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ABSTRACT. We prove a regularity result for an abstract control problem 2’ =
Az + Bv with initial datum z(0) = zp in which the goal is to determine a
control v such that z(7) = 0. Under standard admissibility and observability
assumptions on the adjoint system, when A generates a C° group, we develop
a method to compute algorithmically a control function v that inherits the
regularity of the initial datum to be controlled. In particular, the controlled
equation is satisfied in a strong sense when the initial datum is smooth. In this
way, the controlled trajectory is smooth as well. Our method applies mainly
to time-reversible infinite-dimensional systems and, in particular, to the wave
equation, but fails to be valid in the parabolic frame.

1. Introduction. Since the pioneering work of D. L. Russell and coworkers sum-
marized in his celebrated 1978 paper in SIAM Review [19], the control and stabiliza-
tion of wave processes have undergone a significant progress. It would be impossible
to summarize here the variety and the depth of the results developed after his in-
fluential work. More recently, the subject has been developed even further using
the so-called Hilbert Uniqueness Method (HUM) developed by J. L. Lions and pre-
sented, in particular, in his STAM Review article of 1988 [16]. Using HUM one can
transform observability inequalities on the adjoint system (that can be derived using
multipliers, non-harmonic Fourier series techniques, microlocal analysis, Carleman
inequalities, etc) into controllability ones by means of a flexible variational tech-
nique. This allows for instance proving the existence of controls of minimal norm in
different functional frameworks. However, it is natural to ask whether the controls
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that have been built to be optimal (of minimal norm) in a given functional setting,
L? for instance, happen to be smooth when the data to be controlled are smooth.
In other words, the control map has been built to assign a control to each initial
datum in a given functional setting, but is it able to preserve other properties of the
data to be controlled, and in particular smoothness ? This question does not seem
to have had a systematic answer. The main goal of this paper is to fill this gap.
We show that, by applying HUM with suitable time depending weights, controls do
indeed inherit the regularity of the data to be controlled.

This question is relevant because of its many applications. In particular, often,
to deal with nonlinear control problems, the controls need to be smooth (see for
instance the recent work [4]). The same happens when trying to derive convergence
rates for numerical controls. As it often occurs in numerical analysis of PDE, the
derivation of convergence rates requires more regular solutions and, in our con-
text, this means that the controls need to be smooth when the data are smooth.
This turns out to require control maps that are stable in two different functional
frameworks simultaneously.

Let X be a Hilbert space endowed with the norm |[|-||, and let T = (T}).ecr be a
strongly continuous group on X, with generator A: D(A) C X — X.

For convenience, we further assume that A is invertible with continuous inverse
in X (see Remark 3.3). Define then the Hilbert space X; = D(A) of elements of X
such that [|Az| < oo, endowed with the norm ||-||; = ||A:||x. Also define X_; as

the completion of X with respect to the norm [|-| _; = [|[A7"| ..
Let us then consider the control system
2 =Az+ Bv, t>0, 2(0) = 20 € X, (1.1)

where B € £(U, X_1), U is an Hilbert space which describes the possible actions of
the control, and v € L? ([0,00);U) is a control function.
We assume that the operator B is admissible in the sense of [21, Def. 4.2.1]:

Definition 1.1. The operator B € £(U, X_1) is said to be an admissible control
operator for T if for some 7 > 0, the operator ®, defined by

@TU:/ T,_sBuv(s)ds
0

satisfies Ran @, C X, where Ran ®.. denotes the range of the map ®..
When B is an admissible control operator for T, system (1.1) is called admissible.

Note that, obviously, if B is a bounded operator, that is if B € £(U, X), then B
is admissible for T.

But there are non-trivial examples as, for instance, the boundary control of the
wave equation with Dirichlet boundary conditions, in which B is unbounded but
admissible, see [15].

In the following, we will always assume that B is an admissible control operator
for T.

In this case, see [21, Prop. 4.2.5], for every zp € X and v € L? ([0,00);U),
equation (1.1) has a unique mild solution z which belongs to C(]0, 0); X).

Our purpose is to study the exact controllability of system (1.1):

Definition 1.2. System (1.1) is said to be exactly controllable in time T* if for
any zg € X, there exists a control function v € L?(0,T*;U) such that the solution
of (1.1) satisfies

2(T*) =0. (1.2)
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System (1.1) is said to be exactly controllable if it is exactly controllable in some
time T > 0.

To be more precise, we assume that B is an admissible operator for T and that
system (1.1) is exactly controllable in some time T™*. Then, using the Hilbert
Uniqueness Method (HUM in short), introduced by Lions [15], (see also [5]), one
can compute the control of minimal L?(0,7*; U)-norm by using the adjoint system
and minimizing a functional which turns out to be strictly convex and coercive
under these assumptions.

Our purpose is to explain how HUM behaves with respect to the regularity
property of the initial data to be controlled. To be more precise, assuming that
z9 € X1, can we prove that the control obtained by HUM is more regular ?

The answer to that question is delicate. Curiously, the original HUM is intricate,
but it can be slightly modified so that it behaves nicely with respect to the regularity
property of the initial data.

We thus propose an alternate method, based on HUM, which yields a control V' of
minimal norm in some weighted L? space, and for which we prove that if zo € X1,
then the control function V belongs to Hg(0,T;U), with no further assumption,
thus including for instance the case of boundary controls. In particular, this implies
that the controlled solution z of (1.1) belongs to C1([0,T], X) and also, in various
situations (see Section 5), to a strict subspace of X for all time ¢ € [0, 7.

Fix T > T*, and choose 6 > 0 such that T'— 2§ > T*. Let n = n(t) € L= (R) be
such that

) _J 0 iftg(0,T),
0B [0,1], nm_{liﬂeMT—ﬂ (13)
Then define the functional J by
17 .
Tur) = [ @ IB YOI de+ Go,y(O)x, (14)
0
where y denotes the solution of the adjoint system
—y =A%, t<T, yT)=yreX, (1.5)

and A* is the adjoint operator of A.

Note that, according to [21, Th. 4.4.3], the functional J is well-defined for any
yr € X, since the admissibility assumption in the sense of Definition 1.1 implies
the existence of a constant K such that any solution y of (1.5) satisfies

T
A|wwm@wSwaﬁ. (1.6)

Moreover, it is by now well-known (see [5, 15]) that system (1.1) is exactly
controllable in time 7% if and only if there exists a positive constant k£ > 0 such
that any solution of (1.5) satisfies

-~
mww&SA 1By(0)|3 dr. (L.7)

Inequality (1.7) is called an observability estimate.
In particular, this implies that there exists a positive constant k, such that any
solution of (1.5) satisfies

T
kwmw&séymmwmm@w. (18)
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Inequality (1.8) then implies the strict convexity of the functional J and its coer-
civity, but with respect to the norm

mem=é7mmwmm@w. (1.9)

Let us now remark that, since we assumed that T is a strongly continuous group,
T* has the same properties and then assumptions (1.6) and (1.8) imply that the
three norms |lyr| . [|¥(0)]|x and |lyr|,,s are equivalent.

We are now in position to state our first result:

Proposition 1.3. Let zp € X. Assume that system (1.1) is admissible and exactly
observable in some time T*. Let T > T* and nn € L*(R) as in (1.3).

