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LACK OF NULL CONTROLLABILITY OF VISCOELASTIC FLOWS*

DEBAYAN MAITY!, DEBANJANA MITRA? AND MICHAEL RENARDY®**

Abstract. We consider controllability of linear viscoelastic flow with a localized control in the momen-
tum equation. We show that, for Jeffreys fluids or for Maxwell fluids with more than one relaxation
mode, exact null controllability does not hold. This contrasts with known results on approximate
controllability.
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1. INTRODUCTION AND MAIN RESULTS

In this paper, we consider linear viscoelastic flows in a bounded domain €, a subset of R?, for d = 2,3, with
I' = 99 € C*°. The viscoelastic flows are governed by the equations of conservation of mass and momentum for
the velocity u, pressure p and stress tensor 7:

V.u=0 in Qx(0,T),

p(Ou+ (u-V)u) =V-7—-Vp inQx(0,7), (1.1)

and a constitutive law relating the stress tensor to the motion. Maxwell’s theory of linear viscoelasticity assumes
that the stress is linked to the velocity by an ordinary differential equation

O+ At =k (Vu+ (Vu)T), (1.2)

where A and k are positive constants. The term 1/ is the relaxation time. In Jeffreys models, the stress is taken
to be a linear combination of a Maxwell stress term and a Newtonian stress term

r=n(Vu+ (Vu)'),
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for n > 0.
The linear viscoelastic flow of a single mode Jeffreys model (for n # 0) or Maxwell model (for n = 0) on
Q x (0,T) governed by the velocity vector u and the elastic stress tensor 7, with a control f acting only in the
velocity equation, is given by
pou = nAu+V-71—Vp+f inQx(0,7),
V.ou=0 inQx(0,7),
T+ AT =2kDu inQ x (0,7, (1.3)
u=0 inodQx (0,7),
u(-,0) =wug, 7(-,0)=19 in€Q,

where p, A and k are positive constants and 7 is a nonnegative constant, and Du is the symmetrized gradient
tensor defined by

1
Du := 3 (Vu+ (Vu)™).
By taking the stress to be a linear superposition of several stress terms, i.e., 7 = Zf\; T;, where 7; satisfies

O (i) + NiTi = Ky (Vu+(Vu)T), 1=1,...,N, (1.4)

we formulate multimode Jeffreys (n > 0) or Maxwell models (n = 0) as

N
pou = nAu—l—ZV-Ti—Vp—&—f in Q x (0,7),
i=1
V-u=0 inQx(0,7), (1.5)

8,5(7'1')-‘1-/\1'7'1‘:2/%1)11, ian(O,T), i=1,...,N,
u=0 1in0Q x (0,7,
U(‘,O)ZUQ, Ti('ao):Ti,O iH Q, izl,...,N,

where p, A\; and k;, for all i = 1,..., N, are positive constants and 7 is a nonnegative constant.

Our aim is to study if there exists any control f, able to bring (u, ), the solution of (1.3), or (u, (1:)X,),
the solution of (1.5), to rest at time ¢t = T, for some T' > 0, i.e., if the system is null controllable at time 7. In
this paper, we see that using any control f localized in a fixed domain O, any proper subset of {2, the single
mode and multimode Jeffreys systems (1.3) and (1.5), for n > 0, are not null controllable at any time T > 0.
For n = 0, the multimode Maxwell system (1.5) is also not null controllable at any time 7' > 0 using a localized
interior control acting only in velocity, and for the single mode Maxwell system (1.3), there exists a time T,
such that the system is not null controllable at any time 0 < T < Ty, using a localized interior control acting
only on velocity.

First, we observe that due to the behaviour of the equation (1.3), for the stress tensor 7, the null controllability
of 7 is possible only in a suitably defined subspace.

Remark 1.1. Note that, from (1.3),, we have

¢
7(z,t) = e Mo (x) + 2/{/ e M%) Dy, s) ds,
0

where (u,7) is the solution of (1.3). The second term in the above representation constrains that the null
controllability of 7 can be obtained only for initial conditions of the form 7y = Dwy, for a divergence free vector
field vy with homogeneous Dirichlet boundary conditions.
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Before stating our main result, we define the spaces

Vo) ={ue (L*(Q)|divu=0,inQ, wu-n=0, ondQ},

n

and
VOQ) = {ue (L) |divu=0}, V5(Q) ={ue (H Q) NnV°Q)|u=0onT},

for any s > 1. Here n denotes the normal to 9.
We denote the space L?(€2; Ls(R?)), where £,(R%) denotes the space of symmetric real d x d matrices, and
the subspace of L?(£2; L,(R%))

Ro={Dv|veV}(Q)}, and Rj={Dv|vecViT(Q)}, Vs>1.
Note that v can be reconstructed from 7 = 2Dv by solving the Stokes problem
Av—Vp=V-7, V-v=0, vlgg=0,

so v is one order smoother than 7.
Our main result for single mode Jeffreys system is

Theorem 1.2. Let T > 0 and O be a proper subset of Q. There exists (ug, 7o), an initial condition of (1.3), in
Vi () x R§ for any s > 1, with compact support in Q, such that the solution of system (1.3), for n > 0, with
initial condition (ug, 79) and with any control f localized in O, acting only in the velocity equation, cannot reach
zero at time T.

To prove the above result, we first use a change of variable and show that the null controllability of (1.3)
implies the null controllability of the new system (see Sect. 2). The new system is a coupling between a parabolic
equation and an ordinary differential equation. The control localized in O, a proper subset of €2, is acting in
the parabolic equation. Then we split the system into two systems — one is with the control but zero initial
condition and the other system is without control but with the initial condition. Exploiting the regularity of the
solution of the parabolic equation, we show that the solution of the first system with control is smooth outside
O where the control acts, whereas for an appropriate choice of the initial conditions the solution of the second
system cannot be smooth outside O. This yields that the solutions of these two systems cannot cancel each other
outside O, and hence the original system cannot be null controllable using any localized control in the parabolic
equation with support inside O, a proper subset of 2. The suitable initial condition having discontinuity around
a neighbourhood of a point of Q\O can be chosen from the eigenspace of the linear operator associated with
the new system taking advantage of the spectrum which has an accumulation point (see [3], Prop. 2.2).

A similar result holds for the Jeffreys system with several modes, i.e.,

Theorem 1.3. Let T > 0 and O be a proper subset of Q. There exists (ug, 7o), an initial condition of (1.5),
in Vi (Q) x (RSN for any s > 1, with compact support in €, such that the solution of system (1.5), for n >0,
with initial condition (ug, 1) and with any control f localized in O, acting only in the velocity equation, cannot
reach zero at time T'.

For nn = 0, the single mode linear Maxwell system is exactly controllable at sufficiently large enough time T,
using a localized interior control acting only on velocity equation, under the restriction of the reachable set of
the stress variable as outlined in the remark above [3]. For small time T, the system cannot be null controllable
(due to the finite speed of propagation property the of Maxwell system), using a localized interior control acting
only on velocity.
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Theorem 1.4. For any proper subset O of §, there exists a time Ty > 0 and (ug, 7o), an initial condition of
(1.3), in V5 (Q) x R§ for any s > 1, with compact support in §2, such that the solution of system (1.3), forn =0,
with initial condition (ug, 7o) and with any control f localized in O, acting only in the velocity equation, cannot
reach zero at time T, for 0 <T < Tj.

However, for the multimode Maxwell model, the system is not null controllable at any time 7" using a localized
interior control acting only on velocity. We have the following result.

Theorem 1.5. Let T > 0 and O be a proper subset of Q. There exists (ug, 7o), an initial condition of (1.5), in
Vi () x (RN for any s > 1, with compact support in Q, such that the solution of system (1.5), forn =0 and
N > 1, with initial condition (ug, 7o) and with any control f localized in O, acting only in the velocity equation,
cannot reach zero at time T.

