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Introduction

The paper deals with the study of the exact controllability of the Navier—Stokes
and Boussinesq equations, which describe the flow of a viscous incompressible fluid
without and with heat processes taken into account, respectively. To give various
statements of the exact controllability problem, let us consider the Cauchy problem
for the abstract evolution equation

24O 1 Aw() = Butt) + 1), 0.1
o(t, ')|t=0 = vo, (0.2)

where v(t) is a phase function defined for ¢ € [0,7] and taking values in a phase
space X, u(t) is a control taking values in a space U, A is a non-linear operator,
B: U — X is a linear operator, and f(t) is a given right-hand side. Suppose that
we are given a solution v(t) of the equation

5 (t)
ot

+A(W(t) = £(t) (0-3)

with the same operator A and right-hand side f as in (0.1), but without the con-
trol w. Furthermore, we assume that (0) # vo. The exact controllability problem
is as follows: construct a control u(t) such that the solution of the Cauchy prob-
lem (0.1), (0.2) with this control coincides at t = T with the given solution v(t):

U(t)|t=T = 6(t)|t=T' (0.4)
If it is known in addition that vy is sufficiently close to ¥(0, - ) in the norm of X,
[9(0, -) —wollx <&, (0.5)

where € = () is sufficiently small, then the problem of constructing a control u
such that the solution v of the Cauchy problem (0.1), (0.2) satisfies (0.4) is called
the local exact controllability problem for equation (0.1).

We note that if on the right-hand side of (0.4) one substitutes an arbitrary ele-
ment v; instead of the value |,_,, of the solution of (0.3), then for the case in which
(0.1) is not reversible in time the exact controllability problem (0.1), (0.2), (0.4)
will not be soluble in general. The Navier—Stokes and Boussinesq systems are irre-
versible in time. (For the case of reversible equations (0.1), say, for hyperbolic
systems, one can substitute an arbitrary sufficiently smooth function v; on the
right-hand side of (0.4).)

For irreversible evolution equations, the approximate controllability problem is
often considered, stated as follows: for the controlled system (0.1), (0.2), an arbi-
trary given element v; € X, and an arbitrarily small € > 0, construct a control
ue € U such that the solution of problem (0.1), (0.2) at time ¢t = T satisfies the
condition

[o(T; -) —ullx <e. (0.6)
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Controllability theory for evolution partial differential equations began develop-
ing in the 1960s. The foundations of this theory were laid by Egorov [18], Rus-
sell [113]-[114], and Fattorini [24] (see also Seidman [116] and Littman [102]). In
particular, in these papers the moment method was developed, which reduces the
solution of the exact controllability problem to problems in the theory of exponen-
tial series (for the modern state of this method, see [1], [3]), and the duality principle
was introduced, which reduces the controllability problem for an evolution equation
to the observability problem for the adjoint equation. A general review of the state
of the theory up to 1978 can be found in Russell’s paper [113].

Starting from the mid-1980s, interest in controllability theory increased sub-
stantially. At that time, the case of hyperbolic equations was mainly studied.
In 1986, Ho [51] found sufficient observability conditions for a second-order hyper-
bolic equation by the method of multipliers. Simultaneously, J.-L. Lions introduced
the Hilbert uniqueness method, which enables one to derive the solubility of the
controllability problem for the original equation from the uniqueness theorem for
the adjoint equation. These methods have been intensively developed in numerous
papers. The most comprehensive review of the literature can be found in the mono-
graphs by J.-L. Lions [98], Lagnese [81], Lagnese and Lions [82], and Komornik [74],
as well as in the survey by Lions [97] (see also [75], [83]-[85]).

An important step in the development of boundary controllability theory was
made by Bardos, Lebeau, and Rauch [4], who used theorems on propagation of
singularities for the solution of boundary controllability problems for hyperbolic
equations; this approach enabled one to obtain sufficient solubility conditions (close
to necessary conditions) in terms of the non-trapping condition (see [5], [58], [90]).

Interesting results on controllability for hyperbolic and close-to-hyperbolic equa-
tions were obtained in [83]-[89], [47]-[52], [128], [130].

We have already noted that it is possible to derive results on controllability of
the original equation from uniqueness for a certain Cauchy problem for the adjoint
equation. Carleman estimates provide one of the most powerful methods for proving
uniqueness for the Cauchy problem. Hence we hope that the brief survey below of
the development of the theory of Carleman estimates will be useful.

Since Hormander’s fundamental results [53], [54] at the beginning of the 1960s
and Isakov’s subsequent papers [65]—[68], the theory of Carleman estimates has been
developing in several directions. We mention the theory of Carleman estimates in
the spaces LP with p # 2 (see [69], [70], [72], [73], [118], [119], [123]) and the theory
of Carleman estimates with singular weight functions [69]. Carleman estimates for
elliptic and parabolic equations with non-smooth right-hand sides were obtained
in [19], [21], [64]. The case of a hyperbolic equation was considered by Ruiz [112].
The most general results were obtained by Tataru [120]-[123].

Since the beginning of the 1990s, Carleman estimates have been widely used
in exact boundary controllability problems. Using these estimates, Kazemi and
Klibanov [71] solved the observability problem for the wave equation, and Lasiecka
and Triggiani [86] studied the controllability of a system of hyperbolic equations.
The controllability of hyperbolic equations in domains with non-smooth boundary
was considered by Grisvard [46] and Heibig and Moussaoui [50].

A vast majority of the above papers deals with controllability problems for linear
evolution equations. Much less is known for non-linear equations. For example,
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the exact boundary controllability problem for the elementary one-dimensional
hyperbolic equation ¢ — ¥ze + ¥°> = 0 remains open. Some results are known
on local controllability (see [113]) and on null-controllability in a time depending
on the energy of the initial data. For a one-dimensional hyperbolic equation with
a non-linearity growing at infinity no faster than |y|In™ |y|, the solubility of the
controllability problem is proved in [128]; for non-linearities of the form e¥ or —y3
the corresponding result is given in [57].

In [93], [94] Lions conjectured the global boundary or locally distributed con-
trollability of the Navier—Stokes equations. After these papers, from the start of
the 1990s controllability has been intensively studied for parabolic equations with
elementary non-linearities and for equations describing fluid flows.

The approximate controllability of the Stokes equations was studied in [93], [94],
[96], [32]-[35], [19]-[21]. The problem of approximate controllability by a local
external force of constant direction (stated by Lions in [94]) was studied by Diaz
and Fursikov [17] and by Lions and Zuazua [100].

The approximate controllability for a semilinear parabolic equation with a non-
linearity of at most linear growth at infinity was established by Fabre, Puel, and
Zuazua [22], [23]; in [27], [129] it was proved for the case in which the non-linear
term contains the gradient.

For anon-linear parabolic equation with a quadratic or higher-order non-linearity,
the situation is completely different. A priori estimates that readily imply the
non-existence of solutions of the approximate controllability problem for a par-
abolic equation for some initial data were obtained in [15], [59] for a semilinear
equation with a non-linearity of type y* and in [33]-[35] for the Burgers equation.
(A detailed analysis for the case of a one-dimensional semilinear parabolic equation
can be found in [41].)

So far, the most powerful known method for proving exact controllability of
non-linear parabolic equations is the method in which the solution is constructed
with the help of an extremal problem and then Carleman estimates are applied.
The foundations of this method were laid by Fursikov and Imanuvilov [35], [36],
who studied the local exact controllability of the Burgers equation and the two-
dimensional Helmholtz equation. The Carleman estimate was first obtained in [60].
The exact controllability for semilinear parabolic equations with a non-linearity
growing at most linearly at infinity was established in [61], [10], [64]. In [25], [26]
this result was generalized to the case of a semilinear parabolic equation with a
non-linear term growing at infinity no faster than |y|In" |y|. We also mention the
paper [127], where the controllability of a one-dimensional parabolic equation with
an analytic non-linearity was established with the help of the Cauchy—Kowalewski
theorem.

A new approach to the proof of solubility of the controllability problem for
linear parabolic equations with coefficients independent of time was suggested by
Lebeau and Robbiano [91]. Interesting results for the one-dimensional heat equation
with rapidly oscillating coefficients were obtained in a recent paper by Lopez and
Zuazua [105]. Controllability issues for the Burgers equation were also considered
in [56], [6], [7].

The exact null-controllability of the Navier—Stokes equations was established in
[36], [28].
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The local exact controllability of the Navier—Stokes equations and the Boussinesq
system was proved by Fursikov and Imanuvilov [37]-[42] for the case in which the
control is distributed over the boundary or a part of the boundary, and also for the
case of a locally distributed control.

The local exact controllability of the Navier—Stokes equations and the Boussinesq
system with a locally distributed control and with slip boundary conditions was
studied in [62]. The case of a locally distributed control for the Navier—Stokes
equations with zero boundary conditions was considered by Imanuvilov [57] under
additional restrictions on the prescribed velocity.

The approximate controllability of the two-dimensional Euler equation and the
two-dimensional Navier—Stokes system with slip boundary conditions and with
boundary control was established by Coron [11]-[13]. Later this result was extended
in [43] to the three-dimensional Euler equation.

The global exact controllability of the Navier—Stokes equations with a local dis-
tributed control on a closed two-dimensional manifold is proved in [14].

The main object of study in the present paper is the controllability problem
for the Boussinesq system on the cylinder @ = (0,7 x II, where (0,7 is a time
interval and II = R™/LZ™ is the n-dimensional torus, that is, the direct product
of n circles of length L. The dimension n of the torus II is assumed to be 2 or 3.
Furthermore, we assume that the control u is distributed with support contained
in the cylinder Q¥ = (0,T) X w, where w is an arbitrary given subdomain of II.
Results for the Navier—Stokes equations are obtained as simple corollaries of the
corresponding results for the Boussinesq system. However, for simplicity we discuss
in the introduction the results for the example of the Navier—Stokes equations on
the cylinder Q:

Ov(t, ) — Av(t,x) + (v, V)v + Vp(t, x) = f(t,z) + u(t,z), dive =0, (0.7)

v(t, x) |t=0 = vp(x),

where suppu C Q%.

We prove the exact controllability of system (0.7), (0.8) for @ = (0, T) x w with
arbitrarily small T" and with any open subset w C II containing the support of the
control u.

The exact controllability problem on the interval [0, 7] for problem (0.7), (0.8)
obviously reduces to the solution of the approximate controllability problem on
[0,T1] (Th < T) followed by the solution of the local exact controllability problem on
[T1,T]. We note that X = V(II) = {v € (H*(I))" : divv = 0} for problem (0.7),
(0.8), where H'(II) is the Sobolev space of vector fields on the torus II. Thus,
inequalities (0.5), (0.6), as well as the notions of local exact controllability and
approximate controllability, are well defined.

We prove the approximate controllability of problem (0.7), (0.8) on the interval
[0,T4], where Th = T4 (e) and ¢ is the number from inequality (0.6). Furthermore,
Ti(e) > 0ase—0.

It follows from our proof of the theorem on the local exact controllability on an
interval [T4, T'] that the interval [T, T'] can be chosen arbitrarily small provided that
the ¢ in inequality (0.5) is sufficiently small. As a result, we obtain a theorem on
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the (non-local) exact controllability with control v supported on Q¥ = (0,T) X w,
where T' can be arbitrarily small and w is an arbitrary open subset of II.

The exact controllability theorem implies that it is possible to stabilize steady-
state unstable solutions. Also, it implies that there are arbitrarily complicated
(chaotic) solutions of the Navier—Stokes and Boussinesq equations and that these
systems have a certain reversibility property (see §1.5).

Finally, we note that, as is shown in §1, the exact controllability theorem for
system (0.1), (0.2) on the torus readily implies the controllability theorem for the
Navier—Stokes equations in an arbitrary bounded domain §2 with control distributed
over the entire boundary 0fQ.

§1. Statement of the problem. Main results

1.1. Exact boundary controllability of the Navier—Stokes equations. Let
Q Cc R™ n = 2,3, be a bounded domain with C* boundary 92, T' > 0, C =
(0,T) x Q, and ¥ = (0,T) x 99 the lateral surface of C. We consider the following
mixed boundary-value problem for the Navier—Stokes equations:

Ow(t,z) — Av+ (0, Vo +Vp= f(t,z), (tz)€C, (1.1)

divo(t, z) = zn:&-vi(t,m) =0, (ta)ec, (1.2)

1:1v|2 =a(t,z), (1.3)

o(t, x)|,_, = vo(z), (1.4)

where & = 2, 6y = 2L 4 = (1,...,20) € Q, v(t,z) = (v1(t,2), ..., va(t, 7)) is

ot’ 0z;
the velocity vector field 1of the fluid, Vp(t, x) is the pressure gradient in the fluid,
A is the Laplace operator, (v, V)v = Y1 vidiv, f(t,z) = (f1(t,x),..., fu(t,z)) is
a given density of external forces, vy is a given initial vector field, and the vector
field a defined on the boundary 3 is not prescribed in advance, but rather can be
used as a control.

The exact controllability problem for the Navier—Stokes equations with con-
trol defined on the boundary ¥, that is, the exact boundary controllability prob-
lem, is as follows. Suppose that we are given a solution (v(¢,z), Vp(t, x)) of sys-
tem (1.1), (1.2):

0t ) — AT+ (3, V)0 + Vp = f(t,z),  div=0. (1.5)

It is required to find a control a(t, ) defined on ¥ such that the solution v(¢, x)
of problem (1.1)—(1.4) at ¢ = T coincides with ¥(T), x):

o(t, z)|,_, =0(T,z). (1.6)

t=T

To state the problem precisely and present the main result, we need some func-
tion spaces. By H*(f2), where k is a positive integer, we denote the Sobolev space
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of scalar functions square integrable on {2 together with all derivatives of order < k;
by (H*(2))™ we denote the corresponding Sobolev space of vector fields. We set

VEQ) = {v(z) = (v1,...,v,) € (H*(Q))" : dive = 0}, (1.7)
H"?(C) = {v(t,z) € Ly(0,T; H*()) : dpv € Lz(0,T; H°(Q))}, (1.8)
V() ={ve (H"*C))" : divv = 0}. (1.9)

More generally, for 1 < p < 00, k > 0, we set
Vpk(Q) = {v(z) € (W;(Q))” dive =0}, (1.10)

where W; () is the Sobolev space of functions pth-power integrable together with
the derivatives of order < k. The definition of the Sobolev spaces H*({2) and
W}(Q) with fractional k can be found in [99], [117]. Moreover, we shall use the
function spaces C*%(Q), where k is a non-negative integer and o € (0,1), of k
times continuously differentiable functions on Q all of whose kth derivatives satisfy
the Holder condition with exponent .

