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Abstract

We address the small-time controllability problem for a nonlinear Schrédinger equation (NLS)
on RY in the presence of magnetic and electric external fields. We choose a particular framework
where the equation becomes i9;9) = [—A-+uq(t)hg+ (u(t), P)+x||*?]s. Here, the control operators
are defined by the zeroth Hermite function hg(x) and the momentum operator P = ¢V. In detail,
we study when it is possible to control the dynamics of (NLS) as fast as desired via sufficiently large
control signals up and u. We first show the existence of a family of quantum states for which this
property is verified: this extends to R" the validity of a small-time control property recently shown
on T* by the first author and Nersesyan, and on S* by Chambrion and the second author. Secondly,
by considering some specific states belonging to this family, as a physical consequence we show the
capability of controlling arbitrary changes of energy in bounded regions of the quantum system, in
time zero. Our results are proved by exploiting the idea that the nonlinear term in (NLS) is only a
perturbation of the linear problem when the time is as small as desired. The core of the proof, then,
is the controllability of the bilinear equation which is tackled by using specific non-commutativity
properties of infinite-dimensional propagators.

Keywords. Nonlinear Schrédinger equation, approximate controllability, small-time quantum
control.
MSCcodes. 35Q55, 81QQ93, 93B05

1 Introduction

1.1 The model

The dynamics of a quantum particle moving in the Euclidean space subject to external electric and
magnetic fields, and state nonlinearity, can be described via the following nonlinear Schrodinger
equation
0
zaw = [~ (div+iA) o (V +1iA) + E + s[y[*?] ¥, (1)
where 1) = ¢(z,t), (z,t) € RN x [0,7], s € R, p € Nand T > 0. The multipolarized magnetic field is
represented by the RV -valued function A which, in our model, only depends on time

A= (A, ..., AN):[0,T] — RV,

The scalar electric field, instead, is modeled by the R-valued function £ depending on both time and
space:
E:[0,T] xRY —R.
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The particle is represented by the quantum state ¢ evolving in the unit sphere of L?(R",C). An ex-
ample of such evolution is the celebrated Gross-Pitaevskii equation when p = 1. This paper aims to
investigate small-time controllability properties for (1) via suitable electromagnetic fields. We con-
sider suitable quantum states and we show that it is possible to control them as fast as desired via
sufficiently large electromagnetic fields A and E.

In this paper, we consider the equation (1) in a particular case where it can be rewritten as the
following nonlinear Schrédinger equation on the Hilbert space H*(RY,C),

Z%w(%t) = [-A +uo(t)hg(x) + (u(t), P) + 6lv(z,t) ] ¢ (x, t),

¥(,0) = o(-) € H*(RY,C), (x,t) € RY x [0,T],

(NLS)

where ug : [0,7] — Rand u = (uy,...,un) : [0,7] — R and

N
2 ) [ 0 0 N el
A=) o PZZV:Z(am’-'~7a@V>’ hy(a) =nTem 2.
=1

These are respectively the kinetic energy operator (that is, the Laplacian A), the momentum operator
P (its components will also be denoted as P; = i9/0z;), and the zeroth N-dimensional Hermite
function hg. The initial state 1)y belongs to the Hilbert space H*, defined in terms of Sobolev spaces
as H* = W*2. The equation (NLS) can be rewritten in the form of (1) by choosing (see Section 2 for
further details)

A(t) = —%(ul(t), s un(t)), E(t,x) = uo(t)hg(x) — i|u|2

In the framework of (NLS), the particle is experiencing two external control fields: the first one is
coupled to the momentum of the particle P, and the second one is coupled to a function of its position
x, which is hg(x). Notice that the choice of the control operator Az is mathematically convenient (see
Section 5 for more details) and is realistic from a physical point of view, as the dipolar interaction is
concentrated on small values of the position x, and becomes weak for large x. The time-dependent
functions uy, ..., un can be freely chosen among the piecewise constant functions, and play the role of
control laws which steer the quantum dynamics toward desired targets. We shall investigate small-
time approximately reachable states for (NLS): a state ¢ is small-time approximately reachable from
the initial state 1), if for any positive time T" > 0 we can find a smaller time 7 < T and a control on
[0, 7] steering the evolution arbitrarily close to ¢; in time 7.

1.2 The main results

The first main result of the work is a specific small-time approximate controllability property which
is stated in the following theorem.

Theorem 1. Let s,p € N, s > N/2, and k € R. Consider any initial state 1o € H*(R™ C) and any
¢ € H* N W*>(RN R). Then, for any positive error and time ,T > 0, there exist a smaller time T € [0,T)
and piecewise constant controls (ug,u) : [0, 7] — RN such that the solution 1) (t, (uo, w), ¥o) of (NLS) with
initial condition o and controls (ug,u) satisfies

[T, (uo, w), o) — €“thol| o (rvy < .

Theorem 1 allows to steer, as fast as desired, any sufficiently smooth quantum state to any other
state obtained by multiplying it with an imaginary exponential function. Notice that this operation is
not just a change of phase since the function ¢ is not a constant. We consider the parameter s > N/2
so that the equation (NLS) is locally-in-time well-posed in the space H*(R", C), a final function ¢ €



H?*(RM R) so that ¢ can be expanded in the basis of Hermite functions, and ¢ € W*>°(R" R) so that
ey € H*(RN,C).

