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ON BOUNDARY CONTROL OF A HYPERBOLIC SYSTEM
WITH A VANISHING CHARACTERISTIC SPEED

LonGg Hul?3 AND ZHIQIANG WANG?

Abstract. Despite of the fact that distributed (internal) controls are usually used to obtain control-
lability for a hyperbolic system with vanishing characteristic speeds, this paper is, however, devoted
to study the case where only boundary controls are considered. We first prove that the system is not
(null) controllable in finite time. Next, we give a sufficient and necessary condition for the asymptotic
stabilization of the system under a natural feedback.
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1. INTRODUCTION AND MAIN RESULTS

There are many publications concerning the exact boundary controllability for linear and nonlinear hyperbolic
systems, including wave equations, Saint-Venant equations, Euler equations, etc. (see [5, 14,20, 25] and the
references therein).

As for the general first order hyperbolic systems, one can refer to the monograph of Li [14] for almost
complete results on the exact controllability of the following 1-D quasilinear hyperbolic system (including many

conservation laws and balance laws)
U, + AU, = B(U) (L1)

in the context of classical solution. It is well known that if all the characteristic speeds of the system do not
vanish, i.e., all the eigenvalues of A(U) are nonzero in the domain under consideration, then (1.1) is exactly
controllable (at least locally in C'! class) by boundary controls provided that the control time is sufficiently
large. (see Li and Rao [15,16]; see also Wang [26] for the nonautonomous case).

On the other hand, the controllability problems have been studied also in the context of weak entropy solutions
for hyperbolic conservation laws since the early result on attainable set by Ancona and Marson [1]. In the scalar
case, one can refer to Horsin [10] for boundary controllability result of Burgers equation and to Perrollaz [23]
when an additional distributed control appears in the right hand side. In the case of systems, the first result on

Keywords and phrases. Hyperbolic systems, controllability, stabilization, vanishing characteristic speed, zero eigenvalue.

L School of Mathematics, Shandong University, Jinan, Shandong 250100, P.R. China.

2 Sorbonne Universités, UPMC University Paris 06, UMR 7598, Laboratoire Jacques-Louis Lions, 75005 Paris, France.

3 School of Mathematical Sciences, Fudan University, Shanghai 200433. P.R. China. hu@ann. jussieu.fr; huli0@fudan.edu.cn
4

School of Mathematical Sciences and Shanghai Key Laboratory for Contemporary Applied Mathematics, Fudan University,
Shanghai 200433, P.R. China. wzq@fudan.edu.cn

Article published by EDP Sciences © EDP Sciences, SMAI 2016


http://dx.doi.org/10.1051/cocv/2015031
http://www.esaim-cocv.org
http://www.edpsciences.org

ON BOUNDARY CONTROL OF A HYPERBOLIC SYSTEM WITH A VANISHING CHARACTERISTIC SPEED 135

controllability was due to Bressan and Coclite [4]. For general strictly hyperbolic systems of conservation laws
with genuinely nonlinear or linearly degenerate and non-vanishing characteristic fields, it is shown in [4] that
a small BV initial state can be driven to a constant state by an open-loop control asymptotically in time (see
also [2] for one-sided control). Moreover, a negative result for a class of 2 x 2 hyperbolic systems was also proved
in [4] that an initial data with a dense distribution of shocks can not be driven to constant by using boundary
control. Different from this negative result, Glass obtained the boundary controllability of 1-D isentropic Euler
equation [7]. We emphasize that the above study all assume that the characteristic speeds of the system do not
vanish.

A widely open question naturally arises that whether it is possible to establish exact controllability for a
hyperbolic system with vanishing characteristic speeds. The situation seems different. Notice that the solution
u(t,x) of the degenerate case of the equation (essentially an ordinary differential equation)

u =0, (t,z)€ (0,T) % (0,2m),
{U(O,Z‘) =ug(z), z€(0,2m), (1.2)
obeys
u(t,") =wug, Vtel0,T]. (1.3)

Obviously, it is impossible to change the value u by using the boundary controls acting on the end = = 0 and/or
T = 2T.

There are several directions that have been attempted to answer the above open question.