Though Theorem 1.5 is similar to Theorem 1.3, the tools used to prove both theorems are completely different
because of the parabolic behaviour of system (1.5) for n > 0, i.e., regularity of its solution and infinite speed
of propagation property, and hyperbolic behaviour of system (1.5) having no gain of regularity of its solution
and finite speed of propagation property. To prove the nonnull controllability result for the Maxwell system,
we exploit the finite speed of propagation property of the Maxwell system, i.e., we choose an initial condition
having a discontinuity outside the support of the control, and up to a certain time 7j, the domain of dependency
of the solution in a neighbourhood of the discontinuity of the initial condition does not intersect the support of
the control. Thus, the singularity of the initial condition persists in the solution up to time Ty. We prove this
finite speed of propagation property using Holmgren’s uniqueness theorem (see Thm. 4.10). Moreover, we show
that there is a vertical characteristic of the system (see Lem. 4.9; this is where N > 1 is required), and we prove
that for an appropriate initial condition, the singularity of the initial condition is on the vertical characteristic
up to Ty and then, using Hormander’s theorem (Thm. 4.6), we prove that the singularity propagates along the
vertical characteristic for any time T and hence the solution cannot reach rest at any time 7" > 0.

We note that there are several different notions of controllability for PDE problems with memory. In early
work on the subject, only the control of displacement (in the case of solids) and velocity is considered, see e.g.
[10-14]; for hyperbolic PDEs with memory controllability is achieved by perturbation of the elastic case.
Parabolic problems appear to be more subtle, since the incorporation of memory effects into Carleman inequal-
ities is a nontrivial problem; we refer to [8, 24] for recent work showing both negative and positive results
under certain situations. However, in a viscoelastic fluid the future evolution is not controlled to zero simply by
controlling the velocity, and the focus of this paper is control of the full state of the system. Our negative result
on exact null controllability is in this context, we make no claim about weaker notions of controllability such
as control of only velocity. We note that an intermediate notion of “memory controllability” is used in [2, 15]
where, in addition to the displacement and velocity, a memory integral is controlled to zero. This still falls short
of controlling the future of the system. In this paper, we study full controllability of the state in the context
of models where the relaxation function is a linear combination of exponentials. For a single exponential, such
results are announced in [5], but without complete proofs. In [17], one-dimensional shear flows of multimode
linear Maxwell and Jeffreys fluids are considered, with a distributed control localized on a subinterval. Exact
controllability for single-mode Maxwell fluids and approximate controllability of multimode Maxwell and Jef-
freys fluids are established. For Jeffreys or multimode Maxwell models, approximate controllability seems to be
the best one can hope for, since observability estimates in any reasonable Sobolev norms cannot hold (see [21],
Thm. 5). The result of the present paper confirms this.

A higher dimensional single mode Jeffreys fluid is considered in [4] and the approximate controllability result
only for the velocity is obtained using a distributed control acting in the velocity equation. This result is not
quite satisfactory because the controllability property of the stress is not proved. The case of a single mode
Maxwell model with boundary or distributed control is considered in higher dimension in [1]. Under a geometric
condition imposed on the controlled region along with an additional condition that the system is underdamped,
an exact controllability result for both velocity and stress in a suitable space is established. In [3], a number of
refinements of the results obtained in [1, 4] are obtained. The approximate controllability results for the single
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mode and several mode Jeffreys model for both velocity and stress tensor using an interior localized control
acting only in the velocity equation are obtained in [3]. The exact controllability result for the single mode
Maxwell model and the approximate controllability result for the several mode Maxwell model for both velocity
and stress tensor are obtained at sufficiently large time using an interior, localized control acting only in velocity.
In [16], these results are extended to Jeffreys and Maxwell models with infinitely many relaxation modes.

In view of Remark 1.1, control of the stress tensor of linear viscoelastic flows is possible in a suitable subspace,
i.e. under the constraint that the stress tensor is the symmetric part of a gradient. This is a genuine obstacle
to deriving the controllability result for the nonlinear viscoelastic system from the result obtained for the
linear system, because the stress for the nonlinear system is not the symmetric part of a gradient. Even the
characterization of the set of reachable states seems to be a very difficult problem on which only fragmentary
results are known [18-20, 23].

In this paper, we establish that using an interior control in the velocity equation, which is localized in a fixed,
proper subset of €2, the system cannot be null controllable in any Sobolev space. In contrast, we anticipate that
if the control has support in all of Q or the support of the control is moving with respect to time as in [2, 15],
the system can be null controllable. This problem is left for future research. Even for the simpler problem with
control in all of €2, the precise formulation of regularity conditions is likely to be subtle. For the one-dimensional
case, an exact controllability result for the two-mode Maxwell model is shown in [17].

The paper is organized as follows. Section 2 is devoted to transforming the system (1.3) and (1.5), to more
tractable systems using a change of variable and to show that if the transformed systems are not null controllable,
(1.3) and (1.5) are also not so. For the well-posedness of the Maxwell and Jeffreys system, in either their original
or transformed form, we refer to our earlier work on approximate controllability [16]. In Section 3, we prove
that the transformed system for 7 > 0 is not null controllable and derive Theorem 1.2 from the result. Section 4
is devoted to the Maxwell system (1.5), for n = 0, and Theorem 1.5 is proved.

1.1. Notation

Throughout this paper, we shall use the notation of curl in both two and three dimensions. Let €2 be a
bounded domain in R¢, d = 2,3. When d = 2, we define the curl operators as follows:

0 5,
curly = a—zj — 8—2 for any u € D'(Q)?

dp  Op >

_ —r v /
curlp = <8x2’ e for any ¢ € D'(Q).

That is, the curl of a vector is a scalar, and the curl of a scalar is a vector. When d = 3 we define curlu =V x u
for any u € D’(Q2)3. With the above notation, it is easy to see that,

curl curlu = —Au + V(divu), d=2,3,

(see for instance [7], Chap. 1, Sect. 2.3).

2. CHANGE OF VARIABLES

As mentioned in Remark 1.1, we can expect controllability of (1.3) only if we assume that the viscoelastic
stress 7 is of the form 2Dwv, where v is a divergence free vector field vanishing on the boundary. We therefore
assume that

T = 2Dwv,
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for some v € R? satisfying

V.-v=01in Q and v = 0 on 0f.
Then clearly (1.3), is satisfied if

ov+Iv=kru, V-v=0 inQx(0,7),
v=0 nd2x(0,T), v(0)=uv.

Therefore we study the following controlled system for (u,v)

poru = nAu+Av—Vp+ f inQx(0,7),

v+ =ru inQx(0,7),

V-u=0, V-v=0 inQx(0,7T), (2.1)
u=0, v=0 ndQx(0,T),

u(-,0) =ug, v(-,0)=wvy in€.

In this system, the equations V- v = 0 and v = 0 on 91 should be viewed as constraints on the initial data,;
they automatically persist in time since vy + Av = ku. To go back from (2.1) to (1.3), we simply set 7 = 2Dv
and apply D to the equation v; + Av = Ku.

In the following proposition, we prove the connection between null controllability of system (1.3) and system
(2.1).

Proposition 2.1. If the system (1.3) is null controllable in V., x Ry or Vi x Ry for any s > 1, by an interior
control f at any time T > 0, the system (2.1) is null controllable in V) x Vit or Vi x VOS'H for any s > 1, at
time T by the interior control f.

Proof. Let (1.3) be null controllable in Vi x R§ at time T by an interior control f, i.e.,
(u,7)(x,T) =0 for all z € Q.

Using the form of 7 = 2Dv, we get that Dv(-,T) = 0. Since the kernel of D in the space V' is the zero vector,
from it, we can derive that v(-,7) = 0 in V. Hence, system (2.1) is null controllable in V,? x V! at time T The
result for Vi x Ry, for any s > 1, follows in a similar way. O

In view of Proposition 2.1, to prove Theorem 1.2, we show the following result.