Notice that already in the linear case (i.e. when x = 0) Theorem 1 is new: in this case, the result is
also valid in H*(R¥,C) for s < N/2 since the system is well-posed also in these lower regular cases.

As a physical consequence, Theorem 1 implies the capability of controlling arbitrary changes of
energy in bounded regions of the quantum system, in time approximately zero. The energy of a state
here is defined in the linear case, but we state the result in the more general nonlinear setting. We
define the energy of a state ¢ in a region S C RY as — (A, ) £2(8)" Given a bounded set S ¢ RY
with finite Lebesgue measure |S| < oo, we introduce the states

bes = Loeitr, e RN,
|51
where pg is any smooth function with compact support such that S C supp(ps) and pg(z) = 1on S.
Notice that, in the linear case, ¢¢ g has energy |¢ |2 in S. We then have the following result.

Corollary 2. Let s,p € N, s > N/2, and k € R. Let S C RN with |S| < oo, and £&,v € RY be two
frequencies. Then, for any positive error and time ¢, T > 0, there exist a smaller time T € [0,T) and a
piecewise constant control (ug,u) : [0,7] — RNT1 such that the solution (¢, (ug, u), ¢¢,s) of (NLS) with
initial condition ¢¢ s and control (ug, w) satisfies

||¢(T7 (u07 ’U,), (bf,s) - ¢1/,S

‘HS(S) <eE.

Similar results can be found in the work [18] by Nersesyan and the first author, and in [15,26] by
Chambrion and the second author. Nevertheless, they all deal with different frameworks from the
one considered here. From this perspective, the main novelties of Theorem 1 are the following.

¢ Bilinear controls, not only for the Schrodinger equation, but also for the heat or the wave equa-
tions, are usually studied on compact manifolds. Indeed, most of the classical techniques rely
upon spectral techniques needing a drift with point spectrum only. Our approach, inspired
by [15, 18, 26], does not require such features and can also be applied to systems where the
Hamiltonian has a continuous spectrum, as —A + ug(t)hg(z) + (u(t), P) in (NLS) with x = 0.

e Up to the recent works [15,18,26], classical approximate controllability results have been proved
in large times. In our main results, the controllability is as fast as desired and the obvious price
to pay is that the corresponding control amplitudes are more and more large.

¢ The controllability properties of Theorem 1 and Corollary 2 are ensured despite the non-linear
behaviour of the dynamics. Up to [18], most of the existing works on the subject can only deal
with the linear case. Here, we improve the techniques from [15, 26] to treat also non-linear
equations.

Summing up, the main contribution of this work is the extension of a small-time approximate
controllability property (namely, the one showed in Theorem 1) to an unbounded model (noticeably,
with continuous spectrum Hamiltonian when ~ = 0) on euclidean spaces: previously, it was proved
to hold in the very recent papers [15,18], on tori of arbitrary dimensions, and the 2-sphere.

1.3 The technique

The control strategy to show Theorem 1 is explicit, and consists in applying large controls in short
time intervals (which is natural, since we want to control the system in small times). These kinds
of techniques are well-known in finite-dimensional geometric control, where large controls on short
time intervals are usually considered to avoid the effect of the drift on the dynamics [19,21,22].



From a PDE perspective, this technique is inspired by the work of the first author and Ners-
esyan [18], previously introduced, which treats the bilinear control of nonlinear Schrédinger equa-
tions on tori using low mode forcing. There, the authors leveraged the drift term to prove small-time
approximate controllability among eigenstates. In this paper, besides considering a different un-
bounded model, we exploit different properties of non-commutativity of infinite-dimensional propa-
gators: instead of leveraging the drift generated by the Laplacian —A, we get rid of it and exploit the
momentum operator P to control the quantum system.

More precisely, if one forgets about the nonlinearity, the main idea of the proof is to consider the
following small-time limit of conjugated dynamics:
lim eihG/Te_iTPje_ihG/Two — B_Pjha’l/)o. (2)
T—0
This allows to gain a new non-directly accessible direction where the system can be steered: in anal-

ogy to finite-dimensional systems, we may regard hj and P; as two linearly independent and directly
accessible directions for the control system; then

P — i =N/ —|z|?/2
Pjhg = 1w zje

is the first Hermite function in the x;-variable and the zeroth in the other variables. Hence we gener-
ate a linearly independent direction which was not directly accessible. This new direction is defined
by (minus) the commutator of the first two (an operation also referred to as Lie bracket in geometric
control):

[Py, hgltbo := (Pihg — hgPy)vo = —im Nz et/ 2y,

We then iterate this strategy to generate any linear combination of Hermite functions (this proce-
dure is usually called saturation and has been introduced by Agrachev and Sarychev for controlling
Navier-Stokes equations [2], and we refer also to their recent work [3] where Hermite functions are
specifically considered for saturating purposes): being this set dense, we obtain the small-time ap-
proximate controllability property stated in Theorem 1 in the linear case. The result in the nonlinear
case then follows by showing that the nonlinearity is a perturbation that does not influence the small-
time limit (2) (we refer to Proposition 8 for a precise statement in the nonlinear case).

1.4 Other literature

The study of the controllability properties of bilinear Schrodinger equations plays an important role in
many applications, due to the relevance of quantum phenomena in physics, chemistry, engineering,
and information science. In particular, much attention has been devoted to this kind of system due to
its fundamental relevance in the development of quantum technologies [20].