One direction is to add some internal controls. For systems with identically zero characteristic speeds, a
general result on exact controllability has been obtained by combining internal controls acted on the components
corresponding to the zero eigenvalues and boundary controls acting on the other components [19,26]. There the
internal controls depend on both variables (¢, x) and are globally distributed. Later on, an exact controllability
result, with some constrains concerning the compatibility between the initial and final data, was established by
using only the internal controls acted on the components corresponding to nonzero eigenvalues [17]. Again the
internal controls are globally distributed. It is worthy of mentioning that exact controllability for a simplified
model is also realized in [17] by switching controls where the internal control is locally distributed.

Another direction is to loose the requirements of exact controllability if one considers only the boundary
controls because internal controls are usually not applicable for some physical reasons. It is possible to obtain
partial exact controllability by boundary controls, if one aims to control only the values of the components
corresponding to the nonzero eigenvalues [27,28].

While the most interesting problem is whether one could establish exact controllability for a hyperbolic
system with zero characteristic speeds by only boundary controls. In this direction, Gugat [9] proved a global
exact boundary controllability result which covers the critical case in which one of the characteristic speed is
zero. In spite of the degenerate model (1.2), it is still possible to prove the controllability for some nonlinear
system. The return method of Coron has been applied to the many situations in [5], where the linearized system
is not controllable while the nonlinearity enables the corresponding nonlinear system to be controllable. One
can apply the return method to realize exact boundary controllability for quasilinear hyperbolic systems with
a zero characteristic speed [6], when the possible vanishing characteristic speed can be driven nonzero after
sufficiently long time. However, this approach seems to be no longer valid for the system with identically zero
characteristic speeds (see [6], Rem. 1.3).

In particular, it is worthy of mentioning that Glass recently obtained the exact boundary controllability for
1-D non-isentropic Euler equation in both Eulerian and Lagrangian coordinates in the context of weak entropy
solution [8]. It seems surprising because the corresponding controllability in C! framework is false. Actually,
the physical entropy S (in Lagrangian coordinates) obeys 9;S = 0, thus S can not be changed by the boundary
controls. The reason is that the systems are not equivalent in the context of weak entropy solution even under
invertible transformation of the unknown functions. In the case of [8], the boundary controllability could be
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obtained through the interactions of the other characteristic families to act indirectly on the vanishing (vertical)
characteristic family.

The purpose of this paper is to understand how the coupling in the equations affects the boundary control-
lability of a hyperbolic system when it possesses a vanishing characteristic speed. More precisely, we consider
the following linear hyperbolic system:

1.4
U = Yu, ( )

{ut = aug + (v,

where o # 0,8, € R are constants. Without loss of generality, we may assume that o < 0 in the sequel.
Actually, if o > 0, by introducing new unknown variable (a(t,z),o(t,z)) = (u(t,2m — z),v(t,27 — x)), then
(u, D) satisfies the same type of system as (1.4) with « being replaced by —«. The results in case of a > 0 are
easy consequence of that in case of @ < 0, see Remark 1.7.

The problems that we are interested in are controllability and asymptotic stabilization problems under only
boundary controls, and how the control properties are determined by the coefficients a, 3, .

More precisely, we first study the controllability problem for the system (1.4) under the boundary control
h € L*(0,T) for some T > 0:

ur = aug + P, (t,z) € (0,T) x (0,2m),
vy =u, (t,x) € (0,T) x (0,2m), (1.5)
u(t,0) —u(t,2m) = h(t), t€(0,7T).

Definition 1.1. Let T > 0, the system (1.5) is exactly controllable if: for any (ug,vo), (u1,v1) € (L?(0,27))?,
there exists a function h € L%(0,T) such that the solution of the mixed initial-boundary problem (1.5) with the
following initial data

(u(0,2),v(0,2)) = (ug(x),vo(x)), « € (0,2m) (1.6)
satisfies the finial condition:
(w(T,z),v(T,x)) = (u1,v1), =€ (0,2m). (1.7)

The system (1.5) is exactly null controllable if: for any (ug, vo) € (L*(0,27))?, there exists a function h € L?(0,T")
such that the solution of (1.5) and (1.6) satisfies

(u(T, 2),0(T, 7)) = (0,0), @ € (0,2n). (18)
The system (1.5) is asymptotically null controllable if it is null controllable for T'= 400 in the sense that

lim (u(t,-),v(t,-)) = (0,0) in (L(0,2m))% (1.9)

t——+oo

Remark 1.2. The system (1.5) is exactly controllable if and only if it is exactly null controllable because the
system (1.5) is linear and time revertible.

We also consider the asymptotic stabilization problem for system (1.4) under a feedback law

ur = auy + o, (t,z) € (0,400) x (0,27),
ve =u, (t,x) € (0,400) x (0,27), (1.10)
u(t,0) = ku(t,2m), te (0,400).

