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Controllability of Schrodinger equations

Karine Beauchard
CMLA ENS Cachan
94230 Cachan *

Abstract

One considers a quantum particle in a 1D moving infinite square po-
tential well. It is a nonlinear control system in which the state is the
wave function of the particle and the control is the acceleration of the
potential well. One proves the local controllability around any eigenstate,
and the steady state controllability (controllability between eigenstates)
of this control system. In particular, the wave function can be moved
from one eigenstate to another one, exactly and in finite time, by moving
the potential well in a suitable way.

The proof uses moment theory, a Nash-Moser theorem, Coron’s return
method and expansions to the second order.

This article summarizes two works : [4] and a joint work with Jean-
Michel Coron [5].

1 Introduction

1.1 The system

A quantum particle, in a 1D space, is represented by its wave function

¢: R x R — C

t , 2 — o@z2).
The physical meaning of |¢(¢, 2)|?dz is the probability of the particle to be in
the volume dz surrounding the point z at time ¢. Thus, at any time ¢, one has

/ 6t 2)[2dz = 1.
R

When the particle is in a potential V' (2), its wave function solves the Schrédinger
equation

09
’Lha(t,z) - __mT(tvz) + V(Z)(z)(tvz)

Let us consider a particle in an infinite square potential well

V(z) =0 when z € I :=(-1/2,1/2),V(2) = 400 when z ¢ [

*Karine.Beauchard@cmla.ens-cachan.fr

IX-1



which moves in R along time. Up to renormalisation, the wave function solves

2
i0(t,2) = ~3 35(6,2) + V(= - DOt ),

where D(t) is the position of the potential well. The change of independent
variables (¢, z) — (¢, ¢) and wave function ¢ — 1, defined by

q:=z—D(t),

b(t,q) = (t, 2)(P=D=% [§ D)

transforms the previous equation into

(E){ i3t q) =~ 155 (t.) — u(lg(t.q) g € 1t € Re,
W(t, +1/2) =0,

where u := —D is the acceleration of the well (see [20]). This equation gives the
dynamic of the wave function in the moving system of reference. The system
(X) is a control system in which

e the state is the wave function 1 of the particle, that, for every ¢t € R,
belongs to the L2(I, C)-unitary sphere S,

e the control is the acceleration ¢ — u(t) € R of the well.

This control system is nonlinear : it is bilinear with respect to the couple (¢, u).

1.2 Main results of this article
In order to state the main results of this article, let us introduce the definition

of a solution of (X), the definition of a trajectory of (¥) and few notations.

Definition 1 Let 11,715 € R with Ty < T, w : [T1,T2] — R be a continuous
function, 1o € H> N HY(I,C)NS. A function ¢ : [Ty, To] x I — C is a solution
of
2
Zaé)_lf(taq) = _%8_121}(tvq) - u(t)qw(taq)aq S Iat S R-i—a
¥(t, £1/2) =0, (1)
(T, q) =vo(q),q € I,

if
o w S CO([Tl,TQ],H2 N H&(I,(C)) N Cl([Tl,TQ],LQ(I,(C)),
o the first equality of (1) holds in L*(I,C) for every t € [T4, Tz],
e the third equality of (1) holds in H> N H} (I, C).

Then, one says that (1, u) is a trajectory of the control system (X).
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One introduces the operator A defined on

D(A) :== (H?> n H{)(I,C), by Ap := _1d%
0 ) ) 5 dq2

The eigenvectors and eigenvalues of this operator are, for k € N*,

V2sin(krq), when k is even,

i(g) = { V2 cos(kmq), when k is odd, Ak =

(km)2.

1
2
One calls “eigenstates’the particular solution of the free system (u =0 in (X))

Vi(t, q) == pr(g)e” M

and “ground state’the eigenstate corresponding to £ = 1. One introduces the
spaces
H{y(I,C) := D(A*/?)

for s € R%. and the unitary L?(I,C)-sphere

S:={p € L*(I1,C); gl 2(r.c) = 1}-

In [4], one proves the local controllability of the system (X) around the
ground state for u = 0. This behavior was conjectured by Rouchon in [20]. The
same result holds with the same proof around any eigenstate.

Theorem 1 Let ¢g, 1 € R. There exist T > 0 and n > 0 such that, for every
o, Yy in SN H(70) (I,C) satisfying
o = pre®llurae) <n, vy — o1 lara.e) <,

there exists a trajectory (v,u) of the control system (X) on [0,T] such that
»(0) = o, Y(T) =1y and u € Hi((0,T),R).

