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Abstract. The dynamics of a collisionless electron gas under the influence of the self-
consistent electromagnetic field is studied in an interval, where electrons are emitted at
one end of the interval and absorbed at the other. The electron distribution f depends
on one space variable x and two dimensional velocity variables (v1,vs), whereas the
electromagnetic field satisfies the Maxwell system. It is shown that the electromagnetic
field is smooth enough to define the trajectories of particles. On the other hand, due to
the absorbing boundary condition, f is in general not smooth, and only has bounded total
variations. Such BV regularity is sufficient to guarantee the uniqueness of the nonlinear
electron dynamics. Finally, numerical simulations are performed to demonstrate the
formation of a singularity from the boundary for the electron distribution.

1. Introduction. In many problems encountered in plasma physics or beam prop-
agation, the numerical resolution of the full Vlasov-Maxwell system can be extremely
expensive in computer time. It is sometimes possible to use simplified models which
approximate the Maxwell equations in some sense. Such situations are encountered, for
instance, when no high frequency phenomenon occurs. A first approximation in this case
would be the Poisson equation, which neglects altogether magnetic effects. However, the
construction of particle accelerators and free electron lasers requires electron guns which
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produce relativistic electron beams of high quality (low emission and high current), and
relativistic and magnetic effects cannot be neglected. In this case, we can use some sym-
metries of the geometry domain to reduce the dimension without neglecting any physical
effects. It is the purpose of this article to investigate the dynamics of such an electron
gas under the self-consistent magnetic effect.

The boundary in such a problem is always characteristic, so the question of uniqueness
and regularity of the solution in the presence of a boundary is very challenging math-
ematically. In this paper, we study the one and one-half dimensional Vlasov-Maxwell
system over an interval, which is the evolution model for classical electromagnetic con-
duction in a plane diode. Even in this simplest case, the regularity of such dynamics has
been open.

Let a dilute electron gas be emitted at * = 0 and absorbed at x = 1. Under an
external voltage, the dynamics of such a plane diode is modeled by the Vlasov-Maxwell
system [13]

%+@1(v)g—£+(E+ﬁ(v)XB)-VUsz, teRT, 2€(0,1),veR? (1.1)

with the relativistic velocity (with the speed of light normalized to be one)

o(v) = ——

V142

for v = (v1,v2), and the distribution function f(¢,x,v1,v2) and electromagnetic field
E = (E1, E»,0) B =(0,0,B)

also satisfy the one-dimensional Maxwell system as

OF ) .
a—tl = —ji(t,x) = —/ 01 (v) f(t, z,v)dv, (1.2)
]RZ
0E, 0B ) _ .
St = == [ s e, (13)
0B  0E,
e + e 0, (1.4)

with the constraint
0.5 = plt.) = [ f(t.o o).
RQ

The macroscopic charged density and current density are denoted by p and j respectively.
The initial datum is

f(O,.%‘fU) = fO(xvv)‘

Here the boundary conditions for the electron distribution are given by

f(,0,0) = g(t,v), v >0, (1.5)
fit,L,v) = 0, v <0, (1.6)

initial data are given for the electromagnetic fields
Eq(0,2) = E1o(z), Eo(0,2)=Eso(z), B(0,z)= Bo(z), z€(0,1), (1.7)

and perfect conductor boundary conditions (E x n = 0, B-n = 0) are prescribed for Es,

Ey(t,0) = Ey(t,1) =0, tcR*. (1.8)
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Before describing our results, let us briefly mention that the Vlasov-Poisson and
Vlasov-Maxwell equations have been studied by several authors: the existence of classi-
cal solutions has been obtained in [3], 17, [19] (Vlasov-Poisson) and [2], 8, [@, [10] (Vlasov-
Maxwell). The existence of weak solutions is described in [Il [14] [16] (Vlasov-Poisson)
and [5] (Vlasov-Maxwell). The mathematical study of nonlinear boundary value prob-
lems was initiated in the pioneering work in [I3], in which stationary (independent of time
t) solutions are constructed. Such stationary solutions are generically not continuous. A
higher-dimensional generalization was given in [4] and [18].

Recently, Guo, Shu and Zhou [12] have given an analysis of the simple one-dimensional
Vlasov-Poisson system with boundary condition and have shown that when the applied
potential is strong enough the solution is only BV and cannot be continuous. In the
present work we extend this study to the one-dimensional Vlasov-Maxwell problem with
boundary conditions, where the effect of the magnetic field is taken into account.

We now introduce some notation. Letting T be an arbitrary positive constant, we
define the region

Q=(0,1) x R?
and
O=1[0,7] x[0,1] xR? TM,=IIN{t=s}, 0<s<T,
and the incoming sets at the boundaries {z = 0} and {x =1} as

% ={(t0,0), v()>0,0<t<T}, 7 ={(t,Lv), vi(v)<0, 0<t<T}.

We denote the singular set at the boundary as
vs ={x =0,v; =0} U{zx =1,v; = 0}.

We use || - ||, to denote the standard LP norms for 1 < p < oo, and let C%1 = W1 be
the space of Lipschitz continuous functions. Let D = [0y, Oz, Oy)-
Our main result for the nonlinear problem is as follows.

THEOREM 1.1. Consider the nonlinear Vlasov-Maxwell system with boundary conditions
CI)—CF). Assume fo(0,z,v) € L>® N BV (Ily), g(t,v) € L= N BV (q{) are both com-
pactly supported, and (E1 o, F20, Bo) € C%1([0,1]). Then, there exists a unique weak
solution f € BV N L™ and E1, Fy, B € C%1.

