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1. Introduction and main results

We consider the controllability of the Vlasov-Poisson system in the periodic domain T" (where n
is the space dimension), which describes the evolution of a population of electrons in a neutralizing
background of fixed ions, under the influence of a self-generated electric field. The control questions
are addressed by means of an interior control located in an open set w of the domain, which is
a priori arbitrary. We assume in this paper that the charged particles evolve with the influence of an
additional fixed external force, denoted by F(t, x, v) (at least with Lipschitz regularity and a sublinear
growth at infinity in velocity). The equations read:

Of +v.Vyf +F(t,x,V).Vy f +Vx@.V, f =1,G, xeT", veR", (1.1)
AxD /fdv— / fdvdx, (1.2)

T xRn
fit=0 = fo. (1.3)
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In these equations, f(t,x,Vv) is the so-called distribution function, which describes the density of
particles at time t € R™, at position x € T" and velocity v € R". The initial density distribution fqo(x, v)
is a non-negative integrable function. The right-hand side of the transport equation 1,G is a source
term describing emission and absorption of particles, supported in w. Moreover, to preserve global
neutrality, we suppose that F satisfies

divy (F) =0, (1.4)

and G has to satisfy the following constraint:

vteR™, ‘/ 1,Gdvdx=0. (1.5)
Tn xR

We normalize here the torus so that its Lebesgue measure is 1.
The controllability problem is the following. Let f;(x, v) be another non-negative integrable func-

tion satisfying f1 >0 and
/fl dvdx:/fodvdx,

and let T > 0 be a fixed time. The question is: is it possible to find a control G such that:

f(T,x,v) = fi(x,v)? (1.6)

When the only acting force is the self-consistent electric field (that is when F = 0), the first author
provided in [8] some positive answers to the question. More specifically, two kinds of results were
obtained: first, local controllability results (which means that fp and f; are small in some weighted
L*° norm) were obtained in two dimensions, for an arbitrary control zone w. Global controllability
results (without restriction on the size of fp and f;) in any dimension were also obtained, provided
that the control zone w contains the image of a hyperplane of R" by the canonical surjection (which
is called a hyperplane of the torus in [8]). The proofs of these results relied on the nice geometry of
free transport in the torus: we shall recall their principle in a subsequent paragraph.

When one considers a non-trivial external force F, the underlying dynamical system is more
complicated; thus the characteristics can have a complex geometry, making the generalization not
straightforward from the case F =0.

In this paper, we are able to extend results of [8] for the two following classes of force fields:

e The case of bounded force fields F € L{® W,}f"

e In two dimensions, the case of Lorentz forces for magnetic fields with a fixed direction F(x, v) =
b(x)(vy, —vq1) with b satisfying a certain geometric condition (which will be precisely described
later).

As we will see later on, the treatment of these two cases are rather different (in particular for
what concerns high velocities) and involve different strategies. As a matter of fact, we were not able
to find a general strategy which would allow to treat all forces F which are Lipschitz with a sublinear
growth at infinity in velocity.

Let us now briefly review the existing results on the Cauchy theory for the Vlasov-Poisson equation
posed in the whole space R" or in the torus T". In this work, we will only focus on strong solutions
(at least with a C! regularity in all variables), in order to define characteristics; in the case where
F =0, the first results for such solutions were obtained by Ukai and Okabe [11] who have proved
global in time existence in two dimensions and local in time existence in three dimensions, in the
whole space setting. One can readily check that the proof is the same for the torus case. In three
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dimensions, in the whole space, global in time results were proved independently by Pfaffelmoser
[10] and Lions and Perthame [9]. The results of Pfaffelmoser were adapted to the torus case by Batt
and Rein [3]. Concerning global weak solutions, the main result was established by Arsenev [1]. One
can observe that all these results can be easily adapted to incorporate an additional external force F
(with F satisfying the previous regularity assumptions).

We will only rely on the construction due to Ukai and Okabe in the following. We are now in
position to precisely state the main results proved in this paper.

1.1. Results in the bounded external field case

We first consider the case where F € L° W,},“‘,’o . In this case, we are able to exactly extend those for
F =0, that are a local and a global controllability results. The local result concerns only the dimension
n =2, but is valid for any control zone w. On the contrary, the global result is valid for any n, but
requires a stronger geometric assumption on the control zone w.

Theorem 1.1 (Local result). Let n = 2. Let F(t,x, v) € L{® W,}“,’O Lety >2and T > 0. There exist k, k" > 0
small enough such that the following holds. Let fo and f1 be two functions in C1(T? x R2) N W 1-°°(T2 x R?),
satisfying the condition that for any (x, v) € T> x R? and i € {0, 1},

[ |fitx )] <re (14 1vl) 7, (1.7)

IVxfil + 1V fil <" (14 1v)) 77,
and
/ fo= / fi. (18)
T2 xR2 T2 xR2

Then there exists a control G € CO([0, T] x T? x R?), such that the solution of (1.1)-(1.2) and (1.3) exists, is
unique, and satisfies (1.6).

Theorem 1.2 (Global result). Let y > n and k, k' > 0. Suppose that the regular open set w contains the image
of a hyperplane in R" by the canonical surjection, supposed to be closed. Let fo and f1 be two functions in
CI(T" x RM), satisfying the conditions

|fie )| <k(1+v) 772

_ (1.9)
IV fil + 1V fil <k'(141v)) 77,

and (1.8). Then there exists a control G € CO([0, T] x T" x R"), such that the solution of (1.1)-(1.2) and (1.3)
exists, is unique, and satisfies (1.6).
1.2. Results in the magnetic field case

Let us now state our result when F represents an external magnetic field. For all results dealing
with this case, we will systematically assume that the space dimension is n = 2. First, let us explain

the physical meaning of the system under consideration. In the physical space R3, let (eq, ez, e3) be a
fixed orthonormal base. We consider the stationary magnetic field B, with fixed direction e3:

B(x) =b(x)es,
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where b is a Lipschitz function on T3. Since B has to satisfy the divergence free condition (coming
from the Maxwell equations), this implies that b only depends on x; and x,. The associated Lorentz
force writes:

F=v ABx)=bx)v™,

denoting vt = (vy, —v1,0). We then restrict to distribution functions which do not depend on x3
and vs3, so that we can restrict the study of the dynamics to the bidimensional plane (e1, ). For the
sake of readability, we rewrite the Vlasov-Poisson system that we study:

o f +Vv.Vif +bX)VEV, f+ Vi@V, f =1,G, xeT? veR? (1.10)
AX<D=/fdv— / fdvdx, (111)

R2 T2 xR2
fit=0= fo- (112)

We now precisely state the geometric assumption we have to make on b.

e Fixed sign. We assume that b has a fixed (say non-negative) sign.
o Geometric control condition. We assume that there exists a compact set K of T2 on which b > 0
and which satisfies the geometric control condition:

For any x € T2 and any directione € S',

there exists y € R™ such that x4+ ye € K. (113)

One can notice that the geometric control condition corresponds to the geometric control condition
of Bardos, Lebeau and Rauch [2] for the controllability of the wave equation. Let us underline however
that here this condition concerns the magnetic field only, and not the control zone w. As we will see,
this condition assures that the particles are sufficiently influenced by the magnetic field.

Examples. Let us give some examples where this geometric assumption is satisfied.

1. The most simple example that one can have in mind is the case where b is positive on T2. Then
taking K = T2, the geometric assumption is satisfied. Obviously, this includes the case where b is
a positive constant.

2. Assume that b is non-negative and has finite number N of zeros xi,...,xy € T2. Then there
is r small enough such that K = ’IFZ\Uf':1 B(x;,r) is appropriate. One could also extend this
consideration to the case where the zeros of b are given by a sequence (x;)icy with a finite
number of cluster points.

3. We can consider some b which is identically equal to O in a large set of the torus, provided the
existence of some K satisfying the geometric control condition. For instance, if we identify T2
with [0, 112 with periodic conditions, a subset K containing ({0} x [0, 1]) U ([0, 1] x {0}) satisfies
the geometric assumption.

With these particular magnetic fields, we are able to prove a local controllability result, which is
similar to Theorem 1.1 (but we emphasize once again that the proofs will be rather different).

Theorem 1.3. Let b satisfying the geometric assumption (1.13). Let y > 2 and T > 0. There exist k, k' > 0
such that the following holds. Let fo and f1 be two functions in C1(T? x R%) N W1.°°(T? x R?), satisfying
the condition that for any (x, v) € T? x R? and i € {0, 1},
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{ fie )| <k (1+v) 77 i (114)
IV fil + 1V fil <&'(1+1v])77,
and

fo= / f1. (1.15)

T2 xR2 T2 xR2

Then there exists a control G € C°([0, T] x T? x R?), such that the solution of (1.10)-(1.11) and (1.12) exists,
is unique, and satisfies f(T,x, v) = f1.

1.3. Organization of the paper

The paper is organized as follows: first, in Section 2, we recall some considerations on the Vlasov-
Poisson equation and explain the general strategy of the proofs. Then, we prove Theorem 1.1 in
Section 3 and Theorem 1.2 in Section 4, for what concerns the bounded external field case. Finally, in
Section 5, we prove Theorem 1.3 on the local controllability in the external magnetic field case.

2. Strategy of the proofs
2.1. Notations
For T > 0, we denote Qr :=[0,T] x T" x R", and §27 :=[0, T] x T". For a domain £2, we write

also C}(£2), for [ € N, for the set C'(£2) N W' (£2). All the same, C;'° (£2) for o € (0, 1) stands for

the set of C! functions with bounded o-Holder I-th derivatives. These spaces are endowed with the
usual norm || - ||c+o defined by:

108 f(t,x,v) — 0P f(t, x,v)|
I fllcive = I fllwtoo(gy + SUD sup .
¢ WD 1Bl=l ¢xn£E Ky [EX V) — (X, V)|

Likewise, CZ’H”,(QT) (resp. C;’HG’(QT)), forleN, 0,0’ €[0,1) is the set of continuous functions
in 27 (resp. Qr), which are c! with respect to x (resp. to (x,v)), and whose I-th derivatives are all
Cy with respect to t and Cg/ with respect to x (resp. to (x, v)).

For x in T" and r > 0, we denote by B(x, r) the open ball with center x and radius r, and by S(x, )
the corresponding sphere. The radii will always be chosen small enough in order that S(x, r) does not
intersect itself (that is r < 1/2 in the standard torus).

Let us also introduce some notations which will be extremely useful in the following. Let F(t, x, v)
some force field with Lipschitz regularity and sublinear at infinity in v. Let s € R*, which corre-
sponds to an “initial” time and (x, v) € T" x R™. We call (X(t,s,x,v), V(t,s, x, v)) the characteristics
associated to F, the solutions to the system of ODEs:

dX _v

dat —

v =Ft, X,V)

dt - 9 9 9

X(s,8,X,vV) =x, V(s,s,x,v)=v.