Then the functional J has a unique minimizer Yo € X on X. Besides, the
function V' given by

V(t) = n(t)B*Y (t), (1.10)

where Y (t) is the solution of (1.5) with initial datum Yr, is a control function
for system (1.1). This control can also be characterized as the one of minimal
L2(0,T;dt/n; U)-norm among all possible controls for which the solution of (1.1)
satisfies the control requirement (1.2). Besides,

[ WOR 2 i, < ol (1.1
— = — ||z , .
o U 77(t) Tllobs = k* 0llx
where k. is the constant in the observability inequality (1.8).

Moreover, this process defines linear maps

X—X"=X x — 2 (o1, %y

:{zHy T and vy ETO) (1.12)
0 T 20 — V(t)

This result is similar to those obtained in the context of HUM, see [15], which
usually takes the weight function 1 to be constant n =1 on [0, T].

The main novelty and advantage of using the weight function 7 is that, with no
further assumption on the control operator B, the control inherits the regularity of
the data to be controlled.

To state our results, it is convenient to introduce, for s € R, some notations: [s]
denotes the smallest integer satisfying [s] > s, |s| is the largest integer satisfying
|s] <sand {s} =s—|s]. Finally, the space C* denotes the classical Hélder space.

Theorem 1.4. Assume that the hypotheses of Proposition 1.3 are satisfied.

Let s € Ry be a nonnegative real number and further assume that n € CT*1(R).

If the initial datum zy to be controlled belongs to D(A®), then the minimizer Yr
given by Proposition 1.5 and the control function V' given by (1.10), respectively,
belong to D((A*)®) and HE(0,T;U).

Besides, there exists a positive constant Cs = Cs(n, k«, K1) independent of zg €
D(A?) such that

2 2 2
||YT||D((A*)S) + ||V||Hg(o,T;U) <G HZOHD(AS) : (1~13)
In other words, the maps V and V satisfy:
V:D(A%) — D(A?), V:D(A%) — Hy(0,T;U). (1.14)
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In other words, the constructive method we have proposed, strongly inspired
by HUM, naturally reads the regularity of the initial data to be controlled, and
provides smoother controls for smoother initial data.

Let us point out that one of the main consequences of Theorem 1.5 is the following
regularity result for the controlled trajectory:

Corollary 1.5. Under the assumptions of Theorem 1.4, if the initial datum zg to be
controlled belongs to D(A?), then the controlled solution z of (1.1) with the control
function V' given by Proposition 1.3 belongs to

C*(0.71:%) B CH(0.7); 2 4), (1.15)

where the spaces (Z;)jen are defined by induction by
Zy =X, Z;=A"Y(2,_1 + BB*D((A*)")), (1.16)
and the spaces Z4 for s € R are defined by interpolation by
Zs = [21s), Zralisy-

The spaces Z; are not explicit in general. However, there are several cases in
which they can be shown to be included in Hilbert spaces of smooth functions, for
instance D(A7?), see Section 5.

To our knowledge, such results are not known when the weight function is simply

constant n = n.:
_J 1 forte0,T],
ne(t) = { 0 fort¢[0,T). (1.17)
However, following the strategy of the above results, we obtain similar results in
this case, but adding regularity assumptions on the control operator B:

Theorem 1.6. Assume that the hypotheses of Proposition 1.3 are satisfied and let
n=n. as in (1.17).
Let s € R be a nonnegative real number and assume that

Vk€{0,---,[s] =1}, BB* € £(D((A*)F),D(A")). (1.18)

If the initial datum zo to be controlled belongs to D(A®), then the minimizer Yr
given by Proposition 1.3 and the control function V given by (1.10), respectively,
belong to D((A*)®) and H*(0,T;U).

Besides, there exists a positive constant Cs = Cs(n, ks, K1) independent of zy €
D(A®) such that

HYTHQD((A*)S) + ||V||i1-<(o,T;U) dt < Cy ||Z0||2D(AS) : (1.19)

Note that (1.18) is a non-trivial assumption which describes the regularity prop-
erties of B with respect to A.
In particular, one easily checks that (1.18) guarantees that the spaces Z; defined
in (1.16) are simply given by
Z; =D(A)), j<[s]-1 (1.20)
However, this condition cannot be satisfied if the operator B is unbounded, and
then it cannot be used to handle the case of boundary controls, whereas Theorem

1.4 and Corollary 1.5 do.
Note that Theorem 1.6 implies the following regularity result:



6 SYLVAIN ERVEDOZA AND ENRIQUE ZUAZUA

Corollary 1.7. Under the assumptions of Theorem 1.6, if the initial datum zy to be
controlled belongs to D(A?), then the controlled solution z of (1.1) with the control
function V' given by Proposition 1.3 belongs to

L]
2 € (0,7 X) 1 CH(0, T D(4*H)). (1.21)

As mentionned above, assumption (1.18) in Theorem 1.6 already implies (1.20).
Therefore, Corollary 1.7 states that the weight function n in Corollary 1.5 is not
needed when (1.18) is satisfied.

Comparing these results, we see that they represent two different phenomena:

e when using a smooth time-dependent weight function, the regularity proper-
ties are derived through the time-regularity properties of the function 7.

e when using the classical function 7., the regularity properties come from gentle
compatibility properties between the operators A and B.

Let us now comment the literature related to that subject.

It is well-known in a number of different situations (for the wave equation, see
[1] and in an abstract setting in [21, Section 11.3]) that under similar controllability
and admissibility conditions, one can build smooth controls for smooth initial data,
but this is done by suitably modifying the definition of controls, adapted to the
functional setting one is looking for.

The important new contribution of Theorems 1.4 and 1.6 is that, the same con-
trols that have been built to be optimal in an L? sense, are smooth when the data
are smooth. As mentioned above, for doing that, we strongly use the time depen-
dent weight function 7, or suitable compatibility conditions between the operators
A and B.

Such results have already been obtained for the wave equation, but in a more
technical way and in a more restrictive setting in [4]: In [4], it is proved that, when
considering the wave equation with a distributed control localized in a subdomain
w satisfying the Geometric Control Condition (see [1], Subsection 5.1 and Remark
5.3) by multiplication by a smooth function supported in w approximating the char-
acteristic function of w, then the map V (computed according to our method with a
smooth cut-off function 7(t)) restricted to D(A®) is an isomorphism from D(A*) to
D((A*)*®). Furthermore, when considering the wave equation on a compact manifold
without boundary, the map V is a pseudo-differential operator which preserves the
regularity. Note that the results in [4] are proved using several technical tools such
as microlocal analysis, pseudo-differential operators and Littlewood-Paley decom-
position. In particular, [4] proves that the controlled trajectory is smoother than
expected when the initial data to be controlled are smooth. Also note that these
results have been illustrated numerically in [14]. We refer to Remark 5.3 for more
details.

Using Theorem 1.4 and Corollary 1.5, we are able to recover this result not only
in that case, but also in the context of boundary control, see Section 5.

Moreover, using Theorem 1.6, we shall see that the time-dependent weight func-
tion 7 is not needed to get that result, and can simply be chosen as 1 = 7.

Let us also emphasize that our method, as the classical HUM, is independent of
the way estimates (1.6), (1.7) have been obtained. Usually, the most difficult one
to derive is the observability inequality (1.7), which has been proved to hold in var-
ious situations using several technical tools, for instance multiplier techniques [15],
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[11], Carleman estimates [23], [7], non-harmonic Fourier series [9], [18] or pseudo-
differential operators [1], [3].

The outline of the article is as follows. In Section 2, we prove Proposition 1.3.
In Section 3, we prove Theorem 1.4 and Corollary 1.5. We develop the case n = 7,
in Section 4. In Section 5, we present our results on various instances of wave
equations, and compare our method to the original HUM in the case of the 1d wave
equation controlled from the boundary. We finally provide some further comments
in Section 6.