In [5], we study the same physical system, but we control not only the wave
function 9 of the particle but also the position D and the speed S of the potential
well. Thus, the studied control system is

Z%_’Lf(taq) = _%%(taq)_ < U(t),q > w(taq)aq € (_1/271/2)’t € R-‘r)
(2o) S=u.

D=5,
in which

e the state is (¢,5,D) €e S x Rx R
e the control is the real valued function ¢ — u(t).

The main result of [5] is the following one.



Theorem 2 For every ng,ny € N*, there exists a time T > 0 and a trajec-
tory (¥, S, D,u) of (39) on [0,7] such that (1(0),S(0), D(0)) = (¢ne,0,0),
(W(T),8(T), D(T)) = (¢n,,0,0), and u € H5((0,7),R).

Therefore, one can change the energy level of the particle by moving the
potential well in a suitable way.

In section 2, one states a previous non controllability result for the system
(), due to Turinici [21], with arguments from Ball Marsden and Slemrod [1].
One explains why a non controllability result and a positive controllability result
can hold simultaneously for the same equation.

Section 3 presents the proof of Theorem 1 in [4]. In subsection 3.1, one
explains why the classical linear test does not work. This is the first difficulty of
this work. Subsection 3.2 presents the strategy developed to solve this difficulty,
it relies on Coron’s return method and quasi-static deformations. In subsections
3.3, 3.4, 3.5 and 3.6, one details the steps of the this strategy. Coron’s return
method needs the local controllability of (¥) around some trajectory (v, u).
This local controllability is proved thanks to the linear test. Unfortunately, the
classical inverse mapping theorem does not give the conclusion because of a loss
of regularity. This is the second difficulty of this work. One concludes thanks to
the Nash-Moser theorem. Finally, subsection 3.7 contains remarks, conjectures
and open problems dealing with Theorem 1.

Section 4 presents the steps of the proof of Theorem 2 in [5]. This proof
relies on many local controllability results, got thanks to similar arguments as
in section 3. However, an additional difficulty appears, and we use expansions
to the second order.

Finally, others PDEs have the same pathology as (X)) : they are known to be
not controllable (in some functional spaces) thanks to the argument of [1], but
affirmative controllability results have been proved (in other functional spaces)
with the technic introduced for the study of (¥). Such results are mentioned in
section 5

2 A previous non controllability result for (%)

In [1], Ball, Marsden and Slemrod discuss the controllability of infinite dimen-
sional bilinear control systems of the form

w(t) = Aw(t) + p(H)B(w(t)), (2)

where the state is w and the control is p. Thanks to Baire lemma, they prove
the following non controllability result.

Theorem 3 Let X be a Banach space with dim(X) = 4o00. Let A generate a
C®-semi group of bounded linear operators on X and B: X — X be a bounded
linear operator. Let wy € X be fized and let w(t;p,wy) denote the unique solu-
tion of (2) for p € L}, ([0, +00),R) with w(0) = wg. The set of states accessible
from wq defined by

S(wo) := {w(t;p,wo);t > 0,p € Lj,.([0,00),R), 7 > 1}
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is contained in a countable union of compact subsets of X and, in particular,
has dense complement.

As noticed by Turinici in [21], Theorem 3 shows that, for (3), given vy €
X = SﬂH(QO) ((0,1),C), the set of ¥(¢) in X accessible from the initial condition
o, by using controls v € L] _([0,00),R), r > 1, has dense complement in X.

Thus, the system (X) is not controllable in SNH (20) (I,C), with control functions
win HE((0,7T),R), T > 0.

However, there is no obstruction for having controllability in other spaces.
For example, Theorem 3 does not apply with

X := H,(1,C)

instead of X because the operator B, defined by By := qy, does not map X
into X. Thus, there is no obstruction for controllability to hold in H ?0) (I,C)

with controls u € LE ([0, +00), C).

loc

In this article, one proves local controllability results in H (70)(1 ,C), with
control functions u in H}((0,T),R), with T > 0. Thus, the negative result
proved by G. Turinici relies on a choice of functional spaces which does not
allow controllability. In order to state affirmative controllability results, one
must

e cither control ¥ in H (20)(1 ,C) but with a control functions set larger than
L?((0,T),R), for example H=1((0,7T),R),

e or control ¢ using the control functions set L?((0,7'),R), but in a smaller
space than H(QO)(I, C), for example H(30) (1,C).