From a mathematical point of view, many controllability results have been obtained in the last two
decades. Local exact controllability of Schrodinger equations in higher Sobolev norms was proven by
Beauchard in [4]. For local exact controllability results in the presence of state nonlinearity, see also
the papers [7,8]. We also mention the recent paper of Bournissou [11] on the local exact controllability
of bilinear Schrodinger equations with Lie bracket techniques. For the global approximate controlla-
bility, the first achievements were made by Adami, Boscain, Chambrion, Mason, and Sigalotti [1, 14]
and by Nersesyan [25]. All of those works rely on the discreteness of the drift spectrum.

Different quantum controllability properties (e.g., control between bound states) in the presence
of continuous spectrum in the Hamiltonian (as in the case of our work when x = 0) were studied by
Mirrahimi [24], and Chambrion [13].

The problem of minimizing the controllability time, and more in general proving small-time con-
trollability properties, is of prime importance in quantum mechanics, with very few results available
in the PDE setting. Boussaid, Caponigro, and Chambrion [12] showed that a particular bilinear con-
servative equation on the circle is globally approximately controllable in small times. Beauchard,



Coron, and Teismann [5, 6] proved an obstruction to small-time approximate controllability for bi-
linear Schrddinger equations with sub-quadratic uncontrolled potential (which are instead approxi-
mately controllable in large times). The main difference between their obstruction and the positive
result obtained in Theorem 1 is in the choice of the control operators. More precisely, the crucial satu-
ration obtained here in Section 5 is based on the properties of the function hg, and cannot hold if one
considered instead functions such as z; as control operators.

We also refer to the recent work [16] by Coron, Xiang, and Zhang, where the technique of satu-
ration through low mode forcing is used for studying the small-time control of semiclassical bilinear
Schrodinger equations, and to the preprint [9] of Boscain, Le Balc’H, and Sigalotti, where small-time
approximate controllability properties (analogous to the one showed in Theorem 1) are studied on
quantum graphs.

We additionally notice that the capability of controlling quantum evolutions by means of their
momentum (instead of the more standard position operator), which boils down to the study of the
control properties of certain magnetic Schrodinger operators, was speculated e.g. in the work of
Boscain, Mason, Panati, and Sigalotti [10, Section I1.C] on spin-boson systems. Some control results
on magnetic Schrodinger operators are given, exploiting adiabatic transitions, in [17,23]; the present
paper thus provides new insights also in this direction.

We conclude with a comment on the results obtained in this paper. The problem of global small-
time approximate controllability of (NLS) (between more general states than the ones obtained in
Theorem 1) remains open, and we plan to elucidate it in future investigations. We do not expect
the family of small-time approximately reachable states described in Theorem 1 to be optimal: the
techniques and the results presented here can probably be used to show additional small-time con-
trollability properties of Schrodinger equations, and thus enlarge the above-mentioned family. Nev-
ertheless, we are still not able to conjecture any positive (nor negative) results concerning the (more
general) global small-time approximate controllability problem of (NLS).

1.5 Structure of the paper

The paper is organized as follows. In Section 2, we recall the notion of solution for (NLS). In Section
3, we prove the small-time limit of conjugated dynamics (2), and related ones, in the linear case. In
Section 4 we extend the validity of the small-time limits to the nonlinear case. In Section 5, we show
a density property of the directions where the control system can be steered. We conclude in Section
6 by proving Theorem 1.
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2 Preliminaries and well-posedness

We start by showing the computations allowing to rewrite the equation (1) in the form of (NLS) when

AW = —5 (0, un(®), B(62) = uo(t)hg(a) - 7lul ®

as presented in the introduction. We first rewrite the equation (1) in the form

i%w = —div(Ve) — i div(A(t)y) — i{A(t), Vo) + AP0 + Bz, )y + k[P, (4)

5



Notice that the magnetic field A(t) only depends on time and, then, we have

div(A(t)y) = (A(t), V).

The last identity allows to rewrite the equation (4) as follows

.0 .
iet = =AY = 2i(A(1), VY) + [A®)[*Y + E(z, )¢ + [y
= —AY + (= 2A(1),iV) + (JA@D) + B(x,1)) ¢ + w[¢|*Py.
Finally, we can write iV = P, —2A(t) = u(t) and |A(t)|? + E(z,t) = uo(t)hg(z) thanks to (3), leading
to the nonlinear Schrodinger equation (NLS).

In the next proposition, we recall a local-in-time well-posedness result of the nonlinear Schrodinger
equation adapted to our setting.

Proposition 3. Let s,p € N, s > N/2, and k € R. For any 19 € H*RY,C), and any (up,u) €

L (0, 00), RNFY), there exist a maximal time T > 0 and a unique solution

t
'l/)(t) _ eitAfi(fOt u(s)ds7P>)w0 _Z‘/ei(tfr)Afi(fof*T u(s)ds,P) (uO(T)hO + H|¢(T)|2P)Q/J(T)d7',
0

in C°([0,T), H*(RN)), of the problem (NLS) with initial state 1.

Denote by R the propagator of the Schridinger equation (NLS) relating any initial state 1o and any control
(up, w) to the corresponding solution R(t, o, (ug,w)) = 1 (t). For any other 1y € H*(RN,C), let T > 0 be
the maximal time such that both R(t,o, (ug,w)) and R(t, 11, (ug, w)) exist for times strictly smaller than T.

