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LACK OF NULL CONTROLLABILITY OF ONE DIMENSIONAL LINEAR
COUPLED TRANSPORT-PARABOLIC SYSTEM WITH VARIABLE
COEFFICIENTS

SAKIL AHAMED, DEBAYAN MAITY, AND DEBANJANA MITRA*

ABSTRACT. In this article, we study the null controllability of linear coupled transport-parabolic
systems with variable coefficients in one space dimension. We consider coupled systems with
coupling of order zero, one and two. The systems are considered with homogeneous Dirichlet
boundary conditions and with localized interior controls acting on both transport and para-
bolic equations. We show that coupled systems are not null controllable at small time. This
time depends on the transport velocity and the support of the controls. When the transport
velocity is identically zero, the systems are not null controllable at any time. To achieve these
results, we construct highly localized solutions, known as Gaussian beams, corresponding to the
adjoint systems, and using them, we show that the corresponding observability inqualities fail.
However, these systems are null controllable at any time by controls acting everywhere in the
parabolic equation, under suitable assumptions on the initial data and the coefficients.

1. INTRODUCTION AND MAIN RESULTS

The study of the controllability of coupled hyperbolic-parabolic systems has been an active
area of research over the last few years. The coupled system arises to describe the physical
phenomena in fluid dynamics, plasma physics, aeronautics, weather prediction and so on. Our
motivation to study such coupled system comes from viscous compressible fluid models. The
Navier-Stokes system of a viscous, compressible, isothermal barotropic fluid (density is function
of pressure only), in a bounded domain (0, L) is given by

at:b\_" ax(lb\a) =0 in (OvT) x (O7L)a

1.1
5(04T0 + 00,10) — pDeuli + 0,5 =0 in (0,T) x (0, L), (L.1)

where p(t, x) is the density of the fluid and (¢, x) is its velocity, and the positive constant p
represents the fluid viscosity. The pressure p satisfies the following constitutive law

~,

Pp) =ap’,  a>0y3>1.

We assume that (ps(z),us(x)),z € [0, L] is a stationary trajectory to the system (1.1). By
setting

p(t,z) = p(t,x) + ps(x), u(t,x) =u(t,x) +us(z), xe€(0,L),te(0,T),

and collecting the linear terms in p and u, we obtain the following linear system :

Op + 0z (psu) + 0z (usp) =0 in (0,7) x (0, L),
PsOstt — 10ztt + psOp(ust) + (usOpus + aydz(p?))p +aypl '0ep =0 in (0,T) x (0, L).
(1.2)
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Motivated by the above example, in this article, we first consider the following linear coupled
transport-parabolic system with coupling of order zero and one, and with controls f; and fo:

{atp + ag0zp + a1p + c10u + cou = 1oy f1 in (0,7) x (0, L),

1.3
O — boOgatt + b10,u + ot + d10zp + dop = 1oafo  in (0,T) x (0, L), (1.3)

where 1o, is the characteristic function of an open set O; C (0,L), j = 1,2. We complete
the system (1.3) with the following initial condition

p(0,)=p"  w(0,-) =u’in (0, L), (1.4)
and the boundary conditions
u(t,0) =u(t,L)=0 in (0,7),
p(t,0) =0 in (0,7), if ap(0) > 0, (1.5)
p(t,L) =0 in (0,7), if ap(L) < 0.
Throughout this article we make the following assumptions on the coefficients :
a;,bj,ci,d € C>([0,L]), foralli=0,1, forallj=0,1,2,
bo(z) =b>0 forallze|0,L] (1.6)

In Section 2, we will show that the system (1.3)-(1.5) is well-posed in (L?(0, L))2 (see Proposi-
tion 2.2). We are interested in the null controllability of the system (1.3)-(1.5).

Definition 1.1. The system (1.3)-(1.5) is null controllable in (LQ(O,L))2 at time T > 0 if for
any (po,uo) S (LQ(O, L))z, there exist controls f; € L?(0,T; L?(0,L)), i = 1,2, such that, (p,u),
the solution to the system (1.3)-(1.5) satisfies

(p,u) (T,2) =0 for all x € (0,L).

For later purpose, we introduce the spaces
L
L2(0,L) = {f € L*(0,L) | / fdr = o}, HE(0,L) = H*(0,L) N L2(0,L), s> 0.
0

Before stating our main results, let us mention some related works in this direction from
the literature. As mentioned above, the compressible Navier-Stokes system linearized around
a constant trajectory (ps,us) for ps > 0, yields a coupled system with constant coefficients:
in particular, a coupled ODE-parabolic system for us; = 0 and a coupled transport-parabolic
system for us # 0 (see (1.2)). The controllability of such systems with constant coefficients in
one dimension has been extensively studied. In [7], the linearized compressible Navier-Stokes
system around (ps,0), i.e., the coupled ODE-parabolic system, is considered in (0, L) with
Dirichlet boundary conditions. In that paper, the authors proved that the system is not null
controllable at any time 7' > 0 by a localized interior control acting only in the parabolic
equation. However, the system is null controllable in H} (0, L) x L?*(0,L) at any time T > 0
using everywhere L2-control in the parabolic equation. The case u; # 0 was considered in [6, 5].
In both the articles, the system was considered in (0,27) with periodic boundary conditions,
and with localized control acting only in the parabolic equation. In [5], using moment method,
the authors proved the null controllability in H5 (0, 27) x H*(0,27), s > 6.5, at time T’ > 2%,

Us

This result was improved in [6] by showing that the null controllability holds for any initial dlatla
in H} (0,27) x L?(0,27). Moreover, it was also proved that, the system in consideration is not
null controllable in H2 (0,27) x L?(0,27), 0 < s < 1, at any time T" > 0 by L?-control acting
in the parabolic equation. Thus H (0,27) x L?(0,27) is the largest space in which the system
is null controllable by a L?-parabolic control. It is worth mentioning that, all the above works
consider only the case where control is active on the parabolic equation only. Furthermore,
the proofs are based on explicit computation of the eigenvalues and eigenfunctions of the linear
operator, and thus restricted to certain boundary conditions.
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Later in [20], the lack of null controllability issues associated to the linearized compress-
ible Navier-Stokes systems have been studied in detail. In this article, the author studied
compressible Navier-Stokes-Fourier systems for non-barotropic fluid linearized around constant
steady states (ps,us,0s) with ps > 0,05 > 0 in (0,L). The systems are coupled between
two parabolic equations and an ODE (if us = 0) or an transport equation (if us # 0). If
us = 0, the system is not null controllable in (L?(0, L))3, by a localized control acting on the
ODE/transport component and parabolic controls, at any time 7" > 0. If ug # 0, the same
result holds only for small time. Moreover, in the case us = 0, the system is null controllable in
H}(0,L)xL?(0,L)x L*(0, L) at any finite time T' > 0 using controls in both parabolic equations
acting everywhere in the domain. And, this result is optimal in the sense that, null controlla-
bility cannot be achieved by localized parabolic controls. Let us mention that the proofs in [20]
do not require the knowledge of the spectrum. Thus the results can be extended to any suitable
boundary conditions. Recently, in [1], the above results have been extended to more general
constant coefficient coupled transport-parabolic systems. They considered coupling of several
transport and parabolic equations in one dimensional torus. They proved null controllability in
optimal time. Moreover, an algebraic necessary and sufficient condition, on the coupling term,
was proved when controls act only on the parabolic or transport components.

In the context of compressible Navier-Stokes systems, the local exact controllability around
constant states was studied in [10, 9, 24, 23, 25], and an analogous result around variable
trajectories was obtained in [11].

We also note that such coupled system may arise to model parabolic equations with memory
terms, damped wave equations, visco-elastic flows and so on, for instance see [22, 28, 3, 4, 18, 13,
2, 21]. Using a change of variables, for a suitable memory term, parabolic equation with memory
can be written as a coupled ODE-parabolic system. An extensive study of controllability of
evolution equations with memory term has been done in [4]. In particular, the lack of null
controllability has been studied in [15, 16, 17] (heat equation with memory), [21, 28, 27] (viscous-
elastic flows) and references therein.

In this present work, our first aim is to show the lack of null controllability of (1.3)-(1.5), when
the coefficients are not necessarily constant. To state our results, we need to introduce some
notations. We take an extension of ag on R, still denoted by ag. We introduce the characteristics
X associated with agp:

X(0,z) =2 x€eR. (L7)

Let O C (0, L) be such that (0, L)\ O is a nonempty open subset of (0, L). For each z € (0, L)\ O,

we set

{BtX(t, z) = —ag (X(t,z)) (t > 0),

Typo :=sup {7 | X(t,z) € (0,L)\ O for all t € [0,7)}, (1.8)
and
To:= sup T,o. (1.9)
z€(0,L)\O
If O is the empty set of (0, L), we set for each = € (0, L),
T,p=sup{7 | X(t,x) € (0,L) forallt € [0,7)}, and Tp= sup T,y. (1.10)
z€(0,L)

Our first main result indicates the lack of null controllability of (1.3)-(1.5) for initial data in
L?(0,L) x L*(0,L) :

Theorem 1.2. Assume (1.6), and
01 C (O7L)7 O, C (O7L)a

be such that (0,L)\ Oy is a nonempty open subset of (0,L). Then the system (1.3)-(1.5) is
not null controllable in L?(0,L) x L?(0,L), at any time 0 < T < Tp,, by interior controls
f1 € L?(0,T; L?(0, L)) supported in Oy and fo € L?(0,T; L?(0, L)) with support in O.

Remark 1.3. Let us make the following remarks:
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(1) In the above theorem, for the controllability of (1.3)-(1.5), the minimal time Tp, can
be either finite or infinite. Whenever Tp, = 400, we say that the system is not null
controllable at any time. For instance, if ag = 0, then the system is coupled between an
ODE and a parabolic equation. In this case, To, = 400, for O1, any proper open subset
of (0,L), and the system is not null controllable at any time T > 0. Furthermore, if
ao(z) = 0 for some x € (0, L)\ O, then also Tp, = +00, and the corresponding system
s mot null controllable at any time T > 0.

(2) If ap = a(constant) and Oy = (¢1,€2) C (0,L) then Tp, = max iz_l|’L|&|&
that, this minimal time coincides with minimal time obtained in [1, Eq (3)]. Moreover,
according to [1, Theorem 2|, the system (1.3)-(1.4), with constant coefficients and pe-
riodic boundary conditions, is null controllable at time T' > Tp,. This indicates that,
perhaps in general, the minimal time obtained here is sharp. More precisely, we may ex-
pect null controllability of the system (1.3)-(1.5) if T > T,. However, to the best of our
knowledge, this is still not known, even in the constant coefficient case with homogeneous
Dirichlet boundary conditions.

(3) In Theorem 1.2, the time Tp, depends only on ag and Oy, and is independent of the
choice of Oy. In particular, in the theorem, the control fo may act everywhere in (0, L).

. Note

Let us now give some special attention to the case where control is not active in the transport
equation (1.3);, i.e., fi = 0. In this case, according to Theorem 1.2, the system (1.3)-(1.5) is
not null controllable at any time 0 < T < Tj (see (1.10)). In particular, the time to obtain the
controllability depends only on the transport velocity ag. However, if there is no inflow, or if
ap(z) = 0 for some = € (0, L), then the system is not null controllable at any time 7" > 0. This
is precisely stated in the next theorem.

Theorem 1.4. Assume (1.6), fi =0 and Oz C (0, L).
(i) Then the system (1.3)-(1.5) is not null controllable in L*(0,L) x L*(0,L), at any time
0 < T < Ty, by interior control fo € L*(0,T; L?(0, L)) with support in Os.
(ii) Assume further that

either ap(zy) = 0 for some z, € (0,L) or ap(0) < 0, ap(L) > 0. (1.11)

Then the system (1.3)-(1.5) is not null controllable in L*(0, L) x L*(0, L), at any time
T > 0, by interior control fo € L?(0,T; L?(0, L)) with support in Os.

Remark 1.5. Let us point out that, when the coefficients in (1.3) are constant, similar results
to Theorem 1.2 and Theorem 1.4, were already proved in [7, 20, 1]. More precisely, we refer the
reader to [20, Theorem 1.1, Theorem 1.5], [7, Theorem 5.10] and [1, Theorem 2(i)] for precise
statements of the results when the coefficients are constant.

In (1.3)-(1.5), we have dealt with the coupled transport-parabolic system with coupling of
order one or zero. Next, we consider the following coupled transport-parabolic system with
coupling of order two in the transport equation:

(Oip + aoOpp + a1p + 0Ozt + c10,u + cou = Loy fi  in (0,T) x (0, L),

O — boOpett + b10,u + bou + dop = 1 g fo in (0,7) x (0,L),

u(t,0) =u(t,L) =0 in (0,7),

p(£,0) =0 in (0,7), if ap(0) >0, 12
p(t,L)=0 in (0,7), if ap(L) <0,
(p(0,2) = P°(z), u(0,z) = u®(z) in (0,L).

We make the following assumptions on the coefficients :
a;,bj, cj,dy € C*°([0, L)), for alli =0,1, forall j =0,1,2,
bo(z) = b>0, co(x)#0 for all x € [0, L]. (1.13)
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The above type of systems arises in many physical phenomena, mostly to model fluid flows with
visco-elastic effects; for example heat equation with memory terms, linearized Burgers equation
with memory terms etc. The well-posedness of (1.12) is studied in Theorem 2.8. Regarding the
lack of null controllability of (1.12), we obtain the following result:

Theorem 1.6. Assume (1.13), and
0O; C (0, L), 0O, C (O, L),

be such that (0,L)\O1 U Oz is a nonempty open subset of (0,L). Then the system (1.12) is
not null controllable in L?(0, L) x L*(0,L), at any time 0 < T < Tp,u0,, by interior controls
f1 € L?(0,T; L?(0, L)) supported in Oy and fo € L?(0,T; L?(0, L)) with support in O.

