THE GYROKINETIC LIMIT FOR THE VLASOV-POISSON
SYSTEM WITH A POINT CHARGE

EVELYNE MIOT

ABSTRACT. We consider the asymptotics of large external magnetic field
for a 2D Vlasov-Poisson system governing the evolution of a bounded
density interacting with a unitary point charge. We show that the solu-
tion converges to a solution of the Euler equation with a defect measure.

1. INTRODUCTION AND MAIN RESULTS

1.1. The gyrokinetic limit for the Vlasov-Poisson system with a
point charge. In this paper, we consider the asymptotical behavior of the
solutions of a Vlasov-Poisson type system as € tends to zero:

(1.1)
v vt E. 1z — &
@ﬁ+aV%+<@+ggu_@2
X

E. = ——= *p., where p:(t,z) = [ fe(t,z,v)dv
|.’E|2 R2

ée(t) = ns(t)’

£
o) = ) PL&10)

)-vaazo, (z,v) € R? x R?

with the initial conditions

(1.2) fe(0,2,0) = f2(2,0),  (&,ne)(0) = (&2,72).

For each € > 0, this system describes the interaction of a two-dimensional
distribution of light particles (a plasma) and a heavy, unitary point charge,
which are submitted to a large and constant external magnetic field, or-
thogonal to the plane. More precisely, the distribution of particles is rep-
resented by the positive and bounded function f. = f.(¢,z,v), the point
charge is located at £.(t), with velocity n.(¢). The particles are submitted
to the self-consistent electric field E. on the one hand, and to the magnetic
field represented by the terms v'/e2 or nt/e? on the other hand (here,
(z1,22) " = (=2, 21)).

For fixed ¢ > 0, the Cauchy theory for weak solutions of the classical
Vlasov-Poisson system, namely (1.1) without charge nor magnetic field, has
been settled in several works [1, 27, 18, 21]. Then, the Vlasov-Poisson system
without magnetic field but with a point charge was introduced by Caprino
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and Marchioro [6] (with e = 1). For initial data satisfying
fOe L' N L>®(R? x R?), f2 >0, fis compactly supported,

(1.3) 0 2 ., m2 0
supp(f2) C {(z,v) e R* x R* | |z — &| > 6.} for some 0. > 0,

global existence and uniqueness of a solution (f.,¢.) with f. € L®°(R,, L' N
L>®(R? x R?)) compactly supported was established in [6]. We also refer to
[5] for a related existence result in the case of attractive interaction between
the plasma and the charge. This result can be easily extended to (1.1) with
magnetic field, for each fixed ¢ > 0.

The purpose of this paper is to investigate the asymptotics of (1.1) for
large external magnetic field, which corresponds to the limit € tends to zero.
We will show that under suitable bounds on the initial data, the sequence
(pe, &) is relatively compact for some suitable topology on measures and we
will show in Theorem 1.4 that any accumulation point (p, &) satisfies the
Euler equation (E), with a defect measure. Furthermore, when the defect
measure vanishes and under more regularity assumptions on p, (E) yields a
coupled system consisting in a PDE for the evolution of p and an ODE for
the evolution of &:

1
Op + <EL+H> -Vp=0

(1.4) ) "
) = B 1,60, =g

Before stating these theorems in subsection 1.3, we summarize the state
of the art for the case without charge. The system (1.4) reduces then to the
2D incompressible Fuler equation in vorticity formulation for the function

p:
(1.5) O+ E+-Vp=0, E:$*p.
X

In the periodic setting without charge, Golse and Saint-Raymond [13], then
Saint-Raymond [30] and also Brenier [4] established the convergence of (1.1)
to the incompressible Euler equation under suitable assumptions on the
initial data (see later). The same kind of result was recently obtained in [25]
by different techniques. Moreover, several asymptotical regimes for linear
or non linear Vlasov-like equations, leading to various nonlinear equations,
were investigated in the articles [10, 11, 12, 14, 29, 15, 16], and more recently
in [3, 2]. Recently, the numerical issues were studied by Filbet and Rodrigues
[9], wo constructed an asymptotic-preserving scheme for the Vlasov-Poisson
system in the limit of large external magnetic field.

We now turn to the system (1.4) also called vortex-wave system. It was
introduced by Marchioro and Pulvirenti [24], who established global exis-
tence and uniqueness of the solution such that p € L®(Ry, L' N L>®(R?))
and ¢ € CY(R,) never intersects the support of p. It was later further ana-
lyzed in, e.g., [17, 7]. We will discuss below the possibility of giving a sense
to (1.4), or to (1.5), when p is a measure. Our definition 1.1 below, borrowed
from previous works, allows to handle vortex sheets, namely measure-valued
densities p(t) belonging to H .
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1.2. Some notations. Throughout this paper,

e For 0 =R? O =R2xR2 or 2 =S! x R2, M(f) denotes the space of
bounded real Radon measures and M (Q2) the space of bounded, positive
Radon measures on €2, Cy(£2) the space of continous functions vanishing at
infinity on 2. We say that p E Cw(Ry, M (Q)) if p(t) € M (Q) for all t €
R, and if moreover, t — [, ®(z) dp(t, x) is continous, for all ® € Cy(£2). The
sequence (pp)nen is said to converge to p in Cy, (R4, ./\/l+( )) if for all T > 0
and for all ® € Cp(Q2) we have sup,c( 1] Jo, P(2)(dpn(t,z) — dp(t,2)) — 0 as
n — +o0o. The sequence (p,) is said to converge to p in L*°(R;, M (Q))
weak - * if for all ® € LY(Ry,Cy(2)) we have Jr, Jo @(t, x)(dpn(t,z) —
dp(t,z)) — 0 as n — 4o0.

o For A, B € Mys(R) weset A: B = Z - AijB;j and for x = (z1,22) €

2
R? we set z @ ¢ = zlx = ( 1 xl?) )
12 x5

e Fxcept in the last section, C denotes a constant changing possibly from

a line to another, depending only on the uniform bounds on the initial data.