We remark that if the following compatibility conditions are valid
f0(05U15U2):g(05U15U2)7 U1 >07 fo(lvvlvv2):0a U1 <07

then no singularity would emanate from ¢t = 0 and z = 0.

To prove this result, we first give a priori estimates on the electromagnetic fields (F, B)
and on the distribution function f. The key estimate is to obtain an L° bound on the
fields that only depends on the total energy. We follow closely the idea of Glassey and
Schaeffer for the whole line problem [8]. Due to the presence of the boundary condition,
we have to separate the domain into four different regions and carefully estimate each
region. Then, a C?%! bound on the electromagnetic fields allows us to define correctly the
characteristic curves and to obtain uniform estimates on the trajectories. We next give
a regularization of the linear Vlasov equation by adding a damping source term at the
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singularity point (z,v) = (0,0) to get a uniform BV bound on the distribution function.
Then, using an iteration scheme and passing to the limit, we prove the existence of a
weak solution to the Vlasov-Maxwell system, while the uniqueness of such a solution
follows from the BV property of the distribution function f. Finally, numerical results
illustrate the formation of singularities coming from the boundary.

2. Field estimates.
2.1. L*° estimate. Before giving an estimate on the electromagnetic fields we need to
establish a global energy estimate.

LEMMA 2.1. Consider (f, E, B) a smooth solution of the Vlasov-Maxwell system (LI)—
(C3) with boundary conditions (LH)—(L8) on the time interval [0, T]. Then, the solution
satisfies the energy estimate

/1/ \/1+|v|2f(t,x,v)dxdv+1/1|E(t,x)|2+B(t,x)|2dx (2.1)
0 R2 2 0

t t
—/ / U1f(7',0,11)dvd7'+/ / vy f(7,1,v) dvdr
0 {’U1<O} 0 {’U1>0}
1 1
1
< / / \/1+|v|2f0dxdv+§/ (Eo () + | Bo () da
o Jr2 0

t
—I—/ / vy g(1,v) dvdr.
0 {v1<0}

Proof. We first get the energy identity by multiplying the Vlasov equation (IIJ) by

/14 |v|? and using Maxwell’s equations (([L2)—(T4)

de  Om
E - % —_— 07 (2.2)

with the energy and momenta density given by

1

5 (|IE[> +|B/?) +/ V1+ o2 f dv, (2.3)
R2

m = —/ vy fdv — Es B. (2.4)
R2

We then integrate in 2 and use the boundary conditions (L3)—(L8)

d 1 1
E[/0 /Rz\/1—|—|v|2f(t,x,v)dmdv+%/O |E(t,x)|2+B(t,x)|2d$}

*/ sz(t,o,v)dv+/ Ulf(t,].,’l))d’l) S/ Ulg(tav)'
{v1<0} {v1>0} {v1>0}

Finally, the density estimate allows us to reach our conclusion. [ |

€

LEMMA 2.2. Consider a smooth solution of the Vlasov equation (LT]) on the time interval
[0,T]. Then, the electromagnetic fields are bounded in L*> and

[Elloc + [ Blloo < C1,
where C; depends on the data fo, g, E(0), B(0) and T
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Proof. The key point of this proof is to get an L* bound on the electromagnetic
fields that only depends on the natural estimates (Z2]). We first find a modified Poisson
equation to E and next write (Eo, B) as the solution of a one-dimensional wave equation.

From the Ampere equation (IL2) and the charge density conservation

Op | Ojr
E + % 0, (2.5)

we know that O
5 (1) = Eg(x) = p(0,2) + p(t, 2),

which means that

By(t.x) = / J1(7,0) dr + Eyo(c) + / " (plt.y) — p(0.4)) dy. (2.6)

0
But, from the energy estimate (ZI]), the right-hand side is bounded. We then conclude
that there exists a constant C only depending on 7', fy and g such that

1Bl < C.

Next we derive uniform bounds for the other field components F5 and B. To this aim
we apply the same argument as the one proposed by Glassey and Schaeffer in [8]. For
this purpose we set

k*(t,x) = Es(t,z) £ B(t, x),
which satisfy the following transport equations
okt okt
—+ — = —jo(t, x), 2.7
o = j(t,) (27)
with initial condition
EX(0,2) = ki (z) = Eao(z) + Bo(z).

Then the solution kT can be written as

ki (x—t) — fojz x —t+7)dT, ifz—t>0,
kt(t,x) =
kT (t —x,0) ftm (rye—t+7)dr, ifz—t<0,
and k~ is
kza(x—i—t)—fotjg(r,x—i—t—r)dr, ifo+t<1,
k= (t,x) =

k-(t+a,1)— [Lja(rw+t—r)dr, ifa+t>1

Then, we have to estimate the following quantities:

t t
/ jo(ryx—t+71)dr, «a€{0,t—z}, / Je(ryx+t—71)dr, pe{0,t+x—1} (2.8)
o B

and
kt(s,0), k= (s,1), se€l0,T]. (2.9)
Let us start with [Z8]). By the definitions of e and m, we know that

1 1
0<etm= §|E1|2 (EQ:I:B / (\/1+|v|2:|:v1)fdv (2.10)
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We integrate this equality over a backward characteristic triangle with vertex (¢, z):
y—x==x(r—1).