One of the main results of the present paper is given by the following theorem.

Theorem 1.1. Let f € Ly(0,T;V2(2)) and vg € V4(Q), and let
(@,p) € CH(0,T;VHQ)) x L(0,T; H'(Q))

be a solution of system (1.5). Suppose that the relations

/ (0t z),v(x))do =0 ae., te[0,T], / (vo(w),v(z))do =0, (1.11)
r; Iy

where v(x) is the outward normal vector field on 090, are satisfied on each connected
component T'; of the boundary OQ. Then there is a solution (v, Vp,a) € V12(C) x
(L2(C))™ x Ly(0, T; (H3/2(0Q))") of problem (1.1)~(1.4), (1.6).

The proof of this theorem can be reduced to the proof of the statement given in
the next subsection.

1.2. Local exact distributed controllability of the Navier—Stokes equa-
tions. Let L > 0 be some number, IT = R™/L7Z" the n-dimensional torus (n = 2, 3)
that is the product of circles of length L, and w C II an open subset. We set
Q=(0,T)x I and Q¥ = (0,T) x w. On the cylinder @, we consider the Navier—
Stokes equations

Ov(t,z) — Av+ (v, V)v+ Vp = f(t, z) + u(t, ), (t,z) € Q, (1.12)
dive =0, (1.13)

with the initial condition

v(t,x)|t=0 = wvo(x), x € Il (1.14)
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Here f and vy are given vector fields an wu(t,z) is a control concentrated
on the cylinder @Q“. We note that relations (1.12)—(1.14) on II mean precisely that
these relations hold for every x € R"™ and that all vector fields occurring in
(1.12)—(1.14), that is, v(t, x), Vp(t, z), f(t, x), u(t, x), vo(x), where = (x1, ..., Tpn),
are L-periodic in each of the variables z;. For example,

v(t, 1, ..,z +L,...,xn) =0(t, 21, ..., T, ..., Tn) Vi=1,...,n.

By analogy with (1.7)-(1.10), we introduce the spaces V*(II) and V,¥(II) on the
torus IT and the spaces H'?(Q) and V12(Q) on the cylinder Q = (0,7 x II.
We define the control space by

U(w) = {u(t,z) € (L2(Q))" : suppu C Q“}. (1.15)

The following theorem holds on local exact distributed controllability of the
Navier—Stokes equations (1.12), (1.13).

Theorem 1.2. Let f € Ly(0,T;VO(II)) and vo € VI(IT). Suppose that (v, VD) €
CL0,T; VO(II) N (C*2(I))™) x (L2(Q))™ is a solution of system (1.5) on Q. Then

there 1s a solution

(v, Vp,u) € V1*(Q) x (L2(Q))" x U(w)

of problem (1.12)—(1.14), (1.6).
We derive Theorem 1.1 from Theorem 1.2.

Proof of Theorem 1.1. Let us translate 2 by an appropriate vector g € R™. Then
we can assume that € is a subset of the cube

K:{m:(ml,...,mn)E]Rntogmjglj,j:l,...,n},

where L > 0 is some number depending on 2. By identifying the opposite facets of
K, that is, the sets

{mz(ml,...,mn)ER”:mjzo} and {m:(ml,...,mn)ER”:mj:L}

for each j € {1,...,n}, we obtain the torus II. Thus, we have constructed an
embedding Q C II. With regard to (1.11), it follows from Proposition 2.3 in [40]
that the vector field ¥ € C1(0,T;V*(Q)) can be extended to a vector field R €
CY0,T;VH{K)) c CH0,T;V°(K) N C*%K)), and the vector field vg € V4(Q)
can be extended to a vector field Rvy € V4(K) C VO(K) N C**(K) with some
a € (0,1). Moreover, the method used in the proof of Proposition 2.3 in [40] enables
one to choose Rv and Ry such that Rv = 0 in a neighbourhood of (0,7) x 0K
and Rvg = 0 in a neighbourhood of K. This property enables one to extend Rv
and Rvg periodically from K to R™, that is, assume that Rv and Rvg are defined
on @ and II, respectively, and moreover, Ro € C*(0,7T;V°(Il) N C?%(II)) and
Ruy € VO(II) N C?%(II). By substituting R? into (1.5), we find that

0, Ri(t, ) — ARG + (R5, V)RD = h(t, z), (1.16)
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where h(t, ) is a vector field satisfying the condition
hl o1yxa =T = VP. (1.17)

Since Ro € C'(0,T;V°(II) N C**(II)), it follows from (1.16) that h(t,z) €
(C(@Q)™ C (L2(Q))™. By applying the Weyl decomposition to h(t, z) for almost all
t € (0,T), we obtain

h(t,z) = ho(t, ) + Vq(t, x) (1.18)
where h,(t,z) € L2(0,T;VO(ID)), Vq(t,z) € (L2(Q))". It follows from (1.16)
and (1.18) that
0¢(Rv) — A(RV) + ((Rv), V)(RV) + Vq = hy(t, ), divRv = 0. (1.19)
Let us replace f by h, and vy by Ruvg in problem (1.12)—(1.14). Then the assump-
tions of Theorem 1.2 are satisfied with w = IT\ 2 and with the pair (U, D) replaced by
the pair (R, q), which satisfies (1.19). Hence, by Theorem 1.2, there is a solution
(v, Vp,u) of problem (1.12)—(1.14) with f = h, and vy = Ruvg such that
v(T,z) = Ro(T, ), x eIl (1.20)
The restriction of (1.20) to C coincides with (1.6), and the restriction of (1.12) with
f = hs to C can be represented by virtue of (1.18), (1.17) in the form

Ov—Av+ (v,V)v+Vp+Vp+Vg=f.

We set Vp+ Vp+ Vg = Vp; and write v|(0 Tyxo0 = @ Then the triple (v, Vp1, a)
satisfies the assertion of Theorem 1.1.

1.3. Exact controllability of the Boussinesq system. We consider the Boussi-
nesq system

Ov(t,z) — Av+ (v, Vo + 0(t,x)e+ Vp(t, z) = f(t,x), dive=0, (1.21)
00(t,x) — A0+ (v, V)0 = g(t, ), (1.22)

v(t,a:)|E = a(t,x), t9(t,a:)|E = B(t, x), (1.23)

v(t,m)|t=0 = wvo(x), 9(t,m)|t=0 = 0o (x), (1.24)

in the cylinder C =(0,7T) x Q, where & C R™, n = 2,3, is a bounded domain with
boundary 9Q C C*, ¥ = (0,T) x 0Q, v(t,x) = (v1(t,z),...,vn(t, ) is the fluid
velocity vector field, p is the pressure, 0(t,x) is the fluid temperature, € is the
gravitational force direction, f(t,z) = (fi1(¢,z),..., fo(t,2)) is the external force
density, g(t,x) is the heat source density, vg,y are the initial data, and «, 3 are
the boundary data.

The statement of the exact boundary controllability problem for the Boussinesq
system is similar to t/k\le corresponding statement for the Navier—Stokes equations.
Let (0(t,x), Vp(t, x),0(t,x)) € CH0,T; V() x (L2(C))™ x C(0, T; HA(Q)) satisfy
equations (1.21), (1.22); it is required to find a control

(a, B) € Lo (0,T; (H*2(09))") x Ly (0,T; H*/*(09))
such that the solution (v, p, 0) of problem (1.21)—(1.24) satisfies the condition

o(T,z) =0(T, x), (T, z) = 6(T, z). (1.25)
The following theorem holds.
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Theorem 1.3. Let n = 2,3. Let f € Ly(0,T;V%(Q)) and g € Ly(0,T; La(f2))
and suppose that a triple of functions (U, D, 1/9\) € CH0,T;V4(Q)) x (L2(C))™ x
CY(0,T; H*(Q)) satisfying equations (1.21) and (1.22) and condition (1.11) is given.
Then for an arbitrary initial condition (vg,6p) € VA(Q) x H4(Q) satisfying (1.11)
there is a boundary control (a,8) € Ly(0,T; (H3/2(0Q))") x Lo(0,T; H?/?2(99)
such that problem (1.21)—(1.24) has a solution (v,Vp,0) in the space V12(C) x
(La(C))™ x HY2(C), and this solution satisfies conditions (1.25).

Let us now state a result on the local exact distributed controllability of the
Boussinesq system. Let II = R™/LZ be a torus and w C II an open subset. We
write @ = (0,7) x IT and Q¥ = (0,7T) x w.

On the cylinder Q we consider the Boussinesq system with a locally distributed
control:

N(v,0) = ow(t,x) — Av + (v, V)v + 0(t, z)e =
Vp+ f(t,z) +u'(t,z), dive =0, (1.26)
R(v,0) = 00(t,xz) — A + (v, VO) = g(t, z) + un+1(t, x), (1.27)

and with the initial conditions (1.24) on the torus II. Here the function

u(t,z) = (U (t,2), uni1(t, ) = (U1, .., Un, Unt1)

is the control. By analogy with (1.15), we introduce the control space by the formula
U(w)=U(w;0,T) = {u(t,m) = (v, uns1) € (LQ(Q))”‘|r1 :suppu C Q“’} (1.28)

(0, T indicate the time interval (0,7) on which the control u € U(w;0,T) is con-
centrated).
Let a triple

(©, VP, 0) € C1(0,T; VO(I) N (CZ*(I1))") x (L2(Q))" x C*(0,T; C>*(IT)) (1.29)

with some a € (0,1) satisfy (1.21) and (1.22) on Q. We must find a control
u = (u,upt1) € U(w;0,T) such that the solution (v, Vp, ) of problem (1.26),
(1.27), (1.24) on II satisfies (1.25).

Theorem 1.4. Suppose that n=2 or 3 and the right-hand sides f € Lo(0,T; V°(II))
and g € L2(0,T; Ly(I1)), as well as the solution (1.29) of equations (1.21), (1.22)
on the cylinder QQ with these right-hand sides, are given. Then for arbitrary initial
conditions vy € VO(II) N (C?2(IN))", Oy € C**(I1) there is a solution

(v, Vp,0,u) € VE2(Q) x (L2(Q))" x H*(Q) x U(w;0,T)

of problem (1.26), (1.27), (1.24) such that relations (1.25) are satisfied on the torus
II at time T

Let us show that Theorem 1.4 readily implies Theorem 1.3.
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Proof of Theorem 1.3. Let II be the torus constructed with the help of 2 in the
same way as in the proof of Theorem 1.1. Next, let Rv be the extension of ¥ from
C to @Q and Rwvg the extension of vy from  to II constructed in the proof of the
same theorem. Let RO € C(0,T; WL (II)) be a continuation of § from C to Q. By
substituting R, RO into (1.21), (1.22), we obtain, as in (1.16),

8,(R?) — AR + (Rv, V)R + RO = h(t,x), (1.30)
8RO — ARG + (Rv, VR) = Ry,

where Ry is some extension of g from C to @ and h satisfies (1.17).

Let us substitute the Weyl decomposition (1.18) for the vector field i into (1.30)
and let w = IT\ Q. Then we see that system (1.26), (1.27) with f = h, and with Ry
instead of g satisfies the assumptions of Theorem 1.4. By applying this theorem,
we complete the proof of Theorem 1.3.

Thus, our goal is to prove Theorems 1.2 and 1.4. The proofs are similar apart
from the fact that, for obvious reasons, the proof of Theorem 1.4 is somewhat more
complicated. Hence we prove Theorem 1.4 in detail; the simplifications needed to
obtain the proof of Theorem 1.2 are obvious.

In the following subsection, we reduce the proof of Theorem 1.4 to that of local
exact controllability and of approximate controllability of the Boussinesq system.

1.4. Exact local controllability and approximate controllability of the
Boussinesq system. We weaken the notion of exact controllability in two ways
by introducing the notions of local exact and approximate controllability.

i) Let the triple (1.29) satisfy the Boussinesq equation (1.21), (1.22) on Q. The
Boussinesq system (1.26), (1.27) is said to be locally exactly controllable with respect
to the control space (1.28) if there is an g9 > 0 such that for every ¢ in the interval
0 < & < g¢ and every initial condition (vg,8y) € V*(II) x H*(II) satisfying the
inequality R

20, -) = vollvraxy + 160, -) = ol an) < & (1.31)
there is a control u € U(w;0,T) such that problem (1.26), (1.27), (1.24) with the
above initial conditions and control has a solution (v, Vp, §) in the space V12(Q) x
Ly (0, T; HY(TI)) x H%?(Q), and moreover, this solution satisfies condition (1.25).

Theorem 1.5. The Boussinesq system s locally exactly controllable with respect to
the control space (1.28). Moreover, the parameter €y is a continuous monotonically
decreasing function of

1 .
7 T [ollero,rvz amy +10llero,mwz any.-
ii) Suppose that the initial conditions (1.24) and a pair
(v1,61) € (VO(IT) N (C**()™) x C>*(M)

are given. Sometimes it will be useful to consider the set of pairs such that

1

Z(HviH?vt)(n)m(cmm))n) + 161220 am) < K- (1.32)
1=0
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The Boussinesq system (1.26), (1.27), (1.24) is said to be approzimately con-

trollable with respect to the control space (1.28) if for every € > 0 and every pair
(v1,61) in the set (1.32) there exist a time T = T, g and a solution

(v,p,@,u) € V172(QT5,K) X LQ(OaTE,K§ Hl(H)) X H172(QTE,K) X U(“’; 07T€,K)
of problem (1.26), (1.27), (1.24) such that
[v(Te ks ) —villviany + 102k, ) — Ol ) < e (1.33)

Here Q1. ,, = (0,T: i) x IL.