1.3. Statements of the results. As already mentioned, the limits of the
solutions of (1.1) arising as ¢ — 0 are measure-valued. In order to take
into account such singular objects, we need to reexpress the nonlinear term
E+.Vp=V_-(E'p) in the sense of distributions. The formulation below,
and some of its variants, was introduced by Schochet [31], Delort [8] or
Poupaud [28] in the setting of weak solutions of the 2D Euler equation.

Definition 1.1 (28], Def. 4.9). Let p, u € M (R?). For all ® € C°(R?),

we set
= ;//RZXRQ Heo(z,y)dp(z) du(y),
where
_(z—yt B . _
Hy(r,y) = =2 (VO() = V() i #y, Ho(r,x)=0

Remark 1.2. The map (z,y) — Ho(z,y) is defined and continuous off the
diagonal A = {(x,z) | € R?}. It is also bounded on R? x R? by the mean-
value theorem, hence the formulation above makes sense for p and p as in
Definition 1.1.

The motivation of this definition is based on the following proposition,
which is obtained by symmetrization of the variables = and y.

Proposition 1.3 (]28, 8, 31]). In Definition 1.1 assume moreover that the
measure p belongs to LP(R?) for some p > 2. Then we have, recalling

E:T

(V- (E*p), ®)pr(re) pr2) = —Halp: p]-

We clarify now our assumptions on the initial data. To f € LY, p = [ f dwv,
¢ and n € R? we associate the energy

H(f.€m) // o2 2, v) dr o+

-3 //RzXRQ Infz —ylp(x)p(y) de dy — /RQ In |2 — &|p(x) dz
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and the momentum
21,60 = [ (lo+ 20 = 2o S 0) dodo + €+ en*? - 2l
R2

As we shall later see, the energy and the momentum are preserved by the
solutions of (1.1) that are considered in this paper.

Here we restrict our attention to initial data satisfying (1.3) for each ¢ > 0.
Moreover we assume the following behavior of the norms as ¢ — 0:

sup (1200 + [Py o+ |€1) < o
(1.6) 0<e<1 R2
0 0 0
sup H(f:,&,m2) < +oo,
0<e<1

and
(1.7) €21 £%z~ — 0, ase— 0.

Finally, we add the condition® :
(1.8) sup [ f2llp < 1.
O<e<1
Our main result can now be stated as follows.

Theorem 1.4. Let (f2,£9nY) satisfy (1.3), (1.6), (1.7) and (1.8). Let
(fe, &) denote the corresponding global weak solution of (1.1). There exists
a subsequence £, — 0 as n — 400 such that

e (pe,) converges to p in Cy(Ry, M4 (R?)) and (&) converges to & in
C'/2(]0,T], R?) for all T > 0;

® pE LOO(R+7H71(R2));

o There exists a defect measure v € [L®°(Ry, M(R?)]* such that (p,&)
satisfies: for all ® € C° (R, x R?),

% O(t, 2)d(p(t) + dewy) (@) = [ 0p®(t, x)d(p(t) + de(r)) ()
R2 R2

(E)
+Haowlp + de, p + 0¢] + / DVLd(t,z) : dv(t, x)
R2

in the sense of distributions on R,.
The next theorem specifies the structure of the defect measure:

Theorem 1.5. Under the same assumptions as in Theorem 1.4,
e There exists vy = vy(t,x,0) € L™ (R, M (R? x S')) and there ewists
(o, B) € L®(Ry,R)? such that

_ —Bde  adg
v= 519®9dyo(0)+<045§ 85 )

In particular, v is symmetric.

IMore generally, the condition is supgc<q ||l < |o|, where o is such that E =
ax/|z|? * p.
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o The sequence (f-,) converges to f = f(t,x,v|) in LRy, M, (R? x
R?)) weak - * and p = [ fdv. Moreover, for all ® continuous on S', the
sequence

v
[ et = se ey @ () oae
R2 |v
converges to
[ 2® )
St
in the sense of distributions on Ry x R2.

For the asymptotics without charge, Theorems 1.4 and 1.5 were obtained
by Golse and Saint-Raymond [13, Theorem A], in which case v reduces to vy.
The authors also derived some conditions ensuring that the defect measure
is rotation invariant, so that the terms [ 6162dvo(0) and [(03 — 03)dvo(0)
eventually vanish. It would be interesting to study analog criteria for this
so-called phenomenom of concentration-cancellation in the present case.

It was later proved by Saint-Raymond [29] that the defect measure van-
ishes, so that any accumulation point is a vortex-sheet solution of the Euler
equation (1.5). The global existence of such solutions had been previously
obtained by Delort [8].

The equation (E) can be seen as a generalized formulation of the Euler
equation (1.5) for the total measure-valued vorticity w = p+d¢, according to
the definition given by Poupaud [28]. We stress that such solutions however
do not enter the framework of vortex-sheet solutions since Dirac masses do
not belong to H 1.