3 Local controllability of (3) around the ground
state

3.1 Failure of the linear test

A classical approach to get local controllability around a trajectory consists in

proving the controllability of the linearized control system around this trajec-

tory and concluding thanks to an inverse mapping theorem. But this classical

approach does not work : Rouchon proved in [20] that, around any state of

definite energy, the linear tangent approximate system is not controllable.
Indeed, the linearized control system around the eigen state ¥y is

(EL k:) Z%(taq) = _%?}zqgj (taq) - ’U(t)qwk(taq)aq S Iat S R-‘ra
N Wt +1/2) = 0,

It is a control system in which

e the state is the function ¥, that belongs, at any time ¢ to the tangent
space Tsy(t) to the sphere S, at the point ¥y (t),



o the control is the real valued function ¢ — v(t).

The non controllability of (X ) is clear : if k is odd (resp. even), and if the
initial condition Wy satisfies Uo(—z) = —Pg(x) (resp. ¥o(—z) = Pg(x)) for
every ¢ € I, then, U(¢) has the same parity property for every ¢, whatever
u is. In particular, one cannot reach any final state ¥; that does not satisfy
Ue(—z) = —Us(x) (resp. Vy(—x) = Ys(x)) for every z € I, so (Xr%) is not
controllable. Therefore, the main reason why (X1 ;) is not controllable is
the parity of the eigenvectors of A.

3.2 Strategy : return method and quasi-static deforma-
tions

The proof of Theorem 1 relies on Coron’s return method and quasi-static de-
formations. This method was introduced by Coron in [6] in order to solve a
stabilization problem. It has been used in order to get controllability results for
partial differential equations by Coron in [9], [7], [8], by Coron and Fursikov in
[12], by Fursikov and Imanuvilov in [13], by Glass in [14], [15], and by Horsin
in [17].

This method is in two steps. First, one finds a trajectory ({/;, u) of the
control system (X) such that the linearized control system around (1;, w) is
controllable in time T'. Then, using an implicit function theorem, one gets the
local controllability in time T of the nonlinear system () around (1(0), ¥(T)) :
there exist neighborhoods Vp of ¥(0) and Vi of 4(T) such that the system ()
can be moved in time T from any point £ € V{, to any point { € Vp.

In a second step, given two points g, 1; closed enough to e @ et
one proves that the system (X) can be moved

- from 1y to a point £ € Vp, using quasi-static deformations,

- from one point ¢ € Vr to 9y, using again quasi-static deformations,

- from & to ¢ using the local controllability around (¢(0), J(T))

The trajectory ({/;, @) used in [4] is the ground state for a constant accelera-
tion u = v, v € R*,

14(t,q) = <P1,y€_i’\1”t-

Here, Ay - is the first eigenvalue of the operator A, defined on

1d?
D(A,) = (H? N H})(I,C), by Ay = —§d—;§ —~ qp.

and ¢ 4 is an associated eigenvector.

In section 3.3, one justifies the controllability of the linearized system around
(Y1,4,u = 7), for v € R* small enough. Unfortunately, the classical inverse
mapping theorem is not sufficient to conclude the local controllability of (¥)
around v ~, because of a loss of regularity in the controllability of the linearized
system. This is explained in section 3.4. One deals with this difficulty by

IX-6



applying a Nash-Moser theorem. The local controllability result proved, by
doing this, is stated in section 3.5. In section 3.6, one gives explicitly the
quasi-static deformations used in the second step of the return method. Finally,
in section 3.7, one gives some remarks, open problems and conjectures about
Theorem 1

3.3 Controllability of the linearized system around the
trajectory (v, u =)
Let v # 0. The linearized system around (11 ~,u =) is

X 2
( I ) Z%_‘f(t)q):_%%q‘g(taq)_(’y—i_’u)(t)qwl,'y(t)q)aqeIateR-‘ra
T W(t,+1/2) =0,

It is a control system in which

o the state is the function ¥, with, for every ¢, U(t) € Ts1,,(t),
o the control is the real valued function ¢ — v(t).

In [4], one proves the following controllability result for (X, ).