2. Proof of Proposition 1.3. To simplify the presentation, we divide the proof
in three lemmas.

Lemma 2.1. Under the assumptions of Proposition 1.3, the functional J is strictly
convex and coercive on X . It therefore has a unique minimizer Yo € X.

Proof of Lemma 2.1. First we prove the strict convexity of J on X. Let (yr,wr) €
X? and y and w be the corresponding solutions of (1.5) with initial data yz, wr
respectively.

We claim that, if wp # yr, then

J (;(yT + wT)) < %J(yT) + %J(WT) (2.1)

This is due to the parallelogram law:

/OTn(t)HB* (y(t);w(t)> ’ dt+/OTn(t)HB* <y(t)2“’(t))

U
1 T

! 2 1 >
=5 [ n01E Ol a5 [ 1Eel; a.

2

dt
U

2
Indeed, this implies that the identity in (2.1) holds if and only if

/OT n(t) HB* <y(t)2“’(t)> i

dt =0,
U
which is equivalent to y(0) = w(0) thanks to (1.8), also equivalent to y; = wr since
T* is a group.
To prove the coercivity of J on X, we use that (1.8) implies

1/2
L - Y
{20, 5(0)x1 < 120l (k JRCIE y(t)lUdt> = T Nl

Indeed, this implies that

1, 2 _ =l
J(yT) 25 ||yTHobs - \/k»X HyT”obs )
and the coercivity of J in X follows from the equivalence of ||| ,, and [|-||. O

Lemma 2.2. A function v € L?(0,T;U) is a control function for system (1.1) if
and only if any solution y of (1.5) with initial data yr € X satisfies

T
/0 (0(t), B*y(6))u dt + (0, 5(0))x = 0. (2.2)

Remark 2.3. Note that identity (2.2) makes sense since for any yr € X, according
to (1.6), B*y € L*(0, T;U).
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Proof of Lemma 2.2. Multiply the equation (1.1) by y solution of (1.5) with initial
datum yr € X:

T
(D). yr)x = Gony(O)x = [ (000 By(O)r . (2.3
0
Therefore, 2(T) = 0 if and only if for all yp € X, identity (2.2) is satisfied. O

Lemma 2.4. Under the assumptions of Proposition 1.3, the control V given by
Proposition 1.3 belongs to L*(0,T;dt/n;U), is the control function of minimal
L2(0,T;dt/n; U)-norm and satisfies estimate (1.11).

Proof of Lemma 2.4. Writing that the Gateaux differential at Y vanishes, we get
for any yr € X that

/0 n()(BY (£), B y())w dt + {z0,y(0)) x = 0. (2.4)

Therefore the function V' = n(t)B*Y (t) satisfies the condition (2.2) and then, ac-
cording to Lemma 2.2, V is a control function.

Assume now that v is another control function. Then, according to Lemma 2.2,
identity (2.2) is satisfied for any solution y of (1.5) with initial data yr € X. In
particular, choosing yr = Y7, we obtain that

/0 <v<t>7v<t>>U%

But this should also be true for v = V since V is a control function. Therefore we
obtain that any control function v € L?(0,T; U) satisfies

T dt T 5 dt
/0 (0. V) s = / VOl o

By Cauchy-Schwarz inequality, this implies that any control function v in the space
L?(0,T;U) N L?(0,T; dt/n; U) satisfies

T T
dt dt
V) —— g/ N0l F—
| 5 < [
To obtain the estimate (1.11), we choose v(t) =V (t) =1

+(20,Y(0))x = 0. (2.5)

(t)B*Y () in (2.5):

T
/0 n(t) |BY (1)l dt = {20, Y (0))x < |0l Yollx - (2.6)

Estimate (1.11) then follows directly from (1.8) and (2.6). This completes the proof
of Lemma 2.4. O

Proof of Proposition 1.3. Proposition 1.3 follows directly from Lemmas 2.1 and 2.4,
except for the linearity of the maps V and V.

Note that the linearity of the map V follows from the one of V. We thus focus
on the linearity of V. Let 24, 22 in X and set Y} = V(2{), Y7 = V(23). Then, for
any « > 0, the linearity of (2.4) yields: Vyr € X,

/0 n()(B* (Y +Y?)(t), B*y(t))u dt + {(az + 25),9(0))x = 0. (2.7)

This in particular implies that oY} + Y2 is a critical point of the functional J in
(1.4) corrresponding to zp = az} + 23. Since J is strictly convex by Lemma 2.1,
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aY} + Y2 is the minimizer of J corrresponding to zo = az} + 2¢. In other words,
V(azd + 23) = aV(z4) + V(23). This completes the proof. O

3. Proof of Theorem 1.4. For convenience, we begin with the case s = 1.

3.1. The case s = 1. We first present a formal proof which yields Theorem 1.4 in
the case s = 1. We will then explain how the formal arguments developed below
can be made rigorous.

Formal proof. Since V(t) = n(t)B*Y (t) is a control function, from Lemma 2.2, for
any yr € X, identity (2.4) holds. Then, assuming that yr = (A*)?Y7r € X, we get

T
/O N(t)(B"Y (t), B*(A")?Y (t))v dt + (z0, (A")*Y(0))x = 0.

But
T
/0 n()(B*Y (), B (A)2Y () dt
T
- / n()(BY (1), BYY" (£)) dt
T 9 T
- - / n(t) | BY' (1) dt - / 0B (), BY () dt (3.1)
and

<Zo, (A*)2Y(O)>X = <AZ(), A*Y(O)>X
Therefore, assuming some regularity on Y7, namely Y7 € D((A*)?), one can prove
T T
[ 1B Y Ol e+ [ w @@ Y OB @) d+ (A, 47V ©)x =0
0 0
(3.2)
But, since n € C1(R), for any € > 0, (the constants C' below denote various positive
constants which do not depend on e and that may change from line to line)

T T T
| rowya.syewe < $[iEvolas: [yl a
0 0 0

C 2
< CIvelk + Ce Y (DI
c 2
< ZI¥rlg, + Ce Y (O)ll
C 2 T sx/ 2
< Zlalk+Ce [ n@IBY Ol dt

where we used the equivalence of the norms [lyr||x, [[y(0)|lx, 1B*Yllz2(0, 1.1y and
lly7|l s the admissibility and observability inequalities (1.6) and (1.8) and estimate
(1.11).

In particular, taking € > 0 small enough,

1 (7 .
<Clal + 2 / () | BY' (1) dt. (3.3)

T
| sy o5y o ;




10 SYLVAIN ERVEDOZA AND ENRIQUE ZUAZUA

It then follows from (3.2) that

1" . 2 .
5/0 n(t) | BY' (1)l dt < Cllzoll% + llzoll, [A*Y (0)]]x - (3.4)

But [|z0]|x < C'|20]]; and, applying the observability inequality (1.8) to A*Y(0),
which reads

T
* * 2
ke [ATY (0% < / n(t) 1BY (1)1 dt,
we obtain
2 T 2 2
ke [ATY (0% < / W) 1B ()15 dt < C =2 (3.5)

Since V' = n'B*Y + n(t)B*Y”,

/ V)2 dt < 2 / (02 | BY @) dt +2 / ()2 |BY' ()% di. (3.6)
0 0 0

But
r 2 r 2
/O 0O IBY (@) dt < C/O |1B*Y (t)|l; dt
< CVrllx <CIYrlo, < Claolx,  (3.7)

where we used (1.6), the equivalence of the norms ||Y7|/y and [|[Y(0)| y, (1.8) and
(1.11) in the last estimate.
Then estimate (1.13) follows from estimates (3.5), (3.6) and (3.7). O

We now give a rigorous proof of Theorem 1.4.