Note that the characteristics are well defined by the classical Cauchy-Lipschitz theorem. Often, when
there is no ambiguity, we will simply write (X, V) instead of (X(t,0,x,v), V(t, 0, x, v)).
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Finally, for any distribution function f(t,x,v) € L?O(L}(’V), we will denote by Ef(t,x) the auto-
induced electric field, which satisfies:

Ef=vel,
Awf:/fw— / fdvdx.
Rn RrxTn

2.2. The case F = 0, obstructions to controllability

In this paragraph, we focus on the case F =0, following [8]. Let us consider the linearized equation
around the trivial state (f, @) = (0, 0). It happens to be the free transport equation, which simply
reads:

3 f +Vv.Vyif = 1,G.

By Duhamel’s formula, we obtain the explicit representation for f:

t
f(t,x,v) = fo(x—tv,v) +/(]le)(s,x— (t —s)v,v)ds, (2.1)
0

from which one can observe that there are two types of obstruction to controllability:

- (Small velocities.) The first obstruction concerns the small velocities. The velocity of a particle can
have a good direction, but if it is not high enough, then it will not be able to reach zone in the
desired time, see Fig. 1.

- (Large velocities, wrong direction.) The second obstruction is of geometric control type as in [2]
for what concerns the wave equation: if a particle has initially a wrong direction, then it will
never reach the control zone, and thus we cannot influence its trajectory, see again Fig. 1.

Fig. 1. Obstructions for small and large velocities.
It follows that in general, the linearized equation fails to be controllable.
2.3. The return method
In order to overcome these obstructions, the idea is to use the return method, which was in-

troduced by Coron in [5] for the study of the stabilization of finite-dimensional systems, and then
used in the context of the control of PDEs by Coron in [6] for the control of the two-dimensional



0. Glass, D. Han-Kwan / J. Differential Equations 252 (2012) 5453-5491 5459

Euler equation for perfect incompressible fluids. It has been used since in many different contexts of
PDE control: we refer to the monograph of Coron [7] for several illustrations and references for this
method. The principle is to build a reference solution (f, @) starting from (0, 0) and reaching (0, 0)
in some fixed time, and around which the linearized equation enjoys nice controllability properties.
Such a construction can be delicate, and crucially depends on the structure of the studied equation.

Here, the problem is more or less equivalent to finding solutions (f, @) (starting from (0, 0) and
reaching (0, 0)) and such that the characteristics associated to V& satisfy:

vxeT", VveR", 3te[0,T], X(t,0,x,V)cw. (2.2)

(As a matter of fact, the characteristics will not be quite associated to V& inside the control zone.)

When no exterior force is present, the existence of such a reference solution f was proved by the
first author in [8] in two dimensions, for an arbitrary control set w. This is achieved using complex
analysis tools by building harmonic potentials outside w, which allow to sufficiently influence the tra-
jectories, so that the two previous obstructions are circumvented. This strategy distinguishes between
high and low velocities, for which the relevant potentials are different.

2.4. On the scaling properties of Vlasov-Poisson equations

We notice that (1.1)-(1.2) is “invariant” by some change of scales. More precisely, when f is a
solution of (1.1)-(1.2) in [0, T] x T" x R", then for A # 0, the function

At %, v) = AP f (A, x, v /) (2.3)

is still a solution of (1.1)-(1.2), in [0, T/A] x T" x R" for the following potential

@™ (t, %) :=1*Q(At,X) (2.4)

and the external force

F*(t,x,v) := A2F(At, X, V/1). (2.5)
The choice of some particular parameters A will be of great help for the controllability problem.

The choice A = —1. Using (2.3) with A = —1, we observe that in order to prove Theorems 1.1 and 1.3,
it is sufficient to prove the result for the case where f; =0 in [T"\w] x R". Indeed, we observe that
after imposing (2.3) with A = —1, the corresponding external field remains in the same class, that is,
if F is bounded, then F*=~1 is still bounded (resp. if F corresponds to a magnetic field satisfying the
geometric condition, then F*=~1 still corresponds to a magnetic field satisfying the fixed sign and the
geometric conditions).

Then one can follow the procedure that we detail below:

- take fp as initial value and 0 (in (T"\w) x R™) as the final one,
- take (x, v) — f1(x, —v) as initial value and again O as the final one within the force field F(T —t,
X, —V),

each in time T /3. We obtain two functions f‘o and j’l. Now we may consider the function f partially
defined in Q1 by

ft,x,v) = fo(t,x,v), in[0,T/3] x T" x R",
ft,x,v)=0, in [T/3,2T/3] x [T"\w] x R",
e, x,v) = f1(T —t,x,—v) in[2T/3,T] x T" x R".
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Then we can complete in a regular manner f inside [T/3,2T /3] x w x R", taking care to preserve for
any t the value of anxRﬂ f(t,x,v)dxdv. Finally we get a relevant solution f. For this reason, we will
systematically assume that f; =0 in [T"\w] for all controllability results discussed in this work.

The choice 0 < A « 1. The choice of the parameters in such a range is useful to prove global control-
lability results. As in [8], it will help us in particular to prove Theorem 1.2 in the bounded external
field case. The principle is that when A is chosen small enough then V&* has a small L norm (and
this is also the case for F*), so that we can expect characteristics for f* to be close to those of some
well-chosen relevant reference solution. This will allow us to get rid of the smallness assumption
on fp. Nevertheless in order to avoid concentration effects, we will need some assumptions on the
characteristics associated to the reference solution.

In the magnetic field case, we observe that F(x, v) =b(x)v' and thus F*(x, v) = Ab(x)vL. For this
reason, due to our treatment of high velocities for this case, this will not allow us to prove a global
result.

2.5. General strategy for external force fields F

Following [8], the main steps for proving local controllability results will be:

Step 1. Build a reference solution (f, @) of (1.1)~(1.2) with some ccontrol G, starting from (0,0) and
arriving at (0, 0), such that the characteristics associated to F — V@ satisfy (2.2).

Step 2. Build a solution (f, @) close to (f, @), taking into account the initial condition (fg, @) and
still arriving at (0, 0) (outside w). This is achieved using a fixed point operator involving an absorption
process in the control zone. This is where we use the smallness assumption on fj.

The treatment of Step 2 will be quite similar to that in [8], although a bit more technical since we
will have to take into account the geometry due to F. The main difference is the treatment of Step 1,
for which we have to propose new ideas. The strategy is the following:

Bounded force field. Our strategy relies on the fact that for short times, the dynamics with the ex-
ternal force F is well approximated by the dynamics with F = 0. We recall that in [8], the reference
solution can be constructed for any time (which can be arbitrarily small) and any control zone in the
torus. Thus, we use the construction in the case F =0, for very short times and a small subset of the
control zone w, and using the approximation of the dynamics, this will give us a relevant reference
solution.

Magnetic field. The strategy in this case can be understood in the most simple case, that is when b is
a positive constant. In this case, the characteristics associated to the magnetic field can be explicitly
computed: these are circles, whose radius is proportional to the norm of the velocity (which is a
conserved quantity). We make two crucial observations:

- When the velocity is very large, the curvature of the circles are close to zero, and at least locally
(that is for small times), the trajectory is well approximated by the straight lines of the free
transport case.

- The magnetic field has “mixing features”: in other words it makes the velocities of particles take
every value of S!, which removes the above obstruction concerning high velocities. Hence, due
to this effect, at high velocity, we do not need to create any additional force field to make the
particles cross the control zone.

This means that at high velocity any subset w of the torus automatically satisfies the geometric con-
dition (1.13) for the characteristics associated to the magnetic field.
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In the general case, the geometric condition on b allows us to make sure that the particles are
sufficiently influenced by the magnetic field, so that the previous considerations will still hold.

2.6. On the uniqueness of the solution

In this paragraph, we briefly discuss the uniqueness question included in the above results.
The first point is that, if we drop the uniqueness from the conclusions of the above theorems, we
can replace the assumption

IV fil + IV fil <&'(1+1v])77,

by the weaker one

[Vx fil + Vv fil <«

This is easily seen when reading the proofs below.

Hence the assumptions that V f; belongs to some weighted space is only useful for the uniqueness
issue. Let us explain how one can show uniqueness under this assumption. The main point is that in
this case the solution described above satisfies

Vv f (&%, V)| < C(fo, fO(1+ V)7,

for all t. This follows from the construction described below, and from the estimates on V f in the
proof. Once these estimates are obtained, the proof of uniqueness is exactly the one of Ukai-Okabe. It
consists in making the difference of two potential solutions; this difference satisfies a certain transport
equation with source. Then one performs an L! N L estimate on the solution of this equation and
uses a Gronwall argument. In our case, the source term disappears when we make this difference, so
one can follow [11] without change.

This gives the uniqueness among the solutions satisfying

Fec ([0, TIx T" x R"), |fl+|Vayft.x, V)| <C(1+|v])"” and
Vo € L%°(0, T; W (T")).
3. Bounded external field case
In this section, we prove Theorem 1.1. As already explained, the main difficulty is to build the
reference solution. Then one can use the same absorption process, that was proposed in [8], and find
a solution to the non-linear system by a similar fixed-point argument.
3.1. Design of the reference solution for the bounded field case
We begin with the construction of the reference solution. Accordingly to the previous strategy, we
distinguish between high and low velocities.

For the large velocities, we prove the following proposition:

Proposition 3.1. Let T > 0 and H € L®°((0, T) x T?; R?). Given xg in T2 and ro a small positive number,
there exist ¢ € C*°([0, T] x T2; R) and m > 0 such that

Ap =0 in[0,7]x [T*\B(xo,r0/10)], (3.1)
Suppg C (0, T) x T2 (3.2)
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and such that, if one consider the characteristics (X, V) associated to the force field H + V¢ then for allm > m:

vx e T?, Vv e R?> suchthat |v|>m,

— — m
3t e (r/3,21/3) suchthat X(t,0,x,v) e B(xg,1r0/4) and |V(t,0,x,v)]>§.