For x — t > 0, we deduce that

/Ot(eer)(T,:ctJrT)dT/jte((),y)der/Otm(q—’x)dT,

and when z — ¢t < 0, we obtain

/ttx(e+m)(7',x—t+7)dr:/O“’e(t—x,y)dy—k/tt m(r,x)dr.

x

Next, when z +t < 1, we get

/Ot(e—m)(T,ert— T)dr = /:He(o,y) dy — /Otm(ﬂgc) dr,

and finally when x +¢ > 1,

t

/tt (e—m)(T,x+t—7)dT:/1e(t+x—1,y)dy_/ m(r, ) dr.

+x—1 x t+x—1

To proceed, we split into four cases (see Fig. 1):

i X=t — |
1 4 X+t=1 ************
1.2 ¢ .
1t
t 0.8 & X<t and x+t>1 |
0.6 | -
x<t and x+t<1 x>t and x+t>1
0o L x>t and x+t<1 |
O 1 1 1 1 T~
0 0.2 04 x 06 0.8 1

Fic. 1. Space-time picture of the different cases
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Case 1: x —t > 0 and = + t < 1. In this case, by adding the two equalities we get

x+t

OS/O(e—i—m)(r,x—t—l—r)—l—/o(e—m)(r,x—l—t—r)dT:/ e(0,y)dy, (2.11)

—t
and the right-hand side is uniformly bounded from the energy estimate (2.1]).
Case 2: x —t <0 and x +t < 1. Thus, we have
t t
0 S/ (e—i—m)(T,x—t—i—T)—l—/ (e—m)(r,x+t—T1)dr
t—x 0
x+t t—x
= / e(0,y) dy — / m(r,0) dr. (2.12)
0 0

The first term on the right-hand side is of course bounded, whereas the second term
satisfies (from the energy estimate (2.1I))

t—x t—x
f/ m(r,0)dr = / U v f(7,0,0) dv + E,(,0) B.(r,0)| dr
0 0 R2

t—x
/ / v f(7,0,v)dvdr < Cr,
0 v, >0
which gives the result.

Case 3: x —t > 0 and x +t > 1. In this case, we have

IN

¢ ¢
0§/(€+m>(7’,x—t+7’)d7‘+/ (e—m)(r,x+t—71)dr
0 t+x—1

1 t+x—1
= / e(0,y) dy + / m(T, 1) dr, (2.13)
z—t 0

and we proceed as in the previous case.
Cased:x—t<0and z+t>1.
(a) Ift —x < t+ 2 — 1, then we get
t

¢
O§/ (6+m)(7’,.’£*t+’r)d7’+/ (e—m)(r,x+t—71)dr
t—x t+x—1

1 t+x—1
= / e(t —x,y)dy + / m(T, 1) dr. (2.14)
0 t—x
(b) ft —2x >t+x — 1, then we get

¢

¢
O§/ (6+m)(7’,.’£*t+’r)d7’+/ (e—m)(r,x+t—71)dr
t—ax t+x—1

1 t—x
= / e(t+z—1,y) dyf/ m(7,0) dr. (2.15)
0 t+x—1
In both cases, we prove from the energy estimate that the right-hand side is bounded.
Finally, using the crucial (the proof is elementary) inequality

el AT 4w,
V14 |v?
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we get the following result:
t t
|02
———f(r,extF7r)dvdr < [ (exm)(r,x £t F7)dr,
to /14 |v]? to
and from (ZII)-(ZI5), we conclude that

b vl

sup [ ——
tx Ji, /1 + |U|2

which gives a uniform bound for ([2.8).
Now, let us deal with (29]). We observe from the boundary conditions ([LJ]) that

k*(t,0) = B(t,0) = —k~ (¢,0),

f(ry,x£tF7)dvdr < Cr, (2.16)

but for t < 1, we have

k™ (t,0) = kg (t) — /o Jo(r,t —7)dr,

which can be uniformly estimated using (ZI6]). A similar argument holds true to estimate
k= (t,1).

Now, we proceed by induction and assume that k*(¢,0) and k*(¢,1) are uniformly
bounded for n — 1 < ¢ < n. Thus, let us show that when n <t < n + 1, k%(¢,0) is
bounded. We write k% (¢,0) using the backward characteristic curves

t
k+(t,0):—k_(t,O):—k_(s,t—s)—l—/jg(T,t—T)dT, n—1<s<n,0<t—s<I.

The right-hand side is uniformly bounded since k*(s,z) is bounded for n — 1 < s < n
and z € [0, 1].

Finally, the initial datum k%9 is bounded in L>°. Therefore, k* and k~ are bounded
in L*°, and we conclude that there exists a constant C' only depending on T, fo and g
such that

[Elloc + [ Blloe < C.

O
2.2. C91 estimate.

LEMMA 2.3. Consider a smooth solution of the Vlasov equation (L], which is compactly
supported on the time interval [0,7]. Then, the electromagnetic fields are bounded in
C%! and

[Ellcoa +[|Bllconr < Co,

where C5 depends on the support of f in v.

Proof. Now, we need to estimate the derivatives of the fields. We start with E;, which

satisfies oF o
el S} _ et S
or El,O(x) p(0,$)+p(t,$), ot .71(t70)

Assuming that p is bounded in L°°, we get the result
| E1llcon < CR2T,
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where R is an upper bound of the support of f in v.
On the other hand, 9k /Ot satisfies

okt k(@ —t) — [y %2 (1,2 — t 4+ 7) dr, ifz—t>0,
8—x(t’x):
Ot —2,0) — jo(t —a,0) — [/ %2(r,x—t47)dr, ifx—t<O.