Definition 1.3. The system (1.5) is asymptotically stabilizable if: there exists k € R such that for any (ug, vg) €
(L?(0,2m))?, the solution of the closed-loop system (1.10) with the initial data (1.6) is asymptotically stable,
i.e., (1.9) holds.
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The main results that we obtain in this paper are the following theorems.
Theorem 1.4. For any given 0 < T < 400, the system (1.5) is not exactly (null) controllable.
Theorem 1.5. The system (1.10) is asymptotically stabilizable if and only if By < 0.
Theorem 1.6. If By < 0, the system (1.5) is asymptotically null controllable.
Remark 1.7. Theorems 1.4-1.6 still hold in case of a > 0.

Remark 1.8. If 5y < 0, the system (1.5) is a nontrivial example which is not exactly (null) controllable in
finite time but is asymptotically stabilizable (and is asymptotically null controllable).

Inspired by [21] (for BBM equation) and [24] (for wave equation), the proof of Theorem 1.4 relies on moment
theory and Paley—Wiener theorem [12]. The key observation is that the spectrum of the adjoint system accu-
mulates at a finite point in C. To our best knowledge, it has not been noticed before for first order hyperbolic
systems. The adjoint observability problem by duality is also discussed in Remark 3.1. The proof of Theorem 1.5
is based on Riesz basis method and a careful analysis of the spectrum, while the discussion about Lyapunov
functionals are provided in Remark 4.3. Finally, Theorem 1.6 follows as a consequence of Theorem 1.5.

The rest of this paper is organized as follows. In section 2, we state the well-posedness of both the open-loop
system (1.5) and the closed-loop system (1.10) without proof. The proofs of the Theorem 1.4, Theorems 1.5
and 1.6 are given in Sections 3, 4 and 5, respectively.

2. WELL-POSEDNESS OF THE SYSTEM (1.5) AND THE SYSTEM (1.10)

In this section, we give the definition and well-posedness of solution to the system (1.5) and the system (1.10).
The well-posedness issue is fundamental to the control problems. Here we only present the results without proof,
which can be derived by classical methods, such as characteristic method [18] or by theory of semigroup of linear
operators [22].

Definition 2.1. Let 0 < T < 400, h € L%(0,T) and (ug,vo) € (L?(0,2))? be given. A solution of the initial-
boundary value problem (1.5), (1.6) is a function (u,v) € C°([0, T]; (L?(0,2m))?), such that, for every 7 € [0, T
(if T = 400, T € [0, +00)) and for every (¢1, p2) € (C1([0, 7] %[0, 27]))? such that 1 (¢,0) = 1 (¢, 27), Vt € [0, 7],
one has

T 21 T 2 2m
_/ / [(@u—aaplx)u—i—ﬁwpﬂdxdt—l—a/ h(t)<p1(t,27r)dt—|—/ o1 (T, 2)u(r, J;)dac—/ ©1(0, 2)up(z)dz =0
o Jo 0 0 0
(2.1)
and

T 27 27 27
—/ / [p2rv + yups] dedt + / o (1, )v(T, x)dr — / ©2(0, 2)vg(z)dz = 0. (2.2)
o Jo 0 0

Lemma 2.2. Let T > 0, (ug,vo) € (L?(0,27))% and h € L?*(0,T) be given. Then the initial-boundary value
problem (1.5) with (1.6) has a unique solution, which depends continuously on (ug,vo,h) with the following
estimate

[(u(t, ), vt )l £20,270))2 < CUll(wo, v0)ll(£2(0,27))2 + 10l L20,1)),  VE €10, T] (2.3)

for some constant C > 0.

Definition 2.3. Let k € R and (ug,v9) € (L*(0,27))? be given. A solution of the initial-boundary value
problem (1.10) and (1.6) is a function (u,v) € C°([0, +00); (L?(0,27))?), such that, for every 7 € [0, 00) and for
every (¢1,p2) € (C([0,7] x [0,27]))? such that ke (t,0) = ¢1(t,27), Vt € [0,7], one has

T 27 27 27
_/ / [(p1t — ap1z)u + Popr] dedt + / o1 (1, 2)u(r, z)de — / ©1(0, 2)ug(z)dz = 0,
o Jo 0 0
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and

T 2m 2m 2m
—/ / [p2rv + yups] dedt + / o (1, )v(r, x)dr — / ©2(0, 2)vg(z)dz = 0.
0o Jo 0 0

Lemma 2.4. Let k € R and (ug,vo) € (L?(0,27))? be given. Then the initial-boundary value problem (1.10)
with (1.6) has a unique solution, which depends continuously on (ug,vo) with the following estimate

H(’Lb(t, ‘),U(t, '))H(L2(0,2ﬂ-))2 S CGWtH(uo,1)0)||(L2(0727r))2, Vt S [0, +OO) (24)

for some constants C' > 0 and w € R.

