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ABSTRACT. In this paper, we consider the Stokes equations in a two-dimen-
sional channel with periodic conditions in the direction of the channel. We
establish null controllability of this system using a boundary control which acts
on the normal component of the velocity only. We show null controllability of
the system, subject to a constraint of zero average, by proving an observability
inequality with the help of a Miintz-Szasz Theorem.

1. Introduction. We consider a viscous incompressible fluid flow in a two dimen-
sional periodic channel, defined by (z,y) € (—o0,00) x [0, 1], with the walls located
at y = 0 and y = 1. So the boundary of the channel is split into two parts,
namely the upper and the lower part. The Navier-Stokes equations for a viscous
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incompressible fluid for (x,y) € (—oo,00) x (0,1) C R? and t € (0,7 are

8—g(x,y,t) + (U(z,y,t).VYU(t, z,y) — vAU(x,y,t) = Vp(x,y,t
V(z,y,t) € (—o0,00) x (0,1) x (0,T

div U(z,y,t) = 0, V(x,y,t) € (—o0,00) x (0,1) x (0,T
T

ot

)

)
)

) (1'1)

)

U(x,0,t) =(0,0), U(x,1,t) = (0,¢(x,t)), V(x,t)€ (—o0,00) x (0,
U+ L,yt) = Ulz,y,t), ple+Lyt) = ply
V(z,y,t) € (—o00,00) x (0,1) x (0,T),
U('Ivyao) = (Uo(.f,y), UO( )) (xvy) € (—OO, OO) X (07 1)5
where U(z,y,t) = (u(x,y,t),v(z,y,t)) denotes the velocity of the fluid in R?
p(z,y,t) denotes the pressure and ¢ is the boundary control. The viscosity co-
efficient v is assumed to be a positive constant and L is any positive number. A
simple stationary solution (with ¢ = 0) of system (1.1) is given by (U, p) = (0,0,0),
corresponding to a fluid at rest.
We assume that both the velocity field U = (u,v) and the pressure p are L
periodic in the first spatial coordinate x .
Here we consider the following linearized system of (1.1).

ou

T vAU = Vp in (—o0,00)x (0,1)x (0,7),
divU = 0 in (—o0,00)x (0,1)x (0,T),

U(x,0,t) = (0,0) V(x,t)€ (—o0,00) % (0,T),

Uz, 1,t) = (0,9(z,t), VY(x,t)€ (—o0,00)x(0,T), (1.2)
U+ L,y,t) = Ulx,y,t), V(x,y,t)€ (—o0,00)x (0,1)x (0,7T),
p(x+ L,y,t) = plx,y,t), V(x,y,t)e€ (—o00,00)x (0,1)x (0,T),

U(z,y,0) = Uo(z,y), V(z,y)€ (—o0,00) x (0,1)x (0,T).

Definition 1.1. The system (1.2) is null controllable in a Hilbert space Z at time
T > 0, if for any initial condition Uy € Z, there exists a control ¢ such that the
solution U of (1.2) with control 4 hits 0 at time T , i.e. U(T) =

Our goal in this paper is to study the null controllability of the linearized system
(1.2) by using a control ¥ acting only in the normal direction on the upper part of
boundary. Due to the incompressibility condition div U = 0, we necessarily have

/L Y(z,t)de =0, Vt € (0,T). (1.3)
0

The main obstacle to null controllability using only one control acting in the
normal direction of the boundary is as follows. In (1.2), we denote U(x,y,0) =
Uo(z,y) = (uo,v0) and U = (u,v). Taking a dot product between (1.2); and
(sin(mry) ) and then using an integration by parts on (0, L) x (0,1) and the con-
dition ( , we get

/ / u(z,y,t) sin(nmy) dy de = —vn’n / / (x,y,t) sin(nmry) dy dz.

Consequently,

L 1 L 1
/ / u(z,y, T)sin(nry) dy de = emv(nm)*T / / uo(x,y) sin(nry) dy dz.
o Jo o Jo
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Thus U(x,y,T) = (0,0) implies that the initial condition Uy(z,y) has to satisfy

/ / uo(x,y)sin(nry)dyde =0, ¥neN. (1.4)
o Jo

So there are infinitely many directions, namely (sin(Iwy),0),! € N, which are not
null controllable by the control acting in the normal direction of the boundary. Note
that the subspace spanned by these directions is infinite-dimensional. The question
then arises whether the system is null controllable in the orthogonal complement of
this subspace, and this paper will answer this question affirmatively.

In view of this discussion and (1.3), we study the null controllability of the
linearized system by using the control acting in the normal direction of the boundary
with appropriate constraints on the control and initial condition, i.e.