Proposition 1 There exists v* > 0 such that, for every v € (—v*,v*)—{0}, for
every T > 0, the linear system (X ) is controllable in H(i)’o) (I,C) with control

functions v € L*((0,T),R).

Proof : Let us introduce the nondecreasing sequence of eigenvalues of A,
(An,y)nen- and associated orthonormal eigenvectors (¢n,~)nen=. Since (X1,.4) is
a linear control system, one can take ¥(0) = 0. Then, for every n € N*| one has

t
<U(t),0on >=1 < qP1,, Pry > eii)‘"”t/ v(t)ei()‘"ﬂfAl”)TdT,
0

where < .,. > denotes the L?(I,C)-scalar product.

Let T > 0 and ¥y € Tsy)14(T). We look for v : [0,7] — R such that
U(T) = Uy. This equality is equivalent to the following trigonometric mo-
ment problem on v,

< Uy, pn > €T

T
:/ U(T)ei(’\"ﬂ_’\l”)TdT,Vn e N*, (3)
'Lbn’ry 0

where b, , :=< qp1,,%¢n,~ >. Thanks to the analyticity of the functions v —
An,~y and v — ¢, 5, one proves the following proposition.

Proposition 2 There exists v9 > 0 such that, for every v € (0,v] and for
every k € N*, by, #0.
There exist y1 > 0 and C > 0 such that, for every v € (0,71] and for every even
integer k > 2,

(-1)2+18k  Cn

by = a2l < 75

w2 (k%2 - 1) k

and for every odd integer k > 3,

s — 2(—1)%;1(k2+1)| CH?
B T TR (2 — 1)2 [
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Reasoning as in [18, chap 1.2], with the Ingham inequality of [16], one gets
the existence of a solution v € L?((0,T),R) to the moment problem (3) as soon

as Uy € D(AY?) and T > 0. O

The controllability of the linearized system around (¢, u = ) is possible
when v # 0 because the introduction of a parameter v # 0 breaks the
parity properties of the eigenvectors of the operator A,.

3.4 The inverse mapping theorem does not work

Unfortunately, the controllability result for the linearized system around (¢1 ,u =
) of Proposition 1 is not sufficient to get the local controllability of the nonlin-
ear system (X) around 11 , by applying the classical inverse mapping theorem.
Indeed, the map ® which associates to any couple of initial condition and con-
trol (g, v) the couple of initial and final conditions (¢g,¥r) for the system (X)
with u = v + v, is well defined and of class C! between the following spaces,

: [SNDUAYH] x HYO,T),R) — [SNDAY?)] x [SnDAY?)
(Yo 5 v) = (Yo Y7).

Its differential map d®(1,,0) at the point (¢1,,,0) maps the space
E = [T5(¢1,) N D(AY?)] x H'((0,T),R)
into the space
Fi= [Ts(¢1,,(0)) N D(AY/?)] x [Ts(¢n,(T)) N D(AY?)],

where Ts(€) is the tangent space to the L?-sphere S at the point ¢. It admits
a right inverse, d®(¢1.,0)"!, but it does not map F into E : it only maps F
into

[Ts(v1,5(0)) N D(AS/?)] x L*((0,T),R).

One looses regularity in the controllability of the linearized system
around (Y1 4, u =)
3.5 Application of the Nash-Moser theorem

One deals with this loss of regularity by using a Nash-Moser implicit func-
tion theorem adapted from [19] and one gets the following theorem.

Theorem 4 Let T :=4/mw. There exists v* > 0 such that, for every v € (0,7*),
there exists n > 0 such that, for every (o, 1) € SN D(AZ/Q) satisfying

1Yo = 15O la7 0y <0, Y1 — V14Dl a7 (1,0) <0,

there exists a trajectory (¥, u) of the control system (X) such that ¥(0) = 1y,
1/1(T) =vr and (U - ’7) € H&((O’T),R)



The application of the Nash-Moser is rather technical so we refer to [4] for
the proof of this theorem.

It is at this step of the proof that the regularity assumption H” appears : in
order to prove the convergence of the Nash iterations, one needs regularity on
the initial and final conditions.

The Nash-Moser theorem is useful because one works on Sobolev spaces.
However, it is perhaps possible to prove a local controllability result for (X) by
applying the inverse mapping theorem, but one would need to use other func-
tional spaces.