(3.3)

Proof of Proposition 3.1. In the case H =0, this proposition was already proved in [8, Proposition 1,

p. 340]. We fix xj = xg, ry = ro/2. Applying this result for 7 =1, we thus obtain the existence of
@1 €C>([0,1] x T¢; R) and m’ e R** with compact support in time in (0, 1), satisfying:

Ag1 =0 in[0,1] x [T*\B(xo,r0/20)], (3.4)

Suppgr C (0,1) x T?, (3.5)

and such that, if one consider the characteristics (X!, V1) associated to the force field V¢, then:
vxeT? vveR? suchthat |v|>m/,
3t e (1/4,3/4), X'(t,0,x,v) € B(x0,10/8). (3.6)

Let T/ < T to be fixed later. For this given T/, we can construct ¢,/ by rescaling ¢, as follows:

1 t
Y (t, x) = Wﬁm (?, X), (3.7)

which corresponds to following the characteristics with time %

Now let us consider the shifted in time potential ¢ defined by:

o, x) =@y (t _t _2 T/,x). (3.8)

We extend ¢ by 0 in (0,7) \ (T_T’/, %T/).
We define the characteristics (X, V) associated to the force field V¢, which satisfy by construction:

vxeT¢ vveR? suchthat |v|>m,

-1 T+717 ~
dte A , X(,0,x,v) e B(xp,10/8). (3.9)

Let us now compare (X, V) and (X, V), which is associated to the force field H + Vg on (0, 7).
By Taylor’s formula we have:

—( -1 - T—1
X|(t, ,x, v | —X|(¢t, X,V
2 2

t

o _ o
+’H<s,)~(<s, T ZT X, v),V(s, i zf ,x,v))ﬂds. (3.10)
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e 1:+r’):

By Gronwall’s lemma we deduce for ¢t € ( 7 g

t,X,v

— T—1 ~ T—1 ﬁHVZ I
Vit ——xv )=Vt ——xv <T[Hlpes e 7 o,

—( -1 - -1 72 2 g2
‘X(t’ 2 " V) _X<t’ 2 " V)‘ < 7 IHlig e IV hom, 311)

The crucial point is now to observe that ¢ described above satisfies:

1
HVZ(p”LOC((O"E)XTd) = O(?) as ‘C’ — O,

as it can be seen from (3.7).

Thus for 7/ small enough we infer that X(t, 0, x, v) meets B(xo,ro/4) for some t € (}5%, &%) C
(t/3,2t/3), for all x and v, provided that |V(T’27’ ,0,x,v)| is large enough. This is ensured if |[v| >m
is chosen large enough, thanks to the inequality:

—(Tt—-1 T—1
v > 0., v )| > v — 1HIlL

2 l(fx;v

O

Remark 3.1. In this proof, this is crucial that H € L% ((0, ) x T2; R2). Thus this approach will fail for
the magnetic field case.

The above proposition shows that with a suitable electric potential, all particles having a suf-
ficiently high velocity will eventually reach w. The following proposition explains how one can
accelerate all particles in order to make all the remaining ones also reach w. This will also rely on
the construction in the case F =0.

Proposition 3.2. Let T > 0, M > 0 and H € L®((0, 7) x T?;R?). Given xo in T? and ro a small positive
number, there exist M > 0, £ € C°°([0, 7] x T?; R?) and ¢ € C®([0, T] x T?; R) satisfying

E=Vg in[0,7] x (T*\B(xo,10)), (3.12)
Supp(&) C (0, 7) x T?, (313)
Ap =0 in[0,7]x (T*\B(xo,r0)). (314)

such that if (X, V) are the characteristics corresponding to the force
I:=E+H, (3.15)
then
V(x,v) € T? x B(0, M), V(t,0,x,v)e B(0, M)\ B(@O,M+1). (3.16)
Proof of Proposition 3.2. By [8, Lemma 3, p. 356], there exists § € C°°(T%; R) such that

A =0 inT?*\ B(xo.r0).
|VO(x)| >0 inT?\ B(xo,r0).
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From the second condition, one sees that Indsx,,r,)(V0) =0, so that VO 2\, r,) €an be extended
to T2 as a smooth non-vanishing vector field, let us say W. Call A € C3°((0,1); R) a non-negative
function with fol A =1. We claim that for sufficiently small 7’ < 7, and sufficiently large C > 0,

Et,x) = %A(%)W(x)

is convenient. Then all properties above but (3.16) are clear.
Call (X, V) the characteristics associated to £ only. We see that for all (x, v) € T2 x B(0, M) and
te[o,1'),

V(t,0,x,v) = v| <Cl€lln, |X(t,0,x,v) = x| < T'(Cl€lloo + M).
Then, since f, A =1, we can write that

T/

V(T',0,x,v) —v+CW () = / %A(%)[W(X(s, 0,x,v)) — W(x)]ds,

o

so that we obtain:
V(r,0,x,v) —v+CW®)| < W [T/ (ClIE Nl + M)].

Noting that, due to the time support of &, V(1,0,x,v) = V(t’,0,x,v) and using that |W|>c >0
on T2, one sees that one can choose C and then t’ such that

V(x,v) € T? x B(0, M), V(t,0,x,v)eR? \ B(O, M+2+ 1:||H||oo).
We now consider the characteristics (X, V) associated to £ + H and evaluate:

t
|X(t,0,x,v) = X(t,0,x,v)| < /\V(s, 0,x,v) — V(s,0,x,v)|ds,
0
t
|V(t,0,x,v) = V(t,0,x,v)| < f(|5(s, X(5,0,x,v)) — E(s, X(s5,0,x,v))|
0
+|H(t, X(s,0,x,v),V(s,0,x,v))|)ds
t
S V€l Lo 0,7y xT2) f(t —9)|V(s,0,x,v) = V(5,0,x,v)|ds
0
+tIH - (317)

By Gronwall’s inequality:

— 2
V(£ 0,5, v) = V(£,0,x, v)| <tl|Hllyz, e 71V, (318)
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We observe that we have:

.L,/Z
7 ||vxg||Loo((0’.L-/)XT2) = O(T’) as T/ — 0. (319)
Taking 7’ small enough, using t = t’ in (3.18), and observing that

[V(r,0,x,v) =V (t",0,x,v)| < |t = T'|[IH]loo

allows us to prove our claim. The existence of M is a matter of compactness of T2 x B(0, M + 2 +
T|Hlle). O

Remark 3.2. We can observe that there is some “margin” in the previous proof, in the sense that if
we only had

12
7 ”VSHLDC((O,‘[/)XTZ) = O(l) das T/ — 0,

the proof would still follow. However, that (3.19) holds will actually be crucial in the proof of the
equivalent lemma in the magnetic field case, and this time this will be sharp.

The reference solution. Now we are able to define the reference solution. Consider x¢ in @ and ry a
small positive number such that

B(xg, 2r9) C w.

We first define a reference potential @ : [0, T] x T?> — R as follows. We apply Proposition 3.1 with
T =T/3, H = Fjjo,7/3;, we obtain @1 and some mj > 0 such that (3.3) is satisfied. Using Proposi-
tion 3.1 again with 7 =T/3, H(t,x) = F(t + %,x) for t € [0, T/3], we obtain @3 and some m3 > 0
such that (3.3) is satisfied.

Let

600rg _ _
o= maX<T, Cro(T+1IFlloo + 191 ll0c + ||§03||oo)>a (3.20)

T,6 __
M1 = max(my, 2¢0) + E(IIV% lloo + I Flloo) M, = max(ms, 2¢), M = max(M1, M3).
(3.21)
Above, C;, is a positive geometric constant depending only on ro, and which will be described later.
Then, we apply Proposition 3.2 with T =T/3, H(t,x) = F(t + %,x) for t € [0, T/3], and M described

above. We obtain £;, @, and some M.
Finally we set:

pi(t, ) fort € [0, 1],
pto={ pai~1.) forceld 7]
p3(t—2%,.) forte[&,T],

and



5466 0. Glass, D. Han-Kwan / J. Differential Equations 252 (2012) 5453-5491
— T
Vo, ) fort [0, 3].
Et,)={&-%.) forte|
— 2T
v(/)}}(t—T,) fort€[7,T].

Let us now introduce f. Consider a function Z C5°(R"™; R) satisfying the following constraints (here,
n=2):

Z>0 inR",
Supp Z C Brn (0, 1),
(3.22)
/ z-1.
Rn
We introduce f = T(t, X, V) as
ft, x,v):= Z(V)AQ(L, X). (3.23)

Of course, f satisfies (1.1) in [0, T] x T2 x R2, with source term

G(t,X,v):=0 f +V.Vif + (F+V®).V, f, (3.24)

which is supported in [0, T] x B(xo, ro) x R2. Up to an additive function of t, the function ¢ satisfies
Eq. (1.2) corresponding to f. One crucial point is that f satisfies:

fie=0=0,  fr=r =0. (3.25)
One can also observe that, as expected in (1.5), we have:
/ Gdxdv = / [3: f + divy(v f) + divy ((F + V@) f) ] dxdv = 0. (3.26)
T2 xR2 T2 xR2

This can be easily seen using (1.4), (3.24) and the definition of f. Finally, we denote
o(t, x) ::/T(t, X, v)dv = A@(t, x).
R2

3.2. Fixed point operator

To prove Theorem 1.1, we construct directly the solution f starting at fo and reaching 0 in T? \ @
at time T, provided that fy is suitably small. This is done by a fixed-point procedure. In this subsec-
tion, we describe the operator; in the next ones, we will find a solution to our controllability problem
as a fixed point of this operator.
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Let € € (0, 1). We first define the domain S, of V. by

Se = {geC;iZ(QT)/

a. H/(g—f)dv
RZ

b [(1+1v)" €= Pl gy <l follciimazy + [ (14101 foll corpa g -

<e,
o1 (2r)

c lg- T”C52(QT) < CZ[”fO”Cl(TZX]RZ) + ” (1 + |V|)Vf0HCo(T2XR2)],

d. vte[0,T], /g(t,x,v)dxdv: / fg(x,v)dxdv}, (3.27)

T2 xR2 T2 xR2

with ¢4, ¢ depending only on y, T,  (and hence on (f, @)) and F, but not on ¢. The indices §; < &2
in (0, 1) are fixed as follows

2
S1:=—Y "% and 5= yL (3.28)

For fixed c; and c; large enough depending only on (f, ¢), and fo small enough, one has

‘/fodvdx

and consequently, in this case fo+ f € S, s0 Sg # ¥. From now on, this is systematically supposed
to be the case.
Now we introduce the following subsets of S(xg, rg) x R?:

ggv

1 1
Yy~ i=1(x,v) € S(xo,10) X Rz/lvl > 3 and v.v(x) < _EM}’ (3.29)
1
y2 ={(x,v) € S(xo,10) x R2/|v| > 1and v.v(x) < —§|v|}, (3.30)
1
y3 =1, v) € S(xo,10) x R?/|v| =2 and v.v(x) < —§|v|}, (3.31)
+ . 2
y*i={& v) € S(xo,10) x R*/v.v(x) >0}, (3.32)

where v(x) stands for the unit outward normal to the sphere S(xg, r¢) at point x. It can be easily seen
that

dist([S(x0, 7o) x RJ\y*7; ¥?7) > 0.