8—U—VAU—Vp in  (—o00,00) x (0,1) x (0,T)

ot (
divU =0 in (—o00,00)x (0,1) x (0,T),
U(z,0,t) = (0,0), V(x,t) € (—o0,00) x (0,T),
U(xvlat) = (O,1/)(:Z?,t)), V(:E,t) € ( o0 OO) (Oa )a

P
Uz + Lyy,t) = U(x,y,t), Y(x,y,t) € (—00,00) x (0,1) x (0,
p(z+ L,y,t) = p(z,y,t), V(z,y,t) € ,00) x (0,1) x (0,
U(x,y,()) = Uo(iE,y) = (uo(x,y),vo(x,y)), V(Iay) € ( ) (Oa

L
/ uo(w,y)dz =0, Vye(0,1).
0

)

T
T
T
(x,t)de =0, Vte (0,T)
T)7
T)
1)

)

Using spectral methods we prove null controllability for Uy belonging to VO)H(Q)

L
with / uo(x,y)dx = 0, for all y € (0,1), where Vg_n(Q) denotes space of L-
0 :

periodic divergence free L? vector functions which have normal trace zero. (For
details of the function spaces, see Section 2.1). This is the main result (see Theorem
3.1 in Section 3) of this paper.

As far as we know there are no prior null controllability results using one normal
boundary control for the Stokes system (1.2).

The proof of the null controllability result relies on an observability inequality
(see Section 3) for the solutions of the adjoint system and the spectral analysis of
the linearized operator. The spectrum of the Stokes operator lies on the left side
of the complex plane. It consists of a family of real eigenvalues, which diverges to
—o0. Moreover, explicit expressions of eigenvalues and eigenfunctions in terms of
a Fourier basis are obtained. This helps to split the observability inequality into
observability inequalities corresponding to each Fourier mode of the adjoint system.
The observability inequality for each mode will be established using a parabolic type
of Ingham inequality. The proof that the observability inequality (Lemma 3.3) for
the kth Fourier mode holds with a positive constant C'r, independent of k, is the
key result in this work.

The stabilization of the incompressible Navier-Stokes system in a 2-D channel
(with periodic conditions along the x axis) linearized around a steady-state parabolic
laminar flow profile (L(y),0) has been studied in Munteanu [12] and Barbu [4].
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In particular, Munteanu in [12] proved that the linearized system of (1.1) around
(L(y) = C(y* — y),0) is exponentially stabilizable with some decay rate w,0 <
w < vr? by a normal boundary, finite-dimensional feedback controller acting on the
upper wall T'; (y = 1) only. A similar stability result for this linearized system when
the normal velocity is controlled on the both walls T'g(y = 0) and I'; (y= 1) of the
channel is proved by Barbu in [4]. In [3], Barbu established that the exponential
stability of the linearized system around (L(y),0) can be achieved using a finite
number of Fourier modes and a boundary feedback stochastic controller which acts
on the normal component of velocity only. In the present paper (see Section 2.2), we
also notice that the incompressible Navier-Stokes system (1.1) linearized around the
origin (0, 0) is stabilizable using only a normal boundary control, with any decay
rate w such that 0 < w < v7w?. Thus we know that the exponential decay rate can
be at most v7? for the linearized system. (See also equation (96) in Section 9 in [12]
or Section 2 in [6]). A similar situation occurs also in Triggiani [16] for a linearized
system where homogeneous boundary conditions on the tangential component u of
the velocity are of Neumann type.

The boundary stabilization of Navier-Stokes equations, with tangential con-
trollers or normal controllers was studied in two dimensions, for example by Barbu
[5, 4], Munteanu [13], Coron [17], Krstic [18],[1], [2], Raymond [15]. In most of these
papers, either there are sufficiently many boundary controls so there are no missing
directions, or stabilizability is proved but with no specific decay rate (except in
[15]). In contrast, in this work we are using only one boundary control (acting on
the normal component of velocity) on the upper part of the boundary and we are
looking for null controllability instead of stabilizability.

In [6], Chowdhury and Ervedoza proved a local stabilization result for the viscous
incompressible Navier-Stokes equations (1.1) at any exponential decay rate by a
normal boundary control acting at the upper boundary. The linearized system
around zero is exponentially stable with decay rate vw? but not stabilizable at a
higher decay rate. To overcome this difficulty, the idea is to use the nonlinear term
to stabilize the system in the directions which are not stabilizable for the linearized
equations. The argument is based on the power series expansion method introduced
by J.-M. Coron and E. Crépeau in [8] and described in [7, Chapter 8].

Coron and Guerrero in [9] consider the two-dimensional Navier-Stokes system in
a torus. They establish the local null controllability with internal controls having
one vanishing component. Note that in their case also the linearized control system
around the origin is not null controllable. In fact for the linearized system infinitely
many missing directions are there corresponding to

2nmx I\ 2nmx
cos
L 2 L

A1 sin nezZ, MNeR, =12 L>0,

like our case here for sin(nmy). But in [9] the nonlinear term helps to get this
null controllability using the return method. Coron and Lissy proved in [10] local
null controllability for the three-dimensional Navier-Stokes equations on a smooth
bounded domain of R3 using localized interior control with two vanishing compo-
nents. In this case also, the linearized system is not necessarily null controllable
even if the control is distributed on the entire domain. They show local null con-
trollability using the return method together with a new algebraic method inspired
by the works of M. Gromov. For our system also the study of null controllability
for the nonlinear system (1.1) is an open question. Moreover null controllability of
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the linearized and nonlinear system when control is localized is an interesting issue.
These are interesting challenges for future research.