In contrast to Theorem 1.2, the minimal time in the above theorem also depends on the
support of the parabolic control. This is essentially due to different order of coupling (see
Remark 3.4 for more details).

Remark 1.7. (1) In this article, for simplicity, we have assumed all the coefficients are
smooth. However, a careful reading of the proofs indicate that it is enough to assume
that the coefficients belong to C*.

(2) The results mentioned above can also be extended to the case where coefficients depend
on both time and space, and the inflow boundary is independent of time. For the time
independent case, in Section 2, we have used semigroup theory for well-posedness of
the systems. Also, in this case the systems are autonomous, and we can directly use
the duality between controllability and observability (see for instance[8, Chapter 2.3])
to derive required observability inequalities. However, in Section 3, the main tool to
prove the main results i.e. Gaussian beam solutions are constructed for coefficients
depending on both space and time variables. Thus all the results mentioned above also
hold for coefficients depending on both time and space, provided one has well-posedness
for all the systems considered above and duality between controllability and observability
of such systems. In Section 6, we briefly indicate how to extend the above results to the
non-autonomous case.

When the coefficients are constant, the lack of null controllability of a system similar to
(1.12) was studied in [20] (see Eq. (2.58) of [20]). Moreover, using this result, the lack of null
controllability of (1.3)-(1.5) in H'(0, L) x L?(0, L) was proved in [20, Theorem 1.4], in the case
where the coefficients are constant. Thus we may expect a similar behaviour for our case also.
In fact, as a consequence of Theorem 1.6, we prove the lack of null controllability of (1.3)-(1.5)
in small time in H'(0,L) x L?(0,L) under suitable assumptions on the coefficients. This is
precisely stated in Theorem 4.3.

We note that the null controllability property for (1.12) is different from that of (1.3)-(1.5).
In contrast to Theorem 1.2, the above theorem holds if Oy, the support of the control for the
parabolic component, is a proper subset of (0, L). Therefore, one may expect null controllability
of the system (1.12) if the control is active everywhere. In fact, under some assumptions on
the coefficients we have obtained such a result in Section 5 (see for instance Theorem 5.4).
Moreover, as a consequence of the results obtained in Section 5, we prove Theorem 5.5 which
shows null controllability of (1.3)-(1.5) in HL(0,L) x L?(0,L) by everywhere control in the
parabolic equation.

The proof of these results is based on duality arguments. It is well known that the null
controllability of a linear system is equivalent to a certain observability inequality satisfied
by the solution of the corresponding adjoint problem (see [8, Chapter 2]). Thus to prove
Theorem 1.2, Theorem 1.4 and Theorem 1.6, we construct special solutions to the corresponding
adjoint problems violating the observability inequality. The idea is to construct highly localized
solutions known as “Gaussian beam”. These are high frequency solutions to PDEs which are
concentrated on a single ray (characteristic) through space-time. This kind of construction has
been used for hyperbolic systems in [26] to study the propagation of singularities of solution.
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In order to observe these Gaussian beams, the observation set must intersect every ray. If
not, one could construct a Gaussian beam along a ray that would not hit the observation set
and clearly that Gaussian beam could not be observed, since the estimate of the observation
would be negligible outside an arbitrarily small neighborhood of the ray. Exploiting this idea,
in this article, we construct Gaussian beam solutions for coupled transport-parabolic systems
with variable coefficients. It is clear that our systems are not strictly hyperbolic. Thus the
Gaussian beam construction of [26] cannot be applied directly here. We also refer the reader to
[19] for construction of such solutions and its application to prove the lack of observability for
wave equation with variable coefficients (transmission problems, oscillating coefficients etc).

The novelty of our work is that we thoroughly study the null controllability of the transport-
parabolic coupled systems with variable coefficients and with different orders of coupling, for
example, zero, first and second order of coupling. The behavior of the null controllability of
the coupled system may change according to the order of the coupling. Moreover, our results
are a generalization of results available for the coupled systems with constant coefficients. It
is clear that our systems are not strictly hyperbolic and they consist of the properties of both
hyperbolic and parabolic equations. Further, if the initial conditions and controls are regular,
then we may get the null controllability of the coupled system provided the coefficients satisfy
some conditions (see Section 5). The results can be applicable to the coupled system with
different boundary conditions or even to study the null controllability using boundary controls
(see Section 7). This study leads to some interesting questions regarding the controllability of
the coupled systems (see Section 7.3), which we plan to study in our future work.

The outline of the paper is as follows. In Section 2, we study the well-posedness of the coupled
systems using semigroup theory, and we determine the adjoints of the linear operators. Section 3
is devoted towards the constructions of Gaussian beam solutions for the coupled systems. Our
main results, Theorem 1.2, Theorem 1.4 and Theorem 1.6, are proved in Section 4. In Section 5,
we prove the null controllability of the coupled system by parabolic control acting everywhere
in the domain, under some extra assumptions on the coefficients. In Section 6, we extend the
results to the case where coefficients depend both on space and time variables. Finally, in
Section 7, we mention some further extensions of our main results to the system with periodic
boundary conditions and to the system with boundary controls along with some interesting
comments on some open problems.

2. WELL-POSEDNESS OF THE LINEAR SYSTEMS

In this section, we will study well-posedness of the systems in consideration via semigroup
theory. We will show that the associated unbounded linear operator generates a CY-semigroup
in a suitable Hilbert space. Moreover, we will determine the adjoint of the associated linear
operators.

2.1. Well-posedness of the system (1.3) — (1.5). Our aim is to prove the following result.
2
Theorem 2.1. For any (p*,u°) € (LQ(O,L)) and f; € L*(0,T; L*(0, L)), i = 1,2, the system
2

(1.3)-(1.5) admits a unique solution (p,u) € C([O,T]; (L2(0,L)) )

Let us set

Z=1L%0,L) x L*(0, L).

We define the unbounded operator (A, D(A; £)) in Z by

D(A; 2) = {(p, w) € L2(0,L) x HY(0,L) | aop’ € L*(0, L),

p(0) = 0 if ag(0) > 0, p(L) = 0 if ag(L) < 0, bou/ — dyp € Hl(O,L)},



and
a d a c d c
—ap—— —ai —Cl5— —C2
A= dy 2 . (2.1)
—d1%—d2 bO@_blﬁ_bQ
We introduce the input space U = Z and the control operator B € L(U; Z) defined by
Bf:(101f17102f2)a f:(f17f2)€Z/{- (22)

With the above notations, the system (1.3) - (1.5) can be rewritten as
2(t) = Az(t) + Bf(t), te(0,7T), 2(0) = 2°,

where 2(8) = (p(t, ), u(t, ), 20 = (o,u%) and f(t) = (fi(t, ), fo(t, ).
The well-posedness of the system (1.3) - (1.5), in particular Theorem 2.1 follows as soon as
we prove the following result.

Proposition 2.2. The operator (A, D(A; Z)) is the infinitesimal generator of a strongly con-
tinuous semigroup T on Z.

Proof. The proof is similar to Proposition 1.5 and Theorem III.2 in [14]. For the sake of com-
pleteness, we give the proof of the proposition.

Step 1. Quasi-dissipativity: Using a density argument (see for instance [14, Proposition I.1]),
integration by parts and Young’s inequality, one can easily verify that

Re(4(2) (1)) <@l forall () € DA 2),

u

for some w > 0 sufficiently large. Therefore, there exists w > 0 such that A — wI is dissipative
on Z.

Step 2. Mazximality : We want to show that Range (Al — A) = Z, for A\ large enough. We
consider only the case, where

ap(0) >0, ag(L)>0.
The other cases can be treated in a similar manner. We take A > w. We need to show for any
(f,9) € Z, there exists a unique (p,u) € D(A; Z) such that
A\p +agp +arp+ v +cou = f in (0, L),
Au—bou” + b’ + bou+dip +dap=g in (0,L), (2.3)
p(0) =0, u(0) = u(L) = 0.
The idea is to consider a regularised resolvent equation, where we add —ep” in (2.3);. More
precisely, for € > 0, we consider the following system
Ape — epll + appl + a1pe + crul + cou. = f in (0, L),
Aug — bou + byul + boue + dipl + dope =g in (0, L), (2.4)
p-(0) = (L) = 0, u(0) = uc(L) =0,
where (f,g) € Z. The above system is a coupled parabolic system. Using Lax-Milgram
theorem we show that, for every € > 0, the above system admits a unique solution p. €
HJ%O}(O,L) N H?(0,L) and u. € HE(0,L) N H?(0, L), satisfying some estimates uniform in e,
where Hi, (0,L) = {f € H'(0,L) | f(0) = 0}.

To this aim, we set V = H{lo}(O, L) x H}(0, L) with the inner-product

. L L
(-0, L5 [ v
U v v 0 0
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where & and v are the complex conjugates of ¢ and v, respectively. We define the functional
B:VxV—Chby

L L L
B <<Z> ’ <Z)> - )‘/ p&dm+g/ p,5/d$+/ (aopl+a1p+c1ul~l—czu)6dx
0 0 0
L L L
+>\/ u dx+/ u’(bo@)’dx+/ (b1 + bou + dip’ + dap) v da. (2.5)
0 0 0

We can verify that, B is a continuous, sesquilinear form on ¥V x V and coercive, i.e,

Re (B ((Z) : (Z)) ) ao(L)

b
z(A- W)(”PH%%O,L) + HUH%Q(O,L)) + EHpIH%Q(O,L) + 5”“”’%2(0@ + T’P(L)‘Q
> CE)|p,u)|3, forall (p,u) €V, (2.6)

for some positive constant C' depending on €. Thus using Lax-Milgram theorem, for each € > 0,
for any (f,g) € Z, there exists a unique (ps, us) € V satisfying

B((Z)(Z)) —/OLfadx—i—/DLgvdx, for all (o,v) € V. 2.7)

Further, from (2.7), it can be derived that p” € L?(0,L) and u” € L*(0,L). Now multiplying

£

(2.4); by 7 € H{lo}(O, L) and using an integration by parts, we get

L L L L
)\/ pe0 dx + 5/ pLo’ dx — epl(L)o (L) + / (aopl + arpe + crul + cou) o da = / fodx.
0 0 0 0

Then, using (2.7) for (0,0) € V, the above identity yields p.(L) = 0. Thus for all € > 0, (p., u.)
belongs to (H%O}(O, L)n H?(0, L)) X (H&(O, L) N H?(0, L)) and it satisfies (2.4).

Taking (0,v) = (pe, ue) in (2.7), using a similar estimate as in (2.6) along with the Cauchy-
Schwarz inequality, we get

A—w b ap(L)
2 (Moel3ag0,0) + el By ) + MoblZago ny + 3 I l3a0.0y + 25 oo (L)

1 9 )
< o=y U0y +llEzo.)-

From the above estimate, it follows that, there exist p € L%(0, L), u € H}(0, L) and ¢ € C such
that, upto a subsequence, as € — 0,

u. — uin H}(0,L),  p. — pin L*(0,L), (2.8)
e(pe) — 01in L*(0,L),  ao(L)pe(L) — £ in C.

Note that from (2.7), for o € C°(0, L) and v = 0, we obtain

L L L L L
)\/ pgadaz—i-a/ p;a’daﬁ—/ pg(aga)’dx—i-/ (a1pe + crul + coue) odx = / fodz. (2.9)
0 0 0 0 0

Taking ¢ — 0 in the above identity, we get that (p,u) satisfies (2.3); in the distribution sense
and hence from (2.3),, it follows that agp’ € L?*(0,L). Similarly, from (2.7), for ¢ = 0 and
v € CX(0,L), we obtain

L L L L L
/\/ u da —|—/ ul(bov) da — / pe(div) dz —i—/ (brul + bous + dop:) v dz = / gvda.
0 0 0 0 0
(2.10)
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Taking ¢ — 0 in the above identity, we get that (p,u) satisfies (2.3), in the distribution sense
and hence from (2.3),, it follows that (bou’ — dip) € H'(0,L). Next, multiplying (2.4); by
o € C(0, L) and using an integration by parts along with (2.8) and (2.9), we obtain

L L
/ appLo dx — / app'adr, for all € C°(0, L),
0 0

and using a density argument, we derive that
app. — app’, in L*(0,L), as e—0. (2.11)

Similarly, multiplying (2.3), by v € C2°(0, L) and using an integration by parts along with
(2.8) and (2.10), it can be derived that

(boul — dip.) — (bou' — d1p), in H'(0,L), as e —0, (2.12)
by noticing that as ¢ — 0, (bou. — dip:) — (bow’ — d1p) in L?(0,L) and (boul — dip:) —

(bou' — d1p)" in L?(0, L).
It only remains to show (p,u) € D(A; Z). To this aim, we set

W = {(p, w) € L2(0,L) x HY0,L) | aop' € L2(0,L), (b —dip) € Hl(o,L)}.

Note that, W is a Hilbert space with the graph norm, and D(A4; Z) is a closed subspace of W.
Thus, the weak closure and the strong closure of D(A; Z) in W are same. In the calculation
above we have actually shown that (p, u) lies in the weak closure of D(A; Z). Therefore (p,u) €
D(A; Z), and in particular, p(0) = 0.Thus, for any given (f,g) € Z, there exists a (p,u) €
D(A; Z) satisfying (2.3).