We introduce a C*° N C; regular function U : S(xg, rg) x R? — R, satisfying

N

in [S(xo0,10) x R*]\y?~, (3.33)
iny3~.

o <C ©
I

U<li,
1
0
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We also introduce a function 7 : Rt — R, of class C, such that

. T 47T . T 23T
Y=0 in|0, —|U|—,T| and T =1 in|—,—|. (3.34)
48 48 24" 24

Now, given g € S;, we associate @& on [0, T] x T2 by

A@8(t, X) :/g(t, x,v)dv — / g(t,x,v)dvdx in[0, T] x T?,
R2 T xR2

(3.35)
/(pg(t,x)dxzo in[0, T].
']1‘2
Then, we define V(g) := f to be the solution of the following system
fO,x,v)=fo on T? x R?,
If+v.Vif +(F+VeE+E—-VP).V,f=0 in [0, T] x [(T? x R)\y ],
fe.x,v)y=1-1r®O]f(t".xv)+YOUK V)f(t",x,v) on[0,T]xy".
(3.36)

To explain the last equation, we introduce the characteristics (X, V) associated to the force field
F 4+ V@8 + & — V. In the previous writing, f(t~,x, v) is the limit value of f on the characteristic
(X, V)(s,t,x,v) as the time s goes to t—. (For times before t, but close to t, the corresponding char-
acteristic is not in y~.) When the characteristics (X, V) meet y~ at time t, then the value of f at
time t* is fixed according to the last equation in (3.36). One can see the function 7' (t)U(x, v) as an
opacity factor which varies according to time and to the incidence of the characteristic on S(xg, rg).
In this process a part of f is absorbed on y~, which varies from the totality of f to no absorption
according to the angle of incidence, the modulus of the velocity and the time.

The set of times when a characteristic meets y ~ is discrete. Indeed, if (X, V)(t,0,x,v) € y~ and
(X, V)(t',0,x,v) € y~, then there exists s € (t,t’) for which (X, V)(s,0,x,v) € yT. The conclusion
follows from dist(y*,y~) > 0.

We now consider a continuous linear extension operator 7 : CO(T2\B(xp, 2rg); R) — CO(T?; R),
which has the property that each C*-regular function is continuously mapped to a C*-regular func-
tion, for any « € [0, 1].

From this operator, we deduce a new one 7 : CO((T?\B(xg, 2r¢)) x R?) — C%(T? x R?) according
to the rule:

@ V) = [TfCv)]E®). (3.37)

Then we modify this operator in order to get a new operator 7t which has the further property that
for any integrable f e CO((T?\B(xg,2ro)) x R?), one has

fjr(f)dvdx: f fo(x, v)dvdx. (3.38)

T2 xR2 T2 xR2
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This condition can easily be obtained by considering a regular, compactly supported, non-negative
function u with integral 1 in B(xp, 7o) x R2, and adding to 7 (f) the function

[ [ - f]w
T2 xR2 (T2\w) xR2
We obtain a continuous affine operator 7 satisfying that for some constant c;, one has for any

integrable f e C1(T2\B(xg, 2r9)),

’

||n<f>||cl<cn||f||c1+‘ / f- / fodvdx
(T?\w) x R2 T2 xIR2

||n<f)||Lw<cn||f||Loo.+‘ / f- f fodvdx

(T?\w) xR2 T2 xIR2

Due to the compact support of u, 7t continuously sends L% ((T?\ @) x R%; (1+|v|)Y dx) into L%°(T? x
RZ; (1 + |v])Y dx), with estimates as above. ~
It is convenient to introduce another truncation in time function 7" such that:

- T ~ T
YT=0 in|0,—| and Y =1 in|—,T|. (3.39)
100 48

Finally, we introduce the operator IT : CO(([0, T] x [T2\B(xo, 2ro)] x RZ) U ([0, T /48] x T? x R?)) —
Co([0, T1 x T? x R?) given by:

It x,v) = (1=T©®)f &, x,v)+TO[7 f(E,)]x V). (3.40)

We finally define V[g] by:

R H 2 2
V[g] = f + H(fl([O,T]><[’]I‘2\B(x0,2rg)]XRZ)U([O,T/48]><’]I‘2XRZ)) n [0, T] x T4 x R=. (341)
3.3. Existence of a fixed point

The goal of this paragraph is to prove the existence of a fixed point for small values of &, which
corresponds to the following lemma.

Lemma 3.1. There exists €9 > 0 such that for any 0 < ¢ < &g, there exists a fixed point of V in S;.

The proof is almost the same as in [8, Section 3.3]. In order to avoid to repeat it, we only give the
main arguments and refer to it for the details. We only focus on the main differences.

We endow the domain S, with the norm of C%([0, T] x T2 x R2). The existence of a fixed point
of ¥V on S, relies on Schauder’s theorem. Accordingly, we have to prove that S, is a convex com-
pact subset of C%([0, T] x T2 x R2), that V is continuous on S, for this topology, and finally that
V(Se) C S

That S; is convex is clear; that it is compact follows from Ascoli’s theorem, using both uniform
Holder estimates and the uniform weighted estimates.

Now let us discuss the continuity of V. Here the proof of [8, Section 3.3] actually holds without
further modification. Let us briefly explain the argument. Due to the compactness of Sg, it is suffi-
cient to prove that if f; — f in Sg, then V[f,] — V[f] pointwise. Let us fix (x,v) € T? x R2. Call
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(X", V™ and (X, V) the characteristics associated to the force F + V(pf” and F + Vgof, respectively.
By Gronwall’s lemma, (X", V™) converges to (X, V) uniformly on compacts.
If there was no absorption (that is, if we took U = 0), then the convergence

V[fn](tv X, V) - v[f](t7 X, V)

would follow from Vp/r — V! uniformly on [0, T] x T2 and Gronwall’s lemma. The difficulty comes
from the fact that we have to take into account in V[ f](t, x, v) the various times of absorption on y ~.
But from the convergence of (X", V") to (X, V) (uniformly on compacts), one can deduce that for n
large enough, (X", V")(-,0,x, v) meets Y~ the same number of times as (X, V)(,0,x, v), and that
the intersection points of (X", V")(-,0,x, v) and y~ converge towards those of (X, V)(-, 0, x, v). Then
the continuity of V follows.

The main point in the proof is to establish that V(S;) C Sg. The crucial estimate here is the
following.

Lemma 3.2. Let g € S, and (X, V) the characteristics associated to F + V5. Then one has

[V = [V(t,0,x,v)|| <1+t]|F +Ve#| . (342)

This lemma is trivial in the case under view, even with |[v — V(t, 0, x, v)| on the left-hand side.
But since the estimate with |v — V (t, 0, x, v)| on the left-hand side is not valid in the presence of a
magnetic field, we prefer to use (3.42), which is sufficient for our purpose.

Let g € S;. That the point d is true for V[g] comes from the construction, in particular from the
choice of the operator IT (see (3.38)). 5

Let us explain why the point b is satisfied by f :=V[g]. From the construction, on y~ one has
| f(tT, %, v)| < |f(t,x,v)|. It follows that

|f(t.x, v)| < | fo[ (X, V)(O,t,x,v)]|.
Now,
(14 V(©,t,x,v))Y
(14 |V(©,t,x, v))Y
<+ 1) ol [T+ [IvI= (W1 = VO, £.x. )]

1+ lvI=V(,t,x, V)Il)y
T4 v ’

|f(t,xv)| < fo[ (X, V)(0, ¢, x, V)]‘

<1+ ol

where we used

I R
(1+|X X|) <1+|X/|'

Note that ||F + V@8 |loo < [|Fllco + & < [|Flloo + 1. With Lemma 3.2, we deduce that for some C > 0
independent of fy and &:

|1+ )" Fex v <1+ 1vD) fol oo

Then the fact that V[g] also satisfies b follows from the construction of the operator 7.
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Let us now explain the point ¢ We have the following lemma:

Lemma 3.3. For g € S¢, one has fi[g] e C1(Qr\Z7), with 1 :=[0, T] x y ~. Moreover, for any (t, x, v) and
(t', %', v")in [0, T] x [T?\w] x R2, with |[v — v/| < 1, one has

|9[g](t’ X, V) - \}[g](t/’x/’ V/)’ g C[||f0||C1(T2><R2) + || (1 + |V|)yf0HLoo(']I‘2XR2)]
x (1+ )|, x, v) — (', %, V)], (3.43)
and also

[VIglt. x, v) — V[gl(t. ¥, v')|

< Clollr gy + (14 1M)7 fol g ] 6. — (€. )

, (3.44)
the constant C being independent of fo.

This lemma is rather technical. Actually without absorption, this estimate follows from Gronwall’s
lemma and the regularity of V[g] follows from the fact that f and the characteristics are of class C'.

But here at each passage in y—, there is a jump between Vf)[g](t*,x, v) and Vf/[g](t*,x, v). One
can see by using an explicit computation based on the last equation in (3.36) that

|VVIgl(th, x, v)| < [VVIgI(t ™, x v)| + C[VIgl(t ™, x, V)],

where V is either Vy or V,.
The main point is that the number n(x, v) of times a characteristic (X, V)(t, 0, x, v) can cross y~
is estimated as follows. Using dist(y~, ¥ ") > 0 and Lemma 3.2, we infer that

nx, v) < C(l +mtax|V(t,O,x, v)|> <C(1+1v]).

This allows to bound VV[g] using to the uniform estimates on (1 + [v))¥ V[g].

Finally, point a is a consequence of points b, ¢ and an easy interpolation argument between
weighted Holder spaces, provided that fy is small enough. For the reader’s convenience, we detail
a little bit the argument below. First an L* bound on f]RZ (g — f)dv is easily obtained, using the fact
that y > 2 and the estimate b:

H/@—ﬂw
]RZ

Then the Holder estimate is obtained with an interpolation inequality. We refer to [4] for a general
reference on interpolation between functional spaces. Here, the inequality can be directly obtained by
elementary means. For convenience, we denote h =g — f. Let ¥ =1+ y /2. By definition of §1, &y, it
follows that we can write:

<Gl follererasrey + [ (1+ |V|)yf0||C0(TzXR2)]~
LOO

7 Ih(t,x,v) —h(t', X, v)|
I(t, %, v) — (', X, V)|

‘(1+|v|)

[N

1
Ih(t, x, v) —h(t', X, v)|| 77"
(£, X, v) — (¢, X, v)[%

= |(‘1 + |V|)y|h(t,x7 V) _ h(t/,x/! V)||%+%

so that the Holder estimate is a consequence of points b (for estimating the first term of the right-
hand side) and c (for the second one).