3.6 Quasi-static deformations

In the second step of the return method, one constructs explicitly, for v > 0
small enough, trajectories

(¥,u): [0,T"] — H'(I,C) x R
such that

=5, (0) = prei®, (T € D(AY?),

uw(0) =0, u(T!)=
[9(T) = o147 < n/2.

Then, for ¢y € D(A7/?) closed enough to ¢1e'®, the same control moves the
system from vy to & which satisfies

¢ € D(AT?) and [|€ — @14 )la7 <7,

thanks to the continuity with respect to initial conditions. The control used in
this step moves slowly from 0 to v : one makes quasi-static deformations,
as in [9]. More precisely, one proves the following theorem in [4].

Theorem 5 Let vg € R. One considers the solution . of the following system

ihe = =307 — 0 f(et)qi,
1pﬁ(o) = 901el¢0a
Ye(t,—1/2) = (¢, 1/2) =0,

where f € C([0,1],R) satisfies f)(0) =0 for every k € N, f(1)=1,0< f <
1 and ¢g € [0,27). Let (€)nen+ be defined by

1 1
E—/ AMyof(tydt = do + 2nm,
n JO

for every n € N*. There exists v* > 0 such that, for every vy € (—v*,~*), for
every s € N, (¢, (1/€n))nen converges to @1 ~, in H*(I,C).

3.7 Remarks, open problems, conjectures

The proof given in [4] gives the controllability of () in H” with control func-
tions in Hi. The exponent 7 is only technical and related to the application
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of the Nash-Moser theorem. With the same strategy and another version of
the Nash-Moser theorem (see [3] or [2]), it is now possible to prove the same

theorem with everywhere H(70) (I, C) replaced by H(50‘§E (I,C), e > 0.

One conjectures that the optimal results for (X) are the local controllability
e in H? with control functions u € L2,

e in H® with control functions u € Hg,

e in H™ with control functions u € HZ, etc.

Indeed, these are the optimal results for the controllability of the linearized sys-
tem around (1,4, u = 7).

In theorem 4, one proves the local controllability of (X) around ¢4 - in time
T = 4/m. This assumption is probably only technical too. Since the linearized
system around (1 ~,u = 1) is controllable in any positive time (see Proposition
1), one expects the non linear system to be locally controllable around v, - also
in any positive time. However, this point is an open problem.

Another interesting question about (X) is the existence of a minimal time
for the local controllability around ;. An affirmative answer is given in [10],
the value of this minimal time is still open.

4 Steady-state controllability of (X)

The main result of [5] is a little bit stronger than Theorem 2. It is the following
one.

Theorem 6 For every n € N*, there exists n, > 0 such that, for everyng,ny €
N*, for every (1o, So, Do), (¢¥¢,S¢, Df) € [SN HZO)(I,(C)] x R x R with
Y0 = ¢nolla + [Sol + (Dol < o, [Yg = nyllu + IS¢l + Dyl <y

there exists a time T > 0 and a trajectory (v, S, D,u) of (3¢) on [0, 7], which

satisfies (1(0),5(0), D(0)) = (0, 50, Do), (W(T),5(T),D(T)) = (¢7, S5, Dy)
and v € H}((0,7),R).

Theorem 2 is a corollary of this theorem. In the following subsections, one
details the steps of the proof of Theorem 6, in [5].
4.1 Global strategy

Thanks to the reversibility of the control system (o), in order to get Theorem
6, it is sufficient to prove it with ny = ng + 1. We prove it with ng = 1 and
ny = 2 to simplify the notations.

First, we prove the local controllability of (¥) around the trajectory (V%00 4 =
0) for every 6 € [0, 1], where

YO00(t) = (go(t), S(t) = 0, D(t)

0),
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Va(t) := V1 — 0y (t) + Vs () for 0 € (0,1),
YRO0(4) = (4hry1(t), S(t) = 0,D(t) = 0) for k= 0,1.
Thus we know that

e there exists an open ball V; (resp. V1) centered at Y%99(0) (resp. Y10.0)
such that (3¢) can be moved in finite time between any two points in Vj
(resp. Vi),

e for every 6 € (0, 1), there exists an open ball Vj centered at Y'%%9(0) such
that (o) can be moved in finite time between any two points in Vj.