Our last result shows that if there is no defect measure, assuming addi-
tional regularity on p enables to decouple the equation (E) to obtain the
vortex-wave system

Theorem 1.6. Let (p,&) be an accumulation point given by Theorem 1.4
and such that v vanishes. If moreover p € LS (R, LP(R?)) for some p > 2

loc

and & € CH(R,,R?) then (p, &) satisfies the system

L
8tp—|-<EJ‘+(’:;?|2>-Vp:0

£(t) = B (t,£(t)),

where B = ﬁ * .

Remark 1.7. Tt is classical (see e.g. [22]) that if p € L (R, Lt N LP(R?))

loc

for p > 2 then £ = # « p belongs to L (R4, C’O’l_%) N LS (Ry, L®(R?)).

loc loc

It would be interesting to study the case of t

The plan of the paper is the following. In the next section we establish
Theorems 1.4 and 1.5, decomposing the proof into several steps. We first
look for a priori estimates with respect to €. Then, the main argument is the
weak formulation satisfied by (f:,&:), derived in Proposition 2.8, in which
we eventually pass to the limit by using the a priori estimates. Then we
prove Theorem 1.6. Finally, we complete this paper with a section devoted
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to a first study of (1.4). In particular, we show that the solution is unique
if the support of the density does not contain the charge.

2. PROOFS OF THEOREM 1.4 AND THEOREM 1.5

Throughout this section, we consider a sequence of initial data (2, €%, n?)
satisfying the assumptions (1.3) (1.6), (1.7) and (1.8). Let (f,&) denote
any corresponding sequence of global weak solutions to (1.1).

We will sometimes denote by

(2.1) Lotg) = S=&®)

e &)
the singular electic field generated by the point charge.

2.1. Lagrangian trajectories. The same arguments as in [6] imply that
the unique solution f. to the system (1.1) is constant along the Lagrangian
trajectories associated to the field E. + L.. More precisely, we have the
representation

(2.2) Fe(t) = (Xe(1), Va(t) e £,

where for all (z,v) € R? x R?, the map t — (X.(¢,z,v), Ve(t, z,v)) belongs
to WH°(R,,R? x R?) and is the unique absolutely continuous solution to
the ODE

1
X (t,x,v) = =V(t,z,v)

(2.3) )
Vet w,v) = = (Vi (h2,0) + 2(Bz + Lo)(t Xo(t2,0))

with (X, VZ)(0,z,v) = (z,v). Moreover, the repulsive interaction between
the plasma and the charge ensures that if x # &2 then X, (¢, z,v) # & (t) for
all ¢ > 0 (see the proof of [6, Corollary 2.4]), so that ¢t — L.(t, Xc(t,z,v)) -
and therefore also the flow map (X¢, Vz) - is globally defined in time.

Note that since f. has compact velocity support, then p. belongs to
L2 (Ry, L>®(R?)) for all € > 0. It follows in particular that E. belongs to
L (Ry, L>°(R?)) as well (note that its norm may blow up as € tends to zero)
and that it is almost-Lipschitz: |E-(t,z)—E:(t,y)| < Ce|lz—y|(1+|In |x—y]|)
(see e.g. [18, (46)]). Thus it turns out that for all (z,v) € R? x R? the map
t > (Xe(t,z,v), Va(t, z,v)) belongs to WH> (R, R? x R?). Finally, noticing
that f. is in Cy(Ry, LP) for all 1 < p < 400 because of (2.2), it is not diffi-
cult to infer that ¢ — E.(t,x) is continuous in time, uniformly with respect
to x, so that finally, ¢ — (X.(t,2,v), Vz(t,z,v)) is the unique C! solution to
the ODE (2.3).

2.2. First a priori estimates. As a starting point we gather some useful
facts, most of them are standard and we only sketch the proofs.

Proposition 2.1. We have for allt > 0:

H(fo(8),&(8),me(8) = H(F2,2m); I fe@®lee = 1210, V1 < p < oo
Z(fe(), & (), ne(t)) = Z(f:(0),8:(0),n=(0)).
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Proof. By straightforward computations we show that H(f-(t), & (t), n-(t)) =
0. The conservation of the norms is a consequence of (2.2). Finally, adapt-
ing the proof of [25, Proposition 2.3] to the present case with point charge,
we show that Z(f-(t),&(t), n-(t)) = 0. O

Corollary 2.2. We have

sup sup <// lv2fo(t, z,v) dz dv +/ |22 pc(t, ) dm) < +o0,
teRy >0 R2xR2 R2
sup sup ([&-()] + n-(t)]) < +o0,

t€R+ e>0
and
1/2
sup [lp-(t)llzz < ClIF2 2.
t€R+
Finally,
Sup sup // In |z — ylpe(t, 2)pe (L, y) dz dy| < +o0.
teRy £>0 |J JR2 xR2

Proof. The first estimate is established in [6] for finite interval of times. For
a global in time estimate, we adapt easily the case without charge, which
was handled in [25, Proposition 2.4], in the following way. We omit below
the dependence upon ¢ when not misleading. Setting

K. = // ]v\2f€(x,v) dx dv + ]77512
R2 xR2

we have by Proposition 2.1, by Cauchy-Schwarz inequality and by the uni-
form bound (1.6),

