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Maximum principle and bang-bang property of time optimal controls
for Schrodinger type systems

Jérome Lohéac* Marius Tucsnak*!

April 4, 2012

Abstract

We consider the time optimal control problem, with a point target, for a class of infinite di-
mensional systems with a dynamics governed by an abstract Schrédinger type equation. The main
results establish a Pontryagyn type maximum principle and give sufficient conditions for the bang-
bang property of optimal controls. The results are then applied to some systems governed by partial
differential equations. The paper ends by a discussion of possible extensions and by stating some
open problems.

Key words. Time optimal control, Pontryagyn’s maximum principle, Bang-Bang property,
Schrodinger equation

1 Introduction

Time optimal control is a classical problem for linear finite dimensional systems. For theses systems,
among the interesting properties of time optimal controls, the facts that they satisfy Pontryagyn’s
maximum principle and that they are bang-bang, are well-known (see Bellman, Glicksberg and Gross
[3]). The first extensions of these results to infinite dimensional linear systems have been given in
Fattorini’s paper [5]. The progress made in this field has been successively reported in the books of
Lions [15] and of Fattorini [7]. In particular, the bang-bang property of time optimal controls has been
quite rapidly established for invertible input operators. In the case of systems governed by PDE’s,
this means, roughly speaking, that the control is active in the entire spatial domain where the PDE is
considered. The situation in which the control is active only in a part of the considered domain (or of
its boundary) has been considered only recently. The results in this direction are limited as far as we
know, to systems governed by linear parabolic equations (see, for instance, Mizel and Seidman [17],
Wang [21], Phung and Wang [18], Kunisch and Wang [13]). The methodology used in most of the
above mentioned works, based on a special L null-controllability property of the considered system,
does not seem applicable to systems which are time reversible, as those governed by wave, Schrédinger
or Euler Bernoulli equations. The first aim of this paper is to show that for some of these systems,
provided that they are exactly controllable in arbitrarily small time, Pontryagyn’s maximum principle
holds in a standard form. Moreover, assuming that the system is approximatively controllable with
controls active only only for times ¢ in a set of positive measure, we prove that time optimal controls
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have the bang-bang property and they are unique. We provide several examples of applications of
these results to systems governed by the Schrédinger or the Euler-Bernoulli plate equations.

Let us recall, in order to give the precise statement of our main result, some classical notation and
definitions from control theory.

We first introduce some notation. Let X and Y be Hilbert spaces. If P € £(X;Y) then the
null-space and the range of P are the subspaces of X and Y respectively defined by

Ker P={x € X, Pz =0}, Ran P ={Pz, x € X}.

Throughout this paper, X and U are complex Hilbert spaces, identified with their duals. The inner
product and the norm in X are denoted by (-,-)x and | - || x, respectively. We denote by T = (T):>0
a strongly continuous semigroup on X generated by an operator A : D(A) — X.

Let B € L(U,X) be a control operator, let zg € X and let u € L?([0,00),U). We consider the
infinite dimensional system described by the equation

Z(t) = Az(t) + Bu(t), 2(0) = zp. (1.1)
With the above notation, the solution z of (1.1) is defined by
z(t) = Tz + Pru (t>0), (1.2)

where ®; € L(L?([0,t],U); X) is given by
t
By — / Ty o Bu(o)do  (ue L2([0,00),U)). (1.3)
0

The maps (®;) are called input to state maps.
Recall the following classical definitions (see, for instance, Tucsnak and Weiss [20, Sections 4.2 and
11.1]):

Definition 1.1.
e The pair (A, B) is said approximatively controllable in time 7 if Ran @, is dense in X.
e The pair (A, B) is exactly controllable in time 7 if Ran &, = X.
We also need the following (less classical) definition.

Definition 1.2. Let e C [0,7] be a set of positive Lebesgue measure. The pair (A, B) is said ap-
proximatively controllable in time 7 from e if the range of the map @, € L(L?([0,7],U), X) defined
by

D, ou= /TTUB’LL(O') do (u € L*([0,7],U))
e
is dense in X.
We are now in position to give a precise definition of time optimal controls.