3. PROOF OF THEOREM 1.4

We divide the proof of Theorem 1.4 into two cases: 8y = 0 and Gy # 0.

Case 1: By = 0. In Case 1, the result is trivial in the sense that (at least) one of the two equations in (1.5) is
decoupled from the other one.

Case 1.1: v = 0. Since v = 0, the second equation in (1.5) becomes

v =0, (t,z)€ (0,T) % (0,2m), (3.1)
which implies that v(t,-) = vo(-) € L?(0,2n) for all ¢t € [0,T]. Therefore, it is impossible to drive v from
vo # 0 € L?(0,27) to zero at time T no matter what the control h is.
Case 1.2: 8 = 0 and ~ # 0. Since 8 = 0, the first equation in (1.5) becomes

Up = Oy, (3.2)
which does not depend on v. Suppose that the system (1.5) is (null) controllable. Let
(uo(z),vo()) = (1,0), € (0,2m), (3.3)

then there exists h € L?(0,27) driving (u,v) from (ug,vo) to (0,0) at time 7. Multiplying (3.2) by e"® (n € Z
and integrating on (0,7") x (0,27), we get from v # 0 and (1.5), (1.8) and (3.3) that

T 27 )
0= / / (ur — aug)e™® dadt
o Jo

27 ) t=T T ) =27 T 27 )
= / {uem‘”} dz — « / [uem‘”} dt + in«a / / ue™* dadt
0 t=0 0 z=0 o Jo

~

27 ) T : 27 ) t=T
=— / uo(x)e™ dx + a/ h(t)dt + ma [vemx} dadt
0 0 7 Jo t=0
2 T
= —/ e"dx + a/ h(t)dt, Vne€Z. (3.4)
0 0

Therefore fOT h(t)dt = 0 as n # 0, while fOT h(t)dt = 2Z # 0 as n = 0. This contradiction concludes the proof
of Theorem 1.4 for the Case 1.2. fy = 0.
Case 2. B+ # 0. In this case, we will prove Theorem 1.4 by moment theory and contradiction arguments. The
proof is inspired by [21,24].

Let us assume that there exists h € L?(0,2) such that the solution (u,v) of (1.5) with (1.6) satisfies (1.8).
We introduce the adjoint system of the system (1.5):

Pt = apg — (4,
q = —Pp, (3.5)
p(t,0) = p(t, 2m).
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Then for the above solution (u, v) of the system (1.5) satisfying (1.8), it holds, by duality, that for every solution
(p, q) of the adjoint system (3.5),

/02’r ug(2)p(0, z) 4+ vo(x)q(0, z)dr = — K(g), (2) >L2(O,27r):|t—0
T
== (0)
T
= [ ) o )G

= /T [au(t,x)p(t,x)} x=2ﬂdt

z=0

t=T

T
o / h(t)p(t, 0)dL. (3.6)
0

Next we look for the solutions of the adjoint system (3.5). Clearly, the corresponding eigenvalue A and the
eigenvector (£,7) obey

A = ag' —m
A = —B¢ (3.7)
£(0) = &(2m).

By canceling 7, (3.7) is reduced to
aXd(z) = (X — By)é(z) with £(0) = &(2m). (3.8)

Tt is easy to see that A = 0 happens only when £(z) = n(z) = 0 since 8y # 0. Hence (3.7) possesses only nonzero
eigenvalues.
Since v < 0, the solution of (3.8) is given by

2By,
§(x) = e x7¢(0), (3.9)
where the eigenvalue A is determined by
2- i
e kg (3.10)
i.e.
Al (3.11)
a7 ’ ’
Therefore, we obtain the eigenvalues of the equations (3.7):
ina £ /40y — n2a? 4
na Cal na’ ifn2<i27,n€Z
A= N .\/2227% Zéﬁ (3.12)
v itn?> ez
o

and the corresponding eigenvectors:

(€2 (@), it (2)) = o™ (1, ‘—ﬁ) —_— (3.13)
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Obviously for all n € Z, (pE(t,z),qr(t,z)) = eAft(é}ﬂf(w), nE(z)) = edrtHine (1, ;\Tﬁ) satisfies (3.5). Substituting
(pE(t,2), g (t,2)) into (3.6) yields that the control h € L?(0,T) driving (ug,vo) to (0,0) satisfies that

T + 1 2 .
/ h(t)ertdt = / (AEug(x) — Buo(x))e™®dx, Vn € Z. (3.14)
0 0

a\t

Let

(up(x),vo(x)) = (c1,c2), x € (0,2m), (3.15)

where c¢1, co € R are two constants such that

ANfep — fea # 0. (3.16)
Thus
T + )\ C1 — 562
/ h(t)eMitdr = A Pe / d"dy =0, Vn e Z\{0}, (3.17)
0 aly 0
T 2 )\:I: _
/ h(t)e s tdt = M £0. (3.18)
0 X
Let
T .
F(z) = / h(t)e *'dt, =z e C. (3.19)
0

Then it follows that F(iA\T) # 0 and F(iAFf) = 0 for all n € Z\{0}. On the other hand, F is an entire function
on C due to Paley—Wiener theorem [12]. It is easy to get from o < 0 and (3.12) that

lim AP =0. (3.20)

n—-+00
Therefore F is an entire function vanishing on the set {z = i\¥|n € Z\{0}} which has an accumulation point
z = 0 € C. This simply implies F' = 0, however, this contradicts with F’ (i)\ar) # 0. Consequently, there exists
no function h € L?(0,T) such that (3.14) holds for the initial data given by (3.15). This concludes the proof of
Theorem 1.4 for the Case 2. B # 0. (]

Remark 3.1. The key observation is that the spectrum of the adjoint system (3.5) accumulates at a finite
point in C. Thanks to the fact of (3.20), it is easy to find a sequence of nontrivial solution {(p,, g,)},>] to (3.5)
which satisfies that |(pn(0,-),¢n(0,-))|l(£2(0,2x))2 = co for some constant ¢y > 0 and ||p,(-,0)[z2( O,T) — 0 as
n — 4o00. For instance, one can take

(Do (t, ), gn(t, ) = X (N ) — etz (3 ), (3.21)

which gives [|(pn(0, ), (0, )12 (0,27))2 = 4767 > 0 and [[pn (-, 0) |72 1 fo leMENF — e n+1t)\Jr 12dt — 0.
Then by duality argument, it follows immediately that the sybtem (1 5) not exactly (null) controllable, as the
conclusion of Theorem 1.4.

In addition to Theorem 1.4, we have the following proposition which might be important for the extension
to nonlinear systems (see [3]).

Proposition 3.2. The reachable set from (ug,vo) = (0,0) € H with control h € L*(0,T) is R = F(L*(0,T))
where F : L*(0,T) — H is defined by F(h) = (u(T,-),v(T,-)). Moreover, if By # 0, for every (ui,vi) € R,
there exists a unique control h € L*(0,T) that steers the system (1.5) from (0,0) to (u1,v1).



ON BOUNDARY CONTROL OF A HYPERBOLIC SYSTEM WITH A VANISHING CHARACTERISTIC SPEED 141

Proof. The first statement is obvious. Concerning the second statement, it is sufficient to prove that if Gy # 0
and F(h) = (0,0) € H, then h = 0. Following the proof of Theorem 1.4, we have fOT h(t)p(t,0)dt = 0 for every
solution (p, q) of the adjoint system (3.5). Then the function F(z) defined by (3.19) is an entire function on C
and it vanishes on the set {iA\}}, ez which has an accumulation point 0 € C. This implies that F = 0 on C and
thus h = 0. 0

Remark 3.3. The controllable set of the initial data which can be driven to (0,0) € H with control h € L?(0,T)
can be described in a similar way as the reachable set R since the system (1.5) is time reversible.

4. PROOF OF THEOREM 1.5

In this section, we will prove that k& € R does exist such that the closed-loop system (1.10) is asymptotically
stable if and only if 8y < 0. The proof relies on the Riesz basis method and a careful analysis of the spectrum.

Proposition 4.1. All the the eigenvalues of the closed loop system (1.10) have a strictly negative real part if
and only if By <0 and 0 < |k| < 1.