Proof of Theorem 1.4. The above proof requires from the beginning the regularity
of Yp. This cannot be assumed a priori. But the proof itself indicates that, with
some technical work, the fact that Y7 is more regular can be deduced out of the
estimates. Therefore, instead of putting yr = (A*)?Yr in (2.4), we put, for 7 > 0,

V(T +7)—2Yr + V(T — 1
yp = LLHT) TQT T=7 (3.8)

where Y (T + 7), the state of Y solution of (1.5) at time T + 7, is well-defined as
an element of X since T* is a group. Note also that the corresponding solution of
(1.5)is (Y(t+7) = 2Y () + Y(t — 7)) /72

We shall then compute

- /OT " <B*Y(t)7 . <Y(t ) — 2Y§t) FY(t—7) > >U "

T

which, from (2.4), satisfies

I+ %(zo, Y(1)—2Y(0)+Y(—7))x =0. (3.9)
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We have

T

_ /j (n(t) —Z(t-f—T) EB* (Y(t) +§(t+7)> B (Y(t+TT)—Y(t)>>U

_/T (”<t)+”<t+7) HB* (Y(“”)_Y(t)) " (3.10)

2 T U

where we used that n(t) =0 if ¢t ¢ (0,7). This formula is similar to (3.1).
We now bound the first term in (3.10), independently of 7 > 0. Remark that

n(t+71) = n(t)

and then the first term in (3.10) can be bounded as in (3.3):

‘/T+T D=0 gy o a

B*Y(t +7), B* (Y(t +7) - Y(t))>U dt

-7

<l »

2
< Cllzollx

1T (@) + 0t +7)\ || o (YE+7) =Y\
*5/,7 () [ () e e
We now estimate the second term in the identity (3.9):
5 (20, Y (7) =2V (0) + ¥ (=)} x = —5 (a0, (V(7) = Y (0)) — (¥(0) = Y (~7)x
= S0 (Y (1) = YOD)x = {0, (V(0) = Y (=) x
= ) (V0) — Y (=) x — g 0, (Y(0) = Y (=7,
_ <zo —z( 7')7 Y (0) — Y(—T)> ’ (3.12)
T T X

where z(—7) denotes the state of the solution of
2 =Az+ BV, teR, 2(0) = 2o,

at time —7. Note that this definition makes sense because T is a group, which
guarantees the well-posedness of such equations. Also note that z solves z/ = Az

on (—7,0).
‘We then obtain
T12<zo,Y(T)—2Y(O)+Y(—T)>X’ = Zo_j(_ﬂ‘ HY(O) _TY(_T)’
X b's
< CllAzx HY(O)_TY(_T) Y
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where we used that zy € D(A) and that T is a group on X.
This estimate, combined with (3.11) and the identities (3.9), (3.10), imply that
there exists a constant independent of 7 > 0 such that for all 7 > 0,

/T (n(t)-i—g(t-i-T ) HB*( t+T)—Y(t)> 2

But the left hand-side in (3.13) satisfies, for 7
entering in the definition of the function 7 in (1

<
3)
/j(n(t)Jrg(tJrT)HB*( (t+71)-Y(t )

dt<Clzofl,.  (313)

0 (recall that § is the parameter
)

U
>/Tn<t>HB*( (t+7) Y(t)) s b [YO=YEn gy
“Jo 2 T v 2 T X’ ’
according to the observability inequality (1.7).
We then obtain
HY(O)_Y(_T) < C |2l - (3.15)
T X

But this implies Y/(0) = —A*Y(0) € X, and then that Y € C'([0,T]; X) and
that Y'(T') = —A*Y (T') satisfies

[A*Y(T)] x < Cllzoll; - (3.16)
We then deduce (1.13) as follows.
Using (1.6), we obtain
T
* 2 2 2
| 1B Ol @t < K@) < Clal -
But V! = 7'B*Y + nB*Y’ and therefore
V2o < 10 e 1B Y 20,0y + 1B Y | 120 1,0
< Clallix + ClIVaBY 2 10y < Cllzoll: (3.17)
where we used (1.11) to estimate || B*Y || 12 7.17)- O
3.2. Theorem 1.4: The general case.

Sketch. The general case is left to the reader. It can be shown by induction for s
integer, choosing formally yr = (A*)?*Y7 in (2.4) and integrating by parts in time.
In a more rigorous form, this choice corresponds to

yr = A-S;-YTa
where A, is the operator defined by
1
A Yr = = Y(T+71)-2Yr+Y(T—-1)).

Arguing like this, one proves that Yy € D((A*)®) and, since

VO =3 ;)i wry©o, ter,
k=0

we obtain (1.13) and V € H§(0,T;U).
Then the general result for s € R follows by classical interpolation, see e.g. [20],
since the maps V.,V are linear. O
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Remark 3.1. Note that, for zg € D(A42), Yr € D((4%)?). In particular, (Y (T +
7) —Y7p)/7 strongly converges to A*Yrp, and then one can pass to the limit as 7 — 0
in (3.10) and (3.9)-(3.12), and obtain the identity (3.2). Since all quantities in (3.2)
depends continuously on 2y € D(A), using the density of D(A?) in D(A), identity
(3.2) holds for all zy € D(A).

In particular, if 5 is C?, one can integrate by parts once more in (3.2) and prove
the following identity:

T T

| @1y @l -5 [ @15y Ol d+ Az, Av0O)x 0. @18)
3.3. Proof of Corollary 1.5. We consider only the case s € N, the general result
of Corollary 1.5 following immediately from interpolation theory [20].

To prove Corollary 1.5, we shall take into account the particular structure of
the control function V(t) = n(t)B*Y (t) computed by our technique, for which we
have, for zg € D(A*%), Yr € D((A*)®). In particular, this implies that ¥~ belongs to
N5 _oC*([0,T); D((A*)*~*)) and V to the space

Vi= 0 C*([0,T); B*D((A7) 7). (3.19)

Note that B*Y (t) also belongs to H*(0,T;U) because of the admissibility condition
(1.6) applied to (A*)*Yy = (—1)*Y®)(T), which implies that V € Hg(0,T;U) as
already stated in Theorem 1.4.

We then prove the following lemma:

Lemma 3.2. Assume that the operator B is an admissible control operator for
(1.1) in the sense of Definition 1.1. Let s be a nonnegative integer.

If zo € D(A®) and v € HZ(0,T;U)NV;, the controlled solution z of (1.1) belongs
to N;_oC*([0,T), Z5s—1), where the spaces Z; are defined by induction by (1.16).

Proof of Lemma 3.2. We argue by induction. The initialization step is the admis-
sibility condition for the operator B.

‘We now take s > 1 and assume that Lemma 3.2 holds for s —1. We then consider
z0 € D(A%), v € VN HE(0,T;U) and z the corresponding solution of (1.1). Then
2 satisfies

() = A(Z) + B(0), t>0,  2(0)= Az € D(A*™Y),
and v' € V,_1 N H5™*(0,T;U). Then the induction assumption applies and yields

ze 0.CH(0,T], Zo-p)-

To prove that z € C°([0,T]; Z;), remark that
Az =2 — BV € C°([0,T]; Z,_1 + BB*D((A%)*)).
The result follows. O

Proof of Corollary 1.5. Corollary 1.5 then follows directly from Lemma 3.2 com-
bined with Theorem 1.4 for s € N. The result for s € R, follows by interpola-
tion. O

Remark 3.3. We claim that, when A is the generator of a group and A is not
invertible but A — 81 is it for some 8 € C, then the same results apply.
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This can be seen by using the correspondence between the solutions z of (1.1)
with control v and initial datum zg and the solutions Z of

7 =(A—B)i+ B, t>0, 0)= %, (3.20)

with control function © = vexp(—/ft) and initial datum Zy = zp, which coincide
with Z = zexp(—pt).