Theorem 1.6. The Boussinesq system (1.26), (1.27), (1.24) is approzimately con-
trollable with respect to the control space (1.28). Moreover, for every e > 0 and for
any gwen K >0, the time T' =T, i can be chosen so that

Texk 0 as €—0.

Theorems 1.5 and 1.6 will be proved in the remaining part of the paper, and now
we derive Theorem 1.4 from them.

Proof of Theorem 1.4. To construct the desired control, we divide the interval [0, T']
into two intervals, [0,5] and [S, T, where S < T'/2. Let

1 N ~
g0 =¢€o (T + 19l 0,75v2 (my) + |9|cl(0,T;W§o(H))>

be the continuous monotonically decreasing function in Theorem 1.5. We take an
€ > 0 such that

2 N ~
£ <eo (T +Pllcrorve ) + |9|01<0,T;Wgo<n>>>
1 N ~
< o (T——S + [[9ller(s,rive amy) + |9|C’1(S,T;W§o(1'[))> : (1.34)

where the second inequality holds since £¢()) is a monotone function. At the initial
time S < T'/2, we prescribe the initial condition

o(t, x)|,_g = vs, 0(t,z)|,_g = Os (1.35)

with (vs, 0s) € V4(II) x H*(II) satisfying the inequality

~

[9(S, -) —vsllvian + [0S, ) = Osllzran) < &,

where € is the number in (1.31). Then by Theorem 1.5 there is a control u €
U(w; S, T) such that the solution (v, Vp, #) of problem (1.26), (1.27), (1.35) satis-
fies (1.25). Thus Theorem 1.6 will be proved once we take an S < T//2 and choose
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a control on (0, .5) such that the solution (v, Vp, 8) of problem (1.26), (1.27), (1.24)
satisfies the inequality

~

[9S, -) = o(S, llvran + 105, -) = 0(S, )l <& (1.36)

where ¢ is the number in (1.34).
Then it remains to apply Theorem 1.5 with the initial condition (vg,fs) =
(U(S7 ' )79(57 ' )) at t=5.

Since
©,0) € CH(0,T; V2 (II)) x C*(0,T; W2 (II)) € C(0,T; V(1)) x C(0, T; H'(IT)),

it follows that there is a > 0 such that

~ ~

HiI\(T, ) —6(0, ')Hvl(n) + HG(T, ) — (0, ')HHl(H) < 5/2 Vo< 1< 5, (1.37)

where ¢ is the number occurring in (1.34). By Theorem 1.6, there is an &1 < €/2
such that T, <  and on the interval (0, T%,) there is a control u € U(w; 0, T, ) such
that the solution (v, Vp, 8) of problem (1.26), (1.27), (1.24) satisfies the inequality

~

[o(Te,, -) =000, )llvran + 10(Tz,, ) = 00, )l[grany < e <e/2. (1.38)
It follows from (1.37), (1.38) that (1.36) holds with S = T,.

1.5. Some applications. Let us give some applications of the above controlla-
bility theorems.

1. Stabilizability of unstable steady-state flows. Let (0(z), Vp(x)) € V2(Q2) x
(L2(2))™ be a steady-state solution of the Navier—Stokes equations in a bounded
domain Q C R™

—AY(z) + (0, V)v + Vp(z) = f(z), divo =0,

6|aQ =0.

Suppose that this solution is not stable. Thus, for each € > 0 there is an initial
condition vo(x) € {v : |[v — V||y1(q) < €} such that the solution (v(t,z), Vp(t, z))
of the Navier—Stokes equations (1.1)—(1.4) with f(¢,z) = f(z) and a(t,z) = 0 does
not tend to ¥ as t — oo:

v(t, -) =Vllvi) A0 as t— oo.

One can stabilize the unstable steady-state solution (v, Vp) by replacing the no-
slip boundary conditions by the boundary control (1.3). Indeed, by Theorem 1.1, for
any initial condition vo(z) € V1(Q) there is a boundary control a(t, ), (t,x) € %,
such that the solution (v(t, z), Vp(t, x)) of problem (1.1)—(1.4) satisfies the condition

(T, z) = v(x).

The Boussinesq system also has a similar property of stabilization of steady-state
flows by a boundary control.
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2. The existence of chaotic flows. Let us consider the Boussinesq system (1.26),
(1.27), (1.24) on the cylinder @ = (0,T) x II, where II is the torus and the control
u(t, z) is supported in Q* = (0, T) x w for sufficiently ‘small’ w C II (for example, w
can be a ball of sufficiently small radius). Suppose that f(¢,2) =0 and g(¢,z) =0
in (1.26), (1.27). Let us show that this problem has an arbitrarily complicated
(chaotic) solution. Namely, let us consider a partition 0 =ty <t < -+ - <ty =T
of the time interval (0,7"). We assign an arbitrary pair (v;, 0;) € V(II) x H'(II) to
each t; and specify a number € > 0. It follows from Theorem 1.6 on the approximate
controllability of the Boussinesq system that there is a control u € U(w;0,T') such
that the solution (v(t, x), Vp(t, z), 0(t, z)) of problem (1.26), (1.27), (1.24) satisfies
the condition

(s, ) = vl + 10, ) = Ol <e ¥i=1....N.  (1.39)

We note that the right-hand side of system (1.26), (1.27) is zero for (t,z) €
Q \ Q“, while the solution of this system can be arbitrarily complicated on the
entire @ in the sense that relations (1.39) are valid.

Needless to say, the Navier—Stokes equations have a similar property.

3. Reversibility. Let (v;(t,x), Vpi(t,z)), (t,z) € Q, i = 1,2, be two solutions
of the Navier—Stokes equations (1.5) (with the same right-hand side f(¢,x), say,
f(t,z) = 0). Then for any w € II and (t1,t2) C (0,7 there is a control u(t,x)
supported in (¢1,t2) X w and taking the solution (vi, Vp1) to (ve, Vps). Namely,
under this control u the solution (v, Vp) of system (1.12) has the following property:

(v1(t, z),p1(t,x)) for te€(0,t1),
(UQ(tVI:):pQ(t,J?)) for tE(tQ,T).

—~
[SEE
—~
~
S—
b 3
—~
~
1Tl

This property is referred to as reversibility. By virtue of Theorem 1.2, the Navier—
Stokes equations possess this property.

In a similar way, one can state the reversibility of the Boussinesq system; this
follows from Theorem 1.4.

The reversibility of the Navier—Stokes equations and the Boussinesq system are
of interest in connection with certain issues in climate theory. (See Lions [93], [94],
[96] and Coron—Fursikov [14] for more details.)

§ 2. Carleman estimates

The proof of solubility of the exact controllability problem for a linear evolution
system can often be reduced to studying the corresponding observability problem
for the adjoint system. This method is implemented in §§ 2—4 of the present paper.

In this section we prove some Carleman type estimates for solutions of the system
adjoint to the linearized Boussinesq equations.

2.1. Preliminaries. Just as before, II is the n-dimensional torus and w C II is
a subdomain with boundary dw € C*°. We assume that w’ € w and that o' is
star-shaped with respect to some point g € w’.
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Lemma 2.1. There is a function ¥(z) € C*(II) such that
[Vi(x)] >0 Veell\w, (2.1)
where W' € w C II. Moreover,

Y(z) > 1. (2.2)

Proof. Without loss of generality, we can assume that xy = 0 and the torus II is
obtained from the cube K = {z = (z1,...,2,), —L/2 < z; < L/2, j=1,...,n}
by identifying opposite facets. We set

P(z) = C+Zﬁ(wj),

where ¢ > 0 is a constant, 8(z) is a periodic function such that
, x € le, L/2],
x+L, ze[-L/2, —¢],

and € is sufficiently small. Obviously, the function ¥ thus constructed satisfies
condition (2.1) with

B(z) € C°(~L/2,L/2),  Blz) = {

W ={z=(x1,...,2,), ;] <&, j=1,...,n}.
We can readily ensure condition (2.2) by choosing a sufficiently large constant ¢ > 0.
Let v(t) € C*°(0,T) be a function satisfying the conditions
t, te[0,7/4],
() =
T —t, te[37/4,T).
Furthermore, we assume that 7(t) is monotonically increasing for ¢ € (0,7/2) and
monotonically decreasing for ¢ € (T/2,T). We introduce the functions
eAﬂJ(x) (t ) e>\2\|¢\|0(n) _ ehw(w)
) « = a)\ 7'1: = )
~(t) ~(t)

where A > 1 is a parameter and (x) and ~(¢) are the above-introduced functions.
On the cylinder @ we consider the backward heat equation

Oz(t, ) + Az(t,z) = f(t,x). (2.5)

Lemma 2.2. Suppose that f € L2(Q) and z € Lo(Q) satisfy (2.5). Then there is

a X > 1 such that for every A > X there is an so(N\) with the following property. For
every s > So(A), the Carleman estimate

0<~(t) <T—t, (2.3)

¢ = a(t,z) = (2.4)

(500 00 4 0™ D 182, o AP+ (5907 )
Q

ij=1
< c(/ |f(t, )2 5 dx dt+/ $3p32%e 5 dy dt) (2.6)
Q Qw’
holds, where ¢ > 0 is a constant independent of f, z, and s.

Let us consider the Poisson equation on II:

Az=f. (2.7)
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Lemma 2.3. Suppose that z € H?(Il) and f € Ly(I) satisfy (2.7). Then there is
a A > 1 such that for each A > X there is an so(N\) with the following property: for
every s > So(A), the estimate

n
/ (w)—l 3 |a§w,.z|2+sso|w|2+s%3|z|2)e—m da
II

i,j=1
c(/ |f|?e 5 dx +/ s3]z 2e dm) (2.8)
II w’

holds, where ¢ > 0 is a constant independent of f, z, and s.

Lemmas 2.2 and 2.3 were proved in [10], [30], [38], [40], [41], [61] for the case of
a bounded domain. For the torus II the proof is similar.

We replace the constants A and s (M) in Lemmas 2.2 and 2.3 by the maximum
of these constants and assume from now on that they are the same in both lemmas.
We consider the following system of equations on the cylinder Q:!

N*(y,7) = =0y — Ay — (0, V)y + ((y, V)0)* + TVO+Vp=f divy=0, (2.9)
R*(y,7) = =0t — AT — (V7,0) 4+ (€,y) = g, (2.10)

y(t,x)|t=T = yr(z), T(t, z |t=T = 7p(z), (2.11)
where v, 8, f, g, yr, and 7r are given, (y,7) are the unknown functions, and

((y7 V)i)\)* = ((896167 y)7 SRR (89611,67 y))
The following lemma implies that problem (2.9)—(2.11) is well posed.

Lemma 2.4. Let U € Loo(0,T; VL (D)) and 0 € Lo (0, T; WL(IT)). Then for any
initial data yo € VI(II), 79 € Hl( ), [ € (L20Q))™, and g € Lo(Q) there is a
unique solution (y,Vp,7) € V123(Q) x (L3(Q))™ x HY2(Q) of problem (2.9)—(2.11).

This solution satisfies the estimate

HyH%/'va(Q) + vaH?Lg(Q))" + HTH%{W(Q)
c(llyrlam + el + 1 £ 1Tz @) + 19017.0)) (2.12)

where the constant ¢ > 0 is independent of yr, mp, f, and g.

Scheme of the proof. Methods by which assertions of this type can be proved are
well known (e.g., see [77], [124]). To make the exposition self-contained, we recall
the main stages of the proof. First we obtain an energy inequality for the solution of
problem (2.9)—(2.11). We take the inner product of (2.9) by y in (L2 (II))"™ and the

IThis system is the formal adjoint of the linearized Boussinesq system, which will be introduced
in §3 (see (3.1), (3.2)).
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inner product of (2.10) by 7 in Lo (II). By summing the resulting inequalities, inte-
grating by parts, and performing simple manipulations (in particular, integrating
over time from ¢ to T'), we obtain

T
ly(ts Mo + 17 N7 am) +2/t (IVy(s, oy + V7 (s, NIE L) ds

T
<C2/ (s, MFoqmy + I7(ss 7y + 1 (s D roqmy + las, I, amy) ds
t
+ lyrlloqmy + IrlF, )

An application of the Gronwall lemma to this inequality yields the energy esti-
mate

T
ly(ts oy + 17 DIZ, +2/t (IVy (s, Yoy + 1V7(s: L)) ds

T
< c(|yT|2Vo<n> el + [ (156 o + o ) ds)-
(2.13)

Taking the projection of equation (2.9) on the subspace of solenoidal vector
fields and using Galerkin methods, we derive from inequality (2.13) the existence
and uniqueness of a solution

(. 7) € (Loo (0, T5 VO(ID))NLa(0, T; VI(I))) X (Loo (0, T5 La(ID)N L2 (0, T; H'(ID))).

Let P: (Lo(II))™ — VO(II) be the orthogonal projection. Using the explicit
formula for P for the case of the torus (see [126]), we readily see that
PA = AP and that the restriction of P to (H*(II))" acts into V*(II), P|(Hk(n))n :

(H®(I1))™ — V*(II). Hence the projection of (2.9) on VO(II) has the form
~0w — Ay = P[f + (@ V)y+ (s, V)0)" + V8] =g, (2.14)

and moreover, we obviously have q € Ly(0,T; V°(II)). By applying the theorem on
the smoothness of solutions of the Stokes problem to problem (2.14), (2.11) with
right-hand side ¢, we find that y € V12(Q) and

9113120y < (Il + 19130, ivomy )
< ex (lyr s + 19113, 0,70 (my
71 0,750 () + HyH%Lg(Q))")' (2.15)

Inequalities (2.15) and (2.13) imply the desired estimate for |\y|\%/1,2(Q). The esti-
mate for HTH%ILQ(Q) can be obtained in a similar way. By expressing Vp from (2.9),
we obtain the estimate for HVpH%LQ(Q))n.
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2.2. Carleman estimates for solutions of system (2.9), (2.10). First, let
us obtain additional information on the smoothness of the pressure p from (2.9).