Finally, we show uniqueness of solution to (2.3). For given (f,g) € Z, let (p1,u1), (p2,u2) €
D(A; Z) be two solutions of (2.3). Setting p = p1 — p2, u = u1 — ug, it is enough to show that

(p,u) = (0,0). To do it, we note that (p,u) € D(A; Z) satisfying (A — A) [ﬂ = [8] . Now

taking the inner product with (p,u) and using quasi-dissipativity property from Step 1, we get

Moz = re (4(2). (1)) <wlle.

Since A > w in (2.3), it yields (p,u) = (0,0). This completes the proof of the proposition. [

Remark 2.3. In the proof above, we can actually show that ag(L)p(L) = £. In fact, multiplying
(2.3), by G € H{lo} (0, L), we obtain

L L L L
)\/O padx—/o p(aoo)’dx—l—ao(L)p(L)a(L)+/O (a1p+clu’+02u)adx:/0 fodz. (2.13)

From (2.7), for o € H{lo}(O, L) and v =0, it follows that

L L L
)\/ pe0 dz + 5/ pLo’ dz — / pe(aod) da
0 0 0

L
+ao(L)pe(L)a(L) + / (al,qE + cpul + CQUE) odx = / fodx.
0 0

Taking € — 0 in the above identity, along with (2.13) we get ag(L)p(L) = £.

It is well known that the null controllability of the pair (A, B) is equivalent to the final-
state observability of the pair (A*, B*), where A* and B* are the adjoint operators of A and
B respectively (see for instance [8, Chapter 2.3],[29, Section 11.2]). Thus it is important to
determine the adjoint of the operator A :
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Proposition 2.4. The adjoint of (A, D(A; Z)) in Z is defined by
D(A*; 2) = {(U,v) € L2(0, L) x HL(0,L) | ago’ € L2(0, L),

o(L) =0 if ag(0) > 0, o(0) = 0 if ag(L) < 0, bt/ + cro € H(0, L)}, (2.14)

and p p
ao—— — (a1 = ap) di—— + (dy — da)
A= | e P o . (2.15)
01%—(02—0'1) b0@+(2bg+bl)%+( o + by —ba)

For future purpose, we also need to study the well-posedness of the adjoint system with
non-homogenous source terms and boundary data. More precisely, we consider the following
non-homogeneous system

O — apdzo + (a1 — af)o — d10,v — (d}y — d2)v = (3 in (0,7) x (0, L),
v — bOprv — (2b( + b1)0pv + (by — b — b))v
—10,0 + (ca — ¢})o = (o in (0,7) x (0, L), (2.16)
v(t,0) = ho(t), v(t,L) = hr(t) in (0,7),
o(t,0) = go(t) if ap(L) <0, o(t,L) = gr(t) if ap(0) >0 in (0,7),
0(0,z) = o%(x), v(0,z) = v°(z), in (0,L).

From the well-posedness of the adjoint operator A*, the result below can be obtained easily.
2
Proposition 2.5. Let T > 0. Then for any (6°,2°) € Z, (¢1,() € (LQ(O,T; LQ(O,L))) and
4

(ho,hr,g0,91) € (Hl(O,T)> , the system (2.16) admits a unique solution (o,v) € C([0,T]; Z),
satisfying

(o, V) leo,m;2) < C7<H(UO,UO)HZ‘+H(C17C2)Huﬁ(ong2aLLn)2*‘H(ho,hL,go,gL)H(ﬂﬂ(ogv)4)a
where the positive constant C' depends only on T, L and the coefficients of the system.

We also need to show the operator A generates a C%-semigroup on H := H*(0, L) x L?(0, L),
under some suitable assumptions on the coefficients. We assume (1.6) and

ao(O) < 0, ao(L) > 0. (2.17)

Note that, under the above assumption on ag, we do not need to provide any boundary condition
for p in (1.5). We consider the unbounded operator (A, D(A;H)) in H with

D(AH) = {(p,u) e HY0,L) x H2(0,L) N HL(0,L) | aop € Hl(o,L)}.
We prove the following result:

Theorem 2.6. Assume (1.6) and (2.17). The operator (A, D(A;H)) is the infinitesimal gen-
erator of a strongly continuous semigroup T on H.

Proof. We rewrite A := A; + Ao, with

d d
—ag—- —C1o— — 0 —ay 0
A= 0 bdi_bi—b s _dli_d2 0|
0722 Vs 2 dx

Note that, there exists a positive constant C such that

AIRA

<c|

for all [p] e H.
U

H H
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Thus As is a bounded perturbation of the operator A; on H (for details, see [29, Theorem
2.11.2]). Therefore, it is sufficient to show that A; generates a C’-semigroup on H. Considering
a1 = 0,d; = 0 = dy in Proposition 2.2, we get that A;, with D(A;y; Z) defined by
D(A1;; Z) = {(p,u> € L*(0,L) x H*(0,L) N Hy (0, L) | agp’ € L2<0,L>},

generates a C%-semigroup T on Z. For any (p°,u’) € Z and T > 0, we set

p(t, )] _ & [p°

Lﬂ(t, .)] =T, Lo (t€10,T7).

Then p € C([0,T]; L3(Q)) and u € C([0, T]; L2(Q)), and (p, u) satisfies the following system

Otp + agOrp + 10U + cou =0 in (0,7) x (0,L),
Ot — bpOpgtt + b10,u +bou =0 in (0,7) x (0,L),
u(t, 0) = u(t, L) = 0 on (0,T), (2.18)

p(0,z) = p°(z), u(0,z) = u’(z) in (0,L).

Moreover, using standard results for parabolic equations (see for instance [12, Chapter 7.1]), we
obtain u € L2(0,T; H}(0, L)) N C([0,T]; L*(0, L)).

In view of [29, Proposition 2.4.4], we need to show H is invariant under T and the restriction
of T to H is a strongly continuous on . To this aim, we first show that for any (p°,u") € H,
(p,u), the solution to (2.18) belongs to C'([0,T]; H). We define

c
n= Lo+ Oz p-
bo
Then 7 solves
O+ agden +agn =g in (0,7) x (0, L),

n(0) = ;i;uo +(  in(0,L),

(2.19)

where 1(0) € L?(0, L), and

/
g (oot} Zabe Y (A% a0 g e 20,7 1200, 1)),
bo bo bo bo

Thus, for (p°,u") € H, it yields n € C([0,T]; L*(0, L)) and, hence p € C([0,T); H'(0, L)). This
gives that H is invariant under T, and the restriction of the semigroup T is a strongly continuous
semigroup in H. It is easy to verify that its domain is D(A1; Z2) N'H = D(A; H). O

Remark 2.7. Let us remark that, under the condition (2.17), we do not need to provide any
boundary conditions for n in (2.19). This is the reason why we have assumed the condition
(2.17). Otherwise, we need to recover the boundary condition for n from (2.18),, which requires
0,u(t,0) to be well-defined. This seems possible if we have more regular initial data for the
parabolic component. Alternatively, if we consider (2.18) with periodic boundary conditions
and with all the coefficients and quantities being periodic with respect to x, we obtain n is also
periodic with respect to x. Thus in this case, any extra assumption on ag is not required to
obtain our results.

2.2. Well-posedness of the system (1.12). In this subsection we prove the following result
2
Theorem 2.8. Let us assume (1.13). For any (p°,u") € (LQ(O,L)> and f; € L*(0,T; L?(0, L)),

2
i =1,2, the system (1.12) admits a unique solution (p,u) € C([O,T}; <L2(O,L)> )
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We define the unbounded operator (.Z, D(.Z; Z)) in Z by
D(A; 2) = {(p, w) € L2(0,L) x H*(0,L) N HX(0,L) | aop’ € L2(0, L)
p(0) = 0 if ag(0) > 0, p(L) = 0 if ag(L) < o},

and

a d a c @ c d c
~ —ap—— — a1 0 15 —C2
A= dx d21’2 dx (2.20)
—d b € b a4 b
2 0 s ~ 01 = b
We rewrite A := Ay + As, with
d d? d
A\ —a()% — ax —60@ - d — C9 A\ 0 0
d ~ d -~ ’ —dy (bl - bl)f + (bg — bQ)
0 b bj— —b '
deQ d 2 dzx
where ) ) ¥ b
B = apCo — 001’ By = 041 — do% , 0% — boc2.
Co b() Co
With the above notations, system (1.12) can be rewritten as
(t) = «IZ( )+ Bf(t), te(0,T),  =z(0)=2"
where 2(t) = (p(t,-), u(t, ), 20 = (o%,u0), f(£) = (fi(t,-), falt,-)), and B is defined in (2.2).
We want to show that, the operator A generates a CY-semigroup on Z. To this aim, let us first
consider the system
d ol oy _ [7°
Wil [o=[2]es .
By setting n = bpp + cou, we obtain the following system satisfied by (n,u) :
(O + agdyn +an =0 in (0,7) x (0,L),
O — byt +518Iu —{—ZQu =0 n (0,7) x (0, L),
u(t,0) =u(t,L) =0 in (0,7),
n(t,0) =0 in (0,7, if ag(0) > 0,
n(t,L) =0 in (0,7), if ap(L) <0,
(7(0) = bop” + cou®, u(0) =u® in (0,L),
by — aobf
where a1 = w. We now define

bo
D(AY) = {n e L*(0,L) | agn/ € L*(0,L), (0) =0if ap(0) >0, (L) ="0if ao(L) <0},
Atr — _a077, o 61777

and

D(AP) = H*(0,L) N H}(0,L),  APu = bou” — by — bou.
Note that, (A", D(A™)) generetes a C° semigroup T* on L?(0, L). Also, (AP, D(AP)) generetes
a C” semigroup TP on L?(0, L). Then the solution of (2.21), can be written as

1
p(t) = b (Tir(boﬂo +cou’) — Conu()), u(t) = THu®.
This motivates us to define a semigroup T! on Z as follows:

1 tr 9
T 1P| = %(Tt (bop + cou) = Ty “) . (2.22)
u TV u
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The following result can be obtained easily. Thus the proof is omitted here.
Lemma 2.9. ThifamilgA/ of operators T! defined in (2.22) is a CO-semigroup on Z. Moreover,
its generator is (A1, D(A; Z)).
We are now in a position to prove Theorem 2.8.
Proof of Theorem 2.8. We want to show that the operator (ﬁ, D(El\; 2)) generates a CP-semigroup

on Z. In view of [29, Theorem 5.4.2], it is enough to show that Ay : D(A; Z) — Z is an admis-

sible observation operator for TL. Using the standard regularity results for parabolic equation,
it is easy to see that, there exists a positive constant C, such that

Ty~ 2 —~
| AT o) de< ol vt e DA 2)
0

Therefore, Ay is an admissible observation operator for T? (see for instance [29, Definition
4.3.1]). This completes the proof. O

We now determine the adjoint of the operator A.

Proposition 2.10. The adjoint of (/T,D(.Z; Z)) in Z is defined by

D(A*; 2) = {(J,v) € L2(0,L) x L*(0,L) | ago’ € L*(0, L),
o(L) =0 if ag(0) > 0, a(0) = 0 if ag(L) < 0, bov — coo € Hy(0, L),
B (bov — co0) + By (brv + c10) € L2(0, L)}, (2.23)

and

A5 17| = Oy (apo) — aro — dav
A |:’U:| a |:aa::c(b0v - COU) + 63;([)11] + 610) — (bg’l) + CQU):| ’ (2.24)

3. (GAUSSIAN BEAM CONSTRUCTION

In this section, we construct Gaussian beam solutions for coupled ODE-parabolic and coupled
transport-parabolic systems with variable coefficients in one space dimension. These solutions
are highly localized near certain curves in space-time. In the case, where the coefficients are
constant, such solutions were constructed in [20] using Fourier transform. However, for the sys-
tem with variable coefficients, we cannot use the Fourier transform to construct such solutions.
Our approach is inspired by the ideas in [26], where such solutions were constructed for strictly
hyperbolic equations. We adapt them to the case for our coupled systems.

3.1. Coupled ODE-parabolic systems : coupling of order zero or one. We consider
the following coupled ODE-parabolic system, that will be used to prove our main results. More
precisely, we will construct Gaussian beam for the following operator:

7 9o + a10 + 710,V + Y20 '
- T] x R. 1
b <”> <5tv — BoBuzv + B10yv + Bov + 81050 + 695 )7 [0,T] x (3.1)

We assume that the coefficients satisfy the following conditions

[oi’ﬁfRﬁo >0, at, Bi, 5,05 € Cp°([0,T] x R), foralli=0,1,2, forallj=1,2. (3.2)
s X

We prove the following result.

Theorem 3.1. Assume (3.2) is satisfied by the coefficients in L1, introduced in (3.1). Let
T >0, 29 €R and k € N. Then, there exist a positive constant C, which may depend on T but
independent of k, and a sequence of functions (o, vk)ken Satisfying

or € CH([0,T);CL(R)), vy, € C'([0,T]; CF(R)), (3.3)
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such that the following holds:

sup || £ (“k) (t,-) < CkT, (3.4)
t€[0,T] Uk L2(R)x L2(R)

Tim / o, )2 dx = A(t) > 0 (t € [0,7)), (3.5)
—00

sup / o (t, x)|? dz < Ce_\/E/Q, (3.6)
t€0,T) J|z—zo|>k—1/4

sup /|vk (t,z)|? dz < , (3.7)
t€[0,T]

where A(t) is positive for all t € [0,T] and is independent of k.