Then, we have continuity w.r.t. the initial data, that is: there exists C = C(uq,t, N, s, p, K, h}) > 0 such that

IR(:; %0, (w0, u)) — R(-, 91, (u()vU))”CO([O,T),HS(]RN)) < Olltpo — 7J}l”HS(]RN)

The proof of Proposition 3 is classical, so we omit it: the key points are the unitarity of the operator
Aty ws)ds,P) in [5(RN), and the fact that H*(RY) is an algebra when s > N/2. Hence, one can
derive Proposition 3 by applying abstract arguments such as [28, Proposition 1.38] (as it is done e.g.
in [28, Proposition 3.8]).

3 Small-time limits in the linear case

This section aims to prove some small-time limits such as (2), presented in the introduction.

Proposition 4. Let ¢y € H*(RN,C) and p € H*T1 0 Ws+Loo(RN R). Then, the following limit holds
w.r.t. the H®-norm

lim exp <z£) exp(—iTP}) exp (—z£> o = exp(—=Pjp)o, j=1,...,N.
T T

T—0t

Proof. For any 7 > 0, we denote the solution ¢(t) = ei™ ' ¢e~Fie=" "¢y, We introduce the follow-
ing functions

w(t) = e PG, u(t) = o(rt) —w(t) (5)
where ¢f € H*t2(RY) is a regularized initial state satisfying the properties
o — G|l =0  asT— 0%, (6)
and

lgllas < C 10§ o2 < CT7 Y4 forr <1, (7)



T + 3
for some constant C' > 0 independent of 7 > 0. We want show that ¢(7) T20 s e~ (Pi9)py wort the H

norm. It is equivalent to proving the limit

—0

ot = D)l =25 0. ®)

We observe that the function v is the solution of the following equation
Opv = —iT P (v(t) +w(t)) — (Pye)u(?) ©)
with initial condition

v(0) = o — 1g. (10)

We consider v(t) solution of (9) in t € [0, 2]. Denote by Re(z) (resp., Im(z)) the real (resp., imaginary)
part of a complex number z. Since Im(P;v,v),. = 0, and thanks to (7), there exist C;,Cy > 0
independent of 7 > 0 such that

O||vl|Fs = 2Re(i T(Pjv,v) ;.) + 2Re(i 7(Pjw,v) 5. ) + 2Re{(Pj)v,v) 5.
= =27Im(Pjw, v) g + 2Re((Pjp)v, v) g«

< 27||w| 2.

s + ||l get1l|v]|
3

S Cu(mr + |vllgs) vl as

< Oo(7% + (7 + 1) o] %)

ool

Notice that in the very last inequality, we used the Young inequality. Now, the Gronwall inequality
implies that

le(®) < €@ (Corbe + o — 45l an
Finally, the limit (8) is proved thanks to the inequality (11) since
lo(1)]13- < e+ (Cor? + o = ¥Gllm) =0 asT —0F.
This concludes the proof. O

Remark 5. One may also interpret Proposition 4 (in L?) using a conjugation formula. Indeed, for any ¢ €
Whee (RN R), and any 1o € L*(RY, C), we can write

exp (z%) exp(—iTP;) exp (—zf) 1o = exp (eXp (Zf) (—iTPj) exp (—Z%)) Yo

T

o (=) (=i)rtk
= exp (Z —( ) (k‘! ) adZPj> Yo

k=0

where the adjoint action is defined as ad?g(Pj) = P; and ad’;(Pj) = [adl;_l(Pj)7 ] for every k > 1. Notice
that ad’;(Pj) = 0 for k > 1, hence there are no convergence issues in the above formula and in particular we
get, for any 1o € HY(RV,C),

exp (z%) (—iTP;) exp (—z%) Yo = —iTPjypo — [P}, |0 = — [P}, ¢|te, T —0,

w.r.t. the L2-norm. Using now Trotter Theorem [27, Theorem VIII.21 & Theorem VIII.25(a)l, we see that for
any ¢ € L*(RYN,C)

li_r% exp (z%) exp(—iTP}) exp (fzg) o = exp(—[P;, ¢])vo = exp(—Pjp)io,

w.r.t. the L2-norm.



We shall also need some additional small-time limits.
Lemma 6. Let 1)y € H*(R™,C). Let (6,,)nen be a sequence of positive numbers such that 6, — 0asn — oo,
and (up)nen € €°°(N,R). The following limit holds

p— O7
H=(RN)

lim
n— o0

exp <—i5n <—A + ?Qj)) o — exp(—iun@;)to

where Qo = hgand Q; = Pj for j > 1.
Proof. Case j > 0. Using the Plancherel Theorem we have

2

exp (i5n (A + unPj)> Yo — exp(—iun L)t

On
:/ 1+
RN

where 1 denotes the Fourier transform of 1. The statement then follows by dominated convergence.
Case j = 0. For ¢y € H*T2(R"), we introduce

@(t) = exp <—it (—A + Z:h6>> o,
w(t) = exp(—ituyhg)to,
v(t) = d(0nt) — w(t).

He(RN)

(e700I5F" — e i o) de,

We are left to prove that
lv(t =1)||gs = 0, n— oo. (12)

We have
O = 10, A(v + w) — iuyhgv, ©v(0) =0,

hence, since Im{Av,v) ;;, = 0, there exists C' uniformly bounded w.r.t. n such that

(2
) <0 (4 (G lunl) Il ).

where in the last inequality we used Young inequality. Thanks to the Gronwall inequality, we get

OilvllFe < C(8nllv]

we + |un[v]

52 ct ﬁJr .
[o@®) 3 < Ct5e (%+ \)’

which implies (12). For ¢y € H*(RY), the statement follows by density. O
The following is a direct consequence of Lemma 6.