To this end, we subject v, 5, and f to stronger smoothness assumptions than in
Lemma 2.4. Suppose that div f € Ly(Q) and

€ Loo(0,T; VA(I), 6 € Loo(0, T; W2 (IT)). (2.16)

We apply the operator div on both sides of (2.9). Since the function y is divergence-
free, we obtain R
Ap = div((@, V)y — ((y, V)0)* — 7V0 + f). (2.17)

By (2.16) and the inclusions y € L2(0,7; V?(Il)) and 7 € L2(0,T; H?(II)), which
follow from Lemma 2.4, we have

div((@, V)y ~ (4. V)9)" ~ 7V0) € L2(Q)-
Hence it follows from (2.17) and Sobolev’s embedding theorem that
p € Ly(0,T; H*(IT)) C Ly(0, T; C(I1)),

and hence the value of p at xg, that is, p(¢,zg), is well defined as an element of
L5(0,T). To specify the function p in (2.9) uniquely, we set

p(t, z0) =0, (2.18)

where g € w’ and '’ is the subdomain, star-shaped with respect to xg, introduced
in Lemma 2.1.

Theorem 2.1. Let o and § satisfy (2.16), and let
f e (La(Q), divie Q) g€ La(Q). (2.19)
Then there is a A > 1 such that for each X\ > X there is an So(A) with the

following property: for each s > so(X), the solution of problem (2.9)—(2.11) satisfies
the estimate

I(y,7,5) E/Q<(</78)_1(|3ty|2+|3tT|2)+($<p)‘1 > (029 + 102,71

4,j=1

+ so(IVy|* + |V7*) + s* 0 (Jy|* + |r|2)>e—8°U dx dt
< ( 0520 + 1 52+ gt ) Peos o
Q
+ / S (|y)2 + |77 + [p[Pe * da dt), (2.20)
Qv

where ¢ > 0 s independent of f, g, and s.
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Proof. We set

flt, ) = f(t,z) + @, V)y — ((y, V)D)* — 7V, (2.21)
g(t,x) =g(t,x) — (€, y) + (VT1,0), (2.22)
q(t,z) = f — Vp. (2.23)

It follows from (2.9) and (2.23) that divg = 0. Using the notation (2.21)—(2.23),
we can rewrite (2.9) and (2.10) in the form

—@—Ayzq, divy = 0; —g—;—Arzg. (2.24)

Let us apply Lemma 2.2 to each equation in (2.24) and sum the resulting esti-
mates. Then we obtain the inequality

I(y,7,s) < C(/ (lgl*+]g|*)e*>> dz dt+/ %% (ly|+|7]?)e™> da dt>, (2.25)
Q Q¥

where I(y,7,s) is the left-hand side of (2.20) and c¢ is independent of ¢, g, and

s> so(A).

Using definition (2.21)-(2.23) of the functions ¢ and g, we estimate the first
integral on the right-hand side in (2.25) as follows:

[ (al? + lgiye> daat

Q

<01/ (If12 + 191> + VPP + |Vy]? + VT + |y]? + |7]?) e da dt.  (2.26)
Q

Now from (2.25) and (2.26), taking a larger s where necessary, we obtain the inequal-
ity

Iy, s) < 2 ( 512+ 1g + 199 d
Q

+/ 2O (Jy]? + |7[P)e 5 dmdt). (2.27)
Q'

An application of Lemma 2.3 to (2.17) yields the estimate

n
/ ((sgp)_l Z |8igcjp|2 + 50| Vp|? + s3<p3|p|2> e % dx dt
Q

i,j=1
<o [ 1@ = (w0 =790+ e d
Q
+/ 520 |p|%e > da dt)
Qv
<a (/ (VY2 + VT2 + |yl> + |72 + | div f|?)e™ 5> dx dt
Q

+/ 303 |pPe > dx dt). (2.28)
Q'

We estimate Vp in (2.27) with the help of (2.28) and increase s where necessary,
thus obtaining the estimate (2.20).
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Corollary 2.1. For (7, 9) in (2.16) let (y,7) € La(0,T; V(II)) x L2(0,T; H' (I ))
be a solution of problem (2.9)—(2.11) with f =0 and g =0 such that ( )| =
Then

(y,7) =0 on Q.
Proof. Indeed, Vp| v =0 by (2.9). Consequently,

pt,z) =p(t) V(tz)€Q”,
and p|Qu = 0 by (2.18). Thus, our assertion follows from (2.20).

Now we want to get rid of the term |p|? on the right-hand side of the esti-
mate (2.20). To this end, we use the following property of the function «), which
is valid for A > Ao, where g is sufficiently large, by virtue of the second relation
n (2.4) and (2.2):

- 10 _ ~ ~ .
ax(t) < —a(t) for ax(t) = maxax(t,z), a&(t) =minay(t,x). (2.29)
9 €N e

Theorem 2.2. Let v, 1/9\ f, and g satisfy (2.16) and (2.19). Suppose that ' &
w & II, where Qw € C* and W' is a set star-shaped wzth respect to the pownt xq
in (2.18). Then there is a X > 1 such that for each X\ > X there is an S0(X) with the

followmg property: for all s > so(A\) the solution of problem (2.9)—(2.11) satisfies
the estimate

Iy.5) < e [ (7 v S+ gf)e o da
Q
T o~
+/0 e POO( £, -2y + 1V F(E )10 dt
[ o+ I ol de dt)’ (2:30)
Qu
where ¢ > 0 is independent of f and g, and I(y, T, s) is defined in (2.20).
Proof. Let us express Vp using (2.9):
Vp=f+y+Ay+ @ V)y— ((y,V)o) — V0 = fi. (2.31)
By applying the operator div to both sides of this relation, we obtain

" 0v; Oy " /0%
Z Oy, 0x; _;<8—mf’y>

i,k=1

n

B Z Ov Oy, _TAD— (Vr, Vé\) +div f = fo, (2.32)
Ox; Ox;

ik=1




Exact controllability of the Navier—Stokes and Boussinesq equations 585

where the last equality is just the definition of the function fs. Let us represent p
as the sum
p(t,x) = pi(t,z) + p2(t, z), te(0,7), z€w, (2.33)

where

Apl(t,l?):fQ(t,lI), T €W, p1|8w:0’ (
Apg(t,l?)zo, T ECWw, p2|8w:p|8w' (
)
(

and using definition (2.32) of the right-hand side f2 and (2.16), we obtain

IVD1(ts Ty @nn < ellfolt ME-1w) < e (lyt i,y
7 Ty + 1AV £ ) Fa-1(oyyn)- (2:36)
By (2.31) and (2.33),
Vp2 =Vp—Vp1 = f1 — Vp,
and hence, with regard to (2.36) and (2.16), we have
IVp2(t, -2y < c2(lyt, N,y + 17 E 0

+10ey(ts IErawyyn + I1FE Nia-2g@yn + 14V FE ) i-1).  (2:37)

The differentiation of (2.35) yields
AVps(t,z) =0, T € w.

Now Vps satisfies the assumptions of the following lemma, which can readily be
derived, say, with the help of the cut-off function technique, from results due to
Lions and Magenes [99].

Lemma 2.5. Let w(z) € H %(w) be a harmonic function, that is, Aw(x) = 0,
T € w, and let W' € w. Then

1wl L) < ellwllm-2(w) (2.38)
where ¢ 1s independent of w.

By applying the estimates (2.38) and (2.37) to Vpa, we obtain
IVpa(t, Ers@wmn < eyt irawye + I17E 7w
F 10yt Mirawyys + 1FE -2y + 1AV FE F-1()- (2:39)

Since, by assumption, the set w’ is star-shaped with respect to the point zg in (2.18),
it follows from (2.18), (2.33), (2.36), and (2.39) that

It L pwry < ellVERITL,wyyn < eyt Iy + 17 )
10yt MEpawyn + 1FE L)
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By applying this estimate to the right-hand side of (2.20) and by taking account
of (2.29), we have

T
o) <ol [ e 0( [ Qo 4 i+ 1) o+ 15, -s e
0 w
i 0, W e+ [ (24 v 24 g do )
Q

< C</ (Jy|? + |72 + |0y|? + | f|?)e 250/ 10 dg dt
QUJ

T
+/0 e—9$ou/10(Hf(t, ')H?H—Q(w))n + Hlef(t, )H?—I‘l(w))dt
+/ (IF1? + | div £1* + |g]?) e *** da dt).

Q

This proves (2.30).

2.3. Definitive estimates. Let us now eliminate the term 0;y on the right-hand
side of inequality (2.30).

Theorem 2.3. Suppose that f, g, v, and é\satisfy (2.19) and (2.16), and moreover,
00 € Loo(0,T; V2(I)), 840 € Lo (0, T; W2,(II)). (2.40)

Next, let the sets W' and w satisfy the assumptions of Theorem 2.2. Then there is
a A > 1 such that for each A > X there is an so(N\) with the following property: for
all s > so(N), the solution of problem (2.9)—(2.11) satisfies the estimate

1
[ e + e, )P)e 0 ot
Q S¥
el [ 50+ i 12+ gt e e
Q
+ / (1t ) + |y(t, z) 1 + |7 (2, m)|2)e_98a*(t)/10 dzx dt

(72, Yo + I7(T/2, ')|?qo<n)>7 (2.41)

where ¢ > 0 1s independent of f, g, y, 7, and s.

Proof. We introduce the functions

i) = [ " ysa)ds,  Fa)= / (s, ) ds,

T/2 T/2
t ~ t
p(t,x) = /T/Qp(s,m) ds, flt,x) = /T/2 f(s,z)ds, (2.42)

gt = [ " gs,a)ds

T/2
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Let us integrate (2.9) and (2.10) with respect to time from 7'/2 to ¢t. Then we find
that the functions (2.42) satisfy the relations

t

0 — AJ+ V= f—y(T/2,2) +/
T/2

(@(s,2), Vyy(s, )
— (4, V), 0)* (s, ) — T(s,m)vé(s,m)) ds =0, (2.43)
—T — AT+ (6,9) =g+ Tt/2(VT(s, x),0(s,x)) ds — 7(T/2, z). (2.44)
Let us transform the integrals in (2.43) and (2.44). We integrate by parts and
obtain

t t

(Vr(s,m),i}\(s,m)) ds = (V%(t,m),i?(t,m)) —/ (V7(s,x), 0:0(s, z)) ds;

T/2 T/2

in the same way, one can prove that

t

/ (0, V)yds=(i7(t,m),V)gj(t,m)—/ (0:0(s, ), V)i ds,
T/2 T/2

/ (9, V)8)" ds = ((i(t, 2), V)alt, )" — / ((3,V)0:0)" ds,
T/2 T/2
/t V0 ds zf(t,m)Vé\(t,m) - /t 79,V ds.
T/2 T/2

By substituting this into (2.43) and (2.44), we find that g, 7, and p satisfy (2.9)
and (2.10), where the right-hand sides f and g are replaced, respectively, by
t
F=f-yT/2x) —/ (043, V)i — (5, V)34D)* — 7VO.0) ds,  (2.45)
T/2

G=g— /t (VT,05v)ds — 7(T/2, x). (2.46)
T/2

An application of Theorem 2.2 to these equations gives the following analogue
of the estimate (2.30):
I(g,7,s) < c(/ (IF(t,)]> + | div F(t,z)]* + |G(t,m)|2)e_s°‘*(t’”) dx dt
Q

T
+ e—QSax/lo(HF(t, .)H?H_Q(w))n + ||div F (¢, ')H%I—l(w)) dt
0
s [ (R + e s ). (247
Qw
Let h(t,z) be a function. We write

h(t,z) = / (€, x) dE.

T/2
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Let us prove the inequality
h ,T)|%e drdt < , A62) do dt, .
/ IRt 2)|2e— o (69) 4 dt < c/ Ih(t, )= D) ddt, (2.48)
Q Q

where c is independent of h and s. By applying the Cauchy—-Schwarz—Bunyakovskii
inequality and then Fubini’s theorem, we obtain

_ T/2 T/2
/ |h(t,m)|2e_sa*(t’”)dmdt<c( / / / \h(€, ) |? de e (B%) dg dt
Q 0 mJt

T t
+ / / / |h(€, 2)|?dg e 2o (B) dmdt)
T/2J11JT/2
T/2 13
=c</ /|h(§,m)|2/ e g dg: dg
0 II 0
T T
o [ [eap( [ eeean) avac)
T/2J11 13

< cl/ |h(t, z)|e 52 "2) dy ds,
Q

where the last inequality follows from definition (2.4) of the function a and the fact
that the function (¢) is monotonically increasing for ¢ € (0,7'/2) and monotonically
decreasing for ¢t € (T'/2,T). Thus, we have proved (2.48).

By (2.48),

/ (|F|* + | div F|*)e *** dz dt < c(/ |f|?e™ 5 dx dt
Q Q
+ [ pae e @ o [ (ViR P e da ). 249
I Q
/ |G|%e™ 5 dx dt < c(/ lg|2e**> dx dt
Q Q
+/ |7(T/2, z)|2e™ X T/2:2) g +/ |V7[2e 5 dx dt), (2.50)
I Q

where the constant c is independent of s.
Since the vector field 9;v is divergence-free, we see that

t n ot
/ (050, V)gds = Z/ 0j(0sv5, ) ds.
mJT)e

T/2

Hence it follows from (2.45) that
IE (-2 wyyn + [1div F ()1 F-100) < C<|f(t, gy

t
+/T/2(|?3(57 Mrayn + 1708, I Esw)) ds + y(T/2, ')|%/0(n)>- (2.51)
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Let us estimate the right-hand side of inequality (2.47) with the help of (2.49)-
(2.51). Then we have

I(g,7,s) < C(/Q(|f(t,m)|2 + | div f(t, )2 + |g(t, ) |* + |Vt ) |* + |§(t, =) |2
+ V7t 2) P + |7 (t @) ) e da dt
(T2, o + I17(T/2, ) o,

+/ (|g|2+ |7-;|2+ |8tg|2)e—9$ax(t)/10dmdt>, (252)
Qw

where ¢ is independent of s. Using definition (2.20) of the functional I(g,7,s)
and transposing the terms containing |Vy(¢, z)|, |§(t, z)|, |V7(t, )|, and |7(¢, x)]
from the integral over @) on the right-hand side to the left-hand side, we obtain
(increasing so(A) where necessary)

1(§,7,5) < C1 (/ (I£(t, )12 + | div f(t,2)| + |g(t, z)[*) e~ =) dg dt
Q
+ 19(T/2, 3oy + 17(T/2, )0

+ / (1912 + 1712 + | 0egi|?) e~ 2532 (/10 g dt).