To find an upper bound of the derivative, we apply the proof of [8] when the origin of
the backward characteristic is inside the domain, whereas we proceed by induction using
the backward characteristics when k™ /9x is given by the boundary value.

From [8], we introduce the differential operators

T+=8t+3z, S:('?t—l—@l(v)ax

Then,
_S—’IA):[(’U)T+ _ T+—S
% = 1— 1 (v) 895_1*@1(11)'
We obtain for « =0 or t — z,
" 0ja [ Da(v)
i ax(TLE t+7)dr = a/upl—fh( ] (T f=Sf)(r,e—t+T1,v)dvdr,

f(ryz—t+7,v)dvdr

t ~
+ / 1)QEvzVU-(EJr@xB)f(T,:EtJrT,v)dvdT,
a JR

where we have used the Vlasov equation in the last term. Now since f is compactly
supported we get

8]2 ’{)2(“) ﬁ2(’U)
5 8x( x—t—l—r)dT—/RQmf(t,x,v)dv—/w mf(a,x—t—i—a,v)dv

//Rz <1—v1 )>'(E+ﬁXB)f(T,xt+7,v)dvd¢.

Each integral is taken on a bounded domain B(0, R), and hence there exists Cp such
that

1
——<C 0<t<LT.
T—o(v) = 7 =07

A similar bound holds for the gradient of 02(v)/(1 — 01 (v)). Since both f and (E, B) are
bounded in L°°, this leads to

ta-
’/a %(T,l‘—t—l—T)dT < Cr.

oo

Finally, we treat similarly

t oA
/a %(T,(ﬂ#’f*’l‘)d’r
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and use the characteristics as previously to estimate the boundary value for z = 0 and
x = 1 leading to the result

ok~

oz ||

or*
or

o0

O

3. Distribution function estimates. In this section, we consider the linear Vlasov-
Maxwell equation with a smooth C%! external electromagnetic field. We first prove
that the characteristic curves corresponding to the particle trajectories can be correctly
defined. Then, we approximate the Vlasov equation by a transport equation with source
term giving a unique C™Y smooth solution. For this latter problem we finally get a
uniform BV estimate.

3.1. Particle trajectories. We consider the following linear problem with a given, ex-
ternal electromagnetic field E = (Eq, E2,0), B = (0,0, B):

of

a+’f)1(’v)%+(E+@(U) XB)'vvf:()v te [OvT]v T < (0,1)3 UGRQa

with the initial datum
f(0,z,v) = fo(z,v), z€(0,1),veR?

and boundary conditions
f|yg':ga f‘fyl_:()
For any point (¢, z,v) € II, we define

L(r,t,z,v) = (1, X (1, t,2,0),V(T,t,2,0)) (3.1)
to be the unique trajectory of

W) =),

() = Bu(r, X(7)) + V(7)) B(r, X(7), (3.2

T (7) = Balr, X (7)) — (V7)) Blr, X (7)),

such that X(¢,¢,z,v) = z, V(¢,t,z,v) = v. Then, equivalently, the solution can be
written as

X(s) = z+ /t o (V(r) dr, (3.3)
V(is) = v+ /ts E(r, X (7)) + 0(V (1)) x B(r, X (7)) dr. (3.4)

We define the origin of (¢, z,v1,v2) by (to,Zo,vo,1,v0,2), which is the (unique) first point
at OII on the backward-in-time trajectory ([3:2]). We finally define the differential operator
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D by

0. F
DF(z,vz,vy) = | 0, F |. (3.5)
Oy, F

Vy

We begin with two basic facts for such a starting point (to, zo, vo,1,v0,2)-

LEMMA 3.1. Let E, B € C* ([0,T] x [0,1]) and (¢, z,v1,v2) € IT and assume that ¢y = 0.
Then its origin points (x(() ), v(()ll), v(()lQ)) are C! functions near (t,x, v, v2) and

)

t
o) = o= [0
0
/ {E(r, X(7)) +0(V (7)) x B(r, X(7)) }dr.
Moreover,
9 (1)
?9(1)5 =—01(v / Doy (V (7)) - Ty(r, ¢, x,v) dr,
b (1)
gi =1 —/ D (V Ty(r,t,z,v)dr, (3.6)
(1) / D (V VoI (7,t,2,v) dr
and
(1)
62‘1 =  —E(t,2) - 9(v) x B(t, )
/ D (E(r) — 0 x B(7)) - T¢(7, t,x,v) dr,
Pe (3.7)
0o — - D(E(T)—va(T)) T.(7,t,2,v)d
33: 0

t
Vvv(gl) = Ids — / D (E(r) — 0 x B(7)) - V,['(1, ¢, z,v) dr.
0
Now we consider the situation where the origin of the characteristic is at xy = 0.

LEMMA 3.2. Let E, B € C1([0,T] x [0,1]) and fix (¢, z,v1,v2) € II such that zop = 0 and
@1(1)(()2)) > 0. Then (¢ 82),1)(() 1),1)622)) are C! functions near (t,z,v1,vs) and

: = /tt o (V(r) dr,

(2)
0

NN U,/ E(r, X(7)) = 8(V(r)) x B(r, X () dr.
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Moreover,
at(2) 1 t
8—0 = — | 0() + [ Don(V(r)) - Tu(rt,@,0)dr |,
t Ul(”o ) t52)
8t(2)
B = (2) —1+ / Doy(V(r))  Tu(rt,z,0)dr |, (3.8)
2 1 t
Vit = — /(2) Din(V(1)) - V,I(r, t, z,v) dr
UI(UO ) to
and
vg” @) @) @ o) Ot N
o = (BO.0)+00%) x BEY.0)) T~ B(t.o) = 6(0) x Bit.2)
[ D (E(r) — 0 x B(7)) - T¢(7, t,z,v) dr,
t$?
dvg” @) @) @ o) 2
= t B(t
o = (B0 +665") x B 0) - 659)
o D (E(r) — 0 x B(7)) - Ty(7,t,z,v) dr,
t$?
Vool = 1dy + (E(t,0) + 0(of”) x B, 0)) Vot
t
- /( ) D (E(7) +0 x B(7)) - V,I'(1,t, z,v) dr.
t?