Corollary 7. Let g € H*(RY). Then, for any u € R,

lim sup) H (eXp (—iTt (—A + %h@)) — exp(—ituh6)> onj{ ( =0. (13)

0% 1e(0,1 #(RN)



4 Small-time limits in the nonlinear case

We are now ready to prove that the nonlinearity does not affect the small-time limits previously
considered.

Proposition 8. Let s,p € N, s > N/2, and k € R. Consider any initial state 1o € H*(RN). Then, for any
u € R, the following limit holds in H?

hm R(é wo,ejé> = exp(—iuQ;) o,

where {e;}o,...n is the standard basis of RN, Qo = hg and Q; = P; for j > 1.

Proof. Case j > 0. Let § > 0. Proposition 3 gives the solution () = R(t, o, €;%), well-defined on a
maximal time interval [0, 7%) with 7% > 0. We denote

¢(t) = exp(—itu@;)vo and  @(t) = ¥(dt) — ¢(t),

which is well-defined for ¢t < §~17°. We want to prove the existence of J, > 0 such that, for every
0<d<dp,wehavel €10,4 _1T‘5) and finally ensure the limit

§—0t
[6(t = 1)|| e @y —— 0.

Using the Duhamel formula, we can write
. u .
o(t) = (exp (—z&t (—A + ng)) — exp(—ztqu)) o
st
—in [ OEER) y(r)ry(ryr
0

We now study the H*®-norm of the integral term in (14). As a general remark, thanks to the Cauchy-
Schwartz inequality, we have that for every f € L2((0,t), L*(RY,C))

/O}(r)dr

Moreover, notice that the operator —A + $@Q; commutes with —A, implying the unitarity of the

(14)

2

<t [ 10 gur (15
2(RN)

operator e(A=5Qi5) on [, Combining these properties with the fact that H*(R") is an algebra for
s > N/2 yields the existence of C' = C(N, s) > 0 such that

2 St .
< ot / ()% (7)) 2 o
L2 (®nN) 70 (16)

ot
< st / [ ()42,

ot
H(—A)S/g 0= (A=3Q0) |y (r) PP (1) dr




Hence, when t < §~17°, we get (for some C = C(N, s) > 0)

100) 3 vy < 2 [lexp (=it (84 205 ) ) o — exp(—itu; o |

o)
+20K%5t / 52 dr

R ARV IR
202 / (o) |42, dr

<2Hexp< ust( A+ QJ)>¢0 exp(—itu@; %HH%RN)

e - 17)

+ 20w [ oo g 2uir + 0% [ o0

Denote €% := sup{t < 6 'T° : ||¢(t)| g+ (m~) < 1}. We prove the existence of §, > 0 such that, for
every 0 < § < 50, we have 6717% > 1. We ensure this property by showing that, for do > 0 small
enough, we have

9> 1, forevery 0 < 0 < do.

We proceed by contradiction: assume that, for every d, > 0, there exists 0 < ¢ < Jo such that gl < 1.

Thus, there exists at least a sequence of positive numbers 6, 124, 0 such that 9 < 1 for every

n € N. Notice that there exists C' = C'(u, Q) > 0, such that
o)l @yy < C' Yol s @ny, V€ [0,1].
Let C = max{C,C'}. Since ||¢(t)]| gr=(mry < 1in [0, £9), we use (17) and find that
1= [l¢(e™) 57 vy

exp (—i5n€5" (—A + :Q;)) o — eXp(—i€5"qu)¢o

2

<2 (18)

He (RY)
+ 20202 (%) (lbol iy + 1) -
n—+o00

If we set 4, := 8,9 and u,, = %" u, then §,, ~—>5 0 and (un)nen € €°(N,R). Then, thanks to (18)
and Lemma 6, there exists n sufficiently large such that

2

2

<1
27

Hs(RN)

exp <—25n (—A + ?Q;)) Yo — exp(—iunQ;)vo

and 2Ck252 (||1/)0||gﬂzﬂzw + 1) < 1/2, contradicting (18). Hence, there exists §; > 0 small enough such

that e > 1 for every 0 < § < &y. Finally, 1 € [0,e%) C [0,6717?) and the result is proved thanks to
Lemma 6 since we have

1600 vy < 2 exp (=8 (=2 + 5Q,)) vo = exa(=iv@i)un[,
+20k262 (|\¢0| e+ 1) 207,

Case j = 0. We define 1, ¢, ¢ as in the previous case. Now the operator —A + $Qo does not
commute with —A; to proceed as above, we shall find an alternative way to ensure an inequality of

10



the type of (17). In this case, we can write ¢(¢) via the Duhamel formula as follows:
t
6(0) = (exp(iBt) — exp(—ituQu)) o 18 [ eI (5Qu + wlu(6r) ) (o (19)
0

Moreover, we introduce an auxiliary function 4 (t) := exp (=it (~A + %£Qo)) 1o and we can write via
the Duhamel formula

(1) = exp(i6tA)ihg — iu / t PR Q0(0r)dr. (20)