Proof of Proposition 4.1. Clearly, the corresponding eigenvalue A and the eigenvector (¢, 1) satisfy

N6 )" = A6, D)
{¢<o> ~ ko(2n) b

where

A:(%%g> (4.2)

is the infinitesimal generator of the semigroup corresponding to the system (1.10). By canceling 1, (4.1) is
reduced to

M (z) = (X2 = By)o(a) with ¢(0) = ke(2m). (4.3)

It is easy to see that A = 0 happens only when ¢(z) = ¢(x) = 0 since Sy # 0. Hence (4.1) has no zero
eigenvalues.
Since a < 0, the solution of (4.3) is given by

b(z) = e 522(0), (4.4)

where the eigenvalue A is determined by

2
Aopyg. 1

e xa =—, k#N0. (4.5)

For every n € Z, let

n if £>0
p={" ’ 4.6
" {n—l—%, if k<0, (4.6)
then
A2 —
aﬁWQW::ﬁﬁw——hﬂkL (4.7)

or equivalently,
A2 21(1273% —In|k|)A — By = 0. (4.8)
™
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Therefore, for any n € Z and k # 0, (4.8) has two roots )‘ik € C such that

o

1672

2
A %(iQﬁﬂ'—anﬁ\)} = By +

mk T 7 (127 — In |k[)?. (4.9)

Direct computations give us the real and imaginary part of )\f i

ROE, ) = —elnlk] Cnk 4/ G A7
nk) = T -

4.10
47 2 ’ ( )

7 —Cnk [y T 42,
S(NE) = 5 F sen(Rn|k]) . (4.11)

where
- O 102 k] — 4% 4.12
Cn,k_ﬁ7+167_r2(n|‘_n7r)a ( )
21n|k| 7
0, — Sk (4.13)
81

Since a < 0, it is obvious to see that if |k| > 1, ER()\;,C) > 0. On the other hand, if 0 < |k| < 1, we get easily
from (4.10) and (4.12)—(4.13) that

R(Ay ) <0, VneZ (4.14)
is equivalent to
2 2
a?ln? k| Cnk /G AL
7 4.1
o2 > 5 , Vne (4.15)
or further to,
o?(In? |k| 4+ 4n2n?
—By+ ( ‘1(|57r2 ) > \/Ci,k + 4d%7ka VneZ (4.16)
then to , 2| |
Bya” In® |k
i >0, VneZ (4.17)
and finally to 8y < 0. This ends the proof of Proposition 4.1. a

In addition to Proposition 4.1, we can obtain, after careful computations to (4.10)—(4.11), the asymptotic
behavior of the eigenvalues /\i 5 s n — o0:

lim Af, =0 and Jim. Akl = +o0. (4.18)

n—0o0

In view of (4.4) and(4.7), the corresponding eigenvectors can be chosen as

Efy = (6 (@), 0 (2) = e 3 )i ez, (4.19)
tr
Ej; = (65 4(2), 45 (@) = T Hine (1, A%) . nel (4.20)
n,k

In order to prove Theorem 1.5, we first prove that if 8y > 0 and k € R, the system (1.10) is not asymptotically
stable. According to Proposition 4.1, if Sy > 0, then for any k € R, there exists n € Z, such that ER()\I,C) > 0.

Let the initial data be the corresponding eigenvector: (ug,vo)!" = E, € (L?(0,27))?, then the corresponding

solution of the system (1.10) is given by (u(t,),v(t,-)) = e’\:»kt(uo, vg), which is obviously not stable.
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Now it remains to prove that if Gy < 0, there exists suitable k£ € R such that the system (1.10) is asymptot-
ically stable. More precisely, we apply the Riesz basis approach to prove that the solution of the system (1.10)
satisfies (1.9) if By <0 and 0 < |k| < 1.

Let us emphasize that it is possible that some eigenvalues may coincide. Actually, the occurrence of an
eigenvalue with multiplicity greater than one happens if and only if

o?In?k

By=-—55 <0 and 0<k<l (4.21)

Consequently, the only multiple eigenvalue is given by

alnk

Aok = Aok = Xo = — <0. (4.22)
In this case, the dimension of the eigenspace of )\ is one and the corresponding eigenvector can be chosen as
Ef, =e *(A, )" (4.23)
Let Ej be the root vector corresponding to \g:
AEg, = XoEqy, + Eg, (4.24)
where the operator A is given by (4.2). Then by (4.21), (4.22), it is easy to find a typical root vector

Eyy=e 2 2o +1,7)" (4.25)

which satisfies (4.24) and is linearly independent of Eaf &

Now we claim the following proposition:
Proposition 4.2. For any fized v < 0 and 0 < |k| < 1, {(E;k,E;k), n € Z} forms a Riesz basis of the
complex Hilbert space (L?(0,27))2.