Next, in the integral over Q“ we replace the vector field 0;§ by y and estimate the
terms containing |g| and |7| with the help of an obvious analogue of inequality (2.48).
As a result, we arrive at (2.44).

Let us now eliminate the terms containing y(7'/2, - ) and 7(7'/2, - ) on the right-
hand side in (2.41).

Theorem 2.4. Let the hypotheses of Theorem 2.3 be valid, and let X and S0(A)
be defined in Theorem 2.3. Then the solution of problem (2.9)—(2.11) satisfies the
estimate

1
[ ) + e, )P)e 0 ot
Q S¥
/2, oy + I T/2, o

< c(/ (1f(t, )2+ | div £(t, z)|? + |g(t, z)|?)e 3> E2) da dt
Q
—l—/ (It 2) |2 + | f(t, 2)* + |y(t, x)|?) e 25 O/10 gy dt) Vs> so(A), (2.53)

where ¢ is independent of f and g.

Proof. Let p(t) € C°(T'/2,3T/4), p(T/2) =1, p(3T/4) = 0, and let (y,p, ) be a
solution of system (2.9), (2.10). Then, obviously, for (¢,z) € (17/2,3T/4) x II the
triple (py, pp, p7) satisfies system (2.9), (2.10) with right-hand sides f, g replaced
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by pf + yOrp and pg + T0:p, respectively. Moreover, for ¢t = 37'/4 the functions py
and pr7 satisfy zero initial conditions. Hence, by Lemma 2.4 and the trace theorem,

IY(T/2, )2y + Im(T/2, 3y
< (112 ey + 1912 2 52

Iz ey + I 22y

27 4

3T/4 1
<cs( [] [<|f|2+|g|2>+—<|y|2+|r|2>]e—sa*<tvf>dmdt), (2.54)
T/2 I 8¢

where the last inequality is valid since for ¢ € (T/2,3T/4) the functions s¢ and
e~ (t:7) are bounded above and below by positive constants that depend on s
and A but are independent of ¢ and xz. Let us multiply both sides of (2.54) by
(2¢c5)~! and add the result to (2.41). By transposing the term

LR A 2 (t,z)
= — —ox(t2) g dt
2 /T/2 /n 5<P(|y| e v

in the resulting inequality from the right- to the left-hand side, we obtain the
estimate

1
/Q ;<|y|2 +rP)e s> E) dadt + |y(T/2, )3 + I7(T/2, )3
<a (/ (I£1? + | div f1* + |g|?)es>"2) dg dt
Q

b [P+ + e O drar
Qw
/2, Yo + (T2, -)&wm). (2.55)

Let us show that (2.55) implies inequality (2.53). Suppose the contrary. Then
there is a sequence of quintuples (yx, Vpk, Tk, fk, gr) with the following properties.
For each k they satisfy system (2.9), (2.10) and, by virtue of the preceding, the
estimate (2.55). Moreover, substitution of (y, 7k, fi,gx) in (2.53) gives 1 on the
left-hand side of the inequality, while the right-hand side tends to zero as k — oc.

Proceeding to a subsequence if necessary, we can assume that

(yk, 7) — (¥, 7) weakly in the space? (LQ(Q, e_so‘*/(sgo)))nﬂ, (2.56)

2 Here La(e™*“r /(sp), Q) is a weighted Lo space, that is, the space with the norm

1918 s emsen gy = 227" (50 o
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and

(fk,gk) — (f/'\,/g\) = (0,0) in (LQ(Q,e—SO‘x))”‘H, (2'57)
/ (|yk|2 4 |Tk|2 + |ﬁ|2)e—9$&x(t)/10 dx dt
Qw

=0 E/ (112 + [72 + | fI2)e=258r (/10 gy g, (2.58)
Qw

(e(T/2, ), (T2, )) — (G(T/2, ), A(T/2, -)) weakly in V(IT) x H*(ID),
(2.59)
and consequently, since the embedding V! (IT) x H'(II) € V°(II) x H°(II) is com-
pact,
(y(T/2, ), (T2, -)) = (G(T/2, ), 7(T/2, -)) in VO(II) x H'(IT).  (2.60)
Since the left-hand sides of inequalities (2.53) and (2.55) coincide, we substitute
(Y&, Tk, fr, gx) into (2.55) and pass to the limit as k& — oo, thus obtaining the
inequality
1< er (1972, Wymqn +IFE/2 ) o). (2:61)
Obviously, there is a p such that the triple (g, Vp,7) is a weak solution of sys-
tem (2.9), (2.10) with f = 0 and g = 0. By the theorem on smoothness of weak
solutions of system (2.9), (2.10) (which can be proved by methods close to those
used in the proof of Lemma 2.4),
7e VP20, T —¢) xI), 7€ HY((0,T—¢)x1I) (2.62)
for every € > 0.

On the other hand, (7,7) = 0 in Q¥ by (2.58), and hence it follows from Corol-
lary 2.1 that (g, 7”)|Q = 0, which contradicts (2.61).

Now we introduce the following functions instead of a, and @:
3\QWJHC(H) _ () ™
_ e ME e ~ o . at)y(t)
n=n(t,3) = s () = s

where 1) is the function in Lemma 2.1, a(¢) is defined in (2.29), and s (3\\) and A
are the numbers in Theorem 2.4. Let us prove an analogue of the estimate (2.53)
in which the function a5 is replaced by 7.

Theorem 2.5. Let the hypotheses of Theorem 2.3 be satisfied, and let the functions
n and 7 be defined in (2.63). Then the solution of problem (2.9)-(2.11) satisfies the

estimate
(. 7) E/Q(T—t)(ly(t,m)l2+IT(t,m)IQ)e‘"“””) dz dt
+ 1150, o + 1700, )30

< C(/ (1f(t,@)* + [ div f(t,2)|* + |g(t, 2)[P)e™ ") du dt
Q

(2.63)

+/ (If(t,m)|2+|7(t,w)l2+Iy(t,m)IQ)e_%(t)/wdmdt>, (2.64)
Qw

where ¢ is independent of f and g.
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Proof. By definitions (2.3), (2.4), and (2.63) of the functions ~(t), ax(t, z), and
n(t, z), we have

-~

so(MNag(t,z) =n(t,xz) for te (37/4,T).

This equation, together with the boundedness above and below of the functions
n(t,z) and ax(t,x) for t € (T/2,T — Tp), implies the estimate

T
[ @ =00k + e dod
T/2J11
T o~
<o [ [@-omr e st wa )
T/2J11

Since the functions (T — t) and 7)(t, ) are bounded above and below on the set
(0,7/2) x II, we can apply the energy inequality (2.13) and obtain

T/2
/0 /H (Iyl? + I7[2)e=1C dad + 190, )2y + 170, ) poqa
<ec sup (lyt o + 17 ) Foam)

0<t<T/2

< c(ly(T/2, oy + 17(T/2, oy

I 0,7 2000 () + 19117 0,72 m0(11))

< c1(|y<T/2, Moo + 1772 o
T/2
[ e s laPree dsar). (2.66)
0 II

By summing inequalities (2.65) and (2.66) and by applying the estimate (2.53) to
the right-hand side of the resulting inequality, we obtain the following inequalities
in view of the fact that the functions (T" — t) and 7(t, ) are bounded above and
below for (t,z) € (0,7'/2) x II:

L+ e i 0, gy + 1700,
< c(/Q $(|y|2 7 )e0®as gy e
(T2, + 1772 V) + [ (177 + Py ds )
<o L e gz [+l e o).

The proof of the theorem is complete.
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§ 3. Solubility of the exact controllability
problem for the linearized Boussinesq system

3.1. Statement of the problem. We linearize the Boussinesq system (1.26),
(1.27) at a point v, p, 0:

~

N'(0,0)(y,7) =0y — Ay + (0, V)y + (y, V)o + 7€
=-Vp+f+u, divy =0, (3.1)

~ ~

R'(v,0)(y,7) = 07 — AT+ (0,VT) + (y,VO) = g + upnt1. (3.2)

System (3.1), (3.2), like (1.26), (1.27), is considered under periodic boundary
conditions; that is, y = y(¢,z) and 7 = 7(¢, z), where (t,2) € @ = (0,T) x II, and
II is the n-dimensional torus (n = 2,3). We supplement (3.1), (3.2) with the initial
conditions

y(t, .Z‘)|t=0 = yo(x), T(t, m)|t=0 = 70(x). (3.3)

~

Lemma 3.1. Let (0,0) € Loo(0,T; VL(II)) X Loo (0, T; WL (IT)). Then for any yo €
Vi(ID), 7o € HX(), f € (L?(Q))", and g € L*(Q) and any function u € U(w) C
(L2(Q))™*! there is a unique solution (y,7,Vp) € V12(Q) x HV2(Q) x (L*(Q))"
of problem (3.1)—(3.3), and this solution satisfies the estimate

911200y + 17112 () + VDI 2,0y
< c(lyollFs my + ol qmy + 1Ly + N9l Z00) + HU’H?LQ(Q))(”-H))' (3.4)

This lemma can be proved in the same way as Lemma 2.4.
We pose a controllability problem for system (3.1), (3.2) by supplementing (3.3)
with the following conditions at time 7"

y(T,z) =0, 7(T,z) = 0. (3.5)

Here the unknown functions include not only (y, 7, Vp), but also the control
u=(u,Unt1).

To state the controllability problem precisely, we introduce appropriate function
spaces for the initial data and solutions of problem (3.1)—(3.3), (3.5).

Just as before, let w C II be a subdomain of the torus II, and let

1, zew,
0, z€w,

Xo(2) = {

be the characteristic function of w. We introduce the weight functions

it en(t:@)
P1 (t, J?) = en( )Xw(m) + T _¢ 1- Xw(m))7 (36)
ot) = €1, (37)

where 7(t,2) and 7(t) are the functions defined in (2.63).
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We set
L20.@) = {u0,) € @) Wl = | ptdrdi <oof (9

The space La(p1, Q) is defined in a similar way.
Let us introduce the space of right-hand sides for equation (3.1):

F(Q) = {f € La(0, T3 (Lo(I1))") : 3 f1 € (Lalpr, Q)"
and 3 fo € Lo(0,T; H*(II)) such that f=f; + V fa;

. 1/2
HfHF(Q):fzfllrfva(HflH%Lg(pl,Q))"+Hf2|‘%2(0,T;H1(H))) } (3.9)

We define the space of solutions of system (3.1), (3.2) as follows:

© = {(y,7) € V1*(Q) x H"*(Q) : L(y, ) € F(Q) x L2(p1,Q),
ye?2 e V12(Q), 1212t ¢ Hl’Q(Q)}, (3.10)

-~ ~

where L(y,7) = (N'(v,0)(y, 7), R'(v,0)(y, 7)), and N’ and R’ are the operators
defined in (3.1), (3.2). We define a norm on the space © by setting
95 P
1y TS = 1L T E@)x La(or,0) + 19T V1200 + ITeT G2y (3:11)
The control space is defined to be

U(p,w) = {u= (s uns1) € (La(p, Q)" suppu € Q4 = (0,T) xw}. (3.12)
The following theorem is the main assertion in this section.

Theorem 3.1. Let (9,0) € WL (0,T; V2(IT)) x WL (0,T; W2 (). Then for any
yo € VI(ID), 7o € HY(ID), f € F(Q), and g € La(p1,Q) there is a solution
(y,p, T, u) € VI2(Q) x L2(0,T; HY(I1)) x HY2(Q) x U(p,w) of problem (3.1)—(3.3),
(3.5).

The rest of the section deals with the proof of this theorem.

3.2. An auxiliary extremal problem. To prove theorem 3.1, we apply a version
of the penalty method. Let us consider the extremal problem

2
L(y,7) = (=Vp+ f +u', g+ uny1), divy =0, (3.14)
y(t, m)|t=0 = yo(x), T(t, m)|t=0 = 70(x), (3.15)

~

where L(y,7) = (N'(7, @\)(y, 7), R'(v,0)(y, 7)), and the operators N’ and R’ are
defined in (3.1) and (3.2), respectively. Furthermore, the function p(t) is defined
in (3.7), and my(t, z) is given by the formula

1 1
Je(y, T, u) = —/ p(t)(|y|* + 72) dz dt + 5/ my(t, 2)|u|® dz dt — inf, (3.13)
Q Q

Mt ) = X (@)eT T 4 (1 = xu(2))k, (3.16)

where X, () is the characteristic function of w, 7(¢) is the function in (2.63), and
k is a positive integer.
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Lemma 3.2. f € (L2(p1,Q))", g € La(p1,Q), yo € VI(II), and 7o € H*(II).
For each positive integer k there is a unique solution (y,7,Vp,u) € V12(Q) x
HY2(Q) x La(0,T; (Lo(TD))™) x (L2(Q))™ L of problem (3.13)-(3.15). Moreover,
(y7 T) € (LQ(p7 Q))n X LQ(p7 Q)

Proof. We recall that an admissible element of problem (3.13)—(3.15) is a quadru-
ple (y,7, Vp,u) € V12(Q) x HY?(Q) x (L2(Q))"™ x (L2(Q))™ ! that satisfies rela-
tions (3.14) and (3.15) and on which the functional in (3.13) is finite. The set of
admissible elements will be denoted by A. Let (y,7,Vp) € V3(Q) x HY2(Q) x
(L2(Q))™ be a solution of problem (3.1)—(3.3) with v = 0, and let u(t) € C*°[0, T
be a function equal to 1 in a neighbourhood of zero and zero in a neighbour-
hood of T. Let u(t,z) = Ccll—';ty — [+ uf, Ccll—';tr —g+ ,ug). Then the quadruple

(4(t)y, 1(2)7, w(£)p, w) belongs to A.
Since A # @, it follows that there is a minimizing sequence (Ym, Tm, VPm, tm) € A
for the functional Jj:

Tk Yms Ty VD Um) — inf Ji (y, 7, Vp, u). (3.17)
(y,7,Vp,u)eA

It follows from (3.17) and the estimate (3.4) that

[ymllviz@n(zao.nm +HlITmll 2@z 0.@) HIVPmll Lo @) +ltmll Lo @)mi < 6

where c is independent of m. Hence the minimizing sequence contains a subsequence
weakly convergent in (V12(Q) N (L2(p, Q))") x (H'*(Q) N La(p, Q)) x (L2(Q))" X
(L2(Q))™*! to some quadruple (7,7, Vp,u) of functions. We can readily see that
this quadruple is a solution of problem (3.13)—(3.15). The uniqueness of the solution
follows by a standard argument from the strict convexity of the functional (3.13).