K<L+ [ mele—ylp@n@)dedy+2 [ nilo - &lonte) da
R2xR2 R2

<UL )0 +C ([ (a0 pe@pato) dody + el o

We have used that Inj r < r in the second inequality. Thus by (1.6),

1/2
(2.4) Kezcso (el + [ lebowar)
RQ

Applying again Proposition 2.1, and using that 2|a||b| < va® + v~ 'b? for all

v>0,abeR,

2 2 —
P+ [ lofpu(o)do = T(h o) +2¢ |

z - v fo(z,v) de do + 26, - nt
R2

1 : 0 2
<I( 80,52,772) + 2 /R2 \:L‘]Zpg(:p) dx + 22 //R? , "U’2f5(:l:,/b') dx dv + 5]55\2 + :/52\7/5]2
. J e X IK~“

1
<C <!£2|2 +/ [o[*p2 () dw) + O KL + +C Ko + 5 (vl&lQ +/ e () dw> :
R2 R2
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By (2.4) and by (1.6) we get

P+ [ lePooyas <oy (1P + [ foPotoan)

1/2
o (P + [ Ppiore)
R

therefore

&+ [ lelp(odr <

so that also K. < C.
The second estimate is classical, see e.g. [13, Lemma 3.1] or [30, Lemma
2.4]: one has the interpolation inequality

1/2
Ioellze < ClILIY2 ( [, b dxdv)
R2xR2

and the estimate K. < C yields the result.

Finally, we obtain the last estimate by noticing that the left-hand-side can
be estimated in terms of ||pc| 12, [ |#|*p:(z) dz and ||pc||p1. The conclusion
follows. O

As in [25], we introduce a smooth, positive function p,, compactly sup-
ported in B(0,1), such that [p. = [ pe and supg_. 1 [|p.||Le < +00. Set-
ting E. = (z/|z]?) x p. it is well-known that supy..q || E:|/z~ < +o0o and
that E.(t)— E. belongs to L?(R?), see e.g. [20, Proposition 3.3]. In addition,
by combining the previous estimates in Proposition 2.1 and Corollary 2.2
we get

(2.5) sup sup |[|E:(t) _EEHLQ < +00
teR, 0<e<1

(see the proof of [25, Proposition 2.5]). We remark that (p:) is therefore
uniformly bounded in L (R, , H~1(R?)) since E.(t)—E. = 2nVA~(p.(t)—
Pe).

We conclude this paragraph with a non concentration property that will
be useful later. The following lemma was proved by Majda [19] (page 932).
Other variants, using L? norm of the field, were established in [8, 31].

Proposition 2.3. Let p € M4 (R?) such that I = [g. |z]?p(z) dz < +ooc.
Assume that

1) = [ /R e = sllp(o)p(y) do dy < +ox.

Then there exists C' > 0 depending only on [ p,I and H, such that for all
0 <r<1/2 we have

sup / p(z)dz < C|lnr| =2,
B(zo,r)

zo€R2

In particular, it follows directly from Corollary 2.2 that
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Proposition 2.4. There exists C' > 0 such that

sup sup sup sup |lnr|1/2/ pe(t, x) dx < 4o0.
teR4 0<e<l zgcR? 0<r<1/2 B(zo,r)

2.3. Some estimates for the charge. In this paragraph we focus on
the dynamics of the charge by looking for estimates on the time integral

J Ee(&) dt.
Proposition 2.5. Let (z,v) € R? x R2. Then for all t € Ry,

1 d2 V€ . .
e S et e - o)+ PEEED =

+ | B (t, Xc(t, z,0)| + | E:(t, & (2)]-

Proof. We compute, writing (X, Vz) = (X:(t, z,v), Vz(t, z,v)) for simplicity,

d’ g‘_ Xe_ga ‘/;_775
dt N O A

SO
d? |Vz-:_775|2 1 gs 1 1
—|Xe —&|l= 55—+ = Vo —
gz Xe ¢l X rota(Rogw e
— & 1 1
— E.(X.)—E ——
+ o (g B0 - R0 + g g
_7( X — &, 6_775)<Xa_§a Vs_na)
€ |X5 _68’2 |X8 _55‘7 € ’
therefore
@ ey Ve w1 (K Ve—n)
a2t T 2X - & 2 X - &P
1 1 1 1 1
- ;3|Va — 1| — §|E5(Xa)| - ?|Ee(§a)| + 21X — &
and the conclusion follows. O

Corollary 2.6. We have

C
B < o2y ([ - it S

Proof. Integrating the inequality given by Proposition 2.5 with respect to
the measure f0(x,v)dx dv we get after changing variable

/]Rz |:Cpa—(t£;(:) dt2 // ‘x _fs ‘fe<t € U) dx dv

= // |v —ne|fe(t, z,v) dr dv
€ JJr2xR2
+ /R2 |E.(t,2)|pe(t, ) do + || f2) 12| B=(t, &)
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On the one hand, we have by (2.5)
/]R2 |Ee(t, 2)|pe(t, ) do < || Be(t) = Eellp2llpe ()l 2 + [ Bellzoe | 2] o2

c
< ORI+ 1£200) < 7

where we have used the bounds (1.6) and (1.7) in the last inequality.
On the other hand, Corollary 2.2 yields by Cauchy-Schwarz inequality

// |v —ne(t)| f=(t, 2, v) da dv
R2xR2

1/2
S C <// |U|2f8(t7xyv) dde + |77€(t)|2||f£|L1> ||f5(t)||;/12 S C
R2 xR2
Finally,

0 0 pa(tvx)
E.(t,&)| < su e
121l Bt &)l < sup (£ /R @ — &(0)

thus we obtain the desired estimate in view of the assumption (1.8).