Proof. In what follows, the positive constant C, which may change from line to line, is indepen-
dent of k € N. The proof of Theorem 3.1 is divided into several steps.
Step 1: Construction of (op,vg) :

Let us set .
i
o(r) = §($ —20)2 + (x —x9) (z €R). (3.8)
Then for each k € N, we look for (oy,vg) in the form
o(t,x) = ke t, x) (t€[0,T], z €R), (3.9)
. t
vi(t, ) = k~3/4eike(@) [wo(t,x) + “’1(k”3)} (t €[0,T], z € R). (3.10)

Our aim is to choose 7, wy and w; suitably so that (3.4) - (3.7) holds. Plugging the above
expressions of o} and vy in (3.1) and after some standard computations, we obtain

-1
Ok\ _ 1.—3/4 ikp(x) kgp + g0 +k g1
£ <vk> e <k2h2 kb +ho+ Kk They ) (3:11)

where
g1 = O+ amn+ing'wo, go=m (W’wl + @cwo) +Ywo, g-1 =710;w1 + Yown,
ha = Bo(¢')*wo + 010",
= Bo(¢') w1 — iBo"wo — 2o’ Dpwo + iB1¢ wo + dan + 010,
ho = dywo — ifogp" w1 — 2B’ Dewr — BoOzzwo + if1¢ w1 + B1dxwo + Pawo,

h_1 = Oyw1 — BoOzzwi + P10 w1 + Bows.

Since we want (o, vy) such that (3.4) holds, we choose 7, wp and w; such that

g1(t,z) = ho(t,x) = hi(t,x) =0 for all t € [0,T],z € R. (3.12)
The condition hy = 0 implies that wg = —ZB . Using this in the expression of g; above, we
obtain the following ODE for 7 :
61 (t7 .%')
Oun(t, @) + (o (t,) + 7 (1,7) 5 . x))n(tx) =0 (te[0,T], z€R). (3.13)
0\t

Let ¢ € C*(R) with ((zg) # 0. We choose

n(t, ) = exp <— /Ot <a1(s,:c) + 71(8,90)22((2’7?) ) ds) C(x) (tel0,T],zcR). (3.14)




15

With the above choice of 1, we take

—i01(t, x)n(t, x)

wolt:2) = =3 Dol (@)

(te[0,T),z €R), (3.15)

and

1 . " . /
wy(t,z) = ot 2) (9(2))2 [260(t, )" (x)wo(t, x) + 2iPo(t, x)¢ (x)Opwo(t, )
- iﬁl(t’ :E)(,Dl(l‘)wo(t, $) - 62(t7 93)77(75, l’) - 51(t7 $)6xn(ta .T) (t € [O’ T]a T € R) :

(3.16)

Using (3.2) it is easy to verify that
n € CH[0,T; Gy (R)), wo, w1 € CH([0, T]; GF(R)),
so that (oy,vi) satisfies (3.3). Moreover,
90, 9-1, ho, h—1 € C([0, T]; Cp(R)).

We are now in a position to show that (o, vi) defined in (3.9) - (3.10), with 7, wp, wy given by
(3.14) - (3.16), satisfy the estimates (3.4) — (3.7).

Step 2: Proof of (3.4) : In view of (3.11) and (3.12), to prove (3.4), it is enough to show the
following estimates

/]R k’3/4eik¢(x)go(t,ﬂf)‘2 dr < k72ﬁHQOH%w((0,T)xR)v (3.17)
/R k‘7/4em(x)g_1(t,x))2 dz <KV lg-1 T (0.1 xR) (3.18)
/R 34tk @ py (¢, $)’2d33 <km HhOH%OO((O,T)xR)’ (3.19)
/]R k’7/4eik@(x)h_1(t,$)‘2d$ <k T ||h—1||%°°((0,T)><R) s (320)

hold for any ¢ € [0,7]. We provide a proof of (3.17) only. The other estimates will follow in a
similar fashion. Using (3.8), we deduce

. 2
/R‘k_?’/élezww)go(taiv)) dr < k32 ||90||%°°((0,T)><R) /Re_k(m_gco)2 dz

_ 2 _
=k 2”90||%°°((0,T)><R)/R€ dz = k77 [|90ll70e (0.0 ) -

Step 3: Proof of the estimates (3.5)-(3.7) : The estimate (3.7) can be obtained similarly as
Step 2 above. Using (3.8), (3.9) and (3.14), we have

—k(z—20)?
/I _— ok (t, 2)[* do < k2 ||77||%00((0,T)><]R)/ e M) g
T—x0|>K™

|z—z0|>k—1/4

- ﬂ”””%‘”((O,T)X]R)/ ;e dz < Ce“/E/Q/e—Z2dz — C\/me V2,

k4
Z|> ==

This proves (3.6). To prove (3.5), noting that k> Jz e~ k@—20)*qg = \/m, we first obtain
[ an=kb [ Mo s )P
R R
= n2(t,x0)k? / e k@m0 g 4 k2 / ¢ k(@—20)? (nQ(t,x) - 772(75,3;0)>da:
R R

- ﬁﬁQ (t7 :L’o) + Rk(t)v (321)
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where

Ru(t) = kb [ e (52(0,0) - o (t,20) )
R

By proceeding similarly as the proof of (3.6) above, we obtain

Ri(t)] < 0k1/2/

|z—o|>k—1/4

ek(IIO)de—l—k%/ e~ k(@=w0) ’77 (t,x) — n*(t, zo)|da

|z—a0|<k—1/4

gCe\/E/Q—i-k;/ e~ k(z=20) ‘77 t,x) n2(t,xo)‘da:.

|z—z0|<k—1/4
Since n € C'([0,T); C}(R)), we have
’ng(t,w) —1?(t, z0) ‘ = ’77 (t,) +n(t,z0 Hn(t,w) —n(t, xo)}

Therefore, using the above estimate we get

|z — x0| < Clx — x0.
LOO([OT xR)

Re(t)| < CeVH? 4 Cki / Ko Re—0? qp < C(eVF2 1 Jrk ),
R

Therefore, from (3.21) we obtain (3.5) with A(t) = +/7|n(t,z0)|*> # 0 for all ¢ € [0,T]. This
completes the proof of Theorem 3.1. O

As a consequence of Theorem 3.1, we also have the following result.

Lemma 3.2. Let T > 0, 29 € (0, L), and let (ok, vk)ken be constructed as in Theorem 3.1.
(i) Let 41 :[0,T] — R be a smooth function such that

|01(t) — zo| > ko_l/4 for allt € [0,T], for some ko € N.
Then, for all k > ko,

_ vk
”O.k(7gl<)>”H1(07T) § Ce 4,

where C' is a positive constant, which may depend on ko and T, but independent of k.
(ii) Let €5 :[0,T] — R be a smooth function. Then, for all k > ko,

o, (Dl g oy < CE,
where C' is a positive constant, which may depend on ko and T, but independent of k.

Proof. From (3.9), using n € C1([0,T]; C}(R)) along with the estimate |¢1(t) — | > ko_l/4, for
all t € [0,T], we have, for all k > ko,

low(t, (D) < CEVAe 5, |80u(t, 01()| < CE4e=%,  forall t € [0, ],

for some constant C' depending on ko, T but independent of k. Therefore, using the fact that
KU4eF <1 and k3% T < 4 for all k € N, we get

_VE
low( ooy < Ce™ 3, VE = ko

Similarly, the other estimates mentioned in the lemma can be obtained. O
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3.2. Coupled ODE-parabolic systems : coupling of order two. In this subsection, we
construct Gaussian beam solutions for the following coupled ode-parabolic system with coupling
of order two. More precisely, we consider

o\ 00 + 10 + You )
£ (v) = (atv — BoDusv + 1050 + Bov + o0a + 01050 + 520> o 0T xR (3.22)

Let us assume that

[Oli%f Bo > 0, do # 0, at, Bi,v2,0; € Cgo([O,T] X R) for all ¢ = 0,1, 2. (323)
xR

We prove the following result.

Theorem 3.3. Assume (3.23), T > 0, 9 € R and k € N. Then, there exist a positive con-
stant C, which may depend on T but independent of k, and a sequence of functions (oj, Vg )ken
satisfying

o, € CH([0,T); C3(R)), vy, € CY([0,T]; C§ (R)),

such that the following holds:

sup ||L2 <0k> (t,-) <Ck™, (3.24)
t€[0,T] Uk L2(R)x L2(R)

Jim / low(t,z)|> de = A(t) > 0 (t € [0,T)), (3.25)
— 00

sup / o (t, z)|? dz < Ce V2, (3.26)
te[0,T] J|x—xo|>k—1/4
Jim / g (t, 2)|2 dz = B(#) > (t € [0,7)), (3.27)
—00

sup / o (t, 2)|> dz < Ce_‘/Eﬂ, (3.28)
te[0,T] J|z—zo|>k—1/4

where A(t) and B(t) are positive for all t € [0,T] and do not depend on k.

Proof. The proof is similar to that of Theorem 3.1. We just provide the expressions of o} and
vg. For each k € N, we look for (o, vk)ken in the form

on(t, ) = kY@ (¢, 1), (t €0,T], z € R),

wy(t,x)  walt, a:)}
k k2 ’

where ¢ is defined in (3.8) and 71, wy, wi and wy are given by

9o (s, x)
Bo(s,x)

vp(t, ) = kY4ethe®) [wg(t, x)+ (t€[0,T], x € R),

n(t,z) = exp (— /Ot (oq(s,:v) +72(s, )

for some ¢ € C2°(R) with {(xg) # 0 and
50(t7 .%')
BO(ta .1‘)

)ds) C(xz) (te]0,T],z €R),

wo(t, =) = n(t,z) (te€[0,T],z €R),

wy(t,x) =

ﬁo(tvx)l(so’(:v))Z [2150“ )¢’ (2)Dpwo(t, ©) +ifo(t, 2)¢" (x)wo(t, )

—if1(t, )¢ (2)wo(t, ) — 2id0(t, 2) " (2)un(t, @) — ido(t, 2)¢" (x)n(t, )
—id1 (¢, ) (z)n(t, x)} (t€10,T),z € R),
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1

~Bolt, ) (¢ (1))
+ Bo(t, 2)Opzwo(t, @) — if1(t, 1) (x)w1(t, x) — B1(t, x)Opwo(t, z) — Ba(t, x)wo(t, T)

- 50(t7 x)aa:xn(tv x) - 61 (t7 x)axn(t’ 33) - 52(t7 55)77(75’ $) (t € [07 T]v U R)'

wa(t, ) [ — Oywo(t, z) +ifo(t, )" (x)wi(t, z) + 2iPo(t, )¢’ (2)Dpw1 (t, )

The rest of the proof is similar to that of Theorem 3.1. Moreover,

A(t) = V7an(t, z0)|? # 0 and B(t) = /7|wo(t, z0)|* # 0 for all ¢ € [0,T].
(]

Remark 3.4. Due to the different order of coupling in the operators L1 and Lo, the Gaussian
beam solutions in Theorem 3.3 corresponding to the operator Lo are different from the solutions
obtained in Theorem 3.1 for the operator Ly. In contrast to (3.7), in Theorem 3.3, for all
t € [0,T], ||vk(t, ')H%2(R) converges to a nonzero constant B(t) as k — oo. It leads to a different
behaviour of the null controllability of (1.12) than that of (1.3)-(1.5). In particular, the lack
of null controllability of (1.3)-(1.5) is obtained in Theorem 1.2 and Theorem 1./ using even
everywhere control in the parabolic equation, whereas the lack of null controllability of (1.12)
1s obtained in Theorem 1.6, using localized control in the parabolic equation. In fact, using
everywhere control in the parabolic equation, (1.12) with some assumptions on the coefficients
is null controllable (see Theorem 5.4).

3.3. Coupled transport-parabolic systems : coupling of order one or zero. In this sub-

section, we prove analogous result of Theorem 3.1, for the coupled transport-parabolic operator.
We consider the following operator:

o\ 010 + 00,0 + 10 + 710,V + v .
£ (v) - <atv — BBaav+ v + Byv+ 0100 + by )+ O TI R (3:29)

where the coefficients satisfy (3.2) along with
ap € Cp°([0,T] x R). (3.30)

We introduce the characteristics X associated with op:

{8tX(t,$) = (tvy(t’ l‘)) ’ (t > 0)7 (331)

X(0,2) = =, zeR.

Note that for each t > 0, the mapping = — X (¢, ) is a C'! diffeomorphism from R to R and

the smoothness of X follows from that of ay.
We set

o(t,x) =o(t,X(t,x)), (t,x) = v(t, X(t,z)), (t€[0,T],x € R). (3.32)

Then the operator L3 transforms into

() 05 + 15 + 10aD + 2D N (3.33)
3\v) 7 \0,0 = Bo0ust + 510, + Bt + 61045 + 025 ) '



19

where

— -1
A1) =t X(0a)), Tatn) =@ Xe) (L) Falt) = rale X)),

Bo(t, z) = Bo(t, X (t, 2)) (M&E”’)

X

2
) . Balt.x) = Bo(t. K(t,x)), Balt,z) = Sa(t, K (t,2),

OX(t,z)\ ° 92X (t, )
Ox 0z2

/gl(t,x) = ﬂo(t,Y(t,.I)) (

OxX(t,z)\ "
Oz ’

(Bt X1 2)) — ao(t. X (1,2))) (

— -1
Si(t, ) = 61(t, X (¢, 2)) (W) .