Theorem 2.2. For any time T > 0 and any s > 1, there exists an initial condition of (2.1) for n > 0, in
Vg x VOS+1 such that the solution of (2.1) for n > 0 cannot be brought to zero at any time T, by any control f,
localized in a fized domain O.

Similarly, to study the controllability of multimode visco-elastic flows (1.5), we set for all i = 1,... N,

7; = 2Dv;, where v; is also a divergence free vector field vanishing on the boundary and we consider system for
(u, (v);) € RIVHD

N
pou = nAu—l—ZAvi —Vp+f inQx(0,7),
i=1
O + Aiv; = ku i=1,...,N, inQx (O,T), (2.2)

Vou=0, V-u;=0 i=1,...,N, inQx(0,T),
u=0, v,=0 i=1,...,N, indQx(0,T),
u(-,0) =ug, vi(-,0)=wv,0 i=1,...,N, inQ.
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To prove Theorem 1.3, it is enough to prove the analogous version of Theorem 2.2 for the system (2.2) with
n > 0. However, the argument to prove Theorem 1.3 for the Jeffreys model with several relaxation modes is
completely analogous to that of the single mode case and hence, the proof of the theorem for the multimode
case will be omitted.

Now for i = 0, to prove Theorem 1.5, we show the following result for (2.2).

Theorem 2.3. Let N > 1. For any time T > 0 and any s > 1, there exists an initial condition of (2.2) for
n=0,in Vg x (Vi)Y such that the solution of (2.2) for n =0 cannot be brought to zero at any time T, by
any control f, localized in a fized domain O, a proper subset of Q.

Note that to prove Theorem 1.4, it is enough to show the result analogous to the above theorem, for (2.1)
with n = 0, at time T', where 0 < T < Ty, for some Ty. The proof of the result can be derived from the first part
of the arguments used in the proof of Theorem 2.3 and hence the details of Theorem 1.4 will be omitted.

3. JEFFREYS SYSTEM

In this section, we prove the result on lack of null controllability for the Jeffreys system (1.3) for > 0. To do
that, as mentioned in Section 2, we prove Theorem 2.2. Note that, the wellposedness of (2.1) on V,2(Q) x V! (Q2)
can be derived showing that the linear operator associated to (2.1) denoted by (A, D(A)) as defined in (2.4)
in [3] generates a Cy semigroup on V,9(Q) x ViH(Q) (see [3], Rem. 2.1). As a byproducet of the arguments used
in the next subsections to prove the lack of null controllability of (2.1), the wellposedness of the system is also
obtained.

3.1. Formulation of the problem

To prove Theorem 2.2, we split the solution of (2.1) into a part resulting from the control, and another part
resulting from the initial condition, as follows:

u:ﬂ+0, P:fﬁJrq, U:’17+¢,
where (u, p, V) satisfies

puy = NAuU+ AV —-Vp+ f inQx(0,7),

U+ A =rku inQx(0,7),

V-u=0, V-1=0 inQx(0,T), (3.1)
u=0, v=0 indQx(0,7T),

u(-,0)=0, v(,0)=0 1inQ,

where the control f is localized in O, a proper subset of €2, and (o, ¢, ¢) satisfies

por = nAo+Ap—Vq inQx(0,T),

¢t +Ap=ro inQx(0,7T),

V.o=0, V-¢=0 inQx(0,T), (3.2)
c=0, ¢=0 indQx(0,7T),

o(,0) =ug, ¢(,0)=vy in €.

The first step to prove lack of null controllability of (2.1) is to show that u(-,T") in (3.1) is C*° in a neighbor-
hood of x¢ for any ¢ € Q\O and for any T > 0. Then we show that for a suitable choice of (ug,v), o(-,T) in
(3.2) is not C*° in any neighborhood of a g, for some zo € Q\O. Hence, u + o cannot reach zero at any time
T. More precisely, we prove the following two theorems:
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Theorem 3.1. Let O be a proper subset of @ and T > 0. Let us also assume that f € L2(0,T; L?(Q))
with suppf C O. Then, for any xo € Q\O, there exists a ro > 0 such that (u,p,v), the solution of (3.1), is
C>(By,/2(w0) x [0,T1]), where By, (xo) is a ball with radius ro and the center at x.

Theorem 3.2. Let O be a proper subset of Q, xg € L\ O, s > 1 and T > 0. Then there exists (ug,vo) €
Ve () x VETH(Q) such that, a(-,T) is not C* in any neighbourhood around xy, where (o, q, ¢) is the solution
of (3.2).

Once we prove the above two theorems, the proof of Theorem 2.2 is obvious. Therefore, in the rest of this
section we prove Theorem 3.1 and Theorem 3.2.

3.2. Study of the system (3.1)

In this subsection, our aim is to prove Theorem 3.1. For this, let us consider the following auxiliary system.

pa; = nAa+Ab+F inQx(0,7),
be + Ab=rka inQx(0,7),

@=0, b=0 inaQx(0,T), (3.3)
a(-,0)=0, b(-,0)=0 inQ.
Let us set Q7 = Q x (0,T). For any s > 0, we introduce the following space
H>*2(Qr) = L*(0,T; H*(Q)) N H*/?(0,T; L*(Q)). (3.4)
Theorem 3.3. Let m € NU {0}. Let us assume that
d"F 2 2m—2k
—— € L*(0,T;H (Q), k=0,1,...m,
dtk
satisfying
d"'F
F(,O)::W(,O):O, (3.5)

if m > 0. Then the system (3.3) admits a unique strong solution
a, = H2m+2’m+1(QT).
Proof. We prove the theorem in the following steps:

Step 1. We consider the underlying base space as L2(2) x (Hg(2) N H?(Q)) and the linearized operator
associated to (3.3),

1 T
Al(a,b)T<pA(na+b),/m>\b> , D(A)) = (H}(Q) N H?*(Q))2

To prove that (A;, D(A;)) forms an analytic semigroup on L2?(Q) x (H}(Q) N H?(2)), we need the resolvent
estimate

c
lallzz + bl a2 < m(IIfIILQ + llgllz2),
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where
1
f=pa— ;A(na—i—b), g=(+A)b— ka,

for p € C and Rp > 0. The resolvent estimate is easily obtained by eliminating b to obtain the single equation

1

AT ESY

1
Ag+ — <n+> Aa.
p [
Thus, for any given F' € L?(0,T; L?(2)), using the regularity result for an analytic semigroup, we have
a € H*(Qr), be H'(0,T;H*(Q)).

Step 2. Let us now consider m = 1, i.e. we assume that F' € H*'(Qr) and F(-,0) = 0. Setting, @ = a; and
b = b, we get that (a,b) satisfies the following system

pay = nAa+Ab+ F, inQx(0,T),

b+ \b=ra inQx(0,7T),
a=0, b=0 indQx(0,7T),

a(-,0)=0, b(-,0)=0 in{.
Since F; € L?(0,T; L*()) we obtain
ae H*Y(Qr), be HY0,T; H*(Q)).
In particular
ac HY0,T; H*(Q)) N H*(0,T;L*(R)), be H*0,T; H*(Q)).
Now we write for a.e. 0 <t < T,
—Ana(-,t) +b(-,t)) = (F(-,t) — par(-,t)) in Q, na(-,t) +b(-,t) =0 on ON.

Since F and a; belong to L?(0,T; H%(R))), by the standard elliptic regularity theory, we obtain na + b €
L%(0,T; HY(9)). Note that (3.3), can be written as

bi+(A+r/mb=h te[0,T], b0)=0,

where h = r(a + b/n). It is easy to see that h = k(a + b/n) € H*?(Qr). We have
t
b(x,t) = / e~ /MINCE=) (2 5) ds. (3.7
0
It yields

t t
2 — K —s
||b<-,t>||H4(m<C( | ez >ds) ( [ 1) e ds) < CIhaomsmrecan).
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for some generic positive constant C, depending on 7. Therefore b € L2(0,T; H*(Q)) and hence a €
L?(0,T; H*(Q)). The proof for larger m proceeds by the method of induction. O

As a corollary of the above theorem we obtain the following result

Corollary 3.4. Let k be any odd integer. Let us assume that F € H"F/? (Qr) satisfying

F0 == 00 =0 forj < (k—1)/2.

