Approximate controllability of the viscous
Burgers equation on the real line

Armen Shirikyan

Abstract The paper is devoted to studying the 1D viscous Burgers equation con-
trolled by an external force. It is assumed that the initial state is essentially bounded,
with no decay condition at infinity, and the control is a trigonometric polynomial of
low degree with respect to the space variable. We construct explicitly a control space
of dimension 11 that enables one to steer the system to any neighbourhood of a given
final state in local topologies. The proof of this result is based on an adaptation of
the Agrachev—Sarychev approach to the case of an unbounded domain.

1 Introduction

Let us consider the following viscous Burgers equation of the real line:
8,u—u3fu—|—u8xu=f(t,x), xeR. (D

Here u = u(t,x) is an unknown function, u > 0 is a viscosity coefficient, and f(¢,x)
is an external force which is assumed to be essentially bounded in x and integrable
in ¢. Equation (I)) is supplemented with the initial condition

u(0,x) = up(x), (2)

where ug € L*(R). Due to the maximum principle, one can easily prove the exis-
tence and uniqueness of a solution for (I), (2 in appropriate functional classes. Our
aim is to study controllability properties of (I)). Namely, we assume that f has the
form

f(tvx):h(tvx)+n(tax)v (3
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where £ is a fixed regular function and 7 is a control, which is assumed to be a
smooth function in time with range in a finite-dimensional subspace E C L*(R).
We shall say that () is approximately controllable at a time T > 0 if for any initial
state up € L(R), any target # € C(R), and any numbers &, > 0 there is a smooth
function 71 : [0, 7] — E such that the solution u(z,x) of problem (I)-(3) satisfies the
inequality

H”(T")HLM(R) <K, |u(T,) _ﬁHL"“([fr,r]) <& @

where K > 0 does not depend on r and €. Given a finite subset A C R, we denote
by E, the vector space spanned by the functions cos(Ax) and sin(Ax) with A € A.
The following theorem is a weaker version of the main result of this paper.

Main Theorem. Let A = {0,4;,42,2A1,2A2,A1 + A, }, where A and A, are in-
commensurable positive numbers, and let E = E5. Then Eq. (1) is approximately
controllable at any time T > 0.

We refer the reader to Section [2| for a stronger result on approximate controlla-
bility and for an outline of its proof, which is based on an adaptation of a general
approach introduced by Agrachev and Sarychev in [2]] and further developed in [3];
see also [16, 14} [15] for some other extensions. Let us note that the Agrachev—
Sarychev approach enables one to establish a much stronger property: given any
initial and target states and any non-degenerate finite-dimensional functional, one
can construct a control that steers the system to the given neighbourhood of the tar-
get so that the values of the functional on the solution and on the target coincide.
However, to make the presentation simpler and shorter, we confine ourselves to the
approximate controllability. The above-mentioned property of controllability will
be analysed in [[L7] in the more difficult case of the 2D Navier—Stokes system.

The main theorem stated above proves the approximate controllability of the
Burgers equation by a control whose Fourier transform is localised at 11 points.
This result is in sharp contrast with the case of a control localised in the physical
space, for which the approximate controllability does not hold even for the problem
in a bounded interval. This fact was established by Fursikov and Imanuvilov; see
Section 1.6 of the book [9]]. Other negative results on controllability of the Burgers
equation via boundary were obtained by Diaz [[7] and Guerrero and Imanuvilov [11].
On the other hand, Coron showed in [6] that any initial state can be driven to zero
by a boundary control and Ferndndez-Cara and Guerrero [8] proved the exact con-
trollability (with an estimate for the minimal time of control) for the problem with
distributed control. Furthermore, Glass and Guerrero [10] established global con-
trollability to non-zero constant states via boundary for small values of the viscosity
and Chapouly [4] proved the global exact controllability to a given solution by two
boundary and one distributed controls. Imanuvilov and Puel [12]] proved the global
boundary controllability of the 2D Burgers equation in a bounded domain under
some geometric conditions. We refer the reader to the book [S]] for a discussion of
the methods used in the control theory for the Burgers equation on a bounded in-
terval. To the best of our knowledge, the problem of controllability of the viscous
Burgers equation was not studied in the case of an unbounded domain.
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The paper is organised as follows. In Section [2| we formulate the main result
and outline the scheme of its proof. Section [3|collects some facts about the Cauchy
problem for Eq. (T) without decay condition at infinity. The proof of the main result
of the paper is given in Section 4]

Notation. Let J C R be a bounded closed interval, let D C R" be an open subset,
and let X be a Banach space. We denote by By (R) the closed ball in X of radius R
centred at zero. We shall use the following functional spaces.

For p € [1,00], we denote by L?(J,X) the space of measurable functions f:J — X

such that
1/p
o= [I501) <o

In the case p = oo, this norm should be replaced by ess sup,; || f(¢)]x-

For an integer k € [0, 4-0], we write C¥(J,X) for the space of k times continuously
differentiable functions on J with range in X and endow it with natural norm. In the
case k = 0, we omit the corresponding superscript.