According to Theorem 3.1, we can construct sequence of functions (o, Uk )ken satisfying (3.3)-
(3.7). Gathering the above properties, we have obtained the following result:

Theorem 3.5. Assume (3.2), (3.30), T > 0, o € R and k € N. Then, there exist a positive
constant C, which may depend on T but independent of k, and a sequence of functions (o, vk )keN
satisfying

o1 € CH([0,T]; G5 (R)), v € CH([0, T); CF (R)), (3.34)
such that the following holds:
sup ||Ls (”’“) (t,-) <Ok, (3.35)
t€[0,T] Uk L2(R)x L2(R)
lim / o (t,2)|* dz > A(t) > 0 (t € [0,T)), (3.36)
k—o0 R
sup / o (t,2)|* dr < CeVH2, (3.37)
te[0,T] J)|z—X (t,xo)|>k—1/4
sup / o (t, z)|> do < Ck™2, (3.38)
te[0, 7] /R

where A(t) is positive for all t € [0,T], and is independent of k.
In view of Lemma 3.2 and Theorem 3.5, we have the following result.

Lemma 3.6. Let 9 € (0,L), and let (ok,vk)ken be constructed as in Theorem 3.5. Let us
define

Tyo0 :=sup {7 | X(t,x0) >0 for allt € [0,7)},
Tyor, :==sup {7 | X(t,z0) < L for allt €[0,7)}. (3.39)
Then there exists kg € N, such that for any k > ko the following estimates hold
ok ()l oy < CE% NlonC, Dl oy < Ok~ for any 0 < T < o0,
o+ )l ory < Ce™ for T € (0, Ty )
o D)l o) < Ce™ % for T € (0. Ty 1),
where C' is a positive constant, which may depend on ko and T, but independent of k.

Proof. Let zog € (0,L), and 0 < T < Ty 0. Then there exists kg € N such that

X (t,20)| > kg */* for all t € [0, T).
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For each t > 0, we denote by X (t,-)~!, the inverse of X(¢,-). We set ¢1(t) = X (¢,0)~ 1. Then,
after suitably redefining kg, we have

101.(t) — o] > kg M/ for all £ € [0, ).

Thus by Lemma 3.2(i) we get, for k > ko

~ _Vk
Ha—k(.’€1<.)>HH1(O,T) S Ce 4,

where the positive constant C' may depend on ko and 7" but is independent of k. From the
above estimate together with (3.32) and bounds of X (-,-), we infer that

_ vk
lok(, Ol 1oy < Cem ™ for T € (0, Tag 0),

for some positive constant C', independent of k. The other estimate of o}, can be proved similarly.
To prove the estimates of vg, we simply take fo(t) = X (¢,0)7! or fo(t) = X (¢t,L)!, and apply
Lemma 3.2(ii). O

Lemma 3.7. Let zp € (0,L) and 0 < T < min{Ty, o, Ty,.1.}, where Ty, 0, Ty, 1, are as defined
in (3.39). Let (og,vg)ken be constructed as in Theorem 3.5. It can be shown that

I _
A(T
lim o (T, )| dz > L,
k—o00 0 2

for A(T) > 0, same as in (3.36), independent of k.

Proof. Let xp € (0,L) and 0 < T < min{T}, 0, Ty, }. By the definitions of Ty, o and Ty, 1, it
follows that for any 0 < T' < min{T%,.0, Tu.1.}, X (T,20) € (0,L). Thus, there exists a large
ko € N such that for all & > kg,

S={zeR||z—X(T,z)| <k /*} c (0,L),

and thus we have

/|ak(T,x)|2da::/ ]Uk(T,:E)\de—/ \Uk(T,J:)|2dx.
S R |e—X (T,x0)|>k—1/4

Now from (3.36), (3.37) and the above inequality, it follows that

I _
T
lim low(T,z)[>dz > lim / low(T, ) > dz > Q,
k—o00 0 k—o0 S 2
for the positive constant A(T), same as in (3.36), independent of k. O

3.4. Coupled transport-parabolic systems : coupling of order two. We consider the
following operator:

o 00 + apo + a0 + Yyou .
= T] x R A
£a (v) <8tv — BoBaat + B1050 + Bov + G000 + 61000 + 5ga> o [0, T]x R, (3.40)
where the coefficients satisfy (3.23) and (3.30).

Combining Theorem 3.3 and the change of coordinates introduced in (3.31), we deduce the
following result.

Theorem 3.8. Assume (3.23), (3.30), T'> 0, g € R and k € N. Then, there erist a positive
constant C, which may depend on T but independent of k, and a sequence of functions (o, Vi) keN
satisfying

o € CH([0, T]; C§(R)), v € CH([0,T]; GF(R)),
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(A) ok constructed in Theorem 3.1. (B) ok constructed in Theorem 3.5.

FIGURE 1. Localization of o) for the operators £ and L3. In the horizontal
axis we represent the space variable, and the vertical one represents time vari-
able. Left: Plot of |oy(t,x)|? constructed in Theorem 3.1 with suitable choice
of coefficients and xgp = 1. According to (3.5) and (3.6), oy, is localized around
the curve (t,z0). Right: Plot of |o.(t,x)|> constructed in Theorem 3.5 with
ao(z) = —0.2(1 4+ z) and xg = 1. In this case, X (t,29) = (1 + xg)e " —
According to (3.36) and (3.37), oy, is localized around the curve (t, X (¢, x)).

such that the following holds:

sup ||Lq <0k> (t,-) <Ck™,

t€[0,T] Uk L2(R)x L2(R)

i [ [on(t, )P d > A0) £0 (t € [0,7)),
k—o0 R

sup / o (t, 2)[2dz < Ce™VH/2,
te[0,T] X (t,wo)|>k—1/4

lim / lop(t,z)|> dx > B(t) # 0 (t €10,7Y)),
k—oo

sup / log(t, 2)|> da < Ce_\/E/z,
te[0,7] J|z—X (t,zo)|>k=1/4

where A(t) and B(t) are positive for all t € [0,T) and do not depend on k.

4. PROOF OF THE MAIN RESULTS

(3.41)
(3.42)
(3.43)
(3.44)

(3.45)

In this section we prove Theorem 1.2 and Theorem 1.6. As mentioned earlier, null controlla-
bility of a pair (A, B) is equivalent to the final-state observability of the pair (A*, B*). We recall

the final state observability of (A*, B*) :
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Definition 4.1. The pair (A*,B*) is final-state observable at time T if there exists a positive
constant Cp > 0 such that

T
/0 |BTi2|% dt > Cr |[Thel% ., ¥z € D(AT),

where T* is the C°-semigroup generated by (A*, D(A*)) in the Hilbert space Z.
For (A*, D(A*; Z)) defined in (2.14)-(2.15) and (¢, v") € Z, we set
(o(t),0(t)) = T (0°,0°)  (t=0),

where T* is the C%-semigroup generated by (A*, D(A*; Z)) on Z. In view of Proposition 2.4,
(o,v) belongs to C([0,T]; Z) and satisfies:

0o — ap0yo + (a1 — aj)o — d10,v — (dy —d2)v =0  in (0,T) x (0, L),
v — boOyzv — (26 + b1)Opv — () + b} — ba)v

—¢10,0 + (ca — ¢})o =0 in (0,T) x (0, L), (4.1)
v(t,0) =v(t,L) =0 in (0,7), ‘
o(t,L) = 0if ap(0) >0,  o(t,0)=0ifap(L) <0 in (0,T),
0(0,z) = 0%(z), v(0,z) =) in (0,L).

In view of [29, Theorem 11.2.1], null controllability of the system (1.3)-(1.5) is equivalent to
the following observability inequality:

Proposition 4.2. The system (1.3)-(1.5) is null controllable in Z at time T > 0 using two
controls fi and fy in L?(0,T; L?(0, L)) with supports in O1 and O respectively, if and only if,
for T > 0, there exists a positive constant Cp > 0 such that for any (c%,v°) € Z, (0,v), the
solution of (4.1), satisfies the following observability inequality:

/OLU(T,CL')|2C133 + /OLU(T,I')|2daT < CT(/OT/(’)I |a(ﬂc,t)|2d:cdt—|—/0T/02 ]v(x,t)|2dxdt>.
(4.2)

We are now in a position to prove Theorem 1.2.
Proof of Theorem 1.2. Recall the definition of Tp, from (1.9) and fix 0 < T' < Tp,. In view of

Proposition 4.2, it is enough to show that, there exists a sequence of initial conditions (02, vg) EN
in Z, such that, the corresponding solution (o, vy) to the system (4.1) satisfy the following

estimates . .
lim (/ / ok (t, )| dadt —|—/ / ]vk(t,x)lzdmdt> =0,
k—o0 0 Oq 0 Os

L L
lim </ low(T, z)|> dz + / o (T, ) |2 dm) > A
0 0

k—o0

for some A > 0, independent of k.

We take extensions of the functions a;, b;, ¢;,d; on R, still denoted by the same notation.
Further, for ag we take the same extension that we have used to define X in (1.7). From the
definition of Tp,, we deduce that, there exist g € (0, L)\ O; and ko € N such that

{CL‘ | |z — X (t,20)| < k‘al/4} C (0,L)\Oy for all ¢t € [0,T],

where X is defined in (1.7). Let us fix such zg. Let (Ji,vlﬁg) ren be sequence of functions
constructed in Theorem 3.5, with

ap=—ap, a1 =a1—ay v =-—di, y=—(d—d),

Bo=bo, Bi1=—(2b[+b1), Pa=—(by+b—bs), § =—c1, d2=co—0. (4.3)
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Note that, with the above choice of ag, X coincides with X. For k > ko, let us define
Gok(t) == 0f(t,0), gLi(t) =0}t L)  (te[0,T]),
how(t) = v (t,0), hri(t) :=2{(t L)  (t€[0,T)),

and

o
(2:) (t.2) == Lo.1)L3 (U;’f) (t,z) (te[0,T], = €0,L]),

k

where L3 is the operator defind in (3.29) with coefficients as in (4.3). Next, for k > kg, we
consider the following system.

B0} — apdpol + (a1 — ah)ol — d10,0] — (& — da)v] = (1 in (0,7) x (0, L),
(9tv}; — boamv}; — (20 + bl)amvk — (b + b} — bg)v,Tc

—10,01 + (c2 — &h)ol = o in (0,7) x (0, L), (14)
ol (£,0) = hox(t), vi(t,L) = hpi(t) in (0,7), ‘
ol (t,L) = g r(t) if ap(0) >0, ol (t,0) = gox(t) if ap(L) <0 in (0,T),
Lol (0,2) =0, vl(0,2)=0 in (0, L).

In view of Proposition 2.5, (3.35) and Lemma 3.6, for k£ > kg, the system (4.4) admits a unique
solution (a};, v};) € C([0,T]; Z) together with the estimate

Pl H <SCE34 (k> k 45
‘ (o}, ) oz S (k > ko), (4.5)
where the positive constant C is independent of k. Finally, we set
ak:ai—a,i, vk:vg—vz.

Then (0%, vi) satisfies the system (4.1) with the initial data (o}, v}) = (0’2,(0),7}2(0)) . Note

that for any given 0 < T' < Tp,, from the choice of zp and the definition of T, in (1.9), we have
that X (¢,z9) € (0,L)\O; for all t € [0,T]. From the definitions of T, ¢ and Ty, 1, in (3.39), it
follows that 0 < T' < min{Ty, 0, Ty} Using Lemma 3.7 and (4.5), we deduce that

lim (/0L|ak(T,a:)|2 dx + / o (T, ) |2 dx) > hm / ok (T, 2)|? da L>

k—o0

for some positive constant A(T). Similarly, from (3.37), (3.38) and (4.5), it follows that

lim / / oy (t, ) |2 dxdt—i—/ / log (£, )| dxdt)
k—o0 [

This completes the proof of the theorem. O
Next, we prove Theorem 1.4.

Proof of Theorem 1.4. Let us take Oz = (0, L). Then the system (1.3)-(1.5) is null controllable
in Z at time 7' > 0 using a control f» in L2(0,T; L?(0, L)), if and only if, for T > 0, there exists
a positive constant C > 0 such that for any (¢°,v°) € Z, (0, v), the solution of (4.1), satisfies
the following observability inequality:

L L T rL
/ o(T, z)|? dz + / |o(T, )| dz < CT/ / lo(t, )| dz dt.
0 0 0 0

Noting (1.10), the proof of Theorem 1.4(i) follows similarly as that of Theorem 1.2. To prove
Theorem 1.4(ii), we show that under the assumptions (1.11), Ty = +oo. This is divided in
several cases.
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Case 1. ag(zy) = 0 for some x, € (0,L) : In this case, X (t,z4) = =4 for all £ > 0, and hence
T, 0 = +o0.
Case 2. ap(0) < 0 and ap(L) > 0: In such case, there exist z, € (0,L) such that ag(z,) =0
and we are back to Case 1.
Case 3. ap(0) =0 = ap(L) : In this case, X(¢,0) = 0 and X (¢,L) = L for all ¢ > 0. Thus, for
any x € (0,L), X(t,z) € (0,L) for t > 0.
Case 4. ap(0) <0, ap(L) =0 and ap < 0 in (0,L): In this case, X (¢,L) = L for all t > 0, and
X(t,0) > 0 for all t > 0. Thus, there exists z, € (0, L) such that X (¢, z,) € (0, L), for all ¢ > 0.
Therefore, T = co.

The other cases can be treated in a similar manner and thus the theorem is proved. U

Finally, we give a proof of Theorem 1.6.