This paper is organized as follows. In Section 2, we introduce function spaces re-
quired for our analysis. Then we study the behavior of the spectrum of the linearized
operator and well-posedness of the linearized system (1.2) and the corresponding
adjoint system. In Section 3, we split the observability inequality into observability
inequalities corresponding to each Fourier mode of the adjoint system. Thereafter
we give the completion of the proof of the observability inequality using a Miintz-
Szasz Theorem for each mode and showing uniformity of the constant arising in
the observability inequality. In this fashion, null controllability (Theorem 3.1) is
proved.

2. Spectral analysis of the Stokes system. In this section we study the Stokes
system using its modal description. In particular, we identify the modes which are
null controllable for the linearized system.

2.1. Functional framework. Let
Q={(z,y) eR*: 0<y <1}
with boundary I'=TcUT; , where
T ={(z,y) eR*:y=4i},i=0,1
and
Qr=(0,L)x(0,1), forL >0.
Define L§ (Q) as
Lg(Q) = {f € L2 () : fla, € L*(), f(x + L,y) = f(x,y) for a.e. (z,y) € Q}
We also define the space
Hy(Q) ={f € L{(Q); fla, € H'(Q1), f(2,0) = f(z,1) =0,
f(0,y) = f(L,y) in the trace sense}.

Let us denote the vector valued functional spaces:
L (Q) = L{(Q) x LF(Q), Hy(Q) = H{(Q) x H; (%),

and Hﬁ_l(Q) is the dual space of H; (Q).

We now introduce the following spaces of divergence free vector fields:

VY ,(Q)={U = (u,v) e L{(Q); divU=0, Un=0onTl},
(here the subscript n indicates the vanishing of the normal component) and
Vi(Q) ={U = (u,v) € H{(Q); divU =0}.

We also denote the dual space of V() by Vﬁfl(Q).

We also define the space of L? functions in (0, L) having mean-value zero by
L?(0,L), i.e.,

. L
L*(0,L) ={g € L*(0,L) | /0 g(z) dx = 0}.

Let us denote by P the Helmholtz orthogonal projection operator from Lﬁ(ﬂ) X
L3(9) on to VY, (), defined as

P(f) =T —=v4
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where ¢ is the weak solution of

0
Ag =divf, 9 _ fnonTl.
on
Further, taking ¢» = 0 in (1.5), the linear operator associated to (1.5) is the
Stokes operator A = vPA | with domain D(A) = H*(Q) NV} ((Q) in VY (Q).

The next lemma recalls well known properties of the Stokes operator.

Lemma 2.1. The operator (A, D(A)) is the infinitesimal generator of a strongly
continuous analytic semigroup (') >0y on VY. (Q). The operator (A, D(A)) is
self-adjoint in VO)W(Q), i.e D(A) =D(A*) and A = A*.

2.2. Linearized system and its modal description. Here we study the lin-
earized system with a normal boundary control ¥ and some details of the spectrum
of the corresponding linearized operator.

The adjoint problem corresponding to (1.5) is

0

5 = vAD® + Vq in (—o0,00) % (0,1) x (0,T),

div® =0 in (—o0,00) x (0,1) x (0,7,

O(z,0,t) = (0,0) = @(z,1,¢t), V(x,t)€ (—o0,00)x (0,T),
O(x+ Ly, t) = ®(x,y,t), V(x,y,t) € (—o0,00) x (0,1) x (0,T), (2.1)

q(x + L,y,t) = q(z,y,t) V(x,y,t) € (—o0,00) x (0,1) x (0,7T),

O(z,y,T) = Pr(z,y), V(x,y) € (-00,00) x (0,1),

L
/@T(:v,y)dx:O, Vye(0,1).
0

Let us consider the eigenvalue problem A® = A® = vPA® (to limit the number
of different symbols, we use the same letters for the eigenfunctions as for the solution
of the adjoint), i.e.

AP —vAD = Vg, divd =0,
®(x,0) = (0,0), P(z,1)=(0,0), (2.2)
Px+Ly) = P(x,y), ql@+Ly) =qzy).
We expand (®,q) = (¢,&, q) into Fourier series:

dlay) = Y dr(y)e™,

keZE7Z

Ery) = ) &lye™,
ke2Z7

ax,y) = D ay)e™™.
ke2%7

The eigenvalue problem for (¢, &k, qr) is
A+ vE) o1 (y) — voi(y) = ikar(y)
A+ B (y) —vEl(y) = di(y) (2.3)
ikor(y) + &(y) = 0
¢r(0) = ¢ (1) = &(0) =& (1) = 0.
The cases k # 0 and k = 0 need to be considered separately.
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For k # 0 we have
V& (y) — (A + 207 (y) + k(A + vE)&i(y) = 0in (0,1)  (2.4)
€k (0) = &(1) = §,(0) = §,(1) =

The eigenvalue problem for (¢, &k, qr) when k = 0 is

Ao(y) —veg(y) = 0,
Ao(y) —v&y(y) = @y,
&ly) = 0, (2.5)
$0(0) = ¢o(1) = £0(0) =&o(1) = 0.