5472 0. Glass, D. Han-Kwan / J. Differential Equations 252 (2012) 5453-5491

3.4. A fixed point is relevant

Let us prove that, provided that ¢ is small enough, the fixed point that we constructed is indeed
a solution f starting at fo and reaching 0 in T2\ w at time T. For this, we show that V[f](T) =0 in
T? x R2.

Call again (X, V) the characteristics associated to F + V! — Vg + £.

Due to the construction, it is enough to prove the following lemma.

Lemma 3.4. There exists &1 > 0 such that for any 0 < & < &1, all the characteristics (X, V) meet y3~ for some

e T 23T
timein [55, 551

Proof. We denote by (X, V) the characteristics associated to F + &.
1. We first prove that for all (x, v) € T2 x R2, there exists o € [-5 3T U 2L, LI such that

120 12 120 12

_ 5 1
X(0,0,x,v) eyt = {(x, v) € S(x0,T0) x R?/|v| = S and v < —Z|v|}. (3.45)

Let (x, v) € T2 x R2. We claim that there exists t € [L, 2LJU[ZE, 8] such that

591V g
X(t,0,x,v) € B(xo,70/4), (3.46)

and
|V(t,0,x,v)| > 0. (3.47)

We discuss this according to the modulus of V(T/3,0,x, v):

e If |V(T/3,0,x,v)| > M > My, then one can observe that |v| > max(mi, 2«), using the character-
-~ - - L T 2T
istics equation. Then by Proposition 3.1, the claim is proved for some ¢ € [g, 5-1.

e If |V(T/3,0,x,v)| <M, then by Proposition 3.2, |V(2T/3,0,x,v)| > M + 1 > M, and one can

once again apply Proposition 3.1, to prove the claim for some t € [%, %].

Now, one can easily see that for some s > 0 with s < 22 < ;T

X(t,0,x,v) —sV(t,0,x,v) € S(xo,ro) with V(t,0,x,v).v < ———|V(t,0,x,v)

V3
= . (348)

because a straight line arising from B(xg, r9/2) cuts S(Xp, o) with angle to the normal v at the circle
of value at most 77 /6. The same argument shows that:

X(t,0,x,v) —2sV(t,0,x,v) ¢ B(xg,3r0/2).

Now it is clear that

[V(z,0,x,v) = V(t,0,x,v)|

<25[||Flloc + IV@1lloo + I V@3] for T €[t —2s,t], (3.49)
|X(7,0,%,v) = X(£,0,x,v) + (t — )V (t,0,x, V)|

<25%[|IFlloo + IV@1lloc + IV@3lloo] for T e[t —2s,t]. (3.50)
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In the other hand, if Cy, is large enough, we have the estimate:
< = — T
|X(t — 25,0, %, v) — X(t, 0, %, v) + 25V (t,0,x,v)| < 50

Therefore by the intermediate value theorem that there exists o € [t — &, t] such that X(t,0,x,v) €
S(xo,10). Using (3.48), (3.49) and (3.50), and provided that C;, is large enough (in terms of ro only),
we deduce that for this o, (3.45) applies.

2. Now to prove that all the characteristics meet 3~ during [, L], let us compare (X, V) and
(X, V). Using point a in the definition of S;, we deduce by Gronwall’s lemma and elliptic estimates
that

[(X, V) — (X, V)| < Ce.

Proceeding as previously, we deduce that if & is small enough, then for all (x,v) € T? x R?, there
exists t € [%, %], such that

X, V)t 0,x,v)ey>. O
We can now gather all the ingredients to prove Theorem 1.1.

Proof of Theorem 1.1. Using Lemma 3.1, we deduce the existence of some fixed point f = V[f]. Using
Lemma 3.4, and (3.33), (3.34) and (3.36), we see that, provided that ¢ is small enough, V[f](T) = 0.
Hence f satisfies Supp[f(T,-,-)] C w x R2.

It remains to prove that f satisfies (1.1). This comes from the fact that, due to (3.12) and (3.36),
one has

df +v.Vuf +(F+ V).V, f=0 in[0,T] x [T?\ ©] x R?.
Since f is C1, one has
df +v.Vuf +(F+Ve!).V,f =G in[0,T] x T? x R?,
for some continuous function G. This concludes the proof of Theorem 1.1. O

4. Global controllability for the bounded external field case

In this section, we prove Theorem 1.2.

We call H a hyperplane in R" such that its image # by the canonical surjection s:R" — T" is
included in w. We recall that # is supposed to be closed. We call ny a unit vector, orthogonal to H.
For [ > 0, we denote

Hi:=H+[-1L1ny.
Since H is closed in T", we can define d € R*™* such that

Hoq C w,

and such that 4d is less than the distance between two different hyperplanes in s~! ().



5474 0. Glass, D. Han-Kwan / J. Differential Equations 252 (2012) 5453-5491

4.1. Design of the reference solution

The reference solution is not quite the same as in Section 3. In order to get a global result, as
explained in Section 2, we will need the following property, referred to as a “non-concentration prop-
erty” for the characteristics (X, V) associated to @ (up to a slight modification inside the control zone):
there exists ¢ > 0 such that

vx,yeT", |X(,0,x,0) —X(t,0,y,0)|>clx—yl.
The assumption on the control zone w is motivated by the fact that in this case we can actually
construct a reference solution whose characteristics satisfy this condition.

To construct (@, f), we start with the following lemma.

Lemma 4.1. There exists ¢ € C*>°(T"; R) such that

Ap=0 onT"\ Hg, (41)
and

Vo=ny onT"\ Hg.

o

(4.2)
Proof. In the domain T"\Hg4, x > ny coincides with the gradient of a harmonic function. Call ¢ a
function in C*°(T"; R), whose gradient coincides in T"\H4 with ngy; this function is automatically
harmonic in Hg.

Now given such a ¢, we can construct @ and f. Consider a function ) € C3°(0, T) satisfying

Suppy ¢ T 2T
pp 3'3 )

Y =0, (43)
[ v
[0,T]
Set
_ 0 fort e [0, L1U[2L, T],
. 0510 [¥.1]
uY®e) fortelz. 5],
_ 0 fort [0, LJU[ZL, T],
. 03] (%.1]
uY(tny forte[s, 5],

where [ is a positive parameter depending on w, T and F only, according to the following lemma.
€ meet

Lemma 4.2. Given w as above, T > 0 and F, there exists v > 0 such that all the characteristics associated to

for some time in [£, 2L

y3 = {(x,v) €dHq x R"/|v| > 2 and v.v < -2},
66

(4.4)
], where v = £ny is the outward unit vector on dHg.
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Once defined @, we define f: [0, T] x T2 x R? as previously by (3.22)-(3.23).

Proof of Lemma 4.2. Let (x, v) € T" x R". Call (X, V) the characteristics associated to £. We discuss
according to V(&,0,x,v) - ny.

o If V(%, 0,x,v) -ny is large enough, say larger than c > 0, then one sees easily using the charac-
teristic equation that there exists ¢ € [, 11 such that (X, V)(t,0,x,v) € y3~.

e For the other (x,v), one can find u > 0 such that V(%,O,x, v) -ny > c. Then there exists t €
(4, 217 such that (X, V)(t,0,x,v) e y3~. O

4.2. Definition of the fixed-point operator

For A € (0, 1], we define again a subset Sé of CgZ(QT) on which we will define the operator V
(which actually depends on 1):

Sy:{geQHQﬂ/
a. H/(g—f)dv
Rn

b [(1+ |V|)y(g - “Loo(QT) < C1[Hf6\ ||C1('J1‘”><]R") +[(1+ |"|)yfé HCO('JI‘”x]R”)]’

¢ lg=flicnay <c2[lf “C‘('Jl‘”x]R”) ++ )" 5 “co(ﬁr"an)]v

g 87
A

d. vtel[0,T), /g(t,x,v)dxdv: / fg(x,v)dxdv}, (4.5)
Tn xR Tn xR

with c1, ¢, to be fixed later depending only on y, T and w (and hence on (f, ©)), but not on A; here,
81 and &, are fixed as follows:

y-n and 82=L.

=
T2+ Dy + 1) y+1

For fixed c; and c; large enough depending only on (f, ), one has for A small enough depending

on ¢ that
‘ / fodvdx

see (2.3). Hence in that case g(t,x,v) = f;(x,v) + f(t,x,v) belongs to S» for A < ju(€), so S} # ¥,
From now on, we suppose that this is the case.

We write I :=H —dny, I :=H +dnyg and I' :=T1 U 5. Let v=—ny on I'7 and v =np on I>.
We define

<€,

y i ={&xv) el xR"/vv(x) < -1}, (4.6)
y*

yTi={x v)el xR"/v.v(x) >0}. (4.8)

{x,v) eI xR"/|v| >1and v.v(x) < —3/2}, (4.7)
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Note that y3~ defined in (4.4) can be reformulated as
Yy =] v)el xR"/|v|>2and v.v(x) < —2}.
Again, we observe that
dist((I" x R")\y 75 ¥*7) > 0.

We introduce a C*° N C; regular function U from I x R" to R the same way as previously, by

N

in (I' x R")\y~, (4.9)
iny?~.

c cC ©
Il

Uu<i,
1
0

The function 7 is again introduced by (3.34). As in Section 3, we define m as a continuous affine
extension operator 77 from CO(T"\ Hyq; R) to C°(T"; R), and which has the same property that each
C%-regular function is continuously mapped to a C*-regular function, for any « € [0, 1]. Moreover,
we manage again in order that for any f e CO(T" \ H,q; R), (3.38) occurs. The operator I7T is given
by (3.40).

Now, given g € SQ, we first define @& as in (3.35).

Then we introduce f =V[g] as the solution of the following system:

fO,x,v)= f} on T" x R,
*f +v.Vef + (F* + V(92 — @) + puY(Ony).Vy f =0 in[0, T] x [(T" x R")\y ],
fe.x,v)=[1-1O]f(.xv)+YOUX V) f(t".x,v) on[0,T]xy".
(410)
The meaning of this equation is the same one as in Section 3 (and p©)(t)ny plays the same role as £

in Section 3). Recall that F* was defined in (2.5).
Then, as for Section 3, we define V[g] by

Vigl:= f + I (fi[0,T]x (T Hag) xR7U[O, T/48]x T x k) in [0, T] x T" x R™. (4.11)

Again, fi[0,T]x (T"\ Haqg) xRMU[0, T /48] xT" xRN 1S C! regular, and, together with the construction of I7, it
will follow that V[g] is in C1([0, T] x T" x R").

Considering the form of (4.10), the characteristics that we consider in the sequel are (X%, V3$)
associated to F* + V(p& — @) + uY(t)ny, which coincide with the ones associated to F* + V¢?
outside the control zone, but not necessarily inside.

4.3. Existence of a fixed point

Now our goal is to prove the following lemma.