Proof of Proposition 4.2. We introduce the classical orthogonal basis {(e;k, e, 1), n€Z}of (L?(0,2m))?, where

e ="(L0)7, ey, =e"(0,1)", nel (4.26)

Clearly, we have
<e:,k? e;7k>(L2(O,7r))2 = 03 vna m e Za (427)
<€;’t’k’ ex”b,k>(L2(0’7T))2 = <€7:,k7 er_n,k>(l12(0,7r))2 = 2T0pm, Yn,m € Z, (428)

where 0,,,, stands for the Kronecker’s delta. The proof will be divided into two cases due to the possibility of
the occurrence of multiple eigenvalues.

Case 1: (4.21) is not true. In this case, all the eigenvalues are distinct. Since A, # A,y for all n € Z, the

A1
matrix ( ;k _~ ) is invertible. Then it is easy to get from
Ak
_nj Ao 1
_ In | k| - k
(E:’k,En’k) =e 2r x(e;k,emk) ( ; ol ) , (4.29)
n,k

that {(E:;k, E,. ), n € Z} forms a basis of the complex Hilbert space (L*(0,27))?.
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For any (f,g) € (L?(0,27))?, there is a series of complex pairs {(a;", ;) € C?},,¢z such that

(1,97 => (Bl +an By ) = (Bl By ) (ond,a,)' (4.30)

nez ne”z
By (4.29), it follows that

(F9)" =S (Bref, +Bren,)e =7, (4.31)

neZ

+ APl +
g_) _ ( o B ) (g;_L) (4.32)
In|

T < 1, Vz € [0,27]. Then we get, from (4.26) and (4.31) that

where

Noting that 0 < |k| < 1 and e /¥l <e
21 (185 418, 1) < (s 9)lIEzeqo.2mye < €72 2w > (1817 + 18, ). (4.33)

ne”Z neZ

Moreover, it is easy to see from (4.32) and (4.18) that there exists a constant C; > 0 such that
1B 2+ 16, 12 < Cu(laf P + o P), Vn e Z. (4.34)
On the other hand, we can also derive from (4.32) that

a; A 1 B By
(%)Z T ox (m)
at +
:( n’;bz’;) (gn) (4.35)

where
1 Ak
+ - n,
Oy = —, A= —, (4.36)
" Az,k - An,k " Az,k - )\n,k
A - A A
b;k = F _— oy s o (4.37)
’Y()\n,k - An,k) ’Y()\n,k - )\n,k)
Thanks to (4.18), we get additionally that
1
+ + _ 1 C o
nh_)ngoa 5 =0, nh_)n;@a r=1 nh_)ngob i nh_)rrgo b, r=0. (4.38)

Therefore we can see that there exists a constant Cy > 0 such that

ot [P+ lag |2 < Co(1BE P + 18, %), VneZ. (4.39)
Obviously, (4.32)—(4.33) and (4.39) show that {(E; ,,E, ), n € Z} forms a Riesz basis of (L*(0,2m))* in
Case 1.

Case 2: (4.21) is true. In this case, we still have )\;k # A\, and (4.29) for all n € Z\{0}. While for n = 0,
we get from (4.23), (4.25) and (4.26) that

—1In

k Ao Ao+ 1
(EOk’EOk)—e 2 (68% Ok)< 070 ) (4.40)

T

Ao+ 1) is invertible since 7 # 0. Then it is similar to prove that {(E",, E~ k) mEL}

n,k?

Obviously, the matrix ()’\YO
still forms a Riesz basis of (L2(0,27))? as in Case 1. This ends the proof of Proposition 4.2. O
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Thanks to Proposition 4.2, the solution (u, v) of the initial-boundary problem (1.10) can be decomposed with
respect to the Riesz’s basis {(E:_k, E, ), n € Z}. Actually, for any given initial data (uo,vo)"" € (L*(0,2m))?,
there exists a series {(c:’k, ¢p i) € C?}nez such that

(ug, v0)"" = Z(C:kE:{k + ¢ n B i)- (4.41)
nez

In order to decompose the solution in terms of the Riesz’s basis {(E

e En k), n € Z}, we have to discuss
the various cases whether the eigenvalues are distinct or not.