Our claim then is a direct consequence of Theorem 1.4 and Corollary 1.5 applied
to the controlled system (3.20).

4. The case n = 1.. As we explained in the introduction, adding some knowledge
on the operator B (or equivalently B*), similarly as in Theorem 1.4, we can derive
Theorem 1.6 when n =7, as in (1.17).

4.1. The case s = 1. We begin with the case s = 1:

Theorem 4.1. Assume that the hypotheses of Proposition 1.3 are satisfied and let
n=n. as in (1.17).

Assume that B is as a bounded operator from U to X, or equivalently, that
B* € £(X,U).

If the initial datum zo to be controlled belongs to D(A), then the minimizer Yr
given by Proposition 1.5 and the control function V' given by (1.10), respectively,
belong to D(A*) and H*(0,T;U).

Besides, there exists a positive constant C = C(k., K1) independent of zy € D(A)
such that

T
2
mw&m+AnwwMﬁsmwﬁw- (4.1)

Of course, this simply corresponds to the case s = 1 in Theorem 1.4, but it already
requires one more assumption on the control operator B, namely its boundedness,
which is not satisfied in the case of boundary controls, see Section 5.2.2.

Proof. The proof of Theorem 4.1 closely follows the one in Section 3.1. We thus
only present it in a formal manner, since the rigorous proof then follows from the
same ingredients as in Section 3.1.

Identity (3.1) shall now be replaced by

T T
/O<B*Y(t),B*(A*)2Y(t)>Udt:/O (B*Y (t), B*Y" (t))y dt

T T
== [ 1Yl a+ [(Bye.Evo). 62

In particular, identity (3.2) should be replaced by
T 5 T
/ 1B*Y ()| dt — [(B*Y(t)B*Y’(t))U]O +(Az, AV (0))x = 0. (4.3)
0
We thus only need to explain how to bound the time-boundary terms
T
(BY (@), BY ()] = (BYT),BY(D)hy — (BY0),BY O, (44)

the rest of the proof being as in Section 3.1.
Using the equivalence of the norms [[yr||y, [|y(0)l[x , [B*Yllr2(,7.17) estimate
(1.11) and the boundedness of B, we obtain, for any & > 0, (the constants C below
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denote various positive constants which do not depend on ¢ that may change from
line to line)

(B*Y(T),B*Y'(D))u| < |BY(T)lly IBY(T)lly < CIY(D)x YD)l x
C 2 / 2 C 2 r *yv/ 2
< Z YDy + CellY(Dx < < llzollx + Ce ; I1B*Y" ()|l dt.
Choosing € > 0 small enough, we obtain

* * 1 r *
(BY@)LBY@l < Clali+ 7 [ IBY O @ @)

Doing the same for (B*Y (0), B*Y'(0))y, we obtain
* *v/ T 2 1 r *v/ 2
(BY®.BY O] | < Cllaoll+3 [ N1BYOIG e (46)
Estimate (4.6) is similar to (3.3), and the formal proof of Theorem 4.1 then follows
line to line the one of Theorem 1.4 in the case s = 1 and is left to the reader.

The rigorous one needs to take yr as in (3.8) and requires the same kind of
estimates as before. O

4.2. Theorem 1.6: the general case.
Proof. We only sketch the proof formally. As for the proof of Theorem 1.4 in Section
3.2, we first focus on the case s € N, using an induction argument and assuming

that Theorem 1.6 holds for s — 1, and then conclude by interpolation techniques.
The idea then is to choose y = Y29 in (2.4) and integrating by parts in time:

0 = /T<B*Y(t),B*Y(25)(t)>Udt+<Zo,(A*)25Y(0)>x
0

s—1 T
[Z(-UWB*Y“) (t), B'Y >+ (t)>U1
0

k=0
H(=1)* /OT HB*Y(S>(t)HZ dt + (A®z, (A")°Y(0)) x.

Again, we need to derive suitable bounds for the terms

B,(t) = sz_:(—l)k(B*Y(’“)(t), B*Y sk (1)),
k=0

Namely, we shall use that, under the assumption (1.18),

1Bs ()] < CIY O)llpecasys—1) 1Y Ol peasys) > (4.7)

which immediately implies, by the induction argument, that

IR TI 2
(B.65] < Cllallpary + 5 [ BV,
0 U

and then Theorem 1.6 follows as in Section 3.2.
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We then focus on the estimate (4.7). The idea is to remark that

By(t) = (—1)3_1Si(—l)’WB*(A*)’“Y(t),B*(A*)S_k_lY(s)(t»U
k=0

)T AT B (A (0, YO ).
k=0

But, if Y(t) € D((A*)*™1), (A)*Y(t) € D((A*)*"17*) and then, according to
(1.18), there exists a constant such that for all k € {0,---,s — 1},

A E BB (A Y (1)] < CUY (8)llp(arye—1-r) -
Estimate (4.7) then follows directly. Details of the proof are left to the reader. [
4.3. Proof of Corollary 1.7.

Proof. Let s € N. Let zp € D(A®). By Theorem 1.6, the initial datum Y7 given by
Proposition 1.3 belongs to D((A*)®) and then

Y e 0 CM((0, T D((A7) 7).
Then, according to (1.18), the source term BV = BB*Y in (1.1) satisfies
BV € 1 CH(0, T D((4) 7)),
The proof can then be done by induction as in Lemma 3.2, remarking that 2’
satisfies
(") =A()+BV', t>0, 2(0) = Azg + BV(0) € D(A*™1).

For general s € R, the result can be deduced from interpolation theory.
Details are left to the reader. O

4.4. Comments.

4.4.1. The case T = T*. When 1 = n. as in (1.17), Proposition 1.3, Theorem
1.6 and Corollary 1.7 apply when the time T is exactly 7™, the time in which we
assumed that system (1.1) is controlable.

4.4.2. Link with Riccatti equations. The operator Vr : 2y — Y7 is very much related
to the so-called Gramian operator defined by

T
Gryo = </o exp(—tA)BB* exp(—tA*) dt) Yo- (4.8)

Indeed, Vrzo = Y7 if and only if zg = —Grexp(TA*)Yr. The operator G has
been extensively studied in the literature (see for instance [8]). In particular, when
BB* is bounded, using integration by parts as we did, it was proved in [8] (in the
limit T — oo, but the same can be done for finite 7' > 0) that there exists a bounded
operator P € £(X) such that for any y € D(A),

AGry + GrA*y = Py. (4.9)

In particular, this easily shows that Gp : D(A*) — D(A).
Besides, since the observability inequality ensures that G is invertible, one would
like to multiply (4.9) by G;' from the left and from the right to obtain

G7'Az + A*Gr'z = G PG 2. (4.10)
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However, this is true only for z € Gp(D(A*)). Therefore, to conclude that G7.*
maps D(A) to D(A*) using (4.10), one should prove the density of Gp(D(A)) in
D(A). This follows from our result, but does not seem to be straightforward.

Note also that the idea of including a weight function in time in the Gramian
has also been used in the stabilization context in [12, 22].