‘We have

0=0,q90 = C,do(y) = Dsin(nwy), A = —vr°n®,n € N.
§ q Yy Yy

Since (D sin(nmy), 0,0) is a solution of the eigenvalue problem (2.5) for eigenvalue
A =
(D

—vm?n?,n € N, the solution of (1.2) with control zero and initial condition

sin(nmy),0), for any n € N, is

(u(a,y. 1), vl y. 1), pla, . 1) = e (Dsin(nmy),0,C).

Thus, the solution is exponentially decaying at the rate —vz?. But we cannot get
any arbitrary decay for the system (1.5) using only the normal control ¢ and the
mode for £ = 0 is not null controllable. To control it, we would require some
additional tangential control.

The following lemma summarizes some elementary facts about the eigenvalues

and eigenfunctions for nonzero k.

Lemma 2.2. We have the following results regarding the spectrum of the linear
operator associated to (2.3) and its eigenfunctions.

1. The spectrum of the linear operator associated to (2.3) is real. The resolvent

of the linear operator associated to (2.3) is compact and hence its spectrum
consists of a set of isolated eigenvalues.

If N> —vk?, for all k € 2T”Z,k #£ 0, then & = 0 for all k # 0. Thus, the

spectrum of the linear operator associated to (2.3) is a subset of (—o0, 4L’T2 v)
and in particular, eigenvalues for the kth mode satisfy A\, < —vk? for all
ke 227 —{0}.

In the following, let | be a natural number which counts the eigenvalues for
fized k in order of increasing magnitude. Since we have \g; < —vk®, we may

set fig; =/ —(k? + M), and we have fiy; € RT.

. Forallk € QT”Z— {0}, {\e.ts D15 €kt Qe Jren s the solution of the eigenvalue

problem (2.3), where

Ga(y) = Cr(wn)e™ 4+ Co(Mpr)e™ 4 Cy( gy )t 1Y
iAo, (26)
and, for all k € 227 — {0} and for all | € N, A\ satisfies
1 1 1 1
k —k k.1 —Hk,l
det ek ek etk e Mkl =0,

kel —ke F ‘ukﬁle#k,l —,Uk,lei‘uw
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where pup; = ifig,, and \g; < —vk? is necessary for a nontrivial solution.
Further, {¢k.1, k.1 }ien is an orthogonal family in (L?(0,1))2.
4. Qg satisfies
[sin(Fik,1) sinh(k)]fig ; — 2kfig[1 — cosh(k) cos(fik,.)]
—k?sin(fiy,;) sinh(k) = 0. (2.7)
In the following lemma we give some important properties of the positive, real
roots of (2.7). (In addition, (2.7) has negative real roots which lead to same eigen-

values A\, and a root at zero, which does not lead to an eigenvalue but is due to the
fact that the functions in (2.6) fail to be linearly independent in that case).

Lemma 2.3. The solution of (2.7) for all k € 227 — {0} satisfies:

1. For any small § > 0, there exists a (sufficiently large) ko € N, such that for
all k € 227 — {0} with |k| > ko, we have the following:

~2
a) If any root [ ; of (2.7), with |k| > ko and some j € N, satisfies “152’]' —
1| < 0, then it is unique between two consecutive zeros of sin(-).
~2
b) If the root i ; of (2.7), with |k| > ko and some j € N satisfies %—1‘ >

3, then it is unique between two consecutive zeros of cos(-).

¢) Moreover, ko can be chosen large enough such that the gap between two
consecutive roots of (2.7) for k € 22Z—{0} with |k| > ko is always greater
than ™ — €q, for some positive small constant ey > 0.

d) There exists a unique root i in (Im, (I + 1)), for alll € N.

2. For all k € 22Z — {0}, k # 0 and |k| < ko, there exist l, € N and Nj, € N,
where Ny, is the number of roots of (2.7) in (0, (Ix+1)m—%), and the following
hold:

a) for all 1 > Il + 1, there exists a unique root i ; of (2.7) in the ball
B(lrw,m/4), where j =1+ Ny — li, and the root in fact lies in the interval
(Ir — w/4,lr + 7 /4).

b) there is no root i of (2.7) between fig ; and fi jy1, where j =1+ Ny — I,
forl>1;+ 1.

¢) [k i+Ny—1, — T — 0 as | — 0.

3. For each fized k € 22Z—{0} and for alll € N, [iy, the root of (2.7) is simple.

4. For any k € QT”Z — {0}, there exists a ly € N, independent of k, such that
Lk, > jm/4, for all j > .

5. The solution fix, of (2.7) corresponds to % = —ﬁiyl—kQ for allk € 227—{0}
and for all | € N. For each fived k € 227 — {0}, and for all | € N, A\, is a
solution of the eigenvalue problem (2.3) with multiplicity one and there exist
positive constants C1 and C' independent of k,l, such that

. L !
1;1{ {Mi = Akggr} >C >0, and gz: (—Ak1) =G Z PN
0

where ly is introduced in the previous property.