Then, we conclude thanks to a compactness argument : the segment
[Y000(0), Y100(0)] := {VAY?00(0) + VI — XY 120(0); X € [0, 1]}

is compact in S x R xR and covered by Up<g<1 Ve thus there exists a increasing fi-
nite family (6,,)1<n<n such that [Y299(0), Y1.0.0(0)] is covered by Ui<n<n'Va, -
We can assume Vp, N'Vp,,, # 0 forn = 1,..,N —1. Given Yy € Vp, and
Yy € Vi, we move (3g) from Yj to a point Y7 € Vy, N Vp, in finite time, from
Y; to a point Y5 € Vp, N Vp, in finite time...etc and we reach Y7 in finite time.

Now, let us explain the proof of the local controllability of (¥y) around
Y900 for every 6 € [0,1]. The strategy for 6 € (0,1) is different from the one
for 6 € {0,1} but involves the same ideas. In the next section, one details the
case 6 € (0,1) which is the simplest one. One refers to [5] for the case § € {0,1}.
4.2 Local controllability of (¥,) around Y% for § € (0,1)

In this subsection, one presents the steps of the proof of the following theorem.

Theorem 7 Let 0 € (0,1). Let T := 4/w. There exists n > 0 such that, for
every (¢o, So, Do), (¥5,S¢, Dy) € [SN HZO)(I,(C)] x R x R with

[0 = 9o (0)[| 7 + [Sol + [Do| < 1,

[ = ¥o(T)llm7 + [S¢| + [Dy| <m,
there exists a trajectory (¢, S, D) of (o) on [0,2T] such that

(1(0), 5(0), D(0)) = (0, So, Do),

(¥(2T), S(2T), D(2T)) = (¢y, Sy, Dy),
and v € H}((0,2T),R).
4.2.1 Controllability up to codimension one of the linearized system
around Y%00 for 6 € (0,1)

First, let us notice that the linear test is not sufficient to conclude because the
linearized system around (Y%%°(¢),u = 0) is not controllable. Indeed, one has
the following proposition.
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Proposition 3 Let 0 € (0,1).Let T > 0 and (U, s,d) be a trajectory of
. 52

98— 328~ uin

U(t,+1/2) =0,

§=w,

d=s.

()

on [0,T]. Then, the function
t s S(< U(t), VI — 001 (t) — VOiba(t) >)
is constant on [0, T). Thus, the control system (35) is not controllable.
Proof : Let us consider the function &(t) := /T — 0y (t) — V0o (t). We
have
08 196

"ot T 298¢

58 < WD), (1) >) = Siw < avn ). Eo(t) ).

The explicit expressions of 1y and &y provide, for every ¢,

< qa(t), €o(t) >€ iR,

which gives the conclusion.
Let T > 0, and ¥g € Ts(10(0)), Uy € Ts(109(T)). A necessary condition for
the existence of a trajectory of (X}) satisfying ¥(0) = ¥ and ¥(T) = Uy is

(< Up, VI = 01 (T) — VOiba(T) >) = S(< Wo, V1 = 01 — Vs >).

This equality does not happen for an arbitrary choice of ¥y and ¥;. Thus (Ele)
is not, controllable.[]

However, the previous proposition provides the only invariant quantity for
the linear system (Zle). Indeed, one has the following proposition.

Proposition 4 Let§ € (0,1). LetT > 0, (¥, s0,do), (U f,s¢,df) € H(g’o)(l, R)x
R x R be such that

R < Wo,9(0) >=R < Ty, 09(T) >=0, (4)

J < \I/f, v1-— Ggple_i’\lT— \/éwge_i/\QT >=3 < Ug, V1 —0p; — \/5902 > . (5)

There exists w € L%((0,T),R) such that the solution of (X}) with control w
and such that (¥(0),s(0),d(0)) = (Po,s0,do) satisfies (¥(T),s(T),d(T)) =
(Wyysp,dy).

Remark 1 The condition (5) means that we miss exactly two directions, which
are (¥,s,d) = (+i€p,0,0). Thus, if we want to control the components <
W, pop > fork =22 and R < V,p; > then, we cannot control I < VU 1 >.
This is why we say that we miss the two directions (V,s,d) = (+ip1,0,0). We
call this situation “controllability up to codimension one”.
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4.2.2 Local controllability up to codimension one of (X;) around
Y?00 for 6 € (0,1)

Let us introduce the following closed subspace of L?(I,C)
V := Span{yy; k > 2}
and the orthogonal projection P : L?(I,C) — V.