Corollary 2.7. We have
/t |Ee(,&(7))| dr < Ce + g(t — 5).
Proof. We set s
L= [[ le-c@lttandd= [[ X200l 0) dodo,
R2xR2 R2 xR2

so that by the system (2.3), using again the estimates of Corollary 2.2 we
get

d 1 C
Grw| <2 [ Wltw) a0l o) dedo < €.
9 R2 xR2 9

Then, integrating in time the inequality in Corollary 2.6 yields

t dI dI C(t - s)
< 2 |ZZE 27e I S
[ 1B et < o2 (|G| + |5E)]) + S22
which implies the claim of the corollary. (]

2.4. Weak formulation. In order to study the asymptotical equation for
(1.1), we reexpress the system (1.1), using a weak formulation that was
derived in [13] as a starting point in the case without charge.

Proposition 2.8. We have
Ope +Vy - <<E5J_ + Lé)ﬂe)

1
zvm-<[vz-/ v®vf€dv] >+5vx-at/ vt f. do,
R2 R2

where we recall the definition (2.1) for L..

Proof. See the equations (3.8) and (3.9) in the proof of Lemma 3.2 in [13],
substituting F. by F. + L.. O
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In order to deal with the singular term L1 p. as ¢ tends to zero, for p.
converging to a Radon measure, we shall actually symmetrize the nonlinear
term as in Definition 1.1 with respect to the total measure p. + d¢.. This
can be done by taking into account the dynamics of the charge.

Proposition 2.9. Let ® € C°(R, x R?). We have for allt >0

[, #t2)pelt,) dn+ 0(0,0) = [ 8(0.0)0:(0.2) do = 9(0,6:(0))

R2

= /t P (s, x)p(s,x) dsdx—i—/t 0y P(s,&:(s)) ds
0 JR? 0

t
+AH%MMwH%Mm&J+%@%

_/Ot AQ <DVJ-(I’(S,(L') : /Rz?}®’l)f€<3,x,v) d’l)) dx ds

_1£n4@«gvuw&@@»%w»%
+ R, (t)a
where

|R=(t)] < Cll@llwscomy xr2) (1 +t)e.
We recall that Hel-, -] is defined in Definition 1.1.

Proof. We apply Proposition 2.8 with the test function ®. After symmetriz-
ing the term Eé-pE as in Definition 1.1, we obtain

(2.6)

/R2 D(t, z)pe(t,x) de — /R2 ®(0,2)pe(0,x) dz = /0 - P (s, x)p:(s,x)dsdx
+ [ Hoeolou(9) el ds

t
—I—// LE(s,z) - V®(s,2)p.(s,z) dz ds
0 JR?

t
_// <Dvi<p(3,x):/ v®vf5(s,x,’u)dv> dx ds + R},
0 JRr2 R?

where

t
R! = 8/ / fo(s,z,v)v - 9,V (s, x) dv dz ds
0 R2

— 5// fo(t, z,v)vt - VO(t, ) do dv + E// 2z, v)vt - VO(0, x) dz dv,
R2xR? R2xR2
so that by Corollary 2.2,
|Re| < Ce (t|10, VP 1 + [V )

Next, we insert the motion of the point charge. We introduce the combi-
nation

he(t) = &:(t) + 8775(t)L7
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so that by the mean-value theorem and by Corollary 2.2 again,

with
|R2| < Cel|[ VP .
On the other hand, we observe that

he(t) = EX(t,&.(1)),

therefore

(ID(t,hE(t))—Q(O,hE(O)):/O (9,:<I>(s,h5(s))ds+/0 EX(s,6.(s)) - V®(s, he(s)) ds
:/ 8t®(s,£a(s))ds+/ E(s,6.(5)) - V®(s,&-(s)) ds
0 0

+/0 EX(s,6.(5)) - [V®(s, he(s)) — VB(s,E(s))] ds
+ R,

where
|RZ| < Cet (|0, V| Lo + [|0:P]| o).

Moreover, we observe that
/ L (s,x)-V®(s,2)pe(s, ) dz + EX(s,6.(s)) - VO(s,£.(5))
RQ

— [ 1) [VO(s2) — V(5. £(9)]po(s,0) do
R
= 2H<I>(s,~) [pE(S)v 655 (s)]
Noticing that
Ha[pe + 0¢., pe + 0¢.] = Holpe, pe] + 2Hao[pe, 0¢.]

and inserting this latter in (2.6) we obtain
(2.7)
[ #tpttordo— [ 900 0.0)ds+ B(t.£(0) - 2(0,(0)

RQ

= /t 0:® (s, x)pe(s,x) dsdr + /t 0r®(s,&:(s)) ds
0 JR? 0

t
+ /0 Hago.)0e(5) + b5y, pe(3) + G (o)) ds

_/Ot/R2 (DV“I’(SW)‘/RZU‘Xer(S,m,v)dv) di ds

+/ Ez (s5,6:(5)) - [VO(s, he(s)) — VE(s, & (s))] ds
0

+ R+ R2+ R..
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We next estimate the last (non remainder) term in (2.7). We have

/0 EX(s,6:(5)) - [VO(s, he(s)) — V(s, & ()] ds

_ /0 EX(s,6:(s)) - [DV(s, &x(s)) en ()] ds + RE,
with

t
B < C2 sup 00070l [ 1G5, (5D ds < 0o D70l ),
teR ¢ 0

where we used Corollary 2.7.