Definition 1.3. Let zp, 21 € X with zp # 2z1. A function u* € L*([0,00),U) is said a time optimal
control for the pair (A, B), associated to the initial state zg and the final state 21, if there exists 7* > 0
such that

121 = Trez0 + Preu” and [[u*]| oo jo,r,0) < 15



2. If 7 > 0 is such that there exists v € L*° ([0, 7], U) with

21 ="Trzo+ Oru,  ulle(oro) <1,

then 7 > 7*.

Our first main result provides a class of infinite dimensional system for which the maximum
principle from the linear finite dimensional case can be extended in its classical form.

Theorem 1.4. Suppose that (A, B) is exactly controllable in any time 7 > 0. Then, for every
20, 21 € X, 29 # 21, there exists a time optimal control u* steering zo to z in time 7° = 7*(z20, 21).
Moreover, there exists n € X, n # 0, such that

(B*Tr_ym,u(t))u = max (B*Tr_ym,V)u (te(0,7%) ae.). (1.4)
Ivllu<t

Our second main result shows that, under an extra assumption, the time optimal controls in the
above theorem are bang-bang.

Corollary 1.5. With the notation and the assumptions in Theorem 1.4, assume moreover that the
pair (A, B) is approzimatively controllable in time 7 from any e C [0,7*] of positive measure. Then
the time optimal control u* is bang-bang, in the sense that

v () =1 (te[0,7"] a.e.). (1.5)

Moreover, the time optimal control is unique.

2 Some background on infinite dimensional systems

Remark 2.1. Notice that if B is bounded and the pair (A, B) is exactly controllable in time T then
O (L>*(]0,7],U)) = X. In other words, we can exactly control the system in time T by using inputs
in L=([0,7],U) (instead of taking controls in L*([0,7],U) as in the Definition 1.1). Indeed, let

R, :/ T,BB*T: dt € L(X),
0

be the controllability Gramian in time T for the pair (A, B). Given zy € X, the exact controllability in
time T of the pair (A, B) implies that R, is invertible and that the function u € L?([0,7],U) defined
by

u=®R 12  (t€[0,T]), (2.1)

where ®F € L(X,L([0,7],U)) has the property ®,u = z5. On the other hand, it is well known (see,
for instance [20, Section 4.4]) that, since B is bounded, we have

(PXwo)(t) = B*Tr_,wo (wo € X, t€[0,7]).
The last two formulas imply that the exact control defined in (2.1) writes
u(t) = B*T;_,R; 'z (t€[0,7)),

so that w € C([0, 7], X).



Definition 2.2. The L* reachable space at time t of the pair (A, B) is defined as
Ry = @, (L>([0,t],U)) . (2.2)

By a slight variation of the argument in [7, Lemma 2.1.1] one can check that, for each ¢ > 0, when
endowed with the norm

|2l rge = inf {{Jull Lo (o,g,0), Pru=2}  (z€X), (2.3)
RP° is a Banach space.

Proposition 2.3. Let 0 < o <t. Then we have the continuous inclusions
R CR”CX.

Proof. 1t is clear that the above inclusions hold. To show that they are continuous, we take x € R,
so that there exists u € L>([0,t],U) with z = ®;u. Since ®; € L(L?*([0,t],U), X) it follows that
there exists M > 0 such that [|z]|x < M|ul|pe(jo,q,0) for every u € L>([0,t], U) satisfying ®u = =.
Consequently, we have
lz]lx < MueLoy(l[g,t],U) 1l Lo ([0,4,0) = M| 2| ree
Dru=x

so that the inclusion R{°® C X is continuous.

To prove the continuity of the inclusion R5° C Ry°, it suffices to note that if z € RS and
u € L>®([0,0],U) are such that x = ®,u then u € L*([0,¢],U) defined for almost every s € [0,t] by
U(s) = X(t—o,)(s)u(s —t + o), where x(;_, 4 denotes the characteristic function of the set (t — o,1),
has the property = = @@ and [|@|| e (0,0 = [[©ll Lo (0,00,07)- O

From Remark 2.1 it follows that if (A, B) is exactly controllable in some time 7 > 0 then R = X.
This fact, combined with Proposition 2.3 and with the closed graph theorem clearly imply the result
below.