0

We use (20) in (19) and we obtain for ¢t < 679 that
o(t) = ((6t) — exp(—ituQo)io)

t t
. S(t—r)A o . iS(t—r)A 2
zu/o e Qo (1&(67‘) 1/1((57“)) dr mé/o e [th(67)|*Pap(or)dr
R t ~ (21)
= (1/)(515) - exp(—itqu)wo) - zu/ 6’5(t7T)AQ0 (exp(—irqu)wo - 1/)(51")) dr

0
¢ ¢
—z'u/ eié(t_T)AQoqﬁ(r)dT—iné/ e E=TIA (87 [2Pap () drr
0 0

We now use (15) and the unitarity of e!*2 in H*, and obtain

(-2)30(0) Zagam, < 4 (~2)% (5(5%) — exp(~ituQo)so) ||

t
+4u2t/
2t [ -85 Quo0) s, o

+ 4K%6%t / H |1/} or |2p’(/} or) HLz(RN)dr

L2(RN)
2

(—A)%Qo (exp(—iTUQO)'(/)O - 1;(57")) )

L2(RN
(RY) 22)

Since Qo € H*(RY), there exists C = C(Qo, u, x) > 0 such that

60w, < [[9051) — exp(—ituQoyv|

t
+C’t/

#0 [ 100 Byt + 0% [ o) ar @)

HS(RN)

dr
Hs (RN)

exp(—iruQo)vo — 1/:(5”

<C(1+4t*) sup
re(0,t)

e / 1) . v,y dr + 8%t / 16(r) + () |42, dr.

§(57) — exp(~iruQo)yo|

Hs(RN)

As in the previous case, we introduce e® = sup{t < 6 'T° : ||¢(t)| r-w~) < 1} and, for t < min{1,e%},
we have (for some new constant C' = C/(Qo, u, k))

p(t) |3 ®y) < 2C sup H?/) (0r) — exp(— zruQO)wo’

re(0,1) He(RN)

(1)
(1 + ) / )2 vy dr + G / o) [252, dr

11



Using the Gronwall inequality we thus obtain

le()17

He(RN)
< oCt(1+58%) (257.:2}1) Hz/; dr) — exp(—iruQo) z/JoH RN)(SQ/ ll( ||Z§)+(112§N)
i 2
= (Ot(1+6%) (267:3)1)1) H <exp ( ior ( A+ Qo)) — exp(—iruQo ) wOHH s(RN) ”
+Co? / () @ )

Finally, arguing by contradiction exactly as for the case j > 0, by using (25) instead of (17) and by
referring to Corollary 7 instead of Lemma 6, we find that there exists §; > 0 small enough such that
g% > 1 for every 0 < § < &. Then, (25) and Corollary 7 imply that ||¢(1)|| = — 0 as § — 0. O

5 Saturation

Recall that the 1D Hermite functions are defined for any n € N as

(@) = (-1 @'nty/7) 22 0 6)

In N dimensions, we consider the tensor products of 1-D Hermite functions:
ooy (@1, 2N) = By (21) . By (ZN).

It is well-known that the Hermite functions form an (orthonormal) Hilbert basis of L?(R",R). More-
over, we have the following approximating result, whose proof is given for completeness.

Lemma 9. For any s > 0, one has that
spatg{hn,,. ...nxsM1,---,nN € N} = HS(]RN,R),
where the closure is taken w.r.t. the H-norm.

Proof. Let f € H*(R™,R) be such that
(14 (A2 f, (L4 (=A)*)ha)p2 =0, ¥neN.

We prove the statement by showing that, necessarily, f = 0. Denote by F the Fourier transform:
being an isometry in L?, we have that

(FIA+ (=A)2) ], FIL + (—A)*/?)h]) 2 = 0,
We then compute
(FIQ+ (A2 1, FIQ + (—A)*?)ha]) 12
=((1+ APA)FUL (1 + A2 Fha]) 12
=(=)25 (L [N F, (L [N g2,

where we used that F[hgz] = (—i)EJN=1 " h;;. We then have that f := F[f] is in the orthogonal comple-
ment of spang{h;,7 € NV} w.rt. the L2-scalar product associated with the measure (1 + |\|*/2)2d\.
Since the set of linear combinations of Hermite functions is dense in the L?-space (also w.rt. the
weight (1 + |A\|*/2)?), we have that F[f] = 0. Hence, we conclude that f = 0. O
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We introduce now an increasing sequence of vector subspaces of L(R", iR): define

H() = SpaHR{ihopwo},
and then iteratively, for j > 1, H; as the largest vector space whose elements can be written as

N

G041y Petr, o, bk € Hj1.

k=1
Finally, we define the saturation space as Hoo = U2 oH,;.
Lemma 10. The vector space Ho is dense in H*(RY iR), s > 0.

Proof. We prove it for N = 1 and the extension to higher dimensions is straightforward thanks to the
tensor product structure. Thanks to Lemma 9, it is enough to show that

spang{ihn,,n € N} C Heo. (27)

From the recurrence relations

i n. fn+1.
Phy = _ﬁhla Ph, = \/glhnl - Tlhn+17 n=1,

which can be derived straightforwardly by induction (using the definition (26)), we have

/ 2
thy = ZP(\/ilh()) € Hq, ihn+1 = ’I’LL—Hihnil +iP < Y 1Zhn> S Hn+1,n >1,

and the conclusion follows. O

6 Proof of Theorem 1

Let us also recall that the concatenation v *u of two scalar control laws u : [0, 7] — RV v : [0, T3] —
RN+ is the scalar control law defined on [0, T} + T3] as follows

u(t), te€[0,T4]