Proof. We consider a C! extension E and B of E and B on the whole line —0o < z < oo
so that
|Bllor < ClBller, Ealler < CllEallor, o€ {1,2}.

We consider (3.3)-([3.4) with such new E and B. We fix (¢, z,v1,v2) € II and from our
assumption, we have

0X

Ds
Moreover, E and B are smooth functions of (¢, z, vy, v), and then the solution to (B3]
[B4) is C'. From these statements, we can apply the Implicit Function Theorem to find
a unique O function 6(t, z, vy, ve) locally, which satisfies

(s:téQ),t,:c,vl,vg) 01 (v, (2)) > 0.

X(0(t,x,v1,v2),t,2,01,v3) =0, to=0(t z,v1,0v2)
and for (¢, 2',v],v}) close to (¢, z,v1,v2),
X0,z vy, vh),t', 2’ vy, v5) = 0.
Now we want to show that for any (¢, 2, v, v5) near (¢, z,v1,v2),
X(s,t,2',0") >0, 6,2, v)<s<t, (3.10)
which will imply that £ = E and B = B.



ANALYSIS OF THE RELATIVISTIC VLASOV-MAXWELL MODEL IN AN INTERVAL 703

On the one hand, since for (¢', ', v}, v}) close to (¢, x,v1,v2), the function t(()2) belongs

to C! and

50,4
55 (s =0(t,x,v1,v2),t,2,01,V3) = ’U(()Q) >0,

it follows that there is a 6 > 0 such that
X(s,t',2',0") >0, 0,2, v],05) <s <O, 2 vy,v5) + 6. (3.11)
On the other hand, by the definition of t(()Q), which is the smallest time such that
X(t(()z),t,a:,vl,vz) =0 and X(¢,t,2,v1,v2) =z > 0,
there exists € > 0 such that
X(s,t,z,v1,v2) >€>0, téQ) +4/2<s<t.
It follows that by the continuity of X with respect to (¢, x, v1, v2) and by further choosing
(t', 2, vy, vh) closer to (¢, x,v1,vs),
X(s,t' 2", v],v5) > €/2>0, to+d<s<t. (3.12)
Therefore, since 0(t, x,v1,v2) = to, gathering (B11) and BI2) we get
X(s,t' 2’ v, v5) >0, O, 2" ,v)<s<t

and 9(¢', 2, v") = t(()z) (t',2',v"). Finally, (38) and (33) follow by differentiating ([B3]) and

B4). O
3.2. Approximated problem. We first define a regularized approximation to (ILI]) with

initial and boundary conditions ([L3)—(L6) with a damping term. Let r be such that

r= (x2 (1—2)*+ v%)l/z

and consider the problem

g—{ + 91 (v) % +(E+0(w)xB)-Vof =—er7f, 2¢€(0,1),v€R? (3.13)

with € > 0, 1 > o > 0 and smooth electromagnetic E and B given by ([L2)—(L4) with a
regularized initial datum

fg(xav) = f()*@s(ﬂf,v) (314>

with suitable mollifier 6. such that f§(x,v) = 0 for « near both £ =0 and = = 1. Using
the same technique we also construct ¢g° such that

g°(t,v) =0

for (t,z) near either ¢ = 0 or v = 0. It is important to note that both f§ and ¢° can be
chosen to have uniform BV bounds with respect to .

In this section we always assume that the electromagnetic fields are given. Thus, we
first establish the C'! estimate for the approximate linear problem. Finally, we establish
a BV estimate to (BI3) uniformly with respect to & and prove the convergence to the
solution to (II)) when e goes to zero.

We are now ready to establish the C' estimate for the approximate linear problem.
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LEMMA 3.3. Let E,B be C1([0,T] x [0,1]). Let f§ and ¢g° be C'. Then the solution
fe(t, 2, v1,v2) to the linear approximate Vlasov equation (B.13]) with boundary conditions

(CH) and (L) belongs to C(II).

Proof. For any (t, x, vy, vy) € II\yg we consider its backward trajectory I'(7, ¢, z, v1, v2)
to (B2) with respect to the external fields E(t,z), B(t,z) for 0 < 7 < t. I' can emanate
from different parts of the boundary of II.

(a) If I emanates from Iy, then we define

t
fe(t, z,v1,v9) = fo(xél),vé}l),vég) exp <—£/ () dT) ,
0

where 7(7) = (I'(7,t, 2, v3,vy)).
(b) If I emanates from 7, then we define

t
fe(t, x,vp,0y) = g(t((f),v(()?l),vé?g)exp (—5/ () dT) )
t

(2)
0

(c) If T emanates from v; or 49 or 70, then we define
fe(t, x,v1,v9) = 0.

Thanks to our construction of f§ and ¢°, the three expressions for f are zero at Il ﬂyar
and IIN~v; . Moreover since f§ vanishes near 4 and 747, the first expression is compatible
with the last one when (¢, zo, v0,1) = (0,0,0) and (to, zo,v1,0) = (0, 1,0).