We want to get from the previous proposition the local controllability up to
codimension one of the nonlinear system (Xo) around Y99, Again, because of
a loss of regularity, the inverse mapping theorem is not sufficient to conclude
and we use a Nash-Moser theorem. Since we need a continuity property in the

end of the proof of Theorem 7, which is not given in [19], we adapt the theorem
and the proof of [19]. By doing this, we get the following theorem.

Theorem 8 Let 0 € (0,1). Let T := 4/mw. There exists C > 0, 6 > 0 and a
continuous map

L V(0) x  V(T) —  H((0,T),R)
((woa‘SOaDO) ’ (wf,sf,Df)) — u

where
V(0) := {(t0, So, Do) € [SNH (I, C)]x RXR; [[tho—16(0)|| 7 +]So| +| Do| < 4},
V(T) = {($y, 51, Dy) € [Hly) (I, C)NVNB2(0, 1) xRXR; |1~ P (T) | g7 +|S¢ | +| Dy | < 6},

such that, for every ((vo,So, Do), (J},Sf,Df)) € V(0) x V(T), the trajectory

of (X0) with control T (o, So, Do,%y, Sy, Dy) such that (1(0),S5(0),D(0)) =
(Y0, So, Do) satisfies

(PY(T), S(T),D(T)) = (4y, Sy, Dy)
and

”F(wO,SOvDOv{l;}vSf’Df)”Hé((O,T),R) < CllIP (o = v (0) a7 1.0y + [Sol + [Dol+
vy — Po(T) | a7 (r,c) + |S¢| + |Dyl].

4.2.3 Motion in the directions (¢, S, D) = (%i¢1,0,0) for the second
order term

In [5], we prove the following proposition, which is the key point to prove that
the nonlinear system (X¢) can also be moved in the to directions which are not
given by Theorem 8.

Theorem 9 Let0 € (0,1). LetT := 4/w. There existswy € H'NHF((0,T),R),
vy € H3((0,T),R) such that the solutions of

iUy = —10 —wiqiy,
\I/:t(O) =0,
l:[/:I:(t’ _1/2) = \I/:I:(t’ 1/2) =0, (6)

éi = wi,si(O) = O,
di = Si,di(O) = O,
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il = 3L —wiqVy — viqiy,

§£(0) =0,

€i (t’ _1/2) = gi (t’ 1/2) =0, (7)
di = Vi,O'i(O) = O,

oy = 04,6.(0) =0,

satisfy +(T) = 0, s+(T) =0, d+(T) = 0, ££(T) = iy, 0+ =0, 0+ = 0.

We detail in the next subsection how this result on the second order term
allows to conclude for the nonlinear system.

This strategy has already been used by Coron and Crepeau in [11], for KAV
equation. In their case, the second order term was not sufficient, they used the
third one.

4.2.4 Proof of Theorem 7
In all this section T :=4/7. Let p € R, 90,9y € HZO)(I,C), So, Do, Sy, Dy € R.
Let us consider, for ¢ € [0, T]

u(t) = /Tolw + lplv,

where w = w4, v :=vy if p 2 0 and w = w_,v :=v_ if p < 0 and wy,vy
are defined in Theorem 9. Let (¢, S, D) be the solution of (X¢) on [0,7] with
control v and such that

(1(0),5(0), D(0)) = (%0, S0, Do)-

Then, we have
S(T)= S8y, D(T)= Dy.

We have u € W31((0,7),R) and u(0) = w(T) = 4(0) = u(T) = 0 thus (see [4,

Appendix B Proposition 51]) the function ¢(7") belongs to H(70) (1,C).

In [5], we prove the following proposition.

Proposition 5 There exists C > 0 such that, for every p € (—1,1), we have

[9(T) = Wa(T) +iper) | (1,0) < Clllto = o (O)l| 71,0y + loI*/?)-

Now, we use the local controllability up to codimension one around Yy. Let
6 > 0 be as in Theorem 8. We assume

1
%0 — %o (0)l 57 (1,c) < ek

1)
|So| + |Do| < 3
Py — o(2T)] || a7 + |S¢| + | Dys| < 6.