Then (3.3) has a unique solution (a,b) € (H>TF1TF/2(Q1))? satisfying the following estimate
lall gz+rasrrz @y + 0l m2rrasrrz(@ry < ClF | arkr2(qr)- (3.8)
Proof. The proof follows from interpolation. O
Now we are in a position to prove the regularity result for the system (3.1).

Proof of Theorem 3.1. We prove the theorem in the following three steps.

Step 1. Let (A4, D(A)) be the linear operator associated to (3.1) on the base space V,?(Q2) x VZ(Q2), where
D(A) = (VZ(2))2. In a similar fashion as for the operator A;, arising in the proof of Theorem 3.3 above, we can
show that (A, D(A)) generates an analytic semigroup on V,2(Q) x ViZ(£2) and hence for any f € L%(0,T; L*(0)),
(@, p,v), the solution of (3.1), belongs to H**(Qr) x L*(0,T; H} () x H>1(Qr), where

HL(Q) = {pe H\(Q) | /Qp@c) dz = 0}.

Step 2. Now, let us take any point 2o € 2\O and choose a radius 7o > 0 such that Ba,. (z¢) C Q\O.
Let (er)r>0 be a sequence of positive numbers satisfying the following properties

Ek+1 < €k, To+Er <2rpand lim g = 0.
k— o0

Let (xx)r>0 denotes a sequence of smooth cut-off function with the following properties

supp xo C Bar,(%0) and xo = 1 in Byyte, (20),
supp Xk C Brote,_; (x0) and xx = 1 in Byyye, (x0) for k > 1.

For all £ > 0, we set
a* = xi, curlw, b =y curl .
We also set

Q° = By, (o), QF = Brote,_, (xo) for k> 1,
QF. = (0,T) x QF for k > 0.
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is easy to see that (a” satisfies the following system
It vt that (a”,b*) satisfies the foll yst

pak = nAd® + AV + FF in (0,T) x QF,
b+ AF = ka® in (0,T) x QF,

a* =0, b*¥=0 in(0,T) x ONF,

ak(-,0) =0, b*(-,00=0 inQF,

where
F* = 2V (n(Veurl )T + (Veurl 5)T) — Ay (neurl @ + curl @),

We claim that (a*,b*) € (H*+2(E+2)/2(Qk))2 for all k > 0. We already have (u,v) € (H*'(Qr))?. This implies

that F° € L2(0,T; L*(Q")). Using Theorem 3.3 and Corollary 3.4, we obtain (a°,8°) € (H*>1(Q%))?. Let us

assume that our claim is true for some & > 0. Then we have (a*,b*) € (H*+2(+2)/2(Qk))2. In particular,

(curl w, curl v) € (HF2(0+2/2(QFF1))2 Thus Veurl u € HFLHEHD/2(QEFL) and Fr+1 ¢ ghtL.(H+1D/2(QkFL,

Therefore by Theorem 3.3 and Corollary 3.4, we get (a®1,bF+1) € (H*+3:(k+3)/2(Qk))? and the claim is proved.
From the definition of y, we get

(curl u, curl v) € (L2(0,T; H**2(B,, (x0))) N H**Y/2(0,T; L*(B,, (x0))))? for all k > 0.

Step 3. To derive the regularity of (@,v) at By,(xo), we use the result on interior regularity of the elliptic
equation for each ¢t € (0,T),

—A(u(-,t)) = curl(curl (a(-,t)) in B, (z0),
—A(0(-,t) = curl(curl (v(-,¢))) in By, (o),

where the regularity of the right hand side is obtained in the first part of the proof and it is C*°(B,,(zg) X
(0,7)). O

3.3. Study of system (3.2)

In this subsection, we prove Theorem 3.2. To do that, we first consider the following system on R% x (0, T,

pa; = nAa+ Ab inR? x (0,7),
bi +Ab=ra inR?x (0,T), (3.10)
a(-,0) = curl (14(1 — A)%6,,), b(-,0) =by inR% Vk>2.

Here 14 is a unit vector in R%. We note that for d = 2, the curl of a vector field can be identified with a scalar
(see the comment at the end of the introduction), so a and b are also scalars. Likewise, we shall identify the
cross product ot two two-dimensional vectors with a scalar.

In the next theorem, we show that for a suitably given initial condition, the solution of (3.10) cannot be
smooth on a neighbourhood of zy but it is smooth outside.

Theorem 3.5. Let T > 0 and o € . Let us choose ag = curl (14(I — A)™%5,,), where k > 2. Then for a
suitable by, chosen later, the solution of (3.10) is not C* in B,(xo) X (0,T), where B,(xo) is a ball around xg
with radius r, for any r > 0.

Further, the solution is C* outside B, (xg).
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Proof. Using Fourier transform, we obtain the following ODE

piy = —|é(na+b) R x(0,T),
b+ \b=rka inR?x (0,T),

—izg.€

a(€,0) = (i€ x 1a) gipamyr = @0(€),  b(€,0) = bo(¢) in RY.
Denoting the matrix in the above ODE by A\(f), the solution of the above system can be written as

(&?b)T = etg(g)(&Oal;O)T7 (311)

We can see that the eigenvalues of 21\(5 ) are

(Ap+nl€1?) — /(A + nl€]2)? — 4p(An + k)[E]?
2p

(Ao +nl€]?) + /O + nl€[2)? — 4p(An + k)]
2p

pr(E) = —

P = —

and there exists & > 0, such that for all €] > &, puT(£) and p~(€) are all real and distinct. The eigenvalues
satisfy

1) _m , - K
=7 jim — = A+, :
e [EP2 P lehmee ©=x+ 7 (3.12)

The eigenfunction of A(¢) corresponding to p~(£) is (1, C,-(&)), for d =2, and (14,14C,,- (£)), for d = 3, where

C, (€)= o (§) +nlE? & (3.13)

—lgr A+ u(©)

Our aim is to choose by(€) = ag (£)C,- (&) so that (ao(§),b0(&)) is an eigenfunction of A(€) corresponding to
1~ (€) and hence

(a,0)T = e Ot (ag(€), O, (§)an(6))T.

Now, using the inverse Fourier transform, we get

i(x—wo0).§&
/ (i€ X 1g) et Ot g¢,
]Rd

alz, 1) = 0T &)

(2m)

and similarly, we get the expression for b.
To get an explicit representation of a(+,t), from the expression of p~(£), we note that

po(€) = —(A+r/n) +P((1+1E*)7),

and P can be represented as a regular Taylor series for large |¢]. Thus et (Ot can be written in the form

eH O = Cot) + 3 O (1 + [¢2) 7,
j=1
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where C}(-) is C*°([0,T7]) for all j € N, and hence after taking the inverse Fourier transform

a(-,t) = Co(t)(I — A) Feurl (146,,) + iCj(t)(I — A) " eurl (146,,).

Jj=1

Note that each term is two orders more regular than its previous term. Thus, a(-,-) is as smooth as Cy(-)(I —
A)~Fcurl (146,,) is.

It is clear that (I — A)~*curl (146,,) is not a smooth function in R?, specifically it is not smooth at the point
7o. It can be shown that it belongs to H?*~™~! for all m > d/2, d = 2,3. Moreover, it follows from elliptic
regularity that a(-,t) is C°° everywhere except the point z¢ for all ¢ € [0, T]. O

Remark 3.6. Note that in Theorem 3.5, we choose ag = curl (14(I — A)~*4,,), for k > 2 and we construct by
by taking the inverse Fourier transform of by, where

and C),- (§) is given in (3.13). Thus, by is also obtained as the curl of a vector field and in particular, we have
ag = curl hg, by = curl gg,

where hg = 14(I — A)7%§,,, and gy can be obtained by taking the inverse Fourier transform of iALO(~)C’#7(-).