Proof. 1.a) We consider the following rearrangement of (2.7):

17) = o — o8l — S sin@)

cosh
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We see that between any two consecutive zeros of sin(-), f changes its sign,
since, for all [ € N, we have
F(U+1)m) = —cos(l+1)m),  flim) =

— cos(In),

1 1
cosh(k) cosh(k)

and Wl(k) is small if |k| > ko, and k¢ is chosen large enough. Hence, there

exists a root of (2.8) between two consecutive zeros of sin(-).
Let us assume that the root of (2.7), denoted by fi ;, for some j € N,

~2

satisfies ’M,féj - 1’ < &, where § > 0 is small enough, and k € 2°Z — {0}

satisfying |k| > ko, where ko is large enough chosen later. We claim that,
for large enough kg and small enough 9§, this root is unique. For any ¢ > 0,
choosing k¢ large enough and ¢ small enough, we get that u, any zero of f(-)
satisfying ’g—j - 1’ < 0, obeys | cos(p)| < €, and hence this g must belong to

a small neighbourhood N, (with radius 0 < r < 7/4) of the zero of cos(+)
between two consecutive zeros of sin(-). Now, if there are multiple zeros of

f(+) between two consecutive zeros of sin(-) satisfying ‘2‘—2 - 1‘ < 6, the zeros
of f(+) will be in the neighbourhood N,. and between of two zeros of f(-), there
must be a zero of f/(-) in N,.. Further, we check

2

F) = etn(as) = 2;21}11&2)) [Cos(u)(l’:_;% 1) + Sink(“) (1- %; 1)}

and the zeros of f/(-) are in a small neighbourhood of the zeros of sin(-) due
to the choice of kg and § and we can make that the neighborhoods around
the zeros of sin(-) and N, disjoint by a suitable refinement of ky and 0, if
necessary. Thus, f’(-) cannot have any zeros in N, and hence there exists
unique zero of f(-) between two consecutive zeros of sin(-).

Now let the root fiy ; for some j € N and for all |k| > ko, where k¢ is large
~2
enough, satisfy |22 — 1| > &, where § is as mentioned above. At the two

consecutive zeros of cos(+), from (2.8), it follows that for j = m — 1, m, where
m e N,

1 sinh(k) Githt/e g

f((25+1)m/2) = - sin((2j + 1)7/2) —5—575—
J cosh(k)  cosh(k) J 2(2J+;) /2

Choosing ko large enough in the above relation such that for all |k| > ko,

#h(k) and 7/k are small enough, we get that f changes sign between two
~2

consecutive zeros of cos(-). To prove that fiy ; satisfying |“,f2’j — 1] > ¢ is the

unique root of (2.7) between to consecutive zeros of cos(-), we notice that any

nonzero roots of (2.7) satisfy
sin(p)(sinh(k)/ cosh(k)) 5 u/k _
(1/ cosh(k)) — cos(u) (n?/k?) =1

and for any € > 0, there exists kg, large enough, such that for all |k| > ko,
between to consecutive zeros of cos(+), the zeros of (2.9) satisfy

cosh(k) w/k
sinh(k) (u?/k?) -1

0, (2.9)

| = [ tan(o) + sin(u) <e (210)

(1/ cosh(k)) — cos(u)
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Now, if (2.9) has multiple roots between two consecutive zeros of cos(-), as
argued in the first part, f/(-) should have zeros between any two consecutive
zeros of f(-). From the representation of f’(-), we see that for u, any zero of
1'(+), tan(p) satisfies

sinh(k) p?/k* — 1

tan(p) = cosh(k) 2u/k

<e VK| > ko (2.11)

for any arbitrary € > 0, choosing kg large enough. In any interval between two

consecutive roots of cos(-), there is one subinterval where tan p+ Z?;;‘g:; %

sinh(k) (p?/k%)—1

cosh(k) 2u/k
small. Hence, (2.7) has a unique zero between two consecutive zeros of cos(-).

l.c) Let us assume that |k| > ko and kg is large enough. If [ ;, the root of (2.7)
is such that |k ;/k| is close to 1, then the roots are close to the zeros of cos(-)
and hence they are approximately 7 apart. If |/k| is not close to 1, the roots

are close to those of tanpu = —szjﬁgg % For large k, coshk/sinhk
is close to 1, and p/k changes slowly with p. Hence tanu changes little
between successive roots. Therefore, the roots in this case are also spaced
approximately 7 apart.

1.d) Since, for all |k| > ko, where kg is large enough, f, defined in (2.8), changes
sign between two consecutive zeros of sin(-), there can be an odd number of
roots of (2.7) between two consecutive zeros of sin(-). Now, by 1.c), we have
that the gap between two consecutive roots of (2.8) is greater than 7m — €.
Choosing 0 < ¢y < 7/2, we can derive that each interval (Im, (I 4+ 1)7), for all
I € N, contains a unique root of (2.7) and we denote the root by fi,;. This
argument does not apply to the interval (0, 7), since at i = 0, there is a zero
in the denominator of the last term in (2.8). For large k, the dominant terms
in f are

is small. But within that subinterval, tan y — cannot also be

sin(j)
20

The second term in this expression is positive and it dominates except near i =
7, where — cos i is also positive. Hence the expression is strictly positive on
the entire interval [0, 7], and it is easy to show that for large k the perturbing
terms do not change that. Hence there is no root between 0 and 7.