Corollary 2.4. Assume that (A, B) is exactly controllable in some time 7 > 0. Then the norms
Il - ||R$° and || - ||x are equivalent.

Remark 2.5. If R°® = X, the control cost Cy in time t is defined by

X
= su || roe
w20 [zl x

(t>0). (2.4)

1t is easily seen that the map t — C} is non-increasing.

We also need some concepts of observability theory. Let Y be another Hilbert space and let
C € L(X,Y) be an observation operator for the semigroup T. For 7 > 0 we Consider the initial state
to output map VY, defined by

(U,20)(t) = CTyzg (20 € X, t€0,7]).

The operators W, are briefly called output maps corresponding to the pair (4, C). If e C [0, 7] is a set
of positive measure, we consider the restriction of the above defined initial state to output map to a
set of positive measure e C [0, 7], which is defined by

U, € L(X,L*([0,7,U)),  ¥re=xYr,
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where x. is the characteristic function of e.

We denote by ¥¢ (respectively \I/ie) the output maps corresponding (respectively the restriction
to a set of positive measure e C [0, 7] of these output maps) corresponding to the pair (A*, B¥), i.e.,
we set

(Vez)(t) = B*T;20 (20 € X, t€[0,7]), (2.5)
e, e £L(X,L*(0,7],U)),  W¢, =0

There are several generalizations of the concept of observability to infinite dimensional linear
systems. In this paper we need only the following one.

Definition 2.6. Let 7 > 0 and e C [0,7] be a set of positive measure. The pair (A4,C) is said
approximately observable from e if Ker W, . = {0}.

We have the following duality result, which is a simple consequence of the corresponding result for
e = [0, 7] (see, for instance [16, Proposition 2.4]).

Proposition 2.7. Let 7 > 0, e C [0,7] a set of positive measure and let
ed={r—t | tee}

Then
O, = ()5, (2.6)

where (\Ijﬁ,e’)* € L(L*>(]0,7];U), X) is the dual operator of \Ijﬁ,e’ and $I; is the reflection operator on
L2([0,7]; U), defined by SL,u(t) = u(t —t) (Notice that 5L, is self-adjoint and also unitary. ).
In particular, the pair (A, B) is approzimatively controllable in time T from a set of positive measure
e C [0,7] if and only if
Ker ¥¢ , = {0}.

Remark 2.8. If e = [0, 7] then formula (2.6) simply writes

3 Main results

In this section we extend the maximum principle, well-known for finite dimensional systems, to a
class of infinite dimensional systems. To this aim, we continue to use all the notation in Section 2.
In particular we denote by X the state space (assumed to be Hilbert), A stands for the semigroup
generator and the control operator (assumed to be bounded) is still denoted by B. We also continue
to use the notation Rf°, introduced in (2.2), for the space which is reachable by L input functions.
Moreover, for every ¢t > 0, the closed unit ball in Rf® is:

Btoo(l) = {(I)tu7 u € Loo([ovt]’U)7 HUHL“([O,t},U) < 1} .

Before deriving the maximum principle, we note the following existence result for time optimal
controls. We skip the proof of this result since it can be obtained by simple adaptation of the proofs
in [7, Lemma 3.1.1 and Theorem 3.1.2].



Proposition 3.1. With the above notation and assumptions, assume moreover that zg, z1 € X, zo # 21
are such that there exists t > 0 with
z1 — Tezo € B°(1).

Then there exists T"(20, 21) > 0 such that
T(20,21) =min{t >0 | 2z —Tzo € B{°(1)} >0 (3.1)

In other words 7* is the minimal time in which zy can be steered to z; by controls satisfying
|lu(t)]] <1 for almost every t. Therefore, any u* € L ([0, 7*],U) satisfying

21— Trezg = D™, (3.2)

is called a time optimal control for the pair (A, B).
Let now give the proof of Theorem 1.4.

