Therefore, we have

T T k 5
. ~ - 2 ~ -
| v as [ wvsorn a<cy ( | G825 a+ |Vz<36>||fq> .
3=0

Let us now estimate VZ(jd). We have

J=1 ni41)s
Vi(j6) = Z/ Sa,(j6 — )" P*Sa, (s)*2° ds.

i=0 /10

Doing the change of variables ¢ = s — id we obtain

J—1
VZ(jo) =D Sa, (jo — (i + 1)) / S4,(0 —0) P Sy, (0)"Sa, (i6) 2 do.
=0

Using now the first estimate in (72), it follows that

|\Vz<36>||H<CZ||G )Sa, (10)" 2 5 -

=0
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C Removal of the coupling terms where the speeds agree

The goal of this appendix is to give a proof of Lemma It is essentially an appropriate change of
variable. First of all, it is convenient to introduce the following notion (see also [Bru70]):

Definition C.1. Let M, M € L>(0,1)"*™. We say that the systems (Az;, B) and (Anr, B) are
equivalent, and we write

(Azr, B) ~ (Am, B),

if there exist two invertible linear transformations L € £(L?*(0,1)") and I' € R™*™ such that, for
every y' € L%(0,1)" and u € L?(0,+o00)™, if y € C°([0,+00); L?(0,1)™) denotes the solution to
(Aps, B) with initial data y% and control u, then § = Ly € C°(]0,4+00); L?(0,1)") is the solution to
(A7, B) with initial data 7° = Ly® and control & = T'u.

It is not difficult to check that ~ is an equivalence relation and that, if (A3;, B) ~ (A, B), then,
for every T' > 0, the system (Ag;, B) is exactly controllable in time T if, and only if, the system
(A, B) is exactly controllable in time 7.

Proof of Lemma [{-6]

1) The goal is to construct M such that holds and (A7, B) ~ (A, B), so that |(i)] will hold
as well. Thanks to (B) and (@), we see that there exist d € {1,...,n}, n1,...,nqg € {1,...,n}

with 3¢ np = n and AL,..., A% € C%1([0,1]) with
M(z) <--- < X(2), Vzelo,1],
such that, for every x € [0, 1],
A(z) = diag(A*(z),...,A%x)),

where
AR (z) = N (2)Tdgn, <y - (73)

To establish the equivalence between two systems (Ay;, B) and (Ayr, B), we will use a trans-
formation of the form

y(t,x) = ¥(z)y(t, z), (74)
where ¥ € W1°°(0,1)"*" is assumed to be block diagonal:

U(z) = diag(Vl(z),..., U(z)),

where, for every k € {1,...,d}, ¥* € W1°(0, 1)"**" will be determined below. First of all, it
is clear that the formula (74) is reversible if we impose that all the matrices W' (z),..., U%(x)
are invertible for every z € [0,1], which also implies that x — ¥(z)~! € C°([0,1])"*" C
L>(0,1)"*™. Let us now work formally to find what ¥'(z),..., U?(x) shall satisfy and what

M is allowed to be. Let us first investigate the boundary conditions. Let us denote by d* the

index such that
d+
S
i=1

At z = 1, we see that we should have

\I,d++1(1)yd++1(t7 1)

u(t) = y-(t,1) = : = Tu(t),

1)y (t,1)
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with T' = diag(0? +1(1),...,¥4(1)), and where (y? *1,...,y%) is a block notation to simply
denote y_. On the other hand, at © = 0, we see that if we impose the condition ¥(0) = Idgnxn,
then

Yt (tv O) - Qy- (ta O) = er(tv O) - Qy- (ta O)

Let us finally look at the equations that W should satisfy. Since W*(x) and A*(z) commute for
every z € [0,1] and k € {1,...,d} (see ([3)), so do ¥(x) and A(x):

U(z)A(z) = A(x)T(z), Vzel0,1].
As a result, we have

D t,2) ~ A@) S (2) ~ M@t
— (o) (Gt0) - A G ta) — ¥o) ! (A G o) + M@0 ) olt.2)).

T

Thus, y is a solution to (A, B) if y is a solution to (A, B) and M is defined by

M(z) = <\Il(a:)M(3:) - A(@%‘i’(@) U(z)~', ae ze(0,1). (75)

Note that M € L*°(0,1)"*". To summarize, we have (A37, B) ~ (Ay, B) with M given by
([T9) if there there exist matrices W* € W1:°°(0, 1)"**" such that the following two properties
hold for every k € {1,...,d}:

Uk(z) is invertible for every z € [0,1],

TR (0) = Tdgny xong -

Our previous discussion was only formal but everything can be established rigorously by coming
back to the very definition of weak solution (see Definition [[T]) and using some density argu-
ments. More precisely, let ¢ € C1([0, 7] x [0, 1])" be fixed such that ¢, (-,1) = 0 and ¢_(-,0) =
R*¢.(+,0). Let H(z) = ¥(x)* — (1 — 2)¥(0)* — 2¥(1)*. Since H € Hg(0,1)"*", there exists
a sequence ¢/ € C°([0,1])"*™ such that 67 — ¥* in H(0,1)"*™ as j — +o00. Let then ¢/ be
defined by ¢/ (t,z) = (67(z) 4+ (1 — 2)¥(0)* + 2¥(1)*) §(t,z). Clearly, ¢ € C'([0,T] x [0,1])"
with goi(-, 1) =0and ¢’ (-,0) = R*goi(-,O) (since ¥U(0) = Idgnxn). Moreover,

<Pj (Tv ) - \Ij*g(Tv ) and <Pj (07 ) - \I/*g(oa ) in L2(07 1)717
j—+oo J—too

¢ —— W*g  in H'((0,T) x (0,1))",

Jj—+oo

J—+o00
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Plugging the test function ¢/ in (B) and passing to the limit j — 400, we obtain
1 1
[ v vy e - [ 0@ v 50,0
0

// (t,2) ( )*%f(t,x)—A(x)W(x)*%(t,x)

+ (A G+ (<5 + M) ) W) ) Gt ) dac

T
+/O u(t) - A_(1)D*G_(t,1) dt.

Since ¥(x)* commute with A(z) and %(:1:) for every x € [0,1], and thanks to the definition
(@) of M, we obtain

/1 G(T, ) - (Txdx—/ﬂ - 5(0,2) dz

// (t.2) (E( )—A(:v)g—f(t,x)—i—( g[;()JrM()) (:v)) ddt

T
+/ u(t) - A_(1)p_(t, 1) dt.
0
This show that y defined by ([74) is indeed the weak solution of the (A7, B) system.

3) The final goal is now to design the matrices W', ... U? such that the matrix M given by (75
satisfies the condition of Lemma [£.6 namely:

8A’C

ae. z € (0,1), Vke{l,....d}, (76)
where M* € L°°(0,1)™*"* denotes the submatrix (M, Vg1 +1<i,j<n, (With the notation ng =
0). To this end, for every k € {1,...,d}, we take U* € W1°°(0,1)"=*"* to be the solution to
the O.D.E.

k k
IV (@) = V@) (M) - Zo @), e ),

\I’k(O) = Id]R"k Xnp .

Again, since ¥ (z)* commute with A(x) and B—A( ), we see that this implies that M given by @)
satisfies ([{G). Moreover, it is clear that \Ilk(x) is invertible for every x € [0, 1]. This completes
the proof of Lemma

O
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