Now, we prove that f is C'. Since the domains of definition of f have nonempty
intersections, different cases can occur.

Case 1. T’ emanates from Iy with 0 < 29 < 1 or from 7y with ¢y > 0, or from v; with
to > 0. In these cases we have only one expression for f. Then by standard ODE theory,
we easily deduce that f € C! near such a point (¢, x,v1,vs).

Case 2. T' emanates from Il Ny = {t = 0,2 = 0,v; > 0} or lp N, = {t = 0,z =
1,v1 < 0}. From our construction of f§ and g%, we deduce that f¢ vanishes identically
near I'. Hence f¢ is C*° in this case.

Case 3. I emanates from singular sets 7 or 7. We have

fs(taxavlav2) =0.

To prove that f€ is C! at this point it suffices to show that f¢ vanishes exponentially
when (#,2',v],v}) goes to (t,z,v1,vs). Since the flow is C1, it is enough to prove that
f vanishes exponentially fast only when (¢,x,v1,v2) € 7. Moreover, by definition of r,

r(t,z,v1) = (3:2 (1—z)%+ vf)l/2

3

we just have to prove that f€(¢, x,v1,v2) tends exponentially fast to zero when r goes to
Z€ero.

Recall that the trajectories are bounded. Hence for a given T' > 0 and ¢ < T, there
exists a uniform bound Cr for 0, (v) and E(¢,z) + 9(v) x B(¢,x) when (¢, z,v1,v2) is in
the support of f¢ and we can write

t
fe(t, @, v1,02) = f5(to, o, V1,0, V2,0) exp(—fs/ 7“_1_0‘(7) dr),
to
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where

1§ (z0,v1,0,v2,0), ifto=0,
e (to, 20, Ve,0,vy,0) = & 9°(to,v1,0,v20), ifxg=0,

0, if Ty = 1or (t0,$0,’0071) = (0,0,0)

If (t,z,v1,v2) is in the support of f, then I'(7) is of course also in the support of f and
we can write

dr
dr

| <c.
so that
"l"(t) — T(t0)| S C|t — t0|.

Then two cases occur:
(@) |to —t| < r(t)/C. Then

r(to) < r(t)+ CJt —tol
< 2r(t).
Thus, if further
r(t) <e/2,
then f4(to, zo, v1,0,v2,0) = 0 by the property of f§ and ¢°. Hence f (¢, z,v1,v2) =

0.
(#) |to —t| > r(t)/C. Then

t t
—5/ ’I“_l_a(T)dTS—E/ P () dr;
t

to —r(t)/C
hence
t t
e [ mdrs e [ artitagar < et g)/0
to t—r(t)/C

and

fE(t @, v1,09) < fE(to, o, Vo1, v0,2) < exp (—e2717%r7(t)/C),

which proves that f¢ goes exponentially to zero when r goes to zero.
O
3.3. BV estimate. Even for the simple Vlasov-Poisson problem the solution f to (L)
coupled with (I2) and B = 0 is not continuous in general; see [II]. To characterize such
a singularity, we now turn to a BV estimate of discontinuous solutions to (L.
PROPOSITION 3.4. Let E, B be C1([0,T]x [0, 1]). Assume 0 < g(¢,v) € BVNL>®(v),
vV,eg € LY (vf), 0 < fo(z,v) € BV N L>(Ily). Then there exists a unique solution to
the linear Vlasov equation (L] that satisfies

TVf(t)] < CU[Ellcor + [[Bllcor, TV [fol + I follo + /+[1 + 0] [Vogldudt + [|g]o }-
(3.15)

Yo
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Proof. Let us introduce 73“) .
’ygjs ={(t,0,v1,v2), v, >0,0<t<s}.

Let e > 0 and 1 > a > 0. We construct regularized approximations such that f§, ¢°
are C* functions being compactly supported in (vy,v2), as in [B.I4). From these data,
we construct C* solutions to (BI3). Consider fZ, the derivative of f¢ with respect to
a € {x,v1,vy}. We first differentiate the equation ([BI3) with respect to x. Then

ofy | ., 0fz " e
B + 01 (v) o +(E+00w)xB)-V,f:
OE 0B (97"1*0‘
_ gl pe [ T ~ € €
= —¢€r fz <ax +v(v) 89&) Vo f Oz f
and
a €
f;(oaxavlaUZ) = él;o (ﬂf,’l}l,’l)g),
fi(ta]-vvlvl&) = 07
and for v; > 0,
€ _ 1 agg ~ _ —l-a ¢
fo(t,0,v1,v2) = 7o) ( ot + (E(t,0) + 9(v) x B(t,0)) - V,9° —ev, ™%y ) .

We deduce that
[ stdedo = [ alsldedo
11, 'yar

Il
.
o

=

QL

2

o9

(4

dt dv

+ / b ‘agEJr(E(t 0) +9(v) x B(¢,0)) - Vog® +evy '~ g°

(8E+ (v) x 8B> v f‘f} da dv dt

ox

[
S—
\ -

2.

Q

3

Kﬁ

(")

L —
™

y

H

g

\

m

|
\
\

Z,

Q

3

s?"

lﬁ

} dx dv dt.