Here ho(-) is the Fourier transform of ho(-).
We also note that for d = 3,

diva=0, divb=0,

where (a,b) is the solution of (3.10) with the initial condition (ag, by), chosen above. This holds because on the
whole space the divergence free condition is automatically satisfied as long as it holds for the initial conditions.

Next lemma gives how to reconstruct the initial condition (o9, ¢g) from (ag, by), where (ag,bg) is chosen in
Theorem 3.5.

Lemma 3.7. Let xg € Q\O, ho € (H*(R%))¢, for s > 1 and ag = curl hg. Then there exists o¢ € Vi () such
that

curl og = ag in a neighbourhood ofz. (3.14)

Proof. Let P be the Leray projector from (L%())¢ onto V,2(€2). Since Phy is divergence free, there exists 1, at
least locally in some neighborhood of xg, such that

Phy = curl ¢y,
(see for instance Thm. 3.1 and Thm. 3.4 of [7]). We also have
curl hg = curl Phy,

since the difference hg —Phg is a gradient. Let x be a smooth cutoff function which vanishes near €2 but equals
1in By(xo), for some r > 0 such that B,(z¢) C Q\O. Setting

oo = curl (xto),
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we have o¢ € V5 (), and, on B, (zg),

curl og = curl hg.

We are now in a position to prove Theorem 3.2:

Proof of Theorem 3.2. We consider system (3.2). First, for any s > 1, we need to reconstruct the initial condition
(00, P0) € V() x V5TH(Q) from (ag, by), where (ag, bg) is chosen in Theorem 3.5. Let 2 be a point in Q\O,
and let (ag,bp), the initial data of (3.10) on R? be as in Theorem 3.5. As mentioned in Remark 3.6, by our
choice in Theorem 3.5, we have ag = curl hg, by = curl gg. Note that, choosing k suitably large enough in hg, we
can make (ho,go) € H*(Q) x H*T(Q). Using Lemma 3.7, there exists (g, o) € V() x Vi (Q), such that
on B,.(zo) C Q\O, for some r > 0,

curl g = curl (xto) = curl hg,
and, in an analogous fashion,

curl ¢ = curl (x¢p) = curl go.
We now cousider the following system on € x (0,7")

por = NAoc+ A¢p—Vq inQx(0,7),

G+ Ap=ro nQx(0,T),

Vo=0, V-¢6=0 inQx(0,7), (3.15)
a(,t) =0, ¢(,t)=0 ondQ,tec(0,7T),

a(-,0) = curl (x¢o), ¢(-,0) = curl (x¢o) in Q.

Now, note that as mentioned in Remark 3.6, for d = 3, (a,b), the solution of (3.10) for the initial condition
(ao, bo), satisfies

diva=divb=0, in €.

Setting

o(x,t) =curlo(z,t) —a(x,t), ¢(z,t) =curlg(x,t) — b(x,t), forall (z,t) € Qx (0,T).
we get that (o, gg) satisfies the following system:

p5¢r = nAG + Ad, in By(zo) x (0,T),

b1 + A = K5, in Br(zo) x (0,T),

V-6=0, V-¢=0 inB.(20)x(0,T), for d=3, (3.16)
a(t) =a(-1), 5(-,1&) =b(-,t) on dB,(x0), t € (0,T),

5(x,0) =0, &(x,0)=0 in B, (x).

Now, to conclude that &, and q~5 are C* in a neighborhood of the point xy, we proceed as in Step 2 and
Step 3 of the proof of Theorem 3.1 setting

A =xr5, =xrpo VEk>0,
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where xj is a smooth cut-off function defined similarly to that introduced in Theorem 3.1. Note that, since we
want to derive the interior regularity of the solution of (3.16) inside B, (zg), the nonhomogeneous boundary data
in (3.16) do not pose any difficulty to apply the arguments used in Steps 2 and 3 of the proof of Theorem 3.1
to (3.16). Thus, ¢ is C* in a neighborhood of zy. But, since a(, -) has a discontinuity at x, curlo and hence
o cannot be C*° in any neighborhood of zy. O

Thus, combining Theorems 3.1 and 3.2, Theorem 2.2 and Theorem 1.2 follow.

4. MAXWELL SYSTEM

In this section, we consider the following system on 2 x (0,7) for a multi-mode Maxwell model with control
f having support in O, any proper open subset of {2:

N
pur = » V-r, = Vp+f inQx(0,T),

=1
V-u=0 inQx(0,7), (4.1)
(Ti)t +)\ﬂ'l = 2K)ZD’LL in Q x (O,T), 1= ]., .. .7N
u=0 1indQ x (0,T),
u(-,O):uo, 7’i(',0):(7'0>i7 iZl,...,N in Q.

As described in Section 2, to obtain the lack of null controllability result for (4.1), it is enough to study the null
controllability of the following system for (u,p, (v;)") € RUN+1).

N
puy = Y Av;—Vp+ [ inQx(0,7T),

i=1
(Ui)t—k)\wi:mu ian(O,T), i=1,...,N,
Vou=0, V-v;=0, i=1,...,N, inQx(0,T),
w=0, v;=0, i=1,...,N indQx(0,T),

u(,O) = Ug, Ui(',O) = (’U())i7 1= 1,...,N in Q,
where f has support in O.
In the next lemma, we give the wellposedness of the above system in V() x (Vi(Q))Y for any f €
L2(0,T; L*(0)). The wellposedness of the system in Vi (Q) x (V*T1(Q))Y can be derived similarly for suit-

able regular control f. To get the result on the wellposedness of the above system, as introduced in (2.5) of [3],
we denote the Stokes operator (Ag, D(Ap)) on V,2(Q) by

Agu=—Pu, D(Ag) = H2(Q) x HL(Q),

where P is the Leray projector, and from (5.4) of [3], we recall that the linear operator (A4, D(A)) on V,2(£2) x
(VH(2))N associated to the above system is

D(A) = {(u, (vi)iLy) € (VG @)V | 7L, vi € D(4o)},
A, (0) )T = (Ao 20 vy (u = M) )T, (u, (v) ) € D(A).

Lemma 4.1. The operator associated to (4.2), (A, D(A)) generates a Cy-semigroup on V.2(Q) x (VG (Q))N. For
f € L%0,T; L%()), (4.2) is wellposed in V.2 () x (ViH(Q))N.
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Proof. We consider V,0(Q) x (V3 ()" with following weighted inner product:

((u, ()i2)", (0, (80)i2) " Dvo @y x (v~ = / uo dz + Z VUz Vei)d (4.3)

To prove (A, D(A)) generates a Co-semigroup on V,0(Q) x (V4 (2))", we use the Lumer-Phillips theorem. By
calculating with respect to the inner product (4.3), we get

(A, (0)i L))", (u, (0)iL) D voyx vy <0, V¥ (u, (v)il,) € D(A).

To show the maximality of (A, D(A)), we need to show that for a u > 0 and for any (h, (g;)Y,) € V.2(Q) x
(V)N there exists a unique (u, (v;)Y;) € D(A) such that following holds:

NU+A021 1V = fa

(4.4)
(qu)\i)Uif%u:gi, VZ:L,N
Now, reducing a single equation for u, we get
al Ki Aogi
U+ ———Aou = 07 c V), 4.5
D e K s A (4.5)

and using the property of the Stokes operator (Ag, Vg (Q2)) on V=1(2), we get that there exists a unique u €
Vi (Q) satisfying (4.5). Thus, from (4.4), we derive that for all i = 1,..., N, v; € V() and Zfil v; € D(Ap).
Hence the result is proved. O

Our aim of this section is to prove Theorem 2.3 and hence Theorem 1.5 by giving a choice of initial conditions
for (4.2) with discontinuity in a neighborhood of a point in Q\O and showing that this discontinuity will
propagate through the solution at any time 7. Hence the solution cannot reach zero at any time 7.