Lemma 4.3. For any small € > 0, there exists A(&) > 0 such that for any positive » < A(g), the operator V has
a fixed point in S*.
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Proof. We prove Lemma 4.3 by checking the assumptions for Schauder’s fixed point Theorem on V.
We will sometimes forget the indices and exponents € and A.

1. Again, S is a convex compact subset of coQr).

2. The continuity of V can be proven in the same way as in Section 3.

3. The difficulty is to check that for A small, one has V(SQ) C Sé. Accordingly, we have to check
the points a, b, ¢ and d for V[g]. ~

That V[g] satisfies d comes directly from the construction. That V[g] and consequently V[g] satis-
fies estimates as b is not difficult and proven as in Section 3. In particular Lemma 3.2 is still satisfied.

For what concerns point ¢ we have as previously (see also [8, Lemma 4, p. 370]):

Lemma 4.4. For g € S, one has V[g] € C!(Qr\Xr), with X1 := [0, T] x y~. Moreover, for any (t, X, v)
and (', X, v') in [0, T] x [T?\w] x R2, with |v — v'| < 1, one has
~ ~ +2
[VIgl(t,x, v) = VIgl(t',x', v)| < C[ll foller ez xray + [ (1+ V)™ foll joo (z2 52, ]

x (14 |v])|E, x,v) = (t', X, V)], (4.12)

and also

[VIglt, x, v) — VIgl(t, ¥, v')|

< ClIfollctpoxrz, + | (1 + V) 2 fo

||L°°('I[‘2><R2)]|(x’ v) = (x. V)], (413)
the constant C being independent from fy.

The central part is point a, where the smallness of A and the non-concentration property of @
are used. We begin by a lemma which asserts that the non-concentration property is preserved by a
small perturbation. Recall that (X8, V&) are associated to F* + V(p& — @) + uY(tH)ny.

Lemma 4.5. There exists ¢ > 0 such that for any A small enough (in terms of T, w and F), for any g € S?, one
has

Y(x,y) e ,Vtel0, T], c '|x—y|<|X%(,0,x,0)— X=(t,0,y, <clx—yl. .
*, y) € (T")° 0 Tx -yl <|X8(t,0,%,0) — X8(t,0,y,0)| <clx—y|. (414)

Proof. Define (X, V) as the characteristics associated to the force pu)(t)ny. It is clear that (X, V)
satisfy the non-concentration property:

V(x,y) € (T")?, Ve €[0, T, |X(t,0,x0) — X(t,0,y,0)| > x—yl. (4.15)

(This is actually an equality!) Now, it follows from Gronwall’s inequality that for a constant C de-
pending only on w, Y and F, one has

” (Xg’ Vg) - (x V)H CO([0,T]2 x T xRM) < C(E + )‘2)- (4.16)

One can get a further inequality in the following way (when it is not explicit, the norm considered is
the L°° one):
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d

dtt

<||VVE(@E, s, x,v) = VV (L, s,x, V)|

[V(X8, VE)(t,s,x,v) — VX, V)(t,s,x, V)|

+ | VaEg(t, X8(t,5,%, V) VXE(E, 5, %, v) — VxEF (6, X(E,5, %, v)) VX (L, 5,%, V)|
+ | Vi v A (8, XE(t, 5, %, v), VE(t, 5, %, v)) V(XE, VE) (L, s, %, V)

— Vv FA (6, X(t,5,%,v), V (£, 5, % v)) VX, V)(t, s, %, )

where V stands either for Vy or for V,. Now the second term is bounded as follows:

| VxEg(, XE(t,5,%, V) VXE(E, s, X, v) — VxEF (€, X(6, 5, %, v)) VX(E, 5, X, V)| < A1 + A2 + A3,

with
A1 = || VxEg(t, X8(t, 5, %, v))VXE(t, 5, %, v) — VxEg(t, X8(t, 5, X, v)) VX(t,s,x, V),
Az = | VxEg(t, X8 (t, 5., v)) VX (¢, 5, X, v) — VxEF (£, XE(E,5,%, V) VX(E,5,%, V),
Az = || VxE(t, XE(t,5,%, V) VX(E,5,%, V) — VxEF (£, X(E,5, X, v)) VX(E, 5, %, V).
Now

A] < ”VXEg”CO(QT) ” ng(t, S, X, V) - VX(L S, X, V) ” CO([0, T2 x T xIRM)°

Az < ||Vng - Vfo”cO(QT)||VX||CO([0,T]2xTann),
A3 =0.
Hence we obtain
| VxEg(t, X8(t,s,x,v))VXE(t,s,x,v) — Vfo(t, X(t,s,x, v))VX(t,s,x,v)|
g _
<C(e+ [ VXE(E 5.%,v) = VX, 5. %) co g 2 sen ) -
We treat the term concerning F* in the same way and obtain
[V, F*(t, X8(t, 5, %, v), VE(t, 5, %, V))V(XE, VE)(t,s5,% V)
— Vi FH(6, X (t, 5, %, ), V(t,5,% V) VX, V)(t,5.x, V)|

SO+ [ V(XE VE)(E,5.%,v) = VX, V)(E, 5. % V) | cogo 12w eny)-
It follows then by Gronwall’s lemma that for a certain constant C, one has
(X, VE) = X V) | oo 0,11 mneimyy < CCE + ).

Hence, if & and A are small enough, then (4.15) is still valid when replacing (X, V) by (X2, V&), up
to a multiplicative constant. This gives (4.14). O
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Let us come back to the proof of point a. Let us treat the L*°-norm; the C®' one will follow by
interpolation. From (4.14), we deduce that X&(t,0,-,0) : T" — T" is invertible; call (Xf”)‘1 its inverse,
and define the function W§ : [0, T] x T" — R" by

WEx) = VE(t,0, (x&) '), 0).

One can describe (th)‘1(x) as the initial position of a particle, which starts with velocity 0 and
reaches x at time t; then Wf(x) is its velocity at time t.
Let us give an estimate on v — th (x). First,

v—WEx) = VE(0,t, XE(t,0,x,v), VE(t,0,x, v)) — VE(£, 0, (X8) ' (x),0).

By using Gronwall’s lemma on V (0, t, -,-), we deduce that for some constant independent of A € (0, 1]

lv—WE®| < C(|X5t, 0,x,v) — (xf)’l(x)y +|VEt, 0,x,v)|).
That the constant is independent of A comes from the fact that we have uniform Lipschitz estimates

on F* + V(g8 — @) + uY(t)ny for A € (0, 11.
To estimate the first term, we first notice that the non-concentration property (4.14) gives

()7 (x5) ) — XB(0, 1, %, v)|
<|XE(£.0. (XF) ' (x).0) — XE(t. 0, XE(0. £, x, v), 0)|
=[x — X(t, 0, X5(0,t,x,v),0)]|
= |XE(t.0, X8(0,t,x, v), VE(0,t,x, v)) — XE(£, 0, X¥(0, £, x, v),0) ,

where the first equality comes from the definition of (Xf)‘l, and the second one of the flow property.
Now, using Gronwall’s lemma for X&(t,0, -,-), we deduce that for some constant C > 0 indepen-
dent of A € (0, 1] one has

|X8(t,0,X5(0,t,x,v), VE(O,t,x,v)) — X5(t,0, X5(0,t,x,v),0)| < C|VE(O,t,x v)|.

Finally we deduce that for some constant K > 0 independent of A, one has, for any A € (0, 1] and any
geSh,

lv—WE®)| <K|VEO,t,x,v)|. (417)

Now, one has

£ & x v <[f[(xE VE)O.t.x ]|

1
A2 fo(1 + v1)” ||L°°(T”><R")<1 + X|Vg(0’t’x’ v)|)

Using (4.17), we get that

1 -y
£ ] <22 o1+ 1) oo (14 0517 = WE )
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It follows that

‘/f(t,x, v)dv
RTI

We deduce that

1 -Y
SR+ ) iy [ (1 g - WECO]) v
RH

‘/YJ[g](t,x, v)dv gmz—””fo(l+|v|)”||Loc(Tann)1<”x".
Rn

One deduces from the construction of V' that

<P fo(1+ 1) | oo gnygn M S CUAZ. (418)
Lo (821)

” /(V[g] — f)t.x, v)dv

Now we turn to the Holder estimate. It follows by interpolation between points b and ¢, that for a
certain constant C independent from A, and for y = ’HT” and § =y /(y +1) one has

Vigl - ﬂjs/ <c[|lfs ||C1(']I‘"><]R”) +[1(1+ |V|)Vf6\ ||C0('IF”><R”)]'

We deduce that, for 2 <1 and another constant C (depending on fy but not on 1),

< oAl

H/W@—ﬂw

C3(2r)
Now we interpolate again this inequality with (4.18). We get that for §;, one has

< K'A,
co1(@r)

H[W@—Dw

which concludes the point a, for it is sufficient to find a proper A. This finally proves V(SQ) C Sé. O

4.4. A fixed point is relevant

Now we can prove that the characteristics associated to the fixed point are relevant:

Lemma 4.6. There exists &1 > 0 such that for any 0 < & < €1, all the characteristics (X, V) meet Y%~ for some
T 23T
1.

time in 53 54

Proof. We recall that by the scaling F* = A*F(it,x, ¥), so that [[F*|x < A?|[F|x . As for
Lemma 3.4, the proof follows, recalling Gronwall's estimate (4.16), and the fact that the character-
istics associated to the reference solution f meet y3~ x [%, %]. (We recall that o was defined when

we have constructed the reference solution f.) O
Finally, we can conclude the proof of the theorem.

Proof of Theorem 1.2. Using Lemma 4.3, we deduce the existence of some fixed point g for A suffi-
ciently small. Using Lemma 4.6, and (3.34), (4.9) and (4.10), we see that it satisfies Supp[g(T,-,-)] C
® x R?. Now, we define f(t,x,v)= g(%,x, Av), which satisfies the conclusions of Theorem 1.2. The
fact that (1.1) is satisfied for some G supported in w is done as in Section 3. O
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5. External magnetic field case

In this section, we prove Theorem 1.3, that is the local controllability result for the external mag-
netic field case.

5.1. Rephrasing the geometric assumption

We begin by transforming the geometric assumption (1.13) in a way that is easier to handle in the
sequel. For a compact subset K of T2 and r > 0 we denote

Kr:={xe T?/d(x,K) <r}. (5.1)
The geometric assumption can be reinterpreted with the help of the following lemma.

Lemma 5.1. Let K C T? such that b > 0 on K and satisfying (1.13). Then there existb > 0,d > 0 and D > 0
such that

b>b on Ky, (5.2)

d
vx e T?, VeeS!, 3te[0,D], Vs e [t,t—i— 5], X+ se € Kq. (5.3)

Proof. An easy argument relying on the compactness of K shows that for d > 0 suitably small, one
has (5.2).