We now claim that

| B, &) DT8G5, 6(5)) e ()] ds
(2.8) 0

t
_ / ne(s) - [DVL®(s, £x(s)) ne(s)] ds + B,
0
where
B2 < Ce(l 4+ )@l ore

which together with (2.7) and the estimates on the remainders will yield the
conclusion of the proposition.

Proof of (2.8). Recalling that eE.(£&.)* = 1. + €2, we have

/0 CEL(5,6.(5)) - [DVD(s,E.(5)) 0 (5)] ds

= [ 0es) (D90, el N ds + 22 [ i) IDVR(s,6(5)) i 61 s
= IO+ J. ’
On the one hand, for F' = V®(s,-), a simple computation shows that
a-(DFat) = —a-(D(Ft)a), VYaeR?
hence .
I= [ 0s) - D9 (s, €:(5)) o)) s
On the other hand, in(‘zegrating by parts in J we get

t d
29) T [ k) LDV &) 0 ()] ds + R,

where

RY = & (t) - [DV(t, &(1)) m- ()] — 20z (0) - [DV(0, £:(0)) m2-(0)]
so that
|R2| < Ce?||D?®|| oo
Next, we compute

—2 [ 0t SIDVR(s. (o) (o) ds

=2 [0 (DY &) ) ds =2 [ 0 (0): (DYD(s, () 01 s
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and using that |£.| = |n.|/e < C/e in the first term of the RHS we obtain
t
d
-t [ () LDV es) o ()] ds

t
==t [ 0 (6) - (DR (o)) i (51 s+ T
with
|RI| < Cte || DP®|| oo
Coming back to (2.9), we obtain therefore

J = —82/0 nj(s) - [DV®(s,&.(5)) nj(s)] ds + RS

with
IRE| < Ce(1+1)||®||yys.ce-
Now, we observe that for all ' € C'(R? R?), we have

a-(DFb)=b-(DF a)+curl(F)a* - b, V(a,b) € R? x R?,

where we have defined curl(F') = 99 F —01 F». Applying this to F = V®(s, -),
so that curl(F) = 0, to a = n and b =1, we get

J=—J+RE,
hence (2.8) follows.

2.5. Estimate on the trajectory of the charge.

Corollary 2.10. Let T' > 0. There exists Ko > 1 and €y > 0, depending
only on T, such that for all0 < e < eg and for all0 < s <t <T,

(2.10) €:(1) = &(s)] < Ko (= 5)/2 7).

Proof. By Proposition 2.9 and by Remark 1.2, we have for all ® € C°(R?)
and forall 0 <s<t<T

[ 2@p-(t.)do + D(&(t) ~ [ d(w)pels,o) dm—@@a(s»]
R2 R2

< Clolyaectt=9) s (Il + 1ol + [[ 1P S o) dodo+ )P

T7€[0,T
+ [Re(t)] + [R=(s)],
and by Corollary 2.2 it follows that

/ B(a)pe(t,2) dr + D(EL(1)) — / B(2)pe (5, 7) d — B(£e(3))
R2 R2

< O||@|lwze(t —5)+ CA+T) e ||P|lys.-

Let K7 > 1 be a sufficiently large number to be determined later, depend-
ing only on T'. Let eg = K 6. We first claim that

Vo<e<ey YO<s<t<T witht—s<K*

6(1) = &(s)] < 2K (2= )2 +17).

(2.11)

(2.12)
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Otherwise, there exist 0 < e <ggand 0 < s <t <T witht — s < K1_4 but
1€ (t) — &(s)| > 2K, ((¢ — s)1/2 4 61/3). We set

x —&(s)
(P = ’
(z) =x (Kl ((t — )12 4 61/3)>
where x is a cut-off function such that x = 1 on B(0,1) and x vanishes on

B(0,2)¢. In particular, we have ®(&.(t)) = 0 and ®(&.(s)) = 1. Moreover,
since K (t — s)1/2 < 1 and Kie'/3 < K;' < 1, we have

@2 < CET2(t—5)7"  [|@]woee < O™

In view of (2.11) and using Proposition 2.4, we get

1<2 sup /
7€[0,1] J B(&=(1),2K1 ((t—s)1/241/3)

<2 sup / pe(r,x)de +C(1+T) K
7€[0,T) J B(ge(7),2K{3)

pe(r,2)de +C(1+T) K

1
gc(yln(zK;3)|—1/2 (1+7T) Ky )<5

if we choose K sufficiently large (note that this choice may be done explicit).
This yields a contradiction, and (2.12) follows.

Now, we split [0,T] as [0,T] = Ul oLty tiva], with [t — 8] = K[, for
1=1,...N —1, and ]tl—to\gK . Let0<e<ey Let 0<s<t<T
such that |t —s| > K;* and i < j such that ¢ € [t;,t;1) and s € [tj,141)-
We have by (2.12)

[8e(t) = &e(s)] < 1€ (t) — &e(ta)| + 1€ (ts) — &e(t))] + [€(t5) — &=(s)]
< 2K, (|t —t|V% 4 23 4 |s — tj|1/2)
KN+ 1) (K;2 + 51/3)
< 2K H(N +3) + 2K (N + 3)e/?
< 2K1(N +3) (|t —s|Y2 4 51/3> .
Taking Ko = 2K (N + 3), we are led to the result. O

2.6. Time equicontinuity for the densities. In this paragraph we prove
the following

Lemma 2.11. Let T' > 0. There exists K1 > 0 and €9 > 0, depending only
on T, such that for all 0 < e <eg and for all0 < s <t < T,

[92(t) = pe($)llw-2a 2y < K (8= )2 + Y9

Proof. As for Corollary 2.10, the proof relies on Proposition 2.9 and Remark
1.2. By (2.11) we have for all ® € C2°(R?) and forall 0 < s <t <T

‘/ 2)pe(t, z dz—/RQ O(2)pe(s, z) dz

< R(E(t) = D& ()] + Cll®llw2oe (t = 8) + C(L+T) & [|®|yrs.ce.
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In view of Corollary 2.10, this yields by the mean-value theorem

‘/ @(x)pa(t,x)dx—/ O(2)pe (5, 2) dz| < Ko| VO 1 ((t—5)1/2+€1/3>
R2 R2
+ O] yaee (t — 5) + C(1+T) 2 | D s,

from which the conclusion follows.