When p satisfies

ol < 2= min{1s )

lloillar +C)
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the previous proposition proves that

)
[9(T) = (0| = < (Il +C)lpl*? + 173

Thus (¢(T), So, Do) € V(0) and (Pes, Sy, Dy) € V(T'). Thanks to Theorem 8,
there exists

= F(w(T)v SOv DO»owv Sf,Df) € H(%((Tv 2T)7R)

<2

such that
(P(2T), 5(2T), D(2T)) = (Pyy, Sf, Dy),
where (1, S, D) is the solution of (Xg) with control u on [0, 2T, with u extended

to [0,27] by u := @ on [T,2T]. The Theorem 8 and the previous proposition
give the existence of a constant C' such that

lull g ((r,2mym) < C[|p|3/2+||¢o—¢e(0)|H7+|So|+|Do|+||7’(¢f—we(2T))|H7JE|L)9f|+|Df|]-
8
We define the map

F: (=nmn) — R
p = (< Y(2T), 91 >).

Thanks to Theorem 8, F' is continuous on (—n,7). We can assume ¢ is small
enough so that
§R(< w(QT),Sol >) > 0,

because v is closed enough to 1. Since ¢ € S and R(< (2T), ¢1 >) is positive,
we have
Y(2T') = ¢y if and only if F(p) = (< ¢, 01 >).

Therefore, in order to get Theorem 7, it is sufficient to prove that F' is surjective
on a neighborhood of 0.

Let z(t) :=< 9(t), 1 > on [T,2T]. We have

2T

x(2T) = «(T) + z/ u(t) < qb(t), 1 > eidt.
T
Thus
Flp) =p+[S=(T) —pl+S (Z/T u(t) < qp(t), o1 > e““) :
where

IS(@(T)) = pl < I(T) = (Wo(T) +ip)z2 < Cllipl*’ + [0 — wo(0) 7],

2T
|/ u(t) < qw(t), w1 > ez)‘ltdﬂ < T”u”LC’O((T,QT),R)'
T
Using (8), we get the existence of a constant K such that

[E(p)—pl < K[|p]*"*+ o= (0)]l| a7+ P s =6 (2T)] || sr7+1S ¢ 14| D [+|So |+ Doll-
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There exists 7 € (0,7) such that
K|r|?/? < —T.
I 3

Let us assume that

K(l[vo = v ()]l a7 + [[P[voy — o Tl 7 + [S¢| + [Dg| + [Sol + | Dol] < %
Then - -
F(’T) > g and F(—’T) < —g,

thus the intermediate values theorem guarantees that F' is surjective on a neigh-
borhood of zero, this ends the proof of Theorem 7.

4.3 Remark, open problem

Theorem 2 states a steady-state controllability result in long time. No bound for
the time of control is known. The existence of a minimal time for such motions
is an open problem.

5 The same technic on other PDEs

The technic introduced for the study of (X) gave positive controllability results
for others PDEs. Note that these PDEs were known to be not controllable in
particular functional spaces, thanks to the argument of [1]. One proves their
controllability in other spaces.

The first PDE is the following 1D beam equation

('P) Ut + Uzgzs +p(t)ua:a: =0,z € (0, 1),t S R+
u(t,.) =uy(t,.)=0at z=0,1,

in which the state variable is u(t, x) and the control is the function p(¢). Thanks
to the Nash-Moser theorem, one proves, in [3], the local controllability of (P)
in H5%¢ x H3+<((0,1),R), € > 0 around reference trajectories of the form

(uret(t, ) 1= vi(x) sin(v/ Agt) + vir1 (@) sin(y/Ag41t), u = 0),
where, for every n € N*,
Lan = Ann, 0 (0) = vn (1) = v, (0) = v},(1) = 0.

The second PDE represents a quantum particle in a 1D infinite square po-
tential well with variable length. The state variable is the wave function v of
the particle and the control is the length [(¢) of the potential. After changes of
variable and wave functions, one works on the equivalent control system

W) i) = =" + (4 — u?)a?,w € (0,1),¢ € Ry,
G (t,0) = ¥(t,1) =0,

in which the state is ¢ and the control u is subjected to u(0) = u(T) =

fOT u(t)dt = 0. Thanks to the Nash-Moser theorem and expansion to the second
order, one proves, in [2], local controllability results in H>7<((0,1),C) for (V).
Then, a compactness argument provides steady state controllability.
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6 Conclusion

We have proved the local controllability around any eigenstate and the steady-
state controllability of ().

The technic introduced for the study of (X) is general enough to be applied
on other equations. Thus, it should also give affirmative controllability results
for the bilinear control systems which are known to be not controllable (in
particular spaces) in the general framework of [1]. This constitutes an open
problem.
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