Proof of Theorem 1.4. The existence of a time optimal control u* is given by Proposition 3.1. To
prove the maximum principle, we first show, in the spirit of [7], that z; — Tr«2zp € 0B(1), the
boundary being taken in the sense of the topology of R2% and hence, according to Corollary 2.4, in
the sense of the topology of X. Assume, by contradiction, that z; — Tr«zg ¢ 0B2(1). This implies
the existence of 7 € (0,1) such that (2 — Tr+29) € BX(1), i.e., the existence of uy € L>([0,7*],U),
Hu1||Loo([07T*]7U) < r < 1such that z; — Trxzg = ®+uq. Let ¢t < 7*. Then

21— Tizg = Trezg — Tizg + Oy =

*

t T
= ®yuy + Trezg — Tizg + / (Trs—g — T4—y)Buq (o) do + / T «_sBui(o)do.
0 t

Let

*

t T
ot %) = Tz — Tyzo + / (Tye_y —Ty_o)Bua(0) do + / T, Bur(o)do (€ (0,77),
0 t

so that
21 — Tizo = Qpug + (¢, 77) . (3.

w
=

N

It is easily seen that 1tlim* @(t,7") = 0 in X. From Remark 2.5, we have that [[p(t,7")[ ree

*

Cyll(t, 7%)||x, with ¢ — C; a non-increasing function. This means that for ¢ close enough to 7
there exists a control ug € L*([0,t],U) with

luzll Lo f0,49,0) < 1 =1, Qyug = @(t, 7).
The above formula and (3.3) imply, denoting v = uj + ug, that
21— Tz = Qeu,  |ullzeeogo) <1,

which contradicts the fact the that 7% is minimal in the sense of (3.1). We have thus shown that
indeed z; — Tr-2p € 0BX(1). This implies, using a consequence of the Hahn-Banach theorem (see, for
instance, [1, Theorem 1.13]) and the fact that the interior of B2 (1) is non empty, that there exists
n € X, n # 0 such that

(m21 —Trz20)x =2 (nz)x (€ BX(1)).



The above formula, combined to the definition (3.2) of the time optimal control implies that

(1. @) > (. Brv)x (0 € L0710, ol pm(or0) < 1) (3.4)

Using next (2.5) and (2.7) it follows that

* *

| @ ds [CE T meOledt (olisoen <D (39)

Using Lemma 2.2.1 of [7] and the fact that t — B*T%._,n is U-weakly measurable, we obtain that

* *

T T
swp [ BT a@)odt= [ BTl dr,
veL>®([0,7*],U), Jo 0

llvllLoe (jo,r*),0) <L

and hence we have

*

| @ mwwa= [ 15Tl ar.
On the other hand, we clearly have

(B*T7m,uw” ()u < | BT ynllv (€ [0,77] ae.).
The last estimate and (3.5) imply that

(BT (D) = 1B To il (€ [0,7] ae),

which implies (1.4). O
We conclude this Section by giving the proof of Corollary 1.5.

Proof of Corollary 1.5. We know from Theorem 1.4 that there exists n € X, n # 0, such that we have
(1.4). On the other hand, the fact that the pair (A, B) is approximatively controllable in time 7*
from any e C [0, 7*] of positive measure, together with Proposition 2.7, ensures that B*T%._,n # 0 for
almost every ¢ € [0,7*]. Therefore, (1.4) implies that the time optimal control is given by

1

TA() P ———
O = 15l

B*TI. (te[0,7"] ae.),

which clearly implies (1.5).

The uniqueness of u* is can be proved in a standard way, using the strict convexity of U and
the bang-bang property of every time optimal control. Indeed, assume by contradiction that there
exist two time optimal controls uj # wj. Then for u* = 3(uj + u3) € L>([0,7*],U), we have
1w Lo f0,74,0) < 1, [[u*(t)]|[ < 1 for ¢ in some set of positive measure and @ «u* = 21 — Tr+ 2. Thus
u* is a time optimal control which does not satisfy the bang-bang property, so that we have obtained
a contradiction. O



4 Application to the Schrodinger equation

We first give a preliminary lemma for which, although the result seems quite simple, we did not find
the exact statement in the literature. The idea of this lemma, using a unique continuation result of
Privalov, is borrowed from Reifler and Vogt [19] (see also Hante, Sigalotti and Tucsnak [8])