We recall that fo, g° are bounded in VVM7 in the electromagnetic fields and 9 in W1h°.
Thus different terms can be estimated in the above equality and we get

/|f5|dxdv—/[Y+ o) [fE| dt dv

s

< c+c/ / (IF5] + [V £5]) da dv dt
0 I

+ 8/ |vl\_1_agsdtdv—€// 0 e da do dt
Vo, 0 JII,

[
€
o Ju,

_|_

|f€|dx dv dt,
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where the constant C' depends on the C%!-norms of E and B.
For the other derivatives we get the same kind of estimates:

[ 1fzldedo— [ sl deao
11, ’Y(is

< C’+C//(|f§|+|VUf€\)dxdvdt+5// [Vor™' 7% ¢ da dvdt.
0 I1- 0 I1-

Therefore two different kinds of terms appear in these inequalities and remain to be
estimated:
(7) the first one is

[ ol g deds < €0l o+ e,
ol

0,s

since g§ = 0, for |v1| < e and sup,, |g5(v1,v2)| < g1(ve), where g; is a function
of vy
(#4) the second term is

S
E// ‘Vz,vr_l_ﬂfsdxdvdr
o Ji,

On the one hand, we note that
\Vmﬂfl*ﬂ < Cr 2,

On the other hand, we previously got an estimate on f¢:
S <M exp (—aC T*O‘) .

Hence, passing to spherical coordinate we prove that

E// ‘vw’“ﬂ_l_ﬂfsdwdvdT < C/ Cr'=% exp(—er™*)dr
o Ji, )

< C/ exp(—y)dy < C.
0

Therefore, it yields

[ g isndedo— [ o fl+15D do
11 Yo

)8

< cvc [ [ (1D drden
o Ju,
which allows us to conclude from a Gronwall lemma that
[ 1+ 155D dodo < C exp(Cs).
11,

From (B.I3)) we also deduce that the time derivative of f¢ is bounded in L>(0, T, L*(12)).
Finally, f€ is uniformly bounded in W11(II).

After the extraction of a subsequence there exists a function f € BVNL>(0,T; L*(Q))
such that

f¢ — f, strong in L}, .(IT), ase — 0.
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The traces of f on Ily, 7; and 7 are defined as traces of BV functions, and we have

f‘Ho :fov f|fy0+ = 4o, f|»yf =0.
Moreover,
er 172 50, ase—0,

and we deduce that f is a solution to the linear Vlasov equation (II]). The uniqueness
among BV solutions is obvious since the problem is linear, and their trace is well-defined
and given. O

4. Proof of Theorem[1.1]l In this section, we construct an iteration scheme to prove
the existence of a solution to (1)) coupled with (L2)-(L4)). For each n > 0, we define a
sequence of approximate solutions f"(¢,z,v), E"(t,x) and B"(t,z). We begin with

Otz v) = fo(z,v), E°(t,z) =Eo(x), B°(t,z)= By(x).
We define f" iteratively by
af" afr"
ot or

with initial datum

+ B, (v) +(E" 1 +0(v) x B Y.V, " =0, ze€(0,1),veR

f(z,v) = fo(x,v), x€(0,1), veR

From f™, we can define
p"(t,x) = it x,v)dv, §"(t,x) = / o(v) f*(t, xz,v) dv,
R2 R2

and then E™ and B™ are taken to be the solutions to

ETL
8@5 = —jp(tz), teRY ze(0,1), (4.1)
oEy 9B" N
5 oy = dyte), teRT,ze(01), (4.2)
dB"  OE}
= t RJ’_ ]. . 4'
3t+3$ 0, € 7$€(07) (3)

Applying Lemma 22 we first establish uniform estimates on the L norms on the
electromagnetic fields E™ and B™. These bounds only depend on the energy identity

2.2),
IE™[[oo + 1B" |0 < C-

From this bound, we ensure the control of the support to the solution f”,
Pty =sup {Jo] : f7(tw0) £0, (ta) € [0,T] x [0, 1]},
which satisfies

P (t) < Ro +/0 (" ($)lloo + [|B™(s)lloc) ds < C,

where Ry is a bound on the support of the initial datum.
Then, as we show above in Lemma 23] the fields are uniformly bounded in C%!:

[E™[cox +[[B"[[gor < C.
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Finally, we apply Proposition[34] to get a uniform BV bound on the distribution function
! After the extraction of a subsequence there exists a function f € BVNL>(0,T; L*(Q))
such that
f* — f, strong in L}, (IT), asn — oo
and
(E™,B") — (E, B), strong in L*(I), as n — oo.
To conclude the existence proof, we proceed as in [8] and show directly that f, F and B

are solution to (LI and (TC2)—(T4).

To prove uniqueness, we consider two solutions (f1,E;, B1) and (f2, E2, B) in the
class of solutions we constructed. We set

f=fi—fo, E=E| —Ey, B= B, — Bo,

which are solutions to

8_f+A 8f

¢ T 01(v) 57+ (Br+0(v) x By)- Vof +(E+0(v) x B)- Vo fo =0, (4.4)
and for the difference of the electromagnetic field,
88715;1 = —jit,2), (4.5)
o 9B~ e, (4.6)
%—f + % = 0, (4.7)

where p = p1 — a2, j = J1 — j2. On the one hand, from @) we obtain
d - _ -
Z IOl < (IE@ oo + [1B@)lloo) TV (f2)- (4.8)

On the other hand, we proceed as in Lemma we multiply (£4) by sgn(f) v1 + v?
and integrate by parts,

de Om ~ =~ < . -
= . JE+E ] E [ 4
G~ Gr =B B [ o\l E [ osgn(f) fade
with
1/ = ~ .
e = 5(|E|2+|B|2)+/ VIF P |f dv,
R2
m = 7/ vy |f|dv — Es B.
R2