Proof of Theorem 1.6. The proof of Theorem 1.6 is similar to that of Theorem 1.2. First of
all, the null controllability of (1.12) is equivalent to the final-state observability of the pair
(A\*,B*), where A* is the adjoint of A defined in Proposition 2.10. Note that, the operator
L4 defined in (3.40), corresponds to the adjoint operator A*. To prove Theorem 1.6, we can

proceed in a similar manner as in the proof of Theorem 1.2 using Gaussian beams constructed
in Theorem 3.8 instead of Theorem 3.5. (]

As indicated in the introduction, the system (1.12) is related to the system (1.3)-(1.5), if
initial data lies in H'(0, L) x L?(0, L). Therefore, as a consequence of Theorem 1.6, we obtain
following result for the system (1.3)-(1.5).

Theorem 4.3. Assume (1.6), and

a()(()) < 07 ao(L) = 0, (4.6)
dQ(CLGdl - aodll) = dl(dlall — aodlz), (4.7)
C1 7é O7 d1 7é 0. (48)

Further, let fi =0 in (1.3) and Oy C (0, L) be such that (0,L) \ Oz is a nonempty open subset
of (0, L). Then the system (1.3)-(1.5) is not null controllable in H'(0, L) x L?(0, L), at any time
0 < T < Tp,, by an interior control fo € L*(0,T; L?(0, L)) supported in Os.

Proof. The proof relies on a contradiction argument. Let us assume that, under the hypothesis
of Theorem 4.3, the system (1.3)-(1.5) is null controllable in H'(0, L) x L?(0,L), at any time
0 < T < To,, by an interior control fo € L*(0,T; L?(0, L)) supported in Og, where (0, L)\ Oy is
a nonempty open subset of (0, L). Thus (p,u) € C([0,T]; H*(0, L) x L?(0, L)) (see Theorem 2.6),
and

p(T,z) =u(T,x) =0, forallxze (0,L). (4.9)
Setting, n = d10,p + dap, we observe
n(T,z) =uw(T,z) =0, forallze(0,L). (4.10)

Using (4.6) - (4.8), it is easy to verify that, (1, u) solves the following system
O + ap0yn + a1m + CoOpgu + ¢10zu + cau =0  in (0,7") x (0, L),

O — bpOzzu + b10,u + bou + 1 = 1oy fo in (0,7) x (0, L), A
u(t,0) = u(t, L) = 0 in (0,7), (4.11)
n(0) = di(p°) +dop’,  u(0) =u’ in (0, L),
where
/d _ d/
ap = a1 + %% — 9ot ¢ =c1dy, €= (dlcll + dico + dQCl), Cy = d1C/2 + dacs.

di ’
Note that (4.11) is similar to (1.12) with the coefficients satisfying the assumptions in Theorem
1.6. Hence, using Theorem 1.6, we obtain that (4.11) is not null controllable in L?(0, L) x L?(0, L)
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at any time 0 < T' < T, using a localized control in the parabolic equation, which contradicts
(4.10). Hence the proof is complete. O

Remark 4.4. Let us compare the results of Theorem 1.4(ii) and Theorem 4.3, under the as-
sumption (4.6), as both correspond to the same system (1.3)-(1.5) with parabolic control only,
i.e., O1 = 0. In Theorem 1.4(ii), the system is not null controllable in L?(0,L) x L?(0,L) at
any time T > 0 using any control in the parabolic equation even with support everywhere in
(0,L). Thus, it is reasonable to ask whether the controllability property of the system improves
for the regular initial data. In Theorem 4.3, under the additional assumptions (4.7) and (4.8),
for initial data in H(0,L) x L*(0, L), the lack of null controllability of the system using any
control in the parabolic equation with support in Oz is obtained at time T', where 0 < T < Tp,
and Oz is a proper subset of (0,L). Thus the results of Theorem 4.3, indicates the possibility
to obtain the null controllability in H'(0,L) x L?(0,L) using only one control in the parabolic
equation acting everywhere in (0, L), whereas Theorem 1.4 (ii) shows that no control acting only
in the parabolic equation even with support everywhere in (0, L) can give the null controllability
of the system in L(0, L) x L*(0,L) at time T > 0.

5. NULL CONTROLLABILITY BY PARABOLIC CONTROL

In Theorem 1.6 and Theorem 4.3, we have seen that the corresponding systems are not
controllable for small time with localized interior controls. Furthermore, if ag = 0, as mentioned
in Remark 1.3, the corresponding systems are not controllable at any finite time by localized
interior controls. Nevertheless, if ag = 0, the system can be null controllable by using even a
control acting only in the parabolic equation but with support everywhere in the domain and
the goal of this section is to prove the result. To this aim, we first study the null controllability
of the following auxiliary system:

Op + Oz (you) =0 n (0,7) x (0, L),
bo
Ot — — Oz (YoU | + p = in (0,7) x (0, L),
= <’Yo ) pP=g ( (0,L) (5.1)
u(t,()) (t L)=0 in (0,7),
p(0) = w(©0)=u" i (0,L),
where g is the control.
We assume
ap,Y0,b0 € C*°([0,L]), minby >0, «op#0, minyy > 0. (5.2)

[0,L] (0,L]
The system (5.1) is well posed in L?(0,L) x L?(0,L) due to Theorem 2.8. We prove the
following controllability result for the system (5.1).
Theorem 5.1. Let us assume (5.2) and T > 0. For any (p°,u°) € L?(0,L) x L*(0, L), there
exists a control g € L*(0,T;L%*(0,L)) such that (p,u), the corresponding solution to (5.1),
belongs to C([0,T); L?(0, L)) x <L2(0, T; HY(0, L)) nC([0,T]; L?(0, L))) and satisfies

p(T,z) =u(T,x) =0, forall xz€(0,L).

The null controllability of the system (5.1) is equivalent to the final-state observability of the
adjoint system. According to Proposition 2.10, the corresponding adjoint system reads as:

Oo+v=0 in (0,7) x (0, L),

B — Y00ss <: v a00> —0 in (0,7 x (0, L),
0
(@v — aga) (t,0) = (b—ov - a00> (t,L)=0 in € (0,7), )
Yo Yo

Lo(0) = o?, v(0) = ° in (0,L).
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In view of [29, Theorem 11.2.1], the statement of Theorem 5.1 is equivalent to the following
theorem

Theorem 5.2. Under the assumptions of Theorem 5.1, for any T > 0, there exists a positive

constant C such that (o,v), the solution to (5.3) with initial condition (o°,v°), satisfies

L L T L
/ o(T, ) do + / (T, 2)2 d < CT/ / (@, 2 dedt  for all (o°,0°) € D(A"),
0 0 o Jo
(5.4)
where D(A*) is the domain of the linear operator corresponding to (5.3) as defined in (2.23).

Proof. Let A denotes the linear operator associated with the system (5.3). In view of Proposi-
tion 2.10, this operator A is the adjoint of the operator A defined in (2.20) with suitable choice

of coefficients. In particular, we have A generates a C'-semigeoup Tin Z. Moreover, there exist
M > 1 and w € R such that

H?TtH < Me®t, t>0.

Using the above property, it is easy to see that, for any (¢°,2°) € Z, the solution (o, v) to
the system (5.3) satisfies

H(O—(T% ')7 ’U(T2> )HZ < MeW(TQ_Tl) ||(U(T1a ')7 U(Th )”Z 5
forany 0 < 71 < To < T. For any t € [0,T), choosing T = T and T} = ¢, and noting (T'—t) < T,
from the above estimate it follows that

L L L L
/O \U(T,x)y2dx+/0 o(T, 2)[2dz < M2e M(/O ]a(t,a:)|2dx+/0 |v(t,x)|2da:> 0<t<T).

Now integrating both side of the above inequality over [0,7] with respect to t, we have the
existence of a positive constant C such that

/DL lo(T,z)|? dz + /OL (T, z)|?dz < C(/OT /OL lo(t,z)|? dzdt + /OT /OL lu(t,z)|? dxd(tg .5)

The desired conclusion of this theorem holds provided that there exits a constant C'r > 0 such

that
T L T L
/ / o (t, ) dmdtgcT/ / lo(t, 22 dadt. (5.6)
0 0

Multiplying (5.3); by o we first obtain

/ / o(t, 2)2 dzdt < (/OL](IO(:):)|2 dx+/0T/0Lyv(t,x)\2 drdt). (5.7)

for some C' > 0 constant.

Let us consider ¢ € C2°(0,7) with ¢ > 0 on (0,7'). Setting (¢ / ((s)ds, we note that
U'(t) = —((t) for all t € (0,T) and ¥(T) =0, ¥(0) > 0.

Multiplying (5.3); by ¥(t) and using an integration by parts, we obtain

T T
O'O A g xT ! = v X a
@O + [ otawi= [ v veeo.n.

and then using the definition of ¥ and integrating over [0, L] with respect to x variable along
with the Cauchy-Schwarz inequality, we derive

/OL!a( )|? dz < //\vthdxdtJr/ ’/ (t, ) (t)dtrda:>, (5.8)

for some positive constant C. Note that, (5.3), can be written as

b 1
D= oo = (—AD)_l (—8ﬂ]) ,
Y0 Y0
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where —Ap : H3(0, L) — H~1(0, L) is an isomorphism. Multiplying the above identity by ((t),
after integration by parts, we have

T B T B 1 , T bo(ai)
/0 ag(x)o(t,z)((t)dt —/0 (-Ap)~t (—v) ¢'(t) dt+/0 v(t,x)((t) dt, (5.9)

Yo Yo()

and it yields

L, T 2 T (L
/ ‘ / o(t,2)C() dt’ dz < c/ / lo(t, z)|? dadt, (5.10)
o '"Jo o Jo
for some positive constant C'. Combining the above estimate together with (5.8) and (5.7) we
get (5.6). This completes the proof of the theorem. O

Remark 5.3. Let us point out that, by duality, the estimate (5.5) is equivalent to the fact that
the system (5.1) is null controllable by controls acting everywhere in the both components. In
fact, this can be proved directly by multiplying the free system, i.e. the system without any
control, by a smooth function of time, which is 1 att =0 and 0 at t =T. And, the rest of the
proof after the estimate (5.5) is actually one way of removing control from the first component.

As a consequence of Theorem 5.1, we obtain the following null controllability result for the
system (1.12).

Theorem 5.4. Assume (1.13), ap = a1 =0 and
Co = Y0, 1 = 2007, 2 = a0y,

for any ag,vo € C([0, L]) with oy # 0 and vo > 0. Let f = 0 in (1.12); and O3 = (0,L)
in (1.12)y. Then for every T > 0 and for any (p°,u®) € L?(0,L) x L?(0,L), there exists a
control fo € L?(0,T;L*(0,L)) such that (p,u), the corresponding solution to (1.12) belongs to

C([0,T]; L*(0, L)) % (L?(o,T; H(0, L)) N C([0,T]; L2(0, L))) and satisfies
p(T,z) =u(T,z) =0 for all x € (0, L).

Proof. Let (p,u) be the trajectory of (5.1) reaching to zero at time 7" > 0 using the control g
as constructed in Theorem 5.1. We define,

240 "
fa=g+ <b1+ To O)aqur <b2+70 0>u+(d2—1)p.
0 Y0

Then (p,u) satisfies the system (1.12) with fo defined above. Moreover, it satisfies
p(T,z) =u(T,z) =0 for all z € (0, L).
(]

We now focus on the null controllability of the system (1.3)-(1.5). Let us recall the spaces
from the introduction

L
zon={reron| [ raw-ol.  mo.L-#0.0NE0D.
0
We prove the following result:
Theorem 5.5. Assume (1.6), and
ao(z) =0=ay(x), ci(z)#0, ca(x)=_c\(x) forall z €0, L]. (5.11)

Let fi =0 and O3 = (0,L) in (1.3). The following results hold:
(i) The system (1.3)-(1.5) with initial condition (p°,u°) € H'(0,L) x L*(0,L) is not null

L
controllable at any time T > 0, zf/ p°(z)dz # 0.
0
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(ii) For every T > 0 and for any (p°,u°) € HL(0,L) x L*(0,L), there erxists a control
fo € L2(0,T; L?(0, L)) such that (p,u), the corresponding solution to (1.3)-(1.5), belongs
to C([0,T); HL (0, L) x L?(0,L)) and satisfies

p(T,z) =u(T,z) =0 for all x € (0,L). (5.12)

Proof. (i) Integrating the first equation of (1.3) and using the above assumptions and boundary
conditions, we deduce that

L L
/ p(t,z)dz = / P(x) dz for all t € [0,T].
0 0
Therefore, for (pg,uo) € H(0,L) x L*(0, L), if (1.3) — (1.5) is null controllable in H(0, L) x
L

L%(0, L) at time T > 0, then necessarily p° satisfies / P°(z) dz = 0.
0
(ii) Let us assume that (p°,u%) € HL(0,L) x L?(0,L). Without loss of generality, we may

assume that ¢;(x) > 0, for all x € [0, L]. Consider the following control system

Op + 0z(c1u) =0 in (0,7) x (0, L),
bo

Ot — — Ogp(Cc1u) + Opp = in (0,7) x (0, L),

= Oaa(eru) +0pp =g in (0,7) x (0, L) (5.13)
u(t,0) =u(t,L) =0 in (0,7),
p(0) = p°,  u(0) =’ in (0, L),

where g is the control. Set n = 0,p. Then (n, u) satisfies
o + Opz(cru) =0 in (0,7) x (0,L),
bo
Ost — —Opz(cru) +m = in (0,7) x (0, L),
= Oaa(cru) +n =g i (0,7) x (0, L) (5.14)
u(t,0) = u(t,L) =0 in (0,7),

n(0) = (0°), w(0)=u’ in(0,L).