Case 1: (4.21) is not true. In this case, all the eigenvalues are distinct. Since Eff & is the eigenvector corre-
sponding to the eigenvalue /\i > it follows from (4.41) that

(U(t, ')a U(ta _))tr = Z (c:,keA:’ktE:[,k + c;,keA;'ktE;,k) . (442)
ne”Z

Then by Proposition 4.1, we get that in the case of 5y < 0,
st <1, VneZ (4.43)

and
. At
lim |e"n.k
t—-4o0

t

—0, VneZ. (4.44)

Therefore, there exists C5 > 0 independent of (ug,vg) such that

2
ICu(t, ), o(t, D IFz202my S

nez
<Csl|(u0, v0) |7 L2 (0,20))2 (4.45)

+ + - —
ct BT 4+c B H
n,k—n,k n,k—n,k (L2(0,27))?

which implies that the series on the right hand side of (4.42) converges uniformly and strongly in (L?(0,27))2.
Then taking the (L?(0,27))? norm of (4.42) and letting ¢ — +o00, we easily conclude by (4.44) that

Jim (u(t, ), o(t )" = Tim (e MBS+ B ) = (0,0), (4.46)
neEZ

This ends the proof that if 3y < 0, then the system (1.10) can be stabilized by taking the tuning parameter k
such that 0 < |k| < 1.

Case 2: (4.21) is true. In this case, the only eigenvalue, whose multiplicity is more than one, is A¢ given
by (4.22). We get from (4.23), (4.25), (4.26) and (4.41) that

(u(t7 ')7 U(t’ ‘))tr = eADt[(C(Ikt + Ca_,k)Eg:k + CO_,kEO_,k}

- (C:Lf,ke)‘:,ktE:{,k—I—C;’keA';,ktE;k). (4.47)
ne€Z\{0}

Again by Proposition 4.1, we have (4.44) and

lim |e*t| — 0. (4.48)

t——+oo

Then we easily conclude the asymptotic stability of the closed-loop system (1.10), similarly as in Case 1. This
completes the proof of Theorem 1.5. O
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Remark 4.3. In case of Sy < 0 and |k| < 1, one can adopt the Lyapunov’s approach to prove that 0 is
asymptotically stable for the closed-loop system (1.10). Actually, let

27
L(t) = / e (2t 7) + 0 (1, ) )dx (4.49)
0
where 77 > 0,£ > 0 are chosen such that e=2™ > k2 and 8 + &y = 0. Since a < 0, then

2m
L(t) = a(e™?™ — E2)u>(t,2r) + om/ e 2 (t,x)dr <0 (4.50)
0

Clearly, L(t) = 0 implies u = 0 and next v = 0 thanks to the first equation of (1.10). In order to apply
LaSalle Invariance Principle [13], it remains to prove that all the trajectories {(u(t,),v(¢,-))}i>0 of (1.10) are
precompact in H. Using the regularity result of semigroup of linear operator [22] and the estimate (4.50) for
A(u, )", it is easy to get that for every (ug,vo) € D(A) := {(f,g9) € H(0,27) x L%*(0,27)| f(0) = kf(2n)},
the set {(u(t,-),v(t,-)) }+>0 is bounded in D(A), therefore precompact in H since D(A) is compactly embedded
in H. Then we follow the proof of ([11], p. 114, Thm. 8.13) to conclude by LaSalle Invariance Principle that
(u(t,-),v(t,-)) — (0,0) € H as t — 4oo for every (ug,vg) € D(A), and finally for every (ug,vo) € H by the
continuity of the solution with respect to the initial data.

Remark 4.4. In case of 0y < 0 and 0 < |k| < 1, the closed-loop system (1.10) is not exponentially stable
(although asymptotically stable) since there exists a sequence of eigenvalues converges to zero, see (4.18).

Proof of Theorem 1.6. Thanks to Theorem 1.5, one has that if gy < 0, there exists k£ € R such that the sys-
tem (1.10) is asymptotically stable, i.e., (1.9) is true for all initial data (ug,vo) € (L?(0,27))%. Let (u(t, x),v(t, z))
be the solution of the closed-loop system (1.10) with (1.6). Then according to the uniqueness of solution, it is
clear that the system (1.5) is asymptotically (null) controllable by taking the control as:

h(t) = u(t, 0) — u(t, 2m).

This concludes the Proof of Theorem 1.6. O
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