5. Application: The wave equation.

5.1. Distributed control. Let  be a smooth bounded domain of RY, and let w
be a subdomain of €.
We now consider the following wave equation:

2" — Az = vy, in  x (0, 00),
z=0, on 99 x (0, 00), (5.1)
(2(0),2(0)) = (20,21) € Hy(Q) x L*(Q),

where v € L2((0,T) x w) is the control function, localized on w by multiplication
by the function x,,(x) supported in w, strictly positive on some @y, where wy is an
open subset of w. For instance, x,, can be the characteristic function &, of w.

Set Ag = —A with domain D(Ag) = H? N H}(Q).

It is well-known that system (5.1) fits the abstract setting given above, once
written as a first order system in the variable Z = (z,2’) € C([0,T]; H3 () x L?(€2)),
which satisfies

, 0 I X = HA(Q) x L2(Q),

(5.2)
s (2

The operator B is then continuous from U = L*(w) to X = H}(Q) x L*(Q).

It is by now well-known that the exact controllability property for (5.1) in time T*
is equivalent to the so-called Geometric Control Condition (GCC in short), which
asserts that all the rays of Geometric Optics in €2 enter the subdomain wy in a time
smaller than T*, see [1], [3].

We thus assume the GCC in time 7™ in the following.

Let T > T™, choose > 0 such that T'— 2§ > T™ and fix a function 7 satisfying
(1.3). Note that in this case, the control operator being bounded, the weight func-
tion n can be taken to be constant, i.e. 7.

Then the functional J introduced in (1.4) reads as

where B is defined by

1 T
Hon) = [ [ a0 @l dode + (o O g0

—/Qzl(x)y(xﬂ)dx (5.3)

where y is the solution of
y' — Ay =0, in Q x (0, 00),
y =0, on 99 x (0,00), (5.4)
W(T),y'(T)) = (yo, 1) € L*(Q) x HH(Q).

Then our results imply the following:
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Theorem 5.1. Let 1 be a weight function satisfying (1.3), either smooth or simply
n =n.. Let x, be a cut-off function as above localizing the support of the control.
Then, under the controllability conditions above, given any (29, 21) € HE(Q)x L(),
there exists a unique minimizer (Yo,Y1) of J over L*(Q) x H=Y(Q). The function

V(z,t) = n(t)xw(@)Y (z,1) (5-5)

is a control function for (5.1), which is characterized as the control function of
minimal L?(0,T;dt/n; L?(w))-norm, defined by

T
||’UH22(OT'dt/n‘L2(w)):/ /|v(x,t)|2dxﬂ.
e 0 Ju n(t)

Furthermore, if either the function x. is smooth, all its derivatives vanish at the
boundary, and n = n., or the weight function n satisfies n € C*°(R), then if (20, 21)
belongs to D(A®) for some s € Ry, (Yy, Y1) € D((A*)?).

In particular, when x. is smooth and all its derivatives vanish at the boundary
(n could be chosen either C(R) or equal to n.), the control function V given by
(5.5) belongs to

Ve H5(0,T; L*(w)) N Lrswj CR([0,T]; HE " (w)), (5.6)

the controlled solution z of (5.10) belongs to

Ls]

(2,27) € C([0,T); X) 0 CH([0, T, D(A*™H), (5.7)

0

and, in particular,
() € A OR(. 7 1R @) x B H @), (53)

Remark 5.2. In our theoretical results, we assumed that the operator A was
defined on a Hilbert space X, which we implicitly identified with its dual. Since
here, the wave operator A in (5.2) is skew-adjoint on X, Theorems 1.4 and 1.6 can
be applied.

However, when working with PDE, it is more standard to identify L?(£2) with
its dual, and Theorem 5.1 is stated with this identification in mind. But this makes
necessary to distinguish between X = Hg(2) x L?(0,1) and its dual, see for instance
[2].

Hence, in the above case, for instance, we shall define X* = L%(Q) x H~1()
and the duality product defined for (yo,y1) € X*, (20,21) € X by

Yo <0 — _
<< n ) 5 ( 2 >>X*XX - <yO7Z1>L2 <y1aZO>H_1><Héa

(v, 2)m-1xm1 = (VA y, Vz) e
With this scalar product, one easily checks that

. 0o I . X*=L*Q) x HY(Q),
4 :<—Ao 0)’ Wlth{@(Aﬂ:H&(meL(Q()Q),

where

and
B*=(x» 0).
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Note that, in particular, this implies that the operator BB*, which goes from X*

to X, is given by:
pr=( % Y (5.9)
S \xE 0 '
Also note that the control map V now maps X = Hg () x L?(Q) to X* = L?(Q) x
H~Y(9), and, according to our results, D(A%) to D((A*)%) = D(A*~1).

Proof. The first part of Theorem 5.1 is a direct consequence of Proposition 1.3.

According to Theorems 1.4 and 1.6, if (zg,21) € D(A®) and either x, or 7 is
smooth, (Yp,Y1) € D((A*)?). Indeed, if x,, is smooth and all its derivative vanish
at the boundary, the operator BB*, given in (5.9), maps D((A*)?) in D(A7), see
Remark 5.2.

The regularity result (5.6) follows directly. It is based on (3.19) and follows
directly from the fact that B*D((A*)7) ¢ H(w).

For the regularity property (5.7), assuming x,, is smooth and all its derivative
vanish at the boundary, BB* satisfies (1.18), and then Z; C D(A?) for all j > 0.

The regularity property (5.8) then follows directly from D(A*~7) C H*T173(Q) x
Hs=7(Q). O

Remark 5.3. In [4] it is proved that, when the functions 7 and x, are smooth,
the map V : (29,21) = (Yp,Y7) is a bijection from D(A?%) to D((A*)*) = D(A*™1)
for any s > 0.

The proof in [4] is done by looking at the behavior of the Gramian operator (cf
(4.8)) on each frequency block of solutions using a Littlewood-Paley decomposition.

In particular, their result shows that the Gramian operator is a pseudo-differential
operator when considering the wave equation on a compact manifold without bound-
ary. This result has been illustrated numerically in the recent work [14]. Roughly
speaking, it also implies that the control maps V acts frequency by frequency. In
particular, this result can be used (see [4]) to derive control results for semilinear
wave equations.

Theorem 5.1 gives another proof of the fact that, when the initial datum (zo, 21)
to be controlled belongs to D(A*), then (Yp,Y;) belongs to D(A*~1) and the con-
trolled solution with the control provided by Theorem 5.1 satisfies (5.7).

Remark that our result also applies when 1 = 7., thus extending the previous
work [4]. Also note that the method in [4] has been developed only for the wave
equation. Though it may probably be developed in more general situations, it
requires careful estimates in each case, whereas our method applies in a very general
abstract framework.

5.2. Boundary control. Let Q be a smooth bounded domain of RY, and let I';
and I'y be two open subsets of the boundary such that I'y N\T'y = () and T'; UTy = 0.

Let x be a function defined on 9 supported in I'; and non-vanishing on Ty, for
some open subset of the boundary I'g C I'y.

We now consider the following wave equation:

2" — Az =0, in  x (0, 00),
z = X, on I’y x (0,00),
z=0, on I's x (0, 00), (5.10)

(2(0),2'(0)) = (20,21) € L*(Q) x H~(Q),
where v € L?(0,T;T'1) is the control function, localized on I'; by multiplication by
X-
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As before, set Ag = —A with domain D(Ag) = H}(Q).