2. Forall k € 227 — {0}, k # 0 and |k| < ko, we get that there exists a positive
natural number [, such that

—cos(ft) + k

— 2kz[1 — cosh(k) cos(z)]
— k2 sin(2) sinh(k:)’ < ’[sin(z) sinh(k)]22|, V2 e 0B(lm,1/4),¥1 > .

This inequality holds for large enough [ since |22| >> |z|, and |sinz/ cosz|
is bounded below on the periphery of the circle. Comparing the solutions of
(2.7) with the solutions of [sinh(k) sin(z)]22, by Rouché’s theorem, we obtain
that for all k € 22Z — {0}, k # 0 and |k| < ko and for all [ > I, there exists a
unique solution of (2.7) in the ball B(lm, w/4), which in fact lies in the interval
(Imr — w/4,lm + 7/4) as Property 1. of Lemma 2.2 gives that all roots of (2.7)
are real. The other results also can be derived by comparing the solution of
(2.7) for all k € 227 — {0}, k # 0 and |k| < ko and for all | > I, with the

zeros of [sinh(k) sin(z)]22.
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3. For a k € 22Z — {0}, if fi is a multiple root of (2.7), then there exist two
solutions & 1 and & 2 of the eigenvalue problem (2.4) for the eigenvalue . By
choosing the constants d; and do, appropriately, we get that £ = d1&x,1+d28k,2,
satisfying ¢ (0) = 0. Since, ¢ satisfies (2.4) for the same g, by Property 3. in
Lemma 2.2, we have that

&(y) = ay cosh(ky) + by cos(fiy) + ag sinh(ky) + by sin(py), Vy € (0,1).

Using £(0) = 0 = £ (0), we get that for all y € (0,1), £(y) = ag sinh(ky) +
by sin(py). From &'(0) = 0 = &(1), it can be derived that cosh(k) = cos(i).
This is a contradiction because of cosh(k) > 1 for all k # 0 and cos(i) < 1.
Thus, 1 has to be a simple root of (2.7).

4. From 1.d) we have that if k¢ is large enough and |k| > ko, then fiy ;, the
solution of (2.7), belongs to (jm, (j+ 1)) and hence fig ; > jm/2, forall j > 1
and |k| > ko.

Now for each k € 22Z — {0} and |k| < ko, from 2.a), it follows that
fi,; belongs to ((j — Nk + lg)m — /4, (j — Ni + li)m + 7/4) and so fy; >
(j = Ni + i)™ — 7/4, where Ny and [, are introduced in 2.a). Let us choose
No = max{Ny | |k| < ko, k#0}. Then, k € 22Z — {0} and |k| < ko and for
all 7 > 2Ny, we get that

b > (J—Ne+l)m—n/4>(j— No)mr—n/4d> jn/2 —7n/4> jrn/4

Choosing Iy = 2Ny, we get our result.
5. Using all the above results, the claim follows.
O

Lemma 2.4. Let us recall that {¢r1,Ek.1, k1 }ien is the solution of the eigenvalue
problem (2.3) corresponding to the eigenvalue A\ ;. We have the following explicit
expression for the eigenfunctions (¢r.1, ki, qr1):

1. The coefficients in the expression of &, are

Ci(Mes) = Hi,l —ef(uk,ﬂrk) _ e(uk,z*k)} + fi —2k _ k(e*(uk,ﬂrk) + e(#k,z*k)},
Cohey) = 1, :emk,ﬁk) _ efm,L—M} ¥ ik :% (e~ (meamR) 4 e(#k,ﬂrk)},
Cs(\et) = fins :2]€ _ k(e—(uk,z-irk) + e—(uk,z—k_))] + K2 |:e_(ﬂk,l+k) _ e—(uk,z—k)},
CaArt) = pd :2k - k(e(“’“ﬁk) + e(“’“v“k))_ + k? [e(‘”@”k) - e(“ki*k)]

_ _ (2.12)

2. Forallk € 2Z — {0} and L € N, g (1) = —% =& (1), where

(1) = _z4kﬂ [ l{%u ~ cosh(k) cos(7ix,)) + k sinh(k)

+I€2 sin(ﬁkyl)] .
Lemma 2.5. Let (¢,€) € V{, (Q). Then we have
¢(£L' Y ¢kl y ikx
(é(ary ) k;ZgN:akl( Era(y) )e ’

where {Qbk,lagk,l}ke%"z,leN are the eigenfunctions associated to the eigenvalue prob-
lem (2.3)-(2.5).
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We have the following existence theorem for the solution of (1.5).

L
Theorem 2.6. Let T > 0. For any Uy € V() with / Uo(z,y)dx = 0, for all
, 0
y € (0,1) and for any 1 € L?(0,T; L*(0,L)), system (1.5) admits a unique solution
L
U in C([0,T]; V;1(92)) with/ Ul(x,y,t)dx =0, for all (y,t) € (0,1) x (0,T).