(vku)(t) = {’U(t—Tl)v te (T, Ty + Ty,

and the definition extends to controls with values in R¥*! componentwise. Note also that
R(Ty +t,w0,v*u) :R(t,R(Tl,’(/JQ,U),U), t> 0.
Consider now the following property:

(P,) Let ¢y € H*(RY,C) and ¢ € H,,. For any &, T > 0, there exist 7 € [0,T) and (ug,u) : [0,7] —
RN+1 piecewise constant such that the solution 1(¢;1) of (NLS) associated with the control
(up, u) and with the initial condition 1 satisfies

19 (75 3b0) — e¢w0HH5(]RN) <e. (28)

It is clear that the validity of (P,,) for every n € N implies Theorem 1, thanks to the density property
proved in Lemma 10. We are thus left to prove (P,,): we do it by induction.
Basis of induction: n = 0

If ¢ € Ho, there exists a € Rsuch that ¢(x) = iahg, .. o(z). Consider then the solution R (¢, ¢, (—a/6,0))

.....



of (NLS) associated with the constant control (ug, u)*® := (—a/6,0) € RV¥*+! and with the initial con-
dition ¢y. Applying Proposition 8, we find ¢ € [0, T") such that
IR(6, %0, (—/6,0)) — exp(iathy,...,0)t0l

Inductive step: n = n+1
Assuming that (P,) holds, we prove (P,41). If ¢ € H,,1, there exist (¢;);—o,..n C H, such that

Hs(RN) < E.

N
o=00+i)_Pio;.

j=1
Let us start by considering the term ¢;: thanks to Proposition 4, we can fix v € [0,7'/3) small enough
such that

<e/2.
H#(RN)

exp ((il) exp(—ivPr) exp (—(/;1) o — exp(iP1¢1)vo

Thanks to the inductive hypothesis, for any ¢, T,y > 0, there exist §; € [0,7'/3) and a piecewise
constant control (ug, u)’*7 : [0,6;] — RNY*! such that

HR((S, Yo, (1, 1)) — exp (—T) Yo < €. (29)

He(RN)

We now consider a constant control (ug, )" = (0,e17/d2) : [0, 2] — RN*1: thanks to Proposition
8, we can find d5 € [0,7/3) such that

R(81 + 02, tbo, (o, )™+ (1o, u)™7) = exp(—iyP1) exp <_¢71) Yo

Hs(RN)
< ||R(627 R(617 d)Ov (u07 u)61’7)7 (u07 u)ézﬁ)_exp(_i’ypl),]?’(éla 1[10; (Uo, u)élv’y)HHs(RN)

< 2e.
Hs(RN)

+ exp(_i’ypl)R(ala wOa (uoﬂ u)élw) - eXP(—Z’VPQ exp <_q;1) wO

Now, we use again the inductive hypothesis to deduce that there exist §3 € [0,7/3) and a piecewise
constant control (ug, )% : [0, d3] — R? such that

Ir (63, exp(—i7PtJexp (—ﬂl)wo, (uo, u)égﬂ)
—exp <(i1> exp(—iy Py )exp <¢;1> to H

Then, thanks to Proposition 3, there exists C' > 0 such that
|R(01 + 82 + 85, o, (o, ) s (ug, )7 * (o, u)*7) — exp(iP1é1)¥o | o vy

SHR(‘S?NR((Sl + 02,90, (0, u)*>7 s (ug, u)’7), (ug, u)*>7)

Hs(RN)

- R (53,exp(i'yP1) exp <(il) o, (uo, u)‘s?’”)

HHs(RN)

+HR <53,exp(—i7P1) exp (-?) o, (UO,U)(S?”V)

— exp (¢1> exp(—ivPy) exp <_¢1> 1/’0‘
vy v
exp (q’ﬁ;) exp(—ivyPy) exp (—(il) Yo — exp(iP1¢1)vo

H=(RN)

_|_

He(RN)
<Ce+2¢e+¢/2.
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Choosing ¢ > 0 small enough such that Ce + 2¢ < /2, we have then proved that the piecewise
constant control
(U()7’LL) = (u07u)537’y * (u07u)62ﬁ * (u07u)517’Y

steers 1, the initial state, e-close to the target exp(i Py ¢1)vy in the time 7 := §; + 62 + d3 < T
Finally, the argument for generating the other exp(iP;¢;)vy is completely identical. To con-
clude, by the inductive hypothesis, there exists a piecewise constant control (ug, u) steering the state

exp(i Z;V:I Pj ;)1 arbitrarily close to the state

Jj=1 Jj=1

N N
exp(¢o) exp (Z ZPj¢j) Yo = exp (¢o +izpj¢j> Yo = exp(¢)vo

in arbitrarily small times. This fact concludes the proof of the property (P,).

Corollary 2 is then a direct consequence of Theorem 1: it suffices to consider

o(z) = (v = aps(z),

where pg is any smooth function with compact support such that .S C supp(ps) and pg(z) =1 on S.

References

[1] R. ADAMI AND U. BOSCAIN, Controllability of the Schrodinger equation via intersection of eigenval-
ues, in Proceedings of the 44th IEEE Conference on Decision and Control, 2005, pp. 1080-1085.

[2] A. AGRACHEV AND A. SARYCHEV, Navier-Stokes equations: Controllability by means of low modes
forcing, J. Math. Fluid Mech., 7 (2005), pp. 108-152.