Similarly as in Subsection 5.1, system (5.10) fits the abstract setting given above,
once written as a first order system in the variable Z = (z,2') € C([0,T]; L*(Q) x
H~1(Q)), which satisfies

7' — AZ + Bo WithA:( 0 1) {X:LQ(Q)XHl(Q)

—Ag 0 D(A) = H}(Q) x L*(Q),
but this time, B is defined by

0 —-Az =0, in Q,
Bv = ( A3 ) ,  where zZ=xv(t), onTy, (5.11)
0% ~
z=0
Note that the map v € L?(T'y) + Z € HY/2(Q) is continuous (see [21, Chap. 10])
and then B is continuous from Y = L?(Ty) to {0} x H~3/2(Q) c D(AY/?)*.

Note that in this case, the control operator B is unbounded. The fact that B is
admissible follows from a hidden regularity result, proved for instance in [15]. Also
note that Theorem 1.6 and Corollary 1.7 do not apply.

Again, the exact controllability property for (5.10) in time T* is equivalent to
the so-called Geometric Control Condition (GCC in short), which asserts that all
the rays of Geometric Optics in €2 touch the sub-boundary I'y at a non-diffractive
point in a time smaller than T, see [1], [3].

In the following, we assume the GCC in time T for ['y.

5.2.1. Weighted controls. Let T > T*, choose § > 0 such that T'— 26 > T™ and fix
a function 7 satisfying (1.3).

Then the functional J introduced in (1.4) is now defined on H{ () x L?(2) and
reads as

T 1
o) =5 [ [ wex@Plo.ue P drd+ [ o)y (@.0) da

— (21,9, 0)) g1 ()< m1 (), (5.12)
where y is the solution of (5.4).
Then our results imply the following:
Theorem 5.4. Assume that x is compactly supported in I'y and that n is a smooth
weight function satisfying (1.3).
Given any (zo,21) € L*(Q) x H™Y(Q), there exists a unique minimizer (Yy, Y1)
of J over H} () x L*(Q). The function
V(z,t) =n(t)x(x)0,.Y (z,t)r, (5.13)

is a control function for (5.10), which is characterized as the control function which
minimizes the L2(0,T;dt/n; L?(T'1))-norm, defined by

T
||UH%2(O Tidt/n;L2(I'1)) :/ |v(x,t)|2dl“£.
o o Jry n(t)

Furthermore, if the function x is smooth, then if (zo,z1) belongs to D(A®) for some
real number s € Ry, the control function V' given by (5.13) belongs to

V € Hy(0,T; L*(Iy)) ]ﬁo Cr([0,T); Hy A (ry)) (5.14)
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and (Yy,Y1) € D((A*)*) = D(A*T). In particular, the controlled solution z of
(5.10) then belongs to

(z,2') € C*([0,T); L*(Q) x H1(Q)) ]ﬁ) C*([0,T); HF(Q) x H717F(Q)). (5.15)

Note that, again, we have identified L?(2) with its topological dual. As in the
case of distributed controls, this artificially creates a shift between the spaces X,
X* D(A) and D((A*)7).

Proof of Theorem 5.4. The only statements which are not direct consequences of
Theorem 1.4 are the regularity properties (5.14), (5.15).

Indeed, these are consequences of (3.19) and Corollary 1.5, and of the explicit
computation of the spaces Z; for j € N defined in (1.16).

These can indeed be computed. For, we compute A*, defined on X* = H{(Q) x
L?(2) (note that the fact that X and X* are not the same is due to the classical
identification of L?(2) with its dual) with domain D(A*) = H? N H}(Q) N H(Q):

. 0 I Y
A:—(_AO 0), B(y1>:(any0)r‘1'

It is then easy to check that B* maps D(A*) to H3/2 (T'1), and more generally, B*
maps D((A*)7) to H871/2(1"1) (Note that, in this step, assuming that the function
X is compactly supported in T'; is needed to guarantee this property). This proves
(5.14).

Then the map v % defined in (5.11) maps HJ/*(T'}) to HI ().

Therefore

ATIBB*D((A*)7) c HI(Q) x HI~H(Q),

from which we conclude easily that Z; ¢ H7(Q) x H’=1(Q) for all j > 0 and (5.15)
follows by interpolation and Corollary 1.5. O

5.2.2. Unbounded control operator with a constant time-weight. In this paper we
have proved the regularity of controls in two different cases: smooth compactly
supported time-weights or the case of bounded control operators with a constant
weight. The case of a constant time-weight function with an unbounded control
operator cannot be treated by the methods discussed here. The reason is the im-
possibility of getting bounds on the term (4.4) above, that arises when 7 does not
vanish on ¢ = 0,7, in the case where B is unbounded. To analyze the possibility
of addressing this case, we discuss the particular example of the 1d wave equation
with boundary control.

Let us consider the 1d wave equation controlled by the boundary in time T = 4,
in which explicit computations can be done:

2" — zpe =0, O<z<1,0<t<T,
z(0,t) =0, 2z(1,t) = v(t), 0<t<T, (5.16)
2(z,0) = 2%(x), 2'(x,0) = 2! (x), O<z<l,

and we fix the time T = 4, which is larger than the time of controllability, corre-
sponding to T* = 2, which is the time needed by the waves to go from z = 1 to
x = 0 and bounce back at z = 0.

Note that here, the function x introduced in (
This is due to the standard choice x(0) = 0 and x(1
of the previous paragraph on Y.

5.10) does not appear anymore.
) = 1, which fits the assumptions
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We refer for instance to [15] for the proof of the admissibility and observability
properties of (5.16).

The application of the classical Hilbert Uniqueness Method in this case reads as
follows, see [15].

Define, for (yo,41) € H}(Q) x L?(Q), the functional

1 T 1
Tn) = [ (0P s [ (o) (@,0) de
0 0
—(21,¥(0)) -1 (0,1)xHL(0,1),  (5.17)

where y is the solution of

Y = Yoz =0, 0<z<l1, teR,
y(0,2) =y(1,t) =0, teR, (5.18)
y(x,T) =yo(z), v (x,T) =y (x), O<z<l

We will use the fact that, when the time horizon in which we want to control is
T = 4 (actually it is true for any even integer), the functional J acts diagonally on
the Fourier coefficients of the solutions y of (5.18) and then the minimizer of .J can
be computed explicitly.

Indeed, the spectrum of the operator —9?, with Dirichlet boundary conditions
is simply given by a sequence of eigenvectors w* corresponding to the eigenvalues
A¥ which can be computed explicitly:

—wk_ =Xk, on (0,1), wh(z) = \/isin(k:mc), M= (kn)?, keN.
Then, erting

(Yo, y1) \fz ) sin(knx), (5.19)

one easily checks that

=V2) " (gFe*t + e k) sin(kna), (5.20)
k=1

1 i 1 Ir
sk 2ok Yk k1 Y
Y —2(y0 Z,ﬂ)a Y 2(y0+lk>

Therefore, using Parseval’s identity,

1 T
= v (L, t)2dt = gjklmr ekt dt
2

0

|k|=1

with

o0

4Zk2 2|k Z (2721967 + 195 1°) -

[k[=1 =1

But we can also expand the initial datum (zo, 21) € L?(0,1) x H=1(0,1) in Fourier
series as

(20,21) = \/52(25, %) sin(krx), (5.21)

k=1

— (k2 , 2T
Z (IZO + k:27r2) < 00.

k=1

with




A SYSTEMATIC METHOD FOR BUILDING SMOOTH CONTROLS FOR SMOOTH DATA 23

Thus, for (yo,y1) as in (5.19), since the solutions of (5.18) are 2-periodic,
T(o, ) =2 (KP71961% + [9F17) + > (269t — 2796 - (5.22)
k=1 k=1

Therefore the minimizer (Yp, Y1) of J can be given as

on A
[ee] 0o — )
N ~ 4k2 2
(Yo, Y1) = v2 (Yo’f,yf) sin(krz),  with 4 (5.23)
k=1 vk _ 25
1 — VR
4

and the control function V' is simply

= % i ( cos(kmt) — 2, sm(lmt)>

In particular, it is obvious that, for (29, 21) € H}(0,1) x L?(0,1), this method yields
(Yo, Y1) € H2 N HY(0,1) x HL(0,1) and V € H'(0, 7).