0
Further, if 1 vanishes near t = T, then the solution of (1.5) att =T, U(T) is
smooth and in particular in VO_’n(Q).

Remark 1.

1. We note that fOL vo(z,y) dx is automatically zero due to the boundary con-
dition at the bottom wall and the incompressibility condition. Hence the
condition on the average of Uy = (ug, vp) is really just a condition on ug.

2. We do not claim that the regularity of the solution as stated in the preceding
theorem is optimal (for a more careful discussion of regularity for solutions of
inhomogeneous Stokes problems, see [14]). Moreover, the choice of function
spaces is not essential. If we leave our system uncontrolled for a short period
of time, the solution will become infinitely smooth, so we could have assumed
in the first place that our initial data are smooth and then chosen a control
which is also smooth.

3. If we only know U € C([0, 17, Vﬁ_l(Q)), we can interpret the vanishing of the
integral over x as the vanishing of the k = 0 Fourier component. However, for
t>0and y <1, U is actually of class C°, and the integral is defined in the
classical sense.

3. Null controllability. In this section, we study the null controllability of system
(1.5). In particular, we have the following result:

L
Theorem 3.1. Let T > 0. For any Uy € V|, (Q) with / Uo(z,y)dx = 0, for
0

all y € (0,1), there exists a control ¢ € L2(0,T; L?(0, L)), such that the solution of
(1.5) reaches zero att =T.

To prove the above theorem, it is enough to show the following result holds.

Proposition 1. Let T' > Ty > 0. Let us assume that there exists an operator
B e L(L?(0,To; L*(0, L)), L3(2)) such that

B(Q('uL')'(O,L)X(O,Tg)) = (I)(',-,O), (31)
where (®,q) is the solution of the adjoint problem (2.1) with terminal condition
L
€ VY () with / Op(x,y)de =0, for all y € (0,1). Set
0

(3.2)

o B*UO in (O,L)X(O,TQ),
V=10 i (0,L) x [T, T).

L
Then, for any T > 0 and for any Uy € Voyn(Q) with / Uo(z,y)dz = 0, for

0
all y € (0,1), U, the solution of (1.5) with control ¢ defined in (3.2) and initial
condition Uy, reaches zero att =T.
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Proof. Let us note that since 1, defined in (3.2), vanishes near T, from the last part
of Theorem 2.6, it follows that at t = T', U(+), the solution of (1.5) with control v, is
in Lg(Q) (in fact C°° smooth). Multiplying (1.5) with ®, the solution of the adjoint

L
problem (2.1) with terminal condition ®7 € V¢ () with / ¢r(x,y)de = 0, for
0
all y € (0,1), and using an integration by parts, we obtain the identity

T L
/ / Y(x,t)g(x,1,t) dedt = (3.3)
o Jo

<U0('a ')a (I)(a * O)>L§(Q) - <U(7 ) T)v (I)T('v ')>L§(Q)'
Now, using ¢ defined in (3.2), from (3.3), we obtain
<U('7'7T)7(I)T('7')>L§(Q) =0, Vore Vg,n(Q)v

and hence U(+,-,T) = 0. O

Remark 2. 1. We note that only the pressure ¢ appears in the normal com-
ponent of stress. The viscous stress vanishes as a result of the divergence
condition.

2. We have introduced Ty < T only to avoid any technical issues related to lack
of regularity of the solution of the adjoint equation. By choosing Ty < T,
we ensure that the solutions of the adjoint problem are in fact C'°° smooth
for t € [0,Tp]. Therefore, at any time, either U or ® is C'*° smooth in the
preceding proposition. Choosing T' > Tj also guarantees that the integral of
l¢||? in the following proposition is finite. We note that a posteriori at is clear
that U in Proposition 1 actually vanishes at Tp, since backward uniqueness
holds for the Stokes equations.

Next we prove the existence of the bounded operator B, defined in (3.1), by
showing that the observability inequality associated to the null control problem of
(1.5) holds.

Proposition 2. Let us assume that B is as defined by (3.1). For any T > Ty > 0,
B € L(L*(0,To; L*(0, L)), LF(R)), i.e, there exists a positive constant C(Tp) > 0,
such that

To
| 1 1y > CAIG. - 0) (3.4)
where (¢,€,q) is the solution of (2.1) with terminal condition (¢r,ér) € V{ ()

L
satisfying / or(x,y)de =0, Vye(0,1).
0

Let us consider the series expansion of (¢, ¢, q)

S,y )= Y ey, e, Ery )= Y ly, et

ke 2z 2—{0} k€227 {0}

g,y t) = D>yt (3.5)

ke2rz.—{0}

orz,y)= > > aridrily)e™,

ke2x7—{0} leN

Er(ey) = Y. > ora&ra(y)e™,

ke2rz—{0} leN
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where (¢, £,1) is the solution of the eigenvalue problem (2.3) for all k € 22Z—{0}
and [ € N.