Thus, we get the following estimate for 0 < g, t; < t:
t

/t(e-i-m)(T,x—t-i-T)dT—i-/ (e+m)(r,x —t+7)dr

to tl

<C+0 [ (IBE I+ 1B + 1)) ar.
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FiG. 2. Time evolution of (1) the BV-norm, (2) L*-norm and (3)
L°° norm of Vf for different mesh sizes
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Fic. 3. Time evolution of (1) the BV-norm, (2) L? norm of V f and
(3) L* norm of Vf for different mesh sizes

Finally, using

b vl

0o V142

t
\f|(T,x:|:tq:T)dvdT§/ (exm)(r,x £t F7)dr,
0

we obtain

IE@®loo + 1BO)loe < Co+ 1K (E)loo + 1K (#)]loo

C+C [ (1B + IBE) e + 1f7)11) dr. (49)

IN

The uniqueness result follows by gathering (A8]) and (£d), and applying the Gronwall
lemma.

5. Numerical simulations. In this section, we present some numerical simulations
obtained with two different methods: an up-wind WENO method [I5, 20] and a semi-
Lagrangian method proposed in [7]. Of course a complete mathematical analysis for
such schemes is very difficult, but in some simplified cases it is possible to prove that the
numerical solution converges to the solution of the continuous problem even when the
solution is only BV (see for instance [0] for the Vlasov-Poisson system with boundary
conditions). Here, we present numerical results illustrating the singularity formation
for the Vlasov-Maxwell system of one spatial dimension and one or two phase space
dimensions.
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x—vx contour plots atz =0.53
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F1G. 4. Left: time development of the (z, vy ) projection of the distri-
bution function at time ¢ = 0.25 (top); 0.45 (middle) and 0.95 (bot-
tom). Right: time development of the (z,vy) projection of the gra-
dient of the distribution function with respect to = at time ¢t = 0.25
(top); 0.45 (middle) and 0.95 (bottom)
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5.1. The Viasov-Poisson system. In [12], the authors proved that the one-dimensional
Vlasov-Poisson boundary value problem admits a unique BV solution. Moreover, setting

() = /01 E(t,z)dz > 0,

they have shown that the solution f is discontinuous when

1
A(0) > / /(1 —z) folz,v) dvde. (5.1)
o JRr
We consider the boundary value problem

of  ,of L pof _ +
8t+v8x+E8v*O’ teR", ze€(0,1),veR,

coupled with the Poisson equation

1
a—E:p:/f(t,x,v)dv, /E(t,x)dx:/\o
ox R 0

and
fo(z,v) = no(x) \/;_w 02 exp(7v2/2),
where
A 4rx) (1—-42%)% 2€(0,1/2)
no(x) = { 0, else
and

v? exp(—v?/2).

g(t,v) = L

voxs

We performed several simulations with n, = n, = N and N = 100, 200 and 400 points
per direction for different values of \g. Thus, we computed the discrete WP norms

N N
IR, =0 > fij = ficrglP+ Az > |fij = fijal’s p>1.

4,j=1 4,j=1

On the one hand, we performed a simulation when the condition (5I) is well satisfied;
then we expect to capture the discontinuous solution. In this case, we know that the total
variation of the solution is bounded, whereas the LP norm of the gradient is not finite
for p > 1. On the other hand, when the condition (&) is not satisfied, we do not know
if the solution is continuous or not. Thus, we plot in Fig. [2 the evolution of the discrete
WP norm for p = 1, 4 and oco. These numerical results perfectly illustrate that for these
two values of A(0) = 0 and A(0) = 2.10947, for which the condition (&1 is satisfied, the
behavior of the solution is different. While for the former case with A(0) = 0 there is
convergence with mesh refinements for all norms, for the latter case A(0) = 2.10947 it
seems that there is such convergence with mesh refinements only for the BV norm. We
have also performed numerical simulations for intermediate values of A(0), when (&) is
not satisfied, and observed that in this situation the numerical solution is smooth, but it
is difficult to approximate accurately the threshold.
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5.2. The Vlasov-Mazwell system. We consider the system (LI)—(T4) with a zero ini-
tial condition f(0,z,v) =0 and E(0) =0, B(0) = 1 and boundary conditions

f(£,0,0) (t.0) = o of? i) >0
v) = v)=—|"exp| ——5- | ——, U ,
) ) g ) 27_[_ p 2 1+t2’

fit,Lv) = 0,v, <0.

We performed several simulations with n, = n,, = ny, = N and N = 100, 150 and 200
points per direction.
In Fig. Bl we first report the evolution of the total variation of fy:

N
TV(fx)= > Ave Avy|fisrjk = figil,

ij,k=1

where f; ; 1, represents an approximation of the distribution function f(x;, vy ;,vy%) on
the phase space grid. We also present the evolution of the approximation to the L*°
norm of Vf. We first observe that the evolution of the BV norm of fy is not sensitive
to the mesh size, which means that it is described correctly. On the other hand, the
time evolution of the discrete L> norm of V f strongly depends on the number of mesh
points. Moreover, |V fx|s goes to infinity when the number of points is increasing,
which means that the solution of the continuous Vlasov-Maxwell system does not belong
to W1 as we showed before.

The use of the WENO method allows us to describe accurately the evolution of the
solution without introducing numerical oscillations even if the solution is not smooth.
Thus, we represent the contour plots of the projection of the distribution function and
its gradients in the phase space x — v1 in Fig. @l We observe that the singularity arises
from the point (z,v;) = (0,0) and is propagating in time into the domain.
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