Lemma 4.1. Let I C Z, (An)ner be a sequence of real numbers bounded from below (or from above),
let e C R a bounded set of positive measure and let (ay)ner € ¢1(I,C). Assume that

Zanei)‘”t =0 (tee).
nel

Then '
> and?t =0 (teR).

nel
Proof. Let Cy ={s € C | Ims > 0}. We define the map

f N C+ — (C
s Z Ay € °
nel

Since (ay) is in ! and (\,) is bounded from below, we clearly have that f is complex analytic on
C,4 and continuous up to the boundary (i.e., up to the real axis). Using the fact that f vanishes on
e C R of positive measure and Privalov’s uniqueness Theorem, [22, Vol. II, ch. XIV, Theorem 1.9],
we obtain that f vanishes on C,, thus on R. O

From the above Lemma, we can derive the following result:

Lemma 4.2. Let X and Y be Hilbert spaces, let Ag be a self-adjoint and diagonalisable operator on
X with domain D(Ap) and let C € L(X,Y). Moreover, assume that that the spectrum o(Ag) of Ao
satisfies a(Ag) C [m,00) for some m € R. Let 20 € X and z € C°(R, X), y € C°(R,Y) satisfying

2(t) = iApz(t) (t e R), 2(0) = 2o, (4.1)
y(t) = Cz(t) (teR). (4.2)

If
yt) =0 (tee),

for some set e C R of positive measure, then
y(t) =0 (teR).

Proof. Since Ag is assumed to be self-adjoint and diagonalisable, there exists an orthonormal basis of
eigenvectors (¢n)ner of Ag, with I C Z and a corresponding sequence of eigenvalues (\,,)nes, where
(An)ner is a sequence with values in [m, c0). The solution z of (4.1) writes

2(t) = Z ane™ip, (teR),
nel
where a,, = (20, pn)x for every n € I. Hence y in (4.2) writes

y(t) = Z ane?'Cop, (teR).
nel



For any v € Y, we have

W), V)y =) ane?(Con vy =D ane™ (C*v,0n)x  (tER).
nel nel
Since (an), € (*(I,C) and ((C*v,¢n)x)n € £3(I,C), it follows that (an(C*v,pn)x)n € £X(I,C).
Moreover, we know that (y(t),v)y = 0 for every t € e and that the sequence (A, )ners is bounded from
bellow, hence, using Lemma 4.1, we deduce that (y(t),v)y = 0 for every ¢t € R. Since this property is
true for every v € Y, we conclude that y(t) = 0 for every ¢t € R. O

We next study a Schrodinger equation with distributed internal control. More precisely, we consider
the system
Z(x,t) = —iAz(x,t) + ta(x)z(z,t) + u(z, t)xo(2) (xeQ, t>0), (4.3)
z2(z,t) =0 (x € 02, t=0), (4.4)
where €2 C R" is an open set, O is an open subset of {2, xo is the characteristic function of O and the
control u is such that [[u(-,t)[|z2(0y < 1 for almost every ¢ > 0.

Proposition 4.3. Assume that one of the assumptions

1. The open set Q is bounded, O) is of class C2%, a € L>(2,R) and O satisfies the geometric optics
condition, as descibed in Bardos, Lebeau and Rauch [2];

2. The open set Q2 is a rectangular domain, a is a constant and O is an arbitrary nonempty open
subset of €2,

holds. Then for every zy, z1 € L*(Q), with 2o # z1, there exists an unique time optimal control u*
steering the solution of (4.3)-(4.4) from zy (att =0) to z1 (at t = 7 = 7"(20,21) ). Moreover, there
exists n € L*(Q), n # 0, such that

/w(:n,t)u*(x,t)da?: max /w(:n,t)v(a:)dm (te0,7"] a.e.), (4.5)
(@ @

veL?(0),
HV||L2((9) <1

where w is the solution of the adjoint problem

w(z,t) = —iAw(x,t) + ia(x)w(x,t) (xeQ, t=0), (4.6)
w(z,t) =0 (x e, t=0), (4.7)
w(z, ™) =n(x) (x € ). (4.8)

Finally, u* has the bang-bang property
lu (-, )] =1 (tel0,7] a.e.). (4.9)

Proof. Note first that, in the case in which the first assumption holds, it suffices to consider the case
a > 0. Similarly, when the second assumption holds, it suffices to consider the case a = 0. Indeed,
the case of an arbitrary a € L*>(Q,R) (respectively an arbitrary a € C) can be reduced to the case
a(x) = 0 (respectively a = 0) by an obvious change of variables.