[3] A. AGRACHEV AND A. SARYCHEV, Control in the spaces of ensembles of points, SIAM Journal on
Control and Optimization, 58 (2020), pp. 1579-1596.

[4] K. BEAUCHARD, Local controllability of a 1-D Schrodinger equation, ]J. Math. Pures Appl. (9), 84
(2005), pp. 851-956.

[5] K. BEAUCHARD, J.-M. CORON, AND H. TEISMANN, Minimal time for the bilinear control of
Schrodinger equations, Systems & Control Letters, 71 (2014), pp. 1-6.

[6] K. BEAUCHARD, J.-M. CORON, AND H. TEISMANN, Minimal time for the approximate bilinear
control of Schrodinger equations, Mathematical Methods in the Applied Sciences, 41 (2018).

[7] K. BEAUCHARD, H. LANGE, AND H. TEISMANN, Local exact controllability of a one-dimensional
nonlinear schrodinger equation, SIAM Journal on Control and Optimization, 53 (2015), pp. 2781-
2818.

[8] K. BEAUCHARD AND C. LAURENT, Local controllability of 1D linear and nonlinear Schrodinger equa-
tions with bilinear control, J. Math. Pures Appl. (9), 94 (2010), pp-. 520-554.

[9] U. BoscalN, K. LE BALC'H, AND M. SIGALOTTI, Schridinger eigenfunctions sharing the same
modulus and applications to the control of quantum systems. 2024 hal-04496433.

[10] U. BOsCAIN, P. MASON, G. PANATI, AND M. SIGALOTTI, On the control of spin-boson systems, ].
Math. Phys., 56 (2015), pp. 092101, 15.

[11] M. BOURNISSOU, Small-time local controllability of the bilinear schrodinger equation, despite a
quadratic obstruction, thanks to a cubic term, 2022 (arXiv:2203.03955).

15



[12] N. BoussAID, M. CAPONIGRO, AND T. CHAMBRION, Small time reachable set of bilinear quantum
systems, in 2012 IEEE 51st IEEE Conference on Decision and Control (CDC), 2012, pp. 1083-1087.

[13] T. CHAMBRION, Periodic excitations of bilinear quantum systems, Automatica, 48 (2012), pp. 2040-
2046.

[14] T. CHAMBRION, P. MASON, M. SIGALOTTI, AND U. BOSCAIN, Controllability of the discrete-

spectrum Schrodinger equation driven by an external field, Ann. Inst. H. Poincaré Anal. Non Linéaire,
26 (2009), pp. 329-3409.

[15] T. CHAMBRION AND E. POZZOLI, Small-time bilinear control of Schrodinger equations with applica-
tion to rotating linear molecules, Automatica, 153 (2023), p. 111028.

[16] J.-M. CORON, S. XIANG, AND P. ZHANG, On the global approximate controllability in small time of
semiclassical 1-d Schrodinger equations between two states with positive quantum densities, Journal of
Differential Equations, 345 (2023), pp. 1-44.

[17] A. Duca, R. JoLy, AND D. TURAEV, Control of the schrodinger equation by slow deformations of the
domain, Annales de 'Institut Henri Poincaré C, Analyse non linéaire, (2023).

[18] A. DucA AND V. NERSESYAN, Bilinear control and growth of Sobolev norms for the nonlinear
Schrodinger equation, Journal of the European Mathematical Society, (2024).

[19] D. D’ ALESSANDRO, Small time controllability of systems on compact lie groups and spin angular mo-
mentum, Journal of Mathematical Physics, 42 (2001), pp. 4488-4496.

[20] S. J. GLASER, U. BOsCAIN, T. CALARCO, C. P. KOCH, W. KOCKENBERGER, R. KOSLOFF,
I. KupProv, B. LUY, S. SCHIRMER, T. SCHULTE-HERBRUGGEN, D. SUGNY, AND F. K. WILHELM,
Training Schrodinger’s cat: quantum optimal control, The European Physical Journal D, 69 (2015),
p- 279.

[21] V. JURDJEVIC AND 1. KUPKA, Polynomial control systems, Mathematische Annalen, 272 (1985),
pp. 361-368.

[22] N. KHANEJA, R. BROCKETT, AND S. J. GLASER, Time optimal control in spin systems, Physical
Review A, 63 (2001).

[23] P. MASON AND F. CHITTARO, Approximate controllability via adiabatic techniques for the three-inputs
controlled schrodinger equation, SIAM Journal on Control and Optimization, 55 (2015).

[24] M. MIRRAHIMI, Lyapunov control of a quantum particle in a decaying potential, Ann. Inst. H. Poincaré
Anal. Non Linéaire, 26 (2009), pp. 1743-1765.

[25] V. NERSESYAN, Global approximate controllability for Schrodinger equation in higher Sobolev norms
and applications, Ann. Inst. H. Poincaré Anal. Non Linéaire, 27 (2010), pp. 901-915.

[26] E. PozzoOLl, Small-time global approximate controllability of bilinear wave equations, Journal of Dif-
ferential Equations, 388 (2024), pp. 421-438.

[27] M. REED AND B. SIMON, Methods of Modern Mathematical Physics: I. Functional Analysis, Aca-
demic Press [Harcourt Brace Jovanovich, Publishers], New York-London, 1972.

[28] T. TAO, Nonlinear Dispersive Equations: Local And Global Analysis, AMS, Providence, RI, 2006.

16