O

Remark 2.12. In [13] (see also [25]), it is proved instead that the sequence
of densities is uniformly bounded in C'/2(R,, W~21(R?)). Here we loose
one derivative, due to the contribution of the point charge appearing in the
estimate for the remainder in the proof of Proposition 2.9.

2.7. Compactness. In this paragraph we use the previous estimates to
show that

Proposition 2.13. There exists a subsequence such that (pe,) converges to
some p in Cy (R, M1 (R?)) asn — +o0, and p belongs to L>° (R, H~1(R?)).
The sequence (£.,)) converges to some & in CV/2([0,T],R?) for all T > 0.

To show Proposition 2.13 we shall use a straightforward adaptation of
Ascoli’s theorem:

Lemma 2.14. Let T > 0. Let (F,d) be a complete metric space. Let (ge)
be a family of C([0,T), F) such that
(1) For allt € [0,T], the family (g-(t)) is relatively compact in F';
(2) There exists C > 0 and a sequence r- — 0 as ¢ — +0 such that for
all t,s € [0,T], for all e > 0, d(g=(t), g=(s)) < Clt — 5|/ +r..
Then the family (g:) is relatively compact in C([0,T], F).

Recalling that (p.) is uniformly bounded in L*°(R,, M, (R?)) and in
view of Lemma 2.11, we can apply this Lemma to F = W~! for any
T > 0. Arguing as in the proof of Lemma 3.2 in [31, Lemma 3.2] and using
a diagonal argument, we can then show the existence of €, — 0 as n — +00
such that (pe,) converges to some p in Cy (R4, M4 (R?)). By (2.5), the
family (p.) is bounded in L>®(R, H~'(R?)) so we infer that p belongs to
L>® (R, HY(R?)).

On the other hand, the sequence (&, ) is uniformly bounded in L> (R, , R?)
in view of Corollary 2.2. Recalling that Corollary 2.10 holds, applying
Lemma 2.14 and a diagonal argument, we obtain a subsequence, still de-
noted in the same way, such that (&, ) converges to some & in C''/2([0, T], R?)
for all T' > 0. Therefore the proposition is proved.

2.8. Existence of a defect measure. The following lemma in an exten-
sion of Lemma 3.3 in [13].

Lemma 2.15 ([13], Lemma 3.3). Under the assumptions of Theorem 1.4,
the sequence (f-,) is relatively compact in L= (R, , M(R? x R?)) weak - *.
Moreover, any accumulation point f satisfies

Vo (vFf) =0, inD(R% x R? x R?).
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Proof. We follow the arguments of [13]. We have

o Vufe = _at(ngs) — Ve (evfe) = V- (e(Le + Ee) fe).

By Corollary 2.2, the first two terms of the RHS converge to zero in the
sense of distributions on R% x R? x R?. We next focus on the last term. Let
® be a test function with support included in [0, R] x Bg2(0, R)? for some
R > 0. We have by (2.5)

+oo

E.(t,x) -V, @(t,xz,v) fo(t, z,v) dx dv dt
R2xR2

<e|Vy®| =R (HPeHLoo L2) | Ee —EeHLoo(L?) + HPeHLoo(Ll)HEaHLN)
1/2
< CIIVu®llp~ (<212 +¢).

On the other hand,
+o0

Le(t,x) - Vo ®(t,x,v) fe(t, z,v) de dv dt
R2xR2

S E”VU(I)”LOO’]TRQ ”ngLm /R / dix dt
o \UBew i lz— &)

Vo /02 / / [ St deava
R2\B(&:(2), /|2

124
< CIIVu@llze (<IN + N 202
< Cellf? ||”2
Slnce ellfo H ? tends to zero as ¢ — 0 by assumption (1.7), we infer that

Vofe = Vy- (v f.) = 0 in the sense of distributions.

Now, the sequence (f-, ) is uniformly bounded in L>®(R,, L'(R? x R?)),
thus it is relatively compact in L®(Ry, M(R? x R?)) weak - *. Let f be
an accumulation point. In view of the previous estimates we obtain in the
limit: V, - (vt f) = 0 in the sense of distributions.

O

Proposition 2.16. Under the assumptions of Theorem 1.4, there exists a
subsequence (fz, ) and there exists f = f(t,z,[v]) € L®(Ry, M(R? x R?))
such that (f.,) converges to f in L°(Ry, M4 (R? x R?)) weak - x and such
that p = [ f dv. Moreover, there exists a measure vy € L>°(Ry, M(R?xS!))
such that for all ® continuous on S',

/R2 (fou, (b2, 0) = f(t, 2, o)) @ <| ‘> of? do

/ B(6) dvo(6)
Sl

in the sense of distributions on Ry x R2. In particular, we have:

/ v1v2 fe, dv—>/ 0102dvo(0) as k — 400
R2 . st

converges to
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and
/ (v3 = v}) fe,, dv — / (03 — 67)dwo(0)  as k — +oo
R2 k !
in the sense of distributions on Ry x R2.