Note that, due to the average zero condition, the null controllability of (5.13) in HJ (0, L) x
L?(0, L) is equivalent to the null controllability of the system (5.14) in L?(0,L) x L?(0, L).
Therefore, by Theorem 5.1, for every (p°,u") € HL(0,L) x L?(0,L) there exists a control
g € L?(0,T; L*(0, L)) such that (p,u), the corresponding solution to (5.13), belongs to C ([0, 7T];
H!(0,L) x L?(0, L)) and satisfies

p(T,z) =u(T,z) =0 for all z € (0, L).
Finally, by setting

24 b c'b
f2_g+<b1+ Cl 0)8a:u+<b2+ 20)u+(d1_1)azp+d2p7
1 1
it is easy to verify that (p,u) solves the system (1.3)-(1.5) satisfying (5.12). O

Remark 5.6. The purpose of Theorem 5.5 is to check if the anticipation in Remark 4.4 regarding
the null controllability using everywhere control in the parabolic equation holds true. We observe
that for the system (1.3)-(1.5) with fi =0 and with coefficients satisfying (1.6) along with

ao(r) =0 =ay(x), ci1(z)#0, colx)=C)(x), di(x)#0 for all z €0, L],

both the lack of null controllability results Theorem 1.4(ii) and Theorem 4.3 and the null con-
trollability result Theorem 5.5 hold. Theorem 1.4(ii) gives the lack of null controllability of the
system in L?(0, L) x L?(0, L) at any time T > 0 using any control in the parabolic equation even
acting everywhere in the domain. In Theorem 4.3, since ag = 0 in [0, L], Tp, = oo, where Oz
is a proper subset of (0, L) and hence the system is not null controllable in H(0,L) x L?(0, L)
at any time T > 0 using any localized control in the parabolic equation. Then for the case of
using everywhere control in the parabolic equation, Theorem 5.5 gives the null controllability of
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the system in H}(0,L) x L*(0,L), at any time T > 0 and thus in this context, this is the best
possible null controllability result expected for the system using a control only in the parabolic
equation.

It is expected to obtain an analogous result of Theorem 5.5 at any time T > 0 even if ag is
not identically zero in (0, L), provided the coefficients in (1.3) satisfy suitable conditions.

6. TIME DEPENDENT COEFFICIENTS

In this section, we extend the above results to the case where the coefficients depend on both
space and time.
6.1. Extension of Theorem 1.2 and Theorem 1.4 to the time dependent case. Let us
assume that
a;, bj,ci,d; € C*([0,T] x [0,L]), foralli=0,1, forallj=0,1,2,
bo(t,z) >b>0 forallte[0,T),x€l0,L] (6.1)

Furthermore, we also assume one of the following three conditions is satisfied by ag(¢, z) on the
boundary:

ap(t,0) >0, ag(t,L) >0 for all ¢t € [0,T], (6.2)
or

ap(t,0) <0, ao(t,L) <0 for all t € [0,T], (6.3)
or

ap(t,0) <0, ao(t,L) >0 forall t € [0,T]. (6.4)

Throughout this subsection we shall assume the coefficients satisfy (6.1), and one of (6.2) -
(6.4), unless specified otherwise.

We consider the system (1.3) with the above hypothesis on coefficients. More precisely, we
consider

Oip + agOpp + ar1p + c10zu + cou = 1oy f1 in (0,T) x (0, L),

O — bpOyzu + b10yu + bau + d10zp + dop = Loofo  in (0,7") x (0, L),

u(t,0) = u(t,L) =0 in (0,7),

p(£,0) = 0 in (0,7), if a(t,0) >0, (P
p(t,L) =0 in (0,7, if ag(t,L) <0,

p(0,-) = p°, u(0,-) = v in (0, L).

Note that the conditions (6.2)-(6.4) ensure that the inflow boundary is time independent. We
first study the well-posedness of the above system.

2
Theorem 6.1. (i) Let (p°,u°) € (LQ(O,L)> and f; € L2(0,T;L(0,L)), i = 1,2. Then

2
the system (6.5) admits an unique solution (p,u) € C’([O,T]; (LQ(O, L)) ) together with
the estimate

||(Pa U)HC([O,T};(L%O,L))Q) <C (”(POaUO)HL2(O,L)><L2(O,L) + ||(f17 f2)HL2(0,T;(L2(0,L))2)> ) (6-6)

where the positive constant C' depends only on T, L and the coefficients of the system.

(ii) Assume (6.1) and (6.4). Let (p°,u") € H'(0,L)xL?(0, L), fi = 0 and fo € L?(0,T; L*(0, L)).

Then the system (6.5) admits an unique solution (p,u) € C([0,T); H*(0,L) x L?(0, L))
together with the estimate

(o lleqormo.nxazomy < € (Moo w)linonxrzen +1f2 lperzen) . (67)
where the positive constant C' depends only on T, L and the coefficients of the system.
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Proof. Without loss of generality, let us assume that (6.2) holds. We will show the existence
and uniqueness of the solution of (6.5) by a fixed point argument. Let 0 < T3 < T, p €
C([0,T); L?(0, L)), and we consider the following system

Orp + agOzp + a1p + c10:u + cou = 1o f1 in (0,7) x (0, L),

Oy — boOygu + b10yu + bou = Lo fo — d10,p — dop  in (0,T) x (0, L),

u(t,0) =u(t,L) =0 in (0,7), (6.8)
p(t,0) =0 in (0,7),

p(0,-) = p°, u(0,-) = in (0, L).

Note that, the above system can be solved in cascades. Indeed, lopgfo — d10:p — dap €
L?(0,T; H (0, L)), and therefore using standard results for parabolic equation, we obtain
u € C([0,T]; L*(0, L)) N L*(0,T; HE (0, L)) satisfying the estimate for all ¢ € (0,71],

w200,y + 1wl 20,7011 0,0)) < M1 (HUOHL2(0,L) +1f2ll 20,10 0200,0)) + HﬁHL2(0,T1;L2(0,L))) )

(6.9)
where M, depends on T, L and the coefficients, but independent of T7. Next, solving the trans-
port equation (6.8); we have p € C([0,T}]; L*(0, L)) and

1o 120,y < M2 (HPOHB(O,L) + 1Al z20m:2200,0)) + HUHL2(0,T1;H01(0,L))) t € (0,11],

(6.10)
where My depends on T, L and the coefficients, but independent of T7. This allows us to define
a map Z from C([0,T1]; L?(0, L)) into itself by Z(p) = p, where (p,u) solves (6.8). Let p1,p2 €
C([0,T); L*(0, L)), and (p1,u1), (p2,u2) be the corresponding solutions of (6.8) when p = p
and p = pa2 respectively. Note that (p; — p2,u1 — ua) satisfies (6.8) with initial condition (0, 0)
and with f; = 0 = f; and it obeys the corresponding estimates (6.9)-(6.10). Combing the above
estimates it is easy to see that

”I(//ﬁ) — I(ﬁ2)HC([O,T1};L2(O,L)) < Mo My Hﬁl - ﬁQHLQ(O,TlgLQ(O,L))
< MaMyv/ T |[py = p2lleqomgzzo,n)) -

Let N be a natural number such that N > TM?2M3. We take T} = T//N. Then Z is a contraction
on C([0,T1]; L*(0, L)). It is standard to pass from local to global existence by subdividing [0, T
for T > T3, into N subintervals and getting the existence in each [kTh, (k + 1)T1] using above.
This completes the proof of (i).

To prove (ii) under assumptions (6.1) and (6.4), let us define

n= Z—lu—l—(?xp in (0,7) x (0,L).
0
Then (n,u) solves the system
at77+a06x77+d177+516xu+52u = fl in (O7T) X (O,L),
Opu — boOygtt + D105 + byt + don = fo in (0,7T) x (0,L),
u(t,0) = u(t,L) =0 in (0,7), (6.11)
c(0,) o 0y/ 0
0,-) = u () + , u(0,:) =u in (0, L),
n0.)= G0+ () 0 (0 =u() in (0.1)
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where
d by —
a1 =0zag + a1 + ad 1, 1 = Ogyc1 +co + G121~ 4oy
bo bO
- Clbg — &Caocl — a1C1 C%dl C1 C1
Co =0yC2 + b b% t bo ap0Oyg b
: cl c1da = cady 5 z
fi=—1loofo— | 0za1 + —= | p, ba = by — ——, do = di, fo = 1pafo — dap.
bo bo bo

Note that no boundary condition is needed for 7 because of (6.4). Then using (i) we complete
the proof of (ii). O

Next, we show that the controllability of the system (6.5) is equivalent to final-state ob-
servability of the adjoint system. In particular, we want to prove Proposition 4.2 when the
coefficients depend both ¢ and z variable. Consider the adjoint system (4.1) with the hypoth-
esis (6.1) - (6.4) on the coefficients. Following the proof of Theorem 6.1, we can show that
the adjoint system (4.1) well-posed, and Proposition 2.5 holds in this case also. We have the
following identity equivalent to null controllability.

Proposition 6.2. The system (6.5) is null controllable in Z at time T > 0 using two controls
f1 and fo in L2(0,T; L?(0, L)) with supports in O1 and Oy respectively if and only if

T T
/0 /01 o(T —t,z)f1(t,x) dxdt—l—/o /02 (T —t,x) fo(t,x) dadt

L L
+/0 P’(x)o(T, x) d:n—l—/o uw(z)o(T,z) dz =0, (6.12)

for all (o°,v°) € Z, and (o,v) is the corresponding solution of (4.1) with coefficients satisfying
the hypothesis (6.1) - (6.4).

Proof. Let (p,u) be the solution of the system (6.5) with initial condition (p°,u") € Z and two
controls f; and fo in L?(0,T; L?(0, L)) with supports in O; and Os. Let for any (¢°,0%) € Z,
(0,v) be the corresponding solution of (4.1).

Multiplying (6.5); by o(T' —t,z) and (6.5), by v(T —t,x) and using an integration by parts
for continuous data and then using a density argument, for any (p°,u°) € Z and f; and f5 in
L?(0,T; L?(0, L)) with supports in @7 and O and (¢, v") € Z, we obtain

/OT /Ol o(T —t,x) fi(t,x) dedt + /OT /02 o(T —t,z) fo(t, ) dadt
’ /L P @)o(T,) de+ /L w@p(T,a) dz = /L p(T,x)0°(x) dz + /OL w(T, )" (z) da.

0 0 0
From the above identity, it follows that (p(T,-),w(T,-) = (0,0) in Z for the controls f; and
f2 in L2(0,T; L%(0, L)) with supports in O and Os if and only if (6.12) holds and hence the
proposition follows.
O

With the help of the above proposition, we now prove Proposition 4.2 in the case when
coefficients are also time dependent.

Proof of Proposition 4.2 for non-autonomous case: Let us assume that the system (6.5) is null
controllable in Z at time 7' > 0 using two controls fi and fo in L?(0,T; L?(0, L)) with supports

in O and O; respectively. We want to show that (4.2) holds. We prove it using a contradiction

argument. Assume that (4.2) is not true. Then there exists a sequence (¢9,v) in Z such
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that, the corresponding solution (o, vy,) to (4.1) with the hypothesis (6.1) - (6.4) on coefficients
satisfies

T T
//|an(t,:c)|2dwdt—|—/ / fon(t, 2)[2 da dt
0 01 0 02

< 1</0L lon (T, z)|? dz + /DL |on (T, ) |2 dm). (6.13)

n2

We set (69,90) = mz(ag,vn) Let (65, 0y,) be the corresponding solution to (4.1).
Then, for each n € N, it yields

1(6n(T), 0n(T))]l 2 = Vn, (6.14)

//]anta:|2da:dt+/ / \vntxlzdxdt<— (6.15)
01 (92

Since the system (6.5) is assumed to be null controllable in Z, by Proposition 6.2, we have

//Oan 2)fi(t, @) dmdt+/ /O T —t,2)fo(t,x) dzdt

L
—l—/ P2 (x), (T, z) dx—l—/ u®(2)0, (T, z) dz = 0. (6.16)

0 0

and (6.13) gives

From the above identity and (6.15), it is easy to see that (5,,(T),0,(T)) converges weakly to
0 in Z, and hence the sequence {(6,(7T),0n(T"))}nen is uniformly bounded in Z. This is a
contradiction to (6.14).

Conversely, let us assume that the observability inequality (4.2) holds. We want to show
that the system (6.5) is null controllable in Z. Denoting, U = L2(01) x L2(Os), consider the
subspace X of L2(0,T;U) defined by

X ={(1010,109v) | (0, v) solves (4.1) for some (0¥,2%) € Z}.

Given (p°,u") € Z, consider the linear functional F on X defined by

F(lo10, Tog) = — ( /0 " S @)o (T do + /0 "0l ) dx) .