To prove (5.3), we use the compactness of T2 x S!. For any (x,e) € T2 x S', there exists t € Rt
such that x + te € K. One deduces that for (x,e’) in an open neighborhood of (x,e) in T? x S!, one
has ¥’ +te’ € Kq)».

Hence by compactness of T2 x S?, there exists a maximal time D such that for any (x, e) € T2 x S!,
there exists t € [0, D] for which x + te € Kq/,. Now if x 4 te € Kq/» and x + t'e ¢ K4, then one has
|t —t'| >d/2, since dist(Kg2, T2\ Kq) >d/2. The conclusion (5.3) follows. O

5.2. Design of the reference solution

The first step consists in building the reference solution, once again distinguishing between high
and low velocities. We first treat the case of large velocities. We prove that with the geometric as-
sumption on b, high velocity particles spontaneously reach the arbitrary open set. One can observe
that this is very different to the case of bounded force fields. Actually we can prove a stronger result
than announced, since we can add to the Lorentz force any additional bounded force field. Such a
generalization will be actually crucial for the proof of Lemma 5.3.

Proposition 5.1. Let T > 0 and ro > 0. Let b satisfying the geometric condition (1.13). There exists m € R™*
large enough depending only on b, T and w such that for all § € L*°(0, T; W1.20(T2 x R2)) satisfying
I1F|le < 1, the characteristics (X, V) associated to b(x)v+ + F satisfy:

vxeT?, Vv eR? suchthat |v|>m,  3te(T/4,3T/4), X(t,0,x,v) € B(xo,10/2) and
v _
forallse[0, T], %<|V(s,0,x,v)|<2|v|. (5.4)

Proof. We prove Proposition 5.1 in several cases of increasing complexity. In a first time (cases 1-3),
we suppose that § = 0. In case 4, we explain how to take § into account.
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In all cases, we define

b := maxb(x). (5.5)

xeT?

1. An enlightening case: constant magnetic field modulus. Let us first suppose b constant; for readabil-
ity we assume here that b(x) := 1.

As noticed in [8, Appendix A, pp. 373-374], there are only a finite number of direction in S!
(identifying S! with [0, 27r[, we denote them o, ..., an € [0, 27 [) for which there exists a half-line
in T2 which does not intersect B(xg, ro/8). Indeed if the slope is irrational, then each corresponding
half-line is dense in the torus, and consequently meets B(xg,1o/8). If the slope is rational, say p/q
with p € Z, g e N\ {0} and gcd(p, q) = 1, then these half-lines L are closed periodic lines in T2. Due
to Bézout's theorem, the distance between two consecutive lines in s~'(L) is less than min(l%l, %),
and the conclusion follows.

We introduce the neighborhoods of «;:

Vi=(a; — Bi/2, 0 + Bi/2),

as follows. Let 8; > 0 and t < T small enough such that

T
< T and T <mindvi, V).
,Bl < 2 an < ;ﬁl? (V], VJ)

T
4
By a compactness argument, there exists a length L > 0 such that for any x € T?, Va; € Sl\U,{V:1 Vi,

any particle starting from x with a direction g; has to travel at most a distance L to meet B(xg,79/8).
We fix m large enough such that:

L
Tm=—<1/4
m

This is the time “free” particles with velocity m take to cover the distance L. We observe that for any
v =m, we have Tjy| := 7 < T

Now let x € T2, v € R? with |v| > m. Let us discuss according to the direction of v.

o First case: j; € ShUN, V.
We denote (X*, V#) the characteristics associated to free transport.
We have, for any t < T}y,

# v Ty 121
X" t+T/4,T/4,x,v) — X{t+T/4,T/4,x,v)| <|V|—=—-< —.
[ XP@+T/4,T/4,%,v) = XU+ T/4,T/4,x V)| < vl 2l < 3m

L2

We can impose m large enough such that 5—

<T19/8. As a result:

At e(T/4,T/2], Y(t, 0, x, v) € B(xo,10/4),
and (5.4) is trivial here since |V(t, 0, x, v)| is conserved.

e Second case: ﬁ € U?’:l Vi, say V.
The idea is to simply wait for a time 7 /4. Let us consider

(XK. V) =(X((T+71)/4,T/4,x,v), V(T +1)/4,T/4,x,V)).
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We observe that because of the “rotation” induced by the magnetic field and due to the choice
of gi,

m € Sl U Vi,
i=1
and thus we are in the same case as before.

Consequently we have proven that:

It € (T/4,3T /4], X(t,0,x,v) € B(xo,70/4).

2. Positive magnetic field modulus. Here we suppose that b > 0 on T2,
We are in the case where in Lemma 5.1, we can take K = Ky = T2 and

b= inf b.

xeT?

Keeping the same notations as before, we set t € (0, T] and 8; > 0 in order that
Bi <bZ <mind(Vi, V)
i<b-— < i, Vi).
PR Ty

The proof is very similar to the previous one. Indeed, the following estimate still holds:

_ 12 _
|X*(t, T/4,x,v) — X(t, T/4,x,v)| < %b. (5.6)

Let X € T2, ¥ € R%. We distinguish as before between two possibilities. Using the previous inequal-
ity (5.6), the first case holds identically for m large. For the second case we just have to check that
with this magnetic field, the velocity is rotated by an angle at least equal to 8; after some time
te (0, ).

We use the following computation for general (x, v). Denote by 6(t) the angle (modulo 27) be-
tween v+ and V (¢, 0, x, v). We compute the scalar product of V(t,0,x, v) and W, using the
identity:

dv(t,0,x, v)

n =b(X(t,0,x,v))V(t,0,x,v)*.

We straightforwardly obtain that |V (t,0,x,v)| = |v|. Then, taking the scalar product of v and

W. we likewise obtain:

sin6 ()0’ (t) = b(X(t,0,x, v)) sin6 (1),
so that
6'(t) =b(X(t,0,x,v)) (5.7)

(even if sin@(t) = 0 in which case one considers the scalar product with v). We deduce that 6’(t) > b.
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Thus going back to (X, V), by the intermediate value theorem and the definition of the neighbor-
hoods V}, there is a time Ty less or equal to 7/4 for which we have:

and we conclude as previously.

3. Magnetic field modulus satisfying the geometric condition. Let us consider the general case for b,
but without the additional force §.

Given K satisfying the geometric condition (1.13), we introduce d and D as in Lemma 5.1. Let

U:=T?\ Kyg,
where we recall the notation (5.1). We assume here that 7 € (0, T] and g; are such that

Bi < bll’lf vd mind(V;, Vj)
LI V),
2 4’ 32D i o0

We denote by (X*, V#) the characteristics associated to free transport, while (X, V) corresponds to
those associated to the magnetic field.

Let x € T?, v € R?. We once again distinguish between the two possibilities. As before the first
case is still similar since (5.6) is still valid. We have to give a new argument for the second case.

We will assume that m is large enough so that T, < %. We distinguish between several sub-cases:

(a) Assume that X(t,0,x, v) € K4 for some t in a time interval of length at least equal to % inside

[%. 2. Then one can apply the positive magnetic modulus case (case 2).

(b) Assume more generally that £!({t € [, 3[], X(t,0,x,v) € K4}) > T/4. On U, one has b >0, so
the angle of V (¢, 0, x, v) with v is non- decreasmg over time. It follows that we can apply (5.7) to
each passage of the particle in K; and we conclude as before.

(c) We assume now that the previous cases do not hold. Then X(t, 0, x, v) remains in T2\ Ky at least
during a time I in (§,20).

By (5.3), each passage in T2\Ky of X*(t,0,x,v) lasts at most D/|v|. Actually, in U, the char-
acteristics X are not straight lines since they are modified by the magnetic field. Let us prove
nevertheless that if |v| is large enough, then the particle can remain at most during a time D/|v|
in U.

Let x € U, and \zl €Sy, let o € (Z, 34T) By Lemma 5.1, there exists s < ‘ such that X*(o +s,

o,x,v) € K. Now we can evaluate as for a previous computation:

2

|X*(0 +s,0,%,v) = X(0 +5,0,% V)| < bm.

We can choose m large enough such that for any |v| >m, X(o +5,0,x,v) € Kq. Hence at each
passage of X(t,0,x,v) in T>\Ky lasts at most during a time D/|v|, which proves the claim.

This involves that there are at least LT“"J — 1 passages in U, and therefore there are also at least
LT""J 2 passages in Ky. This is larger than T‘V' for |v| large enough.

Now we denote by t' a time for which X(t’, O x,v) € Kq, with X(t, O x,v) ¢ Ky fort <t and t

close to t. Let us show that X(t' +s,0,x, v) remains in Ky for s < 4 Ik if the velocity is large
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enough. We have for all s € [0, 1 I M]

(%1%

|X*(t' +5,t',x,v) = X(t +s,t, % v)| <bv|

On the other hand, by (5.3), each passage of X* in Kqy lasts at least Hence we can choose

4IV\
m large enough such that for any |v| >m, X(t' +s,t,x, v) € K4 for s € [0, 3 b ﬂ‘]

Td T 3T

33p inside (7

Consequently, X(t,0,x,v) remains in Ky during a time
before.

=), and we conclude as

4, With a non-trivial additional force §. Let us finally explain how one can take § into account.
First, we consider the equations for |V| and 6, where 6 is the angle between v and V (¢, 0, x, v). The
following computations are valid for v large so that [V (t,0,x, v)| does not vanish and for a time
interval where 6 € [—-7 /2, /2].

e For what concerns |V, it suffices to take the scalar product with V(t,0,x, v) of the equation
of V. We infer

d, — _
V0 x v =25 V(e 0.xv),

so that

d,— -V (t,0
—|V(t,0,x )| :M (5.8)
dt [V (t,0,x,v)|

In particular, for m large enough, one has for all (x, v) € T2 x R? with |v| >m,

| < |V, 0,x,v)| <2|v|. (5.9)

e For what concerns 6, taking the scalar product of the equation of V with v we deduce

(%W(r, 0,x, v)|>|v|c050(t) — |V (t,0,x,v)||v|o' () sin6 (1)
=b(X(t,0,x, )V, 0,%v) - v+F-v.

Hence

[V (t,0,x,v)||v|'(©) sinf(t) = b(X(t,0,x,v))|V(t,0,x,v)||v|sin(6(t))

V(t,0,x, v)|v|
-5 (v — 7|V(t, 0.xv) cos@(t)).