Proof. In view of Lemma 2.15, which extends [13, Lemma 3.3], we may argue
exactly as in the beginning of the proof of [13, Theorem A] (pages 802-803)
to find a measure vy satisfying the previous properties. We do not provide
the details here.

O

2.9. Proofs of Theorems 1.4 and Theorem 1.5 completed. We con-
sider the subsequence (pe, ) of (ps,), which we still denote by (p.,) for
simplicity. In order to prove Theorem 1.4 we have to pass to the limit in the
weak formulation given by Proposition 2.9. Let ® be a test function and let
t > 0. On the one hand, the compactness statements of Proposition 2.13
directly imply that

L, @) (t.0) do+ 80,6, (0) = [ 9(0.2)pe, 0.0) do = $(0.2,(0)

RQ
t t
—/ P (s, z)pe, (s,2) dsdaz—/ P (s,&, (s))ds
0 JR2 0

converges to

/11&2 O(t,z)p(t, x) de + P(t,£(t)) — / ®(0,2)p(0,z) de — ®(0,£(0))

t :
—/ 0P (s, x)p(s, x) dsdx—/ 01 P(s,&(s)) ds
0 JR2 0

as n tends to co.

We turn now to the nonlinear terms in Proposition 2.9. The sequence
(pe,) is uniformly bounded in L*(R,, M(R?)) and it satisfies the non-
concentration property of Proposition 2.4. It was proved in [8] (see also [19,
31]) that this, together with the convergence of (pe, ) to p, implies the con-
vergence of [ Ha(s.)[pe, (5), pe, (8)] ds to [Has)[o(s), p(s)] ds. By Propo-
sition 2.4, this also yields the convergence of [ Ha(s.)[pe, (), 9., ()] ds to
S Ha(s,)[p(s), 0¢(s)] ds (this is done in the proof of (25) in [26]).

We finally handle the last terms of Proposition 2.9. By virtue of Propo-
sition 2.16 we already know that

/Ot/RQ (DVMI)(S,I) : /RQU@)”fan(SaﬂU,U) dv) dr ds

converges to

¢
/ / (DVLCI)(s,x) o Gduo(s,m,0)> dx ds.
0 JR? st

Moreover, since (7, ) is uniformly bounded, there exists o and 3 in L (R, R)
such that, after extracting a subsequence (still denoted in the same way),
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Ney 1Men,2 CONvVerges to a and 7752,“2 — ngml to 28 in L*°(R;) weak - . But
DV+d(s, &, (s)) converges to DV®(s,£(s)) locally uniformly on R, so

| ) [PV 66, (9) e ()
converges to
/0 (011 — O22)P(,&(8))a(s) + 2012 (s, &(s)) () ds.

Considering the measure

dv(t,z) = /Sl 0 ® 0dvy(t,x,0) + <_6§

af

Do) e € R, M)

we conclude the proof.

3. PROOF OF THEOREM 1.6

We begin with the derivation of the first equation for p. Let n : Ry — [0, 1]
be smooth such that 1 vanishes on [0,1] and n = 1 on [2,400) and set
ns = n(-/9), which converges to 1 almost everywhere.

Let @ be a test function and

®5(t,2) = (t, z)ns (|o = £(E)]),
so that ®s5(¢,£(t)) = 0¢Ps(t,£(t)) =0 and VOs(t,£(t)) = 0.
On the one hand, by Lebesgue’s dominated convergence theorem, [ ®4(t, z)p(t, ) dx
tends to [ ®(t,z)p(t, z) dx as 6 — 0.
Next, as noted in Remark 1.7, we have E € LS (L*). Moreover, as
p € LL (LP) for p > 2 the quantity ﬁ)p belongs to Li .. According to
Proposition 1.3 we may reexpress the nonlinear term of (E) as

I — I
Hast) = /R? <EL(t,a:) + m> -Vos(t,x)p(t, z) dzx

— &)+
= Et(t,x —l—M)‘V(I)t,xm x—E&(t)]) p(t,x) dx
L () + S50 ) - vt e - €0 ste.o)
x—&(t
[t P a1 - ) o) do
R? |z — £(t)]
=I5+ Js,
where we have used that a'-a = 0. On the one hand, Lebesgue’s dominated
convergence theorem implies that Is converges to

1 M . " o) da
/RQ <E (t,2) + |z_§(t)|2) Vo(t,)p(t,z)d

as & — 0. On the other hand, we have by Hélder’s inequality
C C 9_2
sl < < B¢, 2)llp(t,2)do < [ E@) 2= llot)]2rd™ *,
lz—€(t)|<26

so Js vanishes in the limit § — 0.

Finally, we compute
O Ps(t, ) = 0@ (t, x)ns |z — £(L)]) + (¢, x)%n/ (Jz — E()]) €@t) - ) —x

|z —&(t)]
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and using that |£(t)| < C we find as above that the integral [ 9,®5(t,z)p(t, 2) dx
converges to [ 9,®(t,x)p(t,z) dx as § — 0. Therefore, we have proved that

p satisfies the first equation of (1.4) in the sense of distributions. Inserting
this equation in (E) for any function ® not necessarily vanishing near £(t),
we infer that

Lb(1,€(1)) = D (1,E(1)) + B (1,E(0) - V(L E(D),

which yields the second equation for &.
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