4.1. Formulation of the problem

Here, we first derive a more tractable system applying curl (+) to system (4.2) to eliminate the pressure term
from the system.
We define the scalar (curlg); in the following way

(curlg)y = {Cilllitgcomponent of curlg i :11 z ; (4.6)
Setting
ap = (curlug); and b0 = (curlv; )1, i=1,2,---,N, (4.7)
and

= (curlu); and b; = (cwrlv;),, i=1,2,...,N, (4.8)
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where (u, (v;)N;) is the solution of (4.2) with initial condition (ug, (v;0)Y;) and control f having support in

O, a proper subset of 2, we see that (a, (b;)}Y,) satisfies

N
pa; = ZAbi + (curl f); inQx(0,7),

i=1 (4.9)
(bi)t—k)\ibi:ma ian(O,T), iZl,...,N,
a(«,()) = aop, bl(,O) :bi70, 1= 1,...,N, in €.

Further, if (u, (v;)X.,), the solution of (4.2), satisfies (u, (v;)X.;)(-,T) = 0 in Q for any T > 0, then we have
(a, b)Y ), T) = 0 in Q. Thus in the sequel, we shall prove the property of the propagation of singularities
for system (4.9). Note that (4.2) is a well-posed system, and (a, (b;)Y.,), defined in (4.8), for (u, (v;)X,), the
solution of (4.2), is a solution of (4.9). We never solve (4.9) directly in €; indeed we are missing a boundary
condition for it which would be needed to formulate a well-posed problem. Therefore, when we say (a, (b;)Y ;)
satisfies the system (4.9), it always means that (a, (b;)Y,) is defined by (4.8) using the solution of (4.2).

For the rest of this section, we focus on the multimode case. For the case of single mode, see Remark 4.14.

Let us now briefly describe the steps to show a lack of null controllability result for (4.2). As mentioned earlier,
our aim is to construct particular initial data (ug, (vi,0)Y_;) so that a, defined as in (4.8), has a singularity outside
the support of control f. This is done in the following four steps:

Step 1. At first, we study the property of the propagation of singularities for a system similar to (4.9) in the
whole space R?. More precisely, we consider the following system

pa; = S Abs, in R x (0,T),

(b:)e + Nib; = ki@ inR? x (0,T), i=1,...,N, (4.10)
6(~,0):60, bi('70):bi70, ’iil,...7N7 iHRd,

where a(z,t) € R and b;(z,t) € R. We will construct (do, (gi70)i1\;1) having a singularity at g € 2\ O, and show
that (a(-,t), (b;(-,t))Y,) has a singularity at x( for any ¢ > 0 (see Prop. 4.7).

Step 2. Next, we show that if (aq, (b;0)Y.;) agrees with (@, (b; o)X ;) in a small neighbourhood of zg, then

there is a region in 2 x [0, 7)) containing (z0,0) such that (a, (b;)~_,) coincides with (@, (b;))Y,) in that region

(Thm. 4.10). This is proved using an extension of Holmgren’s theorem (see [9], Thm. 8.6.8).
With the above uniqueness result, we then conclude that a(:,t), defined in (4.8), has a singularity at xg
for t < Ty and for some Ty > 0 (Cor. 4.11), provided (ug, (vi0)Y.;) is such that (ag, (b;0)Y.;) agrees with

(o, (bip)Y;) in a small neighbourhood of z.

Step 3. At this step, we show that the singularity of a propagates for all ¢ > 0 (Thm. 4.12). This is proved using
‘Hormander theorem’ (see [9], Thm. 8.3.3’) or a generalization of it which allows for multiple characteristics.

Step 4. In the final step, we show the existence of (ug, (vi0)~X.,) € Vi x (V)N so that (ao, (bio)X,) agrees

with (@o, (bi0)Y.;) around a small neighbourhood of z (Lem. 4.13).

4.2. Basic tools of microlocal analysis

In this subsection, we first recall some preliminaries and standard tools which are useful to study the propa-
gation of the singularity of solutions of PDEs. We also recall Theorem 8.6.8 from [9] and Theorem 8.3.3" from
[9], which are the main ingredients of our proof.
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Let us consider the expression P(z, D) defined by

= > Cu(z)D

la|<m
where

Hled

e § :
D® = 8(118(12 aad7 Oé:(Oél,OéQ,..., d ) |C¥| Qs
11052 -0y

and Cq(+) is the coefficient of D.
Definition 4.2 (Principal symbol). The symbol of the expression P(x, D) is defined by

P(z,i€) = Y Calx VEERY,

|a|]<m

where £ = £ €52 - - €. Moreover, the principal part of the symbol is

(2, 7€) = Zc V¢ e RY

o=
Definition 4.3 (Characteristic). A characteristic surface of P(z,D) = 3_, <,, Ca(z)D* at x € R? is a C*
surface S C R? with normal ¢ at a point € S satisfying p,, (z,i€) = 0.
We recall Theorem 8.6.8 from [9], which is an extension of Holmgren’s uniqueness theorem.

Theorem 4.4. Let X; and X be two open convex sets in R such that X1 C Xs. Let P(D) be a differential
operator with constant coefficients. Then the following are equivalent:

1. Every u € D'(X3) satisfying P(D)u = 0 in X5 and vanishing in X1 must also vanish in Xs.
2. Every hyperplane which is characteristic for P(D) and intersects Xo also intersects X .

Next, we recall the definition of wave front set of any distribution u € D’'(X), where X is an open subset of
R? x (0,T). For any u € D'(R¥*1), X(u) is a subset of R4T1\{0} containing (&, 7) € R¥1\{0}, such that there
is no conic neighbourhood V of (¢, 7) in R¥*! satisfying

[F)(C,0)] < Cn(1+(CO)™™, VI(0) eV

for all m € N and some positive constant C,,, where F is the Fourier transform in R%*1.
For any u € D'(X), where X is any open set of R? x (0,7, we define for all (z,t) € X,

Sy (u) = N S (pu).

PeC (X),p(w,t)7#0

We recall Definition 8.12 from [9].

Definition 4.5. Let u € D’(X), where X is any open set of R? x (0, T'). Then the closed subset of X x (R%\{0}),
defined by

WF(u) = {((z,1),(£,7)) € X x (RN{0}) | (§,7) € Bz, (u)}
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is called the wave front set of u. The projection of W F(u) onto X is the singular support of u.
We recall Theorem 8.3.3', page 278 in [9].

Theorem 4.6. Let P(D) be of real principal type and principal symbol py,. If u € D'(Q2 x (0,T)), P(D)u = f
and ((zo,t0), (&, 7)) € WF()\WF(f), then ppy,(i€,i7) =0 and I x {({,7)} C WF(u), provided I C Q x (0,T)
is a line segment containing (zo,to) with direction Vpy, (i€,i7) such that I x {(§,7)} does not meet WF(f).

We note that our definition of the principal symbol above differs from that of [9] by a power of i.

4.3. Lack of null controllability for multimode Maxwell system

In this subsection, we give the precise statements and proofs that we mentioned in Section 4.1. First we prove
the following proposition:

- ~ 0 o .
Proposition 4.7. Let g € Q\O and any T > 0. Let ag = 6—([ — A)7*5,, (the derivative with respect to xo
€T2

is included because ay should be the first component of a curl), and (Z 0), be chosen suitably. Then, we have
that (z9,t,£,0) € WF(a), for allt € (0,T) and & € R? with & # 0, where ( (b)N.,) is the solution of (4.10).

Proof. We recall (4.10) in R x (0,T),

N
pay = ZA’BJ- in R? x (0,7),

(b;): +)\b =r;a inR*x(0,T), j=1,...,N,
a(, )—CLQ7 bj('7 ):bj)o, iZl,...,N, ian.

Now using Fourier transform, we obtain the following Ode

N
pas(§,t) = =67 > b;(&,1) iR x (0,7),
A ']:
(0;)e(&,8) + A4 b (&, )jifjg(g t) j= 1,...,N inR? x (0,7T),
d( 70) :do(é-) 7’5 (1+|€[|)2)k7 ( ) ( ) in Rd.