Using the orthogonality of {eikm}ke%ﬂzf{o}, from (2.1) we can derive that for all
ke %Z — {0}, (¢x, &k, ) satisfies

—0in(y,t) = v[~k2dr(y,1) + &y (. 1)) + ikar(y, 1), ¥ (y.t) € (0,1) x (0,T),

—0n(y,t) = v[=K&ily, t) + & (v, )] + ai(y, 1), ¥ (y,1) € (0,1) x (0,T),
iké + €. =0, Y(y,t) e (0,1)x (0,T), (3.6)

¢1(0,1) = d(1,t) = 0= &(0,1) = &(1,t), Vte (0,T),

O(T) =D akadri(y), &(T) =Y aribra(y), Yy e (0,1).

leN leN

Using this system, to prove the observability inequality (3.4), it is sufficient to
show that the observability inequality for each k € QT”Z — {0} holds with a positive
constant C(Tp), independent of k. The following lemma gives an estimate for the
eigenfunctions which turns out to be crucial in establishing this.

Lemma 3.2. Let us recall from Lemma 2.4, the representation of & for all k €
%Z — {0} and 1l € N. There exists a positive constant M, independent of k and I,
such that

1"

1€ (D] = ME Ny - (3.7)
Proof. From Lemma 2.4, since we have

" . . )\k)l ~ 2k ~ . 2 . ~
§pa (1) = —idk V {uk’l{sinh(k) (1 — cosh(k) cos(fig,1)) —l—ksmh(k)} +k sm(uk,l)},

then we get:

1. There exists a large k € N, such that for all |k| > k and for all [ € N, we have

1€ea (D) > Mok gt
for some J\i[* > 0.

2. For |k| < k, k # 0, using the fact that fix; — (I — Ny + )7 = 0 as i —
from 2.¢) in Lemma 2.3, we find positive constants l; and My, independent
of [, such that

"

(Ena (D] = Mik2e™ D\l |nal, V1> T

To see this, we use the following estimate:

2 _ 2 + sinh? k — 2 cosh k
1 — cosh(k inh (k)| >
Isinh(k)( cosh(k) cos(fig,1)) + sinh(k)| > TSmb A
(coshk —1)2
= 3.8
| sinh k| (38)

This also shows that &”,(1) # 0 for all k € 217, — {0}, and | € N (see also
Lemma 4.1 in [12] and Proposition 2.1 in [6]). Thus there exists a positive
M}, independent of [, such that

€1 (D)] > Mik®e™ N llieal, VIEN, Y[k <k k0.
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3. Finally, taking M = min{M,, M, |k < k k # 0} (which is a positive
number), we obtain that

1"

2
6001 2 MEH N illpnal, V€ T2 {0}, VIEN.
|

Lemma 3.3. For any T > Ty > 0, there exists a positive constant C(Ty) > 0,
independent of k, such that for all k € 227 — {0},

T,
| a0 de > o 860l (3.9
where (¢, £k, qr) 1s the solution of (3.6) with terminal condition (¢x (-, T), &k (-, T)) €
(L?(0,1))2.
Proof. From (3.6), we can derive that
or(y,t) Zakle’\’”(T Dori(y),  Euly,t Zakle’\’”(T D (y)-
leN leN

Now using the representation of the eigenfunctions {¢x i, &k, ien from Lemma 2.2,
we obtain that there exists a positive constant M independent of k such that

k(- 0), k(- 017200y < MY lovka [P 1T gt g (3.10)
1eN
From (3.6),, using the boundary condition ¢ (1) = 0, we obtain
ikqe(1) = —vei(1),

and by combining this with the incompressibility condition, we find
v

qk(1) = ) i (1)

Hence, we get that for all k € 227 — {0},
v _ 11
gz 2o amae gL (),
1

and from the expression of 2. in Lemma 2.4, we have that
" A 2k ~ ~
(1) = —idk—= bl {,uk l{m(l — cosh(k)cos(fir1)) + ksinh(k)} + k% sin(fig,)

and from Lemma 3.2, we have (3.7), i.e

nr 2
0D > MR N llanal, Vhe FZ-{0}, VIEN,

for some positive constant M. Since, by Lemma 2.3, we have that

infimumy, ; {\e; — Mgt} > C, < — < 00,

where C' and [y are independent of k, by using a Miintz-Szasz theorem (see [11],
Proposition 3.2), we can show that

T[) TD
1 1% _ 1"
/ e Zakle’\’”(T Deg (1)) dt>/ |ﬁzak,l6)\k‘l@ D¢ (1) dt
0 To 2 1

C(To) D leval*/ (K a6y (1) P2t (T T0/2)
leN
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From (3.10) and (3.7), it follows that

To
/O g (L, )2 dt > C(To)| 64, 0), 66 0) 20,1

and hence we get (3.9), since exp(—A,170) /| k1| > To. O

Proof of Proposition 2:

Proof. Note that

T() TO
[l =1 2 [Taop

ke2r7.—{0}
and
2 2
|‘(¢7§)(770)van(ﬂ) =L Z ||¢/€('7O)ugk('uo)”Lz(O,l)'
ke2x7—{0}
The result now follows from Lemma 3.3. O
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