For an integer s > 0, we denote by H*(D) the Sobolev space on D of order s with
the standard norm || - [|. In the case s = 0, we write L?(D) and || - ||.

L~ = L*(R) is the space of bounded measurable functions f : R — R with the
natural norm || f||;~. The space L*(D) is defined in a similar way.

Wk=(RR) is the space of functions f € L™ such that ol fel”for0<j<k.

Cy = Cy(R) stands the space of infinitely differentiable functions f : R — R that
are bounded together with all their derivatives.

H, = H}|(R) is the space of functions f : R — R whose restriction to any bounded

interval I C R belongs H*(I) such that
[ AW, == sup [|f (x+ )]s 0,17 < oo
xeR

If J = [a,b] and X = H}}, or H},N L, then C,(J,X) stands for the space of functions
f+J — X that are bounded and continuous on the interval (a,b] and possess a limit
in the space H; _ast —a™.

We denote by C; unessential positive constants.

2 Main result and scheme of its proof

We begin with the definition of the property of approximate controllability. As will
be proved in Section 3] the Cauchy problem (T)), (2) is well posed. In particular, for
any T > 0, any integer s > 0, and any functions up € L*(R) and f € L (Jr, HNL”),
there is a unique solution u € C,(Jr,Hj; NL™) for (1), @).
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Definition 1. Let 7 > 0, let & € L! (JT,HSI) for any s > 0, and let E C C;; be a
finite-dimensional subspace. We shall say that problem (1), (3) is approximately
controllable at time T by an E-valued control if for any integer s > 0, any numbers
€,r >0, and any functions uo € L* and i € H; there is n € C*(Jr, E) such that the
solution u(z,x) of (I)-(3) satisfies the inequality

”u(Tv ')HH&OL"" <K ””(T, ) - ﬁ”HS([fr,r]) <§g, &)

where K, > 0 is a constant depending only on ||uo||z=, ||]|s,, T, and s (but not on r
and ¢€).

Recall that, given a finite subset A C R, we denote by E4 C Cy’ the vector span of
the functions cos(Ax) and sin(Ax) with A € A. The following theorem is the main
result of this paper.

Theorem 1. Let T >0, h € L2 (Jr,Hy)) for any s > 0, let A and Ay be incommensu-
rable positive numbers, and let A = {0,11,42,2A1,2A2, A1 + A2 }. Then problem (1)),
@) is approximately controllable at time T by an E-valued control.

A proof of this theorem is given in Section[d Here we outline its scheme. Let us
fix an integer s > 0 and functions ug € L™ and /i € H; .. In view of the regularising
property of the resolving operator for (I)) (see Proposition [3), there is no loss of
generality in assuming that ug € Cy;’, and by a density argument, we can also assume
that 7 € C;;’. Furthermore, as is proved in Section @ if inequalities () are estab-
lished for s = 0, then simple interpolation and regularisation arguments show that it
remains true for any s > 1. Thus, it suffices to prove (3] for s = 0.

Given a finite-dimensional subspace G C C, we consider the controlled equations

O — wdZu+B(u) = h(t,x) +1(t,x), (6)
Bt — 2 (u-+ C(6,2)) + Bu+ (1,3)) = hr, ) + 0 (£,%), ™

where 1 and { are G-valued controls. We say that Eq. (6) is (g, r, G)-controllable
at time T for the pair (up, ) (or simply G-controllable if the other parameters are
fixed) if one can find n € C*(Jr,G) such that the solution u of (6), (Z) satisfies
inequalities (3)) with s = 0. The concept of (g, r, G)-controllability for (7) is defined
in a similar way.

We need to prove that (6) is Ex-controllable. This fact will be proved in four
steps. From now on, we assume that functions ug, 4 € C;’(R) and the positive num-
bers T, €, and r are fixed and do not follow the dependence of other quantities on
them.

Step 1: Extension. Let us fix a finite-dimensional subspace G C C;;’. Even though
Eq. (7) is “more controlled” than Eq. (6)), the property of G-controllability is equiv-
alent for them. Namely, we have the following result.

Proposition 1. Equation (6)) is G-controllable if and only if so is Eq. (7).
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Step 2: Convexification. Let us fix a subset N C C}’ invariant under multiplication
by real numbers such that

NcG, B(N)CG. 8)
We denote by .# (N, G) C C;’ the span of functions of the form

n+&E+EdE, )

where ,& € G and & € N. It is easy to see that .Z (N, G) is a finite-dimensional
subspace. The following proposition is an infinite-dimensional analogue of the well-
known convexification principle for controlled ODE’s (e.g., see [[1, Theorem 8.7]).

Proposition 2. Under the above hypotheses, Eq. is G-controllable if and only if
Eq. (6) is #(N,G)-controllable.