The result is a consequence of Theorem 1.4 and Corollary 1.5, with a particular choice of spaces
and operators. More precisely let X = L?(Q2), U = L?(O) and let the operator A be defined by

D(A) = H*(Q) N H}(Q), (4.10)



Ap = —iAp +ialz)p (g€ D(A)). (4.11)

The operator A is clearly skew-adjoint and diagonalisable.
The control operator B € L(U, X) is defined by

Bu = xou (u € L*(0)).

We note that, with the above defined spaces of operators, the system (4.3), (4.4) writes in the form
2 = Az 4+ Bu. Moreover, in order to apply Theorem 1.4, it suffices to check that the pair (A, B) is
exactly controllable in any time 7 > 0 . Under the first assumption of the present proposition, this
fact is classical (it suffices, for instance, to combine Remark 7.4.4 and Theorem 6.7.2 from [20]). Under
the second assumption in the present proposition, the exact controllability in any time of (A, B) has
been proved in Jaffard [9] and Komornik [10]. Consequently, we can apply Theorem 1.4, so that we
obtain (4.5).

In order to apply Corollary 1.5, we have to check that (A*, B*) is approximatively observable from
any set of positive measure e C [0,7*]. In PDE terms this means that we have to show that if a
solution of (4.6) is such that

w(z,t) =0 (x €O, tee),

then
w(x,t) =0 (xeQ, teR).

To accomplish this goal, we note that, due to the fact that a € L*°(Q), the operator A in (4.10),
(4.11) writes A = iAp with Aj self-adjoint, diagonalisable and with a spectrum bounded from below.
Hence, we can apply Lemma 4.2 to obtain that w(z,t) = 0 for z € O and ¢t € R. Consequently, using
again the exact controllability in any time of the pair (A4, B) (thus the exact observability in any time
of (A*, B*)), it follows that w(z,t) = 0 for x € Q and t € R. Finally, we can apply Corollary 1.5 to
obtain (4.9). O

5 Concluding remarks and open questions

Our results in the previous section are, as far as we know, the first establishing the maximum principle
and the bang-bang property for the time optimal controls in the case of a class of time reversible
systems (of Schrodinger type) with controls localized in a strict subset of the spatial domain. If we
take controls active in the whole spatial domain, one can easily adapt our methods to the wave or
Fuler-Bernoulli plate equation. More generally, the results in the previous can be easily adapted to
systems of the form

W+ Aow = u, (5.12)

where Ag is a positive operator in a Hilbert space H and u is the input function. We can easily
check that the above equation can be written as a first order system satisfying the assumptions in
Theorem 1.4 and Corollary 1.5, so that we have the maximum principle and the bang-bang property
for the associated time optimal control problem. Since this question has been tackled directly, by
quite similar methods, in Fattorini [6] and Krabs [11] we do not give the detailed argument here.
Note that, taking H = L?(Q2), where  C R” is bounded and with a smooth boundary, and Ag to be
the Dirichlet Laplacian (respectively the square of the Dirichlet Laplacian) in €, (5.12) becomes the
wave (respectively the Euler-Bernoulli plate) equation, with control active in all of 2. We also refer
to Kunisch and Wachsmuth [12] for a theoretical and numerical study of the time optimal control
problem for the wave equation.
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An interesting and partially open question consists in obtaining the maximum principle and the
bang-bang property of time optimal controls for systems governed by the Euler-Bernoulli plate equa-
tion with localized distributed control. The question is challenging, in particular, since most of the
control theoretic results known for the Schrodinger equation have a natural counterpart for the Euler-
Bernoulli plate equation (at least for hinged boundary conditions). It turns out that the situation
seems unclear in the case of time optimal control problems, at least as far as the bang-bang property
is concerned. More precisely, consider the one dimensional case (Euler-Bernoulli beam equation) with
locally distributed control. The main technical obstacle (within our method) in obtaining the bang-
bang property of time optimal controls consists in the fact that, in order to apply Corollary 1.5, one
would need a counterpart of the uniqueness result in Lemma 4.1, with the sequence (£n?),,>1 (which is
bounded neither from below nor from above) instead of (A,,). Therefore, even in one space dimension,
establishing the uniqueness of time optimal controls and their bang-bang property are open questions.