However,

UBE ) e
k=1

Therefore, the controlled solution z of (5.16) with that control function cannot
be a strong solution if

A

;( F- #0,

whatever the regularity of the initial datum to be controlled is, because the com-
patibility condition z(1,0) = V(0) does not hold.

In this sense, the method we propose in this article completes the original Hilbert
Uniqueness Method by providing control functions such that the regularity proper-
ties of the initial data to be controlled are automatically transferred to the controls
and controlled trajectories.

Though the controlled solution is not a strong solution in general, we have seen
that the control function V' computed by the classical Hilbert Uniqueness Method
in time 7' = 4 for the 1d wave equation (5.16) belongs to H'(0,T’) when the initial
datum to be controlled belongs to H}(0,1) x L%(0,1).

This might seem surprising according to the computations in Section 4, but it is
not, due to the fact that solutions of (5.18) are 2-periodic (see for instance (5.20)).
This periodicity guarantees that the time boundary terms in (4.2) are the same at
time ¢ = 0 and ¢t = T and cancel each other. Thus the term (4.4) vanishes.

Therefore, Theorem 4.1 and, similarly, Theorem 1.6 still hold in that case, when
the time T is an even integer.

The case of a general T is more delicate. Indeed, in that case, the periodicity
of solutions does not guarantee the term (4.4) to vanish. In the particular case
under consideration, this issue could be completely analysed using the Fourier series
representation of solutions, and under suitable number theoretical assumptions on
T. But these techniques would hardly be extendable to the multi-dimensional case.
Thus, in general, the case in which 7 is constant and B is unbounded is open.
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5.2.3. The case of smooth data with non-vanishing boundary trace. To complete our
analysis, we also comment the case in which we want to control (5.16) for smooth
initial data (29,21) € H®(0,1) N H*~(0,1) (with s > 1) which only satisfy the
conditions

21(0) = (9p2)*21(0) =0,  k<s/2—3/4,

since they obviously are necessary to obtain smooth controlled trajectories of (5.16).

Such initial data do not belong a priori to the space D(A*®), which furthermore
requires the following boundary conditions at z = 1:

w0(1) = 0V 20(1) =0, j <s/2-1/4, 55
21(1) = (0p)¥21(1) =0,  k<s/2-3/4. '

In this case, the two methods above (with or without the weight function) apply,
since such pair belongs to the space L?(0,1) x H~1(0,1).

However, though these data are regular, none of the above methods will provide
controls satisfying the compatibility condition z¢(1) = v(0) for all (zp, z1) smooth:
For the weighted method we propose in this article, this compatibility condition
simply reads zo(1) = 0, whereas as we have explained above, without the weight
function, there is no way to impose a priori the value of the control at time ¢t = 0.
Thus, in general, the corresponding controlled trajectories of (5.16) will not be
strong solutions of (5.16).

There are however other ways of building smooth controls with the right com-
patibility conditions, see [1], [21, Cor. 11.3.9]:

Proposition 5.5. Assume T > 2. Let s € N and (z0,21) € H*(0,1) N H*~1(0,1)
be satisfying (5.24).

Then there exists a control function v € H*(0,T) satisfying (0;)'v(T) = 0 for
j < s —1 such that the corresponding controlled trajectory z of (5.16) is a strong
solution and satisfies:

(2,2) € krswock([o,T]; H7k(0,1) x H17%(0,1)). (5.26)

Note that Proposition 5.5 yields the same result as Theorem 5.4 as far as the
regularity property (5.15) is concerned.

However, the control provided in Proposition 5.5 is not constructed by an ex-
plicit minimization process independent of the functional setting we are considering,
which was precisely the scope of the present work.

Note that the results of this article however yield another construction for the
control in Proposition 5.5. For (zq,21) € H*(0,1) x H*~1(0, 1) satisfying (5.24), we
can proceed as follows: during a short period [0, §], we smoothly steer the solution
of (5.16) to (2(9),2'()) € D(A®). This can be done using the results in [13] by
choosing a smooth v satisfying the compatibility conditions

{ v (0) = (8y0) 20(1), Jj<s/2-1/4,

, U)(§) =0, VjeN.
VD (0) = (B,0)F 20 (1), k< s/2— 3/4, (o) J

Then we use the approach given in Theorem 5.4 to steer the solution of (5.16) from
(2(9),2'(9)) € D(A®) to (0,0).

Let us remark that, here, again the control function is designed by a specific
method depending on the smoothness result we want to obtain.
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We do not know if one can construct a method which yields intrinsically a control
satisfying the “good” compatibility and regularity conditions (i.e. the ones required
for the smoothness of the solutions [13]), whatever the regularity of the initial data
to be controlled is.

6. Further comments. This newly developed method of ensuring regularity of
controls for smooth data can be applied in various other contexts, and be further
developed in several different manners. We discuss them below.

1. Our method does not apply when considering heat type equations, which
generate a semi-group which cannot be extended as a group.

Indeed, our proof of Theorem 1.4, even the formal one, does not apply in that
case, because of the lack of convenient estimates for the term

T
Anmwwmﬁwmmﬁ

in (3.2), or (equivalently when 1 € C?(R), see Remark 3.1)

—Anmwﬂnw%w (6.1)

in (3.18).
Thus, to obtain suitable estimates on

T
* 2
Ammwwwmw

one should be able to bound (6.1) from above.

A first idea could be to choose 1" nonnegative near T' (near 0, this term is easy to
handle because of the regularization property of the heat equation), but this is not
compatible with the conditions (1.3) on 7. One could then try to compare n” and
n and use (1.11). However, again, it is impossible to get a function n € C§°(0,T)
with n # 0, n” /n being bounded.

Such question might seem irrelevant for the heat equation at first glance since
the heat equation is regularizing instantaneously. However, to our knowledge, the
only available result for the regularity of the control for the heat equation states
that the HUM control belongs to L?(0,T;U) and to H'(0,T — &;U) (and even
C>([0,T —¢];U)) for each € > 0, but its behavior near the time ¢ = T still has not
been clarified.

This has also important impact when developing efficient numerical algorithms
for computing controls for the heat equation because of the intrinsic ill-posedness
of the problem at ¢t = T, see [17].

2. The result stated in Theorem 1.4 implies in particular that the controlled
trajectory is a strong solution. This is an important point. In particular, one
can design from it and the results on the observability of space semi-discrete wave
equations (see [10], [24], [6], ...) a numerical method which yields discrete controls
for the space semi-discrete wave equation, which converge to an exact control for
the continuous wave equation, and for which we can compute explicitly convergence
rates when the initial datum to be controlled is more regular. This will be explained
in a forthcoming article.

3. In the present paper, we have only treated the wave equation as the sole
example. However, our techniques apply to many other conservative models such
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as the Schrodinger and plate equations, the system of elasticity, etc., on which there
is also extensive literature about their controllability properties, see [25].
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