Let us derive an optimality system for problem (3.13)—(3.15).
Lemma 3.3. Let the hypotheses of Lemma 3.2 be satisfied, and let

(Yk> Thy VD, ur) € (VI2(Q) N (La(p, @))™) x (HY*(Q) N La(p, Q))
X (L2(Q))" x (L2(Q))™*!

be a solution of problem (3.13)—(3.15). Then there is a triple
(zk, 7, Var) € L2(0, T; VO(I)) x La(Q) x (L2(Q))"

such that

L(kaTk:) = (_ka + f + u’;q:?g + uk,n+1)7 yk(owx) = yo(m)7 Tk(owx) = TO(£)7 (318)

L*(zx, k) = (Vax — pyr, —p7) in Q, (3.19)
(zi, 76) — mpur =0 in Q, (3.20)
where

L*(z,r1) = (N* (21, 78), R (26, %)),
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and the operators N* and R* are defined in (2.9) and (2.10). Furthermore, the pair
(zk,7K) satisfies the estimate

/Q (T = )2l + el dadt + 2400, ) Brogy + (0, )2,
<0 / i + [ms[2)e " da dt + / (m2uil® + P ly?)e T dwdt,  (3.21)
Q Q¥

where Cy is independent of (yk, Tk, uk)-

Proof. Relations (3.18) hold by virtue of (3.14) and (3.15).
To derive (3.19) and (3.20), we use Lagrange’s principle for an abstract smooth
problem of the form
J(x) — inf, Fz =0, (3.22)

where J: X — R! is a continuously differentiable functional and F: X — Z
is a continuous linear operator between the Hilbert spaces X and Z. Alekseev,
Tikhomirov, and Fomin [2] and Fursikov [30] showed that if Z is a local extremum
of problem (3.22) and the operator F'is a map onto Z, then there isa z € Z* = Z
such that the Lagrange functional L(z, z) = J(x) + (F'z, z) z satisfies the relation

LI(Z,z)[h]=0 VheX. (3.23)
In problem (3.13)—(3.15) we have x = (y, 7, Vp, u) and
X =(V1(Q) N (L2(p, Q))") x (H"*(Q) N La(p, Q)
% Ly (0,T; VHYIT)) x (L2(Q))™ ™,

where VHY(I1) ={Vp(z), p € H*(I)}, J(z) = Jx(y, 7, u) is the functional in (3.13),
Z = (L2(Q))" ! x VI(II) x H(II), and

F(z) = (L(y,7) — (Vp,0) — u, y|t=0, T|t=0),

where L(y, 7) is the operator (3.14). To prove that the operator F': X — Z is onto,
we establish the solubility of the operator

L(y7 T) - (vp7 0) —u= (f? 9)7 y|t=0 = :l]o, T|t:0 = ~0 (324)

for any (f, g, 9o, 7o) € (L2(p1,Q))" ! x VI(II) x H'(II). Indeed, by substituting an
arbitrary pair (y,7) € (V12(Q) N (La(p, Q))") x (HY2(Q) N La(p, Q)), satisfying
(3.243) and (3.243) into (3.24;1), we can find u from the resulting equation by setting
p = 0. Obviously, u = (v, uns+1) € (L2(Q))"*. Thus, the Lagrange principle
applies to problem (3.13)—(3.15). The Lagrange function in this case has the form

L(y; T, VP7 U, 2,7, (bl? ¢2) = Jk(y7 T, u’)

+ / [N'(3, @\)(y, )24+ R@,0)(y,T)r —Vp-z2—u' -z —upq1r| drdt
Q

+ (0, ) =G0 61) oy + (700, ) = o, 82) o 1) (3.25)
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where (2,7, ¢1, ¢2) € (L2(Q))" ™ x V71(II) x H~Y(II) is an element of the Hilbert
space Z* and (N', R') = L are the operators (3.1) and (3.2). By applying (3.23)
with differentiation with respect to the variable z = (y,7,0,0,0) to the Lagrange
function (3.25), we obtain (3.19); the application of (3.23) with differentiation with
respect to the variable x = (0,0,0, v/, uny1) yields (3.20). By differentiating the
Lagrange function with respect to Vp, we obtain div z; = 0. Let us apply inequal-
ity (2.64) with y = 2, 7 = ¢, VD = Vi, f = —pyk, and g = —p71, to rela-
tion (3.19) and then use (3.20) in the integral over Q“ on the right-hand side. This
gives us inequality (3.21).

3.3. Proof of the main result. In what follows we prove Theorem 3.1 by passing
to the limit as & — oo in problem (3.13)—(3.15). To this end, we first estimate

Ji Yk, Ty Uk)-

Lemma 3.4. Letf € (LQ(p17Q))n7 f|Qw = 07 ge LQ(p17Q)7g|Qw = 07y0 € Vl(H)7
and 70 € H*(I), and let (yx, Tk, Vg, ur) be the solution of problem (3.13)—(3.15)
constructed in Lemma 3.2. Then there 1s a constant ¢ > 0 independent of k such
that

Tk Wrs s ) < (1 I (on,00)m + 19120 001.0) + 1900y + 170l o)) - (3:26)

Proof. Let (zx,rr) be the functions constructed in Lemma 3.3 and satisfying the
estimate (3.21). Using the definitions (3.16) and (3.7) of the functions my (¢, z) and
p(t), we obtain

Xw(@)m(t,2)e ™ <o, PP (e = p(t),  p*()e ") L ep(t),
where c is a constant independent of k.
By applying these relations to the right-hand side of inequality (3.21) and by

taking account of definition (3.13) of the functional Ji, we can readily derive the
following estimate from (3.21):

/(T—t)(|zk|2+ Il 2)e =" da dt
Q
+ {12 (0, ')H%/O(n) + {17 (0, ')H%Q(n) < adi(ye, iy uk),  (3.27)

where the constant ¢; is independent of k. Let us take the inner product of (3.19)
by (yk, ) in (L2(Q))™ x L2(Q), integrate by parts with respect to z and ¢, and
use (3.18). Then we obtain

—/ p(lyl? + |7|?) da dt = (2x(0, - ), yo)vo(ry + (r&(0, - ), 7o) L2()
Q

+/ ((f+UL,Zk) + (9+Un+17k)7“k) dz dt.
Q
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This equation, by virtue of (3.20) and definition (3.13) of the functional Jj, implies
that

2Tk (Yks Thes Uk

= —(zk(o, '),yQ)VO(H) — (Tk(o, '),TQ)LQ(H) - /Q((f, Zk) —l—grk) dz dt

1/2
< (|zk<o, Mo + 10, ) + /Q (T — t)(|2f? + [r2)e dwdt)

1/2
X (lvoll3o oy + 170l 70y + 1 £ 172 oryn + 19070 (on.0))

)

where p; is the weight from (3.6) (here we have used our assumption that f| oo =0

and g| Qv = 0). By applying the estimate (3.27) to the right-hand side of the last
inequality, we obtain

205 (k> T, ur) < 1 (1 F 172 or.00)n + 1911700010

1/2 ;1/2
Toll2an) I s T un).

+ HyOH%/O(n) + |
whence (3.26) follows.

Proof of Theorem 3.1. First, we assume that f|Qw = 0 and g|Qw = 0. Let us

consider a sequence (y, Tk, VDg, ui) of solutions of problem (3.13)—(3.15) as the
parameter k goes to infinity. It follows from (3.26), (3.13), and (3.16) that

Hka(QLg(p,Q))" + HTkH%Q(p,Q) + k/Q\Q |uk|2 dx dt+/Q eﬁ|Uk|2dm dt < C, (328)

where c¢ is independent of k. By virtue of (3.28) and the estimate (3.4), we have
lyrllFeqmy + Il Feqmy + 1VPRl 7, 0) < e, (3.29)
where ¢; is also independent of k. By virtue of (3.28) and (3.29), the sequence of

solutions contains a subsequence (which will also be denoted by {(yk, Tk, VDk, ur)})

such that

yr — § weakly in V'*(Q) N (L2(p, Q))", 7w — 7 weakly in H"*(Q) N L2(p, Q),
Vpr — Vp weakly in (L2(Q))", wur — u weakly in (Lo (Q))”"'1

(3.30)
Moreover, by (3.28),
(1= xo(@)ur =0 in (L2(Q))", (3.31)
T /Q il (b, 2)| da dt < c.

where ¢ > 0 is the same constant as in (3.28), and hence

T—e
/ / Nt z)?dedt < ¢ Ve>0,
0 w
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which readily implies that
/ Gt )26 do dt < . (3.32)

It follows from (3.31) and (3.32) that u(t, ) € U(p,w) (see (3.12)). Using (3.30),
we pass to the limit as k — oo in (3.18). As a result, we find that the quadruple
(5.7, V5,3) € (V22(Q) N (Lalp, Q") x (H(@Q) N La(p, Q)) x (L2(Q))" x U(p,)
satisfies relations (3.18) and hence also (3.1)—(3.3). Let 7(¢) be the function in (3.7)
defined in (2.63). We make the substitution § = °7/21y, 7 = &?1/217 g = €71/217,

p = ¢e”"215in (3.1)~(3.3) and find that the functions (¢, 7, Vp, i) satisfy the system
of equations
AN - 5 . 9 d .
NGOG = Vot i+ 20 gm0 (38
~ AN~ 5 9 d
R'(©,0)(7,7) = " g + i1y 11 + o1 % 7. (3.34)

We have already proved that the right-hand side of system (3.33), (3.34) belongs
to the space Lo(0,T;VO(II)) x Ly(0,T; H°(I)). Hence (§,7,Vp) € VH3(Q) x
HY2(Q) x (L2(Q))™ by Lemma 3.2. Thus, we have proved that, by virtue of the
properties of the function p in (3.6), (¥, 7, Vp,u) is a solution of the linear exact
controllability problem (3.1)—(3.3), (3.5) and belongs to the space © x (L2(Q))™ x
U(p,w). Finally, let (f, g) be an arbitrary function from the space F(Q) x Lz (p1, Q)
(see (3.11)). By the definition of the space F(Q), there are f1 € (L2(p1,@))" and
Vs € (L2(Q))™ such that f = f; + Vfo. We have already proved that for any
initial data ((1—x.)/f1, (1= Xw)9, %0, 70) € (La(p1, Q))™+Y) x VI(IT) x H(IT) there
is a solution (y, 7, Vp,u) € © x (L2(Q))™ x U(p,w) of problem (3.1)—(3.5). One
can readily see that the function (y,7,Vp — Vfa,u + (Xw f, Xwg)) is a solution of
problem (3.1)-(3.3), (3.5) with the initial data (f1, g, yo, 70)-

§4. Local exact controllability of the Boussinesq system

In this section we prove Theorem 1.5. We seek the solution of problem (1.26),
(1.27), (1.24), (1.25) in the form

v(t,x) =0(t, ) +y(t,z), O(t,z)= a(t, x)+7(t,z), Vp=Vp+Vgqg (4.1)

where (7, @\, D) is the solution of the Boussinesq system (1.26), (1.27) with u = 0
given under the assumptions of Theorem 1.4. By substituting (4.1) in (1.26)
and (1.27) and subtracting (1.26) and (1.27) for (v, Vp,7) from the resulting
equations, we arrive at the following system for the new independent functions

(y, 7, Vg, u):
N(y,7,q,u) =y — Ay + (0,V)y+ (y, Vv + 1€+ Vg+u =0, divy =0,

(4.2)

R(y,m,u) = Ot — AT+ (0, VT) + (y, VG) (y, VT) + tny1 =0, (4.3)
y(0, ) =vo — (0, -),  7(0,) =60 — 00, -), (4.4)
y(T,-)=0, 7(T,-)=0. (4.5)
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Let us introduce a map A(y, 7, ¢, u) by setting

A(y7 7,4, U’) = (N(y7 7,4, U), R(y7 7,4, U’)? y(07 : )7 T(07 : )) (46)

To analyze problem (4.2)-(4.6), we use the following version of the implicit function
theorem (see [2]).

Theorem 4.1. Let X and Z be Banach spaces, and let A € C1(X; Z) be a contin-
wously differentiable map from X to Z. Assume that

A(zo) = 20 (4.7)

for some xg € X and z9 € Z and the derivative A'(x9): X — Z of A at xg is an
epimorphism. Then there is an € > 0 such that for each z € {z € Z : ||z — z|| < €}
there is a solution x € X of the equation A(z) = z.