We notice that

V(t,0,x, v)|v| c0s8(t) = v V(t,0,xv)- Vv(t 0,X v) = (v)
V(0% )| B [V (t,0,x,v)2 =Py ¢.0x vt V)
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where P77 (t,0,x,v)}- (v) denotes the orthogonal projection of v on {V(t, 0, x, v)}*. So

- 1 P ,0,xv)L (V)
0'(t) =b(X(t,0,x,v)) + = . . 5.10
® =b(X( ) [V (t,0,x,v)| [v]sin®(t) (>10)
Note that
’P{V(r,o,x,v)}i(v)| = |v||sin(6®))],
so that:
1 Pvt.0xv)- (V) 1
_ aLAUL () i S p— 1o
[V (t,0,x,v)| [v]sin6(t) [V (t,0,x,v)|

Now let us revisit the three sub-cases of case 3 to include §F.

(a) Assume that X(t, 0, x, v) € K4 for all t in a time interval of length at least equal to l%. Then using
(5.9) and (5.10) we deduce

0'(t) > b — 2% (5.11)

so one can conclude as in the positive magnetic modulus case.
(b) Assume more generally that £!({t e [T 3T] X(t,0,x,v) € Kg}) > T/4. On U, one has b >0, so
the angle of V (¢, 0, x, v) with v satlsﬁes

2
0'(t) = —= I3 lloos (5.12)
m

and (5.11) when X(t, 0, x, v) € K. In total the variation of 0 is no less than QTT — %ll%llm, So one
can conclude as previously (taking m large enough).

We assume now that the previous cases do not hold. Then X(t, 0, x, v) remains in T?\ Ky at least
during a time z T inside (T 3T) Let us compare the characteristics (X, V) associated to §+b(x)v+

with the characterlstlcs (X, V) associated to the magnetic field b(x)v+ alone.

Let xe U, and 7 €Sy, and let 0 € (%.2D). Using the analysis of case 3, there exists ' < | ; such

that X(o +t',0,x,v) € Kg. Now comparing (X, V) and (X, V) and using Gronwall’s inequality
we deduce

—
g
N

Ve +8,0.%7) = V(o 41,05 V)| < ISl exp(ibllyras (1 +21V)E),
<

|X(o+t',0,x,v)=X(o +t,0,% )| <tFllc exp(lIbllyy1.0c (14 2[V])t).
Using that |v|t’ is of order 1 and taking m large enough, we see that for any |v| >m, X(o +t/,
0,X,V) € K34/2. Hence each passage of X(t,0,x,v) in TZ\K3,1/2 lasts at most D/|v|. We deduce

as previously that there are at least LT“"J 2 passages of X(t,0,x,v) in K34/, during (4, T Ty,

Now reasoning as in case 3, using Gronwall s estimate (5.13), we see that if X(0,0,x, v) € K34/2,

and m is large enough, then X(o +t’,0,x, v) remains in K4 for all times t’ < Td " and we

64D"
conclude as before. O

Now let us turn to the case of low velocities. This time we proceed as in the case of bounded force
fields and prove that an analogue of Proposition 3.2 holds:
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Proposition 5.2. Let T > 0 and M > 0. There exist M > 0, £ € C°([0, ] x T2; R2) and ¢ € C®([0, T] x
T2: R) satisfying

E=-Vg in[0, 7] x (T*\B(xo,10)), (5.14)
Supp(&) C (0, 7) x T?, (5.15)
Ap =0 in[0,7]x (T*\B(xo,70)). (5.16)

such that, for any § € L°(0, T; W1-°(T2 x R?)) satisfying |||~ < 1, if (X, V) are the characteristics cor-
responding the force § + € + b(x)v+,

Y(x,v) € T2 x B(O,M), V(z,0,x,v)eB(0,M)\B(®O,M+1). (5.17)

Proof. Again, we introduce 6 and £ as in the proof of Proposition 3.2. Let us denote by (X, V) the
characteristics corresponding to the force £ alone. Again, one can choose C and then t’ such that:

V(x,v) € T? x BO,M), V(1,0,x,v) €R*\B(0,M +2+T|Floc)-

We first observe that we have:

d o

7V =E6X V) +E6X) -V,
Thus, using Cauchy-Schwarz and Gronwall’s estimates, we obtain:

V]2 < max(1, v 2et08l+IElx)).

We evaluate:

t
|X(t,0,x,v) = X(t,0,x,v)| < /}V(s, 0,x,v) — V(s,0,x,v)|ds,
0
t

|V(t,0,x,v) —V(t,0,x v)| < /[|8(s, X(5,0,x,v)) — E(s, X(s,0,x,v))|
0
+ |8 X, V)| +b|V(s,0,x, v)*|]ds

t
< / IVE oot — )|V (5,0, v) — V(5. 0, x, v)| ds
0

n max(p ziM(eéuwsumusnw) _ ])>.
I€lloo + IS Nlo

By Gronwall’s inequality:

2M

V(t,0,x,v)—V(0x v)| < max(T/Z, S
| | I€lloo + ||3||oo(

o 5 (1€l T l0) _ 1))e%||v2<pnoc'

(5.18)
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For t = 1/, we have:

/

C C
IVEllo == N€llc =

where C and C’ depend only on w, M, and the conclusion follows as previously since

|V, 0.x,v)|—|V(t0.xv)||<|t = 7'|IFlee. O

The reference solution. Let us now describe the reference solution. Consider xy in @w and rg > 0
such that B(xg, 2rg) C w. We define the reference potential @ : [0, T] x T2 — R as follows. We apply
Proposition 5.1 with t = T/3, we obtain some m > 0 such that (5.4) is satisfied. Then we apply
Proposition 5.2 with T =T/3 and

800rp
T

T _
M=max<m+§,100, ,32r0(b+1)), (5.19)

and obtain some @3, &, and some M > 0 such that (5.17) is satisfied. We set
_ 0 forte [0, ZJU[E. T].
)= _ T T 2T
Pa(t—3.) forte[3. 5]

and

S 0 fort e [0, 1]
e E(t—1%.) foree[L, &)

Then once defined @, we define f : [0, T] x T2 x R? as previously by (3.22)-(3.23).

5.3. Proof of Theorem 1.3

We consider S, the same convex set as in the proof of Theorem 1.1, and V the same fixed point
operator with F = b(x)v'. As before, the proof consists in proving first the existence of a fixed point,
and in a second time in proving that such a fixed point is relevant.

For what concerns the existence of a fixed point we have:

Lemma 5.2. There exists €9 > 0 such that for any 0 < & < &y, there exists a fixed point of V in S.

Proof. The proof of Lemma 5.2 is exactly the same as the one of Lemma 3.1 and is therefore omitted.
Note in particular that a variant of the crucial Lemma 3.2 is still valid here, using (5.8). O

In the second part of the proof we show that a fixed point is relevant. In this part lies the main
difference with the end of the proof of Theorem 1.1. This is given by the following lemma.

Lemma 5.3. There exists €1 > 0 such that for any 0 < € < &1, all the characteristics (X, V) associated to

b(x)vt + & — Vg + Vol , where f is a fixed point of V in S,, meet >~ for some time in [ 15, LT,
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Proof. We begin by noticing that Vo/ — V satisfies

|ve! —va| <1, (5.20)

provided that ¢ is small enough, which we suppose from now on. Consequently we can apply Propo-
sitions 5.1 and 5.2 to § := Vo/ — Vop.
It follows that any (x, v) € T? x R? is (at least) in one of the following situations:

o If |V(§, 0,x,v)| > M, then using (5.20), we deduce |v| > m. Hence there exists T € [%, %] such
that
X(t,0,x,v) € B(xp,10/2), (5.21)
and reasoning as for (5.9) we deduce that for all s € [0, I3 one has
M
V(s 0.x 0] > =, (5.22)

where M was defined in (5.19).
e Or |V(5.0,x,v)| <M, s0 |[V(F,0,x,v)| >M+1, and there exists 7 € [35, LI such that (5.21)

12° 12
is true and (5.22) is valid for all s € [%, T].

Let us consider (x, v) in the first situation, the reasoning being identical for the second situation. As
in the proof of Lemma 3.4, we deduce the existence of some s > 0 with s < 40 < I such that

[v] = 100
3rg . V3
X(t,0,x,v) —sV(t,0,x,v) € S| xo, - with V(z,0,x,v).v < —7|V(r,0,x, v)|.
(5.23)
Let us show that this involves for |v| large enough the existence of 7, € [z, t] such that
Xy 1= X(T,0,x,v) — (1, — T)V (7, 0,%, V) € S(x0, To).
We have for 0 € [t — s, T]:
M
5 <V@.0.xv)| <2, (5.24)
V(o,0,x,v V(t,0,x,v — 2|Vef
( )_ ( ) <s b+w7 (5.25)
[V(o,0,x,v)| |V(7,0,%x,V)] M
2
S
|X(0,0,x,v) = X(7,0,x,v) + (T —0)V(1,0,X, V)| < 5(2|v| + ”V(proo)' (5.26)

Estimate (5.25) comes from the identity

d (V(U,O,x,v)) W (0,0,x,v) Vel(o.xv) V(0,0,x v)

— = V(o,0,x,v).
o \[V@.0.xn) " V@ oxnl - V@.0xn)P ( )
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Let us check that this involves the existence of t € [T, T — s] such that (X(t,0,x,v), V(t,0,x,v)) €
y3‘. The existence of t € [T, T — s] such that X(t, 0, x, v) € S(xg, o) follows from (5.26) and

2
8
S VIVl ) <S5 @Ivi+1) <8ro

2M+1 _ 24rg
|V|2 < <

ro
M2 T M 4

At such a t, from (5.24), we have |V (t,0,x, v)| > 2 since M > 4.
The fact that at such a moment t, one has V (t,0,x, v).v(X(t,0,x,v)) < —%lV(t, 0,x,v,)| comes
from

V(t,0,x,v) V(t,0,x,v)
[V(t,0,x,v)] [V(t,0,x,v)|
V(t,0,x,v) V(t,0,x,v)

v(X(t,0,x,v)) — V(Xs)

+ [V(X(t,0.x, v)) — v(xy)]

h ‘

[V(t,0,x,v)] [V(7,0,%, V)]
— 2\4rp 1
<(b+= ) — + —|X(t,0,x,v) — x|
M) vl 1o
_ drg 24 1
<Sb+D)—+—<—,
b+ )M + v <7

and from (5.23). This concludes the proof of Lemma 5.3. O
Let us finally gather all the pieces to prove Theorem 1.3.

Proof of Theorem 1.3. Using Lemma 5.2, we deduce the existence of some fixed point f of V
in Sg. Using Lemma 5.3 we can again use the definitions (3.33), (3.34) and (3.36) to deduce that
Supp[f(T,-,-)] C @ x R? and one checks that f satisfies the equation for some G as previously. This
concludes the proof of Theorem 1.3. O
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