Denoting the matrix in the above ODE by E(f), the solution of the above system can be written as

(@, (b)) M) (6, 1) = O, (b)) T(€), VEERY, Vi>o0. (4.11)
We can show that {14;(€)} 1!, the eigenvalues of A(9), for all £ € RY, satisfy
1 a Kj
=162 —L _— VEeRY 4.12
il ;1 pE) + A (12

Note that, for all £ € R?, there always is a root of (4.12), denoted by u1(£), between —\y and —\;. Moreover,
we can write the equation (4.12) in the form F(u,1/|¢|?) = 0 with F analytic and use the implicit function
theorem to show that p;(€) asymptotically satisfies

M.
+ 24 as  |¢] = oo, (4.13)

&) =wo + 1o + g
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j=1 ;H—JA
The cigenfunction of A(£) corresponding to p1(€) is (1, C; (5)) 1), where

where wy is a solution of Z =0 and for all k¥ € N, M}, is some constant.

C;(€) = PRGESY Vi=1,...,N. (4.14)
We choose
R —ix0.§
bjo(§) = i&m@@% VY j=1,...,N,

so that (do(&), (Bj,o(g))f’:l) is an eigenfunction of A(¢) corresponding to s (€) and hence for all t > 0,

e—iT0

a. (0N T — et (§)t; y——
( a(bj)]_l) (gat) g ( +|€| )

=(L(C5(9)L)T, VEeR™ (4.15)

To prove ((zo,t0,&,0) € WF(a) for all tg € [0,T) and ¢ € R?\{0}, it is enough to show that for any 1 €
C(S) with (xg,t0) # 0 and ¢ > 0, the Fourier transform of (ya) in R4+ satisfies

Cl&a|

[ F(ga) (&, 0)] > AT epr

(4.16)

for some positive constant C, depending on v, and for |{| — oo along any ray where &3 # 0. The fact that it
suffices to consider positive ¢ follows from Lemma 8.1.1, page 253 in [9].
We have

F(va)(&,0) = / / @G, t)ap(x, t) da dt

= fo (xo,t fRde 286 (z,t) dxdt—|—f0 leRd e~ wSep(x, t)a(z, t) de dt
> |f0 (20,1) Jga e %a(x, t) dadt] — | [y [pae ™™ Sop(x, t)a(z, t) dz di),

(4.17)

where ¢(z,t) = ¢(z,t) — 1h(zo, t). To estimate a lower bound of F(¢a)(£, 0), the first term in the RHS of (4.17)
can be estimated as follows:

[ vteot [ e=Satenaran = ([ st enia @ a)ie)

Moreover, we have |ag(€)| > C|&|/(1 + |€]?)*, and

T T
/Ow(xo,t)exp(m(g)t)dtz/o w(xo,t)exp(wot)dt+O(1/\£|2),

and the first term on the right hand side is positive. For |{| — oo along any ray where £ # 0, we thus obtain a
lower bound of the first term in the RHS of (4.17) which is of order |£|'~2F,
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For the second term in (4.17), we find

/OT /Rd e S ((x,t) — (2o, t))a(x, t) da dt
- ﬁ (/OT /Rd Q€ = GOB(C 1) dCdt /OT a(¢.1) /Rd B¢ et acat).

It is convenient to write

a(¢,t) = e 0Cp(C, 1), ((,t) = e 0 Cq((, ).

With this, the second term in (4.17) becomes

T
ﬁe_ig'%/o /Rd(p(é—cvt) —p(&:1)q(¢, 1) dC dt. (4.18)

For fixed ¢, we further investigate

/Rd(p(g = (1) = p(&1)q(¢, 1) d¢
= Jici<eie] @€ = G, 1) = (&, 8))a(C, 6) A + [¢5¢ (P(E = ¢, 1) = p(E,1))a(C, 1) AC.

As [¢] = oo along any ray where & # 0, |p(€,t)| is proportional to |¢[*~2*, and for (| < €|¢| and e sufficiently
small, [p(¢ — ¢,t) — p(&,t)| is bounded by a constant times €|¢|!~2*. Since ¢ is integrable, this bounds the first
integral by a constant times €/¢|*2¥. On the other hand, |¢(¢)| is bounded by a constant time |[¢|~™ for any
choice of m, which bounds the second integral by a constant time (e|¢|)9~™. O

Remark 4.8. Note that in Proposition 4.7, @y € H?*~™~! where m > d/2 and d = 2,3. For all j = 1,..., N,
we obtain b; o by taking the inverse Fourier transform of b, and in the above proposition b; ¢ is chosen as

e~ 0§

bjp(f) =& W

C;(€), ¥ j=1,...,N,

where C;(§) is defined in (4.14). Thus, it also follows that for all j =1,--- | N, Fl;j’o belongs to H?*~™~1 for

m >d/2 and d = 2,3 and ’l;j,o = 85’;’2", for some g;0 € H?k—™.

We also note that for a given s > 1, choosing k large enough we can make (ay, ((bj’o)évzl) in H* x HTL

Next we want to make a connection between (a, (b)) and (a, (Ej);,\le) where (a, (b;)},) is defined in (4.8)
and (a, (gj)évzl) is the solution of (4.10). As mentioned earlier, we want to use Theorem 4.4. To do it, we reduce
the system satisfied by (a, (bj);-vzl) into a single equation for a. Applying Hjil(at + A1) to (4.9), and using
(4.9),, we get

N N
14 H(@t + /\jI)at = Z Kj (8t + )\jI)Aa + H(@t + /\jl)(curl f)l in  x (O,T),

j:l =1 j;tfz j:l (4.19)

N
1
a(-,0) =ap, Owa(-,0):=a1 = ;A E bio + (curl f)1(-,0) in €,
i=1
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and the initial conditions for higher derivatives are calculated recursively from (4.9) in a similar fashion. Note
that the terms involving (curl f);(-,0) in initial conditions of (4.19) vanish in Q\O because f has support
inside O. Since for us, it is enough to consider (4.19) in a neighborhood of zy, in Q\O, we consider (4.19) on

O\O x (0,T) and hence we do not need to assume any regularity for (curl f);.
We introduce the linear differential operator defined by

N
P(Da—pH (O +ADay — Z/ﬁznﬁt—t—)\l (4.20)
j=1 =1 Ve
With the above notation, (4.19), can be written as

P(D)a = F, (4.21)

where

F =

—

(@ + M) (curl )y (4.22)

J

Note that in (Q\ O) x (0,7), P(D)a = 0 in the sense of distribution. From Definition 4.2, we get the symbol
for P(D), defined in (4.20), as

N
P(i&,ir) pr (i 4+ Xj)(iT) + ann (iT + X)) €)%, (4.23)
m=1 j#m
and the principal part of the symbol is
N
pr (i€, ir) = (im)N ! (‘PTQ + Z fim|§2> . (4.24)
m=1

Now we derive the equations for the characteristic surfaces for P(D) (see Def. 4.3).

Lemma 4.9. Let P(D) be defined by (4.20). Then the characteristic surfaces for P(D) are given by

x-%+ﬁt=0h x-%—ﬁt:Cg, z-£=C5 VzeRy teR, (4.25)

~ N
for any & € RY, where 1] = > i=1K4/p-
We prove the following theorem

Theorem 4.10. Let us consider the region in Q@ x (0,T),

S=A{(,1)]0<t<Tp, |r—az|<n(To—1)}

forn = \/Z;V:l Kki/p, a cone at the center (o, Tp), where xg € Q\O and Ty is chosen such that

So:={x e Q||x— x| <NTo} C Q and Sy N O is empty.
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Let (ao, (bio)N.1) be as in Proposition 4.7 and (a, (gz){il) be the solution to the system (4.10) constructed in
Proposition 4.7. Let us assume that (uo, (v o)1) € V& x (VETHN be such that

ap(z) = ao(x), bio(x)=bio(x), i=1,2,...,N, forallx € Sy, (4.26)
where (ag, (bi0)N.,) is defined as in (4.7). Then
a(z,t) =a(x,t) for all (x,t) € S, (4.27)

where (a, (b;)Y.,) is defined by (4.8).