Proof of Theorem 1.5. The change of variables (4.1) reduces problem (1.24)—(1.27)
to problem (4.2)—(4.5). We prove the solubility of the latter problem for small

-~

(vo — (0, -),8p — (0, -)) with the help of Theorem 4.1. To this end, we set

X =0 x Ly(0,T; VHY(IT)) x U(p,w), (4.8)
Z = F(Q) x La(p1, Q) x VI(II) x H'(IT),

where La(p, Q), F(Q), ©, and U(p,w) are the spaces (3.8), (3.9), (3.10), and (3.12),
respectively. We define the map A by formulae (4.6), (4.2), and (4.3) and the spaces
X and Z by (4.8) and (4.9). We note that relations (4.5) are then satisfied automat-
ically, since = (y, 7, q,u) € X, where X is the space (4.8). We set 2o = (0,0,0,0)
and zp = (0,0,0,0); then condition (4.7) is obviously satisfied. By elementary esti-
mates we establish that the operator A(x): X — Z is continuously differentiable.
The surjectivity of the map A’(0): X — Z has already been proved in Theorem 3.1.
Thus, the operator (4.6), (4.2), (4.3), acting in the spaces (4.8) and (4.9), satisfies
all assumptions of Theorem 4.1, and hence the conclusion of this theorem is valid
for it. Therefore, we have established the solubility of problem (4.2)—(4.5) for small

~

(vo — (0, ), 60 — (0, -)), and the proof of Theorem 1.5 is complete.

§ 5. Approximate controllability of the Boussinesq
system: reduction to a linear system of a special form

5.1. The idea of the proof. In this and the next sections, we prove the approx-
imate controllability of the Boussinesq system (1.26), (1.27), that is, the system

Ov—Av+ (v,V)v+60e—Vp=f+u, divv=0, (5.1)
00 — AO + (v, VO) = g+ up41,

where (f, g) are given external forces and the control u = (v’,u,1) is supported
in Q¥ = (0,T) X w. Just as before, system (5.1), (5.2) is considered in the cylinder
Q = (0,T) x II, where II is the n-dimensional torus, n = 2,3. We assume that the
initial conditions

U|t=0 = o, 9|t=0 = 90 (53)
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are given for ¢t = 0, where vy € VO(IT) N (C**(I))" and fy € C**(II) are given
functions. We recall that the approximate controllability problem is stated as fol-
lows: for any v; € VO(II) N (C?*(I))*, #; € C?*(II) and any € > 0, construct
a control u = (u/,unt+1) € U(w;0,T),® such that the restriction of the solution
(v, Vp, 0) of problem (5.1)-(5.3) to t = T satisfies the condition

[o(T, -) = v1llFaqmy + 10(T, -) = Ou |3y < € (5.4)

Let m(t, z) = (mq,...,my) € C(Q) be a vector field on @ such that

n
divm(t,z) = Z@imi =0, (t,z) €@, and m(t,x) =Vy(t,x), (t,z) € Q\Q",
i=1
(5.5)
where (¢, x) is a function on @ \ @, which by (5.5) is harmonic on IT\ w for every
te (0,T).

We intend to reduce the approximate controllability problem (5.1)—(5.4) to the
proof of exact controllability of a system of linear first-order equations with coef-
ficients that we choose ourselves. These coefficients will be determined by some
vector field m of the form (5.5). We seek the solution (v, p, ) in the form

v=z+m, 0=r; dive=0, divm=0 (5.6)

(the resulting pressure p will be written out later). By substituting (5.6) into (5.1),
(5.2), we obtain

Oz+ (m,V)z+ (2,V)m + (2, V)z — Az + Oym (5.7)
—Am+ (m,V)m —Vp+re=f+u, dive=0,
Or + (m,V)r+ (2, V)r — Ar = g+ tun41. (5.8)

We note that the main difficulty is in the construction of the desired functions
(z,7) on the set @ \ Q“. Indeed, once we have constructed (z,7) on Q \ Q%, we
can extend (z,r) to Q* arbitrarily, preserving only the condition divz = 0 and
the prescribed values of (z,7) for t = T,z € w. We then find the control u by
substituting (z,r) in the left-hand side of (5.7), (5.8).

Let us show that, by the second equation in (5.5), the expression dym — Am +
(m,V)m on @\ Q“ is the gradient of some function ¢;:

om — Am+ (m,V)m = Vq. (5.9)

Indeed, Oym — Am = V(9yy — Av) by the second equation in (5.5). Next,

n n 1 )
(m,V)mzijﬁjmzz:@j'y@jV'y:§V|V'y|2 in Q\Q".

=1 =1

3 The control space U(w;0,T) is defined in (1.28).
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In what follows we shrink the time coordinate ¢ — t/§ so that the terms (z, V)z,
Az, ré, and f in (5.7) and (z, V)r, Ar, and g in (5.8) will be small. Retaining the
leading terms in (5.7), (5.8), we obtain the system

Oz+ (m,V)z+(2,V)m —Vg=1/, divz =0, (5.10)
Or + (m, V)r = upq1, (5.11)

where Vg = Vp — Vq1, and V¢ is defined in (5.9). The initial condition for
equations (5.10), (5.11) is generated by conditions (5.3):

z|t=0:60, T|t:0=éo. (512)
We replace the approximate controllability condition (5.4) by the exact controlla-
bility condition .

2T, )=v1, r(T,-)=01 (5.13)

Furthermore, 9; € VO(IT) N (C*°(I1))"* and §; € C°°(IT), j € {0,1}, will be chosen
close to v; and 6;, respectively, j € {0,1}.

The coefficients of system (5.10), (5.11) are determined by the vector field m
constructed in the following lemma.

Lemma 5.1. There exist a vector field m(t,z) = (mq,...,my) € (C®(Q))™ satis-
fying conditions (5.5) and a time T > 0 such that

okm(t, ) oFm(t, z)

0,z)=m(T,z) =0, ———= =——"1 =0, keN 5.14
mz)=mT =0, ELD| = TELI <o kel (514)
(k is an arbitrary positive integer) and the relation

{(t,z(t,x0)), t€ (0,T)} NQ¥ # & (5.15)
is valid for every xg € I, where x(t, zo) is the solution of the Cauchy problem
d
am(t,mo) = m(t,m(t,mo)), m(t,m0)|t=0 = 9. (5.15")

Moreover, (T, xo) = xg for each xo € II. Furthermore, there exist a finite cover
{04, i =1,...,k} of the torus II by open sets O; and a number A > 0 such that
for each i all the curves x(t,x0), xo € O;, simultaneously lie in w for some time
interval of length A.

Theorem 5.1. Let m(t,x) satisfy all the hypotheses of Lemma 5.1, and let v; €
(C°(M)" N VYD) and §; € C>°(I1), i = 0,1, be given. Then there is a solution

(2, Vg, r,u) € (CZ(Q)" NVH(Q))
X (C%(Q)" x C=(Q) x (U(w;0,T) N (C=(@)"")
of problem (5.10)—(5.13) satisfying the inequality

HZH%“(O,T;(CW(H))") + HTHél(O,T;C’CvQ(H))
+ HVQH%*(O,T;(CI«Q(H)W) + HUH%’(O,T;(C’Cva(n))nﬂ)

1
<o (Z<|aj|?c,c,a<n>>n n |ej|ék,a<n>)) (5.16)

Jj=0
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for any k > 2 and o € (0,1), where the constant ¢y, depends only on the norm of
the vector field m(t, x) in the space (C*<(Q))".

The proofs of Lemma 5.1 and Theorem 5.1 will be given in the next section.
Now we derive the approximate controllability of the Boussinesq system from The-
orem 5.1.

5.2. Approximate controllability of the Boussinesq system.
Proof of Theorem 1.6. Suppose that

(vo,60) € (VO(I) N (CH(ID)") x C*(1D),

(v1,601) € (VO(IL) N (CH(ID)") x C*(1D),
and € > 0 are given. We must find a control u € U(w; 0, T') such that inequality (5.4)
is valid for the solution (v, Vp, 6) of problem (5.1)—(5.3). By Theorem 5.1, there is
a control u € U(w;0,T) such that equations (5.13) hold for the solution (z, Vg, r)

of problem (5.10)—(5.12). Using the functions z, Vg, r, m, and u, we construct the
functions

1
zs(t,x) =z (%,m) , rs(t,x)=r (%,m) , ms(t,x) = Sm (%,m) ,
1 t 1 t
Vgs(t,x) = qu (5,m> , us(t,x) = Su (5,m> ,

where 0 > 0 is some parameter. Let us substitute the functions (5.17) into sys-
tem (5.10), (5.11) for the corresponding functions z, r, m, Vg, and u. As a result,
we find that the functions (5.17) on the cylinder Qs = (0,T) x II satisfy the
system

Orzs + (ms, V)zs + (25, V)ms — Vgs = uf, divzs =0, (5.18)
8t7"5 + (m&, VT(S) = (Un+1)§. (519)
Moreover, relations (5.12) and (5.13) become

t

Z6|t=0 = ’[)0, 7“5|t=0 = 0Up (520)

20T, -) =11,  r5(0T, ) = 6;. (5.21)

We recall that after representing the solution of system (5.1), (5.2) in the

form (5.6), we reduced this system to system (5.10), (5.11) by discarding some

terms, declared to be small. Since, obviously, zs + ms, Vg5, rs, us cannot be an
exact solution of system (5.1), (5.2), we seek the exact solution in the form

v=2z5 +ms+y, 0=rs+T, U= U5 — XowlAms. (5.22)

Let us substitute (5.22) into (5.1), (5.2) and, using (5.18), (5.19), and (5.9), rewrite
the resulting relations as equations for the functions (y, 7) defined for (¢, z) € Qsr:

Oy — Ay + (y, V) (y + zs + ms)

+(zs +ms,V)y+17€— Vg2 = f1, divy=0, (5.23)
Oyt — AT+ (ms + 25 +y,VT) + (y, Vrs) = g1, (5.24)
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where

fi=f+ Az —(25,V)z5 — 25€, g1 =9+ Ars— (25, Vrs), (5.25)

1
Vg = Vp — qul (%,m), and V¢ is defined in (5.9).
We choose the initial and terminal conditions (#;,6;) € (V(IT) N (C>(I1))") x
C*(II), j € {0,1}, in problem (5.10)—(5.12) such that the estimates

150 — ol (myncz.eary + 160 — Ool|&2.0my < 0%, (5.26)
01 = v1l[¥1 mynczaqny + 161 = 1lZ2am < (6/2)° (5.27)
are satisfied, where (vg,6p) and (v1,6;1) are the initial and terminal conditions,

respectively, of problem (5.1)—(5.4).* It follows from (5.22), (5.3), (5.20), and (5.14)
that (y, 7) satisfy the initial conditions

y|t=0 = vo — o, T|t=0 =00 — éo- (5.28)

In view of (5.22), (5.14), (5.21), and (5.27), to prove (5.4) it suffices to establish
the inequality
(T8, sy + 17T, )7y < (£/2)*. (5.29)

Let us show that the Lo-norms of the right-hand sides f; and ¢; in problem (5.23),
(5.24), (5.28) are small for small §. Indeed, by virtue of (5.25), (5.17), and (5.16),
we obtain with the help of obvious estimates and changes of variables that

2

) Té ) Té t t
ol < [ [latarasarsa [Ce(50)| ag
0 II 0 H2(I)
Té 2 2
+c5/ z<£,> r(i-) dE
0 g V(1) g 2 O

T
< / gt 112, dt
1

=0

In just the same way, we can derive the inequality

Ts 1
1111Z 5 (@rs) < /0 (s I, dt*‘c‘sZ(HﬁjH%ﬂ(n) + 1651172 my) — 0
=0

as d— 0. (5.31)

4 We note that the ©p and 7p defined in (5.26) depend on §, of course. Consequently, the
functions z and r constructed in Theorem 5.1 also depend on §. However, by virtue of (5.16),
the norms of z and r in the space C1(0,T; C?®(II)) are bounded by a constant independent of §.
This remark is used below in the estimates (5.30)—(5.38).
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Since the right-hand sides and initial conditions in problem (5.23), (5.24), (5.26)
are small, we see that to prove the existence and uniqueness of the solution it
suffices to estimate the solution of the linearized system

Oy — Ay + (y, V)(z5 + ms)
+(zs +ms,V)y+17€— Vg2 = f1, divy=0, (5.32)
O — AT+ (ms + 25, VT) + (y, Vrs) = g1. (5.33)
Let us take the inner products of the first equation in (5.32) by y in VO(II) and

of (5.33) by 7 in Ly(II). By summing the resulting inequalities and arguing as in
the derivation of (2.13), we obtain

(ly(ts Moy + I o) + (IVuts o + V7 ) o)
< (s M zamye + ot E ) + eyt Mo + 17 )Fom)
X (14 [lzs(t, v qny + Irs(t )llwe any + Ims(t, )l erany»).  (5.34)

DN | =
SN

We set
a(t) = 1+ ||z5(t, - )llvoniczeanyn + Irs(t, - )llozaa) + [Ims(t; -)llcz.eam)n,

where 0 < o < 1. Then we obtain the following estimate from (5.34) with the help
of Gronwall’s lemma:

ly(ts Moy + 17 7o

< C|:6f0 a(s)ds(H,DO — UQH%/O(H) + Héo - 00”%—[0(1'[))

t
o [l 1y + (o) - (535
We note that

T T t
| mste lieneayme = [ (5. )
0 0 4

T
= [ e, ey

&
(C2: ()"

In a similar way we obtain the estimates
Ts
/0 (Irs(t, 2oy + 25, llcom)n) dt

T
<5 / (It ez + 20t )l eqmy») dt

1
< e (195l czeqyn + 105llceay)-
7=0
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It follows from these estimates that

t 1 _
[ atras < (146 (sllcreamye + 15 lenea) ) (530

Jj=0

for any ¢t € (0,79). Now inequalities (5.34)—(5.36) imply the energy inequality
(t € (0,T9))

t
e, Doy + 176t Mo + | (19066, gy + 19705, Moy s
i (| —woloqy + 18 — B0 2o

t
+ [ (1A + lon(o, ) ds), (5.37)

where i is a monotone continuous function of K, K being the constant in (1.32).
We apply the operator V to (5.32) and (5.33), take the Lo inner products of the
first of the resulting equations by Vy and of the second by V7, argue as in the
derivation of (5.34)-(5.37), and use (5.36) to obtain the following analogue of the
estimate (5.37):

t
ly(t, ')H%/l(n) + I (¢, ')H%{l(n) +/0 (Ily(s, ')H%/?(n) + (s, ')H%I?(H)) ds
i (| — oy + 180 — 6o l2

[ A M + loats, ) ds). (5.38)

It follows from the estimate (5.38) by simple iteration that there is a solution (y, 7)
of the non-linear problem (5.23), (5.24), (5.28), and moreover, this solution satisfies
the estimate (5.38) in which the constant vk is replaced by 2vx. By (5.38), (5.26),
(5.30), and (5.31), there is a sufficiently small § such that inequality (5.29) holds.
Furthermore, we set T, x = Ts.