However, we have a partial result, asserting that the maximum principle holds for the time optimal
control problem for a system governed by the Euler-Bernoulli plate equation with locally distributed
control. More precisely, consider the system

iz, t) = —A%2(z,t) + xo(@)u(z, t) (xeQ, t>0), (5.13)

z(x,t) = Az(x,t) =0 (x €0, t>0), (5.14)

where €2 C R" is an open set, O is an open subset of {2, xo is the characteristic function of O and the
control u is such that [|u(-,t)[|12(0) < 1 for almost every ¢ > 0.

Proposition 5.1. Assume that one of the assumptions
1. The open set ) is bounded, O is of class C? and O satisfies the geometric optics condition;
2. The open set Q) is a rectangular domain and O is an arbitrary nonempty open subset of €1,

holds. Then for every fo, fi € H*(Q) N HY(Q) and go, g1 € L*(Q), with (fo,g0) # (f1,91), there exists
a time optimal control u* steering the solution of (5.13)-(5.14) from (fo,g0) (at t =0) to (f1,91) (at
t =7*). Moreover, there exists (no,m) € [H*(Q) N HI(Q)] x L*(Q), with (no,n1) # (0,0) such that

/O o, O (2, ) dz = max /O ()7 (x) dz, (5.15)

veL?(0),
Ivllr2 o)<t
where w is the solution of the adjoint problem,
w(z,t) = —A%w(x,t) (e, teR), (5.16)
w(z,t) = Aw(z,t) =0 (x€d2, teR), (5.17)
w(z, 7") =no(x), w(z, ") =m(z) (re). (5.18)

Proof. The proof follows closely the reasoning used in the first part of the proof of Proposition 4.3.
More precisely, it suffices to apply Theorem 1.4, with a particular choice of spaces and operators. Take
X = [H*(Q) N H(Q)] x L*(Q), U = L*(O) and consider the operator A defined by

D(A) = {f e H(Q)NHH(Q), Af =0o0n 00} x (H*(Q) N Hy()) ,

afl=lae - La] (B)emw)
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The control operator B € L(U, X) is defined by

Bu— [Xgu] (u € I2(0)).

We note that, with the above defined spaces of operators, the system (5.13), (5.14) writes in the
form Z = AZ + Bu, where Z = [j

In order to apply Theorem 1.4, it suffices to check that the pair (A, B) is exactly controllable in any
time 7 > 0. This fact is classical and follows from known (already used above) exact controllability
results for the Schrodinger equation (see, for instance, [20, Proposition 7.5.1] or [14, Section 5]).
Consequently, we can apply Theorem 1.4, so that we obtain (5.15). O

Another possible extension of the results in this work consists in studying the case of unbounded
control operators. It is not difficult to see that our result in Theorem 1.4 can be extended to admissible
(possibly unbounded) control operators, provided that we replace the exact controllability assumption
with the condition Ry = X for every ¢t > 0. Note that, for unbounded control operators, this condition
is no longer a consequence of the exact controllability in arbitrarily small time. However, we did not
include this generalization in our work for two reasons. Firstly, this would require more preliminaries
and notation. Secondly, and more importantly, we found no relevant examples coming from PDE’s
with boundary control satisfying the condition R{® = X for every ¢ > 0. Checking this condition is an
open question, even for very simple examples such as the Schrédinger equation in one space dimension
with Dirichlet boundary control.

Besides the theoretical open questions raised above, the numerical analysis of the time optimal
control problem for infinite dimensional systems is an essentially open field, at least for point targets.
An interesting track to tackle these issues could consist in adapting some of the results on the numerical
approximation of norm optimal controls (see, for instance, Ervedoza and Zuazua [4] and references
therein).
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