Step 3: Saturation. Propositions [T| and 2] (and their proof) imply the following
result, which is a kind of “relaxation property” for the controlled Burgers equation.

Proposition 3. Let N,G C C; be as in Step 2. Then Eq. (0) is G-controllable if and
only if it is & (N, G)-controllable. Moreover; the constant Ky of (3) corresponding
to Eq. (6) with G-valued control can be made arbitrarily close to that for Eq. (6]
with F (N, G)-valued control.

We now set N = {ccos(A1x),csin(A1x),ccos(Apx), csin(Axx), ¢ € R} and define
E, = Z(N,E;_1) for k > 1, where Ey = E,. It follows from Proposition [2] that
Eq. (6) is E4-controllable if and only if it is Ex-controllable for some integer k > 1.
We shall show that the latter property is true for a sufficiently large k. To this end,
we first establish the following saturation property: there is a dense countable subset
Aw C R4 such that

|J Ex contains the functions sin(Ax) and cos(Ax) with A € A.. (10)
k=1

Step 4: Large control space. Once (I0) is proved, one can easily show that (6]
is Ex-controllable for a sufficiently large k. To this end, it suffices to join ug and #
by a smooth curve, to use Eq. (f) to define the corresponding control 17, and to
approximate it, in local topologies, by functions belonging to Ej. The fact that the
corresponding solutions are close follows from continuity of the resolving operator
for (6) in local norms (see Proposition[6)). This will complete the proof of Theorem|[T}

3 Cauchy problem

In this section, we discuss the existence and uniqueness of a solution for the Cauchy
problem for the generalised Burgers equation

du— o (u+g(t,x)) +B(u+g(t,x)) = f(t,x), xeR, (11)
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where f and g are given functions and B(v) = vd,v. We also establish some a priori
estimates for higher Sobolev norms and Lipschitz continuity of the resolving opera-
tor in local norms. The techniques of the maximum principle and of weighted energy
estimates enabling one to derive this type of results are well known, and sometimes
we confine ourselves to the formulation of a result and a sketch of its proof.

3.1 Existence, uniqueness, and regularity of a solution

Before studying the well-posedness of the Cauchy problem for Eq. (T1]), we recall
some results for the linear equation

Ov—wdtv+a(t,x)dw+b(t,x)v=c(t,x), xeR, (12)
supplement with the initial condition
V(O,.X) = V()(X), (13)

where v € L”(R). The following proposition establishes the existence, uniqueness,
and a priori estimates for a solution of problem (11)), (I12) in spaces with no decay
condition at infinity.

Proposition 4. Let T > 0 and let a, b, and f be some functions such that
aeLl*(Jr,L”), b,ceL'(Jr,L”),
Then for any vy € L problem (1)), (12) has a unique solution v(t,x) such that
Ve L™ (U xR)NC U LY), 9wy, € L
Moreover, this solution satisfies the inequalities
Wl < exp (1Bl 1, 2)) (Iollee + lellrggzsy ). (14)

)z, + 1601225y < €@ (gl + el gy ). (15)

where 0 <t <T, C >0 is an absolute constant, and

7 2 - 2
b(t) = ||bHL2(‘]t7L21)7 at) = Ha”LZ(Jt‘Lmy HCHLZILZ(J,) = SuﬂgHCHLZ(J,X[y,erl])'
ul ’ u yE
If. in addition, we have a € L*(J; x R), then u € LP(J7,HY) for any p € [1, %) and

t
Wlars.y < €1 (Il + [ el ), (16)

where C| > 0 depends only on p, ||a||r~, and Hb”Lz(JT,Lﬁ,)'
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Proof. Inequality is nothing else but the maximum principle, while (15) can
easily be obtained on multiplying (T12) by e~ =1y, integrating over x € R, and taking
the supremum over y € R. Once these a priori estimates are established (by a formal
computation), the existence and uniqueness of a solution in the required functional
classes can be proved by usual arguments (e.g., see [[13]] for the more complicated
case of the Navier—Stokes equations), and we omit them. The only non-standard
point is inequality (T6), and we now briefly outline its proof.
Let K, (x) be the heat kernel on the real line:

exp(—-), xeR, 1>0. (17)

K; (x) = dut

4mut

The following estimates are easy to check:
_3
1K gllz, < Nz 19K g) 2 < Cut3lgllz ¢>0. (1)

Here and henceforth, the constants C; in various inequalities may depend on u
and 7. We now use the Duhamel formula to write a solution of (12), in the
form

v(t,x) = (K; *vo)( / K _ ,* r)—adw(r) — bv(r))dr.
It follows from (T8) that

_3 ! _3
190y < Cor~Fbollg +Ca [ =)~ (el + = [Vlgy + el ¥]1-) d
_3 ! 3
<ol +Ca [ (=1 (el + (lallm+1) 1],
+6s [ =)ol Vg

where we used the interpolation inequality ||v||2.. < C||v|| 2 [Iv]] H- Taking the left-

and right-hand sides of this inequality to the p" power, integrating in time, and
using (T3), after some simple transformations we obtain the following differential
inequality for the increasing function @(t) = [¢ ||v(r )Hp dr

! P t
o) <C0"+Cu( [ etz dr) +Culllalfe ) +1) [ 1= Fo(rar

where Q stands for the expression in the brackets on the right-hand side of (T6),
and C4 depends on a(T'), b(T), T, and u. A Gronwall-type argument enables one to
derive (16).