§ 6. Exact controllability of a linear system

In this section we prove Lemma 5.1 and Theorem 5.1.
6.1. Proof of Lemma 5.1. First, let us prove the following assertion.

Lemma 6.1. For each xo € II there exist a time T = T, and a vector field
m = mg, (t,z) € (C®((0,Ty,) x II))™ satisfying conditions (5.5), (5.14), and (5.15)
with x(t, xo) defined in (5.15').

Proof. Suppose the contrary. Let M be the set of initial conditions xy for which
there are no vector fields m,, with the desired property. The set II \ M is open,
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since the solutions of ordinary differential equations depend continuously on the
initial data. Hence, M is closed. Let zo € M and yo € @ be points such that

— = i —1l. 6.1
|To — yol weﬁﬂylewm Yl (6.1)

Let us show that for some ¢ € C°°(0w) with / &do = 0 the solution g(x) of the

ow
Neumann problem
Jq
Ag(z) =0, zell\w, —| =¢ (6.2)
on g,
satisfies the condition
(Va(zo),yo — o) > 0, (6.3)

where (-, ) is the inner product in R™ and g, yo are the points from (6.1). Suppose

the contrary: for each & € C*°(0w) with / & ds = 0 the solution ¢ of problem (6.2)
7]
satisfies N

(Va(xo),yo — o) = 0. (6.4)

Let us consider the Neumann problem

Az(z) = (Vé(z —x0),y0 —x0), z€Il\w, 82(;) , =0, (6.5)

where §(z — x¢) is the Dirac § function at the point 2. A necessary condition for
the solubility of problem (6.5) is given by

/ (V&(m—mo),yo —mo)l(m) dr =0, (6.6)
M\w

where 1(x) is the function identically equal to 1 and the integral is treated as
the pairing between distributions and test functions. Equation (6.6) obviously
holds. Hence (see [99], Theorem 6.6) there is a solution z(x) of problem (6.5)
which is infinitely differentiable at all points x € II \ w except for x = zo. Let
us take the Lo(IT \ w) inner product of the first equation in (6.5) by the solution
g of problem (6.2) and integrate by parts with regard to (6.2) and the boundary
condition in (6.5). Then we obtain the relations

—/ z(z)€(x) do = / (Vé(z — 20), 50 — o) q(z) d (6.7)
Ow

M\w
= —(V(J(mo);yo - 1?0) = 07

where the last equality in (6.7) is valid by virtue of (6.4). Since &(z) in (6.7) is an
arbitrary smooth function with zero mean, we see that

2|5, = const .
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Since the solution z of problem (6.5) is determined up to a constant, we can assume
that

z| 00 = 0 (6.8)
It follows from Holmgren’s uniqueness theorem for the Cauchy problem for the
Laplace operator and from relations (6.5) and (6.8) that z(z) = 0 for all z €
(IT\ w) \ o, and hence z(x) is a distribution supported at xg. Consequently,

z(x) = Z CoD%§(x — x0).

lal< NV

By substituting this into (6.5), we obtain

Z CaD*A§(x — x0) = (Vé(z — 20), 50 — T0).

lal< NV

But this equation cannot be valid for any N and C,, since the right-hand side
contains a sum of first derivatives of the J function, while the derivatives on the
left-hand side are of order > 2. Thus we have proved condition (6.3).

Let g(z) be a solution of problem (6.2) satisfying (6.3). We extend Vg(z) from
IT\ w to IT as a smooth divergence-free vector field, which will be denoted by r(z).
This extension is possible (see [40]), since

/ (v, Vq)do = £do=0
Ow Ow

by virtue of (6.2). Clearly, the solution z(t) of the problem

d
Em(t) =r(x(t)), m|t=0 =29

belongs to IT\ M for all t € (0, ¢) provided that ¢ is sufficiently small: z(t) € II\ M,
t € (0,¢). If we take

p(t) € C=(0,e), 0<pt) <1,
0(0) =¢(e) =™ 0) =" (e) =0 Vk=12,...,

then the solution of the problem

%m(t) =¢Mr(z®),  zl_o=20

also satisfies z(g) € II\ M. The definition of the set I \ M implies the existence of
Ty (c) and of a vector field m, () (t, 7) € C*° satisfying conditions (5.5) and (5.14)
and relation (5.15) in which z( is replaced by z(g). Let us define a vector field
My, (¢, ) by the formula

o(t)r(z) for t € (0,¢),
mx(e)(t +e,x) forte (e, Tx(e) +e).

Mg, (E, ) = {
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Obviously, relation (5.15) holds, where z(t, 2o) is the solution of the problem

d
am(t,xo) = Mg, (t,m(t,mo)), m|t=0 = To-

But this contradicts the inclusion zg € M. Consequently, M = @.

Proof of Lemma 5.1. Let 2o € II, and let T, be the time and m = my, (¢, z) the
vector field whose existence is stated in Lemma 6.1. Since solutions of differential
equations depend continuously on the initial data, it follows that each point zg € II
has a neighbourhood O(z() such that the solution z(t, z) of the problem

d -

am(t,z) = My, (t,m(t,z)), m(t,z)|t=0 =2z, z¢€0(xo),

satisfies the relation {(¢, z(t, 2)), t € (0, TQCO)}HQ‘Q‘LWO # @&, where Qr,, = (0, Ty, ) Xw.
Moreover, there is a finite time interval on which all the curves z(t, z), z € O(zo),
simultaneously lie in w. From the cover {O(z), zo € II} we extract a finite sub-
cover 01, ...,0k. By T; and m;(t, z) we denote a time and a vector field satisfying
the assertion of Lemma 6.1 with o = z € O;. Using m;(¢,x), we construct the
vector field
R m;(t, x) for t € (0,T;),
m;(t,z) =
—m;(2T; — t,z) fort € (T;,2T;).
This vector field obviously has the following properties: all solutions z(¢, z),
z € Q;, of the Cauchy problem

(6.9)

Em(t, z)=my (t,m(t, z)), x(t, z)|t=0 =z (6.10)
simultaneously lie in w for t € A;. Moreover, the trajectory z(t, zo) issuing at t = 0
from an arbitrary point xy € II returns at t = 27; to the same point xy. Hence, if
we define T' and m(t, z) by the formulae

K
T:QZTi
=1
1—1 1—1 [
m(t,z) = {mi<t—2ZTj,m> for t € <2ZTj,2ZTj>, i= IK}
§=0 §=0 §=0

where the m; are defined in (6.9) and Ty = 0, then this pair satisfies all assertions
of Lemma 5.1.

6.2. Proof of Theorem 5.1. Prior to studying the exact controllability prob-
lem (5.10)—(5.12), let us consider the problem

oy + (m,V)y+ (y, V)m =/, (6.11)
Oyr + (m, Vr) = up1, (6.12)
y|t=0 = ,507 r|t:0 = 507 (613)
y|t=T = ,517 r|t=T = 917 (614)

obtained by omitting the unknown function V¢ and the divergence-free condition
divz =0 in (5.10).
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Theorem 6.1. Let (0,T) be a time interval and m(t,z) € (C®(Q))"™ the vector
field constructed in Lemma 5.1. Then for any ©; € (C°°(I))" and 6; € C>(II)
there exist a control u = (v, upny1) € U(w;0,T) N (C®(Q))" ™ and a pair (y,r) €
(C(Q))™ x C>=(Q) satisfying relations (6.11)—(6.14). Moreover, for each positive
integer p there is a constant Cp, depending only on the vector field m(t,x) and its
derivatives of order < p+ 1 such that

Hyﬂél(o,T;(c*m(n))n) + HTH%ﬂ(o,T;c*m(n)) + HUH?](w;o,T)nC(o,T;(c*m(n))n+1)

1
<o (Z(mn%m(n))n n |ej|%p,a<n>)). (6.15)

Jj=0

Proof. Let {O;, ¢ = 1,...,k} be the finite cover of II constructed in Lemma 5.1,
and let {¢;} be a partition of unity subordinate to this cover.

First, we construct a solution of the exact controllability problem with condi-
tions (6.13) and (6.14) replaced by the conditions

Yli—o = @ito, Ty = @ifo, (6.16)
y|t=T = pit1, 7“|t=T = pib:. (6.17)

We solve the system
Qep(t, ) + (M, V)p+ (p,V)m =0,  9B(t,x) + (m,VB) =0, (6.18)

equipped with the initial conditions (6.16) with y = p and r = (3, by the method of
characteristics. The characteristics of system (6.18) are the solutions of the Cauchy
problem

d
am(t,z) =m(t,z(t, z)), (6.19)
m(t,z)|t=0 =z, (6.20)

where z ranges over II. By substituting x(¢,z) for = in (6.18), we obtain the
Cauchy problem for a linear system of ordinary differential equations. By solving
this Cauchy problem, we obtain

pilt,o(t,2)) = eSO G i(z), Bt 2) = i(e(z), (62

1)
where the matrix M (t) is the adjoint of V,m (¢, z(t, 2)), and the exponential in (6.21)
gives a formal notation of the solving operator for the problem p+Mp =0, p | te0=
©i(20)vo(20). Obviously, these formulae uniquely determine p;(t, ), B; (t,x).

By Lemma 5.1, there is a time interval A; = (7, 7;,1) such that the inclusion
x(t, z) € w holds for any t € A and z € O;, where the z(t, z) are the characteristics
defined in (6.19), (6.20). Let

1 fort e (0,7,0),
Xi(t) € C*(0,7), Xi(t) = Ti0 + T T) (6.22)

f
0 0rt€< 5
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We set

Gt ) =xi(0)p(t, x), it x) = Xa(t)B(t, x). (6.23)
By virtue of (6.21)-(6.23), we have (3;,7;) € (C*(Q))"*!, and the supports of
these functions lie in the curvilinear tube formed by the characteristics (6.19),
(6.20) issuing from the set O;. We find ¥; and 7; in a similar way by solving
problem (6.18), (6.17). Here the characteristics are obviously specified by (6.19)
with the following initial condition at time T

m(t,z)|t=T =z. (6.24)

It follows from the method in Lemma 5.1 for constructing the vector field m(t, z)
that the set of characteristics defined by (6.19) and (6.20) with z € O; coincides
with the set of characteristics defined by (6.19) and (6.24) with z € 0;.

By solving the Cauchy problem (6.18), (6.17) with y = o and r = 8 with the
help of the characteristics (6.19), (6.24) by analogy with (6.21)—(6.23), we obtain

~ ~

Pty a(t,2)) = e I MO UG (2051 (2),  Bilt, w(t,2)) = pi(2)01(2), (6.25)
Ui(t,z) = X:()pi(t, x), Ti(t,x) = Xa(t)Bi(t, ), (6.26)

where

1 forte (Ti71,T),

%) € C®0,T),  u(t) = T 6.27
ROCCTOD. RO\ g e (ometna) O
Finally, we set
K K
y(t,x) = Z(gi(t,m) + g’ji(t,m)), r(t,x) = Z(Fi(t,m) + ﬂ(t,m)). (6.28)
i=1 i=1

Obviously, the pair (y(t,z),r(t,z)) € (C>(Q))"*! satisfies the boundary-value
problem (6.11)-(6.14), and moreover,

K ~ ~
u'(t,z) = ;(dx(;t(t) pi(t,x) + dXd;t(t) ai(t,m)>, (6.29)
K ~ ~
i) = 3T Bt e) + TR n)) (6.30)

It follows from the construction of the functions (6.29) and (6.30) that

suppu’ C Q¥,  suppunp41 C QY.

Moreover, using formulae (6.21)—(6.23) and (6.25)—(6.30), one can readily obtain
the estimate (6.15).
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Proof of Theorem 5.1. Let (y,r,u) be the solution of problem (6.11)—(6.14) con-
structed in Theorem 6.1. For the vector field y, we write out the Weyl decomposi-
tion

y(t,x) = z(t,x) + Vp(t, ), (6.31)

where z(t, z) is a solenoidal vector field: divz = 0. We recall that the construction
of the decomposition (6.31) can be reduced by taking the divergence of both sides
to the solution of the equation

Ap(t,z) = divy(t, x). (6.32)
By substituting (6.31) into (6.11), we obtain
Oz + (m,V)z+ (2, V)m+ Vp + (m,V)Vp+ (Vp, V)m = u'. (6.33)

Since m = Vv for z € I \ w, we have

(m, V)Vp+ (Vp, V)m =" (07 0;0kp + 0;p 0,0y) = V(V, Vp).
i,k

Consequently,
Vo + (m, V)Vp + (Vp, V)m =V (dp + (V7, Vp)) = Vq (6.34)

for x € I\ w, where ¢ = Op + (V~, Vp). Extending ¢ from IT\ w to a smooth
function ¢(¢,z) defined on IT with the help of Whitney’s extension operator and
substituting ¢ in (6.33), we obtain

Oz + (m,V)z+ (2,V)m+Vg=1u'+u"(t, ),

where u”(t,z) € C*(Q) and suppu” C Q¥. Using inequality (6.15) and the
Schauder estimates for the solutions of the elliptic equation (6.32) (see [78]), one
can readily derive the estimate (5.16).
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