Proof. We first note that (a, (b;)~) is the solution of (4.10) if and only if @ satisfies

N N
pIl@+xDa = > w0 +NDAa in R x (0,T),
= =1 g7 (4.28)

N
~ 1
(-,0) = ao, 0a(-,0) =a1 = ;A E bi.o,
i=1

=

J

N

and, recursively,

N
~ 1
bi,m = _Aibi,mfl + KiQm—1, 8fl+1a(~,0) = Om+1 = -A Zbi’m’ m = 1, ey N —1. (429)
p i=1

Similarly, if (a, (b;)Y ) satisfies (4.8), ‘a’ satisfies (4.19).
Let us define

X1 ={(z,t) | -To <t <0, |z—zo|<nt+Tp)},
X2 = {(x,t) | —TO <t< T‘(], ‘.’E - CL'()| < ﬁ(/r() - |t|)} (430)

It is easily checked that every characteristic plane which intersects X5 also intersects X;. We can define

_Ja(z,t) —a(x,t), if (x,t) €8,
ole,1) = {o, if (1) € X1 (4.31)

Since a and @ have identical initial conditions, it follows that ¢ is a solution of (4.19) in X5. By Theorem 4.4,
it follows that a = a in S. O
A simple consequence of the above theorem and Proposition 4.7 is:

Corollary 4.11. With the assumptions and notations in Theorem 4.10,
(20,t,€,0) € WE(a), forall t € (0,Tp) and ¢ € R with & # 0.

Now we want to apply 4.6 to the pde (4.21). However, Theorem 4.6 applies to our problem only in the case
N = 2. The reason is that, for N > 2, Vpxn1(i€,0) is identically zero, due to the factor (i7)V~! appearing in
pn+1. However, a generalization to this case exists: it depends on the Levi condition. In our case this condition
is met, due to the fact that no term in the symbol of P involves a power of £ higher than the second, see (4.23).
Instead of taking a line in the direction of Vpy1, which is zero, we can then take a line in the ¢-direction. For



24 D. MAITY ET AL.

a general statement of the theorem extending Theorem 4.6 to the case of multiple characteristics we refer to
Theorem 5.3, Chapter 4 in [6].
Using Theorem 4.6 and its analogue for multiple characteristics, we derive the following result.

Theorem 4.12. Let O, the support of f, be a proper subset of 2, xo € Q\O and T > 0. Let us assume that
(wo,t0,&,0) € WF(a), for some ty € (0,T) and & € RY with & # 0, where a satisfies (4.21). Let us consider the
line segment It in Q x (0,T), defined by

It = {(z,t) e 2 x (0,T) | 2 = xp}.

Then (I x (&,0)) is contained in WF(a).

Proof. Let zo € Q\O and Ty, as mentioned in Theorem 4.10. We also assume that (xg,to,&,0) € WF(a), for
some tg € (0,Ty) and x € R? with & # 0, where a satisfies (4.21). Note that for any ¢ € R, and & # 0,
((xo,t0), (&,0)) does not belong to WF(f), since (zg,to) is outside of the support of f. Let us notice that for
any T > 0, the line segment I, containing (xg, o), never intersects O x (0,T), the support of f and so, we can
find a characteristic function xo supported in a small neighbourhood of I+ and disjoint from O x (0,7") such
that xof = 0. Thus, we can show that (Ir x (£,0)) N WF(f) is empty, for any ¢ € R? and & # 0. Now from
Theorem 4.6 or the corresponding Theorem 5.3, Chapter 4 in [6], it follows that for any 7' > 0 and ¢ € R4,
(It x (£,0)) C WF(a), where a satisfies (4.21). O

Next we have the following lemma which helps us to reconstruct the initial data.

h
Lemma 4.13. Let 79 € Q, hg € H*(RY), s > 1 and ap = %. Then there exists ug € V() such that

T
(curlug); = ap in a neighbourhood of xg. (4.32)
Proof. Let us define
—h 0 if d=2
Hy = | (Thole,0) i . (4.33)
(0,0,hglq) ifd=3

Then we get Hy € (H*(Q2)) for s > 1, and
(curl Hp)1(z) = ag(z) for all z € Q.

Now, using Lemma 3.7, from this Hy € (H*(Q2))%, we reconstruct ug € Vg (Q) satisfying (4.32). O
Now we are in a position to prove Theorem 2.3.

Proof of 2.3. We prove by contradiction. Let us assume that, for any initial conditions in V' x (VOSH)N , there
exists a control f with support in O, a proper subset of €, such that the solution of system (4.2) satisfies

(v, (v)iL,) (-, T) = (0,0), in Q.

Next, we extend the system (4.2) on Q x (T,2T) with the control f = 0 and the solution of the system is
still zero on the time interval [T, 2T). In particular,

a(t) =bi(t)=0, in Q, Vte[l,2T),i=1,2,...,N, (4.34)

where (a, (b;)Y.,) is defined in (4.8). Our aim is to construct a suitable (ug, (v;0)X;) in Vg x (V)N such
that the above assertion fails.
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To construct (uo, (v;0)X,), let us set

et ,
ho = (I — A>_k(5IO and gi,0 = ]:5 1 (WCZ(O) , 1= 1,2, .. .,]\77 (435)

where C;(€) is defined in (4.14) and F~! is the inverse Fourier transform. Then we see that

ao(+) = agi(z) and EO()

_ 9gi0()
6LE2 ’

i=1,2,...,N, (4.36)

where (dg, (b o)) is same as in Proposition 4.7. Next, we construct (ug, (v; o)) from the above (ao, (b;0)Y.;)
using Lemma 4.13, such that (ug, (vio)N,) € Vi x (VET)V, for a suitable choice of k in (4.35) as mentioned
in Remark 4.8 and
ap(z) = (curlug)r(z) = ap(x), Yz € So, (4.37)
bio(z) = (curlv; 0)1(z) = bio(z), i =1,2,...,N, VzeS, '
where Sy is defined as in Theorem 4.10.
With the above choice of (ug, (v; )Y ;) all the assumptions of Theorem 4.12 and Corollary 4.11 are fulfilled.
Therefore, using Corollary 4.11 and Theorem 4.12, we conclude that

(z0,3T/2,&,0) € WF(a), for all £ € R? with & # 0,

which is a contradiction to (4.34). Consequently, the system (4.2) is not null controllable. This completes the
proof of Theorem 2.3. O

Remark 4.14. In the case of the single mode Maxwell system, the characteristic surfaces of the operator P(D)
defined in (4.20), for N =1, are

x~|§7+ﬁt:cl, x%‘ﬁh% Ve R tER, (4.38)

for any & € R%, where 77 = 4/ Z;\f:l kj/p. Therefore, results similar to Theorem 4.10 and Corollary 4.11 are also

applicable to the analogous system for the single mode case, where the singularity of the solution propagates
along the characteristics given by (4.38). Hence, for any proper subset O of 2, there exists a Tp, such that the
single mode Maxwell system cannot be null controllable at any time T, for 0 < T' < T}, using a control localized
in O.

We note that (4.9) in both cases of single mode and multimode has the property of finite speed of propagation
(this can be proved in a fashion similar to Theorem III.13 in [22]). Hence even approximate controllability is
impossible until the domain of dependence of the controlled region has expanded to encompass all of 2. This
provides a (non-optimal) lower bound for Tj in Theorem 1.4.

In contrast to the case of the multimode Maxwell system, there is no vertical characteristic of P(D) in (z,t)
plane and Theorem 4.6 is not applicable to the single mode case. In fact, for time T sufficiently large, the single
mode Maxwell system is exactly controllable at time T using a localized control (see Thm. 4.1 and the next
paragraph in [3]).
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