Let us note that inequality (T3) does not use the fact that b,c € L' (Jr,L”) and
remains valid for any coefficient b € L?(Jr,L?) and any right-hand side ¢ for which
llel] 12.02(p) < This observation will be important in the proof of Theoreml
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We now turn to the Burgers equation (T1), supplemented with the initial condi-
tion (2). The proof of the following result is carried out by standard arguments, and
we only sketch the main ideas.

Theorem 2. Let f € L' (J,L”) and g € L= (J7 x R)NL*(Jr,W'=) N LY (J7,W?=)
for some T > 0 and let ug € L™. Then problem (11)), @) has a unique solution u(t,x)
such that

we L™ (Jr x R)NC.(Jr, L) L (Jr, Hyy), 10w, x) 20y € Lty (19)

where p € [1, %) is arbitrary. Moreover, the mapping (ug, f,g) — u is uniformly
Lipschitz continuous (in appropriate spaces) on every ball.

Proof. To prove the existence, we first derive some a priori estimates for a solution,
assuming that it exists. Let us assume that the functions ug, f, and g belong to
the balls of radius R centred at zero in the corresponding spaces. If a function u
satisfies (]'1;1'[), then it is a solution of the linear equation (]EI) with

a=u+g, b=0dg c=[+Ng—gdhs
It follows from (T4) that

l[ull = (s <) < C1(R). (20)
Inequalities (T3)) and (I6) now imply that

||”||L°°(JT,L§I) + ||MHLP(‘/T’HUII) + ||”H1—1L{1L2(JT) < G(R). 2D

We have thus established some bounds for the norm of a solution in the spaces
entering (T9). The local existence of a solution can now be proved by a fixed point
argument, whereas the absence of finite-time blowup follows from the above a priori
estimates.

Let us prove a Lipschitz property for the resolving operator, which will imply, in
particular, the uniqueness of a solution. Assume that u;, i = 1,2, are two solutions
corresponding to some data (ug;, f;,g;) that belong to balls of radius R centred at
zero in the corresponding spaces. Setting v =u; —ua, f = f1 — f2, § = &1 — 82,
and vp = ug1 — ugp, we see that v satisfies (12)), (13) with

a=ui+g1, b=0(wx+g), c=f+udlg— (u1+g1)dg—go(u>+go).

Multiplying Eq. (T2) by el integrating in x € R, and using (20) and (ZT)), after
some transformations we obtain

OIS+ ulldevlls < G (R)IVIE +2lelly vy, (22)

where we set
Wl = [ w2 lax
R

Application of a Gronwall-type argument implies that
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1 4 2
O+ [ 12wi3ds < Ca®) (ol + [ le@lhds) . @3)

Taking the square root and the supremum in y € R, we derive
1
¥l + 10220 < C5(R) (Il +sup [ e(o)lyds). 29
y

Now note that

lelly < I1flly + plloZglly + ller +g1llz= 1 Ocglly + llglle=l| ez + Drgally,  (25)

whence it follows that

t
/0 l[ellyds < ”f“leﬂLz(J,) +Cs(R)(/107¢l =) H 1058l 2 1) + gl 2, 1)) -
Substituting this inequality in (24), we obtain

1Vl 22 + 10Vl 2,200 < Co R (Vo2 + 11z 20 + gl ), 26)

where we set
Wl = 18l (g w2y + gl 2y w1y -
Inequality (26)) establishes the required Lipschitz property of the resolving operator.

Remark 1. An argument similar to that used in the proof of Theorem[2]enables one to
estimate the Hdl-norm of the difference between two solutions. Namely, let u;(,x),
i = 1,2, be two solutions of (TT), (2) corresponding to some data

(u()ivfi7gi) S H]}l X LZ(JTaLm) X Lm(Jvaz"w% i= 1a2a
whose norm does not exceed R. Then the difference v = u; — u, satisfies the inequal-
ity
Wllmprty < CR (Mol + 1 N2y 2+ Ils ey ) @D
where we retained the notation used in the proof of (26).

Finally, the following proposition establishes a higher regularity of solutions
for (IT) with g = 0, provided that the right-hand side is sufficiently regular.