By the observability inequality (4.2), F is well-defined and bounded linear functional on X'.
Thus by Hahn-Banach theorem, we can extend the linear functional F to a bounded linear
functional, still denoted by F, on L(0, T} Z;() By the Riesz representation theorem, there exists
(f1, f2) € L*(0,T;U) such that

/OT /(91 o(t,x)fi(t,z) dedt + /OT /02 o(t, x) fo(t, ) dedt

L L
—i—/o P°(x)o(T, x) dx+/0 u®(z)v(T,z) dz = 0. (6.17)

By setting f1(t,z) = fi(T —t,z), for all z € Oy and t € (0,T) and fa(t,z) = fo(T —t,z), for
all z € Oy and t € (0,7T), and using Proposition 6.2, it is easy to see that, (fi, f2) is the desired
control to obtain the null controllability of the system (6.5) in Z. O

Now we can follow exactly same steps used in the proofs of Theorem 1.2 and Theorem 1.4
in Section 4, to conclude that Theorem 1.2 and Theorem 1.4 also hold for time dependent
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coefficients. Obviously, we just need to modify the definition of X given in (1.7) in the following
way

{@X(t,x) = —ao (t,X(t,))  (t>0), (6.18)

X(0,z) ==z z e R.

6.2. Extension of Theorem 1.6 and Theorem 4.3 to the time dependent case. Through-
out this subsection we assume (6.1)-(6.4) and

co(t,z) # 0 for all t € [0,7],x € [0, L. (6.19)

We consider the system (1.12) with time dependent coefficients:

(Op + agOzp + a1p + coOpztt + c1Opu + cou = 1oy f1  in (0,7T) X ( )

Oyt — boOpptt + b10,u + bou + dop = 1o fo in (0,T) x

u(t,0) =u(t,L) =0 in (0,7),

p(£,0) =0 in (0,7), if ao(t,0) >0, (620
p(t,L)=0 in (0,7, if ag(t,L) <0,

p(0,z) = p°(x), u(0,z) = u’(x) in (0,L).

Regarding existence and uniqueness of the solution of the above system we have the following
result.

2
Theorem 6.3. Let (p°,u0) € (L2(0,L)) and f; € L2(0,T; L2(0, L)), i = 1,2. Then the system

2
(6.20) admits an unique solution (p,u) € C([O,T]; <L2(0,L)> ) together with the estimate

1 (p, )HC ([0,T);L2(0,L))? (H(I)O’UO)HL?(O L)yxL?(0,L) + H(flaf?)”L? (0,T5L2(0,L))2 ) (6.21)
where the positive constant C' depends only on T, L and the coefficients of the system.

Proof. Let us set n = bop + cou. Then (n,u) solves the following system

o + apOyn + a1n + ¢10,u + Cou = fl in (0,7) x (0, L),
Ot — boOgtt + b1dyu + bou + don = fo in (0,T) x (0, L),
u(t,0) =u(t,L) =0 in (0,7),
n(t,0) =0 in (0,7), if ap(¢,0) > 0,
n(t,L) =0 in (0,7), if ap(t,L) <0,
1(0,2) = 1°(x) 1= bo(0,2)p°(z) + co(0, 2)u’(z), u(0,2) =u’(x) in (0,L),
(6.22)
where
a; = o (a1bo + coda — Oby — ap0dzbo) , €1 = bocy + cob1 — aoco,
0
C2 :bf (b§ea + bocoba — bocoar — cgda + co (Oybo + apdzbo) — bo (Orco + apdzco))
0
. ] doco -~ dy
fi=boloifi + coloafz, by =bs — %, dy = 2, f2=T1oafo.

The system (6.22) is similar to the system (6.5). Thus by proceeding similarly to the proof of
Theorem 6.1 we can prove this theorem. O
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We now derive a suitable observability inequality, which is equivalent to the null controllability
of the system (6.20). To this aim, we consider the adjoint system of (6.20) :
00 — Oz(ago) +aro + dyv =0 in (0,7) x (0, L),
8t7) — a;m(bo?} — C()O') — 83[;(1311) + 010') + (bgv + 020) =0 m (O T) X (O, L),

(bov — coo)(t,0) = (bov — coo)(t, L) =0 in (0,7), (6.23)
o(t,L) =0if ap(t,0) > 0, o(t,0)=0if ap(t,L) <0 in (0,T),
L0(0,2) = 0%(x), v(0,2) =v°(x) in (0,L).
Following the similar arguments of the proof of Theorem 6.3, we can show that the adjoint
system (6.23) is well-posed in Z. Moreover, using the similar argument used in the preceding

subsection, we can easily prove the following equivalence between the null controllability of the
system (6.20) and the following observability inequality:

Proposition 6.4. The system (6.20) is null controllable in Z at time T > 0 using two controls
f1 and fo in L*(0,T; L*(0, L)) with supports in O1 and Oq respectively, if and only if, for T > 0,
there exists a positive constant O > 0 such that for any (c°,0%) € Z, (0,v), the solution of
(6.23), satisfies the following observability inequality:

/OLJ(T,:L’)|2da:—|—/0LU(T,x)|2da:<CT(/OT/OI |a(a:,t)|2d:ndt—|—/OT/02 yv(x,t)|2dxc(1t). |
6.24

Now using the above observability inequality and the Gaussian beam solutions constructed
in Theorem 3.8, we can easily proof Theorem 1.6 for the case with time dependent coefficients.
Moreover, Theorem 4.3 also holds provided the coefficients satisfy (6.1), (6.4) and

dg(dlaxao — aoaxdl) = Cll (dlaxal — aoaxdg), C1 75 0, dl 75 0, in [O,T] X [0, L].

6.3. Extension of Theorem 5.1, Theorem 5.4 and Theorem 5.5 to the time depen-
dent case. The proofs given in Section 5 also hold for time dependent coefficients. Thus
Theorem 5.1, Theorem 5.4 and Theorem 5.5 also hold for time dependent coefficients with
suitable assumptions. In particular

(i) Theorem 5.1 holds for the system (5.1) with coefficients satisfying

b c*>=(lo,T 0, L i b 0 0 i > 0. 6.25
@0,70,bo € C*°([0, 7] x [0, L]), o n 0>0, ap#0, om0 (6.25)

(ii) Theorem 5.4 holds for the system (6.20) with f; = 0 and O = (0, L) and with coefficients
satisfying ap = a1 = 0 on [0,7] x [0, L] and

by € C([0,T] x [0,L]), j=0,1,2, bo(t,z)=b>0 foralltel0,T],zel0,L],
ap,Y0 € C*([0,T] x [0,L]), ao(t,z) #0, ~o(t,x) >0 foralltel0,T],x€l0,L],
Co = @070, c1 = 2a00:0, c2 = apOzzY0, ON [07 T] X [07L]

(iii) Theorem 5.5 holds for the system (6.5) with f; = 0 and Oy = (0,L) and with the
coefficients satisfying agp = 0 = a1 on [0,7] x [0, L] and

bj,ci,di E?”([O,T] X [O,L]), 1= O, 1, j = 0, 1, s
bo(t,z) 2b>0, ci(t,x)#0, cao(t,z)=0yci(t,x), foralltel0,T],z¢€[0,L].

7. EXTENSIONS AND COMMENTS

In this section, we give some possible extension of our results and formulate some open
problems.
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7.1. Periodic boundary conditions. Let us set S = R/LZ. We consider the control system
(1.3)-(1.4) in (0,T) x S. By working on the torus S, we assume that all the coefficients and the
quantities at stake are L-periodic with respect to z.

We obtain the following well-posedness result :

Theorem 7.1. Assume (1.6). Let us consider the system (1.3)-(1.4) in (0,T) x S. Let us
denote by Ay the associated linear operator. Then the operator As generates a CO-semigroup on

L3(S) x L3(S) as well as on H'(S) x L?(S).

The proof of this theorem is similar to the proof of Proposition 2.2 and Theorem 2.6. Re-
garding null controllability we have the following results.

Theorem 7.2. Assume (1.6). The system (1.3)-(1.4) with periodic boundary conditions is not
null controllable at time T wusing interior controls fi € L*(0,T;L*(S)) supported in O1 and
fo € L?(0,T; L?(S)) with support in Og, in the following scenarios:
(1) if 0 < T < To,; (p°,u’) € L2(S) x L*(S); O1 C S such that S\ Oy is a nonempty open
subset of S; 09 C S.
(i) if 0 < T < To,; (p°,ul) € HY(S) x L3(S); f1 = 0; Oy C S such that S\ Oz is a
nonempty open subset of S; and along with (1.6), the coefficients in (1.3) satisfy

d2(d6d1 — aodll) == dl (dlall - aodé), C1 75 O, d1 7& 0, on [0, L]

Furthermore, assume (5.11), fi1 =0 and Oy = S. Then the system (1.3)-(1.4) with periodic
boundary conditions is null controllable in H'(S)NL2 (S) x L*(S), at any time T > 0, by control
acting everywhere in the parabolic component.

Remark 7.3. In a similar fashion, we can also consider the system (1.12) with periodic bound-
ary conditions. Both Theorem 1.6 and Theorem 5.4 hold in this case also. In fact, Theorem 1.2
and Theorem 1.6 can be extended to the coupled system with any suitable boundary conditions,
where the corresponding linear operator is well-posed.

7.2. Boundary control. Assume (1.6), ap(0) > 0 and ag(L) > 0. We consider the following
boundary control system:

Op + apOzp + a1p + c10,u + cou =0 in (0,7) x (0, L),

0w — boOzgu + b10yu + bou + d10yp + dop =0 in (0,7) x (0, L),

w(t,0) = ho(t), u(t, L) = hi(t) te(0,T), (7.1)
p(t,0) = go() te (0,7),

where controls go, ho, bz belong to L2(0,T). In this case, the system (7.1) is null controllable
in Z at time T by controls (go, ho,hr) € (L?(0,T))3 if and only if, for T > 0, there exists a
positive constant Cr > 0 such that for any (o%,v%) € D(A*; Z), defined in (2.15), (o,v), the
solution of (4.1), satisfies the following observability inequality:

L L
2 2
/0 lo(T, x)|* dz +/0 |o(T, z)|* do
T T T
<CT(/O |a0(0)0(t,0)|2dt+/0 \cl(O)U(t,O)+8x(bov)(t,0)|2dt+/0 \Gx(bov)(t,L)th).
(7.2)

Recall the definitions of Tj from (1.10). By proceeding similarly as the proof of Theorem 1.2,
we obtain the following results:

Theorem 7.4. Let Ty be as defined in (1.10). The system (7.1) is not null controllable at any
time 0 < T < Ty using controls go, ho, by, in L?(0,T) acting on the boundary.

Remark 7.5. In a similar manner, we can also prove that the system (1.12) is not null con-
trollable at any time 0 < T < T}y by the boundary controls.
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7.3. Concluding remarks and open problems. The main results in this article concern
the lack of null controllability of coupled transport-parabolic systems with variable coefficients.
These results are generalizations of the results available for the coupled systems with constant
coefficients. Moreover, when the transport velocity ag = 0, these systems are null controllable at
any time by the control acting everywhere in the parabolic equation, under suitable assumptions
on the initial data and the coefficients. In view of our results, several open questions seem natural
and are under investigation currently.

Null controllability: In [1, 5, 6], the null controllability results are proved for the coupled sys-
tem with constant coefficients within the periodic setup. In view of these articles, it is reasonable
to expect that, the systems in consideration are null controllable, under suitable geometric as-
sumptions. Perhaps, one could follow the arguments of [11] to conclude null controllability of
(1.3) with boundary controls, under suitable geometric assumptions. However, as far as we
know, if ag is not identically equal to zero, there are no controllability results available for the
systems (1.3) and (1.12), with Dirichlet boundary conditions and localized interior controls,
even in the constant coefficient case. Furthermore, it would also be interesting to see whether
the positive results in Section 5 can also be obtained by a moving control instead of control
acting everywhere.

Lack of null controllability in H® x L?,0 < s < 1, by parabolic control: If the coefficients
are constant, the system (1.3)-(1.5) is not null controllable in H* x L?,0 < s < 1, at any time
T > 0, by a parabolic control acting everywhere in the domain, see for instance [7, Theorem 5.1]
(if ag = 0) and [6, Theorem 1.3] (if ap # 0 and the system with periodic boundary conditions).
In Theorem 1.4, we prove this result only for s = 0 under the assumption (1.11). It would be
interesting to see whether Theorem 1.4 holds in H* x L%, 0 < s < 1.

Weaker type controllability - possibility of controlling only one component: In view of the lack
of null controllability of the system (1.3)-(1.5), it may be natural to ask a weaker controllability
result i.e., if only one component of the solution of the system can be brought at rest at time
T > 0 and in that case if the minimal time is needed. We observe that the system (1.3) with
periodic boundary conditions, ag = c; = bg=b1 =dy =1, and a1 = co = bs = dy = 0, can be
reduced to an equation in u-variable as

Otzatt + Opgztt — Oyt — 20p,u = F,

with periodic boundary conditions and control F'. This system exhibits hyperbolic nature, and
therefore the minimal time is required to control such system. This indicates that we need the
minimal time to obtain the controllability even for one component u. However, this reduction of
the system to a single equation for general coefficients with Dirichlet boundary conditions is not
so obvious at all. Another possibility could be to derive suitable observability inequality which
is equivalent to the controllability for one component. Having suitable observability inequality,
perhaps the Gaussian beam construction can be used to show the existence of the minimal time.

Degenerate coefficients: In this article, we have always assumed that, the “viscosity” coef-
ficient bg is strictly positive. However, one can ask if the results hold, in the case when by is
degenerate either at boundary or at an interior point. But this require new techniques.

Coupling of several transport and parabolic systems: In the spirit of [1], it would also be
interesting to consider coupling of several transport and parabolic equations with variable co-
efficients.

Multi-dimension: The techniques used in this article can be extended to the coupled system
posed in higher space dimensions. Thus analogous results can be anticipated for the systems in
higher dimensions.
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