Proposition 5. Under the hypotheses of Theorem EI assume that f € L2(1T7Hlfl)
for an integer s > 1 and g = 0. Then the solution u(t,x) constructed in Theorem
belongs to C([t,T],H)) for any © > 0 and satisfies the inequality

T
sup (]| 95 u(z)]172 ) +sup | 19 ()72, dr < Qe (ol + 1l 2y 1 i)
u ye u

telr

(28)
where 0 < k <s, I, = [y,y+ 1], and Qx is an increasing function. Furthermore, if
uo € Cy, then the solution belongs to C(J7,H,), and inequality (28) is valid without
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the factor of t*/2 on the left-hand side and ||uo| 2 replaced by ||ug| HE On the right-
hand side.

Proof. We confine ourselves to the derivation of the a priori estimate (28) for
uy € Lﬁl. Once it is proved, the regularity of a solution can be obtained by stan-
dard arguments. Furthermore, the case when ug € H; can be treated by a similar,
but simpler technique, and we omit it.

The proof of (28) is by induction on k. For k = 0, inequality (28) is a consequence
of (21I). We now assume that / € [1,s] and that (28) is established for all k <1 — 1.
Let us set
o,(0) =t [ et oluPdx =1 |olul}, yeR,
R )
where (z) = /14 z2. In view of (T)), the derivative of ¢, can be written as

Ahpy(t) = 16| 9lu]2 + 24! /R 90! (DU — udu+ f)dx.  (29)
Integrating by parts and using (20) and the Cauchy—Schwarz inequality, we derive

e o0t udx <~ ul + oL ul, |0k

et aludlyax < ol |okul,
/e_<x_y>3)£u8;(u8xu)dx§ 1/ e_<x_y>8;u8;+1u2dx
R 2 Jr
< S (18 ully + 0l ) 12142

Substituting these inequalities into (29) and integrating in time, we obtain

t t
o)+ [ 108 ulFdr < [ (5 0full +-4, )+ 50+ o 0L ds.
Taking the supremum over y € R and using the induction hypothesis, we derive
! LAl 22 T
V(O <0 +C [ wiydstsup [ okl Bas+cn [ ds GO
0 yer J0 0 ul
where Q;_; is the function entering (28) with k =/ — 1, and
!
w(e) = 10Lu(o) 2, +sup [ 100wl
ul yeR - 0 y

Now note that

" t
1912112 2 —lk— i
/ Ky ||8xu ||yds < C2||M||L°° Ze | y‘/ s ”u”Hl(Ik)ds'
0 keZ 0
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Substituting this into (30) and using again the induction hypothesis and inequal-
ity (20), we obtain

t
V(0 < [ ys)ds+ Ol + 11200,y

where Q is an increasing function. Application of the Gronwall inequality completes
the proof.

3.2 Uniform continuity of the resolving operator in local norms

Theorem [2| established, in particular, the Lipschitz continuity of the resolving op-
erator for (TI). The following proposition, which plays a crucial role in the next
section, prove the uniform continuity of the resolving operator in local norms.

Proposition 6. Under the hypotheses of Theorem [2| for any positive numbers T,
R, r, and O there are p and C such that, if triples (uo;, fi,8:), i = 1,2, satisfy the
inclusions

up €L”, fie L'(Jr,L”), g €L”(Jr xR)NL (Jr, W) NL (Jr, W),

and corresponding norms are bounded by R, then

sup [u1 () — w2 (1) g2 rpy) < 6

telr

+C (Hum —uo2l 21,y + v = Lall gy 2,y 1181 — g2||L2(JT,H2(Ip)))7 @31

where I, = [—p, p], and u;(t) denotes the solution of 1) issued from u;.

Proof. We shall use the notation introduced in the proof of Theorem [2] It follows
from inequality (23) with y = O that

POl <R (e Pl + [ e Ve par). G2
Now note that
le™/2v02, = /R volPe Ml < [lvollZ2, + 4 o2 (33)
By a similar argument, we check that (cf. (23))

et )2 < N2y + 11078l 2,) +Co(R) 10x8ll12r,) +C3(R)e P2
+ (lgll=p) + e liglz=) lle™ V(B + dug) oy

Integrating in time and using (21)), we obtain
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et ! TR V2 o
ezt pdr < Co® [ 1 iz + ([ e, dr) ~+ e}
(34)
Substituting (33) and (34) into (32) and taking p > O sufficiently large, we arrive at
the required inequality (3T).

4 Proof of Theorem [1]

4.1 Extension: proof of Proposition

We only need to prove that if Eq. is G-controllable, then so is (6), since the
converse implication is obvious. Let 7, (,: € C*(Jr,G) be such that the solution i of
problem (7), ) satisfies (8)) with s = 0. In view of (26), replacing Ko by a slightly
larger constant, we can assume that {(0) = {(T) = 0. Let us set u = i+ {. Then u
is a solution of (6)), (Z) with the control n = 7} + d,{, which takes values in G. More-
over, u(T) = ii(T) and, hence, u satisfies (3)). This completes the proof of Proposi-
tion [T} showing in addition that the constants K entering (3) and corresponding to
Egs. (6) and (7) can be chosen arbitrarily close to each other.

4.2 Convexification: proof of Proposition 2|

We begin with a number of simple observations. Setting G; = % (N, G), we first
note that, by Proposition|[I] the G-controllability of (7)) implies the G-controllability
and, hence, the G;-controllability of (6)). Therefore, it suffices to prove that if (7) is
G-controllable, then (6)) is G;-controllable. To establish this property, it suffices to
prove that, for any 17y € C*(Jr,G;) and any & > O there are 17,{ € L*(Jr,G) such
that the solution u(z,x) of (7), () satisfies the inequality

[u(T) = ur (Tl < 9, (35)

where u; stands for the solution of (6), (Z) with n = n;. Indeed, if this property is
established, then we take two sequences {n"},{{"} C C*(Jr, G) such that (cf. 7))

" =26 16" = Cllspge =0 asn—eo

and denote by u"(z,x) the solution of (7), @) with n = n" and § = {". It follows

from that
Y= Hl,t”(T)—u(T)||H11 —0 asn— oo (36)

Combining (33) and (36) and using the the continuous embedding HY, C L*, we
derive
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[ (T) = < [Jur (T) | z= + |(T) = ur (T)[= + [ (T) — u(T) | =
< Ko+Ci(0+ %),
[(T) = atl| 2 g,y < [Ju™(T) = u(T)| 27, + (T) = ur(T) | 2, + Neer (T) = il 12y,
SC(h+08)+|[u(T) —dll 2,

where I, = [—r,r]. Choosing 6 > 0 sufficiently small and n sufficiently large, we
conclude that «” satisfies inequalities (3)), with a constant Ky arbitrarily close to that
for u;. Finally, a similar approximation argument shows that, when proving (33), we
can assume 1 (¢) to be piecewise constant, with finitely many intervals of constancy.
The construction of controls 17, € L*(Jr,G) for which holds is carried out in
several steps.

Step 1: An auxiliary lemma. We shall need the following lemma, which estab-
lishes a relationship between G- and .7 (N, G)-valued controls.

Lemma 1. For any Ny € % (N,G) and any v > 0 there is an integer k > 1, numbers
aj >0, and vectors n,{/ € G, j=1,...,k, such that

™=

o = 1, (37)
1

~.
I

ul

k
Hm —B(u) — (T] - Z a;(B(u+¢/) —uaﬁgf)) HH‘ <v foranyu€H}. (38)
j=1
Proof. 1t suffices to find functions 7, Ef €G, j=1,...,m,such that

Hm —n+i3(5’)’
=1

<s. (39)
HL

ul

Indeed, if such vectors are constructed, then we can set k = 2m,

1 . . .
e {)= -/ =\/mC’ forj=1,...,m,
m

and relations and (3§)) are easily checked.
To construct 17,/ € G satistying (39), note that if n; € .7 (N, G), then there are
functions 7;,&; € G and §; € N such that

Qj = OQjym =

k
m =Y (- &é& — o). (40)
j=1

Now note that, for any € > 0,
&i0iEj+&j0.8; = B(e&;+e &) — €?B(E)) —e B(E)).

Combining this with {0), we obtain
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k N k } k
n— ;(ﬁjJrS*zB(ijj)) +Y B(egj+e ') =€) B()).

Jj=1 Jj=1

Choosing € > 0 sufficiently small and setting
k ~ ~ . 1 ~
Z i, +€e *B(E))), §/=¢eE+e'E),

we arrive at the required inequality (39).

Step 2: Comparison with an auxiliary equation. Let 11; € L”(Jr,G1) be a piece-
wise constant function and let u; be the solution of problem (6), 2) with n = 1. To
simplify notation, we assume that there are only two intervals of constancy for 1 (¢)
and write

M(8,2) = 1, ()] (x) + L, (17 (%),
where 1}, 17 € G are some vectors and J; = [0,a] and J, = [a,T] with a € (0,T).
We fix a small v > 0 and, for i = 1,2, choose numbers Oc >0,j=1,...,k, and

vectors N, /' € G such that (37), (38) hold. Let us con51der the followmg equation
on Jr:

ki
Ot — wou+ ) Ot; (B(u+ ¢/ (x)) — u&fcji(x)) = h(t,x)+n'(x), t€J. (41)
=1

This is a Burgers-type equation, and using the same arguments as in the proof of
Theorem [2] it can be proved that problem (#I)), has a unique solution (t, x)
satisfying (T9). Moreover, in view of the regularity of the data and an analogue of
Proposition 5] for Eq. (41)), we have

ieC(Jr,HY) foranyk>0. (42)

On the other hand, we can rewrite (1)) in the form
Ot — 1A u—+udu = h(t,x) +ni(x) —ci(t,x), teJ;, (43)
where cis(t,x) is defined for 1 € J; by the function under sign of norm on the left-
hand side of (38) in which n; =ni,n=n", o; = oc;, {J={Jt and u=ii(t,x). Since

the resolving operator for (43) is Lipschitz continuous on bounded subsets, there is
a constant C > 0 depending only on the L norms of 1; such that (see Remark

[Jur (T) _ﬂ(T)HHL{l < C(HC\I/HLZ(JI,L“) + ||C(23HL2(12,L"°)) <CV2Tv. (44

On the other hand, let us define n € L*(J7,G) by n(t) = n' for t € J;. We shall
show in the next steps that there is a sequence {{, } C L*(Jr,G) such that

" (T) = &(T) ||y =0 asm— oo, 45)
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where u"(t,x) denotes the solution of problem (7), ) in which § = §,,. Com-
bining inequalities (#4) and @3) with v < 1 and m >> 1, we obtain the required
estimate (33)) for u = u™.

Step 3: Fast oscillating controls. Following a classical idea in the control theory,
we define functions §, € L*(Jr,G) by the relation

¢ (mt /a) fort € Jy,
onlt) = { @ (m(t—a) /(T —a)) fort €,
where () (r) is a 1-periodic G-valued function such that
(O@)=¢" for0<t—(af++ai )<l j=1,.. k.
Let us rewrite (1)) in the form
Ot — g (1 + Gn(1, %)) + Blu+ G (1,%)) = h(,2) + 1 (t,%) + fun(1, ),
where we set f,, = fin1 + fin2s
ki
S (t) = =007 G+t Z o7 ¢, (46)
=

Fuolt) = B+ ) — Z @B+ ) @7

for ¢ € J;. We now define an operator % : L?(J7,L”) — L (Jr x R)NC.(Jr,L%)
by the relation

(A F)tx) = /O 'K, fls)ds

where the kernel K; was introduced in (17). Setting v,,, = ii — £ f,,, we see that the
function v, (7,x) satisfies the equation

v = (v+Cn) +BOv+Cn+ A fn) =h+1. (48)
Suppose we have shown that
1 F Ty, + 1 Fnll sy ey 0 a5 m— oo (49)
Then, by 27), we have
™ (T) = (T gy < " (T) = v (T, + 1 Fn(T)llgs =0 a5 m = o,

Thus, it remains to prove (49).

Step 4: Proof of {@9). We first note that { f,, } is a bounded sequence in L™ (Jr, HY)
for any k > 0. Integrating by parts, it follows that
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H fn = Fpu+ 1L K (93 Fp), (50)

where we set

Fult) = /0 " r(s)ds.

In view of Proposition@ the operator %" is continuous from L' (J7, HY ) to C(Jr, HY)
for any integer k > 0. Therefore (#9) will follow if we show that

||Fm||c(JT,H§1) —0 asm—> oo,

This convergence is a straightforward consequence of relations @6) and @7)); e.g.,
see [16, Section 3.3]. The proof of Proposition [2]is complete.

4.3 Saturation

We wish to prove (I0). To this end, we shall need the following lemma describing
explicitly some subspaces that are certainly included in Ej. Without loss of general-
ity, we assume that A; > A;.

Lemma 2. Ler us set Ay = {miA; +mAy > 0: ny,np € Z,|n1| + |na| < k}. Then
Ep, C Ey for any integer k > 1.

Proof. The proof is by induction on k. We confine ourselves to carrying out the
induction step, since the base of induction can be checked by a similar argument.
Let us fix any integer kK > 2 and assume that £4, C E;. We need to show that that
the functions sin(Ax) and cos(Ax) belong to Ey for A = njA; +nads € Agy. We
shall only consider the case when the coefficients n; and n, are non-negative, since
the other situations can be treated by similar arguments. Assume first n; > 2 and
ny+ny <k+1.Then A’ = A —A; and A" = A — 21, belong to A;, and we have

sin(Ax) = AT// sin(A"x) + % (sin(A;x) dysin(A'x) + sin(A'x) d, sin(Ax) ), (51)
cos(Ax) = — 47 cos(A"x) + 7 (cos(A1x) d, sin(A'x) + sin(Ax) dx cos(A1x)), (52)

whence we conclude that the functions on the left-hand side of these relations belong
to Exyq. If A = A1 +kAy € Agyq, then setting A’ = A — A and A" = A — 24, we
see that relations and with A; replaced by A, remain valid, and we can
conclude again that sin(Ax),cos(Ax) € Ey. ;. Finally, the same proof applies also in
the case A = (k+ 1)A2 € Agyy.

Lemma [Z] shows that the union of E; (which is a vector space) contains the
trigonometric functions whose frequencies belong to the set Aw := UpAg. It is
straightforward to check that A is dense in R ;.
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4.4 Large control space

Let us prove that @ is E, -controllable (and, hence, Ej-controllable) for a suffi-
ciently large k. Indeed, let us set

u(t,x) =T (ta(x) + (T —t)up(x)), (t,x) € Jr xR. (53)

This is an infinity smooth function in (¢,x) all of whose derivatives are bounded. We
now define

n(t,x) = du— woru+ udu —h

and note that 11 € L*(J7,H¥)) for any s > 0 and that the solution of problem (G), 2)
is given by (53) and c01n(:1des with i for r = T. We have thus a control that steers a
solution starting from ug to . To prove the required property, we approximate 1), in
local topologies, by an E,, -valued function and use the continuity of the resolving
operator to show that the corresponding solutions are close.

More precisely, let y € C*(R) be such that 0 < y < 1, supg x| <2, x(x) =0
for |x| > 2, and x(x) = 1 for |x| < 1. Then the sequence 1, (¢,x) = x(x/n)n(t,x)
possesses the following properties:

Nu(t,x) =0 for |x| >2nandany n > 1, (54)

||nnHL2(JT,HL}l) < 3Hn||L2(jT,Hull) foralln > 1, (55)

110 =l 2 x1p) =0 asn— oo forany p >0, (56)

where I, = [—p,p]. Given a frequency ® > 0 and an integer N > 1, we denote by

Pon: L*(I /o) — L”(R) a linear projection that takes a function g to its truncated
Fourier series

Q)

(Pong)(x) =Y ge®”, g;= ) g(y)e P dy.
LiI<N T Jlye

The function P, yg is 27/ w-periodic, and it follows from and (3) that

1Pl gyr=) < CrlPoNnllp2gp myy < €2 forallNyn= 1, (57)

IPonTn— n,,HLz(JTX,p) —0 asN —coforanyn> 1. (58)

Note that if ® € A, then for any N > 1 there is k > 1 such that the image of P x
is contained in Ejy, .

Let us denote by u, n(t,x) the solution of problem (6), ) with n = Py y1,. In

view of inequality (3T) with 6 = &/2 and R = max{|luo||=, |n|11 (s, 1=y, C2}. we
have '

Jtn i (T) = 21, = a0 (T) = (T 24 < §+C Pl =3y 221
%—&-C\/»(HP(»NTM nnHLl (Ir,L2(Ip)) +Hn" nHLl (L2 (1 ))) (59
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We now choose 7 > 1 such that Cv/T ||, — M urr2ay) < %: see (56). We next
find @ € A so that 7 > max(2n,p) (this is possible since Ao, is dense in R)
and choose N > 1 such that C/T||P g N1 — Tl 11 U L2(1p)) < £. Substituting these
estimates into @]), we obtain

un N (T) = 1| 2,y <€,

which is the second inequality in (3) with s = 0. It remains to note that, in view
of 20), (33), and (57), the first inequality in (5 is also satisfied.

4.5 Reduction to the case s =0

We now prove that if inequalities (3) hold for s = 0 and arbitrary T, r, and €, then
they remain valid for any s > 1. Indeed, we fix an integer s > 1, positive numbers r
and €, and function ug, i € Cy;. Let us define 1 by zero on the half-line [T',+cc) and
denote by 4(z) the solution of (I)), (3) issued from 7 at r = T. Using interpolation,
regularity of solutions (Proposition [5), and continuity of the resolving operator in
local norms (Proposition @, we can write

(T + ) = 2(D)Fgs(s,) < Cullu(T +7) = A7) 25 (T +7) = (D) s
<Gt (8+C[u(T) — il 2,)) Qo (u(T) 2, +K),  (60)
where C; are some constants depending on R and s, the quantities C and Q»; are those

entering and (28], respectively, and K = ||d|| 2+ 1Al sy k- Furthermore, in
view of Proposition[5] we have

W) — 4 +
() — s, —0 asT 0",

Let 7 > 0 be so small that the left-hand side of this relation is smaller than £ /6. We
next choose 6 > 0 such that

Cz’l'izSst(K() +K)d < 82/67

where K is defined in (§) (and is independent of r and €). Finally, we construct
N € C*(Jr, E4 ) for which inequalities (3) hold with r = p and € = § /C. Comparing
the above estimates with (60), we obtain

(T + 7) = dllgs, 1) == sup (T +7) — il s 1y < &,

Cly

where the supremum is taken oven all intervals I C I, of length < 1. Furthermore,
in view of (28], we have

(T + D)1, < 7 Qs (Ko + 1Al gy 1)) = Ko
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We have thus established inequalities (3) with 7" and || - [|ys(;,) replaced by T + T
and || - || H,(1,)» Tespectively. Since T is arbitrary and the positive numbers 7 and &
can be chosen arbitrarily small, we conclude that inequalities (3) are true for any
integer s > 0 and any numbers 7',r,€ > 0. This completes the proof of Theorem [I]
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